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Abstract

Mononuclear phagocytes (MO) produce urokinase-type plas-
minogen activator (uPA) and also express a specific cell-sur-
face receptor for urokinase, uPAR. The concomitant expres-
sion of these proteins provides a mechanism by which MO can
degrade extracellular matrix proteins during directed cell mi-
gration. In this study, we sought to determine if uPAR plays a
role in MO chemotaxis that is distinct from its role in matrix
proteolysis. Exposing adherent monocytes to a chemotactic
gradient causes plasma membrane uPAR to localize strongly to
the leading edge of cell migration. Adherence alone or exposure
to FMLP had no effect on uPAR expression. Using Boyden
chamber chemotaxis assays, we demonstrate that treating
mononuclear cells with an anti-uPAR mAb (either as an intact
mAb or Flab'12) ablates chemotaxis induced by FMLP and
monocyte chemotactic peptide-1 (P < 0.001). Inactivating the

catalytic activity of uPAR-bound uPA had no effect on chemo-
taxis. Similarly, blocking uPAR expression with an antisense
oligonucleotide to uPAR completely ablates chemotaxis, but
blocking uPA expression with an antisense oligonucleotide to
uPA has a minimal effect. We therefore demonstrate that ex-
pression and unimpeded function of uPAR plays an obligate
role inM6 chemotaxis by mechanisms that are largely indepen-
dent of its ligand, uPA. Combined with its known role in me-
diating pericellular proteolysis, these observations demon-
strate that uPAR is essential for both locomotion and travers-
ing tissue barriers during MO migration. (J. Clin. Invest. 1994.
93:1380-1387.) Key words: macrophage * mononuclear phago-
cyte * plasminogen activators * motility* antisense oligonucleo-
tides

Introduction

For monocytes to be successfully recruited to inflammatory
sites, at least two distinct functions are required. First, they
must accomplish directional migration in a chemotactic gra-
dient. This complex process requires a sequence of adhesion,
cytoskeletal rearrangement, movement, and detachment steps
( 1, 2). Second, cells often traverse tissue planes, a process that

may require expression of extracellular proteases to degrade
specific extracellular matrix (ECM)' proteins (3-5). One
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mechanism by which leukocytes can promote ECM degrada-
tion is by converting plasminogen to plasmin through the ac-
tion of urokinase-type plasminogen activator (uPA) (6, 7).
Mononuclear phagocytes (MO) produce uPA and also express
specific high affinity cell-surface receptors for uPA (uPAR) (4,
7-9). This receptor allows uPA to function as a membrane-as-
sociated ectoenzyme, thereby limiting proteolysis to the imme-
diate pericellular environment (4, 10). Both Mq and a variety
of malignant cells have been shown to use uPAR-associated
uPA to degrade matrix proteins during tissue invasion (3, 1 1,
12). Although ECM degradation requires catalytically active
uPA, it is not known whether uPA and uPAR are involved in
other mechanisms necessary for cell movement.

Several intriguing observations support a role for uPAR in
cell locomotion. In malignant cells, uPAR localizes to cellular
binding sites to ECM, where it colocalizes with cytoskeletal
components such as vinculin (13-15). This suggests that
uPAR may participate in a transmembrane structure that links
the ECM with the cell surface and cytoskeleton. Increased
uPAR and uPA expression has recently been described in mi-
grating endothelial cells ( 16). One antibody to uPAR inhibits

MO responsiveness to migration inhibition factor, providing
another potential association between uPAR and cell move-
ment ( 17). The uPA-uPAR system is known to affect leuko-
cyte behavior by mechanisms unrelated to plasminogen activa-
tion. uPA can directly cleave ECM components and can act as
a chemotaxin for neutrophils and as a mitogen for lymphocytes
( 18-20). Also, uPA and plasmin play important roles in modu-
lating cytokine release and activity (21, 22). A portion of the
uPA molecule, the growth factor domain, may trigger MO dif-
ferentiation and adhesion by binding to uPAR (23).

In this study, we sought to determine ifuPAR plays a role in
cellular migration that is distinct from its participation in ECM
proteolysis. We show that human monocytes alter the plasma
membrane distribution ofuPAR on exposure to a chemotactic
gradient, as uPAR becomes tightly localized to the leading edge
ofmigration. Adhesion on plastic alone and exposure to FMLP
have no effect on total uPAR expression. We also demonstrate
that functional uPAR is required for mononuclear cell chemo-
taxis under ECM-free conditions, as chemotaxis is ablated
when cells are pretreated with anti-uPAR monoclonal anti-
body or antisense-uPAR oligonucleotides. Finally, we show
that expression or catalytic activity of uPA is not required for
chemotaxis under these conditions. We therefore provide the

first conclusive evidence that the expression and unimpeded
function ofuPAR is an obligate factor in the directional migra-
tion of mononuclear phagocytes in response to a chemotaxin.

Methods

Reagents. High molecular weight urokinase (HMW-uPA) and murine
anti-human uPA mAb were obtained from American Diagnostica Inc.

(Greenwich, CT). This antibody neutralizes uPA catalytic activity and
recognizes free uPA, receptor-bound uPA, and pro-uPA (24). LPS
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from Escherichia coli 01 1 l:B4 was purchased from Sigma Chemical
Co. (St. Louis, MO). An FHTC-conjugated goat anti-mouse F(ab')2
antibody (Ab) was obtained from Cappel Laboratories (Durham,
NC). The mouse anti-human uPAR mAb (clone 3B10, IgG2.), also
designated anti-Mo3f, was prepared as previously described and recog-
nizes an epitope in the uPAR ligand-binding region (domain 1) (25,
26). A series of IgM anti-uPAR mAbs included anti-Mo3d (clone
100), anti-Mo3c (clone 68), and anti-Mo3e (clone 109) (17, 27).
These mAbs were shown to bind to uPAR-transfected 3T3 cells
(Garni-Wagner, B., and R. F. Todd III, unpublished observations).
Control antibodies included an anti-MHC class II mAb (clone 9-49,
IgG2,) (28); an anti-Mo5 mAb (a monocyte antigen ofunknown func-
tion) (clone 99, IgG2,) (29), and two anti-CD 1 lb mAbs (clone 44,
IgG2a; and clone 94, IgM) (30). Anti-uPAR and control mAbs were
used as dilutions of ascites, while anti-uPAR F(ab')2 fragments and
anti-uPA were used as purified IgG, quantitated by protein content.

Cell purification and culture. Human PBMC were purified from
buffy coats provided by the American Red Cross (Detroit, MI). Buffy
coats were diluted 1:1 with 5 mM EDTA/normal saline and purified
by density gradient centrifugation through Lymphoprep'T (Nycomed
Pharma, Oslo, Norway). After washing with RPMI 1640 (Gibco Labo-
ratories, Grand Island, NY), cells were counted in a hemocytometer,
and viability was assessed by trypan blue exclusion. Differential cell
counts were determined by examining Giemsa-stained cytocentrifuge
samples. The mononuclear cells were resuspended in serum-free me-
dium MAC-SFM (Gibco Laboratories) supplemented with penicillin
( 100 U/ml), streptomycin ( 100 Mg/ml), gentamicin ( 100 Mg/ml), and
L-glutamine (2 mM).

For some experiments, monocytes were purified by adherence in
35-mm plastic dishes (Coming Inc., Coming, NY) at 2 X 107 cells/
well (- 8 x 106 monocytes) for 1 h in humidified air containing 5%
CO2 at 37°C. Nonadherent cells were removed by washing with RPMI
1640 at 37°C. Monocytes were then detached by gentle scraping with a
rubber spatula, resuspended in MAC-SFM, and cultured for 24 h either
in 60-mm plastic petri dishes (Corning) or 55-mm Teflon dishes (Scien-
tific Specialties Service Inc., Randallstown, MD), as indicated.

Antisense oligonucleotide (AS-oligo) inhibition ofgene expression.
AS-oligos represented the reverse complement of high specificity se-
quence regions. The AS-oligos for uPA and uPAR correspond to nu-
cleotides 426-444 and 720-738, respectively (31, 32). Controls in-
cluded oligonucleotides of random sequence and length, sense (S)-
uPAR, and nonsense (NS)-uPAR (same base composition of
AS-uPAR, but in random order). AS-, S-, and NS-oligos were synthe-
sized by the DNA Synthesis Core of the University of Michigan on
automated DNA synthesizers, substituting sulfur for oxygen at the
phosphate moiety. These phosphorothioate oligonucleotides are nu-
clease resistant (33). Cells were incubated with 30MM AS-oligos for 24
h at 37°C. Efficacy of AS-oligo treatment was confirmed by demon-
strating loss of immunofluorescent staining for the corresponding pro-
tein. Cell viability exceeding 95% was confirmed by trypan blue exclu-
sion before using AS-oligo-treated cells in experiments.

Immunolabeling. BMC or purified monocytes were resuspended in
staining buffer (PBS with 1% BSA and 0.1% sodium azide, pH 7.4).
Immunolabeling for uPA or uPAR was performed by incubating the
cells with either an anti-uPA or anti-uPAR primary mAb for 30 min,
4°C, followed by labeling for 30 min, 4C, with FITC-conjugated goat
anti-mouse F(ab')2 secondary Ab. Negative control cells were stained
with the secondary Ab alone or with an irrelevant isotype-matched
primary Ab. For some-experiments, the same labeling procedure was
used for fluorescent microscopy of glass-adherent monocytes.

Immunofluorescentflow cytometric analysis. Cells were selected by
gating (log forward angle versus log right angle light scatter). Immuno-
fluorescent intensity was assessed as a measure of relative antigen ex-
pression using a flow cytometer (EPICS; Coulter Corp., Hialeah, FL)
with a logarithmic amplifier. The channel number (log scale) represent-
ing the mean fluorescent intensity (major fluorescent peak) was deter-
mined from 5,000 cells. The corresponding linear fluorescent inten-
sity channel was then calculated from a logarithmic-linear calibration

formula. Specific fluorescence intensity was calculated by subtracting
the values of the negative controls using a linear scale, and the result
was reconverted to log scale.

Chemotaxis assay. PBMC were suspended in Teflon dishes to pre-
vent adherence. For experiments using mAb-pretreated cells, cells were
incubated with mAbs, as indicated, in azide-free buffer for 30 min at

4VC. For experiments using oligonucleotide-treated cells, cells were in-
cubated with 30MuM oligos for 24 h at 370C. Where indicated, cells were
incubated with exogenous HMW-uPA (4 Mg/ml) at 4VC for 30 min.
After pretreatment, cell viability was confirmed by trypan blue exclu-
sion, and the cells were washed, resuspended in media, and loaded into
the upper chambers of a multiwell chemotaxis apparatus ( I X 106
cells/well), separated from either 10-' M FMLP (Sigma Chemical
Co.) or 50 ng/ml recombinant human monocyte chemotactic peptide-
I (rMCP-l; Genzyme Corp., Cambridge, MA) by a single 5-Mm pore
50-mm2 polyvinylpyrrolidone-free filter, and incubated at 370C for 2
h. The filters were then removed, and the upper surface was scraped
free of cells, fixed in methanol, and stained with toluidine blue. The
number of cells that had migrated through the pores was counted for
each condition. Data are reported as number of cells counted per high
power field (three to five fields for each condition) and expressed as
percentage ofcontrol cells that were not treated with antibody or oligo-
nucleotide. Controls for the chemotaxis assay included medium with-
out chemotaxin in both the upper and lower chambers (random cell
movement) and equal concentration ofchemotaxin in both upper and
lower chambers (chemokinesis).

Statistics. Comparisons between groups were performed using a

single sample two-tailed Student's t test (34). Data are expressed as

mean percentage of untreated control cells±SEM. n is the number of
donors, each providing cells for one experiment.

Results

Effects ofa chemotactic gradient on the cell-surface distribution
ofuPAR. Adherent monocytes were exposed to a chemotactic
gradient created by placing a 25-,ul bead ofFMLP ( l0-7 M) at
one spot on the slide. After 30 min, the cells were stained with
anti-uPAR mAb followed by an FITC-conjugated secondary
Ab and examined by fluorescent microscopy (Fig. 1 ). Negative
control cells were stained with the secondary Ab alone. Un-
treated monocytes (not exposed to FMLP) were relatively dull,
and the distribution of cell-surface uPAR was homogeneous.
However, when the monocytes were exposed to an FMLP gra-
dient, staining for uPAR became granular and strongly local-
ized to the leading edge facing the chemotactic gradient in ap-
proximately one-third of the cells. When cells were stained for
uPA, a similar pattern of localization towards the chemotactic
gradient was observed (not shown). Clustering of surface uPA
has been reported previously in 30% ofFMLP-exposed mono-
cytes (10). Thus, monocytes cluster uPAR and endogenously
generated uPA toward an area corresponding to the leading
edge ofcell migration. It is presently unclear whether clustering
ofuPAR and uPA occurs, at least transiently, in all migrating
cells.

To determine if FMLP stimulation itself affects the quan-
tity of uPAR on the plasma membrane, monocytes were ex-
posed to FMLP for 30 min after adherence to plastic. After
incubation, the cells were gently released and immunolabeled,
and uPAR expression was quantitated by flow cytometry. Ex-
posure to a range of concentrations ofFMLP ( 10-7_ 1 -l0 M)
did not alter the overall expression ofuPAR on the monocyte
cell surface relative to control cells (mean fluorescence of con-
trol 121+17;FMLP 10-7M, 116±9;FMLP 10"-IM, 121±15;
P = not significant). In similar experiments, we evaluated the
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Figure 1. Effects of exposure to an FMLP
gradient on monocyte plasma membrane
distribution of uPAR. Glass-adhered
monocytes were cultured in the presence

and absence of an FMLP gradient, stained
for surface uPAR by indirect immunofluo-
rescence, and visualized by fluorescent mi-
croscopy. Cells cultured in the absence of
FMLP are dull, with homogeneous staining
(upper left). Cells exposed to an FMLP
gradient show granular staining and strong

localization ofuPAR to the leading edge
of the cell oriented toward the FMLP bead
(center).

effects of adherence on monocyte surface expression ofuPAR.
Monocytes were cultured either adherent to plastic petri dishes
or nonadherent in Teflon dishes. The cells were then removed
from culture and immunolabeled, and surface uPAR expres-

sion was determined by flow cytometry. uPAR expression was
unaffected by adherence to plastic (plastic 91+8.7, Teflon
88.8±4.9, P = not significant).

As we were examining membrane redistribution of uPAR
in response to FMLP, we attempted to immunolabel uPAR
before adhering the monocytes to slides and exposing them to

an FMLP gradient. These anti-uPAR-pretreated cells did not

exhibit clustering of uPAR toward the chemotactic gradient
(not shown). This suggested to us that the anti-uPAR mAb
(3B10) interacts with uPAR in a way that prohibits normal
uPAR clustering in response to a chemotactic gradient. We
therefore questioned whether this anti-uPAR mAb also af-

fected the ability of these cells to migrate toward a chemotactic

gradient.
Effects of anti-uPAR and neutralizing anti-uPA mAb on

mononuclear cell chemotaxis. We sought to determine whether
functional uPAR or catalytically active uPA were required for
monocyte chemotaxis in a standard Boyden chamber in the
absence of serum and ECM, using FMLP (l0-7 M) as the
chemotaxin. Antibodies were titered to determine optimal
binding to monocytes, as determined by flow cytometry. Anti-
uPAR and isotype-matched control mAbs were used at a 1:50
dilution, and anti-uPA was used at 5 ,ug/ I07 cells per milliliter.
Mononuclear cells were incubated in medium alone or were

pretreated with either anti-uPAR or anti-uPA mAb before re-

suspension in medium. The Boyden chambers were incubated
for 2 h at 37°C. The number of mononuclear cells that tra-

versed the filter in response to the chemotactic gradient was

expressed as the percentage of control cells that did not receive
any pretreatment and were exposed to the same chemotactic
gradient. Random cell movement and chemokinesis (as de-
fined in Methods) were also measured for each experiment.

As shown in Fig. 2, incubation with the anti-uPAR mAb
dramatically reduces chemotaxis to 14.2±5.0% of untreated
cells (P < 0.001). This level of cell migration was comparable
with that seen in conditions of random cell movement and
chemokinesis (13.9+2.6%, and 6.6±1.9% of control chemo-
taxis, respectively). In distinct contrast, incubation with neu-

tralizing anti-uPA mAb had no significant effect on mononu-

clear cell chemotaxis (88.2±10.3% untreated cells, P = 0.3).
Further, saturating uPAR occupancy with exogenous HMW-
uPA (4 ,g/ml) had no effect on chemotaxis (99.9±13.4% un-

treated cells). Preincubating mononuclear cells with excess

HMW-uPA followed by anti-uPAR mAb yielded chemotaxis
that was the same as anti-uPAR treatment alone ( I 1.1±3.3% of
untreated cells, P < 0.001 ). Control Abs 949 and 99, which
are isotype-type matched with 3B10, but recognize unrelated
monocyte antigens, had no effect on chemotaxis. From these
data, we conclude that plasma membrane uPAR is required for
mononuclear cell chemotaxis in response to FMLP. However,
chemotaxis did not require endogenous uPA activity and was

not influenced by high concentrations of exogenous catalyti-
cally active uPA.

To determine whether these effects pertained only to

FMLP-induced chemotaxis, the above studies were repeated
using rMCP- 1 (50 ng/ml). As shown in Fig. 3, the results using
rMCP- 1 were indistinguishable from those using FMLP, dem-

onstrating that treating cells with anti-uPAR mAb decreased
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Figure 2. Effects of anti-uPAR mAb, anti-uPA mAb, and exogenous

HMW-uPA on mononuclear cell chemotaxis in response to FMLP.
Chemotaxis was assessed by Boyden chamber assay. Data are ex-

pressed as percentage of control (untreated cells exposed to FMLP
gradient), mean±SEM. Controls for chemotaxis include random mi-
gration (no FMLP) and chemokinesis (equal concentrations of
FMLP in upper and lower chambers). *P < 0.001, n = 11.

chemotaxis to 17.1±8.3% of untreated cells (P < 0.01 ). Again,
preincubating cells with anti-uPA mAb had no effect on mono-
nuclear cell chemotaxis compared with untreated cells
(97.1±24.6% of untreated cells). Similarly, the addition of
HMW-uPA (4 ,g/ml) had no effect on mononuclear cell che-
motaxis (90.3±5.6% of untreated cells), and exogenous

HMW-uPA did not affect the inhibitory action of anti-uPAR
mAb (6.8±5.0% of untreated cells, P < 0.05). Thus, we con-

clude that the requirement for uPAR, but not uPA activity, is
not specific to a single chemotaxin.

Despite the fact that the suppressive effects of anti-uPAR
mAb on chemotaxis were not shared by control Abs, we wished
to confirm that the effects of anti-uPAR mAb were not partly
mediated by the Fc portion of the Ab. We therefore examined
the effects of purified anti-uPAR mAb (3B10) F(ab')2 frag-
ments (10Ig/ I07 cells per milliliter) on chemotaxis. We found
that F(ab')2 fragments of the anti-uPAR mAb duplicated the
effects of the intact antibody, reducing chemotaxis to
14.2±4.4% of untreated cells (P < 0.001; Fig. 4). For compari-
son, the F(ab')2 fragment of anti-CD1 lb mAb 44(10 gg/ I07
cells per milliliter) did not affect chemotaxis.

We next sought to establish a dose-response relationship

ei
UNTREATEDR

ANTI-uPAR (3B10)

ANTI-uPA

HMW-uPA

CHEMOKINESIS-

NO MCP-1

I

Figure 4. Effects of anti-uPAR mAb F(ab')2 fragments on mononu-

clear cell chemotaxis in response to FMLP. Chemotaxis was assessed
by Boyden chamber assay, and data are expressed as percentage of
control, mean±SEM. *JP < 0.001, n = 4.

between the concentration of anti-uPAR mAb and the sup-
pression of chemotaxis. Dilutions of anti-uPAR ranging from
1:5 to 1:50 markedly decreased mononuclear cell chemotaxis.
Chemotaxis increased to - 70% of untreated cells when a

1:100 dilution was used, while lower concentrations had no

significant effect. Thus, suppression of chemotaxis occurs over

a broad range ofAb concentrations, once a threshold concen-

tration of antibody is reached.
To determine whether other anti-uPAR Abs would dupli-

cate the effects of 3B 10 on chemotaxis, we evaluated a panel of
three anti-uPAR IgM antibodies (clones 100, 109, and 68)
along with an isotype-matched control mAb (anti-CD lb
clone 94). Two of the anti-uPAR antibodies appeared to sup-
press rMCP- 1-induced chemotaxis. Chemotaxis was reduced
by clone 109 to 31.4±16.1% of untreated cells (P < 0.05; Fig.
5). Although clone 100 tended to diminish chemotaxis
(42.7±24.0% of untreated cells), the effects of this mAb were

more variable and did not reach statistical significance (P
< 0.10). One anti-uPAR mAb, clone 68, had no effect. The
control antibody had no effect. These IgM mAbs recognize
different epitopes and have lower binding affinity to uPAR
than 3B10, and this may account for the variable effect on

chemotaxis.

Effects of pretreatment with AS-uPAR and AS-uPA on

mononuclear cell chemotaxis. We next sought to block uPAR

UNTREATED

WA* ANTI-uPAR-100 1 i
=M0

I. _I ANTI-uPAR-109-

ANTI-uPAR-8

v. _ a

I
0

CONTROL

NO MCI

50 100

P-1 -

150 50 100

I

I
0

Figure 3. Effects of anti-uPAR mAb, anti-uPA mAb, and exogenous

HMW-uPA on mononuclear cell chemotaxis in response to rMCP-1.
Chemotaxis was assessed by Boyden chamber assay, and data are

expressed as percentage of control, mean±SEM. *P < 0.01, n = 3.

150

Figure 5. Effects of a panel of anti-uPAR mAb (IgM) on mononu-

clear cell chemotaxis in response to rMCP- 1. Chemotaxis was assessed
by Boyden chamber assay, and data are expressed as percentage of
control, mean±SEM. *P < 0.05, n = 3.
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and uPA expression with specific antisense phosphorothioate
oligonucleotides. This strategy was used to further confirm that

the 3B10 mAb was specifically affecting uPAR and to exclude
the possibility that 3B10 blocked chemotaxis only by steric
interference with another protein closely associated with
uPAR. We also reasoned that AS-oligo blockade ofuPA would
not only reduce uPA activity on the cell surface (similar to

anti-uPA mAb), but would also substantially reduce occu-

pancy of uPAR by uPA. For these experiments, mononuclear
cells were incubated for 24 h with phosphorothioate oligonucle-
otides in the AS orientation, encompassing highly specific se-

quences of uPAR and UPA mRNA, as detailed in Methods.

The cells were cultured in medium alone or with AS-oligo (30
,M) for 24 h. To control for nonspecific effects ofthese oligonu-
cleotides, cells were incubated in parallel with oligonucleotides
of random sequence and length, S-uPAR, and NS-uPAR (as
defined in Methods). Fluorescent microscopy of LPS-stimu-
lated (100 ng/ml) monocytes was performed to confirm that
we successfully blocked expression ofuPAR and uPA with the
relevant AS-oligo. We reasoned that ifthe AS-oligo was able to

completely block uPAR and uPA expression despite LPS-in-
duced upregulation ofboth genes, we could feel secure that the
gene of interest would be blocked under basal conditions (27,
35). Monocytes were incubated with AS-uPAR or AS-uPA for

Figure 6. Fluorescent mi-
croscopy demonstrating
specific suppression of
surface uPA and uPAR
by AS-oligos. Adherent
LPS-stimulated human
monocytes were incu-
bated in media alone,
with 30MgM AS-uPAR, or
with 30MgM AS-uPA for
24 h at 370 and indirectly
immunostained with
anti-uPAR or anti-uPA
mAbs as indicated. AS-
uPAR-treated cells
showed markedly dimin-
ished uPAR staining (top
row). AS-uPA-treated
cells showed markedly re-
duced staining for uPA
(same field shown by light
microscopy, second row).
To document that AS-
uPA-treated cells still ex-
press uPAR capable of
binding uPA, cells were
immunostained for
uPAR, and, in separate
experiments, exogenous
uPA was added, and the
cells were then stained for
uPA. AS-uPA treatment
had no effect on cell-sur-
face expression ofuPAR
(third row, right). uPAR
ofAS-uPA-treated cells
bound exogenous uPA
normally (third row, left).

8 h before LPS was added and were incubated for a total of 24
h, followed by immunostaining and fluorescent microscopy.
Negative control cells were stained with the secondary anti-
body alone. When cells were cultured in the absence of AS-
uPAR, there was bright staining for cell-surface uPAR expres-
sion (Fig. 6). However, when cells were incubated with AS-
uPAR for 24 h, surface uPAR was virtually undetectable on
fluorescent microscopy (Fig. 6, top row). Similarly, when cells
were cultured in the absence ofAS-uPA, there was bright stain-
ing for cell-surface uPA expression. However, when cells were
incubated with AS-uPA for 24 h, cell-surface uPA was mark-

edly diminished (Fig. 6, second row). Incubating cells with

AS-uPA did not block expression of uPAR (Fig. 6, third row,
right), and uPAR was fully able to bind exogenous uPA (Fig. 6,
third row, left).

Having confirmed that AS-oligo blockade of uPAR and
uPA was effective and specific, AS-oligo-treated cells were stud-
ied in chemotaxis assays. Under all conditions, cells were
> 95% viable when the chemotaxis assays were initiated. As
shown in Fig. 7, cells preincubated with AS-uPAR exhibited
markedly suppressed chemotaxis, to 23.2±4.0% of untreated
cells (P < 0.001 ), approximating the migration seen in chemo-
kinesis controls. Preincubating cells with AS-uPA had a minor
suppressive effect on chemotaxis (85.0±4.2% of untreated
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Figure 7. Effects of AS-uPAR and AS-uPA on mononuclear cell

FMLP-induced chemotaxis. Mononuclear cells were pretreated with

AS-uPAR, AS-uPA, or control oligos for 24 h before assessment of

chemotaxis by Boyden chamber assay. Data are expressed as percent-

age of control, mean±SEM. *P < 0.001, **P < 0.006, n = 10.

cells, P < 0.01 ). Pretreatment with irrelevant random oligonu-
cleotides, S-uPAR, or NS-uPAR had no effect on chemotaxis.

The effect of AS-uPAR on chemotaxis was entirely reversible,
as chemotaxis was fully restored to control levels 24-48 h after

the cells were removed from AS-uPAR-containing media (n
= 3, not shown). Thus, we conclude that blocking uPAR ex-

pression on the cell surface with AS-uPAR ablates mononu-

clear cell chemotaxis to FMLP, while blocking uPA expression
has only a relatively small effect. These observations essentially
recapitulate the effects of anti-uPAR and anti-uPA mAb on

chemotaxis.

Discussion

We have established that monocyte chemotaxis requires the

unencumbered expression and function of plasma membrane
uPAR. Binding ofthe anti-uPAR mAb 3B10 or ablating uPAR

expression by preincubation with AS-uPAR oligo reduces mi-

gration toward a chemotactic gradient to the levels achieved by
random movement or chemokinesis (Figs. 2 and 7). By con-

trast, blocking the catalytic site of receptor-bound uPA or sup-

pressing uPA expression with AS-uPA oligo has little or no

effect on monocyte chemotaxis (Figs. 2 and 7). Furthermore,
adding exogenous HMW-uPA to increase uPAR-bound uPA

has no effect on chemotaxis. These results are not specific to

FMLP-induced chemotaxis, since virtually identical results
were seen when rMCP-1 was used (Fig. 3). Exposure to an

FMLP gradient causes uPAR and uPA to become highly con-

centrated at the leading edge of migration (Fig. 1). It has been

shown previously that the binding sites for exogenous uPA

cluster at the leading edge ofchemotaxis in monocytes exposed
to FMLP ( 10). Our observations confirm these findings by
directly examining the distribution of uPAR protein itself as

well as uPAR occupied with endogenously generated uPA.

It has been demonstrated conclusively that under some
conditions uPA and plasmin figure importantly in the migra-
tion of mononuclear phagocytes and neoplastic cells (3, 4, 36,
37). Plasmin and uPA can degrade ECM glycoproteins, proteo-
glycans, and adhesion proteins, as well as facilitating destruc-
tion ofcollagen and elastin by activating latent matrix metallo-
proteinases (6, 38-41). Rather than examining the known ef-

fects of proteolysis of stromal elements, our studies were

designed to focus on the potential role of uPA and uPAR in
directional movement in response to a chemotaxin. Therefore,
we chose to study chemotaxis in the absence ofECM proteins

and in the absence of exogenous plasminogen. Although it is
likely that uPA is maintained as a single chain proenzyme in

this plasminogen-free system, there is evidence that single
chain uPA has enhanced catalytic activity when bound to

uPAR (42). Using antibody neutralization and AS-uPA, we

have shown that uPA and plasmin are not required for locomo-
tion under matrix-free conditions. Further, we observed that
high concentrations of exogenous active HMW-uPA did not

affect chemotaxis or mitigate the importance of uPAR func-
tion in this process, as anti-uPAR mAb-induced blockade of
chemotaxis persisted after prior treatment with HMW-uPA

(Fig. 2).
Receptor-associated uPA appeared to have little role in

modulatingthe function ofuPAR in chemotaxis. Neither exog-

enous HMW-uPA nor neutralizing endogenously generated
uPA activity with mAb had any effect on chemotaxis, but
blocking uPA expression with AS-uPA did diminish chemo-
taxis to a small but significant degree. Therefore, it appears that

uPA-mediated proteolysis does not affect chemotaxis under

the conditions described, but uPA binding has at least a modest
influence on uPAR function. It is likely, however, that uPA

function is critical for chemotaxis under other conditions, par-

ticularly where ECM proteins are present (4).
The mechanism underlying the role ofuPAR in cell move-

ment remains to be elucidated. One possibility is that uPAR

participates in signal transduction pathways that are required
for directional locomotion. uPAR is known to transmit differ-
entiation signals by binding uPA (23). uPAR is bound to the

plasma membrane by a glycosyl phosphatidylinositol
(GPI)-linkage and therefore lacks a membrane-spanning do-
main (26). Thus, it is likely that uPAR mediates signal trans-

duction indirectly by associating with another surface protein
that has a membrane-spanning domain. This hypothesis is par-
ticularly attractive since it has been demonstrated recently that

ligand binding causes uPAR to associate with a 38-kD partner

protein that is phosphorylated on tyrosine (43). Tyrosine

phosphorylation is typical of several signaling pathways asso-

ciated with growth and differentiation (43, 44). There are

other precedents for such a mechanism for signal transduction
involving GPI-linked proteins. CD59, a GPI-anchored protein
involved in T cell adhesion and activation, is tightly associated
with an 80-kD glycoprotein with protein kinase activity. Also,
there are bidirectional interactions between CD16 (GPI-
linked) and CD32 in neutrophils (45). Partner protein rela-

tionships were found for GPI-linked CD55 and for the ciliary
neurotrophic factor receptor (44, 46-48). The IL-6 receptor,
which contains a transmembrane segment, must combine with

IL-6 and a partner protein (gp 130) for signal transduction to

proceed (49, 50). It is possible that blocking uPAR expression

or function suppresses chemotaxis by preventing a critical asso-

ciation between uPAR and a partner protein, thereby blocking
signal transduction.

It is also possible that the obligate role ofuPAR in chemo-
taxis is dependent upon a direct linkage between uPAR and the

cytoskeleton. uPAR is known to colocalize with vinculin, a-ac-

tinin, and actin at sites ofcontact between cells and ECM ( 14).
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This association is likely to be physiologically significant since

studies using solubilized cells have shown that uPAR and vin-

culin reassociate even in solute phase ( 14). Clustering ofuPAR

on the plasma membrane may directly induce at least part of

the cytoskeletal reorganization that is required for cell move-

ment. Because uPAR expression is required for chemotaxis, it

is certainly unlikely that cytoskeletal reorganization is causing

associated uPAR to cluster merely as an epiphenomenon. Be-

cause anti-uPAR mAb-treated monocytes did not adhere or

spread normally, it is also possible that uPAR is required for

monocyte adhesion to surfaces as they move toward a chemo-

taxin. Since uPAR is GPI-linked, it is likely that uPAR and

vinculin are bridged by at least one protein that contains a

transmembrane segment. It is not known whether the 38-kD

partner protein ofuPAR associates with the cytoskeleton (43).

In neutrophils, uPAR has been shown to cocap with CR3

(CDl lb/CD 1 8). CR3 is known to enhance its proximity to

actin filaments when it binds ligand (51). This observation
provides a potential mechanism for an interaction of uPAR
with the cytoskeleton (52, 53). Certainly, none ofthese postu-

lated mechanisms for the role ofuPAR in chemotaxis are mutu-

ally exclusive. Interactions involving cell activation, adher-

ence, signal transduction, and motility are complex and highly
interdependent. In granulocytes, exposure to chemotaxins
alters plasma membrane expression of integrins, which partici-
pate in signal transduction as well as linking directly to the

cytoskeleton (54-56). uPAR may likewise be multifunctional,
affecting extracellular proteolysis, signal transduction, sub-

strate attachment, and cytoskeletal reorganization in a way

that culminates in directional cell movement.
The uPA-uPAR system clearly has effects on inflammatory

processes that extend beyond the regulation of local plasmino-
gen activation and matrix remodeling. uPA is able to influence
directly many cell types, acting as a chemotaxin for granulo-
cytes, a lymphocyte mitogen, and an angiogenic factor ( 19, 20,
36). Plasmin can activate TGF-,B from its latent form, stimu-

late release of IL-1 from MO, inactivate IFN-'y, degrade
CDl lb/CD 1 8, and release basic fibroblast growth factor from

binding sites in the ECM (22, 41, 57, 58). uPA itself activates

the latent form ofhepatocyte growth factor-scatter factor (59).
Additionally, uPA has autocrine effects, as uPA triggers differ-
entiation of MO and promotes cellular adhesion (23). These

observations, however, could not be extended to fully differen-
tiated monocytes or alveolar macrophages. These actions were

caused by uPA binding to plasma membrane uPAR by its

NH2-terminal region, which contains sequences that are homol-

ogous to the receptor-binding domain of EGF. The uPA-

growth factor domain is also responsible for the growth factor-
like activity seen in human osteosarcoma and squamous carci-
noma cells (60, 61). By demonstrating that uPAR is also

essential for chemotaxis, we extend the importance of uPAR

beyond its established roles in anchoring uPA ectoenzyme ac-

tivity and in signal transduction.
In summary, we have determined that uPAR is required for

monocyte chemotaxis in vitro and that this aspect of uPAR

function is, in large part, independent of its ligand, uPA. By its

integral role in the machinery of cellular locomotion, as well as

its capacity to focus uPA- and plasmin-mediated proteolysis at

the cell surface, uPAR performs two vital and distinct func-
tions in the directional migration of mononuclear phagocytes.
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