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1 L-selectin, constitutively expressed by leukocytes, is involved in the initial binding of leukocytes to
activated endothelium. Anti-inflammatory drugs like glucocorticoids can induce shedding of
L-selectin, but the mechanism is still unknown. Annexin 1, a protein whose synthesis and
externalization/secretion are induced during the inflammatory response, has been proposed as a
mediator of the anti-inflammatory actions of glucocorticoids.

2 The monocytic cell line U-937 strongly expresses Annexin 1 after 24 h of phorbol 12-myristate 13-
acetate (PMA, 1 nm) treatment and externalizes/releases the protein after additional 16 h of
dexamethasone (1 mm) treatment.
3 This study investigated the possible regulation of cell surface L-selectin shedding by endogenous
Annexin 1, and its role in glucocorticoid-induced L-selectin shedding in the U-937 cell line.

4 PMA- and dexamethasone treatment-induced L-selectin shedding was potentially mediated by
Annexin 1, since neutralizing antibodies against Annexin 1 reduced dexamethasone- and Annexin 1-
induced shedding.

5 Immunoprecipitation and binding assays provided support for the suggestion that this effect could
be mediated by an interaction between externalized Annexin 1 and L-selectin. Such interaction
involved the N-terminal domain of Annexin 1 and was calcium-dependent. Confocal microscopy
studies demonstrated increased colocalization of Annexin 1 and L-selectin on the cell surface.

6 Overall, our study provides new insights into the potential role of endogenous ANXA1 as a
mediator of dexamethasone-induced L-selectin shedding, which may contribute to the anti-
inflammatory activity of glucocorticoids.
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Introduction

Leukocyte recruitment to inflammatory sites is essential for

generation of appropriate host defense responses. This is

achieved through a sequence of interactions between selectins

on leukocytes and activated endothelial cells, which are

controlled by cytokines and chemoattractants, secreted

from activated endothelial cells, connective tissue and

invading microorganisms. This initial step rapidly activates

cells with a concomitant shedding of L-selectin and an

upregulation of Mac-1 (CD11b/CD18), which leads cells to

adhere more firmly to the endothelial cell surface (Ebnet &

Vestweber, 1999).

L-selectin, which mediates reversible adhesive interactions

between endothelium, leukocytes and platelets, is a highly

glycosylated leukocyte protein that is constitutively expressed

on all classes of leukocytes, except a substantial population of

memory T cells (Ebnet & Vestweber, 1999). This protein is

concentrated at the tips of leukocyte microvilli, which has been

suggested to facilitate leukocyte tethering by concentrating the

receptor and increasing its avidity for endothelial ligands

(Bruehl et al., 1996). Expression of L-selectin is regulated on

the surface of leukocytes. In vitro stimulation with chemotactic

factors, or other activating agents, leads to L-selectin shedding

from neutrophils and monocytes (Kishimoto et al., 1989; 1990;

Palecanda et al., 1992). This shedding is thought to be

mediated by a metalloprotease on the leukocyte surface,

named sheddase (Preece et al., 1996; Peschon et al., 1998).

Inhibition of leukocyte accumulation in inflamed tissues is a

well-known effect of anti-inflammatory corticosteroids in

humans. Several studies have demonstrated that in vivo

administration of dexamethasone caused nearly complete

downregulation of L-selectin on blood neutrophils (Burton

et al., 1995; O’Leary et al., 1996; Jilma et al., 1997) or human

monocytes (Waisman et al., 1998).
*Author for correspondence; E-mail: levine@itsa.ucsf.edu
Advance online publication: 11 August 2003

British Journal of Pharmacology (2003) 140, 133–145 & 2003 Nature Publishing Group All rights reserved 0007–1188/03 $25.00

www.nature.com/bjp



Annexin 1 (ANXA1), a calcium-binding protein characterized

by a C-terminal core structure, which binds calcium and

phospholipids and an N-terminus domain (Raynal & Pollard,

1994), is particularly abundant in granulocytes and monocytes

(Ernst et al., 1986; Perretti et al., 1996; 1999). ANXA1 protein is

strongly upregulated by glucocorticoids, and mediates some of

their anti-inflammatory properties (Blackwell et al., 1980; 1982;

Solito et al., 1991; Goulding & Guyre, 1993a). Although

glucocorticoids are widely used for the control of inflammatory

diseases, the mechanisms by which the glucocorticoid-inducible

protein ANXA1 may reduce leukocyte influx and inflammation

are not completely understood. In experimental inflammation,

neutrophil migration and accumulation are markedly reduced by

dexamethasone-induced translocation of ANXA1 (Perretti &

Flower, 1993; Perretti, 1998; Perretti et al., 1999) or by

administration of the N-terminal peptide (Perretti et al.,

1993a). Externalization of endogenous ANXA1 following

neutrophil adhesion to endothelial monolayers in vitro or to

venular endothelium in vivo, downregulates leukocyte transmi-

gration (Perretti et al., 1996). Moreover, in vivo studies reported

that mice treated with human recombinant ANXA1 or its

mimetic peptide Ac (2–26) attenuate the degree of neutrophil

adhesion and emigration, suggesting that ANXA1 may interfere

during the steps occurring at the leukocyte–endothelium inter-

face on the inflamed post capillary venule (Lim et al., 1998).

Recently, we showed in vitro that ANXA1 may play a role as a

feedback mechanism in this process in modulating monocyte

firm adhesion to the endothelium through a direct interaction

between ANXA1 and a4 integrin in the U-937 cell line (Solito
et al., 2000).

In the present study, we have addressed the potential

modulating role of endogenous ANXA1 on monocyte

L-selectin cell-surface expression, by examining the effects of

externalization of this molecule in U-937 cells. This immorta-

lized cell line has been used in many studies in which the results

are generally reported as being applicable to monocytes or

macrophages (Hass et al., 1989). In addition to this, our choice

was supported by three other specific reasons: first, U-937 cell

line expresses increased amount of endogenous ANXA1

during cell differentiation by phorbol ester (24 h treatment),

and subsequent glucocorticoid treatment for 16 h produced

translocation of ANXA1 to the external cell surface and

facilitated its release in the medium (Solito et al., 1991; Parente

et al., 1992; De Caterina et al., 1993; Solito et al., 1993; 1994);

second, we have demonstrated that ANXA1 modulates U-937

cell adhesive properties by interfering with a4b1 (CD49d/
CD29) (Solito et al., 2000) for the same time course of PMA

and dexamethasone treatment we used in this present study;

and, third, we have recently shown U-937 cell migration in vivo

in SCID mice (Perretti et al., 2002).

Data obtained in this study show that endogenous ANXA1

translocated on the membrane following dexamethasone

treatment, colocalized with L-selectin and possibly contributed

to its shedding through a protein/protein interaction.

Methods

Cell line

The monomyelocytic U-937 cell line was maintained in culture

in RPMI 1640 supplemented with 10% FCS, 1% L-glutamine

and 1% penicillin–streptomycin at 371C with 5% CO2
atmosphere. U-937 cells resuspended at 1� 106 cellsml�1 were
cultured for 24 h in low concentration of serum (RPMI 1640

supplemented with 5% of FCS) before treatment.

Chymotrypsin experiments were performed on 1� 106 U-
937 cells/100 ml of RPMI 1640. Cells were treated with 1–
200U of chymotrypsin for 15min at 371C, and then used for

immunoprecipitation or stained for flow cytometry analysis.

Flow cytometry analysis

Briefly, 1� 106 cells were washed in cold-HEPES buffer

(25mm HEPES supplemented with 1% BSA, 1mm CaCl2,

1mm MgCl2) and incubated for 30min on ice with specific

primary antibodies for ANXA1 (rabbit polyclonal antibody,

1 : 1000), Dreg-56 FITC-conjugated antibody (1 : 100) or with

isotype-matched control antibody. Cells were resuspended in

1ml of cold-HEPES buffer, and cell viability was assessed by

exclusion of propidium iodide (1 mgml�1). Log fluorescence
histograms were obtained from 10,000 viable cells for each

sample, using a dual-laser FACStarþ cell sorter (Becton

Dickinson, San Jose, CA, U.S.A.). Data acquisition and

analysis were accomplished with CellQuest software, version

3.1 (Becton Dickinson) and expressed as relative fluorescence

intensity (RFI).

Immunoprecipitation and Western blot analysis

Cells (107) were collected and lysed in 500ml of a lysis buffer
(10mm Tris, pH 7.2, 150mm NaCl, 1mm CaCl2, 1mm MgCl2
and 1% Nonidet P-40) for 30min on ice in the presence of

protease inhibitors (100mm PMSF, 1mgml�1 leupeptin,

1mgml�1 aprotinin, 1 mgml�1 pepstatin). After centrifugation,
supernatants were collected and cell lysates (500 mg) were
preincubated with protein-A sepharose and rabbit preimmune

serum for 1 h at 41C. The recovered supernatants were

incubated at 41C overnight with protein-A sepharose and a

specific polyclonal antibody directed against ANXA1 (1 : 200).

After two washes in low salt (150mm NaCl) and three washes

in high salt (500mm NaCl) buffers, IX Laemmli sample buffer

was added to the pellets and boiled for 5min. Immunopreci-

pitated proteins were separated on 12% polyacrylamide gels

according to the method of Laemmli (1970), and electroblotted

onto nitrocellulose membranes (Biorad, Hercules, CA,

U.S.A.). Immunostaining was performed using a polyclonal

ANXA1 antibody (1 : 1000) (Solito et al., 1998a), the mono-

clonal DREG-56 antibody (1 : 500), or their respective control

antibody. The immunoreactive bands were detected with an

anti-rabbit or mouse IgG-HRP secondary antibody (1 : 10,000;

Sigma), and peroxidase reaction was developed using en-

hanced chemiluminescence (ECL, Amersham Pharmacia

Biotech, Buckinghamshire, U.K.).

ELISA for membrane-associated ANXA1 and free
released ANXA1

Cell viability of nonstimulated, PMA or PMAþ
dexamethasone-treated cells was checked by the trypan blue

exclusion test (found to be 495%). Supernatants were
collected and cellular debris was removed by centrifugation

at 2000 rpm for 15min, followed by syringe filtration through

a 0.2 mm filter. Media were three-fold concentrated through
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Amicon-Millipore concentrators (Amicon Inc, Beverly, MA,

U.S.A). ANXA1 is a calcium-dependent phospholipid-binding

protein; therefore, to take into account all the fractions of

externalized ANXA1 present on the outer membrane, we used

a calcium chelator to extract the protein. U-937 cells were

washed for 10min at room temperature in PBS supplemented

with 1mm EDTA and a cocktail of protease inhibitors (100mm

PMSF, 1mgml�1 leupeptin, 1mgml�1 aprotinin, 1mgml�1

pepstatin) and cell-free supernatants were collected. Both the

extracellular media and the EDTA supernatants were then

processed for ELISA. 96-well plates (Immulon 2HB from

Dynex, Chantilly, VA, U.S.A.) were coated overnight at 41C

with 100 ml of human ANXA1 polyclonal antibody, at a
concentration of 3 mgml�1, and blocked in PBS–3% BSA for

2 h at room temperature with washing steps between each

reaction with PBS–0.1% Tween 20. Concentrated super-

natants were applied in 100ml aliquots to the wells, and the
presence of a soluble form of ANXA1 was detected using a

monoclonal ANXA1 antibody (1 : 1000), followed by a goat

anti-mouse biotinylated antibody (1 : 10,000). Staining was

performed using SAP antibody (1 : 500) for 45min and

addition of 100 ml per well of a freshly prepared diethanola-
mine buffer (1% diethanolamine, 0.5mmMgCl2, 0.02% NaN3,

pH 9) with PNP-PO4 for detection. The optical density (OD)

of the reaction mixture was read at 405 nm within an hour,

using a plate spectrophotometer (Biorad, model 3550,

Hercules, CA, U.S.A.). A standard curve was constructed

using recombinant human ANXA1 over a range of 150–

9400 ngml�1.

Measurement of soluble L-selectin by ELISA

Plates (96-well) were coated overnight with 3mgml�1 of
L-selectin polyclonal antibody, blocked for 2 h with PBS–

3% BSA, and washed three times in PBS containing 0.1%.

Tween 20. Supernatants from U-937 cells were collected and

cellular debris was removed as previously described.

1� supernatant (100ml) was applied per well for 1 h at room
temperature. The captured L-selectin was detected using the

monoclonal DREG-56 antibody (1 : 500), followed by a goat

anti-mouse biotinylated antibody (4 mgml�1, Sigma). Staining
was performed using streptavidin–alkaline phosphatase-con-

jugated antibody, as previously described.

Measurement of L-selectin binding to immobilized
annexin proteins

The sandwich ELISA used to determine L-selectin binding to

ANXA1 was performed in 96-well microtiter plates with extra-

high binding capacity for proteins (Immulon 4HBX, Dynex,

Chantilly, VA, U.S.A.). The ability of ANXA1 to bind directly

to the plastic was assessed by plotting a standard curve with

ANXA1 coated on the plastic, compared to the coated

monoclonal antibody capturing increasing concentrations of

ANXA1; in both cases, a specific polyclonal antibody detected

the amount of ANXA1. Human recombinant proteins for

ANXA1, ANXA5 and ANXA1–5 (N-terminal of ANXA1

(2–26) and core domain of ANXA5) were serially diluted in

coating buffer (PBS, 1mm Ca2þ , 1mm Mg2þ ) and immobi-

lized overnight at 41C. After the blocking step, concentrated

murine Lec-IgM chimera was incubated at the indicated

concentrations during 1 h at room temperature. Detection was

performed using a goat anti-mouse IgM-biotinylated antibody

incubated for 1 h at room temperature (1 : 500), and the

detection procedure was performed as previously described.

Immunofluorescence and confocal imaging

U-937 cells were cultured for 24 h in low serum concentration

(RPMI 1640-5% FBS) before stimulation. Cells were washed

three times in ice-cold PBS buffer (1% albumin, 1mm CaCl2,

1mmMgCl2, 0.1% sodium azide) and labeled for 45min on ice

with either a polyclonal ANXA1 antibody (1 : 1000), a

monoclonal DREG-56 antibody (1 : 500) or both. For negative

controls, respective isotype-matched control antibody was

used as primary antibody. An anti-rabbit phycoerythrine-

labeled secondary antibody (1 : 100), an anti-mouse fluorescei-

nated secondary antibody (1 : 100) or the combination were

applied for 30min on ice. Samples were washed and fixed for

10min with 2% paraformaldehyde at room temperature. Cells

were finally mounted in Vectashields and observed using a

Bio-Rad MRC 1000 laser-scanning confocal microscope, a

Zeiss Axiovert� 100 microscope equipped with a Zeiss� 100
Plan-Apochromat oil immersion objective for clearer localiza-

tion. Data shown are representative of the average staining

observed over 80–100 cells obtained from five independent

experiments.

Reagents and antibodies

PMA, dexamethasone-21 phosphate (disodium salt, MW

516.4), chymotrypsin (EC 3.4.21.1, type VII) and propidium

iodide were purchased from Sigma Chemical Co. (St Louis,

MO, U.S.A.). The recombinant human L-selectin/human IgM

chimeric protein was provided by Dr S. Rosen (University of

California at San Francisco), and was used as crude tissue

culture supernatant of transiently transfected COS-7 cells

(Bruehl et al., 2000). Recombinant protein ANXA1, ANXA5

or chimeric ANXA1-5 were produced and purified by FPLC,

as reported previously (Lim et al., 1998). P-nitrophenyl

phosphate, disodium salt (PNP-PO4) was obtained from Pierce

(Rockford, IL, U.S.A.) and the Vectashields mounting

medium, from Vector Laboratories (Burligame, CA, U.S.A.).

A neutralizing selective monoclonal antibody (mAB1-A), a

mouse IgG2a raised against human ANXA1, was obtained as

previously described (Pepinsky et al., 1990). Its isotype-

matched control antibody (mouse IgG2a), monoclonal

L-selectin antibody (Dreg-56 antibody or FITC-conjugated),

goat anti-mouse biotinylated antibody and streptavidin-alkaline

phosphatase-conjugated (SAP) antibody were all purchased

from Caltag (Burligame, CA, U.S.A.). Monoclonal ANXA1

antibody was obtained from Biogenesis (Brentwood, NH,

U.S.A.), L-selectin polyclonal antibody (N-18) from Santa

Cruz Biotechnology (Santa Cruz, CA, U.S.A.) and rabbit or

mouse secondary conjugated antibodies (PE or FITC) from

Pierce.

Statistical analysis

Data are shown as mean7s.e.m. of n distinct observations.
Statistical comparisons were analyzed with ANOVA followed

by Tukey’s post hoc test. In all cases, a threshold value of

Pp0.05 was considered as the minimum level of significance.
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Results

PMA and dexamethasone treatment induces differential

modulation of the cell-surface level of ANXA1 and externa-

lization of the protein. These effects are concomitant with a

decrease in L-selectin cell-surface expression

Incubation of U-937 cells with 1 nm PMA for 24 h and with

1 mm dexamethasone for an additional 16 h was used as a

standard procedure to increase ANXA1 expression and

externalization on the outer surface of the membrane, as

previously reported (Solito et al., 1991; 1993; 1994; 2000;

Parente et al., 1992; De Caterina et al., 1993). Figure 1a

showed 50% increase of ANXA1 surface level above untreated

control cells after PMA treatment, while dexamethasone alone

(16 h incubation) failed to induce the protein. The combined

treatment, PMAþ dexamethasone, slightly increased the cell-
surface expression of ANXA1, but not significantly compared

to PMA-treated cells. These results are in line with previous

findings (Solito et al., 1991; 1994; Kang et al., 1996; Willmott

et al., 1997). Since PMAþ dexamethasone treatment stimu-
lates translocation/release of ANXA1 in differentiated U-937

cells, it was thus important to take into account the total
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Figure 1 Effect of dexamethasone-induced ANXA1 expression and externalization/release on L-selectin cell-surface expression in
differentiated U-937 cells. Nonstimulated U-937 cells (C) were treated with 1 nm PMA for 24 h (P) or with 1 mm dexamethasone for
16 h (D) or with the combination PMA (24 h)þ dexamethasone (additional 16 h) (PþD). Control samples were incubated in
RPMIþ 5% serum medium for the same period (24 hþ 16 h). Flow cytometry histograms show ANXA1 (a), L-selectin (c) and
CD11a (d) immunoreactivities on U-937 cell surface after the indicated treatments. Data are shown as relative fluorescence intensity
(RFI) and represent mean7s.e.m. of five independent experiments done in duplicate, *Pp0.05. FITC-conjugated antibody alone
was used as an internal control for background fluorescence, (b) Analysis of the amount of cell membrane-associated ANXA1 that
was EDTA-extracted (white bars) or released in U-937 supernatants (black bars) from nonstimulated (C), PMA 24 h (P),
dexamethasone 16 h (D) or PMA and dexamethasone (PþD)-treated cells. Cell-free supernatants were harvested from U-937 cells
and concentrated three times before ELISA; EDTA-wash was used for the assay. Soluble and membrane-associated ANXA1 were
captured with a polyclonal antibody anti-ANXA1, and detected with a monoclonal antibody as described in Methods. Soluble
ANXA1 levels were quantitated by constructing a standard curve using human recombinant ANXA1 protein. Data represent
mean7s.e.m. of three independent experiments done in quadruplicate, *Pp0.05.

136 Catherine de Coupade et al Annexin 1 induces L-selectin shedding

British Journal of Pharmacology vol 140 (1)



amount of protein (membrane-associated and released) to

correctly understand the importance of the phenomenon.

ELISA assays were therefore performed on concentrated U-

937 supernatants, as well as on EDTA wash for the indicated

treatments (Figure 1b). The extracted levels of membrane-

associated ANXA1 in the supernatant of untreated U-937 was

equivalent to 200 ngml�1, and was not significantly different

from the amount detected in dexamethasone or PMA-treated

cells. PMAþ dexamethasone treatment increased the amount
of ANXA1 released from differentiated U-937. The amount of

cell membrane-associated ANXA1 that could be removed

from the extracellular surface by EDTA wash was strongly

increased after PMAþ dexamethasone treatment, compared
to unstimulated cells or cells stimulated with PMA or

dexamethasone alone (Figure 1b, white bars). After

PMAþ dexamethasone treatment, ANXA1 level was equiva-
lent to a concentration of 1.6mgml�1, as measured by ELISA.
Figure 1a showed that PMA increased cell-surface ANXA1

expression, while the sum of the medium-released ANXA1 and

the cell membrane-associated ANXA1 in PMA-treated cells

was not different from control (Figure 1b). This apparent

inconsistency could be explained by a calcium-independent

interaction of ANXA1 with phospholipid monolayers that has

already been reported (Sheets et al., 1987; Rosengarth et al.,

1998). These data showed that a fraction of ANXA1 still

remained present on the cell surface even after EDTA wash.

Figure 1c represents flow cytometry analysis and showed that

long-term incubation with PMA upregulated L-selectin

expression on the cell surface (þ 77% increase compared to

untreated control or dexamethasone-treated cells), while

dexamethasone by itself did not modify L-selectin expression.

On the contrary, PMAþ dexamethasone treatment resulted in
27% decrease in the cell-surface L-selectin expression, as

demonstrated by a reduction in the relative fluorescence

intensity. In parallel, we examined the cell-surface expression

of CD11a adhesion molecule. CD11a expression increased

after PMA treatment, as L-selectin did, but it did not change

after PMAþ dexamethasone (Figure 1d), supporting the

specificity of the relationship between ANXA1 and L-selectin.

These findings showed a potential association between the

effect of dexamethasone on PMA-enhanced cell-surface

expression of ANXA1 and decreased expression of L-selectin.

Glucocorticoids-induced L-selectin shedding is mediated
by ANXA1

Since externalized/released ANXA1 after dexamethasone

treatment was measured around 1.6 mgml�1, U-937 cells were
treated with a saturating concentration of recombinant human

ANXA1 (5 mgml�1) previously determined by Solito et al.

(2000). Exogenous ANXA1 mimicked the effect of

dexamethasone-induced ANXA1 on L-selectin cell-surface

expression after PMA treatment (25.5% decrease in L-selectin

shedding with dexamethasone and 37.1% decrease with

hrANXA1, Figure 2a). ANXA1 and dexamethasone treat-

ments were strongly reversed by the ANXA1-neutralizing

monoclonal antibody (mAB1-A), whereas control mouse IgG

(mIg2a) was without significant effect, suggesting a role for

ANXA1 as a mediator of dexamethasone-induced shedding.

mAB1-A incubation showed little effect on L-selectin cell-

surface expression on control or PMA-treated cells. A similar

observation was made for the U-937 cells treated with
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Figure 2 Exogenous human recombinant ANXA1 mimicked the
endogenous protein by inducing L-selectin shedding. Both effects
were reversed by a neutralizing antibody. Nonstimulated U-937 cells
(C) were treated with 1 nm PMA for 24 h (P) or with 1 mm
dexamethasone for 16 h (D) or with the combination PMA
(24 h)þ dexamethasone (additional 16 h) (PþD). Control samples
were incubated in RPMIþ 5% serum medium for the same period
(24 hþ 16 h), (a) The contribution of ANXA1 to the downregulation
of L-selectin expression was confirmed by PMA treatment of U-937
cells for 24 h, followed by 30min incubation at 371C with 5mg ml�1

of human recombinant ANXA1 (PMAþ hrANXA1). Cells were
treated with PMA for 24 h, then incubated with a specific anti-
ANXA1mAb at a concentration of 20 mgml�1 (þmAB1-A) for
10min, and finally incubated with either hrANXA1 for 30min or
dexamethasone for 16 h. A control antibody (þmIgG2a) was used
at the same concentration and incubated for the same period of time.
Data represent mean7s.e.m. of three independent experiments done
in duplicate, *Pp0.05. (b) ELISA analysis for soluble l-selectin in
U-937 cell-free supernatants. Neutralizing anti-ANXA1mAb
(20 mgml�1) or its isotype-matched control antibody (þmIgG2a)
was incubated with PMA-treated cells 10min before adding
hrANXA1 for 30min. Soluble L-selectin was trapped with a
polyclonal L-selectin antibody and detected with a monoclonal L-
selectin antibody (Dreg-56), as described inMethods. Data represent
mean7s.e.m. of three independent experiments done in triplicate,
Pp0.05.
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hrANXA1, mAB1-A or mIgG2a alone. To further confirm

that the loss of fluorescence detected by flow cytometry

resulted from shedding of L-selectin rather than internalization

or capping of L-selectin by externalized ANXA1, we measured

the amount of soluble L-selectin present in the medium by

ELISA. L-selectin detected in the cell-free supernatant of U-

937 cells treated with PMA was not significantly different from

unstimulated cells (Figure 2b). In contrast, a higher amount of

soluble L-selectin was found in the supernatant of U-937 cells

treated with PMAþ hrANXA1. As expected, ANXA1-neu-
tralizing antibody prevented the ANXA1-induced L-selectin

shedding.

Direct interaction between ANXA1 and L-selectin

Crosslinking of the surface antigen has been reported to result

in L-selectin shedding in human leukocytes (Palecanda et al.,

1992). Therefore, we tested whether externalized ANXA1

would interact with the extracellular domain of L-selectin and

triggers specific signaling events that lead to cleavage of the

adhesion molecule. To test this hypothesis, U-937 lysates were

incubated with specific antibodies directed against ANXA1.

Immunoprecipitated proteins were transferred on nitrocellu-

lose membrane and probed with L-selectin antibodies or with

the isotype-matched control IgG1. Two different forms of

L-selectin (around 84 kDa) were present and immunoprecipi-

tated with ANXA1 (Figure 3a, left panel). Their intensity is

enhanced after PMA treatment, while reduced after

PMAþ dexamethasone treatment. The densitometric analysis
of the L-selectin immunoreactivity for each band detected by

Western blot is illustrated in Figure 3a lower panel. The results

showed that the level of L-selectin immunoreactivity in PMA-

treated U-937 cells was strongly increased (by 230% compared

to control cells). Dexamethasone treatment reduced the

amount of L-selectin immunoreactivity by 33% compared to

PMA-treated cells. The relative proportion between the upper

and the lower bands in nontreated cells remains unchanged

after PMA treatment (2 : 1), suggesting that the interaction,

which is barely detectable in nontreated cells, is enhanced after

stimulation. Control experiments performed on L-selectin-

deficient cell line HEK-293 and on PMA-treated U-937 cells

did not show either of these high molecular weight bands.

ANXA1 immunoreactivity was similar after PMA or

PMAþ dexamethasone treatments, confirming the presence
of equal amounts of ANXA1 in the immunoprecipitates.

HEK-293 cells also expressed a high level of ANXA1

(Figure 3b, left panel). In the same experiment, we performed

internal controls including immunoprecipitation with a rabbit

preimmune serum followed by ANXA1 or L-selectin anti-

bodies blotting (Figure 3b, right panel). Specificity of the

interaction was confirmed by precipitating L-selectin from cell

lysates and ANXA1 antibody used as affinity probe (IP:

L-selectin antibody followed by WB: ANXA1 antibody,

Figure 3c). A similar observation showed L-selectin and

ANXA1 in the same complex.

Chymotrypsin treatment decreases the interaction
between Annexin 1 and L-selectin

To confirm the identity of the immunoprecipitated bands

(shown in Figure 3a) as L-selectin protein, we tested if

chymotrypsin-induced loss of L-selectin would interfere

in the interaction of L-selectin with ANXA1. Cells were

treated with 1–200U (1� 106)�1 cells of chymotrypsin in
100 ml for 15min at 371C and then analyzed by flow cytometry
for L-selectin immunoreactivity. A dose of 10U (1� 106)�1
cells caused an 80% reduction in L-selectin expression

(Figure 4a). Pretreatment of 1� 106 U-937 cells with 10U of
chymotrypsin reduced the interaction between L-selectin and

ANXA1 in resting or PMA-treated cells as illustrated in

Figure 4b.

ANXA1 N-terminal domain interacts with the
extracellular domain of L-selectin in a calcium-dependent
manner

To further characterize the interaction between ANXA1 and

L-selectin, binding assays were performed with the recombi-

nant L-selectin/IgM chimera (Lec-IgM), used as a probe for

L-selectin, and the human recombinant protein ANXA1

expressed in a prokaryotic system. In initial experiments, we

validated the model of ANXA1 binding to plastic, showing

that the amount of ANXA1 coated on an extra-high binding

capacity plastic was similar to the amount of ANXA1

presented by a specific monoclonal antibody, both revealed

with a polyclonal antibody (Figure 5a).

The results shown in Figures 5b–d investigated the binding/

interaction of the extracellular domain of L-selectin (Lec-IgM)

with ANXA1. Optimal binding was observed with a concen-

tration of ANXA1 around 5mgml�1, and a concentration of
Lec-IgM of 0.125 mgml�1; no binding was detected in the
presence of human IgM (Figures 5b and c). The bell-shaped

pattern of the dose–response curve observed in Figure 5b may

relate to additional characteristics of ANXA1-binding sites in

the presence of L-selectin, like dimerization (Solito et al.,

2000). Half-saturable binding ranged from 0.15 to 2.8 mgml�1

(4–74.5 nm) of ANXA1. Presentation of ANXA1 by a

monoclonal antibody (mAb) directed against the N-terminal

portion of the ANXA1 protein (amino acids 1–346) prevented

its binding to Lec-IgM (Figure 5c, open square). Several

studies have indicated that ANXA1 N-terminal peptide is

almost as potent as the full-length protein (Perretti et al.,

1993a; 1995; Flower & Rothwell, 1994). Taking this into

consideration, we investigated the role of the N-terminal

domain of ANXA1 (amino acids 1–33) in the interaction using

a chimeric ANXA1-5 protein constituted of the N-terminus

domain of ANXA1 (1–26) and the core domain of ANXA5, a

closely related protein displaying a core domain similar to

ANXA1 (44% identity and 63% homology), but a completely

unrelated N-terminal which is only six amino acids long. The

chimeric protein ANXA1–5 was also able to bind to Lec-IgM,

but achieved only 43% as much binding as did the wild-type

protein (Figure 5d). While ANXA5 showed no binding, low

concentrations of ANXA1–5 induced a significant higher

binding to Lec-IgM (1 mgml�1) than ANXA1 by itself,

suggesting a role for ANXA1 N-terminus and ANXA5 core

domains in the interaction with L-selectin. Since ANXA1

requires calcium for its biological activity, we examined the

importance of this ion for the interaction. Figure 5d showed

that the presence of 10mm EDTA completely prevented the

interaction of Lec-IgM either with ANXA1 or with ANXA1–

5 to a level similar to ANXA5.
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ANXA1 colocalizes with L-selectin on U-937 cell surface

As the results described above provided evidence that ANXA1

could interact with L-selectin on the cell surface, we next

characterized their cellular codistribution by confocal micro-

scopy. Figure 6 represents Z-sections through the same cell

and showed one or two representative cells for each staining.

ANXA1 was not or only slightly detectable on the cell surface

of nontreated U-937 cells (Figure 6aI, red), while L-selectin

distributed over the cell membrane (Figure 6aII, green). A very

light colocalization between ANXA1 and L-selectin could be

observed (Figure 6a, right panel, yellow). Endogenous
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ANXA1, externalized after PMAþ dexamethasone treatment,
was mostly concentrated to one pole of the cell and showed a

subtle punctate appearance (Figure 6bI, red). L-selectin

staining exhibits uniform distribution on the surface of U-

937 cells, with some concentration at one pole of the cell

(Figure 6bII, green). This staining was observed even in the

presence of azide, which is known to prevent cap formation

(Rosenman et al., 1993). After PMAþ dexamethasone treat-
ment, ANXA1 partially colocalized with L-selectin, as shown

in Figure 6aIII and bIII (yellow). All the cells examined

exhibit the same pattern of expression and colocalization.

Qualitatively, we did not find any difference in ANXA1 or

L-selectin cell-surface staining between PMA- and

PMAþ dexamethasone-treated cells (data not shown), but
we did not perform additional experiments to estimate the

number of ANXA1 and L-selectin molecules present on the

cell surface.

Discussion

It has been shown that blockade of L-selectin in vivo does not

impair neutrophil emigration (Johnston et al., 1997) or that

prevention of L-selectin proteolytic cleavage does not enhance

or inhibit neutrophil–endothelial cell adhesive interactions

(Allport et al., 1997). On the contrary, several studies

investigating the role of L-selectin shedding in leukocyte

migration demonstrated an important role for L-selectin in

enabling leukocytes to respond and migrate effectively to

chemotactic stimuli (Jung et al., 1998; Jung & Ley, 1999;

Hickey et al., 2000). Blockade of L-selectin shedding decreased

leukocyte rolling in vivo (reviewed in Ebnet & Vestweber, 1999)

and diminished neutrophil adhesion (Kuijper et al., 1997).

While these latter studies appear paradoxical, it is possible

that: first, L-selectin is not critical for leukocyte migration

while it may still have a functional role in capturing leukocytes;

second, studies have shown that selectins have overlapping

functions (Jung & Ley, 1999; Steeber et al., 1999).

Exogenous recombinant ANXA1 protein has been recently

reported to induce, in a dose- and time-dependent manner,

L-selectin shedding from peripheral blood neutrophils (Straus-

baugh & Rosen, 2001). However, mechanisms by which

ANXA1 regulate L-selectin cell-surface expression remains

unclear. Since, much evidence now exist that ANXA1 has the

highest binding to the external cell surface of monocytes with a

lower binding to circulating neutrophils and not with

lymphocytes (Perretti et al., 1996; Euzger et al., 1999), we

decided to take advantage of the U-937 cell line as a surrogate

of human monocytes expressing L-selectin, to investigate for

the first time, the role of externalized ANXA1 protein

(monitored by steroids) on L-selectin shedding and to depict

the mechanism.

We and previous investigators have reported that in U-937

cells, endogenous ANXA1 could be upregulated and mem-

brane translocated by dexamethasone after PMA treatment

(24 h) (Solito et al., 1991; 1993; 1994; Parente et al., 1992; De

Caterina et al., 1993; Parente & Solito, 1994; Comera & Russo,

1995). Data indicate that there is no significant difference in

the cell-surface expression of ANXA1 in cells treated with

PMA or PMAþ dex. However, ANXA1 has been shown to
translocate on the outer membrane and to be released/secreted

upon dexamethasone stimulation. Therefore, we performed an

ELISA on the stimulated U-937 cell supernatant to take into

account the total amount of protein (membrane-associated

and free-released ANXA1). The results showed an increase of

ANXA1 in the medium, suggesting that dexamethasone

increased the amount of ANXA1 on the cell surface, that is,

fraction of ANXA1 detectable only by ELISA. U-937 cells

expressed a basal level of L-selectin. Its expression was

enhanced by PMA treatment, while PMAþ dexamethasone-
induced ANXA1 externalization was correlated with increased

shedding of cell-surface L-selectin. Treatment of U-937 cells

with PMA markedly increases cell-surface expression of

CD11a, the aL subunit of the b2 integrin known as lymphocyte
function-associated antigen (LFA-1) (Pedrinaci et al., 1990),

but remained unchanged after PMAþ dexamethasone. Trans-
location of ANXA1 on the cell surface has been related in

other models like epithelial cells (Solito et al., 1998b), human

leukocytes (Perretti et al., 1996), or C6 glioma cells (McLeod

et al., 1995); however, the mechanism by which ANXA1 is

translocated still remains unclear. A secretion of ANXA1 from
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were incubated with different doses of chymotrypsin (U (1� 106)�1
cells) for 15min at 371C. The expression of L-selectin antigen was
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expression with a maximal effect achieved at 10Uper 1� 106 cells
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ments, (b) Loss of L-selectin antigen by chymotrypsin is associated
with a decrease in the interaction between ANXA1 and L-selectin.
U-937 cells (C) were stimulated with 1 nm PMA (P) for 24 h and then
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before performing the immunoprecipitation with a specific ANXA1
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detected with DREG-56 (WB). Data shown are representative of
three independent experiments giving similar results.
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human neutrophils has been reported via a degranulation event

involving gelatinase granules (Perretti et al., 2000). We cannot

exclude that a fraction of ANXA1 is released from damaged

cells in our assays, which is inevitable during handling.

However, our flow cytometry experiments were performed

on viable cells, that is, in the presence of propidium iodide to

specifically exclude from the analysis dying or dead cells (less

than 1% of the cells, including apoptotic bodies).

We also demonstrated that ANXA1-neutralizing antibody

counteracted dexamethasone as well as exogenous ANXA1

effects on L-selectin cell-surface expression, but had little effect

on nonactivated cells. The amount of soluble L-selectin shed

was slightly increased following PMA treatment, suggesting

that phorbol esters may increase the activity of a cell-surface

metalloproteinase responsible for L-selectin shedding (named

L-selectin sheddase) (Spertini et al., 1991; Preece et al., 1996)

or alter the conformation of L-selectin, increasing its suscept-

ibility to enzymatic cleavage. However, we found here that low

concentration of PMA (1 nm) induced L-selectin shedding, but

in a lesser extent than it increased L-selectin density on U-937

cell surface. According to Kaldjian & Stoolman (1995), low

phorbol ester concentration (0.5 nm) induced rapid L-selectin

shedding, followed by progressive increases in L-selectin

density and mRNA levels in Jurkat cells (Kaldjian & Stool-

man, 1995).

Previously, we showed by binding studies of hrANXA1 to

U-937 that 5mgml�1 of this protein saturated all the binding
sites present on U-937 cell surface (Solito et al., 2000). This

concentration mimicked dexamethasone treatment by mark-

edly increasing L-selectin shedding. We are aware that the

amount of human recombinant protein (5 mgml�1) we used to
mimic the actual effect of dexamethasone was slightly higher

than the regular amount of ANXA1 detected as a soluble form

or as calcium membrane-associated protein (1.6 mgml�1).
However, in vivo studies showed that ANXA1 can reach a

concentration as high as 100 mgml�1 in epithelial (Fava et al.,
1989) and endothelial (Romisch et al., 1992) environments or

in prostatic secretions (Christmas et al., 1991), suggesting that

in some conditions the ANXA1 concentration we used is

found.
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Figure 5 l-selectin binding to ANXA1 is calcium-dependent and
involves the N-terminal domain of ANXA1. (a) Comparison of the
amounts of ANXA1 detected after presentation of the protein by a
specific mAb or after direct binding to plastic. A monoclonal
ANXA1 antibody was coated onto microtiter plates (3 mgml�1) to
capture varying concentrations of ANXA1 (mAB1-AþANXA1).
This binding was compared to the binding for the same range of
ANXA1 recombinant protein concentrations directly coated on
extra-high binding capacity plastic (ANXA1). In both cases,
ANXA1 was detected with a polyclonal ANXA1 antibody and
showed no major difference between the two methods, (b–d) Direct
binding between annexins and L-selectin chimeric protein (Lec-IgM)
in the presence or absence of calcium, (b) Increasing concentrations
of Lec-IgM (black square) were immobilized on plastic and then
incubated with 9.4mgml�1 of ANXA1. Internal control for
nonspecific binding was determined in the presence of human IgM
(hIgM) (open square), (c) Lec-IgM or human IgM were added to
increasing concentrations of ANXA1, either directly coated on the
plastic (ANXA1) or presented by the monoclonal antibody mAB1-A
(mAB-1AþANXA1). Presence of the ANXA1 in the assay was
detected with a polyclonal antibody (mAB1-AþANXA1) as in (a),
(d) Effect of the presence of calcium of the N-terminal domain of
ANXA1 on the interaction between ANXA1 and Lec-IgM. Binding
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was compared to the binding to the same concentration range of the
chimeric protein ANXA1-5 (N-terminal domain of ANXA1 (1–26)
and core domain of ANXA5) or to an unrelated protein, ANXA5.
Experiments were done in PBSþ 1mm Ca2þ þ 1mm Mg2þ with or
without 10mm EDTA (þEDTA). Each point represents the
mean7s.e.m. of three independent experiments done in duplicates.
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Previous observations demonstrating that crosslinking of

leukocyte L-selectin results in shedding activation (Palecanda

et al., 1992), prompted us to investigate whether ANXA1

would interact with L-selectin in U-937 cells. Using immuno-

precipitation studies, we showed that ANXA1 co-precipitated

with L-selectin and that this interaction was enhanced after

PMA treatment. While we detected two forms of L-selectin,

since the experiments were performed in the presence of

protease inhibitors, they may correspond to different glycosy-

lated forms of the protein as reported in other studies. Indeed,

L-selectin was immunodetected around 65 and 70 kDa in

human plasma (Palecanda et al., 1992), around 50 and 74 kDa

in transfected CHO cells (Arribas et al., 1996) or around

68 kDa in transfected COS cells, where two bands could be

clearly observed on the blot (Migaki et al., 1995). Another

study showed that expression of wild-type L-selectin gene

transfected in two different cell lines (BHK and K562) resulted

in expression of two differently glycosylated recombinant

Figure 6 Colocalization of ANXA1 and L-selectin on U-937 cell surface by confocal microscopy. ANXA1 (panels I in red) and L-
selectin (panels II in green) cell-surface immunostaining were performed on nonstimulated U-937 cells (a) or after
PMAþ dexamethasone treatment (b). Column III (a, b) shows the distribution of fluorescence signal in merged images. To
show the distribution of the colocalization, successive Z-sections through the same cell are illustrated in (b). A monoclonal anti-a-
tubulin antibody was used to confirm that the plasma membrane was not permeabilized during immunofluorescence analysis and
showed no staining (data not shown). Pictures show representative pattern of polarity and colocalization observed in four different
high-power fields (� 100 lens) per condition. Results were obtained from five separate experiments. Scale bars, 20 mm.
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L-selectin, which were detected by Western blot as broad

bands of 60 and 65 kDa. Despite different molecular weights,

these two proteins presented no change in their ligand affinity

(Fieger et al., 2000). Intact neutrophil L-selectin is larger than

the one detected on lymphocytes (Zhao et al., 2001); no data

have been demonstrated so far for the U-937 cell line, and a

different pattern of L-selectin glycosylation could possibly

justify molecular weights of 80–85 kDa. ANXA1 and

L-selectin interaction increased after externalization of

ANXA1 (upon PMA), but decreased after release/secretion

of ANXA1 by dexamethasone. Densitometric analysis of the

L-selectin immunodetected bands revealed that the interaction

was barely detectable by Western blot in nontreated cells,

unless stimulated by PMA where more proteins were involved.

Despite the direct interaction of ANXA1 with L-selectin, we

cannot rule out that binding of ANXA1 to another molecule

may also initiate the L-selectin downregulation. Furthermore,

ANXA1 is not to be expected to only interact with L-selectin.

ANXA1 has been shown to bind to the N-formyl-methionyl-

leucyl-phenylalanine (fMLP) receptor, leading to a specific

inhibition of the transendothelial migration of neutrophils in

vitro (Walther et al., 2000) and in vivo (Perretti et al., 2001).

Furthermore, previously we demonstrated that ANXA1 could

interact with the integrin VLA4, which suggests that ANXA1

interaction with a selectin or an integrin may occur at different

points in time or during distinct steps in the process of cell

recruitment.

In the last part of the study, we conducted ELISA assays

with the recombinant protein ANXA1 that was not glycosy-

lated (Goulet et al., 1992) or did not undergo any post-

translational modification because it was expressed in a

prokaryotic system (Houdebine, 1993). Binding assays con-

firmed and extended these findings, showing a dose-dependent

reciprocal binding between ANXA1 and the extracellular

domain of L-selectin. A parallel in the pattern of binding

between Lec-IgM and L-selectin-expressing Jurkat T cells to

the L-selectin ligands strongly validates the use of the chimera

as a probe for L-selectin binding (Bruehl et al., 2000). In this

study, we found that half-saturable binding of ANXA1 to

L-selectin ranged from 5 to 74.5 nm, which is consistent with

the characteristics of ANXA1 binding to human monocytes

(half-saturable binding between 13.3 and 80 nm) (Goulding

et al., 1996). The N-terminus domain of ANXA1 mimics the

potent anti-inflammatory effect of the full-length ANXA1

protein (Cirino et al., 1993; Perretti et al., 1993a; 1995; Getting

et al., 1997; Croxtall et al., 1998; Lim et al., 1998; Perretti,

1998). The predominant role of this N-terminal domain in the

interaction with L-selectin was also observed in our model.

Indeed, the monoclonal antibody directed against the first 346

amino acids of ANXA1 totally prevented the interaction, and

a comparative binding study showed that both ANXA1 and

ANXA1–5 bind Lec-IgM whereas ANXA5 did not. The

spatial conformation of the chimeric protein ANXA1–5 is

different from that of ANXA1, and may account for its

reduced binding at high concentrations.

This interaction required calcium that may involve either the

annexin’s calcium-binding sites or the C-type lectin domain of

L-selectin, which is important in cell–cell adhesion or

attachment to extracellular matrix (Drickamer, 1999). At low

concentration, ANXA1–5 showed a higher affinity for Lec-

IgM than ANXA1, suggesting that the fourth calcium-binding

site that does not exist in the ANXA1 core domain did

participate in the binding and may help stabilize the complex

or anchor ANXA1 on the cell membrane.

Finally, evidence for an association between ANXA1 and

L-selectin was extended with immunolocalization studies.

After PMAþ dexamethasone treatment, externalized ANXA1
showed a punctate distribution on the plasma membrane,

which is consistent with the idea of specific binding protein(s)

for ANXA1 present on leukocyte cell surface (Goulding &

Guyre, 1992; 1993b; Perretti et al., 1993b; Goulding et al.,

1996; Euzger et al., 1999).

In this study, we identified a potential cellular mechanism

responsible for the L-selectin shedding during inflammation.

We propose that endogenous ANXA1 externalized on the

monocyte cell surface by glucocorticoids could facilitate

L-selectin shedding through a calcium-dependent interaction

with the selectin. Our findings may provide the basis for

further understanding of physiological actions of externalized

ANXA1 for modulation of inflammatory reactions.
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