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Leukocytes Can Enbance Platelet-mediated
Aggregation and Thromboxane Release via
Interaction of P-selectin Glycoprotein Ligand 1 with

P-selectin
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Elizabeth A. Martinez, M.D.,§ Brian A. Rosenfeld, M.D.,|| Todd Dorman, M.D.#

Background: Platelet-leukocyte conjugates have been ob-
served in patients with unstable coronary syndromes and after
cardiopulmonary bypass. In vitro, the binding of platelet P-
selectin to leukocyte P-selectin glycoprotein ligand-1 (PSGL1)
mediates conjugate formation; however, the hemostatic impli-
cations of these cell-cell interactions are unknown. The aims of
this study were to determine the ability of leukocytes to modu-
late platelet agonist-induced aggregation and secretion in the
blood milieu, and to investigate the role of P-selectin and PSGL-1
in mediating these responses.

Methods: Blood was drawn from healthy volunteers for in
vitro analysis of platelet agonist-induced aggregation, secretion
(adenosine triphosphate, B-thromboglobulin, and thrombox-
ane), and platelet-leukocyte conjugate formation. Experiments
were performed on live cells in whole blood or plasma to
simulate physiologic conditions. Whole-blood impedance and
optical aggregometry, flow cytometry, and enzyme-linked im-
munosorbent assays were performed in the presence and ab-
sence of blocking antibodies to P-selectin and PSGL1. The plate-
let-specific agonists, thrombin receptor activating peptide and
adenosine diphosphate, were used to elicit platelet activation
responses.

Results: Inhibition of platelet-leukocyte adherence by P-
selectin and PSGL1 antibodies decreased agonist-induced aggre-
gation in whole blood. The presence of leukocytes in platelet-
rich plasma increased aggregation, and this increase was atten-
uated by P-selectin blocking antibodies. Data from flow
cytometry confirmed that plateletleukocyte conjugate forma-
tion contributed to aggregation responses. Blocking antibodies
reduced platelet agonist-induced thromboxane release but had
no impact on adenosine triphosphate and $-thomboglobulin
secretion.

Conclusions: Leukocytes can enhance platelet agonist—
induced aggregation and thromboxane release in whole blood
and platelet-rich plasma under shear conditions in vitro. Inter-
action of platelet P-selectin with leukocyte PSGL1 contributes
substantially to these effects.

PLATELETS are capable of binding to a variety of blood
leukocytes.! Cell conjugate formation requires platelet

*£§# Assistant Professor, T Research Assistant, Department of Anesthesiology
and Critical Care Medicine, Johns Hopkins University School of Medicine.
H Chief Medical Officer and Executive Vice President, IC-USA, Baltimore,
Maryland.

Received from the Department of Anesthesiology and Critical Care Medicine,
Johns Hopkins University School of Medicine, Baltimore, Maryland. Submitted for
publication May 5, 2000. Accepted for publication August 31, 2000. Supported
by grant No. KO8 HL03454 from the National Institutes of Health-National Heart,
Lung and Blood Institute, Bethesda, Maryland (to Dr. Faraday). Presented in part
at the annual meeting of the Society of Critical Care Medicine, Orlando, Florida,
February 11-15, 2000.

Address reprint requests to Dr. Faraday: Department of Anesthesiology and
Critical Care Medicine, Johns Hopkins Hospital, Meyer 298, 600 N. Wolfe Street,
Baltimore, Maryland 21287. Address electronic mail to: nfaraday@jhmi.edu. Indi-
vidual article reprints may be purchased through the Journal Web site,
www.anesthesiology.org.

Anesthesiology, V 94, No 1, Jan 2001

or leukocyte activation and is mediated by the interac-
tion of adhesion molecules present on platelet and leu-
kocyte surfaces.” P-selectin, a 140-kD glycoprotein in the
selectin family of adhesive molecules, is rapidly redistrib%_’
uted from platelet a-granules to the cell surface afteg
agonist stimulation.®> P-selectin mediates the adherenc%
of leukocytes to activated platelets by binding with higl’i
affinity to a constitutively expressed leukocyte glycog
protein termed P-selectin glycoprotein ligand £
(PSGL1).* In vitro, activated platelets bind leukocyte§ 3
under static and shear conditions in a P-selectin- depe
dent manner.>>”” However, the physiologic importanc
of in vivo platelet-leukocyte conjugate formation
unclear.

In vivo, circulating platelet-leukocyte conjugates
velop in a number of pathophysiologic states. For exanig
ple, cell conjugates have been observed in the blood of}
patients with unstable angma and in patients undergo
ing cardiopulmonary bypass.” The presence of platelet=
leukocyte conjugates in the circulating blood of thes
patients suggests in vivo platelet or leukocyte activatio
however, their pathophysiologic significance is unclearg
The hemostatic implications of these conjugates are pa1§
ticularly uncertain because unstable angina is a diseas§
state associated with acute coronary thrombosi59
whereas cardiopulmonary bypass is associated w1tt§
coagulopathy. 8

The impact of leukocytes on platelet-mediated reg’
sponses is controversial. Leukocytes have the capacity t(gr
release substances that can both enhance platelet funcié
tion (e.g., cathepsin G, reactive oxygen species) ang
inhibit it (e.g., nitric oxide), and both effects have bectﬁ
reported in vitro.'®"'> However, proteases and erythro%—
cytes present in blood may modify platelet-leukocyte
responses, making it difficult to extrapolate from these
in vitro studies to the blood milieu.'*'> The aims of this
study were to determine the ability of leukocytes to
modulate platelet agonist-induced responses (i.e., aggre-
gation and secretion) in whole blood and plasma, and to
investigate the role of P-selectin and PSGL-1 in mediating
these responses. All experiments were performed on
live cells in whole blood or plasma to minimize the
potential for in vitro artifact. Our results suggest that
leukocytes enhance platelet agonist-induced aggrega-
tion and thromboxane release, and that the interaction
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of platelet P-selectin with leukocyte PSGL1 contributes
substantially to these effects.

Methods

Volunteers

After obtaining institutional review board approval
(Joint Commission on Clinical Investigation at the Johns
Hopkins Medical Institutions, Baltimore, MD) and in-
formed consent, venous blood was drawn from healthy
male and female volunteers between the ages of 20 and
47 yr. After discarding the initial 3 ml, blood was anti-
coagulated with heparin (1 U/ml for aggregation studies
or 10 U/ml for granulocyte isolation) or citrate (9:1 for
aggregation, cytometric, and enzyme-linked immunosor-
bent assays). Preliminary studies demonstrated similar
results for aggregation experiments performed in hepa-
rin and citrate anticoagulated blood. All volunteers were
free of aspirin and nonsteroidal anti-inflammatory drugs
for 10 days before blood drawing.

Materials

Blocking antibodies to P-selectin (Endogen, Woburn,
MA), PSGL1 (dImmunotech, Miami, FL), L-selectin (Endo-
gen), CD11b (Endogen), and immunoglobulin (Ig)G iso-
type control (Pharmingen, San Diego, CA) were all azide-
free and certified as no-low endotoxin contamination.
The following fluorochrome-labeled antibodies were
used in flow cytometry: phycoerythrin-CD15 antibody
(Immunotech, Marseilles, France) and perCP-CD61 anti-
body (Becton Dickinson Immunocytometry Systems,
Bedford, MA) were used to label granulocytes and plate-
lets, respectively; and phycoerythrin-IgG (Sigma Chem-
ical Co, St. Louis, MO) and perCP-IgG (Immunotech)
antibodies were used as controls. All antibodies were of
the IgG1 isotype. Thrombin receptor activating peptide
(TRAP) was obtained from Bachem Biosciences (King of
Prussia, PA). Adenosine diphosphate and luciferase were
obtained from Chrono-log Corporation (Havertown, PA).
Arginine-glycine-aspartate-serine peptide, Hank’s bal-
anced salt solution (HBSS), and indomethacin were ob-
tained from Sigma. c-18 sepPak cartridges (Waters Cor-
poration, Milford, MA) were used for thromboxane
extraction. -thromboglobulin and thromboxane B2 en-
zyme immunoassay kits were obtained from Diagnostica
Stago (Asneires-Sur-Seine, France) and Neogen (Mar-
seilles, France), respectively.

Preparation of Platelet-rich Plasma and

Polymorphonuclear Leukocytes from Whole Blood

Whole blood was centrifuged at 180g for 15 min to
obtain platelet-rich plasma (PRP). PRP was diluted with
platelet-poor plasma to adjust platelet counts to
100,000/ul (final concentration in aggregation samples).
Polymorphonuclear leukocytes (PMNs) were isolated
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from whole blood by Histopaque gradient centrifugation
(Histopaque 1077/1119, Sigma Chemical Co.), washed
once in HBSS, and resuspended in HBSS to achieve a final
concentration of 1500 * 300 cells/ul (final PMN:platelet
of 1:67 in mixed-cell aggregation samples). PMN isola-
tion by Histopaque gradient centrifugation, with minimi-
zation of washing steps and avoidance of hypotonic
erythryocyte lysis, has been suggested as a means of
limiting #n vitro leukocyte activation.'® Leukocytes pre-
pared in this way were found to be more than 98%
neutrophils (Wright-Giemsa staining) and more than 98%
viable (Trypan blue exclusion). All samples were ready
for in vitro analysis within 1.5 h of blood drawing.

Whole-blood Impedance Aggregometry and Dense

Granule Secretion

Impedance aggregometry was performed using &
Chrono-log Lumi-Aggregometer (Havertown, PA) as dc‘m":
scribed by the manufacturer with modification. Brieflys
anticoagulated whole blood was diluted in an equal Volumtig;
of HBSS and incubated for 20 min (37°C) in the presencé'
and absence of blocking or IgG isotype control antibodies
(20 pg/ml). Aggregation in response to TRAP (5-20 um) O§
adenosine diphosphate (10 um) was measured as th@_
change in impedance units over 5 min and peak aggregas
tion responses recorded. Aggregation was performed a?
37°C, and samples were stirred at 1,200 min” to sirnulatg
arterial shear conditions. Simultaneous measurement 0%
dense granule secretion was determined by agonist—in—ﬁ
duced adenosine triphosphate release and measured
change in luminescence units after addition of luciferas&
(0.1 ml/ml blood). Luminescence units were converted té
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adenosine triphosphate concentration (nanomoles/ml) u%n
ing an adenosine triphosphate standard. E
Optical Aggregometry of Mixed Platelet-Leukocyte 3
Suspensions in Platelet-rich Plasma g

(1]

Optical aggregometry on mixed-cell suspensions wai
performed using a Chrono-log Lumi-aggregometer usiné
the method of Schattner et al'” with modifications
Briefly, PRP and PMNs were isolated as previously de‘%
scribed and incubated separately for 20 min at 37°C3
During the 20-min incubation period, PRP was incubate&
in the presence and absence of P-selectin or IgG isotyp%
control antibodies (20 ug/ml). PRP aggregation in re®
sponse to TRAP (15 um) was measured in the presence
of PMNs or HBSS control, which were added to PRP
immediately before agonist stimulation. In some experi-
ments, PMNs were centrifuged at 10,000g for 5 min
(after the 20-min incubation period), and the granulo-
cyte supernatant was added to PRP instead of the PMN
suspension. Aggregation was measured as percent light
transmission relative to a platelet-poor reference and was
recorded as peak change in optical density in 5 min.
Aggregation was performed at 37°C, and samples were
stirred at 1,000 min™ to simulate arterial shear.
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Identification of Platelet-Leukocyte Conjugates in

Whole Blood by Flow Cytometry

Samples were prepared as described previously for
whole-blood impedance aggregometry, except arginine-
glycine-aspartate-serine peptide (400 um) was added just
before TRAP activation to prevent platelet-platelet ag-
gregate formation. Five minutes after agonist stimulation
(or unstimulated control), 50-ul aliquots were removed
from the aggregometer, and platelet-leukocyte conju-
gate formation was assessed by two-color flow cytom-
etry as previously described® with modification. Briefly,
aliquots of blood were incubated with phycoerythrin-
CD15 and perCP-CDO1 antibodies to label granulocytes
and platelets, respectively. After incubating samples for
20 min at 22°C, erythrocytes were lysed and samples
fixed with FACS lysing solution (Beckton Dickinson, San
Jose, CA). Samples were stored at 4°C and analyzed by
flow cytometry within 24 h of fixation. Flow cytometry
was performed using a FACScan cytometer (Beckton
Dickinson) equipped with a 488-nm argon excitation
laser. Scatter data were acquired in linear mode and
fluorescence data in logarithmic mode. Data from 10,000
granulocyte events were collected and analyzed. Granu-
locytes were identified by their phycoerythrin-CD15
fluorescence and scatter profile, and perCP-fluores-
cence histograms were generated from the gated granu-
locyte population. The presence of platelet-leukocyte
conjugates was expressed as the percent of granulocytes
displaying perCP-fluorescence. Unstimulated whole
blood incubated with perCP-IgG isotype control anti-
body served as the negative control, and positivity gates
for the negative control were set at 2%.

Assessment of B-Thromboglobulin and

Thromboxane Secretion

Samples were prepared as previously described for
whole-blood impedance aggregometry. Five minutes af-
ter TRAP stimulation, 50 ul of blood was removed from
the aggregometer and incubated with an equal volume
of ice-cold acid-citrate-dextrose quenching buffer.
(Quenching buffer included 20 um indomethacin for
thromboxane assays.) Samples were incubated on ice for
5 min, centrifuged at 10,000g for 5 min, and plasma was
removed for (-thromboglobulin and thromboxane as-
says. 3-thromboglobulin and thromboxane were deter-
mined by commercially available enzyme-linked immu-
nosorbent assays according to the manufacturers’
protocols.

Statistical Analyses

Data were analyzed by paired ¢ test and repeated-
measures analysis of variance with Bonferroni-corrected
post boc analyses, as appropriate. Data are expressed as
mean * SD.
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Fig. 1. P-selectin and P-selectin glycoprotein ligand 1 (PSGL1Xx
blockade inhibit aggregation in thrombin receptor activating
peptide-activated whole blood. Whole-blood samples were ing
cubated in the presence and absence of P-selectin, PSGL1, og;‘g
immunoglobulin (Ig)G isotype control antibodies for 20 mmg
Aggregation in response to thrombin receptor activating peps
tide was then measured by impedance aggregometry as dq%
scribed in Methods. (4) P-selectin antibody experiments. (B}B
PSGL1 antibody experiments. In each set of experiments, dat@;
were significantly different by repeated-measures analysis of
variance (P < 0.0001; n = 13); *P < 0.001 versus no antlbodg
and IgG control by Bonferroni post boc test.

Results

anb Aq jpd5Z00

To determine the impact of platelet-leukocyte interac?
tions on platelet agonist-induced aggregation, we inhibitecfé
platelet-leukocyte adhesion with blocking antibodies té
P-selectin and PSGL1. P-selectin and PSGL1 antibodie%
inhibited TRAP-induced aggregation in whole blood, but
IgG control antibodies did not (figs. 1A and 1B). Using an
increasing dose response to TRAP (5-20 um), we ob-
served a similar inhibition of aggregation in response to
10 and 20 um TRAP; however, aggregation was not
reliably induced in response to 5 um TRAP, regardless of
the presence of blocking antibody (data not shown).
Adenosine diphosphate-induced aggregation was also
inhibited, although the magnitude of this inhibitory ef-
fect was less (11 = 3, 11 = 2, 8 = 3* and 7 = 2* for no
antibody, IgG control, P-selectin, and PSGL1, respec-
tively; *P < 0.05 wvs. no antibody and IgG control by
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Table 1. P-selectin and PSGL1 Antibodies Inhibit Platelet-Leukocyte Conjugate Formation in TRAP-activated Whole Blood

% PMN with Bound Unstimulated Blocking

Platelets Control No Antibody IgG Control Antibody Antibody
P-selectin experiments 2% = 2% 96% * 3%* 94% * 6%* 6% = 5%t
PSGL1 experiments 2% = 1% 98% = 1%* 97% =+ 2%* 10% * 4%t

Whole blood samples were incubated in the presence and absence of P-selectin, P-selectin glycoprotein ligand 1 (PSGL1), and immunoglobin G (IgG) isotype
control antibodies for 20 min before placement in an aggregometer and thrombin receptor—activating peptide (TRAP) activation (unstimulated control samples
did not receive TRAP). Five minutes after activation, an aliquot of blood was removed from the aggregometer and incubated with PE-CD15 and perCP-CD61
antibodies. After 20 min, samples were fixed, and red cells were lysed with fluorescent-activated cell sorter lysing solution. Platelet-leukocyte conjugate formation
was determined by two-color flow cytometry. PerCP-fluorescence histograms generated from the gated granulocyte population were used to determine the
percent of platelet positive granulocytes, as described in the Methods. In each set of experiments (n = 5), data were significantly different by repeated measures

analysis of variance (P < 0.0001).

* P < 0.001 versus unstimulated control by Bonferroni post hoc test. 1 P < 0.001 versus no antibody and IgG control antibody by Bonferroni post hoc test

PMN = polymorphonuclear leukocytes.

Bonferroni post hoc test). In contrast, blocking antibod-
ies to L-selectin, a constitutively expressed leukocyte
selectin, had no impact on TRAP-induced aggregation
(24 = 2,24 £ 2, and 22 * 2 for no antibody, IgG control,
and L-selectin, respectively). Similarly, blocking antibod-
ies to CD11b, an activation-dependent leukocyte inte-
grin capable of mediating platelet-leukocyte adhesion,?
did not significantly reduce aggregation in response to
TRAP (26 £ 7,26 *= 5, and 23 =* 4, for no antibody, 1gG
control, and CD11b, respectively).

To confirm that TRAP stimulation induced platelet-
leukocyte conjugate formation in whole blood, and that
blocking antibodies inhibited platelet-leukocyte adher-
ence, we analyzed aggregation samples by flow cytom-
etry. Flow cytometric experiments demonstrated that
TRAP activation induced the formation of platelet-leu-
kocyte conjugates and that blockade of P-selectin or
PSGL1 nearly eliminated conjugate formation (table 1).
However, blocking antibodies to L-selectin did not re-
duce the number of platelet-leukocyte conjugates
formed in response to TRAP; and blocking antibodies to
CD11b reduced conjugate formation by only 10% (data
not shown).

Data from blocking antibody experiments suggested
that platelet-leukocyte adhesion contributed to TRAP-
induced aggregate formation in whole blood, and that
the interaction of P-selectin with PSGL1 contributed sub-
stantially to this effect. To confirm that leukocytes pro-
moted aggregation and that P-selectin-antibody-medi-
ated inhibition was specific to a reduction in platelet-
leukocyte adhesion, we repeated aggregation experi-
ments in PRP in the presence and absence of isolated
granulocytes. Results of these experiments are shown in
figure 2 and demonstrate that isolated granulocytes mod-
erately increased TRAP-induced aggregation in PRP, and
that P-selectin blockade attenuated this effect. Further-
more, P-selectin antibody had no effect on platelet ag-
gregation in the absence of granulocytes (fig. 2), and
TRAP-stimulated granulocytes had no ability to aggregate
in the absence of platelets (data not shown). To deter-
mine if the physical presence of leukocytes was neces-
sary to augment PRP aggregation, we performed aggre-
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gation experiments in the presence and absence of
leukocyte supernatants instead of leukocyte suspeng
sions. There was no difference in PRP aggregation besf
tween samples in which measurements were made i
the presence and absence of leukocyte supernatantg
(T9% = 23% vs. 75% £ 22% for supernatant vs. HBSS%
respectively; P = nonsignificant). Thus, under the c0n§'
ditions of this study, the physical presence of leukocytes
appeared necessary to augment TRAP-induced aggregaté
formation in PRP. 2

Whole-blood and PRP experiments indicated thag
platelet-leukocyte adhesion contributed to aggregaté
formation induced by platelet agonists; however, thé
direct effect of conjugate formation on platelet functior%
was unclear. To determine the impact of platelet—leuk0§
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Fig. 2. Granulocytes enhance thrombin receptor activating pepd
tide—induced aggregation in platelet-rich plasma, and P-selectin
blockade attenuates this effect. Platelet-rich plasma and poly-
morphonuclear leukocytes (PMNs) were prepared from whole
blood, and platelet-rich plasma was incubated in the presence
and absence of P-selectin or immunoglobulin (Ig)G isotype con-
trol antibodies for 20 min. Aggregation of platelet-rich plasma
in the presence of PMNs or Hank’s balanced salt solution (HBSS)
vehicle (added immediately before agonist stimulation) was
induced by thrombin receptor activating peptide, and re-
sponses were measured by optical aggregometry. Data were
significantly different by repeated-measures analysis of vari-
ance (P < 0.0001; n = 8); 1P < 0.001 versus HBSS by Bonferroni
post boc test; *P < 0.05 versus no antibody—PMN and IgG con-
trol-PMN by Bonferroni post boc test. (There was no significant
difference between HBSS and PMN samples incubated with P-
selectin antibody.)
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Fig. 3. P-selectin and P-selectin glycoprotein ligand 1 (PSGL1)
antibodies inhibit thromboxane release in thrombin receptor
activating peptide—activated whole blood. Whole-blood samples
were incubated in the presence and absence of P-selectin,
PSGL1, and immunoglobulin (Ig)G isotype control antibodies
for 20 min before placement in an aggregometer and thrombin
receptor activating peptide activation. Five minutes after activa-
tion, an aliquot of blood was removed from the aggregometer,
the reaction was quenched with ice-cold acid-citrate-dextrose—
indomethacin, and samples were centrifuged at 10,000g. The
resulting plasma was removed, thromboxane was extracted,
and concentration was measured by enzyme-linked immu-
nosorbent assay. Data were significantly different by repeated-
measures analysis of variance (P < 0.0001; n = 13); *P < 0.01
versus no antibody and IgG control by Bonferroni post boc test.
(Thromboxane concentrations in unstimulated control samples
were 0.37 + 0.18 ng/ml.)

cyte adhesion on platelet function, we measured platelet
secretion responses in TRAP-stimulated blood incubated
with P-selectin, PSGL1, or control antibodies. Blocking
antibodies reduced thromboxane release from TRAP-
stimulated whole-blood samples (fig. 3). However, P-
selectin and PSGL1 antibodies had no effect on TRAP-
induced platelet dense granule (as measured by
adenosine triphosphate release) or a-granule (as mea-
sured by S-thromboglobulin) secretion (table 2).

Discussion

We hypothesized that leukocytes modulate platelet
agonist-induced aggregation and secretion and that
platelet-leukocyte adherence via interaction of P-selec-
tin with PSGL1 contributes to these responses. Results of
our experiments indicate that leukocytes contribute to
platelet agonist-induced aggregate formation and throm-
boxane release under shear stress in whole blood, and
that interaction of platelet P-selectin with leukocyte
PSGL1 contributes to these responses. These findings
suggest that leukocytes may participate in hemostasis by
contributing to aggregate bulk formation in response to
platelet activation and by promoting platelet activation
and vasoconstriction through increased thromboxane
production.

The physiologic importance of platelet-leukocyte in-
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teractions has received considerable attention over the
past 10 yr, with substantial focus on the proinflaimma-
tory consequences of these interactions.'®?° However,
the impact of leukocytes on platelet-mediated hemo-
static functions remains controversial because both aug-
mented'”'"?"%? and inhibited'*'>'”*3 platelet activa-
tion are reported in vitro. Leukocytes are capable of
modulating platelet functions through release of a vari-
ety of stimulatory and inhibitory substances, including
cathepsin G,'®?? reactive oxygen species,'' and nitric
oxide'?; however, release requires leukocyte activation,
which may or may not occur, before platelet activation
in vivo. Furthermore, the net affect of these stimulatorgz
and inhibitory substances on platelet functions in thg
blood milieu is unclear because plasma proteases Caﬁi
neutralize cathepsin G,'* and erythrocytes can scavengé
nitric oxide and increase thromboxane production.?*

In contrast to many previous studies, we assesse
aggregation and secretion responses in live cells
whole blood and plasma to approximate physiologi§
conditions. Under these in vitro conditions, leukocyte$
enhanced platelet agonist-induced aggregation througha
a process that involved platelet P-selectin and leukocy@
PSGL1. Enhanced responses required cell- cell Contacg
because blocking antibodies inhibited aggregation i
whole blood and PRP, but cell-free leukocyte supernai\
tants had no effect. The ability of P-selectin and PSGLﬁ
blocking antibodies to inhibit platelet agonist- 1nduce(§
aggregation was greater for TRAP than adenosine d1phos§
phate (approximately 50% vs. 30% inhibition), which i;‘sz
consistent with greater induction of P-selectin expres§
sion (Ze., a-granule secretion) known to occur w1tl£
TRAP stimulation. However, in neither case was antlg
body blockade completely effective at suppressing agg
gregation. This observation is consistent with the fac§
that platelet aggregation involves multiple mechanismsg
the most important of which is the agonist-induced bind§
ing of ﬁbrmogen to GPIIb-IlIa receptors on actlvate
platelets.*®

To determine if platelet-leukocyte conjugate formag
tion could directly modify platelet function, we rnea»
sured platelet-specific secretion responses in the press
ence and absence of blocking antibodies. Thesg§
experiments demonstrated that leukocytes modulate(g
thromboxane secretion through interaction of PSGLT
with P-selectin in TRAP-stimulated whole blood, but had
no impact on platelet-dense granule and « granule secre-
tion. Other investigators demonstrated previously that
activated leukocytes (formyl-methionine-leucine-phenyl-
alanine-stimulated leukocytes in platelet-leukocyte sus-
pension) could transfer arachidonic acid to P-selectin-
conjugated platelets and enhance thromboxane
production.?®?” Our observations extend these findings
by demonstrating the importance of PSGL1 as the leuko-
cyte counter-receptor in mediating mixed-cell throm-
boxane production, and by suggesting that transcellular
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Table 2. P-selectin and PSGL1 Blockade Have No Effect on TRAP-induced Platelet-dense Granule and a-Granule Secretion

IgG Control P-selectin PSGLA1
No Antibody Antibody Antibody Antibody
ATP (nanomoles)
P-selectin experiments 1.7 £ 0.6 1.6 £ 0.6 1.7 £ 0.6
PSGL1 experiments 1.6 = 0.6 1.5+0.6 1.4 +0.6
B-Thromboglobulin (ng/ml) 6,160 = 789 5,680 = 1,040 6,600 = 1,940 5,740 = 1,787

Whole blood samples were incubated in the presence and absence of P-selectin, P-selectin glycoprotein ligand 1 (PSGL1), and immunoglobin G (IgG) isotype
control antibodies for 20 min before placement in an aggregometer and thrombin receptor-activating peptide (TRAP) activation. Adenosine triphosphate (ATP)
release was measured (n = 8 in each set of experiments) in a Chrono-log Lumi-Aggregometer as described in the Methods. Five minutes after activation, an
aliquot of blood was removed from the aggregometer, the reaction was quenched with ice cold acid-citrate-dextrose, and samples were centrifuged at 10,000g.

The resulting plasma was removed, and B-thromboglobulin was measured by commercial enzyme-linked immunosorbent assay (n = 5).

arachidonic acid metabolism may proceed in whole
blood and when initiated by platelet activation instead of
leukocyte activation.

We found no evidence that leukocytes inhibited plate-
let-mediated functions using whole blood and PRP, and
when cell activation was initiated by platelet-specific
agonists. Our observation that leukocytes enhanced
platelet-mediated aggregation is similar to that of another
study in which aggregation was assessed by the whole-
blood impedance technique.'' Methodologic differences
between this and other studies may account for discor-
dant findings, with many previous studies performed in
samples washed free of erythrocytes or plasma'®'%!32!
and using leukocyte activators in aggregation stud-
ies.'"?"?% In addition to removing elements capable of
modulating platelet responses, washing steps may intro-
duce artefactual platelet or leukocyte activation, because
both types of cells are exquisitely sensitive to in vitro
manipulation.’® By reducing in vitro cell preparation
steps (e.g., whole-blood aggregation, avoidance of plate-
let washing, etc.) we attempted to limit artefactual cell
activation before initiating aggregation with platelet-spe-
cific agonists. Thus, although leukocytes augmented
platelet agonist-induced aggregation and secretion in
our studies, it remains possible that different effects
could occur in vitro or in vivo if cell activation were
induced by different agonists or if leukocyte activation
preceded platelet activation. The importance of the se-
quence of cell activation is underscored by the studies of
Lorant et al®® that demonstrated a rapid decrease in
leukocyte adherence to P-selectin after leukocyte
activation.

The ability of leukocytes to modulate platelet re-
sponses has implications for in vitro studies of platelet
function and in vivo hemostasis. Data from this study
support the conclusion of other investigators that hemo-
stasis is regulated by multiple blood cellular elements®”
and suggest that whole-blood impedance aggregometry
as described by Cardinal and Flower>® may reflect in
vivo aggregation events better than PRP aggregometry as
described by Born and Hume.*' More importantly, the
ability of leukocytes to augment platelet agonist-in-
duced aggregation and thromboxane release suggests a
prothrombotic potential for platelet-leukocyte interac-
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tions in vivo. Despite conflicting reports regarding thg?
impact of leukocytes on platelet responses, other invea?L
tigators have also suggested a prothrombotic role fog
P-selectin-PSGLI interactions."® The inhibitory effect of
blocking antibodies on aggregation and thromboxanféj
release in our studies varied from 20% to 50% depending
on the experimental conditions, and it is difficult t(g
know how these differences would affect in vivo hemog
stasis. Although it is difficult to extrapolate from in vitré
to in vivo settings, experimental conditions used in oug
studies may parallel in vivo arterial thrombosis wherg
initiated by platelet agonists and suggest that plateletg
leukocyte adhesion may have a prothrombotic role i
such circumstances. Support for such speculation is des
rived from a porcine model of arterial thrombosis ancf
thrombolysis in which PSGL1 blockade accelerated clog
lysis and decreased the rate of arterial reocclusion.>?
Extrapolation of our results to the setting of cardiopu
monary bypass is more uncertain because platelet-le
kocyte interactions are more likely to occur in associ
tion with prior or simultaneous leukocyte activation,”
and the experiments performed were not designed tQ
determine the impact of leukocyte activation on plateleé
responses. However, other investigators have reported &
reduction in TRAP-induced platelet P-selectin expressiotg
and platelet-leukocyte conjugate formation after cardioS
pulmonary bypass®*>> and have suggested that reducec?%;
platelet-leukocyte adhesion contributes to abnormal hes
mostasis after cardiac surgery.>* Additional studies arég
needed to further characterize the hemostatic implicas
tions of platelet-leukocyte interactions under a variety of
physiologic and pathophysiologic conditions.
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