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Abstract

Discovery and Characterization of Human Recombinant anti-uPAR antibodies

The urokinase plasminogen activator receptor (uPAR) is involved in the proliferation and 

migration of cells from diverse lineages. As a heavily glycosylated, glycosyl phosphotidyl 

inositol (GPI) linked protein of approximately 300 amino acids, its ubiquitousness in 

many aggressive cancer types–triple negative breast cancer (TNBC) in particular–makes 

it an attractive target for uPAR-directed therapies. uPAR participates in many protein/

protein interactions, which leads to pericellular proteolysis and “outside-in” signaling that 

is mediated by specific integrins. Here, the Craik Lab’s human antigen-binding fragment 

(Fab) phage display library was panned for anti-uPAR antibodies. In total, 22 unique 

anti-uPAR Fabs were found. Two of these, 2G10 and 3C6, were found to antagonize the 

the uPAR/uPA and uPAR/β1 integrin interactions. While antagonism of these interactions 

did not effect cytotoxic responses, the antagonism did prevent uPAR over-expressing 

H1299 cells from migrating through a layer of cross-linked extracellular matrix. Further 

investigation revealed coarse-level binding sites of 2G10 and 3C6, as well as a unique 

feature of 3C6’s ability to antagonize the uPAR/β1 integrin interaction by binding uPAR in 

an extended conformation. While surface plasmon resonance (SPR) revealed high 

binding affinities of 2G10 and 3C6 for uPAR, apparent affinities of 2G10 and 3C6 for the 

uPAR over-expressing MDA-MB-231 cells were different, and suggested that 3C6 Fab 

has a very poor affinity for uPAR. Regardless, both antibodies preferentially accumulated 

in MDA-MB-231-derived tumors, and demonstrated favorable pharmacokinetics and high 

tumor uptake. As a promising result, 2G10 IgG labeled with 177Lu demonstrated potent 

anti-tumor activity. The results of my research provide both reagents and a framework for 

the development of a multi-modal clinical probe and therapeutic for cancers, and other 

disorders, where uPAR over-expression plays a role.
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Chapter 1: Introduction

 uPAR is typically found linked by a GPI anchor to the extracellular leaflet of the 

cell membrane. Here, it exists as a heavily-glycosylated protein of 283 amino acids. Due 

to its N-linked glysosylations, uPAR can have an apparent molecular weight, as judged 

by polyacrylamide gel electrophoresis, of 35 kDa (completely deglycosylated) to 60 kDa. 

uPAR consists of three structurally homologous domains, though varied in primary 

sequence, which belong to the Ly-6/uPAR family of snake venom neurotoxins. Proteins 

in this family all carry a high content of disulfide bonds. The domains from N to C 

terminus of uPAR are numbered D1–D3 (Figure 3-1). The peptide sequence that links 

D1 to D3 is highly susceptible to proteolytic cleavage, thus liberating suPAR D1. 

Additionally, the GPI anchor can be cleaved by Phospholipase C to release intact 

suPAR, or the remaining D2-D3 fragment.

 uPAR is generally involved in promoting cellular migration (Figure 1-1). Originally, 

uPAR was identified as the receptor for uPA, and was thought to focus plasminogen 

activation to the pericellular space, in turn leading to dissolution of fibrin. While this 

remains true, additional substrates of uPA and plasmin include pro-MMPs, pro-MT-

MMPs in particular, that degrade ECM protein, thus promoting cell migration. This 

indirect mechanism of ECM degradation identifies uPAR as holding particularly tight 

control over the ability for cells to migrate. uPAR has been mostly studied in the context 

of immunological disorders and cancer. Activated leukocytes (such as neutrophils and 

macrophages) as well as endothelial cells and fibroblasts express uPAR in response to 

injury, inflammation, or wound repair. In these cells, the role of uPAR to provide focus 

proteolytic activity to the pericellular area and provide a conduit to a lesion is clear. As its 

original functional assignment would imply, its expression is often correlative with the 

expression of specific integrins, proteins that regulate cellular behavior and migration by 

association with the ECM. Early studies demonstrated that uPAR co-localizes with FAK 

and other integrins in certain cells. Further studies have, in fact, shown that uPAR 
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interacts with specific integrins, directly or within a complex, to promote signaling 

cascades that promote cell adhesion and proliferation. While biochemical data 

confirming a direct interaction between uPAR and integrin is circumstantial, a co-crystal 

structure of uPAR and VN has been solved.

 Regardless of the mode in which uPAR interacts with its many ligands (which 

include various ECM proteins and GPCRs), uPAR is important for the migration of cells. 

Studies have shown that uPAR-/- mice develop relatively normally, and demonstrate 

delayed wound healing and increased susceptibility to infections, but are otherwise 

healthy. While a suitable explanation for the lack of lethality of uPAR deficiency has not 

been provided by the literature, it is known that uPAR expression is confined to specific 

cell types undergoing specific cellular responses and processes. For instance, activated 

leukocytes demonstrate 104 fold higher uPAR expression over resting leukocytes. 

Additionally, aberrant cells tend to express much higher levels of uPAR than their normal 

counterparts, indicating that uPAR is also a marker of disease progression or severity.

 uPAR over-expression in cancer is of particular interest as it is seen in 

aggressive types, but not non-aggressive ones. uPAR over-expression in cancer cells 

provides a means for the cell to extravasate from the primary tumor site into the blood 

stream to disseminate and form micrometastases that can develop into secondary 

tumors. While it is unclear if uPAR promotes the intravasation process as well, when 

uPAR expression is induced in indolent cancer cell lines, these cells become highly 

aggressive. Therefore, disruption of uPAR’s functions is a seemingly desirable 

therapeutic goal. Previously, an antibody that disrupts the uPAR/uPA association showed 

a modest ability to prevent pancreatic tumor xenografts from growing in mice when given 

in conjunction with a standard chemotherapeutic agent. Recently, we have shown that 

our anti-uPAR antibody that disrupts the uPAR/uPA interaction significantly prevents 

tumor growth and progression when attached to 177Lu.
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 The potential of a uPAR-targeted therapy to direct therapeutics to uPAR over-

expressing tumors helps to address a current problem in cancer therapy. A pervasive 

issue in standard chemotherapy is the inability to target the therapeutic effects of anti-

tumor effects specifically to cancerous cells. While the identification of oncogenic drivers 

(such as kinases, metabolic preferences, and transcription factors) has elucidated 

mechanisms and provided potential targets for chemotherapy, these pathways can 

sometimes result in being undruggable. This inability tends to stem from an inability to 

deliver adequate chemotherapeutic agent to the tumor site, as a result of dosing 

restrictions or chemical deposition at the tumor itself. Furthermore, because of the 

tumor’s microenvironment, tumor cells physically located towards the tumor interior 

(often hypoxic, aggressive cells) are not exposed to as high of a concentration of drug as 

those at the tumor boundary, where tumor neovasculature has deposited the 

therapeutic. Unfortunately, as with microbial infections, sustained treatment with a non-

therapeutic dose of an anti-cancer agent results in drug-resistant lesions. Often, these 

drug-resistant lesions are more aggressive than their parent tumors, and killing of the 

more benign tumor cells provides an opportunity for previously contained cells to escape 

into systemic circulation.

 Molecules that specifically interact with membrane proteins that are specifically 

associated with tumors provide a means to localize anti-tumor agents at tumor sites. 

Antibodies are particularly good agents for targeting therapeutics to tumor sites via their 

over-expressed target (Figure 1-2). Furthermore, antibodies can be conjugated directly 

to therapeutic or imaging molecules to provide multi-modal clinical tools with robust and 

affinity and specificity for its antigen. Antibodies against particular cancer cell-specific 

surface receptors (and other targets) have seen immense success in the clinic. The key 

to their success has been the choice of the target cancer antigen. Properly selected or 

engineered antibodies lend themselves to be very potent and specific binders of their 

target, so the expression level of the antigen on the cancer cell surface, and conversely, 
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lack of expression on normal, non-target tissue is essential for the success of an 

antibody-mediated targeting approach.

 In this work, the discovery and characterization of anti-uPAR antibodies is 

described. Here, two antibodies, 2G10 and 3C6, are the focus of the majority of this 

work due to their antagonistic properties. 2G10 antagonizes the uPAR/uPA interaction, 

while 3C6 antagonizes uPAR/integrin interactions. This work spans the identification of 

22 anti-uPAR antibodies and culminates with pre-clinical evaluation of 2G10’s and 3C6’s 

breast tumor targeting and therapeutic efficacy. This work provides the foundation for 

future investigation of uPAR and its role in cancer and other diseases.
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Figure 1-1

ECM Degradation
Autocrine/Paracrine Signaling 
(Outside-In)
Allosteric Switch
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Inside-Out Signaling
Cytoskeletal Rearrangement

uPAR

Schematic of uPAR and its involvement in pro-proliferative and migratory cellular 

responses. uPAR focuses uPA proteolytic activity at the cell surface, thus degrading 

ECM proteins within the cell’s immediate periphery. uPA interacts with uPAR via it’s ATF, 

which consists of an N-terminal GFD and central Kringle domain. 2G10 interferes with 

the uPAR/uPA interaction. Since it does not have a transmembrane domain, neither a 

cytosolic segment to signal, uPAR effects intracellular signaling through its interactions 

with various integrins and ECM proteins. 3C6 definitively interferes with the α5β1 and 

αvβ3 mediated signaling and adhesion.
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Figure 1-2

uPAR

Functionalized anti-uPAR antibodies traffic to uPAR over-expressing tumors. Aggressive 

tumors tend to over-express uPAR, which allows for anti-uPAR antibodies to accumulate 

specifically at these sites. At the time of diagnosis, patients with aggressive breast 

cancer (and tumors of other origins) present with multi-focal disease. Conjugation of 

imaging radionuclides to uPAR-specific antibodies allows for nuclear imaging of these 

tumors. Conjugation of chemotherapeutics, drug-filled vehicles, or therapeutic 

radionuclides allows for specific delivery of therapeutic agents to these tumors as well. 

Overall, this increases the therapeutic index for particular therapies currently in use by 

increasing the delivered dose to the tumor site.
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Chapter 2

Antagonistic anti-uPAR Antibodies Significantly Inhibit uPAR-mediated Cellular 

Signaling and Migration

Research completed in collaboration with...

David H. Goetz PhD, Ying Wei MD, Daniel R. Hostetter PhD, & Aaron M. Lebeau PhD
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Abstract

 Interactions between uPAR and its various ligands regulate tumor growth, 

invasion, and metastasis. Antibodies that bind specific uPAR epitopes may disrupt these 

interactions, thereby inhibiting these processes. Using a highly diverse and naïve human 

Fab phage display library, we identified 12 unique human Fabs that bind uPAR. Two of 

these antibodies compete against uPA for uPAR binding, whereas a third competes with 

β1 integrins for uPAR binding. These competitive antibodies inhibit uPAR-dependent cell 

signaling and invasion in the non-small cell lung cancer cell line, H1299. Additionally, the 

integrin-blocking antibody abrogates uPAR/β1 integrin-mediated H1299 cell adhesion to 

FN and VN. This antibody and one of the uPAR/uPA antagonist antibodies shows a 

significant combined effect in inhibiting cell invasion through Matrigel/Collagen I or 

Collagen I matrices. Our results indicate that these antagonistic antibodies have 

potential for the detection and treatment of uPAR-expressing tumors.
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Introduction

 uPAR (CD87) is a glycosylated protein of 45–55 kDa consisting of three 

homologous cysteine-rich domains. The protein is localized to the extracellular leaf of 

the plasma membrane through a GPI anchor. uPAR mediates a wide variety of cellular 

processes including inflammation (1), metastasis, and invasion (2, 3), tissue remodeling 

(4), angiogenesis (5), and cell adhesion (6).

 Many of these processes are initiated by the highly specific binding of various 

ligands to membrane-bound uPAR. One such interaction is between uPAR and uPA, 

which mediates both extracellular and intracellular signaling events (7–9). Binding of 

extracellular pro-uPA to uPAR facilitates its activation (10). In turn, uPA activates 

proteases, such as plasmin, which directly and indirectly degrade the ECM. 

Furthermore, plasmin can activate pro-uPA, leading to a positive feedback loop that 

accelerates ECM degradation.

 uPAR is also able to act intracellularly by activating proliferative signal 

transduction pathways. Although many of these proliferative signals are dependent on 

uPA binding, they are largely independent of uPA catalytic activity (11, 12). These uPAR-

initiated intracellular signaling events are mediated by interaction with other proteins 

either directly or as part of a multi-protein complex (13).

 Additionally, uPAR is believed to directly associate with integrin family adhesion 

receptors in complexes that mediate RGD-independent cell signaling and migration (14). 

Peptides and small molecules that disrupt uPAR/β1 integrin interactions have been 

shown to prevent tumor metastasis in animal models (15, 16).

 The uPAR multi-domain structure enables the binding of diverse ligands (17). In 

some cases it has been shown that the presence of uPA increases the affinity between 

uPAR and its ligands, such as VN (18). Furthermore, uPAR/uPA-dependent signaling 

seems to require uPAR/integrin interactions (19, 20). Thus, uPAR serves to integrate an 

array of growth and migration signals from the extracellular milieu via a network of 
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binding events. Therefore, identifying reagents that block these binding events is an 

active area of research.

 Several peptides, peptidomimetics, small molecules, and antibodies that block 

uPAR/uPA have been identified (21); however, none of the peptide or small molecule 

approaches has advanced into clinical studies (22). Recent advances in highly selective 

antibody therapeutics against extracellular targets have made these molecules attractive 

reagents for targeting the uPAR/ligand interactions (23); however, fully human antibodies 

that bind uPAR with high affinity and interrupt uPA and β1 integrin binding have not been 

previously described.

 Phage display technology provides a facile way to clone large repertoires of 

human antibody binding regions and screen for molecules that bind to a target such as 

uPAR. We describe a panel of anti-uPAR antibodies discovered from a highly diverse 

and naïve human Fab phage display library. Two Fabs that compete with uPA for uPAR 

binding and one Fab that competes with α5β1 integrin for uPAR binding were identified. 

These antibodies are capable of selectively labeling uPAR-expressing cells and inhibit 

uPAR-mediated cell signaling and migration. In addition, these human anti-uPAR 

antibodies were used to demonstrate that the inhibition of both the uPAR/uPA and

uPAR/1 interactions has an additive effect on cellular signaling and cancer cell migration.
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Results

Phage Display Identifies uPAR Binding Fabs: Before panning, the binding of active uPAR 

to a microplate surface was confirmed by detecting the binding of HMW-uPA to the 

uPAR-coated surface. Binding of HMW-uPA was detected by assaying for the presence 

of specific proteolytic activity within a microplate well with the uPA substrate 

spectrazyme UK (data not shown) after incubating the uPAR-coated plate with HMW-

uPA and stringently washing. Fabs capable of binding human uPAR were obtained after 

three rounds of panning in which washes to remove weakly bound Fab-displaying phage 

were made increasingly stringent. 384 independent clones were evaluated from the final 

round of panning. To confirm that these Fabs could be expressed in bacteria, culture 

supernatants (into which a small fraction of Fabs accumulated after IPTG addition) were 

tested for the presence of Fabs capable of binding to uPAR. From these 384 clones, 96 

were selected for further analysis on the basis of reproducible uPAR binding. 

Periplasmic protein fractions were then prepared from the 96 clones. With these 

fractions ELISA analyses gave stronger, more consistent signals compared with that of 

culture supernatants, presumably due to the higher concentration of Fab in the 

periplasm as compared with culture supernatant. Of the 96 clones, 36 candidates were 

confirmed as strong binders of uPAR, with an average signal greater than 8-fold over 

background (data not shown).

Sequence Analysis and Small-scale Expression Identifies Unique Fabs: The 36 

candidates were sequenced and evaluated for expression at the 100-ml culture scale. 

Sequencing of the heavy and light chain expression cassettes revealed that 22

of the 36 candidates have unique Fab sequences. ClustalW alignment of these 

sequences yielded a percent identity dendrogram with two distinct groups of antibodies 

defined by having a or light chain (Fig. 2-1A). Several subgroups of highly related 
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sequences are evident within the light chain group, whereas eight antibodies with a 

relatively low degree of sequence similarity are evident within the  light chain group. 

Alignment of the six CDRs of each unique Fab (Fig. 2-1C) shows that the CDR

sequences determine the subgrouping pattern observed in the dendrogram of Fig. 2-1A. 

The lowest pairwise sequence identity between antibody CDRs is 22%. The expression 

levels of the 22 unique Fabs in E. coli were determined after IPTG induction of 100 ml 

cultures. Histidine-tagged Fabs from the

periplasmic fraction were obtained by osmotic shock, purified with Ni-NTA resin 

(Qiagen), and analyzed for expression by quantitative Western blot. As this expression 

system is known to allow secretion of Fab into culture media, the spent media was also 

analyzed for Fab expression. Two Fab clones, 3H1 and 3F7, showed no expression and 

were not characterized further (Fig. 2-1B). In small-scale expression, the remaining 

Fabs, with the exception of 2E9, yielded at least 250 mg/liter E. coli culture (Fab 2E9 

yields were ~5-fold lower) (Figure 2-1B). The list of Fabs to further pursue was narrowed 

by clustering individual clones based on their sequences and bacterial expression 

abilities. Sequences with a similarity greater than or equal to 82% were clustered 

together (Fig. 2-1C). From these groupings, a representative clone demonstrating robust 

small-scale expression was chosen, thus narrowing the list of Fabs to 12 clones for 

further analysis.

Competitive ELISA Identifies 2E9 and 2G10 as the Most Competitive with uPA for uPAR 

Binding: Purified Fabs from the 12 remaining clones were analyzed for their ability to 

compete with uPA for binding to immobilized uPAR. The presence of uPA was measured 

by the amount of bound proteolytic activity in the presence and absence of each Fab

(Fig. 2-2). This assay identified 2E9 and 2G10 as competitors of the uPA/uPAR 

interaction. Controls showed that these antibodies did not directly inhibit uPA proteolytic
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activity. The competitive ELISA data also suggested that 1A8 and 2B1 do not compete 

with uPA for uPAR binding. To verify that these Fabs were not weak uPA competitors, the 

ratio of bound Fab in the presence of uPA to bound Fab in the absence of uPA was 

calculated (Fig. 2-2, inset). The amount of Fab bound in the presence and absence of 

uPA was determined in the same uPAR-coated well; therefore, some loss of Fab is 

expected due to processing between measurements. This assay verified that 1A8 and 

2B1 bound a non-uPA binding site on uPAR. The two strongest non-competitive binders, 

1A8 and 2B1, and the two strongest competitive inhibitors, 2G10 and 2E9, were chosen 

for further analysis.

Full-length IgG Expression in Mammalian Cells Produces Reagent Quantities of 

Antibody: The heavy and light chain sequences of 1A8, 2B1, 2G10, and 2E9 were 

cloned into the mammalian expression vector pTT5-SPH1 for high level expression by 

transient transfection in HEK-293-EBNA1 cells (Fig. 2-3). Co-transfection of varying 

ratios of heavy and light chain expression plasmids revealed that an equal mass of 

heavy and light chain DNA, which corresponds to a slight molar excess of light chain 

plasmid particles, produced the highest level of antibody. A total DNA : PEI ratio of 1 µg : 

4 µl and sub-confluent maintenance of HEK-293-EBNA1 cells resulted in a greater than 

90% transfection efficiency. Optimal time to harvest post-transfection was 5 days. 

Antibody expression yield was sequence-dependent and varied between 20 and to 100 

mg/liter of culture supernatant at the 1 ml-scale and between 10 and 50 mg/liter in large 

scale trials (500 ml).

Surface Plasmon Resonance Reveals Low nM Affinities for uPAR: The monovalent 

interaction affinity between uPAR and the antibodies 1A8, 2B1, 2G10, and 2E9 were 

determined by equilibrium surface plasmon resonance methods using a Biacore 1000. 
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Analysis of instrument response versus analyte (uPAR) concentration yielded 

monovalent dissociation constants in the nanomolar range (Fig. 2-4).

Flow Cytometry Shows Specific Labeling of uPAR-expressing Cells: The ability of the 

identified antibodies to bind uPAR, as it is presented on the cell surface, was analyzed 

by flow cytometry. HEK-293 cells stably expressing membrane-bound human uPAR 

were labeled with full-length anti-uPAR IgGs or an isotype control. Anti-uPAR IgGs were 

detected with an anti-human Fc fluorescein isothiocyanate-conjugated secondary 

antibody. Labeled cells were analyzed on a flow cytometer (Fig. 2-5). All the antibodies 

tested indicated robust labeling of uPAR-expressing HEK-293 cells but did not show 

labeling of the parental HEK-293 cells lacking uPAR expression indicating highly specific 

binding.

2E9 and 2G10 Decrease H1299 Invasion: H1299 cells have also been shown ex vivo to 

migrate through or invade extracellular matrix components such as Matrigel in a manner 

that is dependent on uPA binding to uPAR (19). A strong ex vivo Matrigel invasion 

phenotype is thought to correlate with the metastatic potential of a cancer cell in vivo. 

Analysis of the effects of antibodies 1A8, 2B1, 2G10, and 2E9 on Matrigel invasion by 

H1299 cells, which produce uPA in an autocrine fashion, shows that 2G10 and 2E9 are 

both capable of inhibiting migration, whereas 1A8 and 2B1 are not (Fig. 2-6A).

2E9 and 2G10 Decrease uPA-dependent ERK Phosphorylation in H1299 Cells: The 

human lung cancer cell line H1299exhibits pro-proliferative ERK phosphorylation and 

activation that is dependent on signaling events mediated by binding of uPA to uPAR 

(19). This cell line was used to test the ability of the anti-uPAR antibodies to inhibit 

uPAR-dependent pro-proliferative signals triggered by uPA binding. The results 

demonstrate that antibodies 1A8 and 2B1 do not inhibit ERK phosphorylation under the 
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conditions tested. However, 2E9 and 2G10, which compete with uPA binding to uPAR, 

are able to inhibit ERK phosphorylation (Fig. 2-6B).

3C6 Decreases FN-dependent ERK phosphorylation in H1299 Cells and Abrogates 

Their FN- and VN-dependentAdhesion: The activation of FN-dependent ERK 

phosphorylation in H1299 cells is dependent on the formation of the uPAR/α5β1/FN

complex (19). To determine whether any of the unique anti-uPAR Fabs interfere with the 

uPAR/51 interaction, we tested their ability to decrease ERK phosphorylation in H1299

cells seeded in FN-coated wells. We identified 3C6 as able to significantly decrease FN-

dependent ERK phosphorylation (Fig. 2-7A). To further characterize the functional 

effects of 3C6, an FN adhesion assay was utilized. The α5β1/FN interaction can occur in 

a uPAR-independent context that is sensitive to antagonism by the RGD peptide and in 

a uPAR-dependent context that is resistant to the RGD peptide (14). In the presence of 

both the RGD peptide and 3C6, H1299 adhesion to FN-coated wells was abrogated (Fig. 

2-7B). The selectivity of this effect was verified by inclusion of RAD peptide and the Fab 

form of the uPA competitor, 2G10, as negative controls. To determine whether the 3C6 

ability to disrupt uPAR/β1-mediated adhesion is generalizable, we characterized the 

ability of uPAR/α3β1-mediated H1299 cell adhesion to VN. In an assay similar to the FN 

adhesion assay, it was found that 3C6 could also prevent the adhesion of H1299 cells to 

VN in the presence of RGD peptide (Fig. 2-7B), suggesting that 3C6 is able to 

specifically block the functions of uPAR complexes with multiple β1 integrins.

3C6 Fab Binds to uPAR Over-expressing HEK Cells: To confirm that 3C6 recognizes 

uPAR as displayed on a cell surface, we utilized the same flow cytometry assay used to 

characterize the anti-uPAR IgGs. Because the investigation of 3C6-dependent cellular 

effects was done with the Fab form of the antibody, we continued to use this format for 

flow cytometry. We also included the 2G10 Fab as a benchmark for an antagonistic 
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antibody ability to bind cellular uPAR-expressing HEK-293 cells. The data indicate that 

the 3C6 Fab can bind to cells that over-express uPAR, albeit not as robustly as the 2G10 

Fab (Fig. 2-8A).

3C6 Prevents the Association of uPAR and 1 Integrins in H1299 Cells: α3β1 and α5β1 

are the major β1 integrins that associate with uPAR in H1299 cells (14). To determine 

whether 3C6 directly blocks uPAR association with 1 integrins, 3C6 and 2G10 Fabs 

were used to immunoprecipitate uPAR and uPAR ligands from H1299 lysates. The 

resulting immunoprecipitates were analyzed by Western blot for uPAR, 5, and 1 integrin 

subunits. 2G10 appears to be able to bind uPAR at the same time as β1 integrin (Fig. 

2-8B). The absence of β1 in the 3C6 immunoprecipitation suggests that 3C6 prevents 

uPAR/β1 association. Because α5β1 integrin association with uPAR is known to effect 

changes in ERK phosphorylation and MMP expression (14), we also probed for the 

presence of the 5 subunit. The results indicate that 2G10 is able to bind uPAR 

simultaneously with α5β1 integrin, whereas 3C6 prevents uPAR association with α5β1 

integrin (Fig. 2-8C).

2G10 and 3C6 Show a Combined Effect on Inhibition of H1299 Invasion through Cross-

linked Matrices: Migration is a complex phenomenon that requires modulation of 

adhesion and degradation of ECM (27). As shown in Fig. 2-6A, antagonism of the uPAR/

uPA complex by 2E9 and 2G10 inhibits the invasion of H1299 cells. To determine 

whether 3C6 has a similar effect on invasion by antagonizing the uPAR/β1 complexes, 

we explored whether the 3C6 Fab could have an additional effect on invasion inhibition 

when used simultaneously with the uPA competitor Fab, 2G10, to block cell invasion 

through Matrigel/Collagen I or Collagen I. As shown in Fig. 2-9A, not only do 2G10

and 3C6 Fabs inhibit invasion through Collagen I, but a combined dosage exhibits a 

combined response.
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 Additionally, the invasion assay was repeated on a substrate composed of both 

Matrigel and Collagen I to provide a matrix that contains more physiologically relevant 

physical cues for migration and ECM degradation. The results are consistent with the 

increased response observed on the collagen I-coated inserts (Fig. 2-9B).

2G10 and 3C6 Do Not Confer Additional Invasion Inhibition above MMP Inhibitors: 

Figure 2-10 shows the invasion inhibition observed for the different treatments of 

H1299cells. The concentrations were chosen below the saturation point of the anti-uPAR 

antibodies (as can be gauged by the invasion data from Fig. 2-9) so as to provide a 

preliminary indication as to whether additional invasion inhibition was conferred by using 

two different inhibitors. Additional treatment of MMP-inhibited H1299 cells (which were 

treated with either broad spectrum MMP inhibitor GM6001 or the antibody that was 

specific for the MT1-MMP catalytic domain) with antiuPAR antagonist antibodies 2G10 or 

3C6 did not confer invasion inhibition that was significantly greater than treatment

with MMP inhibitors alone.
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Discussion

 uPAR-mediated signaling has been implicated in tumor cell invasion, survival, 

and metastasis (28). Many of these signaling events are dependent on binding 

extracellular ligands such as uPA and integrins. Therefore, the identification of reagents 

with favorable pharmacokinetic characteristics capable of binding to and interfering with 

uPAR-mediated signaling is an area of great interest. Here we report Fabs from a highly 

diverse and naïve human Fab phage display library that are capable of binding uPAR.

Antibodies that inhibit the binding of the known uPAR ligands uPA and 1 integrins were 

produced. These antibodies are able to robustly label membrane-bound uPAR-

expressing cells and inhibit uPAR-mediated signal transduction and cellular migration.

 The identified anti-uPAR antibodies can be broadly categorized into two different 

groups by heavy chain sequence similarity. Fourteen of the antibodies show significant 

heavy chain CDR sequence similarity (2G10 through 2B7 in Fig.1B), whereas the 

remaining eight do not. 2G10, 2B1, and 1A8 have similar heavy chain CDRs, but 2G10 

competes with uPA for uPAR binding, whereas 2B1 and 1A8 do not. Interestingly, the 

light chain CDRs of 1A8 and 2B1 are highly similar to one another and different from that 

of 2G10, indicating that the light chain may play a role in 2G10 ability to compete with 

uPA for uPAR binding. 2E9, which also competes with uPA, has heavy and light chain 

CDRs that are highly dissimilar to 1A8, 2B1, or 2G10. This suggests that there is more 

than one method of interfering with uPAR/ uPA binding. To corroborate this supposition, 

the flow cytometry data (Fig. 2-5) imply that even though 2E9 and 2G10 both compete 

with uPA for uPAR binding, they recognize cellular uPAR differently.

 3C6 has unique light and heavy chain CDRs when compared with 1A8, 2B1, 

2G10, and 2E9, consistent with its role as the sole anti-uPAR antibody that antagonizes 

the uPAR/β1interactions. The diversity of the anti-uPAR antibody sequences suggests 

that they may possess multiple uPAR binding modes and may antagonize other uPAR/

ligand interactions.
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 There are several instances where the binding affinity of the antibody for uPAR 

does not predict functional efficacy in cell-based assays. The monovalent binding affinity 

of the 2G10 and 2E9 IgG antibodies are weaker than the affinity between uPAR and 

uPA (0.31 nM) (29), yet these IgGs inhibit uPAR-mediated invasion. One explanation for 

this phenomenon is that the avidity conferred by the bivalent IgG forms of 2E9 and 2G10

increases their apparent affinity for uPAR, thus allowing competition; however, the 

functional effect of the 2G10 IgG and Fab are comparable (Figs. 2-6A and 2-9), 

suggesting that IgG avidity alone cannot explain the functional efficacy of these 

antibodies.

 Additionally, although 3C6 appears to bind uPAR over-expressing cells less 

efficiently than 2G10 (Fig. 2-8A), it is still able to affect pERK levels, adhesion, and 

invasive potential in H1299 cells. The same can be said for 2E9, which exhibits uPA 

competition. Although surface plasmon resonance measurements show 2E9 to have the 

highest monovalent affinity for uPAR, flow cytometry data indicate that it binds to uPAR 

over-expressing HEK-293 cells less efficiently than 2G10; however, 2E9 inhibited H1299 

invasion more so than 2G10 (Fig. 2-6A). Thus, in this investigation surface plasmon 

resonance and flow cytometry provide a means to determine uPAR recognition in vitro

and ex vivo but do not predict functional efficacy in cell-based assays.

 Characterization of these antibodies has shown their antagonism to be highly 

selective. 2G10 and 2E9 inhibit uPA binding to uPAR, whereas 3C6 inhibits 1 integrin 

binding to uPAR. These antibodies are also capable of inhibiting processes mediated by 

uPA/uPAR or uPAR/β1 complexes in the lung cancer cell line H1299, such as Matrigel/

Collagen I or Collagen I invasion, and ERK phosphorylation. In contrast, 1A8 and 2B1 do

not show any inhibition of uPA binding, invasion, or ERK phosphorylation, and 2G10 

does not abrogate either FN- or VN- mediated adhesion of H1299 cells (Figs. 2-7B and 

2-7C).  These results suggest the high degree of functional selectivity of these 

antibodies. Flow cytometry experiments show that these antibodies specifically bind to 
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cells that express uPAR on their extracellular surface without detectably labeling control 

cells. Furthermore, they exhibit no binding to mouse uPAR. The lack of reactivity toward 

mouse uPAR suggests that these antibodies would be ideal for studying inhibition of 

tumor growth and metastasis in mouse xenograft models that use human cell lines. In 

addition, because these antibodies are fully human, antibody-dependent cell-mediated 

cytoxicity would not contribute to any anti-proliferative or anti-metastatic effects observed 

in mouse models.

 A promising observation is that combined 2G10 and 3C6 treatment of H1299 

cells has a combined effect on inhibiting invasion through Matrigel/Collagen I and 

Collagen I matrices (Fig. 2-9). Doubling the concentration of 2G10 or 3C6 does not lead 

to a 2-fold increase in invasion inhibition. This could be ascribed to saturation of uPAR-

mediated invasion pathways; however, a slightly greater invasion inhibition is achieved 

than from doubling either antibody concentration (Fig. 2-9). Although further experiments 

are required to pinpoint the specific molecular mechanisms contributing to this 

phenomenon as well as the type of relationship that combined treatment with 2G10 and 

3C6 exhibits, it is evident that combined treatment with a uPAR/uPA antagonist antibody 

and a uPAR/β1 antagonist antibody exhibits a different cellular effect than treatment

with only one antibody antagonist.

 Previous investigations into the ability for cancer cells to migrate through 

matrices that more closely recapitulate the basement membrane matrix have shown that 

membrane type-1, type-2, and type-3 metalloproteinases (MT1-, MT2-, and MT3-MMPs) 

to be essential for invasion (30). In particular, MT1-MMP has been implicated as a 

downstream factor that determines proteolytic invasion through basement membranes

directly and indirectly (31). Previous work indicated that disruption of the uPAR/β1 

interaction leads to down-regulation of MMP1 and MMP9 transcription, which leads to 

lower protease activity (19). Therefore, we were inclined to accept that the
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uPAR interaction with uPA and β1 integrins ultimately lead to the activation of matrix-

degrading MMPs. Additionally, the uPAR/uPA interaction has been suggested to be 

involved in the activation of ECM-degrading MMP2 (32). To resolve whether uPAR 

contributed to invasion beyond that of MMPs, MT1-MMP in particular, we conducted 

another invasion assay where we co-treated H1299 cells with either 2G10 or 3C6 and 

the broad-spectrum MMP inhibitor GM6001 or an antibody against the catalytic domain 

of MT1-MMP. We observed that neither 2G10 nor 3C6 contributed any additional 

invasion inhibition above that seen in GM6001- or anti-MT1-MMP-treated samples. This 

suggested that uPAR-mediated invasion is ultimately determined by MMP activity, 

particularly that of MT1- MMP (Fig. 2-10). The expression of MT1-MMP, uPAR, and uPA 

has been previously demonstrated and implicated in the ECM remodeling of cells (33, 

34). Additionally, uPAR and MT1-MMP expression has been correlated with an invasive 

phenotype, particularly in pancreatic cancer cells (35, 36). As indicated by our 

supplemental data, MMPs may play the ultimate role in dictating cancer cell 

invasiveness through cross-linked matrices (Fig. 2-10). Although this would suggest that 

targeting membrane-type MMPs for therapeutic purposes would be beneficial, MMP 

inhibitors have met with limited success as cancer therapeutics, likely due to inhibition of 

MMPs not involved in disease processes (37). Our data suggest an alternate modality 

for the inhibition of MMP activity that bypasses much of the problems encountered with 

the broad-spectrum MMP inhibitors.

 The implication for therapeutic development is 2-fold: 1) intracellular delivery of 

uPAR-targeted therapeutics is not required to have a significant effect, and 2) the 

targeting of two distinct sites on uPAR makes it less likely for resistance mutations to 

emerge in a population of cancer cells.

 In summary, the functional selectivity and specificity of these antibodies suggests 

that they may be useful for imaging and/or therapeutic purposes in tumors associated 

with high levels of uPAR expression. In addition, these antibodies will allow for
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further mechanistic dissection of uPAR signaling by enabling experiments that 

concurrently and selectively antagonize multiple uPAR/ligand interactions. Future work 

will involve the pharmacological characterization of these antibodies ex vivo and in vivo 

as well as determining their potency against other types of cell lines and cancers.
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Experimental Procedures

uPAR Expression and Purification: Human soluble uPAR cDNA (residues 1–277) was 

ligated into the insect cell expression vector pACgp67 (BD Biosciences). pACgp67 and 

Baculogold DNA (BD Biosciences) were co-transfected into Spodoptera frugiperda 9 

(Sf9) cells using LipofectamineTM (Invitrogen), and recombinant baculovirus was 

harvested and amplified according to the manufacturer’s protocol. Sf9 cells were 

infected with the recombinant baculovirus at a multiplicity of infection of 0.25, and 

infected cell culture supernatant was harvested 7 days post-transfection. uPAR was 

captured by antibody affinity chromatography, eluted, then dialyzed overnight

before purification by fast protein liquid chromatography on a Mono Q (GE Life 

Sciences) column using a linear gradient from 0 to 1 M NaCl for elution.

Phage Display Library Construction: A fully human naïve Fab phage display library was 

constructed using methods described by de Haard et al. (24). Briefly, peripheral blood

lymphocyte cDNA was synthesized from RNA. The resulting library was cloned into a 

phagemid vector, which fuses a C-terminal hexahistidine and c-Myc tag to the heavy 

chain. Large-scale phage rescue was performed using M13K07 helper phage.

Phage Display Panning: Human soluble uPAR was immobilized overnight to a Nunc 

MaxisorpTM 96-well microplate (eBioScience) at 10 g/ml in 50 mM sodium carbonate, pH

9.5, and unbound uPAR was removed by washing. uPARcoated wells were then blocked 

with milk and washed, and a pre-blocked aliquot of the phage library was divided 

between the wells. Unbound phage were washed away, and bound phage were 

recovered by adding Escherichia coli TG1 cells. Infected TG1 cells were spread onto 

selection plates, grown overnight, and harvested by plate scraping. Phage were 

amplified with M13K07 helper phage infection in liquid culture. Fab-displaying phage 
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were harvested from the culture supernatant and concentrated by polyethylene glycol 

precipitation. The second and third rounds of panning were conducted similarly to the 1st 

round, but the washing step was made increasingly stringent to remove weakly bound 

phage.

Expression of Fab into Culture Supernatants: Phage-infected E. coli TG1 colonies were 

grown in selection media, and Fab expression was induced by the addition of isopropyl -

D-1-thiogalactopyranoside (1 mM final) to cultures showing log phase growth. Cultures 

were shaken overnight to induceperiplasmic Fab expression, a minor portion of which 

leaks into the culture supernatant. After overnight incubation, TG1 culture supernatants 

containing leaked Fabs were collected by centrifugation.

Preparation of Periplasmic Fraction: Cell pellets from phageinfected TG1 cultures grown 

at the 96-well plate scale and induced for Fab expression by addition of IPTG, were 

resuspended in 50 l of 100 mM Tris, pH 8.0, 25% glucose, and 100g/ml hen egg white 

lysozyme and shaken at room temperature for 30 min. 300l of ice-cold water was then 

added and mixed with vigorous pipeting. The periplasmic fraction was then clarified by 

centrifugation.

Fab Purification: Individual Fab clones were expressed in E. coli Rosetta-gami B cells 

(as described for TG1 cells). Periplasmic fractions were purified by immobilized nickel 

chelate chromatography using Chelating-SepharoseTM (GE Healthcare) according to the 

manufacturer’s protocol. Purified protein was analyzed by SDS-PAGE, and the 

concentration was estimated with the BCATM Protein Assay kit (Pierce) using bovine 

serum albumin standards. Each Fab was analyzed for expression by Western blot using 

an Penta-His HRP conjugate antibody (Qiagen) according to the manufacturer’s 

protocol.
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uPAR ELISA— uPAR binding Fabs were detected on a Nunc MaxisorpTM 96-well plate 

coated with 50 µls of 1 µg/ml uPAR. Fabs (either culture supernatant, periplasmic 

fraction, or purified protein at 22.5 g/ml) were applied to the plate wells, which were then 

washed. Bound Fabs were detected using 100 µg/ml HRP-conjugated anti-Myc antibody 

clone 9E10 (Roche Applied Science). Three wells not coated with uPAR were included to 

control for nonspecific Fab binding. For ELISA assays using culture supernatants, bound 

9E10-HRP was detected using 1-StepTM Turbo-TMB ELISA (Pierce) for end point 

analysis at 450 nm according to the manufacturer’s protocol. For all other experiments, 

bound 9E10-HRP was detected as the rate of increase of the absorbance at 650 nm in 

the presence of 3,3,5,5-tetramethylbenzidine substrate.

Sequence Analysis: The heavy and light chain expression cassettes of all 36 uPAR 

binding clones were sequenced. The CDRs of the heavy and light chain sequences were 

aligned using the ClustalW2 server (25).

Competitive ELISA: 95 µls of each Fab was combined with 6 nM HMW-uPA (American 

Diagnostica). The resulting mixture was incubated with the uPAR-coated microplate 

wells described in the previous section. Wells not coated with uPAR were included to 

control for any nonspecific binding of HMW-uPA. Wells coated with uPAR and incubated 

against all Fabs without HMWuPA were included to control for nonspecific protease 

activity. Maximal uPA binding was determined by incubating HMWuPA with uPAR-coated 

wells without any Fab. Unbound Fabs and HMW-uPA were removed by washing. The 

amount of bound HMW-uPA was measured by assaying proteolytic activity in the treated 

wells using the chromogenic uPA substrate Spectrazyme UK (American Diagnostica) 

and monitoring the rate of increase of the absorbance at 405 nm. The wells were further 
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assayed to detect the presence of bound Fab using 9E10-HRP as described in the 

previous section.

uPA Activity in the Presence of Fabs: Fabs were tested for direct inhibition of uPA in two 

ways. First, 1 µg/ml HMW-uPA was incubated in uPAR-coated plates; unbound HMW-

uPA was removed by washing, and Fabs were added to the wells at 25 µg/ml. The 

activity of HMW-uPA in the presence and absence of Fab was measured as described 

above. Second, 10 nM HMWuPA and low molecular weight uPA (American Diagnostica) 

were incubated in a microtiter plate in the presence and absence of 450 nM Fab. The 

activity of high and low molecular weight uPA was measured in triplicate by assaying 

proteolytic activity as described above.

Human IgG1 Antibody Expression and Purification: Heavy and light chain Fab 

sequences were amplified by PCR and separately cloned into vector pTT5-SP-H1, a 

modification of the pTT5 vector (National Research Council of Canada). Heavy and light 

chain expression vectors were transformed into NEB Turbo Competent E. coli (New 

England Biolabs), and large-scale plasmid preparations were performed using the Pure 

Yield Plasmid Midiprep system (Promega). The sequences of all full-length antibody 

expression clones were confirmed. HEK-293-EBNA1 cells, a generous gift from Yves 

Durocher of the Canadian National Research Council, were adapted to

Invitrogen FreeStyleTM 293 Expression Medium (Invitrogen) supplemented with 50 g/ml 

G418. Heavy and light chain encoding pTT5 plasmids were co-transfected into the cells 

with jetPEITM (Polyplus) according to the manufacturer’s protocol. Cells were incubated 

for 4–5 days post-transfection, after which the IgG-containing spent media was 

harvested. IgGs were purified on a Protein A-agarose (Pierce) affinity column, eluted 

with 100 mM citrate, pH 3.0, neutralized, dialyzed overnight against phosphate-buffered 
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saline, pH 7.4, and stored at 4°C. IgG expression levels were determined using the 

EasyTiter Human IgG Assay kit (Pierce) and spectrophotometric readings at 280 nm.

Surface Plasmon Resonance: The interaction affinities between uPAR and 1A8, 2B1, 

2G10, and 2E9 were determined by equilibrium surface plasmon resonance using a 

Biacore 1000. To abrogate the effect of avidity, antibodies were immobilized on the 

surface of a Biacore CM5 chip, and soluble uPAR was flowed as the analyte. Four 

Biacore CM5 chip flow cells were sequentially treated according to the manufacturer’s 

protocol with EDC and NHS. 1A8, 2B1, 2E9, and 2G10 IgGs were each diluted to 5 g/ml 

in 10 mM sodium acetate, pH 5.0, and then immobilized to separate flow cells to obtain 

2700 relative response units. The flow cells were blocked with 1 M ethanolamine, pH 

8.5, after antibody immobilization. A flow cell on each CM5 chip was immediately treated 

with 1 M ethanolamine, pH 8.5, after EDC/NHS activation to provide a reference surface. 

Soluble human uPAR was injected over flow cells at the following concentrations: 450, 

225, 112.5, 56.25, 28.13, 14.1, 7, 3.5, 1.8, and 0 nM. Bound uPAR was removed with 10 

mM glycine, pH 1.5. Instrument response values were recorded and imported into 

Scrubber2 (BioLogic Software) for analysis. Data were normalized using the double 

referencing method (26) and analyzed using a one-site binding model as implemented in

Scrubber2. Response values reached a stable plateau as judged by a change of less 

than 0.05% over the last minute of injection.

Flow Cytometry: A confluent flask of either HEK-293 cells or HEK-293 uPAR cells was 

treated with TrypLE Express (Invitrogen). Harvested cells were re-suspended in Stain 

Buffer (BD Pharmingen) and were transferred to tubes for antibody staining. 1A8, 2B1, 

2E9, 2G10, and whole human IgG (Sigma) were added to a final concentration

of 5 µg/ml. 2G10 and 3C6 Fab were added to a final concentration of 50 µg/ml. All 

samples were incubated on a rotator at 4°C for 30 min after the addition of antibody, 
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harvested by centrifugation, and resuspended in 500 l of Stain Buffer. The IgG samples 

were resuspended and incubated with 20 l of fluorescein isothiocyanate-conjugated 

mouse anti-human monoclonal antibody (BD Pharmingen), whereas the Fab samples

were incubated with Alexa Fluor 488-conjugated mouse anticMyc monoclonal antibody 

(AbD Serotec). Cells were analyzed with a BD Biosciences FACSCalibur cytometer. 

Data analysis was performed with FlowJo Version 7.2.4.

Adhesion Assay: The cell adhesion assay was performed as described previously (14). 

Briefly, H1299 cells were seeded onto FN-coated (10 µg/ml) or VN-coated (5 µg/ml) 

plates with or without the anti-uPAR Fabs (10 g/ml), RGD peptide, or RAD peptide (0.4 

mM). Attached cells were fixed with methanol, and Giemsa stain was used for 

colorimetric analysis by measuring the optical density at 550 nm. FN and VN were 

purchased from Sigma. RGD and RAD peptides were purchased from Anaspec (San 

Jose, CA).

ERK Phosphorylation Assays: Serum-starved H1299 cells were washed with 50 mM 

glycine-HCl, 100 mM NaCl, pH 3.0, for 3 min to remove surface-bound endogenous uPA  

and neutralized with 0.5 M HEPES, 0.1 M NaCl, pH 7.5, for 10 min on ice. Cells were 

pretreated with 10 g/ml 1A8, 2B1, 2E9, 2G10, or control human IgG for 1 h at 37 °C. 

Pro-uPA was added to 10 nM and incubated at 37 °C for 5 min to initiate ERK activation. 

After incubation, cells were lysed in RIPA buffer (Pierce) supplemented with protease 

and phosphatase inhibitors (Sigma) and blotted for phospho- and total ERK (Cell 

Signaling). In the case of FN-stimulated ERK phosphorylation, cells were cultured on a 

FN- (10 µg/ml)-coated surface for 30 minutes before lysis.

Invasion Assays: H1299 human lung cancer cells were pretreated with 1A8, 2B1, 2E9, 

2G10, or control human IgG (each 10 µg/ml) and 2G10, 3C6, 2G10 3C6 Fab (5–
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10 µg/ml) for 1 h at 37 °C. Cells were then seeded into BD BiocoatTM Invasion Chambers 

(BD Biosciences) with Matrigel, Collagen I, or Matrigel/Collagen I mix-coated tops and 

FN pre-coated bottoms and then cultured overnight in serum-free Dulbecco’s modified 

Eagle’s medium containing 5 mg/ml bovine serum albumin; fetal bovine serum was 

added to the lower chamber to 5%. 24 h later, the matrices and cells on the membrane 

top chamber side were removed, and cells on the membrane bottom chamber side were 

fixed with methanol, stained with Giemsa, extracted in 10% acetic acid, and measured in 

a plate reader at 595 nm. All assays were performed in triplicate, and the data are 

expressed as percent inhibition by the antibodies:

Acid-extracted rat-tail collagen I was purchased from Sigma (Catalog #C7661) and was 

reconstituted according to the manufacturer’s protocol.

Anti-uPAR Co-immunoprecipitation: H1299 cells were lysed in Triton lysis buffer (50 mM 

HEPES, pH 7.5, 150 mM NaCl, and 1% Triton X-100) supplemented with protease 

inhibitors (Sigma) and 1 mM PMSF. Clarified lysates were first incubated with anti-uPAR 

Fabs (10 µg/ml) at 4°C for one hour, then with Penta-His Antibody (Qiagen) for one hour, 

and finally with 50 µls of mixed Protein A and Protein G-agarose beads overnight. The 

immunoprecipitates were subjected to SDS-PAGE and Western blot analysis for uPAR 

and either α5 or β1 integrins. The anti-uPAR monoclonal antibody (R2) was a kind gift 

from Michael Ploug (Finsen Laboratory, Copenhagen, Denmark). The anti-integrin 

polyclonal antibodies were purchased from Chemicon (Temecula, CA).

uPAR and MMP Invasion Assay: H1299 human lung cancer cells were pretreated with 

2G10 or 3C6 Fab (5 µg/ml) and either GM6001 (0.1 M, Chemicon) or anti-MT1-MMP
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catalytic domain (5 µg/ml, Clone 3G4.2, Millipore) for 1 hour at 37°C. Cells were then 

seeded into BD BiocoatTM Invasion Chambers (BD Biosciences) with Matrigel/Collagen I 

mix-coated tops and FN pre-coated bottoms and then cultured overnight in serum-free 

Dulbecco’s modified Eagle’s medium containing 5 mg/ml bovine serum albumin; media 

containing 5% FBS was added to the lower chamber. Length of invasion, fixation, 

staining, and analysis was done exactly as in the previously documented invasion 

assays.
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Figure 2-1
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Sequence homology for uPAR-binding Fabs identified by phage display. A. The heavy 

and light chain protein sequences of the 22 unique clones were aligned to generate a 

percent identity tree diagram. The number of identical clones is indicated in parentheses 

for redundant Fab sequences. The Fab subgroups, defined by their light chain identity (κ  

or λ), are labeled. The vertical line indicates the 82% sequence identity threshold. 

Sequences that branch to the right of the 82% cut-off are considered equivalent. B. Each 

of the 22 unique Fab clones were transformed into Rosetta-gami B cells and were tested 

for expression. Spent media and cell lysates were assayed for Fab by quantitative 

Western. C. The sequences of the CDR loops of each unique Fab were aligned and 

shaded to indicate sequence identity. The name of each CDR loop is indicated above the 

alignment. Fab heavy and light chain protein sequences with greater than 82% 

sequence identity were grouped together (box). A representative clone was selected 

from each group based on expression levels in E. coli Rosetta-gami B cells and is 

indicated to the left of the box. Asterisks indicate Fab clones that did not express in 

Rosetta cells.
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Figure 2-2

Binding of uPA to uPAR in the presence of Fab. uPA was added to a uPAR-coated plate 

in the absence and presence of each Fab. The presence of uPA was determined by the 

amount of bound proteolytic activity and is reported as the initial velocities from the 

progress curves. Maximal uPA binding was determined by incubating uPA without Fab 

and is labeled no Fab. Data is plotted left to right from Fabs that do not compete with 

uPA for uPAR binding to Fabs that show maximal competition. Inset, for 1A8 and 2B1, 

the amount of Fab bound to uPAR in the presence and absence of uPA was determined 

by ELISA. The ratio of bound Fab in the presence of uPA to bound Fab in the absence of  

uPA is reported as a percentage.
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Figure 2-3

IgG expression by transient transfection. A, Fab sequences were grafted onto an IgG1 

scaffold by independently subcloning the heavy (HC) and light chain sequences into 

pTT5-SP-H1. The plasmid map of this transient expression vector is shown. For a given 

antibody, both the pTT5-SP-H1 heavy chain vector and pTT5-SP-H1 light chain vector 

were co-transfected into HEK-293-EBNA1 cells for expression. CMV, cytomegalovirus. 

IgG HC Const, IgG Heavy Chain Constant Fc Region. B, SDS-PAGE analysis of purified 
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antibodies is shown. The λ light chain of 2E9 runs at a higher apparent molecular weight 

than the κ light chain of the other antibodies.
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Figure 2-4

Equilibrium affinity determination of uPAR antibody interaction. Percent of maximal 

surface plasmon resonance response during analyte (uPAR) injection versus analyte 

concentration is shown. Curve fitting for 2E9 (open circles), 1A8 (open squares), 2G10 

(closed diamonds), and 2B1 (×) yielded KD values that are summarized in the table.
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Figure 2-5

Detection of cell surface uPAR with human anti-uPAR antibodies. A—D, white profiles 

represent staining with control whole human IgG; shaded profiles represent staining with 

human anti-uPAR antibody. The identity of the human anti-uPAR antibody is indicated 

within the shaded profile (A = 1A8; B = 2B1; C = 2E9; D = 2G10). To quantify the relative 

staining intensities of the human anti-uPAR antibodies, the same gate (horizontal line) 
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was applied to each sample. The % of cells staining positive for uPAR expression is 

indicated above the gate.
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Figure 2-6

Inhibition of uPA/uPAR mediated invasion and signaling in H1299 cells. A, H1299 cells 

were pretreated with antibodies (10 µg/ml), 2E9, 2G10, 2B1, and 1A8, before they were 

allowed to invade Matrigel for 24 h. The cells that migrated through and attached to the 

bottom of the filter were fixed, stained with Giemsa, and extracted with 10% acetic acid. 

Cell invasiveness is evaluated by measuring A595 nm. The results are expressed as 

percent inhibition of that observed with no treatment control. B, H1299 cells expressing 

endogenous uPAR were serum-starved, acid-washed, pre-treated with antibodies (10 

µg/ml), and then incubated with pro-uPA (10 nm). The lysates were immunoblotted with 

anti-pERK (top panel) and anti-total ERK (bottom panel).
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Figure 2-7

Determination of 3C6 as a putative uPAR/β1 integrin antagonist. A, H1299 cells were 

serum-starved, acid-washed, pre-treated with Fabs (10 µg/ml), 2B1, 2B7, 2B11, 2D5, 

2E9, 2G10, 2G12, 3C6, and 4C1, and cultured on a FN-coated surface (10 µg/ml) for 30 

min before lysis. The lysates were immunoblotted with anti-pERK (top) and anti-total 

ERK (T-ERK, bottom). B, H1299 cells were seeded on FN-coated (10 µg/ml) or VN-

coated (5 µg/ml) 96-well plates with or without anti-uPAR antibody and RGD or RAD 

peptide. Shown here is a direct comparison between 2G10 (uPAR/uPA antagonist) and 

3C6, now identifiable as an uPAR/β1 integrin antagonist.
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Figure 2-8

3C6 binds to cell surface uPAR and abrogates uPAR association with α5β1 integrin. A, 

HEK-293 cells overexpressing uPAR were stained with 3C6 and 2G10 to confirm the 

3C6 ability to bind cell surface uPAR. The dashed white profile represents staining with 
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2G10 Fab; the shaded profile represents staining with 3C6 Fab; the solid white profile 

represents no Fab staining but inclusion of the AlexaFluor 488-conjugated secondary. B 

and C, H1299 lysates were incubated with anti-uPAR Fab (2G10 or 3C6), Penta-His 

antibody, and Protein A/G-agarose. The presence of β1 integrin (B) or α5 integrin (C) 

and uPAR was probed with the respective antibodies in Western analysis. Ctl, control; IP, 

immunoprecipitate.
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Figure 2-9

Combined 2G10 and 3C6 treatment of H1299 cells significantly decreases invasive 

potential through Matrigel/Collagen I and Collagen I. H1299 cells were pretreated with 

antibodies (2G10, 3C6, and 2G10/3C6 at 5–10 µg/ml) before seeding on the Collagen I-

coated (A) or Matrigel/Collagen I-coated (B) top membrane of a 24-well Transwell plate 

(105 cells/well in triplicate). Cells were incubated for 24 h. The cells that migrated 

through and attached to the bottom of the filter were fixed, stained with Giemsa, and 

extracted with 10% acetic acid. Cell invasiveness is evaluated by measuring A595 nm. 

The results are expressed as a percentage of inhibition observed in the no-treatment 
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control. Note, the inhibition potential of combined 2G10 (5 µg/ml) and 3C6 (5 µg/ml) is 

significantly stronger than either antibody alone (10 µg/ml), suggesting an additive effect.
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Figure 2-10

SUPPLEMENTAL INFORMATION 
 
FIGURE LEGEND 
 
Figure S1: MMP inhibitors do not increase invasion inhibition of H1299 cells, simultaneously 
treated with anti-uPAR antagonistic antibodies, through a Matrigel/Collagen I matrix. H1299 cells 
were treated with an anti-uPAR antagonistic antibody (2G10 or 3C6), an MMP inhibitor (GM6001 or 
anti-MT1-MMP), or both. Treated cells were seeded on Matrigel/Collagen I transwell and allowed to 
invade through to the bottom of the transwell for 24 hours. Anti-uPAR antagonistic antibodies do not 
appear to increase inhibition above that achieved by MMP inhibitors alone. 
 
FIGURE 
 
S1. 

 

MMP inhibitors do not increase invasion inhibition of H1299 cells, simultaneously treated 

with anti-uPAR antagonistic antibodies, through a Matrigel/Collagen I matrix. H1299 cells 

were treated with an anti-uPAR antagonistic antibody (2G10 or 3C6), an MMP inhibitor 

(GM6001 or anti-MT1-MMP), or both. Treated cells were seeded on Matrigel/Collagen I 

transwell and allowed to invade through to the bottom of the transwell for 24 hours. Anti-

uPAR antagonistic antibodies do not appear to increase inhibition above that achieved 

by MMP inhibitors alone.
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Abstract

The PAS participates in functions ranging from wound healing to immune surveillance. 

The three main components of this system are uPA, uPAR, and PAI-1. Together, these 

proteins affect extracellular proteolysis, and also outside-in signaling at specific tissue. 

Of resurgent interest is the role of uPAR in cancer progression, particularly in the 

metastatic process. uPAR is tethered to the cell membrane by a GPI anchor, and 

coordinates the localization of multiple proteins to effect extracellular proteolysis and 

signaling. A comprehensive understanding of uPAR’s biology necessitates an 

understanding at the biochemical–particularly the structural level. Two recombinant 

human anti-uPAR antagonistic antibodies were previously developed. In an effort to 

understand the structural aspects of uPAR’s protein/protein interactions, the binding 

epitopes of 2G10 and 3C6 were mapped onto uPAR. The role for uPAR’s functional 

antagonism is discussed, especially in the context of antagonistic antibodies.
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Introduction

 uPAR (Figure 3-1) is a GPI-linked protein of 283 residues that can be found 

differentially glycosylated, giving it an apparent molecular weight of 35 to 60 kDA [1]. 

uPAR’s canonical ligand, uPA, has been typically been assigned the function of 

plasminogen activation to plasmin, which leads to fibrin degradation and clot dissolution 

[2]. In fact, uPA, and not tPA, binds uPAR, thereby focusing plasminogen activation at 

the cell surface [2, 3]. This spatial restriction of plasminogen activation promotes the 

activation of MMPs that degrade the ECM and allow cellular migration into new areas [3, 

4]. Additionally, inactivation of uPA’s protease activity by the serpin PAI-1 effects 

internalization of the uPAR/uPA/PAI-1 ternary complex [4, 5]. Interestingly, this 

interaction also promotes varied signaling cascades that affect cell viability [6-8]. In 

addition to its interaction with uPA, uPAR has been shown to interact with various ECM 

components and integrins, independently of uPA, to promote cell proliferation via 

integrin-mediated intracellular signaling [9, 10]. Furthermore, uPAR can be liberated from 

the cell surface by Phospholipase C or proteolytic cleavage, to produce suPAR, that has 

been demonstrated to have chemotactic properties in vitro [8, 11-14]. The diverse roles 

of uPAR underscore the need for a structural understanding of the factors that contribute 

some of uPAR/ligand interactions.

 uPAR is initially produced as a protein of 335 amino acids, of which the first 22 

represent the signal peptide, and is cleaved off, and the last 30 are removed to attach a 

GPI linkage, yielding an integral membrane protein of 283 amino acids [1, 15, 16]. uPAR 

is made up of three cysteine-rich structurally homologous domains, each about 90 amino 

acids in length [16]. uPAR contains five N-linked glycosylation sites, of which any 

combination of sites may be glycosylated differentially. An unstructured peptide region 

connects Domain 1 (D1) to D2. This peptide is highly susceptible to cleavage by 

proteases, and liberates D1, which is thought to play a chemotactic role [8]. A schematic 

of uPAR is found in Figure 3-1. 
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 uPAR has been crystallized in complex with two of its ligands, an antagonist 

peptide, and an anti-uPAR antibody. Previously, the amino terminal fragment (ATF) of 

uPA, which contains a GFD and a kringle domain, was reported to be the domain of uPA 

that is responsible for the uPAR/uPA interaction [17]. The first uPAR structure to be 

published was between uPAR and a peptide antagonist of the uPAR/uPA interaction [18]. 

Based upon the peptide’s interactions with uPAR, a list of putative residues involved in 

the uPAR/uPA interaction was assembled. Subsequently, the structure of uPAR in 

complex with uPA’s ATF and an anti-uPAR antibody was published. Here, the binding 

site for uPA was more clearly defined, and shown to be similar to, but slightly varied, 

from the peptide antagonist structure [19]. One of the salient features to come out of this 

study were the specific contributions of D1 and D3 to providing binding residues for uPA. 

Subsequently, a co-crystal structure of uPAR with the ECM protein VN and the ATF of 

uPA was determined [20]. The SMB domain of VN was known to be the primary 

determinant of uPAR interaction, and this co-crystal complex elucidated the method in 

which uPAR served as both a scaffold for both pericellular proteolysis as well as ECM 

and integrin interaction and signaling [9, 10, 21, 22].

 While the ability to bind VN’s SMB domain and uPA’s ATF simultaneously 

suggest a relatively static uPAR structure that presents a constant well-formed surface 

for to multiple ligands, there seems to be evidence suggesting that it is through uPAR’s 

inherent flexibility that uPAR exhibits its extent of promiscuity. Over a decade ago, the 

accessibility of the linker peptide between D1 and D2 to protease cleavage, and the 

exposure of a chemotactic epitope upon uPA binding had suggested that uPAR 

undergoes conformational changes that are relevant for its function [1]. In fact, most of 

the uPAR crystal structures available omit structural information about this linker as it is 

not well resolved in the electron density maps. Additionally, after uPAR’s interaction with 

various integrins was determined, several groups have reported uPAR-induced 

conformational changes in integrin head groups, leading to cell surface protein complex 
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formation that lead to intracellular signaling pathways [23-26]. While conformational 

changes upon ligand binding are not an uncommon occurrence for integrins upon 

binding their ligand, the modulation of uPAR’s affinity for integrins via its interactions with 

uPA and VN suggest that a conformational change is induced in uPAR, potentiating its 

interactions with other ligands [27, 28]. Recently, a group has made a uPAR mutant that 

promotes the solution stability by introducing a disulfide bridge between D1 and D3, two 

domains that come into close contact when uPA binds to uPAR [29]. Investigation of this 

uPAR mutant allowed dissection of the inherent flexibility of uPAR in complex with uPA’s 

ATF as well as in a ligand-free state. While these studies were done with an engineered 

variant of uPAR, they highlighted the inherent flexibility of the system.

 Previously, an anti-uPAR antibody, ATN615, and uPAR were co-crystallized [30]. 

This antibody binds to D3 of uPAR and does not interfere with uPAR/uPA binding. 

Interestingly, the antibody should bind somewhere near the cell surface of GPI-linked 

uPAR, and this region of D3 has previously been implicated in interactions with α5β1 

integrin [13, 18, 26]. We have previously reported on two human recombinant anti-uPAR 

antagonistic antibodies [31]. 2G10 prevents uPA from binding uPAR, and 3C6 prevents 

β1 integrin from associating with uPAR. 2G10 and 3C6 IgGs were also used as imaging 

agents to detect MDA-MB-231 derived orthotopic xenografts and disseminated lesions 

(Chapter 4). 3C6 is the first reported recombinant antibody that prevents integrin 

association with uPAR. To investigate the structural basis for this antagonism, we 

mapped the epitope of 3C6. Additionally, we mapped the epitope of 2G10, curious about 

the mode of antagonism given previous structural characterizations. Here, we report a 

portion of uPAR involved in β1 integrin interactions.
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Results

2G10 and 3C6 have high affinity for uPAR

The monovalent affinity for 3C6 was first ascertained in a manner similar to what we 

previously reported [31]. For determining the monovalent affinity of 3C6 to uPAR, 3C6 

IgG was immobilized and treated with increasing concentrations of uPAR in a single 

cycle kinetic analysis. Using this method, a mean kon and koff was obtained for the 

monovalent interaction (Figure 3-2A). In another method to appreciate the effects of 

avidity on the antibody/antigen interaction, recombinant suPAR was immobilized on the 

chip surface, and various concentrations of 2G10 and 3C6 in either Fab or IgG format 

were flowed over the uPAR-immobilized surface (Figures 3-2B–E). Response curves 

were analyzed with the BiaEvaluation software. Kinetic data and KD values are reported 

in Table 3-1. The monovalent affinity of 3C6 for uPAR as determined by the two methods 

is fairly similar, indicating that using the IgG for two types of measurements is a 

reasonable way to ascertain antibody/antigen affinities. Overall, SPR analysis indicated 

that while the affinities for 2G10 and 3C6 Fabs were similar, the lower koff for 2G10 

dramatically reduced the KD,apparent of 2G10 IgG over 3C6 IgG. This difference in affinity 

is further exaggerated in the apparent KDs of the two antibodies when analyzed on MDA-

MB-231 cells (Chapter 4).

Negative stain EM provides coarse-level information of uPAR/Fab epitopes.

The electron density map of 2G10/uPAR shows 2G10 as primarily interacting with D1 of 

uPAR (Figure 3-4A). This is an indication that 2G10 blocks uPA binding to uPAR by 

preventing uPA’s ATF from interacting with D1, and also sterically occluding the central 

cavity. This method of inhibition is consistent with the previous finding that 2G10 is a 

competitive inhibitor of the uPA/uPAR interaction [31]. The electron density map of 3C6/

uPAR is unable to definitively suggest a binding epitope for the protein (Figure 3-4B). 
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Interestingly, however, an interesting observation is that 3C6 binds uPAR in an extended 

conformation. This conformation is likely to occur as a function of the flexibility of the 

protease susceptible region between D1 and D2. Accordingly, it is plausible that 3C6 

binds D2, opposite the central cavity, and exhibits its inhibitory affects on integrin, FN, 

and VN binding in this way.

Yeast display of uPAR and epitope mapping of 2G10 and 3C6

Transformation with pYD4-wt_uPAR plasmid resulted in a clone that displayed the SV5 

tagged protein well. The clone by itself, however, did not present uPAR in a such a way 

that was well recognized by 2G10 or 3C6 IgG. A library of mutagenized uPAR was 

constructed and subjected to three rounds of panning against either 2G10 or 3C6 IgG 

(Figure 3-5A). This resulted in two sub-libraries with higher affinity for 2G10 and 3C6. 

Sequencing of the pYD4-uPAR plasmids in each of these yeast revealed mutation sites 

for the two (Figure 3-5B). There is significant overlap between the epitopes mapped to 

uPAR, and this suggested that fundamental changes in the protein structure had effected 

uPAR mutants that could better bind the anti-uPAR probes. To confirm this, the sub-

library generated from the third round of panning with 2G10 was analyzed with 3C6 Fab 

to discern if an overall improvement in uPAR occurred. While 3C6 exhibited better 

binding when compared to the parent wt_uPAR expressing yeast, 2B1 Fab (a non-

antagonistic anti-uPAR antibody) did not. While this is an indication that it is reasonable 

overlap between the 2G10 and 3C6 epitopes, the lack of improvement in 2B1 binding 

indicated that the overall structure or presentation of uPAR on the surface of the yeast 

did not improve (Figure 3-5C). Thus, it is difficult to say whether the mutations indicate a 

binding interface between the antibodies and uPAR, or change uPAR’s conformation in a 

way that promotes a non-CDR interaction with the mutated protein.

 We surmised that while uPAR itself was able to be expressed and displayed on 

the yeast’s surface, its structural integrity might be somewhat lacking. This could be due 
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to the lack of the requisite glycosylases in yeast that are compatible with mammalian 

protein; however, the affinity maturation process did not produce any uPAR mutants that 

had mutations in these Asn moieties. Another possibility was that the yeast lacked the 

chaperones necessary to properly fold uPAR. While several yeast strains are in 

development to help properly assemble and fold non-yeast proteins, we decided to use a 

mORF library to screen for wt_uPAR/mORF co-transformants that demonstrated better 

binding to 2G10. After five rounds of selection, 20 individual clones were randomly 

chosen for determining binding strength to 2G10 and 3C6 IgGs (Figure 3-5D). wt_uPAR 

sequencing confirmed that no mutations in the protein had occurred over the course of 

selection. Yeast lysates of several clones, including the best binding one, were analyzed 

by Western Blot for presence of the ORF protein (Figure 3-5E). Preparation of plasmid 

and genomic DNA by established protocols revealed a specific band that was amplified 

by the T3 and T7 terminator primers (Figure 3-5F). Submission of high-confidence 

sequencing data, about 450 base pairs, to the SGD identified 92% overlap between the 

query sequence at YIR019-C (subject) sequence. YIR019-C codes for the MUC1 

protein, a mucin homologue in yeast that is responsible for invasive growth, 

pseudohyphal formation, and flocculation in yeast [36-38].
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Discussion

Antagonism of uPAR/ligand interactions have centered on small molecules and peptides. 

Recently, however, there have been mouse-derived anti-uPAR antibodies that disrupt the 

uPAR/uPA interaction, but the antibodies discovered in the Craik lab are the first fully 

human recombinant antagonistic antibodies produced against uPAR. Peptide 

approaches to preventing the uPAR/uPA interaction has identified peptides and small 

molecules that bind inside of the uPAR’s central cavity, and sterically block uPA’s ATF 

from making necessary contacts. A peptide generated from the SRSY (protease 

susceptible) region of uPAR has been shown to prevent VN and integrin binding, 

however a structure/function relationship has not been done to show how exactly this 

peptide exerts its antagonism.

 Current structural information on the binding sites for uPA and integrins/ECM 

proteins suggests that both functions of uPAR’s ligand orchestration can be 

simultaneously antagonized–possibly synergistically. Our EM findings, however, suggest 

that previous understanding of uPAR’s ligand orchestration failed to consider aspects of 

uPAR’s conformational flexibility, particularly in the linking region between D1 and D2. As 

the EM density in the 3C6/uPAR structure indicates, uPAR can exist in an extended 

conformation that may make it amenable for interactions with integrins. Since a co-

crystal structure of ATF and SMB is available, this suggests that the extended uPAR 

conformation disallows the necessary conformation to allow binding of integrin, but this 

should also suggest that 3C6 should prevent uPA binding as well. Thus, there is an 

incomplete understanding of how uPA affects uPAR-mediated integrin interactions, and 

vice-versa.

 The incongruity between the affinities obtained from SPR versus the ones 

obtained from equilibrium titration flow cytometry (Chapter 4) of 2G10 and 3C6 for uPAR 

can perhaps be explained by the EM data. While 2G10 appears to bind uPAR in its 

compact form, 3C6 tends to bind in the extended conformation. When uPAR is 
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immobilized on the chip surface for SPR, there is a higher chance for the protein to lie 

down in conformations not readily accessible when tethered to the cell membrane. As 

such, EM results will need to be reproduced, and redone with very clean Fab and 

suPAR, and with suPAR that has been deglycosylated so as to avoid any electron 

density heterogeneity within samples. Additionally, SPR studies need to be conducted 

with suPAR tethered to the chip surface via a site-specific linker, such as a C-terminal 

cMyc tag, to more closely recapitulate the presentation of uPAR on the cell surface.

 The identification of MUC1 as the putative ORF responsible for better display of 

uPAR on the yeast surface must be verified by pYD4-wt_uPAR yeast with the BG1805/

MUC1 plasmid, and testing for binding with 2G10 and 3C6. If the plasmid must integrate 

with the cell’s genome to exert its downstream effects on improving uPAR display, it will 

be acceptable if this occurs spontaneously. If this occurrence proves to have been the 

fortuitous result of stringent sorting, then the other clones from the R6 sorting will be 

investigated to identify an alternative ORF plasmid capable of improving uPAR display 

on yeast. Once (or if) MUC1 is identified as truly improving uPAR presentation on the 

yeast surface, the plasmid can be transformed into the library of pYD4-mutant_uPAR 

expressing yeast to allow proper uPAR presentation, and select for uPAR mutants that 

demonstrate lower binding affinity to 2G10 and 3C6. Using this traditional method of 

epitope mapping with yeast display, there is a higher chance for identifying a concerted 

binding site for anti-uPAR antibodies that can be compared with the epitopes predicted 

by EM.

 An essential component of structural analysis, especially in light of the role of 

soluble uPAR in disease, is the structural basis for soluble uPAR variants in engaging 

integrins and other ligands [32-34]. Studies using 2G10, 3C6, and other previously 

reported anti-uPAR antibodies (Chapter 2) in binding and antagonizing particular uPAR 

ligands may provide further information on the particular binding sites of uPAR that help 

explain uPAR’s heterogeneous ligands.
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Experimental Methods

Expression and Purification of suPAR

A suPAR-expressing HEK293 cell line was used to produce suPAR (generously provided 

by the Chapman Lab). Previously suPAR with a C-terminal 6x-His and cMyc tag was 

cloned into the pCEP4 vector (Invitrogen) and transfected into HEK293 cells. Stable 

clones were obtained by selection in G418 at 1 mg/ml. Cells were maintained in DMEM-

H21 supplemented with heat-inactivated FBS at 2% and pennicillin/streptomycin. For 

suPAR production, cells were seeded at 10% confluence, and allowed to proliferate until 

80% confluence, at which point the media, containing secreted suPAR, was harvested 

and purified over Ni-NTA column by FPLC, and further purified by gel filtration on a 

Superdex 200 prep-grade column. suPAR presence was confirmed by Western blot 

analysis using a goat anti-uPAR antibody (R&D Systems) and an anti-cMyc-HRP (9E10, 

Roche). Purified suPAR is shown in Figure 3-2A.

Expression and Purification of 2G10 and 3C6 Fabs

2G10 and 3C6 Fabs were produced as previously described [31]. Briefly, BL21 cells 

were transformed with Fab-expressing phagemids and induced to produce Fab at OD = 

0.6 with 1mM IPTG. Fabs were purified via their C-terminal 6x-His tag on Ni-NTA 

column, and further filtered on a Superdex 200 prep-grade column. Purified Fab is 

shown in Figure 3-2B.

Expression and Purification of 2G10 and 3C6 IgG

2G10 and 3C6 IgGs were produced as previously described [31]. Briefly, HEK293-

EBNA cells were seeded at 0.25×106 cells/ml into triple-tier flasks. After 24 hours, the 

cells were transiently transfected with light chain DNA, heavy chain DNA, and 
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polyethanolimine in a ratio of 0.125 µg : 0.125 µg : 2 µl per milliliter of media. A volume 

of warm media equivalent to that of the transfected media was added after three hours, 

and the transfected flasks were incubated at 37°C at 5% CO2 for five days with gentle 

agitation. After five days, spent media containing the IgGs was collected, filtered, and 

buffered with an equivalent volume of 0.2M sodium citrate, 0.3M sodium phosphate 

dibasic, pH 8.0. The IgGs contained in the buffered media was purified over a rProteinA 

column (GE Life Sciences). Subsequent gel filtration was not necessary, as the eluted 

protein was very pure. The IgG elutions were desalted by dialysis or PD-10 column. 

Purified IgG is shown in Figure 3-2C. 

Surface Plasmon Resonance analysis of 2G10 and 3C6 Fab and IgG Affinities for uPAR

Previously we reported a procedure of determining the monovalent affinities of anti-

uPAR antibodies for uPAR [31]. Briefly, IgGs were immobilized by amine-coupling 

chemistry, and suPAR was flowed over the immobilized surface at increasing 

concentrations to determine dissociation constants by equilibrium binding responses. A 

similar procedure was used for 3C6. 3C6 IgG was immobilized by EDC-NHS chemistry 

to the surface a dextran-coated CM5 chip. Soluble uPAR was flowed over at five 

different concentrations in a single cycle kinetics approach to determine binding kinetics 

and the affinity (ref for single cycle kinetics). In a separate analysis, suPAR was 

immobilized on the chip surface, and Fabs or IgGs were flowed over at increasing 

concentrations. After each sample injection, the suPAR-immobilized surface was 

regenerated in pH 2.5 Glycine to return the surface signal level to baseline. Response 

curves were obtained on a Biacore T100 apparatus, and were analyzed using the 

BiaEvaluation software as previously described [31].

Electron Microscopy
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suPAR and 2G10 or 3C6 Fabs were combined in a 1:1 ratio at 100 µM in 1 ml. After 

overnight incubation at 4°C, the samples were purified on a Superdex 75 prep-grade 

column (GE Life Sciences). Chromatograms revealed three peaks corresponding to the 

complex, suPAR, and Fab as verified by SDS-PAGE. Elutions containing the complex 

were resolved by negative stain electron microscopy as described in Booth et al. 2011 

[35].

Yeast Display

cDNA encoding uPAR was placed into the pYD4 vector. Yeast selected in synthetically-

defined (SD) media lacking Tryptophan (Trp) yielded a contiguous uPAR-SV5-Aga2 

fusion protein which bound to the Aga1 protein on the surface of EBY100 (S. Cerevisae) 

(ref for yeast display with Aga1/2). A similar procedure was used to clone uPAR inserts 

(amplified by error-prone PCR) into the pYD4 vector. Sequencing of 100 clones yielded 

no mutated uPAR sequences, indicating that the error introduction rate was less than 

1%. The mutagenized uPAR library was subjected to three rounds of screening with 

2G10 IgG for clones exhibiting better uPAR binding. Screening was done by FACS 

analysis on a FACSAria Cell Sorter (BD Biosciences). The mutagenized uPAR 

sequences of 100 unique clones were collected. Subsequent transformation with the 

yeast mORF library (Open Biosystems/Thermo Scientific) was conducted as described 

for pYD4-uPAR, with selection in SD media lacking Trp or Uracil (Ura). Five rounds of 

panning were used to identify cells able to bind 2G10 IgG at decreasing concentrations. 

After panning, 20 individual clones were tested for 2G10 binding, and the strongest 

binder was subjected to DNA extraction via plasmid preparation and genomic extraction. 

ORF cDNA was obtained using T3 and T7 terminator (T7t) primers using PicoMaxx 

(Agilent) enzyme. Amplified DNA was sent into to Elim Biopharmaceuticals for 

sequencing using the T3 and T7t primers. Sequencing data was aligned, and only high-

confidence sequences were searched for in the SGD.
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Figure 3-1

A
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Trypsin Elastase Chymotrypsin

B

180°

Biochemical and structural features of uPAR. A. Primary amino acid sequence of uPAR 

without the N-terminal signal peptide or C-terminal region cleaved in place of the GPI-

anchor. Cys (C) residues are numbered with its disulfide partner. Blue Asn residues are 

putative sites for N-linked glycosylation. The three individual domains are shaded in 

gray, and proceed from 1 to 3 from N- to C-terminus. Known cleavage sites in the 

peptide linker between D1 and D2 are colored according to the cleaving protease. B. 

PyMol cartoon rendering of the uPAR chain of 1YWH, which is a co-crystal structure of 
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uPAR and an uPA antagonist peptide. Each domain is colored differently, and 

glycosylation sugars are shown. Additionally, disulfide Cys residues are colored yellow, 

and peptide linking regions are colored white. The protease-susceptible region between 

D1 and D2 is not resolved in this, or many, uPAR crystal structures–potentially due to 

high conformational dynamics.
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Figure 3-2

A. 

B.

Affinity measurements of 2G10 and 3C6 Fab and IgG by SPR. suPAR, Fabs, and IgGs 

were produced as described in the main text. A. 3C6 IgG was immobilized on the CM5 

chip surface and recombinant suPAR at 5, 2.5, 1.25, 0.625, and 0.1 µM with no 
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regeneration between each cycle. The monovalent affinity of 3C6 to suPAR was 

obtained by response curve analysis with BiaEvaluation software. B. Recombinant 

suPAR was immobilized on a CM5 chip surface. 2G10 or 3C6 Fab were flowed over at 

256, 64, 16, 4, and 1 nM the chip surface with regeneration at 100mM Glycine pH 2.5 

between each concentration. 2G10 or 3C6 IgG were flowed over at 160, 40, 10, 2.5, 

0.625, and 0.15625 nM with regeneration at 100mM Glycine pH 2.5 between each 

concentration.
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Table 3-1: Kinetic parameters of 2G10 and 3C6 for uPAR as determined by SPR

Antibody kon (kon,1 for IgG) 
M-1s-1

koff (koff,1 for IgG) 
s-1

kon,2 
M-1s-1

koff,2 
s-1

KD (KD,apparent for IgG) 
nM

Immobilized IgG 3C6 9.9×105 0.067 67

Immobilized uPAR

2G10 Fab 2.5×105 0.002 10

Immobilized uPAR
2G10 IgG 7.4×105 0.004 0.017 0.12 0.01

Immobilized uPAR
3C6 Fab 9.8×105 0.051 52

Immobilized uPAR

3C6 IgG 3.4×106 0.006 0.009 0.12 0.23
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Figure 3-3

A.

B.

uPAR-2G10 (873 particles) 
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uPAR-2G10 (873 particles) 

C. 

uPAR-3C6 (1,000 particles) 

3D reconsruction (~23 A resolution) 
NOTE: The orientation of uPAR is not clear. 
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D.

Low-pass filter (20 A) the atomic model of uPAR to indicate 
the proposed binding areas for Fabs  

2G10, 3C6, 2B1 

Coarse-level mapping of 2G10 and 3C6 epitopes by negative-stain EM. A. suPAR was 

purified by gel filtration on a S200 column and made into serial dilutions to be placed 

onto EM grids. The identity of the peaks was confirmed by SDS-PAGE. B. Class 

averages of the inverted images of 2G10 Fab/suPAR. High confidence images were 

reconstructed into three-dimensional electron density maps, and the crystal structures of 

uPAR and the anti-uPAR Fab (based upon 1YWH) were fit. The primary interaction area 

of 2G10 appears to be with the side of uPAR D1. C. Class averages of the inverted 

images of 3C6 Fab/suPAR. High confidence images were reconstructed into three-

dimensional electron density maps, and the crystal structures of uPAR and the anti-

uPAR Fab (based upon 1YWH) were fit. The primary interaction area of 3C6 appears to 

be with the side of D2, particularly with the linking region between D1 and D2. D. 

Coarse-level estimations of the epitopes of 2G10 and 3C6 or uPAR. Interestingly, there 

is significant overlap between the epitopes of 2G10 and 3C6, which a non-antagonist 

anti-uPAR antibody, 2B1, was mostly mapped to D3, consistent with the epitope of other 

published anti-uPAR Fabs.
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Figure 3-4

A.

FACSDiva Version 6.1.1

APC-PE Printed on: Mon Jun 13, 2011 05:36:48 PDTPage 1 of 1

FACSDiva Version 6.1.1

APC-PE Printed on: Wed Jun 15, 2011 04:00:30 PDTPage 1 of 1

FACSDiva Version 6.1.1

FITC-APC Printed on: Tue Jun 21, 2011 02:24:04 PDTPage 1 of 1

FACSDiva Version 6.1.1

APC-PE Printed on: Wed Jun 22, 2011 03:45:58 PDTPage 1 of 1

R1: 1:500

FACSDiva Version 6.1.1

APC-PE Printed on: Mon Jun 27, 2011 03:44:31 PDTPage 1 of 1

FACSDiva Version 6.1.1

FITC-APC Printed on: Fri Jul 1, 2011 03:16:21 PDTPage 1 of 1
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C. 

FACSDiva Version 6.1.1

APC-PE Printed on: Mon Sep 19, 2011 11:51:11 PDTPage 1 of 1

2G10 Fab FACSDiva Version 6.1.1

APC-PE Printed on: Mon Sep 19, 2011 11:51:23 PDTPage 1 of 1

3C6 Fab FACSDiva Version 6.1.1

APC-PE Printed on: Mon Sep 19, 2011 11:51:33 PDTPage 1 of 1
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G.

Initial generation of wild-type uPAR-expressing yeast clone for 2G10 and 3C6 epitope 

mapping. A. Affinity maturation of mutagenized uPAR for increased binding to 2G10 and 

3C6 was done in three rounds with decreasing concentrations of antibody. B. uPAR 

mutants with high affinity for 2G10 or 3C6 were sequenced and epitopes were mapped 

to the uPAR structure (1YWH). C. Cross-specificity of 3C6 IgG for 2G10-matured uPAR 

mutagenic library shows a less cross-reactivity, indicating an epitope that is matured to a 

particular antibody. Also, an improvement in 2B1 binding suggests mutations that 

dramatically alter uPAR’s conformation away from the native conformation seen in 

mammalian cells. D. 20 wt_uPAR-expressing yeast clones from the mORF screen were 

probed with 2G10 IgG to determine relative strength of binding. E. ORF protein was 

verified by a Western Blot against the HA-tag at the C-terminal end of the ORF protein. 

All analyzed clones contained a distinct ORF signature, whereas the parental pYD4-

wt_uPAR sample contained no ORF protein. F. A PCR of genomic and plasmid DNA 

preparations of clone #15 by T3 and T7t primers revealed a distinct band around 2.5 kb. 

G. Sequencing of the fragment from the PCR off of Clone #15’s genomic DNA yielded 

high-confidence sequencing data from the T7t primer of about 450 base pairs. This 

73



region mapped to the first 450 base pairs of the YIR019C gene that codes for the MUC1 

protein, which is involved in yeast flocculation, pseudohyphal formation, and invasive 

growth.
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Abstract

Components of the plasminogen activation system (PAS) are over-expressed in 

aggressive breast cancer subtypes and represent promising targets for the development 

of diagnostics and therapeutics. Comparing gene expression in patient populations and 

cultured cell lines identified elevated levels of the urokinase plasminogen activation 

receptor (uPAR) in highly aggressive breast cancers. Recombinant human anti-uPAR 

antagonistic antibodies demonstrated cancer cell surface binding in vitro. In vivo, these 

antibodies detected uPAR expression in breast cancer cell line-derived xenograft tumors 

using near infrared (NIR) imaging and 111In single-photon emission computed 

tomography (SPECT). The antibody-based uPAR imaging probes detected disseminated 

lesions in a tumor metastasis model and were found to be complementary to 18F-

fluorodeoxyglucose (FDG) at detecting non-glucose-avid tumors. A study found that 

these anti-uPAR antibodies, conjugated to a therapeutic radioisotope, were effective at 

reducing tumor burden in vivo. These data support the targeting of uPAR for breast 

cancer diagnostics and therapeutics.
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Introduction

Breast cancer is a remarkably heterogeneous disease comprised of multiple 

subtypes, each representing a distinct biological signature that responds to unique 

therapeutic regimens (1, 2). Therapeutics that target specific subtypes, such as 

trastuzumab (Herceptin) in the HER2/neu positive subtype, have been effective at 

treating primary and metastatic breast cancer, but ultimately drug resistance and clinical 

relapse occur in a majority of patients (3, 4). Despite the recent FDA approval of several 

new drugs for the treatment of breast cancer, therapeutic options for metastatic breast 

cancer are few (5). Once cells from the primary tumor metastasize to the bone and soft 

tissue, the primary goal of therapy is palliative (6). Molecular targets seen in aggressive 

subtypes are needed for the treatment and evaluation of the disease. Agents directed 

towards these targets can be utilized as diagnostic probes or targeted therapeutics. 

Diagnostic imaging probes would allow for standard non-invasive identification of 

aggressive tumors that are non-responsive to standard chemotherapeutics, and allow 

patients to receive alternative therapeutic options sooner. If the target is involved in 

pathways of tumor viability, metastatic lesions can be identified earlier and response to 

therapy can be dynamically quantified. Furthermore, therapeutics directed towards 

molecular targets could reduce patient morbidity associated with non-targeted systemic 

therapies, and ultimately prolong survival.

 The PAS presents several molecular targets that can be exploited for diagnostic 

and therapeutic purposes in metastatic breast cancer. The over-expression of the serine 

protease urokinase plasminogen activator (uPA) and its receptor uPAR have been found 

to contribute to the aggressive phenotype of a number of cancers (7, 8). In breast 

cancer, high levels of uPA and its cognate inhibitor plasminogen activator inhibitor-1 

(PAI-1) in tumor tissue were found to correlate with poor clinical prognosis and were 

predictors of tamoxifen resistance (9, 10). Several investigators found that uPAR 

expression in breast tissue is directly correlated with an aggressive tumor phenotype 
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and low disease-free survival. uPAR expression has been documented in triple-negative 

breast cancer (TNBC), tamoxifen refractory breast cancer and in a subset of Her2/neu-

positive breast tumors, all of which are classified as aggressive (11-13). In vitro over-

expression of uPAR in breast cancer cells was able to induce the epithelial-to-

mesenchymal transition (EMT), suggesting that uPAR over-expression can promote an 

aggressive phenotype (14). Due to its accessibility on the surface of cancer cells, uPAR 

is of particular interest as a molecular target for breast cancer.

The development of human recombinant anti-uPAR antagonistic antibodies, by panning 

a fragment of antigen binding (Fab) phage display library against recombinant human 

uPAR, have been previously reported (15). Two antibodies, 3C6 and 2G10, were 

characterized for their ability to inhibit uPAR function. Using in vitro methods, 3C6 was 

found to prevent the association of uPAR with β1 integrin, while 2G10 prevented uPA’s 

association with uPAR. In this report, we document the use of 3C6 and 2G10 as 

molecular imaging and therapeutic agents in preclinical models of aggressive breast 

cancer. 3C6 and 2G10 IgGs detected uPAR expression in breast cancer cell-derived 

orthotopic xenograft tumors, and in disseminated lesions of the cardiac dissemination 

mouse (CDM) model by NIR optical imaging and, the clinically relevant nuclear imaging 

modality, SPECT. The 111In-labeled anti-uPAR IgG SPECT probes complemented the 

clinical imaging standard 18FDG positron emission tomography (FDG-PET) by detecting 

lesions missed by FDG-PET. A radioimmunotherapy (RIT) study with 177Lu-2G10 IgG, 

resulted in pronounced tumor regression, suggesting uPAR as a viable therapeutic 

target for breast cancer. This investigation demonstrates that high uPAR expression is a 

prominent clinical feature of aggressive breast cancer, corroborating in vitro cell studies, 

and that our antibodies allow uPAR targeting for diagnostic and therapeutic purposes.
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Results

uPAR expression is associated with aggressive breast cancer in vivo and in vitro: Using 

the Netherlands Cancer Institute (NKI) dataset, uPAR mRNA levels were compared 

between patients of different breast cancer subtypes (16, 17). As shown in Figure 4-1A, 

the basal-like breast cancer (BLBC) subtype was found to have the highest uPAR 

mRNA levels among the subtypes. Knowing that BLBCs often exhibit a triple-negative 

(TN) phenotype (absence of the Her2/neu, estrogen receptor, and progesterone 

receptor), the correlation of TN status with uPAR mRNA levels was evaluated. A non-

parametric Wilcoxian t-test was used to analyze uPAR levels between BLBC and other 

subtypes, or TN breast cancer (TNBC) and other subtypes (18-20). While the correlation 

between uPAR mRNA levels and BLBC was strong (P = 6×10-8, Fig. 1A) the correlation 

between uPAR mRNA levels and TNBC was stronger (P =1.2×10-10, Fig. 4-1B). 

Longitudinally, uPAR mRNA levels were further correlated with poor clinical prognosis 

and a later stage of cancer progression (data not shown).

Quantitative PCR (qPCR) was used to survey a panel of breast cancer cell lines 

for expression of the PAS (Fig. 4-1C). The aggressive TNBC cell line MDA-MB-231 and 

its drug-resistant variants had the highest expression of PAS proteins. The TNBC cell 

lines MDA-MB-436 and BT549 also expressed significant levels of PAS proteins when 

compared to cell lines of the Luminal subtype (SK-Br3 and MCF-7), which expressed 

much less. Tamoxifen-resistant MCF7 (MCF-7 TamR, which have undergone EMT, are 

more aggressive than the parental line, and recreate Luminal A tamoxifen-resistant 

breast cancer in vivo) expressed high mRNA levels the of PAS proteins (21). Flow 

cytometry confirmed that mRNA levels correlated with higher surface uPAR levels. As 

shown in Figure 4-1D, 3C6 and 2G10 IgG bound to MDA-MB-231 cells more strongly 

than to either MCF-7 or HMEC cells, indicating that uPAR protein is over-expressed in 

the cells, which correlates with the observed high uPAR mRNA levels. Dissociation 
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constants for the Fabs and IgGs were obtained by flow cytometry by titrating the 

antibody to construct binding isotherms. The Fabs had lower cellular affinities for MDA-

MB-231 cells, 95 nM and 1 µM for 2G10 and 3C6 Fabs, compared to their IgG forms, 

with values of 53 nM and 96 nM for 2G10 and 3C6, respectively (Fig. 4-14 and Table 

4-1). The high cellular affinities of the IgGs made them appropriate candidates for in vivo 

studies. To investigate any putative anti-tumor effects of 2G10 or 3C6 IgG on MDA-

MB-231 cells, the candidate IgGs were used to inhibit migration of these cells through 

Matrigel in an invasion assay. At 10 nM, 2G10 inhibited about 30% of invasion of MDA-

MB-231 cells, and 3C6 inhibited about 14% of invasion. At 20 times less of antibody, 

2G10 inhibited about 13% of invasion of MDA-MB-231 cels, and 3C6 inhibited about 8% 

of invasion. 1A8 IgG, an anti-uPAR antibody that does not appear to affect any of 

uPAR’s ligand interactions or downstream signaling processes, did not appreciably affect 

the invasive potential of MDA-MB-231 cells, especially when compared to the effects of 

2G10 and 3C6 IgG.

2G10 and 3C6 Preferentially Accumulate in MDA-MB-231 Orthotopic Xenograft Tumors 

In Vivo: The ability of 2G10 and 3C6 to localize to uPAR-expressing tumors in vivo was 

investigated using bilateral orthoptopic MDA-MB-231 and MCF-7 derived xenograft 

tumors. The antibodies, labeled with the NIR fluorophore AlexaFluor 680, were injected 

into xenograft-bearing mice, and NIR optical imaging was performed. 2G10 and 3C6 

exhibited strong localization to the uPAR expressing MDA-MB-231 xenograft (Fig. 4-2). 

Specificity was evident 48 hours post-injection, and persisted out to 96 hours. NIR probe 

localization was neither observed in the uPAR-negative MCF-7 xenografts nor in MDA-

MB-231 xenograft-bearing mice injected with scrambled AlexaFluor 680-labeled IgG 

(Fig. 4-6).

While NIR optical imaging demonstrated preferential uptake of 2G10 and 3C6 in 

MDA-MB-231 xenografts, this modality is qualitative and does not adequately to show 
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quantitative, three-dimensional tumor localization. The nuclear imaging modality SPECT 

was used to assess the extent of probe localization and pharmacokinetics in vivo. For 

SPECT imaging, the IgGs were labeled with a DOTA chelate derivative. The DOTA-

labeled IgGs were chelated with 111In and administered intravenously to MDA-MB-231 

and MCF-7 xenograft mice. In the reconstructed SPECT/CT data, 111In-2G10 and 

111In-3C6 demonstrated pronounced tumor localization and retention in the MDA-MB-231 

xenograft 72 hours post-injection (Fig. 4-3A). The time activity curves for 111In-2G10 and 

111In-3C6 found tumor uptake at its zenith 72 hours post-injection (Fig 4-7). The probes 

were found to have high tumor uptake values, based on a biodistribution study at 72 

hours, with %ID/g values of 53.2% and 31.8% for 111In-2G10 and 111In-3C6, respectively 

(Table 4-1 & Figure 4-8). 111In-2G10 had more favorable tumor-to-blood (T/B) and tumor-

to-muscle (T/M) ratios compared to 111In-3C6 with values of 12 and 114 for 111In-2G10 

and 4, and 36 for 111In-3C6 (Table 4-1).  MDA-MB-231 xenografts, with uPAR expression 

knocked-out using shRNA, did not demonstrate significant tumor retention of 111In-2G10 

or 111In-3C6 in the 72 hour biodistribution study (Figure 4-8). Based on time activity 

curves and biodistribution data, both probes were found to primarily undergo hepatic 

clearance with faster secondary clearance observed for 111In-2G10 (Figure 4-7). At 120 

hours post-injection, 111In-2G10 cleared from all secondary tissues and a scintigraphic 

signal was only observed in the tumors. A subsequent pharmacokinetics study found the 

in vivo half-lives of 111In-2G10 and 111In-3C6 to be 9.1 days and 5.8 days (Figure 4-9). No 

probe localization was observed in the MCF-7 xenografts injected with111In- 2G10 

(Figure 4-3B). 

2G10 and 3C6 Identify MDA-MB-231 CDM Model Lesions In Vivo: Further evaluation of 

2G10 and 3C6 was conducted in MDA-MB-231 CDM models to test probe localization in 

smaller, dispersed lesions. Intracardiac injection of MDA-MB-231 cells in mice generated 

tumors analogous to breast cancer metastases in humans (22). Since the MDA-MB-231 
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cells were engineered to stably express luciferase, the formation of the micro-

metastases was followed with BLI. 3C6 and 2G10 were potent imaging agents in the 

CDM model, able to detect lesions millimeters in size (Figure 4-4). The SPECT signal 

from 3C6 co-registered with the observed BLI signal, resolving a 15.9 mm3 osteolytic 

lumbar lesion (Figure 4-4A). 2G10 identified lesions in the ilium (53 mm3) and knee (14.3 

mm3) that co-registered with BLI (Fig. 4-4B). 2G10 detected a number of osseous and 

soft-tissue lesions, including a 63 mm3 lesion at the base of the skull (Figure 4-4C). The 

lesions depicted in Figure 4-4 were found to be non-FDG avid. Interestingly, the tumor 

shown in the reconstructed data of Figure 4-4C demonstrated FDG uptake in areas 

surrounding the tumor, but not in the tumor itself. Fifteen mice, representing 36 BLI 

detectable lesions, were imaged with the uPAR probes and FDG. Non-FDG-avid tumors 

imaged by the uPAR probes represented 34 out of 36 lesions (94%), while the remaining 

two demonstrated FDG uptake only and were not detectable by the uPAR probes 

(Figure 4-13).   

177Lu-2G10 Significantly Prevented MDA-MB-231 Tumor Growth In Vivo: 2G10 was 

chosen for RIT investigation because of its long in vivo half-life and favorable imaging 

properties compared to 3C6. In an MTT cell proliferation assay, 2G10 was weakly 

cytotoxic as a monotherapy in MDA-MB-231 cells with an IC50 greater than 500 nM (Fig. 

4-5A). In a preliminary study, 2G10 was radiolabeled with the therapeutic β particle-

emitting radionuclide 177Lu for RIT. 177Lu was selected for its favorable half-life (6.71 

days), short radius of tissue penetration, ability to be linked to the antibody through the 

DOTA chelate, and the emission of a gamma photon (210 keV) upon decay allowing for 

concurrent SPECT/CT imaging (Figure 4-11) (23). A radioactive MTT assay with 177Lu 

labeled 2G10 and a NSA demonstrated that a dose of 50µCi of 177Lu-2G10 resulted in 

the preferential killing of MDA-MB-231 cells, but not MCF-7 cells (Fig. 4-5B). Unlabeled 

2G10 was not toxic to either cell line. 177Lu-NSA did show some toxicity in MDA-MB-231 
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cells, but the level was similar to MCF-7 suggesting that it was due to the inherent 

toxicity of the isotope and antibody diffusion, rather than targeted localization of the 

radionuclide.

 A toxicity study in healthy mice found that a single dose of 250µCi of 177Lu-2G10 

caused 80% mortality, while a dose of 150µCi caused 20% mortality. A 150µCi dose of 

177Lu-2G10, partitioned into two equivalent doses of 75µCi two weeks apart, resulted in 

no mortality. In addition to less myelotoxicity, fractionated dosing allows for a greater 

total dose to be administered, thus compensating for in vivo IgG clearance, and the 

radionuclide’s decay. Seven and 21 days post-tumor implantation, the mice were 

injected with saline control, 75µCi of 177Lu-2G10, or 75µCi of 177Lu chelated to EDTA–to 

represent non-targeted 177Lu (Figure 5-5C). Mice treated with 177Lu-2G10 had marked 

tumor regression starting after the first dose. After 35 days, the 177Lu-2G10 treated mice 

showed modest weight loss (< 10 % body weight) with tumor volumes of 50 ± 43 mm3, 

and were undetectable by day 70. The tumor volumes of the control arms (saline and 

177Lu-EDTA) increased to greater than 1000 mm3 at day 35. The 177Lu-EDTA mice lost 

significant weight (> 15% body weight) while the saline control lost < 5 % body weight. 
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Discussion

Several groups have shown that uPAR expression in breast tumor tissue is highly 

correlated with aggressive phenotypes (12, 24, 25). Aberrant uPAR expression is 

typically seen concomitantly with that of uPA and PAI-1. In vitro studies of the PAS utilize 

particularly aggressive TNBC cell lines as model systems, and several groups have 

found that simultaneous uPAR and Her2/neu over-expression effected a higher degree 

of tumor aggressiveness (13, 26-28). Interestingly, when non-aggressive breast cancer 

cells were cultured under hypoxic conditions, uPAR over-expression and a subsequent 

aggressive phenotype were observed (29). Furthermore, there is an inverse relationship 

between uPAR expression in breast cancer and the efficacy of tamoxifen in treatment 

(11). This is corroborated by our finding that tamoxifen-resistant breast cancer cells have 

a marked increase in PAS component expression. These studies highlight the potential 

importance of uPAR in cancer cell proliferation and invasion. Internal and external 

stresses on the tumor may activate pathways leading to uPAR over-expression and 

subsequent phenotypic changes that help cancer cells escape unfavorable milieus.

Previous agents directed towards uPAR have met with mixed results as imaging 

agents and therapeutics. Antibodies that target uPAR for therapeutic purposes have 

been developed, but were never employed for in vivo imaging (30-32). Here, the ability 

of 2G10 and 3C6, two human recombinant anti-uPAR antagonistic antibodies, to bind to 

uPAR over-expressing breast cancer cells in vitro, and target these cells in vivo, is 

described. These data suggest that uPAR probe localization, as observed in the MDA-

MD-231 derived tumors, was the direct result of uPAR binding and not simply due to the 

enhanced permeation and retention effect or other hemodynamic forces. The favorable 

behavior of 111In-labeled antibodies has made 111In-radioimmunoscintigraphy more 

common in the clinic. Here, radiolabeled 2G10 and 3C6 demonstrate their strengths as 

probes for uPAR in breast tumor xenografts. This not only provides support for the use of 

uPAR as a target for aggressive breast cancer management, but also for the use of 
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antibodies for SPECT imaging. Three-dimensional SPECT/CT imaging confirmed that 

2G10 and 3C6 permeated the MDA-MB-231 tumors (i.e. they did not pool in the 

vascularized periphery of the tumor) and that this signal was as robust and long-lived as 

other antibody probes in clinical development, although 111In-2G10 IgG had more 

favorable pharmacokinetic properties than 111In-3C6 IgG (33-36). Enhanced 111In-3C6 

IgG clearance was observed as evident by increased hepatic uptake and a decreased 

tumor to blood ratio–potentially due to 3C6’s lower affinity.  In spite of this, both 

antibodies were excellent nuclear probes at detecting uPAR antagonism in vivo.

Using the MDA-MB-231 CDM model, 111In-labeled 2G10 and 3C6 detected soft-

tissue and osseous metastatic lesions. While this is the first such time that a uPAR-

targeted antibody has been used to detect lesions like these, the imaging results 

highlight the potential sensitivity of uPAR SPECT probes in detecting metastases. 

Furthermore, with this model, it was possible to compare a biomarker-targeted imaging 

approach with the standard of care metabolic imaging approach for breast cancer, FDG-

PET. Here, it was seen that 2G10 and 3C6 detected more MDA-MB-231 lesions than 

FDG-PET. Not all tumor cells take up 18FDG, and FDG-PET is known to produce false 

positive signals–especially in inflamed tissue in around the tumor (37, 38). Given the 

caveats of FDG-PET, we hypothesized that this 18FDG uptake shown in Figure 4c arose 

from inflamed tissue surrounding the lesion (39). As shown in Figure 4c, the 18FDG-avid 

cells did not bioluminesce, and subsequent studies showed that 111In-2G10 did not 

localize to sites of inflammation (Figure 4-12) (40). In this study, however, FDG-PET 

detected two lesions that 111In-2G10 did not (Figure 4-13). The fact the uPAR probes and 

18FDG identified different tumors derived from the same cell line highlights the impact of 

tumor heterogeneity, and how it can influence the ability to comprehensively diagnose 

and treat breast cancer patients. While further investigation is needed to understand the 

basis for this heterogeneity, these results suggest that a combined diagnostic approach, 
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using both biomarkers and metabolic targets, can identify a wider array of lesions than 

by using any singular imaging agent.

 A corollary to anti-uPAR IgG localization in tumors is the potential therapeutic 

benefit resulting from antibody targeting of uPAR. In vitro studies suggest that targeting 

uPAR with antibodies was only minimally toxic, however, the observation that uPAR 

antibodies localize in uPAR-expressing tumors support the possibility of delivering of a 

therapeutic payload to the tumor site. Here, we demonstrate that 2G10 labeled with the 

therapeutic radionuclide 177Lu prevented tumor growth in vitro and in vivo. 177Lu-2G10 

demonstrated selective toxicity for uPAR expressing cells in vitro and, in an animal study, 

significant tumor growth retardation was observed. Currently, RIT is used in the 

treatment of hematological malignancies with Bexxar and Zevalin as the only two FDA 

approved agents; however, recent studies have shown that RIT is effective in treating 

solid tumors such as prostate and colon cancer (41-43). Our RIT results in a preclinical 

breast cancer model suggest that uPAR-targeted RIT agents could be clinically viable 

options for treating aggressive breast cancers where other therapies have failed. 

Another interesting note is that 2G10 and 3C6 IgGs exert anti-invasive effects on MDA-

MB-231 cells as determined by the Matrigel invasion assay. Naked 2G10 IgG appeared 

to exert measurable anti-proliferative properties on MDA-MB-231 xenograft tumors. 

While MTT data indicate that 2G10 does not have a significant cytotoxic effect on cells, 

the invasion data suggest that 2G10 blocks MDA-MB-231 cell migration, which might 

indicate that 2G10 also blocks MDA-MB-231 cell proliferation. These results indicate that 

the specific antagonistic action of an antibody may assist traditional cancer therapeutics 

in effecting tumor cell death. The effects of a non-antagonist antibody on the growth of 

MDA-MB-231 tumor xenografts would need to be assessed to conclude that specific 

uPAR antagonism, as opposed to simple uPAR binding, plays a role in delaying MDA-

MB-231 tumor growth; however, the results here indicate that, at the very least, that 

targeting of uPAR with antibodies improves therapeutic delivery. The uPAR antibodies 
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described here are fully human, thus allowing for repeated administration of the 

antibodies as imaging and RIT agents with mitigated immunologic side effects. As with 

other cancer targets, uPAR expression is, indeed, found on other non-cancerous cells. 

uPAR’s role in effecting cellular migration and proliferation lends it to be important for the 

function of activated leukocytes (44, 45). Additionally, uPAR plays a role in angiogenesis 

and wound healing(46-48). These complications, however, are in the same vein as those 

for other antibody-based targeted imaging agents and therapeutics. Given the 

abundance of uPAR on aggressive tumor cells, especially on tumor-associated 

macrophages and fibroblasts, relative to resting leukocytes and other cells that express 

uPAR, the data presented here on 2G10 and 3C6 underscore uPAR’s strength as a 

diagnostic and therapeutic target.
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Experimental Methods

uPAR mRNA expression analysis in the NKI dataset: Using the NKI dataset, which 

reports mRNA levels for 24,498 genes in 295 women with breast cancer, uPAR mRNA 

levels were assessed and their significance in several breast cancer subtypes was 

compared (16) We stratified the dataset according to previously reported methods (17) 

Patients diagnosed with basal (BLBC), Her2/neu (ERBB2), Luminal A, Luminal B, or 

Normal-like breast cancer were grouped. A non-parametric Wilcoxian t-test was 

performed to determine which group had significant uPAR mRNA; BLBC demonstrated 

significantly higher uPAR mRNA levels than other breast cancer subtypes (P = 6×10-8). 

uPAR mRNA levels in patients falling under the TNBC subtype with all other breast 

cancer subtypes were compared. A non-parametric Wilcoxian t-test was performed, and 

indicated that TNBC patients had significantly more uPAR mRNA than patients in other 

breast cancer subtypes (p = 1.2×10-10).

uPAR gene expression analysis in breast cancer cell lines: RNA was prepared from each 

cell line (~ 2 x 106 cells/cell line) using an RNEasy kit (Qiagen). Following RNA isolation, 

each sample was treated with Turbo DNA-free (Ambion) to remove any residual DNA. 

RNA was synthesized to cDNA using the High Capacity RNA-to-cDNA kit (Applied 

Biosystems). For each gene, the Taqman qPCR was performed in quadruplicate using 

the Taqman Universal PCR Master Mix (Applied Biosystems). The following Taqman 

Gene Expression Assay probes were used: uPAR – Hs00182181_m1 PLAUR, uPA – 

Hs01547054_m1 PLAU, PAI-1 Hs01126606_m1 and 18s ribosomal 1 (reference gene) 

Hs03928985_g1 RN18S1. All qPCR was performed on an ABI 7300 Real Time PCR 

system instrument. qPCR raw data (Ct) for each sample was normalized to the 

reference gene. Data was analyzed using the comparative Ct method (fold change = 2-

ΔΔCt) with data normalized to the negative control cell line, MDA-MB-453.
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Fab and IgG production: 2G10 and 3C6 Fabs and IgG were produced as previously 

described (Duriseti et a. 2010). Briefly, BL21 Gold E. coli (Stratagene) were transformed 

with the phagemids expressing 2G10 and 3C6 Fabs. Fab production was stimulated by 

induction with IPTG, and the produced Fabs were purified by affinity chromatography on 

a HisTrap FF column (GE Life Sciences), and then on an S75 HiLoad Prep column. The 

IgG were produced in a HEK-EBNA cell line that was transiently double transfected with 

plasmids encoding the light and heavy chains of 2G10 and 3C6 IgG. The IgG were 

purified on a Protein A FF column (GE Life Sciences), and then on an S75 HiLoad Prep 

column.

Flow cytometry: MDA-MB-231 and MCF-7 cells were cultured in DMEM-H21 

supplemented with 10% heat-inactivated FBS. Cells were washed with DPBS and 

harvested with TrypLE (Gibco). 1×106 cells were incubated with 10 nM 2G10 or 3C6 IgG 

for 20 minutes at 4°C, followed by FITC-labeled anti-human IgG antibody (BD) for 

another 20 minutes at 4°C. Stained samples and controls were assayed on a BD 

Facscalibur. In the experiments for determining apparent dissociation constants for 

MDA-MB-231 cells, cells were harvested as described, and separated into 1×105 

aliquots. The antibody constructs (Fab and IgG) were incubated at 4oC with the cells for 

90 min. For apparent KD calculations, all cells were incubated with their defined antibody 

concentration for 12 hours in DMEM-H21 at 4°C to account for the attenuated koff of IgG-

treated samples affecting calculated apparent KD. Fab samples were also incubated for 

one hour to ensure that data for samples incubated for longer periods were not skewed 

by dead cells (98% cell viability after one hour, versus 95% viability after 12 hours, data 

not shown). Samples and controls were probed with a phycoerythrin-labeled anti-human 

Fcγ and assayed on an LSRII flow cytometer (BD). All concentrations were done in 

triplicate.
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Matrigel Invasion: Matrigel-coated FluoroBlok invasion chambers were purchased from 

BD Biosciences. 50 µls of a 0.5×106 cells/ml of MDA-MB-231 cells, harvested with 

TrypLE and washed thrice in serum-free DMEM H-21, was incubated with 50 µls of 

20nM or 1nM anti-uPAR IgG at 37°C for one hour. Cell/antibody incubations were plated, 

in triplicate, onto the upper portions of Matrigel-coated invasion chambers, and allowed 

to settle for 1 hour at 37°C. Subsequently, 200 µls of DMEM-H21 containing 5% FBS 

and 4 µg/ml calcein AM was added to the lower chamber, and the plate was placed in a 

FlexStation microplate reader (Molecular Devices). Cells were kept at 37°C at ambient 

air composition, and were monitored over 24 hours by reading fluorescence at 512 nm 

after excitation at 494 nm. Levels of invasion varied most significantly at 18 hours after 

plating, and were used to compute the % Invasion Inhibition, defined as: 

Generation of breast cancer xenografts and dissemination models: The animal work was 

performed in accordance with a UCSF Institutional Animal Care and Use Committee 

protocol. Six to seven-week-old nu/nu mice were purchased from Taconic Farms. Nude 

mouse xenografts were generated by subcutaneous injection of each cell line (1 x 106 

cells/ml; 100 µl per site/mouse) in the mammary fat pad of the mouse. The intracardiac 

dissemination model was generated using the previously described method (22).

In vivo molecular imaging

Optical: IgGs were labeled with AlexaFluor 680 using a N-hydroxysuccinimide dye 

derivative (Invitrogen). Labeling was performed by incubating the protein (5 mg/ml) with 

a 5:1 molar excess of the dye in a 0.1 M NaHCO3, pH 9.0 buffer for 2 hours. Fluorophore 

labeled IgG was purified from unreacted dye on a Superdex 75 fast protein liquid 

chromatography (FPLC) column (GE Healthcare). A 5:1 molar excess of dye yielded IgG 
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that was labeled with between 1.79 – 2.89 molecules of dye per IgG for AlexaFluor 680 

using the calculation provided by Invitrogen. Mice for the optical studies were fed an 

alfalfa free diet of Harlan Tekland Global 2018. The mice were anesthetized with 2% 

isoflurane. 2 nmoles of the AlexaFluor680 conjugated antibody, in PBS buffer, was 

injected via the tail vein. Four animals from each cell line xenograft were injected and 

imaged with optical imaging. Images were collected in fluorescence mode on anIVIS 50 

(Caliper/Xenogen) using Living Image 2.50.2 software at 24 hour intervals out to 72 

hours. Using the software, region of interest measurements were made and the 

fluorescence emission images were normalized to reference images and the unitless 

efficiency was computed. For bioluminescence imaging, the mice were injected with 

intraperitoneally with D-luciferin (150 mg/kg body weight. Images were acquired 10 min 

after the injection of D-luciferin and the total flux (p s-1) in the region of interest was 

measured. 

SPECT/CT: The chelate group for 111In-DOTA-NHS (Macrocyclics), was attached to 

lysine residues on the IgG using a 25:1 molar excess of chelate in a 0.1 M NaHCO3, pH 

9.0 buffer with an antibody concentration of 6 mg/ml. After two hours of labeling at room 

temperature, the antibody-DOTA conjugate was FPLC purified to remove unreacted 

DOTA-NHS. For 111In radiolabeling, 111InCl3 was purchased from Perkin Elmer (Shelton, 

CT). To radiolabel the IgG, 50 µg of DOTA conjugate in 0.2 M ammonium acetate (pH 

6.0) was incubated with 12µl of InCl3 (2.10 mCi) in 0.1 N HCl for 60 minutes at 40oC. 

Labeled products were purified using a PD-10 column pre-equilibrated with PBS buffer. 

Labeling efficiency and purity of the product were determined using thin-layer 

chromatography. For mouse imaging, 2.5 – 5.0 µg of probe, corresponding to 275 - 360 

µCi of activity, were injected into the tail vein. The mice were imaged at 24 hour intervals 

out to 120 hours using a Gamma Medica Ideas XSPECT SPECT/CT imaging system. 

Reconstructed data was analyzed with AMIDE and AMIRA software. 
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FDG PET/CT: PET scans were performed on a PET/CT scanner (Inveon, Siemens 

Healthcare, Malvern, PA). Mice fasted overnight were injected intravenously with 

150-200 µCi FDG. PET images were acquired 50 minutes post-injection in one 600 

second frame. CT images were acquired in 120 projections of continuous rotation to 

cover 220 degrees with x-ray tube operating at 80 kVp, 0.5 mA, and 175 ms exposure 

time. The mice were kept warm on a heating pad to minimize radiotracer accumulation in 

non-tumor tissues. PET images were reconstructed using a manufacturer-provided OS-

EM algorithm resulting in a 128x128x159 matrices with a voxel size of 

0.776×0.776×0.796 mm3. The data was analyzed with AMIRA software. 

177Lu-Radioimmunotherapy: For the MTT assay, 2,000 cells were plated in 96 well 

format. After 24hrs, the cells were incubated with 2.5ug of unlabeled antibodies or 2.5µg 

of antibodies labeled with 177Lu at activities of 50µCi and 100µCi. The 177Lu-antibodies 

were prepared under the same conditions as the 111In-antibodies for imaging. The cells 

were incubated for 96hrs with the radiolabeled antibodies and then the cell viability was 

determined using an MTT assay kit (Promega) according to the manufacturer’s protocol. 

For the in vivo experiment, randomized MDA-MB-231 xenograft mice (n=10 / arm), with 

tumor volumes > 100mm3, were treated with 177Lu-2G10 (75µCi), 177Lu-EDTA (75µCi) 

and saline at days 7 and 21. Mice were weighed weekly and the tumor volumes were 

calculated using the formula: volume = 0.5236 × L × W × H. The endpoint of the study 

was when the control animals’ tumor volumes were > 1000mm3, in accordance with our 

animal protocol.  

Statistical analysis: On box plots, the highest horizontal line represents the highest value 

in a group, the topmost section represents the top quartile, the part of the white box 

represents the second highest quartile, the dark horizontal bar represents the median, 
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the bottom part of the white boxes represent the second to lowest quartile, the 

lowermost quartile represents the lowest quartile, and the lowest horizontal line 

represents the lowest value in the group. In all other graphs, error bars represent means 

± standard deviation.
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Figure 4-1
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Figure 4-1 High uPAR mRNA levels correlate with a TNBC phenotype. (a) Established 

breast cancer subtypes in the NKI dataset were probed for uPAR mRNA levels using a 

non-parametric Wilcoxian test. BLBC was identified as having the highest levels of uPAR 

mRNA. (b) uPAR mRNA levels were probed in two groups, TNBC and all over breast 

cancer phenotypes. With P = 1.2×10-10, uPAR mRNA levels were significantly higher in 

TNBC. (c) mRNA levels of the PAS were analyzed using quantitative RT-PCR in breast 

cancer cell lines and normal human mammary epithelial cells (HMECs). The highest 

mRNA levels of the plasminogen activation system were documented in the MDA-

MB-231 cell line and its taxol resistant (TaxR) and doxorubicin resistant (DoxR) 

derivatives. A significant elevation of the system was observed in MCF-7 TamR, but little 

mRNA was detected in the parental MCF-7 and its taxol resistant (TaxR) and doxorubicin 

resistant versions (DoxR). In HMECs, uPAR mRNA levels was significantly less than in 

MDA-MB-231 (p = 4.1 x 10-5) and uPA/PAI-1 mRNA was virtually undetectable. (d) uPAR 

staining of MDA-MB-231, MCF-7, and HMEC cells. Stronger staining with 2G10 and 3C6 
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IgG was seen on MDA-MB-231 cells, correlating with mRNA data, and reflected higher 

uPAR protein expression in these cells. (e) Trypsinized MDA-MB-231 cells were plated 

at the indicated concentrations of IgG in serum-free media on the upper portion of a 

Matrigel-coated transwell. Media containing 5% FBS was added to the bottom chamber, 

and the migration of cells was monitored over 24 hours in a fluorescence plate reader. 
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Table 4-1

2G10 IgG 3C6 IgG 2G10 Fab 3C6 Fab

Apparent Dissociation Constant (M) 53 ± 3 x 10-9 96 ± 8 x 10-9 95 ± 11 x 10-9 1000 ± 100 x 10-9

In vivo ½ Life 9.1 days 5.8 days na na

% ID/g at 72hrs 53.2% 31.8% na na

T/B at 72hrs 12 4 na na

T/M at 72hrs 114 36 na na

Apparent affinities of 2G10 and 3C6 antibody constructs and PK properties of 2G10 and 

3C6 IgG
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Figure 4-2

Figure 4-2 2G10 and 3C6 accumulate in MDA-MB-231 xenograft tumors using near-

infrared optical imaging. SCID mice bearing MDA-MB-231 and MCF-7 xenograft tumors 

(circled in pink in the pre-injection panels) were injected with ~2 nanomoles of 

AlexaFluor 680-labeled 2G10 and 3C6. After injection, images were obtained every 24 

hours for four days as indicated. Weak non-specific signals were observed in MCF-7 

tumor-bearing mice injected with 2G10 and 3C6. Four tumor-bearing mice were used for 

each sample set. Representative images are shown.

105



Figure 4-3

A)

B)

Figure 4-3  SPECT/CT imaging reveals that 111In-2G10 and 111In-3C6 localize to the 

tumor interior of the MDA-MB-231 xenograft preferentially. SCID mice bearing bilateral 

MDA-MB-231 and MCF-7 orthotopic xenograft tumors were injected with 111In-DOTA-

labeled 3C6 and 2G10. Each animal (n=3 /xenograft/probe) received an injected dose of 
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2.5ug of radiolabeled antibody corresponding to an activity of 250 – 350 µCi. (a) 

Transverse, coronal and sagittal views of co-registered SPECT/CT images depict 

111In-3C6 (upper) and 111In-2G10 (lower) localized to the two MDA-MB-231 tumors (Tu-1 

and Tu-2). Secondary hepatic uptake (Lv) is visible with both antibodies, but a weaker 

signal was observed for 111In-2G10. (b) Reconstructed views of an MCF-7 xenograft 

injected with 111In-2G10 does not show tumor uptake in either of the two tumors 

implanted. These data agree with the NIR finding and previous data indicating a lack of 

uPAR expression in MCF-7 cells. The images presented here were acquired 72 hours 

post-injection and are representative of n = 3 mice imaged/antibody/xenograft.
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Figure  4-4

A

B

C

Figure 4-4  111In labeled anti-uPAR antibodies specifically target metastatic lesions in the 

MDA-MB-231 CDM model. Metastatic colonies formation was observed using 

bioluminescence imaging (BLI) following the injection of D-luciferin. Mice demonstrating 

strong BLI signals were fasted overnight and imaged with FDG-PET/CT (150-200 µCi) 

60 minutes post-injection. 24 hours after FDG-PET/CT, the mice were injected with the 

111In-labeled uPAR antibodies (275-300 µCi). The SPECT/CT images shown here were 

acquired 72 hours post-injection. The SPECT/CT and PET/CT images depicted are 3-

dimensional volume rendering of the nuclear imaging data overlaid onto surface-
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rendered CT data. (a) A SPECT/CT image showed that 111In-3C6 localized to an 

osseous metastatic lesion located in the spine that went undetected by FDG-PECT/CT. 

(b) Osteolytic lesions in the illium and knee were detected with SPECT/CT using 

111In-2G10 which prevents uPA binding to the receptor. (c) Bioluminescent tumor cells 

were found by 111In-2G10 at the base of the skull. The bioluminescent cells were found 

to be non-FDG avid, however, FDG uptake was observed in inflammatory cells 

surrounding the lesion. Inflammation induced FDG avidity was confirmed in an 

inflammatory mouse model that showed pronounced FDG uptake, but no 111In-2G10 

localization in vivo (Supplementary Fig. S6).
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Figure 4-5

A)

B)
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Figure 4-5  The radioimmunotherapy agent 177Lu 2G10 is selectively toxic to uPAR 

expressing cells in vitro and in vivo. (a) MTT assay data depicting the monotherapeutic 

efficacy of 2G10 on cell lines producing varying levels of uPAR. 2G10 weakly decreased 

cell viability in uPAR expressing MDA-MB-231 and MDA-MB-468 cells at 500 nM. (b) 

The targeted delivery of the therapeutic radionuclide 177Lu conjugated to 2G10 was 

significantly more cytotoxicity to MDA-MB-231 than MCF-7 cells as measured by MTT 

assay. A column of MDA-MB-231 and MCF-7 cells in a 96 well plate were treated for 96 

hours with unlabeled 2G10 (2.5µg/well; 80nM), 50µCi and 25µCi of 177Lu labeled 2G10 

(2.5ug) or NSA (2.5µg). A significant decrease is cell viability is observed in the MDA-

MB-231 cells treated with 177Lu-2G10 - 50µCi (6% cell viability) and 25µCi (24% cell 

viability). No significant toxicity was observed with 177Lu-NSA or in the MCF-7 cells 

treated with 177Lu-2G10. (c) The therapeutic effect of 177Lu-2G10 was tested in SCID 

mice bearing MDA-MB-231 tumors. One cohort was given the uPAR-targeted agent 

177Lu-2G10, the second received non-specifically targeted 177Lu-EDTA, and the third 

received vehicle saline. 177Lu-2G10 and 177Lu-EDTA were administered at days 7 and 21 

(arrows) at activities of 75µCi per injected dose for a total dose of 150µCi. Each cohort 

was made up of n=10 mice.  At day 35, 177Lu-2G10 had reduced tumor burden in vivo 

while the vehicle control and non-specifically targeted 177Lu-EDTA did not resulting in 

tumor volumes >1000mm3.
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Figure 4-6

Scrambled IgG at 72hrs in MDA-MB-231 xenografts imaged in the Cy 5.5 channel at 

72hr.
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Figure 4-7

Time activity curves for 111In-labeled 2G10 and 3C6 in MDA-MB-231 orthotopic xenograft 

tumor-bearing mice.

114



FIgure 4-8

Biodistribution study of 111In-2G10 and 111In-3C6 in MDA-MB-231 xenograft mice at 

72hrs. Mice (n = 4 / group) bearing MDA-MB-231 (uPAR+) and MDA-MD-231 (uPAR-) 

xenografts between 120 – 250 mm3 in volume were injected with 25 µCi (2.5 µg) of 

111In-2G10 and 111In-3C6. At 72hrs, the animals were euthanized for analysis in 

accordance with UCSF Animal Care and Use Committee guidelines. Blood was collected 

115



by cardiac puncture. The tumor, heart, lung, liver, spleen, kidneys, and muscle were 

harvested, weighed and counted in an automated γ-counter (Wizard2; Perkin Elmer). 

The percentage injected dose per gram (% ID/g) of tissue was calculated by comparison 

with standards of known radioactivity. The uPAR knockout cell line was generated using 

uPAR shRNA Plasmid (h): sc-36781-SH from Santa Cruz. Transfection was performed 

with a lentiviral particle according to the manufacturer’s protocol. Following puromycin 

treatment, clones were selected using flow cytometry with AlexaFluor 488 labeled 2G10 

IgG. Gene expression of the clone used for the xenograft study was analyzed using 

qPCR (below).
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Figure 4-9
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Figure 4-9: Determining the half-life of the 111In-labeled antibodies in vivo (n = 3 mice / 

antibody).
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Figure 4-10

177Lu-2G10 SPECT/CT imaging of a mouse enrolled in the RIT study. The mouse was 

injected with 2.5µg of 2G10 labeled with 75µCi of 177Lu. The image shown is a coronal 

view acquitted at 24hrs post-injection. The represented data was processed using 

AMIDE software.
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FIgure 4-11

MDA-MB-231 CDM from Figure 
4C

111
In-2G10

Inflammation Model

FDG
111

In-2G10 FDG

Mouse model recreating the inflammation observed in Figure 4C. A nude mouse was 

injected subcutaneously with 100µl of turpentine oil. After 72hrs, the animal was injected 

with 258µCi of FDG and imaged 60 minutes later. Probe uptake by the inflammatory 

cells is only observed with FDG and not with the uPAR probe. 
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Figure 4-12

BLI 111
In-2G10 SPECT/CT FDG-PET/CT

FDG avid lesion not detected by 111In-2G10 IgG
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Figure 4-13

2G10 and 3C6 Binding to MDA-MB-231 Cells
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The affinity of 2G10 and 3C6 Fabs and IgGs for MDA-MB-231 cells was determined by 

equilibrium binding flow cytometry. Isotherms were fit using non-linear regression 

methods to calculate KDs
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Chapter 5: Conclusions and Future Directions

 Antibody phage display is a powerful technique in the tool set of antibody 

engineers. Since the advent of this technique in the late 1990’s, and rise of yeast display, 

ribosomal display, and other antibody display technologies, specific antibodies against 

desired targets, of any species origin, isotype, and design (Fab, IgG, diabody, etc.) can 

be easily obtained. The combination of an increased understanding of adaptive immune 

response, recombinant DNA technology, and structural biology turned the generation of 

antibodies from an art into a science. The field is gradually moving from a science into 

an engineering discipline, where CDRs can be combined with framework regions to 

generate antibodies to any target with any desired property.

 While uPAR itself is not a novel disease target in medicine, it has received a 

lukewarm reception from the research community due to previous attempts at 

therapeutic intervention that fell far short of desired endpoints. From a pharmaceutical 

industry point of view, uPAR appears as a poisoned target. A closer inspection of both 

the literature, and competitive intelligence information regarding efforts by biotechnology 

companies to pharmacologically target uPAR and other members of the plasminogen 

activation system reveals that it was the previous attempts that were, themselves, 

sloppy, not thorough, and poorly thought out. Many labs continue to research uPAR and 

its other members in the context of their multifarious activities, and now it is finally 

possible to understand this protein and new therapeutic and diagnostic approaches 

involving uPAR.

 While the disruption of the uPAR/uPA interaction is not novel, disruption of the 

uPAR/integrin interactions is. Mazar et al. had previously reported on ATN-615, an anti-

uPAR antibody from a mouse-hybridoma approach that antagonized the uPAR/uPA 

interaction. This antibody was investigated with a modicum of rigor and thoroughness, 

and was mostly studied as a therapeutic for conditions where uPAR over-expression is 
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the primary etiology. Unfortunately, for unknown reasons, this antibody did not proceed 

in the clinic.

 Recent and emerging information about the role of uPAR/integrin interactions, 

and the role of suPAR in specific diseases has suggested that there are other uPAR 

functionalities that deserve attention as putative therapeutic focuses. Not only does 3C6 

provide a reagent for an alternative mode of uPAR antagonism, but it is also a research 

tool to further investigate uPAR in the context of other interactions. As an example, initial 

negative stain EM data with 3C6 and recombinant suPAR indicate uPAR’s 

conformational flexibility and suggests that uPAR’s ability to bind specific ligands is a 

function of its labile nature. Furthermore, although 2G10 and 3C6 have significantly 

different affinities for GPI-uPAR (through investigation of MDA-MB-231 cells), they both 

inhibit cellular migration to very similar extents. This may indicate orthogonal modes of 

signaling with varied strengths at initiating requisite signaling cascades to effect cellular 

responses.

 The results of in vivo analysis of 2G10 and 3C6 is promising. Although there is no 

cross-reactivity with mouse uPAR, 2G10 and 3C6 demonstrate favorable distribution and 

retention properties that are consistent with either therapeutic or diagnostic modalities. 

Another caveat of the lack of cross-reactivity is that the results might not correlate with 

uPAR’s tissue expression profile in humans, and may not be indicative of what 

background to expect in the clinic. In the case of uPAR, however, its expression is 

restricted to activated leukocytes, and tissues undergoing repair and remodeling. Putting 

this in the context of cancer, a patient who is on multiple therapeutic regimes is unlikely 

to be in a state of tissue repair, as most of the cells involved in these functions will be 

affected by chemotherapies that target actively dividing cells. Thus, while it is difficult to 

predict the tumor distribution of an anti-uPAR antibody probe in humans, pre-clinical 

evaluation and literature findings about uPAR expression suggest that these antibodies 

may be useful in the clinic.
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 A salient feature of this work that has not been emphasized, is the fact that these 

anti-uPAR antibodies are human. They are not humanized versions of antibodies derived 

from mouse hybridomas–they are human IgG1 molecules (or derivatives). This further 

suggests that potential for  translation as these antibodies are less in danger of 

generating an immune response that renders the uPAR-targeted probe or therapeutic 

useless.

 As explained before, uPAR research is undergoing a renaissance with thorough 

and well thought out experiments furthering the possibility of translatable outcomes for 

biologics that target this system. Groups have now started to target uPA itself to study 

the effects of its inhibition on tumor progression in pre-clinical models. It is possible that 

a combination of antibodies against each component of this system will provide an 

optimal anti-tumor response by shutting off all of the multifarious functions of the 

plasminogen activation system. Additionally, the importance of suPAR is becoming more 

apparent. While it has been known for some time that uPAR can be cleaved in different 

ways from the cell surface, it is only recently that the clinical association of soluble uPAR 

with colon cancer was uncovered. Knowing that suPAR, and its fragments, have 

chemotactic properties, there are open-ended questions now of the role that suPAR 

plays, if any, in patients with cancer or any disease involving the plasminogen activation 

system, or pericellular proteolysis.

 Future applications of these antibodies are many. A key first area of focus should 

be the evaluation of naked 2G10 and 3C6 as therapeutic agents. Based upon previous 

work with an anti-uPAR antibody antagonist of the uPAR/uPA interaction, such 

antagonistic antibodies should have a significant pre-clinical effect. While the focus of 

this work has been on breast cancer, uPAR is involved in many other disease areas, 

some not even pertaining to cancer or pericellular proteolysis itself. It will be important to 

understand uPAR in the context of these diseases and discern why cells are able to 

bypass failsafes that prevent uPAR expression in specific cells/tissues. Finally, the 
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targeting capabilities of antibodies suggests the potential for targeted therapies. Here, 

targeted delivery of 177Lu to the tumor site resulted in retarded tumor growth. It will be 

interesting to see what antibody drug conjugates, or antibody conjugated drug delivery 

vehicles can be developed to deliver therapeutics in a site-specific manner to uPAR 

over-expressing cells.
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