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Abstract

Background. Kaposiform hemangioendothelioma (KHE) is a rare vascular tumor of infancy commonly associated with
Kasabach-Merritt phenomenon (KMP) that includes thrombocytopenia and coagulation dysfunction. Platelet receptor CLEC-
2 -tumor cell podoplanin interaction is considered the key mechanism of thrombocytopenia in KMP, however, the effect of
long-term exposure to podoplanin on platelet function is unknown.

Procedure. Here we examined blood samples from 7 patients with KHE/KMP. Platelet calcium signaling and functional
responses to conventional activation and CLEC-2 stimulation were analyzed by continuous and endpoint live cell flow cytom-
etry. Platelet aggregation in response to ADP or rhodocytin was analyzed by low-angle light scattering approach (LaSca).
Additionally, ex vivo thrombus formation on collagen was observed in parallel-plate flow chambers.

Results. We demonstrate that in KHE/KMP platelet functional responses to strong stimulation were on the lower boundary
of age-matched normal ranges, while calcium mobilization and fibrinogen binding upon stimulation with ADP alone were
significantly lower than control values. Platelet di-aggregate formation in response to ADP was also diminished in most of the
patients. Formation of platelet aggregates in collagen-coated parallel plate flow chambers was also noticeably lower than in the
age-matched control group. Calcium mobilization in response to CLEC-2 stimulation was unaltered in the patients and could
be blocked by low-molecular-weight inhibitors, 2CP and HB125.

Conclusions. While platelet responsiveness in KHE/KMP is moderately altered, platelet CLEC-2 receptors remain functional
and respond to inhibition. Therefore, our findings suggest that CLEC-2-targeting molecules are new potential agents in

therapeutic management of this life-threatening condition.

Introduction

Vascular neoplasms are tumors arising from blood vessel endothelial cells. Kaposiform hemangioendothe-
lioma (KHE) is a rare (incidence 0.07 : 100 000 per year ) vascular tumor of infancy with locally aggressive



behavior 2. The most common KHE tumor sites are limbs and the trunk, followed by the head and neck3.
KHE is commonly (71% cases ') associated with the Kasabach-Merritt phenomenon (KMP), a potentially
life-threatening hematologic complication  with reported mortality of up to 30% . KMP refers to severe
thrombocytopenia, consumptive coagulation dysfunction, secondary fibrinogen reduction, and microangio-
pathic hemolytic anemia®. Histologically, KHE is composed of infiltrating nodules with slit-like or crescentic
vessels lined by spindled endothelial cells . When they are dilated, also lymphatic channels are observed,
this is called «kaposiform lymphangiomatosis» 7. KHE is primarily positive for endothelial markers CD31
and CD34 and lymphatic markers LYVE1, PROX1, and podoplanin 8. KMP causes platelet «trapping»
and activation within abnormal tumor vessels, which results in formation of platelet thrombi and initiaton
of plasma coagulation®. The subsequent hyper-activation of the fibrinolytic system may cause intratumoral
hemorrhage %10, Unlike DIC (disseminated intravascular coagulation), KMP causes localized coagulation
disorder. However, DIC may be eventually induced in severe cases of KMP 0.

Despite these findings, the etiology of KMP and the initial molecular mechanisms of platelet activation in
KHE are not fully characterized. KHE cells are known to express podoplanin, the only known endoge-
nous ligand for the platelet receptor CLEC-2 '!. The critical physiological function of podoplanin-induced
platelet aggregation is the embryological separation of blood and lymphatic circulations '!'2. CLEC-2 also
contributes to vascular integrity during inflammation 3'4 and plays a role in thrombosis and wound healing
15,16 Thus, in patients with podoplanin-expressing KHE, the long-term platelet exposure to podoplanin
might potentially affect platelet functionality.

Upon activation in KHE, platelets secrete their granule content, which can cause tumor growth and progres-
sion 7. Clinical findings support the critical role of platelets in KHE progression and development, namely,
platelet transfusions in patients with KMP can lead not only to rapid tumor growth but also to severe deteri-
oration of the coagulopathy 8%, While platelet activation is considered to be one of the critical pathogenic
mechanisms in KMP, antiplatelet therapy for patients with KMP did not give positive results?’. Moreover,
usage of antiplatelet agents for patients with severe thrombocytopenia is controversial?':?2. Therefore, un-
derstanding platelet functioning in KHE/KMP is critically important in therapeutic management of these
conditions.

In this study, we examined platelets from 7 patients with KHE/KMP. We found that in KHE, platelets are
less responsive to weak stimulation, while platelet responsiveness to strong stimulation is mostly unimpaired.

Methods

Patients and blood collection

We enrolled patients who received treatment in Dmitry Rogachev National Medical Research Center to this
study. The key inclusion criteria were: the presence of a vascular tumor (kaposiform hemangioendothelioma
or bundle angioma) and associated coagulopathy and thrombocytopenia at diagnosis. Patients, who received
platelet transfusions within 3 weeks prior to enrolment, were excluded from the study. Age and treatment
history were not exclusion criteria. Age-matched healthy volunteers were recruited as controls to this study.

At the enrollment, 1.6 mL of blood were collected into hirudin containing S-Monovette(r) tubes, and 4.3 mL
of blood were collected into sodium citrate containing S-Monovette(r) tubes (Monovette, Sarstedt, Newton,
NC). Blood samples were processed within 1.5 hours after collection.

The study protocol was approved by the independent ethics committee of the CTP PCP RAS (approval
number 3/1-21, 05.10.2021). All participants provided written informed consent before enrolment. The
study was conducted in accordance with the principles of the Declaration of Helsinki and the International
Conference on Harmonization Good Clinical Practice Guideline. Data available on request from the authors.



Materials

The materials were as follows: calcium-sensitive cell-permeable fluorescent dye Fura-Red-AM, (Molecular
Probes, Eugene, USA); ADP, EGTA, HEPES, bovine serum albumin, apyrase grade VII, TRAP (SFLLRN),
AYGPKF, mepacrine (Sigma-Aldrich, St Louis, USA); CD62p-Alexa647, CD42b-PE, CD61-Alexa647, PAC1-
FITC (Sony Biotechnology, San Jose, USA), collagen (NPO Renam, Moscow, Russia). Cysteine-containing
version of cross-linked collagen-related peptide (CRP) was kindly provided by Prof. R.W. Farndale (the
University of Cambridge, Cambridge, UK). Rhodocytin was isolated as previously described 23:24(P) . CLEC-
2 inhibitors 2CP 25 and HB125 were synthesized as described in Supporting information.

Tyrode’s buffer (150 mM NaCl, 2.7 mM KCl, 1 mM MgCly, 2 mM CaCly, 0.4 mM NaHPOy4, 0.4 mM
NapCOj3, 5 mM HEPES, 5 mM glucose, 0.5% BSA, pH 7.35) was freshly prepared from reagents (Sigma-
Aldrich, St Louis, MO).

Endpoint flow cytometry

Functional testing of the platelets was performed as described?6. Briefly, blood was collected into sodium
citrate (3.8% v/v) vacuum tubes and then diluted 20 times by Tyrode’s buffer without 2.5 mM calcium.
Samples were then incubated 1:1 with activators (12.5 uM SFLLRN and 10 pg/mL CRP) or (12.5 pM
SFLLRN, 200 uM AYGPKF and 2 uM ADP) or vehicle in Tyrode’s-Calcium (5 mM) buffer. After 10 min
incubation, samples were mixed 1:1 with anti-CD42b, anti-CD61, PAC1, anti-CD62p, and Annexin-V in
Tyrode’s-Calcium (2.5 mM) buffer and left for 10 minutes. Alternatively, platelets were incubated with 10
M mepacrine for 30 minutes. After this, samples were diluted to the platelet concentration of 5000 plt/uL
by Tyrode’s Calcium (2.5 mM) buffer and studied using NovoCyte Acea Flow cytometer.

Continuous flow cytometry

Assays of platelet signaling were performed as described?”. Hirudinated whole blood was incubated with
2 uM of Fura-Red in the presence of 1 U/mL of apyrase for 35 minutes at 37°C. Leukocyte rich plasma
(LRP) was collected, diluted by the Tyrode’s-Calcium buffer to the final concentration of 1000 plt/uL, and
left resting for 30 minutes. 100 pL was the lowest LRP volume used in this study. 100 yg/mL of Alexa-
488 labeled human fibrinogen was added 2 minutes before sample loading to the BD FACS Canto II Flow
Cytometer (BD Biosciences, San Jose, US). Samples were analyzed in a continuous mode. The primary
fluorescence signal was averaged over equal periods. The ratio of calcium bound Fura-Red (excited by 405
nm laser) to calcium-free Fura-Red (excited by 488 nm laser) was recalculated into platelet cytosolic calcium
concentration using Grynkiewicz formula, 8.

Laser-scanning aggregometry

Low angle scattering analysis of platelet activation was performed as described elsewhere 2°. Briefly, LaSca
method is based on the measurement of low angle light scattering in a diluted platelet suspension. This
method is used to characterize the platelets function, allowing simultaneous recording of platelet di-aggregate
formation (light scattering at 1.5°) and shape changing (light scattering at 12°). Platelet-rich plasma was
diluted by Tyrode’s buffer to platelet concentration 10 000 plt/uL, and the initial velocity and aggregation
amplitude upon platelet stimulation were evaluated.

Immunofluorescence microscopy of blood smears

Immunofluorescence labelling of standard air-dried peripheral blood smears with antibodies against glyco-
protein (GP)Ib, GPIIb, von Willebrand factor (VWF), P-selectin, lysosomal-associated membrane protein
(LAMP)-1, LAMP-2, LAMP-3, non-muscle myosin ITA (NMMIIa), B1-tubulin, was performed as described
by A. Greinacher and others®’.



Ex vivo thrombus growth analysis

Ex vivo thrombus growth analysis was conducted as described previously 273!, Briefly, hirudinated whole

blood was preincubated with DiOC-6 (500 nM) and perfused through the parallel plate flow chambers with
fibrillary collagen (100 pg/mL) covered glass at 100 s™! shear rate. Thrombus growth was observed using a
Nikon Eclipse Ti-E inverted microscope (Tokyo, Japan).

Thrombodynamics assay

Thrombodynamics (TD) was performed using a Thrombodynamics Analyzer and Thrombodynamics kit
(LLC HemaCore, Moscow, Russia) as previously described 32. This method is based on registering spatial
fibrin clot growth after activation of clotting in a thin layer of plasma after contact with an immobilized
tissue factor bearing surface.

Statistical analysis

Flow cytometry data were analyzed by means of FlowJo (https://www.flowjo.com/) and Python 3.8. Ag-
gregation data were analyzed using Python 3.8. Statistical analysis of the data was performed by means of
Python 3.8. The data were analyzed using nonparametric Mann-Whitney U test and Wilcoxon signed-rank
test. The significance level was set as 95%.

Results

Patient characteristics

7 patients were enrolled to the study. Most of them (71%) were male, and the median age at enrollment was
11 months. The most common tumor site was soft tissues of the upper body, and the disease predominantly
manifested since newborn with a deep thrombocytopenia and an associated coagulopathy (KMP). Biopsy
demonstrated that 6/7 patients had KHE, and one patient (Patient 4) had kaposiform lymphangiomatosis
according to histological examination. In 5/7 cases, immunohistochemistry was performed and revealed
positive staining for podoplanin, CD31, and CD34.

None of the subjects was treatment-naive. Six patients had a history of prior KMP at disease manifestation,
but had adequate blood cell counts at enrollment. One patient (Patient 1) presented with KMP (thrombo-
cytopenia, severe coagulopathy) at the time of enrollment. Patients 1, 2, 4, and 5 received cyclophosphamide
and vinblastine with/without liposomal doxorubicin (LD), Patient 7 received LD and vincristine, Patient
6 received LD and sirolimus, Patient 3 received sirolimus and hydrocortisone. Two patients also received
B-blockers: propranolol (Patient 2), or atenolol (Patient 7). All clinical, laboratory, and treatment data are
summarized in Table S1.

Platelet activation in response to strong stimulation

Based on the fact that KHE/KMP pathogenesis is partially based on platelet-tumor interactions, we expected
altered platelet functionality in KHE. Therefore, we studied platelet functional responses (shape change,
GPIb shedding, granule release, integrin activation and phosphatidylserine exposure) in response to a 10 min-
stimulation with either combination of CRP (GPVT agonist) and SFLLRN (PAR1 agonist), or combination
of AYGPKF (PAR4 agonist), SFLLRN and ADP, by endpoint flow cytometry (Fig. 1).

Altogether, platelet responses to strong activation were within normal ranges (Fig. 1). For P1 and P4
an increased FSC MFI was observed (Fig. 1A). For P1, this could be explained by inflammation related
increased platelet consumption, while for P4 this could be an effect of tubulin ring disruption by vinblastine,
also observed in microscopy (Fig. S2). Platelet integrin activation in response to thrombin and purinergic
receptors stimulation (“2TR4+ADP” in Figure 1) was significantly diminished in KHE patients (Fig. 1B),
while other platelet responses to activation were on the lower boundary of those of healthy donors. P1 alone



demonstrated significantly altered platelet responses, which is consistent with DIC-like phenotype of this
patient.

Immunofluorescence microscopy of peripheral blood smears was performed in 5/7 patients (Patients 3-7) and
revealed normal platelet staining for GPIb, GPIIb, VWF, P-selectin, LAMP-1, -2, -3, and NMMIIa in all
the patients (data not shown). In patients 4, 5, and 7 abnormal diffuse distribution of platelet B1-tubulin
was observed (Fig. S2). This phenomenon could be explained by treatment with tubulin-targeted agents,
vincristine or vinblastine.

Ex vivo platelet aggregation and blood plasma coagulation

4/7 patients (Patients 2, 3, 6 and 7) demonstrated almost normal blood plasma coagulation. P1 demonstrated
significant hypercoagulation, and Patients 4,5 and 6 demonstrated mild hypocoagulation (Fig. S1). These
data are consistent with the presence of KMP and DIC-like phenotype in P1 and the previously reported
reduction of D-dimer levels upon sirolimus administration 33. Altogether we conclude that KHE does not
significantly affect blood coagulation.

Ezx vivo platelet aggregation in collagen covered parallel-plate flow chambers was performed as described
previously?”. In accordance with previously published results, thrombi in the samples from the thrombocy-
topenic patient (P1) were significantly smaller than those of healthy donors (Fig. 2A). However, thrombi
formed in the samples of patients with KHE (non-thrombocytopenic) were also noticeably smaller than those
from healthy donors’ samples (Fig. 2B-D).

Platelet calcium signaling responses

While strong platelet activation in patients with KHE was mostly unimpaired, we decided to analyze the
responses to rhodocytin?® and fucoidan 3* in comparison with the conventional platelet activation (Fig. 3).
The key intracellular signal that triggers platelet functional responses is cytosolic calcium concentration 33,

while platelet shape change and reversible fibrinogen binding are the most sensitive platelet responses 2736,

Cytosolic calcium concentration in quiescent state was significantly lower in KHE samples (Fig. 3A). Calcium
mobilization in response to 2 uM ADP was also decreased in comparison to healthy controls (Fig. 3B).
Fibrinogen-binding responses (Fig. 3C) were diminished in some of the patients. The most severe platelet
dysfunction was observed again in P1. Impaired platelet responses to stimulation in KHE could possibly be
explained by general dysfunction of platelet signaling associated with CLEC-2 malfunctioning. For patients
with KHE we observed unaltered calcium mobilization upon stimulation with rhodocytin or fucoidan (Fig.
3A). However, in the presence of CLEC-2 inhibitors 2CP (2 uM) and HB125 (2 uM), calcium responses
to rhodocytin (Fig. 3A) were significantly reduced in KHE samples; while the impact of these inhibitors
was less pronounced for samples from healthy donors. Interestingly, being administered at 2 uM, 2CP and
HB125 themselves induced calcium mobilization in platelets comparably to rhodocytin (200 nM) in KHE
samples and higher than rhodocytin (200 nM) in healthy controls (Fig. 3A). This might be related to partial
agonistic properties of these CLEC-2 inhibitors which upon binding to the podoplanin/rhodocytin binding
site on CLEC-2 could trigger its activation to some extent, especially, when administered at a high dose.

Platelet di-aggregation

In order to understand the functional significance of the observed decrease in platelet signaling responses in
KHE (Fig. 3), aggregometry studies with weak platelet stimulation were performed. While thrombocytope-
nia is commonly observed in KHE/KMP, LaSca aggregometry was performed, as this method requires low
platelet concentrations in probe (Fig. 4).

Typical plots of overall aggregation of platelets in KHE upon stimulation with 800 nM ADP (black curves)
and 20 yg/mL CRP (red curves) are shown in Figure 4A. In most of the patients, diminished initial velocity
of aggregation upon stimulation with ADP (Fig. 4B) was observed, while maximal aggregation was mostly
unimpaired (Fig. 4C). On the other hand, all the parameters of collagen-induced platelet aggregation were



decreased in patients with KHE (Fig. 4D,E). These data are in line with previous findings on the reduced
platelet responsiveness to stimulation with collagen (Fig. 1) as well as the impaired weak activation in
KHE/KMP (Fig. 3). LaSca assays demonstrated that both 2CP and HB125 could cause decrease in initial
velocity of aggregation (Fig. 4F) upon weak stimulation with 10 nM rhodocytin. However, the inhibitors
had no effect on maximum aggregation in patients with KHE (Fig. 4G).

Discussion

In this study, platelet responsiveness to conventional and CLEC-2-induced activation for patients with a
podoplanin-expressing vascular tumor (KHE/KMP) was characterized. We found that platelet functionality
and platelet aggregation tends to be impaired in patients with KHE and is significantly impaired in the
patient with KMP (Fig. 1). Platelet integrin activation measured both by PAC-1 binding, fibrinogen
binding and aggregation appears to be the most affected parameter (Fig. 1B, Fig. 2, Fig. 3B, Fig. 4B,D).
Surprisingly, platelet calcium mobilization in response to CLEC-2 stimulation was unaltered in the patients’
samples and we found that two novel low molecular weight CLEC-2 inhibitors successfully block platelet
activation by rhodocytin (Fig. 3A, Fig. 4).

While podoplanin is considered the key platelet activator in KHE/KMP, we analyzed platelet responses to
CLEC-2 agonists rhodocytin and fucoidan. Platelet cytosolic calcium increased normally upon stimulation
with rhodocytin or fucoidan in KHE/KMP (Fig. 3A). Interestingly, either of the inhibitors of CLEC-2-
podoplanin interaction, 2CP or HB125, reduced noticeably calcium mobilization in response to rhodocytin,
with more pronounced effect for KHE/KMP platelets. Moreover, aggregometry assay demonstrated that
both 2CP and HB125 decrease initial velocity of aggregation in patients with KHE upon stimulation with
rhodocytin. These findings suggest that CLEC-2 receptor and the components of CLEC-2:podoplanin down-
stream signaling pathway could be a promising target for pathogenetic therapy of KMP and related poten-
tially life-threatening hematologic complications. To confirm this, furtherin wvitro and in vivo studies are
required.

Platelet CLEC-2 interaction with podoplanin is considered the key mechanism of platelet activation in
KHE, but it may not be the only one involved in pathogenesis of KMP. Undoubtedly, KHE are tumors
with extremely rapid growth and progression, and contain regions with impaired endothelial integrity, with
exposure to tissue factor, VWF and collagen , that can also lead to platelet activation, coagulation and
thrombi formation. These additional mechanisms have been proven by positive tumor staining for VWF in
80% cases®”. Thus, further investigations are required to establish the biochemical basis of this phenomenon.

This study has several limitations. First, the study was conducted in a small cohort of patients. Despite the
small sample size due to extreme rarity of KHE/KMP, the results obtained are still very valuable. The second
limitation of this study is that the included patients are not treatment-naive and most of them obtained
hematologic response prior to enrollment. Thus, proposed hypotheses of this study require confirmation in
a cohort of patients with newly diagnosed KHE/KMP.
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Legends

Figure 1. Platelet responses to strong activation in KHE . (A) Platelet size and shape change
(FSC-H mean fluorescence intensity (MFI)). (B) GPIIb/IIIa activation upon platelet stimulation measured
by PAC1 binding. (C) Platelet GPIb shedding upon activation (resting GPIb ratio to activated GPIb).
(D,E) Platelet o (D) and dense (E) granule release upon activation. (H) Percentage of annexin V-positive
(procoagulant) platelets. Triangles correspond to healthy pediatric donors, circles correspond to patients
with KHE/KMP. “CRP+TRAP-6” denotes activation with combination of 10 yg/mL CRP and 12.5 pM
SFLLRN. “2TR+ADP” denotes activation with combination of 12.5 uM SFLLRN, 200 uM AYGPKF and 2
uM ADP. Statistical significance was calculated using Mann-Whitney U-test, * corresponds to p<0.05.

Figure 2. Collagen-induced platelet thrombus formation under low shear rate. Thrombus area
was measured after 5, 10 and 15 minutes of whole blood perfusion through fibrillar collagen-coated flow
chamber. Thrombi were identified by fluorescence (highlighted in red). A — Thrombi of the thrombocytopenic
patient with KMP (Patient 1). B — Thrombi of the typical non-thrombocytopenic patient with KHE. C —
Thrombi of the typical healthy pediatric donor. C — Comparison between thrombus areas in healthy controls
and patients with KHE/KMP at different timepoints. Statistical significance was calculated using Mann-
Whitney U-test, * corresponds to p<0.05.

Figure 3. Platelet intracellular signaling in KHE. A — Cytosolic calcium concentration in rest-
ing platelets, calcium increase upon stimulation with fucoidan (100 pg/mL) or rhodocytin (200 nM), pre-
incubation with 2CP and HB125 with or without sequential stimulation with 200 nM rhodocytin. B,C —
Cytosolic calcium concentration (B) and fibrinogen binding (C) upon platelet stimulation with low doses
of ADP (2 uM), CRP (2 pg/mL) and TRAP-6 (5 pM). Statistical significance was calculated using Mann-
Whitney U-test, * corresponds to p<0.05.

Figure 4. Aggregation of the platelets of the patients with KHE is impaired. A — Typical
aggregation curves for the LaSca assays upon activation with 800 nM ADP (black) or 20 yg/mL collagen
(red). B,C — Initial velocities of aggregation upon stimulation with ADP (B) were mostly diminished in
patients with KHE, while maximal aggregation (C) was normal. D,E — Initial velocities of aggregation (D)
and maximal aggregation upon stimulation with collagen were both decreased in most of the patients. F —
Initial velocity of platelet aggregation upon stimulation with 10 nM rhodocytin was significantly decreased.
G — Maximum platelet aggregation upon stimulation with 10 nM rhodocytin was not affected by either of
the inhibitors. * represents p<0.05 (the Mann-Whitney U test)
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