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Key Points

• A novel mouse WB-TG
assay was developed.

• Mouse WB-TG is
highly sensitive to FXI-
and FIX-mediated
amplification of TF-
initiated TG.
Thrombin generation (TG) assays serve as a valuable tool to study the amplifying roles of

intrinsic pathway factors in human coagulation and provide functional insights into the

increased bleeding observed in individuals deficient in factors (F) XI, IX, or VIII. Mice are

used extensively in hemostasis research owing to the availability of coagulation factor–

deficient mice. However, phenotypic differences between mouse and human TG have

become apparent. In this study, we describe a novel, calibrated mouse whole blood (WB) TG

assay used to assess the amplifying roles of intrinsic pathway factors in mouse coagulation.

WB- and plasma-TG was triggered with either silica or tissue factor (TF) in samples from

wild-type mice and mice deficient for FXII, FXI, or FIX. Expectedly, silica-triggered WB-TG

and platelet-poor plasma (PPP)-TG were significantly reduced by deficiencies for FXII, FXI,

or FIX. FXII deficiency had no effect on WB-TG or PPP-TG when triggered with TF. However,

FXI deficiency resulted in significantly reduced WB-TG triggered by low concentrations of

TF but had no effect on TF-triggered PPP-TG. FIX deficiency profoundly reduced WB-TG

when triggered by low or high concentrations of TF whereas TG in PPP or platelet-rich

plasma was only moderately reduced under these conditions. In conclusion, we have

developed a novel mouse WB-TG assay with enhanced sensitivity to FXI- and FIX-dependent

amplification of coagulation compared with an established plasma-TG assay. The enhanced

sensitivity of WB-TG to FXI and FIX-dependent amplification of coagulation suggests an

important role of blood cells in this process.
Introduction

Activation of human coagulation can be initiated by either the extrinsic or intrinsic pathways. The
extrinsic pathway is activated when factor (F) VIIa binds to tissue factor (TF) and forms the extrinsic
tenase complex that activates FX into FXa.1-3 Exposure to negatively charged surfaces (eg, silica) or
certain molecules (eg, RNA, DNA, collagen, and polyphosphate)4-7 activates the intrinsic pathway
through autoactivation of FXII into FXIIa, which is further enhanced when prekallikrein is converted by
FXIIa to kallikrein. FXIIa activates FXI into FXIa which then activates FIX into FIXa. FIXa forms the
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intrinsic tenase complex with its cofactor FVIIIa and drives the
activation of FX into FXa. FXa complexed with its cofactor FVa
catalyzes the activation of prothrombin to the terminal coagulation
protease thrombin (as reviewed elsewhere8-10). Recently, several
groups have demonstrated that kallikrein can bypass FXII and FXI
by directly activating FIX.11-13

Interactions between the extrinsic and intrinsic pathways have been
described in various studies. Josso and others3 revealed that the
TF:FVIIa complex activates FIX.2,3 More recently, it was shown that the
TF:FVIIa complex can activate FVIII.14,15 Further, Gailani and others16

revealed that thrombin can activate FXI leading to the amplification of
thrombin generation (TG), a pathway only evident under conditions of
low TF concentrations.17,18 However, the contribution of these path-
ways in more complex biological systems remains unclear.

TG assays, such as Calibrated Automated Thrombography
(CAT),19 are widely used to study the molecular and cellular
regulation of coagulation because they provide a global overview of
this process.20 By tailoring the concentrations of extrinsic or
intrinsic pathway triggers, they can be used to measure feedback
loops and amplificatory pathways. For example, TG induced by a
low concentration of TF, in the presence of the FXIIa inhibitor, corn
trypsin inhibitor (CTI), is sensitive to FXI deficiency in human
plasma.18 This is not detectable in a conventional prothrombin time
assay in which nanomolar TF is used.

Genetically modified mouse models serve as valuable tools to study
the contribution of a variety of clotting factors to hemostasis and
thrombosis. In line with our understanding of contact activation in
humans, mice deficient in prekallikrein, FXII, FXI, FIX, or FVIII have
prolonged activated partial thromboplastin times.21-23 Consistent with
the bleeding diathesis observed in humans with congenital defi-
ciencies in FIX or FVIII, severe bleeding phenotypes have been
observed in mice deficient in FIX or FVIII.24 No increased bleeding is
observed for humans or mice deficient in FXII or prekallikrein.21,25 The
situation is more complex regarding FXI deficiency. Some FXI-
deficient humans exhibit bleeding after injury, primarily at sites of
high fibrinolytic activity, whereas others do not have a bleeding
phenotype.26 FXI-deficient mice do not show increased bleeding after
tail nerve transection compared with wild-type mice.22,24 However,
there is conflicting data regarding the saphenous vein bleeding model.
Mohammed et al27 observed no difference in bleeding in FXI-deficient
mice compared with wild-type mice, whereas we observed a mild
hemostatic defect in FXI-deficient mice.24

Previously, we reported that platelet-poor plasma (PPP) from FIX-
deficient mice supported reduced TG compared with controls
when initiated with a low concentration of TF,28 suggesting that
TF:FVIIa-mediated activation of FIX occurs in mouse PPP. How-
ever, when initiated with the same low concentration of TF, PPP-
TG for FXI-deficient mice was not significantly different from con-
trols. In mouse platelet-rich plasma (PRP), where thrombin-
mediated FXI activation is thought to be accelerated by secreted
polyphosphate from activated platelets,29 low TF–triggered TG
was also not reduced by FXI deficiency.28 These observations
suggested that the mouse plasma-TG assay was insensitive to
thrombin-mediated activation of FXI.28

It has been proposed that mouse plasma has a strong intrinsic
anticoagulant activity that requires predilution of plasma for TG
assays.30,31 This dilution effect may hinder the ability to detect mild
1916 WAN et al
phenotypes associated with amplificatory pathways.32 Further-
more, previous studies assessing mouse TG were primarily per-
formed in plasma omitting the influence of most circulating cells.
Ninivaggi et al33 described a mouse whole blood (WB)-TG assay
sensitive to hypercoagulability in mice. A filter paper was used in
the assay to prevent light transmission distortion caused by red
blood cell (RBC) sedimentation, but it induced markedly acceler-
ated activation of coagulation.34

Here, we report the development of a novel calibrated mouse
WB-TG assay based on a recently described human WB-TG assay
that does not use filter paper.35 We determined the effect of FXII,
FXI, and FIX deficiency on WB-TG and PPP-TG initiated with silica
or TF. This WB-TG assay serves as a useful tool for assessing the
influence of amplifying pathways on coagulation.

Methods

Additional information about reagents and mice has been provided
in the Supplement Materials.

Blood sample collection and handling

WB was collected from the inferior vena cava of mice anesthetized
with 3%-3.5% isoflurane in 2% oxygen into syringes containing
sodium citrate (final concentration [f.c.] 0.38%; RICCA Chemical,
Arlington, TX). CTI (f.c. in WB 50 μg/mL) was used during blood
collection30,36,37 to prevent contact activation when indicated.
Mouse WB was collected from the inferior vena cava to minimize
TF contamination. Part of the WB was used in WB-TG measure-
ments within 1 hour of the blood draw and the remaining blood was
centrifuged at 4500g for 15 minutes to generate PPP, which was
frozen and stored at −80◦C. PPP was thawed at 37◦C for
10 minutes before TG assessment. PRP was generated by
centrifuging WB twice at 150g for 5 minutes. The preparation of
reconstituted blood is described in the Supplement Materials.

Mouse WB-TG assay

The mouse WB-TG assay was developed based on a recently
reported human WB-TG assay.35 TG reactions were simulta-
neously triggered by transferring 48 μL trigger solutions (ie, CaCl2
together with Innovin TF or silica) into a mixture of 72 μL WB and
24 μL of thrombin substrate Z-Gly-Gly-Arg-7-amino-4-methyl-
coumarin (ZGGR-AMC, Bachem, Bubendorf, Switzerland) using a
multichannel pipette on a 96-well plate (#290-8117-01R, Caplugs
Evergreen, Buffalo, NY) after preheating at 37◦C for 10 minutes.
After 8 times of gentle mixing, 60 μL aliquots of the final mixture
were transferred to a 96-well plate (#2797, Corning, Corning, NY)
in duplicate. The plate was immediately inserted into a Fluoroskan
Ascent fluorometer (Thermo Fisher Scientific, Waltham, MA) and
fluorescence signals were detected with λex = 355 nm and λem =
460 nm using the Ascent Software (version 2.6, Thermo Fisher
Scientific) at 37◦C. Thirty-six wells were always measured and the
integration time was set as 6 seconds to ensure continuous mixing
of the sample.35 In the final reaction, the volume ratios of the trigger
solution, WB, and thrombin substrate were 2:3:1, respectively. The
f.c. of calcium and thrombin substrate were 9 mM and 416.7 μM,
respectively. Final concentrations of TF and silica were as indi-
cated. Each WB sample was calibrated by running a α2-macro-
globulin-thrombin complex calibrator in parallel with the TG trigger
solution to correct for any influence of sample color.
9 MAY 2023 • VOLUME 7, NUMBER 9



WB-TG parameters were calculated as described.38 The highest
transient thrombin concentration in a TG reaction is defined as
peak height. The time when thrombin concentration reaches 1/6 of
the peak height is defined as lag time, The time when thrombin
concentration peaks is defined as time to peak, and the area under
the TG curve is defined as endogenous thrombin potential (ETP).

To investigate the influence of WB predilutions, citrated mouse
WB was prediluted to differing extents with buffer before WB-TG
measurement. For comparisons between genotypes TG was
assesssed in WB samples collected into citrate and CTI from both
intrinsic factor–deficient mice and wild-type mice in the same run to
reduce the influence of interassay variation. F12−/−, F11−/−, and
F9−/− mice and wild-type control mice had similar counts of white
blood cells, RBCs, and platelets (supplemental Table 1). The
plasma levels of FX, prothrombin, and fibrinogen were not sign-
ficantly different between intrinsic factor–deficient mice and con-
trols (supplemental Table 1).

Mouse plasma-TG assay

TG in mouse plasma was measured as described.19,28,30 Ten μL of
trigger solution (4 μM synthetic phospholipids and 0.05, 0.1, or 0.5
pM TF, or 120× diluted silica, f.c.) or 100 nM thrombin calibrator
were pipetted into wells of a 96-well plate (#290-8117-01R,
Caplugs Evergreen), followed by 40 μL of prediluted mouse PPP or
PRP (1 volume of plasma diluted in 3 volumes of buffer). Phos-
pholipids were added when PPP was tested and were excluded
when PRP was used. Plates were preheated at 37◦C in a Fluo-
roskan Ascent fluorometer for 5 minutes before dispensing a 10 μL
mixture of 16.7 mM calcium and 416.7 μM ZGGR-AMC thrombin
substrate. The fluorescence signal was measured with λex =
390 nm and λem = 460 nm. Thrombinoscope software version 5.0
(Thrombinoscope BV, Maastricht, The Netherlands) was used to
acquire the fluorescence signal, and plasma-TG parameters,
including the lag time, peak height, and ETP, were calculated.

Statistics

Data were analyzed using the Prism software (version 9.1,
GraphPad, San Diego, CA). The normality of the data was
assessed using the Shapiro-Wilk normality test and comparisons
between groups were conducted using parametric and nonpara-
metric tests as appropriate. A 2-sided P value of <.05 was
considered statistically significant.

Results

Establishing a mouse WB-TG assay

A continuous fluorogenic WB-TG assay is technically difficult
because RBCs gradually sediment and cause variable quenching
of the fluorescence signal during TG measurements.39 By mixing
the WB sample continuously during measurement, RBC sedi-
mentation is prevented.35 With the use of a wavelength that better
excites the AMC fluorophore (355 nm instead of 390 nm used in
the CAT assay), adequate fluorescence intensity was obtained by
the fluorogenic thrombin substrate in WB-TG (data not shown).

This approach was used to assess TG in mouse WB. In citrated
mouse WB, 0.5 pM TF-induced TG was consistent between 6
replicates (Figure 1A). Next, we tested if mouse WB needed to be
prediluted before TG measurement. Unlike results observed with
9 MAY 2023 • VOLUME 7, NUMBER 9
plasma-TG,30,31 predilution of mouse WB did not enhance TG but
rather led to reduced WB-TG (Figure 1B). A study found that TG in
human PPP was dependent on the CaCl2 concentration used in
the assay;40 therefore, we evaluated the influence of CaCl2 con-
centration on mouse WB-TG. Maximal WB-TG was observed with
a f.c. of 9 mM CaCl2 (supplemental Figure 1). Using the above-
described experimental conditions, mouse WB-TG was
increased by ascending concentrations of extrinsic pathway trigger
TF and intrinsic pathway trigger silica (Figure 1C-D), as shown by
the concentration-dependent shortening of lag time and increased
peak height.

Effect of CTI on mouse WB-TG

Previous studies found severe distortion of TG if contact activation
was not prevented.30,37 Therefore, we evaluated the effect of the
FXIIa inhibitor CTI on mouse WB-TG. As expected, WB-TG initi-
ated by silica was markedly diminished when WB was collected in
citrate with 50 μg/mL CTI, as evidenced by the prolonged lag time
and reduced peak height (Figure 2A). However, even in the pres-
ence of CTI, a concentration-dependent increase in TG was
observed when triggered with increasing silica concentrations.
Notably, 120-fold diluted silica produced WB-TG curves similar to
that triggered by 1.6 nM human FXIIa, with a lag time of
~10 minutes and a thrombin peak height of ~65 nM (supplemental
Figure 2).

The use of 50 μg/mL CTI also reduced TF-induced–WB-TG
(Figure 2B), in line with a previous report in mouse plasma-TG.30

The lag time of WB-TG induced by recalcification only was
>10 minutes and this was further prolonged to >13 minutes when
CTI was used in blood collection. These results indicate that
contact activation influences mouse WB-TG and inhibition of FXIIa
generation is requried to eliminate nonspecific contact activation.

Reproducibility of the mouse WB-TG assay

The intraassay variation was determined by measuring TG in
mouse WB collected into citrate and 50 μg/mL CTI triggered by
9 mM CaCl2 and either 0.05 pM TF or 120× diluted silica in the
presence of 416.7 μM thrombin substrate ZGGR-AMC. As shown
in Table 1, the intraassay coefficient of variation values were
between 1.4% and 9.7% for mouse WB-TG parameters including
lag time, time to peak, peak height, and ETP. The intermouse
coefficient of variation of mouse WB-TG parameters were
assessed in 6 mice in 2 independent runs and were between 4.8%
and 13.7%.

Effect of FXII deficiency on TG in mouse WB and PPP

WB-TG and PPP-TG were evaluated in F12−/− mice and F12+/+

controls. As expected, WB collected in the presence of CTI
from F12−/− mice had significantly reduced silica-initiated
TG compared with F12+/+ controls, with reduced peak height
and ETP (Figure 3A-D). However, interestingly, significant
residual silica-initiated TG was observed in WB of F12−/− mice
collected both with and without CTI (Figure 3A-D; supplemental
Figure 3A-D).

WB-TG induced by 0.05 pM TF, collected in the presence of CTI,
was not significantly different between F12−/− mice and F12+/+

controls (Figure 3A-D). Similar results were obtained in WB
collected in the absence of CTI with F12−/− mice showing an
A NOVEL MOUSE WB-TG ASSAY 1917
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Figure 1. Evaluation of a new mouse WB-TG assay. (A) Citrated mouse WB was triggered by 0.5 pM TF and 16.7 mM CaCl2, in presence of 416.7 μM thrombin

substrate ZGGR-AMC. Cleavage of the thrombin substrate was monitored with Ex = 355 nm and Em = 460 nm. The thrombin-like amidolytic activity was calculated from the first

derivative of the fluorescence signal of TG reactions and calibration reactions. WB-TG curves of 6 replicates are shown. (B) The effect of predilution of mouse WB samples

on WB-TG was tested by comparing 0.5 pM TF-triggered TG reactions in WB samples that were not prediluted (30 μL WB in 60 μL reaction mixture) against those prediluted

(24, 15, or 9 μL WB in 60 μL mixture, indicated as 24/30 prediluted, 15/30 prediluted, and 9/30 prediluted, respectively). Averaged curves of 3 independent experiments are

shown. (C-D) Mouse WB-TG in response to different concentrations of TF or silica. Representative curves of 3 independent experiments are shown.
equivalent level of TF-initiated TG compared to F12+/+ controls
(supplemental Figure 3A-D).

TG was also evaluated in PPP generated from WB collected in the
presence of CTI. In PPP, silica-initiated TG was significantly
reduced in F12−/− mice compared with F12+/+ controls (Figure 3E-
H). However, unlike the observations in WB, silica-induced TG was
almost completely abolished in the PPP of F12−/− mice. Comple-
mentary findings were made regarding FXII deficiency in PPP
generated in the absence of CTI (supplemental Figure 3E-H).
When initiated with 0.05 pM TF, no difference in TG between PPP
from F12−/− mice or F12+/+ controls was observed (Figure 3E-H).

Effect of FXI deficiency on TG in mouse WB and PPP

F11−/− mice and F11+/+ controls were used to evaluate the role of
FXI on TG in WB and PPP. As expected, silica-initiated–WB-TG
was significantly impaired in samples collected in the presence
of CTI from F11−/− mice compared with F11+/+ controls
1918 WAN et al
(Figure 4A-D). Importantly, when WB-TG was initiated with a low
concentration of 0.05 pM TF, although no significant difference in
lag time was observed (Figure 4B), a significant reduction in peak
height (35%) and ETP (40%) was observed in WB from F11−/−

mice compared with F11+/+ controls (Figure 4C-D). In contrast, no
significant difference between F11−/− mice and F11+/+ controls
was observed when WB-TG was initiated with a high concentra-
tion of 0.5 pM TF (Figure 4B-D).

Previous studies have shown that the contribution of FXI to human
TG is TF-concentration dependent.18,41 Therefore, we initiated
WB-TG with an intermediate concentration of 0.1 pM TF. Inter-
estingly, using this trigger, the peak height and ETP were signifi-
cantly reduced in the WB from F11−/− mice compared with F11+/+

controls (supplemental Figure 4A-D). However, it should be noted
that the relative contribution of FXI to 0.1 pM TF-initiated–WB-TG
was smaller than that observed with 0.05 pM TF (supplemental
Figure 4C-D).
9 MAY 2023 • VOLUME 7, NUMBER 9



0
0

20

40

60

80

100

120 30x diluted silica, no CTI
30x diluted silica, with CTI
120x diluted silica, no CTI
120x diluted silica, with CTI
Buffer, no CTI
Buffer, with CTI

A

10 20 30

Time (minute)

Th
ro

m
bin

 (n
M)

40 50 60 0
0

20

40

60

80

100

120 0.5pM TF, no CTI
0.5pM TF, with CTI
0.05pM TF, no CTI
0.05pM TF, with CTI
Buffer, no CTI
Buffer, with CTI

B

10 20 30

Time (minute)

Th
ro

m
bin

 (n
M)

40 50 60

Figure 2. Effect of CTI on mouse WB-TG. Citrated mouse WB samples were immediately mixed with 50 μg/mL CTI after blood collection or saline (no CTI). TG

was then triggered with varying doses of (A) TF (0, 0.05, or 0.5 pM, f.c.) or (B) silica (0, 120× diluted, or 30× diluted, final dilutions). Representative curves of 3 independent

experiments are shown.
Silica-initiated TG was significantly reduced in PPP from F11−/−

mice compared with F11+/+ controls (Figure 4E). In agreement
with our previous study,28 TG triggered with either 0.05, 0.1, or 0.5
pM of TF was not different in PPP from F11−/− mice compared with
F11+/+ controls (Figure 4E-H; supplemental Figure 4E-H).

The anti-FXI antibody 14E11, which inhibits FXI activation by FXIIa
but not by thrombin,18 was used to determine if the low TF-
triggered TG observed in F11−/− WB was a result of incomplete
contact inhibition by CTI. 14E11 markedly reduced silica-induced
TG in WB (supplemental Figure 5). However, importantly, 14E11
did not affect 0.05 pM TF-triggered TG in WB collected in the
Table 1. Intraassay and intermouse variations of the mouse WB-TG

assay

Intraassay CV (n = 5 replicates)

Silica 0.05 pM TF

Mean SD %CV Mean SD %CV

Lag time (min) 10.7 0.4 3.7 9.3 0.1 1.4

TtPeak (min) 12.9 0.5 4.2 13.6 1.2 8.6

Peak height (nM) 71.8 6.8 9.4 40.6 3.9 9.7

ETP (nM*min) 833.0 66.7 8.0 839.1 39.7 4.7

Intermouse CV (n = 6 mice)

Silica 0.05 pM TF

Mean SD %CV Mean SD %CV

Lag time (min) 12.4 1.5 11.8 8.5 0.5 5.9

TtPeak (min) 15.7 1.4 8.9 12.6 0.7 5.5

Peak height (nM) 56.0 6.9 12.3 50.0 6.9 13.7

ETP (nM*min) 810.3 55.2 6.8 850.0 40.9 4.8

The intraassay variation was determined by measuring TG in mouse WB collected in
citrate and 50 μg/mL CTI triggered by 9 mM CaCl2 and either 0.05 pM TF or 120× diluted
silica in the presence of 416.7 μM thrombin substrate ZGGR-AMC. The intermouse
variations of WB-TG parameters were assessed in 6 mice done in 2 independent runs.
CV, coefficient of variation; SD, standard deviation; TtPeak, time to peak.

9 MAY 2023 • VOLUME 7, NUMBER 9
presence of CTI (supplemental Figure 5). This suggests that the
TF-dependent phenotype observed in WB from F11−/− mice was
not a result of incomplete inhibition of contact activation.

The presence of platelets and the use of CTI were previously shown
to improve the sensitivity of TF-initiated TG to FXI deficiency in human
samples.42 However, our previous report found no significant differ-
ence in 0.05 pM TF-initiated TG in PRP from F11−/− mice when
compared with F11+/+ controls.28 This result was reproduced in this
study (supplemental Figure 6). Furthermore, supplementation of
autologous RBCs into PRP enhanced TG initiated with 0.05 pM TF to
a similar extent in both F11−/− mice and F11+/+ controls. Interestingly,
the peak height of 0.05 pM TF-initiated–WB-TG was not different
between F11−/− mice and F11+/+ controls when WB samples were
prediluted by fourfold (supplemental Figure 6).

Effect of FIX deficiency on TG in mouse WB,

PPP, and PRP

F9−/− mice and F9+/+ controls were used to evaluate the role of
FIX on TG in WB and PPP. Silica-initiated–WB-TG was signifi-
cantly reduced in WB collected in the presence of CTI from F9−/−

mice compared with F9+/+ controls with virtually no silica-triggered
TG observed in F9−/− WB (Figure 5A-D). Importantly, when WB
from F9−/− mice was initiated with a low concentration of 0.05 pM
TF, a profound reduction in TG was also observed (Figure 5A-D).
When initiated with a higher concentration of 0.5 pM TF, although
no difference in lag time was apparent (Figure 5B), peak height and
ETP were still markedly reduced (>80%) in WB from F9−/− mice
compared with F9+/+ controls (Figure 5C-D).

As expected, silica-initiated TG was significantly reduced in PPP
from F9−/− mice compared with F9+/+ controls (Figure 5E-H).
Interestingly, when PPP-TG was initiated with a low concentration
of 0.05 pM TF, a modest but significant reduction in peak height
and ETP (40%) (Figure 5F-H) was observed. At the higher con-
centration of 0.5 pM TF, no significant difference in peak height or
ETP was observed in PPP from F9−/− mice compared with F9+/+

controls (Figure 5G-H).
A NOVEL MOUSE WB-TG ASSAY 1919
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Figure 3. Effect of FXII deficiency on mouse TG in WB and PPP. TG in both WB and PPP of F12+/+ control mice and F12−/− mice were triggered by 120× diluted
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Activated platelets have been proposed to provide an important
surface for FIXa activity.43 PRP from F9−/− mice and F9+/+ controls
was used to evaluate the role of platelets. Similar to what was
observed in WB and PPP, silica-induced TG was reduced in PRP
from F9−/− mice compared with F9+/+ controls (supplemental
Figure 7). Lag time was significantly prolonged while a small but
significant reduction in peak height and ETP was observed in PRP
from F9−/− mice compared with F9+/+ controls when triggered with
0.05 pM TF (supplemental Figure 7). No reduction in TG was
observed in PRP from F9−/− mice compared with F9+/+ controls
when initiated with 0.5 pM TF (supplemental Figure 7).

To determine if RBCs contribute to the increased sensitivity of
WB-TG to FIX deficiency, TF-initiated TG was compared in PRP
and PRP supplemented with washed autologous RBCs. RBC
supplementation significantly enhanced TG initiated by 0.05pM TF
in F9+/+ controls but not that in F9−/− mice (supplemental
Figure 8A-C). The differences in 0.05 pM TF–initiated peak
height between F9−/− mice and F9+/+ controls were larger in RBC
reconstituted PRP than in PRP alone (12.2 vs 4.6-fold,
supplemental Figure 8B).
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Discussion

In this study, we have described a novel mouse WB-TG assay.
Using this assay, we found that WB-TG was sensitive to the
amplifying roles of FXI and FIX to coagulation in mice under con-
ditions of low TF concentration (as summarized in Table 2).
Importantly, low TF-initiated–WB-TG but not PPP-TG was reduced
by FXI deficiency. In addition, low TF-initiated–WB-TG was pro-
foundly impaired by FIX deficiency, whereas low TF-initiated PPP-
TG was only modestly reduced by the same. The phenotypes
observed in FXI- and FIX-deficient WB-TG triggered with TF are
consistent with the contribution of thrombin-mediated activation of
FXI18 and TF:FVIIa-mediated activation of FIX.2,3 Furthermore, the
increased sensitivity of the WB-TG assay to TF-initiated TG seen in
FXI and FIX-deficient samples suggests that cells present in WB
contribute to intrinsic pathway–mediated amplification of coagula-
tion in mice.

CAT is a useful tool to study the impact of coagulation factor
deficiencies on TG in mouse models. Previous TG assays for mice
have the shortcomings of either omitting the influence of most
blood cells30,31 or using filter paper,33 which is a strong activator of
9 MAY 2023 • VOLUME 7, NUMBER 9
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the contact pathway. The WB-TG assay presented here has
several advantages over previous approaches. In contrast to
plasma-based TG,30,31 the WB-TG assay does not require pre-
dilution of blood. Furthermore, all circulating blood cells are present
in the WB-TG assay allowing for consideration of the cellular
contribution to TG.44 Compared with the filter paper-based WB-
TG assay,33 this assay does not involve a foreign surface. In
addition, compared with PPP-TG, this WB-TG assay does not
require the introduction of exogenous phospholipids.

Thrombin-mediated activation of FXI has been proposed to facili-
tate physiologically relevant amplification of extrinsic pathway-
initiated coagulation.18,26 In our previous study, we did not find
evidence of thrombin-mediated activation of FXI in mouse PPP or
PRP-TG,28 a finding confirmed in this study. These findings are in
contrast with the low TF-triggered PPP-TG phenotype observed in
human FXI-deficient plasma.18 Interestingly, our newly developed
mouse WB-TG assay was sensitive to FXI deficiency when TG was
triggered by a low concentration of TF. The addition of 14E11, an
anti-FXI antibody that inhibits FXI activation by FXIIa but not
thrombin, only inhibited TG triggered by silica but not by a low
concentration of TF in FXI-deficient WB. This suggests that the
increased sensitivity of WB-TG over PPP-TG to thrombin-mediated
activation of FXI was not because of confounding effects of
residual contact activation. Although the physiological implication
9 MAY 2023 • VOLUME 7, NUMBER 9
of reduced TF-initiated WB-TG in FXI-deficient mice is currently
unknown, it is encouraging that mouse WB-TG, rather than mouse
plasma-TG, mimics the phenotype observed in human FXI–
deficient PPP.

It is important to note that a major difference in FXI biology exists
between humans and mice. In humans, FXI circulates freely in the
blood. In contrast, in mice, the majority (~80%) of FXI is bound to
glycosaminoglycans on the endothelial surface via a cluster of
basic residues on the apple 4 domain.45 The species-specific dif-
ference in FXI biology and resulting lower levels of FXI in wild-type
mouse plasma may explain the reduced sensitivity of mouse PPP-
TG to the FXI feedback loop when compared with human PPP-TG.
FXI-deficient mice also fail to recapitulate the bleeding phenotype
associated with FXI deficiency in humans. FXI-deficient mice do not
show increased bleeding after tail vein transection compared with
wild-type mice,22 and the bleeding phenotype after saphenous vein
injury has been inconsistent.24,27 Bleeding in humans with FXI
deficiency often occurs at sites with high fibrinolytic activity.46 The
injury sites in mouse bleeding models may have different fibrinolytic
activity than the bleeding sites associated with human FXI defi-
ciency.47 Future studies should seek to compare the impact of FXI
deficiency in mouse and human samples in a more direct manner.

In contrast to FXI-deficient mice, FIX-deficient mice have a severe
bleeding phenotype after vascular injury.24,27 The phenotype of
A NOVEL MOUSE WB-TG ASSAY 1921
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FIX- deficient mice complements the severe bleeding phenotype
associated with FIX deficiency in humans. Importantly, a mutation in
human FIX that limits activation by TF:FVIIa, but not FXIa, is asso-
ciated with a mild form of hemophilia B,48 indicating a physiological
role of FIX activation by the TF:FVIIa complex.2,3 In line with our
previous report,28 PPP-TG was reduced in samples from FIX-
Table 2. Summary of the comparisons of WB- and PPP-TG between intr

Silica

WB-TG PPP-TG

F12−/− vs F12+/+

Lag time ≈ + +

Peak height & ETP − − −

F11−/− vs F11+/+

Lag time + + +

Peak height & ETP − − −

F9−/− vs F9+/+

Lag time + + + +

Peak height & ETP − − − −

Mouse WB was collected in citrate and 50 μg/mL CTI. TGs in WB and PPP were triggered by 9
in PPP).
≈, nonsignificantly different; − or +, modestly reduced or prolonged; − − or + +, severely redu

1922 WAN et al
deficient mice when triggered with low, but not high, concentra-
tions of TF. A slightly more pronounced reduction in PRP-TG was
observed in samples from FIX-deficient mice when triggered with
low, but not high, concentrations of TF. WB-TG was profoundly
reduced in samples from FIX-deficient mice when triggered with
either low or high doses of TF. This indicates that WB is highly
insic factors–deficient mice and wild-type mice

0.05 pM TF 0.5 pM TF

WB-TG PPP-TG WB-TG PPP-TG

≈ ≈ ND ND

≈ ≈ ND ND

≈ ≈ ≈ ≈

− ≈ ≈ ≈

+ + + + ≈

− − − − ≈

mM CaCl2 and either 0.05/0.5 pM TF or 120× diluted silica (4 μM phospholipids were added

ced or prolonged; ND, not determined.
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sensitive to TF:FVIIa-mediated activation of FIX and it is likely that
platelets and other blood cells contribute to this phenotype.

In the “cell-based hemostasis” model, it is proposed that the
platelet surface is an important determinant of coagulation factor
interactions and kinetics.43 This is based on the ability of the
activated platelet surface to provide negatively charged phospho-
lipids and receptors that bind coagulation factors and modulate
their interactions.4,29,49,50 Our findings in PRP from FIX and FXI-
deficient mice suggested that although platelets potentiate acti-
vation of coagulation, their contribution may be relatively modest.28

Considering the comparative enhancement of TG in WB vs PPP
and PRP, we hypothesized that other blood cells support activation
and/or amplification of coagulation.

In this study, we assessed the potential of RBCs to modulate TG
given the abundance of these cells in the blood. Reconstitution of
PRP with RBCs markedly potentiated TG initiated with low levels of
TF and enhanced the phenotypic difference associated with FIX
deficiency, suggesting that RBCs play an important role in mouse
TG. The ability of RBCs to enhance TG is consistent with findings
in the human WB-TG assay.35 However, the mechanism by which
RBCs support enhanced TG has yet to be determined. RBCs can
externalize phosphatidylserine which could provide a surface for
coagulation reactions.51 RBCs can also support the proteolytic
activation of FIX by a surface-bound elastase-like enzyme.52 In
addition, the RBC surface can support kallikrein-dependent acti-
vation of FIX.13 It is also possible that RBCs act cooperatively with
platelets to enhance platelet activation and procoagulant activ-
ity.53,54 Noncanonical activation of FIX could also explain the
presence of residual silica-initiated TG in WB from FXII and FXI-
deficient mice that was not observed in FIX-deficient WB. Addi-
tional studies are required to determine the mechanism by which
RBCs potentiate TG.

In addition to providing important insights into mechanisms of
coagulation, the mouse WB-TG assay could also be used as a tool
to evaluate novel therapies. In this study, the anti-FXI antibody
14E11 was effective in inhibiting silica-initiated TG. A recombinant
humanized antibody called AB023, which is based on 14E11, is
currently being evaluated as a novel anticoagulant in the setting of
hemodialysis.55 The mouse WB-TG may also be particularly useful
9 MAY 2023 • VOLUME 7, NUMBER 9
for evaluating novel therapies to treat hemophilia. Compared with
plasma-TG, the mouse WB-TG provides a much larger window to
assess the ability of therapies to support enhanced coagulation.

In conclusion, we have developed a novel mouse WB-TG assay
with enhanced sensitivity to FXI- and FIX-mediated amplification of
coagulation compared with plasma-TG. The enhanced sensitivity of
WB-TG to FXI- and FIX-mediated amplification of coagulation
indicates that blood cells likely play an important role in modulating
coagulation.
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