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ABSTRACT 
Head and neck squamous cell carcinoma (HNSCC) is a debilitating disease, with more 

than 630,000 new cases diagnosed worldwide each year. Greater than 60% of these 

patients are diagnosed at a locally advanced disease-stage where prognosis remains poor 

despite aggressive multi-modal treatments involving radical surgery, radiation and 

chemotherapy. Novel therapeutic agents are therefore warranted that will have efficacy in 

this vulnerable patient population. 

My dissertation work has focused on characterizing engineered, tumor-targeted versions 

of anthrax lethal toxin with potential therapeutic utility in HNSCC. Previously, three 

separate versions of anthrax protective antigen (PrAg) had been designed, which required 

activation by the tumor-overexpressed proteases, matrix metalloproteinases (MMPs) 

and/or urokinase plasminogen activator (uPA). When these engineered PrAg variants 

were co-administered with various cytotoxins, they were selectively activated within the 

tumor microenvironment and they exhibited potent anti-tumor activity in multiple 

preclinical models of cancer. However, simultaneously with reports of dramatic anti-

tumor efficacy, toxicities of varying severity had been reported with their use. 

To address toxicity concerns and evaluate the feasibility of further developing these 

engineered anthrax lethal toxins, I performed in-depth toxicological and efficacy 

profiling. I identified that an engineered variant requiring co-localized activation by both 

MMPs and uPA, IC-PrAg + LF, was an optimal lead candidate. IC-PrAg + LF exhibited 

a clear therapeutic window for use in C57BL6/J mice and was highly effective at treating 

B16-BL6 melanoma syngrafts; at a dose 6-fold below its no observed adverse effect level 

(NOAEL) a 58% reduction in tumor burden was achieved. 
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IC-PrAg + LF was then further evaluated for preclinical anti-HNSCC activity using four 

separate xenografted human HNSCC cell lines. In all cases dramatic reduction in tumor 

volume was observed. The greatest antitumor response was seen in HN12 xenografts, 

where 40% of treated mice (6 of 15) had complete tumor regression. 

Building upon this finding, IC-PrAg + LF has now been translated to a clinical setting. A 

Phase 0 veterinary clinical trial has been initiated in cats with spontaneously occurring 

oral cancer. While this trial is still in progress, initial findings are highly encouraging. 

The first patient had a measurable, 31%, reduction in tumor volume following receipt of 

three intratumoral microdose treatments. 

Collectively, this dissertation research demonstrates that an engineered variant of anthrax 

lethal toxin requiring co-localized activation by MMPs and uPA, IC-PrAg + LF, is a 

promising candidate for further development as an anti-HNSCC agent for both human 

and veterinary patient populations. 
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1.1 Head and Neck Squamous Cell Carcinoma 

Head and neck squamous cell carcinoma (HNSCC) ranks among the top ten cancers 

worldwide by both incidence and mortality, with over 630,000 new cases diagnosed 

annually and an estimated 350,000 deaths occurring each year (1, 2). In the United States 

alone, an estimated 42,440 cases of HNSCC will be diagnosed in 2014, accounting for 

2.5% of all cancer diagnoses (3). 

HNSCCs arise from the mucosal epithelium lining the upper aerodigestive tract. They 

occur most commonly in the oral cavity, larynx and pharynx, as depicted in Figure 1.1, 

where they account for the majority of malignant neoplasias arising in these anatomical 

locations (4, 5). 

 
Figure 1.1: Anatomic sites and subsites of head and neck squamous cell carcinoma. 
The approximate distribution of head and neck cancer is: oral cavity, 44%; larynx, 31%; and 
pharynx, 25% (5). (Reprinted with permission from CMP Healthcare Media. Source: Cancer 
Management: A Multidisciplinary Approach. 9th Edition. Copyright 2005.)  
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Despite significant advances in understanding the molecular mechanisms underlying 

HNSCC development, the five year survival rate for newly diagnosed patients has 

improved only marginally in the past 3 decades, increasing from 54% in 1976 to 65% in 

2009 (6, 7). 

Treatment recommendations for HNSCC are complex and vary based upon the stage at 

which the disease is first diagnosed as well as the subsite localization of the primary 

tumor (8, 9). In the United States, 30-40% of all HNSCC diagnoses are made at an early 

disease-stage where cure, defined as 5-year recurrence-free survival, is highly probable 

(7-9). The remaining 2/3 of cases, however, are diagnosed at more advanced stages where 

prognosis remains poor (5-year survival rate < 50%) (10). 

Early-stage HNSCCs are routinely, and successfully, treated with single modality therapy 

consisting of either surgical resection or radiation (8, 9). While cure rates for these two 

approaches are similar (9), the treatment-associated morbidities differ and often guide 

treatment selection. Tumors within the oral cavity are most frequently surgically excised, 

while radiation is often the treatment of choice for laryngeal and pharyngeal tumors due 

to its organ sparing benefits and the hypothesis that structural organ preservation leads to 

improved functional outcomes (9, 10). It is important to note, however, that while surgery 

and radiation can both effectively treat early-stage HNSCCs, treatment-associated 

morbidities can have a profound negative impact on patient quality of life post-treatment 

(11, 12). Surgical resection can impair basic physiological processes such as chewing, 

swallowing and speech, and can also cause substantial disfigurement. Radiotherapy is 

also associated with serious long-term side effects, consequent to damage of bystander 

tissues, such as the salivary glands (13), taste buds (14) and/or thyroid gland (15). 
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Xerostomia, a debilitating dry mouth condition resulting from impaired saliva production, 

is a particularly frequent complication of radiotherapy, which may be permanent in 

greater than 30% of patients, and which affects swallowing, nutritional balance, general 

oral health and overall quality of life (16-18). 

For the 60% of patients who are diagnosed at an advanced disease stage, cure is unlikely. 

Nevertheless, aggressive multi-modal therapies involving surgery, radiation and/or 

chemotherapy are often utilized palliatively to reduce tumor burden, since locoregional 

tumor growth is the primary cause of death in these patients (19, 20). Concurrent 

administration of chemotherapeutic agents, most often high dose cisplatin, in 

combination with radiation has become standard of care for treatment of inoperable 

locoregionally advanced HNSCCs (21, 22). A recent meta-analysis comparing 93 trials 

(17,346 total patients) found that chemoradiotherapy increased 5-year survival by 6.5% 

relative to radiotherapy alone; an absolute increase from 27.2% to 33.7% 5-year survival 

(23). While significant, the benefit associated with chemoradiotherapy is tempered by the 

fact that it is associated with far greater toxicity than either of its component 

monotherapies (22, 24). 

Another pharmacologic intervention that has been highly studied in recent years for the 

treatment of locoregionally advanced HNSCC is cetuximab: a monoclonal antibody 

targeting the epidermal growth factor receptor (EGFR) (25). Researchers were optimistic 

that this targeted therapy would be effective in managing HNSCC for multiple reasons. 

First, elevated EGFR expression is present in greater than 90% of HNSCC biopsies (26), 

and this overexpression is correlated with inferior survival, resistance to radiotherapy and 

locoregional control failure (26-30). Furthermore, there was strong preclinical evidence 
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demonstrating that cetuximab could both produce an antitumor effect when administered 

alone, as well as increase the efficacy of both ionizing radiation and cisplatin when used 

in combination in murine models of human HNSCC (31, 32). Initial clinical results for 

cetuximab were encouraging, demonstrating that addition of cetuximab to radiotherapy 

protocols could improve median patient survival from 14.9 to 24.4 months (29, 33). 

However, recent prospective trials directly comparing cetuximab-based bioradiotherapy 

versus the standard of care, cisplatin chemoradiotherapy, have indentified that the 

cisplatin-based regimens are significantly better in terms of locoregional control and 

progression-free survival (34, 35). Overall survival is similar between the two treatments 

at 1.5-2 year follow-up timepoints, although there is a trend towards cisplatin superiority 

(34, 35). Surprisingly, although cetuximab was anticipated to have an enhanced toxicity 

profile due to its targeted mechanism of action, the incidence of severe toxicities was the 

same in the two treatment groups (34, 35). This parallels the findings of multiple 

retrospective analyses, where cetuximab-based bioradiotherapy has been reported to be 

more toxic than case-controlled cisplatin-chemoradiotherapy (36-38). Thus, despite initial 

promise, cetuximab shows no benefit relative to current standard-of-care in terms of 

efficacy or toxicity. 

The need to develop novel therapeutic agents for the treatment of HNSCC is evident. 

Ideally, these agents would not only exhibit efficacy in late-stage disease where current 

treatment strategies are toxic and ineffective, but they would also exhibit efficacy in early 

stage disease, where cure may be achieved with fewer treatment-associated morbidities. 

To this end, we are particularly interested in assessing the suitability of using engineered, 

tumor-targeted, versions of anthrax lethal toxin to address this unmet clinical need. 
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1.2 Bacillus anthracis 

Bacillus anthracis, the causative agent of anthrax, is a gram-positive, spore-forming 

bacterium. B. anthracis spores are a common contaminant of soil, where they can persist 

for decades exhibiting high resistance to environmental insults, including pH and 

temperature extremes or desiccation, as well as to man-made decontamination 

techniques, including chemical disinfection (39-41). Due to the prevalence of B. 

anthracis spores in soil, naturally-occurring anthrax infections are most commonly seen 

in ruminants and other herbivores, who ingest spores while grazing (42). Once ingested, 

the spores germinate and the bacteria reenter a vegetative state; they then proliferate and 

secrete virulence factors ultimately killing their host, leading to further dissemination of 

spores as depicted in Figure 1.2 (42, 43). 

 
Figure 1.2 Natural life-cycle of Bacillus anthracis.  Adapted with permission from the 
publisher. Source: WHO Guidelines for the Surveillance and Control of Anthrax in Humans and 
Animals Copyright 1998 (43).) 
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1.2.1 Anthrax Infection in Humans 

Cutaneous anthrax infection is the most common disease manifestation in humans (42, 

44). It occurs most commonly in persons working with animals or animal products, 

where it is caused by incidental inoculation of an open wound with spores found on 

contaminated animal hides, wool, hair etc (42). Isolated cases of cutaneous transmission 

through insect bites have also been reported (45, 46). Cutaneous anthrax is readily treated 

with a single course of oral antibiotics, and either doxycycline or ciprofloxacin are 

recommended as first line agents (47). With treatment, survival exceeds 99%; however, 

even without treatment cutaneous anthrax is often self-limiting with survival greater than 

80% (47). 

Humans can also acquire anthrax infection through gastrointestinal exposure, a route 

which is most often associated with ingestion of contaminated meat (48). In the US, this 

is an exceedingly rare occurrence, due to strict livestock vaccination and importation 

protocols, paired with a vigilant meat inspection process (49). In fact, only three 

documented cases exist in US history. These occurred in Massachusetts in 1942 (a 

worker in a brush factory was infected after handling contaminated, imported, animal hair 

(50)), Minnesota in 2000 (a family ingested contaminated cattle meat originating from 

their own personal farm (49)), and New Hampshire in 2009 (a drumming circle 

participant was infected following drumming on contaminated animal hide drums nearby 

a food preparation area (51)). With systemic antibiotic treatment, survival rates for 

gastrointestinal anthrax infection exceed 60% (48). 

The most deadly form of anthrax infection is inhalation anthrax. This disease is ≥ 50% 

lethal when managed optimally (early diagnosis, combinatorial antibiotic regimens, and 
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aggressive management of disease-associated morbidities) and is > 90% lethal when 

untreated (47, 48, 52). Inhalation anthrax can occur naturally in persons working in high 

risk areas, such as wool mills, slaughterhouses or tanneries, leading to a colloquial name 

“Woolsorter’s Disease” (53). General concern regarding inhalation anthrax stems from 

the potential weaponization of anthrax spores (54). Following the notorious anthrax 

letters of 2001, which led to 11 cases of inhalation anthrax and 5 deaths, public 

awareness of this threat of anthrax bioterrorism has heightened (54). 

In recent years, a novel route of acquiring anthrax has emerged: injectional anthrax. 

Injectional anthrax occurs secondarily to intravenous drug use, and is specifically 

associated with contaminated heroin (55, 56). The first case was reported Norway in the 

year 2000 (57), and since this time fatal disease outbreaks have been confirmed in 

multiple northern European countries including Scotland (58), Wales (59), England (59), 

Denmark (60), Germany (61, 62) and France (56). The largest number of cases have been 

documented in Scotland, where between December 2009 and December 2010, 47 cases 

were confirmed, which led to 19 deaths (55, 58). The source of the contaminated heroin 

was traced to either Pakistan or Afghanistan, both countries in which anthrax is endemic 

(58, 63), and it has been further proposed that contaminated goat hides used during 

trafficking, led to contamination of the heroin with the anthrax spores (58). 

1.2.2 Anthrax Virulence Factors 

The pathogenicity of Bacillus anthracis is a consequence of its intrinsic virulence factors, 

which enable the bacterium to evade immune detection, disseminate, and to intoxicate 

host cells (64). These virulence factors are encoded by two distinct plasmids, pXO1 and 
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pXO2, and absence of either plasmid can attenuate the lethality observed in murine 

models of anthrax (65, 66). 

pXO2 encodes the genes required for synthesis of a poly-D-glutamic acid capsule; this 

capsule protects the bacterium from phagocytosis by host neutrophils and macrophages 

(67). 

pXO1 encodes three separate anthrax toxin proteins: protective antigen (PrAg), lethal 

factor (LF) and edema factor (EF) (68). These proteins interact to form two distinct AB-

type exotoxins, which is described in greater detail in Section 1.2.3. The combination of 

PrAg + LF is commonly referred to as anthrax lethal toxin (LeTx), while PrAg + EF is 

known as anthrax edema toxin (EdTx). LeTx and EdTx contribute to bacterial 

dissemination during infection, and cause many of the pathologies associated with 

systemic and local anthrax disease (64, 69). 

1.2.3 Anthrax Toxin: Mechanism of Action 

As illustrated in Figure 1.3, in order to intoxicate host cells, protective antigen (PrAg) 

first binds to one of two ubiquitously expressed cell-surface receptors: ANTXR1 (also 

known as tumor endothelial marker 8, TEM8) (70) or ANTXR2 (or capillary 

morphogenesis gene 2, CMG2) (71). [ANTXR2 has recently been identified as the 

primary receptor contributing to anthrax toxin-induced lethality in vivo, as genetic 

deletion of Antxr2 protects mice from challenge with lethal doses of both purified LeTx 

and anthrax spores, while Antxr1 null mice remained sensitive to toxicity (72).] 

Following receptor binding, PrAg (83 kDa) is cleaved by cell-surface furin, or furin-like 

pro-protein convertases, releasing a 20 kDa fragment, and generating an activated PrAg 
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monomer (63 kDa) that remains receptor-bound (73). The activated PrAg monomers self-

assemble forming heptamer (74), or octamer (75), complexes. 

LF and EF competitively bind to the PrAg complexes though a common N-terminal 

binding domain (76, 77). Each PrAg heptamer can bind up to 3 LF/EF molecules (78, 

79), while each octamer can bind up to 4 molecules (75). The toxin complexes are then 

internalized via clathrin-dependent endocytosis (80). Acidification of the endosome 

triggers a conformational rearrangement causing the PrAg oligomer to insert into the 

membrane forming a pore (81-83). LF and/or EF are then translocated to the cytoplasm 

where they exert their biologic effects (84, 85). 

LF is a zinc-containing metalloprotease that cleaves the amino-terminal residues of 

mitogen activated protein kinase kinases (MAPKK), interfering with the MAPK 

signaling pathway, resulting in direct cytotoxicity to cells that are reliant upon this 

pathway for survival (86-89). EF is a calcium- and calmodulin-dependent adenylate 

cyclase that catalyzes excess cAMP production by host cells (90). EF is associated with 

reduced macrophage phagocytosis of anthrax spores in vitro, and it is hypothesized that 

this may be one role of EdTx in vivo (91). 

 

Figure 1.3 Mechanism of anthrax lethal toxin cellular internalization.  
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1.3 Tumor-Targeted Anthrax Toxins 

As outlined above, before cellular intoxication can occur, anthrax PrAg must first be 

proteolytically activated at the cell surface. This affords the unique ability to re-direct the 

toxicity of this system by altering the enzymatic specificity of this activation step (92). 

This approach has been employed to generate engineered versions of PrAg that require 

activation by tumor-overexpressed proteases, and this process is elaborated upon in 

Sections 1.5, 1.6 and 1.7. 

1.4 Summary of Cytotoxins 

The tumor-targeted PrAg variants are non-toxic entities that serve as receptors for 

cytotoxin transport. As such, they are always co-administered with a cytotoxin. In this 

dissertation research three unique cytotoxins are utilized: 

LF: wildtype anthrax lethal factor (86-89).  

LF-HMAGG: a variant of anthrax lethal factor containing two additional non-native 

amino acids, HM, at its N-terminus (93). These residues were inadvertently added during 

cloning manipulation in the recombinant shuttle vector pSJ115 (93). This expression 

system is used by a commercial vendor, and therefore LF-HMAGG has likely been used 

in place of LF in many published studies (93). LF-HMAGG is 3-fold less potent than LF 

in vitro (93) and exhibits less toxicity in vivo (unpublished observations). 

FP59: a fusion protein containing the N-terminal PrAg-binding domain of LF, coupled to 

the catalytic domain of Pseudomonas aeruginosa exotoxin A (77, 94). Similar to 

diphtheria toxin, Pseudomonas aeruginosa exotoxin A ADP-ribosylates a diphthamide 

residue on elongation factor-2 (EF2), leading to inhibition of protein synthesis and cell 
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death (95). This is an exquisitely potent cytotoxin, and it is estimated that a single 

molecule entering the cytoplasm is sufficient to cause cell death (96, 97). 

1.5 MMP-activated Anthrax Protective Antigen: PrAg-L1 

In 2000, Liu et al. generated an engineered version of anthrax PrAg which required 

activation by matrix-metalloproteinases (MMPs), rather than by furin (98). MMPs are a 

family of multi-domain, zinc-containing, endopeptidases which function to cleave 

extracellular matrix proteins, contributing to tissue remodeling and repair in normal 

physiologic settings, and promoting invasion and metastasis in cancerous tissues (99, 

100). Accordingly, MMPs are ubiquitously overexpressed in the tumor 

microenvironment, where their level of expression is generally correlated with the stage 

of tumor progression (99). 

The engineered MMP-activated protective antigen, PrAg-L1, was made by replacing the 

furin cleavage sequence of wildtype PrAg, RKKR, with an MMP-preferred sequence, 

GPLGMLSQ (98). This replacement sequence was selected from previously published 

screens, in which a library containing 60 synthetic oligopeptides, patterned after 

naturally-occurring collagenase cleavage sites, was used to assess the cleavage 

preferences of various MMPs (101, 102). GPLGMLSQ is a sequence optimized for 

cleavage by MMP-2 and MMP-9, two MMPs that are frequently associated with 

increased cancer invasiveness (99, 100). This sequence is also cleaved by other MMPs, 

including the tumor-surface associated MMP, MMP-14 (MT1-MMP) (103). 

1.5.1 PrAg-L1: Verification of Selective Activation 

To assess activation selectivity, PrAg-L1 was first incubated with purified, soluble furin 

or active forms of MMP-2 or MMP-9, followed by Western blot analysis to detect full-
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length and cleaved forms. PrAg-L1 was rapidly cleaved by both MMP-2 and MMP-9, 

while no furin cleavage was observed, even with extended incubation (98). 

Following demonstration that PrAg-L1 could be selectively cleaved by purified MMP-2 

or MMP-9, cell-based cytotoxicity assays were performed to assess the specificity of 

PrAg-L1 activation in a more complex system. Tumor cell lines expressing various 

MMPs, as indicated, as well as a normal cell line with limited MMP expression, were 

incubated with PrAg-L1 + FP59 (98). A2058 melanoma (+MMP-2), HT1080 

fibrosarcoma (+MMP-2,+MMP-9) and MDA-MB-231 breast cancer (+MMP-9) cells 

were found to be sensitive to PrAg-L1 + FP59 toxicity, while the non-tumor primate 

kidney cell line, Vero (-MMP) was resistant, confirming MMP-dependent activation of 

PrAg-L1 (98).  

Interestingly, when MMP-expressing and non-expressing cells were co-cultured and 

exposed to PrAg-L1 + FP59, cytotoxicity was only observed in the MMP-expressing 

cells (98). This indicated that PrAg-L1 was not cleaved by secreted MMPs, and instead 

was cleaved at the cell-surface following receptor binding. If this specificity were to 

persist in vivo selective cytotoxicity to cells exhibiting cell-surface MMP-activity would 

be expected (98). 

The in vitro selectivity of PrAg-L1 activation was further confirmed through the use of 

cytotoxicity assays performed in the presence of multiple MMP inhibitors, including the 

small molecule inhibitors, BB-94 (Batimastat), BB-2516 (Marimastat) and GM6001 

(Galardin), as well as TIMP2, a physiologic MMP inhibitor. In all cases, MMP-inhibition 

dramatically reduced PrAg-L1 + FP59 toxicity (98). 
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The MMP-specific activation of PrAg-L1 has also been independently verified by 

another group. In 2008, Alfano et al. tested 25 melanoma cell lines for their sensitivity to 

PrAg-L1 + LF in cell culture, and reported that levels of cell-surface associated MMP-2 

and MMP-9, as measured by gelatin zymography, were significantly correlated with cell 

sensitivity to PrAg-L1 + LF toxicity (104).  

1.5.2 PrAg-L1: in vivo Toxicity 

PrAg-L1 was found to be much better tolerated than wildtype PrAg when 6 

intraperitoneal (I.P.) doses were administered to C57BL/6J mice, in combination with 

LF-HMAGG (105). To illustrate this, a dose of 15 µg PrAg-WT + 5 µg LF-HMAGG was 

found to be 100% lethal, while mice receiving a protein equivalent dose of the MMP-

activated toxin (15 µg PrAg-L1 + 5 µg  LF-HMAGG) exhibited normal survival (105).  

The highest concentration of toxin tested was 45 µg PrAg-L1 + 15 µg LF-HMAGG, and 

complete necropsies performed following the 6th administration, which included gross 

and histopathological analyses, did not identify any abnormalities (105). 

While all C57BL/6J and BALB/c mice treated with 6 I.P. doses of 45 µg PrAg-L1 + 

15 µg LF-HMAGG survived, 30% of nude mice treated at this same concentration died, 

indicating that there may be strain-dependent differences in toxin sensitivity (105) . 

1.5.3 PrAg-L1: in vivo Efficacy 

C32 melanoma, HT144 melanoma, A549 lung carcinoma, and Colo205 colon carcinoma 

xenografts all exhibited significant reduction in tumor volume when treated with 6 I.P. 

doses of PrAg-L1 + LF-HMAGG (105), while LL3 Lewis lung carcinoma and B16-BL6 

melanoma syngrafts were efficiently treated with 5 I.P. doses (105). 
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Immunohistochemistry was performed on toxin-treated A549 lung carcinoma tumors, in 

comparison to PBS-treated controls, and PrAg-L1 + LF-HMAGG’s antitumor effect was 

attributed to increased necrosis, reduced proliferation and reduced tumor vessel 

density (105). The anti-vasculature effect was of particular interest, and was further 

studied using a directed in vivo angiogenesis assay in which nude mice were implanted 

with “angioreactors” and blood vessel infiltration was measured (105, 106). Treatment 

with 6 I.P. doses of PrAg-L1 + LF-HMAGG significantly decreased in vivo angiogenesis 

in this assay, suggesting that this toxin may exert direct toxicity towards proliferating 

vascular endothelial cells (105). 

In 2010, Alfano et al. further tested the antitumor efficacy of PrAg-L1 + LF-HMAGG 

using orthotopic models of human anaplastic thyroid carcinoma, generated from DRO 

and BHT-101 cell lines (107). 6 I.P. injections of PrAg-L1 + LF-HMAGG led to 

significant increases in survival in tumor-bearing mice treated at an early disease-stage, 

and was associated with dramatic reduction in tumor burden in specimens collected 7-

days after the final administration, with 50-fold reduction in tumor mass observed in 

DRO-tumors and 77-fold reduction in BHT-101 tumors (107). Established, late-stage 

tumors also responded to PrAg-L1 + LF-HMAGG treatment. Established tumors were 

treated with 1, 2 or 4 I.P. doses of toxin. 18-hours after a single dose approximately half 

of the tumor area was necrotic for both DRO and BHT-101 tumors, and this increased to 

100% necrosis with either 2 or 4 administrations (107). 

1.6 uPA-activated Anthrax Protective Antigen: PrAg-U2 

Shortly after generating the MMP-activated PrAg-L1, Liu et al. designed and 

characterized another version of anthrax protective antigen, which required activation by 
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the tumor-over expressed protease, urokinase plasminogen activator (uPA). This uPA-

activated version was designated PrAg-U2 (108). 

uPA is a serine protease, with enzymatic activity that is restricted to the cell surface. It is 

initially secreted as an inactive zymogen (pro-uPA) which binds to the urokinase 

plasminogen activator receptor (uPAR), where it is then cleaved enabling its proteolytic 

activity (109, 110). uPA’s native substrate is plasminogen, and the proteolytic conversion 

of plasminogen to plasmin contributes to multiple biologic processes including 

fibrinolysis, thrombolysis, extracellular matrix degradation and tissue remodeling (109, 

110). In physiologic settings, the activity of uPA is tightly regulated by its cognate 

inhibitor, plasminogen activator inhibitor-1, PAI-1 (109, 110). Elevated expression of 

uPA is a characteristic feature of many diverse cancers including carcinomas, sarcomas, 

melanomas, and leukemias (109-111). Often the level of uPA expression is correlated to 

the degree of malignancy, and it is believed that aberrant cleavage of plasminogen results 

in tissue degradation that may facilitate tumor invasion and metastasis (109, 110). 

To require selective activation by uPA, the native furin-cleavage sequence of wildtype 

PrAg, RKKR, was replaced with the uPA-preferred sequence PGSGRSA (108). This 

cleavage sequence was selected from a previously published study in which a substrate 

phage display library was used to identify sequences cleaved with high efficiency and 

selectivity by either uPA, or the closely related protease, tissue plasminogen activator 

(tPA) (112, 113). SGRSA was identified as a minimum optimized substrate for uPA. This 

sequence was efficiently cleaved by uPA; with a Kcat/Km that was 1363-fold higher than 

that for its physiologic target sequence (113). Additionally, this sequence was 

preferentially cleaved by uPA, with a uPA:tPA selectivity ratio of 20 (113). 
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1.6.1 PrAg-U2: Verification of Selective Activation 

PrAg-U2 was incubated with soluble furin, uPA or tPA followed by Western blot 

analysis at multiple time points to assess cleavage rate. PrAg-U2 was rapidly cleaved by 

uPA, minimally cleaved by tPA, and no furin cleavage was observed (108).  

Next cell lines expressing or lacking the urokinase plasminogen receptor (uPAR), as 

indicated, were incubated with PrAg-U2 + FP59 in the presence of exogenous pro-uPA. 

HeLa cervical adenocarcinoma (+uPAR) and A2058 melanoma (+uPAR) cells were able 

to bind and process PrAg-U2, which was demonstrated both directly, via Western blot 

analysis, as well as indirectly, through cytotoxicity assays (108). The non-tumor, 

embryonic kidney HEK293 (-uPAR) cell line was resistant to PrAg-U2 + FP59 (108). 

These results demonstrated that uPAR was required for PrAg-U2 activation in a cell 

culture setting. 

The stringency of PrAg-U2 activation in cell culture was further explored using the toxin-

sensitive HeLa cells. It was determined that HeLa cell-sensitivity to PrAg-U2 + FP59 

was dependent upon the concentration of pro-uPA added, and that it could be completely 

blocked by addition of the physiologic uPA inhibitor, PAI-1 (108). PrAg-U2 + FP59 

cytotoxicity could also be inhibited in a dose-dependent manner through addition of 

uPAR blocking inhibitors including: ATF (the amino-terminal receptor binding fragment 

of uPA) or R3 (a monoclonal antibody that specifically blocks uPA/uPAR interaction) 

(108). 

Further in vitro evidence of uPA/uPAR-dependent activation of PrAg-U2 was provided 

by Abi-Habib and colleagues in 2006 (114). They assessed the sensitivity of 39 different 

cancer cell lines, and 5 normal cell lines, to PrAg-U2 + FP59 in culture, and 
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demonstrated that levels of uPAR and uPA were directly correlated to toxin sensitivity 

(114). They further identified minimum thresholds for toxin sensitivity, reporting that 

greater than 200 uPAR receptors/cell were required, and that the concentration of uPA in 

the supernatant must exceed 1 ng/mL (114). 

Strong evidence for uPA-selective activation of PrAg-U2 in vivo was provided through 

the use of genetic models (115, 116). When uPA-/- and uPAR-/- mice were challenged 

with a dose of PrAg-U2 + FP59 that was 5X the LD100 for wildtype mice all of the 

transgenic mice survived, demonstrating that PrAg-U2 was not activated in these mice 

(115, 116). Conversely, PAI-1-/- mice, which lack the primary inhibitor of uPA, exhibited 

increased sensitivity to the toxin (115, 116). 

1.6.2 PrAg-U2: in vivo Toxicity 

PrAg-U2 was much better tolerated than PrAg-WT when administered systemically to 

mice in combination with FP59. Specifically, the MTD for a single intraperitoneal (I.P.) 

administration of PrAg-U2 + FP59 was found to be 15-fold higher than that of PrAg-WT 

+ FP59 (115). Furthermore, at this MTD no gross or histological signs of toxicity were 

present (115). With increasing concentrations, single dose PrAg-U2 + FP59 treatment 

caused toxicity in the bone marrow, osteoblasts, adrenal cortex and T-cell regions of the 

spleen and lymph nodes (115). Additionally, in PAI-1-/- mice, along with the 

aforementioned toxicities, edema of the small intestines with or without hemorrhage was 

also observed (115). 

Severe dose-limiting toxicities, and extreme mortality, have been documented with 

multiple I.P. administrations of PrAg-U2 + FP59 (117, 118). 
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Su et al., reported that 2 I.P. doses of 7.2 µg PrAg-U2 + 1.2 µg FP59 killed greater than 

80% of treated mice, and caused moribundity in all surviving animals (117). Necropsies 

performed on both dead and terminally-ill mice, demonstrated presence of severe damage 

to the lung, kidney, liver and heart, although this histological analysis must be interpreted 

cautiously as it does not discriminate between ante- and post-mortem changes (117). 

Co-administration of the anti-inflammatory glucocorticoid, dexamethasone, was found to 

be protective, permitting 100% survival even with 8 I.P. administrations of 7.2 µg 

PrAg-U2 + 1.2 µg FP59 (117). 

Similarly, Rønø et al. found the combination of PrAg-U2 + FP59 to be highly toxic in 

mice with multiple I.P. administrations, reporting significant mortality at all doses tested 

(118). Gross inspection of mice treated with the highest doses, identified reduction in 

body weight, ulcerations of the anal region and pronounced dilation of the small intestine 

(118). Histological examination uncovered inflammation and necrosis of small intestinal 

villi; however, contrary to the aforementioned studies, no pathologies were identified in 

the lung, kidney, liver, heart or spleen (118). Co-administration of dexamethasone was 

found to attenuate the GI toxicity and to improve survival, and it was in fact required in 

order to administer effective doses of the toxin without substantial lethality (118). 

1.6.3 PrAg-U2: in vivo Efficacy 

Either one or two local administrations of PrAg-U2 + FP59 resulted in significant 

antitumor effects in T241 fibrosarcoma, B16-BL6 melanoma and LL3 Lewis lung 

carcinoma syngrafts (115). A single toxin dose resulted in 92%, 85% and 65% tumor 

volume reduction, respectively, at the study endpoint, and this was further enhanced by 

administration of a second dose, which resulted in 98%, 92% and 86% reduction (115). 
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This local treatment was associated with significant peritumoral edema and leukocyte 

infiltration (115). The authors speculate that this may have been a consequence of rapid, 

and extensive, necrotic tumor cell death, as intradermal toxin injections in non-tumor 

bearing mice had  minimal adverse effect (115).  

Systemic administration of PrAg-U2 + FP59 required the co-administration of 

dexamethasone to achieve efficacy without significant mortality (117, 118); however, this 

combination was reported to be highly efficacious.  

Four I.P. administrations of PrAg-U2 + FP59 + dexamethasone were used to treat H1299 

non-squamous lung carcinoma xenografts (117). These tumors were very sensitive to 

toxin treatment, and 30% of all treated mice had complete remission confirmed by both 

gross and histological examination (117). Furthermore, mice bearing established, end-

stage, H1299 xenografts were treated with two I.P. administrations of PrAg-U2 + FP59 + 

dexamethasone (117). These large tumors also responded dramatically to treatment, with 

56% tumor reduction after the first dose, and 78% reduction following the second dose 

(117). This antitumor effect was characterized by massive necrosis, reduced cellular 

proliferation and increased apoptosis; no changes in vessel density were observed (117). 

Three I.P. administrations of PrAg-U2 + FP59 or PrAg-U2 + FP59 + dexamethasone 

were used to treat B16-BL6 melanoma syngrafts (118). Similar antitumor efficacy was 

observed in these two cohorts with ~80% tumor reduction at the trial endpoint. However, 

mortality was dramatically different: 5 of 8 (63%) PrAg-U2 + FP59 treated mice died 

during the trial, while only 1 of 9 (11%) PrAg-U2 + FP59 + dexamethasone treated mice 

died (117). Antitumor efficacy was also demonstrated with PrAg-U2 + FP59 in LL3 lung 
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carcinoma and T241 fibrosarcomas, with reported lethalities of 33% and 50%, 

respectively (117). 

1.7 Dual MMP/uPA-activated Anthrax Protective Antigen: IC-PrAg 

While both MMP-activated PrAg-L1 and uPA-activated PrAg-U2 exhibit substantially 

reduced toxicity relative to wildtype PrAg when administered in vivo (105, 115), it was 

further hypothesized that conferring the additional requirement for co-localized activation 

by both MMPs and uPA, might further reduce toxicity and add additional tumor-

selectivity to this system. 

In order to require dual-proteolytic activation, another mechanistic feature of the anthrax 

toxin cellular internalization pathway was considered and modified; specifically the 

formation of functional lethal factor (LF) and edema factor (EF) binding sites. As 

described in Section 1.2.3, following proteolytic-cleavage, PrAg monomers form 

oligomeric complexes containing binding sites for LF and EF (119, 120). LF, or EF, 

binding requires interaction with three distinct binding subsites that span adjacent PrAg 

monomers as illustrated in Figure 1.4A (119-121). A single binding site involves subsite I 

(Arg178) and subsite III (Ile207, Ile210 and Lys214) of one PrAg monomer, and 

subsite II (Lys197 and Arg200) of a neighboring PrAg monomer (119, 120). 

Bearing this in mind, engineered versions of PrAg were generated that not only required 

activation by tumor-overexpressed proteases, but that also included point mutations in 

their LF-binding subsites. Specifically, PrAg-L1-I210A required activation by MMPs, 

and also contained a mutation in LF-binding subsite III (I210A), while PrAg-U2-R200A 

required cleavage by uPA and harbored a mutation in LF-binding subsite II (R200A) 

(121). 
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Figure 1.4: Schematic representation of intermolecular complementation by 
mutated PrAg proteins. LF-binding subsites I, II and III are represented in green as I, II and 
III respectively. Note that a single LF binding site, spans two adjacent PrAg (63 kDa) monomers 
(A). Mutations in any of these subsites (shown in red) result in impaired LF-binding (B, C); 
however, with intermolecular complementation as many as three active LF-binding sites can be 
regained (D). (Adapted with permission from Macmillan Publishers Ltd: Liu et al., Nature 
Biotechnology (121), Copyright 2005.) 
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In the scenario where only MMPs or uPA are present, only one of the engineered PrAg 

variants will be activated at the cell surface (Figure 1.4B-C), forming heptamers where 

all putative LF binding sites contain the same subsite point mutation, dramatically 

reducing LF binding (121). 

Alternatively, when both MMPs and uPA are present, there is colocalized cell-surface 

activation of PrAg-L1-I210A and PrAg-U2-R200A and mixed heptamers form in which 

some of the native LF-binding sites are restored (Figure 1.4D). This process is called 

intermolecular complementation, and we refer to the combination of PrAg-L1-I210A + 

PrAg-U2-R200A as IC-PrAg (121). 

1.7.1 IC-PrAg: Verification of Selective Activation 

Theoretically, IC-PrAg requires both dual protease-activation and intermolecular 

complementation for maximal cytotoxin binding and internalization. This was validated 

experimentally using in vitro cytotoxicity assays performed in the presence or absence of 

known MMP and uPA inhibitors. Maximal cell killing was achieved only when 

PrAg-L1-I210A and PrAg-U2-R200A were administered together, demonstrating the 

occurrence of intermolecular complementation in this in vitro system (121). Furthermore, 

inhibition of MMP-activity with the physiologic inhibitor, TIMP1, or inhibition of uPA 

with its cognate inhibitor, PAI-1, led to reduced cytotoxicity, further demonstrating that 

cytotoxin internalization was dependent upon both MMP and uPA proteolytic activities 

(121). While dramatically attenuated, it is relevant to note that some cytotoxicity was 

observed with PrAg-L1-I210A-alone and PrAg-U2-R200A-alone, indicating that some 

cytotoxin binding does occur on these homogenous heptamers (121). 
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1.7.2 IC-PrAg: in vivo Toxicity 

IC-PrAg was found to be much better tolerated than PrAg-U2, PrAg-L1 or PrAg-WT 

when co-administered with FP59, as summarized in Table 1.1 (121).  

Table 1.1: Summary of the maximum tolerated doses for three intraperitoneal 
administrations of various PrAgs in combination with FP59. Data from Liu et al. 2005, 
Nature Biotechnology (121). 

 
 

At the MTD3, mice treated with IC-PrAg + FP59 had no evidence of gross abnormalities; 

however, histological examination uncovered necrosis of the bone and bone marrow 

(121). 

1.7.3 IC-PrAg: in vivo Efficacy 

Three local administrations of IC-PrAg + FP59 resulted in dramatic antitumor effects in 

B16-BL6 melanoma, T241 fibrosarcoma and LL3 Lewis lung carcinoma syngrafts, with 

94%, 92% and 70% tumor regression reported at the study endpoints (121). 

Control cohorts treated locally with either PrAg-L1-I210A + FP59 or PrAg-U2-R200A + 

FP59, had minimal to no antitumor response, providing in vivo evidence that 

intermolecular complementation was required for tumoricidal activity (121). 

An additional cohort of B16-BL6-bearing mice was treated with three intraperitoneal 

administrations of IC-PrAg + FP59. Significant antitumor efficacy was observed with 

this systemic treatment; however, a modest reduction in body weight was noted (Dose 

administered was 2/3MTD3) (121).   
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1.8 PrAg-L1, PrAg-U2 and IC-PrAg in vivo: A Post-Hoc Analysis 

MMP-activated PrAg-L1, uPA-activated PrAg-U2 and dual MMP/uPA-activated 

IC-PrAg, have all been tested extensively in vivo, and each has documented efficacy in 

multiple models of cancer highlighting the potential broad-spectrum therapeutic utility of 

these agents (105, 107, 115, 117, 118, 121-123). However, retrospectively comparing the 

engineered PrAgs from data reported in these early studies has been complicated by the 

fact that differences existed in multiple aspects of experimental design, including the 

identity of the co-administered cytotoxins, indications treated, dose routes, number of 

doses and/or PrAg:cytotoxin ratios (Table 1.2). 

Table 1.2: Literature summary of in vivo tumor models where significant antitumor 
efficacy was reported when PrAg-L1, PrAg-U2 or IC-PrAg were administered in 
combination with various cytotoxins 
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Alongside reports of significant antitumor efficacy, toxicities of varying severity have 

also been reported when the engineered anthrax toxins were administered 

intraperitoneally in mice (115, 117, 118, 121). These are briefly summarized in Table 1.3. 

Table 1.3: Literature summary of toxicities associated with intraperitoneal 
administration of PrAg-L1, PrAg-U2 or IC-PrAg in combination with various 
cytotoxins 
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The most extreme toxicities were observed with administration of PrAg-U2 + FP59 

where in order to administer effective doses without significant lethality, co-

administration of the anti-inflammatory glucocorticoid, dexamethasone, was required 

(117, 118). Taken at a glance, this data could be interpreted to mean that uPA-activated 

PrAg-U2 is an unsuitable candidate for further development. However, when viewed in a 

broader context, this conclusion becomes less black-and-white. When the maximum 

tolerated doses for three I.P. administrations of PrAg-U2 and PrAg-L1 were determined 

in parallel, in combination with FP59, it was demonstrated that PrAg-U2 was actually 

2.5-fold better tolerated than PrAg-L1 (121). This finding, paired with the knowledge that 

high doses of PrAg-L1 can be administered systemically with no reported toxicity [albeit 

with a different cytotoxin LF-HMAGG (107, 124)] implicates that the identity of the 

cytotoxin employed in these early in vivo studies had a profound impact on observed 

toxicity. Therefore, in order to accurately compare the suitability of PrAg-L1, PrAg-U2 

and IC-PrAg for further development, at a minimum it was necessary to re-evaluate their 

toxicities, and efficacies, using a common cytotoxin. Due to the apparent exacerbated 

toxicity observed with co-administration of FP59, we elected to perform this comparison 

using wild type anthrax lethal factor, LF. All experiments reported in Chapters 2, 4 and 5 

were performed in combination with LF, containing a native N-terminal sequence; 

however, experiments in Chapter 3 were performed in combination with LF-HMAGG. 

We anticipated that a thorough evaluation of the unique toxicological profiles associated 

with each engineered PrAg variant, performed in a direct head-to-head manner, might 

cause one to emerge as an optimal candidate for further assessment, and characterization, 

for use as an anti-HNSCC agent.  
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1.9 Synopsis of the Dissertation 

The goal of this dissertation research was to assess the feasibility of utilizing 

tumor-targeted versions of anthrax toxin to treat head and neck squamous cell carcinoma. 

This first chapter summarizes the clinical need for developing novel anti-HNSCC agents, 

and details the initial development and characterization of three distinct protease-

activated anthrax protective antigens (PrAgs): PrAg-L1 (MMP-activated), PrAg-U2 

(uPA-activated) and IC-PrAg (dual MMP/uPA-activated). 

In Chapter 2, we asked the question: Which of these three engineered PrAg variants is the 

optimal candidate for further development? Detailed toxicological profiling and head-to-

head efficacy studies are described in response to this inquiry. Ultimately, we emerged 

with one candidate that had an enhanced toxicity profile relative to the other two 

versions, while it maintained similar antitumor efficacy in the aggressive B16-BL6 

melanoma model of cancer. 

Building upon the findings from Chapter 2, in Chapter 3 we explored the anti-HNSCC 

activity of this lead candidate. A combination of in vitro cytotoxicity assays, in vivo 

xenograft trials and immunohistochemical analyses were performed to evaluate the 

antitumor activity of this specific engineered anthrax toxin in murine models of human 

HNSCC. We observed that 4 separate xenografted human HNSCC cell lines were 

sensitive to systemic toxin treatment. 

In Chapter 4, results from the preclinical studies detailed in Chapters 2 and 3, were 

translated to a clinical setting. A Phase 0 veterinary clinical trial was initiated in feline 

oral squamous cell carcinoma patients, and data from the first completed patient is 

presented in the form of a case report. This trial is still in progress; however, initial 
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findings are highly encouraging as our first patient demonstrated a measurable reduction 

in primary tumor size, despite low-dose treatment. 

Key findings and future directions are expanded upon in Chapter 5. 

Overall, this dissertation research was driven by the desire to further characterize a novel 

agent with potential to address an unmet clinical need. This work spans from early 

preclinical toxicology (Chapter 2), to preclinical syngraft and xenograft models of 

efficacy (Chapters 2 and 3), and ultimately to first-in-patient veterinary clinical testing 

(Chapter 4). This work has led to significant advances in our understanding of the 

mechanisms of action and toxicity of these engineered anthrax toxins, and provides a 

solid framework for future preclinical and/or clinical development. 
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Chapter 2:  
 

Comparative Toxicity and Efficacy 
of Engineered Anthrax Lethal Toxin Variants 

with Broad Antitumor Activities 
 

 

 

This chapter contains content and figures taken from an article that is currently in 
submission, in which the dissertation author was a primary contributing author: 

Peters DE, Hoover B, Grey Cloud L, Liu S, Molinolo AA, Leppla SH, Bugge TH. 
Comparative toxicity and efficacy of engineered anthrax lethal toxin variants with 
broad antitumor activities. In submission 

 

 

Specific Experimental Contributions: 

All data was analyzed by, and all figures were prepared by, D.E.P 

Comparative toxicity trials were performed by D.E.P. (Data in Tables 2.2, 2.3 and Figure 2.1) 

Comparative efficacy trials were performed by D.E.P., B.H. and L.G.C. (Data in Table 2.4 
Figure 2.2) 

Terminal blood draws and blood work analysis was performed by D.E.P. (Data in Table 2.5 
and Figures 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11 and 2.12) 

Immunohistochemistry and quantification were performed by D.E.P. and L.G.C. (Data in 
Figures 2.13 and 2.14) 

Proteins were expressed and purified by Rasem Fattah. 

D.E.P., S.L., S.H.L, A.A.M. and T.H.B. contributed to experimental design. 

A.A.M. reviewed necropsy histology. 
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2.1 Abstract 

We have previously designed and characterized versions of anthrax lethal toxin that are 

selectively cytotoxic in the tumor microenvironment and which display broad and potent 

antitumor activities in vivo. Here, we have performed the first direct comparison of the 

safety and efficacy of three engineered anthrax lethal toxin variants requiring activation 

by either matrix-metalloproteinases (MMPs), urokinase plasminogen activator (uPA) or 

co-localized MMP/uPA activities. C57BL/6J mice were challenged with six doses of 

engineered anthrax lethal toxins via intraperitoneal (I.P.) or intravenous (I.V.) dose routes 

to determine the maximum tolerated dose for six administrations (MTD6) and dose-

limiting toxicities. Efficacy was evaluated using the B16-BL6 syngraft model of 

melanoma. Tumor-bearing mice were treated with six I.P. doses of engineered toxins, and 

tumor measurements and immunohistochemistry, paired with terminal blood work, were 

used to elaborate upon the antitumor mechanism and relative efficacy of each toxin. We 

found that MMP-, uPA- and dual MMP/uPA- activated anthrax lethal toxins exhibited the 

same dose-limiting toxicity; dose-dependent GI toxicity. In terms of efficacy, all three 

toxins significantly reduced primary B16-BL6 tumor burden, ranging from 32%-87% 

reduction, and they also delayed disease progression, as evidenced by dose-dependent 

normalization of blood work values. While target organ toxicity and effective doses were 

similar amongst the toxin variants, the dual MMP/uPA-activated anthrax lethal toxin 

exhibited the highest I.P. MTD6 and was 1.5-3-fold better tolerated than the single MMP-

activated and uPA-activated toxins. This dual-activated toxin exhibited a clear 

therapeutic window in C57BL/6J mice, and at a dose 9-fold below the maximum 

tolerated dose a 58% reduction in B16-BL6 melanoma tumor burden was achieved. 
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Overall, we demonstrate that a dual MMP/uPA-activated anthrax lethal toxin can be 

administered safely, is highly effective, and is a promising candidate for clinical 

development. 

  

33 
 



2.2 Introduction 

Development of anti-cancer agents that are specifically activated in the tumor 

microenvironment is an appealing strategy due to the potential for reduced off-target 

toxicity. One means to achieve tumor-specific activation is to exploit the fact that many 

tumors overexpress proteases that are present at low levels in normal tissues (reviewed in 

(110, 125-128)). Two classic examples of tumor-over-expressed proteases are matrix 

metalloproteinases (MMPs) and urokinase plasminogen activator (uPA). We have 

previously generated and characterized versions of anthrax toxin requiring proteolytic 

activation by either, or both, of these enzymes (98, 108, 121).  

Targeting of anthrax toxin to the tumor microenvironment was achieved by altering the 

cleavage sequence required for anthrax protective antigen (PrAg) activation; replacing 

the native furin-preferred cleavage sequence with sequences preferred by alternative 

proteases. Ultimately, this change in PrAg cleavage sequence led to redirection of 

internalization of anthrax lethal factor (LF), and/or related cytotoxins, from cells 

expressing cell-surface furin-like activity to those with a different specified proteolytic 

activity. As aforementioned, employing this principle we have previously generated 

versions of PrAg requiring activation by MMPs (PrAg-L1) (98), uPA (PrAg-U2) (108), 

or co-localized MMP/uPA activities (IC-PrAg, consisting of two separate proteins, 

PrAg-L1-I210A and PrAg-U2-R200A) (121). Multiple studies have been performed, 

summarized in Table 1, demonstrating that when these engineered PrAgs are co-

administered with various cytotoxins, that significant antitumor activity can be achieved 

in a variety of syngraft, xenograft and orthotopic models, highlighting the potential 

broad-spectrum therapeutic utility of these agents (105, 107, 115, 117, 118, 121-123). 
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However, while these highly similar toxin combinations all exhibit potent antitumor 

efficacies, simultaneously toxicities of varying severity have been reported with their use. 

A particularly striking toxicity was evident with systemic administration of PrAg-U2 + 

FP59, where in order to administer effective doses of PrAg-U2 + FP59, without 

significant mortality, co-administration of the anti-inflammatory glucocorticoid, 

dexamethasone, was required (117, 118) (FP59 is a potent protein synthesis inhibitor 

composed of the N-terminal PrAg-binding domain of LF coupled to the enzymatic 

domain of Pseudomonas aeruginosa exotoxin A).  

Table 2.1: Literature summary of in vivo tumor models where significant antitumor 
efficacy was reported when engineered PrAgs were administered in combination 
with various cytotoxins 

 

35 
 



The present study was initiated to provide a detailed preclinical evaluation of the dose-

limiting toxicities, efficacy, and antitumor mechanisms associated with multiple systemic 

doses of PrAg-L1, PrAg-U2 and IC-PrAg, when co-administered with LF. Herein we 

identify that IC-PrAg + LF is, in fact, the best tolerated version. We describe in detail the 

dose-limiting toxicity associated with IC-PrAg + LF administration, dose-dependent GI 

toxicity, and further show that effective doses of this toxin can be administered far below 

where this dose-limiting toxicity is first encountered. This study demonstrates that 

IC-PrAg + LF is well-tolerated, highly effective, and is a promising candidate for further 

development as an anti-cancer agent. 
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2.3 Materials and Methods 

2.3.1 Ethics Statement 

All animal work was performed in accordance with protocols approved by the National 

Institute of Dental and Craniofacial Research Animal Care and Use Committee (Animal 

Study Proposal Numbers: 10-585 and 13-712). 

2.3.2 Protein Purification 

Recombinant anthrax protective antigens (PrAg) including: PrAg-WT (wildtype, furin-

activated), PrAg-U2 (uPA-activated), PrAg-L1 (MMP-activated), IC-PrAg (dual 

MMP/uPA-activated, consisting of two individual proteins: PrAg-L1-I210A and PrAg-

U2-R200A), PrAg-U7 (protease resistant), and recombinant anthrax lethal factors 

including: LF (wildtype) and LF-E687A (enzymatically-inactive, similar to previously 

used LF-E687C (89)) were generated and purified as previously described (98, 108, 115, 

121, 129). The LF used herein has the native N-terminal sequence: AGG. Protein 

expression and purification was performed by Rasem Fattah. 

2.3.3 Animals 

Female C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) between 6 and 8 weeks of 

age, and weighing between 16-18 grams, were used for all experiments. Animals were 

housed in a pathogen-free environment certified by the Association for Assessment and 

Accreditation of Laboratory Animal Care International. 

2.3.4 Comparative Evaluation of Toxicity 

Mice received 6 injections of PBS or engineered anthrax lethal toxins via intraperitoneal 

(I.P.) or intravenous (I.V.) dose routes over the course of two weeks on a MWFx2 

schedule. On study day 14, all surviving mice were euthanized and complete gross 
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necropsies were performed. All organs where toxicity has been previously reported for 

similar toxin combinations were included in our analysis [gastrointestinal (GI) tract (18, 

19), spleen (18), adrenal gland (18), kidney (20), lung (20), liver (20), heart (20) and 

femur (7, 18)]. In addition, skin, mammary gland, salivary gland, thyroid gland, 

abdominal wall, quadriceps femoris muscle, pancreas, gall bladder, bladder, ovaries, 

uterus, sternum and spinal cord were analyzed. Following harvesting, tissues were fixed 

in 4% paraformaldehyde for 24 hours, embedded in paraffin and sectioned. Tissues 

containing bone were decalcified with EDTA. All slide images were captured using an 

Aperio T3 Scanscope and were analyzed by an investigator blinded as to treatment group 

(Aperio Technologies, Vista, CA).  

In this study, MTD6 was defined as the highest toxin concentration administered where 

no lethality was observed in a treated cohort of a minimum size of 10 mice. Comparison 

of survival data was performed using the Log-Rank test with GraphPad Prism software. 

2.3.5 Comparative Evaluation of Efficacy 

B16-BL6 melanoma cells (5×105 per mouse) were injected in the mid-scapular subcutis. 

When tumors reached a volume of 50–100 mm3, the mice were divided into cohorts with 

equivalent mean tumor sizes. Each group contained a minimum of 10 mice. Mice 

received a total of 6 I.P. injections of either 400 µl PBS, or of engineered anthrax lethal 

toxin in 400 µl PBS. Eleven different engineered anthrax lethal toxin treatments were 

tested as listed in Table 2.4 

At the time of dosing, a blinded investigator weighed the mice and measured the longest 

and shortest tumor diameters with digital calipers (FV Fowler Company, Newton, MA). 

Tumor volume was estimated using: V = [length (mm) * width (mm)2]/2 (130). Statistical 
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significances of differences in tumor sizes were determined using the two-tailed Student's 

t-test. 

Terminal blood collection was performed on all surviving mice on study day 14. Blood 

was collected via cardiac puncture, and was processed and submitted to the NIH Clinical 

Center Department of Laboratory Medicine (Bethesda, MD) for complete blood count 

and a limited blood chemistry panel. A sham-treated, tumor-free, cohort of ten mice was 

analyzed in parallel to obtain disease-free blood work values. 

2.3.6 Comparative Evaluation of Antitumor Mechanism 

Tumors were harvested, fixed in 4% paraformaldehyde for 24 hours, embedded in 

paraffin and sectioned. All slide images were captured using an Aperio T3 Scanscope and 

quantification was performed by a blinded investigator using Aperio Imagescope 

Software (Aperio Technologies, Vista, CA).  

Percent necrosis was determined from hematoxylin and eosin (H&E) stained sections. 

Unstained sections were stained with a monoclonal rabbit anti-mouse CD31 (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) and a polyclonal rabbit anti-human Ki67 

(Novocastra Laboratories, Ltd., Newcastle, UK), to quantify, respectively, differences in 

blood vessel density and alterations in cellular proliferation. TUNEL staining was 

performed using a TdT In Situ Apoptosis Detection Kit – TACS Blue Label (Trevigen 

Inc., Gaithersburg, MD) per manufacturer’s instructions. Statistical significances of 

differences were calculated using the Student's t-test, two-tailed. 

  

39 
 



2.4 Results 

2.4.1 Comparative Toxicity: Determination of MTD6 

We first determined the maximum tolerated dose for six intraperitoneal (I.P.) 

administrations of the MMP-, uPA- and dual MMP/uPA-activated anthrax lethal toxins 

(Summarized in Table 2.2). 

As expected, we found that each of the engineered PrAgs was non-toxic when 

administered I.P. without cytotoxin (100 µg PrAg-XX) or when they were co-

administered with an enzymatically-inactive cytotoxin, LF-E687A (100 µg PrAg-XX + 

33 µg LF-E687A). We verified that proteolytic cleavage of the engineered PrAgs was 

required for subsequent LF-mediated toxicity in vivo, as an uncleavable, protease-

resistant, variant of PrAg (PrAg-U7) (115) was found to be non-toxic when administered 

at high doses with LF (100 µg PrAg-U7 + 33 µg LF) (Table 2.2). 

The dual MMP/uPA-activated anthrax lethal toxin, IC-PrAg + LF, was identified as the 

best tolerated version, exhibiting the highest I.P. MTD6 (45 µg IC-PrAg + 15 µg LF). 

This was 3-fold improved from the I.P. MTD6 of the MMP-activated version (I.P. 

MTD6: 15 µg PrAg-L1 + 5 µg LF) and 1.5-fold improved from the uPA-activated 

version (I.P. MTD6: 30 µg PrAg-U2 + 10 µg LF). All three engineered anthrax lethal 

toxins were far better tolerated than wildtype anthrax lethal toxin, which resulted in 100% 

lethality following only 3 I.P. doses at a concentration of 15 µg PrAg-WT + 5 µg LF 

(Table 2.2). 
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Table 2.2: Mortality associated with intraperitoneal administration of engineered 
anthrax lethal toxins: Determining I.P. MTD6 

 

While I.P. administration is routinely utilized for systemic dosing in mice, intravenous 

(I.V.) administration is a far more common route used for larger mammalian species, 

therefore, we next determined I.V. MTD6s for each of the engineered toxins 

(Summarized in Table 2.3).  

vehicle control PBS --- 10 100 ---

wild-type anthrax lethal toxin PrAg-WT + LF 15/5 10 0 < 0.01

uncleavable anthrax lethal toxin PrAg-U7 + LF 100/33.3 5 100 n.s.

MMP-activated PrAg alone PrAg-L1 100 5 100 n.s.

uPA-activated PrAg alone PrAg-U2 100 5 100 n.s.

dual MMP/uPA-activated                              
PrAg alone

IC-PrAg                       
(PrAg-L1-I210A + 
PrAg-U2-R200A)

100 5 100 n.s.

MMP-activated PrAg +           
enzymatically-inactive LF

PrAg-L1 + LF-E687A 100/33.3 5 100 n.s.

uPA-activated PrAg +           
enzymatically-inactive LF

PrAg-U2 + LF-E687A 100/33.3 5 100 n.s.

dual MMP/uPA-activated PrAg +                
enzymatically-inactive LF

IC-PrAg                       
(PrAg-L1-I210A + 
PrAg-U2-R200A)           

+ LF-E687A

50/50/33.3 5 100 n.s.

30/10 5 60 0.03

22.5/7.5 5 60 0.03

18.75/6.25 5 80 n.s.

15/5ˣ 10 100 n.s.

45/15 10 80 n.s.

37.5/12.5 10 90 n.s.

30/10ˣ 10 100 n.s.

30/30/20 10 60 0.03

52.5/17.5 5 80 n.s.

22.5/22.5/15ˣ 10 100 n.s.

15/15/10 5 100 n.s.

*Log-Rank tests are in comprison to the Kaplan-Meier survival curve of the vehicle control (PBS) cohort 
Abbreviations: n.s., not significant
ˣ I.P. MTD6

dual MMP/uPA-activated                      
anthrax lethal toxin

IC-PrAg                                
(PrAg-L1-I210A +           
PrAg-U2-R200A)                 

+ LF

% Survival  
at Day 14

Log-Rank*     
(P)Description of Agent

MMP-activated                              
anthrax lethal toxin

PrAg-L1 + LF

uPA-activated                             
anthrax lethal toxin

PrAg-U2 + LF
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Table 2.3: Mortality associated with intravenous administration of engineered 
anthrax lethal toxins: Determining I.V. MTD6 

 

 

Similar to I.P. administration, we found that when administered I.V., PrAg-L1 + LF was 

the least tolerated version (I.V. MTD6: 6 µg PrAg-L1 + 2 µg LF), while both PrAg-U2 + 

LF and IC-PrAg + LF exhibited a 2-fold increase in tolerance (I.V. MTD6s: 12 µg PrAg-

U2 + 4 µg LF and 12 µg IC-PrAg + 4 µg LF). Again, all engineered toxins were far better 

tolerated than wildtype anthrax lethal toxin, which yielded 100% lethality when 

administered at a dose of 6 µg PrAg-WT + 2 µg LF (Table 2.3). 

vehicle control PBS --- 10 100 ---

wild-type anthrax lethal toxin PrAg-WT + LF 6/2 5 0 <0.01

MMP-activated PrAg +             
enzymatically-inactive LF

PrAg-L1 + LF-E687A 50/16.7 6 50 0.01

MMP-activated PrAg alone PrAg-L1 50 5 60 0.03
uPA-activated PrAg alone PrAg-U2 50 4 75 n.s.

dual MMP/uPA-activated                 
PrAg alone

IC-PrAg                       
(PrAg-L1-I210A + 
PrAg-U2-R200A)

25/25 5 80 n.s.

15/5 4 0 <0.01

12/4 10 66 0.02

9/3 10 70 n.s.

6/2ˣ 10 100 n.s.

3/1 6 100 n.s.

15/5 8 75 n.s.

12/4ˣ 13 100 n.s.

9/3 11 100 n.s.

15/5 5 80 n.s.

12/4ˣ 12 100 n.s.

9/3 11 100 n.s.

*Log-Rank tests are in comprison to the Kaplan-Meier survival curve of the vehicle control (PBS) cohort 
Abbreviations: n.s., not significant
ˣ I.V. MTD6

Log-Rank*     
(P)Description of Agent Dose (µg) # Mice

% Survival  
at Day 14
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(PrAg-L1-I210A +           
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42 
 



Unexpectedly, mortality was observed when high I.V. doses of the engineered PrAgs 

were administered without LF. Specifically, six I.V. doses of 50 µg PrAg-L1, PrAg-U2 

or IC-PrAg alone, resulted in 40%, 25% and 20% lethality respectively (Table 2.3). 

While unanticipated, this phenomenon of PrAg-alone toxicity is unlikely to be 

therapeutically relevant as the doses where PrAg alone toxicity occurred far exceed the 

MTD6s identified for I.V. administration of PrAg in conjunction with LF. However, 

determining the threshold at which the engineered PrAg can be safely administered alone 

may be an appropriate first stage in toxicity testing as this therapeutic modality is 

translated to other species. 

2.4.2 Comparative Toxicity: Identification of Target Organs 

Since the engineered PrAgs are activated by proteases with differing tissue expression 

levels, we anticipated that differences might also exist in their off-target toxicities. 

Bearing this in mind, we performed complete gross and histopathological necropsies on 

toxin-treated mice. We found that independent of the activating protease, the GI tract was 

the first organ system affected by I.P administered toxins and that in all cases the GI 

pathology was dose-dependent (Figure 2.1). 

The first identifiable abnormality was a mild dilation of the small intestine visible on 

gross examination. Further histopathological examination of affected GI tracts confirmed 

the small intestinal dilation, and identified occasional pockets of focal inflammation with 

no alterations in villus structure. Mice with this level of GI abnormality exhibited normal 

behavior during the trial, maintained body weight throughout treatment, and had no 

identifiable pathology in other tissues examined. 
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Figure 2.1: GI toxicity is dose-limiting for systemic administration of MMP-, uPA- 
and dual MMP/uPA-activated anthrax lethal toxins. Representative H&E sections of 
small intestine depicting the dose-dependent progression of GI toxicity observed when six doses 
of PrAg-L1 + LF (B,F,J,N) PrAg-U2 + LF (C,G,K,O) or IC-PrAg + LF (D,H,L,P) are 
administered intraperitoneally in C57BL/6J mice. At the MTD6 for each toxin, no GI pathology 
was present at the gross or microscopic level in 29/30 experimental mice (B-D). At this dose, note 
the similarity in appearance to control-treated mice receiving 6 I.P. doses of either PBS (A), 
uncleavable anthrax PrAg paired with LF, 100 µg PrAg-U7 + 33 µg LF (E), or MMP-activated 
PrAg paired with enzymatically-inactive cytotoxin, 100 µg PrAg-L1 + 33 µg LF-E687A (I). As 
doses were increased above the MTD6, GI toxicity initially presented as mild small intestinal 
dilation (F-H) which progressed in severity to involve GI inflammation, regions of villous 
necrosis, denuded and ulcerated GI epithelium and/or grossly visible GI hemorrhage (J-L, 
arrowheads depict necrotic villi). (M-P) Higher magnification images showing inflammation in 
the lamina propria of toxin-treated mice, but not controls. (P) * indicates inflammatory cells that 
have invaded into the lumen of the small intestine. Scale bars are 300 µm A-L; 100 µm M-P. 
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Mild GI pathology as described above, and depicted in Figure 2.1 F-H, was first observed 

at doses of: 18.75 µg PrAg-L1 + 6.25 µg LF, 37.5 µg PrAg-U2 + 12.5 µg LF and 45 µg 

IC-PrAg + 15 µg LF, affecting 3/4, 4/9 and 1/10 mice respectively. As the doses of each 

toxin were increased, focal regions of villi with necrotic tips could be identified and 

inflammation was more diffuse. At the highest doses, pronounced GI changes were 

apparent, including regions of denuded and/or ulcerated epithelium and gross 

hemorrhage, which was segmental in nature and selectively affected the small intestine 

and cecum. 

There was no evidence of direct toxicity to other organ systems; however, at doses above 

those which caused mild GI toxicity, the I.P. toxin injections were consistently associated 

with dose-dependent peritonitis. In the most severe cases fibrinous peritonitis was 

observed, and it was not uncommon to identify comorbid conditions such as: necrotizing 

pancreatitis, liver congestion, venous thrombosis, hypocellular bone marrow and/or 

thymic depletion. As no evidence of pancreas, liver, heart, bone or thymus pathology was 

present at lower doses, we speculate that these high dose pathologies occur secondarily to 

the observed GI lesions and associated inflammation, stress and/or functional deficits. 

To determine if the toxin-related GI pathology was an inadvertent consequence of the I.P. 

route of administration, we also performed necropsies on mice receiving I.V. injections. 

We found that small intestinal dilation was also the earliest toxicity observed when the 

toxins were administered I.V. and that at the I.V. MTD6s no abnormalities were 

identified in other organ systems. 
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2.4.3 Comparative Efficacy: B16-BL6 Syngraft Model 

We compared the antitumor efficacies of the engineered toxin variants using the B16-

BL6 model of murine melanoma as it allowed us to perform efficacy testing in the same 

strain of mice utilized for toxicity characterization. Mice bearing B16-BL6 syngrafts 

were treated with six doses of PBS or toxin over the course of two weeks, using the same 

treatment schedule as in the toxicity trials. 

We found that PrAg-L1 + LF, PrAg-U2 + LF and IC-PrAg + LF were equally efficient at 

reducing primary tumor burden when administered at protein equivalent doses (Table 2.4 

and Figure 2.2A-C). The greatest antitumor effect was achieved using the dual 

MMP/uPA activated toxin, IC-PrAg + LF, which had a maximal antitumor effect of 87% 

following four doses, and 79% at the conclusion of the trial when administered at its I.P. 

MTD6 (45 µg IC-PrAg + 15 µg LF) (Table 2.4). 

Table 2.4: Summary of antitumor and survival effects associated with I.P. 
administration of engineered anthrax lethal toxins 
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Additionally, treatment with each of the three toxins was observed to improve survival in 

a dose-dependent manner (Figure 2.2D-F). 

 

Figure 2.2: Engineered anthrax lethal toxins reduce B16-BL6 tumor burden and 
improve survival in a dose-dependent manner. (A-C) Tumor growth and (D-F) survival of 
C57BL/6J mice bearing B16-BL6 melanoma syngrafts that were treated with six I.P. doses of 
PBS (black lines) or engineered anthrax lethal toxins, MMP-activated PrAg-L1 + LF (purple), 
uPA-activated PrAg-U2 + LF (orange) or dual MMP/uPA-activated IC-PrAg + LF (green), at 
time points indicated by grey arrowheads. All cohorts were treated in parallel and the PBS control 
groups depicted in panels A-C and D-F are the same. Note that the antitumor effect was 
independent of the proteolytic-activation site; PrAg-L1 + LF, PrAg-U2 + LF and IC-PrAg + LF 
exhibited indistinguishable antitumor effects when administered at protein equivalent doses. 
(A-C) Tumor volume data are expressed as mean ± s.e.m.; *, P < 0.05, **, P < 0.01, Student’s 
t-test, two-tailed. (D-F) Kaplan-Meier survival curves were compared via Log-Rank 
test; *, P < 0.05, **, P < 0.01. 
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2.4.4 Comparative Efficacy: CBC and Blood Chemistry 

Terminal blood work was performed on all B16-BL6 melanoma bearing-mice, in order to 

assess which blood parameters were elevated due to progression of the disease versus 

which might be elevated as a direct consequence of toxin administration. To determine 

baseline values, blood was collected from tumor-free mice that had received sham 

treatments directly mimicking those of the B16-BL6 bearing cohorts. 

As expected, presence of B16-BL6 melanoma caused significant changes in blood work 

relative to the tumor-free baseline mice (Table 2.5).  

Table 2.5: B16-BL6 melanoma-induced changes in blood work values 
 

 

 

Median Median P
Absolute White Blood Cell Count [WBC] K/µL 6.2 11.4 n.s.

Absolute Neutrophil Count K/µL 0.4 1.7 **
Absolute Lymphocyte Count K/µL 5.6 7.8 n.s.

Absolute Monocyte Count K/µL 0.16 0.37 *
Absolute Eosinophil Count K/µL 0.08 0.05 n.s.

Absolute Basophil Count K/µL 0.33 0.27 n.s.
Absolute Red Blood Cell Count [RBC] M/µL 9.6 3.75 **

Hemoglobin [Hmg] g/dL 14.6 7.2 **
Hematocrit [Hct] % 43.3 20.7 **

Mean Corpuscular Volume [MCV] K/µL 45.1 47.5 *
Absolute Platelet Count K/µL 835 792 n.s.

Alkaline Phosphatase [ALP] U/L 175 52 ***
Alanine Aminotransferase [ALT] U/L 43 142 ***

Aspartate Aminotransferase [AST] U/L 103 735 ***
Amylase [AMY] U/L 2872 2712 n.s.

Creatine Kinase [CK] U/L 167 643 *
Lactate Dehydrogenase [LD] U/L 329 2218 ***

Student's t-test, two-tailed;*, P < 0.05;**, P < 0.01;***, P < 0.001. 

Co
m

pl
et

e 
Bl

oo
d 

Co
un

t
Ch

em
is

tr
y 

Treatment Group

Tumor-Free                  
PBS (n=9)

B16-BL6 Tumor  
PBS (n=7)

Bloodwork Parameter

48 
 



2.4.4.1 B16-BL6-induced Changes in CBC 

Mice bearing B16-BL6 melanoma syngrafts had a mild, non-significant, increase in white 

blood cell count, which could be accounted for by significant increases in both neutrophil 

and monocyte populations. 

Red blood cell parameters were impacted greatly in the B16-BL6 disease state, and 

presence of untreated melanoma syngrafts led to development of anemia in tumor-

bearing mice, which was characterized by significant reductions in total red blood cell 

count, hemoglobin and hematocrit, paired with a significant increase in mean corpuscular 

volume. In this study, further cytological and functional assays to describe the specific 

nature of the anemia were not performed; however we speculate that this acquired anemia 

may either have been a sequela to blood loss resultant from tumor ulceration, or a 

consequence of terminal disease. 

Anemia is frequently observed in human cancer patients where prevalence exceeds 30%, 

even in the absence of concomitant chemotherapy (131, 132). The pathogenesis of 

cancer-induced anemia is complex and multi-factorial. Malignancies can directly 

contribute to the acquisition of anemia through processes such as tumor-related acute or 

chronic exogenous blood loss, intratumoral bleeding, and/or impairment of bone marrow 

function (and subsequent erythropoietin production) via tumor encroachment, bone 

metastasis, myelofibrosis, or tumor-induced bone marrow necrosis (133-136). 

Simultaneously, cancer-related co-morbidities, such as autoimmune hemolysis, renal 

insufficiency and/or nutrient deficiency, can independently cause, or worsen, an anemic 

state (133-136). 
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B16-BL6 melanoma is an aggressive cancer and in this study only 45% of PBS-treated 

tumor-bearing mice (14/31) survived the length of the trial (Figure 2.2 and Table 2.4). It 

is therefore plausible that multiple factors associated with end-stage disease contributed 

to acquisition of anemia in the PBS-treated, tumor-bearing cohort. 

2.4.4.2 B16-BL6-induced Changes in Blood Chemistry 

A limited blood enzyme panel was also performed and significant alterations in blood 

chemistry values were identified in the PBS-treated B16-BL6 tumor-bearing cohort 

(Table 2.5). 

2.4.4.2.1 Alkaline Phosphatase 

Alkaline phosphatase (ALP) levels were significantly reduced in PBS-treated B16-BL6 

tumor-bearing mice. ALP is an enzyme that hydrolyzes phosphate esters, and that, under 

normal conditions, is predominantly secreted by the liver and bone with lesser amounts 

produced by the intestines and kidney. Cancer is frequently associated with elevations in 

ALP, caused by either direct tumor secretion of distinct ALP isozymes (137-140) or as a 

consequence of metastasis and invasion into the liver and/or bones (141-143). Reduction 

in ALP is a less common clinical finding, which, when present, has been associated with 

anemia (144-146). Therefore, it is possible that the reduction in ALP observed here is 

related to the B16-BL6 induced anemia described in section 2.4.4.1. 

2.4.4.2.2 Lactate Dehydrogenase 

Lactate dehydrogenase (LDH) catalyzes the conversion of pyruvate to lactate, and vice 

versa. Unlike most normal cells, cancer cells utilize lactate as an energy source during 

both aerobic and anaerobic conditions, and LDH serves as a key-player in tumor cell 

metabolism (147). In subcutaneous xenograft models, LDH levels have been 
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demonstrated to parallel tumor-size during both growth and treatment periods (148). This 

same pattern was observed here with B16-BL6-tumor bearing mice having markedly 

increased LD levels relative to tumor-free controls. 

2.4.4.2.3 Creatine Kinase 

Presence of B16-BL6 melanoma resulted in significant increases in creatine kinase (CK), 

an enzyme predominantly expressed in the brain and skeletal muscle. Elevation of CK is 

often an indicator of muscle damage. 

At the time of euthanasia, surviving PBS-treated, B16-BL6-bearing mice were in an 

advanced disease-state and exhibited a significant, 17%, reduction in body weight 

relative to PBS-treated tumor-free controls (P = 0.001, Student’s t-test, two-tailed). The 

body weight loss in the PBS-treated B16-BL6 cohort, along with the elevation in CK, 

implicates the presence of muscle wasting in these mice. 

2.4.4.2.4 Alanine Aminotransferase 

Alanine aminotransferase (ALT) levels were significantly increased in B16-BL6 tumor-

bearing mice. ALT is a liver transaminase that is commonly monitored when evaluating 

hepatocellular injury; however, ALT is also expressed at lower levels in extra-hepatic 

tissues and it can be elevated in certain non-liver injury conditions, including muscle 

wasting (149). Given the short duration of this study, 19 days from tumor-cell injection to 

euthanasia, liver metastasis would not be expected and we anticipate that the observed 

elevation in ALT, paired with the marked increase in CK and reduction in body weight, is 

suggestive of disease-induced cachexia. 
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2.4.4.2.5 Aspartate Aminotransferase 

Aspartate aminotransferase (AST) levels were also significantly increased in the 

B16-BL6 melanoma diseased-state. Similar to ALT, AST is also a transaminase 

expressed within the liver. AST has a broader expression pattern than ALT, and it is also 

found in cardiac muscle, skeletal muscle, kidneys, brain, and red blood cells. We 

hypothesize that the elevated AST here is another consequence of muscle breakdown. 

2.4.4.3 Dose-dependent Normalization of Blood Work Abnormalities 

Surprisingly, treatment with any version of the engineered anthrax lethal toxin trended 

towards normalizing the B16-BL6-induced blood work changes in a dose-dependent 

manner. For example, alkaline phosphatase levels were reduced in PBS-treated B16-BL6-

tumor bearing mice relative to tumor free controls; however, treatment with six I.P. doses 

of either MMP-activated, uPA-activated or dual MMP/uPA toxins trended towards 

restoring ALP levels to the disease-free level in a dose-dependent fashion (Figure 2.3). 

A trend towards dose-dependent normalization was also observed for: absolute red blood 

cell count (Figure 2.4), hemoglobin (Figure 2.5), hematocrit (Figure 2.6), mean 

corpuscular volume (Figure 2.7), alanine aminotransferase (Figure 2.8), aspartate 

aminotransferase (Figure 2.9), creatine kinase (Figure 2.10) and lactate dehydrogenase 

(Figure 2.11). These data demonstrate that treatment with PrAg-L1 + LF, PrAg-U2 + LF 

or IC-PrAg + LF not only reduces primary B16-BL6 tumor burden, but also delays 

progression of tumor-associated morbidities. 
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Figure 2.3: Dose-dependent normalization of alkaline phosphatase. Presence of B16-
BL6 melanoma caused a significant reduction in alkaline phosphatase levels, which can be seen 
by comparing values for PBS-treated tumor-bearing mice [black squares, left] with PBS-treated 
tumor-free mice [black circles, right]. These alterations were normalized with increasing doses of 
MMP-activated PrAg-L1 + LF (purple), uPA-activated PrAg-U2 + LF (orange) or 
dual MMP/uPA-activated IC-PrAg + LF (green). Bars indicate medians, dashed line indicates 
disease-free median determined in parallel in a cohort of tumor-free, sham-treated, control mice. 
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Figure 2.4: Dose-dependent normalization of absolute red blood cell count. Bars 
indicate medians, dashed line indicates disease-free median determined in parallel in a cohort of 
tumor-free, sham-treated, control mice. 

 
 

Figure 2.5: Dose-dependent normalization of hemoglobin. Bars indicate medians, dashed 
line indicates disease-free median determined in parallel in a cohort of tumor-free, sham-treated, 
control mice.  
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Figure 2.6: Dose-dependent normalization of hematocrit. Bars indicate medians, dashed 
line indicates disease-free median determined in parallel in a cohort of tumor-free, sham-treated, 
control mice. 

 
 

Figure 2.7: Dose-dependent normalization of mean corpuscular volume. Bars indicate 
medians, dashed line indicates disease-free median determined in parallel in a cohort of tumor-
free, sham-treated, control mice.  
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Figure 2.8: Dose-dependent normalization of alanine aminotransferase. Bars indicate 
medians, dashed line indicates disease-free median determined in parallel in a cohort of tumor-
free, sham-treated, control mice. 

 
 

Figure 2.9: Dose-dependent normalization of aspartate aminotransferase. Bars 
indicate medians, dashed line indicates disease-free median determined in parallel in a cohort of 
tumor-free, sham-treated, control mice.  
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Figure 2.10: Dose-dependent normalization of creatine kinase. Bars indicate medians, 
dashed line indicates disease-free median determined in parallel in a cohort of tumor-free, sham-
treated, control mice. 

 
 

Figure 2.11: Dose-dependent normalization of lactate dehydrogenase. Bars indicate 
medians, dashed line indicates disease-free median determined in parallel in a cohort of tumor-
free, sham-treated, control mice.  
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2.4.4.4 Engineered PrAg Variants Cause Dose-Dependent Thrombocytosis 

Importantly, one toxin-mediated blood work alteration was identified; absolute platelet 

count was observed to increase in a dose-dependent manner when the engineered toxins 

were administered (Figure 2.12). 

 

 
 

Figure 2.12: Engineered anthrax lethal toxins cause dose-dependent thrombocytosis. 
Mice treated with increasing doses of PrAg-L1 + LF (purple), PrAg-U2 + LF (orange) or 
IC-PrAg + LF (green) were found to have higher platelet counts than either tumor-
bearing [black squares, left] or tumor-free [black circles, right] control cohorts. Bars 
indicate medians, dashed line indicates disease-free median determined in parallel in a 
cohort of tumor-free, sham-treated, control mice.  
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2.4.5 Comparative Mechanism 

We next assessed if there were any mechanistic differences in the antitumor mode of 

action for the MMP-, uPA- or dual MMP/uPA-activated anthrax lethal toxins. B16-BL6 

tumors treated with 15 µg PrAg-XX + 5 µg LF were evaluated for necrosis, apoptosis, 

vessel density and proliferation. It was observed that all three toxins exerted their 

antitumor effects predominantly through increasing apoptosis, which was found to be 

55-, 12-, and 22-fold elevated following treatment with PrAg-L1 + LF, PrAg-U2 + LF 

and IC-PrAg + LF, respectively (Figure 2.13). No differences were observed in necrosis, 

vessel density and proliferation (Figure 2.14). 

 
 

Figure 2.13: Mechanism of tumoricidal activity: apoptosis. Quantification of apoptosis 
in B16-BL6 tumors harvested from mice treated with 6 I.P. doses of engineered anthrax lethal 
toxins at a concentration of 15 µg engineered PrAg + 5 µg LF. In all panels: PBS (black), 
MMP-activated PrAg-L1 + LF (purple), uPA-activated PrAg-U2 + LF (orange) and 
dual MMP/uPA-activated IC-PrAg + LF (green). Student’s two-tailed t-test; *, p<0.05; **, 
P<0.01. (Right) TUNEL stain. Arrowheads highlight examples of TdT positive apoptotic cells 
stained with TACS blue label, scale bars = 100 µm. Representative images are shown. 
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Figure 2.14: Mechanism of tumoricidal activity: necrosis, proliferation and vessel 
density. Quantification of necrosis (A), proliferation (B) and vessel density (C) in B16-BL6 
tumors harvested from mice treated with 6 I.P. doses of engineered anthrax lethal toxins at a 
concentration of 15 µg engineered PrAg + 5 µg LF. In all panels: PBS (black), MMP-activated 
PrAg-L1 + LF (purple), uPA-activated PrAg-U2 + LF (orange) and dual MMP/uPA-activated 
IC-PrAg + LF (green). (A-C) Student’s t-test, two-tailed; P = n.s. (A, right) H&E stain. Regions 
of viable cells are outlined with black dashed lines, scale bars = 500 µm. (B, right) Ki67 positive 
nuclei are stained pink with Vulcan FastRed, scale bars = 100 µm. (C, right) Arrowheads 
highlight CD31 positive blood vessels stained with Vulcan FastRed, scale bars = 100 µm. In all 
cases representative images are shown. 
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2.4.6 Calculation of Therapeutic Index 

Therapeutic index was calculated using the following equation: MTD6/ED50, where 

ED50 was defined as the lowest dose administered where B16-BL6 tumor volume was 

reduced by a minimum of 50% on study day 14. MTD6 data is reported in Table 2.2, 

while ED50 data can be found in Table 2.4. IC-PrAg + LF was found to have the highest 

therapeutic index, 9, PrAg-U2 + LF had a therapeutic index of 6, and PrAg-L1 + LF had 

no separation between its maximum tolerated dose and ED50 with a therapeutic index of 

1.  
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2.5 Discussion 

We have previously established that engineered variants of anthrax PrAg can be utilized 

for the targeted intracellular delivery of cytotoxins. This unique system relies upon 

proteolytic activation by the tumor over-expressed proteases MMPs and uPA, and we and 

others have demonstrated that administration of these protease-activated PrAg 

derivatives, in conjunction with various cytotoxins, can be used to elicit significant in 

vivo antitumor responses in diverse cancer models including melanomas, carcinomas and 

sarcomas (105, 107, 115, 117, 118, 122). 

Here we have performed the first in-depth toxicity characterization of MMP-, uPA- and 

dual MMP/uPA-activated PrAgs, when co-administered with wildtype anthrax LF. We 

found that, independent of the proteolytic-activation site, the GI tract is the primary target 

for toxicity. The observed GI toxicity is dose-dependent and is seen following both I.P. 

and I.V. administration of the engineered toxins. This is consistent with the mechanism of 

action of these agents, as while both MMPs and uPA are tightly regulated in normal 

homeostatic tissues, they are both expressed during tissue remodeling and repair (150). 

Therefore the presence of active MMPs and uPA in the GI tract, resulting in some off-

target activation, is not unexpected. 

Ongoing investigations in our laboratory focus on exploring the direct cellular target of 

the engineered toxins within the GI tract. Further understanding this toxicity is relevant 

not only to the continued characterization of our experimental agents, but also to the 

pathogenesis of wildtype toxin. While the primary toxicity associated with wildtype 

anthrax lethal toxin is hemodynamic shock and cardiovascular collapse (151-153) reports 

of gastrointestinal toxicity have occasionally been made in mice treated systemically with 
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purified wildtype toxin (154-158). In 2012, Sun et al. found that I.V. administration of 

sub-lethal doses of wildtype anthrax lethal toxin (~LD50) led to delayed onset GI toxicity 

within the surviving population that was strikingly similar in appearance to that reported 

herein, characterized by edema of the small intestine, villous necrosis, mucosal erosion 

and ulceration, and gross hemorrhage (158). While Sun et al., provide compelling 

evidence that their observed GI toxicity is a manifestation of direct epithelial damage, 

evidence also exists suggesting that this GI toxicity might instead be a consequence of GI 

smooth muscle injury, as Abi-Habib et al. reported that systemic administration of 

wildtype anthrax lethal toxin resulted in the development of fatal paralytic ileus without 

any alterations in intestinal histology (155). In our current study, mice treated with the 

highest doses of engineered toxin had evidence of reduced GI motility (full 

stomach/empty colon on gross necropsy) and epithelial damage (villous necrosis, 

denuded/ulcerated GI epithelia) and therefore, it will be interesting to determine the order 

in which these toxicities arise. 

Following appearance of initial GI pathology, we have found that mice treated 

intraperitoneally with the engineered toxins consistently develop dose-dependent 

peritonitis. At this time, however, it remains unclear if this is a sequela to the GI toxicity, 

an unidentified direct toxicity, or a consequence of the I.P. route of administration. We 

now know that small intestinal dilation is the first observed pathology in mice treated 

with the engineered toxins. This GI dilation may increase the risk of needle perforation of 

the intestines during I.P. administration; intestinal perforation being a well-known risk 

factor for peritonitis. In this study, we did not see any evidence of chronic peritonitis in 
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mice treated with the engineered toxins I.V., but necropsies were not performed at high 

doses exceeding the I.V. MTD6s where this manifestation of toxicity might be expected. 

During the course of our efficacy studies, we became aware of one additional toxin-

dependent change: Tumor-bearing mice treated I.P. with the MMP-, uPA- or 

dual MMP/uPA-activated toxins displayed a dose-dependent increase in absolute platelet 

count. The clinical relevance of this mild reactive thrombocytosis is unclear, however this 

effect should certainly be kept in mind as further characterization is performed on these 

agents. Platelet count should likely be monitored with treatment, and it is possible that 

recipients would benefit from prophylactic administration of an anti-coagulant, such as 

aspirin, to reduce risk of thrombosis, the primary complication associated with 

thrombocytotic state. 

With regard to efficacy, we found that each of the three toxin variants lead to significant 

reduction in primary B16-BL6 tumor burden and delayed progression of disease-related 

morbidities in a dose-dependent manner. Each toxin exhibited similar activity when 

administered at protein equivalent doses and in all cases the primary mechanism of 

tumoricidal activity was increased apoptosis. While target-organ toxicity and efficacy 

were similar amongst the variants, IC-PrAg + LF, an engineered anthrax lethal toxin 

requiring co-localized activation by both MMPs and uPA, emerged as the best candidate 

exhibiting the highest MTD6 and the highest threshold for target-organ toxicity, while 

maintaining significant antitumor efficacy.  

While here we demonstrate that IC-PrAg + LF has significant antitumor activity towards 

B16-BL6 melanoma, it is relevant to note that a highly similar toxin combination, 

IC-PrAg + LF-HMAGG (a version of wildtype anthrax LF containing two non-native 
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amino acids, HM, at its N-terminus), has been recently shown to exhibit potent in vivo 

activity towards HN12, HN6, Hep2 and Cal27 head and neck squamous cell carcinomas, 

which is described in detail in Chapter 3 of this dissertation (122). Given the strong 

similarities between these two toxin combinations, it is highly likely that IC-PrAg + LF 

will also exhibit broad antitumor efficacy, and this expectation, paired with our current 

demonstration that effective doses can be administered that are far below the threshold 

for toxicity, supports the assertion that IC-PrAg + LF is a promising candidate for further 

development as an anti-cancer agent. Indeed, veterinary clinical trials are currently in 

progress evaluating IC-PrAg + LF as a treatment for naturally-occurring feline oral 

squamous cell carcinoma, presented in Chapter 4 of this dissertation. 
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Chapter 3:  
 

Efficient Treatment of Human Head and Neck 
Squamous Cell Carcinoma Xenografts 

by Systemic Administration of a 
Dual MMP/uPA-activated Anthrax Lethal 

Toxin 
 

 

 

 

This chapter contains content and figures taken from a previously published article in 
which the dissertation author was a primary contributing author: 

Schafer JM*, Peters DE*, Morley T*, Liu S, Molinolo AA, Leppla SH, Bugge 
TH. Efficient targeting of head and neck squamous cell carcinoma by systemic 
administration of a dual uPA and MMP-activated engineered anthrax toxin. 
(2011) PLoS One 6(5):e20532. *Authors contributed equally. 

 
 

Specific Experimental Contributions: 

All data was analyzed by, and all figures were prepared by, D.E.P 

In vitro cytotoxicity assays were performed by T.M. and S.L. (Data in Figures 3.1, 3.2, 3.3) 

In vivo xenograft trials were performed by J.M.S., T.M. and S.L. (Data in Figures 3.4, 3.5) 

In vivo xenograft trials, immunohistochemistry and quantification were performed by D.E.P. 
and A.A.M. (Data in Figures 3.6, 3.7) 

Proteins were expressed and purified by Rasem Fattah. 

S.L., S.H.L and T.H.B contributed to experimental design. 
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3.1 Abstract 

Head and neck squamous cell carcinoma (HNSCC) is the sixth most common cancer 

occurring worldwide by incidence. Although considerable progress has been made 

toward elucidating the etiology of this disease, the prognosis for individuals diagnosed 

with HNSCC remains poor underscoring the need for development of additional 

treatment modalities. HNSCC is characterized by the upregulation of a large number of 

proteolytic enzymes, including urokinase plasminogen activator (uPA) and an assortment 

of matrix metalloproteinases (MMPs) that may be expressed by tumor cells, by tumor-

supporting stromal cells, or by both. Here we have explored the use of an engineered 

anthrax lethal toxin requiring activation by the combined cell-surface activities of uPA 

and MMPs for the treatment of HNSCC. We have found that this dual MMP/uPA-

activated anthrax lethal toxin displays strong systemic antitumor activity towards four 

xenografted human HNSCC cell lines. Interestingly, the HNSCC cell lines were 

insensitive to the dual MMP/uPA-activated toxin when cultured in vitro, suggesting that 

either the toxin targets the tumor-supporting stromal cell compartment or that tumor cell 

reliance on ERK/MAPK signaling differs under in vivo and in vitro conditions. 

Ultimately, we demonstrate that a dual MMP/uPA-activated anthrax lethal toxin exhibits 

strong antitumor activity in multiple xenograft models of human HNSCC and is a 

promising candidate for further development as an anti-HNSCC agent. 
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3.2 Introduction 

With more than 500,000 new cases diagnosed each year, head and neck squamous cell 

carcinoma (HNSCC) represents the sixth most common cancer occurring worldwide 

(159). Although the risk factors and molecular pathways that underlie HNSCC 

development are now well-known, with conventional multimodal treatment the five-year 

survival rate following diagnosis has remained unchanged for many decades highlighting 

the relevance of developing novel therapeutics (22, 160-163). 

The overexpression, prognostic significance, and causal involvement of 

extracellular/pericellular proteases in the progression of HNSCC have been extensively 

studied (reviewed in (125, 164-166)). Multiple proteases are known to be expressed at 

very high levels by HNSCC tumor cells, stromal cells, or both, including: urokinase 

plasminogen activator (uPA), tissue plasminogen activator, matrix metalloproteinases 

(MMP)-1, -2, -3, -7,  -9, -10, -11, -13, and -14, cathepsins B, D, H, and L, kallikreins 5, 7, 

8, and 10, and matriptase (167-188). 

Strategies to therapeutically exploit the signature overexpression of proteolytic enzymes 

in cancer have mostly focused on inhibiting their enzymatic activity in order to blunt 

invasive and metastatic processes (150, 189, 190). More recently, however, strategies 

have been devised to generate tumor cytotoxic pro-drugs that are activated by specific 

tumor-expressed proteases (191-193). In this regard, we previously generated an 

engineered version of anthrax toxin that is activated by the combined cell-surface 

activities of uPA and MMPs, and we have shown that this toxin has greatly diminished 

off-target toxicity when compared to native anthrax toxin (121). This dual MMP/uPA-

activated toxin consists of two separate proteins: PrAg-L1-I210A, an engineered anthrax 
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protective antigen (PrAg) activated by MMPs, and PrAg-U2-R200A, an engineered PrAg 

that is activated by uPA. PrAg-L1-I210A and PrAg-U2-R200A also each harbor 

additional, but different, mutations in the anthrax lethal factor (LF) binding site that make 

heptamers composed of PrAg-L1-I210A alone or of PrAg-U2-R200A alone unable to 

bind LF. However, heptamers that are composed of a mixture of PrAg-L1-I210A and 

PrAg-U2-R200A can form functional LF binding sites through intermolecular 

complementation; we therefore refer to the combination of PrAg-L1-I210A and 

PrAg-U2-R200A as intercomplementing PrAg (IC-PrAg). 

Because MMPs and uPA are consistently overexpressed in human HNSCC, here we 

explored the potential use of IC-PrAg, in combination with LF, as a novel targeted 

treatment for this disease. Indeed, we found that systemic administration of this dual 

MMP/uPA-activated anthrax lethal toxin led to regression of several xenografted human 

HNSCC cell lines. Interestingly, the in vivo efficacy of the toxin was independent of the 

sensitivity of the cultured tumor cells to the toxin, suggesting that this toxin may inhibit 

tumor growth by targeting both the tumor cell compartment and the stromal cell 

compartment.  
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3.3 Materials and Methods 

3.3.1 Ethics Statement 

All animal work was performed in accordance with protocols approved by the National 

Institute of Dental and Craniofacial Research Animal Care and Use Committee (Animal 

Study Proposal Numbers: 09-523 and 10-585). 

3.3.2 Protein Purification 

Recombinant PrAgs (PrAg-WT, PrAg-L1-I210A and PrAg-U2-R200A) and cytotoxins 

(LF and FP59) were generated and purified as previously described (98, 121, 194). The 

LF used here has the non-native N-terminal sequence of HMAGG (93). 

3.3.3 Cell Culture 

Five human HNSCC cell lines were utilized in this study: Cal27, Hep2, HN6, HN12, and 

HN30 (195-197). All cell lines were cultured in a humidified 5% CO2 environment at 

37oC. Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen, 

Carlsbad, CA). 

3.3.4 In vitro Cytotoxicity Assays 

Cytotoxicity was assessed using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay in 96-well plates (198). Cells exhibiting ~40% 

confluence were incubated with serial dilutions of PrAg-WT (0-10 nM) or 

PrAg-L1-I210A + PrAg-U2-R200A (0-10 nM) in the presence of either FP59 (1.9 nM) or 

LF (5.5 nM) to a final volume of 200 μl per well. Cell viability was determined after 48 h 

for the FP59 assays, and 4 h for the LF assays. All assays were performed in triplicate 

and representative data are shown. 
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3.3.5 Animals 

Female Hsd:Athymic Nude-Foxn1nu mice (Harlan Laboratories Inc., Indianapolis, IN) 

between 4 and 6 weeks of age were used in this study. Animals were housed in a 

pathogen-free environment certified by the Association for Assessment and Accreditation 

of Laboratory Animal Care International. 

3.3.6 In vivo Tumor Xenograft Model 

Cells (9 x 105 per mouse) were injected in the mid-scapular subcutis. When tumors 

reached a volume of 50-100 mm3, the mice were divided into groups of ten mice with 

equivalent mean tumor sizes. Treatment was initiated on day 0. Mice received 

intraperitoneal (I.P.) injections of 500 μl PBS or PrAg-L1-I210A + PrAg-U2-R200A + 

LF in 500 μl PBS, respectively. Specific doses included: 25 μg PrAg-L1-I210A + 25 μg 

PrAg-U2-R200A + 17 μg LF (HN12 xenograft-bearing mice) or 20 μg PrAg-L1-I210A + 

20 μg PrAg-U2-R200A + 13 μg LF (Cal27, HN6 and Hep2 xenograft-bearing mice). 

Mice received five total injections on a Monday, Wednesday, Friday dosing schedule. At 

the time of treatment, an investigator unaware of the treatment group measured the 

longest and shortest tumor diameters with digital calipers (FV Fowler Company, Inc., 

Newton, MA). Tumor volume was estimated using the equation: V = (length in mm * 

(width in mm)2)/2 (130). The statistical significance of differences in tumor sizes and 

mouse weight were determined using the two-tailed Student’s t-test. 

3.3.7 Histopathological Analysis 

HN12 (n=5) and Hep2 (n=4) tumor-bearing mice were treated I.P. with 500 µL PBS or 

with 15 μg PrAg-U2-R200A + 15 μg PrAg-L1-I210A + 10 μg LF in 500 µL PBS on 

study days 0, 2 and 4. The mice were euthanized by CO2 inhalation 24 h after the last 
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injection. Tumors were excised, fixed in 4% paraformaldehyde for 24 hours, embedded 

in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). Sections with 

identifiable carcinoma cells on H&E were also stained with a monoclonal rabbit anti-

mouse CD31 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and a polyclonal rabbit 

anti-human Ki67 (Novocastra Laboratories, Ltd., Newcastle, UK). TUNEL staining was 

performed by Histoserv, Inc. (Germantown, MD). Images were captured using an Aperio 

T3 Scanscope (Aperio Technologies, Vista, CA) and were quantified using Aperio 

Imagescope Software (Aperio Technologies, Vista, CA) by a blinded investigator. 

Statistical significance of differences for necrosis, apoptosis, cellular proliferation and 

tumor vascularization were determined using the Student’s t-test, two-tailed, using 

GraphPad Prism software.   
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3.4 Results 

3.4.1 Expression of Anthrax Toxin Receptors by Human HNSCC Cells 

We first explored whether HNSCC cells express functional anthrax toxin receptors by 

exposing five human HNSCC cell lines, Cal27, Hep2, HN6, HN12, and HN30, to 

increasing concentrations of wildtype PrAg (PrAg-WT) in combination with 1.9 nM 

FP59 (Figure 3.1). FP59 is a fusion protein consisting of the N-terminal PrAg binding 

domain of LF coupled to the ADP-ribosylation domain of Pseudomonas aeruginosa 

exotoxin A. When translocated into the cytoplasm via PrAg, FP59 efficiently kills all 

cells by ADP-ribosylating elongation factor 2, resulting in inhibition of protein synthesis 

(94). We observed that this combination of PrAg-WT + FP59 killed all of the HNSCC 

cell lines with LD50s ranging from less than 7 to 400 pM, demonstrating the presence of 

functional anthrax toxin receptors. 

 

Figure 3.1: Human HNSCC cell lines express functional anthrax toxin receptors.  
Cal27 (blue), Hep2 (red), HN6 (green), HN12 (purple), and HN30 (orange) human HNSCC cell 
lines were incubated with varying concentrations of wildtype PrAg in combination with 1.9 nM 
FP59, an engineered cytotoxin. All cell lines tested exhibited dose-dependent lethality, 
demonstrating the presence of functional anthrax toxin receptors. Mean ± s.d. is plotted, n=4. 
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3.4.2 MMP and uPA Proteolytic Activity of Human HNSCC Cells 

To assess if the human HNSCC cell lines possess uPA and MMP proteolytic activity, we 

next exposed the five cell lines to FP59 in combination with increasing concentrations of 

IC-PrAg (PrAg-L1-I210A + PrAg-U2-R200A) (Figure 3.2). Three of the HNSCC cell 

lines (Cal27, HN6, HN12) were toxin sensitive (LD50s, 0.5 nM to 8 nM) demonstrating 

functional uPA and MMP expression, while the two other cell lines, Hep2 and HN30, 

were toxin resistant indicating the absence of uPA activity, MMP activity, or both. 

 

Figure 3.2: uPA and MMP proteolytic activity of human HNSCC cell lines.  
Cal27 (blue), Hep2 (red), HN6 (green), HN12 (purple), and HN30 (orange) human HNSCC cell 
lines were incubated with varying concentrations of IC-PrAg (PrAg-L1-I210A + PrAg-U2-
R200A) in combination with 1.9 nM FP59. Cal27, HN6 and HN12 cell lines were toxin sensitive, 
while Hep2 and HN30 cells were resistant to toxin even at the highest concentrations. Mean ± s.d. 
is plotted, n=4. 

3.4.3 In vitro Sensitivity of Human HNSCC Cells to Anthrax Lethal Toxin 

We next determined if the five HNSCC cell lines were sensitive to wildtype anthrax 

lethal factor (LF) when grown in culture by incubating them with 5.5 nM LF in 

combination with increasing concentrations of either PrAg-WT (Figure 3.3A) or IC-PrAg 

(Figure 3.3B). LF is a zinc metalloproteinase that once internalized, via PrAg binding, 

cleaves and inactivates mitogen-activated protein kinase kinases (MEKs) disrupting the 
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extracellular signal-related kinase (ERK)/mitogen activated protein kinase (MAPK) 

pathway (86-88). All five HNSCC cell lines remained viable when treated with either 

PrAg-WT + LF (Figure 3.3A) or IC-PrAg + LF (Figure 3.3B), demonstrating that these 

cell lines are not reliant on MEK/MAPK signaling activity for survival in culture.  

 

 

Figure 3.3: LF sensitivity of human HNSCC cell lines in vitro. Cal27 (blue), Hep2 (red), 
HN6 (green), HN12 (purple), and HN30 (orange) human HNSCC cell lines were incubated with 
varying concentrations of either wildtype PrAg (A) or IC-PrAg (B) in combination with 5.5 nM 
LF. All cell lines were resistant to LF cytotoxicity. Mean ± s.d. is plotted, n=4. 

3.4.4 In vivo Antitumor Efficacy of IC-PrAg + LF 

Cal27, Hep2, HN6, and HN12 HNSCC cell lines form solid tumors when xenografted to 

immunocompromised mice and were therefore suitable for assessing the in vivo efficacy 

of IC-PrAg in combination with LF. These four cell lines were transplanted 

subcutaneously in nude mice, solid tumors of 50-100 mm3 were allowed to form, and 

then mice were then treated with five intraperitoneal injections of intercomplementing 

anthrax lethal toxin, or with PBS as a control (Figure 3.4). 

A B 
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Figure 3.4: Treatment of HNSCC xenografts with systemic administration of 
intercomplementing anthrax lethal toxin. Nude mice bearing subcutaneous Cal27 (A), 
HN6 (B), HN12 (C), and Hep2 (D) HNSCC xenografts were treated with five intraperitoneal 
doses of PBS (black) or PrAg-L1-I210A + PrAg-U2-R200A + LF (color) at the time points 
indicated by red arrows. 10 mice were included in each treatment group. Data are expressed as 
mean ± s.e.m.; *, P <0.01, Student’s t-test, two-tailed. n=10 per treatment group. 

Cal27, HN6, and HN12 tumors were all efficiently treated with the toxin, consistent with 

the presence of both uPA and MMP activities in cell culture (Figure 3.4A-C). At 

treatment cessation, average tumor sizes in toxin-treated mice ranged from 0.6 to 26% of 

PBS-treated tumors. Interestingly, although Hep2 cells did not express uPA and/or MMP 

activity sufficient for toxin activation in culture, the Hep2 tumors were also treated 

efficiently in vivo with the average tumor size of toxin-treated mice being just 6% of the 
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average tumor size of PBS-treated mice at treatment cessation (Figure 3.4D). The greatest 

response to the dual MMP/uPA-activated anthrax lethal toxin was observed in HN12-

bearing mice, with complete regression observed in 40% of treated mice; these mice 

remained tumor-free when observed for up to one year after treatment cessation. 

The toxin was generally well tolerated. 2/40 of the toxin-treated mice died within the 

treatment period, whereas no death was observed in PBS-treated groups (P = n.s., 

chi-square test, two tailed). The largest weight loss in toxin-treated mice as compared to 

PBS-treated mice was observed at study day 11 in all trials (Figure 3.5). Excluding the 

mass attributed to tumor burden, the average body weight of all toxin treated mice was 

8.3 percent lower than the average body weight for all mice in PBS-treatment groups on 

study day 11 (P < 0.0004, Student’s t-test, two-tailed). 

 

Figure 3.5: Body weights of HNSCC xenograft-bearing mice treated with PBS or 
with intercomplementing anthrax lethal toxin. Data are expressed as mean ± s.d. n=10 
per treatment group. 
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3.4.5 Mechanism of Tumoricidal Activity 

We next examined the mechanistic basis for the potent systemic anti-HNSCC activity of 

IC-PrAg + LF in vivo. For this purpose HN12 cells (sensitive to IC-PrAg + FP59 in vitro) 

and Hep2 cells (insensitive to IC-PrAg + FP59 in vitro) were transplanted in nude mice, 

and established tumors were treated with three intraperitoneal doses of toxin or PBS. The 

tumors were excised at study day 5 (as per Figure 3.4) and histological sections were 

subjected to an unbiased quantitative histomorphometric analysis.  

3.4.5.1 HN12 Xenografts 

No tumor cells were identified in histological sections from 2/5 toxin-treated HN12 

tumors, demonstrating complete tumor regression in these samples. The three remaining 

toxin-treated HN12 tumors had a four-fold increase in necrosis when compared to PBS-

treated tumors (Figure 3.6A). Cell proliferation in viable areas of toxin-treated tumors 

was reduced twelve-fold, as determined by staining of the cell proliferation marker, Ki67 

(Figure 3.6B). In addition, vessel density was three-fold reduced (Figure 3.6C) and the 

apoptotic index was increased 13-fold (Figure 3.6D).  

3.4.5.2 Hep2 Xenografts 

Interestingly, unlike the case for the HN12 tumors examined above, IC-PrAg + LF 

exerted its antitumor effect in Hep2 tumors solely through increasing necrosis, which was 

found to be 13-fold increased (Figure 3.7A). Cell proliferation, vessel density, and 

apoptotic index were unaffected by toxin-treatment (Figure 3.7B-D).  
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Figure 3.6: Mechanism of antitumor activity in HN12 xenografts. Increased necrosis 
(A), decreased proliferation (B), decreased tumor vascularization (C), and increased apoptosis 
(D) were observed in HN12 xenografts treated with 3 I.P. doses of intercomplementing anthrax 
lethal toxin (purple bars, right panels) relative to PBS treated controls (black bars, left panels). 
Columns, mean; bars, s.d., *, P <0.05, Student’s t-test, two-tailed, n=5 per treatment group. In all 
cases, representative images are shown. Scale bars =100 µM. Arrows in panel D highlight 
examples of apoptotic nuclei.  

79 
 



 
Figure 3.7: Mechanism of antitumor activity in Hep2 xenografts. Increased necrosis 
(A) was observed in Hep2 xenografts treated with 3 I.P. doses of intercomplementing anthrax 
lethal toxin (red bars, right panels) relative to controls (black bars, left panels). No differences in 
proliferation (B), tumor vascularization (C) or apoptosis (D) were observed. Columns, mean; 
bars, s.d., *, P <0.05, Student’s t-test, two-tailed, n=5 per treatment group. In all cases, 
representative images are shown. Scale Bars; 100 µM. “N” in A and B indicates necrotic area. 
Tumor margins in A-C are indicated with dotted lines. Arrows in D highlight examples of 
TUNEL positive, apoptotic, nuclei.  
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3.5 Discussion 

Research over the last decade has led to the generation of several modified anthrax toxin-

based candidate compounds that exploit the signature overexpression of extracellular 

proteases by tumor cells and the cellular components of the tumor stroma to achieve 

tumor selectivity (98, 104, 105, 108, 114, 115, 117, 121, 124, 155, 199, 200). In the 

current study, we performed a comprehensive analysis of the suitability of one of these 

compounds: an intercomplementing anthrax lethal toxin, requiring dual MMP/uPA 

activation, for the treatment of HNSCC. A unique property of this toxin is its inclusion of 

no less than three specificity determinants: the requirement for cell surface uPA activity, 

co-localized MMP activity, and dependency upon the MEK/MAPK signaling pathway for 

survival (86, 121). 

Xenograft studies revealed that this dual MMP/uPA-activated anthrax lethal toxin 

displayed excellent systemic antitumor activity toward four separate HNSCC cell lines. 

Using a treatment regimen consisting of five intraperitoneal toxin injections, we achieved 

effects ranging from tumor stasis to complete tumor eradication, as defined by the 

absence of relapse in mice that were followed for up to one year after treatment cessation. 

A notable observation in the current study was that LF sensitivity in cell culture was not a 

predictor of the in vivo sensitivity of the tumor to the intercomplementing anthrax lethal 

toxin. Thus, although all four xenografts were efficiently treated with the combination of 

PrAg-L1-I210A + PrAg-U2-R200A + LF, none of these cell lines displayed sensitivity to 

this toxin combination in culture (Figure 3.3). This data suggests that cells grown in 

culture may be less reliant on the MEK/MAPK signaling pathway for survival than 

similar cells within the tumor microenvironment. 
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Additionally, presence of uPA and MMP proteolytic activity in HNSCC cell line cultures 

was also found to be a poor predictor of in vivo tumor sensitivity. Hep2 cells did not 

express sufficient cell surface uPA and/or MMP activity for functional IC-PrAg heptamer 

formation (Figure 3.2); however, Hep2 xenografts were treated efficiently by the toxin 

(Figure 3.4D). Two possible, and not mutually exclusive, explanations for this 

observation can be offered. First, the repertoire of cell surface proteases expressed by the 

tumor cells may differ in culture and in vivo. Secondly, the intercomplementing anthrax 

lethal toxin may exert its antitumor activity by targeting the cellular component of the 

HNSCC tumor stroma (tumor-associated inflammatory cells, fibroblasts, endothelial 

cells) (201). In direct support of the latter, we have previously shown that the sole MMP-

activated PrAg, PrAg-L1, in combination with LF can efficiently impair the growth of a 

xenografted immortalized ovarian cell line that was made genetically deficient in anthrax 

toxin receptors (105). 

The absence of correlation between in vivo efficacy and sensitivity of cultured HNSCC 

cell lines to the intercomplementing toxin raises interesting questions as to the potential 

for prescreening HNSCC patients for treatment. Based on our findings, assaying toxin-

sensitivity of cultured primary tumor cell explants may be of limited value.  However, 

determination of tumor cell and stromal cell uPA and MMP protein expression or 

enzymatic activity in resected tumors or needle biopsies may be a clinically useful 

predictor of treatment efficacy.  

Histological analysis of HN12 and Hep2 xenografts revealed markedly different effects 

of systemic PrAg-L1-I210A + PrAg-U2-R200A + LF treatment on the two tumor types. 

While toxin-treated HN12 xenografts displayed decreased proliferation, and increases in 
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both apoptotic and necrotic cell death, neither proliferation nor apoptosis was affected by 

toxin treatment of Hep2 xenografts. Rather, for Hep2 xenografts, the potent antitumor 

activity of the dual MMP/uPA-activated toxin was caused exclusively through induction 

of tumor necrosis. In light of the inability of cultured Hep2 cells to express sufficient uPA 

and MMP activity for cellular intoxication, it is tempting to speculate that tumor necrosis 

in Hep2 xenografts is induced by a vascular collapse caused by direct targeting of the 

tumor vasculature or other essential cellular components of the tumor stroma. 

The antitumor efficacy of PrAg-L1-I210A + PrAg-U2-R200A + LF, and tolerability at 

administered doses, highlight the therapeutic potential of this agent. Procedures for 

recombinant expression and purification of large quantities of anthrax toxins in avirulent 

strains of Bacillus anthracis and Escherichia coli are already established and will not 

represent an impediment to the therapeutic development of this toxin for treatment of 

HNSCC. Systematic animal toxicity studies further exploring the dose-limiting toxicities 

of this toxin combination have recently been performed demonstrating a clear therapeutic 

window for use in mice (discussed in Chapter 2 of this dissertation), and further 

veterinary clinical trials are currently in progress aimed to assess the feasibility of 

administering PrAg-L1-I210A + PrAg-U2-R200A + LF in naturally occurring feline oral 

squamous cell carcinoma (discussed in Chapter 4 of this dissertation). 

In summary, we have shown that a dual MMP/uPA-activated anthrax lethal toxin 

specifically targeting ERK/MAPK-dependent cells with high cell surface uPA and MMP 

activity holds promise as a novel candidate drug for the treatment of HNSCC. Future 

research towards the clinical development of this toxin is warranted.  
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Chapter 4:  
 

Activity of a Dual MMP/uPA-activated 
Anthrax Lethal Toxin in Naturally-occurring 

Feline Oral Squamous Cell Carcinoma: 
A Case Report 

 

 

 

 

This chapter contains currently unpublished materials, in which the dissertation author is 
a primary contributor. 

Peters D.E., Vitale Cross L., Liu S., Molinolo A.A., Leppla S.H., Bugge T.H. 
McNiel E. Effects of a dual MMP/uPA-activated anthrax toxin in feline oral 
squamous cell carcinoma Experiments in progress 
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4.1 Abstract 

IC-PrAg + LF is an engineered anthrax lethal toxin that requires co-localized activation 

by matrix-metalloproteinases (MMPs) and urokinase plasminogen activator (uPA). This 

toxin has been previously demonstrated to exhibit potent anti-tumor activity in xenograft 

models of human head and neck squamous cell carcinoma (HNSCC) (122). Here, we 

further explore the use of IC-PrAg + LF in a clinically relevant model of human HNSCC; 

naturally-occurring feline oral squamous cell carcinoma (OSCC). A Phase 0 veterinary 

clinical trial has been initiated, in which five cats with confirmed diagnoses of OSCC will 

be treated with 3 local, low-dose, administrations of IC-PrAg + LF. This trial is ongoing; 

however, initial findings are encouraging as the first patient had a measurable, 31%, 

reduction in tumor volume over the course of treatment with no evidence of toxin-

mediated adverse events.  
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4.2 Introduction 

Head and neck squamous cell carcinomas account for 5% of all cancer diagnoses 

worldwide (159), and the World Health Organization predicts that its incidence will 

continue to increase over the next several decades (202). While substantial advances have 

been made in understanding the risk factors and molecular pathways contributing to 

HNSCC development, the prognosis associated with this disease has improved only 

marginally since the 1970’s, with a 5-year survival rate hovering around 55% (22, 160-

163). As such, there is a clinical need for novel therapeutic agents that will both improve 

patient survival, as well as reduce treatment-associated morbidities. 

To this end, we have developed and characterized an engineered version of anthrax lethal 

toxin that is selectively activated within the tumor microenvironment (121). This agent, 

IC-PrAg + LF, requires co-localized activation by MMPs and uPA prior to exerting its 

cytotoxic effects (121), and we have previously demonstrated that it is both well-tolerated 

in mice and effective at treating human HNSCC xenografts (122). These data support that 

IC-PrAg + LF is a promising candidate for further development to address this unmet 

clinical need. 

We recognize, however, that while xenograft models are a standard in oncology drug 

development, that there are limitations with extrapolating results from this model system, 

and there are many examples of agents that exhibited remarkable anti-tumor efficacy in 

mice with much more modest efficacy in a clinical setting (203). Two of the main 

weaknesses of xenograft studies are that the disease is induced in an otherwise healthy 

animal and that the treated tumors are homogenous in nature (204-206). Utilizing a 
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spontaneous model of cancer in place of an implanted xenograft accounts for both of 

these deficiencies and may provide data with greater translational relevance (204, 205). 

In the case of human HNSCC, a naturally occurring veterinary cancer, feline oral 

squamous cell carcinoma (OSCC), is ideally suited for this purpose (206, 207). 

4.2.1 Feline Oral Squamous Cell Carcinoma 

Oral squamous cell carcinoma is the most common oral malignancy occurring in cats, 

accounting for 61% of all oral lesions, and up to 12% of total cancer diagnoses (207, 

208). Prognosis is grave for cats with this disease; and the mean survival time post-

diagnosis is only two months (209, 210). 

Feline OSCC mimics many aspects of human HNSCC. Both diseases exhibit high levels 

of local invasiveness characterized by osteolytic lesions (211, 212), they are frequently 

diagnosed at locally-advanced disease-stages where they are refractory to available 

treatments (10, 206), and they exhibit high rates of local recurrence directly contributing 

to patient mortality (213, 214). 

The regional distribution of OSCC in cats (51% gingival, 23% sublingual, 11% lingual 

(211)), is similar to that observed for human OSCC (20% gingival, 19% sublingual, 37% 

lingual (215)), and it is relevant to note that cats are the only species other than humans 

that frequently develop SCC of the tongue (206, 216).  

The similar regional distribution of OSCCs in cats and humans may be related to shared 

risk factors between these two populations. In humans, > 75% of cases of OSCC occur in 

conjunction with oral carcinogen exposure involving substances such as: tobacco, betel 

quid, areca nut and/or alcohol (217-219). In cats, it is hypothesized that oral carcinogen 
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exposure is also a key contributor to OSCC development (220). It has been proposed that 

feline grooming habits may lead to increased exposure of the oral cavity to environmental 

carcinogens, such as second hand smoke by-products or chemicals from flea collars, 

spurring malignant transformation (220-222). In support of this hypothesis, a recent study 

by McNiel et al., demonstrated that cats residing in households with smokers, had higher 

levels of tobacco-related carcinogens present in their urine (222). 

Due to the many commonalities between feline OSCC and human HNSCC, it is likely 

that advances made in the treatment of the feline disease may be relevant to the human 

condition As such, testing promising anti-OSCC therapeutic agents in felines may 

contribute to advances in both human and veterinary medicine. 

4.2.2 Phase 0 Clinical Trial 

Phase 0 clinical trials were introduced by the FDA in 2006 in response to the dismal 

success rate observed for oncology drug development (223, 224). This novel step in the 

drug development pathway allows for early testing of candidates in patients prior to 

critical investment points, such as full scale GMP production (224). Phase 0 studies rely 

upon the administration of “microdoses”, where a microdose is defined as a concentration 

that is 1/100th of a biologically active dose (223). Using these sub-therapeutic doses, first-

in human pharmacokinetics, pharmacodynamics and target localization can be explored 

prior to initiating Phase I toxicity testing, allowing for early validation of biomarkers and 

PK/PD assays (225, 226). 

Here we have initiated a Phase 0 veterinary clinical trial exploring the use of IC-PrAg + 

LF in feline OSCC. This trial is on-going, and data from the first completed patient is 

presented here. 
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4.2.3 Specific Aims 

This Phase 0 veterinary clinical trial was initiated to assess the suitability of IC-PrAg + 

LF for further clinical development. Specifically, it was designed to address the 

following, translationally relevant, questions: 

1. Is IC-PrAg + LF biologically active in feline OSCC tumors? In order to assess 

target localization and demonstrate proof-of-mechanism, we plan to monitor LF 

activity in patient biopsies. LF is a zinc-metalloprotease that cleaves mitogen-

activated protein kinase kinases (MAPKK). If IC-PrAg is activated within the 

tumor microenvironment, and LF is translocated into the cytoplasm, MAPKK 

cleavage may be increased in treated tumors even in the absence of a measurable 

anti-tumor effect. 

2. Do feline OSCCs express MMPs? and/or uPA? Biopsies will be profiled for 

MMP expression using gelatin zymography and for uPA expression using 

plasminogen-casein zymography 

3. Does low dose IC-PrAg + LF treatment result in a biologic effect? Pre- and post-

treatment biopsies will be analyzed for histological changes, including alterations 

in necrosis, apoptosis, proliferation and vessel density. Additionally, pre- and 

post-treatment imaging will be performed to accurately measure tumor volume. 

4. Are there any adverse consequences associated with low-dose IC-PrAg + LF 

treatment? Cats will be monitored by a veterinarian or resident throughout the 

treatment period in the event that toxin-mediated adverse events are observed.  
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4.3 Materials and Methods 

4.3.1 Animals 

This study is being conducted with approval from the Tufts University Cummings School 

of Veterinary Medicine Clinical Studies Review Committee, with informed owner 

consent. Eligible patients have: 1) A diagnosis of OSCC confirmed by histology or 

cytology, 2) No previous chemotherapy or irradiation and 3) A measurable tumor (with 

or without regional lymph node involvement). 

The following factors serve as exclusion criteria for this study: 1) Uncontrolled comorbid 

conditions likely to compromise the ability of the cat to complete treatment, or 2) Tumors 

inaccessible to biopsy, intratumoral injections, or other procedures. 

4.3.2 Dose Selection 

The dual MMP/uPA-activated anthrax lethal toxin, IC-PrAg + LF, has been studied 

extensively preclinically; however, no data exists regarding the toxicity of this agent in 

cats, healthy or otherwise. In order to minimize the risk of toxicity to the patient, we 

therefore elected to use a dose where we were reasonably certain that no harm would 

occur. We based our initial dose selection off of the preclinical toxicity trials presented in 

Chapter 2 of this dissertation. 

We have selected an absolute dose of 15 µg PrAg-L1-I210A + 15 µg PrAg-U2-R200A + 

10 µg LF. C57BL/6J mice treated with 6 I.P. administrations of toxin at this absolute 

dose had no identifiable gross or histological pathology. In terms of concentration, in 

mice this is a dose of 0.75 mg/kg PrAg-L1-I210A+ 0.75 mg/kg PrAg-U2-R200A+ 0.5 

mg/kg LF. Weight-adjusted for cats, this dose is approximately 0.00375 mg/kg 

PrAg-L1-I210A + 0.00375 mg/kg PrAg-U2-R200A + 0.0025 mg/kg LF.  
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Therefore, when body weight-scaled, the dose used in this trial is 200-fold lower than a 

non-toxic dose used in mice, and meets the FDA’s definition of a microdose (223, 227). 

4.3.3 Trial Design 

Cats will be recruited from the hospital population of the Foster Hospital for Small 

Animals (FHSA) at the Tufts University Cummings School of Veterinary Medicine, as 

well as from referring veterinarians. All cats will be examined by a veterinary oncologist, 

or resident, upon presentation to the FHSA and treatment options and prognosis are 

discussed. After obtaining informed owner consent, eligible cats will be treated with 3 

intratumoral injections of 15 µg PrAg-L1-I210A + 15 µg PrAg-U2-R200A+ 10 µg LF, at 

timepoints time points indicated in Figure 4.1. 

 

 

Figure 4.1: Phase 0 clinical trial design.  

Pre-/post-treatment biopsy and tumor imaging will be performed for all patients to assess 

changes in tumor size and composition, as well as to look for evidence of toxin activation 

within the tumor.  

Study Overview: Baseline 
assessment Treatment Final 

assessment 
 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 
EVALUATION F S S M T W Th F 
    Physical Exam X X X X X X X X 
    QOL* assessment X       X 
    Urine collection X       X 
    Thoracic radiograph X        
    Blood Draw X    X  X X 
    Staging CT X       X 
    Biopsy  X       X 
TREATMENT         
Engineered Anthrax Toxin   X  X  X  
*QOL = quality of life 
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We plan to enroll 5 cats in this initial Phase 0 trial. Two patients have already completed 

the study, and data from the first patient is presented here. 

4.3.4 Calculating Tumor Volume: Patient #1 

Transverse and sagittal cross-sectional images of the tumor were obtained using x-ray 

computed tomography (CT). Images were selected in which the lesion was observed to 

have maximal size, and the orthogonal diameters were measured. The length and height, 

as measured from the sagittal view, and width, as measured from the transverse view, 

were used for calculation. Tumor volume was estimated using an equation describing the 

volume of an ellipsoid (228): 

Tumor Volume (cm3) =  
4
3
𝜋 �

length (cm)
2

x
height (cm)

2
x

width (cm)
2

� 

 

4.3.5 Histology: Patient #1 

Pre- and post-treatment biopsies were collected, fixed in 4% paraformaldehyde for 24 

hours, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). 

Slides were reviewed by a certified pathologist blinded as to sample identity. 

Unstained sections were stained with a monoclonal rabbit anti-mouse CD31 (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) to examine blood vessel density, and with a 

monoclonal mouse anti-human Ki67 (Dako, Carpinteria, CA) to assess cellular 

proliferation. Images were captured using an Aperio T3 Scanscope (Aperio Technologies, 

Vista, CA) and were reviewed by a blinded investigator using Aperio Imagescope 

Software (Aperio Technologies, Vista, CA).  
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4.4 Case Report 

The first patient, Ginger, was a female, spayed, domestic shorthair cat who was 14-years 

old at the time of presentation to the FHSA in October of 2013. 

 

Figure 4.2: Patient #1, Ginger.  

Ginger was observed to have a large, sublingual tumor (Figure 4.3) that was rapidly 

increasing in size. This mass was impeding her ability to eat and drink normally at the 

time of diagnosis, and was also causing copious drooling. 

 
 

Figure 4.3: Gross photograph of Ginger’s OSCC. Selected anatomic structures are 
highlighted at right for orientation. Note the large size of the tumor mass, as well as its sublingual 
location. 
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Tumor biopsy confirmed the diagnosis of OSCC (Figure 4.4). In greater detail, Ginger’s 

tumor was a moderately differentiated squamous cell carcinoma, featuring characteristic 

irregular cords of pleomorphic, epithelial cells, which were aggressively infiltrating the 

underlying stroma. Some inflammation was associated with this invasion. 

 

Figure 4.4: Pre-treatment biopsy: H&E. On low magnification, note the presence of cords 
of epithelial cells invading into the fibrous, pink, stroma. On high magnification, observe 
pleomorphic cellular morphology and hyperchromatic nuclei within the tumor itself, as well as 
presence of inflammatory cells in the neighboring stroma. Scale bars are 500 µm (low 
magnification) and 50 µm (high magnification). 

After receiving informed owner consent, Ginger was treated with three intratumoral 

injections of 15 µg PrAg-L1-I210A + 15 µg PrAg-U2-R200A + 10 µg LF. Over the 

course of treatment, Ginger’s tumor mass was observed to decrease in size. This was 

visible by gross measurement (data not shown) and was also apparent on CT images 

(Figure 4.5). 
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Figure 4.5: X-ray computed tomography (CT) with contrast: sagittal and transverse 
views. Following treatment with three intratumoral injections of IC-PrAg + LF, tumor mass 
decreased and contrast distribution was altered.  
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Tumor volume was calculated from the CT images as described in the Materials and 

Methods. Ginger’s initial tumor volume was 2.7 cm3, and this decreased to 1.9 cm3 

following treatment, a total reduction of 31%. This reduction in primary tumor mass was 

associated with an improvement in quality of life as Ginger’s drooling resolved and, 

following administration of subcutaneous fluids, her hydration state was restored. 

Interestingly, treatment with IC-PrAg + LF was observed to alter the distribution of 

contrast agent within the tumor. Relative to the pre-treatment CT, the treated tumor 

appeared to take up more contrast agent (radiopaque, white) and had a smaller central 

radiolucent (black) region (Figure 4.5). We hypothesize, that this may be a result of 

increased vascular leakage in the treated tumors, resulting from direct cytotoxicity to 

vascular endothelial cells. This hypothesis is supported by previous data, showing that the 

closely related MMP-activated toxin, PrAg-L1 + LF-HMAGG, has direct anti-

vasculature effects (105, 107, 124, 200). An anti-vessel effect was also observed when 

HN12 HNSCC xenografts were treated with IC-PrAg + LF (122). 

Post-treatment biopsy demonstrated that the effect of the toxin treatment was highly 

localized. Focal regions of necrosis were identified (Figure 4.6D) alongside, regions of 

proliferating, infiltrating tumor cells (Figure 4.6B, E). Accordingly, this tumor would be 

expected to re-grow. 

Lastly, unlike the pre-treatment biopsy (Figure 4.4), the post-treatment biopsy had an 

ulcerated surface and contained extensive granulation tissue, featuring proliferating 

angioblasts in a background of neutrophilic inflammation (Figure 4.6C, F). 
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Figure 4.6: Post-treatment biopsy: H&E and immunohistochemistry. Intratumoral 
IC-PrAg + LF treatment resulted in a localized anti-tumor effect. Regions of viable cancer cells 
(B), areas of granulation tissue (C), and regions of necrosis (D) were readily identifiable. 
Widespread neutrophilic inflammation was present throughout the tumor. Note the presence of 
increased numbers of inflammatory cells in panels B-D. (E-G) Immunohistochemistry was 
performed to assess proliferation, Ki67 (Brown), and vessel density, CD31 (Green). In sections 
with viable cancer cells, proliferation was observed in cells at the invasive front (E). (F) 
Granulation tissue featuring proliferating angioblasts (wispy green cells with brown nuclei) and 
abundant brown neutrophils (**false positive). Scale bars (A) 1 mm, (B-G) 100 µm. 

**When performing this staining, I observed substantial cross-reactivity with neutrophils 
indicating that their endogenous peroxidase activity was not adequately quenched. Many of the 
DAB-positive (brown) cells in panels F-G are neutrophils, which can be verified by assessing 
their cellular morphology on H&E. These cells are not Ki67 positive, and are not proliferating. 
Instead they are directly cleaving the chromogenic substrate resulting in a false positive signal.   
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Ginger was euthanized on 12/31/2013, due to advanced local disease progression and 

diminished quality of life. Time from diagnosis to euthanasia was approximately 2.5 

months, which is near average survival for this aggressive, rapidly progressing disease. 

4.5 Preliminary Conclusions 

Bearing patient safety in mind, a very low microdose was selected for this first-in-patient 

trial, therefore, the fact that a measurable, 31%, reduction in tumor volume was achieved 

was quite unexpected and highly encouraging. 

This anti-tumor effect was observed to be localized in nature, which is not unexpected 

given the route of administration and mechanism of action of this toxin system. 

Following injection, PrAg-L1-I210A and PrAg-U2-R200A will bind to ubiquitously 

expressed cell-surface receptors. When a small quantity of toxin is administered 

intratumorally, it is likely that the toxin will be fully bound by receptors near the injection 

site, limiting its diffusion to a broader area. 

Inferring from the observed anti-tumor response, it appears that some feline OSCC 

tumors express both MMPs and uPA. The MMP and uPA expression status of feline 

OSCCs has never been reported in the literature, and we plan to explore this further by 

profiling tumor biopsies for presence of MMP and uPA activities.  

Prior to drawing any formal conclusions from this trial, we await the data for the four 

remaining patients; however, we are cautiously optimistic. We have identified that locally 

effective doses of IC-PrAg + LF can be administered without adverse effects, and it may 

be possible that with increasing local concentrations a reduction in primary tumor burden 

may be achieved that confers a significant survival benefit. 
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Chapter 5:  
 

Key Findings, Implications 
& Future Directions 

 

 

 

 

This chapter contains currently unpublished materials and pilot studies in which the 
dissertation author was a primary contributor to both experimental design and execution. 

 

 

 

Specific Experimental Contributions: 

Toxicity studies were performed by D.E.P. (Data summarized in Figure 5.1) 

Survival studies were performed by D.E.P. (Data in Figure 5.2) 

In vitro SCCF1 cytotoxicity assays were performed by D.E.P. (Data in Figure 5.3) 

Proteins were expressed and purified by Rasem Fattah. 
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5.1 Summary of Key Findings 

The research in this dissertation was performed in an effort to assess the potential for 

utilizing tumor-targeted versions of anthrax lethal toxin to treat head and neck squamous 

cell carcinoma; a disease for which there is unmet clinical need in both veterinary and 

human patient populations. Previously, three separate engineered variants of anthrax 

PrAg had been designed, which required activation by tumor-overexpressed proteases. 

These included: PrAg-L1 (MMP-activated), PrAg-U2 (uPA-activated) and IC-PrAg (dual 

MMP/uPA-activated) (98, 108, 121). When co-administered with various cytotoxins, 

each of these engineered PrAgs had been previously demonstrated to exert antitumor 

activity in multiple preclinical models of cancer (105, 107, 115, 117, 118, 121-123). 

However, these early efficacy experiments varied not only in cytotoxin identity and 

treated indication, but also in dose route and treatment schedule, and these differences in 

experimental design made it difficult to retrospectively assess the suitability of each 

variant for further development. 

In Chapter 2 of this dissertation in-depth toxicity profiling and head-to-head efficacy 

studies were performed directly comparing PrAg-L1, PrAg-U2 and IC-PrAg, when co-

administered systemically with wildtype anthrax lethal factor, LF. IC-PrAg + LF was 

identified as the optimal lead candidate, as this toxin combination had the highest MTD6, 

as well as the highest threshold for target-organ toxicity, while it maintained equal 

effectiveness in treating B16-BL6 melanoma syngrafts. 

Expanding upon this finding, in Chapter 3 IC-PrAg + LF was tested for preclinical 

efficacy using 4 separate human HNSCC cell lines both in vitro and in vivo. While only 3 

of 4 cell lines were toxin sensitive in vitro, remarkable toxin sensitivity was observed for 
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all 4 cell lines when grafted to nude mice. The greatest antitumor response was observed 

in HN12 xenografts, where 40% of tumor-bearing mice had complete tumor regression 

following 5 I.P. doses of IC-PrAg + LF; this regression was observed to persist for a one-

year follow-up period. 

The striking pre-clinical anti-HNSCC efficacy demonstrated in Chapter 3 has now been 

translated to a veterinary clinical setting. In Chapter 4, a case report is presented for the 

first feline oral squamous cell carcinoma patient who has completed a Phase 0 veterinary 

clinical trial exploring the effects of three, low-dose, intratumoral injections of IC-PrAg + 

LF. While this trial is still in progress, initial findings are highly encouraging. Despite 

treatment with a microdose selected to minimize risk, this first patient exhibited a 

measurable 31% reduction in tumor volume. 

5.2 Implications of Current Work 

The work presented in this dissertation spans from early preclinical toxicology 

(Chapter 2), to preclinical syngraft and xenograft models of efficacy (Chapters 2 and 3), 

to initial clinical studies in a veterinary patient population (Chapter 4). All of the findings 

reported herein support the conclusion that a dual MMP/uPA-activated anthrax lethal 

toxin, IC-PrAg + LF, is a suitable candidate for further development as an anti-HNSCC 

agent. Furthermore, the observed antitumor efficacy in a naturally-occurring, 

heterogeneous, feline OSCC tumor is suggestive that this toxin may also have therapeutic 

potential in its highly similar human counterpart. 
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5.3 Future Directions 

Our goal is to pursue the clinical development of IC-PrAg + LF as a treatment for human 

HNSCC. Accordingly, I would suggest that future research be focused in the following 

three areas: 1. Characterization of mechanisms underlying IC-PrAg + LF toxicities, 2. 

Continued exploration of IC-PrAg + LF in feline OSCC, and 3. Prediction, and 

circumvention, of unique challenges facing translation of IC-PrAg + LF to a human 

clinical setting. 

5.3.1 Characterizing Mechanisms Underlying IC-PrAg + LF Toxicity 

In the course of performing the comparative toxicity studies reported in Chapter 2, we 

identified several toxicities associated with systemic IC-PrAg + LF administration. 

Further exploring the mechanisms underlying these toxicities may be relevant as we 

attempt to translate this toxin for use in other mammalian species.  

5.3.1.1 Identifying the Cellular Target of IC-PrAg + LF GI Toxicity 

We first identified that six intraperitoneal (I.P.) or intravenous (I.V.) doses of IC-PrAg + 

LF resulted in dose-limiting gastrointestinal (GI) toxicity. This toxicity progressed in a 

dose-dependent manner, as summarized in Figure 5.1.  

Interestingly, strikingly similar toxicities have been reported in mice treated with non-

lethal doses of PrAg-WT + LF (155, 158).   

The GI toxicities observed with either IC-PrAg + LF or PrAg-WT + LF administration 

have an interesting presentation, including changes suggestive of direct smooth muscle 

toxicity (155) and/or direct epithelial toxicity (158). (This is discussed in greater detail in 

Section 2.5, Page 62) 
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Figure 5.1: Summary of the dose-dependent GI toxicity observed following 6 I.P. 
administrations of IC-PrAg + LF. 30 µg IC-PrAg + 10 µg LF was the NOAEL (no observed 
adverse effect level) for the dual MMP/uPA-activated anthrax lethal toxin. As doses were 
increased above this threshold, the first observed pathology was a mild dilation of the small 
intestine observed on gross necropsy, with no other abnormalities. Doses exceeding 45 µg 
IC-PrAg + 15 µg LF were associated with focal to diffuse changes in GI histology as well as 
dose-dependent peritonitis. At the highest doses, severe fibrinous peritonitis and segmental GI 
tract hemorrhage (affecting the small intestine (2) and cecum (3)) were routinely identified. Also, 
note the presence of a full stomach (1) and empty colon (4), suggestive of reduced GI motility. 

Identifying the cellular target(s) of IC-PrAg + LF mediated GI toxicity, and the order in 

which they occur, is relevant. This knowledge could directly contribute to patient 

monitoring protocols, for example, if GI smooth muscle damage is expected to occur 

first, addition of procedures such as auscultation of bowel sounds or blood work to detect 

electrolyte abnormalities and/or muscle injury markers, may allow for the earliest 

detection of adverse events.  

One way to begin to assess the order in which these toxicities arise, would be to look for 

evidence of functional deficiencies occurring prior to the onset of histological changes in 
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villous structure. An assay that could be used for this purpose is activated charcoal 

gavage (229). This is a straightforward functional assay, in which mice are challenged 

with an oral dose of charcoal followed by euthanasia at a set interval, typically 30-60 

minutes following challenge. The distance that the charcoal has traversed through the 

small intestine can be measured and a GI motility ratio is calculated by comparing the 

charcoal transit distance to the small intestinal length. If IC-PrAg + LF treatment results 

in direct smooth muscle toxicity, it may be possible to detect reduced charcoal transit in 

this functional assay at doses below those where histological changes are first seen.  

5.3.1.2 IC-PrAg + LF Thrombocytosis 

Complete blood count analysis revealed that mice treated with 6 I.P. doses of IC-PrAg + 

LF, exhibited a dose-dependent increase in absolute platelet count (Figure 2.12). This 

thrombocytosis appeared to be relatively mild; at the highest toxin concentration 

administered there was approximately a 33% increase in absolute platelet count relative 

to control mice; however, this elevated value still fell within the normal reference range 

reported for laboratory mice (230). The clinical relevance of this observation is unclear, 

but it is reasonable to keep this in mind as IC-PrAg + LF is developed further. Platelet 

count should likely be monitored throughout treatment, and co-administration of a 

prophylactic anti-coagulant, such as aspirin, may be indicated to reduce risk of blood 

clots, the primary complication associated with elevated platelet levels. 

5.3.1.3 Exploring PrAg-alone Toxicity 

Lastly, and unexpectedly, it was observed that high intravenous doses of the engineered 

PrAgs without cytotoxin, resulted in lethality. Individually, anthrax protective antigen 

(PrAg) is considered to be a non-toxic entity, functioning primarily as a receptor to 
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mediate transport of the enzymatically active components, lethal factor (LF) and edema 

factor (EF), into the cytoplasm. It was therefore surprising to discover that high 

intravenous doses of PrAg-L1 alone, PrAg-U2 alone or IC-PrAg alone caused 40%, 25% 

or 20% lethality, respectively (Figure 5.2). 

 

Figure 5.2: Lethality associated with high I.V. doses of engineered PrAgs alone. 
Kaplan-Meier survival curves for mice treated with six, high-dose, I.V. injections of engineered 
PrAg variants alone, or in combination with the enzymatically dead cytotoxin LF-E687A. 

5.3.1.3.1 PrAg-alone Toxicity: Implications and Relevance 

Importantly, the dose where PrAg-alone toxicity was observed for each of the engineered 

variants was well-above doses where they would be lethal when combined with LF, thus 

PrAg-alone toxicity should not be viewed as a limitation for utilizing this technology in 

its current form.  

Additionally, while scarce, occasional reports of PrAg-WT alone toxicity have been 

made in the literature both in in vivo (231) and in vitro (232-234). Salles et al., performed 

extensive characterization on a PrAg-WT alone cytotoxicity that they identified in a 

mouse macrophage cell line overexpressing ANTXR1 (RAW264.7ANTXR1). When these 

RAW264.7ANTXR1 cells were incubated with PrAg-WT alone, 70% cell death was 
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observed. Using a variety of ANTXR1 and PrAg mutants, Salles et al. defined the 

requirements for PrAg-alone toxicity in this system, demonstrating that ANTXR1 

receptor binding, PrAg cleavage, PrAg oligomerization and endosomal acidification were 

all required for this toxicity to occur (232). This suggested that stabilized PrAg pore 

formation on the endosomal membrane caused cell death, potentially by altering ion 

conductance, osmolarity and/or cytoplasmic pH, triggering apoptosis. 

If the PrAg-alone toxicity incurred with administration of our engineered PrAgs in vivo is 

similar to that reported by Salles and colleagues in vitro, proteolytic activation of the 

engineered PrAgs would be an absolute requirement (232). As such, this “toxicity” would 

actually still be targeted to the desired cell population, and selective toxicity to cells 

expressing MMPs and/or uPA would be expected. 

5.3.2 Continued Exploration of IC-PrAg + LF in Feline OSCC 

In addition to further characterizing the toxicities associated with IC-PrAg + LF, we plan 

to continue exploring its therapeutic application in feline OSCC. 

5.3.2.1 Feline OSCC: Preclinical Studies 

As discussed in Chapter 4 of this dissertation, a Phase 0 veterinary clinical trial is 

currently in progress evaluating low-dose intratumoral administration of IC-PrAg + LF, 

in spontaneously occurring feline OSCC. Simultaneously, with this initial clinical 

evaluation, we are performing in vitro and preclinical in vivo studies to add support to the 

data obtained in this trial. 
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SCCF1 is a well-characterized immortalized feline OSCC cell line that was originally 

derived from a laryngeal SCC (235). A tagged variant of these cells, SCCF110YFPLuc, 

has been shown to form solid tumors in mice when implanted subcutaneously (207). 

We plan to assess both the in vitro and in vivo sensitivity of the SCCF1 cell line to 

IC-PrAg + LF. One advantage of using this preclinical model system is that we will be 

able to assess the sensitivity of transplanted tumors to both local and systemic toxin 

administration, which is not yet possible in the feline patients due to lack of toxicity data 

in cats. 

5.3.2.1.1 SCCF1 in vitro Profiling 

5.3.2.1.1.1 Sensitivity of SCCF1 cells to anthrax lethal toxin 

I have assessed the in vitro sensitivity of SCCF1 cells to IC-PrAg in combination with 

either wildtype LF or FP59, an engineered fusion protein composed of the N-terminal 

binding domain of LF coupled to the catalytic domain of Pseudomonas aeruginosa 

exotoxin A (77). Specifically, 50E5 SCCF1 cells were seeded per well in 96 well-plates 

and cells were allowed to grow overnight. The next day, LF or FP59 was added and 

plates were incubated at 37ºC for either 3.5 hours (LF) or 48 hours (FP59). Cell viability 

was then determined using an MTT assay, as described in Appendix AI.7. 

I observed that similar to the human HNSCC cell lines described in Chapter 3, 

Figure 3.3B, the SCCF1 cell line was also resistant to the combination of IC-PrAg + LF 

in vitro (Figure 5.3A) demonstrating that these cells are not reliant upon the MEK/MAPK 

signaling pathway for survival in culture. 
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Figure 5.3: Toxin sensitivity of the feline OSCC cell line, SCCF1, in vitro. SCCF1 cells 
were incubated with wildtype PrAg (black), MMP-activated PrAg-L1 (purple), uPA-activated 
PrAg-U2 (orange) or dual MMP/uPA activated IC-PrAg (green), in combination with varying 
concentrations of LF (A) or FP59 (B). PrAg-XX and cytotoxin concentrations were optimized to 
elicit a sigmoidal concentration response curve. For LF assays, a constant concentration of 1000 
ng/mL PrAg was used. For FP59 assays, a constant concentration of 50 ng/mL PrAg was used. 
Mean ± s.d. is plotted. 

The SCCF1 cells were sensitive to IC-PrAg when paired with FP59 (Figure 5.3B), 

demonstrating the presence of anthrax toxin binding receptors and expression of both 

MMPs and uPA by this cell line. Interestingly, the SCCF1 cells were found to be equally 

sensitive to MMP-activated PrAg-L1 and uPA-activated PrAg-U2, in combination with 

FP59, having IC50s of 0.10 ng/mL and 0.34 ng/mL, respectively (Figure 5.3B). This is a 

somewhat unusual observation, suggesting that the SCCF1 cells have similar levels of 

MMP and uPA activity. 

SCCF1 cells were found to be less sensitive to the combination of IC-PrAg + FP59 than 

to either PrAg-L1 + FP59 or PrAg-U2 + FP59 (Figure 5.3B). This is consistent with the 

mechanism of action of these toxins. A native PrAg-WT heptamer can bind and 

translocate up to 3 molecules of LF/EF/FP59, and it is expected that PrAg-U2 and 
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PrAg-L1 heptamers would have similar binding and translocation efficiencies (79). 

However, in order for IC-PrAg to bind and internalize LF/FP59, its two separate 

constituent proteins PrAg-U2-R200A and PrAg-L1-I210A must form mixed heptamers, 

and these mixed heptamers are expected to contain some mutated binding sites that will 

bind to ligand less efficiently, resulting in reduced cytotoxin internalization (121). 

Because SCCF1 cells express anthrax toxin receptors and have both MMP and uPA 

proteolytic activities when grown in culture, I predict that SCCF1 xenografts will be 

sensitive to IC-PrAg + LF treatment in vivo. Every cell line that we have tested to date, 

that has both expressed anthrax toxin receptors and had activating proteolytic activities in 

vitro, has been found to be sensitive to toxin treatment when grown in vivo. Examples of 

cell lines fitting these criteria include: Colo205 colon carcinoma (105), A549 lung 

carcinoma (105), HT144 melanoma (105), LL3 Lewis lung carcinoma (105), HeLa 

cervical adenocarcinoma (unpublished), and HN6, HN12 and Cal27 human HNSCC 

(122). 

Importantly, the expression of functional anthrax toxin receptors and/or activating 

proteases by tumor cells is not an absolute requirement for in vivo sensitivity. This has 

been shown for Hep2 xenografts (122), which lack an activating protease in culture, and 

also for CHO PR230 xenografts (105, 198), which are deficient in anthrax toxin 

receptors. While both of these cell lines were resistant to in vitro toxicity, they were still 

effectively treated in vivo, demonstrating that the engineered toxins exert some of their 

anti-tumor effects by targeting other cells within the tumor microenvironment, possibly 

proliferating vascular endothelial cells (105). 
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5.3.2.1.2 SCCF1 in vivo Tumor Models 

5.3.2.1.2.1 Subcutaneous Xenograft 

SCCF1 xenografts will be used to compare local versus systemic administration of 

IC-PrAg + LF. I am currently performing serial transplants of SCCF1 tumors in nude 

mice (Method AI.10) to establish a cohort with consistent tumor growth. Following our 

original xenotransplantation of the SCCF1 cells from culture, tumor growth was slow and 

10 months after our initial injection only 10% of mice (4/40) had growing tumors, each of 

which was smaller than 5 mm in length. Serial transplantation has accelerated this 

process greatly; and subsequent transplants have required 4 and 2 months, respectively, to 

achieve tumor sizes exceeding 1 cm.  

We plan to establish a xenograft cohort of 40 mice, distributed into the following 

experimental cohorts: 10 intratumoral (I.T.) PBS, 10 intraperitoneal (I.P.) PBS, 10 I.T 

IC-PrAg + LF and 10 I.P. IC-PrAg + LF. The absolute dose utilized in this trial will be 

the same as that employed in our Phase 0 veterinary clinical trial: 30 µg IC-PrAg (15 µg 

PrAg-L1-I210A + 15 µg PrAg-U2-R200A) + 10 µg LF. We also plan to use the same 

treatment regimen, 3 total doses on a M,W,F schedule with tumor harvesting 24-48 hours 

after the third dose. Immunohistochemical and molecular analysis of treated xenografts 

will be used to support findings from the Phase 0 veterinary clinical trial.  

One thing that we are interested in exploring with this xenograft model is the effect of 

IC-PrAg + LF on tumor vascularization. The first veterinary patient, Ginger, was 

observed to have changes in the contrast distribution within her tumor following 

treatment and we speculate that this may have resulted from a toxin-mediated anti-vessel 

effect and subsequent vascular leakage. It will therefore be interesting to see if the tumor 
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vasculature is impacted in the SCCF1 model of feline OSCC. We plan to explore this 

using CD31 immunohistochemistry, which labels all blood vessels, in combination with 

administration of a dye, such as DiI; a lipophilic carbocyanine dye, that allows for 

selective visualization of patent blood vessels (236). 

5.3.2.1.2.2 Lingual Orthotopic Implant 

In parallel with establishing a subcutaneous xenograft cohort, we also plan to generate 

SCCF1 lingual orthotopic implants. This would be a new model of oral squamous cell 

carcinoma, which may be particularly relevant as cats are the only species other than 

humans where lingual OSCCs are frequently observed (206, 216). 

5.3.2.2 Feline OSCC: Phase 0  Phase I/II 

Given the anti-tumor response observed in the first treated veterinary patient, we are 

cautiously optimistic that IC-PrAg + LF has potential for use in the treatment of feline 

OSCC. Therefore, we are very interested in pursuing further veterinary clinical 

development. 

An appropriate next step may be initiating a trial with local dose-escalation. This strategy 

may allow us to identify an optimal intratumoral toxin concentration; a concentration 

where maximal anti-tumor efficacy is achieved in the absence of undesirable features 

such as rapid necrosis or ulceration. From this target intratumoral concentration, we could 

then begin to extrapolate the minimum systemic concentrations required to achieve this 

level of exposure. This type of analysis may assist in selecting doses for initial systemic 

toxicity testing. 
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5.3.3 Challenges with Clinical Development 

Finally, as with any novel therapeutic agent, IC-PrAg + LF has unique features that will 

influence the strategy employed during its pre-clinical and clinical development, and it 

will be important to consider these factors early in order to maximize its potential for 

success. 

5.3.4 Clinical Transition: Logistics  

Large-scale production is often a stumbling block for biologic agents; however, in this 

case full-scale GMP production has already been optimized and implemented to produce 

the uPA-activated toxin, PrAg-U2 + FP59 (Dr. Arthur Frankel, personal communication). 

Therefore, scale-up of IC-PrAg + LF is not expected to pose a hurdle for further 

development. 

While production seems readily achievable, perhaps more challenging is the fact that 

IC-PrAg + LF is composed of three individual proteins. While we predict that each of 

these component proteins would be non-toxic when used in a therapeutic range, the FDA 

would likely require full Phase I toxicity testing for each individual component (per the 

FDA Guidance for Industry “Codevelopment of Two or More New Investigational Drugs 

for Use in Combination” (237)). If required, this increase in clinical trial costs at an early 

stage in development may prove to be a hinderance when identifying potential investors. 

Of course, the increased complexity of this system is balanced by the fact that it enables 

addition of multiple specificity determinants, and the benefits may be deemed to 

outweigh the costs for IC-PrAg + LF.  
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5.3.5 Clinical Transition: Pharmacological Considerations 

Specific considerations will need to be made with regard to the pharmacology of IC-PrAg 

+ LF. Since this is a multi-component protein based system there is inherent complexity; 

however, because the mechanism of action is well understood it should be possible to use 

this knowledge of the underlying biology to inform experimental design. This is 

discussed in greater detail below, with specific emphasis on pharmacokinetic analysis, 

dose scaling and immunogenicity. 

5.3.5.1 Nontraditional Pharmacokinetics 

When developing biologic agents pharmacokinetic analysis is often challenging, and 

IC-PrAg + LF is no exception to this trend (238). Following administration, 

PrAg-L1-I210A and PrAg-U2-R200A will bind to their widely distributed receptors, 

ANTXR1 and ANTXR2. This is followed by localized activation at the cell-surface by 

MMPs or uPA, proteases with limited expression on a subset of cells. If PrAg-L1-I210A 

and PrAg-U2-R200A receptor binding is similar to their parent protein, PrAg-WT, they 

would be expected to bind to their receptors quickly, with high affinity, and to dissociate 

at a much slower rate (239). Furthermore, PrAg turnover would be predicted to be fastest 

in tissues where proteolytic processing occurs, as proteolytic cleavage triggers heptamer 

formation which in turn initiates complex internalization (240).  

Modeling the pharmacokinetics of IC-PrAg + LF, based upon PrAg, would therefore 

involve a minimum of two turnover rates, slow (non MMP/uPA-expressing cells) and fast 

(MMP/uPA–expressing cells). These rates would be influenced by both receptor 

distribution and protease expression. While receptor distribution may be similar across 

normal persons, tumor burden may alter receptor concentrations in unpredictable and 
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significant ways. Similarly, protease distribution is known to vary with certain disease 

conditions, such as with wounds, and presence of these conditions concurrent with the 

cancerous state would further complicate pharmacokinetic analysis. 

For the above reasons, I believe that it will be challenging to estimate either the total 

quantity of PrAg bound to the cell-surface, or the amount of active PrAg in regions of 

interest, based upon circulating PrAg levels. Furthermore, if steady-state concentrations 

of circulating IC-PrAg were to be achieved, this would likely represent a situation where 

ANTXR1/ANTXR2 receptors are saturated; a state that would likely be associated with 

unacceptable toxicity as it would be expected to maximize the risk of off-target toxicity 

to non-tumor tissues. That said, it is possible that blood concentrations of the co-

administered cytotoxin, in this case LF, may be an accurate predictor of both biologic 

activity and clearance rate.  

LF is reportedly able to bind to both monomeric and oligomeric forms of PrAg; however, 

it only binds to PrAg following proteolytic activation (i.e. conversion of PrAg 83  

PrAg 63) (241, 242). Some PrAg-WT can be cleaved within the bloodstream leading to 

binding and sequestration of LF, and thus a PrAg-dependent reduction in circulating LF 

levels independent of cellular internalization/biologic activity (243). Importantly, this 

does not appear to be the case for the PrAg mutants. Neither PrAg-U2 nor PrAg-L1 is 

cleaved in circulation (105, 243). While IC-PrAg has not yet been tested, if it is also 

cleaved selectively at the cell-surface, then theoretically all (or most) LF binding will 

occur at the cell surface, and consequently all LF that is cleared in a PrAg-dependent 

manner would be internalized by host cells. It is therefore plausible that measurement of 
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circulating LF levels may be useful to estimate the proportion of IC-PrAg that is activated 

at the cell surface.  

To my knowledge, the pharmacokinetics of LF have not been studied in parallel with 

administration of the mutant PrAg proteins. In order to explore the predictive capacity of 

circulating LF levels, it will first be necessary to evaluate the non-PrAg-dependent 

clearance/degradation of LF from the body. Following, determination of this background 

clearance level, further studies could be performed evaluating LF clearance in both 

normal (slow clearance predicted) and tumor-bearing (fast clearance predicted) states. 

Additionally, preclinical studies evaluating how LF concentrations are impacted with co-

morbidities, such as with both a tumor and a wound, would be possible. These types of 

analyses may be easiest to model in the rat, where xenograft/syngraft tumor models have 

been increasing in popularity (244), and where serial blood draws are permissible. 

With regard to pharmacokinetics and drug distribution, it is important to bear in mind that 

this dissertation research demonstrated anti-tumor efficacy through use of two separate 

models of cancer: xenograft models of human HNSCC and syngraft models of murine 

melanoma. While syngraft modeling is advantageous relative to xenograft modeling, 

allowing for testing of experimental agents in mice with intact immune systems, both of 

these model systems are limited in that they involve the growth of externally maintained 

cells in a non-native environment. The physiologic interactions between the tumor cells 

and stroma that drive spontaneous cancer formation are not preserved, and differences in 

tumor cell heterogeneity, tumor vascularization, capillary permeability and tumor 

interstitial pressure would be expected (245, 246). For these reasons, syngraft and 

xenograft models are unlikely to accurately model the delivery and distribution of an 
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experimental agent within a naturally occurring tumor, and these model systems may 

over-estimate the efficacy of IC-PrAg + LF when administered systemically. 

5.3.5.2 Nontraditional Dose Scaling for Systemic Administration 

Inter-species dose extrapolation is a critical step when translating an agent from use in 

early preclinical models to higher species (247, 248). One commonly used method to 

predict starting doses is allometric dose scaling, which relies upon the basic assumption 

that many physiologic properties are proportional to body mass (247, 248). Body-weight 

based dose estimates can then be further improved by incorporating known information 

regarding relevant species differences in metabolism, transport, clearance, etc. (247, 248). 

Due to the widespread receptor binding that occurs when IC-PrAg is first administered, I 

think it is unlikely that simple allometric scaling will provide an accurate prediction of 

effective doses. Rather, I propose that an appropriate scaling method would take into 

account both species variations in ANTXR1/ANTXR2 receptor densities on vascular 

endothelial cells, as well as the surface area of the vascular tree. 

While it is well known that ANTXR1 and ANTXR2 are expressed on vascular 

endothelial cells (249), to my knowledge, vascular receptor densities have not been 

estimated for either humans or mice. In mice, this may be a relatively straightforward 

experiment to perform, as the methodology could be based off of a recently published 

paper by Dadachova and colleagues (250). Here 123I- and 99MTc-labeled PrAg-WT were 

injected intravenously in mice and their tissue distributions were assessed using 

scintigraphic imaging at 1 and 3 hours, as well as counting of tissue homogenates at 24 

hours post-injection (250). 
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To modify this method to provide a measurement of vascular receptor density, only two 

small adjustments would be required. First, it would be desirable to use a version of PrAg 

that is either uncleavable (such as the protease resistant PrAg-U7 (115)), or that requires 

cell-surface binding prior to cleavage (such as uPA-activated PrAg-U2 (243)). This 

would minimize signal attributed to the degradation and clearance of PrAg occurring 

independent of receptor binding. 

Second, it would likely be optimal to use a very short time frame between injection of the 

radiolabeled PrAg and detection. One could likely inject the labeled PrAg into the tail 

vein of an alert mouse, followed by immediate anesthesia, flush perfusion to remove 

unbound PrAg from the circulation, blunt dissection of specific lengths of desired vessels, 

homogenization, scintillation counting and ultimately quantification of receptor density.  

It may be possible to estimate human receptor concentrations utilizing a similar binding 

assay on ex vivo vascular tissue, which could, theoretically, be obtained as a by-product 

from angiectomy; the surgical excision of blood vessels as might be performed to treat 

conditions such as aneurysm. 

5.3.5.3 Immunogenicity: Limited Dosing Window 

As introduced above, predicting an effective, and non-toxic dose, for first-in-human use 

poses some unique challenges. Adding further complexity to this scenario is the fact that 

administration of a toxin dose that is below an effective range is also undesirable. 

As aforementioned, PrAg-L1-I210A and PrAg-U2-R200A bind to widely expressed cell-

surface receptors. It is therefore expected that these proteins would bind to cells in the 

order that they are encountered. With intravenous administration, it is likely that 
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PrAg-L1-I210A and PrAg-U2-R200A would bind widely to vascular endothelial cells 

prior to encountering their target tissue, the tumor. If a low dose of IC-PrAg is 

administered it is possible that all IC-PrAg will be bound prior to achieving effective 

tumor concentrations. This dose would be ineffective; however, the patient would still be 

exposed to these novel therapeutic proteins, potentially inciting an immune response. 

To maximize the number of effective doses that can be administered prior to 

development of a neutralizing antibody response by the patient, it is therefore important 

to reach therapeutic concentrations as quickly as possible. This therapeutic dose must 

exceed the background IC-PrAg binding requirements (likely to be species specific and 

dependent upon receptor concentrations), while remaining below the threshold for 

toxicity. 

It is relevant to note that over the past several decades many protein-based biologic 

agents have been developed, and significant advances have been made in understanding 

and adapting these biologic agents in order to increase their therapeutic longevity. It is 

likely, that some of these advances could be directly applied to IC-PrAg + LF in order to 

extend its treatment window. 

In particular, immunotoxins based upon Pseudomonas exotoxin A have been widely 

studied for their immunogenicity. Dr. Ira Pastan is a leader in this field and his group has 

developed and characterized multiple recombinant immunotoxins with a common 

backbone structure; these agents are composed of tumor-recognizing Fv antibody 

fragments coupled to a 38 kDa portion of Pseudomonas exotoxin A (PE38) (251). When 

these immunotoxins are administered to patients in a clinical setting, a neutralizing 

antibody response typically develops within the first three weeks of treatment (252, 253). 
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The Pastan group has employed multiple methods to delay this neutralizing response 

including: conjugating high molecular weight. polyethylene glycol residues to surface 

peptides, “shielding” the foreign protein from the immune system (254), identifying 

primary T-cell and B-cell epitopes provoking neutralization and disrupting them with 

site-directed mutagenesis, a process called “deimmunization” (253, 255-258), and most 

recently, co-administering an immunosuppressive regimen of pentostatin and 

cyclophosphamide (259, 260).  

This pentostatin and cyclophosphamide immunosuppressive regimen appears to be 

particularly promising. A Phase 1 trial has recently been performed using this regimen 

with a recombinant immunotoxin targeting mesothelioma, SS1P (259). When SS1P was 

administered without immunosuppression 80% of patients (27/34) developed a 

neutralizing antibody response within the first 22 days of treatment (252). With the 

addition of immunosuppression, only 20% of patients (2/10) developed a neutralizing 

antibody response within the first 30 day treatment cycle (259). Furthermore, 2 of the 

patients received 4 and 6 cycles of treatment respectively, before developing a 

neutralizing response (259). 

This pentostatin and cyclophosphamide immunosuppressive regimen can be administered 

in an out-patient setting, and it is neither myelosuppressive nor associated with the 

development of opportunistic infections (259). As such, this may be well-suited for co-

administration with many biologic agents, including IC-PrAg + LF. 

Lastly, it might also be possible to employ the aforementioned strategy of B-cell 

“deimmunization” to further reduce the immunogenicity of IC-PrAg + LF. The antigenic 

B-cell epitopes of LF have recently been mapped (261), and there are several reports of 
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antigenic B-cell epitopes for PrAg-WT in the literature (262-264). Using this information 

as a starting point, it may be possible to identify specific antigenic residues that would be 

candidates for site-directed mutagenesis.  
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5.4 Concluding Remarks 

There is an unmet clinical need for therapeutic agents to treat both feline oral squamous 

cell carcinoma and human head and neck squamous cell carcinoma. Given the strong 

similarities between these two diseases it is reasonable to anticipate that a single agent 

may be efficacious in both conditions. The data presented in this dissertation provides 

strong support that a dual MMP/uPA-activated anthrax lethal toxin, IC-PrAg + LF, has 

potential to be a clinically relevant anti-HNSCC agent. As is the case with any novel 

therapeutic agent, however, there are unique factors that may pose a challenge as further 

clinical development is pursued, some of which are summarized in Figure 5.4. 

 

 
 

Figure 5.4: Foreseen advantages and limitations of IC-PrAg + LF relative to 
conventional chemotherapy. Venn diagram illustrating the anticipated advantages and 
limitations of using a dual MMP/uPA-activated anthrax lethal toxin in place of conventional 
chemotherapeutic agents in a clinical oncology setting.  

Advantages                                Limitations

Off-target 
toxicity in 

GI tract

Similar

Tumor-Targeted
[Minimized off-target toxicity]

Non-Genotoxic

Degraded by Protein Catabolism 
not Drug Metabolizing Enzymes
[May be useful in patients with liver 

or kidney disease. Reduced risk of 
drug-drug interactions.]

Immune Response may Limit 
Treatment Window *
[*May be improved by 

deimmunization (255-258) or 
immunosuppression ( 259-260)]

Non-Standard 
Pharmacokinetics

[Circulating protein concentrations 
are unlikely to reflect tumor 

concentrations. Dose monitoring 
may be difficult.]

Three Separate Components.        
[ 3x GMP costs. Single component 

Phase 1 trials required (237)]
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In its current form, IC-PrAg + LF is a promising preclinical candidate, and further 

research to reduce immunogenicity, understand and minimize off-target toxicities, and/or 

improve tumor selectively will only add to this potential. As future characterization and 

optimization is performed it will be essential to bear in mind the biology underlying the 

system, and to use this knowledge to inform all aspects of experimental design. This will 

be especially critical with regard to pharmacology, where standard practices, such as 

dose-escalation style toxicity studies or classic pharmacokinetics, may provide 

misleading information if used in a conventional manner; and where dose scaling and 

treatment regimen must be carefully optimized to maximize the potential for a successful 

translation to a clinical setting. 
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APPENDIX I: PROTOCOLS 
AI.1 Cell Culture and Maintenance 

Materials: 
α-MEM (Gibco 12571-063) 

D-MEM (Gibco 11965-092) 

FBS (Gibco 26140-079) 

Pen Strep Glutamine (100X) (Gibco 1038-016) 

PBS pH 7.4 (1X) (Gibco 10010-023) or DPBS (1X) (Gibco 14190-144) 

0.05% Trypsin-EDTA (1X) (Gibco 25300-054) 

10 cm cell-culture dishes (Corning, 100 mm x 20 mm, 430167) 

Hybri-Max™ DMSO (Sigma D2650) 

Cryovials (Corning 420487, 1.2 mL or 430488, 2.0 mL) 

Freezing Chamber (Nalgene Cryo 1°C Freezing Container, 5100-0001) 

0.4% Trypan Blue Stain (BioWhittaker 17-942E) 

Complete Growth Media: 
α-MEM + 10% FBS + 1% P/S/G [SCCF1]  

D-MEM + 10% FBS + 1% P/S/G [Cal27, HeLa, Hep2, HN6, HN12, HN30, B16-BL6, HT1080] 

Methods: 

Thawing Cells: Direct Culture Method 
1. Remove cells from storage and thaw quickly in a 37ºC water bath. Record label information 

in notebook. Spray vial with EtOH prior to opening in the sterile cell culture hood. 

2. Using a pipette, transfer cells to a 10 cm dish containing 10 mL of complete growth medium. 

3. Culture cells for 12-24 hours, then refresh the complete growth medium to remove DMSO. 

Propagation in a 10 cm Plate (for Cells > 75% Confluent) 
1. *Pre-warm complete growth medium to 37ºC. 

2. Aspirate media. 

3. Rinse plate with 10 mL sterile 1X PBS, aspirate. 

4. Add 2 mL 1X Trypsin-EDTA to plate. Swirl to distribute evenly. 

5. Incubate plate at 37ºC for 2-3 minutes or until cells have lifted. 

6. Quench trypsinization, and resuspend cells, by adding 8 mL of complete growth media. 

7. Add 8-10 mL of complete growth media to new 10 cm plates.  
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8. Seed new plates with aliquots of the cell suspension. (I typically use dilutions of 1:4 – 1:10) 

9. Label new plates with initials, date, cell type and passage number.  

10. Change media on the plates ~2X weekly, and monitor for confluence. 

Counting Cells 
1. Prepare the hemocytometer. Ensure that it is clean and debris-free, spray with 70% EtOH and 

wipe with a Kimwipe. Then place the hemocytometer cover glass. 

2. Make sure that the cell suspension to be counted is homogenous. Flick tube or gently pipette 
up and down. 

3. Mix a 100 µL aliquot of cells with 100 µL Trypan blue dye in a microcentrifuge tube. Flick 
tube to mix. Incubate for 5-15 minutes. 

4. Transfer the cell + trypan blue mixture to the hemocytometer via capillary action (15-20 µL). 

5. Count viable cells, in all 4 corner; 16 squares per corner. (Viable cells exclude the trypan 
blue and appear white on a blue background.) 

6. Calculate viable cells.  

�
Total Viable Cell Count

4
� × Dilution Factor = Viable Cell # × 104 /mL 

Freezing Down 
1. Prepare freezing media: 90-95% complete growth media + 5-10% DMSO. 

2. Label cryovials using an EtOH resistant marker. Include initials, cell line, date and passage # 

3. Each confluent 10cm dish can be frozen in two cryovials. (4 x 10 cm plates = 8 cryovials) 

4. Rinse plates with 1X PBS. 

5. Add 2 mL 1X Trypsin-EDTA. 

6. Incubate for 2-3 minutes at 37ºC, or until cells have lifted. 

7. Add 10 mL of complete growth media to each plate and resuspend evenly. 

8. Transfer cells to a 15 mL or 50 mL Falcon tube. Spin at low speed, 4ºC, for several minutes 
to pellet cells. 

9. Spray outside of tube with 70% EtOH. Aspirate media. 

10. Resuspend pellet in an appropriate volume of freezing media: 2 mL freezing media per 10 
cm dish. 

11. Once evenly resuspended, distribute 1 mL of the cell suspension into each cryovial. 

12. Place cryovials in an insulated freezing chamber. Ensure that MeOH level is adequate. 

13. Incubate at -80ºC for O/N to 48 hours. 

14. Transfer cells to a N2(l) storage rack. 
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Submitting Cells for Pathogen Testing 
1. Pathogen testing and certification is required prior to using a cell line in vivo. Specific testing 

requirements vary across facilities, and we routinely use the IMPACT III Profile. 

2. IMPACT testing is currently performed by IDEXX BioResearch. 

3. Cryovials can be submitted for IMPACT testing as long as they contain 106 – 107 cells/vial, 
in a minimum volume of 0.5 mL Therefore, prior to freezing down cells for this purpose, an 
accurate cell count should be determined. 
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AI.2 Syngraft/Xenograft 

Materials: 
α-MEM (Gibco 12571-063) or D-MEM (Gibco 11965-092) 

FBS (Gibco 26140-079) 

Pen Strep Glutamine (100X) (Gibco 1038-016) 

PBS pH 7.4 (1X) (Gibco 10010-023) 

0.05% Trypsin-EDTA (1X) (Gibco 25300-054) 

Cell Strainer, 100 µm (BD Falcon 352360) 

1 mL TB Syringes with 27G x ½ Needle (standard injection) (BD 309623) 

1 mL TB Syringes without needle (Matrigel injection) (Kendall Monoject 8881501400) 

PrecisionGlide™ Needles 21G x 1½ (Matrigel injection) (BD 305167) 

Matrigel™ (BD 354262) 

Digital Calipers (Fowler 54-100-444-0) 

Z-Fix, buffered zinc formalin fixative (Anatech Ltd., Catalog # 170) 

Whatman 3mm Chr Filter Paper (Whatman, 3030-861) 

80-well microcentrifuge rack (Bio Plas, Inc.) 

Complete Growth Media: 
α-MEM + 10% FBS + 1% P/S/G [SCCF1]  

D-MEM + 10% FBS + 1% P/S/G [Cal27, HeLa, Hep2, HN6, HN12, B16-BL6] 

Serum-Free Media: 
α-MEM ±1% P/S/G [SCCF1]  

D-MEM ±1% P/S/G [Cal27, HeLa, Hep2, HN6, HN12, B16-BL6] 

Animals: 
Syngraft: C57BL/6J (The Jackson Laboratory, Catalog #: 000664) 

Xenograft: Hsd:Athymic Nude-Foxn1nu mice (Harlan Laboratories, Inc.) 

Notes: 
*Prior to beginning ensure that you have sufficient cells in culture. Grow at least 2X as many as 
you anticipate needing to account for syringe dead volume and/or loss during preparation. 

*Cells should be at ~70-80% confluence. If cells are at higher or lower confluence they may not 
be in an optimal growth phase. 

*If using Matrigel, thaw beforehand. (Overnight at 4ºC on ice) 
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Methods: 

 

Preparing Cells for Injection 
1. Aspirate media. 

2. Rinse plates with 1X PBS and aspirate. 

3. Add 1X Trypsin-EDTA and incubate at 37ºC until cells have lifted. 

4. Neutralize with a 4:1 volume of complete growth media. 

5. Pipette up and down to reduce clumping and resuspend evenly. Transfer cell solution through 
a cell strainer into a 50 mL falcon tube to further reduce clumping. 

6. Spin cells at low speed, 4ºC, for 5 minutes to pellet. *Have ice ready. Chill serum-free media. 

7. Spray falcon tubes with 70% EtOH. *From this point onward cells should be kept on ice at 
all times. Aspirate media. 

8. Resuspend pellet in a small volume of serum-free media (1 mL). 

9. Count cells and calculate viable cell concentration. These cells will be at a high concentration 
and cells should be counted at a 1:10 – 1:100 dilution. 

10. Resuspend cells to desired concentration in chilled serum-free media, or Matrigel. Prepare at 
least 2X the amount of cell suspension that you plan on injecting to account for syringe dead 
volume, needle clogging, etc. 

Subcutaneous Cell Transplant 
1. *If injecting with Matrigel, syringes need to be pre-chilled on ice. 

2. *For syngraft injections, mice should be shaved one day in advance. 

3. Anesthetize mice with Isoflurane. 

4. Flick or swirl cell suspension to ensure that it is mixed homogenously and load a syringe 
with sufficient cell suspension to inject 5 mice. I use an injection volume of between 100 µL 
to 200 µL per mouse. For Matrigel injections, syringe should be loaded without the needle. 

5. Once syringes are filled keep them horizontal so that cells will not distribute preferentially to 
one end or the other. (If necessary flick syringe between injecting mice to keep the cell 
suspension homogenous.) 

6. With the thumb and pointer finger of the non-injecting hand, tent the mouse skin creating a 
pouch in the dorsal subcutis, or on the left or right flank. 

7. Insert needle, bevel-side-up and  in horizontal orientation, through the skin between your 
fingertips. Take care not to puncture through two surfaces of the skin. 

Estimating Required Cell Number 
 

For syngrafts injecting 50E5 cells/mouse is often sufficient for rapid tumor growth. 
Higher cell concentrations are required for xenografts: 100-300E5 cells/mouse. 

127 
 



8. Release tent and slowly inject cell suspension. A bubble should form. 

9. Remove needle carefully keeping needle horizontal. Minimal to no weeping should occur. 

10. Return mouse to home cage and monitor recovery. 

11. *With Matrigel injections I return the needle to ice between injections, to reduce the risk that 
it will gelatinize in the needle hub. 

Monitoring Tumor Growth 
1. Syngrafts tend to grow more rapidly than xenografts, and it is not unusual to reach the 

exponential growth phase within 5-7 days following cell injection. Xenografts typically take 
longer to grow and it would be unusual to see rapid growth within the first 14 days following 
cell injection. I measure syngrafts every 1-2 days following cell injection, I measure 
xenografts weekly. 

2. Anesthetize mice with Isoflurane. 

3. Measure the longest and shortest tumor axes with digital calipers. 

4. Calculate tumor volume. 

5. Depending upon the specific tumor type, experiments are typically initiated when the mean 
tumor volumes are between 50-100 mm3. 

 

 

Tumor Harvesting 
1. Euthanize mice with CO2. 

2. Excise tumor including a margin of skin. 

 

A multiple nose-cone apparatus, such as the one pictured here, can be used to enhance 
the speed for procedures like tumor cell injection, tumor measurement and dosing. This 
was fabricated at the National Institutes of Health and is not commercially available.  
 

 
 
Figure AI-1: Multiple nose-cone apparatus for Isoflurane anesthetic use.  
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3. If tumors are small, flatten on filter paper prior to fixing. Filter paper can be kept with 
specimen for processing and paraffin-embedding, it will not react with stains. 

4. If tumors are large, they may need to bisected longitudinally prior to fixation to ensure 
adequate fixative permeation. 

5. Place tissue in ~20 mL of Z-Fix in a glass scintillation vial. Label side and lid with sample 
identity using an ethanol resistant marker. 

6. Fix for 24 hours (optimal) to 48 hours. 

7. Bisect tumors longitudinally and transfer to 70% EtOH. The bottom side of an 80-well 
microcentrifuge rack is an optimal surface for trimming fixed tissues. 

8. Samples can be kept in 70% EtOH indefinitely, but I process them as quickly as possible.  
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AI.3 Intraperitoneal (I.P.) Injection 

Materials: 
1 mL TB Syringes with 27G x ½ Needle (standard injection) (BD 309623) 

Sharp Chute™ Portable Sharps Bin  (Heathrow Scientific LLC HS21001A) 

PBS pH 7.4 (1X) (Gibco 10010-023) 

Notes: 
Solutions for intraperitoneal injection should be prepared in a sterile isotonic solution such as 
PBS or saline. Pure H2O should not be used as a diluent. 

I typically use an injection volume of 400 µL for I.P. injections. 

Excess solution must be made to account or syringe dead volume. Prepare at least 100 µL/dose 
extra. 

Methods: 

Mouse Restraint and Injection 
 

1. Pre-fill syringes. A new syringe will be used for each injection.  

2. Restrain the mouse. Isoflurane can be used if desired. If Isoflurane is not used ensure that you 
have a grip that will prevent the mouse from kicking the needle with their hind legs. Example 
grip pictured in Figure AI-2. 

3. Tilt the head so that it is facing downward, shifting the abdominal organs cranially. 

4. Identify the point of entry for the needle as photographed in Figure AI-2. 

5. . Injecting on the right side of the mouse’s abdomen reduces the risk of puncturing the 
cecum. 

 

 

 
 
 

Figure AI-2: Restraint and needle entry point for intraperitoneal injections. 
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6. Insert the needle bevel-side-up into the abdomen at approximately a 30-degree angle. 

7. Following penetration of the peritoneum, return the needle to a horizontal orientation, resting 
on the interior surface of the abdomen. 

8. Aspirate to ensure that the needle has not punctured the intestines (brown), the urinary 
bladder (yellow), or a vessel or highly vascularized organ (red). 

9. If no fluid is aspirated, inject the solution.* If the needle is positioned subcutaneously, rather 
than intraperitoneally, a bubble will immediately be observed. In this event, reposition the 
needle, aspirate again and inject solution. Note the quantity of dose that the mouse received 
I.P.in its record; ideally the volume will still exceed 90%. 

10. Withdraw the needle and discard. Return the mouse to its home cage. If Isoflurane anesthesia 
was used, monitor for recovery.  
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AI.4 Intravenous (I.V.) Injection 

Materials: 
Holding Cage 

Restrainer 

0.5 mL Insulin Syringe with 29 G ½ Needle (Terumo SS*05M2913) 

PBS pH 7.4 (1X) (Gibco 10010-023) 

Heat Lamp 

Sharp Chute™ Portable Sharps Bin  (Heathrow Scientific LLC HS21001A) 

Notes: 
It is essential to use a syringe with low resistance as this enables you to identify that you are in 
the tail vein solely by feel. This is extremely important when injecting mice with tail veins that 
are difficult to visualize. 

Use white heat lamp bulb; red bulbs, even at the same voltage are too hot. Animals must be 
monitored carefully while under the heat lamp to ensure that they do not overheat. 

A mouse restrainer, like the one pictured in Figure AI-3, is ideal for tail vein injections. The 
mouse can be placed in the chamber quickly and is not confined, reducing stress. In addition, the 
elevation of the chamber allows you to hold the tail at an angle which is helpful to achieve an 
appropriate angle of entry with the syringe. This restrainer was fabricated at the National 
Institutes of Health and is not commercially available. 

 

 

Methods: 
1. Obtain a clean cage to use as a holding cage for mouse warming. Turn on heat lamp and pre-

warm cage. 

2. Prepare set-up identical to that displayed in Figure AI-4. 

3. Pre-fill syringes. I use an injection volume of 50 – 100 µL. Fill with a slightly larger so that a 
small volume can be ejected immediately prior to injection. Remove all air bubbles..  

 

          
 

Figure AI-3: Mouse restrainer for tail vein injections.  
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I.V. Injection 
1. Transfer pre-warmed mouse to restrainer. 

2. Check that syringe is not clogged by ejecting extra volume. 

3. Hold tail taut at a comfortable angle. 

4. Roll tail slightly so that lateral tail vein is visible, Injection can be performed on either the 
right or left side. 

5. Initial injection attempts should be made as distal as possible, allowing for multiple attempts 
in a distal to cranial manner. 

6. Insert needle, bevel side up, initially at an 15-20º  angle. The tail vein is at a depth of 
approximately ¾ the length of the bevel, dependent upon the position on the tail. 

7. Adjust needle angle so that it is horizontal to the lateral tail vein and advance slightly. 

8. Inject solution. There should be no resistance on the plunger. If any resistance is felt, or if the 
tissue swells at the injection site. Remove needle and try again at a cranial position. Using a 
needle with low resistance, a volume of 1-10 µL would be lost with each missed injection. 

9. Discard syringe. 

10. Apply light pressure on tail until bleeding has stopped. Return mouse to home cage. 

 
  

 

 
 
Figure AI-4: Optimal set-up for performing tail vein injections. 
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AI.5 Cardiac Puncture Blood Collection 

Materials: 
CO2 Euthanasia Chamber 

Ice 

1 mL TB Syringes with 27G x ½ Needle (standard injection) (BD 309623) 

Tubes with EDTA, Lavender Top (CBC) (BD Microtainer 365973) 

Tubes, Red Top or Gold Top (Blood Chemistry):(BD Microtainer 365957 or 365959) 

Notes: 
Up to 1 mL of blood can be obtained. 

Syringe grip is important. The syringe must be held such that constant back pressure can be 
applied throughout the procedure. Additionally, you must be able to extend the plunger to full 
volume capacity without adjusting your hand (Figure AI-5). 
 

 

Methods: 

Cardiac Puncture 
1. Label collection tubes and place on ice. 

2. Euthanize mouse by CO2 asphyxiation. 

 

       
 

Figure AI-5: Syringe grip for cardiac puncture. 
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3. Monitor mouse closely. Perform procedure as closely as possible to the time of death. 

4. Restrain mouse as shown in Figure AI-5. 

5. Insert needle slightly to the left of the xiphoid process of the sternum, pointed cranially, at a 
20-30º angle. 

6. Apply slow, steady back pressure. (Too much back pressure can cause the heart to collapse). 
Make small manipulations with the needle. When the needle is appropriately placed it will 
fill rapidly with blood. Hold the syringe steady at this point, while continuing to apply back-
pressure. Even small movements may cause you to lose blood flow. 

7. Carefully detach needle from syringe. Expel blood into pre-labeled tubes. Invert each tube, 
for ~30 seconds. If samples are not adequately mixed the blood may clot even if anti-
coagulants are present in the collection tube. 
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AI.6 Immunohistochemistry (IHC) 

Materials: 
Safeclear II (Fisher Scientific 23-044-192) 

30% H2O2 (Fisher Scientific H325-500) 

PBS, pH 7.4 (10X), dilute 1:10 with DI H2O (Gibco 70011-044) 

10X TBS pH 7.4, dilute 1:10 with DI H2O (Quality Biological Inc. 351-086-101) 

Albumin Bovine, Fraction V (MP Biomedical 160069) 

Whatman 3mm Chr Filter Paper (Whatman, 3030-861) 

Blotting Tray 

DAB (Sigma D4168-50SET) 

ABC (Vectastain Elite ABC Kit, Standard* PK-6100) 

ABC-AP (VectostainABC-AP Kit, Standard* AK-5000) 

Vulcan Fast Red Chromagen Kit 2 (Biocare Medical FR805H) 

Vina Green (Biocare Medical BRR807AH) 

Hematoxylin (Sigma 51275) 

Mounting Media (VectaMount™, Vector Laboratories H-5000) 

24 x 50 Microscope Cover Glass (Thermo Scientific 24X50-1) 

Notes: 
When using alkaline phosphatase based detection systems, always use TBS instead of PBS. 

When performing a double stain, it is necessary to use 1º Antibodies that were raised in different 
species. Also, it is optimal to use DAB first, as it is a very persistent dye that will not fade with 
alcohol, acid or xylene treatment. 

Methods: 

Day 1 
1. Deparaffinize slides by incubating in Safeclear II, 3 x 5 min. 

2. Hydrate with graded alcohol (100%, 95%, 70%), 2 x 5 min. 

3. Block endogenous peroxidase activity by incubating in 3% H2O2 in 70% EtOH or 20-30 min. 

 H2O2 should be fresh, ideally replaced monthly. Using old H2O2 can increase background 
signal.  

 Extended incubation in the H2O2 solution will damage tissue. Do not leave longer than 30 
min. 

 This step should be performed even when using alkaline phosphatase detection. 
4. Wash extensively with DI H2O, 3 x 5 min. 
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5. Perform antigen retrieval. Cover slides with a 10 mM citric acid solution. Heat in a 
microwave for 2-3 minutes at 100% power until boiling. Then reduce power to 10-20% and 
continue heating for 18 minutes. 

 Times and power levels may vary with different microwaves. 
 Be careful not to boil slides too vigorously, as tissue may detach. 

6. Allow to cool. 

7. Wash with DI H2O, 3 x 5 min. While washing, prepare blocking solution: 2.5% BSA in PBS. 
Also prepare a humidified chamber, by moistening a piece of filter paper and placing it in a 
blotting tray. 

8. Wash with PBS, 3 x 5 min. 

9. Remove slides from PBS. Tap on paper towel to remove excess liquid. Place in humidified 
chamber. Add 50 – 200 µL blocking solution per slide. Ensure that tissue is covered and that 
slides are laying flat. Incubate at room temperature, covered, for 30-60 min. While slides are 
incubating prepare1º antibody solution (1º Ab in Blocking Solution at desired dilution). 

10. Without rinsing, tap slides on paper towel to remove excess liquid. Return to humidified 
chamber. Add 100-200 µL of 1º antibody solution per slide. 

11. Incubate at 4ºC overnight, covered. 

Day 2 
1. Wash with PBS, 3 x 5 min. While slides are rinsing, prepare2º antibody solution (2º Ab in 

Blocking Solution at desired dilution). 

2. Tap slides on paper towel to remove excess liquid. Return to humidified chamber. Add 100-
200 µL of 2º antibody solution per slide. Incubate at room temperature for 30-60 min. While 
slides are incubating prepare ABC, or ABC-AP, detection reagent; 1:50 Reagent A + 1:50 
Reagent B in 2.5% BSA in PBS. ABC solutions must be prepared at least 30 min before use. 

3. Wash with PBS, 3 x 5 min. 

4. Incubate with ABC complex at room temperature for 30 minutes. 

5. Wash with PBS, 3 x 5 min.  

6. Prepare detection reagents as indicated by manufacturer. I use DAB, Vulcan FastRed and/or 
VinaGreen. 

7. Incubate with the appropriate developing solution under microscopic control.  

8. When stain has reached the desired intensity stop the reaction by immersing in DI H2O. 

9. Wash thoroughly with DI H2O. 

10. Proceed to Double Staining instructions below OR counterstain with hematoxylin for 30 
seconds to 2 minutes. 

11. Stabilize the hematoxylin by washing for 15 minutes in running *tap* water. Verify change 
in color from purple to blue. 
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12. Dehydrate in graded alcohols (70%, 95%, 100%) and Safeclear II, approximately 30 sec. x 2. 
Then mount slides with a permanent mounting media. Slides must be allowed to dry 
overnight before scanning or viewing under the microscope. 

Day 2: Double Staining 
1. Ensure that slides have been thoroughly rinsed in DI H2O. 

2. Elute Igs with 50 µM Citric Acid, 3 x 5 min. 

3. Wash with DI H2O, 3 x 5 min. 

4. Incubate in 3% H2O2 in 70% EtOH for 30 min to quench exogenous peroxidase activity. 

5. Wash with DI H2O, 3 x 5 min.  

6. Wash with PBS, 3 x 5 min. 

7. Remove slides from PBS. Tap on paper towel to remove excess liquid. Place in humidified 
chamber. Add 50 – 200 µL blocking solution per slide. Ensure that tissue is covered and that 
slides are laying flat. Incubate at room temperature, covered, for 30-60 min. While slides are 
incubating prepare the second 1º antibody solution. 

8. Without rinsing, tap slides on paper towel to remove excess liquid. Return to humidified 
chamber. Add 100-200 µL of 1º antibody solution per slide. 

9. Incubate at 4ºC overnight, covered. 

Day 3: Double Staining 
1. Wash with PBS, 3 x 5 min. While slides are rinsing, prepare2º antibody solution. 

2. Tap slides on paper towel to remove excess liquid. Return to humidified chamber. Add 100-
200 µL of 2º antibody solution per slide. Incubate at room temperature for 30-60 min. While 
slides are incubating prepare ABC, or ABC-AP, detection reagent; 1:50 Reagent A + 1:50 
Reagent B in 2.5% BSA in PBS. ABC solutions must be prepared at least 30 min before use. 

3. Wash with PBS, 3 x 5 min. 

4. Incubate with ABC complex at room temperature for 30 minutes. 

5. Wash with PBS, 3 x 5 min.  

6. Prepare detection reagent as indicated by manufacturer. DAB should have been used for the 
first stain, VinaGreen should be used for the second stain. (Visually, it is easier to distinguish 
Brown/Green than it is to distinguish Brown/Red.)  

7. Incubate with the appropriate developing solution under microscopic control. 

8. When stain has reached the desired intensity stop the reaction by immersing in DI H2O. 

9. Wash thoroughly with DI H2O. 

10. Counterstain with hematoxylin for 30 seconds to 2 minutes. 

11. Stabilize the hematoxylin by washing for 15 minutes in running *tap* water. Verify change 
in color from purple to blue. 
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12. Dehydrate in graded alcohols (70%, 95%, 100%) approximately 30 sec. x 2.  

13. Clear in SafeClear II. 

14. Mount slides with a permanent mounting media. Slides must be allowed to dry overnight 
before scanning or viewing under the microscope.  
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AI.7 MTT Cytotoxicity Assay 

Materials: 
α-MEM Gibco 12571-063) or D-MEM (Gibco 11965-092) 

FBS (Gibco 26140-079) 

Pen Strep Glutamine (100X) (Gibco 1038-016) 

PBS pH 7.4 (1X) (Gibco 10010-023) 

96-well Cell Culture Plates (Corning 3596) 

Sterile Reagent Reservoirs (Thermo Scientific 8093-11) 

MTT (Sigma M2128-1G) 

Isopropanol (Sigma 190764-500mL) 

10% SDS (KD Medical RGE-3230) 

12.1 M HCl (Mallinckrodt Baker 9535-02) 

Multi-channel Pipette 

Multi-channel Aspirator 

Complete Growth Media: 
α-MEM + 10% FBS + 1% P/S/G [SCCF1]  

D-MEM + 10% FBS + 1% P/S/G [Cal27, HeLa, Hep2, HN6, HN12, HN30, B16-BL6, HT1080] 

Methods: 

Assay in a 96-well Format 
1. Aspirate media, rinse with PBS, and add 200 µL fresh complete growth medium. 

2. Add 30 µL MTT Solution: 5 mg/mL in complete growth medium. 

3. Incubate for 1-2 hours at 37°C (optimal time is cell line dependent). 

4. Aspirate, or pour, medium off. 

5. Add 50 µL formazan solubilizer per well. 

6. Shake for 30 seconds. 

7. Measure absorbance @ 570 – 630 nm. 

  

Formazan Solubilizer 
 

205 mL Isopropanol 
25 mL 10% SDS 
1.65 mL 12.1 M HCl 
36.7 mL DI H2O 

 

Use fresh SDS (No precipitate): SDS quality can affect the MTT color 
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AI.8 Gelatin Zymography 

Materials: 
Gelatin Gel (Novex 10% Zymogram (Gelatin) Gel, 1.0 mm x 10 well. EC6175BOX) 

Sample Loading Buffer (Novex Tris-Glycine SDS Sample Buffer (2X). LC2676) 

Running Buffer (Novex Tris-Glycine SDS Running Buffer (10X). LC2675) 

Renaturing Buffer (Novex Zymogram Renaturing Buffer (10X). LC2670) 

Developing Buffer (Novex Zymogram Developing Buffer (10X). LC2671) 

EDTA (Quality Biological, Inc. 0.5M EDTA, pH 8.0 Molecular Biology Grade) 

Protein Ladder (Novex SeeBlue Plus2 Prestained Standard. LC5925) 

Coomassie Brilliant Blue R-250 (Bio-Rad 1610400) 

Notes: 
When performing gelatin-zymography to detect MMPs, prepare and run 2 identical gels. One will 
be washed and developed in buffers containing EDTA (a known MMP inhibitor) the other will be 
developed without EDTA. Bands specific for MMPs will be found only in the gel without EDTA. 

Methods: 
Running Gel, Staining and De-Staining 

 

1. Mix samples with Sample Loading Buffer 1:2.  *Do not boil or reduce. Samples can contain 
protease inhibitors.  We use: Sigma P8340)* 

2. Prepare Chamber. [Ensure that the tape at the bottom the gels has been removed and that gels 
are inserted in chamber such that the comb faces inward.] 

3. Rinse wells with Running Buffer and load samples. 

4. Run gel at a constant voltage of 100V, on ice, for 3-4 hours.  [This will allow for separation 
of pro-/intermediate/active forms of MMP-2/9.] 

5. After electrophoresis, remove the gel and incubate in 1X Zymogram Renaturing Buffer 
(+/- 100 mM EDTA) for 30 minutes at RT with gentle agitation.  

6. Decant the Zymogram Renaturing Buffer and add 1X Zymogram Developing Buffer 
(+/- 100 mM EDTA) and equilibrate the gel for30 minutes at RT with gentle agitation. 

7. Decant the buffer and add fresh 1X Zymogram Developing Buffer (+/- 100 mM EDTA). 
Incubate O/N to 24 hr at 37C.  Cover container with Parafilm. 

8. The next day, decant the Zymogram Developing Buffer and rinse with De-Stain Solution. 

 

De-Stain Solution 
 

20% MeOH (20-30% of either MeOH or EtOH OK)* 
10 % Acetic Acid 
 

*Composition should match the Coomassie Brilliant Blue Stain Solution. 
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9. Add Coomassie Brilliant Blue Stain Solution. Leave O/N (minimum), RT, covered with 
gentle agitation. 

 
10. Following staining, de-stain with 10% Acetic Acid, 30% MeOH. 

11. When stain has reached desired intensity, remove de-stain, obtain image. *Optional, incubate 
with 10-20% Acetic Acid O/N. (This treatment makes bands “pop”). 

12. Photograph or scan gel. Clear sheet protectors are easier to manipulate than saran wrap for 
imaging purposes. 

13. Dry gel if desired. 

  

Coomassie Brilliant Blue Stain Solution 
 

0.2% Coomassie Brilliant Blue R-250 (0.1-0.5% OK) 
20% MeOH (20-30% of either MeOH or EtOH OK) 
10 % Acetic Acid 
 

When preparing the stain solution dissolve CBB directly in the MeOH of EtOH. Add 
acetic acid, and then q.s. to desired volume with DI H2O. Stain can be re-used. 
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AI.9 Plasminogen/Casein Zymography 

Materials: 
Protogel (National Diagnostics. EC-890) 

4X Protogel Resolving Buffer. (National Diagnostics. EC-892) 

Protogel Stacking Buffer. (National Diagnostics. EC-893) 

TEMED (Biorad. 161-0800) 

Ammonium Persulfate (APS). (Biorad. 161-0700) 

Non-Fat Dry Milk (LabScientific, Inc. M0842) 

Plasminogen, Lys-Type, Human Plasma (Calbiochem 528185) 

Sample Loading Buffer (Novex Tris-Glycine SDS Sample Buffer (2X). LC2676) 

Running Buffer (Novex Tris-Glycine SDS Running Buffer (10X). LC2675) 

Triton X-100 (Sigma. T-9284) 

UltraPure Glycine (Invitrogen. 15527-013) 

EDTA (Quality Biological, Inc. 0.5M EDTA, pH 8.0 Molecular Biology Grade) 

Protein Ladder (Novex SeeBlue Plus2 Prestained Standard. LC5925) 

Coomassie Brilliant Blue R-250 (Bio-Rad 1610400) 

Notes: 
When performing Plasminogen/Casein-zymography for detection of uPA activity, 2 separate gels 
should be prepared (+/- plasminogen).  Additionally, control samples such as urine collected from 
uPA+/+ and uPA-/- mice can be run alongside samples as positive and negative controls. 

Methods: 

Gel 
1. Pour 10.5% Acrylamide/0.1% SDS gels containing 1% Nonfat Dry Milk, ± 20 µg/mL 

Human Plasminogen. (Milk solution should be boiled, cooled and filtered before each use.) 
 

               

Stacking Gel (5 mL) 
 

3 mL DI water 
1.2 mL ProtoGel Stacking Buffer 
0.65 mL ProtoGel 
25 µL 10% APS 
5 µL TEMED 
 
 
 
 

 

Resolving Gel (10 mL) 
 

4.1 mL Nonfat Dry Milk Solution.  
[0.024 g/mL milk in DI H2O. Milk 
solution should be boiled, cooled, 
and filtered before each use.] 

2.5 mL 4X ProtoGel Resolving Buffer 
3.3 mL ProtoGel 
100 µL 10% APS 
4 µL TEMED 
+/- 20 µg/mL Human Plasminogen  

(200 µL of 1 mg/mL solution) 
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Running Gel, Staining and De-Staining 
1. Mix samples with Sample Loading Buffer 1:2.  *Do not boil or reduce.  Samples must not 

contain protease inhibitors.* 

2. Include 1-5 µL uPA+/+ and uPA-/- urine as control samples. 

3. Rinse wells with Running Buffer and load samples.  

4. Run gel for desired length of time. 

5. After electrophoresis, remove the gels and wash 2x 30 min with 2.5% Triton X-100, 10 mM 
EDTA to remove SDS. 

6. Add developing buffer [100 mM Glycine, 10 mM EDTA, pH 8.3]. Incubate O/N to 24 hr at 
37C. Cover container with Parafilm. 

7. The next day, decant the Developing Buffer and rinse with De-Stain (10% Acetic Acid, 30% 
Methanol) 

8. Add Coomassie Stain Solution.  Leave O/N (minimum), RT, covered with gentle agitation. 
 

 
 
9. Following staining, de-stain with 10% Acetic Acid, 30% MeOH.   

10. *Optional, incubate with 10-20% Acetic Acid O/N. (This treatment makes bands “pop”). 

11. Photograph or scan gel. Clear sheet protectors are easier to manipulate than saran wrap for 
imaging purposes. 

12. Dry gel if desired. 

  

Coomassie Brilliant Blue Stain Solution 
 

0.2% Coomassie Brilliant Blue R-250 (0.1-0.5% OK) 
20% MeOH (20-30% of either MeOH or EtOH OK) 
10 % Acetic Acid 
 

When preparing the stain solution dissolve CBB directly in the MeOH of EtOH. Add 
acetic acid, and then q.s. to desired volume with DI H2O. Stain can be re-used. 
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AI.10 Tumor Transplantation 

Materials: 
α-MEM Gibco 12571-063) 

FBS (Gibco 26140-079) 

Pen Strep Glutamine (100X) (Gibco 1038-016) 

0.05% Trypsin-EDTA (1X) (Gibco 25300-054) 

10 cm cell-culture dishes (Corning, 100 mm x 20 mm, 430167) 

1 mL TB Syringes without needle (Matrigel injection) (Kendall Monoject 8881501400) 

PrecisionGlide™ Needles 21G x 1½ (Matrigel injection) (BD 305167) 

Matrigel™ (BD 354262) 

Razor Blades, Single Edge (GEM Blue Star) 

Complete Growth Media: 
α-MEM + 10% FBS + 1% P/S/G [SCCF1]  

Serum-Free Media: 
α-MEM ±1% P/S/G [SCCF1]  

Animals: 
Hsd:Athymic Nude-Foxn1nu mice (Harlan Laboratories, Inc.) 

Notes: 
Matrigel needs to be thawed one day in advance. Thaw overnight at 4°C, on ice. 

When you transplant a tumor you lose at least 50% of the cell mass. 

With some slow growing tumors, if you increase the Matrigel concentration to can increase the 
chance that the transplant will be successful. 

Transplanting tumor pieces will result in heterogeneous tumor growth, which is less consistent 
than the cell suspension method described here. 

Methods: 

Tumor Harvesting and Cell Preparation 
1. CO2 euthanize mice. 

2. Spray mouse, and instruments, with 70% EtOH to sanitize. 

3. Remove tumor. Trim away from skin. Cut into large pieces (do not chop, just increase the 
surface area) 

4. Place tumor pieces in a sterile 10 cm dish containing 1X trypsin. 

5. Incubate for 30 min at 37°C. You can also incubate overnight at 4°C. 
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6. One at a time, transfer tissue pieces to a clean 10 cm dish and mince with a razor blade. 
Return to Trypsin containing plate. 

7. Rinse plate where tissues were minced with trypsin. 

8. Incubate for 5 min at 37 °C. 

9. Pass contents through a cell strainer into a 50 mL Falcon tube. Use pipette action to break up 
clumps.  

10. Rinse dish with complete growth media, this will also neutralize trypsin. (Use a 4:1 volume) 

11. Connective tissue will remain in the filter and can be discarded. Cancer cells will be in the 
flow-through. 

12. Spin at low speed, 4°C, for 5 minutes to pellet cells. While cells are spinning chill syringes 
on ice. 

13. Place Cell Pellet on ice. Aspirate media. Resuspend in a small volume of serum-free media. 
Count. 

14. Add serum free media and Matrigel to achieve the desired cell concentration. I have been 
injecting the SCCF1 cells in Matrigel only since it appears to help their growth. With other 
cell lines a 1:1 mixture is often used.  

Subcutaneous Cell Transplant with Matrigel 
1. Syringes need to be pre-chilled. 

2. Anesthetize mice with Isoflurane. 

3. Fill syringe (no needle) with 200 µL cell suspension per mouse. 

4. Add 21 g needle and remove air bubbles.  

5. Keep syringe in a horizontal orientation, and keep it cold. Matrigel will polymerize rapidly 
when it warms. To prevent this from occurring (especially in the needle bore or hub) the 
syringe can be laid flat on the ice in between injections. 

6. With the thumb and pointer finger of the non-injecting hand, tent the mouse skin creating a 
pouch in the dorsal subcutis, or on the left or right flank. 

7. Insert needle, bevel-side-up and in horizontal orientation, through the skin between your 
fingertips 

8. Inject the cell suspension while releasing grip on the skin. A bubble should form. 

9. Remove needle carefully keeping needle horizontal. Minimal to no weeping should occur. 

10. Return needle to ice, and return mouse to home cage and monitor recovery. 
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