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Abstract: Preclinical evaluation of drugs in animals helps researchers to select potentially informative
clinical laboratory markers for human trials. To assess the utility of animal thrombin generation
(TG) assay, we studied the sensitivity of animal plasmas to triggers of TG, human Tissue Factor (TF),
and Activated Factor XI (FXIa). Pooled human, mouse, rat, guinea pig, rabbit, bovine, sheep, and
goat plasmas were used in this study. TF- or FXla-triggered TG and clotting were measured via
fluorescence and optical density, respectively. Thrombin peak height (TPH) and time (TPT), clot time
(CT), and fibrin clot density (FCD) were all analyzed. The trigger low and high sensitivity borders
(LSB and HSB) for each assay parameter were defined as TF and FXIa concentrations, providing 20
and 80% of the maximal parameter value, unless the baseline (no trigger) value exceeded 20% of
the maximal, in which case, LSB was derived from 120% of baseline value. Normal human samples
demonstrated lower TPH HSB than most of the animal samples for both TF and FXIa. Animal samples,
except mice, demonstrated lower TPT LSB for FXIa versus humans. Most rodent and rabbit samples
produced baseline TG in the absence of TG triggers that were consistent with the pre-activation of
blood coagulation. FCD was not sensitive to both TF and FXIa in either of the plasmas. Animal
plasmas have widely variable sensitivities to human TF and FXIa, which suggests that optimization
of trigger concentration is required prior to test use, and this complicates the extrapolation of animal
model results to humans.

Keywords: thrombin generation; fibrin clot formation; animal model; tissue factor; activated factor
XI; assay sensitivity

1. Introduction

Thrombin generation (TG) assay is a popular research tool that is used to evaluate the
hemostasis potential of both anti- and pro-coagulant drugs in human patients and animal
models of the disease [1,2]. The most common TG approach is measuring fluorescence
produced by 7-amino-4-methylcoumarin that is released when thrombin cleaves a specific
peptide substrate added to plasma. The assay is usually triggered via extrinsic pathway to
mimic physiological coagulation activation by tissue factor (TF) that is exposed at the site
of the injured endothelium [3]. Activated coagulation factor XI (FXIa), which is a product
of the contact activation, can be used together with or instead of TF in order to stimulate
the intrinsic pathway of the coagulation cascade, e.g., to measure the treatment of severe
deficiencies of coagulation factors VIII and IX (hemophilia A and B) [4-6]. Compared to
traditional functional hemostasis assays, such as Prothrombin Time (PT) and activated
Partial Thromboplastic Time (aPTT), TG may show better sensitivity to both disease condi-
tions and the effects of novel treatments. For this reason, TG is often used in the preclinical
evaluation of diseases and drugs in animal models.

Extrapolation of animal study results to humans is affected by interspecies differences
in the scale and function of the blood circulatory system as well as physiology and bio-
chemistry of the hemostasis system [7-10]. The practical usefulness of an animal model
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depends on the similarity of the recorded coagulation responses in animals to those in
humans, and, therefore, justification is needed for choosing the most suitable species for a
particular scientific study. TG assay is sensitive to coagulation factor concentrations and
activities, both of which are known to vary across different species [11-13]. Preanalytical
conditions also strongly influence TG [7,14]. Despite this, TG is widely used for evaluation
of coagulation in animal models, often without a side-by-side comparison between the
animal and the human plasma samples under study. Moreover, there is a limited amount
of studies that compare TG between various species [8,10,15,16]. When interspecies dif-
ferences were evaluated [9,17-19], the authors suggested that while some animals might
have TG similar to humans, others might not. This type of data can bring useful evidence
forward for coagulation investigations that are species specific. Importantly, no study
to-date has compared the TG in different animal species over a wide range of coagulation
trigger concentrations. Indeed, species variations in coagulation factor activity can lead
to inconsistent sensitivity of the coagulation cascade to both the extrinsic and intrinsic
activation pathways in different animal samples [20]. For animal studies to be potentially
informative of human trials, biology and assays in animals need to be relevant for clinical
laboratory methods in humans.

In the present study, to assess the utility of animal thrombin generation (TG) assay,
we studied the sensitivity of animal plasmas to triggers of TG, human Tissue Factor (TF),
and activated Factor XI (FXIa). There are no prior investigations of this kind, despite the
knowledge that coagulation triggers can bring about a significant change in the effects
of coagulation agents used in clinics and research after transferring them from animal to
human samples. In the present study, we investigated the TG and fibrin clot formation (CF)
sensitivity of various human and animal plasma samples to the main actors of the extrinsic
and intrinsic pathways: TF and FXIa. We defined low and high sensitivity borders for each
calculated parameter (Figure 1).
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Figure 1. TF and FXIa sensitivity ranges for each parameter were defined as higher and lower
sensitivity boundaries, respectively. Representative dependencies of TPH on FXIa concentration in
human (A) and guinea pig (B) samples.

2. Results

Figure 2 represents the TG curves obtained in human and animal samples in the
presence of different FXIa concentrations. Human and rabbit samples demonstrated the
highest TPH values, while rodent samples showed the lowest TPT compared to human and
cattle ones. Rodent and rabbit samples demonstrated detectable TG without FXIa presence.
Guinea pig plasma showed the lowest signal range.

All of the animal samples, except the Wistar rats, demonstrated the dependence of CT
on FXIa (Figure 3). In most of the samples with detectable CF, FCD showed a decay upon
the elevation of FXIa concentration. FCD values obtained in both B6 and CD1 mice and
guinea pigs were the lowest in the study.
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Figure 2. Representative TG curves obtained in normal human (A), human factor XI depleted (B),
B6 mouse (C), CD1 mouse (D), Sprague Dawley rat (E), Wistar rat (F), guinea pig (G), rabbit (H),
cow (I), sheep (J) and goat (K) plasma at different FXIa concentrations. Human and rabbit samples
demonstrated the highest TPH values, while rodent samples showed lower TPT compared to human
and cattle ones. Rodent and rabbit samples demonstrated detectable TG in blank samples without
FXIa. Guinea pig plasma showed the lowest signal range.
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Figure 3. Representative CF curves obtained in normal human (A), human factor XI depleted (B),
B6 mouse (C), CD1 mouse (D), Sprague Dawley rat (E), Wistar rat (F), guinea pig (G), rabbit (H),
cow (I), sheep (J) and goat (K) plasma at different FXIa concentrations. All samples, except Wistar
rats, demonstrated the dependence of CT on FXIa. For the samples with detectable CF, FCD was
lower at higher FXIa. B6 and CD1 mice and guinea pigs showed the lowest FCD.
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Analogously to FXIa-dependent TG, human and rabbit samples in the case of TF
activation had the highest TPH values (Figure 4). Rodent samples had lower TPT values
compared to human and cattle ones. In rodent samples, except guinea pigs, the initial
thrombin values could not be accurately measured at high TF concentrations because of
the small lag times, i.e., the peak of TG was happening too fast for our instruments, which
were recording intervals of about 30 s.
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Figure 4. Representative TG curves obtained in normal human (A), human factor XI depleted (B),
B6 mouse (C), CD1 mouse (D), Sprague Dawley rat (E), Wistar rat (F), guinea pig (G), rabbit (H),
cow (I), sheep (J) and goat (K) plasma at different TF concentrations. Human and rabbit samples
had the highest TPH values. Rodent samples had lower TPT values compared to human and
cattle samples.

CT was dependent on TF concentrations in all of the samples (Figure 5). Similar to FXIa,
in the samples with detectable CF, FCD was decreasing following TF concentration elevation.

Figure 6 presents the response range and value distributions of observed TG and
CF parameters for all of the study samples. The human FXI deficient plasma sample
demonstrated similarity to animals in the effects of TG and FXIa concentrations. Despite
being originally from the same species, different lines of rats and mice were not similar to
each other. Bovine, sheep, and goat samples were closer to one another than to humans,
rodents, or rabbits.

Figure 7 demonstrates the FXIa (Figure 7A-D) and TF (Figure 7E-H) ranges of sensitiv-
ity of TG and CF parameters. The LSB and HSB values are also shown in Table S1. FCD did
not show any sensitivity to TF and FXIa. Normal human plasma had the narrowest FXIa
sensitivity range of all of the tested plasmas. The TPH HSB of this sample had the lowest
value: only one experiment on a cow sample and two of sheep ones demonstrated the same
TPH HSB (Figure 7A). SD rat and goat samples had the widest TPH sensitivity range of
FXIa concentrations (Figure 7A). TPT LSB values obtained in all of the animal samples,
except the B6 mouse and Wistar rat ones, were lower than the ones from the normal human
sample (Figure 7B). CD1 mouse and guinea pig had the widest TPH sensitivity range of
the FXlIa concentrations (Figure 7B). Combined TPH and TPT FXIa sensitivity ranges in
the normal human plasma were the narrowest of all of the tested plasmas (Figure 7C).
Guinea pig and goat samples had the widest range of combined TG sensitivity to FXla. CT
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sensitivity ranges were similar to TPT sensitivity ranges, except for the Wistar rat samples,
which did not show any CT sensitivity (Figure 7D). All of the samples had higher TPH
TF HSB than the normal human one (Figure 7E). Both mice lines, Wistar rat, bovine, and
lamb plasmas demonstrated higher TPH TF LSB than the normal human one (Figure 7E).
TPT and combined TG sensitivity was more similar between all of the samples in the
TF-dependent TG than in the FXIa-dependent one (Figure 7F,G). CT TF sensitivity varied
widely from species to species (Figure 7H). Interestingly, human FXI deficient plasma
showed wider sensitivity ranges not only to FXla but to TF as well.
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Figure 5. Representative CF curves obtained in normal human (A), human factor XI depleted (B), B6
mouse (C), CD1 mouse (D), Sprague Dawley rat (E), Wistar rat (F), guinea pig (G), rabbit (H), cow (I),
sheep (J) and goat (K) plasma at different TF concentrations. CT was dependent on TF concentration

in all samples. For samples with detectable CF, FCD was lower at higher TF.
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Figure 6. Ranges of responses measured by TG and CF parameters at different concentrations of
FXIa (A-D) and TF (E-H). Colors of dots denote concentrations of TF and FXIa. Vertical lines show

the response range from LSB to HSB. For each sample, the results of three independent experiments

are shown.
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Figure 7. Ranges of FXIa (A-D) and TF (E-H) concentrations resolved by different TG and CT param-
eters are represented by grey boxes. For each sample, the results of three independent experiments

are shown.

To demonstrate the importance of inconsistency in sensitivity to a coagulation trigger

between different species, TG was measured in a wide range of concentrations of direct

factor Xa inhibitor apixaban in human and CD1 mouse samples in the presence of 0, 0.5, 1,

2, and 2 pM TF (Figure 8). According to Figure 7E, 1 pM is the LSB of TF sensitivity, and
0.5 pM of TF is below the LSB of CD1 mouse plasma, but is still well within the LSB to HSB
range of the human sample. In the human sample, apixaban inhibited TG at all of the TF
concentrations (Figure 8A). In CD1 mouse plasma, apixaban did not influence the TPH
value at the concentrations below 1 uM in the presence of 0.5, 1, and 2 pM TF (Figure 8B).
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Figure 8. TPH dependencies on apixaban concentrations in the presence of 0, 0.5, 1, 2, and 5 pM TF
in human (A) and CD1 mouse (B) samples.

3. Discussion

In this work, we have expanded our previous observations of the differences between
human, bovine, and mouse plasma responses to human FXIa [18]. Preclinical evaluation of
drugs in animals can assist in selecting informative laboratory methods for human trials,
and it can help with dose extrapolation between species. In addition, animal models can be
required to gain understanding of drug and disease mechanisms and effects when such
information cannot be obtained in humans. For example, when direct and well-controlled
observations of drug-mediated hemostasis in humans are prohibited due to technical or
ethical concerns, research questions should be resolved in appropriate animal experiments.
The predictive value of animal data for humans should consider the extent of differences in
human and animal physiology. To assist with the selection of species for studies of FXIa,
we systematically assessed the utility of animal TG assay by studying the sensitivity of
animal plasmas to triggers of TG, human TFE, and FXIa, and we used pooled human, mouse,
rat, guinea pig, rabbit, bovine, sheep, and goat plasmas. TF- or FXla-triggered TG and
clotting were measured via fluorescence and optical density, respectively. We mapped
a widely variable sensitivity to human TF and FXIa, suggesting that the optimization of
trigger concentration will be required prior to both test use and the extrapolation of any
results in animals to humans.

Because we aimed to develop models for studies of drugs that target human TF and
FXIa, our study included only human TF and FXIa. Our results are relevant to previous in-
vestigations of TG in animals because global hemostasis assays traditionally rely on human
TF to trigger coagulation in animal plasma. However, the structural differences between
human and animal plasma proteins can bring additional inconsistency in the extrapolation
of TG initiated by human triggers in animal plasma. Further investigation of animal species
and coagulation triggers of corresponding sources can yield more information on animal
models of TG.

Our analysis of animal species was designed to limit the variability of individual animal
donors. We used pooled plasma to model the average population response, but we lacked
information about possible subject-to-subject variability in TG sensitivity, which will need
to be obtained in future studies that utilize single donor samples for each species. Our TG
results appear consistent with previous studies of individual animal donors [8-10,15-19].
Consistent with previous reports [9,17,18], we observed that rat, mouse, and rabbit samples
had smaller thrombin signals and lower TPT and clot times than human plasmas. TPH
values obtained in sheep and goat plasma in our experiments and previously [9,15] were
lower than in human plasma. Similar to others [18], we observed surprisingly low TG in
guinea pigs. In agreement with previous work [19], too, we observed high TPH values
in SD rat plasma in the absence of coagulation triggers, and this may be caused by the
high procoagulant activity of rat plasma or the blood collection artifacts, including trace
amounts of TF, contact system activation, and FXI activation. While we used CTI to block
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the contact enzyme FXIla during the TG reaction, CTI does not inhibit FIXa produced by
FXIla or kallikrein during blood collection in the absence of CTI [21,22]. Interestingly, some
previous studies disagreed on the presence of TG in CTI-treated mouse plasma without
triggers [23,24]. We think that inconsistent TG results may be explained by differences in
the blood collection methods or the animal lines. These concerns are not unique to our
experiments, but they do represent another limitation for the extrapolation of TG results
from rodents to humans.

Overall, our results obtained with the TF trigger both confirm and expand the previous
observations about TG and CF in various species. Our investigation of the FXla trigger is the
first TG study on animal plasma. FXIa is a crucial component of the intrinsic pathway of blood
coagulation activation [25]. FXIa and the intrinsic pathway have a limited role in hemostasis,
but they are suspected to be contributors to thrombosis because FXI activation in blood has
been demonstrated in both thromboembolic and inflammatory events [26-32]. Indeed, several
pharmacological inhibitors that target FXIa are being developed for prevention of thrombosis
with the hope of achieving anticoagulation with a reduced risk of bleeding [33,34]. Our study
may assist in the preclinical evaluation of these inhibitors in animal species. To our knowledge,
only two studies have previously observed TG triggered by FXIa in the plasma of animals,
and both were performed in mice [16,35]. In the present study, we obtained results analogous
to the study [16] in murine plasma, and we added a comparison to other species.

Our results suggest large interspecies inconsistency in TG sensitivity to TF and FXIa.
The FXIa concentration threshold for TG response differed by orders of magnitude. Species
can thus have an impact on the observations of coagulation agent actions, as seen in our
apixaban titration experiments (Figure 8). In order to obtain meaningfully similar functional
results in different animal species, one can choose drug doses using the ranges of sensitivity
to coagulation triggers in plasmas from all animals that are to be used in a study, and
one can then choose trigger concentrations within the LSB to HSB range for each sample.
Figure 8 shows that choosing the TF concentration between the LSB and HSB for both the
human and CD1 mouse results in measurable apixaban effect in both of the samples.

Interestingly, rodent samples demonstrated detectable TG even without addition of
FXIa or TE This could be due to the elevated activity of the contact pathway, which results
in faster FIXa generation, as has been shown previously [6]. The preexisting hyperactivity
of the contact and the intrinsic pathways may interfere with the procoagulant action of
low concentrations of TF or FXIa, causing the low sensitivity that was observed in rodents.
This low sensitivity mechanism can be indirectly supported by previous investigations
of heparin activity in rats [19] and of TFPI activity in mice [36]. In the first study [19], in
addition to low heparin sensitivity, TF concentration in a rat sample had limited effect.
Similarly, the addition of TFPI to the plasma of mice that were deficient in TFPI [36] found
no effect on TG triggered by TF, possibly due to the TF concentration of 0.1 pM being below
the LSB in the mouse plasma that was observed in our study.

Our study has technical limitations that prevented us from calibrating thrombin activ-
ity or determining some TG curve parameters that are commonly used. These limitations
are inherent to a study that uses many animal species, and they do not affect the main
findings, which focus on the relative analyses of TG assay sensitivity to FXla and TF, but
they may complicate the quantitative comparison of TG data with other published works.
For example, we did not perform the calculation of fluorescence rate to nanomoles of
thrombin as this is conventionally done [1] due to the lack of information on the kinetics
of animal thrombin-mediated conversion of fluorogenic substrate. In addition, the correct
calculation of thrombin activity requires calibrators made of thrombin-a;macroglobulin
complex, which are two proteins that are not currently available commercially for every
species that we tested. In our study, we did not investigate endogenous thrombin poten-
tial (ETP) because this parameter strongly depends on the amount of thrombin bound to
a2macroglobulin after the end of TG. At the same time, TPH usually correlates well with
ETP. Similarly, the complex shape of TG curves in the plasma of some animals prevented
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us from accurately determining the lag time, although we assume that the time to thrombin
peak (TPT) serves as a good surrogate for the lag time parameter.

In conclusion, our results are the first to demonstrate interspecies sensitivity to con-
centrations of TF and FXIa. We showed that TF and FXIa sensitivity can vary widely in
different species. This can lead to difficulties in interpretation of drug action studies in
animal models and humans. Therefore, we suggest that future animal model TG studies
should include preliminary investigation of sensitivities to coagulation triggers rather than
using off-the-shelf trigger reagents from the kits that are intended for human plasma.

4. Materials and Methods

Affinity-depleted Factor XI deficient plasma (FXI-DP) was from Affinity Biologicals
(Ancaster, ON, Canada). The fluorogenic substrate, Z-Gly-Gly-Arg-AMC, was from Bachem
Americas (King of Prussia, PA, USA). Phospholipid vesicles for TG assays was from Rossix
(Molndal, Sweden). Lipidated human recombinant tissue factor (TF, Recombiplastin®)
was from Instrumentation Laboratory (Bedford, MA, USA). Corn trypsin inhibitor (CTI)
was from Haematologic Technologies (Essex Junction, VT, USA). CaCl, was from Quality
Biologicals (Gaithersburg, MD, USA). The World Health Organization (WHO) Reference
Reagent for FXIa (coded 11/236) was from National Institute for Biological Standards and
Control (NIBSC, London, UK). Pooled animal plasma samples from New Zealand white
rabbits, Sprague Dawley (SD) rats, Wistar rats, sheep, and goats were from Innovative Re-
search (Peary Court Novi, MI, USA), and guinea pig and bovine plasma was from Lampire
Biological Laboratories (Pipersville, PA, USA). The 3.2% buffered sodium citrate was from
Fisher Scientific, Waltham, MA, USA. The 3 mL syringes and 27 G x 3/8 hypodermic needles
were from Beckton Dickinson, Franklin Lakes, NJ, USA). Crl:CD-1(ICR)BR (CD1) mice
were from Charles River Laboratories International (Frederick, MD, USA), and C57BL6 (B6)
mice were from Jackson Laboratory (Bar Harbor, ME, USA).

The terminal blood collection method was used for mouse plasma collection. A cardiac
puncture was used, since it enables blood draws of up to 1 mL and the subsequent isolation
of large amounts of plasma. Animals were anesthetized with a mouse cocktail IP injection
(ketamine/xylazine, 0.1 mL/20 mg) and tested for reaction by toe pinch. After that, a
mouse was placed on its back. The stomach was cut through the skin and abdominal wall
about 1 cm caudal to the last rib, the internal organs were moved to the side, and a 3 mL
syringe with the 27 g needle prefilled with 50 uL of 3.2% citrate buffer was inserted through
the right heart. Whole blood was collected into a scaled 1.5 mL tube, and an additional 3.2%
citrate buffer was added if needed to ensure a 1:9 ratio of citrate to blood. After that, whole
blood was centrifuged at 2000 rpm for 15 min. The collected supernatant was centrifuged
at 14,000 rpm for 10 min to prepare platelet poor plasma. To make pooled B6 and CD1
plasma, 20 animals of each line were used.

The animal protocol and procedures were approved by the FDA Institutional Animal
Care and Use Committee (AUCUC), and all methods were performed according to relevant
approved protocol.

TG was performed as described previously [37], but with slight modifications. Plasma
(50% wol /vol in the final reaction) were set up in wells of a conical well microplate followed
by the addition of a mixture of phospholipids (4 M final concentration), corn trypsin
inhibitor (CTI) (100 nug/mL final concentration), TE, or FXIa (0.015 to 60 pM and 0.049 to
200 IU/mL, respectively), and the remaining volume was Tris-BSA buffer (pH 7.4, Aniara,
West Chester, OH, USA). Clotting was initiated by transferring the plasma mixture into
a half-area 96-well flat bottom plate containing CaCl, (10.9 mM final concentration) and
fluorogenic substrate Z-Gly-Gly-Arg-AMC (1.25% vol /vol, 800 uM final concentration) using
a 96-channel pipettor (ViaFlo 96, Integra Biosciences, Hudson, NH, USA) in order to permit
rapid and simultaneous recalcification in all of the wells of the microplate. The flat bottom
plate, which contained the activated reaction mixture, was transferred to an Infinite F500
(Tecan, Ménnedorf, Switzerland) microplate reader regulated at 37° C. Fluoresence (380 nm
excitation, 430 nm emission) and absorbance (492 nm) were recorded every 40-50 s.
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TF and FXIa sensitivity ranges for each parameter were defined as the higher and
lower sensitivity borders (LSB and HSB, respectively; Figure 1). For the samples with poor
or undetectable TG or clotting signal in the control sample (plasma sample without added
TF or FXIa), the LSB and HSB were defined as the TF or FXIa concentrations providing
20% (for LSB) and 80% (for HSB) of the maximal parameter value, respectively, for each
experiment (Figure 1A). For the plasma samples in which the blank responses (i.e., TG
without TF or FXIa triggers) were higher than 1/5th (20%) of the maximal responses, 120%
of the blank value was used as the LSB (Figure 1B). In order to obtain the overall TG
sensitivity over all of the TG parameters combined, the highest LSB and the lowest HSB
values were selected by comparing the LSB and HSB values for TPH with those for TPT.

Y. Liang, I. Tarandovskiy, S. S. Surov, and M.V. Ovanesov are employees of the U.S.
Food and Drug Administration. This is an informal communication, and it represents the
own best judgment of the authors. These comments do not bind or obligate the FDA.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241612920/s1.

Author Contributions: Methodology, Y.L., I.T. and M.V.O.; Formal analysis, I.T.; Investigation, Y.L.,
LT. and S.S.S.; Resources, M.V.O.; Data curation, Y.L. and S.S.S.; Writing—original draft, I.T.; Writing—
review & editing, M.V.O.; Visualization, I.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal protocol ASP #2014-05 and procedures were
approved by the FDA Institutional Animal Care and Use Committee (AUCUC), and all methods
were performed according to relevant approved protocol.

Informed Consent Statement: We did not perform studies in human subjects. Our pooled human
plasma samples were purchased as commercially available assay reagents.

Data Availability Statement: Data supporting reported results can be available upon request.

Conflicts of Interest: The authors claim no conflict of interest.

References

1. Hemker, H.C,; Giesen, P.; Al Dieri, R.; Regnault, V.; de Smedst, E.; Wagenvoord, R.; Lecompte, T.; Beguin, S. Calibrated automated
thrombin generation measurement in clotting plasma. Pathophysiol. Haemost. Thromb. 2003, 33, 4-15. [CrossRef] [PubMed]

2. Tripodi, A. Thrombin Generation Assay and Its Application in the Clinical Laboratory. Clin. Chem. 2016, 62, 699-707. [CrossRef]
[PubMed]

3.  Hemker, H.C.; Giesen, P; AlDieri, R.; Regnault, V.; de Smed, E.; Wagenvoord, R.; Lecompte, T.; Beguin, S. The calibrated
automated thrombogram (CAT): A universal routine test for hyper- and hypocoagulability. Pathophysiol. Haemost. Thromb. 2002,
32, 249-253. [CrossRef] [PubMed]

4. vande Berg, TW.; Beckers, E.A.M.; Heubel-Moenen, F; Henskens, Y.M.C.; Thomassen, S.; Hackeng, T.M. Sensitive measurement
of clinically relevant factor VIII levels in thrombin generation assays requires presence of factor Xla. Thromb. Haemost. 2023.
[CrossRef] [PubMed]

5. Parunov, L.A; Shea, M.E; Liang, Y.; Surov, S.S.; Chattopadhyay, M.; Lee, TK.; Scott, D.E.; Ovanesov, M.V. Thrombin generation
test based on a 96-channel pipettor for evaluation of FXIa procoagulant activity in pharmaceuticals. Nat. Protoc. 2021, 16,
3981-4003. [CrossRef] [PubMed]

6. Lund, J.; Jensen, K.; Burnier, L.; Ezban, M. In vitro effects of combining Mim8 with factor VIII, FVIIa, and activated prothrombin
complex concentrates in thrombin generation assays. J. Thromb. Haemost. 2023, 21, 1493-1502. [CrossRef] [PubMed]

7. Brooks, M.B.; Stokol, T.; Catalfamo, J.L. Comparative hemostasis: Animal models and new hemostasis tests. Clin. Lab. Med. 2011,
31, 139-159. [CrossRef] [PubMed]

8. Kumar, R.; Sonkar, VK.; Swamy, J.; Ahmed, A.; Sharathkumar, A.A.; Pierce, G.L.; Dayal, S. DNase 1 Protects From Increased
Thrombin Generation and Venous Thrombosis During Aging: Cross-Sectional Study in Mice and Humans. J. Am. Heart Assoc.
2022, 11, €021188. [CrossRef]

9.  Verhoef, D.; Tjalma, A.V.R.; Cheung, K.L.; Reitsma, PH.; Bos, M.H.A. Elevated anti-human factor Xa activity in rabbit and rodent

plasma: Implications for preclinical assessment of human factor X in animal models of hemostasis. Thromb. Res. 2021, 198,
154-162. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms241612920/s1
https://www.mdpi.com/article/10.3390/ijms241612920/s1
https://doi.org/10.1159/000071636
https://www.ncbi.nlm.nih.gov/pubmed/12853707
https://doi.org/10.1373/clinchem.2015.248625
https://www.ncbi.nlm.nih.gov/pubmed/26955824
https://doi.org/10.1159/000073575
https://www.ncbi.nlm.nih.gov/pubmed/13679651
https://doi.org/10.1055/a-2101-7961
https://www.ncbi.nlm.nih.gov/pubmed/37236229
https://doi.org/10.1038/s41596-021-00568-4
https://www.ncbi.nlm.nih.gov/pubmed/34215864
https://doi.org/10.1016/j.jtha.2023.03.007
https://www.ncbi.nlm.nih.gov/pubmed/37037699
https://doi.org/10.1016/j.cll.2010.10.009
https://www.ncbi.nlm.nih.gov/pubmed/21295727
https://doi.org/10.1161/JAHA.121.021188
https://doi.org/10.1016/j.thromres.2020.11.023

Int. . Mol. Sci. 2023, 24, 12920 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wang, B.; Yan, X.; Chen, F; Yang, A.; Lu, Y.; Wu, Y. Plasma kallikrein contributes to ambient particulate matter-induced lung
injury. Biochem. Biophys. Res. Commun. 2019, 518, 409-415. [CrossRef]

Karges, H.E.; Funk, K.A.; Ronneberger, H. Activity of coagulation and fibrinolysis parameters in animals. Arzneimittelforschung
1994, 44, 793-797.

Duchemin, J.; Pan-Petesch, B.; Arnaud, B.; Blouch, M.T.; Abgrall, ].F. Influence of coagulation factors and tissue factor concentra-
tion on the thrombin generation test in plasma. Thromb. Haemost. 2008, 99, 767-773. [CrossRef] [PubMed]

Knudsen, T.; Olsen, O.H.; Petersen, L.C. Tissue factor and factor VIla cross-species compatibility. Front. Biosci. (Landmark Ed.)
2011, 16, 3196-3215. [CrossRef] [PubMed]

Brooks, M.B.; Stablein, A.P; Johnson, L.; Schultze, A.E. Preanalytic processing of rat plasma influences thrombin generation and
fibrinolysis assays. Vet. Clin. Pathol. 2017, 46, 496-507. [CrossRef] [PubMed]

D’Alessandro, E.; Scaf, B.; van Oerle, R.; van Nieuwenhoven, F.A.; van Hunnik, A.; Verheule, S.; Schotten, U.; Ten Cate, H.;
Spronk, HM.H. Thrombin generation by calibrated automated thrombography in goat plasma: Optimization of an assay. Res.
Pract. Thromb. Haemost. 2021, 5, €12620. [CrossRef] [PubMed]

Xu, Y.; Liang, Y.; Parunov, L.; Despres, D.; Eckhaus, M.; Scott, D.; Ovanesov, M.; Struble, E.B. Combined thrombogenic effects of
vessel injury, pregnancy and procoagulant immune globulin administration in mice. Thromb. J. 2020, 18, 32. [CrossRef]
Siller-Matula, ].M.; Plasenzotti, R.; Spiel, A.; Quehenberger, P,; Jilma, B. Interspecies differences in coagulation profile. Thromb
Haemost 2008, 100, 397-404. [CrossRef] [PubMed]

Tarandovskiy, I.D.; Shin, HK.H.; Baek, ].H.; Karnaukhova, E.; Buehler, PW. Interspecies comparison of simultaneous thrombin
and plasmin generation. Sci. Rep. 2020, 10, 3885. [CrossRef]

Poitout-Belissent, F.; Culang, D.; Poulin, D.; Samadfan, R.; Cotton, S.; Bedard, C. Monitoring Compound-Related Effects on
Coagulability in Rats and Cynomolgus and Rhesus Monkeys by Thrombin Generation Kinetic Measurement. Int. J. Toxicol. 2020,
39,207-217. [CrossRef] [PubMed]

McGonigle, P.; Ruggeri, B. Animal models of human disease: Challenges in enabling translation. Biochem. Pharmacol. 2014, 87,
162-171. [CrossRef]

Kearney, KJ.; Butler, J.; Posada, O.M.; Wilson, C.; Heal, S.; Ali, M.; Hardy, L.; Ahnstrom, J.; Gailani, D.; Foster, R.; 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. USA 2021, 118, €2014810118. [CrossRef] [PubMed]

Visser, M.; van Oerle, R.; Ten Cate, H.; Laux, V.; Mackman, N.; Heitmeier, S.; Spronk, H.M.H. Plasma Kallikrein Contributes to
Coagulation in the Absence of Factor XI by Activating Factor IX. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 103-111. [CrossRef]
[PubMed]

Wan, J.; Tanratana, P.; Roest, M.; Gruber, A.; Pawlinski, R.; Wolberg, A.S.; Mackman, N.; Grover, S.P. A novel mouse whole
blood thrombin generation assay sensitive to FXI- and FIX-mediated amplification of coagulation. Blood Adv. 2023, 7, 1915-1925.
[CrossRef]

Konrath, S.; Mailer, R.K.; Beerens, M.; Englert, H.; Frye, M.; Kuta, P.; Preston, R].S.; Maas, C.; Butler, L.M.; Roest, M.; et al.
Intrinsic coagulation pathway-mediated thrombin generation in mouse whole blood. Front. Cardiovasc. Med. 2022, 9, 1008410.
[CrossRef] [PubMed]

Grovert, S.P.; Mackman, N. Intrinsic Pathway of Coagulation and Thrombosis. Arterioscler. Thromb. Vasc. Biol. 2019, 39, 331-338.
[CrossRef] [PubMed]

Renne, T.; Pozgajova, M.; Gruner, S.; Schuh, K.; Pauer, H.U.; Burfeind, P.; Gailani, D.; Nieswandt, B. Defective thrombus formation
in mice lacking coagulation factor XII. J. Exp. Med. 2005, 202, 271-281. [CrossRef] [PubMed]

Merkulov, S.; Zhang, WM.; Komar, A.A.; Schmaier, A.H.; Barnes, E.; Zhou, Y.; Lu, X,; Iwaki, T.; Castellino, EJ.; Luo, G.; et al.
Deletion of murine kininogen gene 1 (mKng1) causes loss of plasma kininogen and delays thrombosis. Blood 2008, 111, 1274-1281.
[CrossRef]

Stavrou, EX.; Fang, C.; Merkulova, A.; Alhalabi, O.; Grobe, N.; Antoniak, S.; Mackman, N.; Schmaier, A.H. Reduced thrombosis
in Klkb1-/- mice is mediated by increased Mas receptor, prostacyclin, Sirtl, and KLF4 and decreased tissue factor. Blood 2015, 125,
710-719. [CrossRef]

Cichon, S.; Martin, L.; Hennies, H.C.; Muller, E; Van Driessche, K.; Karpushova, A.; Stevens, W.; Colombo, R.; Renne, T,
Drouet, C.; et al. Increased activity of coagulation factor XII (Hageman factor) causes hereditary angioedema type III. Am. . Hum.
Genet. 2006, 79, 1098-1104. [CrossRef]

von Bruhl, M.L; Stark, K.; Steinhart, A.; Chandraratne, S.; Konrad, I.; Lorenz, M.; Khandoga, A.; Tirniceriu, A.; Coletti, R.;
Kollnberger, M.; et al. Monocytes, neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice
in vivo. J. Exp. Med. 2012, 209, 819-835. [CrossRef]

Paszek, E.; Pociask, E.; Zabczyk, M.; Piorkowski, A.; Butenas, S.; Legutko, J.; Undas, A. Active factor XI is associated with the risk
of cardiovascular events in stable coronary artery disease patients. Atherosclerosis 2022, 346, 124-132. [CrossRef] [PubMed]
Sridhar, G.; Ekezue, B.E; Izurieta, H.S.; Selvam, N.; Ovanesov, M.V.; Divan, H.A.; Liang, Y.; Golding, B.; Forshee, R.A;
Anderson, S.A; et al. Immune globulins and same-day thrombotic events as recorded in a large health care database during 2008
to 2012. Transfusion 2014, 54, 2553-2565. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bbrc.2019.07.060
https://doi.org/10.1160/TH07-09-0581
https://www.ncbi.nlm.nih.gov/pubmed/18392335
https://doi.org/10.2741/3906
https://www.ncbi.nlm.nih.gov/pubmed/21622229
https://doi.org/10.1111/vcp.12534
https://www.ncbi.nlm.nih.gov/pubmed/28841240
https://doi.org/10.1002/rth2.12620
https://www.ncbi.nlm.nih.gov/pubmed/34849448
https://doi.org/10.1186/s12959-020-00245-8
https://doi.org/10.1160/TH08-02-0103
https://www.ncbi.nlm.nih.gov/pubmed/18766254
https://doi.org/10.1038/s41598-020-60436-1
https://doi.org/10.1177/1091581820907324
https://www.ncbi.nlm.nih.gov/pubmed/32153221
https://doi.org/10.1016/j.bcp.2013.08.006
https://doi.org/10.1073/pnas.2014810118
https://www.ncbi.nlm.nih.gov/pubmed/33397811
https://doi.org/10.1161/ATVBAHA.119.313503
https://www.ncbi.nlm.nih.gov/pubmed/31766871
https://doi.org/10.1182/bloodadvances.2022008720
https://doi.org/10.3389/fcvm.2022.1008410
https://www.ncbi.nlm.nih.gov/pubmed/36518684
https://doi.org/10.1161/ATVBAHA.118.312130
https://www.ncbi.nlm.nih.gov/pubmed/30700128
https://doi.org/10.1084/jem.20050664
https://www.ncbi.nlm.nih.gov/pubmed/16009717
https://doi.org/10.1182/blood-2007-06-092338
https://doi.org/10.1182/blood-2014-01-550285
https://doi.org/10.1086/509899
https://doi.org/10.1084/jem.20112322
https://doi.org/10.1016/j.atherosclerosis.2022.02.009
https://www.ncbi.nlm.nih.gov/pubmed/35246318
https://doi.org/10.1111/trf.12663
https://www.ncbi.nlm.nih.gov/pubmed/24804899

Int. . Mol. Sci. 2023, 24, 12920 12 0of 12

33.

34.

35.

36.

37.

Dilger, A.K.; Pabbisetty, K.B.; Corte, ].R.; De Lucca, L; Fang, T.; Yang, W.; Pinto, D.J.P; Wang, Y.; Zhu, Y.; Mathur, A.; et al.
Discovery of Milvexian, a High-Affinity, Orally Bioavailable Inhibitor of Factor XIa in Clinical Studies for Antithrombotic Therapy.
J. Med. Chem. 2022, 65, 1770-1785. [CrossRef] [PubMed]

Heitmeier, S.; Visser, M.; Tersteegen, A.; Dietze-Torres, J.; Glunz, J.; Gerdes, C.; Laux, V.; Stampfuss, ].; Roehrig, S. Pharmacological
profile of asundexian, a novel, orally bioavailable inhibitor of factor Xla. J. Thromb. Haemost. 2022, 20, 1400-1411. [CrossRef]
Ferriere, S.; Peyron, I.; Christophe, O.D.; Kawecki, C.; Casari, C.; Muczynski, V.; Nathwani, A.; Kauskot, A.; Lenting, PJ.; Denis,
C.V. A hemophilia A mouse model for the in vivo assessment of emicizumab function. Blood 2020, 136, 740-748. [CrossRef]
Ellery, P.E.; Maroney, S.A.; Cooley, B.C.; Luyendyk, J.P.; Zogg, M.; Weiler, H.; Mast, A .E. A balance between TFPI and thrombin-
mediated platelet activation is required for murine embryonic development. Blood 2015, 125, 4078-4084. [CrossRef]

Xin, K.Z.; Chang, W.C.; Ovanesov, M.V. Interconnectedness of global hemostasis assay parameters in simultaneously evaluated
thrombin generation, fibrin generation and clot lysis in normal plasma. Thromb. Res. 2016, 140, 132-139. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.jmedchem.1c00613
https://www.ncbi.nlm.nih.gov/pubmed/34494428
https://doi.org/10.1111/jth.15700
https://doi.org/10.1182/blood.2019004334
https://doi.org/10.1182/blood-2015-03-633958
https://doi.org/10.1016/j.thromres.2015.11.023

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	References

