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Abstract
Anthrax toxin is a three-part toxin secreted by Bacillus anthracis, consisting of protective antigen
(PrAg), edema factor (EF), and lethal factor (LF). To intoxicate host mammalian cells, PrAg, the
cell-binding moiety of the toxin, binds to cells and is then proteolytically activated by furin on the
cell surface, resulting in the active heptameric form of PrAg. This heptamer serves as a protein-
conducting channel that translocates EF and LF, the two enzymatic moieties of the toxin, into the
cytosol of the cells where they exert cytotoxic effects. The anthrax toxin delivery system has been
well characterized. The amino-terminal PrAg-binding domain of LF (residues 1–254, LFn) is
sufficient to allow translocation of fused “passenger” polypeptides, such as the ADP-ribosylation
domain of Pseudomonas exotoxin A, to the cytosol of the cells in a PrAg-dependent process. The
protease specificity of the anthrax toxin delivery system can also be reengineered by replacing the
furin cleavage target sequence of PrAg with other protease substrate sequences. PrAg-U2 is such a
PrAg variant, one that is selectively activated by urokinase plasminogen activator (uPA). The
uPA-dependent proteolytic activation of PrAg-U2 on the cell surface is readily detected by
Western blotting analysis of cell lysates in vitro, or cell or animal death in vivo. Here we describe
the use of PrAg-U2 as a molecular reporter tool to test the controversial question of what
components are required for uPAR-mediated cell surface pro-uPA activation. The results
demonstrate that both uPAR and plasminogen play critical roles in pro-uPA activation both in
vitro and in vivo.
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1. Introduction
Anthrax toxin is a major virulence factor secreted by Bacillus anthracis, consisting of three
polypeptides: a cellular receptor binding component - protective antigen (PrAg), and two
enzymatic moieties - edema factor (EF) and lethal factor (LF) (1). These three proteins are
individually non-toxic. To intoxicate host mammalian cells, PrAg binds to cell surface
tumor endothelial marker 8 (TEM8) or capillary morphogenesis gene 2 product (CMG2), the
two widely expressed anthrax toxin receptors (2, 3), and is then proteolytically activated by
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cell surface furin, releasing the amino-terminal 20-kDa peptide (PrAg20), thereby allowing
the cell bound carboxyl-terminal 63-kDa peptide PrAg63 to form a heptamer (1).
Oligomerization of PrAg63 also generates EF and LF binding sites, which span the subunit-
subunit interfaces on the PrAg heptamer (4, 5). Thus, EF and LF can only bind to the
oligomeric form, not the monomeric form of PrAg63. Under saturating conditions, one
PrAg63 heptamer can bind a maximum of 3 molecules of LF or EF. Oligomerization of
PrAg63 not only provides the binding site for LF and EF, but also triggers internalization of
the toxin complex into endosomes via a lipid raft-mediated clathrin-dependent process (6,
7). A decrease in the pH in endosomes causes the PrAg63 heptamer to insert in endosomal
membranes to form a channel, and through this channel LF and EF translocate to the cytosol
to exert their cytotoxic effects. Therefore, PrAg is the central part of anthrax toxin, serving
as the delivery vehicle for binding and translocation of LF and EF into the cytosol of the
cells. The combination of PrAg and LF, termed lethal toxin (LeTx), kills animals (8, 9) and
certain cells, including some murine macrophages (10), but shows no evident cytotoxicity to
most other cell types. LF is a zinc-dependent metalloprotease that cleaves several mitogen-
activated protein kinase kinases (MAPKKs) in their amino-terminal regions (11, 12). The
combination of PrAg and EF, called edema toxin, causes edema when injected
subcutaneously and death when injected systemically in experimental animals (13). EF is a
calcium- and calmodulin-dependent adenylate cyclase which elevates intracellular cAMP
concentrations (14), thereby causing diverse effects in cells including the impairment of
phagocytosis (15).

The amino-terminal sequence of LF (residues 1–254, LFn) has substantial sequence
homology to the amino-terminal sequence of EF (1). This region constitutes the PrAg
hetpamer-binding domain, and is sufficient to allow translocation of fused “passenger”
polypeptides to the cytosol of cells in a PrAg-dependent process (16–18). Thus, LFn fused
to other bacterial toxin enzymatic domains such as the ADP-ribosylation domain of
Pseudomonas exotoxin A (fusion protein 59, or in short, FP59) (17), or to reporter enzymes,
such as β-lactamase (LFnLac) (19), have been generated. FP59 can be used as a potent anti-
tumor agent when delivered to tumor cells using a tumor-specific PrAg (20–22). LFnLac
was successfully used to image cells expressing various proteases when combined with the
protease-specific PrAg proteins (19).

The unique requirement for PrAg proteolytic activation on the target cell surface provides a
way to re-engineer this protein to make its activation dependent on proteases other than furin
that are present on the surface of the target cell. To this end, we have generated PrAg
variants that are selectively activated by urokinase plasminogen activator (uPA) (21), a
serine protease that is overproduced along with its cognate receptor (uPAR) by a variety of
tumor tissues and tumor cell lines. Another physiological plasminogen activator, tissue
plasminogen activator (tPA), shares with uPA an extremely high degree of structural
similarity and the same primary physiological substrate (plasminogen) and inhibitors (PAI-1
and PAI-2). Unlike uPA, which normally functions in tumor cells, tPA is expressed and
secreted mostly by vascular endothelial cells and is primarily involved in clot dissolution.
Therefore, one concern in the design of uPA-dependent PrAg proteins is to avoid cross-
activation by tPA in order to minimize the potential toxicity to blood vessels. Successful
discrimination of substrate sequences between uPA and tPA was made possible by the work
of Madison and colleagues (23, 24) who used phage display to identify peptide sequences
that are cleaved with high efficiency and selectivity by either uPA or tPA. Thus, using an
optimized uPA substrate sequences GSGRSA to replace the furin site RKKR in PrAg
yielded PrAg-U2, a PrAg variant that is efficiently and preferentially activated by uPA (21,
22). In contrast, when the furin site was replaced by a tPA-preferred recognition sequences,
QRGRSA, the resulting PrAg-U4 was preferentially activated by tPA (21). In theory, the
PrAg furin cleavage site RKKR can be changed to any other protease cleavage site to
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generate a PrAg cleaved by a particular protease, provided a specific substrate sequence is
known. In this chapter, we will focus on PrAg-U2 protein purification and its usefulness in
dissecting urokinase activation pathway both in vitro and in vivo. Using the modified
anthrax toxin to image cell surface protease activities is described in the following chapter
(Bugge et al.). For other applications of the modified anthrax toxins, please refer to (25).

2. Materials
2.1. Non-virulent B. anthracis Protein Expression System

1. Expression plasmids. pYS5 is a PrAg expressing plasmid that can shuttle between
E. coli and B. anthracis (26), allowing molecular cloning to be done in E. coli and
protein expression and purification in non-virulent B. anthracis strain BH450. In
this plasmid, the expression of PrAg is driven by the original PrAg promoter. To
make PrAg-U2, the DNA sequence encoding the PrAg furin cleavage sequence in
pYS5 was changed to that encoding the uPA cleavage peptide PGSGR↓ SA (↓
indicates cleavage site), resulting in an uPA-activated PrAg expressing plasmid
pYS-PrAg-U2 (21). To express FP59 in this system, the mature PrAg coding
sequence in pYS5 was replaced with the FP59 coding sequence, resulting in pYS-
FP59, which expresses FP59 with the PrAg signal peptide at the amino-terminus
(27). All other protease-specific PrAg proteins can be efficiently made using this
system.

2. Host strain for expression. BH450 is a protease and sporulation deficient, virulence
plasmid-cured B. anthracis strain previously designated MSLL33 (28). The
expression plasmids are transformed into BH450 by electroporation (the
electroporation transformation protocol is available upon request).

2.2. FA Medium
FA medium is used to culture BH450 transformants for protein expression and purification.

1. Enriched FA medium (1 liter): mixture of 900 ml FA medium (35 g Bacto tryptone,
5 g Bacto yeast extract, autoclaved to sterilize) and 100 ml of 10×salts.

2. 10×salts (1 liter): 60 g Na2HPO4-7H2O, 10 g KH2PO4, 55 g NaCl, 0.4 g L-
tryptophan, 0.4 g L-methionine, 0.05 g thiamine-HCl, 0.25 g uracil, adjust pH to
7.5, filter to sterilize.

2.3. Protein purification
1. Phenyl-Sepharose Fast Flow (low substitution) resin (GE Healthcare Life

Sciences). Store in 20% ethanol at 4°C. The used resin can be recycled by
sequentially washing with 10 volumes of 0.1 N NaOH and large amounts of
distilled water, and then stored in 20% ethanol at 4°C.

2. Q-Sepharose Fast Flow resin (GE Healthcare Life Sciences)

3. Ammonium sulfate (Sigma, St. Louis, MO). Solid ammonium sulfate is pre-cooled
at −20°C before use.

4. Phenylmethylsulfonyl fluoride (PMSF): 30 mg/ml stock solution in isopropanol;
store at −20°C.

5. 500 mM stock solution of EDTA in H2O, pH 7.4.

6. Washing buffer: 1.5 M ammonium sulfate, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
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7. Elution buffer: 0.3 M ammonium sulfate, 10 mM Tris-HCl, pH 8.0, 0.5 mM
EDTA.

8. Buffer A: 10 mM Tris HCl, pH 8.0, 1 mM EDTA, pH 8.0.

9. Buffer B: Buffer A with 0.5 M NaCl.

2.4. Reagents
1. Rabbit anti-PrAg serum #5308 (made in our laboratory) can recognize various

PrAg species when used in Western blotting. A 1:5000 dilution can be used in
Western blotting.

2. Human pro-uPA (single-chain uPA) (no. 107), monoclonal antibody against human
uPA B-chain (no. 394), PAI-1 (no. 1094), and Glu-plasminogen (no. 410)
(American Diagnostica, Inc., Greenwich, CT)

3. Tranexamic acid and MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (Sigma).

2.5. Cell culture and Western Blotting
1. HeLa cells and human 293 kidney cells obtained from American Type Culture

Collection are grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 0.45%
glucose, 2 mM glutamine, and 50 μg/ml gentamicin.

2. Solution of trypsin (0.25%) and EDTA (1 mM) (Invitrogen).

3. Hanks’ balanced salt solution (HBSS) (Biofluids, Rockville, MD).

4. Modified Radioimmunoprecipitation buffer (RIPA): 50 mM Tris-HCl, pH 7.4, 1%
Nonidet P-40, 0.25% sodiumdeoxycholate, 150 mM NaCl, 1 mM EDTA. May be
stored up to one year if filter sterilized and stored at 4°C in the dark. RIPA buffer
may be supplemented with complete protease inhibitor cocktail tablet (see below)
immediately before use.

5. Complete protease inhibitor cocktail tablets, from Roche Diagnostics (Mannheim,
Germany).

6. 4–20% gradient Tris-glycine gels (Novex) from Invitrogen.

7. 6×SDS sample buffer: 0.35 M Tris-HCl, pH 6.8, 10% SDS, 36% glycerol, 0.6 M
dithiothreitol, 0.01% bromphenol blue. Store at −20°C in aliquots.

2.6. Mice
1. uPA knockout mice as described (29).

2. uPAR knockout mice as described (30).

3. Plg (plasminogen) knockout mice as described (31).

4. PAI-1 knockout mice as described (32).

3. Methods
uPA and uPAR are overexpressed by virtually all human tumors and can be considered as a
hallmark of malignant conversion (33, 34). uPA and uPAR are expressed at very low levels
in normal tissues, but their expression is rapidly induced in response to tissue injury, thereby
providing extracellular proteolysis essential for tissue repair and remodeling (34–37). uPA is
secreted as a single chain enzyme (pro-uPA) with very low intrinsic activity, and is
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converted to the active form, two-chain uPA, by plasmin (38). Two-chain uPA, in turn, is a
potent activator of plasminogen (Plg), by cleaving the R560-V561 site in plasminogen, giving
rise to active plasmin. The pivotal role of uPAR in uPA-mediated cell surface plasminogen
activation is well defined biochemically (34), but the function of uPAR in vivo was recently
challenged by the milder phenotype of uPAR−/− mice compared to uPA−/− mice (30, 39, 40).
By taking advantage of the facts that uPA-dependent activation of PrAg-U2 is readily
detected by immunoblotting in vitro, or as a cause of cell death in vivo, here we describe the
use of PrAg-U2 as a molecular tool to test the established paradigms regarding uPAR-
mediated cell surface uPA activation both in vitro and in vivo. The results demonstrate that
both uPAR and plasminogen play critical roles in pro-uPA activation both in vitro and in
vivo.

3.1. Expression and Purification of PrAg-U2
1. The BH450 bacteria transformed with the PrAg-U2 expressing plasmid pYS-PrAg-

U2 are grown from an inoculum of several resuspended colonies in six 3-L flasks,
each containing 500 ml FA medium with 10 μg/ml kanamycin for 12~15 h at 37°C
with shaking at 220 rpm (see Note 1).

2. Place flasks in ice-water bath, and add PMSF to 10 μg/ml to the cultures. The
culture supernatants are then collected by centrifugation at 4500 g for 30 min at
4°C. The supernatants are sterilized by pumping through a 0.2 μm cartridge filter
(Millipak 60, Millipore Corp., Bedford, MA).. Add EDTA to 5 mM to further
minimize protein degradation. All the following steps should be done in a cold
room.

3. The proteins secreted into the culture supernatants are then precipitated on Phenyl-
Sepharose Fast Flow resin in the presence of 2 M ammonium sulfate. Divide the 3
L sterile supernatant between two 3-L tissue culture roller bottles, and add pre-
cooled solid ammonium sulfate (270 g per liter supernatant) and Phenyl-Sepharose
Fast Flow resin (50 ml settled resin to each bottle).

4. Gently rotate bottles until ammonium sulfate is dissolved, and then at least 1 h
more.

5. Collect resin on a porous plastic funnel (Bel-Art Plastics, 8 cm diameter). The
porous filter should be wetted with ethanol, then washed with water, to remove air.

6. Wash resin on funnel with 500 ml washing buffer.

7. The proteins are then eluted using elution buffer. Add this initially in 10 ml
portions, dropwise, to achieve laminar flow as if this were a chromatography
column. Collect fractions of 10–20 ml until pigment (and protein) elute.

8. Collect approximately 300 ml protein elute, and place in two 200 ml-centrifuge
bottles (150 ml protein elute in each) and precipitate proteins by adding solid
ammonium sulfate to 70% saturation (30 g solid ammonium sulfate per 100 ml of
eluate). Rotate the bottles until ammonium sulfate is dissolved, and then at least 1 h
additional (It is convenient to leave this overnight).

9. Centrifuge in 200 ml bottles, 8000 rpm, 20 min. Pour off the supernatant. Dissolve
the protein pellet in 20 ml 10 mM Tris-HCl, 1.0 mM EDTA, pH 8.0, and dialyze
the solution >5 h against 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.

1It is convenient to handle six 3-L flasks of culture each with 500 ml enriched FA medium at one time. PrAg and FP59 proteins are
secreted into culture medium as major secreted proteins, and can usually reach to expression levels of 30 to 50 mg/L.
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10. PrAg-U2 is further purified by chromatography on a Q-Sepharose FF column using
an AKTA Purifier 10 FPLC system (GE Healthcare Life Sciences) or equivalent
system. The column is 1.5 cm diameter, 15 cm long. Approximately 20 ml dialyzed
protein solution from last step is loaded on the column, and washed with 300 ml
buffer A.

11. PrAg-U2 is then eluted from the column using 300 ml 0–50% gradient buffer B,
pumped at 1 ml/min, and fractions are collected.

12. Run SDS- or native-PAGE to identify the fractions containing PrAg-U2 (see note
2). Pool the fractions with PrAg-U2, and dialyze against 5 mM Hepes, 0.5 mM
EDTA. Filter sterilize, measure UV spectrum, calculate mg/ml as A280 ×1.09.
Freeze aliquots (see Note 3).

13. FP59 can be purified to one prominent band with expected size of 53 kDa from the
culture supernatant using the same procedures as described above.

3.2. Proteolytic Activation of Pro-uPA and PrAg-U2 on Cultured Cells
1. Cells (such as uPAR-expressing HeLa cells and uPAR-non expressing human 293

cells) are seeded in 24-well plates to allow them to grow near confluence
(80~100%) the next day (see Note 4).

2. The cells at 80~100% confluency are washed once with HBSS, followed by
incubation in 1 ml/well serum-free DMEM containing 1 μg/ml pro-uPA, 1 μg/ml
Glu-plasminogen, 1 μg/mlPrAg-U2, and 2 mg/ml bovine serumalbumin (BSA) at
37°C for various lengths of times (Fig. 1).

3. When plasminogen activator inhibitor-1 (PAI-1) is tested, cells are preincubated
with PAI-1 for 30 minprior to the addition of pro-uPA, Glu-plasminogen, and
PrAg-U2. When tranexamicacid is used to strip the cell surface-bound
plasminogen, cells are preincubated with serum-free DMEMcontaining 2 mg/ml
BSA, 1 mM tranexamic acid, without plasminogen, for 30 min before the addition
of pro-uPA and PrAg-U2 (See Note 5).

4. Cell culture plates are then placed on ice, and washed five times with pre-cooled
(on ice) HBSS to remove unbound pro-uPA, PrAg-U2, and other additions (such as
inhibitors), thenlysed in 100 μl/well of modified RIPA lysis buffer supplemented
with complete protease inhibitor cocktail tablet on ice for 10 min (see Note 6).

5. Mix 50 μl cell lysate from each well with 10 μl 6×SDS sample buffer, heat at 95°C
for 5 min, vertex vigorously to break genomic DNA before sample loading (see
Note 7).

2PrAg proteins usually elute at 28% buffer B. Note that culture supernates contain the surface array proteins EA1 and SAP which
have masses like that of PrAg, which sometimes leads to confusion when only SDS gels are used for analysis.
3At this point, the purity of PrAg proteins usually approaches 95%, with one prominent band evident on gels at the expected
molecular mass of 83 kDa.
4The cell density does not significantly affect the levels of anthrax receptors. Thus, cells near to 100% confluence are usually used for
PrAg protein binding and processing analyses.
5PAI-1 is a major physiological inhibitor of plasminogen activators. Tranexamic acid can compete with plasminogen for cell surface
binding sites, and thus blocks binding of plasminogen to cells. Other inhibitors, such as uPAR blocking antibodies (21), can also be
used by preincubation with cells for 30 min before the addition of pro-uPA and toxin.
6The complete protease inhibitor cocktail tablets are expensive, and thus a portion of a tablet can be used, such as, cut one quarter of a
tablet using a clean blade, and dissolve it in 5 to 10 ml of RIPA buffer. Pre-cool RIPA lysis buffer on ice before use.
7After heating, samples are usually very sticky, and vigorously vortexing to shear the cellular DNA is crucial for successful sample
loading on PAGE gel.
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6. 10 to 15 μl samples from each well along with a protein molecular weight marker
are loaded onto 4–20% gradient Tris-glycine gels to run SDS-PAGE at 120 V (see
Note 8). It takes approximately 2 h for the dye to reach bottom of the gel.

7. Proteins on the gel are then transblotted onto nitrocellulose membranes using any
method that is successful in your laboratory.

8. Western blottingis performed to detect pro-uPA and active form of uPA B-chain
using a monoclonal antibody againsthuman uPA B-chain (no. 394, American
Diagnostica, 1:1000 dilution) and goat anti-mouse IgG (HRP conjugate, pre-
absorbed, Santa Cruz, 1:2000 dilution) following the universal protocols described
in either Upstate Biotechnology or Santa Cruz Biotechnology Immunoblotting
protocols (see Note 9).

9. To detect the proteolytically processed products of PrAg-U2, the same set of
samples run on anther gel, are probed with 1:5000 dilution of a rabbit anti-PrAg
antiserum(#5308), followed by a donkey anti-rabbit IgG (HRP conjugate, pre-
absorbed, Santa Cruz, 1:2000 dilution) (see Note 9).

10. The results of an example experiment were shown in Fig. 1. HeLa cells
proteolytically activated pro-uPA on the cell surface (the appearance of uPA B-
chain at 120 min in SDS gel). In contrast, the uPAR non-expressing human 293
kidney cells bound weakly (probably non-specific binding) and could not
proteolytically activate pro-uPA. The activation of pro-uPA by HeLa cells was
completely blocked by PAI-1. Activation of PrAg-U2 on HeLa cell surface,
determined by the production of the processed form PrAg63 and the formation of
SDS-stable PrAg63 heptamer, exactly matched the activation profile of pro-uPA. In
particular, when the activation of pro-uPA was blocked by PAI-1, or by the use of
tranexamic acid, which inhibits the binding of plasminogen to the cell surface,
PrAg-U2 activation was blocked in parallel. These results demonstrate that the
activation of pro-uPA requires simultaneous binding of pro-uPA and plasminogen
to cell surface.

3.3. Cytotoxicity of PrAg-U2/FP59 to uPAR expressing cells
1. uPAR-expressing cells (such as HeLa cells) are seeded into 96-well plates, and

grown to 30~50% confluence (see Note 10).

2. The cells are washed twice with serum-free DMEM to remove residual serum.
Then the cells are pre-incubated for 30 min with serum-free DMEM containing 100
ng/ml pro-uPA and 1 μg/ml Glu-plasminogen with or without PAI-1 (see Note 11).
Various concentrations of PrAg-U2 (0 to 1000 ng/ml) combined with FP59
(constant at 50 ng/ml) are added to the cells to give a total volume of 200 μl/well.
Cells are incubated with the toxins for 6 h, the medium is replaced with fresh
culture medium without toxin, and incubation continued for 48 h. (see Note 12)

8Thoroughly washing each well of gels using distilled water is crucial to get sharp protein bands.
95% (w/v) milk (dry milk from Biorad) in TPBS (PBS containing 0.05% Tween 20) is excellent blocking solution for these
antibodies.
10In the 48 h-cytotoxicity assay, cells with initial 30–40% confluency are used to avoid the control untreated wells reaching
confluency at 48 h when the data are collected.
11Other inhibitors, such as aprotinin, α2-antiplasmin, amino-terminal fragment of uPA, or the uPAR blocking antibodies can also be
tested.
12This cytotoxicity assay can also be performed in regular serum containing DMEM without addition of Glu-plasminogen. In this
case, it is not necessary to replace toxin-containing medium with fresh routine culture medium. Similar results can be obtained using
either serum-free or serum-containing medium. Fetal bovine serum is a good source for plasminogen.
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3. Add 50 μl/well of 2.5 mg/ml MTT to the cells, incubate with the cells for 45~120
min at 37°C.

4. Remove the medium. The dark blue oxidized MTT pigment produced by viable
cells is dissolved in 100 μl/well of the solvent [0.5% (w/v) SDS, 25 mM HCl, in
90% (v/v) isopropanol] by vortexing the plates, and the oxidized MTT, which is
proportional to cell viability is measured as A570 using a microplate reader (see
Note 13).

5. The results of an illustrative experiment are shown in Fig. 2. PrAg-U2 efficiently
killed the uPA-expressing HeLa cells in a dose-depend manner, and this
cytotoxicity was uPA-dependent because it was blocked by the addition of PAI-1
(see Note 14).

3.4. Activation of PrAg-U2 in vivo is dependent on the presence of uPA, uPAR, and
plasminogen

The roles of uPAR, plasminogen, and PAI-1 in activation of pro-uPA can be genetically
analyzed in vivo by measuring the sensitivity to PrAg-U2/FP59 of mice deficient in these
plasminogen activation system components.

1. 6–8 week-old C57BL mice deficient in uPA, uPAR, plasminogen, and control
wild-type mice are injected intraperitoneally with 200 μg PrAg-U2 and 10 μg FP59
in 500 μl PBS (see Note 15).

2. 6–8 week-old mice deficient in PAI-1 are challenged with various doses of PrAg-
U2 (6, 10, 15, and 30 μg) in the presence of 10 μg FP59 in 500 μl PBS.

3. The mice are monitored closely (checking twice a day) for signs of toxicity for a
period of 14 days after injection, by assessing weight loss, inactivity, loss of
appetite, inability to groom, ruffling of fur, and shortness of breath. The mice are
euthanized by CO2 inhalation at the onset of obvious malaise.

4. Histological analysis. Mice injected with 200 μg PrAg-U2 and 10 μg FP59 in PBS
are euthanized by CO2-inhalation at the onset of malaise. The control mice injected
with PBS alone are euthanized after 24–36 h by CO2-inhalation. The mice then are
perfused intracardially with cold PBS, followed by 4% paraformaldehyde. The
organs are post-fixed for 24 h in 4% paraformaldehyde, embedded in paraffin,
sectioned, and stained with hematoxylin/eosin and subjected to microscopic
analysis by a pathologist unaware of treatment or animal genotype (2–8 mice per
treatment group and genotype).

5. Immunostaining of spleen and lymph nodes is performed with a Vectastain ABC
peroxidase kit (Vector Laboratories, Inc., Burlingame, CA) with diaminobenzidine
as chromogenic substrate, using rat anti-mouse CD45R/B220 antibodies
(Pharmingen, San Diego, CA) to detect B lymphocytes and rabbit anti-human T
cell antibodies (DAKO, Carpinteria, CA) to detect T-cells. Apoptotic cells are
visualized by terminal deoxynucleotidyltransferase-mediated dUTP nick-end
labeling (TUNEL) using an Apotag kit (Intergen, Gaithersburg, MD).

13MTT is dissolved in routine cell culture medium.
14Evidence that the cytotoxicity of PrAg-U2/FP59 to cells is also dependent on cell-surface bound plasminogen and functional uPAR
can be found in (21).
15The maximum tolerated dose of wild-type C57BL mice to PA-U2 is 30 μg in the presence of 10 μg of FP59. The maximum
tolerated dose is determined as the highest dose in which outward disease or histological tissue damage is not observed in any mice
within a 14-day period of observation.
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6. The results of an illustrative experiment are shown in Fig. 3. All wild type mice
became terminally ill when challenged with 200 μg PrAg-U2 with FP59, with
cytotoxicity observed in bone marrow, adrenal cortex, osteogenic tissues, T-cell
areas of the spleen and lymph nodes (Fig. 3C–G, and data not shown). In contrast,
uPA−/−, uPAR−/−, and Plg−/− mice remained completely healthy, demonstrating
that both uPAR and Plg are essential cofactors in the generation of uPA activity in
vivo. Microscopic examination of tissues from uPA−/−, uPAR−/−, and Plg−/− mice
challenged with 200 μg PrAg-U2 with FP59 failed to demonstrate any signs of
cytotoxicity to T-cell areas of the spleen and lymph nodes, bone marrow, adrenal
cortex, and osteogenic tissues (Fig. 3H–J, and data not shown), providing further
evidence that PrAg-U2 is activated by cell surface uPA, and demonstrating that
these anatomical locations are principal sites of cell surface uPA activity in vivo.
Conversely, PAI-1−/− mice were hypersensitive to PrAg-U2 combined with FP59,
with a maximum tolerated dose of about 6 μg (Fig. 3B). Microscopic analysis of
tissues from PAI-1−/− mice treated with just 20 μg PrAg-U2 with FP59
demonstrated bone marrow, T-cell, osteoblast, and adrenal cytotoxicity, similar to
wild type mice treated with much higher concentrations of the engineered toxin
(data not shown). All PrAg-U2-treated PAI-1−/− mice also presented profound
edema of the small intestine frequently associated with hemorrhaging into the
intestinal lumen (data not shown). This condition was never observed in wild type
mice, even when treated with a 10-fold higher concentration of the engineered
toxin. Taken together, these experiments unequivocally demonstrate that uPA, the
binding of uPA to uPAR, and the activation of pro-uPA by plasmin are critical
events in the activation of PrAg-U2 in vivo.
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Fig. 1.
Binding and processing of pro-uPA and PrAg-U2 by HeLa and 293 cells. HeLa and 293
cells were cultured to confluence in 24-well plates, and preincubated with serum-free
DMEM containing 2 mg/ml BSA, 1 μg/ml of Glu-plasminogen, with or without 10 μg/ml of
PAI-1 for 30 min. Some cells were preincubated with serum-free DMEM containing 2 mg/
ml BSA, 1 mM tranexamic acid, without plasminogen. Then 1 μg/ml each of pro-uPA and
PrAg-U2 were added to the cells and incubated for the times indicated. The cells were
thoroughly washed, and the cell lysates were analyzed by Western blotting using a
monoclonal antibody against the uPA B-chain (#394) (upper panel), or by using a rabbit
anti-PrAg polyclonal antibody (#5308) (lower panel) to determine the binding and
processing status of pro-uPA and PrAg-U2.
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Fig. 2.
The cytotoxicity of PrAg-U2 to uPAR-expressing tumor cells is blocked by PAI-1. HeLa
cells were cultured to 50% confluence, preincubated with serum-free DMEM containing 100
ng/ml of pro-uPA and 1 μg/ml of Glu-plasminogen with or without 2 μg/ml of PAI-1 for 30
min. Then PrAg and PrAg-U2 combined with FP59 (50 ng/ml) were added to the cells and
incubated for 6 h. The toxins were removed and replaced with fresh serum-containing
DMEM. MTT was added to determine cell viability at 48 h.
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Fig. 3.
uPA-dependent activation of PrAg-U2/FP59 requires the presence of uPA, uPAR, and
plasminogen in vivo. (A) Plg, uPA, and uPAR-deficient mice are hyperresistant to uPA-
activated anthrax toxin. Wild type mice and mice deficient in uPA, uPAR, and Plg were
challenged with 200 μg PrAg-U2 with 10 μg FP59 intraperitoneally, and were monitored
for disease. All wild type mice became terminally ill within 24 h of toxin administration,
whereas no outwards or histological signs of toxicity were detected in uPA, uPAR, and Plg-
deficient mice (P<0.01). (B) PAI-1-deficient mice are hypersensitive to PrAg-U2. PAI-1−/−

(open bars) or wild type control (solid bars) mice were challenged with varying
concentrations of PrAg-U2 with 10 μg FP59, and monitored for disease. All PAI-1−/− mice
treated with 15 to 30 μg PrAg-U2 became terminally ill within 24 h of toxin administration,
whereas no outwards or histological signs of toxicity were detected in wild type mice
challenged with 30 μg PrAg-U2 (P<0.001). (C–J) Cell-surface uPA-dependent T-cell
toxicity of PrAg-U2. Histological appearance of T cell regions of the spleen of wild type
(C–G), uPA−/− (H), uPAR−/− (I), and Plg−/− (J) mice 24 h after intraperitoneal injection of
PBS (C) or 200 μg PrAg-U2 with 10 μg FP59 (D–J). Scattered clusters (examples indicated
with arrows) of degenerating lymphocytes in wild type mice (D), absent in PBS-treated wild
type mice (C), are identified as subpopulations of T-cells, by immunostaining with T-cell
(E) and B-cell (F) antibodies, undergoing apoptosis as visualized by TUNEL-staining (G).
(H–J) shows the absence of T-cell pathology in the spleens of uPA−/− (H), uPAR−/− (I) and
Plg−/− (J) mice. (C, D, and H–J) Hematoxylin/eosin staining. (Bars = 10 μm).
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