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Summary. Background: Factor Xlll is a 320 kDa tetramer, comprising two enzymatic A-subunits
and two carrier B-subunits (FXIII £82). Activated FXIII (FXIIIa) catalyses the formation of &-(y-
glutamyl)lysyl covalent bonds between y-y, y-0,, and a-a chains of adjacent fibrin molecules and

also crosdinks the major plasmin inhibitor, a2-antiplasmin to fibrin. ObjectivedVe investigated

the role of FXIII cross-linking of fibrin directly on clot morphology atelfunctional effect on clot
formation and lysis, in the absence of a2-antiplasmin. Results and Conclusions: Our data show that
the presence of FXIII during clot formation results in fibrin clbist have a significant 2.1 fold
reduction in pore size, as determined by the Darcy Constant, Ks, and foinrest fibres (74.7

nm =1.5 nm) and higher density of fibres compared to those without FXIII (86 81nfmnm,
p<0.001), as determined by scanning electron microscopy. Additionally, fibrinolysigedha
significant increase in the time to lysis for clots formed in the presereéibfin both static and
flow systems. These data demonstrate that independe@-aftiplasmin, FXIII activity plays a
role in increasing the stability of the fibrin clot by alteritgggtructure and increasing the resistance
to fibrinolysis.

Key words: blood coagulation, electron microscopy, factor Xlll, fibrin, fibrinolysis.

I ntroduction

Fibrinogen comprissduplicate sets of three polypeptide chaing; Bf andy(1). In the
final step of blood coagulation, thrombin cleaves fibrinopeptides A and B fitmmnogen,
initiating polymerisation of fibrin monomers into fibres(1). Factor Xbmprises two enzymatic
A-subunits and two carrier B-subunits (FXIIbBy)(2;3). Thrombin cleaves the activation peptid
from each A-subunit, and in the presence of calcium, the B-subunits dissociate amnchatahal
changes in the A subunits result in exposure of the active site of EXH)aThis FXlllacatalyses
formation of covalent bonds betweegry, y-a, and a-a chains of adjacent fibrin molecules,
stabilising the protofibrils(6). FXllla also cross-link&-antiplasmin ¢2-AP) to fibrin making the
developing fibre more resistant to fibrinolysis(7).

Fibrin clot structure is determined by fibre thickness and distribution of thesfind
branch-points, and is an important determinant of vascular ridk{8)mechanism through which
these structural changes are translated into enhanced vascular risk maybgaitlg to the
association between the clot structure and its susceptibility to Bsésto the complex nature of
the fibrinolytic process, it is difficult to determine the individual contidoubf each factor. Recent
work by Fraser et ahas highlighted the role of a2-AP in regulating fibrinolysis(9). The direct
effects of FXIII cross-linking on fibrin structure and fibrinolysis is curnentiknown. To further
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examine this, our study investigated the role of FXIII cross-linkinfijboin on clot morphology
and its functional effect on clot formation and lysis.

Material and Methods
Materials

Human fibrinogen, humanl@gplasminogen, horse radish peroxidase conjugated (HRP)
antibodies to factor XIIA (SAF-13 HRP) and2-antiplasmin (A2AP HRP) were purchased from
Enzyme Research Laboratories (Swansea, UK). Tissue plasminogen activator (tPdrwvas
Technoclone (Vienna, Austria). Alexa Fluor® 488 conjugated human fibrinogen was sgacha
from Life Technologies Ltd (Paisley, UKJ--1 monoclonal antibody was from Kamiya Biomedica,
(Seattle, USA). Fibrogammin P was from CSL Behring (Haywards Heath, UkK)aH thrombin
was from Calbiochem, Merck KGaA (Darmstadt, Germany). The FXIIl inhibitor (T101
Tetramethyl-2H{2-oxopropyl)thio]limidazolium chloride) was purchased from Zedira GmBH
(Germany), whilst the Ibidi p-Slide were from Martinsried (Germany). The tioyhg used in the
chandler loop experiments (inner diameter = 3 mm, external diameter = 4.2 min,3888)tm)
was from Portex (Kent, UK). All other reagents were purchased from Sigmaidompany Ltd
(Gillingham, UK).

Depletion of FXIII from Fibrinogen

To generate fibrinogen that was free from FXIII activity we emplayeatbdification of an
ammonium sulphate precipitation method previously described(10). Fibrinogen wadsXdlso
depleted usingn affinity chromatography method using the calcium dependent IF-1 monoclonal
antibody as previously described(11). For the following described methods, the fibreoagea
employed was dependent on the requirement for each #sdagurification produces comparative
small quantities of fibrinogen depleted of FXIII compared with ammonium sulphatipipation,
therefore the ammonium sulphate precipitation method was preferentially used in assays requiring
larger volumes (e.g. chandler loop). The purity of both preparations was examined by SDS-PAGE
and western blot analysfsr a2-antiplasmin. Depletion of FXIII activity was confirmed using the
pentylamine incorporation assay(10;12).

Albumin Depletion of Fibrogammin

FXIII was purified from Fibrogammin P using a Sepharose 6B gel filtration counmen
Biocad sprint automated chromatography system to remove the contaminating albumin and
glucose(13).

Turbidity

Fibrin polymerization was monitored in the presence and absence of FXIII inaitaicr
plate turbidity assay, as previously described(14). Clots were formeiplinate using final
concentrations of 1.5 mg/niF-1 purified fibrinogen, 0.125 U/ml human thrombin, and 5 mM
CaCkb in the presence or absence of 11 pug/ml FXIIl. Increase of turbidityneagored every2
seconds at 340 nm in a multiwell plate reader (ELx808, Bio-tek) for 60 minuB&s@t For the
dimethyl sulfoxide (DMSO) and T101 inhibitor studies 0, 1.0, 2.5 and 5% @MsI®I a range of



concentrations of T101 with 1% DMSO (final concentration) was added to 1.5 iRglnplurified
fibrinogen prior to activation with thrombin and calcium.

Permeation

Clots were formed in triplicate with 1.5 mg/ml ammonium sulphate putifigthogen, 1
U/ml human thrombin, and 5 mM Ca@h TBS, in the presence or absencd bfig/ml FXIII, as
previously described (15;16).

Chandler Loop

Lysis rates of fibrin clots formed in the presence and absence ofietdimeasured using
a modification of a method previously described(17) using a Chandler loop systesmweEre
formed in triplicate using final concentrations of 1.5 mg/ml ammonium sulphéfieg fibrinogen
(containing 5% Alexa Fluor® 488 conjugated human fibrinogen), 0.125 U/ml human thro@bin, 3
ug/ml human plasminogen, 100 ng/ml tissue plasminogen activator (tPA) and 5 mp/ iGaies
presence or absence of 11 pg/ml FXIII. Each reaction mix was placed in vimg & the open
ends were joined using a short sleeve of larger tubing to form a Chandleritba@diameter of
10.5 cm. Loops were attached to a horizontal axle and rotated at 30 r.plearbples of the
supernatant were taken every 10 min for 80 minutes at room temperature. Each sample was mixed
with 95 pul of TBS and the released fluorescence was measured in a Varioskan Flash fluorescence
plate reader (Thermo Fisher Scientific) at excitation of 494 nm and emission of 519 nm.

Confocal Microscopy

Fibrinolysis rates of fibrin clots in the presence or absence of FXI# werasured using
confocal microscopy as previously described(18). Clots were formed ircdtelusing final
concentrations of 1 mg/ml ammonium sulphate purified fibrinogen, 0.1 U/ml humganktim, and
5 mM CaC}, 5% Alexa Fluor® 488 fibrinogen in the presence or absence of 11 pg/ml FXIl,
uncoated lbidi p-Slide for 2 hoaiat room temperature in a humidity chamber. Lysis was initiated
by addition of 280ug/ml plasminogen and fig/ml tPA . The clot was visualised under low
magnification every 20 seconds using a Leica TCS SP-2 laser scanning 1072 confocal microscope
(Leica MicrosystemsHeidelberg, Germany) and the time taken for the lysis front to migrate from
a fixed point was measured. Lysis front velocity was determined and used to cdlwulatean
overall fibrindysis rate in um/second. For the DMSO studies the solvent and inhibitor were added
to normal pool and FXIII depleted plasma at the concentrations indicated paadiviation of clot
formation with 0.5 U/ml thrombin and 10mM calcium.

Field Emission Scanning Electron Microscopy

Clots were formed with 1 mg/mF-1 purified fibrinogen, 0.1 U/ml thrombin, 2.5 mM
CacCl, in the presence or absence of 6.7 pg/ml FXIIl. The clots were allowedntoii small
perforated plastic vessels in a moist chamber fooshwashed with sodium cacodylate buffer
and then fixed overnight in 2% glutaraldehyde solution. Clots were recowasied with sodium
cacodylate buffer and further processed by dehydration using a stepwise acetone griidint,
point drying, and sputter coated with gold-palladium(11;15;19). Clots weregrapted in 10
different areas using a FEI Quanta 200 FEGSEM scanning electron microscop&lil{stdro,
USA). Fibre diameter was measured with the computer image analysis software packggde Ima
(National Institute of Health, USA). Fibdensity was determined by counting the number ofdibre
crossing an arbitrary line of fixed length drawn through a single optical setlicee lines were
drawn per image and this was repeated in four different micrographs per sample.

Statistical Analysis



All statistical analyses were carried out using PASW 18.0, Release Versidh (BRP&S
Inc, Chicago). Data are expressed as mean and standard error of th&EMgai fie independent
samples t-test was used and p values <0.05 were considered statistically significant.

Results
FXIII influences fibrin clot structure

Two methods have been employed to produce fibrinogen depleted of any FXIIl. Beth thes
methods have been characterised to show no contaminating FXIII activity(10) and shown to be
depleted of a2-antiplasmin (Figure 1). The rate of fibrin polymerisation was slighttyeased in
the presence of FXIII (Figure 2A). However, the presence of FXIIl decreasedatkienum
absorbance compared to control (- FXIII 0.68 +0@M; + FXIII 0.54 +0.010D). The Darcy
constant (Ks) represents the pore size of fibrin @ats measured using the permeation technique.
Fibrin clots formed in the presence of FXIIl showed a significant 2.1 fold reductipare size
compared to clots formed in the absence of FXIII, indicating a direct effeatlll on the structure
of the fibrin network (Figure 2B, n=5). Structural analysis of clots forinethe presence and
absence of FXIII by scanning electron microscopy (SEM) demonstrated a significant difference in
fibre thickness. In the presence of FXIll, clots formed significathiigner fibres (74.7 nm £1.5
nm), compared to those without FXIII (86.0 nm @i, 20 measurements of 4 images, p<0.001).
In addition, clots formed in the presence of FXIIl had a higher densitybodsf{6.06 +0.9
fibres/pum) compared to those without FXIII (5.40 +0.1 fibres/um, 3 measurgmedtimages
p<0.001 Figure 3. Data are expressed as mean +SEM.

Clot Lysis is delayed in the presence of FXII

Clot lysis was investigated using a static confocal microscopy method andflomdar
the Chandler loop. Confocal images supported the SEM images showing a denser clot in the
presence of FXIIl compared to clots formed in the absence of FXIII (FigureAaj.the addition
of tPA and plasminogen to the clot front we observed a significant increabe itinte to
fibrinolysis for clots formed in the presence of FXIIl, as would be epeor the stabilisation of
protofibrils by FXIII activity (n=10, p<0.05Figure 4B)

The effect of FXIII on fibrinolysis in a flow system also demonstrated slower and reduced
fibrinolysis in the presence of FXIII over an 80 minute time period (Eigd@, n=1%. As a control
to ensure the amount of FITC-labelled fibrinogen was consistent between experimentssthe cl
were incubated for 1200 minutes to ensure complete clot lysis. The amount of FITC fdaserel
measured in the presence and absence FXIll showed comparable levels, as expected.

DMSO and the FXIII inhibitor, T101 independently modify fibrin clot structure

A commonly used compound solvent (vehicle), DMSO, was added to fibrin clots at
increasing concentrations to investigate its direct effects on clot morphologydifyugrialysis
showed a 4.6 fold decrease in maximum absorbancesébtfv/v) DMSO (Figure 5A, n=3). The
turbidity data was corroborated using confocal microscopy using normal poolaplabioh
demonstrated a dose dependent increase in clot density with increasing DMS@tratione
(Figure 5B).

The compound, T101 has been used in many studies to inhibit the activity of FX#but,
far as the authors are aware, has not been investigated for its direct effdminonldts. To
determine its effect on clot structure independently of FXIII inhibitiast, fdrmation was followed
by turbidity analysis. Turbidity analysis showed a non-significant dose-deperetehbf increase
in maximum absorbance with increasing T101 concentrations in the absenchl ¢Fkgre 6;
p=0.06). However, as would be expected, in the presence of FXIII a si@rdntas observed tha
was statistically significant (Figure 6; p<0.05).



Discussion

There is growing evidence to suggest that fibrin clot morphology plays@ortant role
in arterial and venous thrombosis(8). Several studies in the past few years have rdésaihsit
patients with thrombosis show a propensity to form clots that are denser, have panalieaind
increased resistance to fibrinolysis(18;20-23). Taken together, these data indichleithelbt
structures with increased fibre branching and resistance to fibrinolysis as& #actor for
thrombosis, although robust evidence from longitudinal studies is lacking. Fibriomtation is
a dynamic process, and re-arrangements of fibrin fibres have been shown to occur several minutes
after the visible gel has been formed(24). Previous studies of a genetic ¥BFiXiit that changes
the FXIII activation rate by thrombin (Val34Leu) have indicated that cross-linking byaFades
not merely stabilise an existing fibrin network structure, but that FXdllable to influence the
dynamics of fibrin formation and therefore clot structure(15;25). Howevespibgfic effects of
FXIII on clot structure have hitherto not been comprehensively investigated. \W&dothe
addressed this question by studying fibrin formation in a purified systetimeimbsence and
presence of FXIIl, and demonstrated that FXIIl has a direct effect bothobstiucture and
fibrinolysis, in the absence oR-antiplasmin. These data are important for our understanding of
the role of FXIII in fibrin clot formation and stability and its role in haemostasis aathbwsis.

Our study shows that cross-linking by FXllla reduces average fibrin fibre diamet
increases fibre density in the clot and increases resistance of thedibhrinolysis. The effect of
FXIII on fibre diameter and fibre density was studied using scanning elecicomscopy of fibrin
made from fibrinogen that was depleted of FXIII in the presence and alfgmadfied human
FXIII. Consistent with the EM data, fibrin polymerisation studies using turbadiglysis showed
a lower maximum absorbency indicative of thinner fibres. We also studiedgdmenstructure by
permeation, which showed reduced pore-size in clots cross-linked by FXllla. Laseingcann
confocal microscopy showed that in fully hydrated state, cross-linked clots showest dens
structure, and we showed that cross-linking by FXIllla prolonged fibrinolysis under statlowand f
conditions. A previous study by Ryan et al. examined fibrin clot structutleeipresence and
absence of FXIIl inhibitor T101 which indicated that transglutaminase depeotbss-linking
decreased fibre diameter and increased fibre length as analysed by scannir@n electr
microscopy(26), largely in agreement with our findings. However, the stuRyay et al. was
entirely based on the use of an inhibitor against FXllla (T101) which also sacgle¢tr
transglutaminases. Furthermore our data suggests that the T101 compoumdaigseibdulate
fibrin clot structure causingnincrease in turbidity maximum absorbance, in the absence of FXIII.
We also found effects of the solvent DMSO, which is often used to dissolve raolatule
compounds (including T101) on fibrin clot structure. Therefore, caution should bettaker
appropriate controls in the presence of DMSO when observing small molecule effecist
structure.

We have investigated the effects of FXIII on fibrin clot structure udibgnogen
preparations that were free of FXIII activity(10) with and withthe addition of purified FXI
using a wide array of complementary methods. These studies unequivocally arsentnsi
showed significant effects of FXllla on the fibrin clot, rendering its atrectnore prothrombotic
and resistant to fibrinolysis.

FXIII cross-links several proteins to the fibrin clot, includu@rantiplasmin(7;27). Using
purified systems, we found that FXIlla directly influences fibrin clot $tmé; independently of
other proteins. While these proteins may contribute to the modulation of ¢ibti structure and
function, our data provide evidence that the cross-linking of fibrin ibseFXllla influences the
structure and function of the clot and reduced fibrinolysis rates. A recentlsiueiaser et al
indicated that the resistance of a cross-linked fibrin clot to fibrinolysis wagséxaly due to the
incorporation ofa2-antiplasmin into the fibrim-chain by FXIlla(9), however our data indicate
that FXIIl cross-linking of fibrin also plays a role in prolonging fibiysis. The differences
between theestudies may be explained by different methodologies; (i) our assays wierenger
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in a purified system free from endogenous FXIII activity, whereas Fraser et akitread=XIl|
depleted plasma or the addition of a transglutaminase inhibitor; (ii) istedy we modified the
Chandler loop protocol from fibrinolysis post-thrombi formation inais system to the more
physiological relevant addition of fibrinolytic agents before clot formatémmd measuring
fibrinolysis under flow conditions. We postulate that our experimental approach ®gatdder
sensitivity to fibrinolysis, therefore, we conclude that FXIII cross-linkinghe absence af2-
antiplasmin does prolong fibrinolysis by altering the clot structiifes conclusion is further
substantiated as previous studies have shown that clots with thin fibres and smedl@r@onore
resistant to fibrinolysis than clots consisting of larger pores and thicker fibreis {28.also been
suggested that this may be due to decreased access of the fibrinolytic pootédts with lower
permeability(29). In addition, other studies have shown that clots consistingértfibres that

are more densely packed show reduced binding of tPA and plasminogen leading to reduced
conversion rates of plasminogen to plasmin(18;30;31). An elegant review by Muszbek et al
discussed the importance of the time scale of the two ewevaEntiplasmin incorporation occurs

at an early stage of clot formation whilst cross-linkingre€hains is a much slower process(32)
However,y-y chain cross-linking is likely to occur in tandem witB-antiplasmin incorporation
and hence the role @fy chain cross-linking with respect to fibrinolysis remains to be established.
Therefore, whilst we agree that cross-linkingi@fantiplasmin plays the most significant role with
respect to resistance to fibrinolysis in the physiological setting, darsti@w that FXIII cross-
linking of fibrin does modulate clot structure and rate of fibrinalyBurther studies on this effect

in plasma, whole blood and in vivo systems would help delineate the role ofickiisg of a.2-
antiplasmin compared with the direct modulation of fibrin structure by FXIII.

A recent study by Carlisle et al. showed that cross-linking preferentially streadthen
branch-point structures in fibrin, suggesting a potential role forll&Xin branch-point
formation(33). Covalent cross-linking of adjacent fikwi@-region by FXllla may help to increase
the ordered structure underpinning_-aC interactions(34), thereby reducing space between
laterally aggregated protofibrils and reducing average fibre diameter. Additicfifadin fibres
twist around each other and covalent cross-linking oftteains may reduce the amount of stretch
outer protofibrils are able to undergo, limiting fibre growth to a smaliameter in which the
thermodynamic energy involved in the stretch of the twisting protofibelange that of the
molecular interaction forces(35)Further studies are required to elucidate the molecular
mechanisms involved in the modulation of fibrin clot structure by FXllla.

Our findings that cross-linking by FXIllla influences the structure offitiren clot have
major implications for our understanding of the final stages of blood clot iem&ur data show
that rather than stabilising an already existing fibrin clot stractXllla is able to influence fibrin
formation, leading to the formation of clots with thinner fibrin fibres amgased fibre density.
Furthermore, our data show that cross-linking by FXIlla directly slows ddwindlysis of the
clot, through alterations in fibrin structure, independently of other plasneinsoThese data
therefore present a novel physiological process regulating fibrin clot structuseability. Future
studies elucidating the molecular mechanisms underpinning these effects may provide new targets
for therapeutics to treat disorders of haemostasis and thrombosis.
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FIGURE LEGENDS

Figure 1. Fibrinogen purified by IF-1 affinity chromatography and ammonium sulphate
precipitation are depleted ef2-antiplasmin contamination. Western blot analysis of the two
fibrinogen preparations using arti-a2-antiplasmin antibody.

Figure 2. Factor XIlll plays a role in modulating clot structure. Fibrinogen was clottatein
absence (grey line) and presence (black line) of FXIII. Turbidity measurementonstrated a
reduced maximum absorbance in the presence of EXIHFXIII = 0.54+0.010D, -FXIll = 0.68
+0.010D). The coefficient of permeability (Darcy constaks) represents average pore size of
the fibrin structure by measuring the flow rate of a buffer through ia tthot. The experiments are
based on 3 clots in the presence or absence of FXIIl. Mean Ks +SEM preseotedo@ed in
the presence of FXIIl have a significantly lower Ks (B; +FXIIl = 145220 x1 cn¥, -FXIIl =
3.22+0.44 x1@ cn? *p<0.05).

Figure 3. FXIII induced changes in fibrin clot ultra-structure. Clots were fmtrby incubating
fibrinogen and thrombin in the presence or absence of FXIII. Clots were vigduali@ different

areas using the FEI Quanta 200 FEGSEM electron microseope different magnifications are
presented (A). Fibre thickness was analysed using ImageJ and mean +SEM are represented. Clots
formed in the presence of FXIII had significantly thinner fibres (B; +FXIIl = #4.% nm, -FXIII

= 86+1.7 nm *p<0.001) but significantly more fibres/um (C; determined fronff8rdnt cross-

sections of each image; +FXIIl = 6.66.9 fibres/um, -FXIIl = 5.4@0.1 fibres/um *p<0.001)

Figure 4. The presence of FXIII delays fibrinolysis. Laser scanning confocal microscopy of fibrin
clots formed using fibrinogen containing 5% (v/v) FITC fibrinogen iae giesence of FXIII
demonstrated a denser structure (A). Fibrinolysis of clots was initiated by tlteoracdsf
plasminogen and tPA. The time to lysis was significantly delayed in fibris @omed in the
presence of FXIII (B; +FXIIl = 183@97.1 secs-FXIll = 1573+61.7 secs p<0.05). Clot formation
using fibrinogen containing 5% (v/v) FITC fibrinogen in the presence and abskeRgll with
simultaneous fibrinolysis (plasminogen and tPA) was performed under flow using thel@chand
loop (C). Fibrinolysis was determined by measuring the release aégltemce (FITC fibrin) from

the fibrin clot. Fibrinolysis was slower in clots formed in the presaxideXIll. Mean +SEM
presented.

Figure 5. DMSO independently alters clot structure. Ammonium sulphate purified fibrinogen was
clotted with increasing DMSO concentrations. Turbidity measurements demonstratese
dependent reduction in maximum absorbance with increasing DMSO concentration (A). Lase
scanning confocal microscopy of normal pool plasma clots demonstrated a dose déperadaat

in clot density with increasing concentrations of DMSO (B).

Figure6. The FXIII inhibitor (T101) may modify clot structure, independently of IEXIurbidity

of fibrin clot formation in presence and absence of FXIII with increasingecdrations of T101
inhibitor [1% (v/v) DMSO final concentratimiemonstrated a trend of dose dependent increase in
maximum absorbance with increasing T101 concentration independent of FXIII (p=0.06).
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