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CD36 is a scavenger receptor that binds multiple ligands, including phosphatidyl serine (PS). Although CD36-
mice do not have a bleeding diathesis, we show here that they do have significantly prolonged thrombotic
occlusion times in response to FeCl;-induced vascular injury. Because cell-derived microparticles (MPs) are
generated in response to vascular injury and circulate in patients with prothrombotic diseases, we hypothe-
sized that PS exposed on their surfaces could be an endogenous CD36 ligand that transmits an activating signal
to platelets. We found that MPs prepared from human ECs, monocytes, or platelets or isolated from blood of
normal subjects bound to platelets. Binding was not observed with platelets from CD36- donors and was inhib-
ited by an anti-CD36 antibody or by blockade of exposed PS by annexin V or anti-PS IgM. Preincubation of
platelets with MPs led to CD36-dependent augmentation of platelet activation in response to low doses of ADP,
as assessed by measuring o33 activation, P-selectin expression, and aggregation. Immunofluorescence confo-
cal microscopy of murine carotid thrombi from CD36- mice showed a significant decrement in endothelial
antigen accumulation, which suggests that CD36 plays a role in MP recruitment into thrombi. These results

provide what we believe to be a novel role for CD36 in thrombosis.

Introduction
CD36 is an 88,000-MW integral membrane protein expressed on
platelets (1, 2), professional phagocytes (3, 4), microvascular endo-
thelium (4), adipocytes (5), muscle cells (6), and certain specialized
epithelium (6-8). It is a multifunctional receptor with indepen-
dent capacity to bind at least 3 major classes of ligands: modified
phospholipids, long-chain fatty acids, and thrombospondins. On
ECs, CD36 mediates an antiangiogenic, proapoptotic response to
thrombospondin-1 and -2 (9, 10), while on fat and muscle cells, it
functions to facilitate transport of long-chain fatty acids for storage
or oxidative metabolism (5, 11). On phagocytic cells, such as mac-
rophages, dendritic cells, microglia, and retinal pigment epithelia,
CD36 is a scavenger receptor involved in recognition and uptake of
oxidized LDLs (oxLDLs) (3, 11-13), amyloid AP peptide (14), apop-
totic cells (15), shed photoreceptor outer segments (13), and certain
microbial cell wall components (16). Numerous in vitro studies and
experiments with CD36™ mice revealed a role for CD36 in a variety
of important biological processes, including atherosclerosis (17),
tumor angiogenesis (18), energy metabolism (19), inflammation
(20), host defense (21, 22), antigen presentation (3), and taste (23).
Although CD36 was first isolated and structurally characterized
from platelets (1), where it was termed glycoprotein IV or IIIb, its
functional role on platelets has been obscure. CD36~ mice have
normal tail vein bleeding times and over many years of observation
do not exhibit a bleeding diathesis. Human platelet CD36 defi-
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ciency (known as the Nak?* phenotype) is common in Asian and
African populations (24-27), and similar to the situation in mice,
is not associated with an obvious bleeding diathesis. Recently
our group, in collaboration with Podrez, Hazen, and Byzova,
showed that atherogenic oxLDL binds and activates platelets in
a CD36-dependent manner (28). The prothrombotic phenotype
associated with hyperlipidemia in apoE-null mice fed a Western-
type high-fat diet was rescued by genetic deletion of CD36, dem-
onstrating an important link among platelet CD36, hyperlipid-
emia, oxidant stress, and thrombosis. Because normal hemostasis
is maintained in the absence of CD36, these studies suggest that
CD36 might be an attractive target for antithrombotic therapy in
the setting of atherosclerosis.

We now report a more general role for CD36 in thrombus for-
mation in normal mice. This observation led us to hypothesize
that CD36 ligands might be generated during vascular injury in
the absence of hyperlipidemia and systemic oxidant stress. We
were particularly interested in the role of microparticles (MPs)
in this process, because previous studies from our lab and others
demonstrated that CD36-dependent phagocyte recognition and
uptake of apoptotic cells and/or shed photoreceptor outer seg-
ments was mediated by binding of CD36 to phosphatidyl serine
(PS) and/or oxPS on their surfaces (13, 29-31). A characteristic
feature of MP generation is the loss of membrane asymmetry,
resulting in surface expression of PS. We thus hypothesized that
PS on MPs might also act as aligand for platelet CD36 and there-
by promote platelet activation.

MPs are vesicular fragments that bud off normal cells during
either activation or apoptosis (32, 33). They are typically 200-1,000
nm in size and possess different antigenic properties depending
on the type of cell from which they are derived. MPs are gener-
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Figure 1

Increased thrombosis times in CD36- mice. (A) Time to thrombotic occlusion of carotid arteries from CD36- (KO) and matched WT mice was
measured after 1-min topical application of 7.5% FeCls. Platelets were labeled by direct injection of fluorescence dye rhodamine 6G into the jugu-
lar vein, thrombi formation in the carotid artery was assessed under intravital microscopy, and blood flow was recorded with transonic flowmeter
at the same time. n = 6 per group. (B) Representative images of carotid arteries after injury induced by 7.5% FeCls. At 14 minutes, the artery
from the CD36 WT mice was completely occluded, while the CD36- mice showed small thrombi with persistent blood flow. (C) Blood flow in the
carotid arteries of WT and CD36- mice, expressed relative to the value before injury. (D) Time to thrombotic occlusion of mesenteric arterioles
and venules was measured after application of FeClzas in A. n = 10 per group.

ated from platelets, monocytes, and ECs in the setting of vascu-
lar injury and were previously shown to become incorporated in
developing thrombi in vivo (34). They have been postulated to
play an important role in thrombosis, in part because PS on MP
surfaces can be a site for catalytic assembly of the prothrombinase
complex (35) and because monocyte-derived MPs are a rich source
of tissue factor (36). EC-derived MPs (EMPs) can be generated by
exposure to inflammatory cytokines and have been found in the
blood of patients with thrombotic and inflammatory disorders,
including acute coronary syndrome (37), sickle cell disease (38),
diabetes mellitus (39, 40), thrombotic thrombocytopenic purpura
(41), vasculitis, anti-phospholipid antibody syndrome (42), hyper-
tension (43), and hematopoietic stem cell transplantation (44). In
the present study we used MPs derived from cultured ECs, derived
from purified human monocytes or platelets, or isolated from
human subjects as model systems and showed that they bound
to platelets in a CD36-dependent manner and sensitized them to
activation by low doses of agonists. Furthermore, we showed that
thrombi induced in CD36- mice by topical FeCl; application con-
tained significantly fewer endothelial-derived antigens, support-
ing a role for CD36 in EMP incorporation into thrombi.

Results

CD36 deficiency prolongs in vivo time to thrombosis in murine models. We
previously reported, using a carotid artery FeCls injury model, that
thrombosis times in CD36-~ mice were not significantly different
from those in WT animals (28). Here we found that when the degree
of vascular oxidative insult in this model was decreased by lower-
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ing the FeCl; dose from 12.5% to 7.5%, the time to complete throm-
botic occlusion in CD36" mice was more than doubled compared
with that of WT animals (>25 versus 11 minutes; P = 0.01; Figure
1, A and B). Histologic and immunohistochemical vessel analy-
sis comparing the 2 doses of FeCl; did not reveal gross changes
in elastic lamina disruption or endothelial or smooth muscle cell
number at the light microscopy level, but hydroethidine staining
revealed substantially less generation of reactive oxygen species
after treatment with the lower dose (data not shown). The throm-
bosis times in WT mice exposed to the lower dose of FeCl; were
slightly longer than in those exposed to the 12.5% dose (P = 0.07),
consistent with the hypothesis that the lower dose of FeCl; was
less prothrombotic. Visual imaging of thrombus formation in real
time (Figure 1B) showed that thrombi formed more slowly in the
null mice, but once formed, there did not appear to be any differ-
ence in clot stability in CD36~ compared with WT mice. This was
confirmed by simultaneous measurement of blood flow using a
Doppler flow probe (Figure 1C). Similar results were seen in mes-
enteric arterioles and venules (Figure 1D), in which mean times
to occlusion in CD36~ mice increased by 37% (P = 0.04) and 68%
(P =0.01), respectively. These data show that CD36 plays a role in
thrombosis in mice not subjected to hyperlipidemia and systemic
oxidant stress and suggest that endogenous activating ligands for
platelet CD36 may be generated during vascular injury.

MPs bind to platelets in a CD36- and PS-dependent manner. Because
MPs are known to be generated in response to vascular injury, we
reasoned that PS on the MP surface could serve as a CD36 ligand
and contribute to platelet activation during thrombosis. As an
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initial model system to test this hypothesis, we studied MPs gen-
erated from cultured early-passage HUVEC exposed to TNF and
cycloheximide. As shown in Figure 2, EMPs, but not platelets,
expressed CD105. When washed platelets were preincubated with
EMPs prior to incubation with anti-CD 108, the platelets acquired
fluorescence (Figure 2B), which suggests that CD105" EMPs were
physically associated with the platelets. Titrating the ratio of MPs
to platelets in this assay revealed that platelet-MP interactions were
dose dependent and saturable, with a plateau of approximately 20
MPs per platelet. Similar results were seen using MPs generated
from human peripheral blood monocytes (MMPs) by treatment
with calcium ionophore and an anti-CD14 antibody as a detector
(data not shown). The physical association of MPs with platelets
was confirmed using 2-color fluorescence microscopy (Figure 3).
EMPs were labeled with a red fluorophore, and platelets were
labeled with a green fluorophore (Figure 3A). As shown in Figure
3B, the red EMP formed rosettes with the green platelets.

Figure 3

CD36-dependent binding of EMPs to platelets detected by immuno-
fluorescence microscopy. (A) Top: Washed platelets were loaded with
calcein and visualized by green fluorescence. Bottom: EMPs were
loaded with PKH26 and visualized by red fluorescence. (B) Platelet-
EMP rosettes, seen when calcein-loaded platelets and PKH26-loaded
EMPs were incubated together at a 1:9 ratio for 30 min prior to visu-
alization. (C—F) Fluorescence-tagged platelets and EMPs were mixed
together as in B, except that platelets were first incubated with (C) 50
ug/ml oxLDL or (D) 50 ug/ml native LDL as control or (E) an inhibitory
anti-CD36 1gG or (F) its IgG control prior to visualization. In all cases,
images represent 1 of at least 3 separate experiments.
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Figure 2

CD36-dependent binding of MPs to platelets, detected by immuno-
fluorescence flow cytometry. (A) Flow cytometry demonstrated that
EMPs generated and purified from HUVEC cultures treated with 100
ng/ml TNF-a. and 50 ug/ml cycloheximide for 24 h stained with a PE-
conjugated anti-CD105 IgG but not an isotype-matched control IgG. (B
and C) Flow cytometry demonstrated that platelets did not react with
the anti-CD105 IgG, but the platelets acquired PE fluorescence when
incubated with (B) HUVEC-derived EMPs at a 9:1 EMP/platelet ratio
or (C) blood-derived MPs isolated from a normal human subject at a
9:1 CD105* MP/platelet ratio. (D and E) Platelets and HUVEC-derived
EMPs were mixed and stained with anti-CD105 IgG as in B, except
the platelets were first preincubated with (D) anti-CD36 IgG FA6 or (E)
isotype-matched control IgG. (F) Platelets and HUVEC-derived EMPs
were mixed together and stained with anti-CD105 IgG as in B, except
platelets were from a CD36- donor. In all cases, histograms represent
1 of at least 5 separate experiments.

We used 2 independent methods to define the role of CD36 in
platelet-EMP interactions. Preincubation of washed platelets with a
monoclonal anti-CD36 antibody inhibited the acquisition of anti-
CD105 positivity in the flow cytometry assay (Figure 2D), whereas
control IgG had no effect (Figure 2E). Similarly immunofluorescence
microscopy demonstrated that oxLDL, an alternative ligand for
CD36 (Figure 3C), and antibody to CD36 (Figure 3E) inhibited
platelet-EMP interaction, whereas control IgG (Figure 3F) and native
LDL (Figure 3D) had no effect. Furthermore, platelets isolated from
aCD36" donor did not bind EMPs (Figure 2F). We observed similar
CD36-dependent physical association of MMPs or platelet-derived
MPs (PMPs) with platelets (data not shown).

Next we sought to determine the role of PS on the MP surface
in platelet binding. Incubation of EMPs with annexin V to block
exposed PS dramatically reduced platelet-acquired CD105 fluores-
cence (Figure 4). A control protein, thioredoxin, had no effect. In
addition, incubation of MPs with a monoclonal anti-PS IgM anti-
body significantly reduced the platelet-MP interaction, whereas a
nonimmune control IgM did not (Figure 4).

Many investigators have found that small numbers of MPs can
be isolated from healthy human subjects with no thrombosis his-
tory or risk (45, 46). In order to demonstrate that the CD36-MP
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interactions described above were not caused by an artifact related
to the in vitro culture systems used to generate MPs, we isolated
and characterized MPs from the blood of 13 healthy human sub-
jects. Table 1 shows that, as reported by others (37, 45, 47, 48),
there was considerable variation in number and cellular origin
among the donors. On average, approximately two-thirds of circu-
lating MPs were platelet derived, with most of the remainder being
endothelial, butin donors 1, 8,9, and 10, the percent of EMPs was
much higher. Figure 2C demonstrates that when washed platelets
were preincubated with human blood-derived MPs at a 9:1 ratio
of CD105* MPs to platelets, the platelets acquired fluorescence,
which suggests that CD105* MPs were physically associated with
the platelets. As with EMPs, the association of blood-derived MPs
with platelets was inhibited by anti-CD36 antibodies and not seen
with platelets from CD36 donors (data not shown).

MPs enhance platelet activation and aggregation in a CD36-dependent
manner. To assess the functional consequences of platelet-MP
CD36 interactions, we incubated platelet-rich plasma (PRP) with
MPs prior to assessment of activation and aggregation responses
to graded concentrations of the agonists ADP and collagen. MPs
alone did not induce platelet aggregation (data not shown), butin
combination with low doses of ADP, EMPs at a 9:1 ratio of MPs
to platelets induced a substantial increase in the rate and extent of
the aggregation response (Figure 5A). This effect was not observed
in platelets from CD36- donors (Figure 5B), demonstrating CD36
dependence. As with EMPs, we also found that preincubation of
platelets with PMPs (Figure 5C) or MMPs (Figure SE) augmented
platelet aggregation responses to low-dose ADP with CD36" plate-
lets but not from platelets from a CD36 donor (Figure 5, D and F).
Figure 5G shows that EMPs enhanced the extent of aggregation
of CD36" platelets induced by ADP concentrations of 1-4 uM but
not 20 uM. No EMP effect was observed at any ADP concentration
in CD36" platelets. Similar results were seen using collagen as an
agonist; at concentrations of 4-10 ug/ml collagen, EMPs enhanced
aggregation (data not shown).
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To determine the effect of MPs on platelet activation, we also
assessed expression of platelet P-selectin, a marker of a-granule
secretion (Figure 6A), and binding of PAC1, a marker of integrin
azuP3 activation (Figure 6B), in response to 2 uM ADP. In both
cases EMPs induced an increase in the expression of these mark-
ers. These effects were significantly diminished by preincubation
of platelets with anti-CD36 IgG (Figure 6, A and B). Furthermore,

Table 1
Characteristics of MPs isolated from blood of normal
human subjects

Donor  Annexin VAPC  CD105 PE CD14PE  CD41 PE-Cy5
1 44,730 6,030 1,980 900
2 180 270 90 450
3 8,190 3,960 1,125 73,440
4 9,450 3,458 225 23,940
5 9,630 2,655 720 2,250
6 13,950 1,485 585 1,680
7 360 180 135 2,295
8 5,040 4,500 315 2,520
9 540 3,420 135 1,710
10 5,490 2,025 90 1,350
11 NA 8,963 12 13,249
12 8,820 2,025 675 20,644
13 10,170 1,710 720 22,470

We analyzed 13 subjects and used MPs isolated from them for our
experiments. Human MPs were isolated from PPP of normal human
subjects, analyzed by flow cytometry, and quantified by light scat-
ter and annexin V staining. MPs were also characterized by cell of
origin using antibodies to endothelial (CD105), platelet (CD41), and
monocytic (CD14) markers. Each marker was separately counted by
flow cytometry; values are expressed in count per ml. Mean + SD for
each MP marker was as follows: annexin V, 7,213 + 4,988 counts/ml;
CD105, 3,238 + 2,453 counts/ml; CD14, 524 + 352 counts/ml; CD41,
8,531 + 9,412 counts/ml. NA, not available.
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Figure 5

CD36-dependent enhancement of platelet aggrega-
tion by MPs in response to low doses of ADP. HUVEC-
derived EMPs (A and B) or human blood—derived MPs (H
and I), MMPs (E and F), or PMPs (C and D) were added
to PRP obtained from healthy CD36+ (A, C, E, and H) or
CD36- (B, D, F, and I) donors and then stimulated with
1 or 2 uM ADP as indicated. Aggregation was assessed
turbidimetrically with a dual-channel aggregometer.
Shown are representative aggregometry curves (n = 4).
(G) Maximum aggregation response of CD36* and
CD36- platelets incubated with HUVEC-derived EMPs
or with ADP alone, as indicated, in response to graded
doses of ADP. Values are mean + SD of measurements
done in triplicate. *P < 0.01.

with blood-derived MPs prior to exposure to 2 uM ADP
(Figure 6E). This effect was significantly diminished by
preincubation of platelets with anti-CD36 IgG, show-

MMP+ADP ing CD36 dependence. These results demonstrate that
. blood-borne MPs affect platelet function in a manner
20° similar to that of culture-derived MPs.
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washed platelets from a CD36- donor showed neither increased
P-selectin expression nor increased PAC1 binding in the presence
of EMPs and 2 uM ADP (Figure 6, C and D).

In order to show that the effect of MPs on platelet function was
notlimited to MPs generated from tissue culture or purified cellular
systems, we isolated MPs from blood of normal human subjects and
found that these also augmented platelet aggregation in response to
low doses of ADP (Figure SH). This was not observed when human
blood-derived MPs were incubated with CD36- platelets (Figure
SI). PAC1 binding also increased when platelets were preincubated
1938
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Discussion

Here we demonstrated, for the first time to our
knowledge, that CD36 contributes to thrombus formation in
response to vascular injury in vivo in mice maintained in stan-
dard vivarium conditions. The role for CD36 could not be dem-
onstrated in the absence of predisposing conditions that lead to
generation of CD36 ligands (e.g., hyperlipidemia and systemic
oxidant stress) unless the degree of vascular oxidant insult was
modulated by using a lower dose of FeCl; than is typically used
by most investigators. Thrombosis times, however, were still
quite brisk at this dose in WT animals. We believe that the CD36
role in thrombosis is likely related to its expression on plate-
Number 5
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Figure 6

CD36-dependent enhancement of platelet activation
by EMPs in response to low-dose ADP. Washed plate-
lets from CD36+* donors (A, B, and E) or CD36-donors
(C and D) were incubated with HUVEC-derived EMPs
at a 1:9 ratio or buffer control for 30 min and then
stimulated with 2 uM ADP. They were then incubated
with either PE-conjugated anti—P-selectin (A and C)
or FITC-conjugated PAC1 (B, D, and E) and analyzed
by flow cytometry. Anti—P-selectin and PAC1 bound
to CD36+ platelets when they were preincubated with
EMPs. Binding was significantly decreased when
platelets were preincubated with anti-CD36 1gG, but
not an isotype-matched control IgG. No increase in
anti—P-selectin (C) or PAC1 (D) binding was seen
using CD36- platelets. (E) PAC1 binding to plate-
lets increased when they were preincubated with
human blood—derived MPs. Binding was significantly
decreased when platelets were preincubated with
anti-CD36 IgG. Histograms are representative of at
least 5 different experiments and of 3 independent
donors. Bar graphs show mean + SD from at least 3
separate experiments.

lets, because the FeCl; injury models are largely
platelet dependent and because large-vessel ECs
do not express CD36. In our previous studies we
used hyperlipidemic apoE-null mice and plate-
let transfusion strategies to show that platelet-
specific CD36 engagement by oxLDL induced
activating signals that contributed to thrombus
formation (28). Our present results thus imply
that CD36 ligands are generated during vascular
injury and that signals induced by these ligands
contribute to thrombus formation.

Our studies support the hypothesis that MPs
may be one such class of CD36 ligand generated
during vascular injury. Using inhibitory antibod-
ies and competing ligands, as well as platelets from
CD36- donors, we showed that MPs bound to rest-
ing platelets in a CD36-dependent manner; using
annexin V or a monoclonal antibody to PS to mask
surface PS, we showed that it is PS exposed on MP
surfaces during their formation that serves as a
ligand for platelet CD36. This is consistent with
previous studies from our lab and others demon-
strating that PS and/or oxPS serve as ligands on
apoptotic cells and shed photoreceptor outer seg-
ments facilitating CD36-dependent recognition
and internalization by phagocytic cells (13, 29,
30). These data also provide an explanation for our
finding that MPs generated from multiple cellular
sources interacted with platelet CD36, because loss
of membrane asymmetry and PS exposure is a com-
mon feature of MP generation from all cells.

In previous studies, CD36 was shown to initi-
ate a signal in phagocytes that resulted in inter-
nalization of bound ligands, such as oxLDL and
apoptotic cells (11, 13-16). We and others have
also defined CD36-mediated signals in macro-
phages that are required for oxLDL uptake and
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Accumulation of the endothelial-specific antigen CD105 is diminished in carotid thrombi from CD36- mice. Carotid arteries were removed from
WT and CD36- mice after induction of occlusive thrombi with FeCls as described in Figure 1. Arteries were embedded in OCT and cross sec-
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foam cell formation (49) and for clearance of bacterial prod-
ucts (16). Because platelets are probably not phagocytic cells, we
hypothesized that CD36 signaling induced by MPs might instead
modulate platelet activation. To test this hypothesis, we demon-
strated using both turbidimetric platelet aggregation studies and
flow cytometry assays that MPs significantly augmented platelet
activation at low doses of the weak agonist ADP (1-4 uM). This
effect was abrogated by CD36-inhibitory antibodies and was not
observed in platelets from CD36" donors.

The classic platelet activation model suggests that agonists, such
as collagen, thrombin, and epinephrine, interact with platelet sur-
face receptors, most of which are G protein coupled, to initiate
intracellular signaling events that lead to activation of integrins,
reversible platelet aggregation, and secretion of platelet gran-
ule contents. Outside-in signals mediated by integrin o3, and
additional G protein-coupled receptor activation via secretion of
ADP and thromboxane, result in enhancement of the signal and
ultimately stable platelet aggregation and thrombus formation.
Recent studies have significantly advanced and refined this model.
Alarge number of signaling molecules have been identified — both
receptors and ligands — that act within the platelet-platelet con-
tact zone after the aggregation event. These include ephrins and
their receptors, eph kinases (50, 51); gas6 and its tyrosine kinase
receptors, mer, tyro3, and axl (52, 53); PECAM-1 (54); CD40 and
CD40L (55, 56); and semaphorin 4D (57). It has been suggested
that after aggregation, platelets form a synapse facilitating signal-
ing by membrane-tethered receptor/ligand pairs and localizing
secreted and shed ligands (58, 59). This promotes growth and sta-
bility of the thrombus.

Unlike most of the receptor/ligand pairs described above, CD36
may function on resting platelets to signal and sensitize platelets to
activation by other agonists. Under conditions of low-grade vascu-
lar injury, as modeled in our in vivo system by topical application
of 7.5% FeClsand in our in vitro system by low-dose ADP, the CD36
signals became necessary for normal thrombus formation and full
platelet activation. Immunofluorescence of thrombi from CD36
1940
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and WT mice in our studies were consistent with a role for plate-
let CD36 in recruitment of MPs into a developing thrombus. This
could have an important effect on thrombus propagation, related
both to direct effects of MPs on platelet function and to their abil-
ity to facilitate thrombin generation by presenting tissue factor and
serving as an assembly site for the prothrombinase complex.

Importantly, the ligands that we have shown to bind CD36 on
platelets (oxidized lipids and MPs) are generated endogenously
in markedly increased amounts as a consequence of vascular
injury and/or diseases known to be associated with increased
thrombotic risk. We thus suggest that under these conditions,
CD36 signals render platelets hyperreactive and may predispose
patients to pathological thrombosis. Therefore, CD36 might
be an attractive target for antithrombotic therapy, especially
because no bleeding diathesis has been observed in humans or
rodents with CD36 deficiency.

Our model does not preclude a role for CD36 in the platelet syn-
apse. It is possible that ligands such as PS that are generated on
the platelet surface during activation could interact with CD36 on
neighboring platelets in the contact zone to increase responses to
other signals and thereby provide a positive feedback loop during
normal hemostasis. In fact we observed small, but significant, decre-
ments in CD36" platelet responses to ADP (Figure 5G) and collagen
(data not shown) in our studies, manifest as a left shift in the dose-
response curves. These shifts could be the result of loss of ability of
CD36" platelets to respond to platelet-generated CD36 ligands.

Methods
Murine thrombosis models. All animal experiments were approved by the
IACUC of the Cleveland Clinic. CD36" mice backcrossed 8 generations into
a C57BL/6 background were obtained as previously described (17). Male
CD36~ mice of 22-26 g body weight and matched WT controls were anes-
thetized with ketamine (90 mg/kg) and xylazine (15 mg/kg), and the right
jugular veins and the left carotid arteries were exposed via a midline cervi-
cal incision. Rhodamine 6G (0.5 mg/ml; 100 ul) was injected directly into
the right jugular vein to label platelets. The left common carotid artery
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was stripped of adventitia, a transonic flow probe (MAQ.5PSB; Transonic
Systems Inc.) was placed at the distal carotid artery, and a piece of black
plastic was placed under the proximal vessel to reduce the background
fluorescence. A 1 x 2 mm piece of filter paper saturated with 7.5% or 12.5%
FeCl; solution was then applied to the proximal carotid artery for 1 min,
at which point the vessel was rinsed with saline and thrombus formation
was observed in real time under a Leica DMLFS fluorescent microscope
with an attached Gibraltar Platform (EXFO) and a water-immersion objec-
tive at x10 magnification. Blood flow was recorded at the same time. Time
to thrombosis was determined through visual inspection using real-time
video image capture with a QImaging Retigo Exi 12-bit mono digital cam-
era and Streampix version 3.17.2 software (Norpix Inc.). The end points
were set as either cessation of blood flow for >30 s or no occlusion after
30 min, in which case the time was recorded as 30 min. In another set of
studies, thrombosis in mesenteric arterioles and venules was assessed. An
abdominal median incision was made, the mesentery was exteriorized, and
the artery and/or vein from the second level arch from the bowel were treat-
ed with FeCl; as described above after injection of rhodamine 6G through
the jugular vein. Time to thrombosis was assessed as in the carotid model
using intravital microscopy.

After induction of thrombus, the carotid arteries containing thrombi
were excised and embedded vertically in OCT (Tissue-Tek; Sakura Finetek)
with a proximal-top and distal-bottom position. Serial cross sections
(4-6 um) were cut from top to bottom, and sections in the middle por-
tion of the thrombi were used for histological examination. Double
immunofluorescence staining was performed using antibodies to CD105
(Ancell), an EC marker, and CD61 (Chemicon), a platelet marker. Nuclei
were stained with DAPI. Laser confocal images from 3 serial sections in
each animal were taken, and the mean fluorescence intensity (expressed as
arbitrary units/mm?) of CD10S staining was determined using NIH Image]J
software (rsb.info.nih.gov/ij/) after converting fluorescence to grayscale.

Human subjects. Studies involving isolation and characterization of MPs
from normal human volunteer subjects were approved by the Institutional
Review Board of University Hospitals of Cleveland. All other experiments
with normal volunteer human subjects — including isolation of blood,
platelets, and monocytes — were approved by the Cleveland Clinic Founda-
tion Institutional Review Board. Informed consent was obtained from all
subjects. Unless otherwise specified, each experiment was performed with
human blood from at least 3 unrelated donors.

Generation and isolation of MPs. Human ECs were isolated from umbilical
veins and maintained in culture as described by Jaffe et al. (60). Cells of
second passage were typically used for experiments and were incubated
with 100 ng/ml TNF-a (R&D Systems) and 50 ug/ml cycloheximide
(Sigma-Aldrich) for 24 hours to generate EMPs. Culture supernatants
were collected, and nonviable cells and large cell fragments were removed
by centrifugation at 4,300 g for 5 min. The supernatants were then cen-
trifuged at 100,000 g for 90 min at 10°C to pellet EMPs. Pelleted EMPs
were resuspended in 100 ul HEPES-Tyrode buffer (137 mmol/l NaCl,
2.8 mmol/l KCl, 1.0 mmol/l MgCl,, 12 mmol/l NaHCO3;, 0.4 mmol/l
Na,HPO4, 0.35% BSA, 10 mmol/l HEPES, 5.5 mmol/l glucose, pH 7.4)
and stored at -70°C. Freezing and thawing had no adverse effect on size
or morphology of the EMPs, as assessed by immunofluorescence micros-
copy. EMPs were characterized by flow cytometry using a PCA Analyzer
(GUAVA Technologies) and shown to bind FITC-conjugated annexin V
(BD Biosciences) and PE-conjugated antibodies to CD105/endoglin
(Ancell), VE-cadherin (BD Biosciences), and CD31 (BD Biosciences). In
all cases, corresponding isotype-matched nonimmune IgGs were used as
controls. CD105* EMPs were counted by flow cytometry using 0.3- and
3-um latex beads (Sigma-Aldrich) as size standards. Each confluent T75
flask of cells generated approximately 3 x 105 CD105* EMPs.
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MMPs were derived from human peripheral blood monocytes by stimu-
lation with 12 uM A23187 according to a previously published protocol
(61). These were characterized by anti-CD14 and annexin V staining. PMPs
were derived from platelets after activation with 1 um A23187 or thrombin
(0.1 U/ml) according to a previously published protocol (62) and character-
ized by anti-CD41 and annexin V staining.

MPs from human blood were isolated from healthy normal subjects.
Blood was centrifuged at 500 g to obtain platelet-poor plasma (PPP). The
PPP was then centrifuged at 15,000 g for 45 minutes at 20°C to pellet the
MPs, which were resuspended in modified Tyrode buffer containing 0.35%
BSA and stored at -70°C. Human MPs were analyzed by flow cytometry
and quantified by light scatter and annexin V staining. MPs were also
characterized by cell of origin using antibodies to endothelial (CD105 and
CD144), platelet (CD41), and monocytic (CD14) markers. Each marker
was separately counted by flow cytometry. Thirteen subjects were analyzed
and used for experiments (Table 1).

Preparation of platelets and PRP. Whole blood from healthy human volun-
teers ranging 24-32 years of age was collected in 0.109 M sodium citrate,
7.4 pH (1:9 dilution). Donors had not taken any medications, includ-
ing aspirin or NSAIDs, for at least 1 week prior to phlebotomy. PRP was
obtained by centrifugation at 100 g for 12 minutes at room temperature.
Platelets were counted in a Z2 particle counter (Coulter), and platelet num-
ber was adjusted to 2 x 108/ml for all aggregometry experiments. For flow
cytometry experiments, washed platelets were prepared by centrifuging
PRP at 600 g for 10 minutes in the presence of 10 mM prostaglandin E;.
The pellet was washed twice with modified Tyrode buffer and then resus-
pended in this buffer at a concentration of 1 x 10° platelets/ml.

Detection of platelet CD36 expression. PRP from healthy normal donors
(100 ul) was incubated with either PE-conjugated anti-CD36 monoclo-
nal antibody (Santa Cruz Biotechnology Inc.) or isotype-matched control
antibody. CD36 expression was determined by flow cytometry by gating
platelets with an anti-CD42b monoclonal antibody (BD Biosciences) and
also on forward versus side scatter, followed by gating on PE fluorescence
versus forward scatter for CD42b*CD36* events.

Immunofluorescence flow cytometry detection of platelet-EMP interactions.
Washed platelets were incubated with EMPs or with human blood-derived
MPs in a ratio of 1:9 for 30 min prior to incubation with the EC-specific
anti-CD10S antibody. After antibody incubation, cells were pelleted,
washed, and analyzed by flow cytometry. Relative fluorescence intensity
histograms and dot plots were made and analyzed with Flow Jo software
(version 7.2.4; Tree Star Inc.), and the change in platelet-acquired anti-
CD105 fluorescence was measured and statistically quantified. In some
studies, platelets, EMPs or human blood-derived MPs were incubated with
antibodies, oxLDL, annexin V (BioVision), or monoclonal anti-PS antibody
(generously provided by N. Rote, Case Western Reserve University School
of Medicine) or its IgM control prior to CD10S staining. Preparation of’
oxLDL was as previously described (63). Blood collection, EMP or human
blood-derived MP incubation, antibody incubation, and data acquisition
for all samples were done on the same day, using the same instrument for
each individual experiment for consistency.

Immunofluorescence microscopy. For immunofluorescence microscopy,
platelets and MPs were labeled with a green fluorophore (Calcein;
Invitrogen) and a red fluorophore (PKH-26; Sigma-Aldrich), respectively,
and incubated together as described above prior to imaging with a Leica
DM-RXE microscope, interfaced to a PC using Q capture software (Quan-
titative Imaging Company).

Platelet activation studies. Washed platelets (1 x 10°) were incubated with
EMPs at a 9:1 EMP/platelet ratio or buffer control for 30 minutes and then
stimulated with ADP. In studies using human blood-derived MPs, a 9:1
CD105* MP/platelet ratio was used. For MMPs or PMPs, the platelet/MP
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ratio ranged between 1:10 and 1:40. Platelet-MP mixtures were then incu-
bated for 15 minutes with PE-conjugated anti-P-selectin IgG (BD Biosci-
ences) or FITC-conjugated PAC1 (BD Biosciences), a monoclonal antibody
that recognizes the activated conformation of the platelet integrin opfs.
After incubation, the platelets were centrifuged at 700 g for 10 minutes,
resuspended in PBS, and analyzed by flow cytometry. In some studies,
washed platelets were preincubated with anti-human CD36 antibody (clone
FAG; Invitrogen) or isotype-matched control IgG (Sigma-Aldrich).

Platelet aggregation studies. Platelet aggregation was assessed turbidimetri-
cally with a dual channel aggregometer (Chrono-log Corp.) using graded
doses of ADP from 1 to 20 uM under constant stirring conditions. The
light transmission of PPP was regarded as 100% aggregation, and the light
transmission of PRP before addition of agonist was regarded as 0%. Any
change in light transmission after addition of agonist was recorded and
expressed as a percentage of deflection.

Statistics. Univariate analyses were performed using ANOVA and paired
and unpaired Student’s ¢ tests as appropriate. Data are presented as

mean + SD. A P value less than 0.05 was considered significant. Sta-

tistical analyses were performed using commercially available software
(StatView 5.0; Abacus Concepts Inc.).
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