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Abstract

Background: Rotational thromboelastometry (ROTEM) has been commonly used to assess the
viscoelastic properties of the blood clotting process in the clinic for patients with a hemostatic or
prothrombotic disorder.

Objective: To evaluate the capability of ROTEM in assessing hemostatic properties in whole
blood from various mouse models with genetic bleeding or clotting disease and the effect of factor
VI (FVIII) therapeutics in FVITNU! mice.

Methods: Mice with a genetic deficiency in either a coagulation factor or a platelet glycoprotein
were used in this study. The properties of platelet- or plasma-FVI1I were also assessed. Citrated
blood from mice was recalcified and used for ROTEM analysis.

Results: We found that blood collected from the vena cava could generate reliable results from
ROTEM analysis, but not blood collected from the tail vein, retro-orbital plexus, or submandibular
vein. Age and sex did not significantly affect the hemostatic properties determined by ROTEM
analysis. Clotting time (CT) and clot formation time (CFT) were significantly prolonged in
FVIHINUll (5- and 9-fold, respectively) and FIXMU!! (4- and 5.7-fold, respectively) mice compared

to wild-type (WT)-C57BL/6J mice. Platelet glycoprotein (GP)II1a"!! mice had significantly
prolonged CFT (8.4-fold) compared to WT-C57BL/6J mice. CT and CFT in factor V (FV) Leiden
mice were significantly shortened with an increased a-angle compared to WT-C57BL/6J mice.
Using ROTEM analysis, we showed that FV 111 expressed in platelets or infused into whole blood
restored hemostasis of FVI11"!! mice in a dose-dependent manner.
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Conclusion: ROTEM is a reliable and sensitive assay for assessing therapeutics on hemostatic
properties in mouse models with a bleeding or clotting disorder.

Keywords
bleeding; clotting; mouse model; rotational thromboelastometry

1| INTRODUCTION

Rotational thromboelastometry (ROTEM) has been commonly used to assess the
viscoelastic properties of the specific blood clotting process in the clinic for patients

with abnormalities of blood coagulation.1~3 The ROTEM test is a methodology based on
thromboelastography (TEG) that can reflect the interactions between coagulation factors and
platelets.*~7 It can be used to assess the qualitative and quantitative properties of the onset
of coagulation, platelet aggregation, clot firmness, and fibrinolysis.> Although TEG was first
described six decades ago,* its application was limited at first due to the complexity of

the analysis. With advanced technologies, several versions of TEG have been developed to
improve the efficiency and reliability of the test.8-10

ROTEM was designed to rotate the pin instead of the cup. It has been shown that classical
nonactivated ROTEM (NATEM, also known as native ROTEM), in which no additional
reagent/substrate is needed except CaCl, to recalcify citrated whole blood, is more sensitive
to coagulation changes than activated ROTEM methods, EXTEM and INTEM.1! Several
measurement parameters in ROTEM, including clotting time (CT), clot formation time
(CFT), and alpha (a.)-angle, are used to assess the viscoelastic properties of the coagulation
process.12 The CT in the ROTEM assay is defined as the time from the beginning of the
test to reach 2 mm in amplitude. It reflects the speed of fibrin formation, which could be
influenced by the concentrations of clotting factors and anticoagulants. The CFT is the time
it takes an amplitude of 2 mm to reach 20 mm. The a-angle is the angle between the
baseline and a tangent to the clotting curve through the 2-mm amplitude point. Both CFT
and a-angle denote the kinetics of clot formation, which can be affected by platelet function
or level, fibrinogen level, and fibrin polymerization, as well as coagulation factors,13-16

ROTEM is a modification of TEG with some advantages for small animal model studies.
ROTEM analysis requires less blood volume for the test and has the capacity to run more
samples at the same time than TEG does.1” These advantages make ROTEM analysis
attractive for studying hemostasis and abnormalities of blood coagulation in mouse models
as blood volume could be a limitation in small animals. Mouse models have been widely
used to study hemostasis and abnormalities of blood coagulation as well as the efficacy and
safety of new therapeutics for bleeding and clotting disorders. While there are various assays
being used to study blood coagulation in mouse models, many factors, including how blood
samples are collected and handled, can cause experimental variabilities in the tests.18

In the current study, we examined the feasibility of ROTEM analysis to assess the dynamics
of clot formation and the strength of the formed clot in whole blood from various mouse
models with a deficiency of either a blood coagulation factor (factor V111 [FVI11]u!l,

factor IX [FIX]"! or von Willebrand factor [VWF]"™!! or platelet glycoprotein (GPIba !
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or GPII1a"!"), or with prothrombotic factor V (FV) Leiden. We investigated how blood
collection impacts the variabilities of the assay and whether age and/or sex impact the
hemostatic properties in whole blood determined by ROTEM analysis. We also evaluated
the sensitivity and effectiveness of various levels of plasma- or platelet-derived FVIII in
restoring the functional hemostatic properties in FVII1"U! mice using ROTEM analysis of
whole blood.

2| MATERIALS AND METHODS

2.1| Mice

Mice used in this study were in the C57BL/6J background except for 2bF8 mice, which
were in a B6/129S mixed genetic background. FV111 knockout (FVI111"U!Y) mice, which were
generated via a targeted disruption of exon 17 of the F8gene with undetectable FVIII in
the plasma,1® were a kind gift from H. Kazazian (University of Pennsylvania School of
Medicine) and the colony was maintained in our facility. FIX knockout (FIX"!) mice,
which were generated via a targeted disruption of the promoter through exon 3 of the
F9gene,20 were purchased from the Jackson Laboratory and the colony was maintained

in our facility. Glycoprotein (GP) Iba knockout (GPIba"u!"), which were generated by
removing the GPIba polypeptide coding sequence (GP1ba™!)21 were a generous gift from
J. Ware (the University of Arkansas for Medical Science) and the colony was maintained
in our facility. Integrin GP1l1a knockout (GP111a™!!, also named B3~/~) mice, which were
generated via a targeted disruption of exon 1 and 2 of the %integrin gene,22 were kindly
provided by R. O. Hynes (Howard Hughes Medical Institute) and bred in-house.23 VWF
knockout (VWF"U!) mice were purchased from the Jackson Laboratory and bred in-house.
FVL (Q/Q) mice were derived from the originally described colony?4 and bred in-house.
BALB/cJ and 129P3/J wild-type mice were purchased from the Jackson Laboratory. 2bF8
mice were either transgenic animals with platelet-specific human B-domain deleted FVIII
expression generated by lentiviral transgenesis2® or FVI11"U!! mice that received 2bF8
lentivirus transduction of hematopoietic stem cells followed by transplantation.28 All mice
were maintained in pathogen-free microisolator cages at the animal facilities operated by
the Medical College of Wisconsin. Animal studies were performed according to protocols
approved by the Institutional Animal Care and Use Committee of the Medical College of
Wisconsin. Isoflurane or ketamine was used for anesthesia.

2.2| Blood sample collection

Blood samples were collected via four routes: (1) tail blood vessels, (2) the submandibular
vein, (3) retro-orbital venous plexus, and (4) the inferior vena cava (I\VVC). For the tail bleed
(TB), mice were anesthetized and approximately 2 millimeters of the tail tip was excised
using a sterile scalpel blade. The wounded tail tip was placed into a microcentrifuge tube
containing 12 pl of 3.8% sodium citrate anticoagulant. The collection tube was premarked
with a line to indicate the volume of 120 pl. The tail was held gently with one hand and
stroked between the thumb and forefinger with the other hand to help maintain the flow

of blood. A total of 120 pl of whole blood was collected for the ROTEM assay and the
wounded tail tip was cauterized after blood collection. For the submandibular bleed (SB),
a 28-gauge lancet needle was used to puncture the vein. The resulting blood flow was
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collected using a hematocrit tube containing sodium citrate anticoagulant solution. Direct
pressure was applied to the puncture site until the bleeding stopped. For the eye bleed (EB),
a pipette tip that was premarked for a volume of 120 pl and loaded with 12 pl of 3.8%
sodium citrate was used to collect the desired amount of blood from the retro-orbital venous
plexus of the anesthetized animal. Blood was transferred into a 0.6 ml microcentrifuge tube
and gently mixed. For blood collection from the IVVC, which is a terminal blood collection,
an incision was made through the abdominal wall of the anesthetized animal to expose

the internal body cavity. Organs were gently displaced to expose the vena cava vessel and
approximately 500 pl of blood was drawn into a 1 ml syringe that was rinsed with 3.8%
sodium citrate anticoagulant using a 25-gauge needle and loaded with 50 ul of sodium
citrate. Blood was transferred into 1.5 ml microcentrifuge tube immediately and gently
mixed.

2.3 | Rotational thromboelastometry analysis of mouse whole blood

The NATEM assay was performed to assess the coagulation process in recalcified citrated
mouse whole blood following the protocol provided by the manufacturer. The conventional
ROTEM cup (ProCup) was used in most of the tests unless otherwise specified. The
MiniCup was used only for comparison of blood collection methodology studies or for
multiple tests from the same sample (i.e., FVII1"U! blood with various levels of recombinant
human B-domain deleted FVIII [rhFVI111] added). For the assay using the conventional
ROTEM cup, 21 pl of 0.2 mol L~1 CaCl, and 300 pl of citrated whole blood were loaded
into the bottom of a conventional cup that was placed in the 37°C pre-warmed holder. For
the assay using the MiniCup, 7 ul of 0.2 mol L= CaCl, and 105 pl of citrated whole blood
were loaded into the bottom of a MiniCup. All samples were manually loaded. Citrated
blood samples were gently mixed with CaCls in the cup by pipetting up and down once.
Samples were tested using ROTEM® de/ta (Instrumentation Laboratory). Samples were run
for 1 h. Data were recorded as 3600 s if CT and/or CFT did not reach the threshold recorded
by ROTEM by the end of the 1-h test. Of note, our 1-h NATEM assay is not designed to
evaluate fibrinolysis, which may require a longer time or an additional reagent using other
test assays, such as FIBTEM.27

2.4 | Statistical analysis

Data are presented as mean + standard deviation (SD). The one-way analysis of variance
was used for statistical comparisons of data from three or more groups. The Student’s
ttest was used to compare data from two groups. The differences in the incidences of
failed amplitude amplification and a-angle development between two experimental groups
were analyzed by Fisher’s exact test. The relationship between platelet--FV111 expression
levels and clotting time was evaluated by Pearson’s rcorrelation. Statistical analysis was
performed using GraphPad Prism 7 (GraphPad Software) and SigmaPlot 14.0 (Systat
Software, Inc.). For all comparisons, a value of £< .05 was considered statistically
significant.
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3| RESULTS
3.1| Theimpact of blood collection on ROTEM

Because ROTEM is capable of analyzing a small sample volume (105 pl), we tested
various routes of blood collection, including tail bleeding, retro-orbital (eye) bleeding,
submandibular bleeding, and vena cava blood draw, on whole blood hemostasis analyzed by
ROTEM. As shown in Figure 1A, when blood was collected from the 1VVC, the whole blood
CT in the FVIINU' group was significantly longer than in the wild-type (WT) group (P<
.0001). However, all three parameters, including CT, CFT, and a-angle, were significantly
impacted when samples were collected from tail bleed, submandibular bleed, or eye bleed
compared to the 1\VC blood draw. For hemophilia A (FV111"U!) mice, whole blood clotting
times from the tail bleed, submandibular bleed, and eye bleed groups were significantly
shorter than that obtained from the IVC group (Figure 1A). For WT mice, whole blood

CT in the tail bleed group was also significantly shorter than in the I\VC group. Of note,
when blood samples were collected via TB, SB, or EB, there was no statistically significant
difference in whole blood CT through ROTEM analysis between the FVI11"!l and WT
groups, although the distributions of CT data are different between the two groups in the
TB route, demonstrating that the inappropriate sampling route renders the data inconsistent
(Figure 1A).

Similar to the results of CT, when blood samples were collected from the IVC, CFT in

the FVI1"! group was significantly longer than in the WT group. However, when blood
samples were collected via either TB, SB, or EB from FVIII"U!l CFT was significantly
shorter compared to that obtained from the IVC group from the same colony of animals,
dampening the difference between the FVIII"U! and WT groups (Figure 1B). When blood
samples were collected from the IVC, a-angle in the FVI11"U!! group was significantly
smaller than in the WT group. However, when blood samples were collected via TB, SB, or
EB from FVIIMU!! mice, a-angle was significantly larger compared to that obtained from the
IVC group from the same colony of animals. The difference between the FVIII"U!l and WT
groups was diminished in SB and EB routes (Figure 1C). These results suggest that sample
collection through TB, EB, or SB is not suitable for ROTEM analysis, indicating that sample
quality is critical for reliable results in this assay.

3.2| ROTEM analysis of whole blood from various coagulation defective mouse models

To evaluate the potential application of ROTEM analysis of whole blood in hemostatic and
thrombotic disease mouse models, we performed the NATEM test using the conventional
ROTEM cup (300 pl) on whole blood samples collected from the IVVC from various colonies
of animals. Representative TEMograms from WT C57BL/6J, FVI1IMUll Fixnull Gppgnull
GPIanull vwEnll and FV Leiden Q/Q mice are shown in Figure 2A-G. The whole blood
CT from WT mice in a C57BL/6J background was 632 + 158 s (n= 22), which was not
significantly different compared to those obtained from WT animals in a 129P3/J (509 + 151
s, n=7) or BALB/cJ (513 + 94 s, n=5) background, GPI11a™!l mice (549 + 173 s, n= 10),
or VWF"I mice (739 + 314 s, n=9; Figure 3A). The whole blood CT in the FV Leiden
Q/Q group (418 = 124 s, n=10) was significantly shorter than in the WT-C57BL/6J group
(P< .001). The whole blood CTs from the mGPIba™! (1029 + 771 s, n=17), FVIIIMUll
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(3178 + 513 s, 7= 21), and FIX"!l (2535 + 491 s, 7= 9) groups were significantly longer
than from the WT-C57BL/6J group (Figure 3A).

In platelet disease models, we compared GPI11a™!' mice to GP1ba"!! animals. The whole
blood CT in the GPlba ™! group was significantly longer than in the GPII1a™! group (»

< .01; Figure 3A). In hemophilia models, we compared FV 1™ mice to FIXM!! mice.

The whole blood CT from FVII1"U! mice was significantly longer than that obtained from
FIXll mice (P< .01; Figure 3A). There were 11 out of 21 samples from FVIII"U!! mice in
which the amplitude never reached 2 mm, meaning no clot formation during the 1-h test, and
thereby whole blood CT from those animals was recorded as 3600 s. In contrast, there was
only 1 of 10 FIX"!' samples that did not clot within the 1-h test. The incidence of no-clot
formation as determined by ROTEM in the FVIHIM! group is significantly higher than in the
FIX"!l group (Figure 3B).

The CFT in WT-C57BL/6J mice was 300 + 177 s, which was not statistically significantly
different compared to those obtained from WT 129P3/J, WT-BALB/cJ, and VWFW! mice
(165 £ 595,152 + 51 s, and 312 + 238 s, respectively; Figure 3C). The CFT in the FV
Leiden Q/Q group (115 + 40 s) was significantly shorter than in the WT-C57BL/6J group.
The CFTs in the GPIIIa"! GPIba ™!l FvIINUNl and FIXMU! groups (2521 + 1424 s, 804
+864 s, 2791 + 1345 s, and 1698 £ 1355 s, respectively) were significantly longer than

in the WT-C57BL/6J group. In the platelet disease models, there were 5 out of 10 samples
in the GPI11a"!! group with an amplitude that did not reach 20 mm during the 1-h test
and thereby CFT from those animals was recorded as 3600 s. In contrast, only 1 of 17 in
the GPIba"!' group had an amplitude that did not reach 20 mm (Figure 3D). The CFT

in the GPI1a"!! group was significantly longer than in the GP1ba™! group (Figure 3C).
In hemophilia models, there were 15 out of 21 samples from the FVI11"U!! group with an
amplitude that did not reach 20 mm, but only 3 of 10 in the FIX"U!! group did not reach the
threshold of 20 mm (Figure 3D).

The a-angle in the WT-C57BL/6J group (47 + 15.08 degrees) was significantly smaller
than in the WT-129P3/J, WT-BALB/cJ, and FV Leiden Q/Q groups (60.14 +£9.21, 62 +
8.80, and 67.7 + 7.42 degrees, respectively). The a-angle in the WT-C57BL/6J group was
significantly higher than in the GPIIIa™!! mGPIba ™!l PV and FIXMU! groups (32.5
+18.01, 30.65 £ 15.74, 6.86 £ 10.79, and 18.1 + 18.81 degrees, respectively; Figure 3E).
There was no statistically significant difference in the a-angle between the WT-C57BL/6J
and VWF"W! groups (Figure 3E). There were 14 of 21 samples from FVI™!! mice with no
detectable a-angle formation during 1-h ROTEM analysis, which was significantly higher
than the percentage of samples from FIX"!! mice (Figure 3F).

potential factors that may impact the parameters in ROTEM analysis

We then evaluated whether the type of cup used would impact the hemostatic parameters
measured by ROTEM analysis of whole blood. As shown in Figure 4A, the CTs were
statistically significantly shorter in both the WT-C57BL/6J and GPIba."! groups, but not in
the FVIINU! and VWF! groups, using MiniCups with 105 pl of whole blood compared

to the CTs from the tests using conventional ROTEM ProCup that requires 300 pl of whole
blood. In terms of CFT, there was a difference between the tests using the MiniCup and the
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ProCup only in the VWF!! group, not in other colonies tested (Figure 4B). We found that
a-angle in the C57BL/6J, FVIIMIT and VWENU! groups using the MiniCup was statistically
significantly smaller than when using the ProCup. There was no significant difference in
a-angle in the GPIba™!! group using the MiniCup versus the ProCup (Figure 4C). It appears
that there is more variation in data generated from the MiniCup than from the ProCup in
GPIba™! mice in both CT (Figure 4A) and a-angle (Figure 4C).

We then assessed whether age and/or sex impact hemostatic parameters in whole blood as
determined by ROTEM analysis. We compared data from WT-C57BL/6J mice that were 2 to
4 versus 5 to 10 months old. There were no statistically significant differences between the
two groups in any of the three parameters—CT, CFT, or a-angle (Figure 5A—C). When CT,
CFT, and a-angle from females were compared to those from male WT-C57BL/6J animals,
all three parameters were comparable between the two groups (Figure 5D-F). These data
demonstrate that age and sex do not significantly affect the hemostatic parameters in whole
blood as determined by ROTEM analysis in WT-C57BL/6J mice.

3.4| Platelet-derived FVIII restores hemostatic properties in FVII"U mice

We evaluated the effectiveness of platelet-derived FVIII expression in restoring the
hemostatic properties in hemophilia A mouse whole blood determined by ROTEM using
the conventional ProCup. When FVI111 was specifically expressed in FVI™! mice with a
level of 3.92 + 3.18 mU per 108 platelets, ranging from 0.59 to 11.38 mU per 108 platelets,
which corresponds to 1.2% to 22.7% of normal FVIII activity in whole blood in WT mice
(assuming 1x109 platelets mL1 in animals), hemostatic properties significantly improved
compared to FVI1I"U!' mice (Figure 6). Whole blood clotting time in the 2bF8 group (1003
+ 346 s, n= 18) was statistically significantly prolonged compared to the WT-C57BL/6J
group (633 £ 158 s, 7= 22; Figure 6A). There was a negative correlation between whole
blood CT and the level of platelet-FV 111 expression in 2bF8 mice (Figure 6B). Of note, there
were no significant differences in terms of CFT and a-angle between the 2bF8 and WT
groups (279 £ 172 s and 50.28 + 12.48 degree vs. 299 + 177 s and 47 + 15.08 degrees,
respectively; Figure 6C-D). These data demonstrate that expressing FVIII in platelets can
restore hemostatic properties in hemophilia A mice as determined by ROTEM analysis.

As a comparison, recombinant human B-domain deleted FVIII (rhFVI1I, Xyntha [Pfizer])
was added to whole blood collected from FVIHM!! mice to various levels (0.1% [0.001 U
mL=1], 1% [0.01 U mL™1], 10% [0.1 U mL™1], and 100% [1 U mL~1]), and the hemostatic
properties were assessed by ROTEM using MiniCups. Samples from FVIM! mice with
whole blood CTs that were greater than 2600 s and CFTs that did not reach the threshold of
20 mm were selected for the rhFVIII infusion study. We found that even 0.1% rhFVIII could
significantly improve CT and CFT, but not a-angle, in FVI11"UIl whole blood. When 1%

of rhFVI11 was added to FVI11™U!I whole blood, all parameters were significantly improved
to levels comparable to those in the WT control (Figure 7A-C). All parameters were
significantly improved in the 1% rhFVI1I group compared to the 0.1% group. Increasing the
rhFVI111 level from 1% to 10% appeared to further improve the hemostatic parameters, but
there were no statistically significant differences between the two groups (Figure 7A-C).
There were no statistically significant differences between the WT control group and the
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FVIIMUI group with 1% or 10% rhFVIII in whole blood CT, CFT, or a-angle. These data
suggest that ROTEM analysis is very sensitive to low levels of plasma FVIII.

DISCUSSION

While ROTEM analysis has been commonly used in the clinic to measure the clot elasticity
of whole blood coagulopathies, it could be more challenging to apply the assay in mouse
model studies due to the natural limitations of the small animal model. In this study,

we used ROTEM analysis to assess hemostatic properties in mouse models with various
coagulopathies. We found that the quality of the blood samples is critical for generating
reliable results in the ROTEM assay. With qualified blood samples, ROTEM enables
quantitative and qualitative assessment of the hemostatic properties in mouse models with
coagulopathies, including bleeding and abnormal clotting disorders.

Compared to TEG, which requires 360 ul of blood for the assay, ROTEM analysis offers

the possibility of using a smaller volume (105 pl or 300 pl) of the sample, which could be
beneficial for working on small animal models. While ROTEM MiniCup analysis offers the
potential feasibility of survivable blood collection, which would allow animals to be saved
for the time course study, the quality of blood specimens from survivable blood collection

is a challenging issue that can cause variation and inconsistency for the ROTEM assay.

We validated ROTEM analysis of whole blood samples collected from FVIIIMU!l and WT
mice via the tail vein, submandibular vein, and retro-orbital venous plexus, from which

a sufficient blood volume could be collected for ROTEM MiniCup analysis. Our results
demonstrate that all parameters determined by ROTEM analysis were affected when blood
samples were collected via tail, submandibular, or eye bleed, resulting in no differences
between the FVIII"U!" and WT groups. These data suggest that blood samples collected

from either tail bleeds, submandibular bleeds, or eye bleeds are not suitable for ROTEM
analysis. We reason that this might be due to tissue factor contamination, which may
accelerate the activation of blood coagulation after recalcification. In addition, during our
preliminary studies (data not shown), we noticed that air bubbles generated during the blood
draw could also impact the ROTEM results. We conclude that, for ROTEM analysis, only
qualified blood samples from smooth blood draws with an appropriate anticoagulant (e.g.,
1:10 [vol:vol] of 3.8% sodium citrate) can generate reliable results. While both the ProCup
and MiniCup can generate useful information, using the MiniCup is likely to result in higher
variability compared to using the ProCup, which has also been reported in human studies.?8
However, using the MiniCup allows for saving blood for other ROTEM tests if needed or for
other assays. Thus, one must be aware of the potential differences in data generated using
the ProCup versus the MiniCup, and one must use a consistent method throughout any given
experiment.

For hemophilia-model mice, the defect in blood coagulation can be reflected in significantly
prolonged whole blood CT and CFT as determined by ROTEM analysis. Viscoelastic
properties of blood clots in hemophilia A mice were poorer than in hemophilia B mice. The
whole blood CT is a sensitive parameter from ROTEM analysis that can be used to gauge
low levels of plasma FVIII, but the difference becomes subtle when plasma FVIII levels are
greater than 10%. While the chromogenic-based assay is a sensitive assay that is commonly
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used to quantify functional FVI1II activity levels in both human and animal model studies,
the sensitivity of the assay is 1%. Of note, the CT and CFT determined by ROTEM analysis
in whole blood from FVIM! with 0.1% rhFVIII were statistically significantly shortened
compared to those without rhFV111. When 0.1% rhFVI111 was added to FVIIIM! whole
blood, CT and CFT measured by ROTEM dramatically improved by 36% and 59%, but

not a-angle. However, when FVIII was expressed and stored in platelets in FVI1M!! mice
(with levels corresponding to 1.2-22.7%), CFT and a-angle were completely normalized in
whole blood, although CT was not fully restored compared to WT mice. These results are
consistent with our previous platelet-specific gene therapy reports in hemophilia A rats with
platelet-FVI11 expression.2? Our results indicate that once platelets are activated, the clot
development could be normalized and with corrected viscoelastic properties of the blood
clot if FVIII is stored in platelets.

Interestingly, all parameters in the VWF"! group by ROTEM analysis were comparable
to those in the WT-C57BL/6J group. This could be because VWF! mice still have
approximately 10% of normal FVIII remaining in plasma.3%:31 In addition, there is a
possibility that the lack of a difference between the WT and the VWF"!! groups is

due to the absence of endothelium or the lack of shear stress in the ROTEM assay. In
ROTEM analysis, no activated surface is present. Therefore, the role of VWF in mediating
adhesion between activated platelets and the endothelium is lacking. Indeed, using a tail
bleeding time assay, the bleeding time in VWF! mice was significantly longer than in
WT mice.39:32 Furthermore, our previous study showed that endothelial cell-derived VWF
alone is sufficient to support hemostasis, but platelet-derived VWF is less effective as
demonstrated by the tail bleeding time assay,32 confirming the important biological function
of the interactions among VWF, endothelial cells, and platelets in clot formation /n vivo.
Thus, it is important to know that the ROTEM assay has its limitations in sensitivity and
specificity in assessing the hemostatic properties of certain coagulation factor(s) in certain
disease model(s) if the hemostatic function of that factor involves other element(s) beyond
the components of blood, for example, VWF in the von Willebrand disease model.

For platelet disorder model mice, CFT and a-angle are the key parameters affected. Whole
blood from GPII1a"™!" mice had a distinct ROTEM profile with normal CT, but an extreme
prolongation of CFT and a small a-angle compared to those from WT mice. The amplitude
in all GPI11a"!! samples reached 2 mm within a range similar to WT samples, but 50% of
the samples never reached 20 mm during our observation period (1 h). These results indicate
that hemostasis can be initiated, but clot development is blocked due to the dysfunction

of platelet allbp3 in platelets leading to reduced platelet aggregation and clot retraction in
the GPIl1a"! group. This is in agreement with the results obtained from a clinical study
using TEG or ROTEM to analyze the hemostatic profile in whole blood from patients

with Glanzmann’s thrombasthenia.33-3% In contrast, in the GPlba"! group, all parameters,
including CT, CFT, and a-angle determined by ROTEM, were impaired compared to the
WT group, but the changes were subtle and the amplitude of all samples but one reached
the defined CFT threshold of 20 mm. Thus, CFT and a-angle from native ROTEM analysis
could be reliable parameters used to determine the hemostatic properties in mouse models
with platelet deficiency.
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For thrombophilia FV Leiden mouse model mice, all parameters determined by ROTEM
were significantly affected with shorter CT and CFT and larger a-angle compared to those
from WT-C57BL/6J control animals. FV Leiden Q/Q mice have prothrombotic conditions
with enhanced D-dimer and TAT (thrombin anti-thrombin complexes).2436.37 Qur studies
confirm that ROTEM analysis can reflect a hypercoagulation condition in FV Leiden Q/Q
mice. It has been shown that genetic background could impact the bleeding phenotype in
mice determined by tail bleeding tests. For example, WT-C57BL/6J mice have increased
blood loss compared to those in 129S or BALB/cJ backgrounds.38-40 When we compared
hemostatic properties in WT mice in C57BL/6J, 129P3/J, and BALB/cJ backgrounds, we
found that the only difference was that a-angles in the 129P3/J and BALB/cJ groups were
significantly larger than in the C57BL/6J group. Although it has been reported that sex can
impact the maximum amplitude determined by TEG and activated partial thromboplastin
time, there were no significant differences between male and female mice in terms of CT,
CFT, and a-angle determined by native ROTEM in our studies in C57BL/6J mice. It is
unknown whether other strains might have sex differences, though there is no mechanistic
reason to expect any gender difference in different strains.

In summary, our studies demonstrate that ROTEM analysis of whole blood is a sensitive
assay that can be used to assess coagulation functions in mouse models with bleeding

or clotting disorders. The whole blood clotting time generated by ROTEM analysis is a
sensitive parameter that could be used to evaluate the hemostatic effectiveness of new
therapeutic proteins in hemophilia mice. The quality of blood sample collection is critical
for the ROTEM assay to achieve reliable results.
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Essentials
. The route of blood collection can cause variabilities in the rotational
thromboelastometry (ROTEM) test.
. ROTEM is sensitive to low levels of plasma- or platelet-factor VI1II in blood.

. ROTEM is capable of detecting a deficiency in platelet glycoprotein (GP)lba
or GPIlla.

. ROTEM is able to detect the thrombotic condition in factor VV Leiden model.
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FIGURE 1.
The impact of the method of blood collection on the parameters determined by

rotational thromboelastometry (ROTEM). Blood samples were collected via tail bleed (TB),
submandibular bleed (SB), eye bleed (EB), or inferior vena cava (IVC) blood draw from
factor VIII knockout (FVI1MU! or wild-type (WT)-C57BL/6J mice; 3.8% sodium citrate
was used as an anticoagulant at 1:10 (vol/vol). The hemostatic properties of blood samples
were analyzed by ROTEM using the MiniCup, in which 7 pl 0.2 M CaCl, was loaded to
the bottom, followed by adding 105 ul of citrated blood and parameters were recorded for 1
h. A, Clotting time. B, Clot formation time. C, Alpha angle (a-angle). *£<.05. **/< .01.
***P< 001, ****P< 0001
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Representative graphical images of thromboelastometry from various mouse colonies. Blood
samples were collected from mice via inferior vena cava (IVC) blood draw with 3.8%
sodium citrate as an anticoagulant (1:10 [vol/vol]). Whole blood samples were run using

the rotational thromboelastometry (ROTEM) ProCup/pin for 60 min, and graphical images
were generated. Representative TEMograms from two animals in each strain/model are
shown. A, Wild-type C57BL/6J mice. B, Factor VIII knockout (FVII11"U!") mice. C, Factor IX
knockout (FIX"U!) mice. D, Platelet glycoprotein Iba knockout (GPIba."u!") mice. E, Platelet
glycoprotein I11a knockout (GPII1a™!") mice. F, von Willebrand factor knockout (VWF!)
mice. G, Factor V (FV) Leiden Q/Q mice
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FIGURE 3.
Rotational thromboelastometry (ROTEM) analysis of hemostatic properties in various

mouse colonies with bleeding or clotting disorders. Blood samples were collected via
inferior vena cava (IVC) blood draw with 3.8% sodium citrate as an anticoagulant (1:10
[vol/vol]). The hemostatic properties of blood samples were determined by ROTEM using
the ProCup, in which 21 ul 0.2 M CaCl, was loaded to the bottom followed by adding 300
ul of citrated blood and parameters were recorded. Samples were run for 1 h. A, Clotting
times from various mouse colonies. B, The incidence of samples with an amplitude that
did not reach 2 mm, the threshold of clotting time recorded by ROTEM, in whole blood of
factor V111 knockout (FVIHMU!Y and factor 1X knockout (FIX"!) mice. C, Clot formation
time from various mouse colonies. D, The incidence of samples with an amplitude that
reached 2 mm but did not reach a firmness of 20 mm in platelet glycoprotein I11a knockout
(GPII1a""), platelet glycoprotein Iba knockout (GPIba™!y, FVIIINU! and FIXMU mice. E,
Alpha angle (a-angle). F, Incidence of samples with no detectable a-angle in whole blood of
FVIINU and FIXMU mice within the test period of 1-h. *P < .05. **P< .01. ***P< .001.
***xp< 0001
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Comparing rotational thromboelastometry (ROTEM) analysis of whole blood in mice using
the ProCup versus the MiniCup. Blood samples were collected from mice via inferior vena
cava (IVC) blood draw using 3.8% sodium citrate as an anticoagulant (1:10 [vol/vol]).
Whole blood from each mouse was run on the ROTEM ProCup/pin with 300 pl of blood
plus 21 ul of 0.2 M CaCl, and the MiniCup/pin with 105 pl of blood plus 7 ul of 0.2 M
CacCls, in parallel for 60 min and data were recorded. A, Clotting time. B, Clot formation
time. C, Alpha angle. Statistical comparisons of two experimental groups were evaluated by

paired Student’s #test. *P< .05. **P< .01. ***P< 001
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FIGURE 5.
Comparison of hemostatic properties determined by rotational thromboelastometry

(ROTEM) analysis in wild-type C57BL/6J mice with different ages and sexes. Blood
samples were collected from mice via inferior vena cava (IVC) blood draw using 3.8%
sodium citrate as an anticoagulant (1:10 [vol/vol]). Samples from mice were run for 60 min
using the ROTEM ProCup/pin loaded with 300 pl of blood plus 21 pl of 0.2 M CaCls.
Animals were assigned into two groups with the age difference between 2 to 4 months and 5
to 10 months or the sex difference between males and females. A, Clotting time in animals
of different ages. B, Clot formation time in animals of different ages. C, Alpha angle in
animals of different ages. D, Clotting time in animals of different sexes. E, Clot formation
time in animals of different sexes. F, Alpha angle in animals of different sexes
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Rotational thromboelastometry (ROTEM) assessment of various levels of platelet-derived
factor V111 (FVII1) in restoring hemostasis in FVI11 knockout (FV111"U!) mice after platelet-
specific FVIII (2bF8) expression. Blood samples were collected from mice via inferior
vena cava (IVC) blood draw using 3.8% sodium citrate as an anticoagulant (1:10 [vol/
vol]). Samples were run for 60 min using the ROTEM ProCup/pin loaded with 300 ul of
blood plus 21 pl of 0.2 M CaCls,. Functional platelet-FVII11 activity (platelet-FV111:C) levels
were determined by chromogenic assay. Wild-type C57BL/6J and FVII1"U!I mice served

as controls. A, Clotting time. B, The correlation between clotting time and platelet-FVI11
expression levels. C, Clot formation time. D, Alpha angle. **P < .01. ****P< .0001. “n.s.”
indicates no statistically significant difference between the two groups
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FIGURE 7.

Rotational thromboelastometry (ROTEM) assessment of various levels of plasma-factor V11
(FVI11) in restoring hemostasis in FVI11 knockout (FVII1"UIY mice. Recombinant human
B-domain deleted FVIII (rhFVI11) was added to whole blood collected from FVIHNMU! mice
to various levels (0 U/ml, 0.001 U/ml [0.1%], 0.01 U/ml [1%], 0.1 U/ml [10%], and 1 U/ml
[100%]). Samples were run for 60 min using the ROTEM MiniCup loaded with 105 pl of
whole blood plus 7 pl of 2 M CaCl,. Wild-type C57BL/6J served as a control. A, Clotting
time. B, Clot formation time. C, Alpha angle. *P< .05. **P < .01. ***P< .001. ****P<
.0001
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