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Abstract 

 

Plasma kallikrein (PKa) is an important activator of factor (F)XII of the contact pathway of 

coagulation. Several studies have shown that PKa also possesses procoagulant activity 

independent of FXII, likely through its ability to directly activate FIX. We evaluated the 

procoagulant activity of PKa using a mouse whole blood (WB) thrombin generation (TG) 

assay. TG was measured in WB from PKa-deficient mice using contact pathway or extrinsic 

pathway triggers. PKa-deficient WB had significantly reduced contact pathway-initiated TG 

compared to wild-type controls and was comparable to that observed in FXII-deficient WB. 

PKa-deficient WB supported equivalent extrinsic pathway-initiated TG compared to wild-type 

controls. Consistent with the presence of FXII-independent functions of PKa, targeted 

blockade of PKa with either small molecule or antibody-based inhibitors significantly reduced 

contact pathway-initiated TG in FXII-deficient WB. Inhibition of activated FXII (FXIIa) using an 

antibody-based inhibitor significantly reduced TG in PKa-deficient WB, consistent with a PKa-

independent function of FXIIa. Experiments using mice expressing low levels of tissue factor 

demonstrated that persistent TG present in PKa- and FXIIa-inhibited WB was driven primarily 

by endogenous tissue factor. Our work demonstrates that PKa contributes significantly to 

contact pathway-initiated TG in the complex milieu of mouse WB and that a component of this 

contribution occurs in a FXII-independent manner. 

 

 

Key Points 

 Plasma kallikrein deficiency selectively impairs contact pathway-mediated thrombin 

generation in mouse whole blood 

 Plasma kallikrein supports FXII-independent thrombin generation in mouse whole blood 

consistent with direct activation of FIX  
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Introduction 

 

Vascular injury results in activation of the extrinsic pathway of coagulation through exposure of 

sub endothelial tissue factor (TF) that functions as an essential cofactor for activated factor VII 

(FVIIa) 1,2. The TF/FVIIa complex catalyzes the generation of FXa. Coagulation can also be 

activated through the contact pathway in which exposure of FXII to a negatively charged 

surface or molecules leads to autoactivation 3-5. Both FXII and plasma prekallikrein (PK) 

possess inherent proteolytic activity and can reciprocally activate one another to form FXIIa 

and plasma kallikrein (PKa) in a process enhanced by negatively charged surface and the co-

factor high molecular weight kininogen 6-9. FXIIa catalyzes FXIa generation resulting in 

subsequent FIXa generation that in complex with the co-factor FVIIIa drives FXa generation. 

FXa, generated by either the extrinsic or contact pathway, complexed with FVa cofactor drives 

generation of the terminal coagulation protease thrombin. 

A number of other reactions outside the traditional waterfall model of coagulation have 

been described that enhance thrombin generation (TG). These include TF/FVIIa-mediated 

activation of FIX, TF/FVIIa/FXa-mediated activation of FVIII, thrombin-mediated activation of 

FXI and PKa-mediated activation of FIX 10-13. We previously reported that while TF/FVIIa-

mediated activation of FIXa was readily apparent in mouse plasma there was no evidence of 

thrombin-mediated activation of FXI 14. Interestingly, however, more recently we reported on a 

mouse whole blood (WB) TG assay that was sensitive to both TF/FVIIa-mediated activation of 

FIX and thrombin-mediated activation of FXI 15. Importantly, this finding more closely 

resembled the TG phenotype described in human plasma 12. 

PK and FXI are products of an ancient gene duplication event, leading to the hypothesis 

that the two enzymes may share the ability to cleave and activate FIX 13,16,17.  Early studies 

demonstrated that PKa could indeed directly activate FIX in purified systems 18-21. A series of 

more recent studies further demonstrated direct FIX activation by PKa in both purified and 

plasma based-systems 22-24. Although PKa was found to be a less efficient activator of FIX 

than the canonical activator FXIa, indirect evidence suggests that PKa contributes significantly 

to FIXa activation and downstream TG independent of FXII and FXI, in human plasma in vitro 

22-24. The presence of FXI independent FIXa generation in mice exposed to a contact pathway 

agonist further suggests that this reaction occurs in vivo 22. Although PKa-mediated activation 

of FIX was not reported to require cofactors 24, red blood cell (RBC)-derived extracellular 

vesicles (EVs) were identified as a surface that mediates the action of PKa on FIX 23. The 
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ability of RBC EVs to promote PKa-mediated activation FIX suggested that this reaction may 

also contribute to TG in RBC replete WB. 

In establishing the mouse WB TG assay, we observed that FXII and FXI deficient, but 

not FIX deficient, mouse WB was capable of supporting significant levels of contact pathway-

initiated TG 25. This suggested that contact pathway activation could occur absent of FXII and 

FXI, but not FIX. Such an observation was consistent with the ability of PKa to directly activate 

FIX 22-24. We therefore evaluated the contribution of PKa to FXII-independent contact pathway-

initiated TG in mouse WB using combinations of genetic and pharmacologic disruption of PKa 

and FXIIa in our recently established assay. 

 

Methods 

 

Mice 

Male and female 8-12 week old Klkb1-/- or F12-/- and appropriate wild-type controls 

backcrossed 10 generations onto the C57BL/6J background were used 25,26. Male and female 

8-12 week old TFlow mice (mF3-/-;hF3+/+) or TFwt (mF3+/+;hF3-/-) backcrossed 6 generations onto 

the C57BL/6J background were also used 27. All studies complied with National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and were conducted under the 

approval of the Animal Care and Use Committee of the University of North Carolina at Chapel 

Hill. 

 

Blood collection 

WB was collected from the inferior vena cava of anesthetized mice into sodium citrate (final 

concentration 0.38% v/v, RICCA Chemical, Arlington, TX) and corn trypsin inhibitor (CTI, final 

concentration, 50 µg/mL, Haematologic Technologies, Essex Junction, VT). Platelet poor 

plasma (PPP) was generated by centrifugation of WB at 4500 x g for 15 minutes. Platelet rich 

plasma (PRP) was generated by centrifugation of WB twice at 150 xg for 5 minutes. Washed 

RBCs were prepared by collecting 150 µL of packed RBCs after removal of PRP and washing 

3 times in 1 mL of wash buffer (1.29 mM sodium citrate, 3.33 mM glucose, 124 mM NaCl, pH 

7.2) resuspending at 7x106/ µL in HBS with cell counts determined using an Element HT5 

(Heska, CO). WB was used within 1 hour of collection and PPP aliquoted and frozen at -80C. 
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Mouse TG 

WB TG was assessed as previously described 25. In brief, 24 µL of Z-Gly-Gly-Arg- 7-Amino-4-

methylcoumarin thrombin substrate (ZGGR-AMC, final concentration 416.7 µM, Bachem, 

Bubendorf, Switzerland) was added to 72 µL of WB in wells of a round bottom 96-well plate 

(Caplugs Evergreen, Buffalo, NY) and incubated at 37ºC for 10 minutes after which 48 µL of 

trigger solution containing CaCl2 (final concentration 9 mM) and TF (final concentration 0.05pM 

or 0.5pM, Innovin,  Siemens, Munich, Germany) or silica (final dilution 1:120, Kontact, Thermo 

Fisher Scientific, Waltham, MA) was added. The WB solution was mixed gently and 60 µL 

dispensed into a polyvinyl chloride round bottom 96-well plate (Corning, Corning, NY) in 

duplicate. Fluorescence was measured on a fluorometer (Fluoroskan Ascent, Thermo Fisher 

Scientific) at λex = 355 nm and λem = 460 nm at 37 ºC with data acquired using Ascent 

Software (version 2.6, Thermo Fisher Scientific). To aid with reproducibility data was acquired 

for 36 wells with an integration time of 6 seconds to ensure continuous agitation and prevent 

RBC sedimentation. WB TG parameters were calculated as described previously. Experiments 

with PRP and RBC reconstituted PRP were conducted as previously described25. In brief, 

washed RBCs at 7x106/ µL were added to an equal volume of PRP (diluted 2 fold) with PRP 

(diluted 3 fold) used as a comparator. TG was assessed as described for WB above. 

In some experiments samples were supplemented with the small molecule PKa inhibitor 

berotralstat (MedChem Express, Monmouth Junction, NJ), an anti-FXIIa antibody 

(garadacimab / CSL-312 bio-similar, ATUM Bio, CA), an anti-PKa antibody (lanadelumab bio-

similar, ProteoGenix USA, Miami, FL), an anti-TF antibody (1H1, Genentech, CA) or 

appropriate vehicle and IgG controls. CSL-312 was produced recombinantly in sterile and low 

endotoxin conditions using the amino acid sequence detailed in the US patent (US-

20170121423-A1). The affinity of CSL-312 for FXIIa was confirmed by homogeneous time-

resolved fluorescence and inhibitory activity in activated partial thromboplastin time assays in 

pooled human plasma (ATUM Bio, CA). 

 PPP TG was assessed as previously described 14,25. In brief, 10 µL of trigger solution 

containing phospholipids (final concentration 4 µM, Synapse Research Institute, Maastricht, 

The Netherlands) and TF (final concentration 0.05 pM or 0.5 pM, Innovin,  Siemens) or silica 

(final dilution 1:120, Kontact, Thermo Fisher Scientific) was added to 40 µL of prediluted PPP 

(1:3, PPP:buffer) in a round bottom 96-well plate (Caplugs Evergreen) and incubated at 37ºC 

for 5 minutes after which 10 µL of a CaCl2 (final concentration 16.7 mM) and ZGGR-AMC 

thrombin substrate (final concentration 416.7 µM, Bachem). Fluorescence was measured on a 
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fluorometer (Fluoroskan Ascent, Thermo Fisher Scientific) at λex = 390 nm and λem = 460 nm 

at 37 ºC and analyzed using Thrombinoscope software (v5.0, Thrombinoscope BV, the 

Netherlands). 

 

PK activation 

The ability of recombinant human PK (50 nM, R&D Systems, MN) in the presence of 

recombinant human high molecular weight kininogen (300 nM, R&D Systems, MN) to cleave 

the chromogenic substrate S2303 (400 µM, DiaPharma, OH) in the presence or absence of 

dextran sulfate (25 µg/ml, 500kDa, Millipore Sigma, MO) was determined using a 

spectrophotometer (SpectraMax i3x, Molecular Devices, CA). 

 

Statistics 

Normality of data was assessed by Shapiro-Wilk tests and parametric or non-parametric tests 

selected as appropriate. For two group analyses parametric Student’s t-tests or non-parametric 

Mann Whitney U tests were used. Data was analyzed using Prism Software (v9.1, GraphPad, 

San Diego, CA). Two-sided p<0.05 was considered statistically significant. 

 

All mouse studies complied with National Institutes of Health Guide for the Care and Use of 

Laboratory Animals and were conducted under the approval of the Animal Care and Use 

Committee of the University of North Carolina at Chapel Hill. 

 

Results 

 

Both PK and FXII contribute to contact pathway-initiated mouse TG 

To evaluate the relative contribution of PK and FXII to contact pathway-initiated coagulation in 

mice, we assessed silica-initiated TG in WB from PK-deficient mice, FXII-deficient mice, and 

appropriate wildtype controls. In contrast to previous findings in PPP from FXII-deficient mice 

25, PPP from Klkb1-/- mice supported detectable silica-initiated TG although TG lag time was 

significantly prolonged and TG peak significantly reduced compared to Klkb1+/+ control PPP 

(Fig 1A-C). Silica-initiated TG in Klkb1-/- mouse WB was markedly reduced with TG lag time 

significantly prolonged by ~50% and peak TG significantly reduced by ~60% compared to WB 

from Klkb1+/+ control mice (Fig 1D-F). Silica-initiated TG in F12-/- mouse WB was also markedly 

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



 8 

reduced with TG lag time significantly prolonged by ~50% while peak TG was significantly 

reduced by ~65% compared to WB from F12+/+ control mice (Fig 1G-I).  

 

 

 

PKa contributes to contact pathway-initiated mouse WB TG in a partially FXII-

independent manner 

To evaluate the contribution of PKa to FXII-independent contact pathway-mediated TG, silica-

initiated TG was evaluated in WB from F12+/+ or F12-/- mice in the presence or absence of the 

PKa inhibitor berotralstat. Initial experiments indicated that 8 M of berotralstat was sufficient 

to partially inhibit silica-initiated TG in WB from F12+/+ and F12-/- mice (Fig 2A-B) and this 

concentration was used for subsequent experiments. PKa inhibition had no significant effect on 

silica-initiated TG lag time in WB from F12+/+ or F12-/- mice (Fig 2C). PKa inhibition significantly 

reduced silica-initiated peak TG in WB from F12+/+ mice (Fig 2D). Importantly, the PKa inhibitor 

berotralstat also significantly reduced silica-initiated peak TG in WB from F12-/- by ~35% 

compared to vehicle control (Fig 2D). Berotralstat had no observable effect on WB TG initiated 

with 0.05pM TF (data not shown).  

To independently confirm the contribution of PKa to FXII-independent contact pathway-

mediated TG, additional experiments were conducted in WB from F12-/- mice with the anti-PKa 

antibody lanadelumab. Initial experiments indicated that 400 g/mL of lanadelumab was 

sufficient to inhibit silica-initiated TG in WB from F12-/- mice and this concentration was used 

for subsequent experiments (Fig 2E). While landelumab did not significantly alter TG lag time, 

peak TG was significantly reduced by ~50% in WB from F12-/- mice (Fig 2F-G), a finding 

similar to that using berotralstat. 

The FXII-independent contribution of PK to TG indicates that PK activation can occur 

without FXII. To investigate this, the ability of the contact activator dextran sulfate to potentiate 

proteolytic activity of human recombinant PK zymogen in the presence of recombinant human 

high molecular weight kininogen was determined in a purified system. Proteolytic activity of 

recombinant PK zymogen was observed and could be significantly enhanced by dextran 

sulfate (Fig S1). 

 

Platelets and RBCs contribute to FXII independent contributions of PKa in contact 

pathway-initiated TG 
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To evaluate the contribution of platelets and RBCs to FXII independent TG additional 

experiments were conducted with PRP and RBC reconstituted PRP (PRP+RBC) generated 

from F12-/- mice. Both F12-/- PRP and PRP+RBC supported detectable contact pathway-

initiated TG in the absence of exogenous lipid, however, TG was markedly more robust in 

PRP+RBC consistent with the procoagulant potential of the RBC surface (Fig 3A-B). Inhibition 

of PKa using berotralstat significantly prolonged TG lag time in both PRP and PRP+RBCs (Fig 

3C). Importantly, however, PKa inhibition with berotralstat reduced peak TG in PRP+RBCs but 

not in PRP alone (Fig 3D). This indicates that both the platelet and RBC surface can contribute 

to FXII independent functions of PKa. 

 

FXIIa contributes to contact pathway-initiated mouse WB TG in a partially PKa-

independent manner 

To evaluate the contribution of FXIIa to PKa-independent contact pathway-mediated TG, silica-

initiated TG was evaluated in WB from Klkb1+/+ or Klkb1-/- mice in the presence or absence of 

the anti-FXIIa antibody garadacimab. Initial experiments indicated that 50 g/mL of 

garadacimab was sufficient to reduce silica-initiated TG in WB from Klkb1+/+ or Klkb1-/- mice 

and this concentration was used for subsequent experiments (Fig 4A-B). As expected, in WB 

triggered with silica garadacimab significantly prolonged TG lag time and reduced TG peak in 

Klkb1+/+ WB compared to IgG control (Fig 4C-D). In Klkb1-/- mouse WB triggered with silica the 

anti-FXIIa antibody garadacimab had no significant effect on TG lag time but significantly 

reduced peak TG (Fig 4C-D). 

 

Endogenous TF drives basal TG in contact pathway inhibited mouse WB 

TG was observed in both PKa-inhibited F12-/- mouse WB and FXIIa-inhibited Klkb1-/- mouse 

WB when triggered with silica. Although it is possible that this could have resulted from 

incomplete PKa and FXIIa inhibition, we hypothesized that endogenous EV TF present in WB 

may have contributed to the observed residual TG. To evaluate the influence of endogenous 

TF in this setting, silica-initiated TG was evaluated in WB from TFlow mice and TFwt controls in 

the presence or absence of the the PKa inhibitor berotralstat and the anti-FXIIa antibody 

garadacimab. WB from TFlow mice had a mild impairment in silica-initiated TG with a non-

significant trend towards reduced TG lag time but no observable effect of peak TG compared 

to WB from TFwt mice (Fig 5A-D). When both PKa and FXIIa activity were inhibited, TG was 

markedly reduced in WB from TFlow mice compared to TFwt controls (Fig 5B) with significantly 
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prolonged TG lag time and reduced peak TG (Fig 5C-D). To further investigate the contribution 

of endogenous TF to basal TG the effect of the anti-TF antibody 1H1 on TG was evaluated in 

wildtype mouse WB upon recalcification. Inhibition of TF by 1H1 markedly reduced basal TG 

with a significant reduction in peak TG supporting the findings from TFlow mouse WB (Fig S2). 

 

PK deficiency does not significantly alter extrinsic pathway-initiated TG in mouse PPP 

or WB 

The effect of PK deficiency on extrinsic pathway-initiated TG in mouse PPP and WB was also 

assessed using low (0.05pM) and moderate (0.5pM) doses of TF trigger. When using either 

dose of TF no apparent difference in TG was observed in PPP from Klkb1-/- mice compared to 

Klkb1+/+ controls (Fig 6A). A small but not significant trend towards prolonged TG lag time and 

reduced peak TG was apparent in PPP from Klkb1-/- mice compared to Klkb1+/+ controls when 

initiated with the low (0.05pM) TF dose (Fig 6B-C). A small but non-significant reduction in 

peak TG was noted in PPP from Klkb1-/- mice compared to Klkb1+/+ controls when initiated with 

the moderate (0.5pM) TF dose (Fig 6C). No spontaneous TG was observed in recalcified PPP 

from Klkb1-/- mice or Klkb1+/+ controls (data not shown). Similarly, no spontaneous TG was 

observed in recalcified PPP from F12-/- mice or  F12+/+ controls (data not shown). Further, 

when initiated with low (0.05pM) or moderate (0.5pM) doses of TF, TG lag time and peak in 

WB from Klkb1-/- mice did not differ significantly from Klkb1+/+ controls (Fig 6D-F).  

 

Discussion 

 

In this study, we evaluated the contribution of PKa to TG in mouse WB. Results from PK-

deficient WB demonstrated that PKa contributes significantly to contact pathway-mediated but 

not extrinsic pathway-mediated TG. Critically, however, inhibition of PKa significantly and 

reproducibly attenuated residual TG in FXII-deficient WB. These findings demonstrate that the 

FXII-independent function of PKa contributes significantly to TG in WB and are consistent with 

direct activation of FIX by PKa. 

To evaluate the contribution of PKa to TG, we used our recently developed mouse WB 

TG assay 25. We previously demonstrated the sensitivity of this assay to TF/FVIIa mediated 

activation of FIX and thrombin mediated activation of FXI. This mouse WB TG assay allowed 

for use of WB from mice completely deficient in either PK or FXII in combination with highly 

selective small molecule inhibitors. Importantly, during the development of this WB assay 
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residual contact pathway-initiated TG was observed in FXII- and FXI- deficient, but not FIX-

deficient, WB25. These findings were similar to those in a prior report of RBC EV-initiated TG in 

human plasma that supported a FXII-independent, but FIX-dependent, contribution of PKa to 

TG 23. The observed residual TG in FXII-deficient mouse WB in our study allowed for 

interrogation of FXII-independent contributions of PKa in the complex environment of WB. 

 Initial evaluation of PK-deficient mouse samples demonstrated a partial defect in 

contact pathway-initiated TG in both WB and plasma, consistent with a previous report 28. 

Interestingly, the ability of PK-deficient mouse plasma to support some contact pathway-

initiated TG contrasts with findings in which TG was almost completely absent in FXII-deficient 

mouse plasma 25,28. This observation suggests that in mouse plasma FXII is essential whereas 

PK is at least partially dispensable. In contrast to the phenotype observed in mouse plasma, 

PK-deficient and FXII-deficient mouse WB demonstrated comparable partial reductions in 

contact pathway-initiated TG 25. This phenotype is consistent with PK-independent functions of 

FXIIa and FXII-independent functions of PKa occurring in WB. 

To assess FXII-independent contributions of PK in WB more directly, we determined the 

effect of PKa inhibition on contact pathway-mediated TG in the presence or absence of FXII. 

The ability of the PKa inhibitor berotralstat to significantly reduce contact-pathway initiated TG 

in FXII-deficient WB was indicative of a FXII-independent function of PKa. The related 

compound avoralstat was previously shown to inhibit FVIIa 29. However, no effect of 

berotralstat was observed on extrinsic pathway-initiated TG suggesting that the contact 

pathway phenotype was unlikely to be an off-target effect of the inhibitor 30. Further, the highly 

specific anti-PKa antibody lanadelumab resulted in a similar reduction in contact pathway-

initiated TG in FXII-deficient WB. Lanadelumab is not reported to have any significant off-target 

effects when used at concentrations in the low micromolar range 31,32. Taken together this data 

provides evidence of a FXII-independent contribution of PKa to contact pathway-initiated TG in 

mouse WB. 

 The findings of the present study complement the three recent reports of FXII 

independent functions of PKa 22-24. Both Noubouossie et. al. and Kearney et. al. demonstrated 

that PKa can directly activate FIX in a purified system 23,24. Further, Visser et. al., Noubouossie 

et. al. and Kearney et. al. all showed that PKa contributes to contact pathway-initiated TG in a 

partially FXII- and FXI-independent manner in human plasma 22-24. Our data demonstrates that 

that FXII independent functions of PK persist in the complex environment of WB and is 

consistent with the in vivo phenotype reported by Visser et. al.22.  
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While consistent with the direct activation of FIX by PKa other FXII-independent 

mechanisms may have also contributed to the phenotype we observed. As reported by 

Kearney et. al. PKa can also directly activate FII. The relative contribution of PKa mediated 

activation of FII versus FIX in WB TG is unclear. While PKa activates FIX ~3 times more 

efficiently than FII, the circulating concentration of FII is >10 times higher than that of FIX. 

However, FIXa generated by PKa can likely support the activation of multiple molecules of FII 

amplifying contribution of this reaction to TG. Further studies are required to determine the 

physiological relevance of PKa mediated activation of FIX and FII. 

 The findings of the present study diverge from that in a previous report on the effect of 

PK deficiency on TF-induced or spontaneous TG 28. Stavrou et. al. previously reported that 

plasma from PK-deficient mice supported markedly reduced TF-initiated TG and spontaneous 

TF in recalcified plasma in the presence or absence of the FXIIa inhibitor recombinant human 

albumin conjugated Infestin-4 28.  While we observed small reductions in extrinsic pathway-

initiated TG in PK-deficient mouse plasma, using the same concentration of TF trigger as the 

prior report and a concentration 10-fold lower in the presence of the FXIIa inhibitor CTI, these 

differences were not significant. No spontaneous plasma TG was observed in the absence of 

TF trigger when evaluated in the presence of CTI. Further in WB no significant effect of PK 

deficiency on TF-initiated TG was observed in the presence of CTI. We chose to supplement 

all samples with CTI to prevent autoactivation of the contact pathway that could mask subtle 

phenotypes. At the concentrations used the inhibitory effects of CTI could be readily overcome 

by silica agonist. 

In reconstitution experiments we found that RBCs potentiated TG in the absence of 

FXII. This finding is consistent with our prior experience with the mouse WB TG assay 15. 

Interestingly, we observed that the potentiation of TG in this FXII-deficient setting was partially 

mediated by PKa. It has previously been shown that RBC EVs facilitate PKa-mediated 

activation of FIX independent of FXII 23. Our data suggests that the surface of intact RBCs may 

facilitate PKa-mediated activation of FIX. Intact RBCs are likely to be a physiologically relevant 

surface given their abundance in WB relative to other cell types. However, it should be noted 

that monocytes were not completely removed from the washed RBC preparations, and this 

may have contributed to the observed enhancement in TG.  

It is important to consider how significant amounts of FXIIa might be generated in the 

absence of PK and likewise how PKa might be generated in the absence of FXIIa. Although 

PK and FXII reciprocally activate one another, autoactivation of FXII can take place in the 
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absence of PK and FXII possesses inherent proteolytic activity in zymogen form 6,33-35. Our 

findings indicate that sufficient amounts of FXIIa are generated in the absence of PK to support 

some degree of TG in WB. A growing body of literature indicates that PK can also be activated 

in the absence of FXII. Contemporaneously to descriptions of PKa mediated activation of FIX 

Ivanov and colleagues elegantly demonstrated that single-chain PK zymogen, like FXII, 

possesses inherent proteolytic activity 7,35. In purified systems PK autoactivation has been 

found to occur in the presence of the classical contact pathway activator dextran sulfate in the 

absence of FXII 36,37. These prior studies of PK autoactivation used plasma purified proteins 

leading to speculation that the observed phenotype may have resulted from contamination with 

trace amounts of PKa caused by exposure of PK to FXIIa in plasma. Encouragingly, we found 

that FXIIa-naïve recombinant human PK possessed detectable PKa-like proteolytic activity that 

could be enhanced in the presence of dextran sulfate. A number of FXIIa-independent 

activators of PK, including heat shock protein 90 and prolylcarboxypeptidase, have also been 

described 38-41. Together this body of evidence indicates that a number of plausible pathways 

exist for FXIIa-independent activation of PK, however, further work is required to establish if 

any play a physiologically relevant role. 

PK-independent contributions of FXIIa to contact pathway-mediated TG in WB were 

also evaluated by determining the effect of FXIIa inhibition in the presence or absence of PK. 

FXIIa inhibition with garadacimab significantly reduced contact pathway-mediated TG in both 

PK sufficient and deficient WB. The observed PK-independent function of FXIIa likely results 

from FXII autoactivation and subsequent FXIa-mediated TG 33,34. Interestingly, FXIIa inhibition 

in PK-deficient WB impaired TG to a similar extent as PKa inhibition in FXII-deficient WB. This 

suggests that the contribution of PK-independent FXIIa activity and FXII-independent PKa 

activity to TG may be similar. Such an apparent equivalence would be surprising given that 

FXIIa is expected to generate markedly more FIXa than PKa owing to amplification by FXIa. It 

important to note that in humans while PKa is approximately 6-fold less potent in activating FIX 

compared to FXIa, PK zymogen is almost 20 times more abundant than FXI zymogen in 

plasma, which may contribute to the observed involvement of PKa in FIXa generation 24. 

In our study phenotypes consistent with both FXII-independent functions of PKa and PK 

independent functions of FXIIa required the use of small molecule and antibody based 

inhibitors. In experiments with the PKa inhibitor berotralstat, the dose dependent inhibition of 

TG observed in FXII sufficient WB was not present in FXII deficient WB. Such a finding might 

be explained by low levels of PKa generated in the absence of FXII being fully inhibited by the 
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lowest dose of berotralstat used. Likewise, the lack of a dose dependent effect of garadacimab 

in PK deficient WB may be the result of limited generation of FXIIa that was fully inhibited by 

the lowest dose of garadacimab used.  

It was found that even when blocking both FXII and PK activation some residual 

persistent TG remained. Data obtained with WB from mice expressing low levels of TF 

supplemented with PKa and FXIIa inhibitors suggested that endogenous TF is a major source 

of persistent TG observed in PKa-inhibited FXII-deficient WB and FXIIa-inhibited PK-deficient 

WB initiated via the contact pathway. The source of this endogenous TF is unclear. It is 

possible that extravascular TF was incorporated into WB during collection. Alternatively, 

circulating monocytes or monocyte-derived vesicles may have contributed to the basal level of 

TF in WB as previously described 42,43. While the low basal level of TG in WB from mice 

expressing low levels of TF was not surprising the attribution of the persistent TG to 

endogenous TF indicates that other non-canonical reactions, occurring independently of both 

PK and FXII, are unlikely to contribute to contact pathway-initiated coagulation. The ability to 

attribute the vast majority of WB TG to given initiators of coagulation indicates that background 

noise in the assay is low, providing added confidence in the modest but significant phenotypes 

presented. Further, the observation that calcified WB TG could be reduced by the anti-TF 

antibody 1H1 indicates that inhibition of endogenous TF may be useful when studying aspects 

of contact pathway-initiated TG in WB. 

Studies in mice indicate that PK is involved in the pathogenesis of both venous and 

arterial thrombus formation 28,44,45. It is interesting to consider if some of the protective effects 

of PK deficiency and inhibition in these studies may be attributed to reduced PKa-mediated 

activation of FIX. There is clearly a role for FXII-dependent functions of PKa in thrombosis 

given that FXII and FXI deficient mice are also protected in models of arterial and venous 

thrombus formation 46-50. To date, there is no direct evidence that FXII-independent functions 

of PKa are involved in thrombosis in vivo. Further work is required to determine the extent to 

which direct PKa activation of FIX contributes to thrombotic pathologies.  

A better understanding of FXII-dependent and -independent activation of the contact 

pathway may help inform the implementation of novel anticoagulant approaches. Both PKa 

and FXIIa targeted therapies have been developed or are under development for the 

management of hereditary angioedema 51-54. FXIIa targeted therapies are also being evaluated 

in the setting of artificial device associated thrombosis 55. It is possible that the use of PKa and 

FXIIa targeted therapies in combination may more effectively prevent pathological contact 
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pathway activation. Such an approach would be expected to inhibit both FXII-dependent and -

independent activation of the contact pathway without altering hemostasis. 

The mouse WB TG approach used in our study has some potential inherent limitations. 

A species dependent difference in FXI biology between humans and mice has been reported. 

Murine FXI possesses a basic glycosaminoglycan binding motif, not present in human FXI, 

that results in a significant pool of vessel bound FXI and a lower circulating concentration of 

FXI 56. Low FXI zymogen in mouse WB may make TG more dependent on PKa-mediated 

activation of FIX. There may also be differences in plasma levels of other coagulation factor 

zymogens between mice and humans that further contribute to differences in the contributions 

of specific pathways. 

In conclusion, our findings demonstrate that the FXII-independent activity of PKa 

enhances contact pathway-mediated TG in the complex milieu of mouse WB. 
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Figures 

 

Figure 1: Effect of PK and FXII deficiency on contact pathway-initiated TG 

(A) Representative silica-initiated TG curves in Klkb1+/+ and Klkb1-/- mouse PPP with 

quantification of (B) TG lag time and (C) peak TG (n=5/group). (D) Representative silica-

initiated TG curves in Klkb1+/+ and Klkb1-/- mouse WB with quantification of (E) TG lag time 

and (F) peak TG (n=6-7/group). (G) Representative silica-initiated TG curves in F12+/+ and 

F12-/- mouse WB with quantification of (H) TG lag time and (I) peak TG (n=5/group). Data 

presented as individual values with median and interquartile range. Data analyzed with Mann-

Whitney U tests; *P<0.05, **P<0.01. 

 

Figure 2: Effect of PKa inhibition on contact pathway-initiated TG in FXII sufficient and 

deficient WB 

Representative curves of silica-initiated TG in (A) F12+/+ and (B) F12-/- mouse WB in the 

presence of increasing concentrations of the PKa inhibitor (PKai) berotralstat or vehicle 

control. Quantification of (C) TG lag time and (D) peak TG in F12+/+ or F12-/- WB in the 

presence of 8 M berotralstat or vehicle control (n=3/group). (E) Representative curves of 

silica-initiated TG in F12-/- mouse WB in the presence of increasing concentrations of the 

inhibitory anti-PKa antibody lanadelumab or IgG control. Quantification of (F) TG lag time and 

(G) peak TG in F12-/- WB in the presence of 400 g/mL lanadelumab or IgG control 

(n=3/group). Data presented as individual values with mean  SD. Data analyzed with paired 

student’s t-tests comparing samples with and without inhibitor; *P<0.05, **P<0.01. 

 

Figure 3: Effect of PKa inhibition on contact pathway-initiated TG in FXII deficient PRP 

and RBC reconstituted PRP 

Representative curves of silica-initiated TG in (A) F12-/- PRP and (B) F12-/- PRP reconstituted 

with RBCs (PRP+RBCs) in the presence of the PKa inhibitor berotralstat or vehicle control. 

Quantification of (C) TG lag time and (D) peak TG in F12-/- PRP and PRP+RBCs (n=4/group). 

Data presented as mean  SD with paired t-tests comparing samples with and without 

inhibitor; **P<0.01, ***P<0.001. 
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Figure 4: Effect of FXIIa inhibition on contact pathway-initiated TG in PK sufficient and 

deficient WB 

Representative curves of silica-initiated TG in (A) Klkb1+/+ and (B) Klkb1-/- mouse WB in the 

presence of increasing concentrations of the inhibitory anti-FXIIa antibody garadacimab. 

Quantification of (C) TG lag time and (D) peak TG in Klkb1+/+ or Klkb1-/- mouse WB in the 

presence of 50 g/mL garadacimab or IgG control (n=3-5/group). Data presented as individual 

values with mean  SD. Data analyzed with paired student’s t-tests comparing samples with 

and without inhibitor; **P<0.01. 

 

Figure 5: Effect of endogenous TF on contact pathway-initiated TG in WB 

Representative curves of silica-initiated TG in (A) TFlow or TFwt mouse WB and (B) TFlow or 

TFwt mouse WB in the presence of 8 M berotralstat and 50 g/mL garadacimab with 

quantification of (C) TG lag time and (D) peak TG (n=4-5/group). Data presented as individual 

values with mean  SD. Data analyzed with paired student’s t-tests comparing TFlow and TFwt; 

**P<0.01. 

 

Figure 6: Effect of PK deficiency on extrinsic pathway-initiated TG 

(A) Representative TF-initiated TG curves in Klkb1+/+ and Klkb1-/- mouse PPP. Quantification 

of (B) TG lag time and (C) peak TG in Klkb1+/+ and Klkb1-/- mouse PPP initiated with 0.05pM 

and 0.5pM TF (n=5/group). (D) Representative TF-initiated TG curves in Klkb1+/+ and Klkb1-/- 

mouse WB. Quantification of (E) TG lag time and (F) peak TG in Klkb1+/+ and Klkb1-/- mouse 

WB initiated with 0.05pM and 0.5pM TF (n=6-8/group). Data presented as individual values 

with median and interquartile range. Data analyzed with Mann-Whitney U tests comparing 

Klkb1+/+ and Klkb1-/- samples under the same trigger conditions; **P<0.01. 

 

  

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



 18 

References 

1. Furie B, Furie BC. Molecular and cellular biology of blood coagulation. N Engl J Med. 
1992;326(12):800-806. 
2. Grover SP, Mackman N. Tissue Factor: An Essential Mediator of Hemostasis and 
Trigger of Thrombosis. Arterioscler Thromb Vasc Biol. 2018;38(4):709-725. 
3. Maas C, Renne T. Coagulation factor XII in thrombosis and inflammation. Blood. 
2018;131(17):1903-1909. 
4. Tillman BF, Gruber A, McCarty OJT, Gailani D. Plasma contact factors as therapeutic 
targets. Blood Rev. 2018;32(6):433-448. 
5. Grover SP, Mackman N. Intrinsic Pathway of Coagulation and Thrombosis. Arterioscler 
Thromb Vasc Biol. 2019;39(3):331-338. 
6. Ivanov I, Matafonov A, Sun MF, et al. Proteolytic properties of single-chain factor XII: a 
mechanism for triggering contact activation. Blood. 2017;129(11):1527-1537. 
7. Ivanov I, Verhamme IM, Sun MF, et al. Protease activity in single-chain prekallikrein. 
Blood. 2020;135(8):558-567. 
8. Meier HL, Pierce JV, Colman RW, Kaplan AP. Activation and function of human 
Hageman factor. The role of high molecular weight kininogen and prekallikrein. J Clin Invest. 
1977;60(1):18-31. 
9. Motta G, Rojkjaer R, Hasan AA, Cines DB, Schmaier AH. High molecular weight 
kininogen regulates prekallikrein assembly and activation on endothelial cells: a novel 
mechanism for contact activation. Blood. 1998;91(2):516-528. 
10. Josso F, Prou-Wartelle O. Interaction of tissue factor and factor VII at the earliest phase 
of coagulation. Thromb Diath Haemorrh Suppl. 1965;17:35-44. 
11. Osterud B, Rapaport SI. Activation of factor IX by the reaction product of tissue factor 
and factor VII: additional pathway for initiating blood coagulation. Proc Natl Acad Sci U S A. 
1977;74(12):5260-5264. 
12. Gailani D, Broze GJ, Jr. Factor XI activation in a revised model of blood coagulation. 
Science. 1991;253(5022):909-912. 
13. Kearney KJ, Spronk HHM, Emsley J, Key NS, Philippou H. Plasma Kallikrein as a 
Forgotten Clotting Factor. Semin Thromb Hemost. 2023:In Press. 
14. Grover SP, Schmedes CM, Auriemma AC, et al. Differential roles of factors IX and XI in 
murine placenta and hemostasis under conditions of low tissue factor. Blood Adv. 
2020;4(1):207-216. 
15. Wan J, Tanratana P, Roest M, et al. A novel mouse whole blood thrombin generation 
assay sensitive to FXI- and FIX-mediated amplification of coagulation. Blood Adv. 
2023;7(9):1915-1925. 
16. Ponczek MB, Gailani D, Doolittle RF. Evolution of the contact phase of vertebrate blood 
coagulation. J Thromb Haemost. 2008;6(11):1876-1883. 
17. Ponczek MB, Shamanaev A, LaPlace A, et al. The evolution of factor XI and the 
kallikrein-kinin system. Blood Adv. 2020;4(24):6135-6147. 
18. Osterud B, Laake K, Prydz H. The activation of human factor IX. Thromb Diath 
Haemorrh. 1975;33(3):553-563. 
19. Osterud B, Bouma BN, Griffin JH. Human blood coagulation factor IX. Purification, 
properties, and mechanism of activation by activated factor XI. J Biol Chem. 
1978;253(17):5946-5951. 
20. Seligsohn U, Osterud B, Brown SF, Griffin JH, Rapaport SI. Activation of human factor 
VII in plasma and in purified systems: roles of activated factor IX, kallikrein, and activated 
factor XII. J Clin Invest. 1979;64(4):1056-1065. 

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



 19 

21. Sun Y, Gailani D. Identification of a factor IX binding site on the third apple domain of 
activated factor XI. J Biol Chem. 1996;271(46):29023-29028. 
22. Visser M, van Oerle R, Ten Cate H, et al. Plasma Kallikrein Contributes to Coagulation 
in the Absence of Factor XI by Activating Factor IX. Arterioscler Thromb Vasc Biol. 
2020;40(1):103-111. 
23. Noubouossie DF, Henderson MW, Mooberry M, et al. Red blood cell microvesicles 
activate the contact system, leading to factor IX activation via 2 independent pathways. Blood. 
2020;135(10):755-765. 
24. Kearney KJ, Butler J, Posada OM, et al. Kallikrein directly interacts with and activates 
Factor IX, resulting in thrombin generation and fibrin formation independent of Factor XI. Proc 
Natl Acad Sci U S A. 2021;118(3). 
25. Wan J, Tanratana P, Roest M, et al. A novel mouse whole blood thrombin generation 
assay sensitive to FXI- and FIX-mediated amplification of coagulation. Blood Adv. 2022. 
26. Henderson MW, Sparkenbaugh EM, Wang S, et al. Plasmin-mediated cleavage of high-
molecular-weight kininogen contributes to acetaminophen-induced acute liver failure. Blood. 
2021;138(3):259-272. 
27. Parry GC, Erlich JH, Carmeliet P, Luther T, Mackman N. Low levels of tissue factor are 
compatible with development and hemostasis in mice. J Clin Invest. 1998;101(3):560-569. 
28. Stavrou EX, Fang C, Merkulova A, et al. Reduced thrombosis in Klkb1-/- mice is 
mediated by increased Mas receptor, prostacyclin, Sirt1, and KLF4 and decreased tissue 
factor. Blood. 2015;125(4):710-719. 
29. Babu YS, Wilson R, Zhang J, Cornpropst M, Collis P, Sheridan W. A Simple, Sensitive 
and Selective Fluorogenic Assay To Monitor Plasma Kallikrein Inhibitory Activity Of BCX4161 
In Activated Plasma. J Allergy Clin Immunol. 2014;133(2):AB40 (Abstract). 
30. Zhang J, Krishnan R, Arnold CS, et al. Discovery of highly potent small molecule 
kallikrein inhibitors. Med Chem. 2006;2(6):545-553. 
31. Kenniston JA, Faucette RR, Martik D, et al. Inhibition of plasma kallikrein by a highly 
specific active site blocking antibody. J Biol Chem. 2014;289(34):23596-23608. 
32. Kotian PL, Wu M, Vadlakonda S, et al. Berotralstat (BCX7353): Structure-Guided 
Design of a Potent, Selective, and Oral Plasma Kallikrein Inhibitor to Prevent Attacks of 
Hereditary Angioedema (HAE). J Med Chem. 2021;64(17):12453-12468. 
33. Silverberg M, Dunn JT, Garen L, Kaplan AP. Autoactivation of human Hageman factor. 
Demonstration utilizing a synthetic substrate. J Biol Chem. 1980;255(15):7281-7286. 
34. Dunn JT, Silverberg M, Kaplan AP. The cleavage and formation of activated human 
Hageman factor by autodigestion and by kallikrein. J Biol Chem. 1982;257(4):1779-1784. 
35. Shamanaev A, Emsley J, Gailani D. Proteolytic activity of contact factor zymogens. J 
Thromb Haemost. 2021;19(2):330-341. 
36. Tans G, Rosing J, Berrettini M, Lammle B, Griffin JH. Autoactivation of human plasma 
prekallikrein. J Biol Chem. 1987;262(23):11308-11314. 
37. Mutch NJ, Waters EK, Morrissey JH. Immobilized transition metal ions stimulate contact 
activation and drive factor XII-mediated coagulation. J Thromb Haemost. 2012;10(10):2108-
2115. 
38. Joseph K, Tholanikunnel BG, Kaplan AP. Heat shock protein 90 catalyzes activation of 
the prekallikrein-kininogen complex in the absence of factor XII. Proc Natl Acad Sci U S A. 
2002;99(2):896-900. 
39. Joseph K, Tholanikunnel BG, Kaplan AP. Factor XII-independent cleavage of high-
molecular-weight kininogen by prekallikrein and inhibition by C1 inhibitor. J Allergy Clin 
Immunol. 2009;124(1):143-149. 

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



 20 

40. Shariat-Madar Z, Mahdi F, Schmaier AH. Identification and characterization of 
prolylcarboxypeptidase as an endothelial cell prekallikrein activator. J Biol Chem. 
2002;277(20):17962-17969. 
41. Shariat-Madar Z, Mahdi F, Schmaier AH. Recombinant prolylcarboxypeptidase 
activates plasma prekallikrein. Blood. 2004;103(12):4554-4561. 
42. Wang JG, Manly D, Kirchhofer D, Pawlinski R, Mackman N. Levels of microparticle 
tissue factor activity correlate with coagulation activation in endotoxemic mice. J Thromb 
Haemost. 2009;7(7):1092-1098. 
43. Egorina EM, Sovershaev MA, Bjorkoy G, et al. Intracellular and surface distribution of 
monocyte tissue factor: application to intersubject variability. Arterioscler Thromb Vasc Biol. 
2005;25(7):1493-1498. 
44. Bird JE, Smith PL, Wang X, et al. Effects of plasma kallikrein deficiency on haemostasis 
and thrombosis in mice: murine ortholog of the Fletcher trait. Thromb Haemost. 
2012;107(6):1141-1150. 
45. Revenko AS, Gao D, Crosby JR, et al. Selective depletion of plasma prekallikrein or 
coagulation factor XII inhibits thrombosis in mice without increased risk of bleeding. Blood. 
2011;118(19):5302-5311. 
46. Renne T, Pozgajova M, Gruner S, et al. Defective thrombus formation in mice lacking 
coagulation factor XII. J Exp Med. 2005;202(2):271-281. 
47. Rosen ED, Gailani D, Castellino FJ. FXI is essential for thrombus formation following 
FeCl3-induced injury of the carotid artery in the mouse. Thromb Haemost. 2002;87(4):774-776. 
48. von Bruhl ML, Stark K, Steinhart A, et al. Monocytes, neutrophils, and platelets 
cooperate to initiate and propagate venous thrombosis in mice in vivo. J Exp Med. 
2012;209(4):819-835. 
49. Grover SP, Olson TM, Cooley BC, Mackman N. Model-dependent contributions of FXII 
and FXI to venous thrombosis in mice. J Thromb Haemost. 2020;18(11):2899-2909. 
50. Chaudhry SA, Serrata M, Tomczak L, et al. Cationic zinc is required for factor XII 
recruitment and activation by stimulated platelets and for thrombus formation in vivo. J Thromb 
Haemost. 2020;18(9):2318-2328. 
51. Busse PJ, Christiansen SC. Hereditary Angioedema. N Engl J Med. 2020;382(12):1136-
1148. 
52. Banerji A, Riedl MA, Bernstein JA, et al. Effect of Lanadelumab Compared With 
Placebo on Prevention of Hereditary Angioedema Attacks: A Randomized Clinical Trial. JAMA. 
2018;320(20):2108-2121. 
53. Zuraw B, Lumry WR, Johnston DT, et al. Oral once-daily berotralstat for the prevention 
of hereditary angioedema attacks: A randomized, double-blind, placebo-controlled phase 3 
trial. J Allergy Clin Immunol. 2021;148(1):164-172 e169. 
54. Craig T, Magerl M, Levy DS, et al. Prophylactic use of an anti-activated factor XII 
monoclonal antibody, garadacimab, for patients with C1-esterase inhibitor-deficient hereditary 
angioedema: a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet. 
2022;399(10328):945-955. 
55. Lorentz CU, Tucker EI, Verbout NG, et al. The contact activation inhibitor AB023 in 
heparin-free hemodialysis: results of a randomized phase 2 clinical trial. Blood. 
2021;138(22):2173-2184. 
56. Mohammed BM, Cheng Q, Matafonov A, et al. A non-circulating pool of factor XI 
associated with glycosaminoglycans in mice. J Thromb Haemost. 2019;17(9):1449-1460. 
 

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



Figure 1

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



Figure 2

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



Figure 3

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



Figure 4

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



Figure 5

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024



Figure 6

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2024012613/2221280/bloodadvances.2024012613.pdf by guest on 08 M

ay 2024


	Cover Page
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

