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ΠΕΡΙΛΗΨΗ 

Η δυσλειτουργία του αγγειακού ενδοθηλίου εµπλέκεται στις πιο απειλητικές 

για τη ζωή ασθένειες, όπως είναι τα καρδιαγγειακά και φλεγµονώδη νοσήµατα, καθώς 

και η καρκινική αγγειογένεση. Βιοδραστικά µόρια που σχετίζονται µε τις παραπάνω 

ασθένειες και εκκρίνονται από τα ενδοθηλιακά κύτταρα, αρχικά αποθηκεύονται σε 

κυτταροειδικά εκκριτικά κυστίδια, τα επονοµαζόµενα «Weibel-Palade bodies» 

(WPBs). Μέχρι σήµερα, έχει ταυτοποιηθεί µόνο ένα µέρος των πρωτεϊνών που 

απελευθερώνονται από τα WPBs. Για αυτό σε προηγούµενη έρευνα στο εργαστήριό 

µας, πραγµατοποιήθηκε πρωτεοµική ανάλυση στο υλικό που εκκρίνεται από 

ενεργοποιηµένα ενδοθηλιακά κύτταρα (HUVEC). Προς έκπληξή µας, µεταξύ των νέων 

πρωτεϊνών που ταυτοποιήθηκαν, βρέθηκε και η πρωτεΐνη galectin-1 (Gal-1), η οποία 

είναι µια µη συµβατικά εκκρινόµενη πρωτεΐνη, µε τον ακριβή µηχανισµό 

εξωκυττάρωσής της να µην είναι ακόµα γνωστός. Επιπλέον, αδηµοσίευτα δεδοµένα 

του εργαστηρίου έδειξαν ότι η Gal-1 εντοπίζεται σε ένα υποσύνολο των WPBs και σε 

περιορισµένο αριθµό κυττάρων HUVE. 

 Ο εντοπισµός της Gal-1 στα WPBs γεννά πολλά ενδιαφέροντα ερωτήµατα. 

Αρχικά, στην παρούσα µελέτη θελήσαµε να διερευνήσουµε την ακριβή τοπολογία της 

Gal-1 στα WPBs. Ειδικότερα, δεδοµένου ότι η Gal-1 είναι µια κυτταροπλασµατική 

πρωτεΐνη, θεωρήσαµε σηµαντικό να διερευνήσουµε αν η Gal-1 απλά αγκυροβολείται 

στην µεµβράνη των WPBs προς την κυτταροπλασµατική τους πλευρά ή αν εισέρχεται 

στον αυλό των κυστιδίων. Η απάντηση του συγκεκριµένου ερωτήµατος θα δώσει 

σηµαντικές πληροφορίες για τη λειτουργία της Gal-1 στα συγκεκριµένα κυστίδια και 

την επακόλουθη πορεία της, µετά την επαγόµενη από προσδέτη εξωκυττάρωση των 

κυστιδίων.  

Για την ακριβή τοπολογία, εξαιτίας της πολύ µικρής διαµέτρου των WPBs (100-

300 nm) η οποία είναι σηµαντικά µικρότερη από το διακριτικό όριο της συνεστιακής 

µικροσκοπίας (500nm), και άρα δεν επιτρέπει τη διάκριση µεταξύ της µεµβράνης και 

του αυλού των WPBs, τροποποιήσαµε το pH των κυστιδίων, κάτι που αυξάνει την 

διάµετρό τους, αφού µεταβάλλει το σχήµα τους από επίµηκες σε σφαιρικό, 

επιτρέποντας τελικά τον διαχωρισµό της µεµβράνης από τον αυλό. Υπό αυτές τις 

συνθήκες, πραγµατοποιήσαµε τριπλή χρώση ανοσοφθορισµού για τον ενδογενή VWF 

(το κύριο πρωτεϊνικό φορτίο αυλού των WPBs), την EGFP-Rab27a (ένας µεµβρανικός 
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δείκτης των κυστιδίων) και την ενδογενή Gal-1. Η ανάλυση αυτή οδήγησε στο πολύ 

ενδιαφέρον εύρηµα, πως η Gal-1 αποθηκεύεται στον αυλό των WPBs.  

Επιπλέον, επιβεβαιώσαµε δεδοµένα του εργαστηρίου από προηγούµενη 

έρευνα, ότι δηλαδή η Gal-1 αποθηκεύεται σε ένα υποσύνολο των WPBs και σε 

περιορισµένο αριθµό κυττάρων HUVE. Επίσης παρατηρήσαµε πως συχνά η Gal-1 

αποθηκεύεται σε WPBs περίεργου (µη επίµηκους) σχήµατος, τα οποία πιθανόν έχουν 

προκύψει από οµοτυπική σύντηξη µεταξύ ανεξάρτητων κυστιδίων. Αυτές οι 

παρατηρήσεις µας οδήγησαν στο να µελετήσουµε τις συνθήκες που επάγουν την είσοδο 

της Gal-1 στα WPBs. Βρήκαµε πως συσσώρευση των κυστιδίων στην περιφέρεια του 

κυττάρου, όπως συµβαίνει κατά την καλλιέργεια των κυττάρων σε συνθήκες υψηλής 

πυκνότητας (over-confluent cell culture conditions) ή κατά την κυτταρική 

µετανάστευση  (cell migration), αυξάνει σηµαντικά τον αριθµό των κυστιδίων που 

αποθηκεύουν την πρωτεΐνη Gal-1. Η αύξηση αυτή θα µπορούσε να οφείλεται σε ατελή 

οµοτυπική σύντηξη µεταξύ των κυστιδίων, κάτι που επάγεται από την υψηλή 

πυκνότητά τους. Τα δεδοµένα αυτά καταδεικνύουν πως η Gal-1 εισέρχεται στα 

κυστίδια πιθανώς λόγω καταστροφής της µεµβράνης των κυστιδίων, ένας µηχανισµός 

εξωκυττάρωσης που έχει προταθεί βιβλιογραφικά για άλλους τύπους κυστιδίων από µη 

συµβατικά εκκρινόµενες πρωτεΐνες. Η σύνδεση της Gal-1 σε γλυκοζυλιωµένες 

πρωτεΐνες που βρίσκονται στον αυλό των WPBs θα µπορούσε να είναι µηχανισµός 

ρύθµισης της δράσης των εκκρινόµενων µορίων, ελέγχοντας µε τον τρόπο αυτόν την 

προθροµβωτική, προφλεγµονώδη και αγγειογενετική δραστικότητα των εκκρινόµενων 

από τα κυστίδια, πρωτεϊνών.  
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ABSTRACT  

Vascular endothelial dysfunction is implicated in the most life-threatening 

diseases, such as cardiovascular and inflammatory diseases, as well as cancer 

angiogenesis. Critical molecules in these diseases are derived from endothelial cells 

and are stored in Weibel Palade bodies (WPBs), which are endothelial specialized 

secretory organelles. To date, only a part of the WPBs-released proteins has been 

identified. Thus, previous work from our laboratory performed proteomic analysis on 

activated endothelial cells (HUVEC). Strikingly, among the new proteins identified was 

the protein galectin-1 (Gal-1), which is an unconventionally secreted protein, whose 

exact mechanism of exocytosis is not yet known. Unpublished work from our group 

showed that Gal-1 is localized in a sub-population of cells, in a sub-group of WPBs. 

The localization of Gal-1 in WPBs sparks interesting questions. Firstly, we 

asked what is the precise topology of Gal-1 within the secretory WPBs. Given that Gal-

1 is a cytoplasmic protein, it is critical to assess whether Gal-1 is simply docked at the 

cytoplasmic surface of WPBs, or it enters the lumen of these organelles. Addressing 

this question, would yield significant insights into the possible function of Gal-1 within 

these vesicles and its subsequent fate upon ligand-induced exocytosis.  

To address the exact topology, due to the exceptionally diminutive diameter of 

the WPBs (100-300 nm) which is lower than the optical resolution of confocal 

microscopy (500 nm), we altered the pH of the vesicles, which increases their diameter 

by inducing their rounding and thereby allowing us to resolve between the lumen and 

the membrane of the vesicle. Under these conditions, we performed triple 

immunofluorescence staining for endogenous VWF (the main lumenal cargo protein), 

EGFP-Rab27a (a membrane marker of these vesicles) and endogenous Gal-1. 

Intriguingly, we found that Gal-1 is stored within the lumen of WPBs.  

Furthermore, we confirmed previous lab findings that Gal-1 is stored in a sub-

population of WPBs, in subset of cells. In often cases, Gal-1 positive bodies exhibited 

irregular shape, suggesting that they may arise from homotypic fusion between 

independent bodies. These observations prompted us to explore the conditions that 

trigger Gal-1 entry into these cellular compartments. We found that accumulation of 

vesicles in the periphery of the cell, as occurs during over-confluent cell culture 

conditions or during cell migration, leads to a significant increase in Gal-1 positive 
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WPBs.  The increase in Gal-1 positive WPBs could be due to leaky homotypic fusion 

of vesicles, which is induced by their high density. This suggests that Gal-1 entry into 

vesicles is possibly due to damage to their membrane, a mechanism of exocytosis that 

has been suggested in the literature for other types of vesicles by unconventionally 

secreted proteins. Binding of Gal-1 to glycosylated cargo proteins in the lumen of 

WPBs could be a mechanism regulating the activity of secreted molecules, thereby 

controlling the prothrombotic, proinflammatory and angiogenic activity of secreted 

cargo. 



11 
 

1. INTRODUCTION 

1.1 The Vascular Endothelium 

The vascular endothelium, a single layer of endothelial cells (EC), constitutes 

the inner cellular lining of the blood vessels (arteries, veins and capillaries), placed at 

the interface of the blood circulation and vessel wall (Figure 1.1, A). Therefore, is in 

direct contact with the components and cells of blood. The endothelium shows polarity 

and is divided into two sides: the apical, which faces the lumen of the vessel, and the 

basolateral, which is in contact with the extracellular matrix (ECM) and adjacent tissues 

(Van Der Wouden et al., 2003).  A layer called the endothelial glycocalyx, which is 

made up of a mosaic of glycoproteins, proteoglycans, and glycosaminoglycan chains, 

covers the apical surface of the endothelium (Luft, 1966). The endothelium surface 

layer is composed of the endothelial glycocalyx, secreted proteoglycans, and other 

adsorbed plasma proteins, such as albumin (Pries et al., 2000) (Figure 1.1,B).   

In the 1950s the endothelium was considered to be merely a “cellophane 

wrapper” of the vessel wall, with the sole function of holding the contents of the vessel 

inside (Florey, 1966) . However, it is now well known that the endothelium is an active 

endocrine organ, which produces and releases compounds involved in a multitude of 

essential functions, which include regulation of vascular tone, blood coagulation and 

thrombosis, cellular adhesion, angiogenesis, and inflammation (Félétou & Vanhoutte, 

2006; Goligorsky, 2005). Thus, there is a need for regulation to ensure smooth blood 

flow under normal conditions and an immediate response in case of blood vessel injury 

and infectious or inflammatory insults. To cope with this, endothelial cells are equipped 

with specialized secretory vesicles, called Weibel-Palade bodies (WPBs), which are 

ready-to-be-used, and store and secrete, after an appropriate stimulus, compounds 

necessary for responding to different conditions.  
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1.2 Human umbilical vein endothelial cells (HUVECs) 

Human umbilical vein endothelial cells (HUVECs) are a popular source of 

primary endothelial cells for in-vitro research, which, as their name suggests, are 

isolated from the umbilical cord's endothelium. The process of isolation is relatively 

easy, there are many available protocols (Baudin et al., 2007; Marin et al., 2001) for the 

isolation and maintenance with a relatively minimal requirement or they can be 

purchased from commercial resources. Furthermore, the source of the cells, i.e., the 

umbilical cord, is readily available as discarded biological waste after the child's birth. 

In addition to availability and ease of handling, HUVECs express many important 

endothelial markers (Caniuguir et al., 2016), e.g. ICAM-1, VEGFR and VWF, as well 

as signaling molecules associated with regulation of vascular homeostasis, such as NO 

(Boerma et al., 2006). Also, they respond to various physiological and 

pathophysiological stimuli, such as high glucose (Patel et al., 2013), lipopolysaccharide 

(LPS) administration (Jang et al., 2017) and shear stress (Walshe et al., 2013). All the 

above characteristics make them a general model for studying the endothelium, both in 

normal and diseased conditions. Last but not least, under proper conditions HUVECs 

Figure 1.1- The vascular endothelium and the endothelial glycocalyx. (A) Cross-sectional view of a blood 
vessel, showing the endothelial cells that form the inner layer of the vessel (Endothelial | Cell Applications. (n.d.). 
CELL APPLCATIONS, INC. Retrieved February 6, 2022, from https://www.cellapplications.com/endothelial). 
(B) The endothelial glycocalyx is represented schematically in terms of its essential elements (Villalba et al., 
2021). 
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could also be successfully differentiated into 3D spheroid cultures (Heiss et al., 2015) 

and co-cultured in 3D systems with other cell types (Andrejecsk et al., 2013; 

Chowdhury et al., 2010) enabling the establishment of advanced models to better 

understand the behavior of ECs in-vivo. However, despite their many positive aspects 

and their extensive use in research, their importance for endothelial physiology is 

sometimes questioned, since they are derived from the umbilical cord, a tissue not found 

in non-neonatal individuals. 

 

1.3 Weibel-Palade Bodies (WPBs) 

As the endothelium is an active endocrine organ that must respond immediately 

(within seconds) to changes in the environment, for example in the case of vascular 

damage, the biomolecules secreted in response must be pre-stored in secretory vesicles 

ready for use. The endothelial secretory granule was first observed on Valentine's Day 

in 1962 by Ewald Weibel, when he was working in George Palade's laboratory (Weibel, 

2012; Weibel & Palade, 1964). The researchers observed using electron microscopy “A 

hitherto unknown rod-shaped cytoplasmic component" (Weibel, 2012) and in their 

honor the vesicles were eventually named Weibel-Palade bodies (WPBs). These 

organelles are now a characteristic feature of endothelial cells. Also, they have been 

found in a range of vertebrates, including hagfish (Yano et al., 2007), according to 

subsequent research, which implies that they existed at least 500 million years ago. 

WPBs are characterized in the literature as long, rod or cigar-shaped, cylindrical 

structures (Figure 1.2, A and B) with a diameter of 0.1–0.3 µm and a length of 1–5 µm 

(Michaux & Cutler, 2004; Weibel & Palade, 1964). Their main protein component is 

the pro-hemostatic protein von Willebrand factor (VWF) which is the first functional 

cargo of WPBs to be identified (Wagner, 1982).  VWF is essential for the existence of 

WPBs. More specifically, VWF-deficient animals lack WPBs in their endothelial cells 

(Denis et al., 2001) whereas other cell types that express recombinant VWF are 

stimulated to form granules that resemble WPBs and have a similar cigar-shaped and 

striated appearance (Voorberg et al., 1993; Wagner et al., 1991). These data demonstrate 

that VWF can induce the elongated shape of vesicles due to its polymerization, a 

process that is discussed below. The second WPB cargo identified was P-selectin 

(Bonfanti et al., 1989), a membrane protein that initiates leukocyte recruitment in 

response to vascular injury when it appears in the apical plasma membrane of 
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endothelial cells. Therefore, WPBs control, at a minimum, the release of an important 

hemostatic factor as well as the appearance of a protein essential for the inflammatory 

response. 

To date, a significant number of inflammatory and angiogenic mediators have 

been identified that are packaged in WPBs, with some being stored in the vesicle lumen 

(e.g. IL-8, Angiopoietin-2) and others located at the membrane (e.g. CD63, P-selectin). 

Some examples of cargo proteins and their topology (membrane or lumen) in the WPB, 

are shown in cartoon form in Figure 1.2, C. As vesicles store proteins with different 

roles, e.g. Angiopoietin-2 induces angiogenesis while interleukin (IL)-8 induces an 

inflammatory response, the simultaneous release of all proteins would be costly and 

even catastrophic for the organism. To adjust its secretory response to the current state 

of vascularity, the endothelium dynamically controls the content of WPBs by 

selectively incorporating or deleting specific cargos in response to signals from the 

surrounding microenvironment. For example, WPBs with conditions resembling 

laminar flow have lower levels of angiopoietin-2 (Ang-2) (Van Agtmaal et al., 2012). 

Furthermore, proinflammatory cytokine exposure causes chemokines like interleukin 

(IL)-8 and IL-6 to be upregulated, which are packaged into newly synthesized WPBs 

(Knipe et al., 2010). Due to WPBs' extended lifespan of around 24 hours (Giblin et al., 

2008; Kobayashi et al., 2000), endothelial cells will gather different granule populations 

with varying quantities of cotargeted WPB cargo. Intriguingly, it has been proposed that 

certain subsets of granules may undergo differential exocytosis (Cleator et al., 2006); 

nevertheless, the exact mechanism underlying this differential release is yet unknown. 

 

 

 

 

 

 

 

 

 

 
Figure 1.2 - Morphology of WPBs in nonstimulated endothelial cells (A) Immunofluorescence image, using 

a-VWF antibody, showing the many elongated WPBs that are present in the cell. (B) WPB ultrastructure, left part: a 
longitudinal section showing internal striations, right part: a cross-section showing bundles, which represent densely 
packed VWF tubules. (C) Illustration of WPB cargo in a cartoon. Ang-2, angiopoietin-2; Eo-3, eotaxin-3; GROa, 
growth regulated oncogene a; IGFBP7, insulin-like growth factor-binding protein 7; IL-6, interleukin-6; IL-8, 
interleukin-8; MCP-1, monocyte chemoattractant protein-1; OPG, osteoprotegerin (Schillemans et al., 2019). 

  



15 
 

A special feature of WPBs is that two or more vesicles can be fused, leading to 

the formation of irregularly shaped WPBs. Some examples of WPBs with strange 

shapes created after homotypic fusion are shown in the Figure 1.3.  Fusion can occur at 

the edges or along the axes of the vesicles (Figure 1.3) (Valentijn et al., 2008). 

 

 

Figure 1.3 - Homotypic fusion of WPBs. (A-D) 2D electron microscopy images showing WPBs with irregular shapes 
created after homotypic fusion. Asterisks indicate curvature with sharp angles of delimiting membranes and the letter g 
denotes glycogen islands. (E-G) 2D electron microscopy images of two WPBs, showing the fusion points between them. 
Fusion occurs (E) at the edges, (F) along their axes (arrows depict points of intense electron density representing contact 
points), and (G) cross-sectional view of two WPBs in close contact. (A-G) Scale bars = 100 nm. Modified image from 
(Valentijn et al., 2008).  

 

1.3.1 Biosynthesis of VWF and WPB formation  

VWF is a large glycoprotein that is synthesized at the endoplasmic reticulum 

(ER) as pre-pro-VWF. In this cellular compartment, the signal peptide of 22 amino 

acids (aa) located at the amino-terminal end of the protein, responsible for targeting the 

protein to the endoplasmic reticulum, is cleaved to give a precursor, pro-VWF. The pro-

VWF molecule is composed of conserved structural domains in the order D1-D2-D'-

D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK (Pannekoek & Voorberg, 1989) or, according 

to more recent studies, in the sequence D1-D2-D'-D3-A1-A2-A3-D4-C1-C2-C3-C4-

C4-C5-C6-CK (Zhou et al., 2012). Domains D1D2 of 741 aa represent the propeptide, 

and the remaining domains, which span from domain D' to the cysteine knot (CK) 

domain, indicate mature VWF (Figure 1.4). Each VWF molecule contains an unusually 

high content of cysteine amino acids (8.2%), almost four times the average observed in 
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other human proteins (2.3%) (Shapiro et al., 2014). Cysteine residues form disulfide 

bonds between VWF molecules, which allows for its strong condensation inside WPBs. 

 

 

In the ER, pro-VWF molecules form dimers by creating disulfide connections 

between CK domains at the C-terminus (Katsumi et al., 2000), i.e. “tail-to-tail” 

dimerization (Figure 1.5, part 2). The dimers then move from the ER to the Golgi 

apparatus.  Due to the acidic pH and Ca2+ ions in the Golgi (Paroutis et al., 2004), 

dimers reorganize into what are known as "dimeric bouquets", in which the dimers are 

aligned into a side-by-side manner (Zhou et al., 2011). In this domain, the amino-

terminal D1-D3 domains create a more globular shape to produce the "flower," and 

their middle to carboxyl domains closely couple into a rod-like "stalk" (Figure 1.5, part 

3). Due to the trans-Golgi lumenal conditions, the dimers can also be stacked into a 

right-handed coil (Huang et al., 2008) (Figure 1.5, part 4). Here, the interaction between 

the D1-D3 domains from juxtaposed dimers forms the heart of a tubule, and the stalks 

protrude like a bottlebrush. As a result of the dimers' proper alignment, further disulfide 

Figure 1.4- Schematic view of pre-pro-VWF according to the old and new domain arrangement. (A) The 
arrangement of repeating patterns according to the classical (old) model. (B) The new arrangement, according to 
which the addition of six homologous C domains to the B1-3-C1-C2 domain area is a notable alteration from the 
original domain structure. The numbers correspond to the residue numbers of the protein.  At the bottom of the 
figure, the three arrows present the main parts of the pre-pro-VWF molecule: the Signal peptide, the propeptide 
(domains D1D2) and the mature VWF molecule (domains D'-CK). Modified image from (Lenting et al., 2015).  
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bonds can be formed between the D3 regions located at the N-terminus (“head-to-head” 

multimerization), leading to the creation of multimers, a process that is catalyzed by 

the propeptide (Figure 1.5, parts 5,6). The involvement of the propeptide is essential, 

as multimerization is impossible in its absence (Verweij et al., 1987).  In the trans Golgi 

Network (TGN), although there is cleavage of the propeptide by furin (Wise et al., 

1990), propeptide and mature VWF are still being linked by non-covalent bonds, in a 1 

:1 stoichiometric ratio (Ewenstein et al., 1987). In addition to the cleavage of 

propeptide, additional post-translational modifications, such as N- and O-glycosylation, 

occur in the TGN (Canis et al., 2012; Samor et al., 1989). Finally, it is important to note 

that VWF tubulation allows VWF to be compressed inside the WPBs, approximately 

45 times (McCormack et al., 2017).  

Figure 1.5 - Cartoon representation of the structures that VWF receives during the process of its organization into 
tubules. The image also shows the cellular topology where each structure is obtained.  Detailed description of the 
structures and the intra-molecule bonds that lead to the stabilization of the molecule, in the main text (McCormack et 
al., 2017). 
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1.3.2 WPBs maturation 

VWF polymerized in the TGN, either before or concurrently with the actual 

budding of immature WPB, maintains connections to the Golgi for 2-4 h, period that 

allows for more VWF polymerization and storage of other cargo proteins in the 

immature WPB (Mourik et al., 2015). WPBs released from the TGN further mature to 

eventually give rise to the highly elongated cigar-shaped organelles which are detected 

mainly in the periphery of endothelial cells. 

The maturation of the WPB involves further polymerization of VWF inside the 

WPB in the form of tubules, which ultimately gives the unique rod-shaped organelle.  

Indeed, under the electron microscope, VWF in mature WPBs is distinguished in the 

form of internal striations/tubules, of intense electronic density and oriented parallel to 

their longitudinal axis in longitudinal section, while in transverse section the tubules 

appear as 'rings' with a vacant core surrounded by a space of intense electronic density 

(Valentijn et al., 2008) (Figure 1.6).  

 

 

 

Figure 1.6- VWF is polymerized inside WPBs into tubular structures. (A). Electron tomography of a 
longitudinally arranged WPB and (B) transverse section of a WPB (Scale bars = 100 nm). (C, D) Modeling of VWF 
tubules in transverse section. Part of the image from (Valentijn et al., 2008).  
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During maturation there is also acquisition of additional cytosolic and 

endosomal/lysosomal components, such as RabGTPase Rab27a and tetraspanin CD63, 

designating WPB as lysosome-related organelles (LRO) (Bowman et al., 2019) (Figure 

1.7, part 3). The biogenesis of lysosome related organelle-2 (BLOC-2) protein complex 

is essential for the transport of these proteins, as depletion of BLOC-2 results in both 

hampered CD63's transit from late endosome/lysosome (LEL) to WPB and widespread 

abnormalities in WPB maturation, where the WPB appears rounded rather than 

elongated and grouped in the perinuclear area (Ma et al., 2016; Sharda et al., 2020). In 

this phase, WPBs move in a microtubule-dependent manner to the cell periphery where 

they anchor to actin filaments (Figure 1.7, parts 2 and 3). The recruitment process of 

WPBs' exocytotic machinery required for the fusion and eventual exocytosis of WPBs 

is described in detail in the next section (Figure 1.7, parts 3,4 and 5, Figure 1.8) 

As a result, the process of WPB maturation is extremely intricate and involves 

de novo protein acquisition, the transfer of proteins from LEL to WPB, and 

morphological changes that ultimately result in the production of a distinct organelle 

with a rod-like form that houses the tubulated, highly multimeric VWF. 

Figure 1.7- Formation and maturation process of WPBs in endothelial cells. The individual stages are distinguished: 
(1) VWF, which is produced at the ER and transported to the Golgi, drives WPB formation. (2) Following their bud from 
the TGN, WPBs are carried by microtubules to the cell periphery. Alongside this occurs the transfer of endosomal 
components including VAMP8 and CD63 to WPB, which is dependent on annexin A8 and BLOC-2. (3) Maturing WPBs 
acquire certain RabGTPases, such as Rab27A and Rab3, which are necessary for attaching WPB to the cortical actin 
cytoskeleton and facilitating exocytosis. (3,4 and 5) WPB tethering at and fusion with the PM requires many factors, 
including the annexin A2/S100A10/Munc13-4 complex and a SNARE-based fusion machinery. (6) Lastly, it has been 
shown that post-fusion actin rings facilitate the complete release of highly multimeric VWF. (Naß et al., 2021). 
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1.3.3 WPBs' exocytotic machinery 

During the maturation process described above, WPBs in addition to cargo 

proteins acquire parts of the exocytotic machinery (Bierings et al., 2012). More 

specifically, WPBs recruit several Rab family GTPases, such as Rab15, Rab27A, and 

various Rab3 isoforms (Zografou et al., 2012). A group of effector proteins (MyRIP, 

Munc13-4, and Slp4-a) are subsequently recruited to the WPB by the Rabs, when they 

are in their active GTP-bound state, by means of which WPBs interact with the 

cytoskeleton and/or the plasma membrane to eventually be secreted (Bierings et al., 

2012; Nightingale et al., 2009; Zografou et al., 2012) (Figure 1.8). MyRIP is an effector 

unique to Rab27A that binds actin both directly and through the actin motor protein 

myosin Va and attaches WPBs to the actin cytoskeleton at the periphery of cells 

(Nightingale et al., 2009) (Figure 1.8). The release of WPBs involves conflicting 

functions of the actin cytoskeleton. One the one hand, it is required for the peripheral 

distribution of WPBs, which is dependent upon myosin IIa and is crucial for 

releasability (Li et al., 2018). However, actin also functions as a barrier (Vischer et al., 

2000), and in this case MyRIP functions as a brake during exocytosis (Conte et al., 

2015) by attaching WPBs to the actin cytoskeleton. Munc13-4 binds to both Rab27A 

and Rab15 (Zografou et al., 2012) and induces the tethering of WPB to the plasma 

membrane, after interaction with the annexin A2-S100A10 complex (Chehab et al., 

2017) (Figure 1.8). Slp4-a interacts with Rab3 isoforms and Rab27A and promotes 

WPB exocytosis (Bierings et al., 2012), providing the link between WPB and the 

SNARE complex (Van Breevoort et al., 2014), which leads to  the fusion of WPB to the 

plasma membrane (Figure 1.8). The formation of SNARE complexes is controlled by 

syntaxin-binding proteins (STXBPs).  

 

1.3.4 Pathways of VWF secretion −polarity and multimeric state 

The secretion of VWF takes place from both the apical and basolateral side of 

the endothelial cells. There are three main routes of VWF secretion: constitutive and 

basal secretion, both of which occur in the absence of stimulation, and regulated 

secretion that happens in response to an endothelial stimulus. Apart from the 

requirement on stimulus for exocytosis, the three pathways differ in the degree of 

polymerization of the VWF that is secreted and the polarity of release, i.e. whether it is 

secreted on the apical or basolateral side of the endothelium. 
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Following the constitutive secretion, low molecular weight (LMW) VWF 

multimers in the TGN are secreted via small short-lived vesicles, not storage WPBs, 

which are immediately released into the PM, without the requirement of a stimulus 

(Sporn et al., 1986). This secretion occurs mainly on the basolateral side of the 

endothelium (Lopes Da Silva & Cutler, 2016) (Figure 1.9).  

Basal secretion is the mechanism by which most unstimulated VWF, of high 

molecular weight (HMW) multimers, is released (Zenner et al., 2007).  Since VWF 

retention in this pathway correlates with the stated half-life of these granules, this most 

likely represents a slow, stochastic turnover of WPBs. At baseline, WPBs' secretory 

machinery is already somewhat prepared to handle low-level, spontaneous release 

(Giblin et al., 2008). This pathway release VWF primarily at the apical face of the cell 

(Lopes Da Silva & Cutler, 2016) (Figure 1.9). 

Regulated secretion, similar to basal secretion, results in the release of high 

molecular weight (HMW) multimers of VWF(Zenner et al., 2007) and occurs primary 

at the apical side of the endothelium (Lopes Da Silva & Cutler, 2016) (Figure 1.9). In 

this case, however, an endothelial stimulus is required. Endothelial stimulation can be 

elicited by a plethora of agonists, such as thrombin, histamine, epinephrine (Lowenstein 

et al., 2005), which usually cause an increase in intracellular Ca2+ or cAMP levels, 

Figure 1.8 -Components of WPBs' exocytotic machinery on the pathway to fusion of WPB to the plasma membrane, 
which eventually leads to exocytosis. The three key steps include (i) anchoring of WPB to the actin cytoskeleton via 
Rab27A-MyRIP-myosin Va complex, (ii) tethering to the plasma membrane via Rab27A-Munc13-4- annexin A2-
S100A10 complex and (iii) fusion between WPB and the plasma membrane via SNARE proteins, through the 
interaction of Rab27A-Slp4 complex with members of the syntaxin-binding protein (STXBP) family (Schillemans et 
al., 2019). 
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which act as second messengers, mobilize the WPB that is cortically attached, and start 

the process of tethering/docking at the plasma membrane (PM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

1.3.5 Modes of exocytosis of WPBs 

It is possible WPBs to employ several exocytosis modes, leading to the release 

of different types and amounts of cargo.  

First, a full fusion of a single WPB with the plasma membrane (“Single WPB 

exocytosis”- Figure 1.10) can occur, leading to the collapse of the vesicle membrane 

and its related membrane components into the plasma membrane and the transport of 

soluble granule cargo, including VWF, into the lumen (Erent et al., 2007). For 

exocytosis it is possible to form an actin-myosin ring that helps the complete release of 

the WPB content (Nightingale et al., 2011) (the ring is shown schematically on Figure 

1.7, part 6). 

In the second mode of exocytosis, the so-called "lingering-kiss exocytosis" 

(Figure 1.10), although the WPB fuses with the plasma membrane, the pore remains in 

a restricted state for some seconds before closing prematurely. The restricted diameter 

Figure 1.9- The three VWF secretion pathways of the endothelium and their polarity. From left to right: (i) 
constitutive secretion of low molecular weight VWF, mostly expelled at the endothelium's basolateral side; and (ii) 
basal and (iii) regulated secretion of VWF with a high molecular weight from Weibel-Palade bodies (WPBs), mostly 
towards the apical surface. Ultralarge VWF (UL-VWF) multimers form from the several WPBs that undergo exocytosis 
during triggered release, and these multimers combine into VWF strings that function as adhesive platforms for 
platelets, on the apical side of the endothelium (Schillemans et al., 2019). 
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of the pore acts as a molecular size filter which only permits the secretion of cargo 

molecules less than ∼40 kDa and ions (e.g. H+). So, small cargoes, such as chemokines 

can pass through the small pore, but larger cargo proteins such as VWF and VWF 

propeptide are not. There is also selectivity in membrane cargos, with CD63 being able 

to be transported to the plasma membrane while P-selectin is excluded from transport 

(Babich et al., 2008). 

According to the third mode of exocytosis (“Multigranular exocytosis”- Figure 

1.10), at a single fusion site, there can be several WPBs, which fuse homotypically and 

form enlarged, rounded structures, termed secretory pods, which contain disordered 

VWF tubules (Valentijn et al., 2010). VWF strings may finally arise from the extruded 

material, even though the tubular organization of VWF multimers in the spherical 

secretory pods has been lost (Mourik et al., 2013) (Figure 1.10). A related but 

mechanistically distinct mode of homotypic WPB fusion, termed “cumulative 

exocytosis” (not shown on the Figure 1.10) has been observed. In this mode, a post-

fusion WPB serves as a site of membrane fusion for the cumulative fusion of other 

WPBs in succeeding steps (Kiskin et al., 2014).  

 

 

 

 

 

Figure 1.10- The different modes of WPB exocytosis. (Top) “Single WPB exocytosis”: a single WPB fuses 
with the plasma membrane and all cargoes, included VWF, are secreted. (Middle) “Lingering-kiss exocytosis”: WPBs 
fuse with the plasma membrane, round up and a narrow pore is formed, allowing the secretion of only small cargoes. 
(Bottom) “Multigranular exocytosis”: a secretory pod is formed, after WPBs homotypic fusion, which pools VWF 
molecules prior to secretion. Part of the figure from (Valentijn & Eikenboom, 2013). 
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1.4 Brief review of conventional and unconventional secretion pathways 

The conventional secretory pathway is used for the secretion of most proteins, 

and as such, it is a well-characterized pathway. In this case, the proteins have an N-

terminal signal sequence (signal peptide, SP) and/or a transmembrane domain 

that direct their insertion into the ER. Then, proteins are transported by membrane-

bound vesicles from the ER to the Golgi apparatus and ultimately to the cell surface 

(Nickel & Rabouille, 2009; Palade, 1975) (Figure 1.11). 

 

 

However, several proteins (examples summarized on Table 1.1) that deviate 

from the conventional ER-Golgi-plasma membrane route have been found, which are 

secreted unconventionally, following a variety of distinct secretory pathways (Figure 

1.11). There are four main categories of unconventional protein secretion (UPS) that 

are further divided into vesicular and non-vesicular pathways. The non-vesicular 

Figure 1.11- Schematic representation of conventional and unconventional secretion. In black is shown the 
pathway of conventional (classical) secretion, in which proteins are moved by vesicles from the ER through the Golgi 
apparatus to the plasma membrane.  The other three pathways correspond to the different types of unconventional 
protein secretion: (brown) Type I whereby proteins pass the plasma membrane through a pore, (orange) Type III 
whereby proteins use organelles (autophagosome or endosome) for secretion, (green) Type IV whereby secreted 
proteins enter the ER and reach the plasma membrane, bypassing the Golgi apparatus. Type II of unconventional 
secretion is not shown on the figure (Rabouille, 2017). 
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pathways are classified to Type I, whereby proteins are transported across the plasma 

membrane through pores, assisted by other protein complexes or unfacilitated, and Type 

II, according to which ATP-binding cassette (ABC) transporter proteins facilitate 

translocation. The vesicular pathways are further divided into Type III and Type IV. 

Type III is an autophagosome-based or endosome-based secretion that these organelles 

are diverted from their normal function and become secretory, i.e. the secreted protein 

first enters the lumen of an organelle, which then fuses with the plasma membrane. 

According to Type IV secretion pathway, although secreted proteins do have signal 

peptide and/or a transmembrane domain and thus enter the ER, they bypass the Golgi 

apparatus to reach the plasma membrane (Rabouille et al., 2012). 

 

 

 

 

 

 

Table 1.1- Examples of unconventionally secreted proteins that have significant effects on health and 
disease. The proteins use vesicular or non-vesicular secretion mechanism, depending on their need for vesicular carrier 
for exocytosis. Part of the Table of (Manjithaya & Subramani, 2011). 
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1.5 Galectins 

Galectins constitute a large family of galactose-specific lectins that bind β-

galactosides via their conserved recognition domain (CRD) (Barondes et al., 1994). 

Based on their CRD domain structures, mammalian galectins are classified into three 

groups: prototypical, tandem repeat and the chimeric group consisting only of galectin-

3 (Figure 1.12). Prototypical galectins have one CRD domain per polypeptide and form 

homodimers by non-covalently linking. Tandem repeat galectins are composed of two 

CRDs with different specificities to each other, which are connected by an unstructured 

linker peptide. The chimeric group consisting only of galectin-3, which has one CRD 

on the C-terminus and a large, flexible N-terminal domain (NTD).  

An important feature of Galectins is that they lack a signal peptide and thus they 

are secreted unconventionally, with the exact mechanism of secretion not yet known 

(Popa et al., 2018). They have many functions outside of the cell, including binding 

plasma membrane proteins, interacting with extracellular matrix (ECM) components 

(Elola et al., 2007), inducing apoptosis (Stillman et al., 2006), evolving in epithelial 

homeostasis and as chemoattractants in the immune system (Henderson & Sethi, 2009; 

Vasta, 2012; Viguier et al., 2014). To perform their specialized roles, galectins require 

strict regulation of their secretion, which are based on the kind of cell in which they are 

expressed as well as their cellular or extracellular location.  

In addition to their extracellular activities, galectins have also important 

functions inside the cells. In particular, they participate in intracellular trafficking, 

directing the stabilization and sorting of glycoproteins to their destination (Delacour et 

al., 2009). Furthermore, recent studies have shown that galectins accumulate around 

damaged endocytic vesicles, including damaged phagosomes, endosomes and 

lysosomes, inducing cellular responses such as autophagy and antimicrobial protein 

uptake (Hong et al., 2021) 
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Galectin-1 (Gal-1) is the first member of the galectin family to be identified. 

The protein is 135 amino acids in length (14-kDa) and since it belongs to the 

prototypical group, it forms homodimers, folding in a sandwich of two anti-parallel β-

sheets, with two galactoside-binding sites (Figure 1.13). Gal-1 can be found within the 

nucleus, the cytoplasm, on the cell surface, and in the ECM, after secretion (Camby et 

al., 2006). Numerous cell processes are controlled by Gal-1, including immune 

responses, apoptosis, inflammation, intercellular and cell-matrix interaction, 

proliferation, migration, and adhesion, as well as carcinogenesis (Cousin & Cloninger, 

2016; Fajka-Boja et al., 2016; Sundblad et al., 2017). Similar to all members of the 

galectin family, Gal-1 has no signal peptide to drive the protein into the conventional 

Figure 1.12- Schematic representation of galectin family groups and formation of galectin-glycan structures. Galectins 
can be divided into three groups: (a) prototypical, which have one CRD and form homodimers, (b) chimeric, which include 
only galectin-3, containing one CRD and a flexible N-terminal domain and forms pentamers upon binding to multivalent 
carbohydrates, (c) tandem repeat, which have two distinct CRDs connected by a linker. (Yang et al., 2008) 
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ER-Golgi-plasma membrane pathway for exocytosis, so is unconventionally secreted. 

The exact mechanism of secretion has not yet been identified (Popa et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.13- Structure of Gal-1 protein. (Left part) The amino acid sequence of the protein, consisting of 135 amino 
acids. The green amino acid symbols correspond to highly conserved residues, the pink ones correspond to the residues 
of the CRD structure that interact with carbohydrates via hydrogen bonds and the orange ones that interact with 
carbohydrates via van der Waals interactions. (right part) The overall folding of Gal-1 involves a β sandwich 
consisting of two anti-parallel β-sheets. Each monomer's N and C terms are positioned at the dimer interface, and the 
CRDs are situated at the far ends of the same face. This arrangement creates a long, negatively charged cleft in the 
cavity. (Camby et al., 2006) 
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1.6 Previous work in our lab identified galectin-1 in WPBs  
 

The vascular endothelium, as described in detail in section 1.1, is an active 

endocrine organ involved in a multitude of functions necessary to maintain normal 

vessel function, including regulation of vascular tone, blood coagulation and 

thrombosis. Since the endothelium participates in these functions by secreting 

molecules that are pre-stored in their secretory vesicles, called WPBs, and given that 

only part of the molecules stored in these vesicles have been identified to date, previous 

research in our laboratory sought to identify new cargo molecules of WPBs. For this 

purpose, the lab used a proteomic analysis of the secreted proteins of WPBs after 

activation of endothelial cells, as shown as an illustration in Fig 1.14 (unpublished data 

of our lab). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14- Schematic representation of the procedure followed for proteomic analysis in stimulated and 
unstimulated endothelial cells (HUVECs). Large-scale HUVE cell culture, 12 plates (150mm), were activated with 
VEGF (50 ng/ml)/bFGF (15 ng/ml)/ATP (100 µM) for 1 h, to induce exocytosis of WPBs. The supernatant of the 
secreted proteins was collected, centrifuged and concentrated with filters and then analyzed by mass spectrometry (the 
process of producing peptides from the supernatant proteins, which were analyzed, is not shown). The same procedure 
was performed on HUVECs in which no induction was performed (control). The proteins identified were classified into 
those found in the stimulated only, control only and those found in both conditions, as shown in the Venn diagram. 
Among the identified new proteins, in the stimulated sample, was galectin-1 (Gal-1), as indicated in red. Unpublished 
data of our lab from previous research. Image created with BioRender.com. 

 



30 
 

In the sample of activated cells, among the newly identified proteins was 

Galectin-1 (Gal-1), which, as described in section 1.5, is a protein known to be secreted 

unconventionally. This finding raised many questions as to whether this protein can 

indeed also use WPBs, vesicles of the conventional secretion pathway, for its secretion. 

So, immunofluorescence staining for endogenous Gal-1 and endogenous VWF (the 

main protein component of WPBs) was performed. As shown in Fig. 1.15, Gal-1 

strikingly co-localizes with VWF in only a subpopulation of vesicles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.15- Gal-1 is localized in a subpopulation of WPBs in HUVECS. Immunofluorescence of fixed HUVECs, 
stained for Gal-1 (green) and VWF (red) were analyzed by confocal microscopy. Gal-1 co-localizes with VWF in a 
subpopulation of rod-shaped WPBs. Unpublished data of our lab from previous research. 
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1.7 Aim of the thesis 
 

Previous research in our laboratory identified galectin-1 (Gal-1) to be localized 

in a subpopulation of the secretory vesicles, WPBs, as described in section 1.6.  These 

findings were surprising since Gal-1 is a typical cytoplasmic protein known to be 

secreted unconventionally (escaping the classic ER-Golgi-PM secretory route), via an 

as to yet unknown mechanism. The finding that Gal-1 is present in WPBs, which are 

conventionally generated secretory vesicles (they originate from the Golgi, as a 

transport intermediate in the ER-Golgi-plasma membrane conventional secretory 

pathway), raises interesting questions about the mechanism that Gal-1 uses, an 

unconventionally secreted protein, to hijacks the conventional secretory pathway at its 

late stage, the secretory vesicles. 

 

In the current master’s thesis, we approached two aspects of this theme: 

 

1. Given that Gal-1 is a cytoplasmic protein, the WPB-localized pool of this 

protein could be either present at the membrane, facing the cytosolic side of WPBs, or 

in their lumen. So, the first goal of the thesis was to identify the exact topology of 

Gal-1 in WPBs, i.e. whether it is in the lumen or at the membrane surface of the 

vesicles.  

 

2. Since Gal-1 is localized in only some cells and in a sub-group of their WPBs, 

we explored possible conditions that induce the entry of the protein into the 

vesicles.  
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2. MATERIALS & METHODS 

2.1 Antibodies 

The antibodies used in this study are summarized in the tables below. 

 

Primary an4bodies 
Protein target Host Class/ Type Conjugate Company Catalog 

number 
Dilu8on 

EGFP alpaca recombinant/ 
nanobody  

ATTO 488 Proteintech gba488 1:200 

galec8n-1 rabbit polyclonal/ an4body - (produc4on and 
purifica4on in our 
laboratory) 

- 1:100 

Munc13-4 rabbit polyclonal/ an4body - (produc4on in Dr. 
H. Horiuchi 
laboratory) 

- 1:200 

von Willebrand factor mouse monoclonal/ 
an4body 

- Dako/Agilent M0616 1:200 

von Willebrand factor rabbit polyclonal/ an4body - Dako/Agilent A0082 1:300 
 

Table 2.1- Overview of the primary antibodies used in the study. 

 
Table 2.2- Overview of the secondary antibodies used in the study. 

 

2.2 Isolation of Human Umbilical Vein Endothelial Cells (HUVECs) 

HUVE cells were isolated from the vein of healthy umbilical cords (kind 

donation by the Gynecology Clinic, University Hospital of Ioannina) using an 

established protocol of our laboratory. 

Initially, the cord clots were surgically removed, and the umbilical cord vein 

was washed using a syringe with PBS (Phosphate Buffer Saline) solution. 

Subsequently, 3-way stopcocks were placed at both ends of the vein, i.e. inlet and outlet 

Secondary an4bodies 
Species 

Reac8vity 
Host Class Conjugate Company Catalog 

number 
Dilu8on 

mouse donkey polyclonal Alexa 594 Thermo Fisher Scien4fic A21203 1:200 

mouse donkey polyclonal Alexa 680 Thermo Fisher Scien4fic A10038 1:200 

rabbit donkey polyclonal Alexa 488 Thermo Fisher Scien4fic A21206 1:200 

rabbit donkey polyclonal Alexa 594 Thermo Fisher Scien4fic A21207 1:200 
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along the cord, and were tied with surgical suture. The vein was washed with PBS. One 

end of the vein was then occluded, 0.1% collagenase solution (Collagenase type I, 

Worthington, LS004196) in PBS was inserted, the 3-way stopcock was again blocked, 

the cord was placed in a container containing PBS and incubated in a water bath at 37oC 

for 10 minutes.  

To inactivate collagenase and collect cells, the cord was washed with 10 ml of 

enriched M199 (see section 2.3) followed by one wash with 10 ml of PBS and 

centrifugation for 10 minutes at 1000 rpm. The supernatant was discarded and the cell 

sediment was resuspended with an appropriate volume of Full M199, depending on the 

surface area of the plate to be cultured (usually resuspended with 3 ml for 1 well of 6-

well plate). After 3hrs, so that the HUVECs had adhered to the plate, wash with PBS 

was performed. The cells were kept in the plate until their confluence reached 80-100%, 

so that the cells were ready for passaging. 

 

2.3 Culture of HUVECs 

HUVECs were cultured in M199 (PAN Biotech, P04-07500) enriched with 20% 

Fetal Bovine Serum (FBS) (Biosera, FB-1001B/500), 0.035 mg/ml ECGS (Endothelial 

Cell Growth Supplement) isolated from bovine brain (established isolation protocol in 

our laboratory), 0.05 IU heparin/ml (Merck, H3149 - 100KU), 1% L-glutamine (PAA 

Cell Culture Company, M11-004) and 1% penicillin/streptomycin (Thermo Fisher 

Scientific, Invitrogen, Antimycotic-Antibiotic, 15240062). In all experiments, cells 

were with passages between 1-4. Cells were handled in a laminar flow and class II 

safety cabinet and were maintained in an incubator in which the temperature was kept 

at 37°C, under humidified atmosphere containing 5% CO2. Cells were grown in 6-well 

plates, 35mm or 100mm culture dishes, depending on the experiment, and for 

microscopy experiments in glass coverslips (round, 12 mm diameter, #1.5 (0.17 mm) 

thickness- Neuvitro, GG-12-1.5-oz) within 24-well plates or suitable microscopy plates 

(Ibidi, 81156 or 80806), previously incubated with rat type I collagen for at least 20 

minutes at 370C. All materials used were endotoxin-free. 
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2.4 Transfection of HUVECs with plasmid DNA  

One day before transfection, 55,000 cells (counted with Neubauer chamber) 

were cultured on collagen-coated glass coverslips within a 24-well plate, so that the 

next day, i.e., the day of transfection, they were at an optical density of 50-60% 

coverage of the coverslip. 

The transfection reagent used was METAFECTENE® PRO lipid (Biontex, 

T040-2.0), in a lipid to DNA ratio of 6:1. A mixture of lipid (3 µl) and plasmid DNA 

(0,5 µg) was incubated for 20 minutes at room temperature in unenriched M199 

medium and the lipid/DNA mixture was added to cells in which the culture medium 

(enriched M199, see 2. 3) had been replaced with M199 medium supplemented only 

with 5 % FBS. Incubation for 3,5 hours followed. The cell growth medium was then 

replaced with enriched M199 medium (see section 2.3). 48 hours after transfection, the 

cells were fixed and the expression of the desired protein was checked with 

fluorescence microscopy.  

 

2.4.1 Determination of transfection efficiency 

Cells 48hrs after transfection, were fixed and after being permeabilized with 

0.1% Triton X-100 (see section 2.8) were incubated with GBP nanobody (conjugated 

with ATTO 488) to enhance the signal of EGFP or EGFP-Rab27a protein, depending 

on the plasmid used. Immunofluorescence staining for VWF, a protein expressed in all 

cells, transfected and non-transfected, was also performed. On confocal microscope 

(Leica TCS SP5 Confocal microscope) and using 40X lens, in at least 10 random fields 

per case, the number of transfected cells was counted and compared with the total 

number of cells (transfected and non-transfected). By appropriate reduction, the 

percentage of transfected cells per condition was calculated. 

 

2.5 Plasmid DNA production and purification 

The desired plasmids used, pEGFP-C1 and pEGFP-C1-Rab27a, were ready-

made by previous members of the laboratory (see Figure 2.1, plasmid map). For this 

research, we replicated the plasmids in DH10B strain of E. Coli (after transfection) and 

performed plasmid purification. 
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2.5.1 Bacterial transformation 

The transformation was done by the "thermal shock" method. Specifically, the 

bacteria (E. coli strain DH10B) were transferred from -80°C (where they are stored) to 

ice until they thaw. Then 100ng-1µg of plasmid (optimally 400ng for pEGFP-C1-

Rab27a plasmid and 800ng for pEGFP-C1 plasmid) were added to 100µl of bacterial 

solution, followed by gently stirring the solution by hand. This was followed by 

incubation on ice for 30 minutes. The sample was then incubated at 42°C (in a water 

bath) for 30 seconds and transferred to ice for 2 minutes. This was followed by 

introduction of 500 µl LB [Luria Broth - 1% w/v NaCl (Lach- Ner), 1% w/v Tryptone 

or Casein (NEOGEN), 0.5% Yeast Extract (NEOGEN)] under sterile conditions and 

incubation at 37°C, under agitation (200 rpm), for 1 hour. 

Then, bacteria were cultured in two LB-Agar (with 50µg/ml Kanamycin) petri 

plates, as follows: for the first, 50µl from the previous solution were transferred and 

plated, and for the second, the solution was first centrifuged at 6000 rpm for 2 minutes, 

the supernatant was discarded all but 100µl, the bacteria were resuspended in this 

Figure 2.1 - Map for pEGFP-C1. The red arrow shows the region where the gene for Rab27a was inserted into the 
multiple cloning site (MCS), after restriction digestion with EcoRI and XhoI enzymes. 
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volume and then plated on the dish. Finally followed by overnight incubation at 37°C, 

with the dishes placed inverted and in an incubator under humidified atmosphere, for 

the transformed bacteria to proliferate. 

 

2.5.2 Creation of 100ml liquid bacterial culture 

To produce the plasmids in the desired quantities, we made bacterial cultures of 

total volume of 100ml, which were done with an intermediate pre-culture of 5ml 

volume.  

1) Pre-culture of 5 ml: 5 ml of LB (with 50µg/ml Kanamycin) were added to a 

sterile falcon tube under sterile conditions. Then with a pipette tip, a colony of 

transformed bacteria was transferred in the tube and incubated at 37°C, for 6 hours, 

under agitation (200rpm). 

2) Culture of 100 ml: 1.5 ml, under sterile conditions, from the 5 ml pre-culture 

were transferred to a conical flask containing 100 ml of LB (with 50µg/ml Kanamycin) 

and incubated at 37oC, overnight, under agitation (200rpm). 
 

2.5.3 Extraction and purification of plasmid DNA 

To extract the plasmid of interest, GenElute™ Endotoxin-free Plasmid 

Midiprep Kit (Sigma, PLED35-1KT) was used, following the procedure in the User 

Guide that accompanies the product.  

Finally, in the plasmid solution, the concentration was calculated, and the purity 

was checked with A260/A280 and A260/230 ratios, using NanoDrop Microvolume 

Spectrophotometer (Thermo Fisher Scientific). 

 

2.6 Alkalinization of the intra-WPB pH of HUVECs using NH4Cl solution   

First, an ammonium chloride (NH4Cl) solution of 150mM concentration in 

ddH2O was prepared, the pH of which was adjusted to 7.4 (equal to the pH of the culture 

medium of HUVECs) and then sterilized using a syringe filter of pore size: 0.2µm 

(Sarstedt, 83.1826.001).  

Appropriate volume of the solution (27ml for 100ml final volume solution) was 

transferred to appropriate volume (73ml for 100ml final volume solution) of enriched 
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M199 medium (see section 2.3) but which had 25% FBS instead of 20%, to achieve a 

final NH4Cl solution concentration of 40mM.  Thus, in the final solution the 

concentration of NH4Cl was 40mM, FBS was 20% and the other components of the 

enriched M199 (apart from FBS) were reduced, with the total osmolarity of the solution 

being 300mM (equal to the HUVEC culture medium).   

HUVECS were incubated for 4 hours with the above 40mM NH4Cl solution, 

followed by fixation and immunofluorescence staining for the proteins under study (see 

section 2.8). 

 

2.7 Confluence experiment 

HUVECs from culture plate (usually one well from 6-well plate) were split at a 

ratio of 1:2 (considering the difference in surface area) to four ibidi 35mm dishes (Ibidi, 

81156), previously incubated with rat type I collagen, so that the next day the cells had 

100% confluence. One dish per day, consecutively for four days in total were isolated 

and cells were fixed. After the four days, all four dishes were immunofluorescently 

stained for endogenous Gal-1 and VWF proteins. Cells were studied in the SP5 Laser 

Confocal Microscope. To facilitate cell counting, each field (zoom 1) was subdivided 

into four subfields (zoom 1.98), which were captured. When calculating the percentage 

of cells that had Gal-1 positive WPBs, in the total number of cells, those that did not 

have VWF (and thus WPBs) were not counted since were cells that had lost their 

endothelial phenotype. 

 

2. 8 Migration assay 

HUVECs were cultured on glass coverslips (four different coverslips 

corresponding to different fixation times within 24 hours), within 24-well plates, 

previously incubated with rat type I collagen for at least 20 minutes at 37oC, and were 

allowed to form a confluent monolayer. Then, in each coverslip, a yellow tip was used 

to scratch and remove cells from a discrete area of the confluent monolayer to form a 

cell-free zone into which cells at the edges of the wound can migrate. Coverslips were 

fixed at 0, 6, 12 and 24 hours after scratching, were immunofluorescently stained for 

endogenous Gal-1 and VWF proteins and were studied in the SP5 Laser Confocal 

Microscope. 



38 
 

2.9 Indirect immunofluorescence 

HUVECs were cultured on glass coverslips within 24-well plates or suitable 

microscopy plates (Ibidi, 81156 or 80806), previously incubated with rat type I collagen 

for at least 20 minutes at 370C.  After the end of each experiment, first three washes 

were performed with PBS (1X)-MgCl2(1mM)-CaCl2 (1mM) solution and then the cells 

were incubated with 4% paraformaldehyde (PFA) solution in PBS for 20 min at room 

temperature (RT), which induces fixation. Then three washes with PBS (1X) solution 

were performed, followed by incubation with 50 mM NH4Cl in PBS (1X) solution for 

30 min at RT, for quenching the free aldehyde groups of PFA. After three washes with 

PBS (1X), cells were incubated with 0.1% Triton X-100 in PBS (1X) solution for 10 

minutes at RT, to achieve membrane permeability, allowing penetration of antibodies 

and detection of intracellular proteins. After three washes with PBS (1X), cells were 

incubated with blocking solution (10 % FCS in PBS) for 60 minutes at RT. Cells were 

then incubated for 1 hour at RT (or overnight at 4oC for Munc13-4 protein detection) 

with primary antibody solution diluted in blocking solution (for dilution for each 

antibody used, see Table 2.1). This was followed by three washes with PBS (1X) 

solution and cells were incubated with secondary antibodies conjugated with Alexa 

fluorochromes (Alexa 488, 594, 680) diluted in blocking solution (see Table 2.2) for 40 

minutes, at RT, in the dark. Next three washes with PBS (1X) solution were performed. 

Glass coverslips were mounted on microscope slides with Mowiol solution (Sigma, 

81381) which contained 100 mg/ml DABCO (Sigma, D27802), and were allowed to 

dry at RT overnight. For ibidi plates, ibidi Mounting Medium (Ibidi, 50001) was used. 

Samples were observed under a confocal laser scanning microscope (Leica TCS SP5 

Confocal microscope). 

 

2.10 Laser Scanning Confocal Microscopy 

Cells after immunofluorescence staining were studied using Leica TCS SP5 

Confocal microscope and Las AF software. The scanning frequency was performed at 

400 Hz and an image resolution of 512x512 pixels was used.  Specimens were observed 

with a Leica 63x 1.4 NA 1.4 NA oil UV lens and pinhole of size 1 Airy Units (AU), 

unless otherwise noted. 
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2.11 Statistical analysis  

For the confluence experiment, statistical analysis was performed using 

GraphPad Prism 10.1.0 (316) software (Graph-Pad Software, San Diego California, 

USA). Data were obtained from three independent replicates of the experiment and 

were presented in the graph, calculating the standard deviation (SD) of the values. Data 

were analyzed by standard one-way ANOVA followed by Bonferroni for multiple 

comparisons. 
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3. RESULTS 

3.1 Galectin-1 co-localizes with the main cargo of WPBs, VWF, in a small subset 
of WPBs and in a sub-population of cells 

Previous work in the lab showed that Gal-1 is present in a subpopulation of the 

secretory vesicles WPBs, in a group of cells, the percentage of which varied among 

different HUVEC preparations. As these findings were somewhat puzzling, we first 

sought to confirm that Gal-1 is indeed localized at WPBs. As shown in Figure 3.1, using 

immunocytochemistry and confocal microscopy, we confirmed that Gal-1 is localized 

at WPBs, in addition to the nucleus and cytoplasm that has been reported in the 

literature. The identity of these organelles as WPBs was based on the staining of VWF, 

the major cargo molecule of WPBs (Figure 3.1). We also observed that Gal-1 is 

localized only in a subpopulation of WPBs. Interestingly the two proteins (Gal-1 and 

the marker VWF) often times were found to co-localize in bended-shaped WPBs (see 

white arrow in Figure 3.1), which could possibly arise from a homotypic fusion of two 

straight-lined WPBs. Notably, these data are based on endogenous proteins, while the 

specificity of the antibodies has been evaluated by competition and siRNA-based 

approaches. 

Independently of the exact origin of the subpopulation of the Gal-1-positive 

WPBs, the above experiments assured us that our working conditions allow us to 

reproduce the identification of Gal-1 at WPBs in freshly isolated HUVECs.   
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Intriguingly, in several preparations of the freshly isolated HUVECs, we 

observed Gal-1 positive WPBs in only a few cells per field of view. For example, as 

shown in Figure 3.2 (upper part), only one cell shows localization of Gal-1 in a typical 

WPB. Besides, we also observed that the number of cells that contained Gal-1 positive 

WPBs varied among different HUVEC preparations. As the observation of the large 

heterogeneity in the number of Gal-1 positive cells per field of view, and the 

heterogeneity in Gal-1 positive WPBs per cell is very intriguing, in the present study 

we sought to investigate the responsible conditions that drive these effects (in section 

3.8). Yet, before addressing this issue, it was important to first investigate the exact 

topology of Gal-1 in WPBs. 

 

Figure 3.1- Galectin-1 is localized in a subset of WPBs in HUVECs. Immunofluorescence of fixed HUVECs, stained 
for Gal-1 (green) and VWF (red) were analyzed by confocal microscopy. It appears that Gal-1 co-localizes with VWF 
in rod-shaped WPBs as well as in a bended WPB (white arrow), possibly arising from the homotypic fusion of two 
distinct WPBs.  
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Figure 3.2- Galectin-1 is usually localized in WPBs in a very small number of cells per field, in untreated cells. 
Immunofluorescence of fixed HUVECs, stained for Gal-1 (green) and VWF (red) and observation by confocal 
microscopy. In the field, only one cell has Gal-1 positive WPBs, which is shown in magnification in the middle part of 
the figure. In the lower part, a WPB generated by homotypic fusion of WPBs is shown, which is positive for Gal-1.  
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3.2 The challenges inherent in the confocal microscopy resolution 

 Given that Gal-1 is a known cytoplasmic protein that lacks a signal sequence, 

its localization in WPBs raises intriguing questions. At first, since this protein is 

synthesized in the cytoplasm, its presence at WPBs could be either explained by a 

simple docking at the cytoplasmic surface of WPBs, thus becoming a peripheral 

membrane protein facing the cytoplasm, or by a more intricate mechanism that may 

involve transport of the protein through the membrane, thus becoming a lumenal 

cargo. Distinguishing between these two possibilities (peripheral versus lumenal) is 

critical, since it has different implications on the role of the protein and on its 

subsequent fate. Thus, we first sought to address the exact localization of Gal-1 at 

WPBs (membrane peripheral versus lumenal). However, as explained below, this is 

not a task that can be resolved by confocal microscopy. Due to the exceptionally 

diminutive diameter of the vesicles, confocal microscopy which can reach 500 nm in 

axial resolution under optimal conditions (Fouquet et al., 2015), is unable to separate 

the periphery from the lumen of the vesicle, since this distance is lower than the 

optical resolution of the microscope (500nm). Thus, as shown schematically in Figure 

3.3, when a lumenal protein (e.g. VWF) and a membrane protein (e.g. Rab27a) are 

studied in WPBs, confocal microscopy shows complete co-localization of these, 

which is not actually the case (refer to Figure 3.4 for confocal images depicting the 

study of VWF and Rab27a proteins within WPBs). Therefore, although Figures 3.1 

and 3.2 show complete co-localization of Gal-1 and VWF proteins, this does not 

necessarily mean that Gal-1 is a lumenal protein. Also, considering that Gal-1 is a 

cytoplasmic protein, it could possibly accumulate on the membrane towards the 

cytoplasmic side of the vesicle. For this reason, the first aim of this study was to 

investigate the exact topology of Gal-1 in the WPBs. 
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3.3 Extraction and purification of pEGFP-C1 and pEGFP-C1-Rab27a plasmids 

To determine the topology of Gal-1 in WPBs, we needed a marker of the WPB 

membrane, i.e. a protein that is only found in the membrane and not in the lumen of the 

vesicle. We chose Rab27a, a protein that is recruited to the periphery of the vesicle 

during maturation of WPBs (see introduction). As the endogenous protein was not 

apparent with our available tools and with standard immunofluorescence procedure 

(primary and secondary antibody), we overexpressed the protein by transfection.  

The first step was to perform plasmid production in DH10B strain of E. Coli 

and purification with kit for Endotoxin-free plasmid midiprep (see section 2.5). We 

performed the procedure first for the pEGFP-C1 vector without the insert (EGFP 

protein expression), which was used to optimize the transfection protocol, and then for 

the pEGFP-C1- Rab27a plasmid containing the insert (Rab27a gene), from which the 

desired recombinant EGFP-Rab27a protein will be expressed after transfection.  

After extraction and purification, the concentration and the purity of plasmids 

were estimated. As shown in Table 3.1, both plasmids showed ratios of absorbance at 

260 and 280 nm between 1.7 - 2.0 and therefore are considered pure. Also, the 260/230 

ratio, used as a secondary measure of DNA purity, was between the desired range of 

2.0 and 2.2, for both plasmids. The above indicated that we could proceed to the next 

stage, namely the optimization of the transfection protocol. 

 

Figure 3.3- Schematic depiction of challenges encountered in confocal microscopy analysis while studying WPBs 
vesicles. The left panel shows in cartoon the image obtained when studying with confocal microscopy a membrane 
protein (green) and a lumenal protein (red) in WPBs vesicles, i.e., complete co-localization of these is observed since 
the vesicle diameter is smaller than the resolution limit of the microscopy. The right part of the image shows, in cartoon, 
the image that would be obtained if there was no resolution issue, i.e., the membrane protein would appear in the 
periphery while the lumenal protein inside the vesicle. 
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3.4 Optimisation of transfection efficiency 

For the transfection we chose a non-viral lipid-based protocol, using the reagent 

METAFECTENE® PRO (Biontex) as lipid. As transfection is a stressful process for 

the cells and the efficiency can vary significantly depending on the conditions chosen, 

we first optimized our conditions. For this, in a first step we used the pEGFP-C1 vector 

expressing only the EGFP protein, which is expressed at high levels and allows easy 

separation of transfected from non-transfected cells and therefore determination of 

transfection efficiency, since transfected cells fluoresce strongly after appropriate 

stimulation under a fluorescence microscope (EGFP: Excitation max: 488, Emission 

max: 509). We tested different conditions by introducing different amounts of DNA and 

lipid, achieving varying ratios. For the different conditions, we determined the 

confluency rate of the cells 48hrs post-transfection, i.e. the time before cell fixation, 

and the transfection efficiency, as shown in Table 3.2. We note that the optimal 

transfection efficiency (40%) was achieved when 0.5µg DNA and 3µl lipid were added 

(DNA/lipid ratio: 1:6). 

 

 

 

 

Plasmid pEGFP-C1 pEGFP-C1- Rab27a 

Concentra4on 0,571 μgr/ μl 0,504 μgr/μl 

A260/280 1,93 1,92 

A260/230 2,08 2,09 

Table 3.1- Concentration and purity of the extracted plasmids. The pEGFP-C1 plasmid has the EGFP orf and the 
pEGFP-C1-Rab27a additionally has the Rab27a orf, fused to the EGFP orf (see map on Figure 2.1). The values in the 
table are the means of two consecutive measurements, using NanoDrop Microvolume Spectrophotometer (Thermo Fisher 
Scientific). 
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 To verify the op4mal transfec4on condi4ons, we repeated the assay this time for 

the plasmid of interest, namely pEGFP-C1-Rab27a, as differences in transfection 

efficiency are possible when different plasmids are used. As shown in Table 3.3, the 

confluency and transfection efficiency rates are similar to the case of pEGFP-C1 and 

the optimal condition is also achieved when 0.5µg DNA and 3µl lipid are added 

(DNA/lipid ratio: 1:6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2- The different combinations of DNA (pEGFP-C1 plasmid) and lipid (METAFECTENE® PRO) amounts 
tested, cell viability (% cell confluency) and transfection efficiency are presented. The optimal combination is 
marked in green.  

 

Table 3.3- The different combinations of DNA (pEGFP-C1-Rab27a plasmid) and lipid (METAFECTENE® PRO) 
amounts tested, cell viability (% cell confluency) and transfection efficiency are presented. The optimal combination 
is marked in green. 
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Figure 3.4 shows an EGFP-Rab27a transfected cell, which has been 

immunofluorescence stained for VWF as well. We observe that Rab27a indeed co-

localizes with VWF, in rod-shaped WPBs. We also notice that, as analysed above, 

confocal microscopy is unable to resolve the lumen (where VWF is located) from the 

membrane of the vesicle (where Rab27a is located), given that its resolution limit (500 

nm) is above the WPB diameter (<300 nm). If the resolution of the microscope was 

sufficient, we would observe Rab27a only in the periphery of the WPB, leaving the 

interior blank (lumen), which is not the case in this image.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4- Transfected cell for EGFP-Rab27a (green), in which immunofluorescence staining for endogenous 
VWF (red) was performed. We observe that Rab27a is co-localized with VWF in WPBs. We also notice that confocal 
microscope analysis is not sufficient to distinguish the lumen (containing VWF) from the membrane (containing 
Rab27a) in the vesicles. 
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3.5 Increasing WPBs’ diameter using NH4Cl solution 

In order to circumvent the obstacle imposed by the resolution limitation of 

confocal microscopy, and to separate the lumen from the periphery of the WPBs, we 

changed the shape of the vesicles, from elongated to rounded, after incubating the cells 

with ammonium chloride (NH4Cl) solution, as shown schematically in Figure 3.5. More 

specifically, exposure of cells to the weak base NH4Cl increases intra-WPB pH from 

~5.5 to >7.4 and gradually causes the WPB morphology to change from elongated to 

rounded. The rounding of WPBs leads to a significant increase in their diameter and 

thus confocal microscopy resolution is sufficient to distinguish the lumen from the 

periphery of the vesicle.  

 

 

 

Although the use of NH4Cl for WPB rounding has been reported before, there 

is ambiguity as to the required cell incubation time, ranging from minutes to hours 

(Erent et al., 2007; Kiskin et al., 2010, p. 201, 2014). Therefore, we initially tested three 

different incubation times, i.e., 2, 3 and 4 hours. As shown in Figure 3.6, already after 

2 hours of incubation with NH4Cl (of final concentration 40mM in M199) many WPBs 

had become rounded in the cells, but also several elongated ones remained, whereas 

Figure 3.5- Cartoon representation of the change in the shape of WPBs, after incubating HUVECs with ammonium 
chloride (NH4Cl) solution, allowing separation of the membrane from the vesicle lumen, by confocal microscopy. 
Rab27a is a membrane protein while VWF is a lumenal protein. 
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after 3 or 4 hours of incubation, almost all WPBs had become rounded. It should be 

noted that there were differences between cells in each condition, with some showing 

more and others less rounded WPBs, but in general the pattern shown in Figure 3.6 was 

followed. For our experiments, we chose to incubate the cells for 4 hours with the 

NH4Cl solution.  

 

 

 

 

  

Figure 3.6 - Incubation of HUVECS with NH4Cl changes the morphology of WPBs, from elongated to rounded. 
Cells were incubated for 2 hrs, 3 hrs, 4 hrs or not incubated at all (Control) with NH4Cl solution of final concentration 
40mM in Medium 199 (M199), followed by fixation, immunofluorescence for VWF (red) and observation by confocal 
microcopy. We observe that after 2 hrs several elongated WPBs are left while after 3 or 4 hrs of incubation, most 
WPBs have become rounded.  
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3.6 Study of membrane markers on rounded WPBs 

Since we found the conditions to induce the rounding of WPBs, which increases 

their diameter, we wanted to test whether confocal microscopy resolution could under 

these conditions separate the lumen from the periphery of the vesicle. For this purpose, 

we compared the topology of VWF, located in the lumen, with two different proteins: 

Rab27a and Munc13-4 (an effector of Rab27a (Zografou et al., 2012)), both known to 

be located in the periphery of the vesicle (see introduction). Rab27a was overexpressed 

by transient transfection, while for Munc13-4 the endogenous protein was studied. If 

microscopy resolution is sufficient, we should be able to distinguish in the rounded 

WPB a “ring”, formed by the membrane protein in the periphery of the vesicle, with 

VWF located inside this “ring”.  

 

3.6.1 Rab27a as membrane marker 

HUVEC cells were transfected with the pEGFP-C1- Rab27a plasmid, which 

leads to overexpression of EGFP-Rab27a protein, and the cells were incubated for 4hrs 

with NH4Cl solution, to make the WPBs rounded, before fixation. As shown in Fig. 3.7, 

in the rounded WPBs Rab27a indeed forms a ring at the periphery of the vesicle while 

VWF is present in the center. This means that, under these conditions, microscopy 

resolution is sufficient to distinguish the lumen from the WPB membrane and therefore 

to investigate the topology of Gal-1 in WPBs, which is one of the main aims of the 

thesis. However, for confirmation, we also checked with another marker of the vesicle 

membrane, the Munc13-4 protein. 
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Figure 3.7- In rounded WPBs it is possible to separate the membrane from the lumen by confocal microscopy. 
Transfected HUVECs that overexpress EGFP-Rab27a, were incubated for 4 hrs with NH4Cl solution at a final 
concentration of 40mM in M199, followed by fixation, immunofluorescence for endogenous VWF (red) and Rab27a 
(green) and observation by confocal microcopy. We note that Rab27a, a protein located outside the vesicle towards 
the cytoplasm, appears to form a ring and is therefore a marker of the vesicle periphery. In contrast, VWF, which is 
the main cargo of WPBs and is located inside them, appears to be located inside the ring and is therefore a marker 
of the lumen of the vesicle. 
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3.6.2 Munc13-4 as membrane marker 

As shown in Figure 3.8, in the rounded WPBs we observe that Munc13-4 is 

located in the periphery of the vesicle with VWF being in the center of it, after 

immunofluorescence staining. This is another confirmation that our chosen conditions 

are sufficient to separate the lumen (where VWF is located) from the membrane (where 

Munc13-4 is located) of the vesicle. In this case both proteins (Munc13-4 and VWF) 

were studied in their endogenous form and levels. 

  

 

Figure 3.8- Confirmation that confocal microscopy can separate the membrane from the lumen in rounded WPBs. 
HUVECs were incubated for 4 hrs with NH4Cl solution at a final concentration of 40mM in M199, followed by fixation, 
immunofluorescence for the endogenous proteins: VWF (red) and Munc13-4 (green) and observation by confocal 
microcopy. We note that Munc13-4, a protein located outside the vesicle towards the cytoplasm, appears to form a ring 
and is therefore a marker of the vesicle periphery. In contrast, VWF, which is the main cargo of WPBs and is located 
inside them, appears to be located inside the ring and is therefore a marker of the lumen of the vesicle. 
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3.7 Galectin-1 is located in the lumen of WPBs 

Given that both Rab27a and Munc13-4 in the rounded WPBs showed the same 

pattern (ring around VWF, see Figures 3.7 and 3.8), it means that both proteins are 

equally appropriate as peripheral markers and therefore that we could use either of them 

for experiments to find the topology of Gal-1. However, since the primary antibody 

available in our laboratory for the Mun13-4 protein is from a rabbit host, the same host 

as that of Gal-1 antibody, we preferred to work with Rab27a in transfected cells. In this 

case (as described in 2.1 section) the primary antibody for VWF was in a mouse host, 

the primary antibody for Gal-1 was in a rabbit host and for overexpressed EGFP-

Rab27a we used for additional amplification GFP binding protein (GBP nanobody) 

from alpaca host. 

To find the exact topology of Gal-1 in the WPBs, i.e. whether it is in the lumen 

or around the vesicles, we performed triple immunofluorescence staining for Gal-1, 

VWF and Rab27a proteins. The two possible scenarios are as follows: that Gal-1 co-

localizes with VWF, and that Rab27a is located as a ring around, which would imply 

that Gal-1 enters the lumen of the vesicle. In contrast, in the case where Gal-1 co-

localizes with Rab27a and is in the form of a ring, with VWF lying inside, this would 

mean that Gal-1 is at the membrane, facing the cytosolic side of WPBs.  

Interestingly, we found that Gal-1 is located in the lumen of the WPB. Some 

examples where the topology of Gal-1 is shown are the Figures 3.9 and 3.10. In 

particular, in Figure 3.10 (middle and bottom parts) are shown two adjacent rounded 

WPBs that both contain VWF in the center and Rab27a in the periphery, but only one 

is Gal-1 positive. These data suggest that Gal-1 is found only in a subpopulation of 

WPBs, and that the red staining (for Gal-1 protein) is not an artifact, since it is only 

found in a subset of WPBs. 
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Figure 3.9- Galectin-1 is stored in the lumen of WPBs. Triple immunofluorescence staining for EGRP-Rab27a (green), 
Gal-1 (red) and VWF (blue) in fixed HUVECS and observation by confocal microcopy. Gal-1 co-localizes with VWF 
inside the vesicle, with Rab27a surrounding the rounded WPB. The first two sets of images were captured with pinhole 
of size 1 Airy Unit (AU) whereas the last two sets of images were captured with a 0.6 AU pinhole. 
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Figure 3.10- Galectin-1 is stored in the lumen of WPBs. Triple immunofluorescence staining for EGRP-Rab27a 
(green), Gal-1 (red) and VWF (blue) in fixed HUVECS and observation by confocal microcopy. At zoom we observe 
two WPBs: with a regular arrow is a WPB where Gal-1 is present and co-localizes with VWF in the lumen, with 
Rab27a being in the periphery and surrounding the two proteins, and with a dashed arrow is a WPB that is not Gal-
1 positive, while showing VWF in the interior and Rab27a in the periphery. The first set of images were captured with 
pinhole of size 1 Airy Unit (AU) whereas the last two sets of images were captured with a 0.5 AU pinhole. 

 

 



56 
 

3.8 Investigation of Gal-1 entry conditions in WPBs 

3.8.1 Over-confluent conditions of HUVECs induce the entry of Gal-1 into WPBs 

The identification of Gal-1 in the lumen of WPBs raises interesting questions 

about the mechanism by which this protein, lacking an ER signal peptide (thus being 

unable to enter the ER-Golgi-secretory vesicle route), manages to enter and be stored 

in these specific secretory vesicles bypassing the classical secretory route. Given the 

role of galectins in recognizing membrane damage and inducing the cellular repair 

mechanism (Daussy & Wodrich, 2020),  we hypothesized that Gal-1 positive WPBs are 

likely to have suffered membrane damage. This hypothesis is supported by the fact that 

only a subpopulation of WPBs store Gal-1, even though it is a cytoplasmic protein. 

WPBs undergoing homotypic fusion may face leaky fusion, or membrane 

damage, as happens in other organelles, e.g. phagosomes (Yu et al., 2022), resulting in 

bodies with leaky (or damaged) membranes. Also, increasing confluence in in-vitro 

culture leads to an increase in the number of WPBs in cells (Howell et al., 2004), which 

induces homotypic fusion and thus possible leaky fusion. Therefore, we compared the 

number of cells positive for Gal-1 WPBs between confluent (100% confluence) and 

over-confluent conditions (in which we maintained cells 1, 2 or 3 days after 100% 

confluence), which is known to block exocytosis, thus increasing the number of WPBs 

per cell, which consequently increases the density of WPBs in the cytoplasm and the 

rate of homotypic fusion. 

Figure 3.11 shows the percent of cells having positive Gal-1 WPBs in each field, 

for different confluence states, from three independent replicates of the assay. We 

observe that the number of cells positive for Gal-1 WPBs increases significantly as the 

number of days the cells are left in culture after reaching confluence. In contrast, 

between two and three days after confluent conditions, no statistically significant 

differences are observed, indicating that there is a plateau in the number of cells that 

can be positive per field. Also noteworthy is that in the confluent conditions, the percent 

of cells showing positive Gal-1 WPBs per field from one replicate (blue points), 

although consistent with each other, are much lower than cells in the other two 

replicates (red and green points). This heterogeneity between different cells, in 

untreated conditions, was frequently observed and, although the underlying cause is 

unclear, we hypothesize that it might be due to donor characteristics differences, eg 

blood group or sex, since HUVECs exhibit such characteristics (Addis et al., 2014; 
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Kocherova et al., 2019), or due to stress differences caused during birth and umbilical 

cord and cell preparation.  

 

 

Figure 3.12 presents an example of fields showing the significant increase in 

Gal-1 positive WPBs, under overconfluent conditions. We observe that 3 days post full 

confluence, the density of WPBs rises significantly, leading to an increase in the number 

of WPBs storing Gal-1. 

Figure 3.11- Culturing HUVECs under over-confluent conditions significantly increases the percentage of cells with 
Gal-1 positive WPBs. Cells were fixed under the following conditions: 100% confluence, as well as 100% + 1 day, 100% 
+ 2 days and 100% + 3 days post confluence, and the percentage of cells having Gal-1 positive WPBs was calculated, 
after immunofluorescence staining. There is a statistically significant increase in the percentage of cells with Gal-1 
positive WPBs, while it seems that it reaches a plateau at 2 days post-confluence. Each point corresponds to the 
percentage of cells per field showing at least one Gal-1 positive WPB, and the assay was repeated three independent 
times, each shown in a different color (green, red and blue). In each condition (cell confluence) from each of the three 
assays, at least 10 fields corresponding to more than 500 cells were counted (range 472 - 957 cells per condition per 
assay). The statistical analysis was performed on GraphPad Prism using one-way ANOVA analysis (****-P<0.0001, ns 
- no significance). 
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Figure 3.12- Example fields where we observe the significant increase in Gal-1 positive WPBs, 3 days after 100% 
confluence. Comparison of HUVE cells fixed at 100% confluence and 3 days post full confluence, followed by 
immunofluorescence staining for Gal-1 (green) and VWF (red). The rise in Gal-1 positive WPBs is likely due to the 
significant increase in WPB density, which allows for increased leaky homotypic fusion.  
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3.8.2 Migration of HUVECs induces the entry of Gal-1 into WPBs at the leading 
edge 

Another way to test whether homotypic fusion, caused by increased cell density, 

is the cause of Gal-1 entry into WPBs, is by increasing the density of WPBs, locally in 

the cytoplasm, through the in-vitro scratch assay. In this assay, WPBs accumulate at the 

leading edge of cells that move to heal the artificial gap (so-called "scratch"), resulting 

in a significant increase in their density. This leads to an increase in homotypic fusion 

between WPBs and thus possibly to leaky fusion. Interestingly, we observed that in the 

leading edges, many Gal-1 positive WPBs were also accumulating, as shown in Figure 

3.13. Particularly in Figure 3.13, where the cells were fixed 6 hrs after scratch, the first 

row of images shows in the left part the scratch that has not yet healed, while in the 

next two rows at zoom we observe that many WPBs accumulated in the leading edge, 

with many of them storing Gal-1 (see arrows). However, this test is an indication rather 

than a proof, since we did not perform a statistical analysis, as we observed a large 

heterogeneity in the accumulation of WPBs in the leading edge, which did not allow a 

statistically safe conclusion. 
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Figure 3.13 - Gal-1 is stored in WPBs at the leading edge of migrating HUVECs. Immunofluorescence of fixed 
HUVECs, 6 hrs after scratch, stained for Gal-1 (green) and VWF (red) and observation by confocal microscopy. The 
first set of images on the left shows the scratch, with cells moving to heal it, where the characteristic elongated cell 
morphology can be observed. In the next two sets of zoomed images, we note that in the leading edge of the cells, 
where WPBs accumulate, many Gal-1 positive WPBs appear, as indicated by arrows. 
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4. DISCUSSION  

Previous research in our laboratory had identified the cytoplasmic protein 

galectin-1 (Gal-1) as a cargo of the secretory vesicles of endothelial cells, Weibel Palade 

bodies (WPBs). Since Gal-1 is an unconventionally secreted protein that lacks a signal 

peptide (a signal sequence that drives newly synthesized proteins into the Endoplasmic 

reticulum- Golgi secretory pathway), it was striking that Gal-1 is localized in WPBs.  

In this research project, we aimed to determine the topology of Gal-1 in vesicles, 

i.e. whether it is located at the membrane surface facing the cytoplasmic side of WPBs, 

since Gal-1 is a cytoplasmic protein, or whether it is localized in their lumen, and to 

investigate the conditions that drive Gal-1 to WPBs. 

Regarding the topology of Gal-1 in WPBs, the process was challenging enough 

based on the microscopy tools at our disposal. Specifically, for our study we used 

confocal laser scanning microscopy (CLSM) (specifically the leica sp5 microscope), 

which can reach 500 nm in axial resolution and 180 nm in lateral resolution under 

optimal conditions (Fouquet et al., 2015). This resolution is not sufficient to distinguish 

the lumen from the periphery of the WPB, since the vesicle has an elongated shape with 

a diameter of only 100-300 nm. Indeed, when a lumenal protein (e.g. VWF) is studied 

in combination with a membrane protein (e.g. Rab27a) by CLSM, microscopy shows 

complete co-localization of the two proteins (see Fig. 3.3- cartoon representation, 

Figure 3.4- confocal images), irrespectively of the length of the body. Thus, this 

technology is unable to distinguish the periphery from the lumen of the vesicle, and, 

consequently, to address whether Gal-1 is localized in the lumen or in the periphery of 

the body. Therefore, to investigate the topology of Gal-1 at WPBs we sought to convert 

the shape of the body from thin elongated to round, by altering the pH of the vesicles, 

by incubating the cells with ammonium chloride solution (NH4Cl) for 4hrs. In 

particular, incubation of cells with NH4Cl solution increases intra-WPB pH from ~5.5 

to >7.4 resulting in their elongated shape being changed to rounded (Erent et al., 2007), 

since alkalinization of the vesicle interferes with VWF multimerization, which 

maintains the elongated shape of WPBs, by dissociating the dimeric bouquet of VWF 

(Zhou et al., 2011). The rounded WPBs have an increased diameter, thereby allowing 

us to resolve between the lumen and the membrane of the WPB (see Figure 3.5- cartoon 

representation). In fact, the longer a native WPB is, the larger diameter it will reach 
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upon roundness (after treatment with NH4Cl), thus allowing easier discrimination 

between the membrane and the lumen. 

Having solved the limitation issue imposed by light microscopy, we used the 

Rab27a protein, which is recruited outside of the WPBs during their maturation, as a 

membrane marker. In this way, in transfected cells (expressing EGFP-Rab27a), and 

triple staining, we demonstrated that Gal-1 is stored in the lumen of the vesicle along 

with VWF, while Rab27a appears as a "ring" around the rounded WPBs (Figures 3.9 

and 3.10). This is a novel finding, and we believe it will lead to filling a gap in the 

literature. More specifically, although it has been reported that galectins are able to use 

cellular vesicles, endosomes and lysosomes, for their secretion, used as secretory 

vesicles for unconventional secretion (Popa et al., 2018), there is no study showing that 

galectins enter secretory vesicles of the conventional secretion pathway, which for 

vascular endothelial cells are WPBs. Also, although it has been assumed that Gal-1 may 

be stored in WPBs, since binding experiments using purified Gal-1 and VWF 

demonstrate that VWF can interact directly with Gal-1 and Duolink-PLA analysis in 

HUVECs showed that the two proteins colocalize within a radius of 40 nm (Saint-Lu 

et al., 2012), there is no direct experimental evidence showing that Gal-1 is indeed in 

WPBs. Here, we demonstrated not only that it is in WPBs but also that it is stored in 

their lumen. 

Thus, an interesting question that arises is how the unconventionally secreted 

Gal-1 manages to directly enter, and be stored, in the lumen of secretory vesicle WPBs, 

which bud from the trans-Golgi network, since it does not possess a signal peptide to 

drive it to the ER- Golgi- WPB route. Given that it has been described in the literature 

that galectins are able to accumulate around damaged membrane vesicles (Hong et al., 

2021) and since we observed that Gal-1 is found only in a subpopulation of WPBs, in 

untreaded cells, we assumed that Gal-1 positive WPBs had suffered from a damaged 

membrane. To test this hypothesis, we used an indirect approach; we significantly 

increased the density of WPBs that leads to an increase in homotypic fusion 

phenomena, which is likely to be leaky, as happens in other organelles, e.g. phagosomes 

(Yu et al., 2022). The increase in WPBs density was achieved by culturing HUVECs 

under overconfluent conditions (maintained up to 3 days in post-confluent culture) 

which inhibits the secretion of WPBs due to remodeling of actin filaments at the cell 

periphery. Statistical analysis of data from three independent experiments showed that 
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two- and three-days post-confluent, on average 60% of cells per field were positive for 

Gal-1 WPBs, a strikingly higher percentage in comparison to under-confluent cells or 

cells that just reached confluence. The density of WPBs was also increased by another 

assay, the scratch assay, which causes WPBs to accumulate at the leading edge of cells. 

Again, in areas of high WPBs density, a high percentage of these were Gal-1 positive. 

  These findings indicate that Gal-1 passes into WPBs from their membrane 

damage region and then is stored inside them, due to the ability of Gal-1 to interact with 

VWF sugars, as shown by binding experiments using purified Gal-1 and VWF proteins 

(Saint-Lu et al., 2012). However, it remains to be directly shown that membrane 

damage is indeed the cause of Gal-1 entry into WPBs, by directly inducing vesicle 

membrane destruction e.g. by introducing crystals into WPBs, or protein aggregates or 

bacterial pore forming toxins. 

In conclusion, we believe that this study, which demonstrates that galectin-1 is 

able to be stored in the lumen of WPBs, initiates a new avenue in understanding 

unconventional secretion of proteins, in particular the family of galectins, which play a 

key role in a variety of functions inside and outside cells (Popa et al., 2018) . Our 

demonstration that Gal-1 enters WPBs that have suffered membrane damage is 

consistent with the view that the secretion of galectins results from stress conditions for 

the cell (Popa et al., 2018), since they can use damaged vesicles as means of exocytosis. 

We pioneeringly add another type of vesicles that can be used for exocytosis, WPBs, 

which strikingly are vesicles used for the conventional protein secretion pathway. 
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