The Urokinase Receptor (CD87) Facilitates CD11b/CD18-mediated Adhesion of

Human Monocytes

R.G. Sitrin,* R.F. Todd Ill, * H.R. Petty, ¢ T.G. Brock,* S.B. Shollenberger,* E. Albrecht,

Sand M.R. Gyetko*

*Pulmonary and Critical Care Medicine Division and *Hematology/Oncology Division, Department of Internal Medicine, University of
Michigan, and Veteran’s Administration Medical Center, Ann Arbor, Michigan 48109; and *Department of Biological Sciences, Wayne

State University, Detroit, Michigan 48202

Abstract

Urokinase receptors (uPAR; CD87) form complexes with
complement receptor 3 (CR3) (CD11b/CD18), a B2 inte-
grin. In this study, we sought to determine if this association
modulates the adhesive function of CR3. Both CR3 and
uPAR concentrate at the ventral surface of fibrinogen-
adherent human monocytes, and CR3-uPAR coupling
increases substantially upon adhesion to fibrinogen. Pre-
treatment with anti-uPAR monoclonal antibody reduced
adhesion to CR3 counterligands (fibrinogen and keyhole
limpet hemocyanin) by 50%, but did not affect adhesion to
fibronectin, a B1 integrin counterligand. Antisense (AS) oli-
gonucleotides were used to determine if selectively sup-
pressing uPAR expression also modulates CR3 adhesive
function. AS-uPAR oligo reduced CR3-dependent adhesion
by 43+9% (P < 0.01), but did not affect CR3-independent
adhesion. To determine if the effects of uPAR are mediated
through its ligand, monocytes were pre-treated with AS
oligo to block uPA expression. Unlike the effects of blocking
uPAR expression, AS-uPA oligo increased adhesion by 46%
(P < 0.005), and exogenous intact uPA, but not uPA frag-
ments, reversed this effect. We conclude that complex for-
mation with uPAR facilitates the adhesive functions of
CR3. This function of uPAR is not dependent upon its occu-
pancy with uPA, which negatively influences adhesion. (J.
Clin. Invest. 1996. 97:1942-1951.) Key words: adhesion
monocyte « integrin « macrophage-1 antigen « urokinase

Introduction

Leukocytes must orchestrate a complex sequence of adher-
ence and locomotive steps as they are recruited to emigrate
from the vascular space into sites of inflammation. Under
some circumstances, this process is initiated by a phase of
loose adhesion, mediated by L-selectin binding to counterli-
gands on the endothelium (1). This is followed by a phase of
firm attachment, mediated in part by complement receptor 3
(CR3)! (Mac-1, aMB2, CD11b/CD18), a 82 integrin adhesion
protein (1). The binding capacity of CR3 for its counterligands
is modulated postsynthetically, causing rapid transitions be-
tween high and low binding avidity during the sequential at-
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tachment and detachment steps necessary for cell movement.
The molecular mechanisms controlling CR3 binding capacity
are complex and not fully elucidated. Aggregation of CR3 en-
hances its binding activity (2, 3), and activation signaling
through CD14 or chemotaxins can enhance CR3 adhesive
function as well (4, 5). Although the underlying mechanisms
are only partially characterized, the conformation of CR3 is
known to change during cellular activation (6). Some stimuli
induce phosphorylation of CR3, with variable effects on its
function (7, 8). CR3 function is profoundly affected by changes
in extracellular divalent cations (9) and exogenous factors such
as integrin modulating factor-1 (IMF-1), a lipid product of cy-
tokine-stimulated polymorphonuclear neutrophils (PMNs)
(10). Finally, CR3 forms complexes with other plasma mem-
brane proteins such as the immunoglobulin receptor FcyR III
(CD16) (11, 12), and the urokinase receptor (UPAR; CD87)
(13-15). These proteins are linked to the plasma membrane by
glycosylphosphatidylinositol (GPI) anchors, and thus lack a di-
rect connection to the cell interior. This suggests that uPAR
must interact with membrane-spanning proteins like CR3 to
successfully transmit activation signals. There is evidence that
CR3 is important for normal function of FeyR III (16, 17).
Likewise, CR3 is required for uPAR to trigger an intracellular
calcium flux in response to engaging its ligand, urokinase-type
plasminogen activator (uPA) (18). Complex formation be-
tween CR3 and uPAR is particularly intriguing, since both
proteins serve critical, and perhaps complementary, roles in
leukocyte trafficking (1, 19, 20). The physical association be-
tween uPAR and CR3 provides a structural basis for coordi-
nating the functions of these two proteins during cellular
movement. In this study, we demonstrate that the in vitro ad-
hesive functions of CR3 are strongly influenced by its associa-
tion with uPAR and uPA. This suggests that the uPAR and
uPA system exerts significant regulatory control over CR3
function in monocyte adhesion, locomotion, and activation.

Methods

Reagents. High molecular weight urokinase (HMW-uPA; 55 kD), low
molecular weight uPA (LMW-uPA, 33 kD), and murine anti-human
uPA monoclonal antibody (mAb) were obtained from American Di-
agnostica (Greenwich, CT). Recombinant human uPA amino termi-
nal fragment (uPA-ATF) containing the uPAR-binding region (aa
1-135), but not the active site, was generously provided by Richard H.
Simon, M.D., University of Michigan Medical Center. The uPA-

1. Abbreviations used in this paper: AS, antisense; CR3, complement
receptor 3; GPI, glycosylphosphatidylinositol; HMW-uPA, high mo-
lecular weight uPA; KLH, keyhole limpet hemocyanin; LMW-uPA,
low molecular weight uPA; NS, nonsense; oligo, oligonucleotides;
RET, resonance energy transfer; rs-uPAR, recombinant soluble
uPAR; TRITC, tetramethyl rhodamine thioisocyanate; uPA, uroki-
nase plasminogen activator; uPA-ATF, uPA amino terminal frag-
ment; uPAR, uPA receptor.



ATF, produced with the Xpress protein expression system in E. coli
(Invitrogen, San Diego, CA), was synthesized from the pTrcHis vec-
tor as a fusion protein with six histidine residues at the NH, terminus.
The fusion protein was then purified by ProBond metal affinity chro-
matography (Invitrogen), and the recombinant uPA-ATF (18.7 kD)
removed from the NH,-terminal fusion peptide at an enterokinase
cleavage site. Recombinant soluble uPAR (CD87) was generously
provided by Robert L. Cohen, M.D., University of California, San
Francisco. The mouse anti-human uPAR mAb (clone 3B10, 1gG,,),
also designated anti-Mo3f, was prepared as previously described, and
recognizes an epitope in the uPAR ligand binding region (domain 1)
(21, 22). An isotype-matched anti-CD38 mAb (Biosource, Camarillo
CA) was used as a control for the anti-uPAR mAb. Anti-integrin
mADbs included an anti-CD11b mAb (clone 44, IgG2a) (23); and an
anti-CD18 mAb (clone TS1/18, 1gG1) (24). Where indicated, these
mADbs were conjugated with fluorescein isothiocyanate (FITC) or tet-
ramethyl rhodamine thioisocyanate (TRITC), using standard meth-
ods (15). Phorbol myristate acetate (PMA) was obtained from Sigma
Chemical Co. (St. Louis, MO).

Purification of monocytes. Monocytes were obtained from pe-
ripheral blood of healthy volunteers by density centrifugation (25).
Heparinized peripheral blood was diluted 1:1 in PBS with 2.5 mM
EDTA and spun through Lymphoprep (GIBCO BRL, Gaithersburg,
MD) at 800 g, 23°C, for 25 min. The interphase cells were collected
and diluted 1:1 in Ca?*-Mg?*-free PBS/0.1% bovine serum albumin
(BSA), washed, in PBS/0.1%BSA/1% gelatin, resuspended in PBS,
mixed 1:2 with Percoll (Pharmacia, Piscataway, NJ) in 1.65% NaCl,
and centrifuged at 2000 g, 23°C, for 20 min. The top 1/2 volume was
aspirated, and the monocytes washed and resuspended in culture me-
dium. Cell viability was monitored by trypan blue exclusion. The
composition of preparations was generally > 90% monocytes, as de-
termined by differential analysis of Wright/Giemsa-stained cytocen-
trifuge preparations.

Fluorescence microscopy. Glass slides (Nunc Lab-Tek; Thousand
Oaks, CA) were pre-coated with fibrinogen (5 mg/ml in PBS; Calbio-
chem, San Diego, CA) for 1 h, 37°C, washed, and counter-coated for
30 min with 1% BSA. Monocytes were added to the coated slides
(0.75 X 10° per chamber) along with FITC anti-uPAR mAb or FITC
anti-CD11b mAb, and PMA (5 ng/ml) in 150 wl of RPMI + 0.01% Na
azide/0.1% BSA, and incubated for 30 min at 37°C. For dual staining,
the cells were first incubated with anti-CD11b mAb, followed se-
quentially by a phycoerythrin-goat anti mouse IgG, a 1% mouse se-
rum blocking step, and finally FITC anti-uPAR mAb. The nonadher-
ent cells were gently removed with PBS, 37°C, and fixed for 10 min
with 2% formaldehyde, 37°C. The slides were mounted with Pro-
Texx medium (Baxter, Romulus, MI) and examined with a Biorad
MRC 600 confocal microscope (Biorad, Hercules, CA).

Immunofluorescence flow cytometry. To measure plasma membrane
CR3, cells were suspended in staining buffer (PBS with 1% BSA and
0.1% sodium azide, pH 7.4), labeled for 30 min, 4°C, with R-phyco-
erythrin—conjugated anti-CD11b mAb, and nonspecific background
staining was measured with R-phycoerythrin—conjugated IgG (Bec-
ton-Dickinson, San Jose, CA). Intact (live) cells were selected by gat-
ing (log forward angle vs. log right angle light scatter). Immunofluo-
rescence intensity was assessed as a measure of relative antigen
expression, using a Coulter Electronics EPICS C flow cytometer (Hi-
aleah, FL) with a logarithmic amplifier. The channel number (log scale)
representing the mean fluorescence intensity (major fluorescence
peak) was determined from ~ 5,000 cells. The corresponding linear
fluorescence intensity channel was then calculated from a logarith-
mic-linear calibration formula. Specific fluorescence intensity was calcu-
lated by subtracting background fluorescence, using the linear scale.

Resonance energy transfer (RET) microscopy. For these experi-
ments, monocytes were labeled with FITC-conjugated F(ab’), frag-
ments of anti-CD11b (clone 44) for 30 min, 0°C, followed by labeling
with TRITC-conjugated anti-uPAR F(ab’), fragments for 30 min,
0°C. Cells were adhered to glass coverslips (untreated, or coated with
100 pl of 10 pg/ml fibrinogen for 2 h, 37°C) for 2 h at 37°C. An axio-

vert 135 inverted fluorescence microscope (Carl Zeiss Inc., New
York, NY) with mercury illumination interfaced to a Perceptics Bio-
vision workstation (Knoxville, TN) was employed for cell examina-
tion. The fluorescence images were collected by an intensified CCD
camera (model XC-77; Hamamatsu, Japan) and image processor.
Narrow bandpass discriminating filter sets were used for FITC (exci-
tation 485/22 nm, emission 530/30 nm) and rhodamine excitation 540/
20 nm, emission 590/30 nm) (Omega Optical, Brattleboro, VT). Long
pass dichroic mirrors of 510 nm and 560 nm were used for FITC and
TRITC, respectively. For RET microscopy (26), the 485/22 nm nar-
row bandpass discriminating filter was used for excitation and the
590/30 nm filter was used for emission. The 510 nm long-pass dichroic
mirror was used for RET (27, 28). Differential interference contrast
(DIC) photomicrographs were collected by using Zeiss polarizers and
a CCD camera (model WV-BL200; Panasonic). The background-sub-
tracted digitized images were averaged and stored on hard disk or
streaming tape. Images were photographed using a freeze-frame
video recorder (Polaroid, Boston, MA). The RET levels of the sam-
ples were quantitated using a photon counting apparatus (Photo-
chemical Research Associates, London, Ont) coupled to the micro-
scope (29). The photomultiplier tube (Hamamatsu) was held in a
Products-for-Research housing (Danvers, MA) and cooled with a
Peltier system interfaced to a constant temperature water bath/circu-
lator (Forma Scientific, Marietta, OH). Cells were illuminated indi-
vidually to ensure that each RET level corresponded to a single cell.
Background photon count rates were always taken from an adjacent
area on the slide containing no cells, and uniformly represented a
small fraction of the total photon count rate. The differences between
the photon count rates of the cells and their matched background
count rates were recorded as RET intensity levels.

Preparation of substrate-coated culture plates. Polystyrene sterile
tissue culture wells (16 mm; Costar, Cambridge, MA) were incubated
with fibrinogen (5 mg/ml in PBS) for 2 h at 4°C, washed with PBS,
and counter-coated with 1% BSA (6). Wells were also coated with key-
hole limpet hemocyanin (KLH; 0.5 mg/ml; Sigma Chemical Co.) or fi-
bronectin (20 pg/ml; Collaborative Research, Bedford, MA) for 2 h,
37°C, followed by BSA counter-coating and extensive washing with
PBS (30, 31).

Antisense oligonucleotide inhibition of uPA, uPAR expression.
Antisense oligonucleotides (AS-oligos) represented the reverse com-
plement of high specificity sequence regions. The AS-oligos for uPA
and uPAR correspond to nucleotides 426-444 and 720-738, respec-
tively (32, 33). The control oligos consisted of nonsense (NS) oligos
with the same base composition as the AS sequences, but in random
order. AS and NS oligos were synthesized by the DNA Synthesis
Core of the University of Michigan on automated DNA synthesizers,
substituting sulfur-for-oxygen at the phosphate moiety. These phos-
phorothioate oligos are nuclease resistant (34). Cells were incubated
with 30 mM AS-oligos for 48 h at 37°C. We have previously demon-
strated the efficacy and specificity of blocking uPAR and uPA in hu-
man monocytes with AS-oligo treatment by showing marked diminu-
tion of immunofluorescent staining for the corresponding protein
(19). Cell viability exceeding 95% was confirmed by trypan blue ex-
clusion prior to using AS-oligo treated cells in experiments.

Treatment of monocytes with antibodies, recombinant uPAR, uPA
fragments. Immediately after purification, or after pretreatment with
oligos, as indicated, 2 X 10° monocytes were dispensed into microcen-
trifuge tubes and incubated with mAbs, recombinant soluble uPAR
(rs-uPAR), or uPA fragments for 30 min, 4°C. Anti-uPAR and anti-
CD38 mAbs, purified by Protein A affinity chromatography and
quantitated by protein content, were added to yield a final concentra-
tion of 2.5 pg/ml. Anti-CR3 mAbs were used as 1:100 dilutions of as-
cites fluid. Cells were then pelleted, resuspended in serum-free me-
dium (MAC-SFM; GIBCO BRL) at 37°C, and immediately added to
the substrate-coated wells.

Adhesion assay. Cells were incubated for 1 h at 37°C, and nonad-
herent cells removed by gentle washing. Unless indicated otherwise,
the monocytes were stimulated with PMA (10 ng/ml) as they were
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added to the wells. Adherent cells were quantitated by staining with
2,5-diphenyltetrazolium bromide thiazolyl blue vital dye (5 mg/ml;
Sigma Chemical Co.) for 4 h. The cells were then washed, lysed, and
absorbance measured at 550 pm. For every experiment, some mono-
cytes were reserved, counted with a hemocytometer, and serially di-
luted aliquots stained in parallel to generate the standard curve to
convert absorbances to cell numbers.

Statistics. Comparisons between group means were performed
with paired, two-tailed Student’s t test, unless otherwise indicated. A
P value = 0.05 was considered statistically significant. Adhesion data
were collected as the mean number of adherent cells in duplicate
wells. The meanstSEM represent the compiled data from experi-
ments, each performed with monocytes prepared from separate donors.

Results

Association of uPAR with CR3. Experiments were first under-
taken to demonstrate that uPAR and CR3 interact during
monocyte adhesion to fibrinogen-coated surfaces. Confocal
microscopy was performed to compare the distribution of
uPAR and CR3 on the plasma membrane. As shown in Fig. 1
I, both uPAR and CR3 are locally concentrated at the plane of

cell-matrix contact. In both cases, immunostaining revealed a
patchy, granular pattern. As the focal plane moved away from
the plane of adhesion, both uPAR and CR3 progressively ex-
hibited dimmer and more homogenous staining. Co-localization
of uPAR and CR3 at the adhesion plane of fibrinogen-adher-
ent monocytes was further demonstrated, using dual-labeling
for CD11b and uPAR and confocal microscopy (Fig. 11I). The
merged images from the two fluorochromes demonstrates sub-
stantial co-localization of CR3 and uPAR at the plane of adhe-
sion to fibrinogen.

To ascertain the molecular proximity relationships be-
tween uPAR and CR3, we have performed RET microscopy
(15, 26). Fig. 2 shows DIC, FITC, TRITC, and RET photomi-
crographs of monocytes adherent to glass coverslips, uncoated
or coated with fibrinogen. Using the photon counting system
to obtain quantitation of uPAR-CR3 coupling, low but detect-
able levels of energy transfer were observed for cells adhered
to glass. As demonstrated previously in neutrophils, the pres-
ence of resonance energy transfer indicates the close proximity
of uPAR and CR3 in the membrane (15, 18). Adhesion to a fi-
brinogen-coated surface induced a substantial increase in en-

Figure 1. (I) Co-localization of uPAR
and CR3, demonstrated by confocal mi-
croscopy of monocytes adherent to fibrin-
ogen-coated glass. Cells were imaged with
a 60X oil immersion lens and a zoom of
2.0. Transverse optical sections (pinhole
aperture of 5; nominal section thickness
of ~ (.5 wm) were obtained at the level of
attachment to the slide, and at 0.5 pm
steps above this adhesion plane. An im-
age of each optical section was created by
averaging six one-second scans. Cells
stained with non-immune IgG controls
yielded completely negative results. (Up-
per panel) Cells labeled with FITC anti-
uPAR, with images representing the
plane of contact with fibrinogen (a), 1 pm
above the adhesion plane (b), and 2 pm
above the adhesion plane (c). (Lower
panel) Cells labeled with FITC anti-
CD11b, with images representing the
plane of contact with fibrinogen (a), 1 pm
above the adhesion plane (b), and 2 pm
above the adhesion plane (c). (1) Co-
localization of uPAR and CR3, demon-
strated by dual-staining and merged im-
ages obtained by confocal microscopy.
Monocytes adherent to fibrinogen-
coated glass slides were first labeled with
anti-CD11b mAb and PE-conjugated
goat anti-mouse IgG. The cells were then
washed, blocked with 1% mouse serum,
and then labeled with FITC anti-uPAR
mADb. The dual-labeled cells were
scanned by optical sectioning at the adhe-
sion plane by confocal microscopy, as de-
scribed in A. uPAR (A) and CD11b (B)
were visualized simultaneously by collect-
ing separately the FITC emission (using a
514-nm bandpass filter combined with a

526-nm-long pass dichroic reflector) and the PE emission (using a 560-nm long pass filter followed by a 585 nm bandpass filter), respectively.
Yellow regions in (C), obtained by overlaying images (A) and (B), indicate co-localization of uPAR and CR3 at the adhesion plane.
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GLASS

FIBRINOGEN

Adhesion Surface Resonance Energy Transfer

killiCounts/sec, background subtracted
(mean values obtained from 20-50 cells
per experiment)

Glass 40+7

Fibrinogen 198 + 6
(p< 0.001 vs. adhesion to glass)
n=3 experiments

Figure 2. Resonance energy transfer
microscopy of monocytes adherent to
glass or fibrinogen. Cells were double-
labeled with fluorochrome-conju-
gated mAbs and examined by differ-
ential interference contrast (DIC),
fluorescence of the FITC-conjugated
anti-CD11b mAb, and the TRITC-
conjugated anti-uPAR mAb, and res-
onance energy transfer (RET), as
shown. In the representative cells
shown, uPAR and CD11b are co-dis-
tributed on the cell surfaces. RET was
demonstrated by excitation of the
FITC with the 485/22 nm beam, and
measuring 590/30 nm emission from
the TRITC-labeled anti-uPAR mAb.
Little RET is demonstrable for glass-
adherent monocytes, while substantial
RET fluorescence is seen for mono-
cytes adherent to fibrinogen. The ac-
companying table shows quantitative
uPAR-CD11b RET data pooled
from 3 experiments.

ergy transfer, indicating a marked increase in molecular cou- CR3, monocytes were treated with anti-uPAR mAb or an iso-
pling between uPAR and CR3. type-matched control mAb (anti-CD38). PMA-stimulated ad-

Anti-uPAR antibody suppresses CR3-mediated monocyte hesion to fibrinogen and KLH, CR3 counterligands (30, 35),
adhesion. To determine if uPAR influences the function of was then quantitated. To determine the extent to which adhe-
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Figure 3. Effects of anti-CR3 mAbs (anti-CD11b+anti-CD18), uPAR mAb, and control mAb (anti-CD38) on PMA-stimulated monocyte adhe-
sion to fibrinogen and KLH (counterligands for CR3), and fibronectin (a g1 integrin counterligand). The number of adherent cells, out of 2 X
106 plated per 16 mm well, is expressed in millions. The anti-CR3 mAbs suppressed adhesion to fibrinogen and KLH by 50%, but had no effect
on adhesion to fibronectin. The anti-uPAR mAb suppressed adhesion to fibrinogen and KLH to the same extent as anti-CR3 mAb, but did not

affect adhesion to fibronectin. The control mAb did not affect adhesion to any of the substrates.
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sion to these surfaces is CR3-dependent, the cells were pre-
treated in parallel with a combination of an anti-CD11b mAb
and anti-CD18 mAb. The anti-CR3 mAb combination sup-
pressed adhesion to both fibrinogen and KLH by 50% (P <
0.001; Fig. 3), verifying substantial CR3 dependence. In pre-
liminary experiments, anti-CD11b mAb alone was nearly as
effective in blocking adhesion as the combination of mAbs
(not shown). Pre-treating with the anti-uPAR mAb reduced
adhesion to both fibrinogen and KLH by approximately 50%
(P < 0.001), while the control mAb did not affect adhesion at
all (Fig. 3). The anti-uPAR mAb only affected adhesion to
CR3 counterligands, since adhesion to fibronectin, a B1 inte-
grin counterligand, was completely unaffected by the anti-CR3
mADb combination, anti-uPAR mADb, and the anti-CD38 con-
trol. Monocytes were then treated with the anti-CR3 or anti-
uPAR mAbs alone or in combination to determine if blocking
CR3 and uPAR has additive effects on adhesion to fibrinogen.
In this series of experiments, blocking either CR3 or uPAR
once again significantly reduced adhesion (to 63.1+6.2% and
61.0+6.5% of untreated controls, respectively; P < 0.01), and
the mAb combination did not reduce adhesion any further
(66.7+5.5% of untreated control). These findings suggest that
uPAR and CR3 mediate adhesion through a common mecha-
nism, consistent with the observed formation of CR3-uPAR
complexes. Thus, the anti-uPAR mAbD specifically suppresses
CR3-dependent adhesion, and does not have other nonspecific
effects on monocyte adhesion.

Experiments were next performed to verify that the anti-
uPAR mAb was not affecting CR3-mediated adhesion by a
quantitative effect on CR3 expression. Monocytes were pre-
treated with either anti-uPAR or anti-CD38 control mAbs ac-
cording to the same protocol used in the adhesion experi-
ments, immunolabeled with a R-phycoerythrin-anti-CD11b
mADb, (or R-phyco IgG to measure background fluorescence),
and analyzed by flow cytometry. The specific fluorescence in-
tensity was indistinguishable between the two groups: 11.3*
49 (anti-uPAR mAb) and 11.6+4.7 (anti-CD38 mAb), as
measured in linear arbitrary units. Because anti-uPAR mAb
did not affect CD11b levels in parallel with adhesion, it is con-
cluded that uPAR affects the function of CR3 rather than the
number of CR3 sites available to interact with counterligands.

Antisense oligonucleotide blockade of uPAR expression de-
creases CR3-mediated monocyte adhesion. The close associa-

CR3-DEPENDENT ADHESION

CR3-INDEPENDENT ADHESION

tion between CR3 and uPAR creates the possibility that the
anti-uPAR mAb reduced monocyte adhesion by sterically in-
terfering with the interaction between CR3 and its counterli-
gand, rather than uPAR specifically modulating the conforma-
tion or function of CR3. Therefore, we sought to determine if
selectively blocking uPAR expression with antisense oligonu-
cleotides would be sufficient to reduce CR3-mediated adhe-
sion to KLH. Monocytes were either pretreated with anti-
sense- or nonsense-oligos for 48 h in serum-free medium
(MAC-SFM), and then allowed to adhere to KLH-coated
plates in the presence of PMA. Adhesion of control monocytes
pre-incubated in medium alone for 48 h was measured with
and without the anti-CR3 mAbs. After culture for 48 h, it was
apparent that there was considerable inter-donor variability in
the degree to which adhesion to KLH remained CR3-depen-
dent. This may be explained by reduced CR3 levels in mono-
cytes cultured for prolonged periods in vitro (36), although this
was not specifically examined in the present study. Of nine
subjects studied, the monocytes of five remained dependent on
CR3 for adhesion to KLH, as evidenced by = 30% suppression
of adhesion by the anti-CR3 mAbs, while monocytes from the
remaining four subjects were not affected by the anti-CR3
mAbs. As shown in Fig. 4, antisense blockade of uPAR ex-
pression significantly reduced adhesion to KLH where CR3
dependence was preserved (43+9% of control, P < 0.01),
while anti-sense uPAR oligo had no effect at all when adhe-
sion to KLH was CR3-independent. In all these experiments,
the control (nonsense) oligo did not significantly affect adhe-
sion, eliminating possible sequence-nonspecific effects of
phosphorothioate oligonucleotides on adhesion (37). It was
also verified by immunofluorescence flow cytometry that AS-
uPAR oligo did not reduce the level of CD11b expression (Ta-
ble I). In keeping with the effects of anti-uPAR mAb, prior
treatment with AS-uPAR oligo had no effect on monocyte ad-
hesion to fibronectin (not shown). Thus, we conclude that re-
ducing uPAR expression is sufficient to impair the adhesive
function of CR3, and this cannot be explained by nonspecific
effects of the oligos, or by modulation of adhesive functions
unrelated to CR3. The specificity of suppressing adhesion with
AS-uPAR oligo is also demonstrated by reversing the adhe-
sive defect with recombinant uPAR (see below).

Exogenous recombinant uPAR substitutes for endoge-
nous uPAR in modulation of CR3-mediated adhesion. Experi-

Figure 4. Effects of blocking

UNTREATED CONTROL

uPAR expression with anti-
sense (AS)-oligonucleotide on
PMA -stimulated monocyte ad-
hesion to KLH. Data are ex-

anti-CR3 mAb's

anti-CR3 mAb's 4

pressed as in Figure 2. After
pre-treatment with AS-oligo,
nonsense (NS) control oligo, or

NS-uPAR oligo NS-uPAR-

medium alone (untreated),
KLH adhesion remained CR3-
dependent (= 30% suppres-

AS-uPAR

sion with anti-CR3 mAbs) in 5
of 9 subjects (left), and was no
longer CR3-dependent in the

| T ————s
0 0.5 1 15 0
ADHERENT CELLS (millions)

3 1 .
ADHERENT CELLS (millions)

15 2 remaining 4 (right). In the

monocytes retaining CR3-

dependent adhesion, AS-uPAR significantly reduced adhesion relative to the NS-oligo treated control (P < 0.008), while NS oligo had no sig-
nificant effect, relative to untreated controls. CR3-independent adhesion was completely unaffected by either AS-oligo or NS-oligo.
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Table I. Effects of Antisense Oligonucleotide Blockade on
CD11b Expression

CD11b specific fluorescence intensity*

No prior treatment Antisense uPAR oligo Control uPAR oligo

10.7x0.6 10.0=0.9 11.5+3.9

No prior treatment Antisense uPA oligo Control uPA oligo

12.6*1.5 8.6x4.1 11.0%3.0

*Assessed by immunofluorescence flow cytometry 45 minutes after
stimulation with PMA (5 ng/ml). Data expressed in arbitrary units of
fluorescence intensity, linear scale with background subtracted; mean*
SEM, n = 3. None of the oligonucleotides significantly changed CD11b
fluorescence intensity, relative to cells without prior treatment (all P >
0.05).

ments were next performed to determine if interaction with
domains 1-3 of uPAR modulates CR3-mediated adhesion, or
alternatively, if the GPI anchor linking uPAR to the plasma
membrane is necessary as well. A requirement for the GPI an-
chor would suggest that this region is required for interacting
with CR3, or that uPAR uses the GPI anchor to trigger gener-
ation of secondary messengers that affect the “inside-out” sig-
naling that modulates the adhesive function of CR3. To test
these concepts, monocytes were rendered deficient in endoge-
nous UPAR by pre-treatment with AS-uPAR oligo, as de-
scribed above. Cells were then incubated with 2.5 pg/ml re-
combinant soluble (rs)-uPAR (full length, lacking the GPI
anchor) for 30 min, 4°C, washed, and resuspended in fresh me-
dium. PMA-stimulated adhesion to fibrinogen-coated plates
was then measured. The rs-uPAR reconstituted the adhesion
of AS-uPAR oligo-treated cells to a level statistically indistin-
guishable from untreated control cells (Fig. 5). Control experi-
ments verified that rs-uPAR treatment of AS-uPAR oligo-

UNTREATED

AS-uPAR

AS-uPAR + rs-uPAR

L L L
0 0.5 1 15

ADHERENT CELLS (millions)

Figure 5. Effects of recombinant soluble uPAR (rs-uPAR) on mono-
cytes rendered uPAR-deficient by pre-treatment with antisense
(AS)-uPAR oligo. PMA-stimulated adhesion to fibrinogen is shown,
and data are expressed as in Fig. 2. AS-uPAR reduced adhesion to fi-
brinogen by 46% (P < 0.01), just as it reduced adhesion to KLH
(shown in Fig. 3). Adding rs-uPAR to AS-uPAR oligo-treated cells
significantly increased adhesion (P < 0.05) to a level statistically in-
distinguishable from untreated cells incubated in medium alone.

treated monocytes does not affect adhesion to fibronectin
(102%£6.5% control). In addition, freshly isolated monocytes
(with no AS-oligo pre-treatment) were incubated with rs-uPAR
as above, and adhesion to fibrinogen-coated plates was mea-
sured. Under these conditions, rs-uPAR did not affect CR3-
mediated adhesion, either in the absence or presence of PMA
(106x7 and 107+18% control, respectively). These results in-
dicate that exogenous rs-uPAR can restore CR3-mediated ad-
hesion of uPAR-depleted cells, but the quantity of uPAR ex-
pressed by unstimulated monocytes is sufficient to permit
optimal CR3 adhesive function. In addition, complex forma-
tion with uPAR is sufficient to affect CR3-mediated adhesion,
even in the absence of its GPI anchor. It remains possible,
however, that signaling through the GPI anchor can also con-
tribute to regulating CR3 function, since the role of coopera-
tive signaling through uPAR may have been minimized in
these experiments by using saturating concentrations of rs-uPAR.

The role of uPAR-associated uPA in modulating CR3-
mediated adhesion. One of the possible mechanisms by which
uPAR could modulate CR3 function is by facilitating an inter-
action between uPA and CR3. In this scenario, uPA may bind
to CR3 and alter its adhesive properties. Alternatively, mem-
brane-associated uPA or plasmin catalytic activities may affect
the structure of CR3 or other associated proteins. Previous
work has shown that the a chain of guinea pig CR3 is sensitive
to plasmin, but not uPA (38). Finally, uPA may affect CR3
function if its binding to uPAR generates intracellular second
messenger molecules that affect the “inside-out” activation of
CR3. The anti-uPAR mAb used in previous experiments
poorly displaces uPA from its binding site, suggesting that
uPAR and CR3 interact directly, but this does not eliminate
the possibility that receptor-associated uPA also participates
in this process. Therefore, it was necessary to specifically ex-
amine whether uPA modulates CR3-mediated adhesion in a
way that could account for some of the effects of uPAR. First,
endogenous production of uPA was suppressed by pretreating
monocytes for 48 h with AS-uPA oligo, along with nonsense
(NS)-uPA control oligo. Adhesion to fibrinogen was then as-
sessed. Because preliminary experiments indicated that block-
ing uPA expression increased adhesion, these experiments
were performed without added PMA, which increases adhe-
sion to maximal levels. As shown in Fig. 6, blocking uPA ex-
pression increased adhesion to fibrinogen by 46%, relative to
untreated controls (P < 0.005). This was not due to a nonspe-
cific effect of the oligo, since the NS-uPA oligo had a suppres-
sive effect on adhesion which was statistically insignificant.
Moreover, neither the AS-oligo nor control oligo affected the
level of CR3 expression (Table I). Enhanced adhesion in re-
sponse to AS-uPA was specific for a CR3 counterligand, since
adhesion to fibronectin was unaffected under identical circum-
stances (Fig. 6). In addition, the anti-CR3 mAbs suppressed
adhesion of AS-uPA pre-treated cells to fibrinogen by 55.2+
1.4% (not shown). These results suggest that endogenously
produced uPA has a suppressive effect on the adhesive func-
tion of CR3, and further, the reduced CR3-dependent adhe-
sion resulting from interfering with uPAR cannot be explained
simply by modulating receptor-associated uPA. In the next se-
ries of experiments, monocytes were pre-treated with AS-uPA
oligo to suppress endogenous uPA production. Cells were then
incubated for 30 min, 4°C, with 10 uM concentrations of puri-
fied intact, high molecular weight uPA (HMW-uPA), low mo-
lecular weight uPA (LMW-uPA), which contains an intact cat-
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Figure 6. Effects of blocking
uPA expression with antisense
(AS)-uPA oligonucleotide, non-
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alytic domain but no uPAR-binding domain, and uPA-amino
terminal fragment (uPA-ATF), which binds to uPAR but
lacks the catalytic domain. This concentration was chosen be-
cause previous work demonstrated that 10 uM uPA-ATF was
sufficient to maximally displace endogenous uPA from the
surface of uPAR-bearing tumor cells, indicating that this rep-
resented a saturating concentration (not shown). Saturating
available uPAR with HMW-uPA suppresses monocyte adhe-
sion to fibrinogen by 57% relative to AS-uPA oligo-treated
controls (P < 0.005; Fig. 7). By contrast, an equimolar concen-
tration of uPA-ATF has a small though statistically significant
suppressive effect (90.3% of control, P < 0.05). The LMW-
uPA had a small and variable suppressive effect which did not
reach statistical significance (80% control, P = 0.23). These re-
sults support the specificity of blocking uPA with AS-oligo,

UNTREATED

AS-uPA OLIGO

AS-uPA OLIGO +HMW-uPA p<0.005

AS-uPA OLIGO +LMW-uPA
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Figure 7. Effects of exogenous uPA or uPA fragments on AS-uPA
oligo treated monocytes. Adhesion to fibrinogen was measured
(without PMA stimulation), and data are expressed as in Fig. 3. AS-
uPA oligo significantly increased adhesion relative to untreated con-
trols, as shown in Fig. 6. Exogenous HMW-uPA reduced adhesion by
50% (P < 0.005). Exogenous uPA-amino terminal fragment (ATF)
had a small but significant suppressive effect on adhesion. By con-
trast, exogenous low molecular weight (LMW)-uPA, bearing only the
catalytic domain, did not significantly affect adhesion.
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uPA oligo treated cells was
twice that of the NS-oligo con-
trol. By contrast, neither the NS-
uPA nor the AS-uPA oligo sig-
nificantly affected adhesion to
fibronectin.
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since adding the natural product (HMW-uPA) reverses the ef-
fect. In addition, they indicate that intact uPA, containing both
uPAR-binding and catalytic domains is required to interfere
with CR3 adhesive function. Combined with the results shown
in Fig. 3 and 4 and Table I, these observations lead us to con-
clude that the uPAR-CR3 interaction is critically dependent
on the association between uPA and uPAR. While uPAR is
required for CR3 adhesive function, uPAR occupied with in-
tact uPA do not facilitate CR3-mediated adhesion optimally,
and in fact, may negatively influence adhesion. Thus, the adhe-
sive properties of CR3 are maximized by interaction with un-
occupied uPAR.

Discussion

CR3 has a firmly established role in migration and activation
of mononuclear phagocytes and PMNs (1). Numerous models
of leukocyte-mediated tissue injury have shown that blocking
CR3 function not only interferes with leukocyte adhesion, but
also subsequent tissue infiltration and injury of target cells (1).
The absence of 32 integrins in the leukocyte adhesion defi-
ciency syndrome has verified that defective CR3 function
causes severely dysfunctional leukocytes and impaired host de-
fenses in vivo (39). We have recently demonstrated that the
urokinase receptor (WPAR; CD87) is necessary for chemotaxis
of human monocytes and PMNs in vitro (19, 40). In this study,
we show that uPAR modulates the adhesive function of CR3,
offering a plausible mechanism by which uPAR can partici-
pate in leukocyte trafficking and activation.

Prior studies have demonstrated a close physical associa-
tion between CR3 and uPAR in human PMNs, using co-cap-
ping and resonance energy transfer (15, 18). More recently, co-
precipitation studies of monocyte lysates have shown that
uPAR exists in large complexes with CR3 and LFA-1 (13).
The present study confirms by confocal microscopy that CR3
and uPAR co-distribute on monocytes adhered to a CR3
counterligand (fibrinogen) (Fig. 1). Under these conditions,
both proteins are highly concentrated at the plane of cellular
contact with the substratum, enhancing the opportunity for
functional interaction between the two proteins. Resonance
energy transfer studies confirm that CR3 and uPAR are not



only co-distributed on the cell surface, but are in very close
physical proximity (41) (Fig. 2). The resolution limit of reso-
nance energy transfer is within 7 nm, while co-localization by
conventional immunofluorescence microscopy has a Rayleigh
limit of = 180 nm (26). Molecular coupling of uPAR with CR3,
as demonstrated by quantitative energy transfer (Fig. 2), is
dramatically increased by engagement of a CR3 counterligand
(fibrinogen). At present, it is not known whether conforma-
tional changes in CR3 or propagation of activation signals
through CR3 are responsible for this effect.

Direct linkages between CR3 and cytoskeletal elements
can be induced with leukocyte activation, consistent with the
observed redistribution of CR3 with adhesion to a ligand-
coated surface (27, 42, 43). Prior studies have shown that
uPAR also clusters at adhesion foci and co-distributes with
cytoskeletal elements (44, 45). However, uPAR, anchored to
the plasma membrane by a GPI moiety, has no cytoplasmic
domain to link directly with the cytoskeleton. Thus, it is plausi-
ble that redistribution of uPAR to the membrane-fibrinogen
interface is driven by its association with CR3. In support of
this view, uPAR capping is defective in neutrophils with defec-
tive B2 integrins (46). Co-localization of uPAR with CR3 is
true not only for adhesion, but also leukocyte chemotaxis.
Clustering of uPAR occurs at the leading edge of migrating
monocytes (19). Likewise, studies of neutrophils in a chemo-
tactic gradient show that newly expressed CR3 localizes to the
leading edge of migration and then moves toward the uropod
and trailing filopodia (47).

Adhesion to CR3 counterligands was shown to be depen-
dent upon uPAR, based on the suppressive effects of anti-
uPAR mAb (Fig. 3). The close proximity of CR3 and uPAR
raised the possibility that the anti-uPAR mAb could block ad-
hesion by sterically interfering with ligand binding sites or in-
ducing conformational changes on CR3. However, this mecha-
nism of action was excluded by showing that selectively
blocking uPAR expression with AS-uPAR oligo also effec-
tively suppresses CR3-dependent adhesion, duplicating the re-
sults seen with the anti-uPAR mAb (Figs. 4 and 5). The
present data strongly suggest that uPAR acts to facilitate the
function of CR3, rather than having any independent effects
on adhesion, or acting as an alternative binding site for the
CR3 counterligands. This conclusion is based on several obser-
vations. First, maximal suppression of adhesion produced by
anti-uPAR mAb was not additive to that of the anti-CR3
mAbs, suggesting that the antibodies were working through
redundant mechanisms. Further, anti-uPAR mAb did not af-
fect adhesion to fibronectin (Fig. 3), and blocking uPAR ex-
pression with AS-oligo only reduced CR3-dependent adhesion
(Fig. 4). Finally, prior studies have shown that purified uPAR
does not bind directly to fibrinogen (48). While it is possible
that there is an overlapping interaction between uPAR and
CD11¢/CD18, which also binds fibrinogen (49), this is an un-
likely explanation for our findings, since CD11c/CD18 expres-
sion is quite low in freshly isolated monocytes (36), and conse-
quently, the dominant fibrinogen-binding protein is CR3.
Determining the precise mechanisms by which uPAR modu-
lates CR3 function will certainly be an important avenue for
future investigation.

It is clear that uPAR facilitates CR3 function by mecha-
nisms that are independent of its role as an anchorage site for
uPA. In fact, adhesion was significantly increased by blocking
uPA expression with AS-uPA oligo (Fig. 6). This would sug-
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gest that unoccupied uPAR is the ideal partner protein for op-
timizing CR3 adhesive function. Only intact HMW-uPA was
able to reverse the effects of blocking uPA expression, since
the effect could not be duplicated by either uPA fragment
(uPA-ATF or LMW-uPA; Fig. 7). Thus, we can conclude that
uPA does not reduce CR3 adhesive function simply by occu-
pying the ligand binding region of uPAR, nor does it function
solely by actions of the catalytic domain. Further work will be
necessary to define more precisely the elements of uPA struc-
ture responsible for influencing CR3-dependent adhesion. It
will also be important to determine how CR3 function is af-
fected by factors that regulate uPAR occupancy, such as acti-
vation-induced changes in uPAR binding affinity or uPA syn-
thesis (50, 51). Ambient levels of SERPIN-class PA inhibitors
may also affect this process, since uPA-PAI-1 complexes are
rapidly internalized, and may produce a net reduction in
uPAR occupancy (52, 53).

One of the most notable features of CR3 is the plasticity of
its function once it is expressed on the plasma membrane, en-
abling the cells to adapt to inflammatory stimuli with very
rapid changes in CR3-mediated functions (1). This property of
CR3 is also likely to be important in cellular locomotion,
where portions of the cell membrane moving from the lamel-
lopodium to the uropod must successively engage and disen-
gage contact sites on the substratum. The post-synthetic muta-
bility of CR3 function is multifactorial. Aggregation of CR3
can increase avidity for ligands (3). In addition, CR3 phos-
phorylation, extracellular cations, and IMF-1 can modulate
CR3 function (7-10). The present findings add uPAR-CR3
complex formation and changes in uPAR occupancy to the list
of mechanisms for inducing rapid changes in CR3 binding
avidity. It remains to be determined how activation-related
postsynthetic modifications of CR3 affect its interactions with
uPAR/UPA. In our preliminary studies (not shown), adhesion
of unstimulated monocytes to fibrinogen was reduced by anti-
uPAR mAb, although PMA stimulation certainly enhanced
adhesion and accentuated the effect of blocking uPAR.

An important role for uPAR and uPA in cellular move-
ment was first established with numerous studies of leukocytes
and malignant cells, demonstrating that pericellular plasmin
formation permits cells to digest and penetrate extracellular
matrix barriers (20, 50). Plasmin, a broad spectrum endopepti-
dase, can cleave many ECM glycoproteins and proteoglycans
directly, and in addition, can activate latent matrix metallopro-
teinases (54-56). The clustering and co-localization of CR3
with uPAR would be a strategic mechanism of concentrating
pericellular uPA and plasmin activities at sites of firm adhe-
sion. This would enable the cells to disengage from sites of
firm adhesion to CR3 counterligands, and may also provide a
mechanism for limiting the degree of ECM degradation neces-
sary for cells to initiate migration through these barriers. In
this scheme, CR3 would assume a primary role in directing the
orientation and distribution of pericellular plasminogen activa-
tion. More recent work has demonstrated that uPAR and uPA
do far more than regulating pericellular uPA and plasmin ac-
tivities. We have shown that uPAR expression is necessary for
chemotaxis of human monocytes and PMN’s, independently of
its ability to bind uPA (19, 40). The results of the present study
suggest that one of the functions of uPAR in chemotaxis may
be to permit CR3 to function in adhesion and cytoskeletal re-
arrangements necessary for cellular locomotion. It is still pre-
mature to speculate as to the importance of uPAR-CR3 inter-
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actions with other physiologically relevant counterligands.
Monocyte adhesion to complex structures such as endothelial
cells in vitro requires the compounded effects of multiple ad-
hesion molecules (57, 58). Evidence is already emerging to in-
dicate that uPAR forms complexes with several other adhe-
sion proteins, including LFA-1, and B1 and B3 integrins, and
the effects of uPAR on their adhesive functions are presently
unknown (13, 59). Thus, the effect of uPAR on monocyte-
endothelial binding may represent the aggregate of interac-
tions with several partner proteins, and the role of uPAR on
CR3 function may be very difficult to isolate in this context.

Other potential roles for uPAR and uPA have been dem-
onstrated. PAI-1, which binds avidly to vitronectin in ECM,
can bind to uPAR-anchored uPA, and thus may serve as an in-
termediary to bind uPAR-bearing cells to vitronectin (60). Fi-
nally, recent studies have shown that uPAR itself can be in-
duced to function as a vitronectin adhesion receptor, and
binding uPA to uPAR enhances this process (48, 61). By con-
trast, the present study demonstrates that binding uPA to
uPAR diminishes CR3-mediated adhesion. Together, these
findings raise the intriguing possibility that uPAR occupancy
selectively modulates the ability of uPAR to interact with
ECM, enhancing binding to some ECM constituents (vitronec-
tin), while reducing binding avidity to others (CR3 counterli-
gands). The enzymatic activities of membrane-associated uPA
and plasmin are likely to strongly influence adhesion as well.
This may occur by degrading the constituents of ECM that
would serve as adhesion counterligands. In addition, the «
chain of guinea pig CR3 is plasmin sensitive (38), and uPAR it-
self is partially degraded by uPA and plasmin (62).

The potential importance of uPAR-CR3 interactions ex-
tends beyond cellular adhesion and migration. Adhesion, and
particularly CR3 engagement, is an important co-factor for ac-
tivation of mononuclear phagocytes in vitro (63). Likewise, re-
cent studies have shown that uPAR can mediate cellular acti-
vation and differentiation signals (13, 18). Engagement of
uPAR with uPA can prime PMNs for superoxide production
and an increase in intracellular calcium concentrations (18).
CR3 was shown to be an obligate co-factor for uPA-uPAR en-
gagement in generating this calcium flux. Thus, interactions
between the uPAR-uPA system and CR3 may modulate the
ability of both proteins to influence activation signaling.

In summary, we have shown that plasma membrane uroki-
nase receptors participate in monocyte adhesion by modulat-
ing the function of CR3. Receptor occupancy with HMW-uPA
diminishes the capacity of uPAR to facilitate CR3 function.
Combined with previous observations (18), this work estab-
lishes that the functions of CR3 and uPAR are mutually inter-
dependent, and therefore, interactions between CR3 and the
uPAR-uPA system can potently affect monocyte trafficking
and activation.
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