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KEY POINTS

® Platelets lacking a4A-
and B1-tubulins are
devoid of marginal
band and fully spherical
and inefficiently
interact with matrices
under flow.

® Mice deficient for ad4A-
and B1-tubulins exhibit
severe defects in
hemostatic and
thrombotic responses

in vivo.
J

Native circulating blood platelets present with a discoid flat morphology maintained by a
submembranous peripheral ring of microtubules, named marginal band. The functional
importance of this particular shape is still debated, but it was initially hypothesized to
facilitate platelet interaction with the injured vessel wall and to contribute to hemostasis.
The importance of the platelet discoid morphology has since been questioned on the
absence of clear bleeding tendency in mice lacking the platelet-specific $1-tubulin isotype,
which exhibits platelets with a thinner marginal band and an ovoid shape. Here, we
generated a mouse model inactivated for $1-tubulin and x4A-tubulin, an a-tubulin isotype
strongly enriched in platelets. These mice present with fully spherical platelets completely
devoid of a marginal band. In contrast to the single knockouts, the double deletion
resulted in a severe bleeding defect in a tail-clipping assay, which was not corrected by
increasing the platelet count to normal values by the thrombopoietin-analog romiplostim.
In vivo, thrombus formation was almost abolished in a ferric chloride-injury model, with
only a thin layer of loosely packed platelets, and mice were protected against death in a

model of thromboembolism. In vitro, platelets adhered less efficiently and formed smaller-sized and loosely assembled
aggregates when perfused over von Willebrand factor and collagen matrices. In conclusion, this study shows that blood
platelets require 2 unique - and B-tubulin isotypes to acquire their characteristic discoid morphology. Lack of these 2
isotypes has a deleterious effect on flow-dependent aggregate formation and stability, leading to a severe bleeding

disorder.

Introduction

Blood platelets are produced by bone marrow megakaryocytes
and are essential to arrest and prevent bleeding. In their resting
state, platelets harbor a lenticular morphology that is main-
tained by a submembranous microtubule marginal band." This
remarkable structure, which has no equivalent in any other
mammalian cell, comprises tightly associated microtubules
forming a ring-like structure under the platelet cortex. Despite
its identification more than 50 years ago,” the formation and
functional importance of this architectural singularity has until
now escaped full comprehension. To date, several tubulin iso-
types have been implicated in the biology of the marginal
band: the divergent p1-tubulin and the more generic a4A- and
a8-tubulin isotypes. Mutations in these 3 isotypes found in
human patients, as well as the genetic ablation of p1-tubulin in
mice, result in abnormal platelet and marginal band formation
characterized by fewer or scattered microtubules coils. This
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translates into decreased platelet counts accompanied by an
overall loss of their disc-shaped profile in favor of an ovoid
morphology.®® As of yet, it is still unclear how the tubulin iso-
types participate in these processes, but one can envision that
they favor microtubule bending, either directly or indirectly
through particular microtubule-associated proteins. Strikingly,
although these 3 isotypes are required for efficient platelet
formation in mice and humans, they appear on their own to be
dispensable for platelet functions.®*

A long-standing hypothesis that remains to be demonstrated is
that the flat shape of platelets is important for their hemostatic
properties by providing an extended surface, which allows for
closer contacts with the exposed matrix upon vascular lesion.’
This would particularly influence their behavior under the
hydrodynamic forces exerted inside the blood vessel. In favor of
this hypothesis, but limited to the in vitro setting, it has been
observed that spherical human platelets translocated much
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faster on a von Willebrand factor (VWF) matrix when compared
with their disc-shaped counterparts.® This behavior appeared to
directly depend on the morphologic differences since cold-
treated, fixed spherical platelets behaved similarly. Impor-
tantly, however, the spherical shape in these studies does not
correspond to a native state but reflects their activation during
translocation on VWF or upon cold exposure. Definitive proof
for a role of the discoid platelet shape in primary hemostasis
requires models in which platelets harbor a spherical shape
under native resting conditions. Inducing microtubule depoly-
merization by low temperature or with tubulin drugs is not
suitable for in vivo studies as it alters the platelet native state. A
more suitable approach is genetic inactivation of essential
platelet tubulin isotypes. P1-tubulin deficient mice (KOB1)
represent such a model, in which resting platelets exhibit a
lower number of microtubules in their marginal band and a loss
of their discoid shape. This morphologic change, however, did
not translate into a significant increase in tail bleeding times,
which appeared to disprove the biological importance of the
platelet discoid morphology.® One limitation of this model is
that KOB1 platelets still exhibit a thin but tightly assembled
marginal band representing ~30% of the normal number of
microtubules and adopt an elliptic rather than fully spherical
shape.” A stronger indication for a hemostatic role of the disc-
shape morphology came from the report of a patient presenting
with a bleeding diathesis and severe platelet spherocytosis.'®
Remarkably, his platelets were completely devoid of a mar-
ginal band and were fully spherical. Although the link between
microtubule dysfunctions and bleeding was not formally
established, this case raised the hypothesis that spherocytosis
could, on its own, impede hemostasis.

In view of phenotype similarities between p1- and adA-tubulin-
mutated patients, and since a- and -tubulins always work as
dimers, we hypothesized that defects in both subunits could
amplify the deleterious effect of the single p1 inactivation. In
particular, we expected a more severe marginal band defect
and complete spherocytosis, which in turn would allow for an
accurate determination of the importance of platelet shape in
their functions and hemostasis. To this end, we generated
Tuba4a and Tubb1 double knockout mice (DKO). In contrast to
the single knockouts, the large majority of DKO platelets were
fully spherical under resting conditions, and their marginal band
was no longer observed. Remarkably, these mice presented a
marked bleeding diathesis and near-absent thrombus formation
in a ferric chloride (FeCl3) arterial injury model. In vitro flow
assays demonstrated an unstable interaction of DKO platelets
with a VWF matrix and the formation of smaller and less-
compact aggregates on collagen. In line with these results,
DKO mice were protected from death in a thromboembolism
model. These results strongly support the functional importance
of the microtubule-dependent discoid shape in hemostasis and
thrombus formation.

Methods

Mice

C57BI/6 Tubada knockout mice (KOA4A) were generated at
Charles River (Grenoble, France) by CRISPR/Cas9-mediated
deletion of exon 2 of the Tubada gene. They were viable,
reproduced normally, and did not express oadA-tubulin
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(supplemental Figure 1A, available on the Blood website).
C57Bl/6 Tubb1 knockout mice (KOB1) were generated by
backcrossing mixed Sv129-C57Bl/6 Tubbl-deficient mice
(kindly provided by Ramesh Shivdasani) with C57BI/6 mice for
5 generations. C57BI/6 Tubada and Tubb1 double knockout
mice (DKO) were obtained by crossbreeding KOA4A and KOB1
knockout mice. For romiplostim-treated animals, mice were
administered a single dose (100 pg/kg) 6 days prior to the
experiment. Protocols involving animals were performed in
accordance with the CREMEAS Committee on the Ethics of
Animal Experiments of the University of Strasbourg (Permit
Number: E67-482-10).

Tail bleeding assay

Tails of anesthetized 8- to 20-week-old mice were amputated at
their distal part by 3 mm and immediately immersed in warm
(37°C) 0.9% saline solution. Mice were considered as bleeders
until the bleeding stopped for the first time. Bleeding was
recorded for 30 minutes, after which it was stopped with
hemostatic gauzes if it had not ceased by itself.

Flow experiments

Hirudinated whole blood was perfused into polydimethylsiloxane
channels coated with plasma-captured VWF with the VA-IIA-23
peptide (100 pg/mL, Cambcol Laboratories, Cambridgeshire,
United Kingdom) or Type | Horm collagen (200 pg/mL, Takeda,
Konstanz, Germany)."' Platelets were visualized using differential
interference contrast (DIC) microscopy with an inverted Leica DMI
4000 B microscope (Leica Microsystems, Mannheim, Germany;
40x, 1.4 numerical aperture oil lens). Data were recorded using a
complementary metal oxide semiconductor camera (ORCA-
Flash4.0 LT, Hamamatsu, Massy, France) and analyzed using
ImageJ software (National Institutes of Health).

In vivo thrombosis

FeCls-induced thrombosis was performed as previously
described.’ Thrombus formation was monitored in real time
with a fluorescence microscope (Leica Microsystems) and a
charged-couple device camera (CoolSNAP HQ2, Photometrics,
Roper Scientific). For scanning electron microscopy, the carotid
arteries were fixed with 2.5% glutaraldehyde by transcardiac
perfusion and excised within a 120-second time frame. They
were subsequently fixed in 2.5% glutaraldehyde, dehydrated,
dried, sectioned lengthwise and sputtered with platinum
palladium, and examined under a Helios NanolLab dual beam
microscope (FEl, Eindhoven, The Netherlands).

Venous thromboembolism
Venous thromboembolism was induced by injecting a mixture
of collagen (0.8 mg/kg) and adrenaline (60 pg/kg) in the jugular

vein.'?

Statistical analyses

Results were expressed as the mean (+ standard error of the
mean [SEM)]). Statistical comparisons were performed as
described in the figure legends. Normality and equality of
variance were evaluated with a Shapiro-Wilk and a Bartlett test,
respectively.
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Results

Loss of the marginal band in the combined absence
of adA- and B1-tubulins leads to platelet
spherocytosis

To evaluate the hypothesis that p1- and a4A-tubulin isotypes
cooperate in sustaining platelets’ discoid shape, we generated
a mouse strain doubly inactivated for these 2 isotypes (DKO)
(supplemental Figure 1A). DKO mice had reduced platelet
counts and increased volumes (with counts and volumes rep-
resenting 42% and 153% of those in wild-type [WT] mice,
respectively; Figure 1A-B). A similar but less pronounced
phenotype was observed in Tubb1-deficient mice (KOB1), with
counts and volumes representing 66% and 142% of the WT
values, respectively. By contrast, single knockout of Tuba4a
(KOA4A) did not significantly affect platelet counts and sizes.
No differences in leukocyte counts, red blood cell counts,
and hemoglobin concentration were observed between the
4 strains, showing that the defect is restricted to the platelet
lineage (supplemental Figure 1B-D). Apart from the remarkable
change in volume, platelets lacking a4A- and p1-tubulins
showed profound alterations of shape and ultrastructure. In
transmission electron microscopy images, almost all DKO
platelets (97%) lacked the typical discoid shape, with 73%
appearing as round and 24% as oval (Figure 1C-D). Focused ion
beam-scanning electron microscopy analysis illustrated the
spherical morphology of DKO platelets and also revealed a
slight increase in dense granule density but a normal density of
a-granules and mitochondria (supplemental Video 1 and sup-
plemental Figure 2A-C). Transmission electron microscopy
examination of KOB1 platelets confirmed the previously
reported loss of discoid shape’ and highlighted that these
platelets mostly displayed an ovoid or elliptical shape (68%)
rather than a fully round shape (24%). Therefore, the loss of the
p1-tubulin isotype alone is less deleterious than the loss of both
B1- and adA-tubulins.

In striking contrast with WT platelets, in which 9 to 12 bundled
microtubules were observed in transversal sections, microtu-
bules were very rarely visualized in DKO platelets, and when
observed, they appeared as separate entities (supplemental
Figure 3A). Fluorescence microscopy observation confirmed
the lack of a marginal band in 84% of DKO platelets, which
closely matches the proportion of round elements observed in
transmission electron microscopy (supplemental Figure 3B).
Taken together, the spherical shape of DKO platelets and the
profound microtubule deficiency compose a novel and unique
phenotype, distinct from that in normal and single tubulin
knockout platelets and differing from all known models of
macrothrombocytopenia.

One possible cause for the absence of a marginal band in DKO
mice could be an insufficient amount of tubulin dimers pre-
cluding efficient microtubule growth. Enzyme-linked immuno-
sorbent assay quantification of total a-tubulin indeed revealed a
decrease in total tubulin levels in DKO platelets, which repre-
sented 38% of those in the WT (Figure 1E). KOB1 platelets also
exhibited a decreased content of total a-tubulin (47% of WT
levels) but, contrary to the DKO, maintained the ability to
assemble a minimal marginal band composed of 3 to 4 micro-
tubules.” The additional decrease in tubulin content in DKO
platelets is somewhat moderate, but we cannot eliminate the
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possibility that it reaches subcritical concentrations for micro-
tubule polymerization.

An additional hypothesis to explain the defect is that microtu-
bule assembly is not altered in itself but that platelet microtu-
bules are unstable in the absence of these 2 essential isotypes.
To test this hypothesis, DKO platelets were treated with
paclitaxel (Taxol) in order to promote microtubule polymeriza-
tion. Remarkably, microtubules were clearly observed by
fluorescence microscopy in 85% of the platelets in paclitaxel-
treated platelets compared with only 15% in the untreated
DKO control (supplemental Figure 4A-B). A fraction of these
microtubule-positive platelets harbored a marginal band-like
structure, although the large majority presented a less struc-
tured microtubule array. As a control, paclitaxel was also tested
on WT, KOA4A, and KOB1 (supplemental Figure 4A). This did
not modify microtubule organization in the WT and KOA4A,
whereas microtubule labelling appeared more intense and drop
shape structures were observed in KOB1. Expression of a
number of non-tubulin proteins known to be involved in meg-
akaryopoiesis was additionally evaluated and found to be
normal in the DKO, pointing to a tubulin-restricted defect
(supplemental Figure 5). Altogether, these results suggest that
the lack of visible microtubules in DKO platelets could result
from a subcritical tubulin content or unstable microtubules
caused by the combined lack of 2 complementary isotypes.

Megakaryocyte maturation and proplatelet
extension are severely hampered in the absence
of adA- and p1-tubulins

The low platelet counts in DKO mice could possibly be due to
their increased removal from the circulation or a decreased
production. Platelet survival curves, generated by in vivo bio-
tinylation, were superimposable to those in the WT mice,
demonstrating a normal recirculation (Figure 2A). We then
examined whether megakaryopoiesis could be affected. The
proportion of bone marrow MEP and MKP progenitors
(Figure 2B-C), and the ploidy of CD42* megakaryocytes (MKs)
(supplemental Figure 6A) of DKO mice were similar to those in
the WT, KOA4A, and KOB1 mice. On the other hand, the MK
density was increased (Figure 2D), and fewer MKs reached the
most mature stage (stage Ill) in DKO compared with WT,
KOA4A, and KOB1 as analyzed by transmission electron
microscopy of the bone marrow (Figure 2E). In addition, a
number of DKO stage Ill MKs showed defects in their demar-
cation membrane system (DMS), with tighter membrane con-
tacts and signs of actin accumulation (Figure 2F). This defect
was also found in the KOA4A and KOB1 MKs but to a much
lesser extent. When MKs were differentiated from bone marrow
Lin™ progenitors, large DKO MKs were obtained, which, how-
ever, were unable to extend proplatelets, similar to KOB1 MKs
(supplemental Figure 6B). In contrast, KOA4A MKs formed
proplatelets normally. Therefore, the worsened macro-
thrombocytopenia of DKO mice when compared with KOB'1
could stem from additional megakaryocyte maturation defects.

adA- and p1-tubulin double deficiency severely
impacts hemostasis and thrombus formation
Peritoneal bleeding was noticed in DKO mice upon abdomen
incision, an event which was never observed in WT, KOA4A, or
KOB1 mice. To explore this further, tail bleeding assays were
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Figure 1. Loss of a4A- and B1-tubulins leads to severe spherocytosis and prevents marginal band formation. (A) Blood platelet counts of WT, KOA4A (A4A), KOB1 (B1),
and DKO mice. Results are expressed in 107/L. Bar graph represents the mean +SEM. Each data point corresponds to an individual mouse. N > 20 per strain. Statistical analysis
was conducted by 1-way analysis of variance (ANOVA) followed by Tukey honest significant difference (HSD) post-hoc test. (B) Mean platelet volumes of WT, KOA4A (A4A),
KOB1 (B1), and DKO mice. Results are expressed in fL. Bar graph represents the mean =SEM. Each data point corresponds to an individual mouse. Statistical analysis was
conducted by Welch ANOVA followed by Dunnett T3 post-hoc test. (C) Representative transmission electron micrographs of WT, KOA4A (A4A), KOB1 (B1), and DKO
platelets. The top panels correspond to a large field of view. The lower panels correspond to a close-up view, and higher magnifications in the lower right corners show a
cross-sectioned microtubule marginal band for WT, KOA4A, and KOB1 platelets that is absent in DKO platelets. Scale bar: 5 pm (top panel), 1 pm (bottom panel), and 250 nm
(lower right corner). (D) Distribution of WT, KOA4A (A4A), KOB1 (B1), and DKO platelets according to their morphology. Platelets were manually ranked based on their
morphology (disc, oval, or round). Results are expressed in % of each class. Bar graph (stacked) represents the mean +SEM, with at least >100 platelets per genotype counted.
Statistical analysis of the round morphology was conducted by 1-way ANOVA followed by Tukey HSD post-hoc test, with DKO as a reference. ***P < .001. (E) Enzyme-linked
immunosorbent assay quantification of total tubulin of platelet lysates of WT, KOA4A (A4A), KOB1 (B1), and DKO mice. Results are expressed in fg per platelet. Bar graph
represents the mean +SEM. Each data point corresponds to an individual platelet lysate, obtained from a single mouse. N > 3 per group. Statistical analysis was conducted by
1-way ANOVA followed by Tukey HSD post-hoc test.

performed, which revealed a marked bleeding tendency in 6% of WT, 16% of KOA4A, and 33% of KOB1 mice (Figure 3A).
DKO compared with WT mice, with a majority of DKO mice A possible reason for the increased bleeding severity in DKO
(71%) still bleeding 30 minutes after injury, in comparison with could be their low platelet count. To evaluate this, DKO mice

PLATELET SPHEROCYTOSIS HAMPERS HEMOSTASIS € blood” 24 NOVEMBER 2022 | VOLUME 140, NUMBER 21 2293

20z AeN €0 uo 1sanb Aq ypd-urew-6¢.2910-220Z-PIA” POOIA/80€SS02/0622/1.2/0 L /4pd-ajole/poojgieursuoneslqndyse//:diy woly papeojumoq



>
w
(g}

100 4 ns . P=.874 : 6 - . P =.802 :
N T 304 =987, T P>.999
R i ns = £
2 " IEE _?_ ) IELJ 4 o o
= ns 5 § 204 peo B g
£ 507 =P 27 | &
iy A4A ns P £, o'o
[ pAE4 -
B 254 B1 = S 101 =3
) a o
DKO S S
0 T T T T T 0 - 0 -
4 24 48 72 9 A4A - BT DKO A4A BT DKO

Time (hours)

D P <.001 E

P=.003
| —

IN
1

Stages: [l @I ]

A4A B1 DKO Ad4A B1 DKO

— 100

w
1
o

o©

g3

w
o
1

-
1

Megakaryocyte density
(per 16000 pum?2)
N

oo
Megakaryocyte (%

o
1

Figure 2. Megakaryopoiesis is severely hampered in the absence of «4A- and $1-tubulins. (A) Flow cytometry analysis of platelet survival by in vivo biotinylation in WT,
KOA4A (A4A), KOB1 (B1), and DKO mice. Graph represents the proportion over time of circulating biotin-labelled platelets. Results are expressed in %. Each symbol rep-
resents the mean +SEM. N = 4 for each strain. Statistical analysis was conducted by 1-way ANOVA followed by Tukey HSD post-hoc test (not significant [ns]: P> .05). (B-C) Flow
cytometry analysis of (B) megakaryocyte/erythroid progenitor (MEP) (Lin~ CD16/32™ Sca-1~ ckit” CD150" CD9dim) and (C) megakaryocyte progenitor (MKP) (Lin~ CD16/32~
Sca-17 ckit” CD150" CD9%bright) populations in freshly isolated, lineage-depleted bone marrow cell suspensions from WT, KOA4A (A4A), KOB1 (B1), and DKO mice. Results
are expressed as % of the Lin™ CD16/32™ Sca-1" ckit” cell population. Bar graphs represent the mean +SEM. Each data point corresponds to an individual experiment. N = 3.
Statistical analysis was conducted by 1-way ANOVA followed by Tukey HSD post-hoc test. (D) Megakaryocytes were manually counted from transmission electron micrographs
of bone marrow sections of WT, KOA4A (A4A), KOB1 (B1), and DKO mice. Results are expressed as number of megakaryocytes per unit of surface (16 000 um?). Bar graph
represents the mean +SEM. Each data point corresponds to an individual mouse. Statistical analysis was conducted by 1-way ANOVA followed by Tukey HSD post-hoc test.
(E) Megakaryocytes from WT, KOA4A (A4A), KOB1 (B1), and DKO mice were manually classified (stages |, Il, and IIl) based on morphologic criteria, evaluated from transmission
electron micrographs of bone marrow sections. Results are expressed as % of each class. Stacked bar graph represents the mean +SEM. N = 3 with at least 30 megakaryocytes
counted per preparation. Statistical analysis of the stage Ill megakaryocytes was conducted by 1-way ANOVA followed by Tukey HSD post-hoc test, with DKO as a reference.
***P < .001. (F) Representative transmission electron micrographs of stage Ill megakaryocytes observed in bone marrow sections of WT, KOA4A (A4A), KOB1 (B1), and DKO
mice. Bottom panels show close-up views of the demarcation membrane system. Scale bar, 5 pm (top panels) and 2 pm (bottom panels).

were treated with the thrombopoietin-analog romiplostim to
increase their platelet counts without modifying the platelet
volume (supplemental Figure 7A-B), a treatment which was
adapted to preserve the expression of key surface glycoproteins,
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including the collagen receptor GPVI, and normal activation
(supplemental Figure 7C-D). Under these conditions, there was
no improvement of the bleeding diathesis, despite platelet
counts reaching WT levels (Figure 3A).
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Figure 3. Loss of a4A- and 1-tubulins severely impairs hemostatic and thrombotic responses in vivo. (A) Percentage of bleeders over time following a 3-mm tail-tip
amputation for WT, KOA4A (A4A), KOB1 (B1), and DKO mice and romiplostim-treated DKO mice (DKO+R). Results are represented as Kaplan-Meier survival curves. For
romiplostim-treated animals, mice were administered a single dose (100 pg/kg) 6 days prior to the experiment. N > 6 per group. Statistical analysis was conducted by the log-rank
test. (B) Representative fluorescence micrographs of thrombi formed at 14, 24, and 40 minutes after topical application of FeCls to the carotid artery of WT, KOA4A (A4A), KOB1
(B1), and DKO mice. Platelets were labeled by 3,3'-dihexyloxacarbocyanine iodide injection. (C) Thrombus area quantification after topical application of FeCls to the carotid artery

of WT, KOA4A (A4A), KOB1 (B1), and DKO mice. Results are expressed in mm? as a function of time (minutes). N > 5 per strain. (D) Representative scanning electron micrographs
of WT and DKO thrombi in transsectioned carotid arteries that have been fixed 7 minutes after topical application of FeCls. (E) Percentage of survival over time of WT, KOA4A
(A4A), KOB1 (B1), and DKO mice in a venous thromboembolism model following an injection in the jugular vein of a mixture of collagen (0.8 mg/kg) and adrenaline (60 pg/kg).

Results are represented as Kaplan-Meier survival curves. N > 3 per group. Statistical analysis was conducted by the log-rank test. Scale bars, 300 um (B) and 2 pm (D).

We then asked whether the hemostatic defect would be
accompanied by a decreased capacity to form a thrombus
in vivo. In a carotid FeCls-injury model, which combines high
shear rate conditions and a damage to the endothelium,’* only
a thin layer of platelets accumulated at the site of lesion in DKO,
whereas thrombi progressively grew to almost occlude the
artery in WT mice (Figure 3B). At its maximum, DKO thrombus
size only represented 14% of that in WT animals (Figure 3C and
supplemental Figure 8). Close examination at the injury site by
scanning electron microscopy revealed that the inner wall of the
vessel was unevenly covered by platelets in DKO mice, leaving
most areas with only a few layers of platelets and devoid of
major aggregates. Close-up views showed that these platelets
were loosely packed and appeared as spherical elements
extending filopodia (Figure 3D). In contrast, the thrombus was

PLATELET SPHEROCYTOSIS HAMPERS HEMOSTASIS

voluminous in the WT, showing densely packed platelets in its
center and loosely aggregated discoid platelets at the outer
surface, in agreement with the previously described core/shell
architecture of these thrombi."> Thrombus formation in KOA4A
and KOB1 mice differed from that in DKO, since it reached a
maximal surface close to that in WT with, however, a tendency
towards faster resorption.

In view of the loose aspect of the thrombi in the DKO, we next
examined whether these mice would have a lower tendency to
occlude their microcirculation in a model of thromboembolism
induced by a jugular injection of a mixture of collagen and adren-
aline. Whereas the WT and single knockout mice all died rapidly
after injection, DKO mice were protected against death, with 83%
survivors during a 30-minute observation period (Figure 3E).
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Decreased flow-dependent adhesion and
aggregation

Abnormal hemostasis and thrombosis in DKO mice could
originate from defective platelet activation responses. At a
resting state, the major platelet glycoproteins (corrected for
the platelet surface) were not decreased in DKO platelets
(supplemental Figure 9A). P-selectin exposure (which reflects
a-granule release) and serotonin secretion (which reflects
8-granule release) remained comparable to those in WT in
response to a range of concentrations of thrombin or CRP and
thrombin or collagen, respectively (supplemental Figure 9B-C).
Similarly, platelet aggregation in a turbidimetric assay was not
decreased but rather slightly increased in DKO mice following
activation by ADP, thrombin, or collagen (supplemental
Figure 10) and collagen + adrenaline stimulation (supplemental
Figure 11), thus questioning an intrinsic defect in intracellular
signaling under the low shear conditions of these types of assays.
The preserved ability of DKO platelets to interact in the
aggregometer suggested that, in vivo, these platelets could
incorporate within a thrombus forming in WT mice. This was
indeed observed when fluorescently labelled DKO platelets
were transfused into WT mice before FeCls-injury of the carotid
artery (supplemental Figure 12). Finally, adhesion assays were
performed on fibrinogen and collagen matrices in which
increased spreading was observed for DKO platelets and to a
lesser extent for TUBB1 platelets (supplemental Figure 13). The
significance of this increased response for the hemostatic and
thrombosis defects is open to question in view of the disputed
role of platelet spreading on thrombus formation."®

The primary event in platelet plug formation in vivo is their
shear-dependent interaction with VWF that could be affected
by the abnormal platelet shape in DKO. To explore this, we
performed blood perfusion studies in microchannels coated
with a VWF-binding antibody, which allows for VWF capture
directly from the blood that is perfused in the microfluidic
device. Care was taken to confirm equal levels of plasma VWF
in DKO mice (supplemental Figure 14) and to allow a slight
delay before recording the videos to ensure the proper cap-
ture of the plasma VWF. In this assay, whereas WT and KOA4A
platelets adopted a sliding or flip-flop mode of displacement,
KOB1 and DKO platelets rolled over the VWF matrix. This
occurred at a much higher speed for DKO platelets compared
with KOB1, KOA4A, and WT platelets (Figure 4A-D). In addi-
tion, DKO platelets were more easily detached from the matrix
when compared with KOB1 (Figure 4E-F). Interestingly, this
abnormal interaction was observed at both high (3000 s™') and
low (500 s') shear rates, suggesting that it could affect
hemostasis equally in the arteries and veins.

Additional flow-dependent defects were explored upon
exposure to the more reactive collagen matrix, which results in
the formation of platelet thrombi upon perfusion of WT blood.
Time-course analyses revealed a delay in thrombus buildup
when DKO blood was perfused and a significant decrease in
the surface area occupied by platelets representing 66% of
that in WT at 1.75 minutes (Figure 5A-B). Similar results were
obtained when the platelet count was brought to normal
values by romiplostim administration, indicating that formation
of smaller thrombi was not due to the lower platelet count.
Altogether, these results strongly suggest that the abnormal
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platelet shape is an important contributor of the hemostatic
defects in DKO mice.

Discussion

Of all the blood cellular components, platelets uniquely exhibit
a very small size and a discoid shape maintained by the
microtubule marginal band. This flat morphology endows
platelets particular hydrodynamic properties and has long been
hypothesized to contribute to hemostasis. The hypothesis,
however, has been questioned when KOB1 mice showed no
major bleeding tendency despite presenting with platelets
lacking the typical disc-shaped morphology. Nonetheless,
these results do not fully disprove the original theory, since
KOB1 platelets still exhibit a residual marginal band composed
of 2 to 3 microtubules, leaving their platelets ovoid rather than
fully spherical.” Here, we have generated a mouse model
doubly inactivated for B1- and adA-tubulins, which presents
macrothrombocytopenia with an unprecedented degree of
platelet spherocytosis due to a complete lack of marginal band.
Interestingly, the double deletion had a profound negative
impact on hemostatic and thrombotic responses in vivo. This
could not be attributed to an overall decrease in platelet
reactivity but was more likely caused by inefficient matrix
interaction and an impaired capacity to form cohesive aggre-
gates under hemodynamic conditions.

Presently, the role of microtubules in platelet biogenesis
remains poorly defined. In view of the abnormal DMS of DKO
megakaryocytes, it becomes clear that this cytoskeleton is
involved in some way in the generation of this structure.
Microtubules are known to play a role in cargo transport from
the Golgi complex.""'® This opens the possibility of similar
functions for DMS formation, which is fueled from the plasma
membrane and also from the Golgi apparatus.'® The other clear
evidence from this DKO model is that a4A- and B1-tubulins
functionally cooperate to assemble the platelet marginal
band. Their exact contribution to this process remains, however,
unclear. Knowing that growing microtubules have been
observed in circulating platelets, it is likely that tubulin poly-
merization might take part in marginal band formation in vivo.?
Therefore, the quantitative deficit in total tubulin of DKO
platelets could well result in suboptimal concentrations that
may prevent proper microtubule polymerization. Another
hypothesis to explain the lack of marginal band in DKO plate-
lets is that microtubules lacking the p1- and a4A-tubulins may
be less amenable to bend and to form such structure. This
hypothesis is supported by the fact that f1-tubulin was shown
to induce bends in CHO cells®' and that microtubule buckling
in muscle cells is reduced when tubulin tyrosination levels
are increased,”? such as when the naturally detyrosinated
adA-tubulin isotype is missing.* Altogether, the combination of
reduced tubulin content and the potential inability of microtu-
bules to curve could account for the absence of marginal band
in DKO platelets. In agreement with this, the microtubule agent
paclitaxel, which stabilizes growing microtubule and decreases
their flexural rigidity,”® partially restores this phenotype. At
variance with the macrothrombocytopenia observed in the
Tubada V260E mutant mice,* Tuba4a knockout mice presented
with near-normal platelet counts and volumes. This could be
due to compensation by other a-tubulins, whereas the mutated
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Figure 4. Platelet adhesion onto VWF under flow is reduced in the absence of a4A- and f1-tubulins. (A-B) Representative differential interference contrast (DIC)
micrographs of WT, KOA4A (A4A), KOB1 (B1), and DKO platelets rolling onto captured VWF at (A) 500 and (B) 3000 reciprocal seconds (s1). Hirudinated whole blood was
perfused into polydimethylsiloxane channels coated with the VWF-capturing peptide (VA3-11-23, 100 pg/mL). Blood was allowed to flow for 15 seconds before recording
videos. For each micrograph, the dotted white circle indicates the initial position of 1 platelet, and the full white circle indicates its position after 800 ms. Scale bar: 10 pm. (C-D)
Rolling velocity of WT, KOA4A (A4A), KOB1 (B1), and DKO platelets onto captured VWF at (C) 500 and (D) 3000 reciprocal seconds (s™). Velocities are expressed as pm/s and
were determined based on DIC recordings. Bar graphs represent the mean =SEM. Each symbol indicates an individual flow. N = 3 per strain, with >15 platelets counted per
individual flow. Statistical analysis was conducted by 1-way ANOVA followed by Tukey HSD post-hoc test. (E-F) Platelet detachment from the VWF surface at (E) 500 and
(F) 3000 reciprocal seconds (s™') was determined by tracking individual KOB1 (B1) and DKO platelets during 30 seconds on DIC recordings. Results are expressed in %. Bar
graphs represent the mean =SEM. Each symbol indicates an individual flow. N = 3 per strain, with >15 platelets counted per individual flow. Statistical analysis was conducted

by unpaired 2-tailed t test.

form could have a dominant effect through its misincorporation
in microtubules.

Round platelets can be obtained by chemical treatment or cold
exposure to depolymerize their marginal band, but this occurs
at the expense of their activation and uncontrolled cytoskeletal
modifications, thereby preventing proper evaluation of the
discoid shape in platelet functions. Here, our genetic approach
allowed us to circumvent these limitations and provided an
ideal model to explore this question. Despite their profound
spherocytosis and the lack of marginal band, DKO platelets
presented no other structural anomaly and did not exhibit signs
of activation at rest, and their responses to the examined
agonists were well preserved. Therefore, the marked bleeding
tendency observed in DKO mice represents the strongest evi-
dence to date that the native platelet discoid shape sustained
by its microtubule scaffold is required for normal hemostasis,
supporting a long-standing proposal in the field. Such a severe
bleeding stands out from previous mouse models with tubulin
deficiencies and is usually observed only when platelets are
missing essential platelet receptors such as integrin allbp3 or
GPIb-IX or in the occurrence of a profound thrombocyto-
penia.?*?® Arguably, DKO mice have a decreased platelet
count, but it still represents 42% of that in WT mice. This level is
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well above the reported threshold of 100 to 25.10° platelets/L
(~10% to 2.5% of WT) for bleeding occurrence in mice.?® More
importantly, bleeding was still observed when the platelet
count of DKO mice was brought to normal levels. Moreover,
KOB1 mice, which are also moderately thrombocytopenic
(65% of WT), did not exhibit a severe bleeding. Altogether,
these results strongly support the notion that the bleeding
deficiency in DKO mice is largely influenced by the abnormal
platelet shape provided by the absence of a supportive
microtubule cytoskeleton.

In addition to increased bleeding, DKO mice also exhibit a
major defect in thrombus formation in a classic FeCls arterial-
injury model. Remarkably, thrombus buildup was nearly abro-
gated, resembling the most severe defects observed in the
absence of essential platelet receptors such as GPlb-IX, integrin
allbp3, or P2Y12.24%7:28 Here again, the low platelet count is
not expected to play a major role since thrombus formation is
only severely impaired when platelet counts reach ~10% of
normal levels in a carotid artery FeCls-injury model.?® In addi-
tion, the possibility of a vessel-related defect in the observed
in vivo phenotypes seems very unlikely since WT mice trans-
planted with DKO hematopoietic progenitors also exhibited
smaller-size thrombi compared with WT mice transplanted with
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Figure 5. Platelet aggregates formation onto type | collagen matrices under flow is impaired in the absence of a4A- and B1-tubulins. (A) Representative DIC
micrographs of aggregates formed after perfusion of hirudinated blood of WT, KOA4A (A4A), KOB1 (B1), DKO, and romiplostim-treated DKO (DKO+R) mice for 105 seconds
at 3000 reciprocal seconds (s™") into type-I collagen-coated (200 pg/mL) polydimethylsiloxane channels. Scale bar, 50 pm. (B) Bar graph representing the mean surface +SEM of
WT, KOA4A (A4A), KOB1 (B1), and DKO mice and romiplostim-treated DKO aggregates formed under the same condition. Results are expressed in pm? Each symbol
indicates an individual flow. N > 3 per group, with at least 250 aggregates counted per individual flow. Statistical analysis was conducted by 1-way ANOVA followed by Tukey

HSD post-hoc test.

WT progenitors (supplemental Figure 15). In DKO, the thrombi
remained of small size even at late observation times, indicating
that inefficient platelet accretion was not simply due to a
delayed process. Rather, this suggested that the spherical
shape of the platelets is hampering either their margination by
erythrocytes or their interaction with the injured vessel and the
initially attached platelets. Numerical simulations (supplemental
Figure 16) predict similar margination capacity for WT and DKO
platelets towards the cell-free layer. Therefore, spherocytosis
on its own is not expected to significantly affect margination,
which is equally not influenced by the erythrocyte count that is
equivalent to WT levels. However, once inside the cell-free
layer, their dynamics diverge. The difference in shapes results
in significantly higher lift and drag forces on the spherical DKO
platelets, which effectively reduce their time availability and
thus the chance for binding at the wall.

Flow experiments on VWF, which explore in vitro the first stage
of platelet interaction with the exposed subendothelium,
revealed higher translocation speeds and easier detachment of
DKO platelets. This behavior has been previously observed in
VWF flow studies of normal human platelets on their spherical
transformation during high-shear perfusion, reflecting an active
state.® In our study, perfusion was initiated with spherical plate-
lets at a resting state, and their interaction defect was observed
at high and low shear rates. Flow studies on a collagen matrix
at high shear, corresponding to those of the carotid artery,?
further revealed formation of smaller aggregates in the DKO,
reminiscent of the observations in the FeClz thrombosis
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model. Altogether, the in vitro flow studies indicate that the
lack of a microtubule network and associated sphericity result
in a combined deficiency in platelet attachment to the matrix
and thrombus buildup. A plausible explanation for the resis-
tance to death in DKO mice is that friable aggregates are more
easily cleared under the high-shear conditions of the pulmo-
nary microcirculation. It is noteworthy that platelet deform-
ability, which has not been investigated here, could also be
modified in the absence of a marginal band and therefore
influence platelet behavior under flow.*°

In conclusion, our study presents the strongest evidence to
date that the discoid shape of blood platelets is more than an
accessory attribute but is perfectly suited to favor interaction with
the injured vessel wall and that its absence drastically hinders
hemostasis. One open question at this stage is whether spher-
ocytosis could also impact non-hemostatic functions of platelets.
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