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Summary

Microparticles (MP) are lipid vesicles from platelets, leukocytes and endothelial cells that are
involved in early thrombogenesis. We evaluated a detailed time-course analysis of MPs on
thrombogenesis and the associated tissue factor (TF) activity in wild-type, in gene-deleted for E- and
P-selectins and with high levels of P-selectin expression after the initiation of venous thrombaosis in
mice. Inferior vena cava (IVC) ligation was performed on C57BL/6 mice (n =191, 59 = wild-type
[WT], 55 = gene-deleted for E- and P — selectins [knock-outs, EPKO] and 77 = elevated levels of
soluble P-selectin, named Delta Cytoplasmic Tail (ACT). Animals were euthanised at various time
points to assess MP production, origin and thrombus weight. MPs were re-injected into separate mice
at concentrations of 80,000 and 160,000 units, as well as from different ages. In addition, MPs from
thrombosed animals were pooled and TF activity quantitated using a chromogenic assay. Thrombus
weight correlated negatively with MPs derived from leukocytes, and positively with MPs derived
from platelets for WT animals (p<0.05), while MPs from platelets presented a positive correlation
to thrombus weight in the WT and EPKO groups (p<0.01). Total MPs correlated negatively with
thrombus weight in the ACT group (p<0.05). MP re-injections led to greater thrombus weight, while
older MP reinjections tended to form larger thrombus than younger. Finally, TF bearing MPs showed
asignificant correlation to MP concentrations (R=0.99). In conclusion, MPs appear to be an important
element in venous thrombogenesis.
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Introduction

For the past 30 years, through the pioneering theories of Gwen-dylen Stewart (1) a relationship
between thrombosis and inflammation was suggested, adding new insights to the pathogenesis
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of deep venous thrombosis (DVT) based on Virchow's triad of stasis, changes in the vessel
wall and thrombogenic changes in the blood (2). Stasis by itself, although an important factor,
is usually not enough to produce thrombosis.

Inflammation and thrombosis are interrelated. For example, inflammation increases tissue
factor (TF), platelet reactivity, fibrinogen, and leads to exposure of increased levels of
phosphotidylserine, while decreasing thrombomodulin (TM) and inhibiting fibrinolysis (by
increasing plasminogen activation inhibitor-1 [PAI-1]) (3). Cell adhesion molecules (CAMs)
allow leukocyte transmigration, and selectins (P- and E-selectin) are integrally involved in
thrombosis. Selectins are the first upregulated glycoproteins on activated endothelial cells and
platelets. The cell adhesion molecule P-selectin has been found upregulated in the vein wall
as early as six hours after thrombus induction, whereas E-selectin has been found upregulated
at day 6 after thrombosis (4).

Microparticles (MPs) are small (less than 1 um, about the size of a bacterium), phospholipid
vesicles shed from platelets, leukocytes, and endothelial cells in a calcium dependent fashion
(5-7). Recent studies suggest that procoagulant MP formation plays an integral part in the
inflammatory component of venous thrombosis, leading to thrombus amplification. MPs are
anormal constituent of blood and can be isolated from plasma by ultracentrifugation. MPs lack
DNA, but recent evidence suggests they may carry RNA (8), and are protein-rich.
Subpopulations of MPs rich in TF and phosphatidylserine have been identified (9,10). Rafts
and raft-derived MPs can concentrate TF in cavaolae where it is stored with tissue factor
pathway inhibitor (TFPI) (10), an inhibitor of TF release. Fusion of MPs with activated platelets
results in decryption of TF and the initiation of thrombosis (11).

Low levels of MPs are found circulating in a normal physiological state and have been shown
to increase with disease (10). Procoagulant MPs, derived more from activated leukocytes and
less from activated platelets are recruited to the area of thrombosis, where they amplify
coagulation via tissue factor and the extrinsic pathway. The co-localisation of fibrin, platelets,
and leukocytes in the developing thrombus and the importance of P-selectin-mediated
leukocyte-platelet interactions to the generation of tissue factor points out the central role of
inflammation in venous thrombogenesis (4). The purpose of this study was: 1) to document a
detailed time-course analysis of MPs after the experimental induction of venous thrombosis;
2) to determine the thrombogenicity of MPs by re-injecting MPs obtained from thrombosed
animals into other animals undergoing inferior vena cava (IVC) occlusion; 3) to determine the
effect of MP age on their thrombogenicity; and 4) to assess MP-associated TF expression. This
was a continuation of our previous studies with MPs in which we evaluated wild-type (WT),
E-selectin and P-selectin gene-deleted (EPKO) and animals with elevated levels of soluble (s)
P-selectin (ACT) animals (4).

Material and methods

The experiment consisted of three phases:

Phase 1: Natural history of MPs. Mouse microparticle assay

C57BL/6 mice were anesthetised with isofluorane (1.5-2%), and IVC ligation was performed.
This is our standard model for studying venous thrombosis in mice. Animal groups included
wild types (WT, n = 59; Harlan, Indianapolis, IN, USA), and genetically modified either with
deleted E- and P-selectins, the Eand P-selectin knock-outs (EPKO, n = 55; Daniel Bullard,
University of Alabama, AL, USA) (12,13) or with elevated levels of soluble P-selectin, the
ACT mouse (ACT, n =77; Denisa Wagner, Cambridge, MA, USA) (14,15). The ACT mouse
demonstrates four-fold elevation in circulating soluble P-selectin. Animals were euthanised
post ligation at 90 seconds (sec), 15 minutes (min), 30 min, 60 min, 90 min, 2 hours (h), 3 h,
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1 day and 2 days. At euthanasia, animals had blood withdrawn using a syringe primed with
10% acid citrate dextrose (ACD) with a cardiac puncture, their I'vVC was removed, and thrombus
weight was determined.

MPs were prepared from the blood samples. Platelet-poor plasma (PPP) was obtained by
centrifuging blood at 1,500g and 23°C for 25 min and centrifuging once more for 2 min at
15,0009 to remove contaminating cells from the plasma. PPP (200 pl) obtained from each
mouse was diluted 1:3 with 600 pl of HEPES buffer [1 mM HEPES, 136 mM NaCl, 5 mM
MgCl,, 50 mM KCI (pH 7.4)]. All samples were centrifuged for 2 h at 200,000g to separate
the MPs. The supernatant was removed, and pelleted MP resuspended in HEPES buffer (pH
7.4). Antibodies that stain leukocytes and platelets were added to samples and included rat
anti-murine PE CD11b (stains leukocytes) 48 ug/ml (Chemicon International, Temecula, CA,
USA) and rat anti-murine FITC CDA41 (stains platelets) 4 pg/ml (BD Pharmingen, San Diego,
CA, USA). Unstained MPs were used for negative control and antibody-binding beads
(Pharmingen, San Diego, CA, USA) used as positive controls for flourochromes. Test sample
and antibodies were then mixed and incubated on ice for 20 min. Samples were centrifuged
for 2 h at 200,000g, washed with phosphate-buffered saline (PBS), fixed with 0.5%
paraformaldehyde, and stored at 4°C for fluorescence-activated cell scanning (FACS) analysis.
To count the total MPs population, 25 ul of SPHERO Rainbow calibration 3.4 um beads
(approximately 250,000 beads) were added to tubes prior to FACS. Bead events (5,000) were
counted and the total MPs determined by multiplying the MP events by 50. Samples were run
on a Becton Dickinson Facscalibur System (Becton Dickinson, San Jose, CA) and analyzed
using CellQuest software (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA).
Due to the variability in the absolute numbers of MP of one FACS run to another, control
samples are included in every run, and the MP concentration is indexed from the experimental
values to the control values.

Phase 2: MP re-injections

A. Thrombogenicity related to MP concentration and time of sacrifice—MPs were
obtained from WT animals ligated and sacrificed 2 days later (n = 20). These MPs were pooled,
their concentration determined by flow cytometry, and then re-injected into other animals
undergoing the same IVVC ligation protocol at either 80,000 MPs (n = 35) or 160,000 MPs (n
= 32). These animals were euthanised at 90 sec, 120 min, 1 day or 2 days post-ligation and
thrombus weight evaluated. These times represented early, mid and later times from the natural
history of MPs (phase 1).

B. Thrombogenicity related to MP age—The same IVC ligation model was performed
on C57BL/6 mice (n = 13). Re-injection of MPs (80,000 MPs) of different ages (2 h [n = 4]
and 2 days [n = 9] ) were obtained from a pool of other animals, and then comparative thrombus
weight evaluation was performed 2 days after ligation.

Phase 3: MP TF activity

TF activity was evaluated ex vivo from MPs obtained from WT (n = 38) animals euthanised 2
days after ligation. MPs were obtained from both thrombosed mice (n = 31) and non-
thrombosed but ligated mice (n = 7). The MPs were pooled and TF activity determined using
a standard kit (American Diagnostica, Stamford, CT, USA). The assay involved the
combination of soluble factor Vlla, human factor X, TF/ TFPI free plasma and the MP sample
(spun down as above and pellet resuspended in TF/TFPI free plasma). Activated Factor X
hydrolyzed Spectrozyme Xa (American Diagnostica Inc.) in a linear fashion at 37°C and the
result read on a spectrophotometer. Enzyme activity was determined by measuring the increase
in absorbance of the free chromophore (pNA) generated per unit time at A495 nm. In the
development of this assay, wells without factor V1la or factor X did not demonstrate significant
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TF activity (unpublished). We selected doses of 160,000, 80,000, 50,000, 25,000 and 10,000
MPs per reaction well, each sample run in triplicate. The actual assay was performed in its
entirety twice and the positive control was a known amount of TF (standard curve), while the
negative control was MP free buffer.

Thrombus weight

This technique was used as an indirect measure of thrombus content. At sacrifice, the IVC and
its associated thrombus was removed and weighed (wet weight in grams) (4). We have found
that the major component of weight is thrombus as opposed to the vein wall tissue itself and
in comparing one animal to another or one group to another, the vein wall contribution to
weights tends to cancel out.

Statistical analysis

Results
Phase 1

Phase 2A

Phase 2B

Statistical analysis included Student t-test and correlation analysis (Sigmastat 2.03 Software,
Systat Software Inc., San Jose, CA, USA) with an alpha of 5% and confidence interval (Cl) of
95%. Bonferroni's test was used to determine the significant differences between group means
in the natural history of MPs analysis, and Kruskal-Wallis one-way analysis of variance test
was used for MP fold change analysis.

All mice were housed and cared for by the University of Michigan Unit for Laboratory Animal
Medicine and were free of pathogens. The University of Michigan Committee on Use and Care
of Animals approved this research protocol.

Thrombus formation appeared to accelerate at 180 min in our mouse model, and continued to
increase up through day 2. Statistical differences from true controls (TC) were observed on
ACT animals beginning at 60 min, while for WT differences were not significant until day 1
and for EPKO animals not until day 2 (Fig. 1).

The number of animals used in this phase is listed in Table 1. MPs fold variation is presented
in Figure 2A and B. Evaluating all time points, thrombus weight correlated negatively with
MPs derived from leukocytes (MPs leu), and positively with MPs derived from platelets (MPs
plt) for WT animals (—0.751 [p < 0.05] and 0.942 [p < 0.01]), while MPs plt correlated in a
positive fashion to thrombus weight in the EPKO animals (0.897 [p < 0.01]). For the ACT
mice, MPs not related to leukocytes or platelets and total MPs correlated negatively with
thrombus weight (—0.864 [p < 0.01] and — 0.698 [p < 0.05]) (Table 2).

At the 90-sec time point, ligation plus re-injection of 80,000 MPs produced greater thrombus
weight, compared to ligation without re-injection and compared to ligation and re-injection of
160,000 MPs (p < 0.05) (Fig. 3). Re-injection of 160,000 MPs produced higher thrombus
weight at 120 min (p < 0.05), while both amounts of MP re-injections (80,000 and 160,000)
presented highly significant greater thrombus weights on day 1 compared to the non-re-
injection animals (p < 0.01). This relationship was not noted at day 2.

Animals re-injected with older MPs (2 days vs. 2 h) produced greater thrombus weight (245
x 1074 vs.194 x 1074 g), an increase of 26%, but not statistically significant (Fig. 4).
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TF activity on MPs derived from thrombosed animals (n = 31) showed a highly significant
direct correlation to MP concentrations (R=0.99). MPs from animals with 1\VC occlusion, but
no thrombus (n=7), averaged 30 to 48% less TF activity than MPs from animals with thrombus
(Table 3).
Discussion

Venous stasis results in the generation of prothrombotic MPs that promote and amplify venous
thrombosis (4,17-19). MPs co-expressing TF and leukocyte markers have been shown to
accumulate in growing thrombi (20,21), and these prothrombotic MPs express TF and possess
a phosphatidylserine-rich anionic surface. This surface is capable of assembling coagulation
cascade complexes (21). MPs have been found to normalise tail bleeding times in haemophilic
mice (22) and human pericardial-derived MPs expressing TF have been demonstrated to
increase thrombosis in a rat venous stasis model (23,24). Additionally, MPs are not only
prothrombotic, but also appear to inhibit fibrinolysis (25). In patients with DVT, MPs have
been found elevated as well as platelet-leukocyte conjugates (26,27).

In the current study, in phase 1, WT animals demonstrated that MPs derived from leukocytes
correlated negatively with thrombus weight, while MPs derived from platelets correlated
positively. MPs derived from platelets also correlated positively with thrombus weight in the
EPKO animals, while MPs derived from leukocytes did not correlate to thrombus weight in
these animals. Although the observations are indirect, they lend support to the idea that MPs
derived from platelets may be a marker for ongoing thrombosis in WT and EPKO animals,
while MPs derived from leukocytes are involved in thrombogenesis in the WT animals,
suggested by their consumption. In those animals in which both E- and P-selectin were gene
deleted (EPKO), it has been previously shown that MPs derived from platelets and not
leukocytes are critical in the venous thrombotic thrombotic process (4). This previous work is
supported by the present study. In the animals with elevated levels of soluble P-selectin, the
total MP population was involved in thrombogenesis as evidenced by its negative correlations
to thrombus weight.

What is known about this topic?
— Inflammation and thrombosis are interrelated.

— Microparticles (MPs) are small phospholipid vesicles shed from platelets, leukocytes,
and endothelial cells in a calcium-dependent fashion.

— Procoagulant MP formation plays an integral part in the inflammatory component of
venous thrombosis, leading to thrombus amplification.

What does this paper add?

— MPs are involved in the thrombogenic process with differences between MPs derived
from leukocytes and platelets and differences between wild type animals and animals
with either selectin depletion or selectin over-expression.

— Re-injections of MPs plus inferior vena cava (IVVC) ligation leads to higher thrombus
weight than IVC ligation alone, while older MPs tend to produce higher thrombus
weight than younger MPs. This supports the prothrombotic nature of these MPs.

— Tissue factor on MPs correlates to numbers of MPs.
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To determine the prothrombotic effect of the MPs, we re-injected these into ligated mice. We
found a significant increase in thrombus weight compared to 1\VC ligation alone, especially
prominent at the one day time point after thrombus initiation. This observation supports the
prothrombotic role in thrombus amplification by MPs. By day 2, this relationship was no longer
noted, likely due to other mechanisms associated with the thrombotic process as the thrombus
ages. Additionally, re-injection of older (2 days) MPs tended to induce greater thrombosis than
younger (2 hours) MPs, but our data does not support any conclusions due to lack of statistical
significance.

Finally, it was found that MP concentration and TF activity directly correlated at a highly
significant level (R = 0.99). Importantly, in animals with I'\VC ligation but no clot, the amount
of TF was decreased. These data support the importance of TF associated with MPs in the
thrombogenic process (19,28,29). Further studies are planned to follow-up the current
experiment. In these studies, MPs will be labeled from different origins and observed directly
if they are incorporated or consumed into the venous thrombi, in order to confirm what we
have inferred indirectly from the correlations noted in the current study.

Conclusions

MPs are involved in the thrombogenic process with differences between MPs derived from
leukocytes and platelets and differences between WT animals and animals with either selectin
depletion or selectin over-expression.

Re-injections of MPs plus IVVC ligation leads to higher thrombus weight than IVVC ligation
alone, while older MPs tend to produce higher thrombus weight than younger MPs.

TF on MPs correlates to numbers of MPs.
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Figure 1. Thrombus weight versus different times in the WT, EPKO and ACT groups

Using Bonferroni's multiple group comparison (p<0.005), for WT animals significant
differences from TW began at day 1 after thrombosis, while for EPKO animals significant
differences were detected at 90 seconds and two days after thrombosis. For ACT mice,
significant differences began as early as 60 minutes after thrombosis and continued through
day 2.
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Figure 2. MP variation over time

A) Fold variation on leukocyte derived MP versus different times on the WT, EPKO and ACT
group. Using Kruskall-Wallis one-way analysis of variance, on 90 seconds WT versus EPKO
versus ACT (p<0.031), WT vs. EPKO (NS). B) Fold variation on platelet-derived MP versus
different times on the WT, EPKO and ACT group. Using Kruskall-Wallis one-way analysis of
variance, differences were observed on day 2: WT versus EPKO versus ACT (p=0.014), WT
versus EPKO (NS), WT versus ACT (NS), and EPKO versus ACT (p<0.003).
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Figure 3. Re-injections (80,000 and 160,000 MPs) plus IVC ligation versus ligation alone (ligated)
and thrombus weight on 90 sec, 120 min, 1 and 2 day evaluation
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Figure 4. Re-injections (80,000 MPs) 2-hour- versus 2-day-old MPs and thrombus weight
evaluation
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Differences not significant, although the difference between 2-day donor and 2-hour donor

was 26%.
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Tablel
Total numbers of animals evaluated in phase 1

Times Group.

WT[EPKO|ACT
TC 9 5 11
190 sec 5 5 6l
15 min 5 5 6l
30 min 5 5 6l
60 min 5 5 5
190 min | 5 5 5
120 min| g 5 5
180 min| 5| 5 8
1 day 6 5 10
pdays | 9] 10 15
Total | 59| 55 77
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Table 2
Correlations between MPs fold change and thrombus weight on the WT, EPKO and ACT
groups
MPs Correlatior;IP—vaIue
coefficien
(\WT
Leukocyte MP —0.751Jp < 0.05
Platelet MP 0.942p < 0.01
Both + —0.655|p = 0.056)
Both — —0.412INS
Total 0.110INS
EPKO
Leukocyte MP 0.513INS
Platelet MP 0.897|p< 0.01
Both + 0.403INS
Both — —0.07|NS
Total —0.486|NS
ACT
Leukocyte MP 0.165INS
Platelet MP 0.151INS
Both + 0.160|INS
Both — —0.864|Q <0.01
Total —0.698|p < 0.05
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Table 3
Tissue factor (TF) activity (expressed in pM) of MPs measured ex vivo (n = 38, clot = 31, non
clot=7)

A) Correlation between MPs and thrombus weight (R = 0.99). B) Animals without thrombus demonstrated a
48% decrease in TF (80,000) and a 30% decrease in TF (160,000).

Number of MP§| E (pM) average
A

10,000 13.7
25,000 40.5
50,000 75.9
80,000 124.3
160,000 205.2]
B

No clot 80,000 64.6}
No clot 160,000 144
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