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Abstract Previous studies have shown that the uroki-
nase-type plasminogen activator receptor (UPAR) is lo-
calized to the adherence sites of leukocytes and tumor
cells suggesting that pericellular proteolysis may accom-
pany focal activation of adherence. To assess for focused
pericellular proteolytic activity, we prepared two-dimen-
sional substrates coated with FITC-casein or Bodipy FL-
BSA. These molecules are poorly fluorescent, but become
highly fluorescent after proteolytic degradation. Fluores-
cent peptide products were observed at adherence sites of
stationary human neutrophils and at lamellipodia of po-
larized neutrophils. During cell migration, multiple re-
gions of proteolysis appeared sequentially beneath the
cell. Similarly, proteolytic action was restricted to adher-
ence sites of resting HT1080 tumor cells but localized
to the invadopodia of active cells. Using an extracellu-
lar fluorescence quenching method, we demonstrate that
these fluorescent peptide products are extracellular. The
uPA/uPAR system played an important role in the ob-
served proteolytic activation. Plasminogen activator in-
hibitor-1 significantly reduced focal proteolysis. Sites of
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focal proteolysis matched the membrane distribution of
uPAR. When uPA was dissociated from uPAR by acid
washing, substantially reduced pericellular proteolysis
was found. uPAR-negative T47D tumor cells did not
express significant levels of substrate proteolysis. How-
ever, transfectant clones expressing uPAR (for example,
T47D-26) displayed high levels of fluorescence indicating
proteolysis at adherence sites. To provide further evi-
dence for the role of the uPA/uPAR system in pericellular
proteolysis, peritoneal macrophages from uPA knock-out
(uPA—/-) and control (uPA+/+) mice were studied. Peri-
cellular proteolysis was dramatically reduced in uPA-
negative peritoneal macrophages. Thus, we have: (1)
developed a novel methodology to detect pericellular pro-
teolytic function, (2) demonstrated focused activation of
proteolytic enzymatic activity in several cell types, (3)
demonstrated its usefulness in real-time studies of cell
migration, and (4) showed that the uPA/uPAR system is
an important contributor to focal pericellular proteolysis.

Keywords Neutrophils - Tumor cells - Adhesion -
Proteolysis - Plasminogen activator

Introduction

Cell migration is required for normal physiological func-
tions such as host defense, embryogenesis, and angiogen-
esis, and for the deleterious invasive and metastatic
programs of malignant cells. Migration within and be-
tween tissue planes involves a complex series of events
including cytoskeletal reorganization, shape change, and
adhesion/detachment cycles (Springer 1990). One factor
that may affect cell migration in vivo is pericellular
proteolysis. Pericellular proteolysis of extracellular mate-
rials and basement membranes is mediated by several
extracellular and membrane-associated proteolytic en-
zymes. One enzyme system believed to play a key role
in pericellular proteolysis is the urokinase-type plasmino-
gen activator (uPA) and its substrate plasminogen (Saksela
and Rifkin 1988; Blasi 1993). Leukocytes and tumor cells
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can synthesize and secrete uPA (Vassalli et al. 1976;
Granelli-Piperno et al. 1977). Secreted uPA then binds to
high affinity cell surface receptors (uPAR) also expressed
on invasive cells such as leukocytes and tumor cells
(Ploug et al. 1991), where it catalyzes proteolysis includ-
ing the conversion of the zymogen plasminogen to
plasmin. Plasmin has a very broad substrate specificity
including fibrin, basement membrane components, and
other latent enzymes including procollagenases. This en-
zyme cascade thus promotes pericellular proteolysis and,
in turn, the migration of cells in complex matrix environ-
ments.

Several lines of evidence support the functional
importance of the uPA/uPAR system in cell trafficking
and clinical disease. First, uPAR expression correlates
with the ability of leukocytes to invade tissues (Kirch-
heimer and Remold 1989). Interestingly, increased pro-
duction of uPA has been associated with increased
severity of arthritis (Kummer et al. 1992). Second, the
aggressiveness of several cancers has been linked to the
level of urokinase-type plasminogen activator receptor
(uPAR) expression; high levels of uPAR expression
correlate with a poor prognosis (Bianchi et al. 1994;
Fazioli and Blasi 1994). Furthermore, Crowley et al.
(1993) have shown that metastasis of human PC3 prostate
carcinoma cells in a nude mouse model can be prevented
by blockade of uPAR. This clinical relationship has been
more fully developed at the molecular/cellular level.
Inhibition of uPA reduced metastatic potential (Ossowski
and Reich 1983; Hearing et al. 1988; Ossowski et al.
1991). On the other hand, increased uPA levels promote
tumor invasiveness and metastasis in vivo (see, for
example, Blasi 1993). Therefore, it seems likely that
heightened uPAR expression and uPA activity enhances
cell surface proteolytic activity thereby enhancing cell
invasion and metastasis.

We have previously demonstrated that certain GPI-
linked membrane proteins physically and functionally
interact with integrins (see, for example, Petty and Todd
1996). We were the first to demonstrate that the 2 inte-
grin complement receptor type 3 (CR3) physically inter-
acts with uPAR (Xue et al. 1994). Subsequently, we and
others have provided both physical and functional evi-
dence for 2 integrin—uPAR interactions (Gyetko et al.
1994; Xue et al. 1994; Bohuslav et al. 1995; Cao et al.
1995; Simon et al. 1996; Sitrin et al. 1996). Similarly, we
and others have recently shown that other integrin
families of tumor cells interact with uPAR (Wei et al.
1996; Xue et al. 1997). Thus, adherence proteins and
uPAR, which play complementary roles in cell migration,
are physically and phenomenologically coupled with one
another.

Since integrins preferentially accumulate at adherence
sites and lamellipodia (Petty 1993; Kindzelskii et al.
1997), integrin-to-uPAR interactions may thus account
for the ability of uPAR to accumulate at adherence sites
(Pollanen et al. 1987, 1988; Herbert and Baker 1988;
Takahashi et al. 1990) and lamellipodia (Estreicher et al.
1990; Kindzelskii et al. 1996a). However, the structural

localization of uPAR does not necessarily identify sites of
pericellular proteolysis. To define the nature of pericel-
lular proteolysis, we have developed microscopic assays
to detect pericellular proteolysis. These assays utilize
fluorescent probes that are highly quenched when bound
to intact proteins, but become highly fluorescent when
exposed to protease activity. We have found that pericel-
lular proteolytic activity is not uniformly distributed
about cells, but rather is found at specific sites; these sites
also contain significant amounts of uPAR.

Materials and methods
Materials

Proteinase K was obtained from Sigma (St. Louis, MO). FITC-
casein and Bodipy FL-BSA were obtained from Molecular Probes
(Eugene, OR).

Human neutrophils

Heparinized venous blood collected from healthy volunteers was
mixed 1:1 with 0.9% saline and separated from mononuclear cells
by Ficoll-Hypaque density gradient centrifugation. Neutrophils
were then isolated by sedimentation in 5% dextran/0.9% saline
(Sigma), and the erythrocytes removed by hypotonic lysis. After
washing with RPMI 1640 (Gibco, Grand Island, NY) supplemented
with penicillin (100 U/ml), streptomycin (100 mg/ml), gentamicin
(100 mg/ml), L-glutamine (2 mM), and 10% fetal bovine serum
(Hyclone, Logan, UT), cells were taken for experimentation.

Tumor cell lines

HT1080 cells were grown as adherent cells using DMEM medium
(Gibco) containing 10% fetal calf serum, 200 mM L-glutamine
(Gibco), and 100 pg/ml gentamicin. T47D cells were grown in
RPMI 1640 containing 10% fetal calf serum, 100 ug/ml gentam-
icin, and 0.2 IU insulin/ml. Both cell lines were grown in a
humidified CO, incubator at 37°C. Trypsin/EDTA (Gibco) was
added to cells for approximately 5 min to dislodge cells from the
substrate. Trypsin inhibitor was then added to block further enzyme
action. Cells were plated on culture dishes or incubated on
coverslips overnight.

Transfections

T47D cells were obtained from the American Type Culture
Collection (ATCC, Rockville, MD). These cells were transfected
to express uPAR (CD87; clone T47D-26) by the calcium phosphate
method as previously reported (Cao et al. 1995). Cells were co-
transfected with 1.5 ug cDNA encoding pSV2gpt (Mulligan and
Berg 1981) and 15 ug ¢cDNA encoding uPAR (Min et al. 1992).
Colonies that grew in HXM selection medium (DMEM) containing
10% calf serum, 50 U/ml penicillin, 50 mg/ml streptomycin, 15 mg/
ml hypoxanthine, 250 mg/ml xanthine, and 25 mg/ml mycopheno-
lic acid, with pH adjusted to 7.2-7.3, were screened for expression
of uPAR by indirect immunofluorescence flow cytometry.

Monoclonal antibodies (mAbs)
and immunofluorescence flow cytometry

Anti-uPAR [clone 3B10, anti-Mo3f (CD87)] was obtained as
described (Min et al. 1992). Saturating quantities of this mAb were
employed in indirect immunofluorescence analysis uPAR expres-



sion in comparison to background staining using isotype-matched
negative control mAb, using a Coulter EPICS Elite flow cytometer
(Coulter, Hialeah, FL) as described (Mizukami et al. 1991a). For
the immunofluorescence labeling experiments shown below,
F(ab’), fragments of anti-CD87 mAb were conjugated with TRITC
as described (Kindzelskii et al. 1996a). These findings were
confirmed using a rabbit polyclonal anti-uPAR antibody (Mizuka-
mi et al. 1991b; data not shown).

Confirmation of uPAR expression by T47D cells

uPAR expression on T47D cells isolated from the transfection
protocol were studied by flow cytometry using anti-uPAR mAb
(clone 3B10) as were two other anti-uPAR mAbs VIMS5 (Gadd et
al. 1990; Todd et al. 1995) and M9 (Nash et al. 1989; Todd et al.
1995) (data not shown). T47D-wt (not shown) and T47D-5 N
(exposed to the spNeo resistance gene alone) did not express uPAR
whereas substantial amounts of uPAR were expressed by T47D-15,
T47D-17, T47D-25, and T47D-26 transfectants. Phorbol myristate
acetate (PMA)-treated (19 nM for 24 h) U937 cells were used as
positive controls (data not shown). An isotype-matched irrelevant
mAb was used for negative controls. Similar results were ob-
tained using mAbs VIMS and M9 and with FITC-uPA (0.125 ug/
2.5x10° cells) (data not shown). Thus, the phenotypes of the
transfectants have been confirmed.

Animals

Transgenic uPA-depleted mice (uPA—/-) and background-matched
control mice (uPA+/+) were generous gifts from Dr. Peter
Carmeliet (Carmeliet et al. 1994). Mice were housed in patho-
gen-free rooms in the University of Michigan Department of
Laboratory Animal Medicine, which is fully accredited by the
American Association for Accreditation of Laboratory Animal
Care. This study was approved by the University of Michigan
Committee on Use and Care of Animals (UCUCA). Mice were
periodically checked for murine hepatitis virus and were found to
be negative, and were fed standard animal chow and chlorinated tap
water ad libitum. The genotype of the uPA—/— and uPA+/+ mice
was confirmed by polymerase chain reaction analysis. Mice were
used at 8-12 weeks of age.

Preparation of peritoneal macrophages from uPA—/—
and uPA+/+ mice

The uPA—/— and uPA+/+ mice were euthanized by CO; inhalation.
The peritoneal cavity was lavaged with 20 ml PBS containing
EDTA (5 mM). After centrifugation and washing, the cells were
resuspended in RPMI 1640 (Gibco) supplemented with penicillin
(100 U/ml), streptomycin (100 mg/ml), gentamicin (100 mg/ml),
L-glutamine (2 mM), and 10% fetal bovine serum (Hyclone). The
cells from each animal were kept separate.

Procedures for enzymatic fluorescence microscopy
FITC-casein procedure for intensified microscopy

Two milligrams of FITC-casein was dissolved in 200 ul DMSO.
After vortexing, a working solution was prepared by mixing 10 ul
of this solution with 190 ul distilled water. Five microliters of this
solution was mixed with 145 ul distilled water. In a separate test
tube, 3 mg BSA were dissolved in 300 ul distilled water. One
hundred and fifty microliters of the BSA solution was mixed with
the diluted casein/water solution, and 40 ul of the casein—-BSA
mixture was pipetted onto acetone-cleaned coverslips. The cover-
slips were placed into a covered petri dish and then incubated at
37°C for 1 h. The coverslips were removed and washed gently with
Hanks’ buffered saline solution (HBSS) prior to experiments.
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Bodipy FL-BSA overnight incubation protocol

Slides were prepared by dissolving Bodipy FL conjugate (6%:;
Molecular Probes), BSA (10%; Sigma), and human fibrinogen
(10%; Calbiochem, La Jolla, CA) in water. In some experiments
human plasminogen activator inhibitor-1 (PAI-1) was added 5 ng/
ml (American Diagnostica, Greenwich, CT). This solution was
evenly coated onto glass slides using a glass rod. The coated slides
were incubated for 2 h at 37°C in a humidified chamber. Following
incubation the slides were dipped in HBSS. All cells were
prestimulated with PMA (10 ng/ml) for 2 h at 37°C. The cell
suspensions were then layered on top of the coated slides and
allowed to adhere for 30 min at 37°C in a humidified box. The
slides were dipped in HBSS to remove non-adherent cells,
coverslips were added, and samples were returned to the humidified
box and incubated at 37°C for 8-16 h. Where indicated PAI-1
(5 ng/ml) was added to the cell suspension mixture immediately
prior to layering the cells onto the coated slides.

Bodipy FL-BSA procedures for intensified microscopy

BSA (50 pg) and Bodipy FL-BSA (30 ug) were dissolved in
20 ul DMSO. After suspension in solvent, the entire solution
volume was diluted to 0.5 ml; this stock solution could be stored for
up to 1 week at 4°C. In procedure A, 100 ul of the stock solution
was evenly coated onto acetone-cleaned glass surfaces using a glass
rod. The coverslip was incubated for 2 h at 37°C in a humid air
atmosphere under a petri dish (but not allowed to dry). The
coverslip was gently washed with HBSS. In procedure B, the stock
solution was diluted 1:10 with distilled deionized water and passed
through a 0.2-um filter. Coverslips were coated with an even layer
of this solution, which was allowed to dry under a hood. The
coverslip was gently washed with HBSS. These coated substrates
are used for experiments. Samples were then incubated for various
periods of time at 37°C.

Intensified microscopy

Cells were observed using an Axiovert inverted fluorescence
microscope (Zeiss, New York, NY) with mercury illumination
interfaced to a Perceptics (Knoxville, TN) Biovision image
processing system. A long-pass dichroic mirror of 510 nm and a
narrow bandpass discriminating filter (DF) set (Omega Optical,
Brattleboro, VT) was used (excitation at 485 nm with a 22 nm
bandpass and emission at 530 nm with a 30 nm bandpass) for FITC
and Bodipy FL. TRITC fluorescence was detected using a 540 nm
filter with a 20 nm bandpass and a 590 nm filter with a 30 nm
bandpass in conjunction with a 560 nm dichroic mirror. The
fluorescence images were collected with an intensified charge-
coupled device camera (Geniisys; Dage-MTI, Michigan City, IN)
(Kindzelskii et al. 1996a, b). DIC photomicrographs were taken
using Zeiss polarizers and a charge-coupled device camera (mod-
el 72; Dage-MTI). To distinguish extracellular from intracellular
fluorescence, samples were stained with 0.5 mg/ml crystal violet as
previously described (Hed 1977; Krause et al. 1994).

Single cell microspectrophotometry

Single cell excitation spectra were recorded using a Photon
Technology Intl. System (Monmouth Jct., NJ) as described (Artym
and Petty 2002). A 510 nm long-pass dichroic mirror and an
emission filter at 530/30 nm was employed. Single cell emission
microspectrophotometry was performed using an imaging spectro-
photometer, as described (Artym and Petty 2002). For emission
spectrophotometry, cells were illuminated using an optical filter at
485DF22 nm and a 510lp dichroic mirror.
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Statistics

Comparisons between groups were performed using an unpaired
Student’s #-test (Zar 1984). Data are expressed as mean+SEM; n is
the number of cells evaluated. All experiments were repeated on at
least three independent occasions.

Results

Physical basis of enzymatic detection

To detect cell surface proteolytic function, we have
developed a microscopic method wherein the emission
intensity of surface-adsorbed labels is increased upon
proteolytic disruption. Previous workers (Twinning 1984;
Hormer and Beighton 1990; Farmer and Yuan 1991) have
shown that the acquisition of an enhanced fluorescence
signal is a sensitive biochemical assay for proteolytic
activity. In this study we have employed two fluorescent
labels to detect protease action: FITC-casein and Bodipy
FL-BSA. Figure 1A shows the fluorescence emission
spectra of a solution of FITC-casein in the presence and
absence of proteinase K treatment (5 U/ml for 60 min at
37°C). The fluorescence of FITC-casein was strongly
quenched in its native state. However, proteolysis of
FITC-casein led to greatly enhanced levels of fluores-
cence. Figure 1B shows an identical experiment employ-
ing Bodipy FL-BSA. This reagent also showed a large
protease-dependent increase in fluorescence emission.
Furthermore, as can be seen by inspecting the control
traces without protease addition, the signal-to-noise ratio
was greater for Bodipy FL-BSA than FITC-casein. Both
FITC-casein and Bodipy FL-BSA exhibited broad prote-
olytic sensitivities (Twinning 1984; Hormer and Beighton
1990; Farmer and Yuan 1991; Kindzelskii et al. 1998).
However, the increase in sample fluorescence was not a
general property of disrupted fluorescent proteins. Fig-
ure 1C shows FITC-conjugated BSA with and without
treatment using proteinase K (5 U/ml for 60 min at 37°C).
In this case, the fluorescence intensity was enhanced by
only approximately 20%. Thus, the changes in fluores-
cence quenching upon proteolysis are not a general
property of fluorescent protein conjugates, but depends
upon the proteins and dyes employed.

We next prepared surfaces containing FITC-casein or
Bodipy FL-BSA. It is possible that a small proportion of
the conjugates retained substantial fluorescence emission
and that these conjugates formed clusters on the coverslip
and that cells attached to these sites. To exclude this
possibility, Bodipy FL-BSA-coated coverslips were im-
aged by fluorescence microscopy. A random pattern of
dim fluorescence emission was observed with no bright
areas of fluorescence intensity (data not shown). Further-
more, bright regions of fluorescence were not found in the
background of the micrographs of cells shown below. We
therefore used these surfaces to detect proteolytic action
at the basal cell surface, which is reported as an increase
in fluorescence intensity.
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Fig. 1A-C Effect of proteolysis on the fluorescence emission
spectra of FITC-casein (A), Bodipy FL-BSA (B), and FITC-BSA
(C). The fluorescence intensity (ordinate) is plotted against the
emission wavelength (nm) (abscissa). Fluorophore-conjugated
proteins were incubated with proteinase K at 5 U/ml for 60 min
at 37°C (solid line) or in the absence of enzyme (dotted line).
Proteolytic degradation relieves the self-quenching of fluorescence
of FITC-casein (A) and Bodipy FL-BSA (B). However, this is not a
general property of these compounds since the emission spectrum
of FITC-BSA is not dramatically affected by proteolytic degrada-
tion (C)

Neutrophil-mediated pericellular proteolysis

Neutrophils were placed on FITC-casein or Bodipy FL-
BSA coated surfaces. In the first series of experiments
neutrophils were washed to remove non-adherent serum
components, suspended in HBSS, and then transferred to
FITC-casein-coated glass coverslips. Adherent neutro-
phils showed enhanced proteolytic function in circular
zones at adherence sites (Fig. 2B), consistent with in-
tegrin-to-uPAR interactions (Kindzelskii et al. 1996a). In
contrast, polarized cells showed enhanced proteolytic
action at the lamellipodium (Fig. 2D), which is consistent
with the membrane distribution of uPAR on migrating
neutrophils (Estreicher et al. 1990). To confirm the fact
that sites of lamellipodial proteolysis correspond to sites
of uPAR accumulation, we next performed double-label-
ing experiments using FITC-casein and TRITC-anti-



Fig. 2A-P Neutrophil-mediated pericellular proteolysis on sur-
faces. Surfaces were coated with a thin layer of dim FITC-casein
(A-D) or Bodipy FL-BSA (E-H, M-P). Adherent and polarized
cells are shown after 15-30 min incubation at 37°C using DIC or
fluorescence microscopy. Proteolytic activation causes an increase
in fluorescence emission (green). Urokinase-type plasminogen
activator receptor (uUPAR) localization is shown in red. The
adherent cells show zones of local proteolytic activity (B, F),
which presumably corresponds to the region of cell attachment. In
contrast, polarized cells show stripes at the leading edge (D, H).
During these conditions, the uPAR signal (B, D, F, H: red)
substantially overlaps that of proteolysis (green). I to P illustrate
the effect of cell movement on substrate proteolysis. Note the
dynamic changes in surface proteolysis over time. This series of
images was acquired in approximately 2 min. A-H x940; I-P x760

uPAR-F(ab’), fragments to assess uPAR distribution and
proteolytic function. Figure 2B, D shows that uPAR and
proteolytic activity co-localize beneath adherent cells and
to the lamellipodia of polarized cells.

A similar series of experiments were conducted using
substrates coated with Bodipy FL-BSA. Neutrophils
adherent to Bodipy FL-BSA-coated substrates were an-
alyzed by fluorescence microscopy. Regions of peri-
cellular proteolysis were observed on stationary cells
(Fig. 2F) whereas stripes of pericellular proteolysis were
found at the lamellipodium of polarized neutrophils
(Fig. 2H). Double-labeling experiments using Bodipy
FL-BSA and TRITC-anti-uPAR-F(ab’), fragments dem-
onstrated that uPAR co-localized with sites of Bodipy FL-
BSA disruption (Fig. 2F, H). Interestingly, if cells were
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incubated at 37°C for longer periods of time, multiple
linear regions (“stripes”) of pericellular fluorescence can
be observed for polarized cells (Fig. 2I-L. and M-P),
which is likely due to multiple contacts of the lamelli-
podium with the substrate. In this experiment a time series
of images were collected using DIC and fluorescence
microscopy. The round, stationary cell has one site of
associated proteolytic activity. The morphologically po-
larized cell moves across the field of view. A series of
proteolytic zones or stripes are observed. These likely
correspond to regions where the lamellipodium has
touched the substrate during migration. However, as time
passes the earlier stripes become somewhat dimmer,
which is likely due to the diffusion of the cleaved peptides
away from the site of their formation. Thus, two inde-
pendent reagents support the interpretation that cell-
associated patterns of pericellular proteolysis can be
observed and these patterns are time-dependent. Further-
more, the dequenching of Bodipy FL-BSA could not be
accounted for by the production of reactive oxygen
metabolites since chronic granulomatous disease neutro-
phils, which cannot undergo a respiratory burst, exhibited
proteolytic responses indistinguishable from normal neu-
trophils (Kindzelskii et al. 1998). Therefore, reactive
oxygen metabolites did not play a significant role in
acquisition of the fluorescence signal. This is also con-
sistent with the fact that oxidants can decrease the
intensity of fluorochromes due to oxidative decomposi-
tion (Hafeman et al. 1984). Thus, the studies of Fig. 2
provide a microscopic assay for substrate proteolysis and
direct evidence that pericellular proteolysis is not uniform
about the perimeter of a cell, but rather is highly localized
depending upon cell function.

Proteolytic activity is extracellular and sensitive to pH

Inasmuch as neutrophils are phagocytic cells, it is
possible that they might remove Bodipy FL-BSA from
the substrate and then digest it within phagolysomes. We
therefore sought to determine if the fluorescent products
of Bodipy FL-BSA were internal or external. To do this,
extracellular fluorescence was quenched using crystal
violet (Hed 1977; Krause et al. 1994). Although extra-
cellular fluorescence is quenched, intracellular fluores-
cence is not affected. Figure 3A shows pericellular flu-
orescence emission spectra from a representative cell
before and after addition of crystal violet. The single cell
fluorescence emission spectrum of pericellular Bodipy FL.
products is shown. However, in the presence of crystal
violet the spectrum is extensively quenched (Fig. 3A
dotted line). To better characterize the mechanism of
fluorescence quenching, single cell excitation spectra
were recorded in the presence and absence of crystal
violet (Fig. 3B). The spectra are averages of 50 separately
acquired excitation spectra of pericellular fluorescence.
The excitation peak is found at 485 nm in the presence
and absence of crystal violet. However, the excitation at
485 nm is reduced while that at 410 nm is enhanced by
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Fig. 3A-E Effect of crystal violet quenching on pericellular
fluorescence. Neutrophils were incubated with Bodipy FL-BSA-
coated surfaces for 15 min at 37°C and then observed by optical
microscopy or microspectrophotometry. A Emission spectra of a
representative single cell before (solid line) and after (dotted line)
addition of crystal violet. A dramatic reduction in the emission at
520 nm is observed. Excitation spectra of pericellular proteolytic
sites in the absence (solid line) and presence (dotted line) of crystal
violet are shown in B. Fifty excitation scans were averaged for each

crystal violet. These changes in the excitation spectrum
suggest that crystal violet can associate with Bodipy FL to
mediate static quenching (Lakowicz 1983). In Fig. 3C-E,
optical micrographs of cells before and after addition of
crystal violet are shown. The reduced fluorescence in
Fig. 3E versus Fig. 3D further demonstrates that the flu-
orescence label is extracellular. These differences were
also quantitatively confirmed using microscopic photom-
etry. Photon count rates of 161+32 kilocounts/s (with
a background of 17+10 kilocounts/s) and 33+11 kilo-
counts/s (with a background of 30+15 kilocounts/s) were
obtained in the absence and presence of crystal violet,
respectively, for this cell population. Thus, most or all of
the fluorescent products of Bodipy FL-BSA are extracel-
lular.

We verified that conditions known to influence cell
surface proteolysis and uPA expression also influence the
fluorescence of Bodipy FL-BSA-coated surfaces. uPAR-
bound uPA generates the active protease plasmin from
its inactive precursor plasminogen (Saksela and Rifkin
1988). In the absence of Bodipy FL-BSA, the fluores-

spectrum. Although the spectra are similar, changes can be noted in
the regions near 485 and 410 nm. C-E Three micrographs of the
same field of cells. C DIC micrograph. Fluorescence micrographs
are given in D and E, which illustrate the pericellular proteolytic
fragments detected before and after addition of crystal violet. The
ability of crystal violet to quench this fluorescence indicates that
the fluorescent peptides are on the exterior of the cells (Hed 1977).
C-E x740

Table 1 Fluorescence intensity measurements of acid-treated cells

FL-BSA Serum Acid  Time Intensity (kilocount/s)
- - - 20 5.2+5.2

+ - - 20 311+59

+ + - 20 602+73*

+ - 30 442+68

+ - + 30 59+38%*

+ + + 30 264+98

*P<0.001 in comparison to the preceding line without serum plus
FL-BSA
*##P<0.01 in comparison to the preceding line without acid washing

cence intensity of attached cells was minimal (Table 1).
The cell-associated fluorescence signal of Bodipy FL-
BSA was significantly enhanced (P<0.001) in the pres-
ence of serum in comparison to the absence of serum
under otherwise identical conditions (Table 1). uPA can
be stripped from cells using acid washing procedures (see,
for example, Bajpai and Baker 1985). In the absence of
both serum and acid washing, a fluorescence intensity of



442+68 kilocounts/s was obtained after 30 min at 37°C.
Acid washing and in the absence of serum, dramatically
reduced the fluorescence intensity relative to untreated
samples (Table 1). However, when serum was added back
to this sample, the fluorescence intensity was increased.
Thus, conditions that augment pericellular proteolysis
enhance Bodipy FL-BSA fluorescence whereas treat-
ments that reduce uPA expression decrease Bodipy FL-
BSA fluorescence (Fig. 4A—H). This confirms the concept
that Bodipy FL-BSA monitors pericellular proteolysis on
surfaces.

Pericellular proteolysis by neutrophils is sensitive
to PAI-1 inhibition

To determine whether the presence of plasminogen ac-
tivator enzyme activity was required for pericellular
cleavage of Bodipy FL-BSA and the generation of a
fluorescence signal, the following experiments were done.
Normal human neutrophils were activated with PMA for
2 h to increase uPA activity (Gyetko et al. 1988). One-
half of the cells were permitted to adhere to Bodipy FL-
BSA-coated slides and incubated at 37°C for 8-16 h to
allow proteolytic cleavage of the conjugate. The fluores-
cence intensity generated by these cells was compared to
the intensity generated by neutrophils pretreated with
human PAI-1, and allowed to adhere to PAI-1 containing-
Bodipy FL-BSA. PAI-1 is a specific, naturally occurring,
irreversible plasminogen activator inhibitor (Saksela and
Rifkin 1988). Figure 41 shows adherent neutrophils under
brightfield microscopy. Figure 4J shows the same low
power field under fluorescence microscopy. Numerous
bright areas of fluorescence surround the neutrophils, thus
indicating the proteolytic cleavage of the Bodipy FL-BSA
substrate. Figure 4K shows PAI-1 exposed neutrophils
under brightfield microscopy. In Fig. 4L these cells are
viewed under fluorescence conditions. The degree of
fluorescence intensity is diminished in the PAI-1 treated
neutrophils compared to neutrophils adhered to Bodipy
FL-BSA in the absence of PAI-1.

These photographs were digitized, and the fluores-
cence intensity semiquantitatively expressed in arbitrary
units. The intensity of the PAI-1-treated neutrophils was
15+£3.4 compared to 49.4+3.7 for control neutrophils
(P<0.001). Thus, plasminogen activators substantially
contribute to the cleavage of the Bodipy FL-BSA conju-
gate.

Pericellular proteolysis by uPA+/+
and uPA—/- peritoneal macrophages

Whereas the inhibitory effect of PAI-1 on neutrophil-
mediated proteolysis of Bodipy FL.-BSA supports the role
of the plasminogen activator system, we sought to further
document the specific involvement of uPA in pericellular
proteolysis. To evaluate this, we compared resident peri-
toneal macrophages from transgenic uPA-deficient mice
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Fig. 4A-L Effect of acid stripping on and PAI-1 on the pericellular
fluorescence of neutrophils. Brightfield (A, C, E, G, I, K) and
fluorescence (B, D, F, H, J, L) micrographs are shown. Neutrophils
were incubated with Bodipy FL-BSA-coated surfaces for 15 min at
37°C and then observed by optical microscopy. In the absence of
acid stripping, a substantial amount of Bodipy FL-BSA degradation
products are seen in the absence and presence of added serum (B
and D, respectively). However, the acid stripping procedure greatly
reduces pericellular proteolytic activity (F), which can be restored
by adding serum (H). To compare pericellular proteolysis in the
presence and absence of PAI-1, PMA-treated neutrophils were
permitted to adhere to Bodipy FL-BSA-coated slides in the absence
and presence of PAI-1, and incubated at 37°C for 8§-16 h. I, J
Adherent neutrophils in the absence of exogenous PAI-1. K, L
PAI-1-treated cells adhered to PAI-1 containing Bodipy FL-BSA-
coated surfaces. Acid stripping and PAI-1 dramatically reduce
pericellular fluorescence. A—-H x960; I-L x430



Fig. SA-D Comparison of pericellular proteolysis by uPA+/+ and
uPA—/— peritoneal macrophages. The resident peritoneal macro-
phages from the uPA+/+ and uPA—/— mice were allowed to adhere
to Bodipy FL-BSA-coated slides and incubated at 37°C to allow
proteolytic cleavage of the conjugate. A Adherent uPA+/+ perito-
neal macrophages viewed by brightfield microscopy. B Same cells
viewed under fluorescence microscopy. C Peritoneal macrophages
from uPA—/— mice adhered to the Bodipy FL-BSA slides viewed
under brightfield microscopy. D Same cells under fluorescence
microscopy. x540

with cells from uPA-replete control mice. The uPA-
deficient mice do not express uPA on the mRNA, protein,
or activity levels (Carmeliet et al. 1994). The peritoneal
macrophages from the uPA—/— and uPA+/+ mice were
allowed to adhere to the Bodipy FL-BSA-coated slides as
described above. Non-adherent cells were washed off
and the adherent cells were incubated overnight at 37°C.
The following day the pericellular fluorescence intensity
was determined by fluorescence microscopy. Figure SA
shows adherent uPA+/+ peritoneal macrophages viewed
by brightfield microscopy. Figure 5B is a fluorescence
photomicrograph of the same cells showing bright peri-
cellular fluorescence indicative of cleavage of the Bodipy
FL-BSA substrate. Figure 5C shows peritoneal macro-
phages from uPA—/— mice adherent to Bodipy FL-BSA-
coated surfaces viewed by brightfield microscopy. Fig-

Fig. 6A-D Proteolytic activity associated with HT1080 cells. Cells
were placed on Bodipy FL-BSA-coated surfaces (procedure B) and
then observed on a 37°C microscope stage within 30 min. DIC (A,
C) and fluorescence (B, D) micrographs are shown. Focused
pericellular proteolytic activity is noted on both spherical (A, B)
and morphologically polarized (C, D) tumor cells. DIC (A) and
fluorescence micrographs of uPAR (B) and the fluorescence of
proteolytic products of Bodipy FL-BSA (C) are shown. Note the
similarity of these fluorescence images, suggesting colocalization
of uPAR and proteolytic activity. Note that the invadopodium (D)
of the polarized HT1080 cell is rich in proteolytic activity.
Proteolytic activity associated with uPAR-enriched membrane
regions of HT1080 cells. A, B x1,000; C, D x1,200

ure 5D shows these same cells under fluorescence
microscopy. The degree of fluorescence surrounding the
peritoneal macrophages from uPA—/— mice is much less
than that seen by the uPA+/+ peritoneal macrophages. By
image analysis the peritoneal macrophages from the
uPA+/+ mice had 70.5+7.2 units of intensity compared to
12.3+4.6 units of intensity from the uPA-/-— mice
(P<0.001). Since the deletion of uPA in these knockout
mice is specific and tPA production and expression is
unaltered (Carmeliet et al. 1994), we conclude that uPA
substantially contributes to the cleavage of Bodipy FL-
BSA.

Tumor cell-mediated pericellular proteolysis

To confirm that pericellular proteolysis is not restricted to
neutrophils in this system, we tested HT1080 fibrosarco-
ma cells. In the first series of experiments HT1080 cells
were placed on Bodipy FL-BSA-coated glass coverslips.
Spherical HT1080 (Fig. 6A) cells displayed regions of
pericellular proteolytic activity (Fig. 6C). Figure 6B
shows a double-labeling [Bodipy FL-BSA and TRITC-
anti-uPAR-F(ab’), fragments] study of HT1080 cells. This
experiment illustrates the co-localization of uPAR and
local proteolysis. Figure 6C, D shows a polarized tumor



Fig. 7A-D Proteolytic activity associated with T47D-wt cells (A,
B) and T47D-26 cells (C, D) associated with Bodipy FL-BSA-
coated substrates (procedure A). DIC (A, C) and fluorescence (B,
D) micrographs are shown. The gain of the camera and image
processing procedures were identical in all micrographs, which
were collected within 30 min during incubation at 37°C. Cells not
expressing the uPAR gene product did not give rise to pericellular
proteolysis (B) whereas the transfectant expressing the uPAR gene
generated large amounts of fluorescence (D). All cell lines were
capable of secreting the ligand uPA. x1,700

cell. Note that the invadopodium structure, which is rich
in microvilli, possesses associated proteolytic activity.
Thus, the leading edge of tumor cells is rich in proteolytic
activity, as is the lamellipodium of polarized neutrophils
(Fig. 2).

To illustrate the applicability of our results to additional
cell types and to provide further data on the association of
uPAR with pericellular proteolysis, we have carried out
experiments using T47D breast cancer cells and uPAR
transfectants of T47D cells. Flow cytometric studies
characterized the expression of uPAR by these lines. For
example, T47D cells did not express uPAR whereas
T47D-26 cells did express uPAR. These cells were then
allowed to attach to Bodipy FL-BSA-coated surfaces.
Representative results are shown in Fig. 7. Although the
parent cell line T47D did not express uPAR nor significant
levels of pericellular proteolysis, the transfected T47D cell
line expressing uPAR exhibited pericellular proteolysis.
Thus, uPAR expression is an important contributor to the
focused pericellular proteolysis in this system.

Discussion

This study provides direct experimental evidence that
pericellular proteolysis is not uniform about the periphery
of a cell, but rather is focused at specific sites in a uPA/
uPAR-dependent manner. These observations have been
confirmed using two types of proteolytic indicators and
hematopoietic and non-hematopoietic cell types. The non-
uniformity in proteolytic activation is evident in the
punctate substrate fluorescence found for stationary cells
and the lamellipodial-related fluorescence of polarized
neutrophils. Furthermore, the distribution of pericellular
proteolytic activity is coincident with the distribution of
uPAR, requires uPA, and is substantially affected by the
expression of uPAR. Thus, we suggest that cells can
spatially regulate the nature of pericellular proteolysis.
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Microscopic detection of proteolysis

Previous workers have reported microscopic tools to
detect pericellular proteolysis which employ negative
staining techniques. Campbell and Campbell (1988) have
reported an immunolabeling strategy to detect substrate-
associated fibronectin degradation wherein degraded fi-
bronectin loses its capacity to bind a fluorescently tagged
anti-fibronectin antibody. Furthermore, disruption of sur-
face-associated TRITC-fibronectin (Liou and Campbell
1996) or FITC-gelatin (Mueller et al. 1992; Coopman et
al. 1996) leads to loss of pericellular fluorescence near
cells. Although these techniques are suitable to detect
pericellular proteolysis, they are limited in sensitivity.
The dequenching approach provides an approach (Kind-
zelskii et al. 1998; Sameni et al. 2000) to enhance sen-
sitivity. This increase in sensitivity permits real-time
microscopic evaluation of pericellular proteolytic activity
in living cells.

The method reported relies upon a chromophore—
protein conjugate in which the fluorescence intensity of
the chromophore is highly quenched by nearby amino
acids or other chromophores within the native protein
structure (Figs. 1, 3). When these chromophore—protein
conjugates are degraded by the action of proteases, the
fluorescence intensity of their fragments is dramatically
increased. This approach has been useful in sensitive
biochemical evaluations of proteolytic activity (Twinning
1984; Hormer and Beighton 1990; Farmer and Yuan
1991). By adsorbing these molecules to surfaces, we have
been able to spatially characterize the functional enzy-
matic character of pericellular proteolysis by living
neutrophils and tumor cells using fluorescence microsco-
py (see, for example, Figs. 2, 5). In addition, Bodipy FL-
BSA can be used in conjunction with longer-term assays
of proteolytic action (Figs. 4I-L, 7). The use of a positive-
staining protocol has several inherent interpretative ad-
vantages. Proteolytic products do not rapidly diffuse away
from the sample. Also, accessibility issues regarding the
basal cell surface are also avoided since second-step
reagents such as fluorescent antibodies are not employed.
Moreover, as neutrophils and tumor cells can produce
substantial quantities of oxidants (Babior 1978; Szatrows-
ki and Nathan 1991) and since oxidants can chemically
promote degradation of fluorochromes independent of
proteolysis (Hafeman et al. 1984), the positive-staining
protocol may more accurately reflect proteolytic action
than negative staining where oxidants may artificially
decrease the fluorescence intensity.

Two independent probes, FITC-casein and Bodipy
FL-BSA were employed. Although either probe can be
employed, Bodipy FL-BSA has several advantages. As
shown by the emission spectra in Fig. 1, Bodipy FL-BSA
has a better signal-to-noise ratio than FITC-casein; this
likely improves the contrast of the micrographs. More-
over, FITC is more sensitive than Bodipy FL-BSA to
photobleaching during illumination. Both probes have a
broad substrate specificity (Twinning 1984; Hormer and
Beighton 1990; Farmer and Yuan 1991; Kindzelskii et al.
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1998). FITC-casein forms flocs in aqueous solution.
Consequently, organic solvents are necessary to obtain
uniformly coated substrates. Floc formation also limits its
ability to be used in gel matrices. These are not problems
with Bodipy FL-BSA since it readily dissolves in aqueous
solution. Thus, Bodipy FL-BSA possesses several advan-
tages in the study of pericellular proteolysis.

Role of uPA/uPAR system
in focused pericellular proteolysis

Previous studies have shown that uPA and/or uPAR can
be found at focal contacts of resting cells (Pollanen et al.
1987, 1988; Herbert and Baker 1988; Takahashi et al.
1990) or at lamellipodia of migrating cells (Estreicher et
al. 1990; Kindzelskii et al. 1996a). The ability of cells to
direct uPA and uPAR to specific sites raises the hypoth-
esis that proteolytic function might also accumulate at
specific sites. Although it is often suggested that sites of
uPA accumulation are sites of enhanced proteolytic action
(see, for example, Estreicher et al. 1990), this assumption
has not been rigorously tested. There could be many other
proteases associated with the cell surface; thus, uPAR
redistribution might have little net effect on proteolytic
function in other regions of a plasma membrane. Fur-
thermore, uPA could catalyze the formation of plasmin
which might then diffuse from this site and/or bind to
distant plasmin receptors or the plasmin-bound plasmin
receptors themselves could diffuse away from this site.
Thus, we have used a fluorescence microscopic enzymat-
ic technique to assess proteolytic action in parallel with
assessment of uPAR distribution.

We have shown that pericellular proteolytic function is
localized at specific sites of cell adherence for neutrophils
and tumor cells. During neutrophil migration cell surface
proteolytic function was primarily associated with the
lamellipodium of cells, consistent with previous studies
on uPA and uPAR distribution (Estreicher et al. 1990;
Kindzelskii et al. 1996a). The focusing of proteolytic ac-
tivity at adherence sites and lamellipodia may be ac-
counted for by the spatial redistribution of uPAR
molecules within the plasma membrane of leukocytes
(Kindzelskii et al. 1997; Xue et al. 1997). Several in-
dependent lines of evidence suggest that the uPA/uPAR
system plays an important role in mediating the pericel-
lular proteolytic action observed in the present study.
First, using double-labeling fluorescence microscopy, the
spatial distribution of uPAR on neutrophil and tumor cell
membranes was found to coincide with the pattern of
pericellular proteolysis. The cell line T47D, which ex-
presses low levels of uPAR, does not display significant
levels of pericellular proteolytic activity. However, trans-
fection of the uPAR gene into this parental cell line
greatly heightens uPAR expression and pericellular pro-
teolysis. Thus, in our systems the level of uPAR expres-
sion correlates with the level of pericellular proteolysis.
On the other hand, factors that reduce the level of uPA
and/or uPAR expression reduce pericellular proteolysis.

Removal of uPA from the cell surface by acid stripping
reduced the fluorescence intensity observed in the pres-
ence of cells. Similarly, enzymatic inhibition with PAI-1
reduced pericellular proteolysis. Using peritoneal macro-
phages from uPA-knockout mice, a dramatic reduction in
pericellular proteolysis was noted in comparison to uPA+/
+ animals. By using multiple cell types and multiple
confirmatory strategies, we minimize the possibility that
some unknown extraneous factor acting in parallel with
these methods (such as a contaminant in the PAI-1 sample
or another gene perturbed by the transfection protocol)
might have influenced the findings. Therefore, we suggest
that the uPA/uPAR system plays an important role in the
local generation of pericellular proteolysis observed in
neutrophils and tumor cells, although other downstream
substrata of plasmin could also contribute.

Since uPAR is a GPI-linked membrane protein, what
tethers it to specific adherence sites and lamellipodia? We
and others have previously shown that multiple integrin
families can physically associate with uPAR (Gyetko et
al. 1994; Xue et al. 1994, 1997; Bohuslav et al. 1995; Cao
et al. 1995; Petty and Todd 1996; Simon et al. 1996; Sitrin
et al. 1996; Wei et al. 1996; Kindzelskii et al. 1997).
Thus, cytoskeletally associated integrin molecules may
tether uPAR to adherence sites and lamellipodia where
uPA-charged uPAR can initiate focused pericellular pro-
teolysis. Thus, our results support the hypothesis that
integrins regulate uPAR distribution and that uPAR, in
turn, contributes to the regulation of pericellular proteol-
ysis. These findings provide impetus for the development
of therapeutic agents that block leukocyte extravasation
and tumor cell invasion by disrupting the linkage between
integrins and uPAR (Xue et al. 1994, 1997).
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