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SCOPE OF THE THESIS
Platelets are critical for effective bleeding arrest at sites of vessel injury by contributing to the 

formation of the haemostatic plug. In addition to strong adhesion to the damaged site, platelets 

tune this process by secreting several critical proteins of which most are stored in the platelet 

α-granules. The protein cargo of the α-granule mainly originates from biosynthesis by the 

platelet progenitor cells the megakaryocytes. However, the α-granules also comprise proteins 

that are taken up from plasma via largely unknown receptor-mediated processes. Besides the 

uptake and storage of α-granule proteins, the mechanisms involved in the regulated release of 

α-granules have also remained poorly understood. Elucidating these mechanisms will greatly 

enhance our understanding of bleeding disorders that are related to defects in α-granule 

protein loading and release. 

In the present thesis, the focus is on the mechanism behind endocytosis of factor V (FV) and 

fibrinogen. It has previously been proposed that the platelet glycoprotein (GP) IIbIIIa (integrin 

αIIbβ3) mediates uptake of fibrinogen. Employing platelets of Leukocyte Adhesion Deficiency 

type III (LAD-III) patients with a defective integrin activation machinery, and platelets of 

Glanzmann’s thrombasthenia (GT) patients, which lack GPIIbIIIa, the role of integrins in α-granule 

protein cargo enrichment of FV, fibrinogen and other α-granule proteins is investigated by mass 

spectrometry analysis. Pull-down experiments have previously suggested that glycan binding 

protein Galectin-8 (Gal8) may bind both FV and GPIIbIIIa and GPIb-IX-V. The role of Gal8 for 

FV endocytosis as well as its putative interaction with the platelet glycoproteins is assessed 

employing megakaryocyte-like cells and protein binding studies. Furthermore, it has previously 

been proposed that mammalian uncoordinated-18 (Munc18-2) is critical for α-granule release. 

Yet, bleedings are inconsistently observed in Familial Hemophagocytic Lymphohistiocytosis 

type 5 (FHL-5) patients that exhibit a functional absence of Munc18-2. Employing the platelets 

of FHL-5 patients, the role of this protein for the release of α-granule proteins is re-evaluated 

utilizing flow cytometry, mass spectrometry analysis and electron microscopy studies. In the 

following paragraphs, an overview of the current knowledge of platelet structure, as well as 

description of diseases associated with platelet dysfunctions is reported. A summary of the 

questions addressed in this thesis will follow at the end of this chapter.
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GENERAL INTRODUCTION
The first description of particles in blood smaller than leukocytes and erythrocytes is dated at 

the end of the nineteenth century. Osler described in 1873 disk-like structures that circulate 

throughout the blood stream and aggregate upon removal1. The question whether these 

particles are blood-derived biological components or an exogenous “organism” remained 

open. It is now commonly accepted that in the biennium 1881-1882 Giulio Bizzozzero was the 

first to describe the central role of these blood elements in thrombosis and haemostasis. 

Bizzozzero named these elements «piastrine», i.e. small plates and in 1882 a translation into 

German as «blut plättchen» and into French as «petites plaques» was established1,2. Thanks to 

these outstanding pioneers, we can nearly 140 years later confidently describe blood platelets as 

discoid anucleated blood cells that are produced in the bone marrow by the megakaryocytes3,4. 

In spite of their small size, platelets are highly specialized effector cells comprising a 

high quantity of receptors that act in concert to achieve the primary physiological function 

of platelets i.e. to arrest bleeding at the site of vascular injury. Platelets are not only simple 

components of the haemostatic plug. They actively participate in the initiation and support of 

the coagulation cascade, and are carriers of many critical factors necessary to restore a normal 

haemostatic balance4,5. Platelets also participate in the regulation of other critical biological 

processes beyond haemostasis  and thrombosis6. Platelets have been suggested to support 

inflammatory and immune responses by recruiting leukocytes and progenitor cells to sites of 

injury. They further play a role in essential steps required for tissue repair by inducing changes 

in cell permeability and to promote chemotaxis and cell proliferation7,8. 

Given the central and multiple roles played by platelets, it is of critical importance to 

unravel platelet function. Yet, in spite of the significant progress made in understanding 

platelet biology, many questions have remained unanswered.

Platelet structure and functions

Platelet structure

With a reported size between 2-4 μm platelets represent the smallest circulating cellular 

element. A schematic representation of platelet structure is shown in Figure 1. Although 

appearing smooth, the platelet membrane comprises numerous invaginations to the interior 

of the cell. These invaginations form the so-called open canalicular system (OCS), which 

provides a route for the release of platelet proteins upon platelet stimulation9. The platelet 

intracellular space itself is loaded with three types of secretory granules, i.e. α-granules, dense 

granules, and lysosomes. With approximately 50–80 granules per platelet, the α-granules are 

the most abundant among the three types of secretory granules5,10. They occupy about 10% of 

the platelet volume, which is about 10-fold more than the dense granules5. 

The α-granules are the major storage organelles for more than hundred distinct proteins. 

These proteins can be subdivided on the basis of the biological function in 9 subgoups5,11, i.e. 

adhesive proteins, clotting factors and their inhibitors, fibrinolytic factors and their inhibitors, 

proteases and inhibitors, growth and mitogenic factors, chemokines, cytokines, anti-microbial 

proteins and membrane glycoproteins5,11. Dense granules contain platelet agonists such as adenine 

nucleotides (ADP), Ca2+, and signaling molecules such as histamine, serotonin, and epinephrine12. 

9
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Lysosomes contain a mixture hydrolases and glycohydrolases, e.g. β-glucuronidase, cathepsins, 

β-hexosaminidase, β-galactosidase, endoglycosidase, elastase, and collagenase.

Platelet activation and clot formation 

Platelets show no interaction with the endothelial cells of the inner vascular lining under normal 

conditions. However, when the sub-endothelial matrix becomes exposed to the blood stream 

at sites of vessel injury, a coordinated series of molecular events take place leading to platelet 

clot formation13–15. A summary of specific events that can be identified is given below and 

schematically illustrated in Figure 2.

1- Platelet tethering

Upon vessel injury, the endothelial cells of the vascular lining become activated leading to 

the local release of high concentrations of von Willebrand factor (VWF). The disruption of the 

endothelial layer integrity also causes the exposure to the circulation of collagen and other 

sub-endothelial matrix proteins. Collagen and the released VWF are key players in the initial 

recruitment of platelets to the site of injury. In arteries, the local shear forces induced by the 
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Figure 1. Schematic diagram of a platelet. Platelets are 2–4 μm discoid cells containing α-granules, dense 
granules, and lysosomes. Platelets also contain mitochondria and glycogen granules. Platelet membrane 
is rich in glycoproteins that act as critical receptors for platelet function. Invaginations of the plasma 
membrane form a complex membrane network, named open canalicular system.
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high blood flow rate assist in the tethering of platelets to VWF and collagen16,17. This is, however, 

not a tight interaction and results in rolling of platelets over the site of injury. A key platelet 

receptor that plays an indispensable role in this interaction is the complex of the glycoproteins 

Ib, IX and V (GPIb-IX-V)18,19. This complex mediated effective binding to VWF via the GPIb. In the 

venous system, in which the shear stress is markedly reduced compared to the arterial system, 

platelets can directly bind collagen and other matrix proteins such as fibronectin and laminin19. 

2- Platelet activation and aggregation

Firm and stable platelet adhesion require additional receptor–ligand interactions. Of critical 

importance is the interaction of collagen to the platelet collagen receptor GPVI19. This triggers 

potent intracellular signals (inside-out signaling) leading to a conformational change of the 

platelet integrins. Integrins are heterodimeric proteins consisting of α and β subunits and include 

α2β1, α5β1, α6β1, αVβ3 and αIIbβ320. αIIbβ3 is also referred to as GPIIbIIIa. The conformational 

change that takes place upon integrin activation leads to high affinity interaction with proteins 

of the subendothelial matrix. This assists in tight binding of the loosely tethered platelets to the 

site of injury21. The key regulatory event in the formation of platelet aggregates is the activation 

of GPIIbIIIa. Activated GPIIbIIIa can bind circulating fibrinogen as well as VWF and contributes to 

the formation of cross-linked structures responsible of the platelet plug stability.

Figure 2.  Illustration of the multi-step platelet activation and thrombus formation mechanism. 
Upon vascular injury, platelets rapidly tether to subendothelial-bound VWF through GPIb/V/IX. Tethered 
platelets subsequently roll over the damaged vessel surface and then form stationary adhesion contacts 
through one or more platelet integrins (e.g. the GPIIbIIIa integrin). Once adherent, platelets release their 
granule contents and expose endogenous and plasma VWF on their surface membrane. The immobilized 
VWF on the surface of platelets serves to recruit additional platelets via GPIb/V/IX. Stable platelet–platelet 
adhesion contacts are mediated by fibrinogen molecules through integrin GPIIbIIIa. Fibrinogen is then 
cleaved by thrombin generating fibrin molecules, which in turn, can cross-link leading to protofibrils.  Thus 
a blood clot consists of a plug of platelets enmeshed in a network of insoluble fibrin molecules. 

11
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3- Spreading

Outside-in signaling via GPIIbIIIa also induces a reorganization of the platelet cytoskeleton. As 

a consequence, the disk-like platelets change in morphology via a process that is referred to 

as platelet spreading. This provides an increased surface area and a solid base for additional 

recruitment of platelets, and facilitates the growing platelet plug (thrombus).

4- Secretion and signaling

Activated platelets rapidly release the content of the dense and α-granules to the extracellular 

space. In addition, the platelets release thromboxane (Tx), which is synthesized from 

the arachidonic acid molecules via phospholipase A2-mediated hydrolysis of membrane 

phospholipids. ADP and TxA2 are the two major feedback mediators that reinforce platelet 

activation. Granule release supports the propagation of platelet activation by mediating inside-

out signaling, which in turn leads to activation of additional GPIIbIIIa receptors. Recruitment of 

more platelets occurs through a continued cycle of tethering and activation (via ADP and TxA2).

5- Procoagulant activity

Activation of platelets also leads to the exposure of the pro-coagulant lipid phosphatidylserine 

(PS) on platelet membrane. This generates a platform for the assembly of coagulation factor 

complexes. It allows the formation of the activated factor X-generating complex comprising 

activated factor VIII and activated factor IX, as well as the thrombin-generating complex, which 

consists of activated factor X and activated factor V (FVa)22. These complexes ultimately lead to 

the generation of a large amount of thrombin. Thrombin is, in turn, a potent activator of platelets 

and enhances therefore the rate of platelet plug formation23. To this end, thrombin cleaves 

an extracellular loop of a subset of G protein-coupled receptors known as protease-activated 

receptors (PARs)24,25. This generates a new N-terminus that serves as a tethered ligand for the 

receptor itself26. It has been shown that PAR-1 and PAR-4 are the critical G protein-coupled 

receptors on human platelets that mediated platelet activation upon proteolytic cleavage 

by thrombin. Although stimulation by either PAR1 or PAR4 can initiate platelet secretion and 

aggregation, PAR1 is the major thrombin receptor27.

Platelet biogenesis and granule formation

The platelet producing megakaryocytes (MKs) are rare myeloid cells (representing less than 1% of 

these cells) that reside primarily in the bone marrow but are also found in the lung and peripheral 

blood. A constant cycle of generation of new MKs (megakaryopoiesis) is required to maintain 

the plasma concentration of platelets ranging between 1.5–4x108/ml28,29. Failure in maintaining a 

sufficient platelet count has been associated with prolonged and spontaneous bleeding. 

MKs originate from hematopoietic stem cells (HSC). Four intermediate cell types can be 

identified during MK differentiation from HSC, i.e. megakaryoblast, basophilic megakaryocyte, 

granular megakaryocyte, and the platelet-producing megakaryocyte. Thrombopoietin (TPO) 

is the primary regulator of thrombopoiesis30 and is thought to act in synergy with other 

factors, including IL-3, IL-6, and IL-1β. Platelet specific proteins including platelet integrins, 
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glycoproteins and α-granule proteins are synthesized in a differentiation stage-dependent 

manner. The integrin GPIIbIIIa and the glycoprotein GPIb-V-XI complex are targeted to MK 

plasma membrane, and proteins including VWF, platelet factor IV (PF4) and β-thromboglobulin 

are loaded into the secretory α-granule31,32.

Not all α-granule proteins originate from MK biosynthesis. In 1993, Handagama et al.33 

employed the disintegrin barbourin and a specific antagonist of GPIIbIIIa to show that GPIIbIIIa 

is the primary receptor mediating fibrinogen uptake and storage by MK. It has been suggested 

that also platelets support the uptake and α-granule storage of fibrinogen33. A crucial question 

is how the non-activated GPIIbIIIa can mediate the uptake of fibrinogen34. Other α-granule 

proteins that are taken up via receptor-mediated endocytosis uptake are factor V, insulin-like 

growth factor-I (IGF-I) and insulin-like growth factor binding protein-3 (IGFBP-3)35–37. It has 

further been suggested that the α-granule proteins albumin and IgG are taken up from the 

plasma by both megakaryocytes and platelets via pinocytosis10.

Platelet generation is initiated when the MK transform into pro-platelets. This ultimately 

leads to the release of 2000–5000 new platelets per MK cell29. Newborn platelets are released 

into the circulation where they reside approximately 10 days after which they are cleared by the 

liver and spleen10,38.

The α-granule protein factor V

Factor V (FV) is a cofactor for the serine protease activated factor X that converts prothrombin 

to thrombin. FV is produced in the liver as a large-single-chain polypeptide of about 330 kD. 

FV has a mosaic-like structure comprising three homologous A-type domains, a B domain and 

two homologous C-type domains. FV requires limited proteolytic cleavage by either thrombin 

or activated Factor X (FXa) to be converted into the active form FVa. The activated cofactor can 

subsequently assemble with activated factor X on the activated platelets to form the thrombin-

generating complex35,39,40. To prevent unlimited thrombin generation, the FVa cofactor function 

is down-regulated through proteolytic cleavage by activated protein C (APC).

During biosynthesis by hepatocytes, FV undergoes post-translational modifications, 

including extensive O- and N-linked glycosylation35,41. The carbohydrate chains, which represent 

more than 25% of the mass of FV, have been shown to be relevant for the multiple biological 

activities of FV. Bruin et al.42 were the first to report that deglycosylation results in a loss of 

cofactor function and an impaired activation of FV by thrombin. It has later been established 

that part of the circulating FV carries an additional N-linked glycan in the C2-domain leading to 

a different pro-coagulant and anticoagulant function of FV43,44. Of the two circulating isoforms, 

the glycosylated C2 domain variant appears to be more thrombogenic44,45.

The source of FV in platelets has been debated for several years. After the initial  hypothesis 

that FV is synthesized by MK46, it has later been unequivocally established that FV in α-granules 

derives from receptor-mediated endocytosis by megakaryocytes36. The stored FV in the 

platelets represents approximately 20% of total content of FV in blood where it circulates 

at a concentration of about 30 nM. Physical and functional differences between stored and 

circulating FV have been identified47. Platelet FV is more efficiently activated by factor Xa and 

more resistant to inactivation by APC than plasma FVa47. The combination of intrinsic biochemical 
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features and its targeted release at the site of vascular damage make platelet FV particularly 

effective during the early phases of coagulation. Clinical and experimental evidence show that 

the stored platelet FV is sufficient to prevent or reduce the severity of bleeding symptoms in 

patients with neutralizing antibodies directed to circulating FV48.

FV endocytosis by MK has been proposed to occur via a selective receptor-mediated 

clathrin-dependent event involving a two-step mechanism36,49. According to the proposed 

model, FV initially binds to a specific unidentified receptor after which FV is transferred to low 

density lipoprotein receptor-related protein-1 (LRP-1). The latter receptor mediates endocytosis 

of FV. After its endocytosis, FV undergoes additional biochemical processing prior to storage 

in the α-granules where it is covalently linked to multimerin50. The exact molecular mechanism 

that contributes to FV uptake and storage is, however, still poorly understood. It is further 

remarkable that MK seem to exhibit distinct uptake mechanisms for FV and fibrinogen. Whether 

other α-granule proteins utilize these uptake mechanisms remains to be established as well.

Exocytosis of granules from platelets

Platelet activation leads to the fusion of the secretory granules with the open canalicular 

system (OCS). The essential granule-to-OCS membrane fusions events are the result of a 

cascade of protein-protein interactions51. Regulated exocytosis is generally mediated by soluble 

n-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), soluble proteins 

such as N-ethylmaleimide-sensitive-factor (NSF), and soluble NSF attachment proteins 

(SNAPs), and SNAREs regulators52–54. According to the “SNARE hypothesis”, SNAREs that reside 

on the vesicle are referred to as v-SNAREs (or vesicle-associated membrane proteins) and 

SNAREs that are located on target membrane are the t-SNAREs. In platelets, v-SNAREs that 

have been reported to be important for granule-membrane fusion are synaptobrevin/VAMP-2, 

cellubrevin/VAMP-3 and endobrevin/SNAP-8. Syntaxin 2, 4, 11 and SNAP 23 represent the 

functional t-SNAREs in platelets55.

v- and t-SNARE proteins comprise so-called SNARE motifs that include about 65 amino acid 

residues. SNARE motifs form the v- and t-SNARES can assemble into a tight trans-SNARE complex 

that bridges the two membranes54. Although SNARE complex formation is sufficient in some 

systems for mediating vesicle-membrane fusion, tight kinetics and timing are required to control 

platelet secretion exclusively in response to external signals. Several potential regulators of 

SNARE complex formation have been identified in platelets and include Munc18 family members, 

Munc13, granuphilin, and tomosyn53,54-56. It has been reported that Munc18 proteins may act as 

both positive and negative regulators of membrane fusion. Overexpression of these proteins in 

cellular systems has, however, produced conflicting observations53,54. The key functional roles of 

the Munc18 protein family in exocytosis remain, therefore, a topic for further investigation.

Among the seven known Munc18 proteins57, Munc18-1, -2, and -3 have been suggested to 

be critical for exocytosis in mammals. For platelets, it has initially been shown that Munc18-1 

and Munc18-2 contribute to α-granule release58,59. Later studies showed that Munc18-2 is also 

critical for the regulated release of α-granules and dense-granule60. The relative contribution 

and importance of the individual Munc18 family members for granule release by platelets 

remains, however, to be established.  
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Roles of galectins in platelet functions

Galectins are a family of proteins originally identified in extracts of vertebrate tissue as 

galactoside-binding lectins. Current researche indicates that galectins play important roles 

in diverse physiological and pathological processes, including immune and inflammatory 

responses, tumor expansion and development, neural degeneration, atherosclerosis, diabetes, 

and wound repair61,62. To date, fifteen mammalian galectins have been identified comprising 

either one (Galectin-1,-2, -3, -5, and -7) or two carbohydrate-recognition domains (CRD) 

(Galectin-4, -6, -8, -9, and -12)63,64. Galectins can be found in the cytosol, nucleus, and outside the 

cell65. The individual CRD domains can bind glycans with different affinities. Due to their bivalent 

and multivalent binding capacity, galectins can act as a cross-linker between two glycoproteins65.

In platelets Galectin-8 and Galectin-1 have been described to be able to trigger platelet 

activation66,67. Intriguingly, Galectin-8 and Galectin-1 have been suggested to interact with GPIb-V-IX 

complex and integrin GPIIbIIIa, respectively66,67. Moreover, changes of Galectin-8 expression and 

localization in platelets have been shown to occur upon activation66. An altered expression and 

localization of Galectin-8 has also been observed in megakaryocytes upon maturation68. Pull-down 

experiments in platelets identified FV, multimerin-1 and VWF as putative binders for Galectin-8 in 

in vitro66. However, the physiologic significance of in vivo interaction between Galectin-8 and 

each of these potential partners still remains to be unraveled. Galectins have previously also been 

implicated to contribute to ligand internalization69,70. This opens the possibility that Galectin-8 

plays a role in the mechanism that regulates FV endocytosis by megakaryocytes. 

Rare genetic disorders associated with platelet defects

Glanzmann’s thrombastenia

Even though rare in the world-wide context, Glanzmann’s thrombastenia (GT) is the most common 

inherited recessive disorder of platelet function. The thrombastenic phenotype is associated with 

deficiency or dysfunction of the platelet fibrinogen receptor GPIIbIIIa. Platelets from these patients 

fail to aggregate in response to stimuli that normally trigger activation of GPIIbIIIa. VWF–GPIb 

interaction is however not affected in these platelets. The GT patients have a lifelong hemorrhagic 

syndrome typically characterized by episodes of spontaneous muco-cutaneous bleeding. Bleeding 

severity differs considerably between patients. GT-causing mutations can affect either the GPIIb or 

IIIa encoding genes. The platelet content of GPIIbIIIa is used to categorize the disease into three 

subtypes: type I GT with less than 5% residual integrin, type II GT, with 5-20% residual GPIIbIIIa, and 

type III GT (also named GT variant) with 50% to normal level of a functionally defective GPIIbIIIa71. 

The hypothesis that GPIIbIIIa is responsible for fibrinogen uptake and storage in α-granules33 

was strengthened by the observation that GT type I patients lack granular fibrinogen. However, 

levels of granular fibrinogen in GT type II and III, seem to be dependent on the reported 

mutation72–74. These observations raise questions about the exact mechanism of granular-

fibrinogen uptake that remains enigmatic and leaves gaps in our knowledge on integrin function.

Familial hemophagocytic lymphohistocytosis-5 (FHL-5)

Familial hemophagocytic lymphohistiocytosis (FHL) is a genetically heterogeneous immune 

disorder of autosomal recessive inheritance75. A hallmark of this condition is the occurrence 
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of uncontrolled proliferation and activation of polyclonal T/NK lymphocytes and macrophages 

that infiltrate multiple organs including liver and spleen and the central nervous system. It 

is associated with cytopenia and hyperferritinemia and can have a fatal outcome. The first 

genetic locus to be described in FHL (FHL-1) was on chromosome 9q21.3 2276. However the 

gene where the disease-causing mutation is located remains to be identified. Later studies 

identified different disease-causing mutations affecting proteins that contribute to granule 

release in leucocytes. Mutations in perforin have been associated with FHL-2, Munc13-4 

variants with FHL-3, and defects in syntaxin-11 with FHL-4. Mutations in these proteins account 

for approximately 80% of FHL cases77,78. 

Only recently it has been reported that mutations in the Munc18-2 gene lead to FHL-579. 

Among the 20 identified mutations, the most frequently observed Munc18-2 variant in FHL-5 

patients is the c.1247-1G>C splice-site mutation. The critical role of Munc18-2 for granule release 

in platelets is, however, discordant with the clinical symptoms observed in FHL-5 patients that 

carry this variant. Only rare episodes of excessive bleeding have been reported in these patients, 

and symptoms seem to be highly variable among patients80,81. Yet, Al Hawas et al.60 showed that 

functional absence of Munc18-2 in the platelets of FHL-5 patients leads to a complete secretion 

defect of α-granules and dense-granules. The exact role of Munc18-2 in α-granule release by 

platelets still, therefore, remains unclear.

LAD-III syndrome

Three leukocyte adhesion deficiency syndromes (LAD) have been described82–85. Clinical 

observations that are common to LAD are recurrent bacterial infection, which are often life-

threatening and difficult to treat. While the genetic defects underlying LAD-I (functional 

absence of the β2 integrin subunit) and LAD-II (defect in the GDP-L-fucose transporter) have 

been known for several years, the molecular basis of LAD-III syndrome has only recently been 

identified82–85. Unique to LAD-III is the “Glanzmann-like” bleeding due to impaired platelet 

adhesive functions caused by integrin activation defects86.

In recent years, some important aspects of the signaling pathway leading to integrin activation 

have been resolved. Upon platelet activation, intracellular diacylglycerol and Ca2+ activate protein 

kinase C and/or Rap1 guanine nucleotide exchange factor (CalDAG-GEF1)87. These proteins 

promote activation of Rap1, which in turn associates with Rap1-GTP–interacting adaptor molecule 

(RIAM) and forms a ternary complex together with talin-1 at the cytoplasmic tail of the integrin. 

Recently, it has been recognized that kindlin-3 is also involved in integrin activation87. Both talin-1 

and kindlin-3 have similar FERM (four-point-one/ezrin/radixin/moesin) domain structures. FERM 

subdomain 3 of these proteins binds the β subunit of integrins. It has been proposed that binding 

of both talin-1 and kindlin-3 is required for effective integrin activation88. 

It has initially been though that low levels CalDAG-GEFI are the cause for LAD-III. However 

recent studies employing kindlin-3 knockout mice provided the basis for the finding that 

absence of kindlin-3 is the underlying defect that causes LAD-III. A breakthrough in the field 

was the observation that expression of kindlin-3 in immortalized cells of LAD-III patients, and 

not that of CalDAG-GEFI89, completely rescued the defective integrin function. Yet, whether 
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or not absence of kindlin-3 in platelets only affects integrin activation, or that other platelets 

proteins are affected as well remains a topic for further investigation.

QUESTIONS ADDRESSED IN THIS THESIS
The two opposite distinct mechanisms behind the regulated exocytosis and endocytosis of 

α-granule proteins still remain enigmatic with many unanswered questions. In the present 

thesis, we aim to gain insight into the players critical for these two mechanisms by combining 

classical biochemical methods, mass spectrometry studies and flow cytometry analysis on in 

vitro model systems and platelets from patients with rare genetic disorders. In Chapter II, we 

employ confocal analysis, RNAi silencing and flow cytometry studies to address the question 

whether Gal8 is involved in FV endocytosis by megakaryocytes. In Chapter III, we analyze 

platelets of GT and LAD-III patients in a mass spectrometry study to unravel the enigma 

regarding the significance of integrin activation for fibrinogen endocytosis. Other questions 

addressed in the chapter are: i) Is GPIIbIIIa integrin involved in the internalization of other 

plasma proteins beside fibrinogen? ii) Are other proteins differentially expressed in platelets 

with a single GPIIbIIIa deficiency or a complete integrin activation defect? iii) Does mass 

spectrometry analysis of platelets provide an alternative to identify rare platelet disorders? 

In Chapter IV, we analyze platelet exocytosis and the role of Munc18-2 therein by means of 

mass spectrometry and classical biochemical tools. Platelets from FHL-5 patients are analyzed 

to address the following questions: i) What is the effect of the Munc18-2 splice-site mutation 

1247-1G>C, the most frequently observed in FHL-5 patients, on platelet degranulation? ii) What 

is the protein product, if any, of the 1247-1G>C splice-site mutation. In Chapter V, we investigate 

whether GPIIbIIIa or GPIb-GPV contribute to endocytosis of FV. We addressed the questions: i) 

Does GPIIbIIIa also contribute in FV uptake? ii) Can Gal8 form a cross-linking bridge between 

FV and one of these receptors? Finally in Chapter VI, the results of our findings are discussed in 

view of their implications for platelet functions.
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ABSTRACT 
Galectin-8 (Gal8) interacts with β-galactoside-containing glycoproteins, and has recently been 

implicated to play a role in platelet activation. It has been suggested that Gal8 may also interact 

with platelet coagulation factor V (FV). This indispensable cofactor is stored in α-granules of 

platelets via a poorly understood endocytic mechanism that only exists in megakaryocytes 

(platelet precursor cells). In this study, we now assessed the putative role of Gal8 for FV biology. 

Surface plasmon resonance analysis and a solid phase binding assay revealed that Gal8 binds FV. 

The data further show that β-galactosides block the interaction between FV and Gal8. These 

findings indicate that Gal8 specifically interacts with FV in a carbohydrate-dependent manner. 

Confocal microscopy studies and flow cytometry analysis demonstrated that megakaryocytic 

DAMI cells internalize FV. Flow cytometry showed that these cells express Gal8 on their cell 

surface. Reducing the functional presence of Gal8 on the cells by an anti-Gal8 antibody or 

by siRNA technology markedly impaired the endocytic uptake of FV. Compatible with the 

apparent role of Gal8 for FV uptake, endocytosis of FV was also affected in the presence of 

β-galactosides. Strikingly, TPO differentiated DAMI cells, which represent a more mature 

megakaryocytic state, not only lose the capacity to express cell-surface bound Gal8 but also 

lose the ability to internalize FV. Collectively, our data reveal a novel role for the tandem-repeat 

Gal8 in promoting FV endocytosis.

Background: Galectin-8 has been suggested to bind platelet FV but the function is unknown. 

Results: Functional absence of galectin-8 in megakaryocytic-like cells impairs the cellular 

uptake of FV.

Conclusion: Galectin-8 is part of the mechanism involved in the endocytosis of FV.

Significance: Galectin-8 may be a novel regulator of platelet function by mediating the uptake 

of platelet proteins by megakaryocytes.

Key words: endocytosis, platelet factor V, galectin-8, megakaryocytes

24



2

G
A

LEC
TIN

-8 M
ED

IA
TES FA

C
TO

R V
 EN

D
O

C
Y

TO
SIS

INTRODUCTION
The human galectin protein family includes 15 members that specifically recognize 

β-galactosides (1,2). Depending on their structural organization galectins can be subdivided 

into three groups, i.e. the prototypical group comprising a single carbohydrate-recognition 

domain (CRD), the chimeric group containing one CRD and a non-lectin-binding domain, and 

the tandem-repeat group which consists of two CRDs (3). Galectins have been implicated in a 

range of biological processes including cell differentiation, cell adhesion, growth regulation, 

and apoptosis (4). It has been proposed that galectins mainly exert their role by cross-linking 

specific glycoproteins thereby triggering intracellular signaling cascades (5). 

Originally identified as cytosolic proteins, galectins can also be secreted via an atypical and 

poorly understood secretory mechanism (6). Secreted galectins are retained at the cell surface, 

or are released into the environment for interaction with the surrounding cells or extracellular 

proteins (1). Once secreted, galectins may be reinternalized by the cells (7,8). Through this 

mechanism galectins have been suggested to modulate the composition of the extracellular 

matrix (9,10). For galectin-3 (Gal3), it has been suggested that it directly contributes to the 

endocytosis of advanced glycation end-products and modified LDL particles (11).

Recent evidence indicates that galectins may also play a role in thrombosis and haemostasis. 

It has been shown that galectin-8 (Gal8) and galectin-1 (Gal1) can activate platelets (12,13). 

Employing mass spectrometry approaches, Romaniuk et al. (12) identified several putative 

binding partners of Gal8 in platelet lysates. Surprisingly, the list of potential ligands included 

coagulation factor V (FV), which is critical for proper functioning of the coagulation cascade. 

FV acts in this cascade as a cofactor of activated factor X (FXa) in the prothrombinase complex 

(14,15). A role of Gal8 in FV biology, however, has not been investigated so far. 

About 20% of total FV pool in whole blood is stored in a partially activated state in the 

α-granules of platelets (16,17). As activated platelets release their protein content at sites of 

vascular injury, platelets represent a unique source of FV for effective blood coagulation. The 

relevance of platelet FV has been demonstrated by clinical observations. It has, for instance, 

been reported that patients lacking platelet FV exhibit a bleeding diathesis despite of the 

presence of normal levels of plasma FV (18).

The source of platelet FV has been debated for years. Although it was initially been 

suggested that megakaryocytes synthesize FV (19), it has now been established that platelet 

FV is taken up from plasma by megakaryocytes via receptor-mediated endocytosis (16,20). 

Megakaryocytes appear to transiently express the proteins that contribute to FV internalization 

as the uptake process is absent in platelets (21). The actual mechanism behind the endocytic 

uptake of FV, however, is still unclear. It has been proposed that FV first binds to the cell surface 

via an unknown cellular component after which it is internalized via low-density lipoprotein 

receptor-related protein 1 (LRP-1) (22). 

During biosynthesis by hepatocytes, FV undergoes post-translational modifications including 

extensive O- and N-linked glycosylation (23). In addition to a role in the biosynthesis and half-life of 

FV, a carbohydrate moiety on FV has been suggested to contribute to the regulation of FV cofactor 

function (23,24). Although the role of glycosylation for FV biology has been investigated, no data are 

currently available on a possible function of the carbohydrate side chains for FV endocytosis.
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The potential endocytic role of galectins, and the suggestion that Gal8 may bind FV 

prompted us to assess the role of Gal8 in the cellular uptake of FV. Employing a biochemical 

and a cell-based approach, we show that Gal8 binds FV in a carbohydrate-dependent manner, 

and we demonstrate that Gal8 mediates endocytosis of FV.

EXPERIMENTAL PROCEDURES
Materials– D-Galactopyranosyl-β-D-thio-galactopyranoside (TDG) was from Carbosynth 

(Compton, Berkshire, UK). Unless specified, all the other chemicals were from Sigma-Aldrich 

(St. Louis, MO, USA). 

Proteins and Antibodies – Recombinant full length human Gal8 and Gal1 were purchased from 

R&D Systems (Minneapolis, USA) and bovine lactadherin was from Hematologic Technologies 

(Essex Junction, USA). Plasma derived FV was purified as described (25). Mouse monoclonal 

anti-factor V (sc-130566), anti-Gal1 antibody, and goat polyclonal anti-Gal8 antibody were from 

Santa Cruz Biotechnology (Bergheimer Heidelberg, Germany). FITC-conjugated mouse IgG 

isotype control was from Dako (Glostrup, Denmark), FV-HRP sheep anti-human FV from Kordia 

(Leiden The Netherlands), Alexafluor 488- or 568-conjugated secondary antibodies were from 

Invitrogen (Breda, The Netherlands), and anti-Gal3 from Abcam (Huissen, The Netherlands).

Cell culture and treatment – DAMI cells were from the American Type Culture Collection (ATCC 

CRL 9792). Cells were cultured in DMEM F-12 supplemented with 10% HyClone FCS (Thermo 

Fisher Scientific, Waltham, USA), 100 units/ml penicillin, 100 µg/ml streptomycin (Invitrogen, 

Breda, Nederland) at 37°C in humidified atmosphere with 5% CO
2
. To ensure logarithmic 

growth, cells were sub-cultured every two days. A cell density of 1x106 ml-1 was employed for 

the experiments. When required, cells were induced to differentiate for 72 hours with 10 ng/ml 

thrombopoietin (TPO) (Sanquin Pelikines, Amsterdam, The Netherlands) in complete medium. 

Platelets were obtained from healthy donors and collected in EDTA buffer as described before 

(26) in accordance with Dutch regulations and following approval from Sanquin Ethical Advisory 

Board in accordance with the declaration of Helsinki. 

Factor V-galectin binding studies –Surface Plasmon Resonance (SPR) analysis was performed 

using a BIAcoreTM3000 biosensor system (Uppsala, Sweden) essentially as described (27). 

Plasma purified FV was coupled to CM5-sensor chip to a density of 1500 RU using the amine-

coupling kit as indicated by the manufacturer. Increasing concentrations of Gal8 (1.5-75 nM) 

were passed over the chip at a flow rate of 20 µl/min at 25°C in HEPES binding buffer (20 nM 

HEPES (pH 7.4), 150 mM NaCl, 5 mM CaCl
2
, 0.005% (v/v) Tween-20). The sensor chip surface was 

regenerated by three repeated washes in the same buffer containing 1 M NaCl. Competition 

experiments were performed by flowing 50 nM Gal8 over immobilized FV (1700 RU) in the 

presence of increasing concentrations of lactose, sucrose, and TDG dissolved in binding buffer. 

Enzyme-linked immunoassay (ELISA) was performed in 96-well microtiter plates (Nunc, 

Roskilde, Denmark). Wells were coated overnight at 4°C with recombinant human Gal8 (5 μg/ml) 

in 50 mM sodium carbonate-bicarbonate buffer (pH 9.8). Plates were then blocked for 1 hour at 

37°C with 2% human serum albumin (HSA) (Cealb) in Tris-HCl binding buffer (TBS) (20 mM Tris-HCl 
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(pH 7.4), 150 mM NaCl, 5 mM CaCl
2
, 2 mM MgCl

2
 and 0.05% (v/v) Tween-20). Appropriate dilutions 

of FV were subsequently incubated with Gal8 for 1 hour at 37°C. After washing with binding buffer 

to remove unbound FV, binding was assessed by utilizing anti-human FV-HRP. The absorbance at 

540 nm/450 nm was measured on a SpectramaxPlus 384 (Molecular Devices). For the competition 

experiment, 15 nM FV was incubated with increasing concentrations of lactose, sucrose, and TDG 

in binding buffer for 1 hour at 37°C. The mixture was then incubated with immobilized Gal8 on the 

plate for 1 hour at 37°C. Residual binding was assessed as described above.

Assessment of cellular uptake of factor V and expression of galectins – FV was labeled with 

FITC dye (mole ratio 1 FV : 3 FITC) (FluoReporter® FITC Protein Labeling Kit, Invitrogen, Breda, 

The Netherlands) according to manufacturer's instructions. To assess FV uptake, DAMI cells 

were incubated with FITC-FV in serum-free medium at 37°C. For blocking experiments with 

antibodies, DAMI cells were first pre-incubated for 30 minutes at 37°C in presence of 4 µg/ml 

of anti-Gal8 or anti-Gal1 antibody in serum free medium. After the incubation with FITC-FV, 

cells were washed with ice-cold TBS, fixed with 1% freshly dissolved ultrapure methanol-free 

p-formaldehyde (Polysciences, Eppelheim, Germany) and re-suspended in TBS, 0.5% human 

serum albumin (HSA) and analyzed by flow cytometry. 

Galectin expression by DAMI cells or purified platelets was assessed by fixing the cells as 

described above followed by an incubation for one hour at 4°C with antibodies directed against  Gal8, 

Gal1 or Gal3. These antibodies were diluted 500-fold in phosphate buffered saline (PBS), 1% (w/v) 

HSA, and 0.05 % (w/v) saponin. After removal of the unbound anti-galectin antibody by washing 

with PBS, the cells were incubated for one hour at room temperature with the secondary Alexafluor 

488-conjugated antibody. The cells and platelets were subsequently analyzed by flow cytometry.

Flow cytometry analysis – Flow cytometry analysis was performed on a FACS LSRII (BD 

Biosciences, Uppsala, Sweden) as described (27). Appropriate negative controls with Alexafluor 

488-conjugated or FITC-conjugated isotype IgG were included in all the experiments. The 

analysis regions to obtain the percentage of FITC-FV or galectin positive cells were set such 

that less than 2% of the control cells were considered positive. When required, the significance 

of the difference between positive cells was assessed employing a Student's t test. p values < 

0.05 are indicated in Figs. 1, 3, 6, and 7 with a single asterisk, p values < 0.01 are indicated with 

double asterisks, and p values < 0.001 are indicated with triple asterisks. 

Immunofluorescence analysis – Cells were washed with ice cold PBS, and fixed for 30 minutes at 

4°C in 4% p-formaldehyde. When required, whole cells were stained with  carboxyfluorescein-

succinimidyl ester (CFSE) employing 1 µM carboxyfluoresceindiacetate-succinimidyl ester before 

fixation as indicated by the manufacturer. FV, Gal1, Gal3 and Gal8 were visualized by incubating the 

cells with the appropriate antibodies, which were diluted 500-fold in PBS, 1% (w/v) HSA, and 0.05 % 

(w/v) saponin. After washing with PBS, the cells were incubated with the appropriate secondary 

antibody (Alexafluor 488-conjugated conjugated antibody for galectin staining and Alexafluor 

568-conjugated for FV staining) that was diluted 500-fold in the same buffer. The cell suspension 

was then covered with a coverslip to allow cell settlement overnight at 4°C. Subsequently samples 

were analyzed by confocal microscopy using the appropriate filter settings and using a Plan-

Neofluar 63x/1.3 Oil immersion lens (Zeiss LSM 510, Carl Zeiss, Heidelberg, Germany). 
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Gal8 siRNA gene silencing – Three Gal8-specific (sense and anti-sense) 20-25 nt siRNAs were 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The sense strands are: 5’-GAACU 

GACAGAGAUAAGUA-3’, 5-CAACACUUAUAGCCAGUUA-3’ and 5’-CCAGUAUGUUCCCUGUUCU-3’. 

The non-targeting control siRNA pools were from Dharmacon (Thermo Fisher Scientific, 

Waltham, USA). 6 µl of 50 µM Gal8 siRNA or non-targeting control siRNA were added to 

3x106 DAMI cells in serum-free medium. Cells were then pulsed at 250 V, 150 µF and ∞ Ω in a 

BioradGenepulser (Bio-Rad, Hercules, USA) as described (27). Gal8 knockdown was confirmed 

after 48 h by incubating the cells for 30 minutes at 4°C with anti-Gal8 as described above. The 

fluorescence intensity of the cells was assessed by flow cytometry analysis.

RESULTS
DAMI cells efficiently endocytose FV – The megakaryoblastic cell line DAMI, is derived from 

the peripheral blood of a patient with megakaryoblastic leukaemia (28). These cells have 

characteristics of immature megakaryocytes and have recently been shown to generate 

platelet-like particles after differentiation (29). We now used these cells as an experimental 

model to study FV endocytosis. DAMI cells were incubated with increasing concentrations of 

FITC-FV for 1, 2, and 3 hours at 37°C, and FV uptake was monitored by flow cytometry (Fig. 1A). 

The result showed that the percentages of FITC-FV positive cells increased dose- and time-

dependently. The uptake seemed to reach saturation especially at the highest FV concentration.

The ability of the cells to internalize FV was confirmed by confocal microscopy analysis 

employing immunofluorescence staining of FV (Fig. 1B). The results revealed that the internalized 

FV was localized in a punctate pattern inside the cell. We did not observe any staining of FV when 

the DAMI cells were not incubated with FV (Fig. S1). The uptake of FITC-FV was also monitored at 

4°C and in the presence of unlabeled FV. Uptake was reduced by more than 50% in the presence 

of a 7-fold excess of the unlabeled protein and almost completely ablated at 4°C (Fig. 1C). These 

data seem to be consistent with an active receptor-mediated saturable process (20). As FV is 

known to bind with high affinity phosphatidylserine (PS)-containing phospholipids (30), we 

investigated whether PS might also contribute to the uptake of FV by the cells. Figure 1C shows 

that the cellular uptake of FV was not affected by the presence of a 30-fold excess of lactadherin, 

which binds PS with a high affinity. This result excludes any contribution of PS to the endocytic 

uptake of FV. Taken together, the data show that FV is internalized by DAMI cells. 

Gal8 and Gal1 are expressed on surface of DAMI cells – DAMI cells were characterized for the 

expression of galectins. In particular, we monitored the expression of Gal1, Gal3 and Gal8. 

Confocal microscopy analysis showed that DAMI cells are positive for Gal8 and Gal1 (Fig. 2A). 

Gal3, which is mainly expressed by epithelial and immune cells (31), was poorly detectable in 

DAMI cells. The expression of Gal8, Gal1 and Gal3 was further assessed by FACS analysis. To this 

end, galectin detection was performed with anti-galectin antibodies on non permeabilized or 

permeabilized cells. This approach allows for the detection of extracellular cell surface-bound 

galectins and the total amount of galectins (extracellular and intracellular). The histograms 

in figures 2B and S2 show that there is an extracellular pool of Gal8 and Gal1 on DAMI cells. 

In agreement with confocal analysis, hardly any Gal3 was detected within or on the cells. The 
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observation that DAMI cells internalize FV and express Gal8 on their surface implies that these 

cells represent a good model system to study the role of Gal8 for FV uptake.

β-galactosides inhibit FV endocytosis and FV binding to Gal8 – As β-galactosides are typical 

ligands for galectins, like Gal8, we evaluated the endocytic uptake of FV in the presence of 

N-acetylglucosamine (GlcNAc), D-mannose, mannan, lactose, and the lactose analog TDG. The 

latter two compounds are β-galactosides, and are known to block carbohydrate-dependent 

binding of galectins to their ligands. Figure 3 shows that the uptake of FV by DAMI cells is 

markedly reduced in the presence of TDG and lactose. However, mannan, D-mannose and 

GlcNAc did not affect FV internalization by the cells. Taken together these findings suggest a 

specific role of the FV glycans in promoting FV uptake by cells. 

To assess whether Gal8 binds FV in a carbohydrate-dependent manner, we investigated 

the binding of Gal8 to FV in the presence of β-galactosides with surface plasmon resonance 

analysis (SPR) analysis. We first passed increasing concentrations of Gal8 over immobilized FV 

(Fig. 4A). The data revealed a reversible and dose-dependent binding of Gal8 to immobilized FV. 

The binding curves revealed, however, complex binding kinetics. This result is not unexpected 

as Gal8 may bind multiple carbohydrates on the heavily glycosylated FV. This finding does, 

however, preclude a straightforward assessment of the equilibrium dissociation constant (K
D
) 

of the Gal8-FV complex. To still gain insight into the K
D
, we estimated the binding response at 

equilibrium for each Gal8 concentration by fitting the association phase to a one-site association 

model. The obtained estimated binding response at equilibrium was subsequently plotted as 

a function of the employed Gal8 concentration (Fig. 4A, inset). The results revealed that the 

apparent K
D
, which is reflected by the Gal8 concentration at which half-maximum binding is 

reached, is about 30 nM for the FV-Gal8 complex. This value is in the same range as the plasma 

concentration of FV suggesting that this interaction may occur under physiological conditions. 

We subsequently assessed the binding of Gal8 to FV in the presence of lactose, TDG, and 

sucrose (Fig. 4B). As the presence of these carbohydrates produces unwanted buffer effects 

during the association phase, we plotted the residual binding of Gal8 to FV at the start of the 

dissociation phase. The data revealed that the β-galactoside containing compounds effectively 

block the association of Gal8 to FV. In figure 4B, the inset also shows the association to FV of 50 

nM Gal8 and 50 nM Gal1. The results showed that there was hardly any association of Gal1 to FV.

In a complementary setup, we evaluated the carbohydrate dependence of the interaction 

between Gal8 and FV in a solid phase binding assay. We first assessed the maximum binding 

response for the association of FV with immobilized Gal8 (Fig. 5, inset). Next, we demonstrated by 

competition experiments that both TDG and lactose prevent the interaction between Gal8 and 

FV in a dose-dependent manner (Fig. 5). In agreement with the results obtained with SPR analysis, 

these data support the observation of a specific and glycan-dependent binding of Gal8 to FV.

Surface-bound Gal8 is crucial for FV uptake – The blocking effects of lactose and TDG on FV 

internalization by cells as well as on the direct binding of Gal8 to FV suggest a role for Gal8 as a 

mediator of FV uptake. This hypothesis was verified by reducing the functional presence of Gal8 in 

DAMI cells. First, we reduced Gal8 expression employing siRNA technology (Fig. 6A,B). The results 

show that cells transfected with Gal8 siRNA, but not those with non-targeting siRNA, have a markedly 

reduced ability to endocytose FV. This observation provided additional evidence that Gal8 contributes 

29



2

G
A

LEC
TIN

-8 M
ED

IA
TES FA

C
TO

R V
 EN

D
O

C
Y

TO
SIS

A

B

C

Figure 1. FV is internalized by the megakaryocytic DAMI cells. (A) Increasing concentrations of FITC-FV 
were incubated with DAMI cells in serum-free medium at 37°C for the indicated times. The percentage of 
FITC-FV positive cells was assessed by flow cytometry as described in the experimental procedures. Data 
represent the mean values ± SD of three independent experiments. (B) 40 nM unlabeled FV was incubated 
with the cells in serum free medium for 3 hours at 37°C. Cells were analyzed by confocal microscopy after 
immunofluorescence staining of FV as described in the experimental procedures. The top three panels 
show the whole cell in red (CFDA-SE staining) and FV in green. The white scale bar represents 5 µm. The 
bottom panel shows a side view of the cell which was obtained employing z-stack analysis of the cell 
displayed in the panel (cell height: 4 µm). (C) Flow cytometry analysis of cells that were incubated with 
40 nM FITC-FV in serum free medium for 3 hours at 4° or at 37°C in the presence of 0.3 µM unlabeled FV 
or 1.2 µM lactadherin. Data represent the mean values ± SD of three independent experiments and are 
expressed as percentage of FITC-FV positive cells. 
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to FV endocytosis. Subsequently, we evaluated FV uptake by DAMI cells in the presence of a blocking 

antibody directed against Gal8. As a control, we monitored FV uptake in the presence of an antibody 

against Gal1 (Fig. 6C,D). The data revealed that FV uptake was blocked by about 70% in the presence 

of anti-Gal8 but remained unchanged in the presence of the anti-Gal1 antibody. The above data 

together demonstrate that Gal8 is of principle importance for mediating endocytosis of FV. 

Differentiation of DAMI cells with TPO leads to loss of surface-bound Gal8 – Previous studies reported 

that platelets express Gal8 on their surface only after thrombin stimulation (12). Since differentiated 

DAMI cells are able to produce platelet-like particles (29), we assessed whether these cells also lack 

cell surface expression of Gal8. To this end, we monitored the presence of cell-surface bound Gal8 

in TPO-differentiated DAMI cells employing flow cytometry. Figure 7A reveals that Gal8 was hardly 

detected on non permeabilized platelets and non permeabilized TPO-differentiated DAMI cells. In 

contrast, Gal8 positive cells were identified in TPO-differentiated DAMI cells upon permeabilization 

of these cells. This finding shows that, similar to platelets, Gal8 is not present at the cell surface after 

Figure 2. Gal8 and Gal1 are expressed by DAMI cells. (A) Confocal images of DAMI cells in which Gal8, 
Gal1 and Gal3 are stained in green as described in the experimental procedures. White scale bars represent 
5 µm. (B) Flow cytometry analysis of the presence of Gal1, Gal3 and Gal8 on or in DAMI cells by staining 
these galectins in non permeabilized and permeabilized cells. Shown are representative histograms of one 
out of three experiments. The grey histograms represent the background fluorescence of the cells in the 
absence of the primary anti-galectin antibody. 
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differentiation of the DAMI cells with TPO. Intriguingly, the loss of surface-bound Gal8 correlated with 

a markedly reduced uptake of FV by the cells (Fig. 7B). The data together demonstrate that reducing 

the functional presence of extracellular Gal8 markedly impairs the cellular uptake of FV. This finding 

may also provide an explanation why platelets do not support the uptake of FV from plasma. 

DISCUSSION

Gal8 has previously been implied to contribute to cell adhesion, cell growth, and apoptosis 

(2,3). Recently, it has been suggested that Gal8 may interact with platelet FV (12). Employing 

independent approaches, we now reveal a novel role for Gal8 as a mediator for the endocytic 

uptake of FV. First, we show that the endocytic uptake of FV is reduced by β-galactosides 

(Fig. 3). Second, we demonstrate with SPR analysis and a solid phase binding assay that Gal8 

binds FV in a carbohydrate-dependent manner (Fig. 4A,B, Fig. 5). Third, reducing the expression 

of Gal8 employing siRNA technology impairs FV uptake (Fig 6A). Fourth, FV internalization is 

effectively inhibited by an antibody directed against Gal8 (Fig. 6C,D). 

Gal8 and Gal1, which have been suggested to contribute to platelet function (12,13), are 

also expressed on the surface of DAMI cells. Although Gal1 and Gal8 are both known to bind 

β-galactosides, our findings remarkably demonstrate that only Gal8 effectively interacts with FV 

(Fig. 4B, inset). On the other hand, it has been shown that modifications in a CRD domain affect 

the fine specificity of the galectins for complex carbohydrates (32). Apparently, FV comprises a 

glycan structure that can be effectively bound by Gal8 and only poorly bound by Gal1. A different 

specificity for a particular glycan has also been demonstrated for the two CRDs within Gal8 itself (33). 

The N-terminal CRD has been reported to exhibit a high affinity for 3’-O-sulfated or 3’-O-sialylated 

Figure 3. FV is internalized in a carbohydrate-dependent manner. (A) DAMI cells were incubated 
with 40 nM FITC-FV for 3 hours at 37°C in the absence and in the presence of 5 mM D-mannose, GlcNAc, 
lactose, TDG or 1 mg/ml mannan. Data are the mean values ± SD of three independent experiments, and 
are expressed as the percentage of residual FITC-FV uptake relative to the uptake of FITC-FV in the absence 
of the carbohydrates. (B) FACS histograms of FITC-FV uptake by DAMI cells in the absence (solid line) and 
in the presence (dotted line) of 5 mM TDG or 5 mM lactose. 
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glycoconjugates (34), whereas the C-terminal CRD domain preferentially binds poly-N-acetyl-

lactosamine glycans (33). It therefore seems feasible that one CRD of Gal8 specifically binds FV, 

whereas the other CRD may have a preference for binding glycans expressed on the cell surface.

The reported ability of Gal8 to induce PS exposure on the surface of cells (35,36) and 

the known affinity of FV for PS (30) raised the possibility that the uptake mechanism may be 

dictated by PS exposure. However, we found that lactadherin, which binds PS with a high affinity 

Figure 4. SPR analysis of carbohydrate-dependent Gal8–FV complex formation. (A) Increasing 
concentrations of Gal8 (1.5, 3, 6, 12, 25, 50 and 75 nM) were passed over immobilized FV in 20 mM HEPES 
(pH 7.4), 150 nM NaCl, 5 mM CaCl

2
, and 0.005% (v/v) Tween-20 as described in the experimental procedures. 

Association and dissociation are indicated in Response Units (RU). The broken line represents the fit to the 
association phase of a one-site association model. The inset shows the estimated equilibrium binding response 
as a function of the Gal8 concentration. (B) 50 nM Gal8 was associated to immobilized FV in the presence 
(white bars) 0.2 mM and (black bars) of 2 mM lactose, TDG or sucrose. After 120 s of association, the buffer 
comprising the carbohydrates and Gal8 was replaced with the same buffer without these compounds. The 
binding response obtained 10 s after the start of the dissociation phase is shown at the indicated carbohydrate 
concentrations. The data are representative for the results obtained from at least three independent 
experiments. The inset shows the interaction with immobilized FV of 50 nM Gal8 and 50 nM Gal1.
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and shares homology to the PS-binding domains of FV (30) completely failed to prevent FV 

uptake (Fig. 1C). This finding demonstrates that exposure of PS is not part of the mechanism of 

Gal8-mediated FV uptake at all.

Gal8 does not comprise an endocytic signal sequence to directly mediate endocytosis of 

FV. It has, however, been suggested that purified Gal8 can be internalized by CHO cells via 

an unknown mechanism classified as non-clathrin and non-caveolae dependent (33). Further 

research is required to assess whether the same is true for the uptake of FV by DAMI cells. 

Most galectins, however, exert their role by cross-linking counter receptors on or in the cell 

(5). This suggests that Gal8 may also require a counter receptor to mediate the uptake of FV. 

Interestingly, Bouchard et al. previously proposed that FV uptake by megakaryocytes involves 

a two-step mechanism in which FV first binds an unidentified cell surface element after which 

it is transferred to LRP-1 for receptor-mediated endocytosis (22). If so, our data suggest that 

the initial binding event may involve Gal8. Alternatively, it has been suggested that galectins 

may bind integrin ectodomains to exert their biological function (1,2). It has, for instance, been 

demonstrated that Gal3 can regulate the content of the extracellular matrix via β-1 integrin 

mediated endocytosis (37). Gal8 has further been shown to interact on neutrophils with the 

integrin αM (38). Intriguingly, Romaniuk et al. (12) recently demonstrated that Gal8 binds 

directly to the platelet integrin αIIbβ3, which is involved in the endocytic uptake and storage of 

fibrinogen (39). Possibly, Gal8 may act as a bridging molecule between FV and αIIbβ3 thereby 

driving the uptake and storage of FV by megakaryocytes. As galectins have also been suggested 

to play a role in intracellular targeting of proteins (32), Gal8 may not only be involved in the 

endocytic uptake of FV but also in the direct delivery of FV to the α-granules. 

Figure 5. Enzyme-linked immunosorbent assay of carbohydrate-dependent Gal8–FV complex 
formation. 15 nM FV was incubated with Gal8 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 2 mM 
MgCl2 and 0.05% (v/v) Tween-20 for 1 hour at 37 °C. Binding was assessed as described in experimental 
procedures in the presence of increasing concentrations of lactose (circles), sucrose (squares), or TDG 
(triangles). Data represent residual FV binding to Gal8, and are the mean values ± SD of three experiments. 
The inset shows increasing concentrations of FV that were incubated with immobilized Gal8. FV binding is 
expressed as the percentage of the maximum binding response.
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Figure 6. Gal8 mediates endocytosis of FV. (A) 40 nM FITC-FV was incubated for 3 hours at 37°C with 
DAMI cells transfected with non-targeting (scramble) siRNA, or Gal8 siRNA as described in the experimental 
procedures. The uptake of FITC-FV was assessed by flow cytometry analysis. Shown is the percentage of 
FITC-FV positive cells. (B) A representative histogram of Gal8 positive cells after transfection of the cells with 
Gal8 siRNA (dotted line) or non-targeting siRNA (solid line). Grey histogram represents the background 
fluorescence of control cells when the primary antibody was omitted from the staining procedure. (C) 
40 nM FV in serum free medium was incubated for 3 hours at 37°C with DAMI cells that were pre-incubated 
for 30 minutes with 4 µg/ml anti-Gal8 antibody or 4 µg/ml anti-Gal1 antibody. The percentage of FITC-FV 
positive cells was assessed by flow cytometry. Panel D shows representative histograms of FITC-FV uptake in 
control (solid line) and antibody-pretreated (dotted line) cells. Grey histograms represent the background 
fluorescence of the cells. All data reported are the means ± SD of at least three experiments. 

Unlike fibrinogen, FV is internalized by the megakaryocytes only during a specific stage of 

their differentiation. Human CD34+ bone marrow cells have been shown to endocytose FV only 

from day 7 to day 10 of the differentiation process into megakaryocytes (20). Compatible with 

this observation is the notion that platelets completely lack the ability to internalize FV (21). 

This implies that one or more critical structural elements, which contribute to the uptake of 

FV, are transiently expressed during megakaryocyte maturation. In this view, it is an intriguing 

finding that Gal8 is no longer detected at the cell surface after differentiation of DAMI cells with 

TPO (Fig. 7A). This correlated with the impaired ability of these cells to internalize FV (Fig. 7B). 

Gal8 was, however, still present inside the differentiated cells (Fig. 7A). The same was observed 
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Figure 7. Gal8 surface expression and FV uptake is impaired in TPO-differentiated DAMI cells. (A) The 
upper panels show representative FACS histograms of the extracellular staining of Gal8 in non permeabilized 
platelets and TPO-treated DAMI cells (DAMI + TPO). Intracellular Gal8 staining in TPO-treated DAMI cells 
(permeabilized) was included as control. Grey histogram represents the background fluorescence of the 
platelets and cells. The lower panel displays the percentage of Gal8-positive DAMI cells (DAMI - TPO), 
platelets, and permeabilized and non permeabilized TPO-differentiated DAMI cells (DAMI + TPO). Data 
reported are the means ± SD of at least three experiments. (B) Left panel: 40 nM FITC-FV was incubated 
with DAMI cells and with TPO-differentiated DAMI cells for 3 hours at 37°C in serum free medium. The 
data represent mean ± SD of three independent experiments as assessed by flow cytometry. Right panel: 
Representative histograms of FITC-FV uptake in DAMI cells (solid line) and in TPO-differentiated DAMI cells 
(dotted line). The gray histograms represent the background fluorescence of the cells. n.s., non significant.
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for platelets. Although Gal8 is still present inside platelets, it is not detected at the platelet 

surface (Fig. 7A). The differentiation-regulated presence of Gal8 at the cell surface is not unique 

to Gal8. It has been demonstrated that maturation of dendritic cells results in pronounced 

changes in glycan expression at the cell surface, which affects recognition by galectins (40).

A potential pathophysiological role of Gal8 in disorders that relate to FV deserves further 

investigation. Intriguingly, patients with a functional absence of FV in plasma rarely exhibit a 

severe bleeding tendency. It has been suggested that the level of platelet FV is a better predictor 

for bleeding severity in these patients than the level of plasma FV (41). The reasons underlying 

different levels of FV in platelets are, however, still unclear. Our findings demonstrating the 

requirement of Gal8 to promote FV uptake by megakaryocytes might provide a new perspective 

for understanding this aspect of FV biology. We further cannot exclude the possibility that Gal8 

may play a role in modulating the risk for thrombosis in carriers of the FV Leiden mutation (42).

Taken together, our observations show that Gal8 contributes to endocytosis of FV. This 

study reveals a putative novel role of Gal8 as a regulator of platelet function by mediating the 

uptake of platelet proteins by megakaryocytes.

FOOTNOTES
Abbreviations: factor V (FV); human serum albumin (HSA); galectin (Gal); N-acetylglucosamine 

(GlcNAc); lipoprotein related protein 1 (LRP-1); phosphatydylserine (PS); Surface Plasmon 

Resonance (SPR); D-Galactopyranosyl-b-D-thiogalactopyranoside (TDG); thrombopoietin 

(TPO); non significant (n.s.) 
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Figure S1. DAMI cells do not express FV. DAMI cells were incubated in absence (left panels) or 
presence (right panels) of 40 nM FV in serum free medium for 3 hours at 37°C. FV was detected via 
immunofluorescence staining as described in the experimental procedures. FV is shown in green and the 
cell is shown in red (CFSE staining). The white scale bar represents 5 μm.

SUPPLEMENTAL DATA
This manuscript includes two supplemental figures.
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Figure S2. Gal8, Gal1, and Gal3 expression by DAMI cells. The expression of galectins was analyzed by 
flow cytometry as described in the experimental procedures. Panel A shows the histograms of Gal8, Gal1 
and Gal3 expression in non permeabilized and permeabilized DAMI cells. Panel B shows the histograms of 
Gal8 expression in DAMI cells that were differentiated with TPO. . The grey histograms represent the cells 
in which Goat IgG isotype (Gal8 and Gal1) control antibody (GeneTex, Irvine, USA) or mouse IgG isotype 
(Gal3) control antibody (Pelicluster, Sanquin, The Netherland) were employed in the staining procedure.
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ABSTRACT
Mass spectrometry (MS) analysis may be a powerful alternative to identify rare platelet 

disorders using only a limited amount of platelets. We therefore employed MS to analyze 

platelets of Glanzmann’s thrombastenia (GT) type I (GT-I) patients lacking integrin αIIbβ3, and 

of leukocyte-adhesion-deficiency type III (LAD-III) patients with an impaired integrin activation 

mechanism caused by absence of fermitin-family-homolog-3 (FERMT3). MS analysis revealed 

a decreased level of, amongst others, β1-comprising integrins next to the almost complete 

absence FERMT3 in LAD-III platelets. These platelets may therefore not only exhibit an integrin 

activation defect but also a reduced level of β1-integrins. The GT-I platelets lacked fibrinogen 

and αIIbβ3 complying with the observation that αIIbβ3 contributes to α-granule protein loading 

of fibrinogen. In contrast, neurobeachin-like 2, which is absent in gray platelet syndrome, was 

among the up-regulated proteins. The underlying genetic defect of an unidentified GT patient 

was identified by MS as a R214W mutation in β3. Results showed that this causes GT type III with 

αIIbβ3 expression of about 40% of normal values and normal fibrinogen content. Our findings 

show that MS analysis has the potential to identify rare platelet disorders and to provide insight 

in the differential expression of previously unidentified proteins.
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INTRODUCTION
The platelet adhesion and aggregation capacity is tightly restrained in the bloodstream, and 

becomes promptly available upon platelet activation at sites of vessel injury1. Activated platelets 

further release proteins from secretory α-granules leading to high local concentrations of 

a variety of distinct proteins, including von Willebrand Factor (VWF) and fibrinogen1,2. These 

mechanisms are critical for platelet plug formation and effective bleeding arrest. The activated 

platelet integrins play an indispensable role therein as impaired integrin functioning has been 

associated with bleedings. Although many studies have addressed platelet adhesion defects 

caused by dysfunctional integrins, the impact on the platelet protein level is hardly investigated. 

Mass spectrometry (MS) may provide, however, a unique and powerful tool to assess without 

bias the changes in protein content of platelets from patients. Moreover, it has recently been 

shown that there are only minor variations in platelet protein expression patterns in the platelets 

of healthy individuals. It has therefore been proposed that MS may also serve as a diagnostic 

tool to identify rare platelets disorders3. In the present study, we therefore analyzed by MS the 

putative change in protein content of platelets with rare defects in integrin functioning.  

Five distinct platelet integrins have been identified. These integrins include either a β1 (α2β1, 

α5β1, α6β1) or a β3 subunit (αIIbβ3, α5β3). αIIbβ3 is the most abundant platelet integrin, and 

acts as the main receptor for fibrinogen and VWF1,4. The other integrins have been suggested to 

bind exposed ligands in the damaged vessel wall. Integrin α2β1 has, for instance, been shown 

to act as a receptor for collagens4,5. Critical proteins that contribute to integrin activation in 

platelets are talin-1 and fermitin-family-homolog-3 (FERMT3). These FERM-domain-containing 

proteins have been suggested to synergistically contribute to integrin activation by binding to 

distinct sites within the cytoplasmic tail of the β subunit of the integrin1,6,7. Functional absence of 

FERMT3 is best known for causing leukocytes-adhesion-deficiency type III (LAD-III), which is a 

rare immune disorder associated with impaired bacterial killing due to a severe integrin activation 

defects in leucocytes8-10. Absence of FERMT3 has also been reported to affect the erythrocytes. 

It has been suggested to be a cause of poikilocytosis and anemia11. LAD-III patients have further 

been described to exhibit bleedings due to dysfunctional integrin activation in platelets8,12,13.

Next to their adhesive function, integrins have been proposed to contribute to cell 

migration and remodeling of the extracellular matrix in cellular systems14. This process is 

mediated by internalization of ligand-bound integrins from the cell surface. The FERM-domain-

containing protein sortin-nexin-17 (SNX17) has recently been suggested to prevent lysosomal 

degradation of the internalized β1 integrin by binding the β1-tail upon FERMT3 dislodgement 

on early endosomes. This mechanism may facilitate recycling of the unbound integrin to the 

cell surface15. Although absence of FERMT3 has been proposed to lead to integrin activation 

defects, this issue raises the question whether absence of FERMT3 may affects the protein level 

of integrins and associated proteins in the platelets as well.

In platelets, an integrin recycling mechanism is involved in α-granule protein cargo enrichment. 

αIIbβ3 has been demonstrated to mediate the uptake and storage of plasma-derived fibrinogen 

in α-granules16. Employing mice models with a fibrinogen deficiency, it has been proposed that 

fibrinogen is, in turn, required for the maintenance of the level of P-selectin in platelets17. The critical 

role of αIIbβ3 as an endocytic receptor for fibrinogen is signified by Glanzmann’s thrombasthenia 
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type I (GT-I) patients who exhibit an αIIbβ3 level of less than 5% in their platelets. Next to impaired 

αIIbβ3-mediated platelet aggregation, the platelets of these patients exhibit a markedly reduced 

content of fibrinogen in the α-granule. However, normal expression of a functional defective 

αIIbβ3, as found in Glanzmann’s thrombasthenia type III (GT-III) patients, appears to have a limited 

influence on fibrinogen storage in platelets18. It has therefore been proposed that the uptake of 

fibrinogen may not depend on the activation state of αIIbβ3. The full impact of functional absence 

of αIIbβ3 on α-granule proteins other than fibrinogen remains unclear. 

The platelets of LAD-III and GT-I patients provide the unique opportunity to assess the 

effect of a complete integrin activation defect on the one hand, and absence of only αIIbβ3 on 

the other hand on the level of the platelet integrins and associated proteins. In addition, the 

value of MS as a potential diagnostic tool for the identification of rare platelet disorders can be 

evaluated. In the present study, we have therefore performed a comparative MS analysis of the 

proteome of the platelets of three LAD-III patients, and two GT-I patients. We further analyzed a 

GT patient of which the type of GT remained to be established. MS analysis was used to identify 

the genetic defect that is associated with the platelet disorder of the latter patient. 

EXPERIMENTAL PROCEDURES
Platelet isolation – The study was approved by the Amsterdam Medical Center Institutional Medical 

Ethics Committee in accordance with the Declaration of Helsinki. Venous blood was collected 

from healthy donors and from LAD-III and GT patients after obtaining informed consent. The GT-I 

patients have been previously described13,19. Two of the three LAD-patients are from families that 

have been described earlier8. A third LAD-III patient carries a previously unidentified mutation 

in FERMT3, i.e. c.1173delT, p.Asp393ThrfsX29, on both alleles.  The collected blood was anti-

coagulated with heparin. Washed platelets were obtained as previously described 19. The collected 

platelets contained less than 1 leukocyte per 106 platelets and less than 1 erythrocyte/104 platelets. 

Western blot analysis and flow cytometry aggregation of the platelets - All fine chemicals 

used in this study were from Sigma-Aldrich (Zwijdrecht, The Netherlands) unless otherwise 

specified. 1x108 platelets were lysed in 25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% 

sodium deoxycholate, 0.1% SDS supplemented with Halt protease inhibitors cocktail (Thermo 

scientific, Breda, The Netherlands) and kept on ice for 15 min. The lysates were centrifuged 

5min at 13,000xg to remove insoluble particles and were boiled for 5 min at 100°C in sample 

loading buffer under reducing conditions. Platelet proteins were separated employing a 

NuPAGE® Bis-Tris Precast Gels with NuPAGE® MOPS SDS running buffer (Life Technologies, 

Blieswijk, The Netherlands). Proteins were blotted to PVDF membrane which was blocked with 

5% milk powder, 0.05% Tween-20 in PBS for 1 h. Proteins were stained employing enhanced 

chemiluminescence (General Electric Healthcare, Milwaukee, USA) utilizing the primary 

monoclonal antibodies MB9 against αIIb20 and β3 (Transduction Laboratories™) and an HRP-

conjugated antibody (GE Healthcare). Glyceraldehyde 3-phospate dehydrogenase, which 

was utilized as a loading control was stained employing monoclonal anti-GAPDH (Chemicon 

#MAB374). Platelet aggregation tests employing flow cytometry was performed as previously 

described19. Briefly carboxyfluorescein diacetate succinimidyl ester (CFSE, Molecular Probes, 
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Eugene, OR) and PKH26-labeled platelets were mixed 1:1 and preincubated with agonists: 100 

ng/ml phorbol myristate acetate (PMA; Sigma-Aldrich) or 1.5 mg/ml ristocetin (Biopool; Trinity 

Biotech). Samples were taken in time and were fixed in 0.5% formaldehyde, PBS. Double-

colored events were assessed employing a LSRII HTS flow cytometer and data were analyzed by 

FACSDiva Version 6.1 software.

In-gel digestion of platelet proteins and LC-MS/MS analysis – The proteins in the lysates of equal 

amounts of platelets were separated on SDS-PAGE (4-12% acrylamide). The proteins in the gel 

bands were processed for MS analysis as described21,22. Peptides were separated using a reverse-

phase C18 Acclaim PepMap RSLC (75 μm × 150 mm, 2 μm particles) at a flow rate of 300 nl/min 

using a one-hour linear gradient from 0.05% acetic acid (v/v) to 0.05% (v/v) acetic acid and 35% 

(v/v) acetonitrile. As a nanoLC pump, we used a Dionex Ultimate 3000 RSLC. Eluted peptides were 

sprayed directly into the LTQ Orbitrap XL mass spectrometer using a nanoelectrospray source 

with a spray voltage of 1.9 kV. The mass spectrometer was operated in a data-dependent mode 

as previously described22. The mass spectrometer, the nanoelectrospray source and emitters, the 

C18 column, and the nanoLC system were from Thermo Fisher Scientific Inc, (Bremen, Germany).

Peptide and protein identification - MS/MS samples were analyzed using Sequest (XCorr Only) 

(Thermo Fisher Scientific, San Jose, CA, USA; version 1.2.0.208) and X! Tandem (The GPM, 

thegpm.org; version CYCLONE (2010.12.01.1). Sequest and X! Tandem was set up to search 

uniprot-organism_9606_AND_keyword_kw-0181.fasta (20234 entries) assuming the digestion 

enzyme trypsin. Fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 20 

ppm were used. Carbamidomethyl of cysteine was specified in Sequest and X! Tandem as fixed 

modification. Oxidation of methionine was specified as a variable modification. Scaffold (version 

Scaffold_4.0.4, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide 

and protein identifications. Peptide identifications were accepted if they could be established 

at greater than 95.0% probability by the Peptide Prophet algorithm 23 with Scaffold delta-

mass correction. Protein identifications were accepted if they could be established at greater 

than 99.0% probability and contained at least 2 identified peptides. Protein probabilities were 

assigned by the Protein Prophet algorithm 24. Proteins that contained similar peptides and could 

not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. Proteins sharing significant peptide evidence were grouped into clusters. 

Assessment of differentially expressed proteins and identification of the genetic defect of 

the unclassified GT patient - Quantitative Q-Q scatter plots shown in figure 1 and 2 as well as 

normalized spectral counts were obtained via Scaffold_4.0.4. To identify the genetic mutation 

of the unclassified GT patient, the PEAKS Studio 6.0 software suite (Waterloo, ON Canada) was 

employed 25. For the initial search, a protein database, comprising only the αIIb and β3 subunit, was 

employed using a parent mass error tolerance of 30 ppm and a fragment error tolerance of 0.8 Da. 

Carbamidomethylation was set as a fixed modification. The peptides were filtered using peptide 

scores of -10lgP ≥15, and De Novo TLC ≥3. The identified mutated peptide sequence according 

to PEAKS PTM search algorithm was subsequently included in the protein database uniprot-

organism_9606_AND_keyword_kw-0181.fasta. The PEAKS search engine was utilized again with 

the same peptide filter criteria as mentioned above allowing a false discovery rate of 0.2%. 
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RESULTS
Analysis of differential protein expression in GT-I platelets

To assess with MS analysis the differential protein expression in the GT-I platelets, the average 

normalized spectral counts (NSC) of the proteins derived from healthy control platelets were 

plotted as a function of those obtained from GT-I platelets (Fig. 1). Data points that are on or 

close to the diagonal in figure 1 represent proteins that are equally present in healthy and GT-I 

platelets. Proteins are considered up or down regulated when the corresponding data points 

are above or below the indicated dashed lines in figure 1. The result shows 5 distinct data points 

that are well below the dashed lines (see Fig. 1A, B). These data points represent the α, β and γ 

chain of fibrinogen and the αIIb and β3 integrin subunits (Table I). This confirms that fibrinogen 

and the αIIbβ3 integrin are markedly down-regulated in the platelets of the GT-I patients. No 

other α-granule proteins could be classified as significantly reduced in the GT-I platelets. This 

suggests no specific involvement of αIIbβ3 or fibrinogen in the cargo enrichment of other 

α-granule proteins in human platelets. Differentially expressed proteins further include HLA 

type proteins revealing that control platelets and GT-I platelets partially differ in HLA haplotype. 

The reason behind the reduction of the levels of the other proteins remains to be established 

(Table I). The guanine nucleotide-binding protein G(i) subunit α-2, and cGMP-specific 3’,5’-

cyclic phosphodiesterase may be involved in intracellular signaling mediated by integrins. Rho 

GTPase-activating protein, and 1 Rho-associated protein kinase 2 may, in turn, contribute to the 

dynamics of the cytoskeleton26,27. Next, to down-regulated proteins, we identified significantly 

up-regulated proteins (Fig. 1A,C, Table I). The up-regulated protein coactosin-like protein may 

also contribute to regulation of the cytoskeleton28. Also neurobeaching-like protein 2 (NBEAL2) 

is among the up-regulated protein. Absence of this protein has recently been implicated in 

Gray platelet syndrome29-31. The results show that the MS approach is particularly effective in 

identifying the absence of proteins that have been previously associated with GT-I. In addition, 

other differentially expressed proteins were identified that may be related to GT-I as well.  

Analysis of differential protein expression in LAD-III platelets

Platelets lysates of three LAD-III patients were processed for mass spectrometry analysis to assess 

the differential proteins expression compared to healthy control platelets (Fig. 2). The analysis 

revealed that the data point, which represents FERMT3, was markedly below the lower dashed 

line (Fig 2A,B). Figure 2C shows the obtained NSC of FERMT3 for the individual controls, the GT-I 

patients and the LAD-III patients. The data together illustrate the almost complete absence of 

FERMT3 in the platelets of the LAD-III patients only. An overview of the other proteins that are 

significantly up- or down-regulated is shown in Table II. The result shows that most of the up-

regulated proteins are derived from erythrocytes (e.g. spectrin, ankyrin-1, and hemoglobin). 

This may be related to the observation that LAD-III patients exhibit instable erythrocytes which 

may cause enhanced hemolysis during platelet isolation11. The identified erythrocyte proteins are 

therefore most likely co-purified with the platelets. Among the down-regulated proteins are the 

α-granule proteins factor V (FV), VWF and latent transforming growth factor beta-binding protein 

1 (LTBP1), and proteins involved in the processing of N-linked glycans (neutral alpha-glucosidase 

AB) and energy metabolism (i.e. hexokinase-1, glycogen phosphorylase , ATP citrate synthase) 2,32. 
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Figure 1. Differential protein expression between 
the platelets of healthy controls and GT-I 
patients. (A) The average normalized spectral 
count (NSC) of proteins derived from 4 unrelated 
healthy donor platelets is displayed as a function 
of that of the GT-I platelets. Data points close to or 
on the indicated diagonal represent proteins that 
are about equally present in the platelets. Open 
circles represent proteins that more than 2-fold 
differ in expression level between the healthy and 
GT-I platelets. Proteins are considered up- or down-
regulated when the data points are above or below 
the dashed lines. These proteins are more than two 
standard deviations away from being equally present 
in both healthy and GT-I platelets. Panel (B) and (C) 
show zoomed-in sections of panel A. The identities 
of data points that are indicated with the numbers 1 
to 10 are shown in Table I. This table also shows the 
other up- and down- regulated proteins.  

The down-regulated staphylococcal nuclease domain-contain protein 1 is part of the RNA-induced 

silencing complex and may be involved in gene regulation33. The relevance, if any, of the down-

regulation of these proteins for LAD-III remains to be established. Remarkably, integrin subunits 

α2, α6 and β1 are also among the down-regulated proteins. These integrin subunits can together 

form the α2β1 and α6β1 integrins. This suggests that absence of FERMT3 may not only affect 

integrin activation but also the levels of the β1-subunit comprising integrins. The observations 

together confirm that mass spectrometry analysis is a powerful tool to identify the rare platelet 

disorder observed in LAD-III. In addition, the data provide novel information about the differential 

expression of proteins that may also contribute to the clinical phenotype associated with LAD-III.   

Characterization of the platelets of the putative GT patient

We employed MS analysis of the platelets of a patient of which the GT type remained to be 

established. Figure 3 shows the NSC of the integrin subunits and fibrinogen from platelets of four 
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controls, the GT-I patients and the putative GT patient. For the latter platelets, the data reveals 

the same spectral counts for fibrinogen with respect to the control platelets, and an about 40% 

reduction of the αIIb and β3 subunits. As also shown in figure 1, the platelets of the established 

GT-I patients show a marked reduction of fibrinogen, and an almost complete absence of the 

integrin subunits. This finding was confirmed by western blot analysis of the αIIbβ3 integrin (inset 

Fig 3A). Evaluation of platelet aggregation revealed a markedly impaired αIIbβ3-mediated platelet 

aggregation induced by PMA for the platelets of the GT-I and the putative GT patients (Fig. 4A). 

Aggregation triggered by ristocetin was, however, comparable to normal platelets (Fig. 4B). Flow 

cytometry analysis of the platelets employing the antibody PAC-1, which predominantly binds 

the activated αIIbβ3, demonstrated that the residual level of the integrin in the platelets in the 

putative GT patient is functionally defective (supplemental figure S1). Similar to the platelets of 

the GT-I patients, MS analysis of the platelets of the putative GT patient revealed elevated levels of 

NBEAL2 as well (Fig. 3C). This implies that absence of integrin function may cause up-regulation 

of NBEAL2. The findings suggest that the patient suffers from GT-III, which is characterized by a 

functionally defective, but expressed, αIIbβ3 integrin, and near normal levels of fibrinogen. 

Identification of the mutation that is associated with GT-III 

To identify the potential genetic defect in one of the integrin subunits of the GT-III patient, we re-

analyzed the MS data employing PEAKS studio analysis software. Next to peptide identification 

assisted by a database with known proteins, this program uses algorithms to identify peptides 

and mutations thereof independent of a protein database. We initially searched against 

Figure 2. Differential protein expression between the platelets of healthy controls and LAD-III 
patients. (A) The average normalized spectral count (NSC) of proteins derived from 4 unrelated healthy 
donor platelets is displayed as a function of that of the three LAD-III patients. Open circles represent 
proteins that more than 2-fold differ in expression level between the healthy and LAD-III platelets. Proteins 
are considered up- or down-regulated when the data points are above or below the dashed error bar line. 
Proteins are considered up- or down-regulated when the data points are above or below the dashed lines. 
These proteins are more than two standard deviations away from being equally present in both healthy and 
LAD-III platelets. The data point that represents FERMT3 is indicated (B) NSC of FERMT3 of the platelets of 
the 4 individual controls, the two GT-I (GT-I1 and GT-I2) patients, and the three LAD-III patients (L1, L2, L3). 
(C) A zoom-in of the scatter plot shown in panel A. The proteins represented by the open circles that are 
above or below the dashed lines are shown in Table II.   
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a protein database that included only the β3 and αIIb subunit of the integrin. The resulting 

identified peptides covered 60% of the sequence of the αIIb and β3 subunits (Fig. 5A). The post-

translational modification (PTM) module of PEAKS assisted by de novo sequencing identified 

a spectrum that was uniquely matched to the peptide sequence “QSVSWNR” implying that 

R214 in the wild type β3 sequence “210-QSVSRNR-216” has been substituted for a tryptophan 

(Fig. 5B). We next performed search against a human protein database that also included the 

mutated sequence of the β3 subunit. The identified peptides of the β3 subunit now covered 

57% of the primary sequence thereof (Supplemental figure S2). Among the other identified 

peptides of the platelet proteins (15607 identified peptide matches), the analysis identified the 

mutated peptide of the β3 subunit with high confidence. This confirms the observation of the 

initial PEAKS PTM search that the GT-III patient carries a p.R214W mutation in the β3 subunit. 

Noteworthy, this mutation has been previously associated with GT-III34. DNA sequencing 

confirmed the presence of the mutation in the β3 subunit of the patient. These findings 

demonstrate the potential of MS analysis to evaluate not only differential protein expression in 

rare platelet disorders but also to identify the genetic defect that underlies the disorder.   

Figure 3. Characterization of the platelets of the putative GT patient. The spectral counts of the proteins 
were obtained of the platelets from 4 healthy controls (C1-C4), the two GT-I patients (GT-I1 and GT-I2) and the 
putative GT patient (GT?). Panels A-D show the normalized spectral counts (NSC) of the indicated proteins. The 
inset in panel A shows a western blot of the integrin subunits αIIb and β3 for the GT platelets and healthy control 
platelets. Staining of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as a loading control.
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DISCUSSION
It has been proposed that platelet biogenesis is a highly regulated and reproducible process 

resulting in only minor variations in protein expression patterns between individuals3.  

Proteomic analysis of platelets could be a powerful approach to identify and study rare platelet 

disorders. In the present study, we identified quantitative protein differences between normal 

and dysfunctional platelets from three GT and three LAD-III patients. Besides confirming a 

marked reduction of αIIbβ3 and fibrinogen in GT-I platelets and FERMT3 in LAD-III platelets, 

we have identified variations in the level of other proteins associated with platelet disorders 

(Figs.1-3, Table I and II). These proteins represent attractive targets for future investigations to 

unravel their role in platelet function. MS analysis has also allowed us to identify the disease-

causing R214W mutation in the β3 subunit of the platelets of the GT-III patient (Fig.5, S2). The 

mutation is located in the ligand-binding regulatory site adjacent to the metal-ion-dependent 

adhesion site (MIDAS). The region comprising the mutation is referred to as ADMIDAS18. Both 

MIDAS and ADMIDAS as well as the synergistic-metal-binding-site (SyMBS) act in concert to 

control ligand binding and outside-in signaling18,35. The R214W mutation has been suggested 

to lead to instability of the integrin, which may explain its partially reduced expression (Fig. 3), 

and to directly affect the interaction between the activated integrin and soluble fibrinogen18.

The marked reduction of fibrinogen in the platelets of the GT-I patients conclusively 

confirms αIIbβ3 as the unique and specific platelet receptor responsible of fibrinogen uptake 

Figure 4. Aggregation analysis of the GT platelets.  
Agonist-induced aggregation in whole blood 
of control and GT platelets was followed in time 
employing flow cytometry. (A) αIIbβ3-mediated 
platelet aggregation was assessed in time upon 
stimulation with 100 ng/ml phorbol myristate acetate 
(PMA). (B) GPIb-mediated platelets aggregation was 
followed in time in response to 1.5 mg/ml ristocetin. 
Aggregation is expressed as % of double-colored 
events versus time corrected for unlabelled events. 
The two GT-I patients are represented by diamonds 
and circles, the putative GT patient in squares and the 
control platelets are indicated by reversed triangles. 
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and storage by megakaryocytes and platelets (Fig. 1,3). It remains therefore remarkable that the 

R214W mutation in the β3 subunit does not affect the content of fibrinogen in the platelets of the 

GT-III patient at all (Fig. 3). It agrees with the suggestion that high affinity interaction between 

fibrinogen and the integrin is not required for fibrinogen endocytosis by megakaryocytes and 

platelets36. The observation that fibrinogen is not among the differentially expressed proteins 

in the platelets of the LAD-III patients also confirms this hypothesis. These findings do add fuel 

to the debate whether or not integrins may also bind their ligands prior to activation. In the 

so-called switchblade model of integrin activation, full extension of the extracellular domain and 

opening of the head domain of the integrin is required to mediate ligand-binding. The deadbolt 

model, however, assumes that low affinity ligand binding already occurs in the inactive bend 

form of the integrin37,38. Our result that the platelets of the LAD-III and GT-III patients still exhibit 

normal levels of fibrinogen are in favor of the latter binding model suggesting that low affinity 

binding is sufficient to drive the endocytosis of fibrinogen. Although the level of fibrinogen was 

normal in the GT-I and LAD-III platelets, we did observe a reduction of the α-granule proteins 

FV, VWF and LTBP1 in only the LAD-III platelets. The reason for this observation is at present 

unknown. It seems conceivable, however, that an integrin activation dependent mechanism 

contributes to the regulation of α-granule protein loading of these proteins.     

It has been shown that the presence of the α or β integrin subunits dependents on the 

expression of its respective counterpart 39. This explains why the GT-I and GT-III patients exhibit 

reduced levels of both integrin subunits in their platelets (Figs. 1,3). Remarkably, the platelets of 

the three LAD-III patients showed a decreased expression of the β1, α2 and α6 subunits. Our 

finding implies, however, that the level of the α2β1 and α6β1 integrin is reduced in the platelets of 

the investigated LAD-III patients. Interestingly, a modest reduction of the β1 subunit has also been 

observed in the platelets of FERMT3 knock-out mice40. Not only impaired integrin activation may 

therefore lead to defective platelet adhesion to cellular matrix components in LAD-III patients. 

Reduced levels of α2β1 and α6β1 may contribute to this defect as well. One possible explanation 

for the reduced level of β1-integrins is that FERMT3 contributes to an integrin recycling 

mechanism in platelets and/or megakaryocytes. The FERM-domain-containing protein sortin-

nexin-17 (SNX17) has recently been proposed to contribute to integrin recycling by preventing 

lysosomal degradation of the β1-comprising integrins. It has been suggested that SNX17 protects 

β1 from degradation by binding this integrin subunit after complex dissociation of the internalized 

FERMT3 - β1 complex15. Possibly, the recycling mechanism is disturbed in the absence of FERMT3 

leading to reduced expression levels of the β1-comprising integrins in platelets.

Our data surprisingly revealed a specific up-regulation of NBEAL2 in the GT patients. 

NBEAL2 has recently been identified as the genetic defect causing the Gray platelet syndrome 

which is associated with impaired α-granule formation29-31. The exact function of NBEAL2 in 

megakaryocytes remains unknown. It has been suggested that NBEAL2 may be involved in 

the development of membrane compartments in megakaryocytes or in the structuring of 

the cytoskeletal organization of megakaryocytes, proplatelets and platelets41,42. Our data now 

suggest that there is a possible direct or indirect mechanistic link between NBEAL2 and αIIbβ3. 

Notably, absence of αIIbβ3 leads to reduction of Rho GTPase activating protein-1 and Rho-

associated kinase-2 both of which may contribute to cytoskeletal organization as well (Table I). 

The reduction of these proteins may be compensated by up-regulation of NBEAL2. However, 
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as the role of NBEAL2 is unclear, this remains highly speculative. Further studies are required to 

unravel the potential link, if any, between NBEAL2 and αIIbβ3.

In this study, proteomic analysis of control and patient-derived proteins showed that the 

calculated relative amounts for several known proteins reflected the expected relative protein 

abundance in normal and GT or LAD-III platelets, thereby validating the proteomic approach. 

Moreover, the approach can provide information for the identification of other proteins 

implicated in the disease. Our study provides direct evidence that an ambitious patient-oriented 

database could be considered feasible for characterized platelet defects in a near future. 
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Figure 5. Sequence coverage and mutation of the β3 subunits. (A) Primary sequence of the β3 subunit 
with in bold the peptide regions that were identified by PEAKS 6.0 using a database comprising only the 
αIIb and β3 subunit. Underlined is the identified peptide by PEAKS PTM with the R214W mutation. As the 
signal sequence in included in the amino acid numbering, the mutation in the sequence is indicated at 
position R240. (B) MS/MS spectrum of peptide QSVWNR identified by the PEAK PTM search algorithm. m/z 
is the mass to charge ratio, z represents the charge, ppm is the deviation from the theoretical mass of the 
peptide in parts per million and the term -10logP represents the peptide reliability score. Indicated in the 
spectrum are the y-ion series of the MS/MS fragments of the peptide. The mass difference between the y2 
and y3 fragment that represents the loss of the tryptophan is displayed with the double arrow.
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Supplemental figure S1. Flow cytometry analysis of αIIbβ3 expression and activation profile of the GT 
platelets. Staining of the αIIbβ3 was performed essentially as previously described13. Briefly, resting washed 
platelets and platelets were stimulated 5 min with agonists (10 g/mL collagen, 100 ng/mL phorbol myristate 
acetate (PMA), or 10 mM dithiotreithol (DTT). (A) Staining with antibody C17-FITC was employed to assess the 
total level of αIIbβ3 on the platelet surface. (B) Staining with antibody PAC-1–FITC was employed to detect 
the active αIIbβ3 integrin on the platelet surface. All data are expressed as percentage of mean fluorescence 
intensity (MFI) values of control platelets. The results obtained from the two GT-I patients are shown as GT-I1 
and GT-I2. The putative GT patient is represented by GT?. The results show that both GT-I patients exhibit no 
expression of the αIIbβ3 integrin. The GT? patient shows residual expression of the integrin. All GT patients 
further reveal a markedly impaired activation of the integrin after stimulation with the indicated agents.

SUPPLEMENTAL DATA
This manuscript includes two supplemental figures. 
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Supplemental figure S2. Sequence coverage of the β3 subunits employing a database comprising all known 
human proteins. (A) Primary sequence of the β3 subunit including the R to W mutation at position 240 (R214W 
excluding amino acid numbering of the signal sequence). In bold is shown the regions that were identified by 
PEAKS 6.0 software  using a database comprising uniprot-organism_9606_AND_keyword_kw-0181.fasta. (B) 
MS/MS spectrum of peptide QSVWNR identified by the PEAK 6.0 search engine. m/z is the mass to charge ratio, 
z represents the charge, ppm is the deviation from the theoretical mass of the peptide in parts per million and 
the term -10logP represents the peptide reliability score. Indicated in the spectrum are the y-ion and b ion series.
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ABSTRACT
It has been proposed that mammalian-uncoordinated-18-2 (Munc18-2) is indispensable for platelet 

degranulation. Bleedings are, however, inconsistently observed in familial hemophagocytic 

lymphohistiocytosis type-5 (FHL-5) patients with a Munc18-2 c.1247-1G>C splice-site mutation. 

We have now employed mass spectrometry (MS), flow cytometry and electron microscopy 

(EM) studies to identify the protein product of the splice-site variant and the effect thereof on 

α-granule degranulation of platelets. The results revealed that activated platelets of patients, 

who are homozygous for the splice-site mutation, release α-granules. MS analysis showed that 

the mutation leads to replacement of 17 amino acids by 19 amino acids derived from intron 14. 

The platelets displayed a decreased expression of Munc18-2 and its binding partner syntaxin-

11. A patient comprising the splice-site and a c.1621G>A (p.Gly541Ser) mutation demonstrated a 

further decrease in expression of Munc18-2 but not of syntaxin-11. The results showed that also 

these platelets degranulate upon stimulation. EM studies revealed that especially the platelets 

of the heterozygous patient exhibit a decreased number of granules correlating with a reduced 

expression P-selectin on the activated platelet surface. We propose that platelet degranulation 

is largely intact in FHL-5 patients carrying the Munc18-2 splice-site variant. This may explain the 

inconsistency of bleeding symptoms associated with FHL-5.
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INTRODUCTION
Mammalian uncoordinated-18-2 (Munc18-2), which is also known as Munc18b and syntaxin 

binding protein-2, is a member of the Sec1/Munc18 family. The family members are key regulators 

of the universal machinery for secretory granule trafficking, membrane fusion and exocytosis.1,2 

The machinery involves the interaction between the so-called “soluble N-ethylmaleimide-

sensitive fusion factor attachment protein receptors” (SNAREs). SNAREs can be divided into 

vesicular SNAREs, which are incorporated in the membranes of vesicles, and target-localized 

(t-) SNAREs located in the membranes to which these vesicles dock. Munc18 family members 

have been described to act as chaperones of the t-SNARE syntaxins, and have been proposed 

to regulate the specificity and timing of SNARE complex assembly and disassembly. The exact 

function of the individual Munc18 proteins has remained, however, a topic for investigation.2-4 

Munc18-2 has initially been identified as a non-neuronal Sec1/Munc18 family member that 

regulates apical membrane trafficking in epithelial cells and exocytosis of granules from mast 

cells.5-10 In recent years, it has become clear that functional absence of Munc18-2 is associated 

with the disorder Familial Hemophagocytic Lymphohistiocytosis type-5 (FHL-5).11-17 The disease 

presents itself with uncontrolled inflammation, lymphoproliferation and tissue infiltration 

of activated T lymphocytes and macrophages. FHL-5 patients can also display a spectrum of 

other symptoms including hypogammaglobulinemia, colitis and Hodgkin’s Lymphoma.12-15,17-21 

It has now been established that the underlying defect involves impaired degranulation of 

neutrophils, cytotoxic natural killer (NK) cells, and cytotoxic T lymphocytes (CTL).12,14,20-22 

It has previously been demonstrated that Munc18 family members contribute to platelet 

degranulation.23,24 Based on studies on the platelets of FHL-5 patients, the conclusion has 

been drawn that Munc18-2 is critical for the regulated release of the α- and δ- granules from 

platelets.25,26 Complete absence of Munc18-2 in the platelets from FHL-5 patients with biallelic 

mutations in Munc18-2 has been shown to lead to an impaired degranulation upon stimulation. 

Heterozygous patients that have reduced expression of functional Munc18-2 revealed a partially 

impaired degranulation. It has therefore been proposed that Munc18-2 could be a limiting 

component of the secretory machinery.25 In spite of the suggested critical role of Munc18-2 for 

platelet degranulation, there is no clear evidence that bleedings are directly linked to FHL-5.13,15,25,26

To date, up to twenty Munc18-2 variants have been associated with FHL-5. A c.1247-1G>C 

splice-site mutation in the Munc18-2 gene is the most frequently observed mutation in the 

patients.12-15,17 The functional consequence of this variant is, however, poorly understood. It 

can be causative of a late onset of the disease that might eventually evolve into severe clinical 

symptoms and death.13-15,18,20 Whether or not a platelet degranulation defect may contribute to 

the disease remains to be established. It is also unclear how the splice-site mutation affects the 

resulting Munc18-2 protein itself. Based on cDNA analysis, Cote et al. have proposed that this 

mutation leads to a protein in which 17 amino acids of exon 15 are replaced with 19 new amino 

acids derived from intron 14.12 Based on a similar analysis, two other groups have identified 

a transcript that results in a truncated protein containing a large stretch of 126 amino acid 

residues that are not encoded by the Munc18-2 gene.15,17 

In the present study, the role of the c.1247-1G>C splice-site variant in the release of α-granule 

proteins from platelets was addressed employing a combination of flow cytometry, mass 
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spectrometry (MS) and electron microscopy (EM) studies. In addition, we assessed the identity 

of the resulting protein product in platelets. To this end, we employed the platelets from two 

FHL-5 patients that are homozygous for the splice-site mutation, and from one FHL-5 patient 

comprising the splice-site mutation on one allele and a c.1621G>A (p.Gly541Ser) mutation on 

the second allele. The latter variant results in a replacement of a conserved residue among the 

Munc18 family members and leads to a complete absence of the protein in NK cells and CTL.11 

The MS study revealed that the splice-site mutation leads to the protein product comprising 

the 19 amino acids derived from intron 14, and that its expression level is reduced compared 

to platelets from healthy individuals. In spite of these findings, our MS, flow cytometry and 

EM analysis demonstrate that the platelets from the analyzed FHL-5 patients are still able to 

degranulate. This may explain the inconsistency in clinical bleeding symptoms associated with 

FHL-5, and suggests other roles for Munc18-2 than merely promoting granule exocytosis.

MATERIALS AND METHODS
Reagents - All fine chemicals were from Merck (Merck, Darmstadt, Germany) unless otherwise 

stated. The antibodies CD62P-APC, CD42b-APC, and CD41-PerCPCy5.5 were purchased from BD 

Biosciences (San Jose, USA). CD31-Pacific Blue and CD36-APCCy7 from Biolegend (San Diego, 

USA), and CD61-FITC from R&D (Basel, Switzerland). The PAR1-activating peptide (SFLLRN-NH2; 

Par-3676-PI) was purchased from Peptides International (Louisville, USA).

 Collection of platelet lysate and releasate - Heparinized blood was collected from three FHL-5 patients 

and of healthy controls. The study was approved by the academic medical center (AMC) institutional 

medical ethics committee in accordance to the declaration of Helsinki 1964. Platelets were isolated as 

described before.27 Briefly, 3x108 platelets from two healthy donors and the three FLH5 patients were 

lysed in RIPA buffer (25 mM Tris-HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% 

SDS) supplemented with protease inhibitor cocktail (Halt Thermoscientific, Rockford, USA) and kept 

on ice for 30 min. Platelet lysates were centrifuged at 4°C to remove insoluble material. To collect the 

releasate, 2x108 platelets were split into two aliquots. One aliquot served as non-stimulated control. 

The other aliquot was stimulated employing 10µM of the PAR1-activating peptide for 5 min at 37°C 

under constant stirring at 1110 rpm. Platelet releasate/supernatant were collected by two sequential 

centrifugations at 2,000xg and 16,000xg, for 10 min at room temperature and then concentrated 

down to 20 µl in a vacuum centrifuge (Thermoscientific, Breda, The Netherlands). 

Analysis of platelet degranulation by flow cytometry and platelet aggregation assessed by 

flow cytometry - Washed human platelets were activated with increasing concentrations 

of PAR1-activating peptide (10, 100 and 1000µM), at 37°C while shaking at 1000 rpm. 0.5% 

paraformaldehyde fixed samples were stained with Allophycocyanin (APC) labeled anti-

CD62P antibody (CD62P/APC). Aggregation assessed by flow cytometry was performed as 

described in De Cuyper et al.27 As agonists we used 100 ng/ml phorbol myristate acetate (PMA, 

Sigma-Aldrich, St Louis, MO), 10 μg/ml type-I collagen (Horm, Nycomed Arzneimittel GmbH, 

München, Germany), and 1.5 mg/ml Ristocetin (Biopool, Trinity Biotech Plc, Bray, Co Wincklow, 

Ireland). Samples were measured by flow cytometry (LSRII + HTS, BD Biosciences) and analyzed 

using FlowJo software (Tree star Inc., Ashland, USA).
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Mass spectrometry analysis - Proteins in the lysate and releasate of the platelets were separated 

on SDS-PAGE and processed for mass spectrometry analysis as described.28,29 Peptides were 

separated using a reverse-phase C18 Acclaim PepMap RSLC (75 μm × 150 mm, 2 μm particles) at a 

flow rate of 300 nl/min using a one-hour linear gradient from 0.05% acetic acid (v/v) to 0.05% (v/v) 

acetic acid and 35% (v/v) acetonitrile employing a Dionex Ultimate 3000 RSLC. Once separated, 

the peptides were directly sprayed into the LTQ Orbitrap XL mass spectrometer. Peptides were 

identified using the Sequest search algorithm using proteome discoverer 1.2 as described.29 A 

maximum false discovery rate of 5% was allowed. The mass spectrometer, the nanoelectrospray 

source and emitters, the C18 column, nanoLC system, and analysis software were from Thermo 

Fisher Scientific (Bremen, Germany). Normalized spectral count of the proteins was obtained 

employing Scaffold (version Scaffold_4.0.4, Proteome Software Inc., Portland, OR).

Electron microscopy analysis of platelets - Platelets were fixed in Karnovsky’s fixative. Postfixation 

was done with 1% Osmiumtetroxide in 0,1M cacodylate buffer, after washing the pellets were 

stained and blocked with Ultrastain 1 (Leica, Vienna, Austria), followed by ethanol dehydration 

series. Finally, the platelets were embedded in a mixture of DDSA/NMA/Embed-812 (EMS, 

Hatfield, USA), sectioned and  stained with Ultrastain 2 and analyzed with a Philips CM10 electron 

microscope (FEI company, Eindhoven, the Netherlands). For immunoelectron microscopy 

analysis, platelets were fixed in 2% paraformaldehyde and 0,2% glutaraldehyde in 0.1M PHEM 

buffer (60 mM PIPES, 25 mM HEPES, 2 mM MgCl2, 10 mM EGTA, pH 6.9) and then processed for 

ultrathin cryosectioning as previously described30. Briefly, 50-nm cryosections were cut at -115º C 

using diamond knives in a cryoultramicrotome (Leica) and transferred with a mixture of sucrose 

and methylcellulose onto formvar-coated copper grids. The grids were placed on 35-mm petri 

dishes containing 2% gelatine. Ultrathin frozen sections were incubated at room temperature 

with anti-Von Willebrand Factor (DAKO, Glostrup, Denmark) followed by a rabbit anti-mouse 

bridging antibody, and then incubated with 10-nm protein A-conjugated colloidal gold (EM 

Lab, Utrecht University, Netherlands). After immunolabeling, the sections were embedded in a 

mixture of methylcellulose and uranyl acetate and examined with the CM10 electron microscope. 

RESULTS
Mass spectrometry analysis of the platelet secretome of FHL-5 patients carrying the Munc18-2 

splice-site mutation. The two FHL-5 patients that are homozygous for the Munc18-2 splice-site 

variant are referred to as P1splice and P2splice and the heterozygous patient as P3splice/G541S. To assess 

whether or not the splice-site variant supports α-granule release, the platelets of the patients 

were activated via protease-activating-receptor-1 (PAR1) with a PAR1-activating peptide. The 

proteins in the supernatant of stimulated and non-stimulated platelets were identified by mass 

spectrometry. The normalized spectral count of the identified proteins was utilized to estimate 

their relative abundance in the platelet supernatants. Figure 1A shows the fold increase in spectral 

counts of a subset of identified typical α-granule proteins in the supernatant of stimulated platelets 

with respect to their own non-stimulated platelets. The result showed that there is an increase in 

the presence of α-granule proteins in the supernatant of the stimulated FHL-5 platelets. Figure 1B 

shows the average spectral count of proteins released from the combined non-stimulated FHL-5 
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platelets versus the combined stimulated FHL-5 platelets. Data points that are above the indicated 

diagonal represent proteins that are enriched in the supernatant of the stimulated platelets. 

These enriched proteins appear to be typical α-granule proteins, including e.g. von Willebrand 

factor, fibrinogen and platelet factor 4 (see table in Figure 1B). The results together imply that 

the Munc18-2 variants in homozygous patients P1splice and P2splice and the heterozygous patient 

P3splice/G541S support PAR1-mediated degranulation of α-granules from the platelets. 

Relative abundance of Munc18-2 and identification of the protein product of Munc18-2 splice-

site variant. The lysates of the platelets were analyzed by mass spectrometry for the presence 

of Munc18-2. Figure 2A shows that the normalized spectral count of Munc18-2 derived from 

patient platelets P1splice and P2splice was about 40% of control value. The spectral count dropped 

to less than 3% for patient P3splice/G541S.  This implies that the expression of the Munc18-2 variant 

in the platelets of P1splice and P2splice and especially in P3splice/G541S is markedly reduced. Compatible 

with earlier reports, the level of STX11 was also reduced in the platelets of the patients (Fig. 2A). 

Surprisingly, irrespective of the protein level of Munc18-2 in the platelets, the same residual 

level of STX11 was found. No significant change was observed in the spectral count of other 

members of the SNARE complex in the platelet lysates (data not shown). The identified peptides 

of Munc18-2 covered about 41% of the primary sequence of the protein in control platelets and 

about 32% in the platelets of P1splice and P2splice (Fig. 2B). Strikingly, from the lysate of P2splice, a MS/

MS fragmentation spectrum was obtained that could be reliably matched to peptide sequence 

NATPLDPGTLLHWLGDSSTEAHSSLIR (Fig. 2C). Part of this peptide can only be derived from 

intron 1412 (Fig. 2B,C). This finding demonstrates that the splice-site variant results in a protein 

product in which 17 amino acids from exon 15 are swapped by 19 new amino acids derived from 

intron 14. No MS/MS spectra were identified that could be matched to peptides derived from 

the other proposed protein products. Even though the presence of minor products cannot 

be excluded, this result indicates that the splice-site mutation leads to the transcription of a 

protein comprising 19 amino acids derived from intron 14. 

The Munc18-2 variants exhibit a modest reduction in degranulation efficiency. Flow cytometry 

was employed to follow the appearance of the degranulation marker P-selectin (CD62P) on 

the surface of platelets of the patients upon PAR1 stimulation. We observed that platelets from 

all three patients showed surface exposure of the α-granule protein CD62P in response to 

saturating concentrations of the PAR1-activating peptide. The surface exposure was, however, 

reduced in the platelets of especially P3splice/G541S compared to the activated platelets of healthy 

individuals (Fig. 3A). As the platelets of P3splice/G541S also exhibit the strongest decrease in the 

protein level of Munc18-2 (Fig. 2A), we further assessed α-granule release from these platelets 

employing increasing concentrations of the PAR1-activating peptide. The result showed a 

reduced, but dose-dependent, appearance of the α-granule degranulation marker at the 

surface of the platelets of the patient (Fig. 3B). This suggests that the platelets are still able 

to release α-granules even in almost complete absence of Munc18-2. The results together 

confirm the findings obtained with mass spectrometry and show that the platelets of the FHL-5 

patients are not incapacitated to degranulate.

The ability of the platelets of P1splice, P2splice and P3splice/G541S to aggregate in response to stimuli was 

also assessed. Flow cytometry analysis revealed no change in the expression of GPIIbIIIa (CD41/61, 
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Figure 1. Semi-quantitative analysis of α-granule protein secretion in platelets of healthy individuals 
and FHL-5 patients. (A) The proteins in the supernatant of non-stimulated and PAR1-stimulated platelets 
of controls and the patients P1splice, P2splice and P3splice/G541S were analyzed by mass spectrometry. To obtain 
the fold-increase in released proteins, normalized spectral counts of the proteins in the supernatant 
of the PAR1-stimulated platelets were divided with that obtained from the supernatant of their own 
non-stimulated platelets. A selection of identified α-granule proteins is displayed, including VWF, 
thrombospondin-1 (TSP-1), and fibrinogen (FG), coagulation factors (FV, FXIII) and Multimerin-1 (MMRN1). 
(B) The average normalized spectral count from the proteins of the supernatant of the non-stimulated 
platelets of the three FHL-5 patients was plotted as a function of that of the stimulated FHL-5 platelets. 
Data points that are close to the displayed diagonal represent proteins that are about equally present in 
the supernatant of the resting and stimulated platelets. The proteins that belong to the numbered data 
points are indicated in panel B. The inset is a zoomed-in section of the figure.
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Figure 2. Relative abundance of Munc18-2 and STX11 and identification of the protein product of the 
splice-site variant. (A) The average of the normalized spectral counts of the proteins in the platelet lysate of 
healthy controls, P3splice/G541S, and the platelets of the patients that are homozygous for the Munc18-2 splice-
site mutation (P1splice and P2 splice) are displayed.  Error bars represent standard deviation of the data obtained 
from the platelets of healthy controls (5 platelets donors), and P3splice/G541S (three independent MS analysis). 
Error bar on the data obtained for P1splice and P2splice represent the spread around the mean. (B) Schematic 
representation of the primary amino acid sequence of WT Munc18-2 and the identified Munc18-2 splice-site 
variant. Areas in the sequence that are indicated in green are identified with high confidence (false discovery 
rate of 1%). Areas in yellow are identified with medium confidence (false discovery rate of 5%). The difference 
in amino acid sequence between WT Munc18-2 and the splice-site variant are indicated. (C) MS/MS spectrum 
of the identified peptide (in patient P2splice) that includes 19 amino acids derived from intron 14. Xcorrelation 
score (Xcor), mass over charge ratio (m/z) and the charge (z) of the peptide-ion are displayed. The most 
intense y- and b-ions are indicated as well as the peptide fragments that belong to the b9 and y11-ions.
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Ni.e. the fibrinogen receptor), GPIb (CD42b, i.e. the subunit of the VWF receptor) and PECAM-1 (CD31) 

in non-stimulated platelets of the patients compared to that of control platelets (Fig. 4A). Platelet 

aggregation assessed by flow cytometry demonstrated that the platelets of the FHL-5 patients 

effectively aggregate in the presence of phorbol 12-myristate 13-acetate (PMA) (via GPIIbIIIa), 

ristocetin (via VWF receptor), and collagen (via GPIaIIa) (Fig. 4B). The findings show that P1splice, P2splice 

and P3splice/G541S exhibit functional platelets that aggregate and degranulate upon stimulation. 

EM study reveals limited effect of the Munc18-2 variants on platelet degranulation. EM studies 

were employed as a third independent experimental approach to assess the putative release 

of granules from the platelets of the FHL-5 patient P3splice/G541S. Figure 5A displays images of 

resting control platelets and of the platelets of the patient. The α-granule protein VWF was 

immunostained with gold particles in this image. The results show that the platelets from 

P3splice/G541S comprise morphologically intact α-granules. We next examined by EM the platelet 

aggregates after PAR1 stimulation. EM images were taken of the edge of the aggregate 

Figure 3. Analysis of platelet degranulation by flow cytometry. (A) Platelets of the patients and healthy 
individuals were stimulated for 5 minutes employing 100 µM PAR1-activating peptide. The average increase 
in mean fluorescence intensity (MFI) of P-selectin (CD62P) of the stimulated control platelets was set to 
100%. The increase in MFI of the platelets of the patients is shown as a percentage of control. Black dashes 
indicate the mean value of all individual measurements, which are represented as dots. (B) P-selectin 
(CD62P) at the platelet surface of P3splice/G541S (squares) and control (circles) platelets was assessed as a 
function of the concentration of the PAR1-activating peptide. Results are expressed as the percentage 
of mean fluorescence intensity (MFI) in respective un-stimulated platelet samples. Data are expressed as 
mean value ± standard deviation of at least three measurements; * p<0.005; ** p<0.001. 
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as individual platelets cannot be recognized in the center of the aggregate. As shown in 

figure 5B, platelets from patient P3splice/G541S and healthy controls completely lacked granules 

after stimulation. EM image analysis of multiple platelets from P1splice, P2splice and P3splice/G541S 

demonstrated a reduction in the number of granules in resting platelets of P2splice and especially 

of P3splice/G541S (Fig. 6). The finding may provide an explanation for the reduced surface expression 

of P-selectin after stimulation (Fig. 4). Collectively, this study shows that platelets with limited 

expression of the Munc18-2 variants retain their ability to degranulate.

DISCUSSION
Late onset and/or atypical clinical presentation of FHL-5 has been associated with the splice-

site variant affecting exon 15, which is the most common and least understood Munc18-2 

variant.13,15,16,18 In the present study, a MS approach, flow cytometry and EM studies were employed 

to assess the role of the splice-site variant on platelet degranulation. The analysis showed that 

Figure 4. FHL-5 platelets do not present aggregation defects. (A) Surface marker expression (CD61, CD41, 
CD42b and CD31) is shown in un-stimulated control, P1splice/P2splice and P3splice/G541S platelets. (B). Platelet aggregation 
in response to agonists PMA, ristocetin and collagen as measured by flow cytometry-based aggregation assay. 
Black dashes indicate the mean value of all individual measurements, which are represented as dots.
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Figure 5. EM image analysis reveals complete degranulation of the platelets of P3splice/G541S. (A) Two 
representative EM images of healthy control platelets (upper panel) and platelets obtained from patient P3splice/G541S 

(lower panel). VWF is immunostained with gold beads, which is displayed as black dots in the images. On the 
right, EM images of individual α-granules are shown. (B) EM images of control platelets (upper panel) and the 
platelets of P3splice/G541S (lower panel) that were stimulated for 5 minutes with PAR1-activating peptide. The images 
display the edge of the platelet aggregate. In the left two images, VWF is immunostained with gold beads.
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the splice-site variant comprises 19 amino acids derived from intron 14 instead of 17 amino acids 

of exon 15 (Fig. 2B-C). In addition, next to a decrease in the protein level of Munc18-2, the analysis 

demonstrated a reduced expression of STX11 (Fig. 2A). This agrees with the previous suggestion 

that complex formation between these proteins is required for a stable expression of STX11.12,15,17 

In spite of these findings, no defect is observed in aggregation and degranulation of the platelets 

of the FHL-5 patients (Figs 1, 3-5). This observation correlates with the clinical features of these 

patients, which showed no bleeding phenotype, not even during interventions. 

Primary sequence homology between Munc18-2 and Munc18-1, of which the crystal structure 

has been solved, reveals that Munc18-2 comprises three domains. The third domain can be further 

subdivided into a 3a and a 3b domain. It has been proposed that the 3a domain and the 1 domain 

contribute to STX11 binding.31,32 The newly introduced 19 amino acids of the splice-site variant are, 

however, located in the 3b domain of Munc18-2. This suggests that the reduced level of STX11 in 

the platelets of the patients is not caused by a direct STX11 binding defect of the splice-site variant. 

Apparently, the expression level of the Munc18-2 variant is too low to effectively stabilize the level 

of STX11 in these platelets. Strikingly, although the expression of Munc18-2 is even further reduced 

in the platelets of P3splice/G541S, these platelets show the same decrease in the level of STX11 as found 

for P1splice and P2splice (Fig. 2A). This implies that other proteins may contribute to the stabilization 

of STX11 in platelets as well. This may involve other Munc18 family members, which are expressed 

in platelets, i.e. Munc18-1, Munc18-3 and Munc18-5.23-25,33,34 

A low expression of the Munc18-2 G541S variant can be understood taking into account that 

the glycine at position 541 (Gly541) is conserved in all Munc18 family members.9 As such, this 

glycine may be of critical importance for a proper folding of the protein. Its replacement may 

therefore affect protein expression and/or stability. For the splice-site variant, however, it has 

Figure 6. FHL-5 P3splice/G541S platelets have a significant decrease in the granule number. The granules 
identified in EM imaging of the platelets of healthy controls, P1splice, P2splice, and P3splice/G541S were quantified. 
Data represent the average ± standard deviation of the granule count of at least 20 platelets.  
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previously been proposed that the 19 new amino acid residues may have a limited structural impact 

on the protein as it may retain the α-helical nature of the 17 amino acids of the wild type protein.12 

Interestingly, comparative homology modeling reveals that part of the 19 new amino acid residues 

of the splice-site variant may indeed adopt an α-helical structure (Fig. 7). However, the model of 

WT Munc18-2 shows that the replaced 17 amino acids also include a non-helical spacer region of 

which valine 417 (Val417) exhibits a hydrophobic interaction with a α-helix within the 3b domain. 

This suggests that the spacer region may be important for the local structure of the 3b domain. 

This view is strengthened by the observation that mutation of the neighboring conserved Gly416 

in homologous Sec1p of yeast indeed leads to secretion defects.35 Within the splice-site variant, 

Val417 has been replaced by the polar threonine, which precludes the stabilizing hydrophobic 

interaction with the α-helix. In addition, the spacer region and the start of the putative α-helix 

comprise two conformational rigid prolines that are absent in WT Munc18-2. It seems therefore 

likely that the splice-site variant will exhibit a folding defect in the 3b domain. This may explain the 

reduced expression/stability of the splice-site variant compared to WT Munc18-2 (Fig. 2A).  

Flow cytometry analysis revealed a reduced expression of the α-granule degranulation 

marker CD62P at the surface of the platelets of patient P3splice/G541S upon PAR1 stimulation (Fig. 3). 

Figure 7. Model of part of the 3b domain of Munc18-2 and the splice-variant. Comparative homology 
modeling with modeller9V736 was utilized to obtain part of the 3b domain of Munc18-2 and the splice-site 
variant. The crystal structure of Munc18-1 was used as a template (3PUJ.pdb).32 In the WT model (shown 
on the right) Val417 displays hydrophobic contact with Ile411. Replacement of Gly416 leads to secretion 
defects in the homologous S. cerevisiae Sec1p.35 In the splice-site variant (shown on the left) these residues 
are replaced by Thr and Ala. The prolines in the spacer region of the splice-site variant are displayed. The 
WT model further shows hydrophobic interactions between Leu425 and Ile389, Tyr410, Leu409, and Leu393 
on the opposite helices. In the splice-site variant Leu425 has been replaced by a tryptophan, which may 
preserve the hydrophobic interaction.
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On first thought, this observation suggests that the almost complete absence of Munc18-2 

does affect platelet degranulation. However, EM image analysis revealed a complete absence of 

granules in the stimulated platelets of patient P3splice/G541S (Fig. 5B). EM analysis also showed that 

the total granule count per platelet was reduced for patient P3splice/G541S (Fig. 6). This reduction 

may explain the reduced surface expression of CD62P upon stimulation of the platelets. 

Apparently, care should be taken when using only CD62P surface expression as readout for 

degranulation efficiency. A reduced expression can be also attributed to a decreased content 

of CD62P in resting platelets. Although it is highly speculative, our observations may even imply 

that there is a role for Munc18-2 in the biogenesis of α-granules.   

Our findings may seem in apparent contrast with the studies by Al Hawas et al. and 

Sandrock et al. who showed that Munc18-2 is critical for platelet degranulation.25,26 However, 

we cannot exclude the possibility that the Munc18-2 splice-site variant is still functional and that 

only few copies of the protein are sufficient to drive platelet degranulation. Yet, the presence 

of the other Munc18 family members, which may assist in the stabilization of STX11, may also 

explain why the platelets of the investigated FHL-5 patients are still able to degranulate (Figs. 

1,3,5). Possibly, Munc18-1, Munc18-3 and/or Munc18-5 may contribute to platelet degranulation 

as well. This possibility is supported by the observation that intracellular peptide antagonists of 

Munc18-1 and Munc18-3 impair platelet degranulation.24 The relative importance of the involved 

Munc18 proteins for the degranulation remains therefore a topic for further investigation. 

Based on our results, we propose that defects in degranulation in the platelets of patients 

carrying the splice-site and G541S variants have a limited contribution, if any at all, to clinical 

symptoms that are associated with FHL-5. 
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ABSTRACT
Galectin-8 (Gal8) is a tandem-repeat β-galactoside-binding lectin comprising two 

carbohydrate recognition domains (CRD) that can cross-link glycoproteins in the intracellular 

and extracellular space. Recently, we have obtained evidence that Gal8 mediates endocytosis 

of Factor V (FV) by megakaryocytes ultimately leading to storage of plasma-derived FV in 

the α-granules of platelets. Whereas one CRD of Gal8 binds FV, the identity of the counter-

receptor on the platelet surface remains unclear. It has been proposed that Gal8 can interact 

with glycoprotein αIIbβ3, the major platelet intergrin, which mediates the endocytic uptake of 

fibrinogen by megakaryocytes. In the present study, mass spectrometry analysis of platelets 

from Glanzmann Thrombasthenia patients, who lack expression of αIIbβ3on their platelets, 

revealed normal levels of FV and markedly reduced levels of fibrinogen. This suggests that 

αIIbβ3 does not contribute to FV uptake and storage by megakaryocytes. However, proteomic 

analysis of platelets from LAD-IIII patients, which exhibit an impaired integrin activation 

machinery, indicated a correlation between the levels of FV and glycoprotein V (GPV), which 

is a component of the GPIb-IX-V complex. Intriguingly, GPV has been previously identified as 

a putative binding partner for Gal8. Employing surface plasmon resonance analysis and solid 

phase binding studies, we established that Gal8 can acts as a cross-linker between recombinant 

GPV and FV. This indirect interaction between GPV and FV is specifically mediated by Gal8 in a 

concentration and carbohydrate-dependent manner. In view of our previous findings on the 

role of Gal8 for mediating FV internalization in megakaryocytes, the results of the present study 

suggest a role for GPV as Gal8 counter-receptor on the cell surface to mediate the uptake of FV. 
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INTRODUCTION 
Galectins are a family of lectins involved in several physiological and pathological processes 

including differentiation, apoptosis, and adhesion1–3. Galectins specifically recognize 

galactose-containing glycans (Galβ1-4GlcNAc) via their carbohydrate-recognition domains 

(CRD)4. Although the CRD domains of galectins show a high primary sequence homology, each 

individual member of the galectin family recognizes unique glycan structures5–7. Galectin-8 

(Gal8) comprises two CRDs connected by a linker peptide8–10 and, like other galectins, has been 

identified in the cytosol, the nucleus or in the extracellular space9. It has been suggested that 

the two CRDs in Gal8 exhibit a different glycan-binding specificity. Gal8 has therefore been 

proposed to facilitate cross-linking of specific glycoproteins4,9,11. 

We have previously provided evidence that cell-surface bound Gal8 mediates Factor V (FV) 

endocytosis by the platelet precursor cells megakaryocytes12. This process ultimately leads to 

the storage of FV in platelet α-granules. Whereas one of the CDR domains of Gal8 binds FV, 

the identity of the cell surface receptor that interacts with the second CRD domain remains to 

be established. It has been proposed that LRP-1 contributes to the endocytosis of FV as well13,14. 

However, whereas LRP-1-mediated endocytosis usually takes place on the minute time scale, we 

and Bouchard et al. found that the endocytosis of FV requires one or more hours of incubation 

of FV with the megakaryocytes12-14. This observation suggests that the mechanism underlying 

FV endocytosis is still unclear and possibly requires additional unknown key players12,13. 

It has previously been demonstrated that galectins can interact with platelet integrins15,16. 

Gal1 binding to αIIbβ3 on platelets has been shown to trigger outside-in signaling leading to 

platelet aggregation17. Employing platelets from Bernard-Soulier syndrome (BSS) patients, with 

low or absent expression of the glycoprotein (GP)Ib-IX-V complex, it has further been proposed 

that Gal8 can activate platelets via this complex18. The GPIb-IX-V complex is a specific marker 

of platelets and is essential for platelet adhesion and aggregation by mediating the binding to 

VWF19. Pull-down experiments revealed, however, that Gal8 may not only interact with GPIb 

and GPV but also with αIIbβ318. Intriguingly, the latter platelet receptor has been shown to 

be responsible of the uptake and storage of plasma-derived fibrinogen in the α-granules of 

platelets20. The observation that Gal8 interacts with FV and with αIIbβ3 raises the question 

whether the integrin may contribute to the uptake of FV as well. 

The role of αIIbβ3 for endocytosis of fibrinogen by megakaryocytes has been shown 

employing studies on the platelets of Glanzmann Thrombastenia (GT) Type I patients21. 

These patients completely lack αIIbβ3 in their platelets and show absence of plasma-derived 

fibrinogen in their α-granules. By means of specific antagonists, other studies also concluded 

that αIIbβ3 is the receptor responsible for fibrinogen endocytosis22.

In the present study, we assessed whether there was a correlation between the levels of 

FV and αIIbβ3 in the platelets of GT patients and of healthy individuals. We further analyzed 

the platelets of LAD-III patients, which exhibit an activation defect of β integrins due to 

Kindlin-3 protein deficiency23. We have previously shown that LAD-III platelets display a specific 

reduction in the levels of FV24. Mass spectrometry analysis and direct binding studies surprising 

revealed that GPV and not αIIbβ3 may be the counter-receptor for Gal8 that contributes to the 

internalization and storage of FV in the α-granules of platelets.
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MATERIALS AND METHODS 
Materials, antibodies and proteins – Recombinant human full-length GPV, recombinant 

human Gal8 were purchased from R&D (Abingdon, United Kingdom). D-Galactopyranosyl-

D-thio-galactopyranoside (TDG) was from Carbosynth (Compton, Berkshire, UK). Polyclonal 

FV-HRP sheep anti-human FV was from Kordia (Kordia Life Sciences, Leiden, the Netherlands). 

Unless specified, all other chemicals were from Sigma-Aldrich (Sigma Aldrich, Zwijndrecht, the 

Netherlands). Human plasma-derived FV was obtained essentially as described12,25. 

Surface Plasmon Resonance analysis – SPR analysis was performed employing a BIAcoreTM 3000 

biosensor system (Biacore AB, Uppsala, Sweden) as previously described12. Briefly, recombinant 

GPV (1000 RU) or plasma FV (1000 RU) was covalently coupled to the activated surface of a 

CM5-sensor chip (GE Healthcare Bio Sciences, Uppsala, Sweden) via primary amino-groups 

using an amine coupling kit (Biacore) as prescribed by the supplier. One control flow channel 

was routinely activated and blocked in the absence of protein. Increasing concentrations of 

Gal8 (0.78-100 nM) were subsequently perfused over chip-immobilized GPV. Association of 

ligand was assessed in 20 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM CaCl
2
 and 0.005% Tween 20 

for 120 sec at a flow rate of 20 µl/min. Dissociation was initiated upon replacement of the ligand 

solution with the buffer alone The sensor chip surface was regenerated by three repeated 

washes in the same buffer containing 1 M NaCl. Competition experiments were performed 

by flowing 50 nM Gal8 over chip-immobilized GPV (1000 RU) in the presence of increasing 

concentrations of lactose or sucrose. 

In vitro binding of GPV to Gal8 and FV: solid-phase binding analysis – Binding of soluble 

recombinant Gal8, Gal1 and plasma FV to GPV was monitored as follows. Recombinant GPV 

(5 µg/ml) was adsorbed onto microtiter wells MaxiSorp plate (Nunc) in a volume of 50 µl in 

50 mM NaHCO
3
 (pH 9.5) overnight at 4°C. Wells were washed with 150 mM NaCl, 5 mM CaCl

2
, 

0,1% Tween-20, 50 mM Tris (pH 7.4) and subsequently blocked for 1 h in TSM buffer (20 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 2 mM CaCl
2
, and 2 mM MgCl

2
) containing 2% BSA (200 µl/well). FV 

(5 µg/ml) was pre-incubated with increasing concentrations of Gal8 or Gal1 for 30 min at 37 °C or 

buffer alone and then added to GPV-coated plates. After 1h incubation, unbound fragments were 

washed away and FV binding to GPV was determined by incubation with the HRP-labeled anti–

human FV antibody. Binding specificity was verified by pre-incubating the galectin-FV complex 

with increasing concentrations of lactose or sucrose before the addition to GPV-coated plates.

Platelet isolation from healthy donors and patients – The study was conducted on platelets 

of four healthy donors, two GT Type I, one GT Type III, and three LAD-III patients. The study 

was approved by the Amsterdam Medical Center Institutional Medical Ethics Committee in 

accordance with the Declaration of Helsinki. Venous blood was collected from healthy donors 

and from GT and LAD-III patients after obtaining informed consent. The blood was anticoagulated 

with heparin. Washed platelets were obtained as previously described26. The collected platelets 

contained less than 1 leukocyte/106 platelets and less than 1 erythrocyte/104 platelets. 

Mass spectrometry analysis – Platelets were lysed as previously described24. Equal amounts 

of platelet lysates were employed for SDS-PAGE (4-12% acrylamide) gel electrophoresis to 
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separate the proteins. The proteins in the gel bands were processed for mass spectrometry 

analysis and the data was analyzed as described previously24.

RESULTS
Putative receptor involved in FV endocytosis: ex-vivo studies

GT-derived platelets were analyzed by mass spectrometry for the presence of FV and fibrinogen. 

GT patients included two GT Type I and one GT Type III patients, the latter displaying normal or 

near-normal levels of not functional αIIbβ324. Figure 1 shows the normalized spectral counts for αIIb, 

β3, fibrinogen chains, and FV in these patients. The results reveal that the functionally defective 

αIIbβ3 of the platelets of the GT Type III patient does not lead to a reduction in the spectral count 

of neither fibrinogen nor FV in the platelets. Moreover, the reduction of spectral counts of FV is also 

not observed in the almost complete absence of αIIbβ3 in the platelets of the GT Type I patients. Yet, 

the latter platelets do reveal an almost complete absence of fibrinogen. Compatible with previous 

findings, these results show on one hand that αIIbβ3 contributes to fibrinogen internalization and 

on the other hand that this integrin is not involved in FV endocytosis at all.

As the platelets of the LAD-III patients did reveal a reduction in the level of FV24, we reanalyzed 

these platelets to assess whether there is any correlation between the expression levels of a specific 

platelet glycoprotein and FV. The LAD-III platelets showed markedly reduced spectral counts of 

platelet GPV of the VWF receptor complex (Fig. 2). On the other hand, the spectral counts of GPIb α 

and β chains were not reduced in these platelets. The slight lower mean value of GPIX counts in LAD-III 

patients might be not reliable because of the fluctuating content of this subunit either in controls and 

LAD-III patients. LAD-III platelets displayed also reduced spectral counts of β1 integrin subunit and its 

partners (α2 and α6) and less markedly of β3 and αIIb (Fig. 2). These observations together open the 

possibility that GPV and/or β1-comprising integrins may participate in the endocytosis of FV. 
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Figure 1. Relative abundance of αIIbβ3 and Factor V in GT patients. Mass spectrometry analysis of 
lysates of washed platelets of healthy controls (white bars), GT-I patients (black bars) and the GT-III patient 
(grey bars). Normalized spectral counts of: (left panel) glycoprotein αIIb and β3; (right panel) fibrinogen 
(Fg) chains (α, β and γ) and Factor V. Data of healthy controls are the mean value ± SD (n = 4). Normalized 
spectral counts were obtained as described in Materials and methods.
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Figure 2. Glycoproteins relative abundance in LAD-III patients. Mass spectrometry analysis of lysates 
of washed platelets of controls, LAD-III patients (LAD-III). Values from the normalized spectral counts of 
platelet glycoproteins are shown. Data are the mean value ± SD from 4 independent healthy controls and 
three LAD-III patients. 

Glycoprotein V binding to Galectin-8 and by SPR

As GPV has been identified in a pull-down experiment with Gal818, we assessed by SPR analysis the 

putative binding of Gal8 to GPV. To this end, increasing concentrations of Gal8 were passed over 

immobilized GPV and response units were measured. Figure 3 shows that Gal8 interacts with GPV in 

a dose-dependent manner. The binding response at equilibrium for each Gal8 concentration was 

estimated by fitting the association phase to a one-site association model. The obtained estimated 

binding response at equilibrium was subsequently plotted as a function of the employed Gal8 

concentration. The apparent Kd for the GPV-Gal8 complex, which is reflected by the concentration 

of Gal8 at which half-maximum binding is reached, was about 42 nM (inset Fig. 3). We next addressed 

whether Gal8 binding to GPV was mediated by one of the β-galactoside-binding CRD domains of 

Gal8. To this end, a fixed concentration of Gal8 was incubated with immobilized GPV in presence 

of increasing concentrations of the β-galactoside carbohydrate lactose (Fig. 4). As a control, we 

included sucrose in the experiment. The results showed that Gal8-GPV binding was specifically 

inhibited in a concentration-dependent manner by lactose. These data indicate that there is a 

specific interaction between the carbohydrate residues of GPV and the CRD domains of Gal8.

Galectin-8 mediates FV binding to GPV

Based on the observation that Gal8 binds both GPV and FV12, we assessed whether the presence of 

Gal8 affects the binding of FV to plate-immobilized GPV in the presence of Gal8. As shown in Figure 

5, Gal8 promoted dose-dependently the indirect FV binding to GPV. Conversely, no FV-GPV direct 

interaction was detectable in the absence of Gal8. SPR analysis confirmed the absence of a direct 

interaction between FV and GPV (data not shown). Competition experiments with β-galactoside 

sugars were performed to evaluate the requirement of Gal8 CRDs for FV-GPV interaction (Fig. 5B). 

Increasing concentrations of lactose and TDG, but not of sucrose, were effective in reducing 
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Figure 3. Gal8 binds GPV in a concentration-dependent manner. 1000 Response units (RU) of 
recombinant GPV were immobilized on the surface of a CM5 sensor chip. The indicated concentrations of 
Gal8 were subsequently perfused over the immobilized GPV. Association and dissociation were followed 
as described in the Material and Methods section. Inset shows the apparent equilibrium dissociation 
constant (Kd-app), which was estimated by plotting the maximum response at equilibrium (Req) for a 
range of ligand concentrations as a function of those concentrations. 

FV binding to GPV. Taken together these observations suggest that Gal8 acts as a cross-linker 

between FV and GPV and that the interaction is actually mediated via Gal8 CRD domains.

DISCUSSION 
It has been proposed that the protein composition of the α-granule membrane mirrors that 

of the platelet membrane27. This may be the consequence of active recycling of the plasma 

membrane receptors between the α-granules and the platelet surface. Via this mechanism, 

it has been suggested that αIIbβ3 mediated the loading of fibrinogen into the α-granules of 

platelets and megakaryocytes20,21. As Gal8 binds both FV and αIIbβ312,18, it would seem feasible 

that αIIbβ3 contributes to the uptake of FV as well. However, whereas complete absence of 

αIIbβ3 in the platelets of the GT patients did affect the level of fibrinogen, the platelet content 

of FV was not altered (Fig. 1). This result excludes therefore a role of αIIbβ3 as a counter receptor 

for the Gal8 during the uptake of FV.

The results of our study do show that a complete integrin activation defect in LAD-III platelets 

does affect the level of FV. Proteomic analysis of these platelets also revealed a reduced level of 

GPV and the α2β1 and α6β1 integrins (Fig. 2). A defect in the expression of the β subunit has 

previously been shown to results in the rapid degradation of the α subunit28. A selective impaired 

expression or enhanced degradation of the β1 subunit in the LAD-III platelets may therefore 

explain the reduced levels of the α subunit partners. Conversely, the observed decrease of GPV 
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content was not accommodated with a reduction of other components of the VWF receptor 

complex, i.e. GPIX and GPIb (Fig. 2). On first thought, it may therefore seem remarkable that 

GPV expression was reduced independently of the other members of the GP Ib-IX-V complex. 

However, it has been suggested that GPV does not form a tight complex with the GPIb-GPIX 

complex29,30. Recently, it has also been proposed that a fraction of GPV is present as a monomer 

on the platelet surface31. It has further been shown that GPV deletion in mice has little impact on 

the surface expression of GPIb-IX complex32. These observations imply that the expression of 

GPV at the platelet surface may be independent of the presence of GPIb-GPIX. If so, an impaired 

expression of GPV does not necessary lead to an altered level of GPIb-GPIX as well.

The reason behind the decrease of the β1 integrins and GPV remains to be elucidated. 

Compatible with our finding, also the platelets from FERMT3-deficient mice were found to 

display reduced levels of GPV and β1-comprising integrins33. Intriguingly, the red blood cells 

of these mice also revealed a structural defect of the membrane cytoskeleton33. In platelets, 

the interaction of integrins and GPV with the cytoskeleton is well documented34,35. Possibly, the 

Figure 4. Effect of lactose and sucrose on Gal8-GPV binding. A fixed amount of Gal8 (50 nM) was associated 
to immobilized GPV (1000 RU) in the presence or absence of the indicated doses of (A) lactose or (B) sucrose. 
Association and dissociation were followed as described in Material and Methods section. After 120 sec of 
association, the buffer comprising the carbohydrates and Gal8 was replaced with the buffer alone. 
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Figure 5. Gal8 mediates indirect GPV-FV interaction. (A) Plasma FV (5 µg/ml) was pre-incubated in 
the presence of the indicated concentrations of Gal8 or Gal1 for 30 min at 37 °C or buffer alone. After 
incubations the complexes were added to GPV–coated plates. The amount of FV bound to plates was 
revealed using the HRP-labeled anti–FV antibody. Interaction is expressed as % of maximum binding. (B) 
Gal8 (280 nM) and FV (5 µg/ml) were mixed in the absence and in the presence of sucrose, lactose or TDG 
and then added to GPV-coated plates. FV binding was revealed as in (A). Values are expressed as % of 
binding in the absence of carbohydrates (control).

absence of FERMT3 in LAD-III patients might affect the platelet cytoskeleton as well, thereby 

indirectly contributing to the altered expression of GPV and the α2β1 and α6β1 integrins. If so, 

and why other integrins in the LADIII platelets are not also affected, remains to be established.

The notion that integrins can actively recycle between the cell surface and intracellular 

organelles27 opens the possibility that one of the β1 integrins contribute to the endocytosis of 

the Gal8-FV complex. The reduced expression of FV in the LAD-III platelets can then be explained 

by the reduced expression of the β1 comprising integrins. A selective knock down of the β1 

subunit in the megakaryocytes may provide insight in the specific role of this integrin subunit 

for FV uptake. Yet, the pull-down study by Romaniuk et al.18 has provided evidence that there 

may be an interaction between GPV and Gal8. Employing SPR analysis and immunoabsorbent 

assays, we now show that Gal8 and GPV interact in a carbohydrate-dependent manner (Fig. 4). 

In addition, we found that FV binds GPV only in the presence of Gal8 (Fig. 5). These findings 

suggest that Gal8 may act as a cross-linker between GPV and FV. Possibly, GPV may acts as a 
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transport receptor for the Gal8-FV complex. This may then also explain the observation of our 

study that reduction of GPV in LAD-III platelets is accommodated by the decrease of FV.

A model that could explain the uptake mechanisms of FV is show in figure 6. The tandem-

repeat Gal8 binds GPV via one of its CRD domain to one or more of the 8 potential glycosylation 

sites present in GPV extracellular domain36. The second free CRD domain acts as a bait for plasma 

FV. GPV might then drive the internalization of the complex allowing FV accumulation in the 

α-granules. In the final step, free GPV may be recycled back on the cell surface. Alternatively, 

the GPV-Gal8 complex might function as docking site promoting pre-concentration of FV on 

the cell surface and binding to the endocytic receptor. It has been suggested that LRP-1 acts as 

endocytic receptor for FV in the two-receptor system13. The authors concluded that only upon 

binding to the first, yet unknown receptor, FV could be transferred to LRP-113. In this view, a 

role for the GPV-Gal8 complex as first player in FV internalization is conceivable and might be 

object of future studies. In contrast to megakaryocytes, circulating platelets do not internalize 

plasma FV37. Their surface is loaded with copies of the GPIb-IX-V complex but lacks extracellular 

Gal812,18. Only upon thrombin stimulation intracellular Gal8 is secreted and retained on the 

platelet surface18. In the absence of Gal8 secretion by platelets, the GPV-Gal8 complex cannot 

be assembled. This might explain why resting platelet fail to internalize FV. 

In conclusion our study provides a new perspective about the role of GPV in platelets as key 

player in plasma FV internalization by megakaryocytes. Future studies might take advantage of BSS 

patients which often display reduced expression of GPV38,39. Mass spectrometry analysis of these 

platelets could reveal whether there is a specific decrease of FV in the α-granules of their platelets.

Figure 6. Proposed mechanism for Gal8 mediated GPV-FV binding. A model of the hypothesized 
interaction between FV, Gal8 and GPIb-IX-V complex, is shown. The multivalent Gal8 could bind GPV via 
one CRD domain and FV via the other CRD. The model proposes that GPV is a Gal8 counter-receptor on 
the megakaryocytes and that the formed complex is internalized allowing FV accumulation in α-granules.
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GENERAL DISCUSSION
Research over the last decade proved that platelet biology is not as simple and straightforward 

as originally anticipated. Next to their established role in wound repair, platelets show 

unsuspected key functions in a number of fundamental biological processes including 

inflammation, immunity and cancer1,2. To effectively perform their function, platelets store 

hundreds of critical proteins3 in secretory α-granules that are released at sites of injury upon 

platelet activation. Megakaryocyte (MK) biosynthesis is one source for the proteins that reside 

in the α-granules of platelets. MKs and also platelets further have the unique capacity to take 

up plasma-derived proteins that end up in the α-granules. The present thesis focuses on the 

mechanism behind endocytosis of plasma proteins, and the role of platelet integrins and 

glycoproteins therein. We further address the mechanism of the release of α-granules. The 

findings and implications of this study are discussed below. 

FACTOR V ENDOCYTOSIS BY MEGAKARYOCYTES
The contribution of galectin-8 in the endocytosis of factor V

The origin of platelet α-granule factor V (FV) has been debated for several years 4–8. It has now been 

established that platelet FV is not synthesized by the megakaryocytes6–8. Instead, it is taken up from 

plasma via a poorly understood, receptor-mediated mechanism8. In Chapter II, we show that FV 

endocytosis by megakaryocyte-like cells occurs through recognition of its sugar residues, which 

account for approximately 13% to 25% of the mass of human FV9–11. Cellular uptake analysis and direct 

protein binding studies revealed that the interaction between FV and MKs requires the presence 

of the lectin Galectin-8 (Gal8) at the cell surface. Gal8 comprises two carbohydrate recognition 

domains (CRD) of which one binds FV and the second a yet to be identified cellular component that 

facilitates endocytosis. The observation that Gal8 interacts with FV is supported by data obtained by 

Romaniuk et al.12, which identified FV as one of the binding partners of Gal8 in platelets.

To gain additional insight into the role of Gal8 for FV endocytosis, we assessed the location 

of Gal8 in CD34+ mobilized peripheral blood cells that are differentiated towards MKs. Confocal 

microscopy revealed that Gal8 partially co-localizes with endogenously synthesized α-granule 

protein VWF (Fig. 1). Flow cytometry analysis further revealed that Gal8 is at the surface of the 

differentiating MKs (Fig. 2). This shows that Gal8 is present at the cell surface as well as in the 

α-granules. This opens the possibility that Gal8 may actively recycle between the MK cells 

surface and the α-granules. This is in agreement with the observation that members of galectin 

family can recycle between membrane compartments13–15. If so, the cell surface bound Gal8-FV 

complex may be internalized and fuse with the maturating α-granules in the MKs. Dissociation 

of the FV-Gal8 complex inside the maturating α-granules could then be driving force for FV 

storage in the platelet organelles. However, as mentioned above, the identity of the cell surface 

component that facilitates Gal8 recycling remains to be identified. It further seems remarkable 

that Gal8 would contribute to the uptake of FV only. Future studies should assess whether other 

α-granule proteins are taken up via Gal8 as well. 
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The contribution of LRP-1 for FV endocytosis

A function for low density lipoprotein-receptor related protein-1 (LRP-1) in FV endocytosis by 

megakaryocytes has been suggested by Bouchard et al.16,17. It has previously been shown that 

LRP-1 is transiently expressed by differentiating MKs18. The putative role of LRP-1 for the uptake 

of FV is therefore compatible with the observation that MKs16,17 and not platelets19 internalize 

and store FV in the α-granules. Bouchard et al. based their findings on the observation that an 

anti-LRP-1 antibody and an excess of the LRP-1 antagonist Receptor-Associated-Proteins (RAP) 

decrease FV endocytosis by the megakaryocyte-like CMK cells16,17. Only a fraction of the CMK 

cells was, however, capable to support FV endocytosis. Flow cytometry analysis of the cells 

revealed that CMK cells became positive for both RAP and FV upon incubation of the cells with 

these proteins. The authors proposed that the uptake mechanism for FV by megakaryocytes 

involves two steps. A specific, yet unknown, receptor assists in the binding of FV light chain to 

the cells surface after which FV is transferred to LRP-1 for endocytosis16,17. Bouchard et al. further 

provided evidence that the initial cell binding step of FV occurs in a Ca2+-independent manner8.

It has been previously demonstrated that LRP-1 also serves as endocytic receptor involved 

in the clearance of factor VIII (FVIII)20–23, a FV homologous coagulation cofactor. Also for FVIII, 

a two-step mechanism behind the LRP-1 dependent endocytosis has been proposed24–26. FVIII 

endocytosis requires a pre-concentration step at the cell surface via an unknown receptor 

prior to the transfer to LRP for effective endocytosis23,26. However, unlike FV, FVIII has not been 

identified in platelets27. This implies that FV and FVIII may require distinct cell surface binding 

receptors to assist LRP-1 dependent uptake of the proteins.

The intrinsic ability of Gal8 to bind distinct glycans with its two independent carbohydrate-

recognition-domains (CDR) in combination with the observation that Gal8 binds ligands in a 

Ca2+-independent manner28,29 makes Gal8 a suitable candidate to serve as the initial cell surface 

binding receptor for FV. However, the notion that Gal8 itself is also inside the α-granules (Fig. 1) 

argues against the proposed mechanism that FV would be transferred to LRP-1. Instead, LRP-1 

may contribute to the uptake of the Gal8-FV complex. To verify whether LRP-1 may indeed 

Figure 1. Galectin-8 is expressed in primary megakaryocytes and partially co-localizes with VWF. 
Shown is a confocal immunodetection performed as described in Chapter II. Mobilized peripheral blood 
CD34+ cells were maturated for 10 days in Cellgro medium supplemented with TPO (100 ng/ml) and IL-1β 
(10 ng/ml), and were stained for VWF (green) and Gal8 (red). Inset shows a higher magnification of the 
boxed region. The white scale bars represent 5 μm.
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act as the second receptor contributing to FV endocytosis, we reduced expression of LRP-1 in 

the megakaryocyte-like DAMI cells using RNAi technology. FV endocytosis was evaluated by 

incubating the cells with 40 nM FITC FV for 3 hours at 37°C. As shown in Figure 3, the FV uptake 

capacity of the DAMI cells was unaltered after silencing of LRP-1. This suggests a minor, if any, 

contribution of LRP-1 to the uptake of FV. We could therefore not confirm the LRP-1 dependent 

uptake mechanism suggested by Bouchard et al.16,17. The reason for the different observations 

is at present unclear but may be related to the employed cellular systems. A targeted knock-

down of LRP-1 in the CMK cells should, however, be performed to confirm a role for LRP-1 in 

these cells. Our findings suggest that in megakaryocytes other receptors than LRP-1 assist Gal8 

in the uptake of FV by megakaryocytes. 

A role of Gal8 as a cross-linker between FV and platelet glycoproteins

Next to FV, Romaniuk et al.12 identified VWF, multimerin-1 (MNRN-1), integrin GPIIbIIIa and 

GPV among the proteins that were immunoprecipitated from platelet lysates via Gal8. The 

identification MNRN-1 may not come as a surprise as FV and MNRN-1 are in a covalent complex 

in the α-granules30. Notably, MNRN-1 has been demonstrated to interact with GPIIbIIIa as well31. 

Intriguingly, GPIIbIIIa is the established receptor that mediates endocytosis and storage of 

fibrinogen in the α-granules32. These observations prompted us investigate the possibility that 

GPIIbIIIa may act as the receptor that facilitates endocytosis of the FV. If so, extracellular Gal8 

may then cross-link FV and GPIIbIIIa prior to endocytosis. Yet, the results from Chapter III show 

that Glanzmann thrombasthenia (GT) patients, who completely lack GPIIbIIIa, comprise normal 

levels of FV in their platelets (Chapter III, Fig. 1; Chapter V, Fig. 1). This observation excludes a 

critical role of GPIIbIIIa for FV endocytosis. 

In Chapter V we also established by SPR analysis that Gal8 can directly interact with 

immobilized GPV. This glycoprotein is found in complex with GPIb-IX on platelets. However, the 

precise role of GPV for platelet and megakaryocyte biology is yet unclear. It has been reported 

that GPV is only loosely associated with GPIb-GPIX and its expression is not required for the 

complex to perform its function as a VWF-binding receptor33. We further show in Chapter V 

that Gal8 may serve as a cross-linker between FV and GPV, and that this “bridge-like” binding 

interaction can be specifically inhibited by the Gal8-antogonists lactose and TDG (Chapter V, 
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
 Figure 2. Surface and intracellular galectin 8 expression 

in primary megakaryocytes. Mobilized peripheral blood-
derived CD34+ cells were maturated for 10 days in Cellgro 
medium supplemented with TPO 100ng/ml and IL-1β 10ng/ml. 
Staining of galectin 8 (Gal8) in permeabilized (+ saponin) and 
non-permeabilized (- saponin) cells was performed by flow 
cytometry as described in Chapter II. Data are the mean values 
of two independent experiments and are expressed as the 
percentage of Gal8 positive cells.  The error bars represent the 
spread around the mean.
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Fig. 5). Like Gal8, GPV has been identified on the MK surface as well as in the α-granules34. 

These findings together imply that GPV may facilitate the uptake of the Gal8-FV complex by 

megakaryocytes. Compatible with this suggestion is our finding that LAD-III patients show a 

reduction of FV and GPV in their platelets (Chapter III, Table 2; Chapter V, Fig. 2). However, 

additional experiments with cells where GPV expression is specifically reduced could provide a 

suitable model to assess the role for GPV in the uptake mechanism. 

FIBRINOGEN ENDOCYTOSIS BY MEGAKARYOCYTES
The role of GPIIbIIIa

Fibrinogen constitutes 10% of the protein content of the α-granules27. Whereas FV endocytosis 

occurs exclusively by MKs8, fibrinogen can be internalized and stored in the α-granules by both 

platelets and MKs35. It has been established that GPIIbIIIa mediates endocytosis of fibrinogen by 

MKs and platelets32, but the mechanism thereof remains incompletely understood. The integrin 

requires activation for high affinity binding to fibrinogen36. However, activation of GPIIbIIIa will 

also lead to activation of the platelets and release of the stored proteins from the α-granules. 

This implies that the mechanism of fibrinogen endocytosis by GPIIbIIIa in resting platelets 

cannot involve high affinity interaction between an activated integrin and fibrinogen. This 

agrees with the findings of this study and of others showing that expression of a functionally 

defective integrin is sufficient to drive the uptake and storage of the protein (Chapter III, Fig. 3). 

In addition, the platelets of the LAD-III patients, which exhibit a general integrin activation 

defect, also revealed normal levels of fibrinogen. Only complete absence of GPIIbIIIa as found 

in GT type I patients appears to affect fibrinogen storage in α-granules (Chapter III, Fig. 3). 
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Figure 3. Gene silencing of LRP-1 does not affect uptake of FV by DAMI cells. DAMI cells were transfected 
with scramble RNA (scrRNA) or targeting LRP-1 siRNA (LRPsiRNA) as described in Chapter II. At 72 hours 
following transfection, LRPsiRNA-and scrRNA-transfected cells were incubated with 40 nM FITC-FV as 
described in Chapter II and the uptake and LRP-1 expression were monitored by flow cytometry. Results 
are expressed as percentage of positive cells. Graphs represent data from two independent experiments 
and are expressed as means. The errors bars represent the spread around the mean. 
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Mass spectrometry analysis of the previously uncharacterized GT patient has shed light 

on the actual mechanisms of fibrinogen endocytosis. The analysis demonstrated that the 

GT patient carried the Arg214Trp (R214W) mutation in the region adjacent to the Metal Ion-

dependent Adhesion Site (ADMIDAS), the Ca2+-binding domain of GPIIIa37,38. The R214W variant 

of GPIIbIIIa has been shown to have an impaired high affinity binding to fibrinogen. This 

mutation has previously been associated with GT type III39,40, which is characterized by normal 

levels of fibrinogen in the platelets and more than 40% expression of a functionally defective 

GPIIbIIIa. Our proteomics data obtained from the previously uncharacterized GT patient are in 

full agreement with this classification (Chapter III). 

ADMIDAS has been recently shown to be the binding site for the amino acid sequence 

KQAGDV of the C-terminus of the fibrinogen γ-chain41,42. This sequence is exclusively recognized 

by activated GPIIbIIIa and mediates the high affinity binding of soluble fibrinogen to the integrin 

upon agonist-induced activation. Lanza et al.39 reported, however, that the R214W variant of 

GPIIbIIIa is still able to bind RGD-containing peptides. This may imply that the RGD motifs in 

fibrinogen may also still bind the GPIIbIIIa R214W variant. It is therefore tempting to speculate 

that the uptake of fibrinogen is mediated by one of the RGD sequences in fibrinogen. This would 

then explain why activation of the integrin is not required for fibrinogen endocytosis by platelets 

and megakaryocytes. Site-directed mutagenesis studies on fibrinogen may provide the answer 

whether or not the RGD sequences are critical for fibrinogen storage in the α-granules of platelets. 

A role of galectins in fibrinogen endocytosis 

The observation that Gal8 facilitates endocytosis of FV opens the possibility that uptake of 

fibrinogen may also involve a galectin family member. However, Gal8 is an unlikely candidate 

to contribute to fibrinogen uptake since resting platelets, which still support fibrinogen 

endocytosis, do not express this galectin on their membrane surface12,43. Galectin-1 (Gal1) has, 

however, been identified on the surface of resting platelets44. Although Gal1 comprised only a 

single CRD domain, the protein can exist in a homodimeric form45. Like Gal8, it may therefore 

also act as a cross-linker between two glycoproteins. Intriguingly, Romaniuk et al. showed 

that Gal1 can indeed interact with GPIIbIIIa46. If Gal1 can also bind fibrinogen, it would provide 

an alternative mechanism behind the integrin activation-independent uptake of fibrinogen 

by platelets and MKs. Gal1 could then serve its role as a cross-linker between fibrinogen and 

GPIIbIIIa, which in turn mediates internalization of the Gal1-fibrinogen complex.

Unraveling the mechanisms controlling fibrinogen uptake via GPIIbIIIa, including the 

identification of residues involved in this mechanism will provide significant progress in our 

understanding of platelet biology. 

THE MUNC18-2 SPLICE-SITE VARIANT DOES NOT AFFECT 
α-GRANULE RELEASE 
FHL-5 is caused by defects in Munc18-2 and is characterized by a disturbance of the highly regulated 

process that controls the secretion of granules from neutrophils47. Munc18-2 is also abundantly 

expressed in platelets and its functional absence has previously been demonstrated to affect 
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α-granule secretion48. Yet, bleeding episodes are inconsistently observed in patients that carry a 

Munc18-2 (c.1247-1G>C) splice-site mutation,the most frequently observed Munc18-2 variant in 

FHL-549,50. The role of Munc18-2 for the release of granules from platelets remains, therefore, unclear.

In Chapter IV of this thesis, mass spectrometry analysis of the platelet lysates from FHL-5 

patients identified the previously unresolved protein product of the Munc18-2 splice-site variant 

(Chapter IV, Fig. 2). We also found that the platelets of patients, who are homozygous for this 

splice-site variant, did not show a defect in platelet degranulation at all. Yet, the neutrophils of 

these patients did reveal a markedly impaired granule secretion51. 

Two alternative explanations can be given to understand the distinct phenotype of the 

Munc18-2 splice-site variant in platelets and in neutrophils. This variant leads to a protein 

product in platelets in which the first 17 amino acids of exon 15 are replaced by 19 residues from 

intron 14 (Chapter IV, Fig. 7). As it has also been proposed by Cote et al.52, it cannot be excluded 

that the protein fully retains its functionality in spite of this replacement. Although a decreased 

expression of the splice-site variant was observed in the platelets of the patients, the residual 

amount of protein may then be still sufficient to facilitate α-granule release. In neutrophils, 

the expression level of the splice-site variant might have dropped under the threshold level 

required for granule release. This would explain why the patients have functional platelets but 

dysfunctional neutrophils. An alternative explanation is that other Munc18 family members can 

compensate for functional absence of Munc18-2 in platelets but not in neutrophils. Platelets 

have been demonstrated to express also Munc18-1, Munc18-3 and Munc18-553, each of which may 

take over the role of Munc18-2. Interestingly, a genome wide association study has shown that 

there is an association between genetic variations in Munc18-5 and the plasma level of VWF54. 

Although this can be attributed to a differential release of VWF from endothelial cells, an altered 

release of VWF from the α-granule platelets may contribute to the change in the VWF plasma 

level as well. If so, this suggests that Munc18-5 may be involved in the α-granule release from 

platelets. Evidence of a putative role of other Munc18 family members for α-granule release has 

also been previously provided by Schraw et al.53. Those authors demonstrated that antagonists of 

Munc18-1 and Munc18-3 inhibit α-granule release by activated platelets. The contribution of the 

individual Munc18 family members for α-granule release remains therefore to be established.

A systematic analysis of the change in protein expression in the presence and absence of 

Munc18-2 in platelets may provide insight into the compensatory mechanism of other family 

members. In addition, a targeted known-down of Munc18-1, Munc18-3 and Munc18-5 in MKs 

may unravel the role of these Munc18 family members for platelet functioning.

PLATELET GRANULE SUBSET
It has been reported that platelets comprise two subsets of α-granules that can be differentially 

released depending on the applied stimulus55,56. This hypothesis has been based on two 

observations. First, pro- and anti-angiogenic factors were detected in distinct non-overlapping 

compartments in the platelets55,57. Second, platelet stimulation via protease-activating-

receptor-1 (PAR1) and PAR4 resulted in a differential release of these cargo proteins58. The idea 

of platelets being smart effectors that are unexpectedly able to differentially release a class of 

appropriate proteins represented a breakthrough in platelet biology.

102



6

G
EN

ER
A

L D
ISC

U
SSIO

N


  


 

 








 





 





 








 





 




Figure 4. Semi-quantitative analysis of secretable α-granule proteins upon stimulation with PAR1 
and PAR4 peptides. Platelets from healthy donors were stimulated via PAR1 (10 µM) and PAR4 (100 µM) as 
described in Chapter IV. Fold increase of normalized spectral count (average of four healthy controls) were 
calculated as described in Chapter IV. Figure shows a selection of identified α-granule proteins, including 
VWF, thrombospondin-1 (TSP-1), fibrinogen (FG), coagulation factors (V and XIII) and Multimerin-1 (MMRN1). 

A recent study from Kamykowski et al.59 did not support the hypothesis that there are 

α-granule subsets. Employing quantitative immunofluorescence co-localization analysis of 

functionally distinct proteins they showed no clustering of anti-angiogenic and angiogenic 

proteins in specialized subsets. Based on their findings, however, it was suggested that there 

is a major group of large granules with spatial distributions of cargo within the α-granule. 

Further evidences of spatial segregation of cargo within individual α-granules were provided 

by Van Nispen and co-workers60. However, the authors demonstrated also the presence of 

morphologically different α-granule subtypes.

In Chapter IV, we stimulated the platelets via PAR1 to assess the release of protein from 

healthy platelets and FHL-5 platelets. To gain insight into the putative differentially release 

of α-granule proteins, we now also stimulated platelets from healthy donors via PAR4 and 

analysed the released proteins by mass spectrometry (Fig. 4). We did not observe, however, 

any thematic release of a specific class of cargo proteins from the platelets depending on the 

applied stimulus. Our results argue therefore against the existence of differentially releasable 

proteins from activated platelets. 

A limitation of our study as well as of the study of Italiano et al.55 is that the obtained data 

derive from a single time point after stimulation and that a single dose of agonist is employed. 

In addition, the studies did not take into account that α-granule proteins, like VWF, FV and 

fibrinogen, may be retained at the surface upon platelet stimulation61,62. Differential protein 

adhesiveness to the activated platelet membrane has previously been shown by Watkins et al.63. 

They showed with immunoelectron microscopy studies that thrombospondin hardly binds to 

the platelet surface. In contrast, VWF was abundantly present at the surface of the activated 

platelets. In conclusion, the differential release observed by other authors might be caused by a 

differential retention of α-granule proteins at the surface after platelet activation. Further studies 

are required to fully understand the different observation involving the putative presence of 
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α-granule subsets. The results of our study do not exclude the possibility of spatial segregation 

of proteins within one α-granule. However, they do imply that there is no differential release of 

proteins from these granules upon PAR1 or PAR4 stimulation of platelets.

CONCLUSION AND FUTURE PERSPECTIVES
In the present work, we gained more insight a number of events regulating platelet functions. 

Chapter II, III and V focused on the capacity of MKs to endocytose the plasma proteins FV 

and fibrinogen. Our findings open a new perspective on the biological functions of Gal8 and 

other galectin family members during megakaryocytopoiesis. Novel questions that should be 

addressed in future studies are: (i) At which stage of megakaryocytopoiesis does FV endocytosis 

occur? (ii) Is Gal8 mediating FV uptake by bridging GPV and FV? (iii) Are there other plasma 

proteins taken up by the megakaryocytes via Gal8? (iv) Do galectins contribute to a general 

mechanism of uptake of proteins by megakaryocytes and platelets? Providing an answer to 

these questions is not merely of scientific interest. As platelets serve as carriers of proteins 

that are released at sites of injury, these answers might open the perspective of deliberately 

modifying the protein content of platelets for therapeutic purposes.

The studies described in this thesis further focused on the proteomics of platelets with rare 

functional defects. Burkhart et al.64 have recently revealed that the difference in platelet proteome 

of healthy individuals is relatively small. This opens the possibility that proteomic analysis of platelets 

may assist in the identification of these rare platelet disorders. By analyzing platelet releasates from 

FHL-5 patients, and the proteome of the platelets of GT, LAD-III and FHL-5 patients, we found that 

mass spectrometry analysis indeed represents a powerful tool to identify rare platelet disorder 

(Chapter III, IV). Next to confirming the absence of critical proteins involved in these disorders, 

differentially expressed proteins were identified that may contribute to the disease as well. An 

elaborate mass spectrometry-based strategy makes it feasible to establish a protein database that 

correlates with a specific disorder. This ambitious goal will increase our knowledge of established 

and previously unidentified platelet disorders and improve their diagnosis.
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SUMMARY
Platelets store a spectrum of functionally distinct proteins in the secretory α-granules, which are 

released upon platelet activation at sites of injury. This makes platelets a unique vehicle for the 

delivery of critical proteins that contribute to wound repair. Most of these α-granule proteins 

are synthesized by the platelet precursor cells, the megakaryocytes (MKs). Platelets and MKs 

are, however, unique in that they also take up plasma proteins. The mechanisms behind the 

endocytosis of plasma proteins is, however, still poorly understood. Moreover, only recently the 

proteins of the granule exocytosis machinery have been investigated in platelets. In the present 

thesis, we employ protein-protein interaction studies and cell-based internalization studies to 

get more insight into the mechanisms underlying the endocytosis of plasma proteins in MKs. 

In addition, we utilize mass spectrometry-based approaches to assess the role of the platelet 

integrins in α-granule cargo enrichment as well as the mechanism of the release thereof.

In CHAPTER I, a general background regarding platelet biology is presented. An overview is 

given about the role of platelets in blood clot formation for effective bleeding arrest. In addition, the 

current knowledge about how platelets internalize the plasma proteins factor V (FV) and fibrinogen 

is summarized. We further describe rare platelet-related disorders, that are associated with improper 

protein loading of the α-granules or impaired α-granule release. These diseases include Glanzmann 

Thrombastenia (GT), in which patients exhibit a functional absence of the most abundant platelet 

glycoprotein, GPIIbIIIa, Leucocyte-Adhesion-Deficiency type III (LAD-III) characterized by a 

dysfunctional integrin activation machinery, and Familial Hemophagocytic Lymphohistiocytosis 

type 5 (FHL-5), in which patients may have an impaired mechanism for the release of α-granules.

In CHAPTER II, the mechanism that contributes to FV endocytosis by megakaryocytes 

is addressed. Evidence is provided that the lectin galectin-8 (Gal8) mediates the uptake of 

coagulation FV by megakaryocytes. SPR analysis shows a reversible and dose-dependent 

binding of Gal8 and FV. Employing a targeted reduction of the expression of Gal8 in the 

megakaryocyte-like cells (DAMI), anti-Gal8 antibodies, and β-galactosides, we demonstrate 

that the uptake of FV requires Gal8-FV complex. 

In CHAPTER III, mass spectrometry analysis of the platelets of GT and LAD-III patients is 

employed to assess the role of integrins on platelets cargo enrichment. The results show that 

GPIIbIIIa only contributes to the uptake of fibrinogen, and that activation of this integrin is not 

required to facilitate fibrinogen endocytosis. Novel differentially expressed proteins that may 

be associated with the investigated diseases are identified as well. In this chapter, we further 

identify by mass spectrometry analysis, the genetic defect of a previously uncharacterized GT 

patient. The results demonstrate that mass spectrometry analysis represents a powerful tool 

for effective diagnosis of rare platelet disorders.

In CHAPTER IV, the platelet secretory efficiency is investigated in FHL-5 patients that may 

exhibit impaired α-granule exocytosis because of mutations in mammalian-uncoordinated-2 

(Munc18-2). This protein regulates the complex formation of the so-called SNARE proteins, 

which are critical for granule release process. We use mass spectrometry, flow cytometry 

and electron microscopy to identify the protein product of a Munc18-2 splice-site variant 

(1247-1G>C) and the effect thereof on platelet degranulation. This Munc18-2 variant has been 

established to cause impaired degranulation of neutrophils. In spite of previous suggestions, 
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flow cytometry, electron microscopy and mass spectrometry studies reveal that the splice-site 

variant does not significantly affect platelet degranulation.

In CHAPTER V, the potential role of the other interaction partners of Gal8, i.e. GPIIbIIIa and 

GPIb-GPIX-GPV, in FV endocytosis is evaluated. The platelets of the LAD-III and GT patients show 

that the level of GPV and not of GPIIbIIIa correlates with the level of FV in the platelet lysates. 

Biochemical approaches show that Gal8 can act as a cross-linker between FV and GPV. The results 

of this chapter suggest that GPV may act as the Gal8 counter-receptor to promote FV endocytosis.

In CHAPTER VI, the major findings of the present thesis are summarized and discussed. We 

highlight the role of carbohydrates as players in the process of α-granule protein loading and 

provide new directions for future researches. In addition, we discuss the value of the proteomic 

approaches for the identification of rare platelet disorders and novel proteins that may be 

associated with the disease. Potential implications of these findings and perspectives for future 

studies in the platelet field are also discussed.
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SAMENVATTING
Bloedplaatjes bevatten een spectrum aan functioneel verschillende eiwitten in hun 

opslaggranula, de α-granula, die worden uitgescheiden na activatie van bloedplaatjes bij een 

verwonding. Dit maakt het bloedplaatje tot een uniek vehikel voor de aanvoer van cruciale 

eiwitten die bijdragen aan wondherstel. De meeste α-granula-eiwitten worden gesynthetiseerd 

door de voorlopercellen van bloedplaatjes, de megakaryocyten (MKs). Bloedplaatjes en MKs 

zijn echter uniek in het feit dat ze ook in staat zijn om eiwitten uit plasma op te nemen en daarna 

op te slaan. Het mechanisme achter deze opname, zogenaamde endocytose, is echter verre van 

duidelijk. Bovendien is de machinerie die granula-exocytose medieert in bloedplaatjes pas zeer 

recent onderwerp van studie geworden. In dit proefschrift hebben we door het bestuderen 

van eiwit-eiwit interacties en cellulaire internalisatie geprobeerd inzicht te verkrijgen in het 

onderliggende mechanisme van endocytose van plasma-eiwitten in MKs. Daarnaast hebben 

we massaspectrometrie gebruikt om zowel de rol van bloedplaatjes-integrines in de toename 

α-granula-inhoud te bestuderen als het mechanisme waarlangs deze wordt uitgescheiden.

In Hoofdstuk I wordt een algemene achtergrond geschetst van de biologie van 

bloedplaatjes. Er wordt een overzicht gegeven van de rol die bloedplaatjes spelen tijdens de 

bloedstelping via de vorming van een bloedplaatjesprop. Daarnaast wordt de huidige stand van 

zaken wat betreft de internalisatie van de plasma-eiwitten factor V en fibrinogeen samengevat. 

Er worden zeldzame bloedplaatjesdysfuncties beschreven die samenhangen met verstoorde 

eiwitopname in α-granula of met defecten gedurende de uitscheiding van α-granula. 

Hieronder vallen Glanzmann Thrombastenia (GT), waarbij patiënten geen functionele versie 

bevatten van het meest voorkomende bloedplaatje glycoproteïne, GPIIbIIIa,  Leukocyte 

Adhesion Deficiency type III (LAD-III) gekarakteriseerd door een defect integrine activatie 

mechanisme en als laatste Familial Hemaphagocytic  Lymphohistiocytosis type 5 (FHL-5), een 

ziekte waarin patiënten mogelijkerwijs leiden aan een verstoorde uitscheiding van α-granula.

In Hoofdstuk II is het mechanisme dat bijdraagt aan opname van factor V door 

megakaryocyten bestudeerd. Bewijs wordt aangeleverd dat het lectine Galectine-8 (Gal8) de 

opname van FV door megakaryocyten medieert. SPR analyse laat zien dat er een reversibele 

en dosis-afhankelijke binding bestaat tussen Gal8 en FV. Door middel van depletie van Gal8 

expressie in megakaryocyt-achtige cellen (DAMI), anti-Gal8 antistoffen en β-galactosiden 

laten we zien dat de opname van FV de vorming van een Gal8-FV complex vereist.

In Hoofdstuk III  wordt door middel van massaspectrometrische analyse van bloedplaatjes 

van GT en LAD-III patiënten de rol van integrines in de eiwitopname door bloedplaatjes 

bestudeerd. De resultaten laten zien dat GPIIbIIIa bijdraagt aan de endocytose van fibrinogeen, 

maar dat activatie van deze integrine niet vereist is voor fibrinogeen-opname. Nieuwe eiwitten 

die specifiek tot expressie komen in “zieke” of “gezonde” bloedplaatjes en die mogelijkerwijs 

betrokken zijn bij deze aandoeningen worden eveneens geïdentificeerd. Tevens identificeren 

we in dit hoofdstuk via massaspectrometrische analyse het genetische defect van een tot nog toe 

ongekarakteriseerde GT patiënt. Deze resultaten laten eveneens zien dat massaspectrometrie 

een krachtige techniek is voor diagnose van zeldzame plaatjesdysfuncties.

In Hoofdstuk IV is het secretoire fenotype van de bloedplaatjes van FHL-5 patiënten onderzocht 

die mogelijk een verstoorde α-granula-secretie zouden hebben wegens mutaties in Mammalian-
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uncoordinated-2 (Munc18-2). Dit eiwit reguleert de formatie van een complex van zogeheten 

SNARE eiwitten, die een kritieke rol vervullen tijdens secretie. Met behulp van massaspectrometrie, 

flow-cytometrie en elektronenmicroscopie hebben we zowel het eiwitprodukt van een Munc18-2 

“splice-site” variant (1247-1G>C) geidentificeerd als het effect ervan op plaatjesdegranulatie. 

Van deze Munc18-2 variant is eerder vastgesteld dat deze leidt tot verstoorde degranulatie 

van neutrofielen. In tegenstelling tot eerdere suggesties in die richting, wijzen onze flow-

cytometrische, elektronenmicroscopische en massaspectrometrische studies er echter niet op 

dat de bestudeerde variant de degranulatie van bloedplaatjes aanmerkelijk verstoort.

In Hoofdstuk V wordt de mogelijke rol van andere interactiepartners van Gal8, zoals 

GPIIbIIIa en GP1b-GPIX-GPV, in de endocytose van FV geëvalueerd. Bloedplaatjes van LAD-III en 

GT patiënten laten zien dat het gehalte aan GPV, en niet GPIIbIIIa, samenhangt met het niveau 

aan FV in het lysaat van de bloedplaatjes. Met behulp van biochemische experimenten wordt 

aangetoond dat Gal8 als brug tussen FV en GPV kan fungeren. De resultaten van dit hoofdstuk 

suggereren dat GPV, als bindingspartner van Gal8, de endocytose van FV kan versterken.

In Hoofdstuk VI worden de belangrijkste bevindingen van dit proefschrift samengevat 

en bediscussieerd. De rol van suikers als spelers tijdens de opname van eiwitten in α-granula 

wordt uitvoerig behandeld en nieuwe richtingen voor verder onderzoek worden aangegeven. 

Daarnaast wordt de potentie van proteomics voor de karakterisering en identificering van 

zeldzame bloedplaatjes-afwijkingen en de daarbij betrokken eiwitten belicht. Tenslotte worden 

de mogelijke implicaties van deze bevindingen en perspectieven voor toekomstig onderzoek 

op dit terrein bediscussieerd.
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