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When activated platelets were treated with annexin AS, the
phagocytosis abated (percentage of neutrophils phagocytosing
platelets from 37.1% * 4.4%t05.1% = 1.2%, P < .001). Annexin
A5 in contrast did not significantly modify the percentage of
neutrophils with adherent platelets (from 25.6% = 3.0% to
20.1% = 3.3%; Figure 7). We also failed to significantly interfere
with platelet adhesion to neutrophils under flow conditions (Table
2, Figure 8; Video S4). Moreover, annexin A5 did not influence the
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Figure 5. Phagocytosed platelets reach intracellular acidic vacuoles. (A) Neutro-
phils were incubated with resting or activated platelets labeled with BCECF-AM for
5 minutes at 37°C or 4°C and analyzed by flow cytometry. A bright-red fluorescence
associated with the phagocytic events indicates that intracellular platelets reached
acidic vacuoles. Platelet acidification did not occur in conditions in which phagocyto-
sis did not occur (ie, when neutrophils were challenged with resting platelets or when
the assay was carried out at 4°C). (B) Neutrophils were incubated with resting or
activated platelets labeled with pHrodo for 5 minutes at 37°C or 4°C and analyzed by
flow cytometry. A bright-red fluorescence associated with the phagocytic events
indicates that platelets reached acidic vacuoles. Acidification did not occur in
conditions in which phagocytosis did not occur (ie, when neutrophils were challenged
with resting platelets or when the assay was carried out at 4°C).
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Figure 4. Platelet phagocytosis requires integrity and function of the
actin-based cytoskeleton. Neutrophils were incubated in the presence
or the absence of activated platelets for 5 minutes at 37°C or 4°C.
Phagocytosis of platelets, assessed by flow cytometry as described in
“Adhesion and phagocytosis,” occurred at 37°C and abated in conditions
in which the assembly of the actin-based cytoskeleton was prevented by
pretreatment with cytochalasin D (CCD) or by nonpermissive tempera-
tures (4°C). In these conditions, degranulation was also inhibited, as
revealed by MPO content of neutrophils. Consistent results were observed
by confocal microscopy: glass-adhered platelets were activated with
thrombin (0.5 U/mL) for 2 minutes, washed, and incubated in the presence
of purified autologous neutrophils. Platelets were revealed by staining with
antiplatelet glycoprotein Ib mAbs (red) and neutrophils with anti-CD66b
mAb (green). At 4°C, sample washings removed neutrophils that did not
firmly adhere; at 37°C neutrophils are evident, whereas extracellular
platelets were not any more detectable; in the presence of cytochalasin D,
few scattered neutrophils and extracellular platelets are evident.

MPO depletion induced by activated autologous platelets (from
52.9 = 5.8 to 26.3 = 2.1 MF1 for neutrophils challenged with
activated platelets, and to 30.6 = 2.6 MF1 for neutrophils chal-
lenged with activated, annexin AS—treated platelets; Figure 7).
These results indicate that by hindrance with the recognition of
phosphatydylserine we dissect the events linked to platelet adhe-
sion and phagocytosis, thus revealing that neutrophil degranulation
is dependent on adhesion.

Divalent cations, which are necessary for selectin- and integrin-
mediated adhesion,>* were also required. Platelet adhesion, platelet
phagocytosis, and MPO release were virtually abrogated when
EDTA was added to activated platelets before interaction with
neutrophils (the percentage of neutrophils with adherent platelets
decreased from 25.6% = 2.0% to 6.8% = 1.2%; the percentage of
neutrophils that phagocytosed platelets from 37.1% * 4.4% to
0.7% = 0.4% and MPO content from 26.3 = 1.1 to 55.8 = 6.2
MPO-MF1; P < .001 for both adhesion and phagocytosis, P < .001
for MPO release; n = 6; Figure 7).

To determine whether P-selectin was involved, we used
mAbs blocking either P-selectin or its counterreceptor on
neutrophils, PSGL-1. Both adhesion and internalization abated
in treated samples, and MPO depletion was prevented (the
percentage of neutrophils with adherent platelets decreased
from 27.1% = 1.5% to 3.7% = 0.4%, the percentage of neutro-
phils that phagocytosed platelets from 36.1% * 2.7% to
3.5% *= 1.2%; MPO content from 25.7 = 3.4 to 60.5 = 4.5
MF1, respectively, upon P-selectin blockade; the percentage of
neutrophils with adherent platelets decreased to 9.5% * 2.2%,
the percentage of neutrophils that phagocytosed platelets to
1.6 = 1.1 and MPO content to 47.9 MF1 upon PSGL1 block-
ade). The difference with results obtained in the presence of
irrelevant isotype-matched mAb was statistically significant
(P <.001, n = 6; Figure 7). These results further support the
role of the P-selectin/PSGL-1 interaction in the cell-to-cell
interaction and unequivocally implicate this pathway as a master
regulator of platelet phagocytosis.

P-selectin/PSGL-1 interaction promotes Mac-1-dependent ho-
motypic neutrophil aggregation and neutrophil/platelet aggrega-
tion,>3 a mechanism dependent on cytoskeletal rearrangement and
Mac-1 clusterization. Neutrophils expressed the Mac-1 molecule
and up-regulated the surface expression of the molecule when
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Table 3. Neutrophils fail to respond to fMLP after interaction with activated platelets

Mac-1, % basal value

Neutrophils with internalized platelets, %

Neutrophils with resting platelets

Neutrophils with activated platelets

Neutrophils alone + fMLP

Neutrophils with resting platelets + fMLP

Neutrophils that phagocytosed activated platelets + fMLP

100 0.3+0.2
158.6 *25.8 43.7 = 5.1
2428 +31.2 0.3 +0.2
246.2 +29.3 0.3+0.2
126.5 = 12.1 43.7 = 5.1

Neutrophils were stimulated or not with fMLP 0.5 uM after a 5-minute incubation at 37°C with resting or activated platelets. Reactions were blocked after further 5 minutes.
Mac-1 expression and internalized platelets were determined by flow cytometry. Effects on Mac-1 expression are expressed as the percentage of basal value. Values are the

mean *+ SEM of 3 independent experiments performed in duplicate.

challenged with activated platelets (Figure S2). Blocking mAbs
against the common 32 chain (CD18) or against the aM chain of
the integrin significantly inhibited both platelet adhesion to neutro-
phils (from 27.1% * 1.5% to 13.4% = 3.2% with anti-CD18 mAb,
n = 11, and to 19.0% = 1.2% with the anti—-Mac-1 mAb, n = 6;
differences with the control isotype-matched mAb were significant,
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Figure 6. In vivo evidence of the phagocytosis of activated platelets by
circulating neutrophils. Purified platelets, either activated (A) or resting (B), were
injected in the tail vein of C57BL/6 mice. Platelet activation was achieved with
thrombin. The molecule was then inactivated by addition of hyrudin, as described in
“In vivo injection and clearance of activated platelets.” (C) The effect of the in vivo
injection of the buffer used for platelet activation, containing both thrombin and
hyrudin. Blood was retrieved at different times after injection (x axis, hours) and
neutrophils with adherent (M) or internalized ([) platelets were identified by flow
cytometry. More than 70% of circulating neutrophils were engaged in the internaliza-
tion and adhesion of activated, but not resting, platelets after 1 hour. The fraction of
circulating neutrophils with internalized and adherent platelets returned to back-
ground levels 24 hours after the injection. Results are expressed as mean = SEM;
5 to 7 animals were assessed per point.

P < .001) and phagocytosis (n =6, from 36.1% * 2.7% to
11.7% = 47% in the presence of anti-CD18 mAb and to
12.4% = 3.7% in the presence of anti-Mac-1 mAb, P < .001
versus cells treated with the irrelevant mAb). The MPO release,
although reduced, was not significantly affected by Mac-1 block-
ade (Figure 8). The glycoprotein Iba interacts with Mac-1 ex-
pressed on activated leukocytes:* its blockade did not exert a
significant effect in this system (Figure 8). The results indicate that
the Mac-1 integrin is required for the firm adhesion of neutrophils
to platelets, and suggest that this event is required for eventual
platelet internalization. In agreement, prevention of the rearrange-
ment of the actin-based filament network at 4°C or its disruption
by cytochalasin D abrogated platelet clearance by neutrophils
(Figure 4).

We studied in a parallel set of experiments the interaction
between neutrophils and platelets in whole-blood samples.?’
This approach avoids potential artifacts due to cell isolation
procedures, and maintains during the assay the physiologic
array of plasma cofactors and opsonins. At 5 minutes after
platelet activation, the fraction of neutrophils with adherent
platelets shifted from 2.13% plus or minus 0.6% to 32.0% plus
or minus 5.7% (n = 5; P < .001), and the fraction of neutrophils
that phagocytosed platelets from 3.4% plus or minus 1.4% to
42.7% plus or minus 5.7% (Figure S3A). Intracellular MPO
content significantly decreased (from 101.3 = 37.1 to
60.0 = 23.1 MF1,n = 5; P < .001; Figure S3B), with a consen-
sual increase in the plasma concentration of the soluble protein
(from 3.8 = 1.0 ng/mL to 14.6 = 2.0 ng/mL, n = 5; P < .001;
Figure S3B). These results indicate that events associated to
platelet adhesion and phagocytosis by neutrophils occurs in the
blood (ie, in the physiologic environment where circulating cells
interact).

Blocking mAbs against P-selectin and Mac-1, reduced adher-
ence, phagocytosis, and MPO release (Figure S3). Results with
recombinant annexin A5 were in keeping with those obtained using
isolated cells, because phosphatidylserine exposure was required
for internalization of platelets; its hindrance did not alter the release
of MPO, further supporting the contention that phagocytosis and
degranulation are not causally linked.

To address the role of cyclooxygenase pathway, experiments
were performed using samples from donors before and 4 hours
after ingestion of acetylsalicylic acid. The treatment did not
influence either activated platelet adhesion to neutrophils or
their phagocytic clearance (Figure S4). Finally, we evaluated
whether phagocytosis by neutrophils influenced the acceleration
of the coagulation time due to activated platelets, which
physiologically represent a source of anionic phospholipids.
Table 4 shows that the interaction with neutrophils significantly
reduces the procoagulant activity of activated platelets. The
action of neutrophils was dose-dependent, because it increased
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Figure 7. The phagocytosis of platelets depends on exposure of phosphatidylserine, on expression of P-selectin and B2 integrins. The percentage of neutrophils with
adherent (M) and internalized () platelets (A) and their MPO content (B) were evaluated. (Left panels) Neutrophils were challenged with resting platelets (TRAP-6) or with
activated platelets (TRAP-6") or with activated platelets treated with recombinant annexin A5 (15 pg/mL; TRAP-6*, annexin A5). (Middle panels) Neutrophils were challenged
with activated platelets (TRAP-6") either in the presence of irrelevant control mAb, or of EDTA, or of anti—P-selectin mAb (anti P-sel) or of anti-PSGL-1 mAb (anti PSGL-1).
(Right panels) Neutrophils were challenged with activated platelets (TRAP-67) either in the presence of irrelevant control mAb, or of anti-GPlba mAb (anti-GPlba), or of mAb
against the B2 subunit binding site (anti-CD18), or against the Mac-1 binding site (anti Mac-1). All mAbs were incubated with the relevant cell fraction at a 20 wg/mL final
concentration 5 minutes before the assay. Adhesion, phagocytosis, and MPO release are expressed as mean = SEM of 6 to 16 independent experiments. ***P < .001;

*P < .005, significantly different from control.

in direct proportion to the phagocyte-to-platelet ratio and was
due to active phagocytosis, because it was abrogated by
treatment with cytochalasin D (Table 4).

Discussion

These experiments document an active pathway culminating in the
clearance of activated platelets by neutrophils in vitro and in vivo,
involving release of the content of the azurophilic cytoplasmic
granules and active phagocytosis. The clearance comprises an
adhesion step, which depends on the interaction between P-selectin
and its counterreceptor on neutrophils, PSGL-1, and on the
activation of the [2-integrin Mac-1. Active internalization is a
second step, which is selectively abrogated by interference with the
recognition of phosphatidylserine. Neutrophils that have phagocy-
tosed platelets can be traced with relative ease in the circulating
blood of patients with acute myocardial infarction who have high
platelet P-selectin expression (Table 1). Depletion of neutrophil
MPO across the coronary inflamed vascular bed is a well-
characterized event in patients with severe unstable angina’$3
where it is unrelated to myocardial ischemia, chronic atheroscle-
rotic burden, or to passage through the ischemic myocardium or
culprit unstable lesions.? The findings of the present study raise the
possibility that the interaction between circulating activated plate-
lets and leukocytes is mechanistically involved in such depletion.
The mechanisms controlling the removal of platelets from the
circulation are poorly identified, even if the phagocytosis of effete,
activated platelets possibly contributes. Extensive thrombosis, such
as that which occurs during disseminated intravascular coagula-
tion, causes thrombocytopenia, most likely because of incorpora-
tion of platelets into the small thrombi that are eventually cleared

by local phagocytes.* Even in more physiologic conditions,
platelet activation would occur on injured vessel walls, and the
activated platelets could be rapidly sequestered at these sites.

Autoantibodies accelerate the removal of platelets by
Fc receptor—bearing phagocytes in patients with autoimmune
thrombocytopenia,*! and microbial products, including bacterial
endotoxin, enhance phagocytosis.*>* Cooling primes reinfused
human platelets for activation, and Mac-1 is responsible for rapidly
decreasing platelet counts, preventing the induction of thrombosis
by primed platelets.** Interestingly, and in good agreement with our
data on a key role of 32 integrin in the phagocytic clearance of
platelets, Macl '~ mice have an increased concentration of circu-
lating platelets compared with wild-type littermates.** Platelet
activation in the circulating blood is a relatively common event,
which results in a swift up-regulation of their adhesive® and
prothrombotic properties.*®*’ The activation of circulating platelets
is indeed directly associated with the risk of thrombosis; it is quite
clear that several homeostatic mechanisms physiologically quench
their capacity to activate the coagulation system.

The activation of circulating platelets, besides triggering their
accelerated turnover, results in the cross-talk with monocytes and
neutrophils.*® Our finding that the interaction with activated
platelets prompts a phagocytic program is in keeping with previous
observations, for which neutrophils that interact with platelets
phagocytose bacteria more readily than unbound neutrophils.*

We did not observe any effect of aspirin, which eliminates
thromboxane from the platelet releasate and substitute more
free, unprocessed arachidonic acid as well as the hydroxy acid
12-hydroxyeicosatetraenic acid. The lack of detectable differences
in the presence or the absence of thromboxane apparently rules out
the participation of the cyclooxygenase pathway in the results.
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Figure 8. Requirements of P-selectin and phosphatidylserine for the clearance
of activated platelets. Glass-adhered platelets were activated with thrombin
(0.5 U/mL) for 2 minutes, washed, and incubated either alone (A) or in the presence
of purified autologous neutrophils for 2 minutes (B) or 5 minutes (C-E). (D) Platelets
were treated with mAb anti—P-selectin before addition of neutrophils. (E) Platelets were
treated with recombinant annexin A5 before addition of neutrophils. Glass-adhered,
activated platelets were revealed by confocal microscopy after staining with antiplatelet
glycoprotein Ib mAbs (red) and neutrophils after staining with the anti-CD66b mAb (green).

It is tempting to speculate that the ability of neutrophils to
adhere and to selectively internalize activated platelets, expressing
phosphatidylserine and P-selectin, is a mechanism to maintain the
normal blood fluidity by sequestering a circulating potentially
dangerous substrate, which would induce thrombi formation.>
Indeed, it has been previously clearly shown that neutrophils
down-regulate platelet function.>®

Neutrophils are the more abundant circulating phagocytes, and
could represent an inborn circulating clearance system. A “tether
and tickle” mechanism controls the clearance of other particulate
substrates, like aged red blood cells, phosphatidylserine-containing
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Table 4. Phagocytosis by neutrophils quenches the procoagulant
activity of activated platelets

Time, seconds

No platelets 159.3 £ 17.3
Activated platelets (105/pL) 87.3 + 4.6*
Activated platelets (105/uL) + neutrophils (5 X 10%/uL) 113.5 + 3.1*
+ neutrophils (10 X 10%/uL) 130.0 * 4.4*
+ neutrophils (20 X 10%/uL) 153.6 + 5.9*
+ neutrophils (20 X 10%/uL) treated with cytochalasin D 98.0 £ 5.5

Platelests (100 X 10%uL) were activated with TRAP-6 for 2 minutes and then
incubated for 1 minute at 37°C alone or in the presence of an equal volume of
neutrophils, at a neutrophil:platelet ratio of 1:20, 1:10, or 1:5. Neutrophils at the 1:5
ratio were either untreated or pretreated with cytochalasin D to prevent actin-based
cytoskeleton assembly. After addition of normal human plasma and of a 256 mM
CacCl2 solution, the coagulation (recalcification) time was recorded and expressed as
seconds (mean + SEM of 5 different experiment performed in duplicate). The platelet
phagocytosis by neutrophils was confirmed in parallel by flow cytometry. *P < .05
with respect to samples with activated platelets alone (by paired t test).

liposomes, and apoptotic cells. In these models, bridging receptors
function by tethering the apoptotic cell to the phagocyte, whereas
the recognition of phosphatidylserine is required to transduce
signals that initiate the uptake. Our data are at least partially
consistent with this model. Indeed, annexin A5, forms a 2-dimen-
sional crystalline lattice on membrane anionic phospholipids, thus
hindering their recognition by leukocytes.?* The ensuing selective
blockade of phosphatidylserine abolishes internalization, but does
not apparently interfere with adhesive interactions.

The P-selectin/PSGL-1 engagement is required for platelet
adhesion to neutrophils. Moreover, it is necessary for integrin
transactivation, assembly of the phagosome, and neutrophil degranu-
lation.>1021.2251.52 Therefore, platelet adhesion and neutrophil de-
granulation are simultaneously blocked in our system by the
antibodies for P-selectin and PSGL-1.

All together, we propose that tethering is achieved via P-selectin
recognition, leading to MPO release, and activating 32 integrins
for internalization; if the tethered substrate was a phosphatidylserine-
expressing platelet, phagocytosis swiftly removes the activated
platelets, which represent a template for thrombin formation, from
the circulating blood.3!46:47
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