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The blood cell interactions mediated by the adhesion molecules,
P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1)
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Department of Microbiology, Hoshi University School of Pharmacy and Pharmaceutical Sciences
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Fig. 1 Domain composition of three human selectins.
L: Lectin domain, E: Epidermal growth factor (EGF)-
like domain, C: Complement regulatory protein-like
domain.
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Fig. 2 Model for the interaction between P-selectin and
ggg%}t.ype lectin domain of P-selectin binds to a
sialyl Le*-containing O-gylcan and one or more tyro-
sine sulfate residues in the N-terminal region of
PSGL-1. Sialyl Le* is a tetrasaccharide composed of
sialic acid, galactose, N-acetylglucosamine and
fucose.
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Fig. 3 Redistribution of PSGL-1 on IL-8-treated neutrophils
and inhibitory effects of methyl- f§ -cyclodextrin and
filipin.

Human neutrophils (1 % 10° cells/ml, 0.5 ml) were
treated with IL-8 (50 ng/ml) in the presence or ab-
sence of methyl- ff -cyclodextrin (M # CD) (10 mM) or
filipin (10 z g/ml) at 37 C for 20 min. The cells were
fixed with 1% formaldehyde and stained with anti-
PSGL-1 antibody (PL1) plus Alexa Fluor 488-
conjugated anti-mouse IgG antibody. The nuclei were
stained with propidium iodide (25 u g/ml). After being
stained, the cells were observed with a confocal laser
scanning microscope. A, untreated; B, treated with
IL-8 (50 ng/ml); C, treated with IL-8 and M  CD (10
mM); D, treated with IL-8 and filipin (10 # g/ml). Bar,

10 u m.

Table 1 Effects of cholesterol-perturbing agents on the redis-
tribution of PSGL-1 induced by IL-8

Treatment Cap-forming cells' (%)

Control 7 2.7 = 2.;

IL-8 (50 ng/ml) 69.9 = 10.6
+MpCD (5 mM) 286 = 44
+MpCD (10 mM) 09 = 1.1
+ filipin (5 x4 g/ml) 19.3 = 14.0
+ filipin (10 z g/ml) 12 = 1.6

1) Mean percentage (+S.D.) of cap-forming cells in
20 fields.
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Fig. 4 Localization of PSGL-1 in detergent-insoluble lipid
microdomain.
Neutrophils were treated with or without IL-8 (50
ng/ml, 37C, 20 min) and lysed with a buffer contain-
ing 0.5% Brij 58 at 4C. Postnuclear supernatants
were centrifuged in a 5%/34% discontinuous sucrose
density gradient (A) at 200,000 x g for 20 hr.
Fractions (1.5 ml) from top to bottom were collected,
and each fraction was analyzed by Western blotting
with anti-sLe® IgM (KM93) plus biotin-conjugated
anti-IgM antibody and HRP-conjugated streptavidin
(for PSGL-1 staining) (B), and by dot-blotting with
HRP-conjugated cholera toxin B subunit (for GM1
ganglioside staining) (C).
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Fig. 5 Intracellular distribution of PSGL-1 and GM1 ganglioside in neutrophils.

(A) IL-8-treated neutrophils were stained with Alexa Fluor 488-conjugated cholera toxin B subunit for 10 min at 4C.
The cells were then fixed with 1% formaldehyde, and stained with anti-PSGL-1 antibody (PL1) plus Alexa Fluor 647-
conjugated anti-mouse IgG. Bar, 5 um. (B) The distributions of PSGL-1 and GM1 ganglioside were observed after the
cross-linking of PSGL-1 by antibodies. Neutrophils were sequentially treated with PL1 for 10 min, anti-mouse IgG
F(ab’). for 10 min, and Alexa Fluor 488-conjugated cholera toxin B subunit for 10 min at 4 C. The cells were fixed with
1% formaldehyde, and treated with Alexa Fluor 647-conjugated anti-mouse IgG. Confocal images of 15 serial sections
with a thickness of 0.93 mm are superimposed on each other. Bar, 5 u m. (C) The distributions of PSGL-1 and GM1
ganglioside were observed after the cross-linking of GM1 ganglioside. Neutrophils were treated with Alexa Fluor 488-
conjugated cholera toxin B subunit for 20 min at 4C, and then with anti-cholera toxin B subunit antisera for 10 min at
4C. The cells were fixed with 1% formaldehyde, and stained with PL1 plus Alexa Fluor 647-conjugated anti-mouse IgG.
Confocal images of 15 serial sections with a thickness of 0.72 mm are superimposed. Bar, 5 u m.
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Fig. 6 Effect of interleukin (IL)-8 on P-selectin-dependent
adhesion of neutrophils.
A, Effect of IL-8 on the adhesion of neutrophils to a P-
selectin-expressing CHO cell (CHO-P) monolayer.
Fluorescently-labeled neutrophils were treated with
or without IL-8 (50 ng/ml) for 20 min and allowed to
adhere to P-selectin-transfectant CHO-P cells and the
parental CHO-K1 cells under the shear stress (112
min") at 4C for 30 min. B, Flow cytometric analysis
of microaggregates consisting of neutrophils and
thrombin-activated platelets. Neutrophils were mixed
with fluorescently-labeled and thrombin-activated
platelets, and incubated in the presence or absence of
IL-8 (50 ng/ml) for 20 min at 37 C. The cell mixture
was subjected to flow cytometric analysis.
Neutrophils were gated for forward-scatter versus
side-scatter plotting. The fluorescence intensity asso-
ciated with neutrophils was measured. Data for 2,000
cells were collected.
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Fig. 7 Effect of IL-8 on ROS production induced by the
ligation of PSGL-1 on neutrophils.
DCFH-DA-loaded neutrophils (3 x 10’ cells in 0.6 ml
of PBS containing 0.90 mM CaCl. and 0.49 mM
MgCl.) were treated with anti-PSGL-1 antibody (PL1,
5 1 g/ml) or with a combination of PL1 (5 u g/ml) and
the F(ab’), fragment of anti-mouse IgG (5 u g/ml) in
the presence or absence of IL-8 (25 ng/ml) at 37C for
30 min. The production of ROS was measured by flow
cytometry, and was expressed as a stimulation index
calculated based on the ratio of the geometric mean of
stimulated cells to that of control cells. A representa-
tive result of three independent experiments is
shown.
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Fig. 8 The intracellular distribution of PSGL-1 on IL-8-
treated or untreated neutrophils after the cross-
linking with anti-PSGL-1 antibody.

Neutrophils were treated with anti-PSGL-1 antibody
(PL1, 10 ¢ g/ml) for 10 min at 4C. The cells were then
treated with (B and D) or without (A and C) anti-
mouse IgG F(ab’). fragment (10 x g/ml) for 10 min at
4C, and subsequently with (C and D) or without (A

and B) IL-8 (50 ng/ml) for 20 min at 37C. After the
cells were fixed with 1% formaldehyde, they were
stained with Alexa Fluor 647-conjugated anti-mouse
IgG. The nuclei were stained with propidium iodide
25 u g/ml). Confocal images of 15 serial sections with
a thickness of 0.93 mm are superimposed. Bar, 5 ym.
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1) Hydrophilic membranes
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Fig. 9 Materials of hemodialysis membranes used in this
study.
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Fig. 10 Adhesion of platelets to hemodialysis membranes.
Fluorescently-labeled platelets were suspended in
autologous plasma (a) or whole blood (b) and incu-
bated with hemodialysis membranes at 37 C for 1 hr.
After unadhered platelets were removed by washing
with PBS, platelets adhering to the membranes were
lysed with 1% Triton X-100, and the fluorescence in
the lysate was measured with a fluorescence spectro-
photometer.
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Fig. 11 Expression of P-selectin on the surface of platelets
after co-incubation with hemodialysis membranes.
A, Expression of P-selectin on platelets in suspen-
sion. PRP (platelet rich plasma) was incubated with
hemodialysis membranes at 37C for 1 hr. Platelets
were then fixed with 1% formaldehyde at room tem-
perature for 10 min, and the expression of P-selectin
on the platelet surface was measured by cell-based
ELISA. Platelets were activated with ADP (adeno-
sine 5-diphosphate, 20 mM) for a positive control. B,
Expression of P-selectin on platelets adhered to
hemodialysis membranes. PRP was incubated with
hemodialysis membranes at 37C for 1 hr. Platelets
on hemodialysis membranes were fixed with 1% for-
maldehyde, and then immunofluorescently stained
with the combination of anti-P-selectin antibody
(1237) and Alexa Fluor 488-conjugated anti mouse
FIEEIZOWTHGET L7z /MBS %225 720,
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Fig. 12 Production of intracellular hydroperoxide in
neutrophils incubated with hemodialysis membranes
in the presence or absence of platelets.

Human neutrophils were suspended in plasma (-
platelets) or platelet-rich plasma (+platelets) and in-
cubated with hemodialysis membranes for 30 min.
After the addition of 2’, 7- dichlorofluorescin
diacetate (DCFH-DA, 0.1 mM) to the suspension, the
mixture was incubated for 30 min. The generation of
the oxidized form of DCFH was assayed by flow
cytometry. Dotted line, neutrophils incubated with-
out hemodialysis membranes; thin line, neutrophils
incubated with hemodialysis membranes in the ab-
sence of platelets; thick line, neutrophils incubated
with hemodialysis membranes in the presence of
platelets. (a), RC membranes; (b), EVAL membranes;
(¢), PMMA membranes; (d), PS membranes.
Representative data of three experiments are shown.
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Fig. 13 Interaction between neutrophils and platelets previ-
ously incubated with hemodialysis membranes.
A and B, Formation of a platelet-neutrophil
microaggregate after co-incubation with
hemodialysis membranes. PRP was incubated with
PS (A) or PMMA (B) membranes at 37C for 1 hr.
Platelets were then mixed with neutrophils, and the
mixture was incubated at 37C for 30 min. The cells
were fixed with 1% formaldehyde for 10 min at room
temperature. Activated platelets were stained with
anti-P-selectin antibody (2D7) plus Alexa Fluor 488-
conjugated anti-IgG (green). Neutrophils were
stained with a combination of anti-sialyl Le* carbo-
hydrate antibody (KM93), biotinylated anti-IgM an-
tibody, and Alexa Fluor 555-conjugated streptavidin
(red). The nuclei were stained with TO-PRO-3 (blue).
The cells were observed with a confocal laser scan-
ning microscope. Scale bar, 5 mm. C, Production of
superoxide anion by neutrophils after co-incubation
with platelets pretreated with hemodialysis mem-
branes. The neutrophil suspension (1% 10° cells, 50
1 L) was mixed with a platelet suspension (50 u L)
that had been treated with EVAL membranes or
PMMA membranes, and the cells were incubated at
37T for 90 min in the presence of cytochrome c.
After centrifugation of the mixture at 5,000 rpm for
10 min, the supernatant was measured for As., Ass,
and Asx. Superoxide anion was determined by the
change in As: caused by the reduction of cytochrome
é.
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Fig. 14 The cap-formation of PSGL-1 on human neutrophils
incubated with hemodialysis membranes.
Human neutrophils were suspended in autologous
platelet rich plasma (PRP) at 2% 10° cells/ml and in-
cubated with pieces of PS membranes at 37C for 20
min. The cells were fixed with 1% formaldehyde and
stained PL1 (anti-PSGL-1 antibody) plus Alexa
Fluor 488-conjugated anti-mouse IgG antibody. The
nuclei were stained with propidium iodide. After
staining, the cells were observed using a confocal
laser scanning microscope. Bar, 10 x m.
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Fig. 15 The cap-formation of PSGL-1 on human neutrophils
by hemodialysis membrane-treated plasma.
Human plasma and platelet rich plasma isolated
from heparinized blood were treated with pieces of
PS membranes at 37C for 1 hr. The plasma was re-
covered, diluted, and mixed with peripheral
neutrophils (1% 10° cells/ml). The mixture was incu-
bated at 37 C for 20 min. The cells were then fixed
with 1% formaldehyde and stained with PL1 plus
Alexa Fluor 488-conjugated anti-IgG antibody. After
staining, the cells were observed using a confocal
laser scanning microscope. The cap-forming
neutrophils were counted in five fields.
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Fig. 16 The cap-formation of PSGL-1 on neutrophils by the
plasma treated with various hemodialysis mem-
branes.

Human plasma isolated from heparinized blood was
treated with é)ieces of various hemodialysis mem-
branes at 37 C for 1 hr. The recovered plasma was
diluted to one sixth and mixed with human
neutrophils (1 X 10" cells/ml), and the mixture was
incubated at 37 C for 20 min. The cells were fixed
and stained with PL1 plus Alexa Fluor 488-
conjugated secondary antibody. The cap-forming
neutrophils were counted in five fields. A,
Comparison among RC and synthetic membranes. B,
bComparison among RC and modified cellulosic mem-
ranes.
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Fig. 17 The effect of anaphylatoxin inhibitors on the cap-

formation of PSGL-1 on neutrophils by the plasma
treated with RC membrane.
Human plasma was treated with pieces of RC mem-
branes at 37 C for 1 hr. The recovered plasma was
diluted to one sixth and mixed with human
neutrophils (1 X 10° cells/ml), and the mixture was
incubated at 37C for 20 min in the presence or ab-
sence of C3a antagonist, SB290157 (10 u M) or Cha
antagonist, W-54011 (100 nM). The cells were then
fixed and stained with PL1 plus Alexa Fluor 488-
conjugated secondary antibody. The cap-forming
neutrophils were counted in five fields.
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Fig. 18 Enhancement of platelet-neutrophil microaggregate
formation by the RC membrane-treated plasma.
Human plasma was treated with pieces of RC mem-
branes at 37°C for 1 hr. The recovered plasma (1:6 di-
lution) was mixed with heparinized blood and
various number of thrombin-activated platelets. The
mixture was incubated at 37 C for 20 min, and
platelet-neutrophils microaggregates were stained
with phycoerythrin (PE)-conjugated anti-P-selectin
antibody. Erythrocytes were lysed with FACS lysing
solution, and the cell suspension was subjected to
flow cytometric analysis. Neutrophils were gated for
forward-scatter versus side-scatter plotting. The
fluorescence associated with neutrophils was meas-
ured. Data for 10,000 cells were collected.
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Fig. 19 A model for platelet-mediated activation of neutrophils during hemodialysis.
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The blood cell interactions mediated by the adhesion molecules, P-selectin and P-selectin glycoprotein ligand-1 (PSGL-1)
Saotomo ITOH

Department of Toxicology, Hoshi University School of Pharmacy and Pharmaceutical Sciences, Tokyo, Japan

P-selectin is a member of the selectin family of adhesion molecules. This molecule is expressed on activated endothe-
lial cells and platelets, and mediates adhesion of these cells to leukocytes via interaction between P-selectin and a
counter ligand on the leukocyte cell surface, designated as P-selectin glycoprotein ligand-1 (PSGL-1). The adhesion of
these cells is considered to be responsible for the recruitment of leukocytes to inflammatory tissues and hemorrhagic
sites. The ligation of P-selectin and PSGL-1 induces activation of leukocytes including production of reactive oxygen spe-
cies and cytokines. The interaction is thus likely to regulate leukocyte functions. In this study, our research group exam-
ined the alteration of intracellular distribution of PSGL-1 after chemokine stimulation of neutrophils and its relevance
to cellular functions, and also assessed the pathophysiological significance of the leukocyte-platelet interaction, especially
potential involvement in hemodialysis-associated complications. The results are summarized as follows: 1) PSGL-1 was
redistributed to one end of the cell to form a cap-like structure in chemokine-treated neutrophils. Several cell adhesion
molecules have been reported to be distributed in cholesterol-enriched intramembranous domain (lipid microdomain), and
functions of the adhesion molecules are greatly affected by environmental membrane lipids. The cap-formation of PSGL-1
was found to require for the integrity of lipid microdomains. 2) The cap-formation of PSGL-1 up-regulated neutrophil-
platelet microaggregate formation and neutrophil activation induced by cross-linking of PSGL-1. 3) During hemodialysis,
platelets activated through the interaction with hemodialysis membranes stimulated neutrophils to form P-selectin-
mediated microaggregates. 4) Anaphylatoxin C5a produced by the contact of plasma with hemodialysis membranes in-
duced the cap-formation of PSGL-1, and enhanced the neutrophil-platelet microaggregate formation.

These findings suggest that the P-selectin-PSGL-1 interaction is modulated by distribution of these adhesion mole-
cules on the cell surface, and is involved in the regulation of blood cell cross-talk which is responsible for the pathogene-
sis of various disorders including inflammatory and immunological processes.



