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Summary

Background—Hemophilia A results from the absence, deficiency or inhibition of factor VIII. 

Bleeding is treated with hemostatic agents (FVIII, recombinant activated FVII [rFVIIa], anti-

inhibitor coagulation complex [FEIBA], or recombinant porcine FVIII [rpFVIII]). Despite 

treatment, some patients have prolonged bleeding. FXIII-A2B2 (FXIII) is a protransglutaminase. 

During clot contraction, thrombin-activated FXIII (FXIIIa) crosslinks fibrin and α2-antiplasmin, 

which promotes red blood cell retention and increases clot stability and weight. We hypothesized 

that FXIII cotreatment in hemophilia would accelerate FXIII activation, leading to increased fibrin 

crosslinking.

Methods—FVIII-deficient plasma and whole blood were clotted with or without hemostatic 

agents (FVIII, rFVIIa, FEIBA, or recombinant B-domain-deleted porcine FVIII [rpFVIII]) and/or 

FXIII. The effects on FXIII activation, thrombin generation, fibrin and α2-antiplasmin 

crosslinking, clot formation and clot weight were measured by western blotting, calibrated 

automated thrombography, thromboelastography, and clot contraction assays.

Results—As compared with FVIII-treated hemophilic plasma, FVIII + FXIII cotreatment 

accelerated FXIIIa formation without increasing thrombin generation. As compared with buffer-

treated or FXIII-treated hemophilic plasma, FVIII treatment and FVIII + FXIII cotreatment 

increased the generation and amount of crosslinked fibrin, including α-chain-rich high molecular 

weight species and crosslinked α2-antiplasmin. In the presence of FVIII inhibitors, as compared 

with hemostatic treatments (rFVIIa, FEIBA, or rpFVIII) alone, FXIII cotreatment increased whole 

blood clot weight.
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Conclusion—In hemophilia A plasma and whole blood, FXIII cotreatment with hemostatic 

agents accelerated FXIIIa formation, increased the generation and amount of fibrin α-chain 

crosslinked species, accelerated α2-antiplasmin crosslinking, and increased clot weight. FXIII 

cotreatment with hemostatic therapy may augment hemostasis through increased crosslinking of 

fibrin and α2-antiplasmin.
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Introduction

Congenital hemophilia A and hemophilia B result from the absence or deficiency of factor 

VIII and FIX, respectively, and lead to delayed and reduced thrombin generation [1–4]. The 

initial hemophilic clot forms slowly, and has an abnormal fibrin structure with thick fibrin 

fibers [5–7]. As compared with normal clots, this abnormal fibrin structure leads to 

increased clot permeability and susceptibility to lysis [6,7]. Bleeding events are usually 

treated with replacement factors (recombinant or plasma-derived human FVIII or FIX) that 

restore thrombin generation and normalize clot structure and stability. However, 

approximately 25% of hemophilia A patients and 1–10% of hemophilia B patients develop 

inhibitors of replacement factors [8,9]. More rarely, non-hemophilic individuals develop 

hemophilia A because of acquired FVIII inhibitors [10]. Bleeding in hemophilic patients 

with inhibitors is treated with hemostatic agents, such as recombinant activated FVII 

(rFVIIa), plasma-derived anti-inhibitor coagulant complex (FEIBA), or recombinant porcine 

FVIII. These agents bypass or mimic the FVIII–FIX complex to increase thrombin 

generation and, ultimately, improve fibrin quality [2,4,6,7,11–14].

Unfortunately, despite hemostatic therapy, ~ 10–30% of hemophilic patients experience 

refractory bleeding [15]. In this setting, several treatment strategies may be used, including 

increased frequency or dose of the initial hemostatic therapy, sequential or concomitant use 

of hemostatic agents, or addition of antifibrinolytic agents [16–18]. However, use of these 

treatment strategies is limited by several factors, including insufficient laboratory monitoring 

capacity and concerns about thrombosis [19], leaving patients at increased risk of morbidity 

and mortality [20]. Consequently, better understanding of hemophilic clot formation and 

stability is needed to develop safer therapeutic options.

Hemostatic clot formation requires the thrombin-mediated cleavage of fibrinogen to fibrin, 

and activation of the plasma protransglutaminase FXIII-A2B2 (FXIII). FXIII activation 

involves the thrombin-catalyzed cleavage of activation peptide(s) from FXIII-A subunits to 

yield FXIII-A′, followed by the calcium-promoted dissociation of FXIII-B to yield activated 

FXIII (FXIIIa) [21]. FXIIIa introduces ε-N-(γ-glutamyl)-lysyl crosslinks between fibrin γ-

chains and α-chains, and between fibrin and antifibrinolytic proteins (e.g. α2-antiplasmin), 

enhancing clot mechanical and biochemical stability [22–24]. Additionally, FXIIIa-mediated 

fibrin α-chain crosslinking promotes red blood cell (RBC) retention in clots, and 

consequently increases clot weight and determines clot composition [25,26].
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FXIII activation occurs early during coagulation, but is delayed in hemophilic whole blood 

[3]. Like FVIII-deficient or FIX-deficient patients, FXIII-deficient patients show intracranial 

and intramuscular bleeding [27], suggesting that hemophilic bleeding results, at least in part, 

from delayed or reduced FXIIIa-mediated crosslinking and fibrin stabilization. Several in 
vitro hemophilia studies have demonstrated that FXIII combined with either rFVIIa [28,29] 

or FVIII [30] accelerates FXIII activation, increases clot density, decreases clot permeability, 

and improves clot stability [28–30]. Clinically, Ng et al. [31] administered rFVIIa and FXIII 

sequentially to a severe hemophilia A patient with refractory bleeding; this approach 

attenuated bleeding and improved the patient’s clinical status. Collectively, these studies 

suggest that FXIII cotreatment enhances FXIIIa-mediated fibrin crosslinking; however, this 

mechanism has not been firmly established.

Herein, we demonstrate that, as compared with untreated and FVIII-treated hemophilia A 

plasma, FXIII cotreatment accelerates FXIII activation, and increases the rate and amount of 

fibrin α-chain and α2-antiplasmin crosslinking. Additionally, we used hemophilic whole 

blood with inhibitors to demonstrate that, as compared with rFVIIa-treated, FEIBA-treated 

or recombinant B-domain-deleted porcine FVIII (rpFVIII)-treated whole blood, FXIII 

cotreatment increases whole blood clot weight. Collectively, these findings provide a further 

mechanistic rationale for FXIII cotreatment in hemophilia.

Materials and methods

Proteins and materials

rpFVIII (Obizur, Shire, Lexington, MA, USA) was purchased from University of North 

Carolina Hospitals. Recombinant B-domain-deleted human FVIII (rhFVIII) (Xyntha; Pfizer, 

New York, NY, USA), rFVIIa (Novo Nordisk, Plainsboro, NJ, USA) and FEIBA (Shire, 

Lexington, MA, USA) were gifts from P. Monahan, University of North Carolina at Chapel 

Hill. Plasma-derived FXIII (Corifact; CSL Bering, King of Prussia, PA, USA) was a gift 

from the manufacturer. Factor concentrates were reconstituted according to the 

manufacturers’ directions, aliquoted, snap-frozen with liquid nitrogen, and stored at −80 °C. 

Bovine serum albumin was from Sigma-Aldrich (St Louis, MO, USA). Lipidated tissue 

factor (Innovin) was from Siemens (Newark, DE, USA). Polyclonal rabbit anti-human 

fibrinogen antibody was from Dako (Carpinteria, CA, USA). Polyclonal sheep anti-human 

α2-antiplasmin antibody was from Affinity Biologicals (Ancaster, Ontario, Canada). Human 

thrombin, FXIII and polyclonal sheep anti-human FXIII-A antibody were from Enzyme 

Research Laboratories (South Bend, IN, USA). Thrombin fluorogenic substrate (Z-glycine-

arginine-AMC) and calibrator (α2-macroglobulin/thrombin) were from Diagnostica Stago 

(Parsippany, NJ, USA).

FXIII-A′ loading control was generated by reacting 20 μg mL−1 FXIII with 20 nM human 

thrombin in the presence of calcium for 120 min at 37 °C, followed by quenching with 50 

mM dithiothreitol, 12.5 mM EDTA, and 8 M urea. The sample was diluted with 2.5% β-

mercaptoethanol and Laemmli dye (Boston BioProducts, Boston, MA, USA), boiled at 

95 °C, and stored at −20 °C.
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Hemophilic patient plasma and whole blood samples

FVIII-deficient platelet-poor plasma (PPP) was from HRF (Raleigh, NC, USA). Whole 

blood samples were obtained from patients with congenital or acquired FVIII deficiency 

undergoing treatment at the University of North Carolina Hemophilia Treatment Center. 

Blood was taken from hemophilic patients if they had a documented FVIII inhibitor and had 

not received hemostatic therapy (FVIII, rFVIIa, FEIBA, or rpFVIII) for at least 24 h. 

Phlebotomy was performed on consenting patients in accordance with the Declaration of 

Helsinki and the University of North Carolina Institutional Review Board. Blood was 

collected by either antecubital venipuncture or central venous access, if present, into 0.105 

M sodium citrate, pH 5.5 (10% v/v, final concentration). Clinical parameter assessment was 

performed at the University of North Carolina Hospital McLendon Clinical Laboratory 

(Table 1). Most patients had acquired hemophilia (n = 9, 75%; Table 1) with a median 

human FVIII inhibitor titer of 53 Bethesda units (range 2–554) and a median porcine 

inhibitor titer of 0.9 Bethesda units (range < 0.4–5; Table 1).

Plasma clot formation and detection of FXIII activation and crosslinked fibrin and α2-
antiplasmin

FVIII-deficient PPP was incubated with buffer (HEPES-buffered saline [HBS]; 20 mM 

HEPES, pH 7.4, 150 mM NaCl), 2 IU mL−1 FXIII, 1 IU mL−1 rhFVIII or a combination of 

FXIII and rhFVIII (final concentrations of 2 IU mL−1 and 1 IU mL−1, respectively) for 2 

min at 37 °C. Plasma clot formation was initiated by addition of CaCl2 (10 mM, final 

concentration) and tissue factor (0.5 pM, final concentration) at 37 °C. Clotting was 

terminated at the indicated time points by addition of quenching solution (50 mM 

dithiothreitol, 12.5 mM EDTA, 8 M urea); time zero had quenching solution present at the 

start. Samples were incubated at 60 °C for 1 h with occasional agitation. Samples were 

reduced, boiled, and separated on 7.5% or 10% Tris-glycine gels, and transferred to 

polyvinylidene difluoride membranes. Membranes were blocked with Odyssey Blocking 

Buffer (Licor, Lincoln, NE, USA), and probed with primary antibodies against human 

FXIII-A, fibrinogen, or α2-antiplasmin. After washing, membranes were incubated with 

fluorescence-labeled secondary antibodies, washed, and scanned with a GE Typhoon 

FLA-9000 Imager (GE Healthcare, Chicago, IL, USA). Band intensity (arbitrary units [AU]) 

was measured by densitometry with IMAGE J (version 1.5i). For FXIII, the FXIII-A′ band 

was normalized to an FXIII-A′ loading control. For fibrin crosslinking, bands were 

normalized to corresponding Bβ + β-chain. For α2-antiplasmin, crosslinked α2-antiplasmin 

bands were normalized to total α2-antiplasmin band at t = 0. Maximum rates of FXIII-A′, 

γ–γ dimer, high molecular weight (HMW) species and α2-antiplasmin formation were 

calculated by determining the slope of the points showing the maximum increase for each 

experiment. For this calculation, at least three points were used for all fits except for 

measurements of α2-antiplasmin crosslinking in the presence of FVIII + FXIII (two points).

Thrombin generation

FVIII-deficient PPP was spiked with buffer (HBS), 2 IU mL−1 FXIII, 1 IU mL−1 rhFVIII, or 

rhFVIII + FXIII (final concentrations of 2 IU mL−1 and 1 IU mL−1, respectively). Plasma 

samples (80 μL) were then added to 20 μL of PPP Reagent Low (final concentrations: 1 pM 
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tissue factor and 4 μM lipid) or Calibration Reagent. After 10 min at 37 °C, reactions were 

initiated by the addition of 20 μL of fluorogenic substrate with calcium (final concentrations: 

416 μM fluorogenic substrate and 16 mM CaCl2). Thrombin generation was detected with a 

Fluoroskan Ascent fluorometer (Thermo Labsystems, Waltham, MA, USA), and analyzed 

with Thrombinoscope software v5.0.0.742 (Stago, Parsippany, NJ, USA).

Thromboelastography (TEG)

Citrated whole blood was pretreated for 30 min at 37 °C, with or without protein buffer 

(0.75% w/v bovine serum albumin in 0.9% sodium chloride solution), FXIII (2 IU mL−1, 

final concentration), rpFVIII (1 IU mL−1, final concentration), rFVIIa (25 nM, final 

concentration), or FEIBA (1 IU mL−1, final concentration), alone or with FXIII. Clot 

formation was initiated in 340 μL of whole blood by addition of 20 μL of tissue factor + 

CaCl2 (final concentrations of 0.4 pM and 10 mM, respectively), and measured with the 

TEG Hemostasis Analyzer System 5000 (Haemonetics, Braintree, MA, USA). TEG 

parameters were calculated with the manufacturer’s software: clot time (R, min), i.e. time 

between the start of the assay and the beginning of clot formation; clot formation (K, min), 

i.e. time from the beginning of clot formation until clot firmness reached 20 mm in 

amplitude; maximum amplitude (MA, mm), i.e. the maximum dynamic properties of fibrin 

and platelet bonding; and elasticity (G, dynes cm−2), i.e. clot strength at MA defined as G = 

5000 × MA/100 − MA.

Whole blood clot contraction

Citrated whole blood was pretreated for 30 min at 37 °C, with or without protein buffer, 

FXIII (2 IU mL−1, final concentration), rpFVIII (1 IU mL−1, final concentration), rFVIIa (25 

nM, final concentration), or FEIBA (1 IU mL−1, final concentration), alone or with FXIII. 

Clotting was triggered in recalcified (10 mM, final concentration) whole blood by addition 

of tissue factor (Innovin diluted 1 : 12 000; 1 pM, final concentration). Clot contraction 

proceeded at 37 °C for 120 min in siliconized multiwell plates. Contracted clots were 

removed and weighed.

Statistical methods

Descriptive statistics (mean, median, standard deviation, and standard error of the mean 

[SEM], normality) were calculated for each experiment. For densitometry values, two-way 

ANOVA was used to compare time and treatment. For other comparisons, repeated-measures 

ANOVA with Holm–Sidak post hoc tests for between-group analysis were used, with P < 

0.05 being considered significant. Calculations were performed with GRAPHPAD v 7.02 

(Synergy Software, Reading, PA, USA).

Results

As compared with FVIII treatment alone, FXIII cotreatment accelerates FXIII activation 
without increasing thrombin generation

Hemophilia is associated with delayed thrombin-dependent FXIII activation during plasma 

clot formation [3]. This observation suggests that mechanisms that enhance FXIII activation 

and/or activity may improve hemophilic clot quality. We tested this hypothesis by adding 
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FVIII and FXIII, alone and in combination, to hemophilic plasma, and measuring the 

activation and level of FXIII-A′ by western blotting. As compared with no treatment or 

FVIII treatment (alone), FXIII, alone or in combination with FVIII, increased the baseline (t 
= 0) FXIII-A level ~ 1.8-fold (Fig. 1A). As compared with untreated hemophilic plasma, 

FVIII treatment (alone) increased the maximum rate of FXIII activation (0.01 ± 0.01 AU 

min−1 versus 0.20 ± 0.05 AU min−1, respectively, mean ± SEM; Fig. 1C) and increased the 

FXIII-A′ level (Fig. 1A, B). As compared with FVIII treatment (alone), FVIII + FXIII 

cotreatment significantly increased the maximum rate of FXIII activation (0.20 ± 0.05 AU 

min−1 versus 0.33 ± 0.05 AU min−1, respectively, P < 0.01; Fig. 1C), but did not increase the 

FXIII-A′ level (Fig. 1A, B). To determine whether accelerated FXIII activation was 

attributable to increased thrombin generation, we measured thrombin generation in 

hemophilic plasma treated with FVIII and FXIII, alone and in combination. As compared 

with untreated hemophilic plasma, FVIII treatment (alone) decreased the time to peak, and 

increased the rate (velocity index), thrombin peak, and endogenous thrombin potential 

(Table 2). However, addition of FXIII (alone or with FVIII) did not alter thrombin 

generation (Table 2). Collectively, these data indicate that cotreatment of hemophilic plasma 

with FXIII and FVIII accelerated FXIII activation without increasing thrombin generation.

As compared with FVIII treatment alone, FXIII cotreatment increases fibrin crosslinking

Despite improving fibrin formation, increasing clot density, and decreasing clot 

permeability, rFVIIa treatment does not fully restore fibrin crosslinking rates in hemophilic 

plasma [2,6,7]. These results suggest that, despite a normalized fibrin structure, the FXIII-

dependent effects on fibrin remain insufficient, and may be improved with FXIII 

cotreatment. To test this premise, we added FVIII and FXIII, alone and in combination, to 

hemophilic plasma, and measured fibrin crosslinking by western blotting. As compared with 

untreated hemophilic plasma, FXIII (alone) did not increase the formation rate or levels of 

crosslinked fibrin species (Fig. 2). However, as compared with untreated hemophilic plasma, 

FVIII treatment (alone) increased the maximum rate of γ–γ dimer formation (0.004 ± 0.001 

AU min−1 versus 0.009 ± 0.003 AU min−1, mean ± SEM; Fig. 2A–C). Furthermore, as 

compared with FVIII alone, FVIII + FXIII cotreatment increased the maximum rate of γ–γ 
dimer formation (0.009 ± 0.003 AU min−1 versus 0.017 ± 0.004 AU min−1, respectively; 

Fig. 2A–C) and significantly increased overall γ–γ dimer level (0.48 ± 0.15 AU versus 0.98 

± 0.20 AU at 120 min, P < 0.01; Fig. 2A, B). As compared with untreated hemophilic 

plasma, FVIII (alone) increased the maximum rate of HMW species formation (0.002 

± 0.001 AU min−1 versus 0.010 ± 0.004 AU min−1, respectively; Fig. 2A, D–E). 

Importantly, as compared with FVIII alone, FVIII + FXIII cotreatment significantly 

increased the maximum rate of HMW species formation (0.01 ± 0.004 AU min−1 versus 

0.03 ± 0.007 AU min−1, respectively, P < 0.02; Fig. 2E) and significantly increased overall 

HMW species levels (0.67 ± 0.20 AU versus 1.60 ± 0.30 AU at 120 min, respectively, P < 

0.01; Fig. 2A, D). Combined, these data indicate that cotreatment of hemophilic plasma with 

FXIII and FVIII increases the rate of fibrin formation and the amount of fibrin crosslinking.
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As compared with FVIII treatment alone, FXIII cotreatment accelerates α2-antiplasmin 
crosslinking

Previous studies showed that coadministration of supraphysiologic concentrations of FXIII 

with rFVIIa or plasma-derived FVIII enhances hemophilic clot stability (area under the TEG 

curve) [32,33]. In addition to crosslinking fibrin, FXIIIa also crosslinks α2-antiplasmin to 

fibrin; this reaction is thought to retain a2-antiplasmin in clots during clot contraction and 

inhibit fibrinolysis. To test this premise, we added FVIII and FXIII, alone and in 

combination, to hemophilic plasma, and measured α2-antiplasmin crosslinking by western 

blotting. As compared with untreated hemophilic plasma, FXIII (alone) and FVIII (alone) 

increased the rate of α2-antiplasmin crosslinking (0.001 ± 0.0003 AU min−1 versus 0.002 

± 0.001 AU min−1 versus 0.004 ± 0.001 AU min−1, P < 0.02; Fig. 3A). As compared with 

FVIII-treated hemophilic plasma, FXIII cotreatment significantly increased the amount of 

fully crosslinked α2-antiplasmin (0.05 ± 0.01 AU versus 0.26 ± 0.07 AU at 30 min, P < 

0.0001; Fig. 3B) and accelerated the rate of α2-antiplasmin crosslinking (0.013 ± 0.002 AU 

min−1, P < 0.04; Fig. 3C). Combined, these data indicate that FXIII cotreatment accelerates 

and increases the incorporation of antifibrinolytic α2-antiplasmin into the fibrin clot, and 

provides a rationale for the enhanced clot stability reported in previous studies [32,33].

As compared with standard hemostatic treatments alone, FXIII cotreatment increases clot 
weight in hemophilic whole blood with inhibitors

Finally, we investigated the effects of FXIII cotreatment on clotting parameters in whole 

blood from hemophilic patients with inhibitors. As compared with normal individuals, 

hemophilic patients have decreased plasma and whole blood clot weight [2,3], which has 

been attributed to decreased clot formation and fibrin mass [3]. Collectively, these results 

suggest that improving FXIIIa-mediated fibrin crosslinking may increase hemophilic clot 

formation and quality. To test this premise, we first added hemostatic agents (rFVIIa, 

FEIBA, or rpFVIII) alone or in combination with FXIII to hemophilic whole blood with 

inhibitors, and then measured clot formation by TEG. As compared with untreated 

hemophilic whole blood, treatment with hemostatic agents (rFVIIa, FEIBA, or rpFVIII), but 

not FXIII (alone), decreased R and K, and increased angle values (Table 3). However, as 

compared with the respective hemostatic agent(s) alone, FXIII cotreatment did not 

significantly change any clot formation parameters assessed by TEG (Table 3).

Recently, our laboratory determined that FXIIIa-mediated α-chain crosslinking promotes 

RBC retention and increases the weight of contracted whole blood clots [25,26]. Given the 

effect of FXIII cotreatment on fibrin α-chain crosslinking, we tested the effect of FXIII 

cotreatment on contracted clot weight. In these assays, as compared with untreated 

hemophilic whole blood, FXIII (alone) did not increase whole blood clot weight (mean clot 

weight of 42.7 ± 5.0 mg versus 50.5 ± 6.6 mg, respectively, n = 12). As compared with 

untreated hemophilic whole blood, rFVIIa (alone) increased clot weight (46.0 ± 6.3 mg 

versus 61.9 ± 5.3 mg, respectively, n = 8; Fig. 4A), but FEIBA or rpFVIII (alone) did not 

(FEIBA, 40.9 ± 7.2 mg versus 54.1 ± 2.4 mg, n = 5 [Fig. 4B]; rpFVIII, 35.3 ± 5.7 mg versus 

42.4 ± 6.0 mg, n = 8 [Fig. 4C]). Interestingly, as compared with treatment with the 

respective hemostatic agent(s) alone, FXIII cotreatment with rFVIIa, FEIBA or rpFVIII 

significantly increased clot weight (to 73.1 ± 6.7 mg, 64.9 ± 2.5 mg and 57.6 ± 7.1 mg, 
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respectively; Fig. 4A–C). Combined, these data suggest that FXIII cotreatment with rFVIIa, 

FEIBA or rpFVIII does not alter clot formation parameters assessed by TEG, but does 

increase contracted whole blood clot weight and can do so in the presence of platelets and 

inhibitors.

Discussion

Due to insufficient thrombin generation, hemophilic patients form an unstable initial clot 

with an abnormal fibrin structure [1–7]. Hemostatic agents increase thrombin generation, 

leading to increased fibrin formation, increased fibrin network density, and thinner fibrin 

fibers [4,6,7]. However, despite hemostatic therapies, some hemophilic patients experience 

prolonged bleeding. Given the well-established ability of FXIIIa to stabilize clots, FXIII 

treatment in hemophilia has been previously evaluated in vitro and in vivo [28–31]. 

However, these studies did not directly assess the effects of FXIII cotreatment on fibrin or 

α2-antiplasmin crosslinking, or address the contribution of FXIIIa to contracted whole blood 

clot properties. Therefore, we sought to extend the published literature by determining the 

effects of FXIII cotreatment on FXIII activation, crosslinking, and clot weight. Herein, we 

demonstrated that FXIII cotreatment accelerated FXIII activation, which increased fibrin and 

α2-antiplasmin crosslinking. We additionally showed that, in hemophilic samples with 

inhibitors, FXIII cotreatment increased whole blood clot weight. Collectively, these data 

provide a further mechanistic rationale for FXIII cotreatment in hemophilia.

Our data show that the effects of FXIII on clot crosslinking and composition occur in the 

presence, but not in the absence, of conventional hemostatic agents. This finding probably 

reflects the indispensable role of thrombin in both the generation of fibrin and the activation 

of FXIII, and previous observations that both fibrin formation and FXIII activation are 

delayed in hemophilia [3]. Thus, in the absence of sufficient procoagulant activity, the 

addition of even supraphysiologic concentrations of FXIII, alone, to hemophilic plasma fails 

to improve clot formation. However, in the presence of conventional hemostatic agents that 

stimulate thrombin generation, both fibrin formation and FXIII activation are increased, and 

the addition of supraphysiologic concentrations of FXIII further accelerates FXIII activation, 

and consequently enhances fibrin and α2-antiplasmin crosslinking.

FXIIIa-mediated crosslinking of fibrin γ-chains and α-chains and α2-antiplasmin is 

essential for clot biophysical and biochemical stability. FXIIIa-mediated γ-chain crosslinks 

stabilize fibrin fiber branches, and α-chain crosslinks contribute to clot stiffness and 

resistance to lysis [23,24]. Therefore, our data showing that cotreatment of hemophilic 

plasma with FXIII increases γ-chain and α-chain crosslinks complement previous findings 

that FXIII cotreatment reduces clot permeability and increases whole blood clot stability 

[28–30]. FXIIIa-mediated α-chain crosslinking also promotes RBC retention in contracted 

clots [25,26], and we observed here that FXIII cotreatment increased the RBC content of 

hemophilic clots. Increased RBC retention in clots may further enhance clot stability, as 

RBCs decrease clot permeability, reduce plasmin generation, and increase resistance to lysis 

[34,35]. Furthermore, during FXIIIa-mediated clot contraction, FXIII crosslinks α2-

antiplasmin to fibrin α-chains [32,33,36]. The FXIIIa-mediated crosslinking of α2-

antiplasmin within a contracted clot is essential for clot resistance to fibrinolysis [37,38]. 
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Therefore, our data showing that FXIII cotreatment increases the rate and amount of α2-

antiplasmin crosslinking supports previous TEG data showing that, in the presence of tissue-

type plasminogen activator, FXIII cotreatment with rFVIIa or rFVIII increases whole blood 

clot stability [29,30]. Collectively, these data suggest that cotreatment with FXIII augments 

hemostasis by increasing FXIIIa-mediated fibrin and α2-antiplasmin crosslinking. These 

data provide a mechanistic rationale for employing FXIII cotreatment strategies to manage 

refractory bleeding in hemophilic patients.

FXIII cotreatment offers several therapeutic advantages. First, FXIII has a relatively long 

half-life (9–19 days) that is suitable for prophylactic dosing [39]. Second, FXIII may work 

for both acute bleeds [40] and in postoperative patients, in whom FXIII levels are often 

reduced [41]. Third, FXIII treatment does not increase thrombin generation, and has not 

been associated with thromboembolic events [39], reducing concerns about thrombotic risk 

if FXIII is used with hemostatic agents (FVIII, rFVIIa, FEIBA, or rpFVIII). Fourth, although 

FXIII requires intravenous administration, it does not require renal or hepatic metabolism, 

which is favorable in older patients with comorbidities. Consequently, FXIII cotreatment 

with hemostatic therapies (FVIII/FIX, rFVIIa, FEIBA, or rpFVIII) is an attractive treatment 

strategy during refractory bleeding.

Our study has potential limitations. First, FVIII inhibitors have variable inhibitory kinetics 

based on the targeted FVIII epitope, which may affect clot formation in different conditions 

[42]. However, our patient cohort was small and heterogeneous with regard to baseline FVIII 

activity and human and porcine FVIII inhibitor titers, and was therefore underpowered to 

establish whether interactions exist between inhibitor titers and response to FXIII 

cotreatment. Second, we were not able to measure thrombin generation in the hemophilic 

whole blood samples. However, FXIII did not alter thrombin generation in plasma, and the 

whole blood samples had normal platelet counts and showed no change in the clot time in 

TEG assays, suggesting that FXIII did not alter thrombin generation in whole blood assays. 

Third, our experiments focused on the effects of FXIII cotreatment in hemophilia A; 

however, hemophilia B patients can also develop inhibitors and experience refractory 

bleeding, despite hemostatic therapy. Accordingly, cotreatment with hemostatic agents and 

supraphysiologic concentrations of FXIII may also augment hemostasis in these patients. 

This premise will require direct testing in future studies. Fourth, our study, like previous 

studies, lacks supportive experiments obtained in preclinical animal models. One previous 

study used a saphenous vein bleeding model to test the effect of FXIII in FIX-deficient mice, 

but failed to detect an improved time to clot formation [30]. The lack of effect may reflect 

insensitivity of this model to FXIIIa-mediated effects on clot composition or resistance to 

fibrinolysis. Although venous thrombosis models have demonstrated sensitivity to FVIII and 

FXIII separately [25,43,44], the relevance of intravascular thrombosis models to hemostasis 

following vascular injury is unclear. Further in vivo study awaits the development of 

hemostasis models that are sensitive to the effects of both hemostatic agents and FXIII 

activity.

In conclusion, our results demonstrate that FXIII cotreatment accelerates FXIII activation, 

resulting in increased α-chain-rich HMW crosslinked fibrin species and α2-antiplasmin 

crosslinking, and increases the weight of contracted hemophilic whole blood clots. 
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Demonstration of these functional effects is an important next step in determining the 

operant mechanism. Moreover, demonstration of these effects in whole blood from inhibitor 

patients – the individuals who are most likely to receive this therapy during refractory 

bleeding episodes – fills an important gap in the clinical development of this approach. 

Collectively, these findings provide further a mechanistic rationale for the use of FXIII with 

hemostatic agents in hemophilia.
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Essentials

• Factor XIII (FXIII)-mediated fibrin crosslinking is delayed in hemophilia.

• We determined effects of FXIII cotreatment with hemostatic agents on clot 

parameters.

• FXIII cotreatment accelerated FXIII activation and crosslinking of fibrin and 

α2-antiplasmin.

• These data provide biochemical rationale for FXIII cotreatment in 

hemophilia.
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Fig. 1. 
As compared with FVIII treatment alone, FXIII cotreatment accelerates the maximum rate 

of FXIII activation. (A) Representative western blots for FXIII-A after tissue factor-initiated 

clotting in recalcified hemophilic plasma treated with buffer (HEPES-buffered saline), 2 IU 

mL−1 FXIII, 1 IU mL−1 FVIII, or FVIII + FXIII (final concentrations of 1 IU mL−1 and 2 IU 

mL−1, respectively). Cleavage of activation peptide(s) results in the formation of FXIII-A′ 
(lower band). (B) Quantification of FXIII activation (FXIII-A′) over time relative to FXIII-

A′ loading control; n = 3–7 samples per time point, mean ± standard error of the mean 

(SEM), arbitrary units (AU). Two-way ANOVA was used to compare time and treatment. 

(C) Maximum rate of FXIII activation (mean ± SEM, AU min−1) for n = 7 samples. 

Treatments were compared by the use of repeated measures ANOVA with the Holm–Sidak 

multiple comparisons test.
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Fig. 2. 
As compared with FVIII treatment alone, FXIII cotreatment increases fibrin crosslinking. 

(A) Representative western blots for fibrin (ogen) after tissue factor-initiated clotting in 

recalcified hemophilic plasma treated as in Fig. 1. (B) Quantification of γ–γ dimer 

normalized to Bβ + β-chain. (C) Maximum rate of γ–γ formation (mean ± standard error of 

the mean [SEM], n = 7, arbitrary units [AU] min−1). (D) Quantification of high molecular 

weight (HMW) species normalized to Bβ + β-chain. (E) Maximum rate of HMW species 

formation (mean ± SEM, n = 7, AU min−1). For (B) and (D), two-way ANOVA with the 

Holm–Sidak multiple comparisons test was used to compare time and treatment. *P < 0.05 

versus buffer-treated, FXIII-treated and FVIII-treated samples. For (C) and (E), treatments 

were compared by the use of repeated measures ANOVA with the Holm–Sidak multiple 

comparisons test.
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Fig. 3. 
As compared with FVIII treatment alone, FXIII cotreatment accelerates and increases α2-

antiplasmin crosslinking. (A) Representative western blots for α2-antiplasmin crosslinking 

in recalcified hemophilic plasma treated as in Fig. 1. (B) Quantification of crosslinked α2-

antiplasmin normalized to total α2-antiplasmin at t = 0 min (mean ± standard error of the 

mean [SEM], n = 7). Symbols are: buffer, closed circles; + FXIII, half-filled boxes; + FVIII, 

open triangles; + FVIII + FXIII, closed inverted triangles. *P < 0.05 versus buffer-treated, 

FXIII-treated and FVIII-treated samples. Two-way ANOVA with the Holm–Sidak multiple 

comparisons test was used to compare time and treatment. (C) Maximum rate of α2-

antiplasmin crosslinking (mean ± SEM, n = 7, arbitrary units [AU] min−1). Treatments were 

compared by the use of repeated measures ANOVA with the Holm–Sidak multiple 

comparisons test.
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Fig. 4. 
As compared with hemostatic therapies alone, FXIII cotreatment increases whole blood clot 

weight. Hemophilic whole blood was treated with protein buffer (0.75% w/v bovine serum 

albumin in 0.9% sodium chloride solution), FXIII (2 IU mL−1) or (A) recombinant activated 

FVII (rFVIIa) (25 nM), (B) plasma-derived anti-inhibitor coagulant complex (FEIBA) (1 IU 

mL−1), or (C) recombinant B-domain-deleted porcine FVIII (rpFVIII) (1 IU mL−1), with or 

without FXIII, and clotted with tissue factor and recalcification. Contracted clots were 

weighed. Dashed lines indicate ranges of clot weights for n = 4 non-hemophilic donors. Bars 

show the mean ± standard error of them mean for n = 5–8 individual hemophilic donors per 

treatment. Treatments were compared by the use of repeated measures ANOVA with the 

Holm–Sidak multiple comparisons test.
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Table 1

Clinical characteristics of hemophilic whole blood donors

Reference range Donors (n = 12)

Age (years) – 61.8 ± 4.0

Sex (% female) – 58.3

White blood cells (× 109 L−1) 4.5–11 8.8 ± 1.1

Red blood cells (× 106 μL−1) 4.2–5.4 3.9 ± 0.3

Hemoglobin (g dL−1) 13.5–17.5 10.7 ± 0.6

Hematocrit (%) 36–46 34.2 ± 1.8

Platelets (× 109 L−1) 150–400 295.9 ± 26.9

Fibrinogen (mg dL−1) 208–409 395.4 ± 35.5*

APTT (s) 26.0–37.3 93.6 ± 7.9

FVIII activity (%) 54–161 3.6 ± 1.4

FVIII inhibitor (Bethesda units) ≤ 0.4 126.4 ± 48

Porcine FVIII inhibitor (Bethesda units) ≤ 0.4 1.5 ± 0.4†

APTT, activated partial thromboplastin time. Mean ± standard error of the mean.

*
Value for n = 8 subjects.

†
Value for n = 11 subjects.
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Table 2

Thrombin generation parameters

Buffer (n = 7) FXIII (n = 7) FVIII (n = 7) FVIII + FXIII (n = 7)

Lag time (min) 12.0 ± 2.9 10.2 ± 1.6 8.1 ± 0.6 8.6 ± 0.8

Time to peak (min) 28.4 ± 3.1 25.0 ± 1.8 13.6 ± 0.6* 14.3 ± 1.1*

Velocity index (nM min−1) 0.29 ± 0.1 0.44 ± 0.7 14.0 ± 2.5* 13.1 ± 2.4*

Peak thrombin (nM) 4.5 ± 0.6 6.1 ± 1.0 68.0 ± 7.0* 68.7 ± 9.4*

ETP (nM min) 95.5 ± 9.5 117.5 ± 16.0 638.1 ± 34.6* 684.1 ± 70.5*

ETP, endogenous thrombin potential. Mean ± standard error of the mean. P < 0.05 as compared with buffer-treated samples via repeated-measure 
ANOVA with Dunn’s or Holm–Sidak multiple comparisons for non-normal and normal distributions.
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