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ABSTRACT

have been characterized in different ways: i) by the formation of

a protein coat of a-granular proteins; ii) by exposure of procoag-
ulant phosphatidylserine; or iii) by high fibrinogen binding. Yet, their
functional role has remained unclear. Here we used a novel transgluta-
minase probe, Rhod-A14, to identify a subpopulation of platelets with a
cross-linked protein coat, and compared this with other platelet subpop-
ulations using a panel of functional assays. Platelet stimulation with con-
vulxin/thrombin resulted in initial integrin ou,f3; activation, the appear-
ance of a platelet population with high fibrinogen binding, (indepen-
dently of active integrins, but dependent on the presence of thrombin)
followed by phosphatidylserine exposure and binding of coagulation
factors Va and Xa. A subpopulation of phosphatidylserine-exposing
platelets bound Rhod-A14 both in suspension and in thrombi generated
on a collagen surface. In suspension, high fibrinogen and Rhod-A14
binding were antagonized by combined inhibition of transglutaminase
activity and integrin oyBs. Markedly, in thrombi from mice deficient in
transglutaminase factor XIII, platelet-driven fibrin formation and Rhod-
Al14 binding were abolished by blockage of integrin oufs. Vice versa,
star-like fibrin formation from platelets of a patient with deficiency in
oPs (Glanzmann thrombasthenia) was abolished upon blockage of
transglutaminase activity. We conclude that coated platelets, with initial
o5 activation and high fibrinogen binding, form a subpopulation of
phosphatidylserine-exposing platelets, and function in platelet-depen-
dent star-like fibrin fiber formation via transglutaminase factor XIII and
integrin Ou,Ps.

Coated platelets, formed by collagen and thrombin activation,

Introduction

Platelet activation and blood coagulation are highly reciprocally interacting
processes and both are essential for hemostasis and thrombosis. Activated platelets
support and steer the coagulation process by at least four mechanisms: i) by releas-
ing coagulation factors like factor V and XIII; ii) by exposing the procoagulant phos-
pholipid phosphatidylserine (PS) at their outer surface to support thrombin genera-
tion; iii) by providing a scaffold for the formation of fibrin fibers; and iv) by causing
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retraction of the fibrin clot.” In a growing thrombus,
aggregated and procoagulant platelets form two distinct
populations,** which is at least partly explained by the
high Ca* response required for PS exposure and coagula-
tion factor binding, and by the calpain-dependent closure
of active oy, integrins after PS exposure, thus antagoniz-
ing inclusion of procoagulant platelets into a platelet
aggregate.”®

However, another platelet population has also been
identified, usually referred to as coated platelets,” which
may partly overlap with the two other platelet popula-
tions described above.’ In the initial paper, Dale et al.
describe  COAT platelets (later renamed as coated
platelets) as a population of platelets arising after com-
bined stimulation with collagen and thrombin, which
bind a-granule proteins, including factor V, fibrinogen,
von Willebrand factor, thrombospondin, fibronectin and
op-antiplasmin, in a transglutaminase-dependent way via
the formation of covalent serotonin conjugations.®

Since this first description, coated platelets have been
invariably considered as platelets formed after combined
stimulation of collagen receptors (e.g. with collagen, con-
vulxin or collagen-related peptide) and thrombin receptors
(e.g. with thrombin or thrombin receptor-activating pep-
tides), but there is no uniform definition of this platelet
population in the literature. The Dale group has been
using the retention of secreted proteins, including platelet-

derived serotonin-derivatized proteins, factor V and tissue
factor pathway inhibitor on the platelet surface as a char-
acteristic.”"" Another definition has been used by the Jobe
group, i.e. platelets containing high surface levels of fib-
rinogen, likely through cross-linking via the transglutami-
nase factor XIII.” However, in recent years, it has become
common practice to consider coated platelets more or less
equivalent to fibrinogen binding platelets or PS-exposing
platelets. For example, platelet subpopulations in patient
studies have recently been characterized using biotin-fi-
brinogen.”* This ambiguity in definition and described
properties raises questions as to whether coated platelets
form a platelet subpopulation (after collagen/thrombin
receptor stimulation) that is distinguishable from that of
fibrinogen and/or PS-exposing platelets and whether they
fulfill a specific function.

In the present paper, we used a specific transglutaminase
substrate, i.e. the a,-antiplasmin-derived peptide Rhod-
Al4, as a tool to identify transglutaminase-active platelets.
We compared the binding of Rhod-A14 to platelets, stimu-
lated via the collagen and thrombin receptors, with other
platelet activation markers. The results indicate that transg-
lutaminase active platelets form as a subpopulation of PS
exposing platelets. We also provide evidence that the trans-
glutaminase activity along with integrin ou,Bs activation is
required for fibrin anchoring at the platelet surface and star-
like platelet-dependent fibrin formation.
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Figure 1. Transglutaminase activity confined to a subpopulation of phospholipid phosphatidylserine (PS)-exposing platelets. Washed human platelets (5x107/mL)
were stimulated with convulxin (Cvx, 100 ng/mL) plus thrombin (Thr, 4 nM) in the presence of 0.2 mM GPRP and 2 mM CaCl,. Samples, taken at given time points,
were labeled for 5 min with Rhod-A14 and AF647-annexin A5. Platelets were pre-treated with K9-DON (100 uM), where indicated. (A) Representative histograms
obtained by flow cytometry. (B) Platelet subpopulations staining with Rhod-A14 (white bars) or AF647-annexin A5 (black bars) after 60-min stimulation with Cvx (100
ng/mL), Thr (4 nM), SFLLRN (15 uM) and/or ionomycin (10 uM), as indicated. (C-E) Effects of factor XlIl and transglutaminase inhibitors on platelet subpopulations
staining with Rhod-A14 (C) or AF647-annexin A5 (E) after stimulation with Cvx (100 ng/mL) plus Thr (4 nM). Platelets were pre-incubated with vehicle (o, solid line),
100 unit/mlLfactor XIlI (e, dotted line), 200 uM K9-DON (m, dotted line), or 200 uM Boc-DON (¢, dotted line). Solid gray line, unstimulated platelets. (D) Dose-depen-
dent inhibition of Rhod-A14 binding (60 min) by K9-DON or Boc-DON. Mean + SEM (n=3-6); *P<0.05.
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Methods

Blood collection and platelet preparation

Experiments were approved by the local Medical Ethics
Committees. Blood was taken from healthy volunteers and from
a patient with Glanzmann thrombasthenia, with established defi-
ciency in integrin anbﬁs,m after informed consent and in accordance
with the Declaration of Helsinki. Platelet-rich plasma (PRP), defi-
brinated platelet-free plasma (PFP) and washed platelets were pre-
pared from whole blood as described in the Online Supplementary
Appendix.

Animal studies were approved by the local animal experimental
committees. Mice deficient in factor XIII Al subunit (F13a1™“
abbreviated as F13417)" were bred on a mixed 129Sv/CBA back-
ground and were compared to F13a41” mice of the same back-
ground (Harlan Laboratories). Murine blood was taken on trisodi-
um citrate for whole-blood flow experiments; other blood sam-
ples were taken on acid-citrate-dextrose anticoagulant to isolate
washed platelets, as previously described."®

Flow cytometric platelet analyses

Washed human or mouse platelets (5x107/mL) were pre-incu-
bated with indicated inhibitors or Me,SO vehicle for 10 min, and
stimulated in the presence of 2 mM CaCl,. In the activations, 0.2
mM Gly-Pro-Arg-Pro (GPRP) was added to prevent formation of
large fibrin fibers."” Platelet sub-populations were distinguished by
probing with Rhod-A14 (10 ug/mL), AF647-annexin A5 (1:200),
AF488-factor V (20 nM), OG488-factor Xa (100 nM), AF647-fi-
brinogen (100 ug/mL) and FITC-PAC-1 (1.25 ug/mL). After stain-
ing for 5 min, samples were analyzed with a FACScan flow
cytometer (BD Accuri Cytometer).®

In a separate set of experiments, reconstituted PRP was activa-
ted with tissue factor (2 pM) and CaCl, (16.7 mM) in the presence
of GPRP (2 mM) at 37°C, after which samples were taken for flu-
orescent labeling. Analysis was by flow cytometry as described
above.

Thrombin generation
Thrombin generation was measured in citrate-anticoagulated

A B
© AF647-fibrinogen -~ OG488-Factor Xa

human PRP as previously described.” First-derivative curves were
converted into curves of nanomolar thrombin concentrations

. . .2 .
using a calibrator for human o-thrombin.* All analyses were in
triplicate.

Thrombus formation on collagen under flow

Whole blood thrombus formation on collagen was assayed in
the absence or presence of coagulation, as previously described.”
Thrombi formed on collagen were then stained with Rhod-A14
and AF647-annexin A5 in Hepes buffer, supplemented with CaCl,
(2 mM) and heparin (1 unit/mL). Phase-contrast and fluorescence
images were captured and analyzed with Metamorph software
v.7.5.0.0 (MDS Analytical Technologies), as detailed elsewhere.”
Statistical difference of quantitative colocalization of 2-color con-
focal images was determined using the ZEN software 2010 B SP1.
Star-like fibrin formation was assessed as described in the Online
Supplementary Appendix.

Statistical analysis

Significance of differences between control and experimental
groups, as well as changes between groups over time, was deter-
mined by 1-way or 2-way analysis of variance followed by a
Bonferroni post hoc test. Distribution of fibrin fibers was evaluated
by 5’ analysis.* P<0.05 was considered significant.

Further details on the materials and methods used are available
in the Online Supplementary Appendix.

Results

Coated platelets as transglutaminase active platelets
First we assessed the appearance of a coated platelet
population following the initial description of formation
of a transglutaminase-dependent protein coat on the
platelet surface.® Therefore, we synthesized a fluorescent-
labeled 14-amino acid transglutaminase peptide substrate,
GNQEQVSPLTLLK(C-tetramethylrhodamine)W (Rhod-
Al4), derived from the N-terminal peptide sequence of
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Figure 2. Transglutaminase-positive
platelets are not identical to procoagu-
lant platelets. (A and B) Washed platelets
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were stimulated with convulxin plus
thrombin, as indicated for Figure 1. At
given time points, samples were taken
and labeled with AF647-fibrinogen (o),
0G488-factor Xa (A), AF647-annexin A5 (
e), AF488-factor V(a) (m), or Rhod-A14
(#). (A) Fractions of platelets binding the
indicated probes. (B) Effect of platelet
n.s. treatment with K9-DON (100 uM) (gray
bars) on fractions of positive platelets. (C
and D) Citrate-anticoagulated PRP (1x10°®
platelets/mL) was pre-incubated with
vehicle or K9-DON (100 uM), and used
for measurement of thrombin generation;
coagulation was triggered with tissue fac-
tor/CaCl,. Representative thrombin gen-
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o,-antiplasmin. This peptide contains a glutamine at Q7
which serves as a transglutamination site for cross-linking
to available e-amino lysine residues.” The Rhod-A14 pep-
tide was site-specifically labeled with a tetramethylrho-
damine group, which did not interfere with its substrate
properties. Control experiments indicated that the peptide
could act as a substrate for both tissue-type transglutami-
nase and factor Xllla (data not shown, but see below).

Flow cytometric analysis indicated that the Rhod-A14
label bound to a population of convulxin/thrombin-acti-
vated platelets, which was gradually formed after approx-
imately 15 min of activation and increased until 60 min to
approximately 50% Rhod-Al14 positive platelets (Figure
1A and B). This differed markedly from the appearance of
PS-exposing platelets analyzed by annexin A5 binding,
which was already maximal after 15 min. Two-color flow
cytometry indicated that the Rhod-A14 positive platelets
represented a discrete subpopulation: the majority of
these platelets were PS positive (binding of annexin A5),
but had inactive oy integrins (no binding of PAC-1 mAb)
(Online Supplementary Figure S1). When comparing various
strong platelet agonists, we found that the Ca**-ionophore
ionomycin, while causing nearly complete PS exposure,
resulted in Rhod-A14 labeling of a subpopulation of only
approximately 25% platelets (Figure 1B). Dual platelet
stimulation with convulxin and the thrombin receptor
activating peptide SFLLRN resulted in a similar Rhod-A14
positive fraction, whereas stimulation with thrombin
alone did not lead to either Rhod-A14 incorporation or to
PS exposure.

To specifically test the contribution of the transglutami-
nase factor XIII in Rhod-A14 binding to platelets, we ana-
lyzed platelets from F13a4” mice, which are deficient in
the A-subunit of factor XIII. Washed platelets from
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F13a1” mice, when stimulated with convulxin/thrombin,
showed greatly reduced Rhod-A14 binding in comparison
to wild-type platelets (Online Supplementary Figure S2A).
However, PS exposure, factor Xa, and fibrin(ogen) binding
were unchanged in the F13a1” platelets (Online
Supplementary Figure S2B-D). Vice versa, pre-treatment of
human washed platelets with purified factor XIII prior to
stimulation with convulxin/thrombin resulted in an
enhanced appearance of the Rhod-Al14 binding cells
(Figure 1C). Additional control experiments again con-
firmed the involvement of transglutaminase activity, since
Rhod-A14 binding to washed human platelets was anta-
gonized in a dose-dependent way by the general transglu-
taminase inhibitor K9-DON and the tissue transglutami-
nase inhibitor Boc-DON (Figure 1D). In sharp contrast,
neither the addition of factor XIII nor these inhibitors
affected the PS exposure evoked by convulxin/thrombin
(Figure 1E). Taken together, these results indicate that the
transglutaminase-active Rhod-A14 positive platelets form
as a subpopulation of PS-exposing platelets after
collagen/thrombin receptor stimulation.

Coated platelets as high fibrinogen-binding platelets
Platelet activation with convulxin/thrombin has been
demonstrated to result in a fraction of platelets displaying
high fibrinogen binding, which has also been referred to as
coated platelets.”In the present study, after 5 min of stim-
ulation with convulxin/thrombin, the binding of fluores-
cently labeled fibrinogen reached a maximal high level,
and this occurred faster than the appearance of PS-expos-
ing platelets (Online Supplementary Figure S3A-C). Other
strong platelet agonists, ionomycin and convulxin/
SFLLRN induced only low fibrinogen binding. However,
thrombin alone induced similarly high fibrinogen binding

C Il FITC-PAC-1 [l AF647-anxA5
g’IOO-
2 759
:‘é‘
g 501
c
S
B 251
Y
-
0-
O PSP
Time (min)
D
- 100 = AF647-anx pos. < 1 = FITC-PAC-1 pos
S.:b g o5 = AF647-anx neg. A% T .| WFITCPAGH ﬁeg-_
=S o3
&5 8 50 S 8 50
TX25 S
0 < 0

20 40 60 80
Time (min)

20 40 60 80
Time (min)

© Ferrata Storti Foundation

Figure 3. High fibrinogen binding of platelets is independent of a,,p; activation and phospholipid phosphatidylserine (PS) exposure in tissue factor-activated plas-
ma. Defibrinated PFP was reconstituted with platelets and triggered with tissue factor (2 pM) and CaCl, (16.7 mM). Samples were taken for fluorescent labeling at
indicated time points. (A and B) Populations of platelets with high binding of 0G488-fibrinogen and binding AF647-annexin A5. Total fractions (A) and sub-fractions
(B) of high-fibrinogen and annexin A5 binding platelets. (C and D) Populations of platelets binding FITC-PAC-1 mAb and AF647-annexin A5. Total fractions (C) and sub-
fractions (D) of platelets positive for FITC-PAC-1 mAb and AF647-annexin A5. Mean + SEM (n=3).

haematologica | 2016; 101(4)




as in combination with convulxin. This suggests that the
high fibrinogen binding relies on the presence of throm-
bin, but not on PS exposure. Notably, the transglutaminase
inhibitors K9-DON or Boc-DON did not affect either fib-
rinogen binding or PS exposure (Online Supplementary
Figure S3A and D). Interestingly, the fibrinogen binding per
platelet was slightly reduced upon prolonged incubation
with convulxin/thrombin (Online Supplementary Figure
S3B), while the fraction of fibrinogen-positive platelets
remained stable (Figure 2A). This suggests that a portion
of oufs integrins on the surface Cvx/Thr activated
platelets can close in time, which is in agreement with
labeling studies using PAC-1 mAb (Online Supplementary
Figure S1D). Dual-color flow cytometry indicated that
Rhod-A14 binding platelet fraction was a subpopulation
of the high fibrinogen-binding cells (Online Supplementary
Figure S1C).

Coated platelets as procoagulant PS-exposing platelets

In recent papers, it has been proposed that coated
platelets are equivalent to coagulation factor binding
platelets or PS-exposing platelets.”* To investigate this in
more detail, we compared the fractions of
convulxin/thrombin-stimulated platelets that bind AF647-
annexin A5, OG488-factor Xa, FITC-factor V or Rhod-
Al14. The appearance of a platelet population with binding
sites for annexin A5, factor V and factor Xa occurred
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quickly with similar kinetics, whereas the formation of
Rhod-A14-binding platelets was considerably slower
(Figure 2A). Pre-incubation with transglutaminase
inhibitor K9-DON did not influence the binding of
annexin A5 nor the coagulation factors, but greatly
impaired the binding of Rhod-A14 (Figure 2B). In agree-
ment with this result, the presence of K9-DON did not
influence the process of thrombin generation in PRP
(Figure 2C and D). This indicated that the transglutami-
nase activity of platelets was independent of the interac-
tion of factor Va and Xa, and of subsequent platelet-
dependent thrombin generation, which relies on this inter-
action.”

Coated platelets as fibrin-forming platelets

Our earlier work had demonstrated that platelet stimu-
lation with strong agonists leads to integrin oy activa-
tion, followed by PS exposure and calpain-dependent clo-
sure of the integrin.’ Furthermore, we found that PS expo-
sure instigates the formation of a fibrin network linked to
the platelet surface.” In the present study, we investigated
this again by assessing the determinants of high
fibrin(ogen) binding and PS exposure of platelets in tissue
factor-activated blood plasma. For this purpose, plasma
samples were defibrinated to prevent massive clot forma-
tion,”” and then reconstituted with washed platelets. After
triggering coagulation with tissue factor and calcium, the
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Figure 4. Subpopulation of phospholipid phosphatidylserine (PS)-exposing platelets in thrombi is transglutaminase positive. Human whole blood was perfused over
collagen under anti-coagulated (A) or coagulated (B) conditions at shear rate of 1000 s*. Blood samples were pre-incubated with vehicle (control) or K9-DON (100
uM). (A and B) Representative microscopic images of differential interference contrast (DIC), and confocal images of AF647-annexin A5 or Rhod-A14 fluorescence
(bars, 20 um). Right bar graphs indicate co-localization coefficient of AF647-annexin A5 with Rhod-A14 fluorescence and of Rhod-A14 with AF647-annexin A5 under
vehicle-treated (non)coagulant conditions, as assessed with Zen software. Mean + SEM (n=4).
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majority of platelets showed rapid and sustained high fi-
brinogen binding, followed by the appearance of a platelet
subpopulation with PS exposure, as determined by dual-
labeling with OG488-fibrinogen and AF647-annexin A5
(Figure 3A). Detailed analysis indicated that only a propor-
tion of the high fibrinogen-binding platelets exposed PS,
whereas the majority of PS-exposing platelets showed
high fibrinogen binding (Figure 3B). Once again, the high
fibrin(ogen) binding was dependent on the presence of
thrombin, as these platelets stained with an anti-fibrin Ab
and the thrombin inhibitor hirudin substantially sup-
pressed fibrinogen binding (data not shown).

High fibrin(ogen) binding of a subpopulation of the PS-
exposing cells was observed not only with labeled fibrino-
gen, but also with an antibody (FITC-WAK) recognizing
platelet-bound fibrin(ogen) (Online Supplementary Figure
S4A and B). This is in agreement with the results with
washed platelets described above that showed that, in the
presence of thrombin, the high fibrin(ogen) binding is reg-
ulated differently from PS exposure.

Staining of the tissue factor-triggered platelets in plasma
with FITC-PAC-1 mAb, recognizing activated integrin
ousPs, pointed to rapid integrin activation that subsequent-
ly declined (Figure 3C). However, when these platelets
were stained for the integrin Pi-chain, fluorescence
remained high (data not shown), indicating that the integrin
was still present and accessible at the platelet surface. In
comparison to integrin activation, exposure of PS rose
more slowly over time (Figure 3C). Similar to our findings
as reported before,’ the majority of PAC-1 mAb positive
platelets were annexin A5 negative, while the annexin A5
positive platelets were mostly PAC-1 mAb negative
(Figure 3D). Dot plots of platelets in plasma, double
labeled with AF647-annexin A5 and FITC-PAC-1 mAb,
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confirmed that most PS-exposing cells were unable to bind
PAC-1 mAb (Online Supplementary Figure S4C). In this plas-
matic condition, a population of PS-positive platelets
showed a mean 2.8-fold increase in Rhod-A14 fluores-
cence above background. Taken together, these results
suggest that the high fibrin(ogen)-binding platelet fraction
contains a fibrin coat, which precedes PS exposure and
primes for binding or Rhod-A14.

Transglutaminase activity in platelet thrombus
formation under flow conditions

To investigate where coated platelets localize in platelet
thrombi, we performed whole blood perfusion experi-
ments over a collagen surface under arterial shear condi-
tions. Double staining with Rhod-A14 and AF657-annexin
A5 indicated that, under non-coagulant conditions (with
thrombin inhibitor present), Rhod-A14 binding was
restricted to a subpopulation of PS-exposing platelets
(Figure 4A). Co-localization analysis demonstrated that
the majority of Rhod-A14 positive pixels also stained with
AF647-annexin A5. Addition of K9-DON completely
blocked the Rhod-A14 staining, but did not affect PS expo-
sure. Zoomed images indicated that the Rhod-A14 label-
ing was confined to balloon-shaped, PS-exposing platelets,
but often did not label the complete platelet (Figure 4A,
overlay and bar graph). When thrombi were allowed to
form on collagen under coagulant conditions (recalcifica-
tion without thrombin inhibitor), this resulted in increased
Rhod-A14 staining, which again was antagonized by K9-
DON. Also a higher AF657-annexin Ad staining was
found, which was unaffected by K9-DON (Figure 4B).
Under these coagulant conditions, PS-exposing balloon-
shaped platelets still bound Rhod-A14, while the majority
of the Rhod-A14 label was located on fibrin fibers.
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Figure 5. Absence of factor XlIl results in fibrin formation without transglutaminase activity. Whole blood from F13a1”* or F13a1”- mice was perfused over collagen
under non-coagulant (A and B) or coagulant (C and D) conditions during 4 min at shear rate of 1000 s*. Blood samples were pre-incubated with vehicle (control) or
K9-DON (100 uM), and post-stained with Rhod-A14. Microscopic images of brightfield and Rhod-A14 fluorescence are shown (bars, 20 um); also quantification of
thrombus size [(% of surface area coverage, (SAC)] and Rhod-A14 fluorescence. Mean + SEM (n=4); *P<0.05.
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Next, we performed flow experiments with F13a1"* or
F13a1” mouse blood over collagen under both non-coag-
ulant and coagulant conditions. In the non-coagulant con-
dition, citrate anti-coagulated whole blood was recalcified
in the presence of PPACK to block thrombin generation
while physiological calcium and magnesium levels were
restored. Under these conditions factor XIII activation is
averted (no thrombin), whereas tissue type transglutami-
nase can be active (physiological calcium levels). The
thrombi obtained with blood from F13a1" or F13a1”
mice were similar in size under these conditions with no
more than low Rhod-Al4 labeling (Figure 5A and B).
These data suggest no major role for tissue type transglut-
aminase in thrombus formation and Rhod-A14 binding in
the absence of coagulation, which is in line with the low
expression of tissue-type transglutaminase in mouse
platelets.® Under coagulant conditions, large fibrin-con-
taining thrombi were formed with both F13a41” and
F13a1” blood (Figure 5C and D). However, Rhod-A14
incorporated only into the fibrin fibers of wild-type
thrombi and not of factor XIlI-deficient thrombi. The
Rhod-A14 staining again was antagonized by K9-DON,
but not by tirofiban. These results hence indicate that the
process of fibrin fiber formation can occur in the absence
of transglutaminase activity.

Synergistic roles of transglutaminase and integrin o3,
in platelet fibrin formation under flow
conditions

We hypothesized that transglutaminase and integrin
ousPs could be involved in the high fibrin(ogen) binding to
coated platelets. Given this, we investigated the contribu-
tion of both of these in human and mouse systems. We
used inhibitors against transglutaminases (K9-DON) and
oufs integrin (tirofiban) in concert with blood from
F13a1” mice and a Glanzmann thrombasthenia patient
with established deficiency in aufs. In washed platelets
from control subjects stimulated with convulxin/throm-
bin, the combined presence of the K9-DON and tirofiban
inhibited the binding of fibrin(ogen) and Rhod-A14
(P<0.05) (Figure 6A and B). A similar reduction of Rhod-
Al4 binding was observed when pre-treating Glanzmann
platelets with K9-DON (P<0.03) (data not shown).

To investigate the formation of fibrin fibers, blood from
F13a1 and F13a1” mice was pre-labeled with AF647-fib-
rinogen and perfused over a collagen surface under coagu-
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lating conditions. Detailed examination by confocal fluo-
rescence microscopy indicated that, for wild-type throm-
bi, fibrin fibers were connected to the platelet surface and
were oriented in all directions (Figure 7A and B). This
staining pattern resembled the star-like formation of fibrin
at the platelet surface that had been previously observed.”
In wild-type thrombi treated with the integrin blocker
tirofiban, and also in factor XIII-deficient thrombi, the ori-
entation of fibrin fibers from platelets was typically more
frequent in the direction of the blood flow (Figure 7A and
B). A similar shift in orientation of fibrin fibers was
observed on human thrombi formed with whole blood
from a Glanzmann thrombasthenia patient (Online
Supplementary Figure S5). The addition of tirofiban to fac-
tor XlII-deficient blood markedly and nearly completely
blocked the star-like orientation of fibrin fibers, but still
allowed the plasmatic formation of fibrin fibers rectilinear
with the blood flow.

In subsequent experiments, platelet-dependent star-like
fibrin formation was examined on the level of single
platelets by using a previously established method.”
Whereas on the surface of control platelets a star-like fib-
rin network was formed upon post-perfusion with normal
pool plasma, the orientation of the fibrin fibers was signif-
icantly altered upon post-perfusion with factor XIII-defi-
cient plasma (Figure 7C and D). A similar shift in orienta-
tion of fibrin fibers was observed on the surface of
Glanzmann thrombasthenia platelets. Post-perfusion of
Glanzmann thrombasthenia platelets with factor XIII-
deficient plasma completely blocked fibrin formation du-
ring more than 20 min. However, rectilinear plasmatic fi-
brin formation did occur after approximately 30 min of
plasma perfusion, but no platelet-dependent fibrin forma-
tion could be observed. A similar absence of platelet-
dependent fibrin formation was seen upon addition of K9-
DON to Glanzmann thrombasthenia platelets (P<0.001).
Taken together, these data indicate a non-redundant and
synergistic role of the transglutaminase factor XIII and
integrin ayps in platelet-dependent fibrin formation.

Discussion
The original paper by Dale et al. describes COAT (later

renamed coated) platelets as a population of platelets that
result from combined stimulation with collagen and

Figure 6. High fibrinogen binding
of platelets requires both transglu-

n.s. taminase and o,f; activities.
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Washed platelets were stimulated
with convulxin (100 ng/mL) and
* thrombin (4 nM) (see Figure 1).
Pre-incubation was with vehicle,
K9-DON (100 uM) and/or tirofiban
(5 ug/mL). Flow cytometric data

o
e
)

were assessed in the presence of
Rhod-A14 and AF647-fibrinogen.

O Percentages of mean fluorescence
intensity of fibrinogen binding (A)

and platelets positive for Rhod-A14

) are shown (B). Mean + SEM (n=3);

*P<0.05 versus vehicle.
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thrombin, and that can bind secreted a-granule proteins in
a transglutaminase-dependent way.? In the present paper,
we used a novel fluorescent-labeled transglutaminase pep-
tide substrate, Rhod-Al4, to identify transglutaminase-
active platelets and characterize the formation and func-
tional responses of these platelets.

In washed human platelets, stimulated by
convulxin/thrombin, we identified a slowly formed (1-h)
subpopulation of PS-exposing platelets capable of binding
Rhod-A14 by flow cytometry. The general transglutami-
nase inhibitor K9-DON and the tissue-type transglutami-
nase inhibitor Boc-DON prevented Rhod-A14 incorpora-

PS-positive and high fibrin(ogen)-binding platelets bound
Rhod-A14. We further found that PS exposure, but not
Rhod-A14 binding, was accompanied by the binding of
coagulation factors Va and Xa to platelets. This is in agree-
ment with results from other groups, also reporting high
similarity of the annexin A5- and the coagulation factor-
binding platelet populations.”® Furthermore, both in time
of appearance and in subpopulation, the high fibrin(ogen)-
binding platelets differed from the Rhod-Al14-binding
platelets. Hence, in contrast to others,”*" we consider
(transglutaminase-active) coated platelets as non-identical
to fibrinogen-binding platelets.

Whereas convulxin/thrombin stimulated washed
platelets showed persistently high fibrin(ogen) binding

and slowly increasing RhodA14 binding, PAC-1 mAb
binding gradually decreased after an initial peak. This is

tion, whereas the transglutaminase factor XIII enhanced
incorporation. Rhod-A14-positive platelets appeared as a
discrete population of platelets with high fibrin(ogen)
binding and PS exposure, while only a subpopulation of

F13a1'’- F13a1’-+ Tiro

F13a1** + Tiro

A F13af1**
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Figure 7. Absence of factor Xlll and blockage/absence of integrin a,,B; impairs platelet-derived fibrin formation. (A and C) Blood from F13a1"* or F13a1”- mice
was perfused over collagen under coagulant conditions (4 min, shear rate 1000 s*). Tirofiban (5 yg/mL) was added where indicated. (A) Confocal images of AF647-
fibrinogen fluorescence (bars, 20 um). (C) Bar graph with distribution of humber of fibrin fibers per region (region 1=0-45°, 2=45-90°, 3=90-135°, 4=135-180°,
5=180-225°, 6=225-270°, 7=270-315°, 8=315-360°), indicating the orientation of the formed fibrin fibers relative to the flow direction. The orientation of fibrin
fibers was determined from thrombi traversing the arbitrarily drawn dotted white line (n=4); *P<0.001. (B and D) Washed platelets from a control subject or a patient
with Glanzmann thrombasthenia were allowed to adhere to a glass coverslip, blocked and then post-perfused under coagulating conditions with normal pool plasma
(NPP) or FXIll-deficient plasma (FXIII-DP). (B) Representative phase contrast images taken during the first minute of fibrin formation; bar is 5 um. Note that no fibrin
formation was observed with Glanzmann platelets during 20 min of post-perfusion with FXIII-DP. (D) Bar graph with distribution of number of fibrin fibers per region
relative to the flow direction (region 1=0-45°, 2=45-90°, 3=90-135°, 4=135-180°, 5=180-225°, 6=225-270°, 7=270-315°, 8=315-360°), indicating the orien-
tation of the formed fibrin fibers on the level of individual platelets. Independent experiments for control (n=4) and Glanzmann (n=1, triplicate); *P<0.001.
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indicative of secondary inactivation of integrin ousfs,
which is in agreement with earlier results.**' One explana-
tion for the persistent fibrin(ogen) binding to platelets
with apparently inactive integrins, is that the activated
ousPs displays distinct binding sites for fibrinogen and fi-
brin, allowing interaction with fibrin, independently of the
classical integrin activation domains.” However, in the
present study, we observed that the high fibrin(ogen)
binding of washed platelets was antagonized by com-
bined inhibition of auf; and transglutaminases. This sug-
gests initial binding of fibrinogen to the activated integrin,
followed by secondary binding of a growing fibrin fiber to
platelet surface proteins via transglutaminase activity.

In contrast to washed platelets, Rhod-A14 binding
platelets were formed much faster (minutes) during human
whole-blood thrombus formation on collagen. This can be
explained by a rapid availability of transglutaminases like
human factor XIII in the blood plasma, but it may also point
to a relatively slow externalization and/or activation of
platelet-derived transglutaminases in the absence of plasma.
Given that transglutaminases are broad-spectrum enzymes,
cross-linking &-(y-glutamyl)lysine isopeptide bonds of mul-
tiple proteins,®* it can safely be assumed that Rhod-A14-
binding platelets are covered (coated) with a large set of
cross-linked proteins at their surface.

In our previous work, we had shown that platelets act
as a scaffold for star-like fibrin formation.” Here we pro-
vide evidence of a combined role of integrin oyB; and fac-
tor XIII in this process. In agreement with the results from
others,"” we find that murine factor XIII is not essential for
high fibrinogen binding and PS exposure. Although
platelet-dependent fibrin fiber formation could still occur
in blood from F13a1” mice (which points to the availabil-
ity of factor XIII for the formation of fibrin fibers as such),
we did observe a significant change in the attachment of
fibrin fibers formed on the thrombus surface. Additional
blockage of integrin ou,ps; led to a further shift from
platelet-dependent star-like fibrin formation to platelet-
independent fiber orientation rectilinear to the blood flow.
In the human system, the star-like fibrin fiber formation
on the platelet surface was also synergistically mediated
by integrin ayps activation (Glanzmann thrombasthenia

patient) and factor XIII activity. This functional redundan-
cy of integrin oy and factor XIII might explain the poor
correlation of the defect in ou,f3; with the bleeding tenden-
cy observed in Glanzmann thrombasthenia patients.”

Although earlier studies found tissue type transglutami-
nase to be present in human platelets,** more recent stu-
dies showed it could not be detected on the platelet pro-
tein level.”* Interestingly, in mouse platelets, tissue type
transglutaminase (7gm2) could be detected, albeit with a
25-fold lower expression in comparison to factor XIII
(F13a).” Our present findings point to a predominant role
of factor XIII, and not of tissue type transglutaminase, in
both the human and murine systems, which is in line with
the recent studies. A role for platelet-derived EXIII was
recently proposed in regulating anti-fibrinolysis by cross-
linking a,-antiplasmin to fibrin.*® Our present findings sig-
nificantly extend this study by demonstrating a role for
factor XIII earlier in the process of hemostasis and throm-
bosis, i.e. by mediating the formation of a star-like coat of
fibrin fibers on the platelet surface.

In summary, our study shows that the mechanism for
formation of coated Rhod-Al4-binding platelets is that
initial collagen/thrombin receptor-induced ou,f3; activation
leads to fibrin(ogen) binding, which on PS-exposing
platelets can be consolidated by factor XIII transglutami-
nase activity, and act as a scaffold for star-like platelet-dri-
ven fibrin fiber formation. Since many of these coated
platelets still bind coagulation factors, they could also have
a role in stimulating prothrombinase activity and throm-
bin generation, leading to stabilization of the platelet-fib-
rin clot.
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