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ABSTRACT 

Cancer Stem cells (CSC) have been shown to play an important role in a number of 

carcinomas. Although representing a subpopulation of many cancers, CSC are extremely 

important because they are more drug resistant than the more differentiated cancer cells 

which make up the bulk of most solid tumors. High numbers of CSC is an indicator of 

poor clinical outcome and have been shown to be a cause in drug refractory relapse, 

which is the single most urgent problem in carcinoma therapy. CD133 is a cell surface 

receptor that has been identified as a CSC marker in breast, brain, colon, pancreatic, and 

recently in Head and Neck (HN) carcinoma. Our laboratory bioengineered a targeted 

toxin called dCD133KDEL consisting of the scFv portion of a novel anti-CD133 

monoclonal antibody on the same molecule as truncated pseudomonas exotoxin. Binding 

of dCD133KDEL was demonstrated on a variety of carcinoma lines and we verified the 

ability of the anti-CD133 scFv to sort tumor initiating cells. Since enhanced tumor 

initiation is a hallmark of CSC, we demonstrated that dCD133KDEL was able to prevent 

tumor initiation. Importantly, even though CD133 was expressed only on a subpopulation 

of cells, dCD133KDELprevented cell proliferation in vitro and had powerful anti-cancer 

effects in vivo in xenograft mouse models of head and neck cancer. The therapeutic 

potential of dCD133KDEL was further investigated in xenograft models of human breast 

and ovarian cancer where it was effective when administered systemically as well.  

To further study therapeutic potential, we assessed the reactivity of this drug on normal 

human progenitor cells since CD133 is a known progenitor cell marker. dCD133KDEL 

did not kill normal human CD133+ stem cells at the same concentrations as it did for 

carcinoma cells, indicating a therapeutic window exists. Drug safety studies were 
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performed in mice and the maximum tolerated dose of dCD133KDEL was established. 

Liver damage was shown to be the dose limiting toxicity.  

Since CD133 positive cells can develop from CD133 negative cell populations, a 

phenomenon known as stem cell plasticity, we developed a bispecific targeted toxin 

(dEpCAMCD133KDEL) capable of targeting both CD133 and the epithelial cell 

adhesion molecule, EpCAM, an overexpressed marker on most carcinomas. 

dEpCAMCD133KDEL potently inhibited cell proliferation of a number of carcinoma 

lines in vitro and was also effective at eliminating tumor spheroids, which have been 

shown to be enriched for CSCs. This bispecific agent was also effective at causing tumor 

regression in a model of HN cancer in vivo.  

Because of the preliminary effectiveness of dCD133KDEL and dEpCAMCD133KDEL  

in preclinical evaluation, these drugs warrant further development for possible use in 

carcinoma therapy. These two CSC targeted toxins could be extremely useful in 

situations where our current drugs are failing because of the progression of a critical drug 

resistant CSC population. Since, targeted toxins work synergistically with current 

chemotherapy, these two targeted toxins could be used as an adjunct to current therapy to 

target the CSC population specifically, while traditional chemotherapy and radiation can 

still be used to target the rapidly dividing bulk of the tumor. We believe that future 

success in cancer treatment must include approaches to target CSC as well as the majority 

of less differentiated cancer cells that comprise a tumor. 
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Head and Neck Cancer Epidemiology 

Carcinoma is the most common type of cancer in the world and arises from epithelial 

tissue that line exterior and interior surfaces of the body. Head and neck cancer includes 

malignancies that develop in the oral cavity, pharynx, larynx, and trachea with 

approximately 550,000-650,000 people diagnosed worldwide annually. Squamous cell 

carcinoma makes up 90% of head and neck cancer and head and neck squamous cell 

carcinoma (HNSCC) is currently the 6th most common form of cancer worldwide [1-3].  

Use of tobacco products, heavy alcohol consumption, and chewing betal quid are three of 

the most common risk factors for HNSCC. However, HPV, particularly type 16, was 

recently identified as a causal factor as well. Current trends show only HPV as causing an 

increasing incidence of HNSCC, while all other incidence factors are decreasing in 

prevalence [1-3]. It has yet to be shown whether HPV vaccines used for cervical cancer 

prevention could also be used to prevent HPV mediated HNSCC.  

 

Current Treatment 

The current standard of care for patients with HNSCC depends largely on the stage of the 

disease. Staging is determined based on the size of the tumor, involvement of 

locoregional lymph nodes, and whether there are distant metastases. Stage I and II do not 

have any lymph node involvement or metastases, while stage III and IV do [2]. 

Depending on the primary tumor site, surgery and/or radiotherapy is currently the first 

line treatment for patients diagnosed with stage I or II [1,2]. Stage III and IV typically 

requires concurrent chemotherapy in addition to radiotherapy for any unresectable 
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tumors. However, induction chemotherapy has also been shown to be effective as well 

[4,5]. About two-thirds of patients with HNSCC present with logoregional advanced 

disease [1,2]. The current chemotherapy regimen for these patients is docetaxel, 

Cisplatin, and fluorouracil in combination followed by radiotherapy [4]. Many other 

platinum and taxol reagents have also been used. Recently, many chemotherapy 

alternatives have been tested as well including Gefitinib, Cetuximab, and Erlotinib. 

However, these anti-epithelial growth factor receptor (EGFR) agents have shown 

surprisingly low single agent activity when considering the high level of EGFR 

expression on most HNSCCs [2,6]. Sorafinib, a Raf kinase and vascular endothelial 

growth factor receptor (VEGFR) inhibitor has shown good preclinical activity in 

combination with chemotherapy, but the clinical benefit for these agents thus far has been 

very underwhelming [7,8].  

Despite the dozens of clinical trials testing new agents for HNSCC therapy over the past 

several decades, improvements in long-term survival of patients with stage III and IV 

disease have been minimal. Overall 5-year survival for all stages is 60%. However, the 

median survival of patients with advanced logoregional disease in recent clinical trials is 

only 7.6 to 9.2 months [1,6]. Furthermore, over 50% of patients with stage III or IV 

disease that are responding to treatment, will relapse within two years [1]. Sadly, patients 

with HNSCC also have a higher suicide rate compared to the overall cancer patient 

population because of the effect this cancer can have on physical appearance and quality 

of life [9]. A new approach is desperately needed in order to effectively treat these 

patients and increase life expectancy and quality.  
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Cancer Stem Cell Hypothesis 

Recently, much research has been done validating a new hierarchical theory of cancer 

development and progression in carcinomas that may explain the high rate of drug 

refractory relapse in HNSCC patients. The cancer stem cell (CSC) theory states that there 

exists a subpopulation of cells within solid tumors that have the capability, much like 

normal stem cells, to self-renew and divide asymmetrically. This allows for the 

propagation and differentiation of CSCs into the entire heterogeneous cell types 

commonly found in tumors [10-15]. This dynamic model contrasts with the clonal 

evolution model that suggests all cells within a tumor are equally tumorigenic and that 

tumors can arise from any cell type through a series of genetic mutations and this is 

responsible for the heterogeneity present in solid tumors [10,14,16]. However, this clonal 

model does not adequately explain the unique ability of certain subpopulations of cancer 

cells to form tumors at log fold lower concentrations than other cancer cell populations or 

their ability to differentiate into all the cell types that existed in the parent tumor. 

Furthermore, these cells are more chemoresistant and radioresistant than the bulk of cells 

that make up the tumor [10-15]. This provides an answer as to why so many HNSCC 

patients suffer from drug resistant relapse. Many patients initially respond to treatment, 

but current therapies are mostly effective at killing the non-CSC populations, which 

allows the CSC population to survive and repopulate the tumor in many cases. New 

adjunct therapies are needed to target the CSC subpopulation of cells to complement 

traditional treatment options and prevent the all too common problem of drug resistant 

relapse. 
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Cancer Stem Cells 
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1. Introduction 

The idea of specifically targeting and killing cells responsible for disease is not a new 

one. Paul Ehrlich discovered the first targeted therapy, Arsphenamine, in 1909. This work 

inspired scientists in a range of disciplines over the next 100 years to continue working 

and developing new therapeutics that specifically destroy target cells. Immunotoxins, 

hereafter referred to more generally as targeted toxins, descended from this early work 

and have been used in cancer therapy for decades [17,18]. 

Targeted toxins (TTs) are biological drugs consisting of a ligand linked to a protein toxin. 

Some of the most commonly used toxins are pseudomonas exotoxin (PE), diptheria toxin 

(DT), ricin, saporin, bouganin, and gelonin. These toxins act catalytically on target cells 

to induce apoptosis using a range of mechanisms from inhibiting protein translation via 

ADP-ribosylation of EF-2 (PE and DT) to inactivating ribosomes (ricin, saporin, 

bouganin, gelonin) [19]. While the mechanism of action may vary, the one constant is 

that the TT must reach the target cells and the ligand portion of the molecule must bind 

its specific receptor and then be internalized before it is able to induce apoptosis. These 

ligands are typically antibodies, antibody fragments, cytokines, or growth factors, all 

specific to their target receptor [19,20]. 

The past decade has witnessed a paradigm shift within the cancer field. There has been 

overwhelming evidence recently presented in a wide range of tumor types that there 

exists a typically small subpopulation of cells within the cancer that have been termed 

cancer stem cells (CSCs). These cells can enhance tumor initiation, self-propagation, and 

differentiation into all the phenotypically diverse cells found within the tumor population. 
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Furthermore, CSCs have been shown to be more chemotherapy and radiation resistant 

than non-CSCs [21,22]. This explains the single most difficult problem in treating cancer 

patients, drug-refractory relapse. Thus, new therapeutic agents are necessary to target 

these cells in particular in order to prevent drug-resistant relapse. A logical approach to 

eliminate CSCs is to target their unique cell surface markers. 

A number of markers have been identified that allow for the separation and ultimately 

targeting of CSCs. In 1997, Bonnet and Dick reported the first CSCs in acute myeloid 

leukemia. These cells were characterized as being CD34+/CD38− [23]. Since then a 

number of markers have been used to successfully identify CSCs in a broad range of 

tumor types. However, only cell surface markers, not intracellular markers, are useful 

when it comes to treatment using TTs. Thus, this review will focus only on TTs specific 

for these markers. Table 2-1 shows the CSC TTs discussed herein and their phase of 

development. 

2. Cancer Stem Cell Targeted Toxins 

2.1. CD123 

CD123, also known as IL-3R, is the alpha subunit of interleukin-3 and is expressed on 

leukemic stem cells (LSCs) in Acute Myeloid Leukemia (AML), Chronic Myeloid 

Leukemia (CML), Myelodysplastic Syndrome (MDS), and Systemic Mastocytosis [24]. 

An anti-IL3 Diphtheria toxin fusion protein (DT388IL3) recently completed a phase I 

clinical trial [25]. Out of 45 patients, three had complete or partial responses with four 

more having minimal responses. Transaminasemia, vascular leak syndrome, and fever 

were the main toxicities in this study. These toxicities point to the need to improve 
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selectivity and potency in order to increase efficacy. A TT called 26292(Fv)-PE38-KDEL 

was developed to target LSCs that shows a promising increase in selectivity and potency 

compared to DT388IL3. This TT combines a single chain variable fragment (scFv) with a 

truncated form of pseudomonas exotoxin, which was mutated to increase activity and has 

shown good activity against several leukemia lines [26]. The activity appears to be 

dependent on a threshold level of CD123 expression on the leukemia cells, which can 

vary greatly from patient-to-patient. Additional studies are needed to further assess 

efficacy and toxicity of this TT. 

2.2. CD44 

CD44 has become a useful marker for identifying CSCs in AML, colon, head and neck 

squamous cell carcinoma (HNSCC), and other cancers as well [12,27]. CD44 is a 

member of a cell adhesion molecule (CAM) family of proteins involved with regulating 

growth, differentiation, survival, and migration. Bivatuzumab is a humanized monoclonal 

antibody specific for the anti-CD44v6 isoform of CD44. This isoform in particular 

correlates with poor prognosis in a number of cancers, including gastric, breast, and 

colorectal cancer [28,29]. 

Researchers have recently tried targeting CD44 with Bivatuzumab conjugates with some 

promising results [30,31,32]. One of these conjugates is a targeted toxin named 

Bivatusumab mertansine (or BIWI 1), and it has recently been tested clinically to treat 

head and neck squamous cell carcinoma (HNSCC). BIWI 1 consists of a monoclonal 

antibody conjugated to a potent maytansine derivitive. In the phase 1 study of patients 

with advanced multi-drug-refractory HNSCC, three patients out of 31 showed significant 
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improvement in the study with visible tumor regression [31,32]. However, the study was 

terminated prior to completion following the death of a patient in a parallel study due to 

toxic epidermal necrolysis. While this study’s objective was to determine toxicity and 

safety, the fact that some efficacy was observed suggests potential of targeting CD44. 

However, more work is needed to reduce the limiting toxicities. 

2.3. EpCAM 

Epithelial cell adhesion molecule (EpCAM, also known as CD326 and ESA) is a well-

known overexpressed marker on many carcinomas. Initially thought to simply be a cell-

cell adhesion molecule, more recently it has been discovered that EpCAM has diverse 

roles within cancer cells that range from cell signaling and migration to proliferation and 

differentiation [33]. Even more interesting are the findings that EpCAM is expressed at 

an even higher level on CSCs and correlates with increased tumorigenesis versus non-

EpCAM positive cells in breast, pancreatic, hepatocellular, HNSCC, and other 

carcinomas as well [34,35,36]. This finding may not be completely surprising based on 

the recent evidence showing EpCAM is a direct target in the Wnt/-catenin signaling 

pathway, which is a critical pathway in both normal adult stem cells and CSCs [22,37]. 

Furthermore, EpCAM is an attractive receptor for TTs because it efficiently internalizes 

when bound by an antibody or an scFv enabling toxin bearing molecules easy access to 

the interior of the target cells where they can act to induce apoptosis [38]. Recently, a 

number of anti-EpCAM TTs have been developed and show great promise in both pre-

clinical testing and in recent clinical trials. 



11 
 

One of these EpCAM TTs was created by conjugating -amanitin (a mushroom toxin) to 

the anti-EpCAM chimerized monoclonal antibody chiHEA125. This targeted toxin called 

chiHEA125-Ama was then tested against pancreatic carcinoma in vitro and in a mouse 

xenograft model with significant efficacy. Six of ten and nine of ten in the highest 

concentration groups (50 and 100 µg/kg) showed no visible tumors at day 16 after only 

two injections of chiHEA125-Ama. It was also found to be potently active against other 

EpCAM positive carcinoma lines in vitro as well. At the doses tested, no observable 

toxicity was detected in an analysis of blood liver enzymes levels [39]. Pancreatic cancer 

is the fourth leading cause of death in the United States and with extremely limited 

therapeutic options available chiHEA125-Ama warrants further development as a 

potential anticancer agent for pancreatic (and other EpCAM expressing) cancer [40]. 

An interesting TT was recently developed that combines the same truncated form of 

pseudomonas exotoxin with an anti-EpCAM DARPin and is named Ec4-ETA [41]. 

DARPins, or designed ankyrin repeat proteins, are a new class of binding molecules that 

can be engineered to be highly specific and have very high affinity for a given receptor. 

They are very stable, easily manipulated, and produce high yields when expressed in 

Escherichia coli. Ec4-ETA is the first known example of a DARPin targeted toxin. Ec4-

ETA was tested in vitro against a number of EpCAM positive carcinomas and showed 

IC50 values in the sub-picomolar range. It also efficiently localized to colon carcinoma 

xenografts when given systemically and significantly inhibited tumor growth. 

Furthermore, Ec4-ETA was well tolerated and showed no detectable liver toxicity in the 

mice. This study shows that DARPins could be used in place of antibodies or antibody 

fragments in TTs as successful, high affinity targeting ligands. 
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Oportuzumab Monatox, also known as VB4-485, is an anti-EpCAM TT produced by 

Viventia Biotechnologies that has recently completed three clinical trials [42,43,44]. 

Oportuzumab Monatox (OM) was produced by fusing a truncated form of Pseudomonas 

exotoxin A (ETA) to an scFv of the humanized anti-EpCAM antibody MOC31. The first 

two clinical trials were in patients with grade 2 or 3 stage drug-refractory transitional cell 

carcinoma of the bladder. In the phase one study, 64 patients were enrolled in dose 

escalating cohorts where the highest dose given was 30.16 mg. Patients received 

intravesically administered OM once a week for six consecutive weeks, and were 

followed for an additional 4–6 weeks and then reassessed. During the study no dose-

limiting toxicity was identified and so a maximum tolerated dose (MTD) was not 

determined. They did find that 77% of the patients did develop human anti-toxin 

antibodies by the end of the study, with 16% developing human  

anti-human antibodies. However, upon reassessment at the 12-week time point 24 of the 

patients (39%) achieved a complete response defined as a nonpositive urinary cytology 

with either a normal cystoscopy or an abnormal cystoscopy with a negative biopsy [42]. 

This is impressive especially since the doses in this study were not optimized for 

efficacy. In the phase two study 46 patients received either 6 or 12 weekly 30 mg 

treatments. At the end of the study 20 patients (44%) achieved a complete response and 7 

patients (16%) were still disease free 18–25 months following the end of the study. 

Furthermore, no patients had to discontinue treatment due to an adverse effect [43]. OM 

may prove to be a valuable agent for bladder carcinoma in monotherapy or possibly in 

combination with other therapies. 
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In another phase one clinical trial in twenty patients with advanced recurrent HNSCC, 

OM was administered intratumorally weekly for four weeks. The MTD was determined 

to be 930 µg with elevated liver enzymes being the dose limiting toxicity. All patients at 

the end of the study had detectable anti-toxin antibodies and neutralizing antibodies 

developed in seven of the patients. However, there was a positive response in 87.5% of 

EpCAM-positive patients. Four patients showed tumor growth stabilization, while 10 

others had a notable regression. Another four patients exhibited complete responses to the 

treatment [44]. 

Because neutralizing antibodies are a problem for OM, Viventia has developed a new 

variation of this drug with reduced immunogenicity. This new variant, VB6-845 uses the 

same anti-EpCAM scFv, but the pseudomonas exotoxin fragment is swapped out for a 

deimmunized version of Bouganin, a plant toxin that acts through deadenylation of rRNA 

thus blocking protein translation. Preclinical testing has shown good efficacy and safety 

and it will be interesting to see how this drug performs in upcoming clinical trials [45]. 

Overall, OM has exhibited very promising results and may be an effective therapeutic in 

the treatment of HNSCC as well as transitional cell carcinoma of the bladder. 

Our laboratory has developed a bispecific TT that targets both EpCAM and erbB2, the 

gene product of Her2 that is overexpressed on 30–40% of ovarian and breast cancers 

[38]. This bispecific, called DTEpCAM23, showed potent picomolar activity in vitro 

against a range of carcinomas including breast, colon, ovarian, lung, and prostate cancer. 

DTEpCAM was more effective than either monospecific TT alone or in combination. 

Furthermore, in two tumor models of colon cancer, DTEpCAM23 significantly inhibited 
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tumor growth. Bispecific TTs may prove to be very useful moving forward because they 

can target both CSC and the more differentiated tumor cell populations as well. 

2.4. CD133 

Another major cancer stem cell marker that has been targeted is CD133, also known as 

Prominin-1. CD133 is a pentaspan membrane glycoprotein and has been shown to be a 

marker of the CSC populations in many carcinomas including breast, colon, prostate, liver, 

pancreatic, lung and HNSCC [12,46]. It is known to be associated with the Wnt signaling 

pathway because down-regulation of CD133 results in corresponding degradation of -

catenin and decreased proliferation in vitro and in vivo [47,48,49]. However, the specific 

function of this cell surface receptor is still unknown. 

The first known TT that selectively inhibits the CD133+ cell population is called 

CdtA
C149A, C178A

BC-CD133MAb. This TT uses the anti-CD133 antibody AC133 

conjugated to cytolethal distending toxin (Cdt). Cdt acts as a nuclease and damages host 

DNA leading to growth arrest and subsequent cell death. In this study, the proliferation of 

CD133+ HNSCC cells was arrested thus providing a necessary proof of concept showing 

that CD133 is internalized (a necessary step in TT function) and can be specifically 

targeted to inhibit cell growth [50]. 

Our group has recently developed a deimmunized anti-CD133 TT called dCD133KDEL. 

It combines an scFv from a novel monoclonal antibody (clone 7) with a deimmunized 

truncated form of pseudomonas exotoxin A [51]. This new monoclonal antibody is 

unique in that it binds all isoforms of CD133 thus avoiding the controversy surrounding 

AC133 resulting from its binding to only some undifferentiated epitopes and restricting 
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its use [52]. By mutating immunogenic epitopes on the pseudomonas exotoxin, we 

significantly reduced the risk of dCD133KDEL having the same problem many other TTs 

have had in the clinic: that is the development of neutralizing antibodies against the toxin 

portion of the protein. In our first paper on dCD133KDEL, we showed its ability to 

inhibit the proliferation of two HNSCC cell lines in vitro, suppress tumor initiation, and 

cause significant tumor regression in vivo while only killing the small subpopulation of 

CD133+ cells. A therapeutic window was demonstrated between dCD133KDEL’s killing 

of CD133+ cancer stem cells in our time course viability assay and killing of normal 

CD133+ hematopoietic stem cells in a colony formation assay [51]. In a second paper we 

showed dCD133KDEL is effective against breast carcinoma in vitro and in a systemic 

mouse model as well [53]. We have also tested this TT against the ovarian cancer line 

OVCAR5 in vitro and in vivo with very good preliminary results [54]. It also has an 

excellent safety profile that makes it possible to give multiple courses of 20 µg injection 

per nude mouse, where one course is 3 weekly injections given Monday, Wednesday, and 

Friday. The MTD in athymic nude mice was determined to be 2.0 mg/kg (5 times the 

dose used  

in vivo) and the limiting toxicity at this dose is liver toxicity indicated by elevated Alanine 

Transaminase levels (unpublished data). Table 2-2 summarizes the various tumors and 

model systems we have investigated to date using dCD133KDEL. This new CSC specific 

TT shows significant potential as a possible therapeutic for carcinomas where CD133 has 

been shown to be a marker for CSCs.  

3. Conclusions 
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CSCs have been shown to be more resistant to chemotherapy and irradiation than more 

differentiated cancer cells that make up the bulk of the tumor. CSC then may be at the 

root of our most serious problem in cancer, drug refractory tumor relapse. Thus, it would 

be perilous to ignore them as therapeutic targets. TTs may prove to be uniquely qualified 

to fill this role because of their extremely high potency and exquisite selectivity. 

A major concern of drugs that target CSC surface markers is that they would also kill 

normal adult progenitor cells that also express these same markers. In our work on 

dCD133KDEL, we partially addressed this concern by testing umbilical cord blood cells 

that were 76% CD133+. At a concentration 100 times greater than used to inhibit the 

proliferation of HNSCC cells in vitro, the normal human hematopoietic stem cells were 

not inhibited [51]. There are several hypotheses that could explain this therapeutic 

window. First, the CD133+ cells could have been killed and then replaced by the CD133- 

cell population. Two different groups have demonstrated this type of plasticity in 

progenitor cells recently [55,56]. Second, normal hematopoietic progenitors may be more 

quiescent and have a slower endocytic uptake than CSC and thus not be as effected by the 

toxin. Finally, the CSC may express CD133 at a higher level then the normal progenitor 

cells, which is true in colorectal, pancreatic, gastric, and hepatocellular carcinomas [57]. 

Each of these separately or in combination could explain the ability for dCD133KDEL to 

specifically kill CSC and not normal hematopoietic progenitors. 

In the broader picture, each target will have a different therapeutic window, but our work 

shows significant promise that CSCs can be selectively eliminated. However, several 

strategies exist to limit the toxicity of systemically administered drugs. We described a 

method called ToxBloc where an intraperitoneal pre-dose of the ligand without toxin was 
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given prior to injection with the targeted  

toxin. This allowed us to give doses 15-fold higher than the maximal tolerated dose [58]. 

Other possible methods include photochemical internalization and ultrasound triggered 

drug delivery via microbubbles [59,60]. 

Since many tumors are phenotypically diverse, the use of multiple drugs in combination 

may be necessary to successfully increase the percentage of tumor regressions in patients. 

It is already established that TTs work synergistically with chemotherapy [61,62]. So, 

new TTs that selectively attack CSCs could be an important weapon to combat drug 

refractory relapse.  
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Tables 

Target Name Toxin Cancer Phase of 

Development 

Ref. 

IL3 DT388IL3 Diphtheria 

Toxin 

AML Phase I [25] 

CD123 26292(Fv)-

PE38-KDEL 

Pseudomonas 

Exotoxin A 

AML Preclinical [26] 

CD44 Bivatusumab 

Mertansine  

Maytansine 

Derivitive 

HNSCC Phase I [31,32] 

EpCAM chiHEA125-

Ama  

α-Amanitin Pancreas Preclinical [39] 

EpCAM Ec4-ETA Pseudomonas 

Exotoxin A 

Colon Preclinical [41] 

EpCAM Opportuzumab 

Monatox 

Pseudomonas 

Exotoxin A 

Bladder 

HNSCC 

Phase II 

Phase I 

[42,43] 

[44] 

EpCAM VB6-845 deBouganin Breast Preclinical [45] 

EpCAM/Her2 DTEpCAM23 Diphtheria 

Toxin 

Colon Preclinical [38] 

CD133 CdtA
C149A, 

C178A
BC-

CD133MAb  

Cytolethal 

Distending 

Toxin 

HNSCC Preclinical [50] 

CD133 dCD133KDEL Deimmunized 

Pseudomonas 

Exotoxin A 

HNSCC 

Breast 

Preclinical 

Preclinical 

[51] 

[53] 
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Table 2-1 Targeted Toxins directed against CSC markers currently under investigation. 

Notes: Several laboratories are now investigating a range of different approaches and 

toxins targeting cancer stem cell associated markers. In several of the preclinical studies, 

more than one cancer type was investigated. 
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Cell Line Cancer 

Type 

Model Type Response 

Obtained 

Reference 

UMSCC-11B HNSCC Flank Regression [51] 

MDA-MB-

231 

Breast Systemic Partial Regression [53] 

OVCAR-5 Ovarian Intraperitoneal Regression Unpublished 

Data 

 

Table 2-2 A summary of the cancer and model types used to date by our group in 

evaluating the efficacy of dCD133KDEL. 

Notes: Our group has published independent reports using 3 different xenograft 

models to assess the efficacy of dCD133KDEL in immunodeficient mice. 
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Targeting Tumor-Initiating Cancer Cells with dCD133KDEL Shows 

Impressive Tumor Reductions in a Xenotransplant Model of Human 

Head and Neck Cancer 
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Introduction 

 Evidence has mounted over the last decade that cancers contain a small subset of 

their own stem-like cells termed cancer stem cells (CSC). These CSC are known to 

enhance tumor initiation, self-renew, and also differentiate into phenotypically diverse 

cancer cells with more limited proliferative potential [63-65]. A point of controversy 

regarding CSC is the existence of plasticity between stem cells and their more 

differentiated derivatives causing some to believe that more differentiated cancer cells 

can become reprogrammed and revert back to CSC [66]. CSC are more resistant to 

current chemotherapy agents and have distinct cell surface markers [12,21]. Because of 

this, it is important to develop new therapeutics to specifically target CSC. CD133 

(prominin-1) is a 5-transmembrane glycoprotein whose function remains unknown. It is 

expressed on hematopoietic, endothelial, and neuronal stem cells [67-69] and has recently 

been identified as a CSC marker in a variety of carcinomas as well [12,13,70-72].  

 Targeted toxins (TT) are a class of biological drug consisting of a catalytic protein 

toxin chemically or genetically linked to a ligand recognizing a specific marker expressed 

on cancer cells [73]. The catalytic destruction of the target cell is dependent on the 

internalization of the target receptor. A recent study has shown that antibodies targeting 

the CD133 receptor are efficiently internalized [74]. Other studies have shown that 

CD133+ cells possess a very strong ability to initiate tumors, but CD133- cells do not 

[75,76]. Thus, we reasoned that a targeted toxin directed against CSC via CD133 might 

prove highly disruptive to the dynamic process of tumor initiation and progression.  

 A novel targeted toxin called deimmunized CD133KDEL (dCD133KDEL) was 

synthesized using an anti-CD133 scFv reactive against loop two of the extracellular 
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domain of CD133. This scFv was taken from the monoclonal antibody that has been 

shown to recognize both the glycosylated and unglycosylated forms of CD133 [52]. This 

scFv was then cloned onto the same molecule containing a truncated form of 

pseudomonas exotoxin A (PE38) that has been successfully established as a clinically 

useful toxin [77]. Studies show that fewer than 1000 molecules of PE38 delivered to the 

cytosol are sufficient to bring about cell death [78]. In addition, we added a Lys-Asp-Glu-

Leu (KDEL) C-terminus signal to our drug that provides enhanced tumor killing by 

preventing luminal ER protein secretion [79]. Also, genetic engineering was used to 

address a major shortcoming of targeted toxins, their immunogenicity. To accomplish 

this, the PE toxin was mutated to remove immunogenic epitopes that were recently 

mapped [80] Studies show that three separate TT made with this deimmunized variant 

have highly reduced anti-toxin levels in mice despite multiple treatments with the drug 

compared to the non-mutated parental form [81-83].  

 In this paper, we show that dCD133KDEL specifically kills CD133+ tumor 

initiating cells and can arrest the proliferation of head and neck carcinoma cells in vitro 

and in vivo. dCD133KDEL is a novel deimmunized TT that target tumor initiating cells 

and is effective at preventing tumorigenesis and treating established tumors. This 

represents a significant and highly selective tool that can be utilized to study stem cell 

populations and as a possible clinical adjunct to chemotherapy. 

 

Materials and Methods 

Construction of dCD133KDEL 
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dCD133KDEL was synthesized from the fusion of DNA fragments encoding the scFv 

portion (anti-CD133scFv) of clone 7 [52] and a deimmunized, truncated form of 

pseudomonas exotoxin 38 [81-83]. The assembled fusion gene contained (5’ to 3’) an 

NcoI restriction site, the ATG initiation codon, the gene for CD133 scFv, the DNA 

sequence encoding a seven amino-acid EASGGPE linker, the gene encoding for the first 

362 amino acids of truncated deimmunized with the DNA sequence for KDEL replacing 

the REDLK at the c-terminus, followed by a NotI restriction site at the 3’ end of the 

fusion gene. The resulting 1846 base pair gene was spliced into the pET28c bacterial 

expression vector containing an inducible isopropyl-b-D-thiogalactopyranoside T7 

promoter and a kanamycin selection gene (Figure 3-1A). To verify that the 

dCD133KDEL gene had been cloned correctly and in frame, DNA sequence analysis was 

performed at the University of Minnesota BioMedical Genomics Center. The CD133scFv 

was separately cloned into the pET28c bacterial expression vector and produced to 

determine CD133 expression of various cell lines in flow cytometry studies. 

 

Purification of CD133scFv and dCD133KDEL 

Purification of CD133 scFv and dCD133KDEL was performed as described previously 

[84]. Briefly, each protein was expressed and purified from inclusion bodies using a 

Novagen pET expression system  (Novagen, Madison WI) followed by a 2-step 

purification consisting of ion exchange fast protein liquid chromatography (Q sepharose 

Fast Flow, Sigma) and size exclusion chromatography (Hiload Superdex 200, 

Pharmacia). The purified protein was then analyzed by SDS-PAGE and stained with 

Commasie Brilliant Blue to determine purity. 
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Cell Lines and Culturing Technique 

UMSCC-11B is a squamous cell carcinoma cell line that was derived from larynx tumor 

following chemotherapy [85]. UMSCC11B-luc were transfected using a luciferase 

reporter construct, and were maintained under 10ug/ml of blastocidin. Cells were 

transfected using Invitrogen’s Lipofectamine™ Reagent. NA-SCC is another squamous 

cell carcinoma line isolated from a tongue tumor [86]. Dr. Frank Ondrey (University of 

Minnesota) graciously supplied these two lines. Caco-2 (a colorectal carcinoma) and 

HEK293 (a human embryonic kidney cell line) were obtained from ATCC. Only cells 

that were greater than 90% viable were used for experimentation. 

 

Flow Cytometry and CD133+ Cell Enrichment 

Flow cytometry was performed using a FACS Caliber at the University of Minnesota’s 

Flow Cytometry Core Facility. FITC-labeled antibodies were used and results were 

analyzed using FLOWJO. Sorting was performed using a magnetic bead selection kit 

following manufacturer’s instructions (Stem Cell Technologies, Tukwila, WA). Briefly, 

cells were concentrated to 2 x 10
8
cells/mL. FITC-labeled CD133scFv was added to cells 

at a concentration of 1.0ug/mL and incubated for 15 minutes. The EasySep FITC 

Selection Cocktail® was then added followed by the EasySep® Magnetic Nanoparticles 

after a 15 minute incubation. The cells were mixed and then placed within the magnet. 

Unbound cells were eluted and bound cells collected. 

 

Time Course Viability Assays 
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Trypan blue viability assays were performed by plating 10,000 cells/well into 24 well 

plates. Toxin and media were replaced daily at 0.01nM for NA-SCC cells or 0.03nM for 

UMSCC-11B cells. Wells were harvested every other day using typsin digestion and 

counted on a hemoctyometer via trypan blue staining. Untreated wells typically became 

confluent around day 8. For the time course viability assays on CD133 negative sorted 

cells, UMSCC-11B cells were incubated with CD133 scFv-FITC and sorted using a 

FACS ARIA at the University of Minnesota’s Flow Cytometry Core Facility. 20,000 

cells/well were sorted into 24 well plates.  The rest of the time course viability assay was 

performed as described above. 

 

Hematopoietic Colony-Forming Unit Assays 

Two types of assays were performed: short-term (2 week) hematopoietic colony-forming 

assays (CFC) and long-term (5 week) culture assays (LT-CIC) [87]. For CFC assays, 

progenitor cells were sorted from human umbilical cord blood (UCB). CD34+ cells were 

sorted using magnetic selection, and collected in MethoCult GF+ H4435 (StemCell 

Technologies, Vancouver, BC, Canada; Cat. No. 04435) consisting of 1% 

methylcellulose, 30% FBS, 1% BSA, 50ng/ml stem cell factor, 20ng/ml granulocyte–

macrophage colony-stimulating factor, 20ng/ml interleukin (IL)-3, 20ng/ml, IL-6, 

20ng/ml granulocyte colony stimulating factor, and 3U/ml erythropoietin.. Targeted toxin 

was added at the desired dosages and cultures were incubated at 37°C, 5% CO2 for 2 

weeks and then scored for colony-forming units according to standard criteria after 2 

weeks. CFU-GEMM, CFU-GM, and BFU-E were counted individually. For LT-CIC 
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assays, were cultured in commercial Myelocult media from StemCell Technologies with 

M2-10B4 stromal cells. Colonies were quantitated after 5 weeks.  

 

Tumor Initiation Experiment 

For the tumor initiation study, UMSCC-11B squamous carcinoma cells were injected into 

the right flank of nude mice at a concentration of 300,000 cells/mouse. Tumor size was 

measured using digital calipers and tumor volume (width x length x height) was 

calculated. Prior to injection cells were treated with 0.03nM of either dCD133KDEL or 

the non-specific toxin, CD22KDEL. A third group of cells was left untreated and 

unsorted. For the sorted group, cells were sorted for CD133 expression with a magnetic 

bead kit as previously described, plated overnight, harvested, and injected the following 

day. 

 

Tumor Treatment Study and Imaging 

For experiment 1, nude mice were injected with 3 million UMSCC11B-luc cells into the 

right flank. Tumors were treated with dCD133KDEL, CD3CD3KDEL, or PBS starting 

on day 8 when they had become palpable. A single course of treatment consisted of an 

injection of 20ug of drug given every other day (MWF) and mice were given a total of 8 

injections. Controls were treated with PBS. Tumor volume was measured with calipers 

over time. For experiment 2, nude mice were injected with 6 million UMSCC-11B-luc 

cells in the right flank. Tumors were treated starting on day 10 post-inoculation. 

Treatment was done as in experiment 1, except mice received 16 injections. Also, an anti-

B cell control, CD19KDEL, was used. Tumor volume was calculated prior to treatment. 
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Since tumors were marked with a luciferase reporter gene, mice were imaged to 

determine their bioluminescent activity as described previously (81). Briefly, mice were 

injected with 100ul of 30mg/ml luciferin substrate 10 minutes prior to imaging and then 

anesthetized via inhalation of isoflurane gas. The mice were then imaged using the 

Xenogen Ivis 100 imaging system and analyzed with Living Image 2.5 software 

(Xenogen Corporation, Hopkington MA). Five-minute exposures were made and units 

for the regions of interest (ROI) were expressed as photons/sec/cm
2
/sr. For experiment 1, 

tumor treatment was stopped on day 24. For experiment 2, treatment was stopped on day 

45. 

 

Histology 

Suspected tumor free survivors were sacrificed and for histology evaluation at the 

termination of the experiment. Liver, Kidney, and skin (from the tumor site) samples 

were taken. These samples were embedded in OCT compound (Miles, Elkhark, IN), snap 

frozen in liquid nitrogen, and stored at -80°C until sectioning. Sections of the tissues 

were cut, thawed, and mounted on glass slides. Slices were fixed for 5 minutes in acetone 

and then stained with Hematoxylin and Eosin (H&E). 

 

Determining immunogenicity of deimmunized CD133KDEL 

To determine whether mutated CD133KDEL elicited less of an anti-toxin response than 

non-mutated parental toxin, female Balb/c (n=5/group) were injected intraperitoneally 

once weekly with 0.25 μg of either deimmunized CD133KDEL or non-muted parental 

PE38KDEL toxin. Each week, five days after injection, the mice were bled via face vein. 
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Serum was isolated using centrifugation, frozen, and the level of anti-PE38KDEL IgG in 

each serum sample was measured by ELISA. Briefly, PE38KDEL was bound 96-well 

microtiter plates at a concentration of 5ug/ml 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 appropriately and 100 μl of each was added to wells in 

triplicate. After 3 hours, each well was washed with PBS-T. Peroxidase-conjugated rabbit 

anti-mouse IgG (Sigma) was added to each well. After 2 hours samples were washed and 

o-Phenylenediamine dihydrochloride substrate was added. 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). 

 

Results 

Anti-CD133 scFv construct binds selectively 

SDS-PAGE analysis showed that following ion exchange and size exclusion 

chromatography, dCD133KDEL was greater than 95% pure (Figure 3-1B).  

To establish that the anti-CD133 scFv construct recognized the CD133 receptor, HEK293 

cells were transfected with a gene encoding the CD133 receptor. Figure 3-1C is a 

histogram plot showing a high degree of reactivity of the anti-CD133-FITC with the 

transfected cells. Anti-CD22-FITC, however, did not bind the transfected cells. 

Interestingly, it appears that there is a high intensity and a low intensity peak indicating 

populations with high and low antigen densities. Table 3-1 shows the expression of 
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CD133 on various cell populations measured by flow cytometry. UMSCC-11B and NA-

SCC cell lines were 4.0% and 5.9% CD133+, respectively. These cells were tested with 

anti-CD19-FITC as a negative control and were less than 1.2% CD19+. Caco-2, a human 

colorectal cell line, was tested as positive control and was 79% positive for CD133 

expression. These numbers are from representative experiments that have been duplicated 

at least 3 times each. Together, these findings showed that the CD133 scFv is specific to 

the CD133 receptor that is selectively expressed on a small subpopulation of cancer cells. 

 

Time Course Viability Assays Show Proliferation Inhibition 

If CD133 is a marker for CSC, then selective killing of this subpopulation of cells should 

be sufficient to inhibit proliferation [65]. To test this, dCD133KDEL was added to cells 

in a trypan blue viability time course assay to determine the number of viable cells. As 

seen in Figure 3-2A, the proliferation of UMSCC-11B cells was almost completely 

ablated, while a non-specific control toxin targeting CD22 did not inhibit cell 

proliferation. dCD133KDEL had the same effect on NA-SCC cells, another head and 

neck carcinoma line (Figure 3-2B). To determine whether dCD133KDEL was having off-

target effects, we sorted UMSCC-11B cells for CD133- cells and performed a time 

course viability assay. As seen in Figure 3-2C, the targeted toxin showed no effect on the 

CD133- sorted cells. These plots show representative experiments that have each been 

reproduced.  

 

Effect on Human Progenitor Colony Formation 
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CD34+ UCB cells are considered a rich source of normal hematopoietic progenitor cells. 

To determine the effect of dCD133KDEL on the development of hematopoietic cells 

derived from CD34+ progenitors, sorted CD34+ cells were treated with drug and 

evaluated in two standardized assays of hematopoietic stem/progenitor cell survival and 

function. Notably, the UCB CD34+ cells used for this study were first studied using 2-

color flow cytometry and 67% coexpressed CD34 and CD133, twenty-four percent were 

CD34+CD133- and none of the cells were CD34-CD133+ (data not shown).  

dCD133KDEL drug concentrations were selected based on the results in Figure 3-2. 

Initially, studies of hematopoietic colony formation as a measure of hematopoietic 

progenitor cells were done by incubating the UCB CD34+ cells with dCD133KDEL 

Media and drug were renewed weekly in each well. After 2 weeks, hematopoietic 

colonies were counted. Figure 3-3 shows that only the cells cultured in the presence of 

intact DT toxin underwent significant reductions in colony formation. Even at 

concentrations of dCD133KDEL that greatly exceeded those used to inhibit cancer stem 

cells in the trypan blue viability assays, there was minimal effect on CFU-GM, CFU-

GEMM, and BFU-E colony development. Additionally, we added dCD133KDEL to 5-

week long-term culture initiating cell (LT-CIC) assays that better quantify putative 

hematopoietic stem/progenitor cells. As with the CFC study, there was minimal effect of 

dCD133KDEL on human LT-CICs after 5 weeks in culture. These experiments were 

reproduced with similar results (data not shown). Together, these results suggest that 

dCD133KDEL is not destructive to normal human hematopoietic stem/progenitor cells 

that may express CD133.  
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CD133+ Cells Efficiently Initiate Tumors 

CD133+ CSC possess the unique ability to initiate tumors [75,76]. Thus, a tumor 

initiation study was performed to determine whether cells pretreated with dCD133KDEL 

would form tumors in vivo (Figure 3-4). UMSCC-11B cells were pretreated with 0.03nM 

of dCD133KDEL for 6 days prior to inoculation in the flanks of nude mice. Control mice 

were injected with either untreated cells or cells treated with a non-specific toxin 

targeting CD3. UMSCC-11B cells were also enriched for CD133+ cells using magnetic 

bead separation prior to inoculation. When cells were sorted using the magnetic bead 

separation and run using flow cytometry, the expression of CD133+ cells increased 4 fold 

(data not shown). As seen in Figure 3-4, cells treated with dCD133KDEL prior to 

injection had the lowest incidence of tumor formation (1 of 4). The single tumor that 

formed was markedly smaller than tumors formed by the control or CD133 enriched 

cells. CD133+ enriched cells formed tumors at the highest incidence, formed earlier and 

grew much larger than control tumors. These results further indicate that we are killing 

CSC and support the fact that CD133 is a CSC marker in head and neck carcinomas.  

 

Tumor Treatment Studies Show Impressive Tumor Regression 

In experiment 1, animals given intratumoral injections of 20ug/injection of 

dCD133KDEL regressed and were gone by day 24 when treatment was stopped (Figure 

3-5). In contrast, control tumors given either PBS (M1-M3) or treated in an identical 

fashion with anti-T cell CD3CD3KDEL (M4, M5) did not regress. Real time imaging 

data are shown and correlated with caliper data shown in the plot. Again, no tumor was 

detected by day 24 in treated mice, confirming the caliper measurements. In experiment 
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2, animals were given twice the number of tumor cells, so tumors grew faster, and 

treatment was delayed until day 10. Although tumors grew more aggressively, all mice 

treated with dCD133KDEL responded to treatment. Mice treated with control 

CD19KDEL did not.  Together, the two experiments showed that by killing the CD133+ 

subpopulation of cells, the tumors were unable to generate more cells and eventually 

regressed. 

            Histological analysis was performed on tumors from experiment 1. Figure 3-5B 

shows a skin section from a mouse, taken on day 59, in which an epithelial-like tumor is 

prominent. The tumor is robust and vascularized. Other sections revealed necrosis. Also 

shown is healthy skin from a mouse that was treated intratumorally with dCD133KDEL, 

which prevented tumor growth and eventually led to complete tumor elimination. The 

skin pathology looks mostly normal with intact hair follicles, although some evidence of 

inflammation is still present. The section is part of the histological analysis that confirms 

the animal was tumor free. The livers and kidneys of both treated and non-treated animals 

showed no evidence of tumor indicating that it did not metastasize to these organs. 

 

Anti-toxin Levels Greatly Reduced in dCD133KDEL Immunized Mice  

To ensure that we had effectively deimmunized dCD133KDEL, BALB/c mice were 

immunized with either mutated dCD133KDEL or parental non-mutated PE38KDEL. 

Mice (n=5/group) were immunized intraperitoneally once a week and were bled on day 

63. Despite 9 weekly immunizations with drug (0.25 ug/injection), the dCD133KDEL 

group had significantly lower serum anti-toxin levels than the animals immunized with 
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parental toxin (Figure 3-6). Generally, deimmunization resulted in an average 90% 

reduction in anti-toxin levels.    

Discussion 

The major contributions of this manuscript are the development of a novel targeted toxin, 

dCD133KDEL, which targets CD133 tumor-initiating cells and its efficacy against two 

head and neck carcinoma lines. dCD133KDEL is a new and powerful reagent for three 

main reasons.  The drug 1) targets only a small subpopulation of the total tumor, 2) has 

been successfully deimmunized bypassing a major clinical problem with targeted toxins, 

and 3) has a mechanism of action unlike typical chemotherapy agents. Targeted toxins 

function by binding to cell surface receptors, internalizing, and enzymatically inhibiting 

protein synthesis [88]. CD133 is readily internalized rendering it an excellent marker for 

a targeted toxin [73]. The fact that we observed heterogenous peaks in CD133 expression 

in transfected HEK cells in Figure 3-1C supports the argument that CD133 cycles and 

internalizes.  

Bonnet and Dick reported the first CSC subpopulation in leukemia in 1997 [23]. Since 

then investigators have validated the presence of CSC subpopulations not only in 

leukemia, but in many carcinomas as well. CD133 in particular has been identified as a 

CSC marker in these carcinomas [12, 13, 70-72]. Wei et al showed in their work that 

CD133 is a CSC marker for the head and neck laryngeal cancer line HEP-2. In their 

study, they showed that CD133+ sorted cells initiated tumors and uniquely possessed 

clonogenic capacity when compared with CD133- cells [75]. We were able to confirm 

CD133 as a marker for tumor initiation cells in the current study with a different head and 

neck cell line UMSCC-11B. 
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Also unique to our study is the use of a new monoclonal antibody (clone 7) that 

binds all forms of the CD133 receptor [52]. This is important because commercial 

antibodies currently available recognize an epitope that can be masked upon 

differentiation [89]. In contrast, the scFv from clone 7 was used in our construction of 

dCD133KDEL recognizes only the CD133 peptide backbone, avoiding the issue of 

epitope masking or differential glycosylation. Specificity was determined by showing 

that our anti-CD133 scFv recognized cells transfected with DNA encoding the CD133 

receptor. Furthermore, two head and neck cell lines contained subpopulations of CD133 

expressing cells at similar levels to other head and neck cell lines described in the 

literature [75,76, 90]. When dCD133KDEL was tested in vitro, we discovered that it 

selectively inhibited cancer cell expansion in both cell lines. We found that about 5% of 

the UMSCC-11B head and neck cancer cells used in the study were Annexin V positive 

following CD133KDEL treatment indicating apoptotic death. Since flow studies also 

showed that about 5% of the UMSCC-11B population were CD133+, this suggests an 

apoptotic death for CD133 cells. We also attempted dual staining to confirm that the 

same population that was Annexin positive was CD133 positive. However, these 

mechanistic studies proved complicated since earlier treatment with dCD133KDEL 

interfered with our ability to later recognize and quantitate CD133+ cells. We attributed 

this difficulty to either blocking interference or the high modulation rate of CD133.  

Since tumor initiation is a hallmark of CSC, UMSCC-11B tumor cells were 

pretreated with dCD133KDEL and transplanted into nude mice. These cells formed the 

lowest incidence of tumors when compared with controls, while cells enriched for 

CD133+ expression formed the largest tumors at the fastest rate. Furthermore, in two 



37 
 

separate studies tumor cells were injected into the flanks of nude mice and when palpable 

were directly treated with dCD133KDEL. All treated tumors regressed over time, unlike 

control tumors and all treated animals were impressively tumor free after 79 days. We 

favor the explanation that dCD133KDEL acts to inhibit the self-renewing ability of 

CD133+ CSC. However, it is possible that dCD133KDEL has a bystander killing effect 

but this was not supported by our in vitro studies showing that dCD133KDEL did not kill 

CD133 negative cancer cells.  

Several studies suggest the existence of another CSC population in some tumors 

that is CD133- [91,92]. For example, Chen et al discovered CD133- cells within 

glioblastoma primary tumors that had the capability to self-renew and support long-term 

growth in vitro and initiate tumors in vivo [92]. dCD133KDEL may be a helpful 

biological tool in validating the existence of these cells and in helping to develop more 

inclusive therapies that may target all CSC and progenitors simultaneously.  

The development of a novel TT that selectively targets CSC may have unique 

implications for the ubiquitous problem of carcinoma drug resistance and subsequent 

relapse. Several studies have shown that CSC are resistant to current chemotherapeutic 

agents [12,13,21,93,94]. Since TT’s work by a different mechanism and because it 

selectively kills CSC, dCD133KDEL may possess the unique ability to target the very 

cells responsible for drug resistance. Adding a TT as an adjunct to chemotherapy has 

been shown to be more effective than using either therapy alone [61,62]. Studies are 

underway to determine whether dCD133KDEL may be a useful adjunct to chemotherapy.  

One of the major limitations of TT in clinical therapy is immunogenicity. Patients 

will start developing antibodies to the toxin and thus the number of treatments is limited. 
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To address this problem, we mutated 7 immunogenic epitopes that account for the 

majority of antibodies produced against this form of PE toxin. We then used this mutated 

construct to create our fusion protein. As a result, we showed that even after 9 

immunizations there is very little antibody produced against the toxin moiety of 

dCD133KDEL and 40% of the animals had no antibody response at all. 

Drug safety issues regarding the effects of dCD133KDEL on normal human 

hematopoietic progenitor cells are important and need to be addressed prior to any 

therapeutic consideration. Therefore, we isolated CD34+ cells from UCB an established 

source of normal human hematopoietic stem cells, cultured them with dCD133KDEL and 

then determined their ability to form various hematopoietic colonies in established CFU 

(colony-forming unit) assays. To be sure, we changed media containing drug weekly and 

cultured the cells in long-term colony initiation assays for 5 weeks. Only toxin alone 

inhibited survival of hematopoietic progenitor cells. These results indicate that although 

the UCB CD34+ cells co-express CD133, these cells are resistant to treatment with 

dCD133KDEL These findings could be explained by multiple normal stem cell 

populations that are CD133- since 24% of the starting stem cells were CD34+CD133-. 

Rutella et al discovered a stem cell population in human cord blood that was CD133- and 

still capable of differentiating into multiple cell types [55]. Also, Surronen et al showed 

that CD133+ cells can be generated from normal CD133- cells [56]. Perhaps 

dCD133KDEL destroyed normal CD133+ cells and replacements emerged from the 

CD133- fraction. Alternatively, CD34+CD133+ cells may be metabolically quiescent 

enough or have other drug resistance mechanism to prevent significant killing by 

dCD133KDEL. Finally, the expression level of CD133 on tumor cells may be greater 
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than the expression level on normal progenitors [57]. This could allow for the observed 

selective killing of CSC over normal stem cells. Sehl et al, used mathematical modeling 

to conclude that in order for a treatment to be safe it must be highly selective and able to 

target quiescent cancer stem cells [95] and since dCD133KDEL is selective and because 

cells do not have to be actively cycling for targeted toxins to be taken up and effectively 

cause apoptosis, dCD133KDEL warrants further investigation.  

Several cell populations in the body express CD133 and therefore may be 

potential targets for the toxin, causing either short-term or long-term health effects. Thus, 

extensive toxicity studies will be necessary to validate a CD133 targeted drug for clinical 

use.  These studies will not be trivial. CD133 expression on normal cells has proven 

somewhat complicated since CD133 has been shown to undergo post-translational 

modulation such that mRNA and internal protein expression does not correlate with the 

surface expression [96].  Also, the commercial antibodies such as AC133 only bind 

certain forms of the receptor [52,89]. Furthermore, studies in an “on target” model closer 

to humans than rodents may be necessary.  

In summary, we developed a novel deimmunized TT that selectively binds the 

cancer stem cell marker CD133. dCD133KDEL impressively inhibited cell proliferation 

in vitro, decreased tumor initiation, does not kill normal human hematopoietic progenitor 

cells, and caused complete tumor regression in a an accepted model of human head and 

neck cancer which is an xenotransplant flank model. This work represents the 

development of a new cancer therapeutic that function by selectively targeting the 

minority cancer stem cell subpopulation within the tumor. We believe dCD133KDEL 
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warrants further study as a possible solution for drug resistant relapse in human 

carcinoma.  
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Figure 3-1 A, plasmid map for dCD133KDEL shows the gene position. B, a large single 

peak of protein detected at an absorbance of 280 nm was collected and then analyzed by 

SDS-PAGE under nonreducing conditions. The gel lanes from left to right are: lane 1, 

PE38KDEL 7mut; lane 2, CD133 scFv; lane 3, dCD133KDEL; and lane 4, molecular 

weight standard. C, flow cytometry study showing that the anti-CD133 scFv recognizes 

the CD133 receptor. HEK cells were transfected with a gene encoding the CD133 

receptor and then reacted with the anti-CD133 scFv labeled with FITC. As controls, cells 

were also reacted with RFB4 (anti-B cells)-FITC or a no treatment blank. Flow cytometry 

was done using a FACS caliber and data plotted as a histogram. The number of events is 

20,000. 
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Table 3-1 
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Figure 3-2 Trypan blue viability studies show that dCD133KDEL selectively inhibits 

head and neck cancer cells over time. UMSCC-11B (A) or NA-SCC (B) cells were 

incubated with dCD133KDEL and viability was determined over time by directly 

counting cells growing in tissue culture wells using a trypan blue vital stain. Live cells 

exclude the dye and dead cells incorporate it. CD22KDEL, CD19KDEL (anti-B cell), and 

CD3CD3KDEL (anti-T cell) targeted toxins were included as negative controls. Media 

and toxin were replenished daily. In C, UMSCC-11B cells were sorted for CD133− cells 

and immediately incubated with dCD133KDEL to determine nonspecific killing. 

dCD133KDEL did not inhibit CD133− UMSCC-11B cells treated immediately following 

sorting. Error bars were calculated for all data points, but are not visible in some 

instances because error margins were very slight. 
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Figure 3-3 dCD133KDEL does not inhibit hematopoietic colony development. CD34+ 

sorted umbilical cord cells were cultured in the presence of dCD133KDEL under 

optimized colony growth conditions. Two types of assays were done over the entire 

course of the culture period. The first was short-term (2 weeks) colony formation assay 

measuring CFU-GEMM (A), CFU-GM (B), and BFU-E (C). The second was a long-term 

(5 weeks) LTC-IC assay (D). Colonies were visually scored in a blinded study. 
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Figure 3-4 Study of the tumor initiation ability of CD133+ cells, a hallmark of tumor 

stem cells. Groups of nude mice (4–8/group) were injected in the flank with CD133-

enriched cells. CD133+ cells were enriched from cultured UMSCC-11B cells using 

magnetic bead separation. These had the highest tumor incidence and rate of growth. 

Another group received cells treated with dCD133KDEL before implantation. These had 

the lowest incidence and lowest growth rate. The controls received unsorted tumor cells 

that were either untreated or pretreated with an irrelevant control targeted toxin, 

CD3CD3KDEL. All groups received 300,000 cells. The plot shows the tumor growth rate 

over time and the table within the figure shows the tumor incidence. The mean tumor 

volume of the CD133+ sorted group is statistically different than the control group and 

the dCD133-depleted group using the Student's t tests (P < 0.0045 and 0.0012, 

respectively). 
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Figure 3-5 Tumor treatment studies show tumor regression. In A, tumor size was 

measured for experiment 1 using digital calipers. A student's paired t test was done on the 

average tumor size over the course of the experiment between the control and treated 

groups. The 2 curves are significantly different with a P value of 0.0001. Experiment 1 

(B) and experiment 2 (C) are shown with tumor bioluminescent and images showing that 

dCD133KDEL inhibits the progression of UMSCC-11B-luc nude mice flank tumors. For 

experiment 1 (B), 3 million cells were injected and tumors were treated with 

dCD133KDEL (M6–M10) while controls were treated intratumorally with either PBS 

(M1–M3) or the anti-T CD3CD3KDEL (M4–M5) starting on day 8. This also shows that 

dCD133KDEL inhibits the progression of flank tumors and correlates with the caliper 

data. The arrows indicate where treatment (Tx) began and ended. For experiment 2 (C), 

tumors were induced by injection of 6 million cells. Intratumoral treatment was begun on 

day 10. Tumors were treated exactly as they were in experiment 1 except mice were 

given 16 injections instead of 8. Controls were untreated or treated with anti-B cell 

CD19KDEL. Animals were imaged weekly for both experiments. Bioluminescence 

intensity was measured. D, histology photomicrograph shows skin tissue taken from the 

tumor injection site of a representative tumor-free mouse from experiment 1. As a 

control, a photo is shown of skin tissue taken from a PBS-treated control mouse. Tumor 

is clearly visualized in controls, but absent in the drug-treated mouse. 
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Figure 3-6 The immunogenicity of dCD133KDEL. The comparative ability of mutated 

dCD133KDEL and nonmutated parental toxin PE38KDEL to induce the production of 

antitoxin antibodies in normal, immunocompetent mice was determined by measuring 

anti-PE38(KDEL) serum IgG levels on samples of mice immunized weekly with 0.25 μg 

of either drug (n = 5 group). Animals were bled on day 63 after 9 weekly immunizations. 

Serum IgG antitoxin levels were measured by indirect ELISA and quantification of 

antibodies was determined using a standard curve. Differences in the data sets between 

the PEKDEL-immunized and the dCD133KDEL groups were significant by Student's t 

test (P < 0.05). 
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Identification and characterization of a novel scFv recognizing human 

and mouse CD133 
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Introduction 

Human CD133 is a penta-span transmembrane glycoprotein. It is a marker of neural, 

endothelial, and hematopoietic stem cells [67,68,69,97]. Its expression is also seen in 

cancer initiating cells in many tumors including that of brain, prostrate, colon, and breast 

[13,70,72] and is, therefore, used widely as a molecular marker to isolate and characterize 

these cell phenotypes. Targeting CD133 may also enable the enhanced delivery of 

cytotoxic therapies to cancer initiating cells [51,53]. Further development of CD133 as a 

diagnostic marker and/or therapeutic target requires highly sensitive reagents that 

exclusively recognize CD133. Currently, AC133 and 293C3 antibodies are widely used 

to study CD133 [98]. These reagents identify glycosylated epitopes of CD133 and not the 

native protein. Hence, the reliability of these reagents for the accurate detection of 

CD133 protein levels is a major concern [89,98,99]. To overcome this limitation, we 

have earlier identified a hybridoma (clone 7) that specifically recognizes CD133 in a 

range of cell-based assays [52]. Clone 7 recognized both the glycosylated and non-

glycosylated epitopes of CD133 protein and, hence, could be used to investigate CD133 

expression with greater reliability. For applications such as targeted drug delivery, single-

chain variable fragments (scFv) are more convenient and more effective than larger 

antibodies. In this work, we employed phage display to derive a scFv targeting CD133. 

Our studies show that the new scFv is capable of recognizing both human and mouse 

CD133 protein and can be potentially used as a diagnostic tool to characterize CD133 

expression. 
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Materials and Methods 

Generation of ScFv library from CD133 hybridoma 

The scFv was generated from anti-CD133 hybridoma clone 7 cells [52]. Total RNA was 

isolated from these cells using an RNeasy micro kit (Qiagen), and first-strand cDNA 

synthesis was carried out using oligo (dT) 20 primer and Superscript II reverse 

transcriptase (Invitrogen). Following this, a unique two-step PCR protocol was used to 

amplify the scFv-encoding gene repertoire. DNA sequences encoding the variable region 

of light-chain (VL) and heavy-chain 

(VH) fragments were amplified independently, fused by an overlap extension PCR, and 

cloned directionally into pCDisplay-4 vector using the rare cutter SfiI enzyme. The 

digested vector and PCR amplicons were ligated using T4 ligase, precipitated by sodium 

acetate–ethanol mixture along with glycogen and yeast tRNA carriers, and then 

transformed into electrocompetent Escherichia coli XLIBLUE. After overnight culture at 

37 °C, the amplified recombinant phagemid was extracted from bacteria using a Qiagen 

kit and stored at −20 °C. When required, E. coli transformed with the library was infected 

with a VCSM13 helper phage to package the RNA into phage particles. 

Library panning against human CD133 

Ninety-six-well enzyme-linked immunosorbent assay (ELISA) plates were coated with 2 

μg of human CD133 protein in 50 μL of 0.1 M NaHCO3 (pH 8.6) and allowed to 

incubate overnight at 4 °C. The next day, the protein solution was removed and the wells 

blocked with a blocking buffer containing 1 % bovine serum albumin (BSA) in TBS. The 

plates were sealed and incubated overnight at 4 °C. The blocking solution was then 
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removed and replaced with 50 μL of freshly prepared scFv phage library and incubated 

for 1–2 h at 37 °C. After multiple washes, the bound phage particles were eluted, with a 

low pH buffer containing 0.1 M glycine–HCl (pH 2.2), and amplified in E. coli for the 

next round of panning. After three rounds of panning, 30 randomly selected clones were 

checked for their reactivity against CD133 by phage ELISA. In this assay, phage clones 

were diluted in 5 % milk solution and incubated with CD133 protein-coated wells for 2 h 

at 37 °C. Wells were washed five times before incubation with 1:3,000 diluted HRP-

conjugated anti-M13 antibody (GE Healthcare) for 1 h at 37 °C. The secondary antibody 

was then removed, washed five times, and incubated with HRP–substrate TMB (50 

μL/well) for 30 min at room temperature. The color development was monitored by 

measuring absorbance at 450 nm. Plasmid DNA from clones that did bind to the CD133 

protein was extracted and sequenced using primers P1: 5′aagacagctatcgcgattgcag3′ and 

P2: 5′gcccccttattagcgtttgccatc3′. The DNA sequences were then analyzed using 

Lasergene software (DNASTAR Inc., WI, USA). 

Subcloning of CD133 scFv 

The CD133 scFv cDNA was cloned into the pET28c bacterial expression vector as 

previously described [51]. The sequence of the resulting clone was verified by DNA 

sequencing analysis performed at the University of Minnesota Biomedical Genomics 

Center. 

Expression, purification, and characterization 

Purification of the CD133 scFv was performed as described previously [51]. Briefly, the 

protein was expressed and purified from inclusion bodies using a Novagen pET 
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expression system (Novagen, Madison WI), followed by a two-step purification process 

consisting of ion exchange fast protein liquid chromatography (Q sepharose Fast Flow, 

Sigma) and size exclusion chromatography (Hiload Superdex 200, Pharmacia). About 3 

μg of the purified CD133 scFv protein was resolved using 4–15 % SDS PAGE gel 

(Biorad) and then stained using an E-Zinc Reversible stain kit (Thermo Scientific) to 

determine purity.  

Cell culture 

All established cell lines used in this work, except ONC94M2, were purchased from the 

American Type Culture Collection. ONC94M2 is a primary glioma cell line derived from 

a C57BL/6 mouse where the primary tumor was induced by oncogene transfer using 

NRAS and 

SV40LgT, as described in [100]. Caco-2 (a human colorectal adenocarcinoma) and U87 

cells (a human glioblastoma) were grown in Minimum Essential Medium containing 20 

% fetal bovine serum (FBS), 1 % non-essential amino acids (Sigma), 1 % sodium 

pyruvate (Sigma), and 1 % 

penicillin–streptomycin (Invitrogen). 4T1, a mouse mammary tumor cell line, was 

cultured in RPMI medium supplemented with 10 % FBS and 1 % penicillin–

streptomycin. NIH3T3 (a mouse embryo fibroblast cell line) was grown in Dulbecco’s 

modified Eagle’s medium containing 10 % FBS and 1 % penicillin–streptomycin. All 

cells were maintained at 37 °C/5 % CO2 in a humidified incubator. 

DNA transfection 
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NIH 3T3 cells were seeded in six-well plates. Following attachment, cells were 

transfected with 1.5 μg mCD133 construct (ATCC catalog no. MGC-25280, image ID 

4502359) or empty vector using lipofectamine reagent. After 72 h, cells were trypsinized, 

immunostained, and then analyzed by flow cytometry. 

Isolation of bone marrow cells 

Bone marrow was obtained from the femur of CD-1 mice. A single cell suspension of the 

bone marrow was obtained by dilution in cold phosphate-buffered saline (PBS), vigorous 

pipetting, followed by passage through a 70-μm cell strainer. Collected cells were 

centrifuged at 1,000 rpm for 7 min, washed once with cold PBS, and counted using a 

hemocytometer. 

FACS staining protocol 

One million cells were suspended in 100 μL FACS buffer (1× PBS with 1 % BSA and 

0.1 % sodium azide) in a flow cytometry tube. The cell suspensions were incubated with 

2.5 μg fluorescein isothiocyanate (FITC)-labeled anti-CD133 scFv for 30 min on ice. For 

the competitive binding assay, 1 million CD-1 mouse bone marrow cells suspended in 

FACS buffer were pre-incubated with 1 μg Fc Block (BD Pharmingen) on ice for 10 min 

followed by FITC-labeled anti-CD133 scFv, as described above, and then with 1 μg anti-

CD133 Ab-PE (clone 13A4-PE, eBioscience) for another 30 min on ice. Another group 

received the two reagents in the reverse order. In addition, one group of cells was 

incubated with both the reagents simultaneously. Finally, cells were washed twice with 

FACS buffer and resuspended in 500 μL of FACS buffer for flow cytometric analysis. 

For immunostaining 4T1 cells with anti-CD133 
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polyclonal antibody (Abnova), cells were fixed with 2 % formaldehyde for 10 min and 

then permeabilized with ice cold 90 % methanol for 30 min. Cells were then incubated 

with FACS buffer containing 5 μg antibody for 30 min on ice followed by incubation 

with FITC-labeled anti-rabbit secondary antibody (BD Pharmingen) for 30 min. Cells 

were then washed twice with FACS buffer before analysis by flow cytometry. The 

acquired data were analyzed by FLOWJO software (Tree Star Inc., OR, USA).  

Western blot 

ONC94M2 and 4T1 cells were pelleted and lysed using RIPA buffer (Pierce). Protein 

levels were estimated using a BCA kit (Pierce). Western blotting was done as described 

in [52]. Anti-human CD133 polyclonal antibody (Abnova) was used as the primary 

antibody. Anti-rabbit IgG-HRP (Cell Signal) was used as the secondary antibody. 

scFv ELISA 

E. coli TOP10F′ transformed with the scFv clone-11(HA tagged, in pCDisplay-4 vector 

background) was induced with IPTG (final concentration, 1 mM) and then cultured 

overnight at 30 °C. Next day, the bacterial culture was pelleted by centrifugation at 

15,000 rpm for 30 min at 4 °C and the soluble scFv in the culture supernatant analyzed 

using ELISA. Briefly, human CD133 protein coated wells were incubated with either 

scFv, parental monoclonal antibody, or blocking solution (5 % non-fat milk in phosphate-

buffered saline) for 1 h at 37 °C. The treatments were removed and the wells washed five 

times with PBS before incubation with HRP conjugated anti-HA (obtained from 

GenScript USA, 1:2,000 diluted in 5 % milk solution) for 1 h at 37 °C. The wells were 
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washed with PBS and then incubated with the HRP substrate TMB. The color 

development was analyzed by measuring the absorbance at 450 nm using a plate reader. 

 

Results 

Identification of a novel anti-CD133 scFv 

Recombinant anti-CD133 scFv was constructed using VL and VH fragments of the clone 

7 anti-CD133 antibody. The VL and VH fragments were amplified by RTPCR. The scFv 

was constructed using these fragments and a DNA linker that encodes for Ser7Gly10Arg 

by performing an overlap extension PCR. The resulting PCR products were analyzed by 

gel electrophoresis. The individual VL and VH components were about 400 bp in size 

and the assembled scFv found to be 800 bp in size, which was in agreement with the 

theoretical predictions (Fig. 4-1a). The scFv was then cloned into a pCDisplay-4 vector, 

transformed into E. coli XL-1 BLUE, and was subsequently infected with the VCSM13 

helper phage in order to release the complete phage particles that displayed a library of 

scFv on their coat surface. The phage library was then screened for reactivity to CD133 

by a standard panning process which involved the incubation of the phage particles with 

CD133 protein-coated plates. Only a fraction of the phage library was found to bind to 

the plates. These binders were then retrieved, amplified in bacteria, and screened by 

subsequent panning. After three such rounds, a 394-fold (6.3×10−5/1.6×10−7) 

enrichment of phage binders was achieved (Fig. 4-1b). At this stage, 30 phage clones 

were randomly picked to confirm their reactivity against human CD133 by phage ELISA 

(Fig. 4-1c). In this assay, nine phage clones were found to have high reactivity with 
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CD133. The plasmid DNAs of these clones were extracted and then sequenced. Five of 

them were found to have an identical DNA sequence (data not shown). Phage clone 11 

showed a high reactivity. Hence, this clone was selected for subsequent analysis; the 

plasmid DNA encoding the scFv as a HA-tagged recombinant protein was extracted. This 

DNA construct has an amber stop codon between the scFv sequence and the vector 

backbone. Therefore, a non-suppressor E. coli TOP10F′ bacterial strain was used for the 

scFv protein expression. The scFv was predominantly secreted into bacterial culture 

media (data not shown). The bacterial culture supernatant containing the secreted scFv 

protein was diluted and analyzed using ELISA to investigate the specificity of the clone 

11 scFv to the human CD133 protein substrate (Fig. 4-1d). In this assay, the parent 

monoclonal antibody was used as a positive control and showed a higher absorbance (1.4 

absorbance units, AU) than the scFv protein (0.9 AU). The background absorbance of the 

blank treatment was found to be 0.2 AU. These results indicate that the CD133 scFv 

could recognize and bind to human CD133 protein, however with a lower binding affinity 

than its parental monoclonal antibody. Further experiments reported in this study were 

done using anti-CD133− scFv protein without an HA epitope tag. To obtain this, the open 

reading frame of the scFv was sub-cloned into a PET-28C expression system, bacterially 

expressed, purified, and analyzed using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE; Fig. 4-2a). The molecular weight of the anti-CD133 scFv 

protein was found to be 26 kDa and was in agreement with the theoretical predictions and 

with our own published results [9]. The amino acid sequence of the recombinant anti-

CD133 scFv is shown in Fig. 4-2b. 

Specificity of anti-CD133 scFv 
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The specificity of the anti-CD133 scFv was investigated by immunostaining. The scFv 

was initially conjugated to FITC to enable the direct staining of cells. Anti-CD133 scFv-

FITC specifically stained human colon carcinoma Caco-2 cells that express high levels of 

CD133 [51, 101], but not CD133low/− U87 cells (Fig. 4-2c). Unstained cells and cells 

stained with a nonspecific antibody (BU-12 FITC) were used as controls. These results 

established the specificity of anti-CD133 scFv for human CD133 protein. 

Cross-reactivity of anti-CD133 scFv to mouse CD133 

A plasmid encoding the mCD133 gene was transfected into NIH3T3 cells. The cells were 

then immunostained using anti-CD133 scFv-FITC (Fig. 4-3). About 13 % of the 

transfected cells were stained by anti-CD133 scFv-FITC. Unstained cells and transfected 

cells stained with a nonspecific RFB4 (anti-B-cells)-FITC served as controls. Cells 

transfected with the vector backbone served as an additional control. The results obtained 

with this study establish the cross-reactivity of the anti-CD133 scFv to mouse CD133 

protein. When the transfection experiment was repeated, about 20 % of the transfected 

cells were found to be immunoreactive with CD133 scFv (data not shown). The low 

number of cells stained by the scFv may be due to the weak expression of the transfected 

plasmid and/or due to the cell cycle-associated variations in CD133 surface mobilization 

affecting its detection by commercial antibodies [102]. To further study the cross-

reactivity of anti-CD133 scFv to mouse CD133 protein, immunostaining experiments 

were done in mouse tumor cells and bone marrow cells. Anti-CD133 scFv-FITC 

immunostained 
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ONC49M2 mouse glioblastoma cells (Fig. 4-4a) as well as 4T1 breast carcinoma cells 

(Fig. 4-4b). CD133 expression in these cell lines was confirmed by Western blotting 

using a polyclonal anti-mouse CD133 antibody (Fig. 4-4c). CD133 expression in 4T1 

cells was further confirmed by indirect immunostaining done with an anti-mouse CD133 

polyclonal antibody (Fig. 4-4c). This anti-CD133 polyclonal antibody was raised against 

the C-terminal region of the CD133 protein, which is localized within the cytosol. Hence, 

4T1 cells were fixed and permeabilized before immunostaining. Progenitor cells in the 

bone marrow are reported to express CD133 [103]. Anti-CD133 scFv-FITC 

immunostained 4 % of the mouse bone marrow cells (data not shown). In order to 

confirm that anti-CD133 scFv binds to mouse CD133 protein, we co-stained mouse bone 

marrow cells with a commercially available PE-labeled monoclonal antibody (Fig. 4-5). 

The order of addition of scFv and the 13A4 clone resulted in distinct immunostaining 

profiles. When clone 13A4 was added first, around 40 % of the CD133 scFv-FITC-

stained fraction was co-stained by 13A4. However, when anti-CD133 scFv-FITC was 

added first or when added along with the 13A4-PE clone, this fraction decreased to 25 %. 

This indicates that epitopes recognized by 13A4 and anti-CD133 scFv partially overlap. 

As clone 13A4 is known to bind to mouse CD133 [104], the data from these results 

confirm that anti-CD133 scFv binds to the mouse CD133 protein. 

 

Discussion 

Human CD133 is a five-transmembrane domain protein composed of 865 amino acids 

with a molecular weight of 120 kDa [105]. Detailed molecular analysis indicates that 
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CD133 expression is regulated and that it involves transcription from five alternative 

promoters, promoter hypermethylation, tissue-specific alternative splicing [105,106,107], 

and lipid raft-associated sorting of the resulting protein to the apical membrane [108]. 

The CD133 protein undergoes extensive posttranslational glycosylation modification at 

eight N-linked glycosylation sites found in its extracellular loops [109]. Recently, a set of 

genes that may contribute to the CD133 glycosylation has been reported [110]. 

 Emerging studies indicate that cellular conditions like stem cell differentiation [89], cell 

cycle status [102], and differential glycosylation processing [110] can selectively modify 

CD133 glycosylation levels without affecting the native CD133 protein levels. Hence, 

reactivity to AC133 and AC141 reagents that bind to the glycosylation epitopes may not 

accurately reflect the CD133 protein levels present within the cell. To circumvent this 

problem, we have earlier identified a monoclonal antibody (clone 7) against CD133. 

Although clone 7 was raised against a non-glycosylated recombinant CD133 protein, it 

recognized CD133 protein from both tunicamycin-treated and untreated cell lysates by 

the Western blot assay [52]. This indicated that clone 7 can recognize glycosylated and 

non-glycosylated CD133 protein. Since the anti-CD133 scFv described in this study is 

derived from the clone 7 antibody, it is expected to recognize and bind to both 

glycosylated and non-glycosylated CD133 protein. Also, it will be interesting to 

determine whether clone 7 and the scFv identify the different isoforms of CD133 as well 

as the mature and premature forms of the protein.  

An important feature of the anti-CD133 scFv is its ability to cross-react with mouse 

CD133 protein. This observation is not totally surprising given the fact that human and 

mouse orthologs of CD133 share a 60 % sequence identity. It is worthwhile to note here 



67 
 

that the parental hybridoma, clone 7, was raised against a recombinant protein consisting 

of immunogenic amino acids of the human CD133 protein. This stretch of amino acids 

shares a significant sequence similarity with its mouse counterpart (Fig. 4-6).  

The scFvs retain target specificity, but are smaller in size compared to their parental 

monoclonal antibodies and, hence, are often used for targeted drug delivery. Because the 

CD133 protein is a known marker for cancer stem cells, we expect the newly developed 

scFv to be of significant value in developing therapies that selectively target and 

eliminate cancer stem cells. We are currently investigating the use of anti-CD133 scFv 

for constructing a targeted immunotoxin, dCD133KDEL, by fusing the anti-CD133 scFv 

with pseudomonas exotoxin A-PE38 and a c-terminal Lys-Asp-Glu-Leu (KDEL) peptide. 

This toxin was found to be very potent in selectively targeting and killing CD133+ cancer 

stem cells in metastatic breast carcinoma [53] and head neck carcinoma xenografts in 

mouse [51]. The expression of CD133 is not restricted to tumor-initiating cells. 

Therefore, it is possible that this targeted therapy may have side effects on other CD133-

expressing cells like the stem cells present in a normal tissue. In our initial studies with 

dCD133KDEL, we did not observe any cytotoxicity to normal cells. However, for 

clinical realization of this immunotoxin, an elaborate evaluation of its effect on normal 

cells must be carried out. As the anti-CD133 scFv reagent can react with both mouse and 

human CD133 protein, it is uniquely suited for evaluating the safety of CD133-targeted 

therapy in mouse xenograft tumor models. 
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Figure 4-1  

Cloning of anti-CD133 scFv. a) Gel electrophoresis of PCR products. Lane 1 

Recombinant scFv constructed using VL and VH fragments and a DNA linker encoding 

Ser7Gly10Arg; Lane 2 Amplification of VL fragment alone; Lane 3 Amplification of VH 

fragment alone; Lane 4 Molecular weight ladder. b) The recombinant scFvs are cloned 

into a phagemid, which were then packaged into M13 phage. They were screened by a 

biopanning assay by incubating phage particles with CD133-coated plates. Three rounds 

of panning were done. Titers of the phage particles in each round are shown. At the end 

of three rounds, phage particles bound to CD133-coated wells were significantly 

enriched. c) Phage ELISA of 30 randomly picked phage clones. Nine positive clones that 

showed A450>1 are indicated in black. Clone 11 was chosen for further characterization. 

d) Clone 11 plasmid DNA encodes a HA-tagged anti-CD133 scFv recombinant protein. It 

was bacterially expressed and the bacterial culture supernatant analyzed by ELISA. 

Human CD133 protein-coated wells were incubated with either diluted bacterial 

supernatant, parental monoclonal antibody (positive control), or blocking solution 

(blank). The treatments were removed and incubated with an HRP-conjugated anti-HA 

secondary antibody. The HRP reaction was then analyzed by measuring the absorbance at 

450 nm after the addition of TMB substrate. 
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Figure 4-2 

Expression and specificity of anti-CD133 scFv. a) Anti-CD133 scFv clone 11 was sub-

cloned into a PET-28c expression cassette, bacterially expressed. This resulted in the 

expression of HA-tagless anti-CD133 scFv. SDS-PAGE of the scFv under non-reducing 

conditions. b) Immunostaining of Caco-2 and U87 cells. Cells were stained with anti-

CD133 scFv (green). Cells stained with BU-12-FITC (blue) and unstained cells (red) 

served as the controls. Anti-CD133 scFv stained only Caco-2 cells, but not U87 cells.  
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Figure 4-3 

Cross-reactivity of anti-CD133 scFv with mouse CD133. Immunostaining of mCD133 

transfected NIH 3T3 cells. Transfected cells were stained with anti-CD133 scFv-FITC. 

Untransfected cells (FITC blank), cells transfected with the vector alone, or transfected 

cells stained with RFB4-FITC antibody served as the controls. 
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Figure 4-4 

Immunostaining of mouse cells with anti-CD133 scFv. a) Immunostaining of ONC49M2 

mouse glioblastoma cells. Unstained cells or cells stained with the RFB4-FITC antibody 

served as the controls. b) Immunostaining of 4T1 cells. Left Staining with anti-CD133 

scFv-FITC. Right Staining with polyclonal anti-CD133 antibody. 4T1 cells were PFA-

fixed and methanol-permeabilized before immunostaining. Permeabilized cells with or 

without anti-rabbit secondary antibody staining served as the controls. c) Western 

blotting to demonstrate CD133 expression in ONC49M2 and 4T1 cells. 
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Figure 4-5 

Immunostaining of mouse bone marrow cells using anti-CD133 scFv. a) Competitive 

binding assay of anti-CD133 (clone13A4-PE) and anti-CD133 scFv-FITC. One million 

mouse bone marrow cells suspended in FACS buffer were incubated with anti-CD133 

scFv, anti-CD133 scFv followed by anti-CD133 Ab-PE, anti-CD133 Ab-PE followed by 

anti-CD133 scFv, or both anti-CD133 scFv and anti-CD133 Ab-PE added 

simultaneously. Cells were washed twice with FACS buffer and subjected to flow 

cytometric analysis. The scFv stained fraction was gated and then the double-stained 

population within them analyzed. b) Bar graph of the results obtained in the above study. 

Data shown are the mean ± SD (n03). 
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Figure 4-6 CD133 protein sequence alignment. Amino acid sequences of mouse 

(accession no. AAH28286.1) and human CD133 (accession no. AAH12089.1) were used 

as input sequences. The consensus sequences are marked with yellow (high similarity) 

and blue (weak similarity). Red line indicates amino acids of human CD133 used in the 

generation of the parental hybridoma (clone 7). 
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Preface 

 

This chapter has been published: 

Ohlfest, J., Zellmer D.M., Panyam, J., Swaminathan, S.K., Oh, S., Waldron, N.N., Toma, 

S., Vallera, D.A. Immunotoxin targeting CD133+ breast carcinoma cells. Drug Delivery 

and Translational Research. 02 May 2012: p. 1-10. 

 

My contributions to this work include performing the experiments necessary for Figure 5-

1, Table 5-1, and supplemental figure 5-1. I also developed the assay used in Figure 5-3, 

as seen in chapter 3. 
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Immunotoxin targeting CD133+ breast carcinoma cells 
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Introduction 

Evidence is mounting that cancers contain a small subset of their own stem cell-like cells 

that can self-renew. Cancer stem cells (CSCs) have the potential to either (a) again renew, 

generating more CSCs, or (b) differentiate into phenotypically diverse cancer cells with 

more limited proliferative potential [12,21,64,65]. CSCs are extremely important because 

they appear to be at the root of drug-resistant relapse in patients [21]. Treatment failure 

due to drug-resistant relapse is a problem in breast cancer [111]. According to the 

American Cancer Society statistics, an estimated 178,480 new cases of invasive breast 

cancer were diagnosed among women in 2007 and over 40,000 were expected to die of 

drug refractory disease [112]. Thus, alternative drugs effective against relapse are 

urgently needed.  

CD133 is a five-transmembrane glycoprotein that localizes to membrane protrusions and 

shares 60 % homology at the amino acid level between mouse and human [113,114]. 

Antibodies recognizing CD133 enrich for human hematopoietic, neuronal, and 

endothelial stem cells [67,68,69]. CD133 has been identified as a marker of CSCs in 

many tumors [13,70,72]. CD133 is one of several markers that were useful to enrich for 

CSC in estrogen receptor-negative breast cancer [115], and in murine models of breast 

cancer [71]. However, multiple studies have documented plentiful CD133−CSCs in 

tumors that had previously been shown to be enriched for CSCs by CD133-positive 

selection, suggesting CD133 expression is dynamic [91,116,117]. A major issue 

surrounding the usefulness of CD133 as a marker of CSCs is the fact that the most 

common commercial antibody detection of CD133 [AC133, 293C/AC141 monoclonal 

antibodies (mAbs)] is restricted to undefined glycosylated epitopes, whereas endogenous 



82 
 

CD133 is differentially glycosylated. Glycosylation is an enzymatic, posttranslational 

modification whereby glycans are added to specific residues of a protein, usually in the 

plasma membrane, which alter the tertiary and quaternary structure of the protein. 

Glycosylation of CD133 has been found to be highly variable during cell cycle phases 

and upon differentiation [89,98,102]. 

It is well known that, at any given time, tumor cells are heterogeneous in their cell cycle 

status. As detected by the AC133 mAb, CD133 immunoreactivity is highest in cells with 

increased DNA content, indicating these cells were in the S phase of the cell cycle. 

Conversely, CD133 detection is lowest when cells were in G1–G0 [102]. Detection by 

commercial mAbs is therefore modulated by cell cycle phase and state of differentiation 

[89,98,102]. Indeed, Kemper et al. found a correlation between reduced glycosylation and 

reduced detection of AC133 and 293C/AC141 mAbs upon differentiation. This lack of 

detection was not due to CD133 downregulation, as determined by Western blot against 

CD133 by membrane protein isolates from CSCs [74]. Thus, 

CD133 epitopes bound by commercial antibodies are not lost, but rather masked, or 

shielded through changes in the structure of CD133, likely through differential 

glycosylation [74]. Kemper et al. also showed that commercial CD133 antibodies only 

recognize epitopes on extracellular loop 2 of CD133, which, although loop 2 was not 

shown to contain alternatively spliced exons from the seven known splice variants, the 

epitope could still become inaccessible via conformational change induced through 

differential glycosylation [74].  
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Moreover, CD133 is upregulated in response to hypoxia and chemotoxic stress 

[118,119,120]. These facts, combined with the realization that cancer cell differentiation 

is likely not unidirectional, have resulted in controversy over the utility of CD133 as a 

CSC marker, and the relevance of the CSC hypothesis in general. In order to address this 

controversy in a clinically meaningful way, as well as gauge therapeutic potential, we 

sought to develop a reagent to selectively kill CD133+ cells in pre-established tumors. 

Using our previously described anti-CD133 single-chain variable fragment (scFv), which 

was shown to react with CD133 independent of glycosylation, we circumvented the 

problems of differential glycosylation in targeting CD133 [52].  

Targeted toxins (TT) are a class of biological drug consisting of a ligand recognizing a 

marker expressed on cancer cells chemically or genetically linked to a catalytic toxin 

[121]. The destruction of the target cell is dependent on drug internalization, so only 

internalizible receptors are targetable. Studies indicate that CD133 is efficiently 

internalized [74]. A novel TT called dCD133KDEL was synthesized consisting of an 

anti-CD133 scFv reactive against the extracellular domains of CD133 derived from the 

novel hybridoma called clone 7 [52]. The scFv was cloned upstream of truncated 

pseudomonas exotoxin (PE) A called PE38 [73]. PE is a catalytic bacterial toxin 

requiring few internalized molecules to bring about cell death [78]. Already, it has been 

used extensively in drug development and many patients have received PE-based targeted 

toxins [79]. In addition to the unique nature of our targeting ligand, we added a Lys-Asp-

Glu-Leu (KDEL) C-terminus signal to our drug, which provides enhanced tumor killing 

by preventing luminal endoplasmic reticulum protein secretion [77]. Genetic engineering 

was also used to remove immunogenic epitopes on the PE38 molecule that are 
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recognized by B cells. Independent studies by us [38,122] and others [80,123] prove that 

targeted toxins made with this mutation reduce neutralizing antibody responses without a 

loss in toxin activity. Previously we demonstrated that dCD133KDEL had potent activity 

against human head and neck carcinoma xenografts, including complete durable tumor 

regressions, following repeated local intratumoral injection [51]. However, it remained 

unclear what potential toxicity and efficacy dCD133KDEL would have in a metastatic 

carcinoma model following repeated systemic dosing. In this paper, we demonstrate the 

tolerability and efficacy of dCD133KDEL following systemic administration against a 

metastatic breast carcinoma model. Our data suggest that targeting CD133+ cells with 

immunotoxins has therapeutic potential and may prove a highly useful tool in stem cell 

biology. 

 

Materials and Methods 

Construction and purification of dCD133KDEL and dEGF4KDEL  

The construction and purification of dEGF4KDEL [122] and dCD133KDEL [84] were 

previously described. Briefly, each protein was expressed and purified from inclusion 

bodies using a Novagen pET expression system (Novagen, Madison WI) and sonicated. 

Protein was refolded and then purified using Fast protein liquid chromatography ion 

exchange chromatography (Q sepharose Fast Flow, Sigma) followed by size exclusion 

chromatography (Hiload Superdex 200, Pharmacia). Protein was then analyzed by 

SDSPAGE and stained with Commasie Brilliant Blue to determine purity. 
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Cell lines 

The human breast cancer carcinoma MDA-MB-231 was originally derived from pleural 

effusion of patients with stage III breast carcinoma [124]. MDA-MB-231 was genetically 

altered by transfection with a reporter gene encoding firefly luciferase creating the MDA-

MB-231-luc cell line for imaging [122]. The line was subcloned using flow cytometric 

cell sorting in order to obtain stable transfectants that were highly bioluminescent. Other 

cell lines used for these studies included breast cancer cell lines MDA-MB-468, SK-BR-

3, BT474, and Caco-2, a colorectal cancer line. All lines were obtained from American 

Type Culture Collection (Rockville,MD) and were grown as adherent monolayers in 

DMEM/10 % fetal calf serum. For the studies requiring reduced O2 conditions, cells 

were either low O2 shocked or underwent a gradual O2 reduction. The shock consisted of 

an overnight incubation at 1 % O2. The gradual O2 reduction consisted of culturing cells 

at 14 % O2 for 3 days and 5 % O2 for 3 days, with a final overnight incubation at 1 % 

O2. 

 

Flow cytometry and CD133+ cell enrichment 

Flow cytometry was performed using a FACSCaliber at the University of Minnesota 

Cancer Center Flow Cytometry facility. For the two-color immunofluorescence studies, 

MDA-MB-231 cells were incubated with unlabeled primary anti-CD133 followed by 

incubation with rabbit anti-IgG secondary antibody and antiepidermal growth factor 

receptor (EGFR)-fluorescein isothiocyanate (FITC)-labeled antibodies. Data was 

analyzed using FLOWJO software (Tree Star Inc., Ashland, OR). For the study of the 
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other cell lines, cells were incubated with anti-CD133scFv-FITC, anti-EGFR-FITC, anti-

CD45-FITC, or anti-CD19-FITC. For experiments requiring CD133 selection, anti-

CD133 scFv-FITC was used in combination with magnetic bead selection kit following 

manufacturer’s instructions (Stem Cell Technologies, Tukwila, WA). Briefly, cells were 

concentrated to 2×108 cells/ml. CD133 scFv-FITC was added followed by the EasySep 

FITC Selection Cocktail®. Magnetic nanoparticles were then added and magnetic 

separation used to separate bound from unbound cells. 

 

In vitro trypan blue viability assay 

For trypan blue viability assay, 10,000 cells/well were plated into 24-well plates. Drug 

and media were replaced daily at the indicated dilutions. Cells were harvested, stained, 

and counted on a hematocytometer. Untreated wells typically became confluent around 

day 8. This assay permitted us to assess the activity of drug over time.  

 

In vivo efficacy studies 

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. In order to test 
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the efficacy of EGF4KDEL and dCD133KDEL against metastatic breast cancer, 

MDAMB-231-luc cells were injected directly into the spleen of anesthetized mice 

resulting in systemic metastatic breast cancer model. Mice were given an intrasplenic 

inoculation of two million MDA-MB-231/luc on day 0. They were treated with multiple 

IP injections of the indicated TT. Mice were imaged in real time, and images were 

captured using Xenogen IVIS 100 imaging system (Xenogen Corporation, Hopkington, 

MA) and analyzed using IGOR Pro 4.09a software (WaveMetrics, Inc., Portland, OR). 

Prior to imaging, mice were anesthetized using isoflurane gas. All mice received 100 μl 

of a 30-mg/ml D-luciferin aqueous solution (Gold Biotechnology, St. Louis, MO) IP 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 per second per square 

centimeter per steridian (sr). 

 

Results 

Dynamic CD133 expression in carcinoma cells 

We have previously shown that the anti-CD133 scFv selectively binds CD133+ cells 

[51]. In order to determine if CD133− cells could acquire CD133 expression over time, 

we sorted CD133− MDA-MB-231-luc cells using magnetic bead separation and 

fluorescence activated cell sorting (FACS; data not shown). A prominent population of 

CD133+ cells spontaneously arose after 2 weeks in culture (Fig. 5-1). This observation 

lends credence to the theory that cancer cells undergo “plasticity” in their differentiation 
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and demonstrates that CD133+ cells can arise from a CD133−cell population, revealing 

dynamic CD133 expression in cancer. 

Table 5-1 shows different breast carcinoma cell lines reacted with anti-CD133scFv-FITC: 

MDA-MB-468, SKBR-3, and BT474. CD133+ cells in these lines ranged from 4 to 5.2 

%. EGFR was expressed at high levels on the cells, and negative controls CD45 and 

CD19 (hematopoietic markers) were not. The colorectal cell line Caco-2 is known to 

express high levels of CD133 and served as positive control, since over 62 % of cells 

expressed CD133 (Table 5-1)[114]. Two-color flow cytometry studies were performed in 

order to determine if the CD133-expressing cell population overlapped with the EGFR-

expressing cell population. In order to gain insight into how expression might change in 

hypoxic tumor microenvironments, MDA-MB-231 were cultured under normalO2 

conditions, e.g., atmospheric ∼21%O2 and under varying conditions of O2 deprivation. 

Interestingly, Table 5-2 shows the existence of a minority (0.5%of total cells) 

CD133+EGFR− population that increases four- to eightfold under culture conditions of 

low O2. Additionally, the CD133−EGFR+ cells appear to diminish from 66 to 27–42 % 

of the total cells as oxygen declines, while dual positive CD133+EGFR+ cells 

concomitantly increase. Apparently low O2 levels, as would be present in tumors in vivo, 

enhance CD133 expression in EGFR− and EGFR+ cells.  

 

dCD133KDEL exhibits potent in vitro activity against human breast cancer  

To determine if dCD133KDEL had an effect on breast cancer cells in vitro, MDA-MB-

231 cells were cultured with drug for 4 days and then protein synthesis was evaluated 
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using a tritiated leucine incorporation assay. The drug selectively killed MDA-MB-231 

with an IC50 of 0.0035 nM (Fig. 5-2). Control CD3CD3KDEL, which targets T cells and 

is not reactive with breast cancer cells, did not inhibit activity. dEGF4KDEL 7mut 

showed higher activity than dCD133KDEL. These findings correlated with our FACS 

studies in Table 5-2 showing that EGFR was expressed on a higher proportion of MDA-

MB-231 cells. 

In order to study the ability of dCD133KDEL to inhibit the expansion of MDA-MB-231 

tumor cells over time and perhaps cause their death, we devised an assay based on vital 

staining with trypan blue. Media with or without drug were changed daily. Figure 5-3a 

shows that 0.1 nM dCD133KDEL delayed tumor cell growth and 1 nM entirely inhibited 

growth. As control, treatment with 0.1 nM anti-B cell CD22KDEL had no effect on 

tumor cell expansion. In a different experiment, Fig. 5-3b demonstrates these results were 

reproducible using a second negative control whereby 10 nM dCD133KDEL entirely 

inhibited cell growth, while 10 nM of control anti-B cell CD19KDEL did not. Together, 

these findings indicate that although the CD133 marker is not expressed on the majority 

of cells at any point in time, CD133KDEL selectively inhibits tumor cell proliferation in 

vitro. 

 

In vivo efficacy studies define a therapeutic window for dCD133KDEL 

To determine whether dCD133KDEL could mediate a systemic anti-breast cancer effect, 

MBA-MB-231 cells transfected with a luciferase reporter gene were surgically injected 

into the spleen of nude mice as previously reported [122]. Figure 5-4 shows imaging data 
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from individual mice indicating that after multiple treatments beginning on day 6, all 

mice (M5–M9) had a reduction in tumor burden by day 20 compared to the controls M1–

M4 (M1, M2, and M3 controls were untreated and M4 was treated with an irrelevant 

control CD3CD3KDEL). Mice were treated for 4 weeks. Tumor was still undetectable in 

60 % of the mice on day 52, whereas the remaining animals had a recurrence. 

Since flow cytometry studies showed the existence of a CD133−EGFR+ cell population, 

we performed a combined therapy experiment in which tumor-bearing mice were given 

both dCD133KDEL and dEGF4KDEL. In experiment 2, treatment schedules and dosages 

of both drugs were reduced to suboptimal concentrations (based on prior experiments) to 

test the effect of drug combination. A suboptimal dose of dEGF4KDEL (3 μg/injection) 

was combined with a suboptimal dose of dCD133KDEL (6 μg/injection). Mice were 

given five courses of injections MWF beginning on day 6 as in experiment 1. Although 

there was some variability in tumor growth in control animals, eventually, these tumors 

all progressed to a saturating size measured by bioluminescent imaging (Fig. 5-4). In 

contrast, four out of five mice treated with the combination therapy had nearly a complete 

response by day 41, which was much greater than treatment with the individual drugs (no 

durable responses). These results demonstrate the superior efficacy of combination 

therapy in a scenario where the concentration of either single agent is suboptimal, as 

might be expected in human patients with considerable disease burden. 

A dose escalation experiment was also performed to define the maximum tolerated dose 

of dCD133KDEL. Systemic IP administration of 20 and 40 μg of dCD133KDEL was 

well tolerated (Table 5-3), suggesting that the single-agent activity of this drug has a wide 

therapeutic window. Dose limiting toxicity was found to occur at 100 μg given MWF, 
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which killed four out of five mice. This is likely due to killing of normal CD133+ cells as 

addressed in the discussion. 

 

Discussion 

There is evidence that CSCs are more drug resistant than their differentiated progeny in 

various tumor models [12,21,69,93,94]. Thus, many now believe that drug-resistant CSCs 

are the root of tumor relapse in patients with solid tumors and hematologic malignancies, 

and therefore are vital targets for delivery of cytotoxic drugs. CD133 is a marker that can 

enrich CSCs. However, there is great controversy surrounding the use of CD133 as a 

marker for CSCs, largely due to a failure of commercial mAbs to recognize differentially 

glycosylated forms of CD133, dynamic 

CD133 immunoreactivity, and the plasticity of cancer cell differentiation. To directly 

assess the effects of pan-CD133 targeting in the treatment of cancer, we generated a TT 

using a glycosylation-independent antihuman CD133 scFv conjugated to PE 

(dCD133KDEL). Pan-CD133 targeting led to complete tumor regression in 60 % of 

dCD133KDEL-treated animals in a mouse model of human metastatic breast carcinoma. 

However, there are several curious observations made in this study that warrant 

discussion. 

In vitro, dCD133KDEL was able to inhibit proliferation of bulk breast carcinoma 

cultures, despite that fact that only a fraction (4–10 %) was immunoreactive with the 

CD133scFv at any point in time. There are at least four possible explanations for this 

finding: (1) since CD133− 
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cells reacquired CD133 expression (Fig. 5-1), it is possible that CD133 immunoreactivity 

is continuously changing (on/off) in all the cells within the tumor line over time; (2) 

CD133 may be associated with the cell cycle [102], thus if a cell attempts mitosis it is 

killed; (3) there is a hierarchy within the tumor culture being studied, meaning that only 

CD133+ cells can renew the tumor; and (4) in addition, the limit of detection for what we 

consider CD133+ by flow cytometry is likely below the threshold of CD133 required for 

CD133KDEL to kill a cell. A counter hypothesis would be that targeting CD133+ cells 

will not affect tumor growth because CD133− cells can regenerate the tumor. Operating 

under the assumption that CD133+ cells are not an appreciable source of tumor self-

renewal, one would anticipate negligible efficacy of dCD133KDEL in vivo because of 

limited CD133 expression on MDA-MB-231. In contrast to that assumption, 

dCD133KDEL had potent in vivo affects when injected systemically, which supports the 

hypothesis that CD133+ cells are a source of self-renewal in this human breast carcinoma 

model. We believe this is a reasonable model of human breast carcinoma metastasis 

because our previous studies using this model showed that the tumor metastasizes to 

other critical organs by day 40 [122]. Although the current study is the first 

demonstration of efficacy against breast cancer following systemic administration of 

dCD133KDEL, we previously reported the effectiveness of dCD133KDEL following 

intratumoral injection in a flank model of UMSCC-11B head and neck cell carcinoma 

[51]. Collectively, our prior work and the current study demonstrate that dCD133KDEL 

is unique in its ability to kill putative CSC and inhibit tumor growth in two different 

carcinoma models. While we are cautious to avoid over interpretation of experiments 
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done with cloned cell lines (rather than primary tumor samples), our data implies that the 

idea of CD133 as a CSC marker and therapeutic target remains viable. 

CD133 is expressed in many normal tissues in mice and humans including the colon, 

liver, pancreas, and kidney [91,99]. Therefore, potential toxicity warrants serious 

consideration. 

In order for our studies to shed any insight on that issue, the CD133 scFv would have to 

cross-react with mouse CD133 (a.k.a., Prominin-1 [97]). Flow cytometry studies with the 

CD133 scFv indicate reactivity with mouse leukemia cells (Supplementary Fig. 5-1), 

revealing a subset-like staining pattern consistent with human cell lines that harbor a 

CD133+ subpopulation. Detailed binding studies which validate the cross-reactivity of 

our antihuman CD133scFv with the mouse CD133 are reported in a separate study 

(Swaminathan et al., submitted). Therefore, we believe the tolerability and dose-limiting 

toxicity studies described herein are potentially meaningful. The number of AC133 mAb-

reactive CD133 molecules on the surface of primary cells and tumor cell lines has been 

estimated by flow cytometry [57]. Smith et al. reported 0 and 800 CD133 molecules per 

cell in primary human kidney epithelial and hepatocyte cultures, respectively. In contrast, 

gastric, hepatic, and pancreatic tumor cell lines expressed between 6,500 and 66,000 

AC133 mAb-reactive CD133 molecules per cell, an enrichment of several thousandfold 

over selected normal cells. These observations were further validated by 

immunohistochemistry on primary tissues; a high percentage of tumor samples were 

found to be positive for CD133 in gastric (47–55 %), pancreatic (55–68 %), and 

cholangiocarcinomas (67 %, biliary type of liver cancer). CD133 expression in 

corresponding normal tissues was analyzed and included biliary ducts of the liver, 
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pancreatic acinar and ductal epithelium, and gastric glandular crypt epithelium. Weak 

apical membranous staining was observed. Generally, it was concluded that CD133 

expression levels in normal tissues are lower than in tumors. The relatively higher 

expression of CD133 in tumors suggests that a “therapeutic window” may exist for 

dCD133KDEL whereby tumoricidal activity could be achieved without reaching dose-

limiting toxicity. We demonstrated this in a murine model of metastatic breast cancer 

whereby therapeutic efficacy of dCD133KDEL was achieved at a dose five times less 

than the maximum tolerated dose (Table 3). 

All chemotherapeutics used in the treatment of cancer have some degree of toxicity on 

normal cells. Molecularly targeted drugs minimize this toxicity by selectively killing cells 

expressing a specific marker. Low levels of target expression on normal cells relative to 

cancer cells combined with low toxicity at therapeutic doses in mouse models of human 

cancer are needed to move drugs from bench to bedside. An example of this can be found 

in the IL13Rα2 TT for recurrent glioblastoma, which moved to a phase III clinical trial, 

ultimately failing due to lack of efficacy rather than dose-limiting toxicity [125]. The 

dynamic expression of CD133 and ability of CD133− cells to regenerate normal tissues 

may also contribute to the therapeutic window we observed. This idea is supported by our 

finding that treatment of CD34+ human cord blood progenitor cells with dCD133KDEL 

did not attenuate colony formation [51]. This may relate to the existence of independent, 

stable CD133+ and CD133− normal progenitor cell populations. 

For example, Freund et al. sorted nonoverlapping CD34+CD133− and CD133+ blood 

stem cells [126]. Their studies showed a significantly higher proportion of erythroid 

colony-forming progenitor cells concentrated in the CD34-enriched fraction. Such 
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findings imply that normal hematopoietic progenitors are not limited to CD133+ cells, 

and even if CD133+ progenitors are damaged, other progenitors that do not express 

CD133 will regenerate the tissue. Together, lower CD133 expression on normal tissues 

relative to tumors, a therapeutic window in a murine model, and our observation that 

dCD133KDEL does not attenuate colony formation using bona fide human hematopoietic 

progenitor cells indicates the drug may be therapeutically useful. Our data also shed 

insight with respect to strategies that can be employed to overcome tumor heterogeneity. 

An important finding in these studies is that treatment with suboptimal doses of two 

different targeted toxins had a minimal therapeutic effect in the systemic breast cancer 

model, while a combination of these same suboptimal dosages had a much greater effect. 

One explanation for this finding is that dCD133KDEL targets the minority population of 

CSCs and dEGF4KDEL targets the majority fraction of more differentiated cancer cells. 

The two-color flow cytometry studies shown in Table 2 reveal the existence of a 

CD133+EGFR− population that would not be killed by targeting EGFR. One potential 

explanation for this is that CD133− cells can give rise to CD133+ cells. Our data in Fig. 

5-2 supports this since CD133−-sorted subpopulation of MDA-MB-231 cells gave rise to 

CD133+ cells after 2 weeks in culture. Thus, it would not be surprising that eliminating 

both fractions would have superior antitumor activity. An alternative explanation is that a 

second, independent CSC population is contained in the CD133− cell fraction, and 

perhaps, dEGF4KDEL is effective in targeting this fraction. Wright et al. studied murine 

Brca1 mutant breast tumors [71]. Their sorting studies revealed that these tumors also 

contained two distinct CSC populations, one CD133+ and the other CD133−. Both 

populations were consistent with a stem cell phenotype, had high expression of stem cell 
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associated genes (Oct4, Notch1, Alldh1, and Sox1), had tumor initiation properties, and 

were significantly more drug resistant. Studies are underway to determine whether 

dEGF4KDEL targets a second nonoverlapping CD133−CSC population. Treatment of 

breast cancer patients with lapatinib, an EGFR pathway inhibitor, resulted in a decrease 

in the percentage of putative CSCs (based on immunophenotype) in a study of 

disassociated tumor cells from breast cancer core biopsies, which indicates that EGFR 

might be a viable second target [127]. It is also possible that CD133 expression is 

dynamic and heterogenous on CSCs such that, at any given time, a subset is “CD133+” 

and thus is targeted by dCD133KDEL. As discussed in the “Introduction” section, 

CD133 glycosylation varies greatly with cell cycle status and state of differentiation 

[52,74,121]. Even though anti-CD133 scFv can bind the surface of unglycosylated 

CD133 in vitro, the state of CD133 glycosylation in vivo could induce conformational 

changes within extracellular domains such that internalization of ligand (such as 

dCD133KDEL) is prohibited. Clearly, further studies are needed to better understand the 

relationship between CD133 glycosylation and the binding ability of CD133 

immunoreactive proteins.  

In summary dCD133KDEL represents a new biologic tool that can be used to interrogate 

the clinical significance of eradicating CD133+ cells. We also intend to use it to explore 

whether CD133+ cells represent a potential reservoir of chemo/radiotherapy-resistant 

cells in vivo and further investigate whether this drug can be clinically useful. CD133 is 

enriched in tumors during tumor hypoxia and in conditions of stress such as 

chemotherapy and irradiation [118,120]. Thus, it logically follows that a drug targeting 

CD133 would have unique synergy with standard cytotoxic therapies. Although 
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selectively targeting CSCs is appealing, the plasticity of tumor cell differentiation 

suggests that simultaneous targeting of the bulk tumor by combination therapies will lead 

to superior therapeutic outcome. 
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Figures 

 

 

Figure 5-1 CD133 expression is dynamic. Grayscale contour plot showing that after 2 

weeks of culturing CD133-negative MDA-MB-231 cells that were selected using 

magnetic bead separation, a prominent population of CD133-positive cells can be again 

identified using 

anti-CD133-FITC. The blank control shows the background with untreated cells. 
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Figure 5-2 Dose curve of dCD133KDEL against breast carcinoma cells. Plots of tritiated 

leucine incorporation assay showing that dCD133KDEL selectively inhibits MDA-MB-

231 cells. Cells were incubated with drug for 3 days, pulsed with radioleucine and then 

harvested with standard harvesting techniques. Cells were treated with CD3CD3KDEL 

(anti-T cell) targeted toxin as a negative control. 

  



100 
 

 

 

 

 

  



101 
 

Figure 5-3 dCD133KDEL inhibits breast cancer in vitro. Plots of trypan blue viability 

studies showing that dCD133KDEL selectively inhibits MDA-MB-231 breast cancer 

cells over time. a Experiment 1 and b experiment 2. Cells were incubated with 

dCD133KDEL and viability was determined over time by directly counting cells growing 

in tissue culture wells using a trypan blue vital stain. Live cells exclude the dye and dead 

cells incorporate it. CD22KDEL or CD22KDEL (anti-B cell) TT were included as 

negative controls. Media and toxin were replenished daily. 
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Figure 5-4 Bioluminescent images showing that dCD133KDEL inhibits the progression 

of tumors. For experiment 1 (top panel), tumors were induced by systemic surgical 

intrasplenic injection of two million MDA-MB-231 breast cancer cells. IP treatment was 

begun on day 6 with single course of treatment consisting of 20 μg of drug given every 

other day (Monday, Wednesday, and Friday) and mice were treated for 4 weeks. Controls 

were untreated. Bioluminescence intensity was measured as a function of photons per 

second per square centimeter per sr. For experiment 2, combination treatment was 

studied. Systemic MDA-MB-231 tumors were induced in nude mice exactly as in 

experiment 1. Treatment was begun on day 6 post-tumor inoculation with a suboptimal 

dose of dCD133KDEL, dEGF4KDEL, or a mixture of both. A single course of treatment 

consisted of a suboptimal 6 μg of dCD133KDEL or 3 μg EGF4KDEL given every other 

day (Mondays, Wednesdays, and Fridays) and mice were given five courses of treatment. 

The last group was treated with both drugs combined. Animals were imaged weekly. 
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Supplemental Figure 5-1 Grayscale contour plot showing that anti-CD133-FITC made 

with the same scFv used in the construction of dCD133KDEL, recognizes a prominent 

CD133 positive cell population in cultured C1498 murine leukemia cells. 
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Chapter VI 

 

A bispecific EpCAM/CD133 targeted toxin is effective against 

carcinoma 
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Introduction  

Epithelial cell adhesion molecule, or EpCAM, is an established cancer target for drug 

therapy and has many diverse roles in cancer cells such as cell signaling, proliferation, 

differentiation, and migration [33,128]. Recently, interest has intensified since EpCAM 

has also been shown to be a direct target in the Wnt/β-catenin signaling pathway, a key 

pathway used by both cancer stem cells (CSCs) and normal adult stem cells that enables 

cells to self-renew and differentiate into multiple cell types. Mutations or disruptions in 

this pathway in normal stem cells can lead to excessive proliferation and stem cell self-

renewal resulting in tumor formation [22,37]. Unsurprisingly then, it has been shown that 

high levels of EpCAM expression correlates with increased tumorigenesis in a range of 

carcinomas including breast, colon, and head and neck squamous cell carcinoma 

(HNSCC) [35,129]. All of this has made EpCAM an attractive marker for targeted 

therapy.  

CD133 was originally discovered as a pentaspan membrane glycoprotein that was a 

marker for a population of hematopoietic stem cells [67]. Now it is an established CSC 

marker in many carcinomas such as breast, colon, prostate, and HNSCC among others 

[12,46]. Like EpCAM, CD133 is involved in the Wnt/β-catenin signaling pathway 

[47,48,49]. We recently synthesized a new anti-CD133 monoclonal antibody that differs 

from other anti-CD133 antibodies in that it recognizes the extracellular domain and is 

cross-reactive with mouse CD133 [130]. The scFv from this monoclonal antibody was 

used to construct a deimmunized anti-CD133 targeted toxin, called dCD133KDEL, 

which showed efficacy against HNSCC, breast, and ovarian carcinoma in vitro and in 
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vivo [51,53,54]. These findings validated our strategy of targeting CSC, which are critical 

in cancer cell self-renewal and drug refractory relapse.  

Our laboratory has specialized in development of new biological drugs that are best 

described as bispecific targeted toxins because they consist of two cancer cell-directed 

ligands on the same molecule as a catalytic toxin [38,88-83]. Because of the efficacy 

shown by a novel monospecific CD133- directed targeted toxin [51] and the promising 

results of clinical trials using a monospecific anti-EpCAM TT [23,43,44], we synthesized 

a novel bispecific TT using both anti-EpCAM and anti-CD133 scFvs. A targeted toxin is 

a biological drug consisting of a ligand specific for a given cell surface receptor 

conjugated to a catalytic protein toxin. TTs have been shown to be useful in cancer 

therapy and provide potent and selective toxicity in targeted cells. The first step in the 

mechanism of TT action is the binding of the ligand portion of the molecule to the 

specific receptor. The receptor then must be internalized. The TT then escapes from its 

vesicle into the cytosol where the toxin portion binds and inhibits its target. Pseudomonas 

exotoxin (PE) functions by ADP-ribosylation of EF2 thereby inhibiting translation and 

inducing cell death [73]. In our studies, we used a genetically deimmunized variant of PE 

that was modified to include the lysosomal retention sequence and C-terminal signal Lys-

Asp-Glu-Leu (KDEL) to enhance its potency [79].  

In this article, we show that a novel bispecific CSC TT, dEpCAMCD133KDEL, potently 

inhibits multiple carcinoma lines in vitro, and causes regression in HNSCC tumors in 

vivo. This represents the first bispecific CSC targeting agent and warrants further 

development as a possible clinical adjunct for cancer therapy.  
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Materials and Methods 

Construction of dEpCAMCD133KDEL 

DNA of dEpCAMCD133KDEL was synthesized using DNA shuffling and DNA ligation 

techniques resulting in the fusion of genes encoding the anti-EpCAM scFv, anti-CD133 

scFV, and a deimmunized truncated form of pseudomonas exotoxin 38 used previously 

[51,81-83]. The resulting fusion DNA sequence contained (5’-3’) and NcoI restriction 

site, an ATG initiation codon, the EpCAM scFv, the CD133 scFv, a 7 amino-acid 

EASGGPE linker, the gene encoding the deimmunized truncated PE38 with a DNA 

sequence encoding KDEL replacing the REDLK, followed by a NotI restriction site at the 

3’ end of the DNA fusion sequence. This gene was then spliced into the pET21d bacterial 

expression vector containing an inducible isopropyl-b-D-thiogalactopyranoside (IPTG) 

T7 promoter and a carbenicillin selection gene. The DNA sequence was verified by DNA 

sequence analysis done at the University of Minnesota BioMedical Genomics Center.  

 

Purification of dEpCAMCD133KDEL 

Purification was performed as described previously [84]. Briefly, the protein was 

expressed and purified from inclusion bodies using the Novagen pET expression system 

(Novagen). Then a 2-step purification procedure was performed using an ion exchange 

fast protein liquid chromatography (Q sepharose Fast Flow, Sigma) followed by size 

exclusion chromatography (Hiload Superdex 200, Pharmacia). The purified protein was 
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then analyzed by Bradford to determine the concentration and by SDS-PAGE stained 

with Coomassie Brilliant Blue to determine purity.  

 

Cell lines and culturing techniques 

UMSCC-11B is an HNSCC line that was derived from larynx tumor following 

chemotherapy [85]. UMSCC11B-luc was transfected using a luciferase reporter 

construct, and maintained with 10 mg/mL of blastocidin. Cells were transfected using 

Invitrogen’s Lipofectamine Reagent. NA-SCC is another HNSCC line isolated from a 

tongue tumor [86]. Both lines were obtained from Dr. Frank Ondrey (University of 

Minnesota) who previously obtained them from their originator, Dr. Thomas E. Carey, 

Department of Otolaryngology-Head and Neck Surgery, University of Michigan in 2009. 

NA-SCC and UMSCC cell lines were authenticated this year by STR testing done by the 

Fragment Analysis Facility, John Hopkins University. Caco-2 and HT-29 (colorectal 

carcinomas), BT-474 and SK-BR3 (breast carcinomas), Raji and Daudi (B-cell 

lymphomas), and U-87 (glioblastoma) were obtained from ATCC and were positive for 

the appropriate markers. Only cells that were greater than 90% viable were used for 

experimentation. Mary-X is an inflammatory breast carcinoma spheroid line and was 

obtained from Dr. Sanford Barsky (University of Nevada).  

 

Flow cytometry 
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EpCAM and CD133 expression was analyzed using a fluorescence-activated cell sorting 

(FACS) Caliber at the University of Minnesota Flow Cytometry Core Facility. 

Antibodies and proteins used in flow cytometry were labeled with fluorescein 

isothiocyanate (FITC). Analysis of the results was performed using FLOWJO.  

 

Bioassays to measure cellular proliferation 

To measure the level of proliferation and the effect dEpCAMCD133KDEL was having 

on the carcinoma lines, 3H-thymidine (or 3H-leucine when cell lines did not take up 

thymidine) incorporation assays were used. Cells are plated in 96-well flat-bottomed 

plates and allowed to adhere overnight in appropriate media (leucine-free when 3H-

leucine was used). The toxins were then added in triplicate at 10-fold dilutions to 

determine the IC50 values. Plates would then be incubated for an additional 48 hours. 

3H-Thymidine or 3H-leucine would then be added for a final 18-hour incubation. Plates 

were then frozen to detach cells, and then thawed and harvested onto glass fiber filters, 

which were then washed, dried, and counted using standard scintillation methods. Trypan 

blue viability assays were also done to test the activity of dEpCAMCD133KDEL against 

the HNSCC lines. This was performed as described previously [51]. Briefly, cells were 

plated in 24 well plates and toxin added daily. Cells were harvested using typsin and 

counted using trypan blue. For the Mary-X spheroid assay, Spheroids were plated into 24 

well plates and counted to determine the starting number of spheroids per well. Then 

toxin was added daily and the number of spheroids counted on subsequent days. 

GraphPad Prism was used to analyze and graph all assay results. Data is reported as the 
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percentage of control counts in the 3H-Thymidine or 3H-leucine assays and the Mary-X 

assay, and as cell number in the trypan blue viability assays. All assays were repeated at 

least three times to ensure reproducibility, and representative figures are shown. 

 

Tumor treatment studies 

For study one, six million UMSCC-11B/luc cells were injected into the right flank of 15 

nude mice. Starting on day 7, tumors were treated with 20ug/mouse of 

dEpCAMCD133KDEL, 2219KDEL, or 100ul of saline. Mice were given four courses of 

injections where one course was 3 injections given every other day (MWF) for one week. 

Mice were weighed weekly and weights were recorded. Image could not be obtained for 

mouse 2 in the dEpCAMCD133KDEL group for day 48, but was visibly tumor free by 

caliper measurement. 

For study two, 3.5 million UMSCC-11B/luc cells were injected into the right flanks of 9 

nude mice. Treatment began on day 12 and continued 4 times a week (MTWTh) for 7 

weeks with 5 mice receiving 20ug of dEpCAMCD133KDEL and the remaining 4 mice 

receiving 10ug of DT2219ARL control, which is its MTD.  

For both studies, mice were imaged every other week using the Xenogen Ivis 100 

imaging system and analyzed with Living Image 2.5 software (Xenogen Corporation). 

Mice were injected with 3 mg of luciferin substrate 10 minutes before imaging and 

anesthetized via isoflurane gas inhalation. Two-minute exposures were performed to 

capture tumor fluorescence. Units for the regions of interest are expressed as 

photons/sec/cm2/sr.  
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Results 

dEpCAMCD133KDEL binds selectively 

To determine whether both scFv portions of dEpCAMCD133KDEL were functional and 

bound their respective receptors, flow cytometry was performed on Caco-2 cells, a colon 

carcinoma. Caco-2 highly expresses both EpCAM and CD133. As can be seen from 

Figure 6-1, FITC labeled CD133 scFv and EpCAM Fc bound and were 90% and 99.4% 

positive respectively, while dEpCAMCD133KDEL bound with high affinity as well. 

When dEpCAMCD133KDEL was blocked with either unlabeled CD133scFv or 

unlabeled EpCAM separately, the bispecific was still able to bind via its other ligand. But 

when unlabeled CD133 and EpCAM were both added the binding of 

dEpCAMCD133KDEL was blocked.  

Another colon carcinoma, HT-29, was tested for its level of EpCAM and CD133 

expression and determine whether it might be a suitable target for 

dEpCAMCD133KDEL. As seen in Table 6-1, HT-29 was 98.8% EpCAM positive and 

2.61% CD133 positive. The table also shows two HNSCCs (UMSCC-11B and NA-SCC) 

and two breast carcinomas (BT-474 and SKBR3) which all showed low levels of CD133 

expression and very high levels of EpCAM expression. Two negative control cell lines, 

U87 and Raji, were also tested on flow cytometry and also expressed low levels of 

CD133, but both had negligible EpCAM expression. 
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Bioassays show dEpCAMCD133KDEL activity 

To test the efficacy of dEpCAMCD133KDEL, the HNSCC lines were tested in 3H-

Leucine incorporation assays to determine the level of protein translation inhibition. As 

seen in Figure 6-2a and b, dEpCAMCD133KDEL inhibited both UMSCC-11B and NA-

SCC with IC50 values of 0.025nM and 0.0045nM respectively. Similar IC50 values were 

obtained when the two colon carcinoma lines were tested. Furthermore, 

dEpCAMCD133KDEL showed subnanomolar activity against the two breast carcinomas 

shown in Figure 6-2e and 6-2f as well. However, as seen in Figure 6-2g and 6-2h, the two 

EpCAM negative cell lines were not affected by dEpCAMCD133KDEL at the 

concentrations tested, while positive controls potently inhibited proliferation.  

 To determine whether the inhibition of protein translation was causing cell death 

in the cancer lines, time course viability assays were performed. As seen in Figure 6-3a, 

dEpCAMCD133KDEL killed all UMSCC-11B carcinoma cells while a negative control 

TT, CD19KDEL, did not.  NA-SCC cells were killed in the same manner in Figure 6-3b. 

Furthermore, when inflammatory breast carcinoma Mary-X spheroids were tested in a 

time course spheroid assay in Figure 6-3c, dEpCAMCD133KDEL eliminated the 

spheroids while the negative control had no effect. The monospecific targeted toxins 

were also tested in this assay and both were also able to eliminate tumor spheroids over 

time.  

  

dEpCAMCD133KDEL effective in HNSCC mouse studies 
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 To determine the ability of dEpCAMCD133KDEL to cause tumor regression in 

vivo, nude mice were injected with UMSCC-11B/luc cells into their right flanks. In the 

first study (Figure 6-4), 3 groups of mice (5 mice/group) were treated intratumorally 

starting on day 7. Thus, these were smaller tumors at the time that therapy was initiated. 

Treatment was discontinued on day 40. All 5 dEpCAMCD133KDEL treated tumors 

regressed, with 4 mice achieving tumor-free status. Caliper data reflected the imaging 

results. In the second study shown in Figure 6-5, tumors were permitted to grow larger 

and become more established before therapy was begun. Mice were treated 

intratumorally starting on day 12 instead of day 7.  One group of 5 mice were treated with 

dEpCAMCD133KDEL and another group treated with the negative control DT2219ARL 

since there are no B cell markers on UMSCC-11B. Treatment was discontinued on day 

63. Figure 6-5 shows that all tumors responded to dEpCAMCD133KDEL therapy and 

three of the tumors completely regressed. The negative control tumors were unaffected. 

The drop in tumor size in the DT2219ARL group on day 32 occurred because 2 of the 4 

tumors ulcerated causing a temporary decrease in tumor size. Interestingly, regressions 

did take place slowly overtime in keeping with our hypothesis that destruction of CSC 

prevented self-renewal. We did not see any significant weight loss in either study, which 

would have been indicative of toxicity. As seen in Figure 6-6, the average weights 

remained steady throughout each study. 

 In order to evaluate whether the monospecific drugs were as effective as the 

bispecific drug, in experiment 2, a third group of mice were treated with monospecific 

anti-CD133 targeted toxin (not shown). In this case, responses were noted, but not all of 

the animals completely responded as they did for the bispecific drug. Thus, in vivo 
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findings correlated with the in vitro Mary-X data shown in Figure 6-3c in that the 

dEpCAM133KDEL was more effective than monospecific dCD133KDEL. Also, it was 

not possible to assess monospecific EpCAMKDEL at this dose since it exceeded the 

MTD and was toxic to the mice. Monospecific drug is smaller than the bispecific drug 

and may be more readily filtered into the liver and/or kidney causing these non-target 

toxicities. Taken together, these data show that dEpCAMCD133KDEL was more 

effective than the monospecifics in the treatment of these carcinomas. 

 

Discussion 

 A common problem in carcinoma therapy is drug refractory relapse. CSC’s have 

been widely implicated as the particular cells responsible for the development of this 

tumor chemoresistance [12,13,21,93,94]. Therefore, it is imperative that adjunct therapies 

are developed that can target this subpopulation of cells. We have developed and tested 

the first known bispecific TT specifically designed to simultaneously bind two 

independent markers on CSC’s.  

In these studies, we determined the efficacy of dEpCAMCD133KDEL against head and 

neck, breast, and colon carcinoma and found it potently inhibited proliferation. We also 

showed the ability of dEpCAMCD133KDEL to kill tumor spheroids in an in vitro assay 

using the transplantable human inflammatory breast carcinoma, MARY-X [131]. This is 

significant because tumor spheroids are enriched with cancer stem cells and show 

enhanced tumorigenicity and clonogenic and differentiation potential [132]. Furthermore, 

we have shown the ability of this bispecific to cause tumor regression of small tumors 
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and more established tumors using an in vivo model of HNSCC. This drug is unique 

because not only does dEpCAMCD133KDEL target the cancer stem cell population 

within carcinomas via CD133, but it also can bind EpCAM, a commonly overexpressed 

marker in many carcinomas. EpCAM has recently been recognized as a CSC marker [34-

36]. Furthermore, high EpCAM expression correlates with increased tumorigenicity 

while little or no EpCAM expression does not [35,129]. 

There are potential benefits to simultaneously targeting two independent markers 

expressed on CSCs. First, not all carcinomas express the same CSC markers [12,55]. 

Furthermore, CSC biomarkers are imperfect in that there is a dynamic continuum where 

certain markers are expressed for varying amounts of time and can be reexpressed from 

more differentiated non-CSC populations due to back differentiation [133]. For instance, 

markers such as CD133 that are known to be expressed on many CSC populations 

undergo a high rate of plasticity, a phenomenon in which CD133 expression can arise 

from the more differentiated CD133 negative cell population [56]. Thus, using two CSC 

reactive ligands would target a broader population of CSCs. Targeting a marker such as 

EpCAM that has more widespread expression would not only target independent 

populations of CSCs, but also inhibit populations of cancer cells from which CSCs may 

arise.  

The monospecific targeted toxins, EpCAMKDEL and dCD133KDEL, were tested in the 

in vitro Mary-X spheroid assay to determine their efficacy compared with the bispecific 

drug. While, EpCAMKDEL was as potent as the bispecific drug in vitro, it was much 

more toxic than the bispecific drug in vivo. This prevented EpCAMKDEL from being 
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tested at the same dose as dEpCAM133KDEL. When compared with dCD133KDEL, 

dEpCAMCD133KDEL was more effective in vitro and in vivo. 

 A Major limitation of past TT’s has been the development of neutralizing 

antibodies following prolonged treatment. We have addressed this issue by 

deimmunizing the truncated version of pseudomonas exotoxin by mutating key 

immunogenic epitopes on the surface of the molecule. This lowers the immunogenicity of 

this toxin and significantly reduces the amount of anti-toxin antibodies produced [54,80]. 

This deimmunized toxin has been used and tested for a number of targeted toxins we 

have developed [54,81,82,130].  

 Past studies have shown that current chemotherapy in combination with a TT is 

more effective than using either therapy alone [61,62]. It will be interesting to test 

whether this principle is also true when using a CSC targeted therapy in combination with 

classical chemotherapy. The hypothesis would be that the chemotherapy would target the 

rapidly dividing bulk of the tumor, while the CSC targeted therapy would eliminate the 

subpopulation of cells responsible for the development of chemoresistance. This dual 

approach may be necessary in order to achieve tumor regression and prevent drug 

refractory relapse.  

 In summary, we have developed a novel deimmunized bispecific TT that 

selectively binds both EpCAM and CD133 CSC markers. Targeting these drug resistant 

CSC offers a potential solution to our most challenging problem in cancer therapy, drug 

refractory relapse. dEpCAMCD133KDEL potently inhibited cellular proliferation in 

three different types of carcinoma. Furthermore, it caused tumor regression in in vivo 
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studies using a HNSCC mouse model. This work represents the first known bispecific 

CSC TT and we believe dEpCAMCD133KDEL warrants further study as a potential 

therapy for use in human carcinoma. 
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Figures 
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Figure 6-1 Flow cytometry was performed on Caco-2 cells to test the binding ability of 

FITC labeled dEpCAMCD133KDEL. When either CD133 scFv or EpCAM scFv were 

added to dEpCAM133KDEL-FITC, they did not block binding of the bispecific drug. In 

contrast, when both were added in combination, the binding of dEpCAMCD133KDEL 

was significantly reduced indicating that both binding domains of dEpCAMCD133KDEL 

are functional. When one receptor is blocked, the other is still free to bind. However, 

when both are simultaneously blocked, binding cannot occur. 
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Table 6-1 Flow cytometry was performed on a number of cancer lines to determine the 

level EpCAM and CD133 positivity. As shown here, colon carcinoma, HNSCC, and 

breast carcinoma lines were highly positive for EpCAM, and had a subpopulation of 

CD133+ cells. Caco-2 was the only line tested that was highly positive for both EpCAM 

and CD133. U87, a glioblastoma, was mostly negative for EpCAM, but still had a small 

subpopulation of CD133+ cells. AHN-12, a CD45 antibody, was used as a negative 

control for all the cell lines except Raji, a B cell lymphoma, where it acted as the positive 

control. 
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Figure 6-2 Leucine and thymidine incorporation assays show the ability of 

dEpCAMCD133KDEL to inhibit the proliferation of carcinoma lines. UMSCC-11B (A) 

and NA-SCC (B) cells were incubated with dEpCAMCD133KDEL and the 50% 

inhibitory concentration (IC50) was determined to be 0.025nM and 0.0045nM 

respectively. Two colon carcinoma lines Caco-2 (C) and HT-29 (D) also were potently 

inhibited by dEpCAMCD133KDEL with IC50 values of 0.044nM and 0.02nM1 

respectively. dEpCAMCD133KDEL was also tested against BT-474 (E) and SK-BR3 (F) 

two breast carcinomas and subnanomolar IC50 values were 0.046nM and 0.009nM 

respectively. Finally, two negative control lines were tested to test the specificity of 

dEpCAMCD133KDEL. U87 is a glioblastoma line that is EpCAM negative and has little 

CD133 expression. dEpCAMCD133KDEL had no effect, while the positive control 

targeted toxin, dEGFATFKDEL had an IC50 of 0.03nM. Likewise 

dEpCAMCD133KDEL had no effect on Raji, a B cell lymphoma, but the positive control 

targeted toxin d2219ARLKDEL inhibited with an IC50 value of 0.029nM. 
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Figure 6-3 Time course viability assays were performed for the two HNSCC lines, 

UMSCC-11B (A) and NA-SCC (B). In both assays, dEpCAMCD133KDEL killed all 

cells as determined by viability staining using trypan blue. (C) dEpCAMCD133KDEL 

also eliminated Mary-X spheroids completely by day 5 in a time course spheroid assay. 

The monospecifics, EpCAMKDEL and dCD133KDEL, also were effective at eliminating 

tumor spheroids compared to the negative control targeted toxin, CD19KDEL, and the 

media control. 
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Figure 6-4 In experiment 1, UMSCC-11B/luc cells were injected into the right flanks of 

nude mice and treatment began on day 7. dEpCAMCD133KDEL caused tumor 

regression in all treated animals, with 4 of 5 being tumor free on day 48. The average 

tumor measurement by caliper measurement corresponds to the imaging data showing 

tumor regression in the dEpCAMCD133KDEL treated mice. 
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Figure 6-5 In experiment 2, UMSCC-11B/luc cells were injected into the right flanks of 

nude mice and allowed to grow until day 12 when treatment began. The starting average 

tumor size was almost twice the starting size of the tumors in experiment 1. Imaging and 

caliper data show tumor regression in all 5 dEpCAMCD133KDEL treated mice, while 

the negative control, DT2219ARL, had no effect. 3 out of 5 mice were tumor free when 

the study was discontinued on day 64.   
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Figure 6-6 Average group weights from mouse experiment 1 (A) and experiment 2 (B) 

are shown. No toxic side effects were visually observed in the mice. Additionally, no 

significant weight loss occurred despite the high multiple dosing indicating the absence 

of significant off target effects by dEpCAMCD133KDEL. 
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Bispecific Targeting of EGFR and uPAR in a Mouse Model of Head and 

Neck Squamous Cell Carcinoma 
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Introduction 

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common worldwide 

form of cancer [134]. While many new therapeutics have been developed over the past 20 

years to treat HNSCC, survival rates remain virtually unchanged. A major contributing 

problem to this in HNSCC and other carcinomas is chemo-resistance [7,16,134,135]. 

Therefore, new drugs and new drug combinations are urgently needed to overcome the 

problem of chemoresistance. 

Targeting over-expressed tumor markers is a common strategy in HNSCC. Perhaps the 

most well-known of these over-expressed markers is epithelial growth factor receptor or 

EGFR [136,137]. EGFR activates cellular pathways responsible for cancer proliferation, 

invasion, metastasis, angiogenesis, and resistance to apoptotic signals [138]. Thus, new 

drugs are currently under development to target EGFR in many carcinomas, including 

HNSCC [139-141].  

Urokinase-type plasminogen activator receptor (uPAR) is expressed in a number of solid 

tumors such as HNSCC. Importantly, uPAR is also expressed on tumor associated 

stromal cells particularly on the cells that make up the endothelial neovasculature. uPAR 

normally functions by catalytically converting its ligand pro-uPA into active uPA which 

causes proteolytic degradation of a number extracellular matrix proteins [142,143]. 

However, uPAR overexpression in cancer corresponds with poor prognosis because of its 

pro-invasive, proliferative, and metastatic functions.  Thus, uPAR has been an attractive 

target for anti-cancer therapies [144-146]. 
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Targeted toxins (TTs) are a type of biological drug consisting of a ligand that specifically 

recognizes a receptor expressed on cancer cells fused to a catalytic protein toxin that are 

extremely potent. The activity of the TT is dependent on the ligand binding its receptor 

and becoming internalized. Following internalization the toxin inhibits protein translation 

within the target cell causing apoptosis [73].  

Recently we reported the activity of a deimmunized bispecific TT, dEGFATFKDEL, in 

glioblastoma [82,147]. This bispecific fusion protein is made up of human EGF and the 

amino terminal fragment (ATF) of uPA linked to a deimmunized truncated form of 

Pseudomonas exotoxin A (PE38).  This enables the simultaneous targeting of both the 

overexpressed EGFR on tumor cells and the uPAR on the tumors endothelial 

neovasculature via enzymatic ADP ribosylation of Elongation Factor-2 [148]. Thus, 

targeted tumor cells die and the tumor neovasculature is also destroyed thereby starving 

the tumor. Importantly, this toxin is deimmunized which significantly reduces its ability 

to elicit neutralizing antibodies [82,147]. Here we studied the efficacy of 

dEGFATFKDEL for the first time in an intratumoral therapy model of human HNSCC.  

  

Methods 

Construction and purification of dEGFATFKDEL 

For this study, dEGFATFKDEL was constructed and purified as described previously 

[82]. Briefly, synthesis of dEGFATFKDEL was accomplished by fusion of the genes 

encoding human EGF and the amino terminal fragment (ATF) from uPA. These were 

then genetically linked to a deimmunized, truncated pseudomonas exotoxin 38. This 
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fusion gene product was then spliced into the Novagen pET28c bacterial expression 

vector and transfected into competent cells. The bacteria were grown up and protein 

expression induced using isopropyl-b-D-thiogalactopyranoside (FisherBiotech). Inclusion 

bodies were isolated and the protein refolded, dialyzed, and purified over a fast protein 

liquid chromatography ion exchange column (Q Sepharose Fast Flow, Sigma) as well as 

a size exclusion column (Superdex 200, Pharmacia). The resulting column fractions of 

the protein peak were pooled and purity was determined by SDS-PAGE stained with 

Commasie Brilliant Blue. 

 

Cell lines 

The squamous cell carcinoma line UMSCC-11B was derived from a larynx tumor 

following chemotherapy treatment at the University of Michigan [85]. Another squamous 

cell carcinoma, NA-SCC, was isolated from a tongue tumor [86]. Dr. Frank Ondrey 

(University of Minnesota) obtained these lines from their originator Dr. Thomas E. Carey 

(Department of Otolaryngology - Head and Neck Surgery, University of Michigan) and 

supplied us with the cells. STR testing was done at John Hopkins University’s Fragment 

Analysis Facility to authenticate the UMSCC-11B cell line. MDA-MB-231 cells were 

originally obtained from pleural effusion of stage III breast carcinoma patients. These 

cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, 

USA). Raji cells are a B cell line derived from a Burkitt’s Lymphoma and were also 

obtained from ATCC. The colorectal carcinoma line, Caco-2 was also obtained from 
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ATCC. Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza 

(Lonza Group Ltd.). 

 

Flow cytometry 

Flow cytometry was performed to determine the level of EGF and uPAR expression on 

the surface of the cell lines. A fluorescence-activated cell sorting (FACS) Caliber was 

used for all flow experiments at the University of Minnesota’s Flow Cytometry Core 

Facility. Antibodies were labeled with fluorescein isothiocyanate (FITC) and data 

analysis was performed using FLOWJO. The percentage of positive cells was determined 

by gating control cells that were not incubated with antibody. 

 

Bioassays 

Protein synthesis assays measuring [3H]leucine incorporation were used to determine the 

effect of dEGFATFKDEL on the cell lines. Proliferation assays were also performed on 

occasion using [3H]thymidine incorporation. These assays have been described 

previously [81,82,147]. Briefly, cells are plated in 96-well flat-bottomed plates and 

allowed to adhere overnight in a 37 ºC and 5% CO2 incubator. The targeted toxins were 

added in triplicate at 10-fold serial dilutions and incubated for 48 h. Wells are then pulsed 

with either [3H]leucine  (protein synthesis assay) or [3H]thymidine (proliferation assay) 

with 1 µCi per well and allowed to incubate for another 24 h. Plates are then frozen to 

detach the cells, harvested onto glass fiber filters, washed, dried, and counted using 
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standard scintillation methods. [3H]leucine  assays were done using leucine-free medium. 

Data are reported as the percentage of control counts.  

 

In vivo studies 

The in vivo studies were done on male nu/nu mice purchased from the National Cancer 

Institute, Frederick Cancer Research and Development Center, Animal Production Area, 

and housed in microisolator cages in the pathogen-free AAALAC accredited facility 

under the care of the Department of Research Animal Resources at the University of 

Minnesota. All animal research protocols had been approved by the University of 

Minnesota Institutional Animal Care and Use Committee. For the flank tumor studies, 

UMSCC-11B and MDA-MB-231 cells were stably transfected with a vector containing a 

firefly luceriferase (luc) gene and a blastocidin resistant gene. This allowed the tumors to 

be imaged in real time to track the growth or regression of the tumors. For the UMSCC-

11B/luc study, four million tumor cells were injected subcutaneously in the left flanks of 

the mice (5 mice/group). The mice were treated with 2ug’s of dEGFATFKDEL 

intratumorally MTWTh starting on day 7 post-inoculation and ending on day 35. For the 

MDA-MB-231/luc study, 3 million cells were injected subcutaneously into the left flanks 

of the mice. Tumors were injected intratumorally with 3ug of dEGFATFKDEL starting 

on day 25 and 8 courses of treatment were given where one week of injections (MWF) 

constitute one course. Tumors for both studies were measured using digital calipers and 

the volume was calculated as the product of the width, length, and height. The mice were 

weighed regularly in order to monitor for treatment-related toxicities that typically cause 
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a drop in body weight. Mice were imaged once a week in real time using Xenogen Ivis 

imaging system (Xenogen Corporation, Hopkington, MA). Imaging was done as 

described previously [81,147]. For the imaging, mice were anesthetized using isoflurane 

gas and then injected with 100 ul of a 30 mg/ml D-luciferin solution (Gold 

Biotechnology, St. Louis MO) 10 min prior to imaging. Mouse images represent a 5 min 

exposure time and the units of luminescence is expressed as photons/s/cm2/sr. Prism 4 

(Graphpad Software, San Diego, CA) was used for all statistical analysis.  

  

Results 

Flow cytometry expression analysis 

In order to determine the level of expression of EGFR and uPAR present on the surface 

of the head and neck carcinoma cell line, UMSCC-11B, flow cytometry was performed. 

As shown in Fig. 7-1, UMSCC-11B cells are 100% EGFR positive, while only 1.51% 

uPAR positive. The cells were also probed with the FITC labeled negative control anti-

CD19 antibody, HD37, which showed no reactivity against the carcinomas, but did 

against the B cell lymphoma line Raji. Table 1 shows another head and neck carcinoma, 

NA-SCC, also highly expresses EGFR at 99%. The breast carcinoma line MDA-MB-231 

and colon carcinoma line Caco-2 also highly express EGFR at 91.2% and 98.8% 

respectively. Human umbilical vein endothelial cells, or HUVECs, were 61% uPAR 

positive, but had minimal EGFR expression (3.7%). Thus, the head and neck carcinoma 

lines (UMSCC-11B and NA), as well as the breast carcinoma line (MDA-MB-231) are 

excellent targets for an EGFR targeted therapy. The primary Human umbilical vein 
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endothelial cells (HUVEC’s) show that human endothelial cells, which are part of the 

neovasculature, are uPAR positive and will serve as targets for our bispecific drug.  

 

In vitro assays 

Based on the results of the flow cytometry studies, [3H]leucine incorporation assays were 

performed to determine the level of selective protein synthesis inhibition of 

dEGFATFKDEL on these cell lines. As shown in Fig. 7-2a and b, dEGFATFKDEL 

selectively inhibited both of the head and neck cell lines, UMSCC-11B, and NA-SCC, 

with IC50 values at sub-nanomolar concentrations (1.38 e-4 nM and 4.37 e-5 nM 

respectively). MDA-MB-231, a breast carcinoma line, had a similar IC50 value of 5.01 e-

4 nM as seen in Fig. 7-2c. Figure 7-2d shows a Leucine assay graph of a colorectal 

carcinoma cell line, Caco-2. While dEGFATFKDEL was not quite as potent (IC50=2.19 

e-3 nM) against Caco-2, it was still selectively active. The HUVEC’s were tested in Fig. 

7-2e to determine whether cells that were uPAR positive, but EGFR negative could still 

be killed by dEGFATFKDEL. Indeed our bivalent dEGFATFKDEL has an IC50 

concentration of 0.03 nM and can therefore bind uPAR-expressing cells, internalize, and 

inhibit protein synthesis. Thus, both the EGF and ATF portions of our molecule are 

highly active. Raji cells (a B-cell lymphoma line) were tested to determine whether 

dEGFATFKDEL could still inhibit protein synthesis even though the line is EGFR and 

uPAR negative. Fig. 7-2f shows that while a targeted toxin that binds CD22 and CD19 

(d2219ARLKDEL) can inhibit protein synthesis, dEGFATFKDEL cannot. Thus, 

dEGFATFKDEL is a highly specific and bifunctional drug.  
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In vivo studies 

To determine the activity of dEGFATFKDEL in vivo, a flank xenograft tumor model was 

used. For the study, UMSCC-11B cells that had been stably transfected with a gene 

expressing firefly luciferase (luc) were injected into the left flanks of nude mice. 

UMSCC-11B/luc tumors were treated intratumorally for 4 weeks starting on day 7 with 

dEGFATFKDEL. Fig. 7-3a shows a clear inhibition of the tumor growth in treated verse 

untreated animals. There were 5 mice per group and the results are statistically 

significant. To show the selective efficacy of dEGFATFKDEL, a negative control group 

was treated with CD19KDEL (a targeted toxin specific for CD19). Even though the mice 

were treated aggressively with these targeted toxins, there were no signs of toxicity at the 

concentrations used based on the unchanging average mouse weights shown in Fig. 7-3b. 

Fig. 7-4 shows luminescent images of representative mice from the three groups. The 

images of the dEGFATFKDEL treated group show a regression over time of the 

luminescent signal indicating a corresponding tumor regression. Unlike 

dEGFATFKDEL, CD19KDEL was not effective at causing tumor regression as the 

CD19KDEL treated mice showed no decrease in luciferase activity.  

To confirm the effectiveness of dEGFATFKDEL in another carcinoma, MDA-MBA-

231/luc tumors were treated intratumorally for 8 weeks. MDA-MB-231/luc tumors grow 

slower than UMSCC-11B/luc tumors, thus a modified dose schedule of 3ug every MWF 

was used instead of the more aggressive MTWTh regimen. As seen in Fig. 7-5, untreated 

tumors grew normally, while dEGFATFKDEL treated tumors were completely inhibited. 
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No drug toxicity was seen in the treated mice in the study either (data not shown). These 

results show that dEGFATFKDEL is effective at inhibiting tumor growth and causing 

tumor regression in both head and neck carcinoma as well as in a second model of 

carcinoma.  

  

Discussion 

This is the first report of a bispecific targeted toxin that simultaneously targets EGFR and 

the neovasculature in carcinomas. Tumors were chosen that were EGFR positive and 

uPAR negative. The anti-EGFR moiety of the hybrid protein bound EGFR on the tumors 

and the anti-uPAR moiety bound on endothelial cells as evidenced by the ability of the 

drug to kill HUVEC cells. These studies show that dEGFATFKDEL selectively inhibited 

protein synthesis in both head and neck and breast carcinoma tumors in vitro and caused 

regression of tumors in vivo. While many therapies have been developed to target either 

the tumor or the neovasculature, this one simultaneously targets both. 

Targeted toxins (TTs) are a type of biological drug consisting of ligands fused to a 

catalytic protein toxin that specifically bind receptors on cancer cells, internalize, and 

inhibit protein translation thereby causing apoptosis in the target cells. Historically, one 

main issue has curtailed the use of targeted toxins in the clinic. The development of 

antibodies against the toxin portion of the fusion protein has limited the efficacy of 

targeted toxins because multiple treatments are needed to penetrate solid tumors and 

cause regression [77]. Pastan and Onda originally showed that mutations made in the 

immunogenic regions of PE38 allow for repeated treatments using dEGFATFKDEL 
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without anti-toxin antibodies developing [80]. We used these mutations to develop 

dEGFATFKDEL and showed that mice immunized with dEGFATFKDEL had a greatly 

reduced capacity for anti-toxin antibody response as compared to unmodified parental 

EGFATFKDEL [18]. Indeed, these mutations have allowed us to create several non-

immunogenic targeted toxins that are effective against a range of cancers [51,81,83,147]. 

Furthermore, TT act synergistically when added as an adjunct to classical chemotherapy 

and are more effective in combination than using either therapy separately [61,62]. 

Targeting the EGF receptor has shown to be effective in cancer therapy because it is over 

expressed on many human carcinomas. Several studies using targeted toxins specific for 

EGFR have been undertaken with promising results [149-151]. Furthermore, the Food 

and Drug Administration (FDA) have approved no less than five EGFR inhibitors for the 

treatment of various types of cancer. They include Cetuximab (head and neck and 

colorectal cancer), gefitinib (non-small cell lung cancer), erlotinib (non-small cell lung 

and pancreatic cancer), panitumumab (colorectal cancer), and lapatinib (breast cancer) 

[141,152]. While these drugs have been an important step forward in the treatment of 

these cancers, advances have been incremental and there is still much room for 

improvement. 

 Angiogenesis is a critical step in tumorigenesis in which new blood vessels are 

formed. Without a sufficient blood supply, tumor growth is limited and the tumor 

regresses. Therefore, many anti-angiogenic agents, such as Thalidomide, Bevacizumab, 

sunitinib, among many others have been developed and approved by the FDA for the 

treatment of many types of cancer [153]. Since uPAR plays a role in neoangiogenesis 

within tumors, and is also involved in tumor proliferation, tissue invasion, and metastasis, 
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it has become an important target [144-146,154]. Thus, we designed dEGFATFKDEL to 

kill uPAR positive cells in the tumor microenvironment.  Interestingly, dEGFATFKDEL 

is a more potent inhibitor of protein synthesis than the equimolar combination of the two 

separate TT EGFKDEL and ATFKDEL [147]. One explanation could be that the affinity 

of the bispecific may be greater than the monospecifics or that the bispecific somehow 

stabilizes the binding of the scFv’s to their specific receptors. In vivo, the bispecific 

would also have two different targets in the tumor microenvironment it could bind, thus 

providing an increased opportunity for the necessary binding and internalization to take 

place while monospecifics may be able to diffuse out of the tumor more readily. While 

the mouse model used here does not provide in vivo proof of vascular effects, the in vitro 

studies clearly show that dEGFATFKDEL is a potent inhibitor of uPAR positive 

endothelial cells as shown by the HUVEC assays. 

 Development of bispecific-targeted therapeutics for cancer treatment is on the 

rise. Many of these function by either retargeting effector molecules or effector cells 

[155]. One of these is a bispecific antibody developed recently that focuses on inhibiting 

angiogenesis by targeting PDGFR and VEGFR-A. This bispecific was effective at 

inhibiting A673 rhabdomyoscarcoma tumors (a typical anti-angiogenesis model) in vivo 

[156]. However, only targeting the angiogenesis pathway has only been mildly effective 

in the clinic [157].  Furthermore, the immune system in many cancer patients is 

compromised either by the cancer itself or by many chemotherapy treatments [158,159]. 

Bispecific TT, however, do not require immune effector cells to mediate cell death. The 

catalytic protein toxin enables these molecules to specifically target the tumor cells and 

tumor microenvironment.  
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Here we show for the first time that dEGFATFKDEL targets both EGFR positive tumor 

cells as well as the uPAR positive neovasculature cells in head and neck carcinoma and 

confirmed its activity in a second carcinoma model as well. This two-pronged approach 

enables dEGFATFKDEL to potently inhibit protein synthesis in vitro and tumor growth 

and progression in vivo. Its efficacy, potency, selectivity, and mechanism of action give it 

an advantage over other biological drugs. Thus, dEGFATFKDEL warrants further study 

and characterization for the clinical treatment of carcinoma. 
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Figures 

 

 

Figure 7-1 Flow cytometry dot plot of the head and neck carcinoma line UMSCC-11B 

probed with either FITC conjugated anti-EGFR antibody or anti-uPAR antibody. Cells 

were also probed with the negative control HD37-FITC (an anti-CD19 antibody).  
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 EGFR uPAR CD19 

UMSCC-11B 100.0 1.5 0.7 

NA-SCC 99.0 1.3 0.4 

MDA-MB-231 91.2 1.2 1.3 

HUVEC 3.7 61.2 2.8 

Raji 5.6 7.7 95.8 

Caco-2 98.8 .4 .8 

 

Table 7-1 Expression levels of EGFR, uPAR, and negative control CD19 was determined 

by flow cytometry. UMSCC-11B, NA-SCC, MDA-MB-231, and Caco-2 all highly 

express EGFR, but have negligible uPAR expression. HUVEC contained high levels of 

uPAR receptor as expected. The negative control antibody, HD-37FITC, bound very 

highly to Raji cells, a CD19 positive B-cell lymphoma line. 
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Figure 7-2 The activity of dEGFATFKDEL against the carcinoma lines was determined 

by Leucine and Thymidine incorporation assays. UMSCC-11B, NA-SCC, MDA-MB-

231, and Caco-2 Leucine incorporation assays showed that dEGFATFKDEL was 

selectively active while the negative control in each case had no effect (a-d). HUVEC 

primary cells were also tested and were selectively inhibited by dEGFATFKDEL as well. 

However, dEGFATFKDEL had no effect on the EGF and uPAR negative B cell 

lymphoma line Raji, while a positive control targeted toxin specific against CD22 and 

CD19 had activity (f). 
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Figure 7-3 Mouse tumor model of UMSCC-11B show dEGFATFKDEL is effective at 

inhibiting tumor growth. As seen in (a) tumor growth was inhibited in dEGFATFKDEL 

treated mice as compared with the no treatment mice. Student t test analysis was 

performed for dEGFATFKDEL treated tumors compared with untreated tumors on each 

day. The tumor size between groups became significantly different on day 23 (p<0.05). 

Body weight was measured in (b) and shows that treated mice did not have any 

significant weight loss due to drug toxicity throughout the study.  
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Figure 7-4 Real time images of representative mice from the UMSCC-11B study are 

shown. Mice treated with dEGFATFKDEL exhibited tumor reduction over time shown 

by the corresponding decrease in luminescence. Control treated and untreated mice, 

however, had continually increasing luminescent levels. 
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Figure 7-5 A second mouse carcinoma model was used to confirm the results from the 

UMSCC-11B study. MDA-MB-231 tumors treated with dEGFATFKDEL were inhibited, 

while untreated tumors grew normally over time. Student t tests were performed on every 

day. The dEGFATFKDEL treated tumors were statistically different (p<0.05) from the 

untreated controls on day 35, and on every subsequent day. 
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Chapter VIII 

 

Conclusion 
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CSCs are a critical population of cells within carcinomas that possess the unique ability 

to self-renew, and resist radiation and chemotherapy induced cell death. In order to 

effectively target this crucial subpopulation of cells, accurate biomarkers are needed. 

Recently, CD133 was identified as a key marker of CSCs within many types of 

carcinoma [12,13,70-72]. In the studies described here, we developed a novel targeted 

toxin that specifically binds the CD133 receptor. The scFv used to create this targeted 

toxin was taken from a new anti-CD133 monoclonal antibody (clone 7) that is able to 

bind both glycosylated and non-glycosylated epitopes of the CD133 receptor, improving 

it over commercial anti-CD133 antibodies. Flow cytometry studies showed that this scFv 

was able to bind both human and mouse forms of the CD133 receptor using cells 

transfected with mouse CD133 and by using mouse cell lines [130].  

The resulting targeted toxin, dCD133KDEL, was created by combining the scFv with a 

truncated pseudomonas exotoxin A. PE toxin was mutated and we proved that amino acid 

substitution resulted in a reduced anti-toxin response in immunocompetent mice 

confirming our deimmunization protocol. Because only a small portion of the general 

tumor cell population is CD133+, we developed a time course viability assay that 

demonstrated the drug’s ability to inhibit tumor cell proliferation in vitro in a variety of 

carcinoma lines including HNSCC and breast carcinoma lines [51,53]. Carcinoma cell 

lines that were tested only contained a small subpopulation of CD133 positive cells, with 

the exception of Caco-2, which was over 79% positive. We also analyzed the ability of 

dCD133KDEL to prevent tumor initiation in a HNSCC xenograft flank model. This 

demonstrated that we were indeed selectively killing the CD133 positive CSC 

subpopulations within HNSCC and thereby inhibiting tumor initiation. We then showed 
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that dCD133KDEL could be used to achieve tumor regression and generate long-term 

disease free survivors in the HNSCC model. We discovered that all tumors including 

larger more established tumors treated intratumorally with dCD133KDEL regressed. 

Next, we tested the ability of this drug to cause tumor regression in a model of systemic 

breast cancer. Even when given interperitoneally (IP), dCD133KDEL was able to cause 

regression alone and in combination with another targeted toxin, dEGF4KDEL[53]. 

Furthermore, dCD133KDEL was also found to be effective against ovarian carcinoma 

lines in vitro and in vivo when given IP [skubitz].  

Another important aspect of these studies was determining the safety of dCD133KDEL. 

We found that this drug was very well tolerated in mice compared to other targeted toxins 

and were able to consistently give twice our typical dose (40ug 3 times a week) with no 

noticeable side effects [53]. Furthermore, no liver or kidney toxicity was detected except 

at the LD50 dose of 100 ug (Figure 8-1). Since normal progenitor cells can also express 

CD133, we tested dCD133KDEL against umbilical cord blood progenitor cells that were 

67% positive in hematopoietic colony formation assays. Even at concentrations 10-50 

times higher than used to inhibit tumor cell proliferation, dCD133KDEL did not have any 

effect on normal progenitor colony formation [51]. This suggests a therapeutic window 

exists where dCD133KDEL can kill CD133 positive CSCs and not normal progenitors 

that also express this marker.  

In our studies, we also confirmed findings from other groups that CSC markers are 

extremely dynamic in nature. CD133- cells were sorted from tumors using flow 

cytometry and after two weeks in culture CD133 was reexpressed from the negative cells. 

Furthermore, in the in vitro time course assays, dCD133KDEL did not permanently 
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inhibit proliferation and negative cells could reexpress CD133. This led us to determine 

whether therapy could be improved by simultaneously targeting CSC and non-CSC 

populations, ie, both the CSCs and the populations that can dedifferentiate and give rise 

to them. Thus, we developed a bispecific targeted toxin, dEpCAMCD133KDEL, which 

simultaneously targets the overexpressed carcinoma marker EpCAM as well as the CSC 

marker CD133. This targeted toxin was developed by fusing the DNA for the EpCAM 

scFv onto the same DNA strand encoding dCD133KDEL. EpCAM was overexpressed on 

all the carcinoma lines that were tested in flow cytometry and is currently being targeted 

clinically in several types of cancer [160]. When tested against various carcinoma lines, 

dEpCAMCD133KDEL potently inhibited proliferation in vitro and was also effective 

when tested in an in vitro breast cancer spheroid model. Tumor spheroids are enriched for 

CSC and highly CD133+. Furthermore, dEpCAMCD133KDEL was able to cause tumor 

regression in a flank tumor model of HNSCC [161].  

In a separate study, I studied another bispecific targeted toxin, dEGFATFKDEL, which 

simultaneously targets EGF receptor, and the urokinase receptor expressed on the tumor 

vasculature [162]. This bispecific was also potently effective at inhibiting cancer cell 

proliferation in vitro and causing tumor regression of HNSCC tumors in vivo. We 

hypothesize that like the combination of dEGF4KDEL and dCD133KDEL, a 

combination of dEGFATFKDEL and dCD133KDEL would be highly effective.  

New therapies are urgently needed for the treatment of HNSCC as well as other types of 

carcinoma. Since drug refractory relapse is the single most serious problem in the cancer 

field, we developed two novel targeted toxins that can specifically bind and destroy 

CD133 positive CSCs. Targeted toxins have been shown to work synergistically with 
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chemotherapy. Thus, we hypothesize that using these CSC targeted toxins in combination 

with current chemotherapeutic agents also would have synergistic results. Indeed, 

targeting the cells responsible for chemoresistance while also eliminating chemosensitive 

cells could result in a comprehensive treatment and improve clinical outcomes for 

patients with HNSCC. In conclusion, we believe further development of dCD133KDEL 

and dEpCAMCD133KDEL for clinical testing is warranted. 
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Figure 

 

 

Figure 8-1 CF1 mice were injected Monday-Thursday with either PBS or 

dCD133KDEL. Mice were then bled on Friday and blood was analyzed for levels of 

Alanine transferase (ALT), blood urea nitrogen (BUN), and creatinine. Dotted lines 

represent normal blood concentrations in mice. At the 20ug dose of dCD133KDEL, no 

elevated levels of ALT, BUN, or creatinine were detected. 



166	  
	  

Bibliography 

1. Argiris A, Karamouzis MV, Raben D, Ferris RL. Head and neck cancer. Lancet. 

2008 May 17;371(9625):1695-709. 

2. Prince A, Aquirre-Ghizo J, Genden E, Posner M, Sikora A. Head and neck 

squamous cell carcinoma: New translational therapies. Mt Sinai J Med. 2010 

Nov-Dec;77(6):684-99. 

3. National Cancer Institute. 2013 Feb 1. Available from www.cancer.gov. 

4. Vermorken JB, Remenar E, van Herpen C, Gorlia T, Mesia R, Degardin M, 

Stewart JS, Jelic S, Betka J, Preiss JH, van den Weyngaert D, Awada A, Cupissol 

D, Kienzer HR, Rey A, Desaunois I, Bernier J, Lefebvre JL; EORTC 24971/TAX 

323 Study Group. Cisplatin, Fluorouracil, and Docetaxel in Unresectable Head 

and Neck Cancer. N Engl J Med. 2007 Oct 25;357(17):1695-704. 

5. Caponigro F, Comella P, Rivellini F, Avallone A, Budillon A, Di Gennaro E, 

Mozzillo N, Ionna F, De Rosa V, Manzione L, Comella G. Cisplatin, raltitrexed, 

levofolinic acid and 5-fluorouracil in locally advanced or metastatic squamous 

cell carcinoma of the head and neck: A phase I—II trial of the Southern Italy 

Cooperative Oncology Group (SICOG). Ann Oncol. 2000 May;11(5):575-80. 

6. Colevas AD. Chemotherapy Options for Patients With Metastatic or Recurrent 

Squamous Cell Carcinoma of the Head and Neck. J Clin Oncol. 2006 Jun 

10;24(17):2644-52. 

7. Yadav A, Kumar B, Teknos TN, Kumar P. Sorafenib enhances the anti-tumor 

effects of chemo-radiation treatment by down-regulating ERCC-1 and XRCC-1 

DNA repair proteins. Mol Cancer Ther. 2011 Jul;10(7):1241-51. 



167	  
	  

8. Sitohy B, Nagy JA, Dvorak HF. Anti-VEGF/VEGFR Therapy for Cancer: 

Reassessing the Target. Cancer Res. 2012 Apr 15;72(8):1909-14. 

9. Zeller JL. High suicide risk found for patients with head and neck cancer. JAMA. 

2006 Oct 11;296(14):1716-7. 

10. Zhang Z, Filho MS, Nör JE. The biology of head and neck cancer stem cells. Oral 

Oncol. 2012 Jan;48(1):1-9. 

11. Lee CJ, Dosch J, Simeone DM. Pancreatic cancer stem cells.	  J Clin Oncol. 2008 

Jun 10;26(17):2806-12. 

12. Boman BM, Wicha MS. Cancer stem cells: a step toward the cure. J Clin Oncol. 

2008;26:2795-9. 

13. Fabrizi E, di Martino S, Pelacchi F, Ricci-Vitiani L. Therapeutic implications of 

colon cancer stem cells. World J Gastroenterol. 2010;16:3871-7. 

14. Patel SA. Ndabahaliye A, Lim PK, Milton R, Rameshwar P. Challenges in the 

development of future treatments for breast cancer cells. Breast Cancer (London). 

2010;2: 1–11. 

15. Facompre N, Nakagawa H, Herlyn M, Basu D. Stem-Like Cells and Therapy 

Resistance in Squamous Cell Carcinomas. Adv Pharmacol. 2012;65:235-65. 

16. Mitra D, Malkoski SP, Wang XJ. Cancer stem cells in head and neck cancer. 

Cancers 2011, 3, 415-427. 

17. Kornek G, Selzer E. Targeted therapies in solid tumours: pinpointing the tumour’s 

Achilles heel. Curr Pharm Des. 2009;15(2):207-42. 



168	  
	  

18. Strom TB, Anderson PL, Rubin-Kelley VE, Williams DP, Kiyokawa T, Murphy 

JR. Immunotoxins and cytokine toxin fusion proteins. Semin Immunol. 1990 

Nov;2(6):467-79. 

19. Madhumathi J, Verma RS. Therapeutic targets and recent advances in protein 

immunotoxins. Curr Opin Microbiol. 2012 Jun;15(3):300-9. 

20. Choudhary S, Mathew M, Verma RS. Therapeutic potential of anticancer 

immunotoxins. Drug Discov Today. 2011 Jun;16(11-12):495-503. 

21. Eyler CE, Rich JN. Survival of the fittest: cancer stem cells in therapeutic 

resistance and angiogenesis. J Clin Onc 2008;26:2839–45.  

22. Moncharmont C, Levy A, Gilormini M, Bertrand G, Chargari C, Alphonse G, 

Ardail D, et al. Targeting a cornerstone of radiation resistance: cancer stem cell. 

Cancer Letters. 2012 Sep 28;322(2):139-47. 

23. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy 

that originates from a primitive hematopoietic cell. Nat Med. 1997 Jul;3(7):730-7. 

24. Ten Cate B, de Bruyn M, Wei Y, Bremer E, Helfrich W. Targeted elimination of 

leukemia stem cells; a new therapeutic approach in hemato-oncology. Curr Drug 

Targets. 2010 Jan;11(1):95-110. 

25. Frankel A, Liu JS, Rizzieri D, Hogge D. Phase I clinical study of diphtheria toxin-

interleukin 3 fusion protein in patients with acute myeloid leukemia and 

myelodysplasia. Leuk Lymphoma. 2008 Mar;49(3):543-53.  

26. Du X, Ho M, Pastan I. New immunotoxins targeting CD123, a stem cell antigen 

on acute myeloid leukemia cells. J Immunother. 2007 Sep;30(6):607-13. 



169	  
	  

27. Sales KM, Winslet MC, Seifalian AM. Stem cells and cancer: an overview. Stem 

Cell Rev. 2007 Dec;3(4):249-55.  

28. Zollar, M. CD44: can a cancer-initiating cell profit from an abundantly expressed 

molecule? Nature Reviews Cancer  

29. Orian-Rousseau, V. CD44, a therapeutic target for metastasising tumours. 

European Journal of Cancer 

30. Börjesson PK, Postema EJ, Roos JC, Colnot DR, Marres HA, van Schie MH, 

Stehle G, et al. Phase I therapy study with (186)Re-labeled humanized 

monoclonal antibody BIWA 4 (bivatuzumab) in patients with head and neck 

squamous cell carcinoma. Clin Cancer Res. 2003 Sep 1;9(10 Pt 2):3961S-72S. 

31. Sauter A, Kloft C, Gronau S, Bogeschdorfer F, Erhardt T, Golze W, Schroen C, 

Pharmacokinetics, immunogenicity and safety of bivatuzumab mertansine, a 

novel CD44v6-targeting immunoconjugate, in patients with squamous cell 

carcinoma of the head and neck. Int J Oncol. 2007 Apr;30(4):927-35. 

32. Riechelmann H, Sauter A, Golze W, Hanft G, Schroen C, Hoermann K, Erhardt 

T, et al. Phase I trial with the CD44v6-targeting immunoconjugate bivatuzumab 

mertansine in head and neck squamous cell carcinoma. Oral Oncol. 2008 

Sep;44(9):823-9. 

33. Trzpis M, McLaughlin PM, de Leij LM, Harmsen MC. Epithelial cell adhesion 

molecule: more than a carcinoma marker and adhesion molecule. Am J Pathol. 

2007 Aug;171(2):386-95. 

34. Imrich S, Hachmeister M, Gires O. EpCAM and its potential role in tumor-

initiating cells. Cell Adh Migr. 2012 Jan-Feb;6(1):30-8. 



170	  
	  

35. Van der Gun BT, Melchers LJ, Ruiters MH, de Leij LF, McLaughlin PM, Rots 

MG. EpCAM in carcinogenesis: the good, the bad or the ugly. Carcinogenesis. 

2010 Nov;31(11):1913-21.  

36. Yamashita T, Ji J, Budhu A, Forgues M, Yang W, Wang HY, Jia H, et al. 

EpCAM-positive hepatocellular carcinoma cells are tumor-initiating cells with 

stem/progenitor cell features. Gastroenterology. 2009 Mar;136(3):1012-24. 

37. Takahashi-Yanaga F, Kahn M. Targeting Wnt signaling: can we safely eradicate 

cancer stem cells? Clin Cancer Res. 2010 Jun 15;16(12):3153-62. 

38. Stish BJ, Chen H, Shu Y, Panoskaltsis-Mortari A, Vallera DA. Increasing 

anticarcinoma activity of an anti-erbB2 recombinant immunotoxin by the addition 

of an anti-EpCAM sFv. Clin Cancer Res. 2007 May 15;13(10):3058-67. 

39. Moldenhauer G, Salnikov AV, Lüttgau S, Herr I, Anderl J, Faulstich H. 

Therapeutic potential of amanitin-conjugated anti-epithelial cell adhesion 

molecule monoclonal antibody against pancreatic carcinoma. J Natl Cancer Inst. 

2012 Apr 18;104(8):622-34. 

40. Hidalgo M. Pancreatic cancer. N Engl J Med. 2010 Apr 29;362(17):1605-17. 

41. Martin-Killias P, Stefan N, Rothschild S, Plückthun A, Zangemeister-Wittke U. A 

novel fusion toxin derived from an EpCAM-specific designed ankyrin repeat 

protein has potent antitumor activity. Clin Cancer Res. 2011 Jan 1;17(1):100-10. 

42. Kowalski M, Entwistle J, Cizeau J, Niforos D, Loewen S, Chapman W, 

MacDonald GC. A Phase I study of an intravesically administered immunotoxin 

targeting EpCAM for the treatment of nonmuscle-invasive bladder cancer in 



171	  
	  

BCGrefractory and BCG-intolerant patients. Drug Des Devel Ther. 2010 Nov 

15;4:313-20.  

43. Kowalski M, Guindon J, Brazas L, Moore C, Entwistle J, Cizeau J, Jewett MA, et 

al. A Phase II Study of Oportuzumab Monatox: An Immunotoxin Therapy for 

Patients with Noninvasive Urothelial Carcinoma In Situ Previously Treated with 

Bacillus Calmette-Guérin. J Urol. 2012 Nov;188(5):1712-8. doi: 

10.1016/j.juro.2012.07.020. 

44. MacDonald GC, Rasamoelisolo M, Entwistle J, Cizeau J, Bosc D, Cuthbert W, 

Kowalski M, et al. A phase I clinical study of VB4-845: weekly intratumoral 

administration of an anti-EpCAM recombinant fusion protein in patients with 

squamous cell carcinoma of the head and neck. Drug Des Devel Ther. 2009 Feb 

6;2:105-14. 

45. Entwistle J, Brown JG, Chooniedass S, Cizeau J, Macdonald GC. Preclinical 

Evaluation of VB6-845: An Anti-EpCAM Immunotoxin with Reduced 

Immunogenic Potential. Cancer Biother Radiopharm. 2012 Nov;27(9):582-92. 

46. Ferrandina, G., Petrillo, M., Bonanno, G., and Scambia, G. (2009). Targeting 

CD133 antigen in cancer. Expert Opin. Ther. Targets 13, 823–837. 

47. Rappa G, Fodstad O, Lorico A. The stem cell-associated antigen CD133 

(Prominin-1) is a molecular therapeutic target for metastatic melanoma. Stem 

Cells. 2008;26:3008–3017. 

48. Mak AB, Nixon AM, Kittanakom S, Stewart JM, Chen GI, Curak J, Gingras AC, 

et al. Regulation of CD133 by HDAC6 Promotes β-Catenin Signaling to Suppress 

Cancer Cell Differentiation. Cell Rep. 2012 Oct 25;2(4):951-63.  



172	  
	  

49. Takenobu H, Shimozato O, Nakamura T, Ochiai H, Yamaguchi Y, Ohira M, 

Nakagawara A, et al. CD133 suppresses neuroblastoma cell differentiation via 

signal pathway modification. Oncogene. 2011 Jan 6;30(1):97-105.  

50. Damek-Poprawa M, Volgina A, Korostoff J, Sollecito TP, Brose MS, O'Malley 

BW Jr, Akintoye SO, et al. Targeted inhibition of CD133+ cells in oral cancer cell 

lines. J Dent Res. 2011 May;90(5):638-45. 

51. Waldron NN, Kaufman DS, Oh S, Inde Z, Hexum MK, Ohlfest JR, Vallera DA. 

Targeting tumor-initiating cancer cells with dCD133KDEL shows impressive 

tumor reductions in a xenotransplant model of human head and neck cancer. Mol 

Cancer Ther. 2011 Oct;10(10):1829-38. 

52. Swaminathan SK, Olin MR, Forster CL, Cruz KS, Panyam J, Ohlfest JR. 

Identification of a novel monoclonal antibody recognizing CD133. J Immunol 

Methods. 2010 Sep 30;361(1-2):110-5. 

53. Ohlfest JR, Zellmer D, Panyam J, Swaminathan SK, Oh S, Waldron NN, et al. 

Immunotoxin targeting CD133+ breast carcinoma cells. Drug Deliv. and Transl. 

Res. 2012 May 2 DOI 10.1007/s13346-012-0066-2. 

54. Skubitz APN, Taras EP, Boylan KLM, Waldron NN, Oh S, Panoskaltsis-Mortari 

A, Vallera DA. Targeting CD133 in an in vivo ovarian cancer model reduces 

ovarian cancer progression. Gynecologic Oncology. Submitted for publication 

2013. 

55. Rutella S, BonannoG,MaroneM, De Ritis D,Mariotti A, VosoMT, et al. 

Identification of a novel subpopulation of human cord blood CD34- CD133- 



173	  
	  

CD7- CD45þ lineage-cells capable of lymphoid/NK cell differentiation after in 

vitro exposure to IL-15. J Immunol 2003;171:2977–88. 

56. Suuronen EJ, Wong S, Kapila V, Waghray G, Whitman SC, Mesana TG, et al. 

Generation of CD133þ cells from CD133- peripheral blood mononuclear cells and 

their properties. Cardiovasc Res 2006;70:126–35. 

57. Smith LM, Nesterova A, Ryan MC, Duniho S, Jonas M, Anderson M, et al. 

CD133/prominin-1 is a potential therapeutic target for antibody-drug conjugates 

in hepatocellular and gastric cancers. Br J Cancer 2008;99:100–9. 

58. Oh S, Stish BJ, Vickers SM, Buchsbaum DJ, Saluja AK, Vallera DA. A new drug 

delivery method of bispecific ligand-directed toxins, which reduces toxicity and 

promotes efficacy in a model of orthotopic pancreatic cancer. Pancreas 2010, 39, 

913–922. 

59. Weyergang A, Selbo PK, Berstad ME, Bostad M, Berg K. Photochemical 

internalization of tumor-targeted protein toxins. Lasers Surg. Med. 2011, 43, 721–

733. 

60. Escoffre JM, Mannaris C, Geers B, Novell A, Lentacker I, Averkiou M, Bouakaz 

A. Doxorubicin liposome-loaded microbubbles for contrast imaging and 

ultrasound triggered drug delivery. IEEE Trans. Ultrason. Ferroelectr. Freq. 

Control. 2013, 60, 78–87. 

61. Hassan R, Broaddus VC, Wilson S, Liewehr DJ, Zhang J. Anti–Mesothelin 

Immunotoxin SS1P in Combination with gemcitabine results in increased activity 

against mesothelin-expressing tumor xenografts. Clin Cancer Res. 2007 Dec 

1;13(23):7166-71. 



174	  
	  

62. Pearson JW, Sivam G, Manger R, Wiltrout RH, Morgan AC Jr, Longo DL. 

Enhanced therapeutic efficacy of an immunotoxin in combination with 

chemotherapy against an intraperitoneal human tumor xenograft in athymic mice. 

Cancer Res. 1989 Sep 15;49(18):4990-5. 

63. Deonarain MP, Kousparou CA, Epenetos AA. Antibodies targeting cancer stem 

cells: a new paradigm in imunotherapy? MAbs 2009;1:12-25. 

64.  Al-Hajj M, Clarke MF. Self-renewal and solid tumor stem cells. Oncogene. 

2004;23:7274-82. 

65. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer 

stem cells. Nature. 2001;414:105-11. 

66. Gupta PB, Chaffer CL, Weinberg RA. Cancer stem cells: Mirage or reality. Nat 

Med. 2009;15:1010-2. 

67. Yin AH, Miraglia S, Zanjani ED, Almeida-Porada G, Ogawa M, Leary AG, et al. 

AC133, a novel marker for human hematopoietic stem and progenitor cells. 

Blood. 1997;90:5002-12. 

68. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, et al. Expression 

of VEGFR-2 and AC133 by circulating human CD34(+) cells identifies a 

population of functional endothelial precursors. Blood. 2000;95:952-8. 

69. Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV, et al. Direct 

isolation of human central nervous system stem cells. Proc Natl Acad Sci U S A. 

2000;97:14720-5. 



175	  
	  

70. Harper LJ, Piper K, Common J, Fortune F, Mackenzie IC. Stem cell patterns in 

cell lines derived from head and neck squamous cell carcinoma. J Oral Pathol 

Med. 2007;36:594-603. 

71. Wright MH, Calcagno AM, Salcido CD, Carlson MD, Ambudkar SV, Varticovski 

L. Brca1 breast tumors contain distinct CD44+/CD24- and CD133+ cells with 

cancer stem cell characteristics. Breast Cancer Res. 2008;10:R10. 

72. Du Z, Qin R, Wei C, Wang M, Shi C, Tian R, et al. Pancreatic cancer cell 

resistant to chemoradiotherapy rich in “stem-cell-like” tumor cells. Dig Dis Sci. 

2011;56:741-50. 

73. Fitzgerald D, Pastan I. Targeted toxin therapy for the treatment of cancer. J Natl 

Cancer Inst. 1989;81:1455–63. 

74. Pavon LF, Gamarra LF, Marti LC, Amaro Junior E, Moreira-Filho CA, Camargo-

Mathias MI, et al. Ultrastructural characterization of CD133+ stem cells bound to 

superparamagnetic nanoparticles: possible biotechnological applications. Cell 

Reprogram. 2010;12:391-403. 

75. Wei XD, Zhou L, Cheng L, Tian J, Jiang JJ, Maccallum J. In Vivo investigation 

of CD133 as a putative marker of cancer stem cells in HEP-2 cell line. Head 

Neck. 2009;31:94-101.  

76. Friedman S, Min L, Schultz A, Thomas D, Lin RY. CD133+ Anaplastic thyroid 

cancer cells initiate tumors in immunodeficient mice and are regulated by 

thyrotropin. PLoS One. 2009;4:e5395. 



176	  
	  

77. Kreitman RJ, Stetler-Stevenson M, Margulies I, Noel P, Fitzgerald DJ, Wilson 

WH, et al. Phase II trial of recombinant immunotoxin RFB4(dsFv)-PE38 (BL22) 

in patients with hairy cell leukemia. J Clin Oncol. 2009;27:2983-90.  

78. Kreitman RJ, Pastan I. Accumulation of a recombinant immunotoxin in a tumor in 

vivo: fewer than 1000 molecules per cell are sufficient for complete responses. 

Cancer Res. 1998;58:968-75. 

79. Kreitman RJ, Pastan I. Importance of the glutamate residue of KDEL in 

increasing the cytotoxicity of Pseudomonas exotoxin derivatives and for increased 

binding to the KDEL receptor. Biochem J. 1995;307:29-37. 

80. Onda M, Beers R, Xiang L, Nagata S, Wang QC, Pastan I. An immunotoxin with 

greatly reduced immunogenicity by identification and removal of B-cell epitopes. 

Proc Natl Acad Sci U S A. 2008;105:11311-6.  

81. Stish BJ, Oh S, Chen H, Dudek AZ, Kratzke RA, Vallera DA. Design and 

modification of EGF4KDEL 7mut, a novel bispecific ligand-directed toxin, with 

decreased immunogenicity and potent anti-mesothelioma activity. Br J Cancer. 

2009;101:1114-23. 

82. Tsai AK, Oh S, Chen H, Shu Y, Ohlfest JR, Vallera DA.  A novel bispecific 

ligand-directed toxin designed to simultaneously target EGFR on human 

glioblastoma cells and uPAR on tumor neovasculature. J Neurooncol. 

2011;103:255-66. 

83. Vallera DA, Oh S, Chen H, Shu Y, Frankel AE. Bioengineering a unique 

deimmunized bispecific targeted toxin that simultaneously recognizes human 



177	  
	  

CD22 and CD19 receptors in a mouse model of B-cell metastases. Mol Cancer 

Ther. 2010;9:1872-83. 

84. Vallera DA, Chen H, Sicheneder AR, Panoskaltsis-Mortari A, Taras EP. Genetic 

alteration of a bispecific ligand directed toxin targeting human CD19 and CD22 

receptors resulting in improved efficacy against systemic. Leuk Res. 

2009;33:1233-42. 

85. Worsham MJ, Chen KM, Meduri V, Nygren AO, Errami A, Schouten JP, et al. 

Epigenetic events of disease progression in head and neck squamous cell 

carcinoma. Arch Otolaryngol Head Neck Surg. 2006;132:668-77. 

86. Abu-Ali S., Fotovati A., Shirasuna K. Tyrosine-kinase inhibition results in EGFR 

clustering at focal adhesions and consequent exocytosis in uPAR down-regulated 

cells of head and neck cancers. Mol Cancer. 2008;7:47. 

87. Tian X, Kaufman DS. Hematopoietic development of human embryonic stem 

cells in culture. Methods Mol Biol. 2008;430:119-33. 

88. Kreitman RJ. Recombinant immunotoxins containing truncated bacterial toxins 

for the treatment of hematologic malignancies. BioDrugs. 2009;23:1-13.  

89. Kemper K, Sprick MR, de Bree M, Scopelliti A, Vermeulen L, Hoek M,et al. The 

AC133 epitope, but not the CD133 protein, is lost upon cancer stem cell 

differentiation. Cancer Res. 2010;70:719-29.  

90. Zhu W, Hai T, Ye L, Cote GJ. Medullary thyroid carcinoma cell lines contain a 

self-renewing CD133+ population that is dependent on ret proto-oncogene 

activity. J Clin Endocrinol Metab. 2010;95:439-44. 



178	  
	  

91. Beier F, Beier CP, Aschenbrenner I, Hildebrandt GC, Brümmendorf TH, Beier D. 

Identification of CD133-/telomerase low progenitor in glioblastoma-derived 

cancer stem cell lines. Cell Mol Neurobiol. 2011;31:337-43 

92. Chen R, Nishimura MC, Bumbaca SM, Kharbanda S, Forrest WF, Kasman IM, et 

al. A hierarchy of self-renewing tumor-initiating cell types in glio-blastoma. 

Cancer Cell 2010;17:362–375. 

93. Dylla SJ, Beviglia L, Park IK, Chartier C, Raval J, Ngan L, et al. Colorectal 

cancer stem cells are enriched in xenogeneic tumors following chemotherapy. 

PLoS One. 2008;3:e2428. 

94. Dallas NA, Xia L, Fan F, Gray MJ, Gaur P, van Buren G 2nd, et al. 

Chemoresistant colorectal cancer cells, the cancer stem cell phenotype, and 

increased sensitivity to insulin-like growth factor-I receptor inhibition. Cancer 

Res. 2009;69:1951-7. 

95. Sehl ME, Sinsheimer JS, Zhou H, Lange KL. Differential destruction of stem 

cells: implications for targeted cancer stem cell therapy. Cancer Res. 

2009;69:9481-9. 

96. Sgambato A, Puglisi MA, Errico F, Rafanelli F, Boninsegna A, Rettino A, et al. 

Posttranslational modulation of CD133 expression during sodium butyrate-

induced differentiation of HT29 human colon cancer cells: implications for its 

detection. J Cell Physiol. 2010;224:234-41. 

97. Weigmann A, Corbeil D, Hellwig A, Huttner WB (1997) Prominin, a novel 

microvilli-specific polytopic membrane protein of the apical surface of epithelial 



179	  
	  

cells, is targeted to plasmalemmal protrusions of non-epithelial cells. Proc Natl 

Acad Sci U S A 94: 12425-12430. 

98. Bidlingmaier S, Zhu X, Liu B (2008) The utility and limitations of glycosylated 

human CD133 epitopes in defining cancer stem cells. J Mol Med 86: 1025-1032. 

99. Florek M, Haase M, Marzesco AM, Freund D, Ehninger G, et al. (2005) 

Prominin-1/CD133, a neural and hematopoietic stem cell marker, is expressed in 

adult human differentiated cells and certain types of kidney cancer. Cell Tissue 

Res 319: 15-26. 

100. Wiesner SM, Decker SA, Larson JD, Ericson K, Forster C, et al. (2009) De novo 

induction of genetically engineered brain tumors in mice using plasmid DNA. 

Cancer Res 69: 431-439. 

101. Vander Griend DJ, Karthaus WL, Dalrymple S, Meeker A, DeMarzo AM, et al. 

(2008) The role of CD133 in normal human prostate stem cells and malignant 

cancer-initiating cells. Cancer Res 68: 9703-9711. 

102. Jaksch M, Munera J, Bajpai R, Terskikh A, Oshima RG (2008) Cell cycle-

dependent variation of a CD133 epitope in human embryonic stem cell, colon 

cancer, and melanoma cell lines. Cancer Res 68: 7882-7886. 

103. Quirici N, Soligo D, Caneva L, Servida F, Bossolasco P, et al. (2001) 

Differentiation and expansion of endothelial cells from human bone marrow 

CD133(+) cells. Br J Haematol 115: 186-194. 

104. Sugiyama T, Rodriguez RT, McLean GW, Kim SK (2007) Conserved markers of 

fetal pancreatic epithelium permit prospective isolation of islet progenitor cells by 

FACS. Proc Natl Acad Sci U S A 104: 175-180. 



180	  
	  

105. Shmelkov SV, St Clair R, Lyden D, Rafii S. AC133/CD133/Prominin-1. Int J 

Biochem Cell Biol. 2005;37(4):715–9.doi:10.1016/j.biocel.2004.08.010. 

106. Shmelkov SV, Jun L, St Clair R, McGarrigle D, Derderian CA, Usenko JK, et al. 

Alternative promoters regulate transcription of the gene that encodes stem cell 

surface protein AC133. Blood. 2004;103(6):2055–61. 

107. Pellacani D, Packer RJ, Frame FM, Oldridge EE, Berry PA, Labarthe M-C et al. 

Regulation of the stem cell marker CD133 is independent of promoter 

hypermethylation in human epithelial differentiation and cancer. Mol Cancer. 

2011;10:94. 

108. Roper K, Corbeil D, Huttner WB. Retention of prominin in microvilli reveals 

distinct cholesterol-based lipid micro-domains in the apical plasma membrane. 

Nat Cell Biol. 2000;2(9):582–92. 

109. Miraglia S, GodfreyW, Yin AH, Atkins K,Warnke R, Holden JT, et al. A novel 

five-transmembrane hematopoietic stem cell antigen: isolation, characterization, 

and molecular cloning. Blood. 1997;90(12):5013–21. 

110. Mak AB, Blakely KM, Williams RA, Penttila P-A, Shukalyuk AI, Osman KT, et 

al. CD133 protein N-glycosylation processing contributes to cell surface 

recognition of the primitive cell marker AC133 epitope. J Biol Chem. 

2011;286(47):41046–56. 

111. Germano S, O'Driscoll L. Breast cancer: understanding sensitivity and resistance 

to chemotherapy and targeted therapies to aid in personalised medicine. Curr 

Cancer Drug Targets. 2009 May;9(3):398-418. 



181	  
	  

112. Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics, 2007. 

CA Cancer J Clin. 2007 Jan-Feb;57(1):43-66. 

113. Corbeil D, Roper K, Weigmann A, Huttner WB. AC133 hematopoietic stem cell 

antigen: human homologue of mouse kidney prominin or distinct member of a 

novel protein family? Blood. 1998 Apr 1;91(7):2625-6. 

114. Corbeil D, Roper K, Hellwig A, Tavian M, Miraglia S, Watt SM, et al. The 

human AC133 hematopoietic stem cell antigen is also expressed in epithelial cells 

and targeted to plasma membrane protrusions. J Biol Chem. 2000 Feb 

25;275(8):5512-20. 

115. Meyer MJ, Fleming JM, Lin AF, Hussnain SA, Ginsburg E, Vonderhaar BK. 

CD44posCD49fhiCD133/2hi defines xenograft-initiating cells in estrogen 

receptor-negative breast cancer. Cancer research. Jun 1;70(11):4624-33. 

116. Ogden AT, Waziri AE, Lochhead RA, Fusco D, Lopez K, Ellis JA, et al. 

Identification of A2B5+CD133- tumor-initiating cells in adult human gliomas. 

Neurosurgery. 2008 Feb;62(2):505-14; discussion 14-5. 

117. Shmelkov SV, Butler JM, Hooper AT, Hormigo A, Kushner J, Milde T, et al. 

CD133 expression is not restricted to stem cells, and both CD133+ and CD133- 

metastatic colon cancer cells initiate tumors. J Clin Invest. 2008 Jun;118(6):2111-

20. 

118. McCord AM, Jamal M, Shankavarum UT, Lang FF, Camphausen K, Tofilon PJ. 

Physiologic oxygen concentration enhances the stem-like properties of CD133+ 

human glioblastoma cells in vitro. Mol Cancer Res. 2009 Apr;7(4):489-97. 



182	  
	  

119. Platet N, Liu SY, Atifi ME, Oliver L, Vallette FM, Berger F, et al. Influence of 

oxygen tension on CD133 phenotype in human glioma cell cultures. Cancer Lett. 

2007 Dec 18;258(2):286-90. 

120. Blazek ER, Foutch JL, Maki G. Daoy medulloblastoma cells that express CD133 

are radioresistant relative to CD133- cells, and the CD133+ sector is enlarged by 

hypoxia. Int J Radiat Oncol Biol Phys. 2007 Jan 1;67(1):1-5. 

121. Pastan I, Hassan R, FitzGerald DJ, Kreitman RJ. Immunotoxin treatment of 

cancer. Annu Rev Med. 2007;58:221-37. 

122. Oh S, Stish BJ, Sachdev D, Chen H, Dudek AZ, Vallera DA. A novel reduced 

immunogenicity bispecific targeted toxin simultaneously recognizing human 

epidermal growth factor and interleukin-4 receptors in a mouse model of 

metastatic breast carcinoma. Clin Cancer Res. 2009 Oct 1;15(19):6137-47. 

123. Onda M, Nagata S, FitzGerald DJ, Beers R, Fisher RJ, Vincent JJ, et al. 

Characterization of the B cell epitopes associated with a truncated form of 

Pseudomonas exotoxin (PE38) used to make immunotoxins for the treatment of 

cancer patients. J Immunol. 2006 Dec 15;177(12):8822-34. 

124. Young RK, Cailleau RM, Mackay B, Reeves WJ, Jr. Establishment of epithelial 

cell line MDA-MB-157 from metastatic pleural effusion of human breast 

carcinoma. In Vitro. 1974 Jan-Feb;9(4):239-45. 

125. Kunwar S, Chang S, Westphal M, Vogelbaum M, Sampson J, Barnett G, et al. 

Phase III randomized trial of CED of IL13-PE38QQR vs Gliadel wafers for 

recurrent glioblastoma. Neuro Oncol. 2010;12(8):871–81. 



183	  
	  

126. Freund D, Oswald J, Feldmann S, Ehninger G, Corbeil D, Bornhauser M. 

Comparative analysis of proliferative potential and clonogenicity of MACS-

immunomagnetic isolated CD34+ and CD133+ blood stem cells derived from a 

single donor. Cell Prolif. 2006;39(4):325–32. 

127. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK,Wu MF, et al. Intrinsic 

resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer Inst. 

2008;100(9):672–9. 

128. Munz M, Baeuerie AP, Gires O. The emerging role of EpCAM in stem cell 

signaling. Cancer Res 2009;69:5627. 

129. Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulating 

evidence and unresolved questions. Nat Rev Cancer 2008;8: 755–768. 

130. Swaminathan SK, Niu L, Waldron NN, Kalscheuer S, Zellmer D, Olin MR, 

Ohlfest JR, Vallera DA, Panyam J. Identification and characterization of a novel 

scFv recognizing human and mouse CD133. Drug Deliv and Transl Res doi 

10.1007/s13346-012-0099-6. 

131. Alpaugh ML, Tomlinson JS, Shao ZM, Barsky SH. A novel human xenograft 

model of inflammatory breast cancer. Cancer Res. 1999;59:5079–5084. 

132. Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-

Schughart LA. Multicellular tumor spheroids: An underestimated tool is catching 

up again. Journal of Biotechnology 2010;148: 3–15. 

133. Floor S, van Staveren WC, Larsimont D, Dumont JE, Maenhaut C. Cancer cells in 

epithelial-to-mesenchymal transition and tumor-propagating-cancer stem cells: 

distinct, overlapping or same populations. Oncogene 2011;30 4609–4621. 



184	  
	  

134. Bianchini C, Ciorba A, Pelucchi S, Piva R, Pastore A. Targeted therapy in head 

and neck cancer. Tumori. 2011 Mar-Apr;97(2):137-41. 

135. Gonzalez-Angulo AM, Morales-Vasquez F, Hortobagyi GN. Overview of 

Resistance to Systemic Therapy in Patients with Breast Cancer Adv Exp Med 

Biol. 2007; 608:1-22. 

136. Atalay G, Cardoso F, Awada A, Piccart MJ. Novel therapeutic strategies targeting 

the epidermal growth factor receptor (EGFR) family and its downstream effectors 

in breast cancer. Annals of Oncology 14: 1346–1363, 2003. 

137. Uribe P, Gonzalez S. Epidermal growth factor receptor (EGFR) and squamous 

cell carcinoma of the skin: Molecular bases for EGFR-targeted therapy. Pathol 

Res Pract. 2011 Jun 15;207(6):337-42. 

138. Yarden Y, Sliwkowski MX (2001) Untangling the ErbB signaling network. Nat 

Rev Mol Cell Biol 2:127–137. 

139. Machiels JP, Schmitz S. Molecular-targeted therapy of head and neck squamous 

cell carcinoma: beyond cetuximab-based therapy. Curr Opin Oncol. 2011 

May;23(3):241-8. 

140. Del Campo JM, Hitt R, Sebastian P, Carracedo C, Lokanatha D, Bourhis J, 

Temam S, et al. Effects of lapatinib monotherapy: results of a randomised phase 

II study in therapy-naive patients with locally advanced squamous cell carcinoma 

of the head and neck. Br J Cancer. 2011 Aug 23;105(5):618-27.  

141. Modjtahedi H, Essapen S. Epidermal growth factor receptor inhibitors in cancer 

treatment: advances, challenges and opportunities. Anticancer Drugs. 2009 

Nov;20(10):851-5. 



185	  
	  

142. Prager GW, Breuss JM, Steurer S, Mihaly J, Binder BR (2004) Vascular 

endothelial growth factor (VEGF) induces rapid prourokinase (pro-uPA) 

activation on the surface of endothelial cells. Blood 103:955–962. 

143. Chen Z, Lin L, Huai Q, Huang M. Challenges for drug discovery - a case study of 

urokinase receptor inhibition. Comb Chem High Throughput Screen. 2009 

Dec;12(10):961-7.  

144. Jacobsen B, Ploug M. The Urokinase Receptor and its Structural Homologue 

C4.4A in Human Cancer: Expression, Prognosis and Pharmacological Inhibition. 

Curr Med Chem. 2008;15(25):2559-73. 

145. Reuning U, Sperl S, Kopitz C, Kessler H, Krüger A, Schmitt M, Magdolen V. 

Urokinase-type plasminogen activator (uPA) and its receptor (uPAR): 

development of antagonists of uPA/uPAR interaction and their effects in vitro and 

in vivo. Curr Pharm Des. 2003;9(19):1529-43. 

146. Ulisse S, Baldini E, Sorrenti S, D'Armiento M. The urokinase plasminogen 

activator system: a target for anti-cancer therapy. Curr Cancer Drug Targets. 2009 

Feb;9(1):32-71. 

147. Oh S, Tsai AK, Ohlfest JR, Panoskaltsis-Mortari A, Vallera DA. Evaluation of a 

bispecific biological drug designed to simultaneously target glioblastoma and its 

neovasculature in the brain. J Neurosurg. 2011 Jun;114(6):1662-71. 

148. Castro MG, Candolfi M, Kroeger K, King GD, Curtin JF, Yagiz K, Mineharu Y. 

Gene therapy and targeted toxins for glioma. Curr Gene Ther. 2011 

Jun;11(3):155-80. 



186	  
	  

149. Engebraaten O, Hjortland GO, Juell S, Hirschberg H, Fodstad O: Intratumoral 

immunotoxin treatment of human malignant brain tumors in immunodeficient 

animals. Int J Cancer 97: 846–852, 2002. 

150. Liu TF, Hall PD, Cohen KA, Willingham MC, Cai J, Thorburn A, et al: 

Interstitial diphtheria toxin-epidermal growth factor fusion protein therapy 

produces regressions of subcutaneous human glioblastoma multiforme tumors in 

athymic nude mice. Clin Cancer Res 11:329–334, 2005. 

151. Liu TF, Tatter SB, Willingham MC, Yang M, Hu JJ, Frankel AE: Growth factor 

receptor expression varies among high grade gliomas and normal brain: epidermal 

growth factor receptor has excellent properties for interstitial fusion protein 

therapy. Mol Cancer Ther 2:783–787, 2003. 

152. Ciardiello F, Tortora G. EGFR antagonists in cancer treatment. N Engl J Med. 

2008 Mar 13;358(11):1160-74. 

153. Fan F, Schimming A, Jaeger D, Podar K. Targeting the tumor microenvironment: 

focus on angiogenesis. J Oncol. 2012;2012:281261. Epub 2011 Aug 24. 

154. Sun Q, Xu Q, Dong X, Cao L, Huang X, Hu Q, Hua ZC. A hybrid protein 

comprising ATF domain of pro-UK and VAS, an angiogenesis inhibitor, is a 

potent candidate for targeted cancer therapy. Int J Cancer. 2008 Aug 

15;123(4):942-50. 

155. Hollander N. Bispecific antibodies for cancer therapy. Immunotherapy. 2009 

Mar;1(2):211-22.  

156. Mabry R, Gilbertson DG, Frank A, Vu T, Ardourel D, Ostrander C, Stevens B, 

Julien S, et al. A dual-targeting PDGFRbeta/VEGF-A molecule assembled from 



187	  
	  

stable antibody fragments demonstrates anti-angiogenic activity in vitro and in 

vivo. MAbs. 2010 Jan-Feb;2(1):20-34. 

157. Kerbel RS. Reappraising antiangiogenic therapy for breast cancer. Breast. 2011 

Oct;20 Suppl 3:S56-60. 

158. Rasmussen L, Arvin A. Chemotherapy-induced immunosuppression. Environ 

Health Perspect. 1982 Feb;43:21-5. 

159. Salavoura K, Kolialexi A, Tsangaris G, Mavrou A. Development of cancer in 

patients with primary immunodeficiencies. Anticancer Res. 2008 Mar-

Apr;28(2B):1263-9. 

160. Waldron NN, Vallera DA. An old idea tackling a new problem: Targeted toxins 

specific for cancer stem cells. Antibodies. doi:10.3390/antib20x000x. 

161. Waldron NN, Barsky SH, Vallera DA. A bispecific EpCAM/CD133 targeted 

toxin is effective against carcinoma. Submitted to Targeted Oncology March 

2013. 

162. Waldron NN et al. Bispecific targeting of EGFR and uPAR in a mouse model of 

head and neck squamous cell carcinoma. Oral Oncol (2012), 2012 

Dec;48(12):1202-7. 


	Waldron Thesis Cover Page and Outline and Chapter 1
	Waldron Thesis Chapter 2
	Waldron Thesis Chapter 3
	Waldron Thesis Chapter 4
	Waldron Thesis Chapter 5
	Waldron Thesis Chapter 6
	Waldron Thesis Chapter 7
	Waldron Thesis Chapter 8 Conclusion
	Bibliography

