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m Platelet factor XIII-A (FXIII-A) is a major cytoplasmic protein (~3% of total), representing

~50% of total circulating FXIII. However, mobilization of FXIII-A during platelet activation is
» Most FXIII-A antigen is

retained within
platelets even after
stimulation by strong,
dual agonists.

* Platelet-derived FXIII-A
retained within
platelets is protected
from proteolytic
cleavage by thrombin
and plasmin.

not well defined. To determine mechanisms mediating the retention vs release of platelet
FXIII-A, platelets from healthy humans and mice (F13a1™", Fga™", Plg”", Stim1’"' Pf4-Cre,
and respective controls) were stimulated with thrombin, convulxin plus thrombin, or
calcium ionophore (A23187), in the absence or presence of inhibitors of transglutaminase
activity, messenger RNA (mRNA) translation, microtubule rearrangement, calpain, and Rho
GTPase. Platelet releasates and pellets were separated by (ultra)centrifugation. FXIII-A was
detected by immunoblotting and immunofluorescence microscopy. Even after strong dual
agonist (convulxin plus thrombin) stimulation of human platelets, >80% platelet FXIII-A
remained associated with the platelet pellet. In contrast, essentially all tissue factor
pathway inhibitor, another cytoplasmic protein in platelets, was released to the
supernatant. Pellet-associated FXIII-A was not due to de novo synthesis via platelet F13A1
mRNA. The proportion of platelet FXIII-A retained by vs released from activated platelets
was partly dependent on STIM1 signaling, microtubule rearrangement, calpain, and RhoA
activation but did not depend on the presence of fibrinogen or plasminogen.
Immunofluorescence microscopy confirmed the presence of considerable FXIII-A within
the activated platelets. Although released FXIII-A was cleaved to FXIII-A* and could be
degraded by plasmin, platelet-associated FXIII-A remained uncleaved. Retention of
substantial platelet-derived FXIII-A by activated platelets and its reduced susceptibility to
thrombin- and plasmin-mediated proteolysis suggest platelet FXIII-A is a protected pool
with biological role(s) that differs from plasma FXIII.
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Introduction

The protransglutaminase factor XlIl (FXIIl) is found in plasma and
cellular compartments. Plasma FXIIl is a heterotetramer (FXIII-
AsB,), whereas cellular FXIll is a homodimer (FXIlI-Ay) in
hematopoietic-derived cells, including monocytes, macrophages,
and platelets.’ Platelet FXII-A represents ~3% of the human
platelet proteome and ~50% of total circulating FXIII-A.?

Although platelets can take up small amounts of plasma FXIII-
AsB,, most platelet FXIII-A is synthesized and packaged by
megakaryocytes.! Although most soluble coagulation proteins in
platelets are stored in a-granules, FXIII-A resides in the cytoplasm
and lacks a conventional secretion mechanism.' Platelets also
contain transcripts encoding FXII-A (F13A7), and ribosome
occupancy of platelet F13A7 is increased after thrombin stimu-
lation, suggesting these cells are capable of de novo FXIII-A
synthesis.® Both plasma and platelet FXIIl can be activated by
thrombin-mediated cleavage of activation peptides from the A-
subunits to generate active FXllla (FXIII-A*), or nonproteolytically
by a conformational change in response to elevated Ca®* (to
FXIII-A°).*® Both FXIII-A* and FXIII-A°® can catalyze the formation
of e(y-glutamyl)lysyl isopeptide bonds and stabilize clots against
biochemical and mechanical disruption.“‘5 However, accumu-
lating data from clinical and experimental studies show plasma
FXIII-A,B, is sufficient to promote hemostasis.”® Thus, the bio-
logical role of platelet FXIII-A is not well understood. Notably, the
temporal and spatial transformation of platelet FXIII-A to its acti-
vated forms and their subsequent biological roles are unclear, in
part, because mechanisms mediating FXIII-A mobilization, expo-
sure, and fate are poorly defined.

Prior studies showed that platelet FXIII-A can be released from
activated platelets. Single agonists (eg, thrombin) induce very
little FXIII-A release.”'® However, after stimulation with dual
agonists (eg, collagen/convulxin plus thrombin) to activate both
glycoprotein VI (GPVI) and protease-activated receptors (PARs),
FXIII-A can be detected on the platelet surface and in platelet-
derived extracellular vesicles (EVs).'"'? Signaling events down-
stream of GPVI and/or PARs, including Ca®*-independent
signaling through RhoA, have been implicated in FXIII-A exposure
after platelet activation'": however, potential contributions of
other events downstream of GPVI and PARs, and the extent to
which these events lead to FXIIl externalization, are not well
understand. Moreover, FXIII-A antigen that is retained or released
from activated platelets may have distinct properties,”>'® with
significant implications for its biological role(s) in health and
disease.

Here, we studied human and mouse platelets to characterize
mechanisms mediating the retention/release and fate of FXIII-A
after platelet activation. Our data suggest platelet FXII-A is
mobilized by cytoskeletal changes induced by Ca®*-dependent
and -independent signaling that lead to the release of only a
small amount of FXIII-A to the surrounding milieu. Notably, most
platelet FXIII-A cargo is retained within the platelet and pro-
tected from proteolytic activation and degradation. These
observations suggest platelet FXIII-A is reserved for a unique
function that is distinct from the hemostatic role of plasma
FXIlI-AoBs.
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Materials and methods
Approvals for work with humans and mice

Methods involving human participants were approved by the Uni-
versity of North Carolina at Chapel Hill Institutional Review Board
(protocol number 01-1274). Mouse studies were approved by the
University of North Carolina at Chapel Hill Institution of Animal Care
and Use Committee (protocols numbers 22-019 and 23-017).

Preparation and stimulation of washed platelets

Fresh blood from humans and mice was drawn into acid-citrate-
dextrose buffer, and washed platelets were prepared by centrifu-
gation. Platelets were stimulated with thrombin (5 U/mL), convulxin
plus thrombin (100 ng/mL and 5 U/mL, respectively), or calcium
ionophore (A23187; 10 uM) and then quenched with 20-mM
EDTA and 100 U/mL hirudin. Platelet releasates and pellets were
separated by (ultra)centrifugation and analyzed by immunoblotting
and immunofluorescence microscopy.

In selected experiments, inhibitors of transglutaminase (T101, 1, 3,
4, 5-Tetramethyl-2-[(2-oxopropyl)thio] imidazolium chloride, 50 uM
final), protein synthesis (cycloheximide, 50 pg/mL final), microtu-
bule polymerization (colchicine, 1 mg/mL final), calpain (calpeptin,
80 pg/mL final), or RhoA (rhosin, 40 pg/mL final) were pre-
incubated with platelets for 5 minutes at 37°C before activation.
Plasmin (50 nM final) was added at the same time as the agonists,
as indicated.

To characterize the effect of platelets on exogenous FXIIl, 20 pg/
mL mouse FXIlI-A;B, or 10 pg/mL recombinant human FXIII-A,
was added to FXIIl-A-deficient mouse platelets and then platelets
were stimulated with 100 ng/mL convulxin plus 5 U/mL thrombin
for 30 minutes. Reactions were quenched and centrifuged (1500g
for 15 minutes) to separate the pellet and releasate and remove
unbound mouse or human FXIll(a).

Detailed sources of materials and methods for isolating and acti-
vating washed platelets, immunoblotting, flow cytometry, nano-
particle tracking analysis, and immunofluorescence are described
in the supplemental Materials.

Statistical methods

Statistical analysis was performed using GraphPad Prism
v10.1.1. Data normality was assessed by Shapiro-Wilk tests.
Normally distributed data were analyzed by ordinary 1-way
analysis of variance, with Sidak multiple comparisons test for
between-group comparisons. Nonnormally distributed data were
analyzed by Friedman test, with Dunn multiple comparisons test
for between-group comparisons. P value < .05 was considered
significant.

Results

Most platelet FXIII-A remains associated with the
platelet pellet even after dual agonist (convulxin plus
thrombin) stimulation

To characterize FXIII-A release from activated platelets, we first
stimulated human platelets with convulxin plus thrombin for

30 minutes and quantified the relative amount of FXIII-A antigen
in the platelet pellet and releasate by immunoblotting and
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densitometry (illustrated in supplemental Figure 1). Unexpectedly,
most (81% £ 6%) FXIII-A remained associated with the platelet
pellet (Figure 1A-B). FXIII-A retention was not decreased in the
presence of the transglutaminase inhibitor T101 (supplemental
Figure 2), suggesting the retention mechanism was independent
of transglutaminase activity. Agglutination, promoted by centrifu-
gation, slightly enhanced FXIII-A release; however, most (~69%)
FXIII-A remained associated with the platelet pellet (supplemental
Figure 3). To contextualize these results, we compared FXII-A
retention with 2 other platelet proteins. von Willebrand factor is
stored in platelet a-granules and released during platelet activation
when it can bind to platelet GPIb-IX-V and allop3.'*"® In contrast
to FXIII-A, only ~50% of platelet von Willebrand factor was retained
after convulxin plus thrombin stimulation (Figure 1C-D). Similar to
FXIII-A, tissue factor pathway inhibitor (TFPI) also resides in the
platelet cytoplasm, and stimulation with thrombin plus A23187
promotes TFPI translocation to the platelet surface and release in
EVs and/or as soluble protein.'® Again in contrast to FXII-A,
essentially no TFPl was retained (ie, all platelet TFPI was
released to the supernatant) after convulxin plus thrombin stimu-
lation (Figure 1E-F).

To further characterize FXIII-A mobilization after platelet activation,
we stimulated human platelets with single (thrombin) or dual (con-
vulxin plus thrombin) agonists or calcium ionophore (A23187) and
compared the kinetics of FXIII-A, release. As expected,”'° thrombin-
stimulated platelets released little to no FXII-A (Figure 2A-C).
Convulxin plus thrombin-stimulated human platelets released a
small fraction of their FXIII-A over time; by 30 minutes, only ~8 + 1 fg
per platelet (16% £ 2%) and 4 % 1 fg per platelet (8% + 2%) was
released by conwulxin plus thrombin— and A23187-stimulated
human platelets, respectively (Figure 2A-C). However, most FXIII-A
remained associated with the platelet pellet.

To determine whether new FXIII-A synthesis from F13A7 tran-
scripts accounts for the high amount of FXIII-A associated with the
activated platelet pellet, we pretreated human platelets with the
protein synthesis inhibitor cycloheximide before activating platelets
with convulxin plus thrombin. Immunoblots of the platelet pellet and
releasate indicated that FXIII-A antigen was relatively stable
through 60 minutes (Figure 2D-F). Moreover, there was little-to-no
change in FXIlI-A content in either fraction even 7 hours after
platelet activation (supplemental Figure 4). These data indicate that
convulxin plus thrombin stimulation does not promote F13A7
translation in washed platelets, and the high amount of FXII-A
detected in the platelet pellet represents preexisting protein that
is selectively retained during platelet activation.

Platelet FXIII-A mobilization is partly regulated by
Ca’*-dependent and -independent signaling and
cytoskeletal rearrangements

Stimulation of platelet GPVI and PARs induces signals through
inostitol-1,4,5-triphosphate—mediated efflux of intracellular stores
of Ca®* to the cytosol and subsequent stromal interaction mole-
cule 1 (STIM1)/calcium release-activated calcium modulator 1
(ORAIM)-mediated influx of extracellular Ca?*.'” In contrast,
A23187 causes nonspecific entry of extracellular Ca®* via
A23187-Ca®* complexes.'®'® To characterize the relative contri-
bution of STIM1-mediated mobilization of Ca®* stores vs extra-
cellular Ca%* influx to FXIII-A retention or release, we studied

5074 SANG et al

platelets from STIM1-deficient (Stim1"" Pf4-Cre) and control (Pf4-
Cre) mice. Compared with human platelets (43 + 8 fg/platelet),
mouse platelets contained less total FXIII-A. However, Pf4-Cre and
Stim1™" Pf4-Cre mouse platelets contained similar total FXII-A
(3.0 £ 0.2 and 3.4 + 0.4 fg/platelet, respectively, representing
~0.3%-0.5% of total platelet protein). Similar to human platelets,
convulxin plus thrombin—-stimulated Pf4-Cre mouse platelets
formed a population of smaller platelets and/or platelet fragments
(Figure 3A-C). However, compared with stimulated human plate-
lets, stimulated Pf4-Cre mouse platelets retained less FXII-A
(~80% [Figures 1 and 2] vs ~55% [Figure 3D-F] for human and
mouse, respectively). Compared with Pf4-Cre mouse platelets,
activated Stim1™" Pf4-Cre mouse platelets had fewer small
platelets/fragments (Figure 3A,C), likely due to reduced vesicula-
tion, and retained more FXIII-A (1.0 + 0.1 vs 1.9 £ 0.1 fg/platelet;
Figure 3D-F). These data suggest FXIII-A translocation is partially
mediated by STIM1-dependent Ca®* signaling in activated plate-
lets. As expected, A23187 stimulation of human platelets for
30 minutes induced ~100% phosphatidylserine-positive platelets
(data not shown) and produced a population of smaller platelet per
fragments (~38%). Similar to a previous report,'' A23187
released little (~10%) FXIlI-A from human platelets (Figure 2A-C).
In contrast, A23187 stimulation of mouse platelets induced nearly
complete formation of small platelets per fragments (Figure 3A-C)
and released essentially all FXIII-A to the supernatant (Figure 3D-F).

Stimulation of platelet GPVI and PARs also activates proteases®’
that may facilitate FXIII-A release from platelets. Inhibition of the
Ca®*-dependent enzyme calpain by calpeptin partly reduced FXIII-
A release from human platelets (from 6.6 to 4.1 fg/platelet; P <
.001; Figure 3G-H). We also confirmed that inhibition of Ca®*-
independent RhoA activation with the RhoA inhibitor rhosin also
reduced FXIII-A release from human platelets (from 6.6 to 3.9 fg/
platelet; P < .001; Figure 3G-H and Somodi et al'"). Platelet
activation through both Ca®*-dependent and -independent
signaling promotes cytoskeletal rearrangements, and FXIII-A
colocalizes with cytoskeletal proteins.”"*”> Accordingly, pretreat-
ment of platelets with colchicine to inhibit microtubule rearrange-
ments reduced FXII-A release (from 7.5 to 4.0 fg/platelet;
P < .001; Figure 3G-H). Collectively, these data implicate both
Ca®*-independent and -dependent signaling and cytoskeletal
rearrangements in FXIII-A mobilization in convulxin plus thrombin—
stimulated platelets.

Most released FXIII-A is present as free protein

The minor fraction of total FXIII-A that is released may be associ-
ated with EVs'"?® and/or present as free protein. To determine the
distribution of EV-associated vs free FXIII-A in the platelet relea-
sate, we used differential centrifugation (as described in Sachetto
et al® and Krishnamachary et al®*?® and illustrated in
supplemental Figure 5) and nanoparticle tracking analysis to
separate and quantify large EVs, small EVs, and soluble proteins
generated by activated platelets. In parallel, we used immunoblot-
ting to quantify FXIII-A in these fractions. Compared to unstimu-
lated platelets, stimulation with thrombin, convulxin plus thrombin,
and A23187 resulted in ~3.1-, 10.6-, and 10.6-fold more large EVs
(Figure 4A-B) and 3.5-, 6.5-, and 10.7-fold more small EVs
(Figure 4C-D), respectively. However, ~75% % 5% of the minor
fraction of FXIlI-A released from convulxin plus thrombin—
stimulated platelets remained in the supernatant even after
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Figure 1. Most platelet FXIII-A is retained with the platelet after dual agonist stimulation. Washed human platelets were unstimulated (Unstim) or stimulated with
convulxin (CVX) plus thrombin (lla) for 30 minutes. The platelet pellet (P) and releasate (R) were separated by centrifugation. FXIII-A, TFPI, and von Willebrand factor (VWF) were
visualized by immunoblotting and quantified by densitometry. For analysis of pellets, proteins from 1 x 10° and 2 x 10° platelets were loaded in the first and second lanes of each
pairing, respectively. For analysis of releasates, supernatants from 0.5 x 10° and 1 x 10° platelets were loaded for the first and second lanes of each pairing, respectively. (A)
Representative immunoblot for FXIII-A. Recombinant human FXIII-A loading control is labeled rhFXIII-A. FXIII-A species are labeled on the right of the immunoblot as ©
(representing zymogen FXIII-A or nonproteolytically activated FXIII-A°) and * (representing FXIII-A*). (B) Quantification of FXIII-A. (C) Representative immunoblot of VWF; each
lane represents a separate donor. (D) Quantitation of VWF. (E) Representative immunoblot of TFPI (recombinant human TFPI [rhTFPI] loading control). (F) Quantification of TFPL.
For all immunoblots, molecular weight marker (MWM) is indicated on the left. For the bar graphs, the data show mean + standard error of the mean (SEM); each dot represents a
separate donor.
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Figure 2. Platelet FXIII-A is not synthesized during activation of human platelets. (A-C) Washed human platelets were unstimulated (Unstim) or stimulated with thrombin
(Ila), CVX plus lla, or A23187. The platelet pellet (P) and releasate (R) were separated by centrifugation. FXIII-A was visualized by immunoblotting and quantified by densitometry.
(A) Representative immunoblots of FXIII-A from the pellet (1.6 x 10° platelets) or releasate (7.5 x 10° platelets). (B-C) Quantification of total FXIII-A in the pellet and releasate,
respectively (mean + SEM; n = 5 separate donors; same symbols in both panels; P values vs unstimulated platelets at the same time point are indicated). (D-F) Washed human
platelets were unstimulated (Unstim) or stimulated with CVX plus lla in the presence of cycloheximide (cyclo) or vehicle (Veh [ethanol]). Samples were processed as those in
panels A-C. (D) Representative immunoblots of FXIII-A. For analysis of the pellet, proteins from ~2 x 10° platelets were loaded. For analysis of the releasate, supernatant from 1 x
10° platelets were loaded. (E-F) Quantification of total FXIII-A in the pellet and releasate, respectively (mean + SEM; n = 6 separate donors; same symbols in both panels; P=.05
vs convulxin plus thrombin in the absence of cycloheximide at the same time point; the slight increase in FXIII-A in the pellet in the absence of cycloheximide at 30 minutes is likely
an artifact because this is too short of a time frame for significant protein synthesis). For both immunoblots, rhFXIIl-A is recombinant human FXIII-A loading control, and the band in

©) (

the MWM lane indicates 100 kDa. FXIII-A species are labeled on the right of the immunoblot as representing zymogen FXIII-A or nonproteolytically activated FXIII-A°) and *

(representing FXIII-A*).

centrifugation at 100 000g (considered the non-EV, “free” frac- stimulated platelets (supplemental Figure 6). Thus, although

tion; Figure 4E-F). Accordingly, the inhibition of calpain by cal- platelets can release both EVs and FXIII-A after strong stimulation,
peptin only slightly (nonsignificantly) decreased EVs but these events are at least partly separable, suggesting these pro-
significantly reduced FXIII-A release from collagen plus thrombin— cesses are mediated by independent pathways.
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Figure 3. FXIII-A translocation is partly dependent on STIM1 signaling and cytoskeletal rearrangements. (A-F) Washed human or mouse platelets were unstimulated
(Unstim) or stimulated with CVX plus thrombin (lla) or A23187 for 30 minutes. (A-C) Five-thousand events per sample were analyzed by flow cytometry. (A) Cytograms of human
and mouse platelets. Two gates (smaller platelets and/or platelet fragments [left]; intact platelets [right]) were set based on unstimulated platelets. (B) Percentage of smaller
platelets and/or platelet fragments for human platelets (n = 3; each dot represents a separate donor). (C) Percentage of smaller platelets and/or platelet fragments for mouse
platelets (n = 3; each dot represents a separate mouse). (D-F) Mouse platelet pellet and releasate were separated by centrifugation at 1500g. FXIII-A was visualized by
immunoblotting and quantified by densitometry. (D-F) Representative immunoblots (D) and quantitation (E-F) of FXIII-A in the mouse platelet pellet and releasate from 1.5 x 10°
platelets. Each lane and dot represents a separate mouse. (G-H) Washed human platelets were unstimulated or stimulated with CVX plus lla in the absence (buffer, DMSO
[vehicle]) or presence of calpeptin (Cpt), rhosin (Rhos), or colchicine (Colch). The platelet pellet and releasate were separated by centrifugation. FXIII-A was quantified by
densitometry. (G-H) Representative immunoblot and quantitation of FXIII-A in the human platelet releasate from 1 x 10° platelets (mean + SEM of 4 separate donors). FXIII-A

(0) (

species are labeled on the right of the immunoblot as representing zymogen FXIII-A or nonproteolytically activated FXIII-A°) and * (representing FXIII-A*). Bars show mean *

SEM. DMSO, dimethyl sulfoxide. Statistical comparison in (H) are with appropriate controls (DMSO or buffer [diluted Tyrodes]).

Retention of platelet pellet-associated FXIII-A does

. o - . platelets, and FXIll can interact with each of these
not require fibrinogen or plasminogen

proteins.'>'#2%27 Moreover, plasma FXIll binds platelets via

Both fibrin(ogen) and plasmin(ogen) can be detected in a focal
region on the surface of convulxin plus thrombin-stimulated

€ blood advances s oCTOBER 2024 - VOLUME 8, NUMBER 19

surface-bound fibrin(ogen).”® To determine whether fibrin(ogen) or
plasmin(ogen) mediate retention of platelet FXIII-A, we activated
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Figure 4. Released FXIII-A is mainly free protein. Washed
A B L EV human platelets were unstimulated (Unstim) or stimulated with
s Large EV 5x10° arge thrombin (lla), CVX plus thrombin (lla), or A23187 for
4 X 4
25%10 30 minutes at 37°C. The reaction mixture was then quenched
2x108 — Unstim 4x10° - 0.04 and centrifuged serially to separate the pellet and releasate and
_E' 1.5x10° - ICI?VX I E‘ then large EVs, small EVs, and remaining soluble fraction (free
= 1.5x108 4 — +
é A2318'7a % proteins), as described in the “Methods” and illustrated in
'g 1x108 - ‘E supplemental Figure 5. (A-D) Nanoparticle tracking analysis of
o- o
5107 size distribution and enumeration of large EVs (A-B) and small
%A\ EVs (C-D). (E) Representative immunoblots of FXIII-A in large
0 T T T T T T EVs (pellet of 20 000g, 15 minutes), small EVs (pellet of
0 100 200 300 400 500 600 100 000g, 70 minutes), and soluble fraction (supernatant of
Size (nm) 100 000g, 70 minutes) from 4 of the donors (D) studied; rhFXIII-
A is recombinant human FXIII-A loading control; the band in the
c D MWM lane indicates 100 kDa. FXIII-A species are labeled on the
mal right of the immunoblot as representing zymogen -A or
Small EV ight of the i blot as ) ( i FXII-A
1.5%10° 4 1.2x10"° 4 <0.001 nonproteolytically activated FXIII-A°) and * (representing FXIII-
! 1
— Unstim 1%1010 4 ° A*). (F) Quantification of FXIII-A in large EVs (LEVs), small EVs
i —lla _ (SEVs), and soluble proteins (Sol). The data show mean + SEM
£ 1x10° E  8x10° -
= — CVX+lla 3 of 5 separate donors; each dot represents a separate donor.
D
= A23187 s 6x10°1
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platelets from fibrinogen- or plasminogen-deficient (Fga™~ or Plg™")
and -expressing (Fga™  or Plg*") mice with convulxin plus
thrombin or A23187 and measured FXIIl-A by immunoblotting. As
seen in Pf4-Cre and Stim1™" Pf4-Cre mouse platelets, A23187
stimulation released essentially all FXIlI-A to the supernatant.
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Interestingly, however, similar amounts of FXIII-A were detected in
the pellets and releasates of convulxin plus thrombin—stimulated
Fga™~ and Plg™" platelets compared with their respective con-
trols (Figure 5A-F), indicating neither of these proteins is required
to retain platelet FXIII-A in the pellet.
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Figure 5. Retention and release of FXIII-A from convulxin plus thrombin-stimulated platelets do not depend on endogenous fibrinogen or plasminogen.

Washed platelets from fibrinogen-deficient (Fgaflﬁ, plasminogen- deficient (P/gf/f), or littermate control (Fga”ﬁ and P/g”’, respectively) mice were unstimulated (Unstim) or

stimulated with CVX plus thrombin (lla) or A23187 for 30 minutes. The platelet pellets and releasate were separated by centrifugation. FXIII-A was visualized by immunoblotting

and quantified by densitometry. (A-C) Studies with fibrinogen-sufficient and -deficient platelets. (D-F) Studies with plasminogen-sufficient and -deficient platelets. (A,D)
Immunoblots of FXIII-A in the pellet or releasate from 1.5 x 10° mouse platelets (mouse [m]FXIII-A,B, loading control). The band in the MWM lane indicates 100 kDa. FXIII-A

species are labeled on the right of the immunoblot as ©)

representing zymogen FXIII-A or nonproteolytically activated FXIII-A°) and * (representing FXIII-A*). (B,E) Quantification of

total FXIII-A in the pellet. (C,F) Quantification of total FXIII-A in the releasate. The data show mean + SEM; each dot is a separate mouse.

Platelet-associated FXIII-A is protected from
thrombin cleavage

Throughout our experiments, we consistently detected 2 FXIII-A
bands in the releasate of platelets stimulated with convulxin plus
thrombin: an upper band labeled FXII-A that represents zymogen
FXII-A or nonproteolytically activated FXII-A° (because these
cannot be distinguished by immunoblot); and a lower band repre-
senting cleaved FXII-A* that appears over time (Figures 1-5).
Quantification of data in Figure 2A revealed that by 30 minutes,
~61% =* 4% of convulxin plus thrombin-released FXIII-A was
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present as FXIII-A* (Figure 6A). Although inhibitors of calpain,
RhoA, and microtubule rearrangement reduced the total FXIII-A
released to the supernatant (Figure 3G-H), these inhibitors did
not significantly alter the ratio of FXIII-A* to FXIIN® present in
the releasate (supplemental Figure 7). Notably, however, pellet-
associated FXIII-A remained uncleaved in even convulxin plus
thrombin—stimulated platelets (Figures 1-5). The only exception
was in long experiments (7 hours), in which a subset of
retained FXIII-A appeared as FXII-A* (supplemental Figure 4).
These data suggested released FXIII-A is cleaved by thrombin,
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Figure 6. Released FXIII-A is cleaved by thrombin, whereas platelet-derived FXIII-A that remains associated with the platelet is protected from thrombin
cleavage. (A) Quantification of relative FXII-A® and FXIII-A* in the releasate of CVX plus thrombin (lla)—-stimulated platelets as in Figure 2A-C. The data show mean + SEM of 5

separate donors. (B) Representative immunoblot of FXIII-A in pellets (P) and releasate (R) from experiments with washed platelets from F13a7** or F13a1™~ mice unstimulated

or stimulated with CVX plus lla in the absence (for F13a7™/*

Proteins from ~1.5 x 10° platelets were loaded. FXIII-A species are labeled on the right of the immunoblot as

FXIII-A°) and * (representing FXIII-A*).

but platelet-associated FXIII-A is largely protected from pro-
teolytic activation.

To determine whether platelets can protect exogenous (non-
platelet-derived) FXIII-A from thrombin-mediated proteolysis, we
used platelets from F13a7** and F13a1™" mice.>® As expected,
FXIII-A was not detected in F13a7™" platelets (Figure 6B). As in
experiments with human platelets, FXIIl-A retained in the pellets
from F13a1™* mice remained uncleaved, whereas released FXIII-A
was cleaved to FXIII-A* (Figure 6B). We then added mouse FXIII-
AoB, to F13a1™ platelets, stimulated platelets with convulxin plus
thrombin, and detected FXIII-A by immunoblotting. Consistent with
previous findings,'®*%*" convulxin plus thrombin—stimulated, but
not unstimulated, F73a7™" platelets bound exogenous FXIIl only
as FXIII-A* (Figure 6B). We also saw similar findings in experiments
testing recombinant human FXIII-A; binding to mouse platelets
even in the absence of FXII-B (data not shown). Together with
studies indicating activated, but not unactivated, platelets provide
binding sites for FXIII-A* but not FXII-A®),'92%%1 these data sug-
gest platelets can protect platelet-derived and sequestered, but not
exogenous (plasma or released), FXIII-A from proteolysis.

Activated platelets retain most of their FXIII-A inside
the cell

In resting platelets, FXIII-A can be detected in the cytoplasm and is
associated with internal membrane. In convulxin (or collagen) plus
thrombin—stimulated platelets, FXIII-A is detected in a focal region
termed the platelet “cap.”’"'? Given our observation that platelet-
associated FXIII-A is not cleaved by thrombin, we used confocal
microscopy to directly visualize FXIII-A in unstimulated and con-
vulxin plus thrombin—stimulated platelets and test the hypothesis
that this pool was present inside the activated platelet. As
expected, unstimulated, nonpermeabilized platelets showed little to
no FXIII-A staining, whereas unstimulated, permeabilized platelets
stained strongly for FXIII-A (Figure 7A). In accordance with pub-
lished data,'"'*?® a subpopulation (47% * 2.4% of platelets;
n = 3 separate donors) of convulxin plus thrombin-stimulated,
nonpermeabilized platelets showed a small amount of FXIII-A pre-
sent on a cap-like structure on the platelet surface. Notably,
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platelets) or presence (for F13a7™~ platelets) of exogenous mouse FXIIl (mFXIII-A,B,) for 30 minutes (n = 3).

©) (representing zymogen FXIII-A or nonproteolytically activated

however, stimulated, permeabilized platelets stained intensely for
FXIII-A throughout the platelet interior (Figure 7A), suggesting most
platelet-associated FXIII-A is retained intracellularly.

FXIlI-A retained inside the platelet is protected from
proteolytic degradation by plasmin

Our data showed that released, but not platelet-associated, FXIII-A
can be cleaved to FXIlI-A*. Because plasmin can degrade FXIII-A*
but not FXIII-A or FXIII-A°,"® we then determined the fate of these
FXIlI-A compartments by incubating activated platelets with exog-
enous plasmin. FXIII-A* in the releasate of convulxin plus thrombin—
stimulated platelets underwent time- and plasmin-dependent
cleavage to degradation products of ~55 kDa (and ~25 kDa
visible in 1 donor; Figure 7B). In contrast, no FXIII-A degradation
products were detected in the pellet of convulxin plus thrombin— or
A23187-stimulated platelets up to 30 minutes after activation
(Figure 7B).

Collectively, these data suggest even strong platelet agonists (eg,
convulxin plus thrombin) induce the release and cleavage of only a
small portion of platelet FXIII-A, and most platelet FXIII-A is selec-
tively retained within and protected by the platelet.

Discussion

Despite its abundance, the function of platelet FXIlI-A has been
unclear, partly because the mechanisms determining its external-
ization and fate have not been defined. Our findings from human
and mouse experimental systems reveal new aspects of platelet
FXIIl biology and biochemistry. First, most of the platelet FXIII-A
cargo is retained within the platelet body even after stimulation
with strong, dual agonists. Second, the release of the minor
fraction of platelet FXII-A after platelet activation involves both
Ca®*-dependent and -independent signaling and cytoskeletal
rearrangements. Third, although released FXIII-A is susceptible to
cleavage by thrombin and plasmin, FXIII-A retained within the
platelet is protected from proteolysis. Collectively, these findings
reveal limited accessibility of most platelet-derived FXIII-A even
after strong platelet activation and suggest the role(s) of platelet
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Figure 7. Activated platelets retain most of their FXIII-A
inside the cell, where it is protected from proteolytic A

Large field Selected single platelet

degradation. (A) Washed human platelets were unstimulated
(Unstim) or stimulated with CVX plus thrombin (lla) for

30 minutes. Intact (nonpermeabilized [Non-Perm]) or
permeabilized (Perm) platelets were labeled with antibodies
against CD41/CD61 (surface marker, blue) and FXIII-A (red). A
merge of CD41/CD61 and FXIIl-A is shown in pink. Platelets

were imaged on a Zeiss LSM 900 confocal microscope (UNC

Non-Perm

Unstim

Microscopy Service Laboratory) through a Plan-Apochromat

Perm

63x%/1.40 oil immersion objective. For optimal display, the
brightness/contrast was adjusted separately; gray scale images
with equivalent settings are shown in supplemental Figure 8.
Representative images of experiments performed on platelets

from 3 different donors are shown. The white boxes (left images)

Non-Perm

indicate the selected individual platelets shown on the right

CVX+lla

images. White arrow points to FXIII-A exposed on the cap-like

structure on the platelet surface. (B) Representative

Perm

immunoblots of FXIII-A from washed human platelets (n =5

separate donors) that were unstimulated (Unstim) or stimulated
with CVX plus thrombin (lla) in the absence or presence of

plasmin (Pm) for up to 30 minutes. The pellet and releasate were
separated by centrifugation. For analysis of the pellet, proteins B
from 2 x 10° platelets were loaded. For analysis of the releasate,
supernatant from 1 x 10° platelets were loaded. FXII-A species

are labeled on the right of the immunoblot as © (

representing
zymogen FXIII-A or nonproteolytically activated FXIII-A°) and *

(representing FXIII-A*).
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FXIII-A is distinct from those of plasma FXIII-A;B, during and after
hemostatic events.

Although both FXIII-A and TFPI are found in the platelet cyto-
plasm,’"'® the retention of most platelet FXIII-A contrasts with TFPI
and suggests these proteins undergo differential trafficking and/or
that specific mechanisms mediate FXIII-A interactions with plate-
lets. Plasma FXIll(a) has been reported to engage several potential
surface receptors, including allbf3, aVp3, and allbf3-bound
fibrinogenm'gsm’gg; however, FXllla can bind to platelets from
patients with Glanzmann thrombasthenia,®® and we found neither
fibrin(ogen) nor plasmin(ogen) is needed to retain platelet FXIII-A
after activation. Notably, our data suggest most platelet FXIII-A
remains inside the platelet body after platelet activation. This
premise is supported by several observations: (1) uncleaved
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exogenous FXII-A cannot bind to platelets®’; (2) platelet FXII-A
colocalizes with multiple regulatory and cytoskeletal proteins®':?%;
and (3) microscopy of permeabilized, collagen plus thrombin—
stimulated platelets reveals substantial intracellular FXII-A
(Figure 7A) that may be partially colocalized with F-actin,® and
platelet-associated, but not released, FXIlI-A is protected from
proteolysis.

It is difficult to disentangle contributions of platelet activation
pathways from mechanisms specifically required for FXIII-A mobi-
lization from the cytoplasm to the platelet surface and/or sur-
rounding milieu. Both convulxin plus thrombin and A23187/
ionomycin induce sustained Ca®' elevation, generation of
phosphatidylserine-positive procoagulant platelets, and micro-
vesiculation.** However, convulxin plus thrombin promotes greater
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FXIlI-A mobilization, release in platelet-derived EVs, and cross-
linking activity on the surface of platelets and platelet-derived EVs,
indicating receptor-mediated activation and signaling is required for
maximal FXII-A translocation.'"*° After convulxin plus thrombin
stimulation, the cytosolic Ca®* concentration increases from nM to
uM."” Genetic loss of STIM1 or pharmacologic inhibition of calpain
or RhoA only partly impairs platelet FXIII-A release, suggesting both
Ca®*-dependent and -independent pathways contribute to FXIII-A
mobilization. These mechanisms are currently unknown but may
include loss of mitochondrial potential and metabolic adenosine
triphosphate depletion, which influence EV release and/or platelet
fragmentation.®®*” FXII-A has been detected in EVs,'" and our
differential centrifugation experiments suggested a substantial
fraction of released FXIII-A is also present in the free/soluble
fraction. Thus, the extent to which mechanisms mediating EV for-
mation and FXIII-A release overlap is currently unclear and will be
the subject of future studies.

Increasing evidence suggests plasma and platelet FXIll(a) function
in different capacities. IV infusion of plasma-derived FXIlI-A;B, or
recombinant FXIIl-A, to reconstitute FXIIl levels in plasma restores
hemostasis in FXIII-A-deficient patients.7'8 Moreover, fibrin cross-
linking by plasma, but not platelet, FXIll(a) promotes red blood cell
retention in contracted clots and enhances thrombus mass.®*°
FXIlI-A® has lower conformational flexibility and reduced affinity
for glutamine substrates than FXII-A** Although some studies
reported that platelet FXII-A is required for contractile events,*’
others have been unable to reproduce this finding.®8*%4243
Thus, despite platelet FXIII-A accounting for ~50% of the circu-
lating pool, plasma FXIllIA;B, is sufficient to carry out most
hemostatic functions. The sequestration and protection of FXIII-A
antigen within platelets may impart this pool with different char-
acteristics than the more accessible FXII-A;B, in plasma. The
FXIII-A subunits in plasma and platelets are synthesized from the
same gene (F13AT7) and are biochemically capable of catalyzing
the same crosslinking events.**"'? However, the FXIII-A activation
mechanisms in these 2 compartments differ. Thrombin-mediated
activation of plasma FXIlI-A,B, occurs rapidly and almost simulta-
neously with thrombin-mediated conversion of fibrinogen to fibrin.
The temporal association of these events is facilitated by FXIII-A5B,
binding to fibrinogen residues y390-396 near the thrombin binding
site on polymerizing fibrin (central E-region interaction with D
regions and extended y' sequence).>®** That the fibrin crosslinking
residues (yQ398, yQ399, and YK406) are also located within this
region enables plasma FXIII-A* to rapidly crosslink fibrin and anti-
fibrinolytic proteins to promote fibrin stiffness and biochemical
stability needed for clot contraction®®“° and protection from fibri-
nolysis.*® In contrast, only a small amount of FXII-A is released
from activated platelets and only during strong (dual-agonist)
stimulation that likely occurs in vivo only when coagulation activa-
tion is accompanied by local vascular damage.*®*” Even once
exposed, it is not clear whether or how platelet FXII-A®" would be
spatially directed to accruing fibrin to perform its crosslinking
function in a short time frame. Accordingly, platelet FXII-AC™
antifibrinolytic activity is detectable in platelet lysates only in the
presence of low (<20%) plasma FXIII."? Notably, however, plasma
FXIII-A* is susceptible to inactivation by oxidation-induced confor-
mational changes and/or thrombin- or plasmin-mediated proteolytic
degradation,'®*®*° which may limit its role to the acute setting. A
source of FXIII-A that is slowly and nonproteolytically activated and
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protected from inactivation may be a reservoir for transglutaminase
activity needed for specific biological mechanisms and/or events
that occur at more delayed time scales (eg, crosslinking cytoskel-
etal proteins, regulating platelet spreading, and/or facilitating
platelet-dependent immune functions or endothelial cell migration
and proliferation).?"?2%35%51 This protected FXIII-A pool may
contribute to wound healing or pregnancy, both of which are
impaired in FXlll-deficient humans and mice."??°>%% Platelet
F13A1 transcripts are lower in atrial fibrillation patients who have
embolized thrombi vs patients without emboli,”* implicating platelet
F13A1 and specifically its translated product in thrombus stabili-
zation. Although thrombin can induce translation of platelet mes-
sages,”>® we did not detect F13A7 translation in washed
platelets. In each of these situations, FXIlI-A retained within or
synthesized by trapped platelets may be exposed by exocytosis or
passively released as these cells disintegrate.®” Delayed release of
FXIII-A from disintegrating cells to the local milieu could circumvent
the lack of a FXIII-A secretory peptide and enable platelet FXIII-A to
serve extracellular functions in specific settings. These possibilities
warrant future studies to determine whether platelet FXII-A is
merely vestigial or to identify biological function(s) for this pool.

This study identified new features mediating platelet FXII-A
dynamics during and after platelet activation but has potential
limitations. First, although stimulation with soluble agonists is an
established method for studying platelet activation in vitro, inter-
actions with insoluble agonists (eg, fibrin and fibrillar collagen) may
alter processes that determine platelet shape change, EV forma-
tion, and/or exposure/expulsion of cytoplasmic contents. Second,
because we tested relatively high concentrations of GPVI and PAR
agonists in which essentially all platelets were P-selectin positive
and almost half were phosphatidylserine-positive (data not shown),
our data likely overestimate FXIII-A release from platelets in most
situations. Third, our findings revealed differences in FXIII-A content
and liberation between human and mouse platelets that may have
been driven by unique evolutionary pressures on these species.
Ultimately, humanized mice may be needed to determine whether
these differences alter platelet functions in various settings. Finally,
although our experimental strategy (immunoblotting) aptly identified
FXIII-A*, we were not able to differentiate zymogen FXIII-A vs
nonproteolytically activated FXIII-A° (these run together on the
blot), so the functional state of platelet-associated FXII-A is
unclear.

Collectively, our data show Ca®*-dependent and -independent
signaling mediate only limited release of platelet FXIII-A during
platelet activation. Although released FXIII-A is subject to thrombin-
mediated activation and plasmin-mediated degradation, FXIII-A that
remains associated with the platelet is protected from proteolysis.
The specific retention and protection of platelet FXIII-A suggests
this compartment represents a unique pool of circulating FXIII with
as-yet undefined roles in intracellular mechanisms, wound healing,
and other settings.
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