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The function of urokinase and its receptor is essential for cell
migration in pathological conditions, as shown by the analysis of
knockout mice phenotypes. How a protease of a fibrinolytic path-
way can induce migration is not understood and no link between
this protease and migration-promoting G protein-coupled recep-
tors has been described. We now show that FPRL1�LXA4R, a G
protein-coupled receptor for a number of polypeptides and for the
endogenous lipoxin A4 (LXA4), is the link between urokinase-type
plasminogen activator (uPA) and migration as it directly interacts
with an activated, soluble, cleaved form of uPA receptor (uPAR)
(D2D388–274) to induce chemotaxis. In this article we show that (i)
both uPAR and FPRL1�LXA4R are necessary for the chemotactic
activity of uPA whereas FPRL1�LXA4R is sufficient to mediate
D2D388–274-induced cell migration. (ii) Inhibition or desensitization
of FPRL1�LXA4R by antibodies or specific ligands specifically
prevents chemotaxis induced by D2D388–274 in THP-1 cells and
human peripheral blood monocytes. (iii) Desensitization of FPRL1�
LXA4R prevents the activation of tyrosine kinase Hck induced by
D2D388–274. (iv) D2D388–274 directly binds to FPRL1�LXA4R and is
competed by two specific FPRL1�LXA4R agonists, the synthetic
MMK-1 peptide and a stable analog of LXA4. Thus, a naturally
produced cleaved form of uPAR is a unique endogenous chemo-
tactic agonist for FPRL1�LXA4R receptor and its activity can be
antagonized by specific ligands. These results provide the first
direct link, to our knowledge, between the fibrinolytic machinery
and the inflammatory response, demonstrating that uPA-derived
peptide fragments can activate a specific chemotactic receptor.

Urokinase plasminogen activator (uPA) is a serine protease
that activates plasminogen (Plg) to plasmin and binds to a

specific high affinity cell surface receptor, uPAR (CD87) (1).
The phenotype of uPA�/� and uPAR�/� mice is not caused only
by the lack of Plg activation. Indeed, Plg�/� mice die early with
multiple thrombosis and extensive fibrin deposits, whereas the
uPA�/� and uPAR�/� mice live normally, showing rare throm-
botic events and occasional fibrin deposits (2). Lack of uPA,
however, causes impaired migration of lymphocytes and mac-
rophages to tissue lesions, with impairment of the host defenses,
bacterial spreading, and death (3), or resistance to the develop-
ment of aneurysms in a mouse model (2). Deficient recruitment
of peritoneal or lung neutrophils at inflammatory sites in
Pseudomonas aeruginosa infection and deficient Mac-1 function
in macrophages and neutrophils is also observed in uPAR-
deficient mice (4, 5).

uPA binding to uPAR induces intracellular signaling affect-
ing cell adhesion, migration, and proliferation. uPA binding to
uPAR induces chemotaxis in a variety of cells, with activation
of tyrosine kinases (Hck, Src), MEK, c-Raf, Tyk-3, PI-3-K, and
Rac (1, 5–7).

uPAR is a high affinity cell surface receptor for uPA (1),
formed by three extracellular domains (D1, D2, and D3), and
anchored to the plasma membrane via a glycosylphosphatidy-
linositol anchor (8). Because uPAR lacks an intracellular
domain, the existence of a trans-membrane adapter transmit-

ting an intracellular signal initiated by the binding of uPA to
uPAR has been hypothesized (8). Chemotaxis stimulated by
uPA requires binding to uPAR (9, 10). However, in uPAR�/�

cells, the addition of exogenous soluble uPAR, provided it is
cleaved, reconstitutes migration, indicating that uPAR must be
activated by uPA to induce chemotaxis. The induction of
chemotaxis by ‘‘activated uPAR’’ in turn requires the existence
of a trans-membrane adapter (9, 11). Activation of soluble
recombinant uPAR is achieved in vitro by cleavage with
chymotrypsin between domains D1 and D2, generating a
carboxyl-terminal fragment starting at residue 88 (D2D388–274)
(9). The amino acid residues 88–92 of uPAR is essential and
sufficient for chemotaxis (11). This sequence is phenotypically
relevant because cleaved (D2D3) forms of uPAR are naturally
produced and found in tissues and in biological f luids (12, 13).

The trans-membrane adapter mediating uPA-dependent che-
motaxis has not been identified. uPAR is known to directly
interact with integrins (5–7, 14) and vitronectin (15, 16), affect-
ing cell adhesion and signaling. However, because chemotaxis
induced by uPA or D2D388–274 is inhibited by ADP-ribosylating
pertussis toxin (9, 11), a different type of adaptor may exist,
possibly a G protein-coupled receptor of the family of the
chemotactic peptides or chemokine receptors.

In this study, we show that the seven-trans-membrane receptor
FPR-like receptor-1�lipoxin A4 receptor (FPRL1�LXA4R), a
functional receptor for a diverse array of exogenous and host-
derived peptides (reviewed in ref. 17) as well as for the aspirin-
triggered lipid mediator 15-epi-LXA4 (reviewed in ref. 18), is
necessary and sufficient to mediate the chemotactic activity of
D2D388–274. Our work identifies the D2D388–274 uPAR fragment
as an endogenous ligand for FPRL1�LXA4R.

Materials and Methods
Cells and Reagents. THP-1 cells (American Type Culture Collec-
tion, Rockville, MD) were grown in suspension in RPMI me-
dium 1640 (GIBCO�BRL) with 10% FBS. Human peripheral
blood monocytes were isolated from buffy coats enriched for
mononuclear cells by two rounds of centrifugation (460 � g) over
Ficoll and Percoll (Amersham Pharmacia) gradients (over 95%
CD14-positive by cytofluorometry). Rat basophilic leukemia
cells (RBL-2H3) and their transfectant with epitope-tagged FPR
(ETFR cells), and the human embryonic kidney HEK293 cells
and their transfectant with FPRL1 (HEK293�FPRL1 cells) have
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been described (19). Cells were grown as above; medium for
transfected cells also contained 0.8 mg�ml of geneticin (GIBCO�
BRL).

Production and purification of D2D388–274 was described (11).
The rabbit polyclonal Ab that recognizes the LESIFRSLL-
FRVM sequence (residues 181–193) of FPRL-1�LXA4R has
been described (20). The stable lipoxin analog 15-epi-16-
parafluorophenoxy-LXA4-methyl ester (ZK223351) was a kind
gift of J. Parkinson (Berlex Biosciences, Richmond, CA). The
MMK-1 peptide has been described (21). The amino-terminal
fragment of human uPA (ATF) was a kind gift of J. Henkin
(Abbott). Nonspecific rabbit polyclonal immunoglobulins and
the synthetic chemotactic peptide formyl-methyonyl-leucyl-
proline (fMLP) were purchased from Sigma. Affinity-purified
rabbit polyclonal anti-p56�p59hck was purchased from Santa
Cruz Biotechnology. Type I collagen was purchased from Roche
Molecular Biochemicals.

Chemotaxis Assay. Migration of THP-1 cells, monocytes, human
HEK293 cells, rat RBL-2H3 cells, or transfected cells
(HEK293�FPRL1 and ETFR) was assessed by a 48-well
microchemotaxis chamber (Neuroprobe, Cabin John, MD).
Chemoattractants (26 �l), at different concentrations in se-
rum-free RPMI medium 1640, were placed in the lower
compartment of the chamber, and a 50-�l cell suspension (106

cells per ml) added to the upper compartment. The two
compartments were separated by an uncoated filter of either
a 5 �m pore size, in the case of monocytes and THP-1 cells,
or by a collagen type I-coated (50 �g�ml for 2 h at 37°C) 8 �m
pore size polycarbonate filter (Neuroprobe) for HEK293,
RBL-2H3, ETFR, and HEK293�FPRL1 cells. Incubation at
37°C in humidified air with 5% CO2 was 90 min for monocytes
and THP-1 cells, and 5 h for HEK293, HEK293FPRL1�
LXA4R, RBL-2H3, and ETFR cells. The filter was removed,
scraped, fixed, and stained with Diff-Quik (Dade Diagnostics,

Fig. 1. (A) FMLP specifically desensitizes D2D388–274 chemotaxis in THP-1 cells. Inset shows the chemotactic index (CI) of D2D388–274-induced THP-1 cells at
different attractant concentration. For desensitization, cells were preincubated (30 min at 37°) with different concentrations of fMLP (abscissae), and then their
chemotactic responses were tested toward 10 nM fMLP (open squares), 1 nM D2D388–274 (filled circles), or 2 nM MCP-1 (filled triangles) (see Materials and
Methods). A value of 100% cell migration (ordinates) corresponds to the CI obtained in the absence of desensitizer, i.e., about 2.5 for MCP-1 and 2.0 for fMLP
or D2D388–274. The value of 0% cell migration corresponds to a CI of 1, i.e., no stimulation of chemotaxis. (B) Desensitization of ATF-induced chemotaxis by FMLP.
THP-1 cells were pretreated with or without 0.2 mM fMLP (see above) and tested for their migration induced by the indicated concentrations of ATF for 90 min
at 37°C. *, P � 0.0005 (Student’s t test). (C) FMLP pretreatment prevents HcK activation by D2D388–274. 35S-labeled cells were pretreated with or without 0.2 mM
fMLP for 20 min at 37°C, washed, and challenged with 0.1 nM D2D388–274 for the indicated times at room temperature (see Materials and Methods). Cells were
then pelleted and lysed, and the lysate was immunoprecipitated with anti-HcK Ab. The immunoprecipitate was supplemented with [�-32P]ATP and then subjected
to SDS�PAGE and autoradiography (32P line). In parallel, equivalent amounts of immunoprecipitate were run in SDS�PAGE as a loading control and
autoradiographed (35S).
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Aguada, PR), and migrated cells were counted by light mi-
croscopy in eight high-powered fields. Results, expressed as
the mean (�SD) from triplicate samples, are representative
of at least three experiments. Migration in the absence of
chemoattractant was set to 100%. The chemotactic index is the
no. of cells migrated in the presence vs. in the absence of
chemoattractant.

Potential inhibitors of migration (i.e., Abs, desensitizers) were
preincubated with cells for 30–60 min at 37°C, washed with
medium, and the assay was performed as described above.

Tyrosine Kinase Assay. The kinase assay was performed as de-
scribed (11) with THP-1 cells (untreated or treated with fMLP,
10�4 M for 20 min at 37°C) metabolically labeled with Pro-mix
L-[35S] (Amersham Biosciences). Cells were washed and incu-
bated with 1 nM D2D388–274 for the indicated time at room
temperature. Radiolabeled cell lysates were immunoprecipi-
tated with a polyclonal anti-p56�p59hck Ab (9), and an aliquot
was analyzed by SDS�PAGE. The remainder was used for an in
vitro kinase assay [10 �Ci of [�-32P]ATP (Amersham Bio-
sciences) for 15 min at room temperature] and resolved by
SDS�PAGE and autoradiography.

Ligand Binding Assay. 125I-D2D388–274 (5 nM) (Iodogen, Pierce),
specific activity 30 �Ci��g, was incubated with 1.5–2 � 106 cells
in 100 �l of binding buffer (RPMI medium 1640, 0.5% BSA) for
30 min at room temperature in the presence or absence of
increasing concentrations of unlabeled D2D388–274 or other
competitors. The cells were washed once with 1 ml of RPMI
medium 1640, 0.5% BSA, centrifuged through a 10% sucrose�
PBS cushion in Eppendorf tubes, and the pellet-containing tips
were cut off and counted in a gamma counter. Binding in the
presence of 100-fold excess unlabeled D2D388–274 was sub-
tracted. Binding competition is calculated as % Competition �
1 � (specific binding in the presence of competitor)�(specific
binding in the absence of competitor) � 100.

Results
An activated uPAR fragment, D2D388–274, has chemotactic
activity between 0.01–1.0 nM (ref. 11; Fig. 1A Inset). To
understand the molecular basis of the chemotactic activity of
D2D388–274, we performed desensitization experiments. Fig.
1 A shows that when THP-1 cells were preincubated with
different concentrations of fMLP, their response to both fMLP
and D2D388–274 was inhibited, with complete desensitization
at 0.2 mM fMLP. Pretreatment with fMLP, however, had a
much lower effect on monocyte chemoattractant protein-1
(MCP-1)-induced chemotaxis. Fig. 1B shows that a pretreat-
ment with 0.2 mM fMLP also desensitized the response of
THP-1 cells to ATF.

In THP-1 cells and neutrophils, neither uPA nor D2D388–274
(not shown) induce calcium flux unless after the artificial
clustering of uPAR (22). Because uPAR clustering would in-
crease the complexity of our experimental set up, we tested the
effect of fMLP pretreatment on another signaling event induced
by uPA in THP-1 cells, i.e., the D2D388–274-induced phosphor-
ylation of p56–59hck tyrosine kinase, which is required for cell
migration (9). As shown in Fig. 1C, D2D388–274 rapidly activated
p56–59hck; however, pretreatment of the cells with 0.2 mM fMLP
blocked the effect. Overall, these data suggest that D2D388–274
may use a receptor for induction of chemotaxis that recognizes
fMLP with low affinity.

fMLP binds two receptors, FPR and FPRL1�LXA4R (23),
with high and low affinity, respectively. The high concentrations
of fMLP required for complete desensitization of cell response
to D2D388–274 (Fig. 1 A) suggest that D2D388–274 might use
FPRL1�LXA4R rather than FPR. To test this hypothesis, we
exposed THP-1 cells to the synthetic MMK-1 peptide, a high

affinity agonist of FPRL1�LXA4R (21). As shown in Table 1,
MMK-1 completely suppressed the cell response to D2D388–274,
indicating that FPRL1�LXA4R is involved in D2D388–274
signaling.

If this was the case, D2D388–274 should not induce migration
of cells lacking FPRL1�LXA4R. Indeed HEK293 cells, which
express neither uPAR nor FPRL1�LXA4R (data not shown),
failed to respond to uPA, fMLP (not shown), and D2D388–274
(Fig. 2A). In contrast, D2D388–274 induced a potent chemotactic
response of HEK293 cells transfected with FPRL1�LXA4R
(Fig. 2 A), with a maximum of activity at 0.1 nM. Thus, the
presence of FPRL1�LXA4R on the cell surface is sufficient for
D2D388–274-induced chemotaxis. We have excluded that the high
affinity fMLP receptor, FPR, plays a role in this event, because
neither rat basophilic leukemia cells, which lack FPR (RBL-
2H3), nor the same cells transfected with FPR cDNA (ETFR)
were affected by D2D388–274 (Fig. 2 A). These cells did, however,
differentially respond to 10 nM fMLP in chemotaxis assays (data
not shown).

Pretreatment with D2D388–274 or with peptide 3, a synthetic
peptide (AVTYSRSRYLEC) reproducing the 84–95 residues of
uPAR and showing full chemotactic activity (11), each resulted
in desensitization of HEK293FPRL1�LXA4R cells to fMLP
(Table 2). Instead, a scrambled version of peptide 3 had no
effect.

If FPRL1�LXA4R is necessary for D2D388–274-induced
chemotaxis, specific inhibiting Abs should block its activity.
Therefore, we tested the effect of an FPRL1�LXA4R anti-
serum (20) on THP-1 cells or human monocytes, both express-
ing (not shown) uPAR, FPR, and FPRL1, and migrating in
response to uPA, fMLP (not shown), and D2D388–274 (Fig. 2B).
These cells also express the chemokine receptor CCR2 and
respond to its ligand MCP-1 (Fig. 2B). The anti-FPRL1�
LXA4R antiserum (20) specifically blocked the effect of
D2D388–274 on THP-1 cells (Fig. 2B) as well as on peripheral
blood monocytes, although it did not alter MCP-1-induced
chemotaxis (Fig. 2C). A preimmune serum had no effect on
either D2D388–274 or MCP-1. Thus, in cells that express
multiple chemotactic receptors, the FPRL1�LXA4R Ab se-
lectively blocked the response to D2D388–274. Taken together,
these results show that FPRL1�LXA4R is both necessary and
sufficient for the chemotactic activity of D2D388–274.

To investigate further the interaction of D2D388–274 with
the receptor, we performed binding assays of iodinated
D2D388–274 with HEK293FPRL1�LXA4R cells. Binding was
specific, time-dependent, and saturable (not shown). More-
over, equilibrium-binding studies showed that D2D388–274
bound to HEK293FPRL1�LXA4R cells with an apparent Kd
of 83 nM (Fig. 3A). Similar results were obtained with THP-1
cells (not shown). Binding was specific (Table 3), as it was

Table 1. MMK-1 peptide desensitizes THP-1 cells to D2D388–274

Stimulants in
lower well

Pretreatment of cells

No addition 250 nM MMK-1 500 nM MMK-1

No addition 100 � 3.6 102 � 3.6 96 � 3.3
D2D3, 1 nM 161 � 11.1* 96 � 4.4 99 � 4.1
D2D3, 0.1 nM 182 � 10.2* 108 � 5.4 98 � 5.9
D2D3, 0.01 nM 205 � 12.2* 118 � 4.9 108 � 4.2

Chemotaxis assays were carried out in triplicate as described in Materials
and Methods. The value 100% refers to the migration of cells in the absence
of chemoattractants. Data points are the mean � SEM of three experiments.
Desensitization was carried out by preincubating cells with the indicated
concentration of MMK-1 peptide for 20 min at 37°C; MMK-1 was also present
in the upper well during the assay.

*, P � 0,0001, Student’s t test.
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displaced by the unlabeled D2D388–274, but not by �D2D3, a
chemotactically inactive uPAR fragment starting at residue 92
and thus lacking the amino-terminal 5-residues-long minimal
chemotactic epitope (11). Two established FPRL1�LXA4R
ligands, the peptide MMK-1 (21, 24) and the stable LXA4
analog 15-epi-16-paraf luorophenoxy-LXA4 methyl ester (25),
inhibited the binding of D2D388–274 to HEK293FPRL1�
LXA4R cells by 60% at the concentration of 100 nM. As
expected, domain D1 of uPAR, lacking the chemotactic
epitope, was unable to compete for binding of D2D388–274 to
THP-1 cells (not shown). Collectively, these results clearly
indicate that D2D388–274 binds to FPRL1�LXA4R and that the
chemotactic region at its amino terminus (residues 88–92) is
required for the interaction. fMLP at 0.2 mM had no effect.

Discussion
We show that the peptides fMLP and MMK-1, low and high-
affinity agonists of FPRL1�LXA4R, respectively, interfere with

the chemotactic activity of D2D388–274 and uPA-ATF and that
fMLP also prevents D2D388–274-induced Hck activation. In
addition, we also present evidence that the expression and the
activity of FPRL1�LXA4R are required for D2D388–274 and
ATF chemotaxis. D2D388–274 specifically binds to FPRL1�
LXA4R-expressing cells, and the binding requires the specific
chemotactic epitope of uPAR and is displaced by the stable
LXA4 analog and by the synthetic MMK-1 peptide, both high
affinity agonists for FPRL1�LXA4R. Our findings show that the
naturally occurring uPAR fragment is an endogenous ligand and
agonist of FPRL1�LXA4R.

FMLP is low affinity (20) whereas the synthetic MMK-1
peptide and LXA4 are high affinity ligands for FPRL1�LXA4R
(24). The binding determinant for the latter two ligands resides
in the seventh transmembrane domain and adjacent sequences,
distinguishable from that of fMLP located in the first extracel-
lular loop (24). Because the stable LXA4 analog and MMK-1
displace the binding of D2D388–274 to FPRL1�LXA4R, it is likely
that the seventh transmembrane domain of FPRL1�LXA4R is
also a recognition site for D2D388–274.

The interaction of activated uPAR with FPRL1�LXA4R,
which explains the uPAR-dependent chemotactic activity of
uPA, provides a link between the fibrinolytic cascade and
inflammation. Fibrinolysis, in particular uPA and uPAR, has
long been tied to cancer in view of its overexpression and
function in this disease (26).

Elevated levels of serum uPAR represent a strong negative
prognostic marker in tumors, independently of the type of cells
(stromal or cancer) in which uPAR is expressed (26, 27). The
interaction of uPAR fragments with FPRL1�LXA4R, therefore,
provides a novel molecular and functional link between cancer
and stromal cells in invasion. Indeed, fragments such as D2D388–
274 are overproduced in cancer (12, 28). Also, in transgenic mice,
the increased uPAR cleavage caused by uPA overexpression
leads to pathological consequences (29).

Elevated levels of soluble uPAR in serum have a negative
prognostic significance also in diseases with strong inf lamma-
tory components, like AIDS (30). Increased serum uPAR may
ref lect release from overactivated, overproduced, and rapidly
turned over cells, at stages where the disease is not yet
full-blown. In this respect, it is interesting to notice that
although the lack of uPA in mice prevents an efficient defense
against microbial infections (3), it causes an exacerbated
reaction in antigen-induced arthritis (31).

FPRL1�LXA4R is expressed in monocytes, lymphocytes, and
neutrophils, where it is also up-regulated by several cytokines
and differentiation factors like retinoic acid and mediates the

Fig. 2. FPRL1-LXA4R is necessary and sufficient to mediate D2D388–274

chemotactic activity. (A) D2D388–274 induces chemotaxis in 293FPRL1-LXA4R,
but not in HEK293 (which express no FPRL1-LXA4R), nor in RBL-2H3 (which do
not express FPR), nor in EFTR (RBL-2H3 expressing FPR). The 100% value is the
migration in the absence of chemoattractants. The data are the average of
three experiments (RBL-2H3 and EFTR cells) or of six experiments (293FPRL1-
LXA4R and HEK293 cells), each in triplicate. (B) An Ab against FPRL1-LXA4R
specifically blocks D2D388–274 chemotactic activity in THP-1 cells. NI, nonim-
mune serum. The data represent the average of three experiments in tripli-
cate. 100% represents the extent of migration observed in the absence of
D2D388–274. *, P � 0.0001 (Student’s t test). (C) An Ab against FPRL1-LXA4R
blocks D2D388–274 but not MCP-1 chemotaxis in human fresh peripheral blood
monocytes. The data refer to one single experiment carried out in triplicate.

Table 2. Effect of pretreatment of HEK293 FPRL1�LXA4R cells
with activated uPAR on the chemotactic response to fMLP

Desensitizers % of migration n

None 100 � 7 4
D2D3, 0.01 �M 57 � 3 4
D2D3, 0.1 �M 49 � 3 2
Peptide 3*, 10 �M 71 � 4 3
Peptide 3, 100 �M 2 � 0.6 3
Scrambled peptide 3, 10 �M 96 � 5 3
Scrambled peptide 3, 100 �M 65 � 4 3

Chemotaxis assays were carried out in triplicate as described in Materials
and Methods. Cells were preincubated (60 min at 37°C) with the desensitizers
indicated and then were assayed for chemotaxis. The value 100% refers to a
chemotactic index of 2.0 observed in the presence of 0.2 mM fMLP in the lower
well in the absence of desensitizers. The 0 value refers to a chemotactic index
of 1, i.e., no stimulation. Data are the mean � SEM of three experiments.
*Peptide 3 is the synthetic chemotactic peptide located between domains 1
and 2 (sequence: AVTYSRSRYLEC).
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chemotactic activity of HIV-derived peptides (reviewed in ref.
17). The presence of FPRL1�LXA4R has been reported in many
other cells, including astrocytes, fibroblasts, epithelial cells,
mesangial cells, hepatocytes, smooth muscle, and tumor cells.
The widespread expression of FPRL1�LXA4R is in agreement
with the broad range of cells that respond to uPA�uPAR
chemotactic signals.

The present results raise several intriguing questions regard-
ing the relationship of inf lammation to the activation of uPAR

(1). In this regard, LXA4 inhibits neutrophils while activating
chemotaxis in monocytes via FPRL1�LXA4R (5, 7, 27), that
in vivo culminates in an antiinf lammatory response when
presented either topically and�or via i.v. injection (25). uPA
clearly stimulates chemotaxis with both monocytes and neu-
trophils (1). Because both monocytes and neutrophils express
uPA and uPAR, it is important to examine whether uPAR
activation interferes with the signaling pathways elicited by
LXA4 and aspirin-triggered 15-epi-LXA4 that use the
FPRL1�LXA4R system. In this regard, it is possible that these
two sets of ligands, lipid and peptide, can stimulate heterol-
ogous desensitization (32). However, the in vivo correlate of
desensitization, as established in in vitro studies using intra-
cellular receptor crosstalk, remains to be established. On the
basis of the present results, LXA4 and aspirin-triggered LXA4
might interfere with uPA and uPAR in invasive cancer phe-
notype with FPRL1�LXA4R.
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