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m The transglutaminase factor XIII (FXIII) stabilizes clots against mechanical and biochemical ~ §
disruption and is essential for hemostasis. In vitro and in vivo models of venous thrombosis ~ §
* FXllliasma; but not demonstrate that FXIII mediates clot size by promoting red blood cell (RBC) retention. %
FXIIIP't_’ prpmotes R_BC However, the key source of FXIII and whether FXIII activity can be reduced to suppress e
retention in thrombi and N . . . . s €
. thrombosis without imposing deleterious hemostatic consequences are 2 critical 5
increases thrombus . . . . . . g
weiaht unresolved questions. FXIII is present in multiple compartments, including plasma El
gnt. (FXIIIpiasma) @s @ heterotetramer of A, and B, subunits and platelets (FXIII;;) as an A, §
* Partial FXIII reduction homodimer. We determined the role of the FXIII compartment and level in clot 3
ran riduge venous contraction, composition, and size in vitro and using in vivo models of hemostasis and 5
LGl e venous thrombosis. Reducing overall FXIII levels decreased whole blood clot weight but ;2
did not alter thrombin generation or contraction of platelet-rich plasma clots. In %
reconstituted platelet-rich plasma and whole blood clot contraction assays, FXIIIjasmas §
but not FXIII, produced high-molecular-weight fibrin crosslinks, promoted RBC E
retention, and increased clot weights. Genetically imposed reduction of FXIII delayed 2
FXIII activation and fibrin crosslinking, suggesting FXIII levels mediate the kinetics of §
FXIII activation and activity and that the timing of these processes is a critical determinant §
of RBC retention during clot formation and contraction. A 50% reduction in FXIIjasma g
produced significantly smaller venous thrombi but did not increase bleeding in tail 3
transection or saphenous vein puncture models in vivo. Collectively, these findings 2
suggest that partial FXIII reduction may be a therapeutic strategy for reducing venous S
thrombosis. g
Introduction &
Coagulation factor XIIl (FXIIl) is a protransglutaminase that plays an important role in clot stability. R

Activated FXIIl (FXIllla) introduces &-N-(y-glutamyl)-lysyl crosslinks between glutamine and lysine

residues. Crosslinks between fibrin y- and a-chains and between fibrin and other plasma proteins (eg,

ao-antiplasmin, thrombin-activatable fibrinolysis inhibitor, and fibronectin) stabilize clots against

mechanical disruption and fibrinolysis.'* FXllla also promotes red blood cell (RBC) retention in venous

thrombi and genetic deletion or inhibition of FXIIl zymogen or FXllla (FXIlI[a]), respectively, reduces

thrombus weight in vitro and in in vivo models of venous thrombosis.”
FXIllis present both in plasma and within cells, including platelets. Plasma FXIIl (FXIll,jasma) is @ 320-kDa
noncovalent heterotetramer (FXIII-A,B,) consisting of 2 catalytic subunits (FXIII-A,) tightly associated
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(Kg ~107"° M)® with 2 noncatalytic subunits (FXIII-By). FXllljasma
circulates at 14 to 28 pg/mL,’” nearly always in complex with
fibrinogen. Assays in purified systems and platelet-poor plasma
(PPP) show FXlll,asma can efficiently crosslink fibrin and other
plasma proteins to fibrin to collectively stabilize the fibrin network.>*

Platelet FXIIl (FXIll,) exists as a homodimer (FXIII-Ay) in the
platelet cytoplasm.® During platelet activation, FXIl,y; is external-
ized on the platelet surface; exposure is maximized when platelets
are activated by strong dual agonists (thrombin plus collagen).®
Although the concentration of FXIll in platelets is 150-fold higher
than in plasma, its role during hemostasis and thrombosis is
unclear. Three aspects of FXIll,; function have been particularly
controversial. First, it has been proposed that FXIIl;; is required for
platelet contraction, as impaired contraction was observed in
FXIll-deficient platelet-rich plasma (PRP) clots and in whole blood
treated with transglutaminase inhibitors.'®'" However, other
studies have reported little to no influence of FXIIl on platelet
contractile events.'*"* Thus, the contribution of FXIll, to platelet-
mediated clot contraction remains unclear. Second, a previous
report suggested that FXIII-A deletion induces a compensatory
increase in platelet-derived tissue transglutaminase activity.'®
Thus, this activity may have confounded earlier studies with
F13a~’~ mice. Third, although FXIll,;; can introduce crosslinks in
fibrin and between fibrin and a,-antiplasmin,'®'® the effects of
FXIl,;; on clot stability are only detected in vitro when FXlllgjagma
levels are low (=10%).° Thus, the contributions of FXIll, to RBC
retention in clots and during hemostasis and thrombosis in vivo are
unknown. Determining the relative roles of FXlllgjasma and FXIll in
these processes is essential for understanding the biological
importance of these compartments and the clinical significance of
deficiencies in FXllliasma or FXII.

Understanding FXIII function in vivo is also necessary for optimizing
therapeutic approaches to modify FXIII level or activity to mitigate
bleeding and thrombosis. Notably, in spite of the established role of
FXllla in clot stabilization, the FXIIl level necessary for hemostasis is
uncertain. Patients with <49% FXllla activity have a significantly
increased risk of bleeding, including central nervous system and
umbilical cord bleeding, hemarthroses, and hematomas, and
experience recurrent miscarriage.?® However, patients with ~4%
to 80% FXllla activity exhibit high variability in bleeding severity,2°
and individuals with =30% FXllla activity, including those with
acquired FXIIl deficiency, are usually asymptomatic.?"?? Interest-
ingly, a recent analysis of hospitalized patients indicated that 21%
of adults and 52% of children had FXlll,,sma levels <50 U du
suggesting acquired FXIII deficiency is relatively common in patients
after surgery and in the intensive care unit.?® Since hospitalized
patients have increased risk for both bleeding and thrombosis, the
role of FXIIl in these situations is difficult to predict. Identifying a level
of FXIIl that reduces thrombus size without impairing hemostasis is
critical for understanding the role of FXIIl in clot function and
developing novel antithrombotic therapies targeting FXIlI(a).

Here, we used murine models of FXIIl deficiency to determine the
roles of plasma and platelet FXIIl in platelet-mediated clot
contraction, thrombin generation, FXIIl activation, fibrin crosslinking,
and RBC retention in contracted clots. We also determined the
effect of FXIIl reduction using in vivo models of hemostasis and
thrombosis. Collectively, our findings suggest moderate reduction
of FXII may reduce venous thrombosis without significantly
increasing bleeding.
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Methods

Materials and methods

Sources of materials and methods for measuring thrombin
generation, transglutaminase activity, FXIIl activation, and fibrin
crosslinking are detailed in supplemental Methods.

Murine blood draws and plasma preparation

Murine studies were approved by the University of North Carolina at
Chapel Hill (UNC) and Cincinnati Children's Hospital Medical
Center Institution of Animal Care and Use Committees. F13a™'™,
F13a™'~ and F13a~’~ mice were backcrossed 6 generations on
a C57BL/6J background.>* A separate line of F13a~'~ mice
(generous gift of CSL Behring) on a mixed 1290la/CBACa
background was maintained by homozygous breeding.?®

Mice were anesthetized with 3% to 3.5% isoflurane in 2% oxygen,
and blood was drawn from the inferior vena cava (IVC) into 3.2%
citrate (10% vol/vol, final) in a terminal procedure. PRP was
prepared by first centrifuging whole blood (125g, 5 minutes) and
then centrifuging the platelet-enriched plasma fraction (100g, 5
minutes). PPP was prepared by centrifuging whole blood (5000g,
10 minutes).

Clot contraction assays

Whole blood was clotted with tissue factor (TF; Innovin, diluted
1:12000 [1 pM TF], final) and CaCl, (10 mM, final) in the
absence or presence of the transglutaminase inhibitor T101 at
the concentrations indicated. Clot formation and contraction pro-
ceeded in siliconized wells for 120 minutes at 37°C.

For PRP clot contraction, platelets in PRP were quantified
(HVO50FS Hemavet cell counter), and PRP was diluted with
autologous PPP to obtain the final concentrations of platelets
indicated. Clotting was triggered in siliconized aggregometer tubes
at 37°C by adding TF and CaCl, (1 pM and 10 mM, final,
respectively). Photos of contracting clots were recorded every 5
minutes for the first hour, every 10 minutes for the second hour, and
at 24 hours.

For assays with reconstituted whole blood, PRP was treated with
prostaglandin-l; (50 ng/mL, final), and platelets were pelleted by
centrifugation (400g, 5 minutes). Platelet pellets were resuspended
in Tyrode's buffer. PPP was obtained by centrifuging whole blood
(5000g, 10 minutes). RBCs were isolated and washed with citrated
glucose saline buffer (1.3 mM sodium citrate, 3.3 mM glucose,
1.2 mM NaCl, pH 7.2) and packed by centrifugation. PPP and
washed platelets (400 X 10%/L, final) from C57BL/6J and F13a~'~
mice were combined with RBCs (3.5 X 10'?/L, final) from C57BL/
6J mice to model reconstituted whole blood sufficient or deficient in
FXlllpiasma and FXIll,,. Clotting was triggered at 37°C in siliconized
wells with TF and CaCl, (1 pM and 10 mM, final, respectively) or
collagen, thrombin, and calcium (20 mg/mL, 1 U/mL, and 10 mM
final, respectively). Contracted clots were weighed at 2 hours.

Bleeding models

The tail transection model was performed on F13a*'*, F13a™'~,

and F13a~’~ mice on a C57BL/6J background, as described
previously.?® Briefly, mice were anesthetized with ketamine/xylazine,
3 mm of the tail tip was excised using a scalpel blade (#11), and the
tail was submerged in Tris-buffered saline (20 mM Tris, 150 mM
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Figure 1. Inhibition or genetic deletion of FXIll(a) results in decreased clot
weight. Whole blood from F13a*'", F13a*/~, and F13a~'~ mice was clotted with
TF/CaCl, in the absence or presence of the FXIIl inhibitor T101 (20 pM, final) for
2 hours. (A-B) Serum RBC content (A) and contracted whole blood clot weight

(B) were recorded. Each dot is a separate mouse; lines indicate mean = SEM.

NaCl, pH 7.5) containing 2 mM CaCl, at 37°C. The time to blood
flow cessation, defined as no flow for more than 15 s, was recorded
as the bleeding time. The saphenous vein bleeding model was
performed on F13a*’*, F13a™'~, and F13a™'~ mice on a C57BL/6)
background, as described previously.?” Briefly, the right saphenous
vein was partially transected and opened further (longitudinally) with
microscissors. Blood was gently wicked away under slow irrigation
until hemostasis occurred. The clot was then disrupted using a
30-G needle, and blood was wicked away until hemostasis
occurred again. Clot disruption was repeated after each incidence
of hemostasis until 30 minutes after the initial injury. Two readouts
were recorded: (1) the average time to hemostasis for each event in
30 minutes and (2) the total number of hemostatic events during the
30-minute period.

Venous thrombosis model

The IVC stasis model was performed as described previously28 on
8- to 12-week-old F13a™", F13a"™'~, and F13a~'~ mice on a
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C57BL/6J background. Briefly, anesthetized mice were subjected to
sterile laparotomy, the IVC was exposed, side branches were ligated,
and lumbar branches were cauterized. The IVC was separated from
the aorta by blunt dissection and completely ligated. Mice recovered
with analgesia (subcutaneous buprenorphine, 0.05 mg/kg) and were
maintained on acetaminophen (6 mg/mL) in their drinking water.
After 24 hours, mice were anesthetized and blood was drawn
from the suprarenal IVC into 3.2% sodium citrate (10% vol/vol,
final concentration). Thrombi were separated from the vein wall
and weighed. Blood samples were centrifuged to isolate PPP and
platelets, and FXIIl-A;B, was quantified by western blotting using
standard curves with the appropriate species (human or mouse
FXII-A,B.).

Statistical methods

Descriptive statistics (mean and standard error of the mean
[SEMI]) were calculated for each experiment, and Lilliefors test
was used to assess normality. Experiments with 2 groups and
normally distributed data were compared by Student t test
with equal or unequal variance, as appropriate. Experiments
with more than 2 conditions were analyzed by analysis of
variance (ANOVA) with Bonferroni or Dunnett's post-hoc tests
for between-group comparisons. P < .05 was considered
significant.

Results

FXIII deficiency decreases RBC retention and clot
weight without altering thrombin generation or
platelet contraction

We previously showed that genetic deletion of FXIII-A (F13a'")
reduces RBC retention in contracted clots and, consequently,
clot weight.®> To now extend these findings to determine the
dose relationship between FXIII level and clot weight, we first
analyzed in vitro clot contraction of whole blood from F13a™*'*,
F13a™'~ and F13a~’'~ mice. Complete blood counts indicate all
3 genotypes have normal levels of leukocytes, RBCs, and
platelets (supplemental Table 1). Compared with F13a™'" mice,
both a 50% reduction in FXIlI-A as well as complete FXIII-A
deficiency increased RBC extrusion from contracted clots
(~36% and ~50% for F13a™’~ and F13a~'~ mice, respectively;
Figure 1A) and decreased clot weight (~32% and ~71% for
F13a™'~ and F13a '~ mice, respectively; Figure 1B). Inhibition
of FXllla activity using the irreversible transglutaminase inhibitor
T101 (20 pM, final, a concentration that maximally inhibits FXllla
activity and reduces clot weight; supplemental Figure 1A-B)
increased RBC extrusion from contracted clots (~69% and
~28% for F13a™’* and F13a™'~ mice, respectively; Figure 1A)
and reduced clot weight (~67% and ~70% for F13a*’* and
F13a™'~ mice, respectively, Figure 1B). T101 had no effect on
RBC retention or whole blood clot weight from F13a~'~ mice,
consistent with a specific role for FXlll(a)-dependent transgluta-
minase activity in determining clot composition and weight
(Figure 1A-B).

Thrombin generation did not differ between genotypes in PRP or
PPP (Table 1), indicating that changes in RBC retention and clot
weight were not due to altered plasma or platelet procoagulant
activity. Because previous studies suggested FXIll is necessary for
platelet-mediated contractile forces,'®'" we also analyzed the
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Figure 2. FXIII is not required for platelet-mediated clot contraction. (A-D) PRP from F13a™", F13a™~, and F13a~’~ mice was clotted with TF/CaCl, at 400 (A),
200 (B), 50 (C), and 10 X 10° platelets/L (D). Clot area over time was assessed as a percentage of initial clot area. Dots show mean = SEM (n = 4); curves were fit to a

nonlinear regression with a 1-phase decay equation. (E) Photographs of contracted clots at 24 hours. (F) Transglutaminase activity was measured in platelets from F13a

+1+

and F13a~'~ C57BL/6J mice and F13a~'~ 1290la/CBACa mice. Data show mean + SEM (n = 3-5).

kinetics of clot contraction in F13a™’*, F13a™~, and F13a /'~
PRP. For all 3 genotypes, clot contraction occurred rapidly and
was platelet concentration dependent. In PRP with 400 X 10°
platelets/L, clots were 50% contracted within ~20 minutes of
triggering clotting and were fully contracted within ~55 minutes. As
the platelet concentration decreased, the onset time of clot
contraction prolonged, and the rate and extent of maximum
contraction decreased (Figure 2A-D; Table 2). However, there were

28 KATTULA et al

no differences in contraction parameters between PRP clots from
F13a™*, F13a™~, or F13a~'~ mice (Figure 2A-D; Table 2), and
inspection of contracted clots showed similar appearance in all 3
genotypes (Figure 2E). PRP clots from a separate line of F13a~'"~
mice on a 1290la/CBACa background similarly showed 50%
contraction with ~17 minutes and complete clot contraction within
~42 minutes (data not shown). Finally, because a previous study
suggested F13a~'~ mice may express a FXlll-independent platelet
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Table 1. Thrombin generation is similar in F13a*/*, F13a*/~, and F13a~/~ mice
PPP PRP

F13a™/* F13a*/~ F13a~/~ F13a™’* F13a*/~ F13a~/~
Lag time, min 1.6 + 0.2 1.7 = 0.1 1.6 = 0.1 2.3 * 0.2 2.3 = 0.1 2.33 + 0.2
Time to peak, min 36+ 05 3.7 0.1 35+ 0.1 5.6 = 0.3 6.0 = 0.4 49 + 02
Velocity, nM/min 35.8 * 2.6 338 * 1.2 34.1 * 26 18.0 = 2.7 138 = 3.3 223 + 53
Peak thrombin, nM 70.1 + 2.9 66.7 = 1.5 65.3 * 3.9 55.2 + 6.0 46.4 * 6.6 52.7 * 3.7
Endogenous thrombin potential, nM*min 387.7 = 34.4 4175 = 68.7 284.6 = 185 804.8 = 164.6 621.0 = 63.1 611.4 = 50.0

Thrombin generation was measured by calibrated automated thrombography. Data show mean += SEM and were analyzed by ANOVA with Dunnett's post-hoc test (n = 4-6).

transglutaminase activity'® that could compensate for FXIll deficiency
in these mice, we measured transglutaminase activity in platelets
isolated from F13a™* and F13a~’~ mice. These experiments
showed little to no transglutaminase activity in platelets from
F13a~'~ mice on a C57BL/6J background or in platelets from
F13a~’~ mice on a 1290la/CBACa background (Figure 2F).
Collectively, these data show FXIll deficiency decreases RBC
retention and contracted whole blood clot weight in a dose-
dependent manner, without altering plasma or platelet procoagulant
activity or platelet contraction.

FXIll;1asmas but not FXIIl,;, mediates clot weight

Genetic reduction of FXIII-A in mice reduces FXIII-A antigen in both
plasma and platelets (Figure 3A-B). Therefore, to determine the
relative contributions of FXlllpjasma and FXIll,; to RBC retention and
clot weight, we isolated plasma and platelets from FXlll-sufficient
and deficient (F73a™'~) mice and recombined these with RBCs to
yield reconstituted whole blood with specific deficiencies in
FXlllpiasma or FXIll;.. We then triggered clotting with TF and CaCl,
and measured contracted clot weights. As expected, the absence
of both FXlllg.sma and FXIlly, significantly decreased clot weight
(Figure 3C). Whereas reconstitution of FXIll,; had no effect on
RBC retention or clot weight, reconstitution of FXIllyjasma restored
RBC retention and clot weight to levels seen in FXlll-replete
reactions (Figure 3C). Because FXIll;; is maximally externalized on
the platelet surface by strong, dual agonists,” we also analyzed
effects of FXIll;jasma and FXIlly, on the weight of contracted clots
triggered by addition of thrombin and collagen. Similar to
experiments with TF, these reactions showed FXlll jasma, but not
FXIll,, promoted RBC retention in clots and increased clot weight
(Figure 3C).

To determine effects of these FXIIl compartments on fibrin
crosslinking, we triggered clotting in reconstituted PRP that
was sufficient or deficient in FXlll5asma or FXIll,, and assessed
fibrin crosslinking by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and western blotting. Only sam-
ples containing FXlll;.sma showed crosslinked high-molecular-
weight (HMW) fibrin species (Figure 3D), indicating FXlllojasma,
but not FXIll,;, generates these species. This finding unites the
observation that FXIllpjasma, but not FXIll,;, increases RBC retention
and weight of contracted clots (Figure 3C) with previous findings
that FXIll(a)-dependent retention of RBCs in contracted clots is
associated with the formation of HMW crosslinked fibrin species.?®
Together, these results indicate that FXlll;jasma, but not FXIll,
promotes RBC retention in contracted clots.

€ blood advances s january 2018 - voLUME 2, NUMBER 1

FXIlI level mediates FXIII activation kinetics and,
consequently, fibrin crosslinking

FXlllgiasma is activated by thrombin-mediated cleavage of 37-amino-
acid (4-kDa) activation peptides on the N termini of the FXII-A
subunits and calcium-mediated dissociation of FXII-B,.! The
observation that FXIll mediated clot weight in a gene-dose-
dependent manner (Figure 1) suggested that the concentration of
FXIl zymogen present in plasma determines clot weight by
modulating FXllla generation and, consequently, fibrin crosslinking.
To characterize this mechanism, we used SDS-PAGE and western
blotting to compare FXIII activation and fibrin crosslinking kinet-
ics during TF/CaCly-initiated clotting of F13a™'", F13a*'~, and
F13a~'~ PRP. As expected, F13a~’~ clots showed no FXII-A
antigen present and, consequently, no fibrin crosslinking (data not
shown). Compared with F13a*/*, F13a*'~ clots exhibited an ~3-minute
delayed onset of FXIIl activation, ~2.7-fold decreased rate of
FXIIl activation, and ~50% reduction in the total amount of FXllla

Table 2. Kinetic parameters of PRP-mediated clot contraction in
F13a™’*,F13a*/~, and F13a~’~ mice

Platelets (x10°/L) F13a*’* F13a*/~ F13a~'~
Onset time, min
400 52 * 09 71+03 6415
200 8.0 £ 1.6 78 £1.7 103 £ 1.6
50 17.6 = 1.61t 178 £ 4.4 19.8 £ 55
10 22.2 = 3.2ttt 22.3 + 4.5t 28.5 *+ 4.61t
Rate, 10 °/min
400 548 = 1.4 55.7 £ 2.3 75.8 = 5.1*
200 33.6 = 2,111t 37.1 £ 1.9t 45.1 = 1.1*t
50 17.4 = 3.2+t 22.3 + 0.2+t 26.4 + 3.4tt
10 10.6 = 1.1+ 16.4 = 6.1+ 31.0 = 13.0t+
Maximum contraction
(% of initial clot area)
400 64 =04 6.7 £ 0.1 6.1 £0.2
200 105 = 1.4 8.8 £ 1.0 6.7 = 0.6*
50 24.0 = 0.9t 26.9 + 2.7t 181 £ 6.5
10 49.3 = 5.6ttt 475 * 6.0ttt 67.3 = 7.3ttt

Clot contraction parameters were determined by a nonlinear regression curve fit with
plateau followed by 1-phase decay. Data represent mean = SEM and were analyzed by
ANOVA with Dunnett's post-hoc test (n = 4).

1P < .05, 1P < .005, and 11tP < .0001 between platelet count, compared to 400 X
10°/L platelets. *P < .005 between genotypes compared to F13a™’*.
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Figure 3. FXlllpjasma, but not FXIIl,,, mediates clot weight. (A-B) Representative western blot (A) and quantification (B) for FXIII-A in plasma and platelets from F13a™"",
F13a™~, and F13a~'~ mice (n = 3). (C) RBCs were reconstituted with C57BL6/J FXlll-sufficient (wild-type) and deficient (F18a~'7) plasma and platelets, and clotting was
triggered with TF/CaCl, (n = 9) or thrombin/collagen/CaCl, (n = 6). Data show mean + SEM. (D) Plasma and platelets from C57BL6/J FXIll-sufficient (wild-type) and
deficient (F713a~'") mice were recombined to make PRP sufficient or deficient in plasma or platelet FXIIl. Clotting was triggered with TF/CaCl,, and reactions were quenched

at the indicated time points and analyzed by SDS-PAGE with western blotting (n = 2). Fibrin crosslinking was detected using anti-fibrin(ogen) antibody, and identity of bands

was confirmed by mass spectrometry.

generated at 15 minutes (Figure 4A-B). Moreover, compared with
F13a™'* F13a™'~ clots demonstrated an ~3-minute delayed onset
and ~2.5-fold decreased rate of y-y dimer formation (Figure 4C-E)
and an ~1.5-minute delayed onset and ~1.4-fold decreased rate of
HMW crosslinked fibrin formation (Figure 4C-D,F). Both F13a™/*
and F13a*’~ clots showed complete crosslinking at ~15
minutes. These data suggest reducing FXlll;jasma prolongs FXIII
activation and delays, but does not prevent, maximal fibrin
crosslinking.

Partial reduction of FXIIl does not prolong the time to
hemostasis but significantly decreases thrombus size

FXIII is fundamentally different than other coagulation proteins,
because FXIII activation and FXllla activity occur downstream of
thrombin generation. Given our data indicating that FXIIl influenced
clot size without altering thrombin generation (Table 1) or platelet
contractile events (Figure 2), we hypothesized that partial FXIII
reduction would not impair hemostatic clot formation. To test this
hypothesis, we subjected F13a™'", F13a"'~, and F13a~'~ mice to
tail transection and saphenous vein puncture bleeding models.
Both of these models are sensitive to coagulation and platelet
defects and effects of conventional anticoagulants, including
unfractionated and low-molecular-weight heparin.?°32 In the tail
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transection model, compared with F13a mice, F13a" '~ mice
had prolonged tail-bleeding times, but F13a*'~ mice did not
(Figure 5A). In the saphenous vein model, F13a*’*, F13a*’~, and
F13a~'~ mice had a similar number of hemostatic events in 30
minutes (data not shown) and similar average hemostasis times
(Figure 5B).

Finally, given our data demonstrating dose effects of FXllgjasma 0N clot
size in vitro (Figure 3), we tested the hypothesis that FXlllpasma
mediates venous thrombus weight in vivo. We first subjected F13a™'*,
F13a™~, and F13a~'~ mice to the IVC ligation venous thrombosis
model and harvested thrombi at 24 hours. We previously detected fully
crosslinked fibrin in FXIll-sufficient mice and significantly smaller
thrombi in F13a~’~ mice at this time point (M. M. Aleman, University
of North Carolina at Chapel Hill, unpublished data, 11 June 2011).°
We now demonstrated that this effect is gene-dose dependent during
venous thrombosis in vivo (Figure 6A). To define the relationship
between FXlll;asma and thrombus weight, we used human plasma—
derived FXIII-A,B, to restore FXlllgjasma in F13a~’~ mice to 10% to
100% of normal. Compared with mouse FXIlIl-A;By, human FXIII-A;B,
has similar transglutaminase activity (data not shown), and similarly
crosslinks mouse fibrin (supplemental Figure 2). We induced thrombus
formation by IVC ligation, harvested thrombi and plasmas at 24 hours,
and determined plasma and platelet FXIII-A levels by western blot.
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Thrombus weights in F13a*"*, F13a™~, F13a~'~, and FXII-A,B,-
infused F13a™'~ mice correlated positively and significantly with
circulating FXIII-A antigen in plasma (R = 0.44, P < .005, Figure 6B).
Importantly, since only a small amount of infused FXII-A;B, is
endocytosed into platelets (Figure 6C),%® these experiments show
FXlllyjasma, but not FXIlly,, mediates RBC retention and thrombus
weight in vivo.

Discussion

FXIIl deficiency decreases RBC retention in thrombi and,
consequently, decreases thrombus size.® This finding identifies
FXlll(a) as an intriguing candidate therapeutic target for
preventing venous thrombosis, but it raises important ques-
tions. Herein, we sought to clarify the relative roles of FXlll;jasma
and FXIlll,; and the effect of FXIIl level on hemostasis and
venous thrombosis. First, we showed that effects of FXIII
reduction on clot weight are not due to reduced thrombin
generation, decreased platelet-mediated clot contraction, or
FXIlll-independent transglutaminase activity. Second, we dem-
onstrated that FXlll;jasma, but not FXIll,;, promotes formation
of HMW crosslinked fibrin species and RBC retention in
clots and, therefore, mediates clot weight. Third, we character-
ized kinetic mechanisms relating FXIII levels with thrombus
composition. Finally, we showed that partial reduction in
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FXlll51asma reduces venous thrombus size but does not increase
bleeding in vivo. These findings address previously publis-
hed controversial observations and inform understanding of
FXIII biological function. Collectively, these findings define a
critical role for FXlll,sma during coagulation in vivo and
support the consideration of FXIll as a therapeutic target for
anticoagulation.

In the course of this study, we investigated 3 observations that
were previously, but controversially, associated with FXIIl activity.
First, although a subset of studies suggested FXIIl contributes
to platelet-mediated contractile events,'®'" our data indicate
that PRP from FXIll-sufficient and deficient mice shows similar
contraction kinetics. Possible discord between our results and the
earlier findings may be explained by methodological differences,
including the high centrifugal forces used for preparing PRP that
may have resulted in lower platelet concentrations in the prior
experiments'® or use of transglutaminase inhibitors (eg, cyst-
amine)'"" that can inhibit thrombin generation and activity.>* Our
findings are consistent with several independent studies that
showed no effect of FXIIl on platelet contraction'>'* and no effect
on cytoskeletal dynamics in Chinese hamster ovary cells trans-
fected with FXIIL.®® Second, although an earlier study detected
transglutaminase-like activity in platelets from F13a~’~ mice
and suggested this activity compensates for FXIIl deficiency
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Figure 5. Partial FXIII deficiency does not increase the time to clot
formation in murine models of hemostasis. (A-B) F13a"'", F13a*/~, and
F13a~'~ mice were subjected to tail transection (A) and saphenous vein puncture
(B). (A) Following 3-mm excision of the distal portion of the tail, bleeding was
measured as described in “Methods.” Data show time to cessation of bleeding.
(B) Following saphenous vein puncture, bleeding was measured after disruption
of hemostatic clots as described in “Methods.” The data show average saphenous
vein hemostasis times. Each dot represents a separate mouse; lines indicate
mean = SEM.

in platelets from F13a~'~ mice,'® we detected little to no

transglutaminase activity in platelets from F73a~’~ mice.
Although tissue transglutaminase-2 (TG-2) antigen is present
in mouse platelets, levels are 25-fold lower than FXII.®®
Moreover, human platelets do not express TG-2,>%7 and TG-2
does not substantively contribute to platelet thrombus forma-
tion.®® Thus, transglutaminase activity, be it from FXIIl or other
transglutaminase enzymes, appears dispensable for platelet
contraction.

Third, although lysates from unstimulated platelets can crosslink
fibrin,® we were unable to demonstrate a functional effect of FXMlgy
on RBC retention in clots. This paradox may be explained by
observations that FXIIl exposed on the platelet surface is rapidly
inactivated by an as yet unknown mechanism. Findings that
FXIlll;1asma has functions not reproduced by FXIIl are consistent
with previous data® but extend these observations to provide a
biochemical explanation for these differences. Notably, although
FXIlll1asma and FXIll, both have catalytic FXIII-A, subunits, these
compartments differ in subunit structure and activation kinetics.
In FXllljasmay the FXIIFA, subunit dimer is tightly bound to FXII-By,®
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which mediates its association with the fibrin(ogen) y-chain in
plasma.®® Following activation of coagulation, FXlllyjasma is activated
rapidly by thrombin and is immediately available to crosslink fibrin. In
contrast, FXIll,;; lacks FXIII-B, and resides in the platelet cytoplasm,
where calcium-mediated activation and externalization occur more
slowly.® Indeed, presentation of platelet-derived FXIIl activity to the
plasma/thrombus milieu likely happens after fibrin formation, cross-
linking, and initiation of platelet-mediated clot contraction occur.
Thus, because FXllla activity is essential for RBC retention in clots
while the clot is undergoing contraction,?® only FXlllgjasma can fulfill
the immediate temporal requirement needed for this function. This
premise is further supported by 2 previous observations. First, mice
with normal FXIll,; but delayed FXIIl activation secondary to
reduced binding of FXlllyasma to fibrinogen (ie, Fiby390-3964 mice)
phenocopy F13a~'~ mice with small thrombi and reduced RBC
content (loss of function).® Second, the addition of plasma-derived
FXII-A,B, to FXIll-deficient human plasma fully restores RBC
retention in reconstituted, contracted whole blood clots (gain of
function).® Together, these experiments suggest FXlllpasma, but not
FXIll,, promotes RBC retention in thrombi and, consequently,
influences venous thrombus size.

Given the prominent effect of FXIll;jasma 0N fibrin crosslinking, it is
curious why FXIlll is present in such high concentrations in platelets
(3% of total protein).® FXlll,; has been reported to crosslink
cytoskeletal proteins*®“4? and regulate bidirectional platelet signal-
ing via reorganization of the cytoskeleton and allbB3 integrin.*®
Although we did not detect platelet abnormalities in our assays,
dysfunctions stemming from FXIII deficiency may be detectable in
assays that assess platelet functions secondary to clot formation. In
vitro studies and clinical observations suggest FXIll,; may
contribute to hemostasis in certain situations. For example, FXIII-
B-deficient patients have reduced FXlllgagma but normal FXIl,;; and
a generally milder phenotype than FXII-A—deficient patients.**
Although this difference has been attributed to only partial (vs total)
loss of the FXII-A, catalytic subunits in plasma,** the milder
phenotype may also reflect residual hemostatic activity provided by
FXIllly. Alternately, or perhaps in addition, because FXIll has
nonhemostatic functions during wound healing and the immune
response,*® FXIll,; may contribute to these processes. In this
regard, delayed exposure of FXIll; may be a critical aspect of its
biological function.

The present study fills several critical knowledge gaps regarding
FXIIl biology and function, but it has potential limitations. First,
although F73a™'~ mice did not demonstrate bleeding in either
hemostasis assay, studies of human patients suggest moderate
FXIIl deficiency is associated with increased bleeding risk in
certain situations, including delayed bleeding after injury or
surgery.2%2%4¢ Potential discord between mice and humans
may reflect species differences, or it may indicate that murine
hemostasis models are sensitive to initial clot formation, but not to
clot stability, a parameter likely to be affected by FXIII deficiency.
Indeed, even F13a~'~ mice show only moderate (approximately
twofold prolongation) in bleeding following tail transection assays
(Figure 5A and Lauer et al®*®), and only slight, nonsignificant
bleeding following digit amputation.?* Development of in vivo
assays that assess clot stability are needed to fully elucidate the
relationship between FXIII level and bleeding risk. Second, the
IVC ligation model involves complete restriction of blood flow,
which may minimize effects of platelets and, consequently, FXIIl,
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Figure 6. FXIll,1asma infusion into F13a~’~ mice rescues thrombus weight.

F13a™* F13a"'~, and F18a~’~ mice infused with vehicle and F13a~'~ mice
infused with FXIII-A,B, were subjected to the IVC venous thrombosis model. (A)
Thrombi were harvested after 24 hours and weighed. Each dot represents a
separate mouse. (B) Correlation between FXIII-A level in plasma (measured by
western blot and densitometry, shown as relative band intensity, arbitrary fluores-

cence units) and thrombus weights for F13a*/*, F13a*'~, F13a~'~ (from panel A),
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on venous thrombosis. However, mice with reduced or delayed
FXIII activation have smaller venous thrombi in both the IVC
ligation (stasis) and stenosis (partial flow) models.® Thus, the
effects of FXlll(a) on RBC retention and thrombus weight are
independent of local blood flow and mediated by FXllljjasma in
both models.

Identification of a role for FXIllasma in promoting RBC retention in
clots and determining clot weight has implications for developing
FXlll(a) inhibitors to reduce venous thrombosis. First, although
FXlllis found in 2 separate compartments, potential inhibitors only
need to inhibit FXIllgjasma to limit thrombosis severity and would not
need to traverse the platelet membrane to access FXIll,;. This
premise simplifies the molecular design of potential drugs.
Second, platelet proteins are somewhat “protected” from plasma
inhibitors.*”*® Therefore, although FXlll,asma and FXIlly, share
structural homology, having 2 separate FXIll compartments may
conserve sufficient FXIIl activity to preserve hemostasis. Thus,
FXIIl may have advantages not present in other therapeutic targets
for thrombosis.

In summary, we have shown that FXlll ,sma mediates thrombus
RBC retention and weight in a dose-dependent manner and that
partial FXIll reduction reduces venous thrombus size without
increasing bleeding in murine models of thrombosis and hemosta-
sis. Collectively, these data define specific physiologic roles of
FXlllpasma and support the evaluation of FXIli(a) inhibition as a
strategy to reduce venous thrombosis.
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