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Abstract

Bleeding heterogeneity amongst patients with immune thrombocytopenia (ITP) is poorly
understood. Platelets play a role in maintaining endothelial integrity, and variable
thrombocytopenia-induced endothelial changes may influence bleeding severity. Platelet-derived
endothelial stabilizers and markers of endothelial integrity in ITP are largely underexplored. We
hypothesized that, in a canine ITP model, thrombocytopenia would lead to alterations in
endothelial ultrastructure and that von Willebrand factor (vWF) would serve as a marker of
endothelial injury associated with thrombocytopenia. Thrombocytopenia was induced in healthy
dogs with an anti-platelet antibody infusion; control dogs received an isotype control antibody.
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Cutaneous bhiopsies were obtained prior to thrombocytopenia induction, at platelet nadir, 24 hours
after nadir, and on platelet recovery. Cutaneous capillaries were assessed by electron microscopy
for vessel thickness, number of pinocytotic vesicles, number of large vacuoles, and number of gaps
between cells. Pinocytotic vesicles are thought to represent an endothelial membrane reserve that
can be used for repair of damaged endothelial cells. Plasma samples were assessed for VWF. ITP
dogs had significantly decreased pinocytotic vesicle numbers compared to control dogs (P=
0.0357) and the increase in plasma VWF from baseline to 24 hours correlated directly with the
endothelial large vacuole score (R = 0.99103; P<0.0001). This direct correlation between plasma
VWF and the number of large vacuoles, representing the vesiculo-vacuolar organelle (VVO), a
permeability structure, suggests that circulating VWF could serve as a biomarker for endothelial
alterations and potentially a predictor of thrombocytopenic bleeding. Overall, our results indicate
that endothelial damage occurs in the canine ITP model and variability in the degree of endothelial
damage may account for differences in bleeding phenotype among patients with ITP.
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Introduction

Severe thrombocytopenia can result in fatal bleeding. Surprisingly, there is great variability
in bleeding manifestations in thrombocytopenic patients, suggesting that factors other than
platelet count determine the phenotype. While platelets play a pivotal role in the formation
of hemostatic clots at the sites of vascular injury, petechial hemorrhages and capillary
leakage also occur with thrombocytopenia in the absence of vascular injury. The fact that
bleeding can occur without vascular injury has led to the idea that platelets support the
vascular endothelium and maintain the structural integrity of intact blood vessels [1], [2].

The ultrastructural manifestations of thrombocytopenia on the endothelium are disputed.
Kitchens and colleagues reported capillary endothelial thinning in experimental
thrombocytopenia in rabbits and in spontaneous severe thrombocytopenia in humans [3], [4].
However, other electron microscopic studies from a variety of thrombocytopenic animal
models did not demonstrate ultrastructural changes in the microvascular endothelium [1],

(5], [6], [7].

Similarly, the mechanism by which platelets support vascular integrity is incompletely
understood. Platelets produce many soluble vasoactive mediators that may support their
vascular-stabilizing function. Which mediator, or combination of mediators, is the most
important in the maintenance of endothelial integrity remains unknown. Sphingosine 1-
phoshate (S1P), a lysosphingolipid, is one such candidate platelet-derived mediator that
serves to maintain inter-endothelial cell junctions [8] [9-12]. Markers of endothelial
integrity that might reflect endothelial alterations in ITP, and perhaps allow clinicians to
predict bleeding risk, are also unexplored. Von Willebrand factor (vVWF) has served as a
biomarker of endothelial dysfunction in other diseases like hemorrhagic fever and sepsis [13,
14] and it may serve a similar role in ITP.
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A major unanswered clinical question centers on the factors that determine which
thrombocytopenic patients will bleed in the absence of trauma. One possible explanation for
the variable clinical phenotype is inter-individual differences in endothelial integrity, perhaps
related to differences in the capacity of the remaining circulating platelets to maintain
vascular integrity.

In the context of a previously described canine model of immune thrombocytopenia (ITP)
[15], we hypothesized that thrombocytopenic bleeding is caused by ultrastructural
alterations in the microvascular endothelium. We selected cutaneous endothelium because
the skin is a common location for thrombocytopenic bleeding (petechiae and ecchymoses)
and cutaneous sites are readily accessible for sampling at multiple time points. We also
examined plasma levels of the endothelial-stabilizing factor, S1P, to determine whether S1P
levels are related to endothelial ultrastructure. Finally, we evaluated plasma vVWF as a
potential indicator of endothelial ultrastructural changes [16].

Materials and Methods

Animals

The methods are described in more detail in the Supplementary information methods
section.

Eight healthy adult (median age 2 years old; range 1-4) intact male mixed breed dogs were
used in this study (28.4 + 5.6 kg). Research dogs were loaned from Francis Owen Blood
Research Laboratory at the University of North Carolina at Chapel Hill or Laboratory
Animal Resources at the North Carolina State College of Veterinary Medicine (NCSU) as
described [15]. All protocols were approved by the Institutional Animal Care and Use
Committee of North Carolina State University.

Induction of Thrombocytopenia

As previously described, dogs (n=5) were infused with a murine monoclonal anti-GPllb
antibody (2F9) in order to model ITP and generate predictable severe thrombocytopenia
(target nadir 5,000 to 30,000 platelets/ul) [15]. Control dogs (n=3) were infused with an
IgG2a isotype control antibody (anti-yellow fever antibody; a YFA or CRL-1689.1). 2F9 is
specific for GPIIb (CD41) as previously demonstrated by Western Blot analysis [15].
Significantly, GPIlb is absent on endothelial cells [17].

Blood sampling and preparation

S1P levels were measured at the following time points: baseline, time zero (when platelet
count first fell into the target nadir range or 1 hour after control antibody administration), 2,
4, 6, 8,12, 24 hours, and then every 24 hours until platelet count returned to baseline and
new bleeding stopped, whichever came later (168-384 hours). This last time point was
termed “recovery.” See Supplementary methods for blood processing details.
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Bleeding quantification

At the time of each blood draw, bleeding was assessed by one author using a bleeding scale

that quantifies bleeding at 8 anatomic sites. The scale was adapted from the human ITP
bleeding scale as described [15, 18].

Biopsy procurement and tissue processing

Histology

Dogs were sedated for biopsy procurement at baseline, time of initial platelet nadir (time
zero), 24 hours after platelet nadir, on platelet count recovery (recovery), and at the time of
any observed clinical signs of spontaneous cutaneous hemorrhage (timepoint termed bleed).
Sedation was achieved with intravenous dexmedetomidine dosed to effect (range 3.6-21.9
ug/kg) (Dexdomitor, Pfizer Animal Health, N, NY). Cutaneous biopsies were collected
from the region of the dorsal flank using 8 mm biopsy punches (Miltex, York, PA) and
biopsy sites were closed with 3-0 PDS Il (Ethicon, Inc., Somerville, NJ). Skin biopsies were
also taken if dogs developed pronounced cutaneous ecchymoses, with sample collection at
the border of the ecchymoses and normal skin.

Immediately following surgical collection, two 8 mm skin punch biopsy samples were
processed for histopathology and transmission electron microscopy using standard methods
as described in the Supplementary methods.

Histological sections were randomized (Random.org) and evaluated by a board certified
veterinary pathologist (KEL) who was blinded to specimen identity. Sections were evaluated
for lesions and scored for evidence of inflammatory cells, hemorrhage, edema, vessel
thrombosis and endothelial cell hypertrophy. Scoring of each of these changes followed a
standard lesions severity scale; 0 = no change, 1 = minimal change, 2 = mild change, 3 =
moderate change and 4 = marked change.

Electron microscopy

Tissues were examined using a LEO EM910 transmission electron microscope operating at
80KV (Carl Zeiss SMT, Inc., Peabody, MA) at magnifications of 5,000, 10,000, and 20,000
as described in further detail in the supplementary methods. Initially at all time points of one
2F9-treated dog were examined to determine what time points would be the most
informative. As greater thinning was demonstrated at 24 hours than at the platelet nadir, in
subsequent dogs, only tissues from baseline, 24 hours, and at the time of a bleed were
examined. After method development, the electron microscopist (DNL) was blinded to the
time point or treatment group.

A board certified veterinary pathologist (REC) who was blinded to sample identity evaluated
all photomicrographs. Mean thickness of each capillary was determined using the 5,000
magnification electron micrographs. If the entire capillary was not captured in one
micrograph, Gnu image manipulation program (GIMP) 2.8 was used to create a montage of
micrographs to form a complete vessel. A grid with straight lines every 22.5 degrees like
spokes on a wheel was randomly superimposed on the capillary as shown in Figure
1A.Intersections between grid lines and the point at which they crossed the basal lamina
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were used, enabling a randomized selection of points at which to measure cell thickness.
Perinuclear regions were excluded because of the inherent increased thickness in size of that
region. At each intersection, a line perpendicular to the basal lamina was drawn towards the
lumen and its length measured. Up to 16 thickness measurements were taken of a given
vessel and the mean vessel wall thickness was determined for each animal/time point.

Evaluation of capillaries for ultrastructural features was performed at magnifications of
5,000, 10,000, and 20,000. Each capillary was examined for pinocytotic vesicles (0.07-0.08
um), large vacuoles (>0.1 um), and number of gaps between cells. Figure 1 demonstrates
these terms. Scoring of pinocytotic vacuoles was performed as follows: 0 —absent, 1 —rare, 2
—present multifocally, 3 —present diffusely; grading of large vacuoles was 0 —absent, 1 —
focal, 2 —-multiple, 3 —numerous/ many. Average humber of gaps between cells was
determined by averaging the number of gaps per each individual capillary in a given section.

Sphingosine 1-phosphate (S1P) measurement

Platelet poor plasma samples were analyzed at the University of Kentucky Gill Heart
Institute for determination of plasma S1P and dihydroS1P (dhS1P) levels. Lipids were
extracted from plasma using acidified organic solvents, as previously described using 50
pmol of a C17-S1P internal standard [19],[20]. S1P levels were measured using ultra-fast
liquid chromatography coupled with electrospray ionization tandem mass spectrometry as
previously described [19].

Von Willebrand factor measurement

Plasma von Willebrand factor (VWWF) concentration was assessed as a marker of endothelial
cell damage. Platelet free plasma von Willebrand factor concentration [von Willebrand
factor antigen (VWF:Ag)] was measured at the Comparative Coagulation Laboratory
(Animal Health Diagnostic Center, Cornell University) using an ELISA,[21] configured with
monoclonal anti-canine VWF antibodies. A canine plasma standard, with an assigned value
of 100% vWF:Ag, was prepared at the Coagulation Laboratory as a pooled plasma collected
from 20 healthy dogs and stored in single-use aliquots at —=70° C.

Platelet Counts

Platelet counts were determined from EDTA whole blood by the Clinical Pathology
Laboratory at NCSU using an Advia 120 (Siemens Healthcare Diagnostics, Inc., Norwood,
MA) or manual hemocytometer counts if platelets were <10,000 platelets/ul as previously
described [15].

Assessment of platelet activation state via flow cytometry

As an alternative explanation for variable bleeding phenotypes, platelet reactivity to agonists
was assessed by two different flow cytometric methods. Platelet surface expression of P-
selectin in response to graded thrombin concentrations was used to determine thrombin
EC50 as previously described and as detailed in supplemental methods [22]. Ability of
platelets to generate coated platelets in response to dual stimulation with thrombin and
convulxin was also performed as previously described and as detailed in supplemental
methods [23].
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Statistical analysis

For electron micrograph parameters (vessel thickness, average number of gaps between
cells, average number of gaps between cells and basement membrane, large vacuole score,
pinocytotic vesicle score), the Kolmogorov-Smirnov test was performed to test the changes
from baseline to 24 hours between treatment and control groups. The generalized estimating
equation (GEE) was applied to model the repeated measures of S1P, VWF:Ag, and dhS1P.
The model included the time effect and treatment effect as covariates. It assumed an
independent correlation structure to address the correlation within the repeated measures.
The GEE model was also applied to test the association between S1P and platelets and the
association between hematocrit and S1P. We further evaluated the association between the
bleeding scores and the variables (S1P, dhS1P, vVWF:Ag) by using the GEE model. The
Spearman correlation between the variables (S1P, vVWF:Ag, bleeding scores) and the EM
parameters (vessel thickness, vessel pinocytotic score, vessel large vacuole score, space
between cells) was calculated for the observations at baseline, 24 hours, and the change from
baseline to 24 hours, respectively. The Spearman correlation was tested by a t-test with n-2
degrees of freedom, where n is the total sample size. Similarly, the Spearman correlations
between the platelet count and the variables (VWF, vessel thickness, gaps between cells, gaps
between cells and BM, large vacuole score, pinocytotic vesicle score, bleeding score) were
also assessed. All analyses were performed using SAS 9.3 software (SAS Institute, Cary,
NC). All the tests are evaluated at the significance level of 0.05.

Results

Platelet count in response to antibody infusion

Platelet counts are shown in Figure 2. In 2F9-treated dogs, platelet nadir was 4,000 to
11,000 platelets/ul (compared to baseline counts of 183,000 to 329,000 platelets/pl) and
nadir platelet counts were on average 3% of baseline counts. Variable, but generally mild
mucocutaneous bleeding was noted in 2F9 treated dogs as previously described [15]. Platelet
counts in 2F9-treated dogs remained below 40,000 platelets/ul for 24 hours, after which time
counts began to spontaneously recover. No changes in platelet count were observed in the
dogs treated with control antibody.

Histological observations

Supplementary Table 1 demonstrates the light microscopic data. Minimal changes were seen
in most specimens.

Ultrastructural observations

Sections from the skin of the 3 control dogs and the 5 2F9-treated dogs were examined at
baseline and after 24 hours of thrombocytopenia or 24 hours after control antibody
administration.

Normal dogs

Figure 3 demonstrates a normal cutaneous capillary sampled from a dog at baseline with
abundant pinocytotic vesicles, no endothelial cell-cell gaps, and a tightly apposed cell
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junction. A basement membrane surrounds the vessel and supporting pericytes are present.
The vessel is composed of non-fenestrated continuous endothelium typical of normal
cutaneous vasculature [24]. In the normal dogs (baseline samples), capillary wall thickness
in regions away from the endothelial nuclei varied from 0.62 to 0.95 pum.

Endothelial ultrastructural changes in ITP

Figure 5 and Table 1 show the ultrastructural data. After 24 hours of thrombocytopenia,
thrombocytopenic vessels have significantly decreased numbers of pinocytotic vesicles from
baseline when compared to changes in time-matched controls (P<0.0357) (Table 1; Figures
4-5). Thrombocytopenic microvascular endothelium tends to have increased numbers of
large vacuoles and increased gaps between endothelial cells compared to baseline
endothelium (Table 1; Figure 5C-D). These alterations are consistent with changes that
would increase vascular permeability. However, these findings were not statistically different
compared to time-matched controls (P=0.68 for change in vacuoles; P=0.29 for change in
spaces between cells). There is no difference in vessel thickness in thrombocytopenic
compared to control dogs (P=0.86) and the variation in vessel thickness is high in all
samples. The standard deviation for vessel thickness in all baseline samples was 0.31 pm.
Bleeding scores were not significantly correlated with any endothelial ultrastructural
parameters.

Endothelial ultrastructural changes were observed in dogs with ecchymoses

Two dogs developed large ecchymoses (one on the abdominal skin and one on the axillary
skin) that coincided with ultrastructural endothelial changes including pale swollen
endothelial cells and gaps between adjacent endothelial cells (Figure 6A; 6C). In the dog
that developed the large abdominal bruise, prominent inter-endothelial cell gaps were
present after 24 hours of thrombocytopenia, which was 24 hours prior to the development of
the bleed (6B). For comparison, a normal endothelial cell junction is pictured in Figure 6D.
Compared to each dog’s baseline capillaries, capillaries in these bleed biopsies had increases
in the average number of spaces between endothelial cells and the number of large vacuoles
as well as decreases in the number of pinocytotic vesicles (Table 2). One dog’s mean vessel
wall thickness at bleed was reduced from that of baseline; the other dog had a slight increase
in thickness from baseline (Table 2). Histopathologic evaluation of tissues was also
consistent with hemorrhage; no other explanation for the ecchymoses such as thrombosis or
vasculitis was apparent (Supp Table 1).

Platelet reactivity in relationship to bleeding

As an alternative explanation for variable bleeding phenotypes, platelet hemostatic function
was also assessed throughout the study using flow cytometry. Bleeding scores were not
correlated with platelet reactivity (measured by coated platelet numbers and EC50 thrombin;
data not shown). In the two dogs that developed ecchymoses, platelet reactivity was equal to
or greater than their baseline at the time that new bleeding occurred (Figure 7).
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ITP is associated with a reduction in plasma S1P

Plasma S1P had a linear association with platelet count in treated and control dogs over all
time points (P <0.0356) (Supplementary Figure 2). Hematocrit was evaluated as a potential
confounder. As has been previously reported in humans, hematocrit was significantly
correlated with plasma S1P (P<0.0001) [19], but was not significantly correlated with
platelet count. Thus, it cannot be concluded that hematocrit is a confounder in the
correlation between S1P and platelet count. Despite the relationship between platelet count
and plasma S1P, there were no correlations between plasma S1P and endothelial thickness or
the evaluated endothelial ultrastructural parameters at baseline and 24 hours. Similarly, there
was no significant correlation between plasma S1P and bleeding score at baseline or at 24
hours.

Plasma Von Willebrand factor correlates with endothelial large vacuole score

In both 2F9-treated dogs and in control dogs, plasma VWF:Ag increased similarly over time
(difference over time P <0.0001; difference between treatment groups P =0.78; Figure 8).
The change in plasma vVWF:Ag from baseline to 24 hours correlated directly with the change
in endothelial large vacuole score (R=0.99103, P<0.0001). Plasma VWF:Ag was also
directly correlated with pinocytotic vessel score (R = 0.93415; P<0.0007) at 24 hours. There
were no correlations between plasma vVWF:Ag and endothelial thickness, the other evaluated
endothelial ultrastructural parameters, or bleeding score.

Discussion

ITP patients have varied bleeding phenotypes, and it is not possible to accurately predict
which patients will bleed based on severity of thrombocytopenia alone. We hypothesized
that variations in endothelial integrity may influence bleeding. In a canine model of ITP, we
observed changes in the endothelial ultrastructure of cutaneous vessels during severe
thrombocytopenia. Most notably, pinocytotic vesicles decreased significantly in the
thrombocytopenic endothelium. The exact mechanism of vesicle decrease is unknown but
vesicle reduction is observed in several other examples of endothelial damage including
methotrexate toxicity, hypoxia, and snake bite envenomation [25],[26], [27]. Pinocytotic
vesicles provide a reserve of plasma membrane and can be translocated to the endothelial
cell surface by exocytosis when there is a demand for increased membrane either due to
cellular distention or membrane damage [25]. This is believed to be the reason for vesicle
decrease following snake bite envomenation [25]. Formation of pinocytotic vesicles is an
energy dependent process [28]. An alternate explanation for their observed decrease is an
endothelial metabolic derangement and a perturbance in overall endothelial cell health. The
exact mechanisms of platelet support of endothelial metabolism are unknown, but many
platelet-derived growth factors such as vascular endothelial growth factor (VEGF) promote
endothelial cell survival [29],[30]. VEGF can also directly induce vesicle formation in
endothelial cells [31]. Reduction of VEGF and other growth factors in the face of
thrombocytopenia likely result in altered endothelial metabolism [32]. Regardless of
mechanism, the observed vesicle decrease is evidence of a thrombocytopenia-induced
endothelial cell abnormality.
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We also observed some lesions in biopsies from thrombocytopenic dogs that would result in
increased vascular permeability, including increased frequency of gaps between endothelial
cells, and increased number of large vacuoles. However, the magnitude of these changes was
not statistically significant. The large vacuoles likely represent part of the vesiculo-vacuolar
organelle (VVO), an endothelial cell permeability structure that provides a major route of
extravasation of macromolecules at sites of augmented vascular permeability [33]. VVOs are
a series of interconnecting vacuoles (on average 100 nm in diameter) that provide a
transcellular pathway from vascular lumen to ablumen [33].

The thrombocytopenic trends we observed - increases in intercellular spaces and increases in
large vacuoles — were expected based on others’ observations and knowledge of how
endothelial permeability is controlled [34]; [35]. Pro-integrity factors like S1P stabilize
endothelial cell junctions [36] while pro-permeability factors disrupt junctions and promote
VVO transport [33], [30]. In contrast, endothelial thinning, although described by Kitchens
[37], is not a predicted feature of thrombocytopenic vascular fragility and was not observed
in our study nor in other small animal models [7].

The breaches in the endothelial walls and widened endothelial junctions observed in the
dogs that developed ecchymoses are noteworthy (Figure 7). There are controversial data
regarding the integrity of endothelial junctions in the face of thrombocytopenia. Kitchens
and colleagues observed normal endothelial junctions and predicted that increased vesicular
transport accounts for alterations in endothelial permeability during thrombocytopenia [37].
Others have reported normal endothelial junctions in thrombocytopenic guinea pigs, rats,
and rabbits [7]. Contrary to these reports and similar to our findings in 2 dogs with
eccchymoses, widened intercellular junctions, sometimes containing erythrocytes, have been
previously described in thrombocytopenic rats and guinea pigs [34]; [38]. The junctions of
thrombocytopenic dogs that did not develop cutaneous hemorrhage appeared normal. Our
findings, in conjunction with previously reported data, suggest that in thrombocytopenic
bleeding, erythrocytes extravasate through altered endothelial cell junctions or damaged
endothelial cell walls [38].

Another notable feature of ecchymaoses in this model is that we found no evidence of a
platelet function defect that might have contributed to inadequate hemostasis at this time
(Figure 7). Given the endothelial abnormalities we observed in biopsies taken from those
sites of bleeding (Figure 6), we speculate that the bruising may result from progressive
endothelial destabilization.

With the goal of identifying a mechanism by which platelets maintain vascular integrity, we
monitored plasma S1P in treated and control dogs. Platelet count correlated significantly
with plasma S1P (Supplementary Figure 2). To our knowledge this platelet count-plasma
S1P correlation has not been previously reported [39—-42]. Although we did not find any
correlations between plasma S1P and endothelial ultrastructure or bleeding score, this does
not exclude the possibility that platelet-derived S1P may have important local effects on
preserving the vasculature. In the future, local S1P concentrations could be assessed by
immunostaining endothelial biopsies. Additionally, our ITP model is one of platelet
destruction. However, in naturally occurring ITP, platelet production may also be inadequate
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[43]. When platelet production is decreased, plasma S1P might be more impacted than
during peripheral platelet destruction that may maintain the pool of circulating S1P.
Alternatively, other platelet-derived vascular-stabilizing mediators like endostatin and
angiopoietin-1 might be more important [30, 44]. Reliable canine-reactive assays for these
mediators are unfortunately not available.

We investigated plasma VWF:Ag as a potential biomarker of ITP-induced endothelial
damage. VWF is produced by endothelial cells and stored within endothelial organelles
known as Weibel-Palade bodies. Unlike in other species, minimal vWF is found in canine
platelets [45]. VWF is released from damaged or dysfunctional endothelial cells and high
circulating VWF levels may result from increased synthesis in the acute phase response to an
inflammatory stimulus [45-47]. vVWF increased over time in both ITP and control dogs,
likely as a sequel to repeated biopsies. Of note however, we did observe that changes in
plasma vWF from time O to 24 hours were positively correlated with changes in vessel large
vacuole score (R =0.99103; P<0.0001). As large vacuoles are thought to represent the VVO,
an endothelial cell permeability structure, the observed corresponding increases in VWF
suggest that plasma vWF could serve as a circulating biomarker of endothelial dysfunction
in ITP. Interestingly, VWF has been demonstrated to promote vascular permeability in
animal models of stroke and peritonitis and could even serve as a direct mediator of
endothelial damage [48, 49].

Plasma vWF:Ag was also positively correlated with vessel pinocytotic score after 24 hours
of thrombocytopenia (R = 0.97008; P <0.0001). Decreases in the number of pinocytotic
vesicles indicate membrane damage and repair, and thus we would have expected an inverse
relationship between VWF and pinocytotic vesicles. However, increases in plasma vVWF
concentration reflect a combination of factors including endothelial cell injury, stimulated
synthesis, and rate of macrophage-mediated plasma clearance [50, 51]. Further exploration
is required to clarify the relationship between ultrastructural changes and circulating VWF
levels.

Our ultrastructural studies have several limitations. We were evaluating structural lesions
when the endothelial-stabilizing effect of platelets may be more of a functional one. Rodent
models often use Evans Blue dye leakage to assess vascular integrity; however, because
canine skin is so much thicker this would not be a reliable marker in dogs, nor could
infusion of this toxic dye be employed in survival studies. In the future, we plan to conduct
functional studies utilizing the ITP dog model such as monitoring lymphatic volume as an
assessment of the effect of thrombocytopenia on vascular permeability.

A major limitation of the study was the small sample size. Given the variation in endothelial
ultrastructural features that we observed even within a given dog and time point, more dogs
may have been needed to identify significant changes in ultrastructural features other than
pinocytotic vesicles. That we did not replicate the thinning of endothelium noted by
Kitchens and colleagues more likely represents a difference in methodology or species than
a sample size issue given that other studies similarly failed to identify thrombocytopenia-
induced vessel thinning [7]. Additionally, our study may have been limited by the short
duration of severe thrombocytopenia. By 24 hours, platelet counts had started to recover
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(>30,000 platelet/ul in 4 of 5 of the 2F9-treated dogs) which may be above the threshold for
maintenance of vascular integrity. In murine models of thrombocytopenic hemorrhage, only
five percent of the normal platelet count was needed to achieve the vascular protective effect
of platelets [52], [2]. It may be that longer duration of severe thrombocytopenia in dogs is
necessary to accentuate relevant lesions. We plan to achieve this in future studies with
repeated 2F9 administration.

Recent work by Goerge and colleagues suggests one possible explanation for the relatively
mild bleeding and the overall minor changes in endothelial ultrastructure observed in the
model dogs [52]. This group demonstrated that thrombocytopenic hemorrhage only occurs
in the face of inflammation [52]. In order for bleeding to occur, leukocyte diapedesis may be
necessary in combination with the vascular destabilizing effects of thrombocytopenia [53,
54]. Ultrastructural studies have not been performed to look at the combined effects of
inflammation and hemorrhage. As our dogs had minimal to no cutaneous inflammation
(Supplementary Table 1), they may have lacked a second “hit” necessary to create sufficient
vascular damage for significant bleeding to occur. We suspect mild bleeding is also the
reason we did not identify a correlation between bleed score and endothelial structural
changes.

Conclusion

In summary, this study suggests that there is an association between thrombocytopenia and
ultrastructural endothelial abnormalities in a canine model of ITP. The significant decrease
in pinocytotic vesicles in thrombocytopenic endothelium shows that endothelial damage
occurs in this model and warrants further study in model ITP dogs and in dogs with
spontaneous disease. Variability in the degree of alterations of vascular ultrastructure may
account for differences in bleeding phenotype in immune thrombocytopenia. Plasma vWF
could serve as a biomarker for endothelial alterations and should be investigated as a
predictor of thrombocytopenic bleeding. Ultimately, measurement of markers of endothelial
dysfunction or platelet vascular stabilizing mediators could enable us to predict which ITP
patients are at risk of bleeding and tailor patient management accordingly. Furthermore,
better understanding of the mechanism of thrombocytopenic bleeding will allow for
generation of new therapeutics to prevent and treat bleeding in thrombocytopenia.
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Figure 1A. Demonstration of determination of endothelial cell thickness.
A grid was superimposed on endothelial cells and endothelial cell thickness measured each

place the grid crossed the vessel. Average thickness was calculated from each individual
measurement. Magnification x 5,000. Definition of ultrastructural features: B. Pinocytotic
vesicles are 0.07-0.08 um in diameter (arrow), magnification x20,000; C. Space between
cells (arrow), magnification x20,000; D. Large vacuoles are > 0.1 pm (arrows); x20,000.
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Figure 2. Platelet counts in 2F9 and control antibody-treated dogs.
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Counts are shown as for individual ITP dogs and as median and range for control dogs. Time
zero is when the platelet count first fell into the target platelet range of 5,000-30,000

platelets/ul or 1 hour after control antibody infusion.
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Figure 3. Normal cutaneous capillary.
The vessel is enveloped by the basement membrane (BM). Two pericytes are visible (P).

Pinocytotic vesicles are numerous (V). There are no spaces between endothelial cells and a
well-apposed junction (J) is present connecting two adjacent endothelial cells adjacent to the
nucleus (N). A red blood cell (RBC) is present in the vessel lumen. Magnification = 10,000
X.

Platelets. Author manuscript; available in PMC 2020 January 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

LeVine et al.

Platelets. Author manuscript; available in PMC 2020 January 01.

Page 21



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

LeVine et al. Page 22

Figure 4.
Representative micrograph demonstrating reduction in number of pinocytotic vesicles

observed in thrombocytopenic dogs (A). A RBC is shown in the vessel lumen. Note that
vesicles are almost absent compared to the normal vessel of comparable diameter shown in
B. B; x 10,000.
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Figure 5. Effect of ITP on endothelial ultrastructure.
A) Vessel thickness, (B) number of endothelial pinocytotic vesicle score, (C) large vacuole

score, and (D) number of spaces between cells. **There is a significant decrease in number
pinocytotic vesicles from baseline to 24 hours of thrombocytopenia compared to time-
matched controls (P<0.0357). See text for vacuole and vesicle scoring system. Symbols
represent the mean value for all capillaries evaluated in each dog at that time point. Bars
represent overall treatment group mean. n=5 2F9 treated dogs; n = 3 control dogs.
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A

Figure 6. Ecchymoses occurred in two dogs.
A. Photograph of the large abdominal bruise (8.5 x 13 c¢m) that formed at 48 hours in one

dog. B. Electron micrograph from the dog in A after 24 hours of thrombocytopenia, 24
hours prior to the development of the bruise. A large gap between adjacent endothelial cells
is marked with an arrow. RBCs are shown in lumen; x 20,000. C. Pale, swollen endothelial
cells consistent with necrotic cells and inter-endothelial cell gaps (arrows) present in an
electron micrograph from the bruised region of another dog that developed an ecchymosis; x
20,000. D. For comparison, normal closely apposed adjacent endothelial cells connected by
an intact junction (arrow) in a dog at baseline are shown; x 20,000.
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Figure 7. Platelet reactivity in two dogs that developed large ecchymoses when platelet
hemostatic function was adequate.

Unfilled symbols show time at which new bleeding was occurring. A. EC50 thrombin for P-
selectin expression and platelet count in one dog. Dashed line indicates baseline EC50 in
that dog. B. Coated-platelet levels and platelet count in the same dog. Dashed line indicates
baseline coated-platelets in that dog. C. EC50 thrombin and platelet count in the second dog.
D. Coated-platelet levels and platelet count in the second dog.
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Figure 8. Alterations of von Willebrand factor over time in thrombocytopenic and control dogs.
Similar increases in VWF:Ag in both groups of dogs likely reflect VWF’s induction as an

acute phase reactant secondary to biopsies (P<0.0001 for change in VWF:Ag over time).
However, VWF may also play a role as a marker of thrombocytopenic endothelial damage as
demonstrated by its correlation with large vacuole score. Plasma VWF:Ag concentration is
reported as percent compared to a normal canine standard (median, range).
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Table 1.

Ultrastructural features of endothelium in healthy dogs and dogs after 24 hours of severe thrombocytopenia.
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Treated (n=5) Control (n=3)
Baseline 24 hours Difference Baseline 24 hours | Difference
Vessel thickness (um) 0.78+0.42 | 0.71+0.38 -0.08+0.57 0.76+0.39 | 0.75+0.38 | -0.01+0.55
Pinocytotic vesicle score 2.41+0.48 | 2.1620.53 | -0.25+0.71 " | 2.28£0.57 | 2.59+0.51 | 0.31+0.76
Large vacuole score 0.71+0.77 | 0.83+0.86 0.13+1.16 0.84+0.78 | 0.91+0.79 | 0.07+1.11
Number of spaces between cells | 0.69+0.7 | 0.84+0.79 0.15+1.06 0.73+0.6 | 0.81+0.69 | 0.08+0.92

See methods for vesicle and vacuole scoring system. Results are mean + S.D.

Hk
P<0.0357 compared to change in time-matched controls.
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Table 2.

Endothelial ultrastructural features at the time of large ecchymosis formation in two dogs.
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Dog 1 Dog 2
Baseline Bleed Baseline Bleed
Vessel thickness(um) 0.85+0.56 | 0.68+0.43 | 0.77+0.38 | 0.8+0.45
Pinocytotic vesicle score 2.08+0.49 | 1.75+0.58 | 2.76+0.44 | 2.23+0.53
Large vacuolescore 1+1 1.13+0.89 | 0.29+0.47 | 0.45+0.67
Number of spaces between cells | 0.69+0.75 | 1.31+0.79 | 0.71+0.69 | 1.1+0.97

Results are mean + S.D of all vessels evaluated.
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