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Abstract

The human myeloid cell line HL60 secretes urokinase-type
plasminogen activator (uPA) and expresses its receptor. When
stimulated with phorbol myristate acetate (PMA), both secre-
tion of uPA and the expression of its receptor are up-regulated,
and these cells differentiate to an adherent phenotype. This
adhesive response is markedly reduced in the presence of uPA
antibodies. The PMAresponse is restored by the addition of
native uPA, an amino-terminal fragment of uPA (residues
1-143) devoid of proteolytic activity, or a synthetic peptide
(residues 12-32) from the uPA growth factor domain known to
mediate receptor binding. In contrast, the addition of catalyti-
cally active low molecular weight uPA, which is missing the
growth factor domain, or a peptide from the catalytic domain
(residues 247-266) is ineffective. The influence of uPAantibod-
ies on a second marker of macrophage differentiation, cysteine
proteinase activity, was also examined. Cysteine proteinase ac-
tivity of HL60 cells is increased in PMA-treated cells after 24 h
but it fails to increase in the presence of anti-uPA. This in-
crease in cathepsin B-like activity is also restored by exoge-
nous uPA. These experiments indicate that an autocrine inter-
action of the growth factor domain of uPA with its receptor
mediates an essential step in PMA-mediated myeloid cell dif-
ferentiation. (J. Clin. Invest. 1991. 87:1091-1097) Key words:
cathepsin B * cell adhesion * HL6O cells - phorbol myristate
acetate * urokinase receptor

Introduction

Many mammalian cells synthesize and release urokinase-type
plasminogen activator (uPA) (1).' Expression of this enzyme
has been implicated in a wide variety of biological processes
including cellular migration, connective tissue matrix turn-
over, trophoblastic implantation, and tumor transformation
(2-5). Many if not all of the cells which secrete uPA, including

This work was presented in part at the Annual Meeting of the Ameri-
can Federation for Clinical Research, Washington, DC, May 1990.

Address reprint requests to Dr. Nusrat, Respiratory Division,
Brigham and Women's Hospital, 75 Francis Street, Boston, MA
02115.

Receivedfor publication 6 August 1990 and in revisedform 22 Oc-
tober 1990.

1. Abbreviations used in this paper: ATF, amino-terminal fragment (of
urokinase); CD, catalytic domain; DFP, diisopropyl-fluorophosphate;
GFD, growth factor domain; LMW,low molecular weight; uPA, uroki-
nase-type plasminogen activator.

myeloid cell lines, monocytes, and macrophages, also express a
high-affinity uPA receptor (1, 6-10). The amino-terminal re-
gion of the uPA molecule, termed the growth factor domain
(residues 1-32), mediates binding of uPA to this receptor (1 1).
Receptor-bound uPA on mononuclear phagocytes has a rela-
tively long half-life (hours) and may be protected from inhibi-
tion by soluble plasminogen activator inhibitors, facilitating
cellular migration and cell-mediated connective tissue turn-
over (12-15). Thus, one established role for cellular expression
of uPA and its receptor is to focus plasminogen activator activ-
ity to the cell surface.

When stimulated with PMA, the anchorage-independent
myeloid cell lines, THP- 1, U937 and HL60, differentiate to an
adherent phenotype that have many characteristics of macro-
phages (16-19). Amongthe known changes which follow PMA
stimulation are increased secretion of uPA as well as increased
expression of uPA receptors (8, 9, 20-22). Wenow show that
binding of the growth factor domain of uPA to its receptor
plays an essential role in PMA-mediated myeloid cell adhesion
and maturation. These data extend the functions ascribed to
the uPA receptor to one that includes a role in signal transduc-
tion. The manuscript details work done with the HL60 cell
line. However, the observations are similar for the PMA-re-
sponsive human leukemic THP-1 and U937 cells, indicating
the generality of this phenomenon.

Methods

Reagents. RPMI 1640 was from Gibco Laboratories, Grand Island,
NY; bovine fetal serum from Hyclone, Logan, UT; and tissue culture-
ware from Falcon Labware, Lincoln Park, NJ. Cell lines HL60, U937,
and THP- 1 cells were obtained from American Type Culture Collec-
tion, Rockville, MD. [3H]thymidine (2 Ci/mmol) was from New En-
gland Nuclear, Boston, MA. Two-chain high molecular weight uroki-
nase was a gift of the American Red Cross, and 2 99% pure recombi-
nant two-chain high molecular weight urokinase (103,900 IU/mg)
from Chinese hamster ovary cells was a gift of Dr. Robert Broeze,
Collaborative Research, Bedford, MA. 33-kD low molecular mass uPA
(no detectable 54-kD uPA by zymography [23]), murine monoclonal
anti-uPA (No. 377) and (No. 394), and protein-A affinity-purified rab-
bit anti-uPA (No. 389) were obtained from American Diagnostica,
Greenwich, CT. Polyclonal rabbit anti-uPA (No. 6200) was purchased
from Alpha Therapeutics, Los Angeles, CA. The amino-terminal frag-
ment of uPA, residues 1-143, was a gift of Dr. Jack Henkin, Abbott
Laboratories, Abbott Park, IL (24). Alkaline-phosphatase labeled goat
anti-rabbit IgG (051506) was from Kirkegaard Perry, Gaithersburg,
MD; fluoresceinated Fab2 goat anti-mouse IgG from Zymed, San Fran-
cisco, CA; and supernatants of murine monoclonal hybridoma clone
TS 1/ 18 to the invariant chain of a family leucocyte cell adhesion mole-
cules (25) were a gift of Dr. L. Kobzik, Harvard School of Public
Health. Synthetic peptides comprising uPA residues 12-32 and 247-
266 were synthesized on a peptide synthesizer (model 9600, Biosearch/
Milligen, San Rafael, CA) and HPLC-purified. Boc-valine-leucine-ly-
sine-aminomethylcoumarin and benzoyloxycarbonyl-phenylanalyl-ar-
ginine-4-methyl-7-aminomethylcoumarin (Z-Phe-Arg-NMec) were
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from Enzyme Systems Products, Livermore, CA. Silicone oil and dioc-
tylphthalate was obtained from Aldrich Chemical Co., Milwaukee, WI.
Protein A-purified neutralizing rabbit anti-bovine tissue factor, also
effective against human tissue factor, was a gift of Dr. Ron Bach (26).
Other chemical reagents were from Sigma Chemical Co., St.
Louis, MO.

Cell culture. HL60 and U937 cells were cultured in RPM1 1640
supplemented with penicillin (100 U/ml), streptomycin (100 ,ug/ml),
and 10% bovine fetal serum. For THP-1 cell culture medium, 48 ,uM
2-mercaptoethanol was added to the mixture described above. Human
alveolar macrophages were cultured in Dulbecco's modified Eagle's
medium supplemented with 20 mMHepes, penicillin (100 U/ml),
streptomycin (100 ,ug/ml), and 10%bovine fetal serum. All incubations
were at 37°C, 5%C02/95% air and cells were plated at 1 X 106/ml. The
cell lines were differentiated along the macrophage pathway with 16
nMPMA(16).

Bronchoalveolar lavage. After informed consent, normal volun-
teers with a history of smoking underwent bronchoalveolar lavage us-
ing a fiberoptic bronchoscope in a wedged position as previously de-
scribed (27).

Assay for adherent cells. Adherent cells were assayed by three tech-
niques: visualization by phase-contrast microscopy, incorporation of
[3H]thymidine in the adherent cell population and by measurement of
total adherent cell protein. Similar quantitative results were obtained
when either adherent labeled cells or adherent cell protein was mea-
sured. Visual inspection consistently correlated with data obtained ei-
ther by protein or [3H]thymidine incorporation assays. For thymidine
incorporation, cells at 1 x 106/ml were labeled with 1 ,uCi/ml [3H]thy-
midine and pulsed with 16 nMPMA, and 100 ,u of cells were dispensed
in triplicates or quadruplicates in 96-well microtiter plates. After 16-24
h of incubation, the plates was immersed in a beaker of normal saline,
and nonadherent cells were flicked out. After three plate rinses the
adherent cells were lysed in 50 Al of lysis buffer (phosphate-buffered
saline pH 7.4/10% glycerol/0.2% sodium dodecyl sulfate/0.2% Triton
X- 100) and counted in a liquid scintillation counter. This assay scored
cells in a similar physiological state, that is, cells tightly attached to the
microtiter plates. Similarly, after the nonadherent cells were removed
by the saline washes described above, adherent cell protein was assayed
by hydrolyzing the cells in 5 N NaOHfor 4 h while the cells were on a
microtiter plate shaker. The lysate was neutralized with equal volume 5
N HCLand protein was measured using the Bradford assay (No. 500-
0006, Bio-Rad Laboratories, Richmond, CA).

Assay for the effect of uPA on unstimulated HL60 cells. Cells at 1
X 106/ml were pulsed with 0.1 tC/ml [3H]thymidine in the presence of
graded doses of uPA (0-100 nM/ml) and 100 AI cells were dispensed in
microtiter plates. 16-24 h later, the cells were harvested using an auto-
matic cell harvester, and cell associated radioactivity on filters counted
in a scintillation counter.

Diisopropylfluorophosphate (DFP) inactivation of uPA. uPA was
inactivated with 5 mMDFP at room temperature for one hour and
exhaustively dialyzed. Residual catalytic activity was assayed fluoro-
metrically using the plasmin dependent substrate Boc-val-leu-
lys-aminomethylcoumarin, 0.2 mM, in the presence or absence of
plasminogen, 5 lAg/ml. DFP treatment resulted in undetectable uPA
activity.

Radiolabeled uPA equilibrium binding studies. uPA was radiola-
beled by the method of Hunter and Greenwood (28), except that the
amount chloramine-T was reduced to 30 Ag in a reaction volume of
115 Al. Unstimulated or cells stimulated overnight with 16 nMPMA
were used for equilibrium binding studies and Scatchard analysis per-
formed. PMA-stimulated cells were scraped off the dishes with a rubber
policeman (8, 9). Iodinated recombinant uPA was incubated in 3
X 10-12 to 9 x 10-9 Mrange with and without 100-fold excess cold uPA
for 2 h on ice. Bound radioactivity was separated by centrifugation
through an oil cushion of 1:1 mixture of silicone oil and dioctylphthal-
ate. Microfuge tips were cut and counted in a gammacounter. Initial
studies confirmed previously reported observations of others that
HL60 cells have specific saturable receptors for uPA in the subnano-

molar range and that the receptor number increases five- to eightfold
after overnight stimulation with PMA(9).

Assay of prourokinase antigen by ELISA. HL60 cells were main-
tained in serum free media containing 0.1% BSA supplemented with
insulin, transferrin and selenium as described (21). Supernatants from
control or overnight PMAstimulated cells were concentrated using
filters with a I0-kD cutoff from Amicon Corp., Danvers, MA. The
sandwich ELISA consisted of a uPA monoclonal (No. 394) for antigen
capture, polyclonal rabbit anti-uPA (No. 6200) as the second layer,
and alkaline-phosphatase labeled goat anti-rabbit IgG for detection
(29). This assay has no cross reactivity to tissue plasminogen activator.
Fibrin zymography (23) verified that the supernatants from these cells
contained a plasminogen activator that comigrated as a single clear
54-kD band identical to purified uPA. Wefound that the amount of
prourokinase antigen in the supernatants of PMAstimulated cells in-
creases by about 15-fold as compared to control unstimulated cells,
confirming work done by other investigators with the HL60 and U937
cell lines (21, 22).

Flow cytometry. Control unstimulated, or PMA-stimulated cells
were cultured overnight with anti-uPA (No. 6200), 30 jil/ml. PMA
stimulated and anti-uPA treated nonadherent cells, 90%of total, were
aspirated and treated with pH 3 buffer to remove any cell associated
uPA (10). They were then exposed sequentially to uPA (2 nM), mono-
clonal anti-uPA (No. 377) (20 jg/ml), and fluoresceinated Fab2 goat
anti-mouse. Hybridoma supernatants of clone TS 1/ 18 were used to
assess CD18 expression (25). Nonspecific fluorescence was defined as
that measured on cells exposed to a mixture of murine IgG 1, IgG2a,
and IgG2b (each 10 jg/ml) followed by fluoresceinated Fab2. Analysis
was performed using an Ortho 2151 cytofluorograph.

Cysteineproteinase assay. Z-Phe-Arg-NMec was used as a substrate
for cathepsin B- and L-like cellular cysteine proteinases employing an
assay based on that described by Barrett (30-32). Adherent and nonad-
herent cells were combined and centrifuged to separate them from
supernatant fluid before lysis in a buffer composed of 20 mMsodium
acetate, 1% Triton X-100, 3 mMEDTAat pH 5.5, and subjected to a
freeze-thaw cycle three times. The fluorometric assay was performed by
incubating 10- or 20-;il aliquots of lysates at 37°C in a total of one ml
incubation buffer containing 20 mMacetate, 10 AMZ-Phe-Arg-NMec,
3 mMcysteine at pH 5.5 for 30 min. Incubation in the presence of the
cysteine proteinase inhibitor L-3-carboxy-trans-2,3-epoxypropyl-
leucylamido[4-guanidino]butane (E-64) was used to establish specific-
ity of the assay (31). Each lysate was incubated in the presence or
absence I ,uM E-64 for the incubation period. Fluorescence was mea-
sured using an excitation wavelength of 383 nM and emission wave-
length of 460 nM. Cysteine proteinase activity was defined as E-64
inhibitable fluorescence and expressed as percent activity of unstimu-
lated cells. Expression of fluorescence as a function of total protein in
the lysates did not alter the results.

Statistical analysis. Student's t test was performed for comparison
of paired mean experimental values (33).

Results

Urokinase antibodies affect the adhesion of PMAstimulated
HL60 cells. Overnight stimulation with PMAresults in - 50%
of the cells differentiating to an adherent phenotype (16). This
response to PMAwas tested in the presence of rabbit antibodies
to uPA (anti-uPA). Adherence to plastic was assayed as one
index of differentiation. Cells were pulsed with [3H]thymidine
at the time of PMAstimulation and the number of adherent
cells at 16-24 h determined by quantitation of residual activity
in culture wells washed to remove nonadherent cells. Half a
microgram of affinity purified anti-uPA per microtiter well
resulted in a 50% reduction, and 20 jig in > 85-90% reduction
in adherent cells as compared to control wells (Fig. 1). A similar
effect of anti-uPA was observed on the PMAresponse of HL60
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cells maintained in serum-free medium as well as with U937
and THP- 1 cells (not shown). Nonimmune rabbit IgG and neu-
tralizing anti-tissue factor antibody did not attenuate cellular
adherence (26). The addition of control nonimmune IgG con-
sistently resulted in more cells adhering than in PMAonly
wells (Fig. 1). This observation was not explored further.

The anti-uPA effect illustrated in Fig. 1 could be due to
toxicity, neutralization of uPA enzymatic activity, or interfer-
ence with binding of uPA to its receptor. Equilibrium receptor
binding studies demonstrated that 20 ,ug of affinity-purified
anti-uPA per 100 Ail of cells reduced specific binding of 1 nM
iodinated uPA to 24-h PMAstimulated HL60 cells by . 85%.
The viability of PMA-stimulated, antibody-treated, nonadher-
ent cells was slightly reduced. These nonadherent cells were
15±5% (n = 6) trypan blue positive whereas control cells in
culture were < 5% positive. However, the addition of exoge-
nous uPA (100 nM) to these antibody-treated cells resulted in
an increase in the number of adherent cells to values compara-
ble to PMAonly treated cells. This reversibility suggested that
the reduction in adhesion was not due to toxicity and but rather
involved a specific interaction of uPA with uPA antibodies.

Determination of the uPA domain(s) necessary for adhe-
sion. As shown in Fig. 2, uPA is a multidomain protein within
the seine proteinase family. At the amino terminus is a growth
factor domain followed by a connecting peptide, a kringle
structure, and carboxy-terminal catalytic domain (1). We
tested various fragments of uPA for their ability to reverse the
effect of anti-uPA shown in Fig. 1. Previous work has estab-
lished that a catalytically inactive amino-terminal fragment of
uPA (ATF), residues 1-135, as well as synthetic peptides from
the growth factor domain (residues 1-32) compete effectively
with uPA for binding to the uPA receptor (1 1, 20). A peptide
comprising residues 12-32 (21 amino acids) from the growth
factor domain (GFD-peptide) known to be effective in this
competition was synthesized. As a control for the GFD-pep-
tide, a peptide comprising residues 247-266 (20 amino acids)
from the catalytic domain (CD-peptide) was also made. The
seine proteinase inhibitor, DFP, irreversibly inactivates uPA
(DFP-uPA), and DFP-uPA interacts with uPA receptor as
avidly as the active enzyme (34). Catalytically active 33-kD low
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Figure 1. Protein A-purified rabbit anti-uPA blocks adhesion of
PMA-stimulated HL60 cells. Indicated amounts of antibody was
added at the time of PMApulse. Values are displayed as percent of
control (no added antibody). Comparable results were obtained with
both affinity-purified or nonaffinity-purified anti-uPA.

N9\

Growth Factor
Domain

1 2 - 132
Growth Factor

Domain Peptide

411
C

Kringle I S-S

2471 1266
Catalytic Domain

Peptide
i i 1135

Amino-Terminal Fragment
Catalytic Domain

(LMW uPA)

Figure 2. Schematic representation of the urokinase molecule and its
fragments used in the experiments. The ATF used here consisted of
residues 1-143 (eight residues longer than the ATF originally
described by Stoppelli et al. [20]) and does not have the catalytic
domain. LMW-uPA is the 33-kD form of the molecule comprising
the catalytic domain and has no receptor binding activity. GFD-
peptide is residues 12-32 from the growth factor domain, and CD-
peptide is residues 247-266 from the catalytic domain. Diagram
modified from Francis and Marder [54].

molecular weight form of uPA (LMW-uPA), a proteolytically
cleaved product of the native molecule devoid of the amino-
terminal fragment, does not bind to the uPA receptor (34). All
of these fragments and forms of uPA were tested for their abil-
ity to overcome the effect of anti-uPA on PMA-stimulated
cells.

Fig. 3 presents data from these experiments which have
been reproduced at least three times. When PMAstimulated
cells are cultured in the presence of anti-uPA sufficient to de-
crease the number of adherent cells by at least 85%, the addi-
tion of uPA, DFP-uPA, ATF, and the GFD-peptide is asso-
ciated with a dose-dependent increase in the number of adher-
ent cells. In addition, segments of uPA which include the

200
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l/ ATF GFD-peptide

0

100 ~~~~~uPA

C ~~~~~~~~~~~CD-peptide
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Figure 3. Inhibition of adhesion by anti-uPA antibodies is reversible.
Experiments were performed as described in Fig. 1 with adherence
measured as counts per minute [3H]thymidine. The various forms of
uPA were added at the time of PMApulse to test for their ability to
overcome the effect of anti-uPA. The uPA fragments tested are
described in Fig. 2 and the text. Values are displayed as percent of
control (no added antibody). In separate experiments, uPA itself was
also shown to be effective in increasing the number of adherent cells
to > 100% of control values. 100 nMLMW-uPAdid not reverse the
effect of anti-uPA.
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growth factor domain are capable of increasing the adherent
cell number to values greater than that seen with PMAalone
(100%). Fragments of the uPA molecule which have only the
catalytic domain (LMW-uPA), or just a peptide fragment from
this domain (CD-peptide) are ineffective in reversing the anti-
uPA effect. Experiments with U937 and THP- 1 cells also dem-
onstrated that the anti-uPA mediated block in adhesion could
be reversed with either uPA or GFD-peptide (not shown).

Photomicrographs of the effect of anti-uPA on the PMA
response of HL60 cells and the reversal of this phenomenon by
ATF are shown in Fig. 4. PMAstimulated cells are adherent
and spread (Fig. 4 A). In the presence of anti-uPA very few cells
adhere (Fig. 4 B), but with the addition of ATF, 25 nM, the cells
are again adherent and spread (Fig. 4 C). The presence of more
cells in Fig. 4 C is related to the amount of ATF used as illus-
trated in Fig. 3. Higher concentrations of ATF result in almost
two times more cells adhering than in PMAonly control wells.
These findings indicate that uPA fragments which include the
growth factor domain, regardless of the catalytic domain, will
promote the PMA-induced adherent phenotype.

Effect of the GFDpeptide on PMAresponse. Data in Fig. S
show that for PMAstimulated cells in the presence of anti-
uPA, portions of the uPA molecule possessing the GFDin-
crease the number of adherent cells above control values.
Therefore, the effect of the GFD-peptide itself on the PMA
response was tested in the absence of uPA antibodies. The ad-
dition of the GFD-peptide at the time of PMAstimulation
resulted in a dose-dependent increase in the number of adher-
ing cells (Fig. 5). Whenvisualized using phase-contrast micros-
copy, the PMAand GFD-peptide stimulated cells appeared
more well spread and dense compared with PMAonly treated
counterparts. This observation was additional support for a
role of the growth factor domain in augmenting PMA-triggered
maturation. In contrast, the control CD-peptide from the cata-
lytic domain did not alter the number of adhering cells.

Effect of exogenous urokinase on HL60 proliferation. It has
been reported that for the CCL20.2 human epidermal cell line
that uPA can serve as an autocrine mitogen and stimulates
thymidine incorporation (42). However, this activity requires
the presence of both the GFDand an active catalytic domain.
Wetested to see if exogenous uPA has any effect on HL60 cells.
When uPA (0-100 nM) is added to cells in the absence of
PMA, we observed no induction of adherence and the cells
remain viable. In addition, there was no increase in the prolifer-
ation of cells as indicated by [3H]thymidine incorporation stud-
ies. After overnight incubation, control cells incorporated
5,610±171 cpm. The thymidine uptake in the presence of uPA
was as follows: 0.8 nM (5,830±86 cpm), 4 nM (5,593±431
cpm), 20 nM (5,799±194 cpm), and 100 nM (5,578±244
cpm). This data is representative of one of three experiments,
each done in triplicate. Thus, exogenous uPA does not have a
proliferative effect on these cells.

Lack of effect of uPA antibodies on adhesion of differen-
tiated HL60 cells and human alveolar macrophages. Human
alveolar macrophages, obtained by bronchoalveolar lavage,
were tested to assess the effect of anti-uPA on mature tissue-
type macrophages. These cells are known to synthesize and
bind uPA (7, 27). An overnight adherence assay similar to that

I described in Fig. 1, but without PMAwas used. There was no
difference in adherence between anti-uPA-treated or untreated
macrophages (Table I). Moreover, uPA antibodies added to
HL60 cells 72 h after PMAstimulation did not result in appre-

Figure 4. Inhibition of PMAinduced adhesion of HL60 cells by
anti-uPA antibodies is reversed by the amino-terminal fragment of
uPA. Cells were cultured as described in Methods and Figs. 1 and 3.
(A) Control PMAstimulated cells. (B) Cells stimulated with PMAin
the presence of rabbit anti-uPA to reduce adherence by > 85%. (C)
Cells as in B with the addition of 25 nMATF. Bar, 200 ,um.

ciable detachment of adherent cells (not shown). These obser-
vations suggested that anti-uPA may interfere with the process
of myeloid cell differentiation and not directly with attach-
ment.

Anti-uPA antibodies block PMAinduced increase in cellu-
lar cysteine proteinase activity. Macrophages are characterized
by high levels of acidic lysosomal proteinases, including
members of the cysteine proteinase family such as cathepsin B
and L (35, 36). PMA-induced differentiation of HL60 cells is
also associated with a significant increase in cathepsin B and
L-like activity in cell lysates as measured by cleavage of the
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synthetic substrate Z-phe-arg-NMec at pH 5.5 (30-32). Fig. 6
illustrates that the lysates of PMA-treated cells have an almost
twofold increase in cathepsin B-like activity when compared
with untreated HL60 cells (P < 0.05, n = 4). The class specific
cysteine proteinase inhibitor E-64 reduced the cleavage of this
substrate by 2 80% indicating that the increase in activity is
due principally to cysteine proteinases. PMAtreatment in the
presence of anti-uPA prevents cells from adhering and results
in a significant reduction in cysteine proteinase activity (P
= 0.012, n = 4). As indicated in Fig. 6, the addition of uPA (100
nM) at the time of addition of the antibody overcomes this
effect, the cells adhere, and the induction of cysteine proteinase
activity is restored.

PMA-stimulated and uPA antibody-treated cells express
uPA receptors. To determine the status of uPA receptors on
nonadhering HL60 cells stimulated by PMAin the presence of
anti-uPA, analyses by flow cytometry were performed. The
expression of uPA receptors as indicated by cell surface uPA
staining is increased - 30-fold on these nonadhering cells (Ta-

Table I. Anti-uPA Does Not Efect Adherence
of HumanAlveolar Macrophages

Treatment Cells adherent

,ul anti-APA ;Lg adherent cell protein

None 6.1±0.5
0.63 8.0±1.2
1.25 9.4±0.8
2.5 7.5±1 .0
5.0 8.4±1.3

Human alveolar macrophages (100-Mu aliquots of 1 X 106/ml) were
incubated in microtiter plates with anti-uPA in the indicated quanti-
ties at the time of initiation of cell culture. After overnight culture, the
wells were washed and adherent cell protein measured. PMA-stimu-
lated HL60 cells in the presence of 2.5 ,l of anti-uPA have a > 85%
reduction in adherence.

CONTROL PMA PMA PMA
Anti-uPA Anti-uPA +

uPA

Figure 6. Anti-uPA (25 jul/ml) inhibits accumulation of cellular
cysteine proteinase activity in response to PMA, and exogenous uPA
overcomes this effect. Activity of total HL60 cell lysates, adherent
and nonadherent, is shown. 100 nM uPA was used to reverse the
effect of anti-uPA. Data represent E64 inhibitable cysteine proteinase
activity.

ble I1). Adherence of mononuclear phagocytes is associated
with cell surface expression of molecules from the integrin fam-
ily (37, 38). The effect of uPA antibodies on adhesion could be
due to interference with the expression of these molecules.
Therefore staining for CD18, the invariant chain of a family of
cell adhesion molecules, was also performed (25). The ob-
served increase in CD18 after the PMApulse was about two-
fold (Table II), similar to previously reported values using com-
parable assay conditions (39). Thus uPA antibodies, while
blocking adhesion and induction of macrophage cysteine pro-
teinase activity, do not eliminate PMA-induced increases in
uPA receptor and CD18 antigen.

Discussion

Data presented here demonstrate for the first time that macro-
phage differentiation of myeloid cells by phorbol esters is me-
diated in part by an autocrine interaction of the growth factor
domain of uPA with its receptor. Several lines of evidence sup-

Table II. HL60 Cells Exposed to PMAand Anti-uPA Antibodies
Increase Expression of uPA Receptors

Mean fluorescence

Surface antigen Unstimulated PMA+ anti-uPA

arbitrary units

uPA receptor Exp A. 10.2 321.4 (31X)
Exp B. 11.6 404.4 (35X)

CD 18 Exp A. 190.4 278.2 (1.5X)
Exp B. 175.0 354.2 (2X)

Control unstimulated HL60 cells, or PMAstimulated cells in the
presence of uPA antibody were prepared for flow cytometry as de-
scribed in Methods. The quantity of anti-uPA used (3 gl/ 100 gl cells)
resulted in 2 90%of PMA-stimulated cells not adhering. The mean
nonspecific fluorescence in two separate experiments was 15.7±7.6
arbitrary units with no difference between unstimulated and stimu-
lated cells. The values in parentheses indicate magnitude change with
respect to unstimulated controls.
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port this conclusion. PMAstimulation is known to increase
both the secretion of uPA and the expression of uPA receptors
on myeloid cell lines (8, 9, 21, 22). Wehave shown that anti-
uPA will inhibit the binding of uPA to its receptors. When
HL60 cells are treated with anti-uPA at the time of PMAstimu-
lation there is increased cell surface expression of uPA recep-
tors and the CD18 antigen; however, there is an inhibition of
other markers of differentiation such as adherence and cathep-
sin B-like activity. The addition of uPA, ATF, or a 21 residue
peptide from the GFDreverses this inhibition of differentiation
by uPA antibodies. In contrast, the catalytic domain of uPA or
a control peptide from this domain fails to reverse this effect.
Thus, the catalytic domain does not appear to play a major role
in this process. These data indicate that uPA mediates two
different functions in macrophage physiology: an autocrine
function (GFD dominated) independent of enzymatic activity,
and a catalytic function (serine proteinase domain dominated)
involving plasminogen activation. The former being important
in macrophage ontogeny and the latter important in cellular
movement and extracellular matrix metabolism. Both func-
tions are mediated, at least in part, by interactions between
uPA and its receptor.

It is of interest that the growth factor domain augments the
PMA-induced differentiation and adhesion of cells when
added by itself (Fig. 5). This observation raises the possibility
that in addition to an autocrine mechanism, uPA may influ-
ence myeloid cell differentiation in a paracrine fashion. Be-
cause fibroblasts, endothelial cells, neutrophils, and monocytes
are able to secrete uPA (1), stromal and inflammatory cells
may have a prominent role in modulating macrophage differ-
entiation in vivo.

The secretion of plasminogen activators by human bone
marrow cells has previously been linked to their differentia-
tion. Early human granulocyte/macrophage progenitor cells
secrete tissue-type plasminogen activator (tPA) whereas more
mature granulocyte and macrophage progenitor cells secrete
uPA (40, 41). Although the reason for this change in pattern in
enzyme secretion is not known, our data suggest a mechanism
by which uPA secretion and myeloid cell differentiation may
be mechanistically linked.

Evidence that the uPA receptor may transduce signalling
has been suggested in other experimental systems. For certain
epidermal cells, uPA has been found to be a weak mitogen, and
the data have indicated that both the growth factor domain and
the catalytic domain are necessary (42). In view of these obser-
vations, we measured the proliferative response of HL60 cells
after stimulation with exogenous uPA (0.8-100 nM range),
and found that there was no change in 3H-thymidine uptake or
induction of adherence. Thus for these cells, uPA itself does not
induce differentiation and the second signal, PMA, which acts
via protein kinase C is also required. Furthermore, it has been
shown that uPA in the absence of its catalytic activity can medi-
ate a chemotactic role for neutrophils and aortic endothelial
cells indicating that the uPA receptor can alter cell activity (43,
44). Murine erythroleukemia (Friend) cells differentiated in
vitro have a significant reduction in time for commitment to
terminal differentiation when cultured in the presence of ATF
(45), consistent with our observations with the effect of the
GFD-peptide and ATF on PMA-stimulated myeloid cells.

These and our observations contrast with those where the
catalytic domain of uPA bound to its receptor appears to play a
role in matrix metabolism and detachment from culture sur-

faces. For Rous sarcoma virus-transformed chicken embryo
fibroblasts and mesangial epithelial cells, treatment with anti-
uPA directed against the catalytic uPAdomain promotes adhe-
sion and prevents the morphological effects induced by PMA
or cyclic-AMP mediated pathways (46, 47). Moreover, in ma-
turing Friend erythroleukemia cells, where evidence exists for a
role of ATFin inducing differentiation, monoclonal antibodies
directed against the catalytic domain promote adhesion on fi-
bronectin coated surfaces presumably by interfering with me-
tabolism of the matrix (48).

Induction of cathepsin B-like lysosomal proteinase activity
is a reliable marker of macrophage differentiation (32, 35, 36).
Our data show that the addition of uPA antibodies to PMA-
stimulated HL60 cells not only blocked induction of this pro-
teinase activity, but also resulted in lower fluorometric activity
than that of unstimulated cells (Fig. 6). The reason for the latter
is not clear. It is possible that uPA has a "trophic" effect for
these cells along the lines reported for various colony stimulat-
ing factors (49). This would be consistent with the small de-
crease in viability in antibody-treated cells as compared with
control unstimulated cells. It is also possible that the fluoromet-
ric activities in control and PMA-stimulated and uPA anti-
body-treated cells are due to different enzymes. The synthetic
substrate employed could be hydrolyzed by more than one cys-
teine proteinase. Since our data show that not all attributes of
PMA-induced differentiation are blocked by uPA antibodies
(Table II), the lower activity in PMA-stimulated and antibody
treated cells compared to unstimulated cells could reflect a dif-
ference in enzyme ratio during a state of stimulation when cells
cannot adhere.

Accumulating evidence indicates that cell shape and cellu-
lar interactions with extracellular matrices modulate gene ex-
pression and differentiation (50-52). For example, adhesion of
monocytes to plastic surfaces has been reported to regulate c-
fos and m-CSF mRNA(53). Adhesion appears to be both a
marker for and an intrinsic part of myeloid cell differentiation.
Our data indicate that uPA receptor binding modulates both
cathepsin B-like enzyme expression as well as cell adhesiveness.
It remains to be defined whether the observed block in cathep-
sin B-like activity (Fig. 6) results from attenuated adhesiveness
or from a more proximate block in differentiation affecting
both markers. A useful aspect of the experimental system pre-
sented here is that it offers a convenient model where the con-
sequences of interaction of uPA with its receptor can be ex-
plored. Further structural and functional studies should delin-
eate the importance of this pathway in understanding another
set of mechanisms which regulate myeloid cell behavior.
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