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Abstract 

Human serum albumin (HSA) is the most abundant protein in plasma and has an 

exceptionally long circulatory half-life of around three weeks in humans. The 

enhanced half-life properties of HSA result from the selective interaction with the 

neonatal Fc receptor (FcRn) in acidic endosomes, which protects endocytosed 

albumin from lysosomal degradation and mediates recycling back to the plasma 

membrane. Endothelial and innate immune cells are considered the most 

relevant cells for FcRn-mediated albumin homeostasis in vivo. However, little is 

known about FcRn-albumin cell biology in physiologically relevant primary cells 

and the spatiotemporal aspects of the FcRn-albumin interaction within 

intracellular endosomes. My studies have used cell biological and biophysical 

approaches to examine FcRn-albumin interactions and trafficking in primary 

macrophages and endothelial cells. 

Here, I used two independent biophysical approaches to visualise the intracellular 

receptor-ligand interactions within globular endosomes and tubular transport 

carriers of primary macrophages. Firstly, fluorescence lifetime imaging 

microscopy (FLIM) of Förster resonance energy transfer (FRET) and secondly, 

raster image correlation spectroscopy (RICS) to monitor the diffusion kinetics of 

single fluorescent-labelled HSA molecules. Based on these analyses, I identified 

an interaction between FcRn and albumin within intracellular endosomes, and 

emerging tubules, in human FcRn-expressing macrophages. Furthermore, I 

detected a higher population of immobile, FcRn-bound wildtype HSA molecules 

within the lumen of endosomal structures compared to the non-FcRn binding 

rHSAH464Q mutant. My findings revealed the kinetics of FcRn-albumin binding 

within endosomal structures for recruitment into transport carriers for recycling. 

To investigate FcRn-albumin cell biology in physiologically relevant primary 

endothelial cells, I established cell lines of primary human vascular endothelial 

cells from the outgrowth in culture of blood endothelial precursors known as blood 

outgrowth endothelial cells (BOECs). My observations show that these 

endothelial cell lines internalised fluorescent-labelled HSA efficiently via fluid 
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phase macropinocytosis. Intracellular HSA molecules co-localised with FcRn in 

endosomal structures potentially allowing the interaction of the receptor with its 

ligand. Wildtype HSA, but not the non-FcRn binding rHSAH464Q mutant, was 

sorted into FcRn-positive tubular transport carriers, that are likely to mediate 

recycling of endocytosed HSA back to the plasma membrane. These findings 

support the proposed contribution of vascular endothelial cells to albumin 

homeostasis in vivo.  

Understanding the underlying mechanisms of FcRn-albumin cell biology and the 

contribution of different cell types to albumin homeostasis is important for the 

design and generation of half-life extended albumin fusion proteins for the 

treatment of serum protein-related diseases such as hemophilia A (HemA). 

Despite exhibiting enhanced pharmacological properties, to date, very few 

albumin fusion protein therapeutics have been approved for the treatment of 

human patients. In particular for HemA, the treatment using recombinant 

coagulation factor VIII (FVIII) products is aggravated by the frequent development 

of inhibitory antibodies against FVIII in HemA patients which subsequently have 

to undergo highly expensive and burdensome immune tolerance induction 

protocols. 

In this study, I have established an imaging flow cytometry-based antigen uptake 

assay to investigate the internalisation of FVIII-Albumin fusion proteins by FVIII-

specific B cells expanding the knowledge about how albumin fusion proteins 

might contribute to immune tolerance induction towards FVIII in vivo. Additionally, 

I established two in vitro protocols which, in combination, allow the generation of 

high numbers of FVIII-specific regulatory T cells. These antigen-specific Tregs 

have the potential to suppress immune responses against recombinant FVIII in 

vivo and represent an alternative approach to facilitate immune tolerance towards 

FVIII in HemA patients. 

In summary, this thesis has revealed the fundamental aspects of FcRn-albumin 

cell biology and trafficking in primary macrophages and endothelial cells, and 

potential strategies for immune tolerance induction using FVIII-Albumin fusion 

proteins in the context of HemA. 
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 Chapter 1  1 

Chapter 1: Literature review 

1.1: Endocytic pathways 

Endocytosis is a process by which cells internalise various molecules like 

proteins, membrane lipids and nutrients from the extracellular space. Due to the 

versatility and the distinct properties of these molecules, cells have developed 

several endocytic pathways to allow efficient endocytosis of different molecule 

classes (Doherty and McMahon, 2009). Broadly, endocytosis can be classified 

into clathrin-dependent and clathrin-independent endocytosis. Clathrin-

dependent endocytosis relies on the recognition of extracellular cargo by 

membrane-bound adaptor proteins and results in the formation of clathrin -coated 

vesicles, whereas clathrin-independent endocytosis exploits other mechanisms 

to transport cargo into the cell (Sandvig et al., 2008). Endocytic pathways are not 

only differentiated by the involvement of clathrin but also by their cargo 

recognition and specificity, their mechanism of endosome formation and the 

morphology of resulting endosomal structures. The most common endocytic 

pathways in cells include classic clathrin -dependent endocytosis, caveolin-

dependent endocytosis, phagocytosis and macropinocytosis (Figure 1.1). 
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Figure 1.1: Overview of clathrin-dependent and independent endocytic 
pathways in eukaryotic cells 

Schematic overview of different endocytic mechanisms for the internalisation of 
molecules in eukaryotic cells. Depicted are the principles of endosome 
biogenesis at the plasma membrane and endosomal target destinations for 

phagocytosis, macropinocytosis, clathrin- and caveolae(caveolin)-dependent 
endocytosis as well as other clathrin- and caveolae(caveolin)-independent 

endocytic pathways. Figure taken from (Mayor and Pagano, 2007). 
 

 

1.1.1: Clathrin-dependent endocytosis 

Clathrin-dependent, also referred to as clathrin-mediated, endocytosis is the most 

studied endocytic pathway; partially because of its importance in the recycling of 

synaptic-vesicle components upon neurotransmitter release in synapses of nerve 

cells and the involvement of the pathway in the internalisation of key molecules 

and nutrients, such as cholesterol and iron (Jung and Haucke, 2007; Antonescu 

et al., 2014). In addition, clathrin-dependent endocytosis is responsible for the 

internalisation of (activated) receptor molecules embedded in the plasma 

membrane (Traub and Bonifacino, 2013). Clathrin is a triskelion-shaped protein 

consisting of three heavy chains, which each are non-covalently associated with 

a light chain, respectively (Kirchhausen and Harrison, 1981; Ungewickell, 1999). 

Clathrin, in combination with the adaptor protein 2 (AP-2) and other auxiliary 

proteins, can form coated pits at the cytoplasmic side of the plasma membrane 
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initiating the endocytosis of specific cargo (Mousavi et al., 2004). Coated pit 

formation is triggered by the recognition of short endocytosis motifs in the 

cytoplasmic tail of surface receptors by AP-2 (Bonifacino and Traub, 2003). 

Polymerising clathrin scaffolds the pit with a penta- and hexagonal lattice and 

stabilises membrane curvature (McMahon and Boucrot, 2011). The clathrin-

coated vesicle remains connected to the membrane via a bottleneck architecture 

and is subsequently completely separated from the plasma membrane by 

dynamin in a GTP hydrolysis-dependent process (Ferguson and Camilli, 2012). 

Fully detached clathrin-coated vesicles display diameters in the range of 35 – 

200 nm depending on the cell type, coat assembly mechanism and type of cargo 

(Cheng et al., 2007; McMahon and Boucrot, 2011; Paraan et al., 2020). After 

pinching off the plasma membrane, the clathrin coat is removed by heat shock 

protein-70 (Hsc70), identified as an uncoating ATPase, in combination with the 

co-chaperone auxilin, and the uncoated vesicles containing endocytosed cargo 

are transported to the early endosomes (Popova et al., 2013). 

 

1.1.2: Macropinocytosis 

Macropinocytosis describes a clathrin-independent endocytic pathway facilitating 

the non-selective fluid-phase uptake of soluble proteins, nutrients, and antigens 

(Lim and Gleeson, 2011). The process of macropinocytosis was first defined in 

1931 by Warren Lewis and is characterised by actin -dependent membrane 

ruffling, which leads to the formation of large uncoated endosomal vesicles called 

macropinosomes with a size of at least 0.2 µm in diameter (Lewis, 1931; 

Swanson and Watts, 1995). Normally, macropinocytosis is a signal-dependent 

process, with cells becoming active in macropinocytosis upon stimulation by 

growth factors such as colony-stimulating factor-1 (CSF-1), epidermal growth 

factor (EGF), platelet-derived growth factor or tumour-promoting factors (Haigler 

et al., 1979; Swanson, 1989; Racoosin and Swanson, 1989). However, some 

specialised cells such as dendritic cells (DCs), macrophages and endothelial 

cells are capable of performing macropinocytosis constitutively (Sallusto et al., 

1995; Raheel et al., 2019; Doodnauth et al., 2019). Besides providing the cell with 
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large quantities of soluble molecules and membrane components, the 

macropinocytotic pathway contributes to chemotactic cell motility and can be 

exploited as cellular entry point by various bacteria and viruses including 

Salmonella spp., Legionella spp., HIV-1, adenovirus and ebolavirus (Lim and 

Gleeson, 2011). Furthermore, high macropinocytic activity is common among 

various cancer cells and has been proposed to play an important role in the 

nutrient uptake and survival of tumours (Palm, 2019). 

 

1.1.3: Biogenesis of macropinosomes and regulation of macropinocytosis 

Macropinocytosis requires actin rearrangements to induce the formation of 

membrane ruffles at the cell surface (Lim and Gleeson, 2011) (Figure 1.2). These 

actin-rich extensions of the cell membrane fold back and fuse with the plasma 

membrane encapsulating large volumes of the extracellular fluid phase. This 

gives rise to a heterogenous population of large endosomal structures, called 

macropinosomes, with a typical size of 0.2 – 5 µm in diameter (Kerr and 

Teasdale, 2009) (Figure 1.2). Membrane ruffling can occur at the peripheral 

edges or the dorsal surface of the cell. Peripheral ruffles have been linked to be 

important for initiating macropinocytosis whereas dorsal ruffling was primarily 

described to mediate receptor signalling and occur upon growth factor stimulation 

of cells (Suetsugu et al., 2003; Buccione et al., 2004; Hoon et al., 2012). However, 

the contributions of the two distinct pathways to macropinocytosis and their 

regulation in different cell types remain unclear.  
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Figure 1.2: The pathway of macropinocytosis  
Membrane ruffling is mediated by actin cytoskeleton (black lines) re-

arrangements. Ruffles folding back onto themselves and fusing with the plasma 
membrane trap extracellular fluid phase and give rise to a heterogeneous 
population of macropinosomes with sizes of >0.2 µm in diameter. During early 

maturation, macropinosomes shrink due to extensive tubulation emerging from 
the macropinosomal body. Spherical mature macropinosomes are either recycled 

back to the plasma membrane or degraded in late endosomes and lysosomes. 
Figure taken from (Lim and Gleeson, 2011). 
 

 

Actin remodelling for the formation of membrane ruffles is mediated by members 

of the Rho small G protein (Rho-GTPase) family including Rho, Cdc42 and Rac1 

(Swanson, 2008). The recruitment of Cdc42 and Rac1 to the plasma membrane 

is dependent on sub-membranous acidification and impaired by the 

Na+/H+-exchanger inhibitor amiloride and its derivates (Koivusalo et al., 2010). 

Several other proteins like phosphoinositide 3-kinase (PI3K), Rab5, Rab34 and 

members of the sorting nexin (SNX) family are also believed to contribute to the 

membrane ruffle and macropinosome formation (Lim and Gleeson, 2011). 

Indeed, sorting nexin 5 (SNX5) was shown to be an important regulator of 

macropinocytosis in CSF-1-stimulated bone marrow-derived macrophages 

(BMDMs), especially in the formation of dorsal membrane ruffles, whereas the 
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deletion of SNX5 did not affect macropinocytosis in splenic dendritic cells (Lim et 

al., 2008; Lim et al., 2012; Lim et al., 2015). 

Although it is widely accepted that many cell types are capable of 

macropinocytosis, it becomes increasingly apparent that macropinocytosis is 

regulated by various stimuli and protein machineries in a cell type-dependent 

manner (Lin et al., 2020). 

 

1.1.4: Macropinosome maturation 

After budding off the cell membrane, macropinosomes undergo a maturation 

process, which is believed to vary between different cell types. In the human 

squamous carcinoma cell line A431, macropinosomes, formed upon EGF-

stimulation, were reported to be positive for transferrin receptor and faintly 

positive for the early endosome antigen 1 (EEA1) (Hamasaki et al., 2004). EEA1 

persists on the limiting membrane of macropinosomes in EGF-treated A431 cells 

and is thought to mediate homotypic fusion between macropinosomes (Araki et 

al., 2006). Macropinosomes eventually fuse with the plasma membrane, recycle 

their content to the extracellular space and do not mature into late endosomes or 

lysosomes (Buckley and King, 2017). In addition, there are some reports 

suggesting that recycling of macropinosomal content can also be mediated by 

EEA1-negative tubular extensions emerging from macropinosome bodies 

(Hamasaki et al., 2004).  

In contrast to A431 cells discussed above, freshly formed, transferrin receptor-

positive macropinosomes in EGF-treated HEK293 cells and CSF-I-treated bone 

marrow-derived macrophages (BMDMs) mature as they migrate to the centre of 

the cell (Lim and Gleeson, 2011). In both cell types, highly dynamic tubular 

extensions positive for SNX5 have been described emerging from 

macropinosomal bodies during the maturation process (Kerr et al., 2006; Lim et 

al., 2008). The tubulation process is linked to recycling of macropinocytosed 

cargo back to the plasma membrane and occurs within the first 5 to 10 minutes 

after macropinosome formation (Kerr et al., 2006; Van Weering et al., 2012; Toh 
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et al., 2020). The generation of tubular extensions followed by their scission into 

tubular carriers from the macropinosomes leads to the shrinkage of the 

macropinosomal surface area (Lim et al., 2008). Maturing macropinosomes lose 

transferrin receptor but acquire the late endosomal marker Rab7 and lysosomal 

glycoprotein A (lgp-A). Eventually, macropinosomes are depleted of Rab7-

staining while sustaining high levels of lgp-A-staining before fusing with existing 

lysosomal compartments (Racoosin and Swanson, 1993).  

The maturation of macropinosomes, and the mechanisms involved, in different 

cell types remain poorly understood and need further investigation. 

 

1.1.5: Caveolae-dependent endocytosis 

Caveolae are flasks-shaped invaginations of the plasma membrane with a size 

of 60 – 80 nm (Parton and Simons, 2007). They are present in all cell types of 

the cardiovascular system but especially enriched in vascular endothelial cells 

(Sowa, 2012). Caveolae are characterised as cholesterol-and sphingolipid-rich 

lipid rafts and enable the local concentration of certain membrane proteins to 

effectively regulate various cellular processes such as signal transduction and 

endocytosis (Allen et al., 2006; Patel et al., 2008; Rahman and Swärd, 2009; 

Chaudhary et al., 2014). A major component of caveolae is the coat protein 

caveolin-1, which stabilises the invaginated lipid rafts at the cell surface and 

prevents the internalisation of most caveolae (Nabi and Le, 2003). The 

internalisation of caveolae is sensitive to cholesterol depletion and initiated by 

surface receptor activation leading to the disruption of the actin cytoskeleton 

(Rodal et al., 1999; Pelkmans and Helenius, 2002). Although caveolae-

dependent endocytosis is clathrin-independent, the budding of caveolar vesicles 

from the plasma membrane is mediated by dynamin similar to the process 

described for clathrin-dependent endocytosis (Henley et al., 1998). The majority 

of internalised caveolar vesicles fuse with early endosomes or are directly 

recycled back to the plasma membrane (Pelkmans et al., 2004; Pelkmans and 

Zerial, 2005). Some caveolar structures have been shown to be trafficked to 
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specialised endosomal compartments, called caveosomes, however other 

studies suggest that caveosomes represent late endosomal structures modified 

by the enrichment of caveolin-1 (Parton and Howes, 2010). Caveolae-mediated 

endocytosis mediates the internalisation of various molecules and pathogens like 

sphingolipids, cholera toxin, interleukin-2 (IL-2), and simian virus 40 (SV40) 

(Pelkmans and Helenius, 2002). Furthermore, albumin was shown to be 

endocytosed via caveolae in a glycoprotein 60 (gp60)-dependent process using 

cultured endothelial cells (Tiruppathi et al., 1997; Vogel et al., 2001). However, 

the function and nature of the albumin-gp60 interaction has never been fully 

elucidated. 

 

1.2: Endosomal compartments 

Upon internalisation, endocytosed cargo enters a highly regulated network of 

endosomal compartments and trafficking pathways in eukaryotic cells. Specific 

subsets of endosomes are characterised by a unique set of membrane receptors 

and are responsible for the recycling or degradation of endocytosed material and 

membrane components (Gruenberg, 2001; Elkin et al., 2016) (Figure 1.3). The 

highly regulated and interconnected endosomal network enables the transport of 

specific cargo to their target membranes and regulates various cellular processes 

such as signal transduction, antigen presentation and cell survival (Wilson and 

Villadangos, 2005; Pálfy et al., 2012; Villaseñor et al., 2016). The most prominent 

endosomal subsets, namely early, recycling, and late endosomes as well as 

lysosomes, will be discussed in the following sections.  
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Figure 1.3: Overview of endocytic pathways and compartments  
Internalised cargo is recycled from EEA1-, Rab5- and Rab4-positive early 

endosomes (blue) either directly (fast recycling route) or via Rab11-positive 
recycling endosomes (orange) back to the plasma membrane (slow recycling 
route). Alternatively, cargo can be sorted from early endosomes to the trans-Golgi 

network (green). The early endosomal body matures into late endosomes (red) 
by losing early endosomal markers and acquiring Rab7, CD63 and LAMP1. Late 

endosomes fuse with CD63- and LAMP1-positive lysosomes, where protein 
cargo gets degraded by proteases. Figure created with BioRender.com. 
 

 

1.2.1: Early endosomes 

Early or sorting endosomes are usually the first organelles internalised cargo 

reaches within the endosomal network, indicated by the presence of endocytic 

tracers 1 – 5 minutes after endocytosis depending on the cell type (Schmid et al., 

1988; Tooze and Hollinshead, 1991; Kleijmeer et al., 1997; Pavelka et al., 1998; 

De Wit et al., 1999). It is believed that cargo internalised via different endocytic 

pathways converges within the early endosomal compartment, which then 

defines the fate of internalised material by regulating intracellular sorting into 

degradation or recycling pathways (Jovic et al., 2010). Early endosomes are 
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highly dynamic and pleomorphic structures undergoing various homotypic fusion 

events and are characterised by the association with the early endosomal 

markers EEA1, Rab5 and Rab4 (Gruenberg et al., 1989; Sachse et al., 2002; 

Huotari and Helenius, 2011). These endosomal markers fulfill distinct roles in 

early endosomal biology. Rab5 mediates the entry of cargo into early endosomes, 

the generation of phoshpotidylinositol-3-phosphate (PtdIns(3)P), important for 

selective recruitment of proteins to microdomains at the early endosomal 

membrane, and, together with EEA1, the homotypic fusion of early endosomes 

(Nielsen et al., 1999; Lawe et al., 2001; Gillooly et al., 2003). Rab4 plays an 

important role in the recycling of cargo by sorting internalised material directly 

back to the plasma membrane or to Rab11-positive recycling endosomes (van 

der Sluijs et al., 1992; Mohrmann et al., 2002). Typically, early endosomes are 

composed of large vesicular bodies with diameters up to 400 nm and thin tubular 

extensions with a diameter of ~ 60 nm (Gruenberg, 2001). The morphologically 

distinct regions of early endosomes form several microdomains within these 

organelles and enable the local concentration of internalised cargo and the 

selective sorting of endocytosed material to their respective target membrane 

(Raiborg et al., 2002; Jovic et al., 2010; Norris and Grant, 2020).  

Most soluble ligands within early endosomes are sorted to the late endosomal 

and lysosomal degradation pathway, whereas endocytosed receptors are often 

recycled back to the plasma membrane and can undergo various rounds of 

internalisation and ligand binding (Maxfield and McGraw, 2004). The separation 

of ligand and receptor into distinct endocytic pathways is facilitated by the slightly 

acidic luminal pH (~ 6.3 – 6.8) of early endosomes allowing the dissociation of 

most receptor-ligand complexes (Mellman, 1996). Membrane-bound receptors 

designated for recycling are concentrated in the tubular microdomains of early 

endosomes, which mediate the sorting of cargo to Rab11-positive recycling 

endosomes (slow recycling route) or directly back to the plasma membrane (fast 

recycling route) (Maxfield and McGraw, 2004; Jovic et al., 2010). The 

identification of the two distinct recycling routes was observed studying the 

intracellular fate of transferrin. It was shown that internalised transferrin located 

to early endosomes can undergo both, direct and rapid as well as slow recycling 
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via Rab11-positive recycling endosomes (Hopkins and Trowbridge, 1983; Ullrich 

et al., 1996). In CHO cells, receptors recycled via the fast pathway return to the 

plasma membrane after 10 minutes, whereas internalised receptors recycled 

slowly via Rab11-positive compartments reach the plasma membrane after 

30 minutes (Johnson et al., 1998; Mayor et al., 1998). 

In contrast, unbound soluble ligands remain in the globular early endosome body. 

After accepting cargo and mediating recycling for 8 – 15 minutes, early 

endosomes mature into late endosomes by losing association with early 

endosomal markers and acquire the late endosomal marker Rab7 initiating the 

sorting of lysosome-targeted cargo into the degradation pathway (Dunn and 

Maxfield, 1992; Huotari and Helenius, 2011). Alternatively, some internalised 

cargo such as the trans-Golgi network integral network protein TGN-38 or Shiga 

toxin can be sorted from early endosomes directly to the trans-Golgi network 

(TGN) without entering the recycling or degradation pathway (Bujny et al., 2007; 

Lieu and Gleeson, 2010).  

While the transport of soluble ligands to the degradation pathway is a 

consequence of remaining in the lumen of early endosomes throughout 

endosomal maturation, the sorting of receptors to the plasma membrane, the 

trans-Golgi network and to late or recycling endosomes is facilitated by the 

recognition of sorting motifs in the cytosolic tail of membrane-bound receptor 

molecules or local concentration of receptors in early endosomal microdomains 

(Jovic et al., 2010; Huotari and Helenius, 2011; Elkin et al., 2016). It was long 

believed that receptors lacking any specific sorting motifs undergo canonical 

recycling by default association with tubular early endosomal microdomains 

mediating trafficking back to the plasma membrane. However, other studies using 

hybrid receptors revealed the existence of specific cytosolic sorting motifs 

facilitating the active sorting of membrane-bound receptors into the slow or 

fast recycling pathway (Dai et al., 2004; Mahmoud et al., 2017; Cullen and 

Steinberg, 2018).  

Over the last decades, more and more proteins involved in mediating the 

recycling of internalised receptors have been identified (Cullen and Steinberg, 
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2018). Rab4-positive microdomains of early endosomes play a crucial role in the 

sorting of transferrin receptor into the fast and slow recycling pathway by 

regulating the formation and budding of tubular extension from the early 

endosomes (Daro et al., 1996; Mohrmann et al., 2002). Other proteins like 

Rabenosyn-5 and members of the sorting nexin (SNX) family have also been 

linked to mediate selective trafficking of internalised cargo (Cullen, 2008; Navaroli 

et al., 2012). SNX proteins, as integral parts of the retromer complex, are 

essential for the formation of tubular carriers emerging from early endosomes. 

Specific members of the SNX family are either linked to mediate recycling of 

cargo to the plasma membrane (SNX5, SNX27) or retrograde transport to the 

TGN (SNX1, SNX3) (Merino-Trigo et al., 2004; Van Weering et al., 2012; Gallon 

and Cullen, 2015).  

Similar to recycling, retromer-mediated transport of cargo from early endosomes 

to the TGN is mediated via tubular extensions and involves the recognition of 

specific sorting motifs by VPS35 or other members of the retromer complex 

(Seaman, 2007; McGough and Cullen, 2011). Sorting of membrane-bound 

receptors to late endosomes is regulated in a similar fashion. The sorting of 

receptor tyrosine kinases like epidermal growth factor receptor (EGFR) into the 

degradation pathway relies on the recognition of mono-ubiquitinated lysine 

residues within sorting motifs by hepatocyte growth factor-regulated tyrosine 

kinase substrate (Hrs) (Shih et al., 2002). This eventually leads to the recruitment 

of endosomal sorting complexes required for transport (ESCRTs) resulting in the 

formation of multivesicular bodies (MVBs), an essential step in the maturation of 

early into late endosomes (Babst et al., 2002; Bache et al., 2003). Lysosomal 

sorting motifs and mechanisms have been identified for several other receptors 

including activated fibroblast growth factor receptor 3 (FGFR3) and major 

histocompatibility complex (MHC) class II peptide complexes (Bonifacino and 

Traub, 2003; Cho et al., 2004; Furuta et al., 2013).  

Although the main function of early endosomes as intracellular sorting hubs and 

main principles of selective sorting of cargo into distinct endocytic pathways are 

established, the knowledge about the details of the highly regulated and 
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coordinated processes and protein machineries involved in early endosomal 

sorting is still evolving.  

 

1.2.2: Recycling endosomes 

Recycling endosomes are composed of a heterogeneous, tubulovesicular 

subpopulation of endosomes mediating the recycling of internalised cargo back 

to the plasma membrane. These endosomal structures vary in size (40 – 60 nm 

diameter) and possess long, multi-branching tubular extensions (2 µm or longer) 

emerging from the endosomal body (Tooze and Hollinshead, 1991; Sachse et al., 

2002). The intraluminal pH of the recycling endosome compartment is between 

6.4 and 6.5 (Mayor et al., 1993). Recycling endosomes are characteristically 

located to the perinuclear region of the cell in close proximity to the microtubule-

organising centre (MTOC) and often closely associated with the TGN (Urbé et 

al., 1993; Ullrich et al., 1996; Welz et al., 2014). After receiving cargo from early 

endosomes, recycling endosomes mediate the trafficking of membrane-bound 

receptors back to the plasma membrane within 10 – 12 minutes (Maxfield and 

McGraw, 2004). Although the primary function of recycling endosomes is to 

facilitate the recycling of internalised cargo received from early endosomes back 

to the plasma membrane, some proteins like Shiga toxin and the v-SNARE 

protein VAMP4 are transported from recycling endosomes to the TGN (Tran et 

al., 2007; Lieu and Gleeson, 2010). 

Recycling endosomes were first characterised by investigating the slow recycling 

route of transferrin involving tubulovesicular compartments distinct from early 

endosomes (Marsh et al., 1995). Thus, recycling endosomes can be identified by 

the localisation of internalised transferrin and transferrin receptor or the 

association with the small GTPase Rab11 (Maxfield and McGraw, 2004). The 

Rab11 family is comprised of three members, the ubiquitously expressed Rab11a 

and Rab11b and the epithelial-specific Rab25 (Prekeris, 2003). Rab11a, the best 

characterised member of the Rab11 family, is co-localised with transferrin in 

pericentriolar recycling endosomes and is linked to various functions including 
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the promotion and formation of tubular extensions in the recycling endosomal 

compartment and the recycling of cargo like transferrin back to the cell surface 

(Ullrich et al., 1996; Ren et al., 1998; Delevoye et al., 2014).  

Some studies suggest the existence of several distinct recycling mechanisms for 

specific cargo mediated by recycling endosomes (Goldenring, 2015). On the one 

hand, Rab11a-dependent tubulation of recycling endosomes is regulated by 

multiple mechanisms mediated by the interaction of the small GTPase with 

various proteins like kinesin family member 13A (KIF13A), spastin and ESCRTs 

(Allison et al., 2013; Delevoye et al., 2014; Le and Chung, 2021). On the other 

hand, recycling endosomes were shown to be sub-compartmentalised in 

Rab11a- and Rab8- as well as transferrin receptor- and Arf6-positive membranes 

facilitating distinct mechanisms for the recycling of internalised cargo varying in 

the pathway for entering and leaving the recycling compartment (Kobayashi and 

Fukuda, 2013; Baetz and Goldenring, 2013; Baetz and Goldenring, 2014). 

However, it remains yet to be understood how these multiple recycling 

mechanisms are regulated, to which extent they are interconnected and how the 

distribution of Rab11a and Rab8 for the formation of microdomains within 

recycling endosomes is orchestrated. 

 

1.2.3: Late endosomes 

Late endosomes derive from globular early endosomal bodies, which acquired 

the late endosomal marker Rab7 during their maturation in a Rab5-dependent 

process. This leads to the development of Rab5- and Rab7-double-positive 

hybrid endosomes, which lose their association with Rab5 within a few minutes 

completing the Rab switch from Rab5 to Rab7 to form late endosomes (Rink et 

al., 2005). Endocytic tracers are located to mature late endosomes after 

10 – 15 minutes. However, solute molecules and bulk fluids reach late 

endosomes up to 30 minutes after internalisation (Griffiths et al., 1989; Van Deurs 

et al., 1993; Kleijmeer et al., 1997; De Wit et al., 1999). 



 Chapter 1  15 

Typically, late endosomes are globular- or oval-shaped structures with sizes 

ranging from 250 to 1000 nm in diameter and an acidic luminal pH between 4.9 

and 6.0 (Huotari and Helenius, 2011). Late endosomes undergo various 

homotypic fusion events and accumulate in the perinuclear region close to the 

MTOC (Luzio et al., 2007). They are characterised by the presence of numerous 

spherical-shaped intralumenal vesicles (ILVs) with a typical diameter of 50 nm in 

eukaryotic cells, and hence are often referred to as multivesicular bodies (Piper 

and Luzio, 2001; Bissig and Gruenberg, 2013). The formation of ILVs starts 

during early endosome maturation with some ILVs already present during the 

early endosomal stage (Piper and Katzmann, 2007). In a highly regulated process 

mediated by microdomains in the limiting membrane of late endosomes and 

components of ESCRT, ILVs are generated by the inward-budding of vesicles 

from the limiting membrane of early endosomes (Gireud-Goss et al., 2018). ILVs 

are important for the lysosomal delivery of cargo allowing efficient degradation by 

proteases and for the inactivation of membrane-bound receptor-mediated 

signalling processes by depriving them of contact with the cytosol (Huotari and 

Helenius, 2011). Especially, mono-ubiquitinated signalling receptors were shown 

to be sorted into ILVs in an ESCRT-regulated process to target them for 

lysosomal degradation (Hurley and Emr, 2006).  

The limiting membrane of ILVs contains members of the tetraspanin family such 

as CD63 (LAMP3), important for ILV formation, and being negatively charged in 

an acidic milieu, promotes the recruitment of positively charged hydrolases 

(Kolter and Sandhoff, 2005; Pols and Klumperman, 2009). In contrast, the limiting 

membrane of late endosomes is enriched in hydrolase-resistant lysosomal 

glycoproteins including lysosomal-associated membrane protein 1 (LAMP1), 

whereas the lumen contains several acid hydrolases (Fukuda, 1991). 

Usually, late endosomes fuse with lysosomes 10 – 40 minutes after their 

generation to initiate proteolytic degradation of internalised cargo (Huotari and 

Helenius, 2011). To allow maintenance and continuous generation of late 

endosomes, some components essential for late endosome biogenesis, such as 

mannose-6-phosphate receptor (M6PR), are retrieved instead of being sorted to 



 Chapter 1  16 

lysosomes for degradation (Lu and Hong, 2014). M6PR molecules, which 

introduce acid hydrolases into the lumen of late endosomes, shuttle between the 

limiting membrane of late endosomes and the TGN in a retromer-mediated 

mechanism, and thus can undergo several rounds of facilitating late endosome 

biogenesis and maturation (Braulke and Bonifacino, 2009). Furthermore, a 

variety of immune cells, including B cells, T cells and DCs, as well as epithelial 

cells can secrete late endosomal proteins and cargo located in ILVs to the 

extracellular environment. In this process, late endosomes fuse with the plasma 

membrane and release ILV-derived exosomes in a size of 30 – 100 nm in 

diameter into the extracellular space (Lotvall and Valadi, 2007). However, many 

regulatory mechanisms of late endosomal motility and membrane fusion events 

remain poorly understood. 

 

1.2.4: Lysosomes 

Lysosomes are pre-existing organelles and function as the main degradative 

compartment in eukaryotic cells. The lysosomal compartment is composed of 

electron dense, spherical and tubular organelles with heterogenous morphology, 

location, and composition to allow efficient degradation of cargo received from 

the canonical endocytic or other cellular pathways (Appelqvist et al., 2013). They 

possess an acidic luminal pH (4.5 – 5.0) enriched in acid hydrolases, including 

proteases, lipases and glucosidases, and are positive for endocytic tracers  

30 minutes after their internalisation (Sachse et al., 2002; Schröder et al., 2010). 

For most proteins, the entry to lysosomes marks a point-of-no-return, and thus is 

highly regulated by preceding segregation of proteins or molecules not intended 

for degradation into other endosomal pathways (Huotari and Helenius, 2011).  

In the endocytic pathway, cargo within ILVs of late endosomes is delivered to 

lysosomes via fusion of both endosomal structures resulting in the formation 

hybrid organelles exhibiting a multivesicular phenotype. These structures 

sometimes are referred to as endolysosomes, to distinguish them from classic 

pre-existing lysosomes and lysosomes which are originated from the fusion with 
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other endosomal structures such as phagosomes, macropinosomes or 

autophagosomes (Huotari and Helenius, 2011). Interestingly, endolysosomes are 

the main intracellular site of hydrolase activity, whereas terminal lysosomes 

rather function as storage organelles for degraded cargo (Bright et al., 2016). The 

degradation of internalised cargo by endolysosomes and lysosomes fulfills 

several important cellular functions including cell survival, pathogen removal, 

nutrient homeostasis, regeneration of basic building blocks and antigen 

processing (Hsing and Rudensky, 2005; Luzio et al., 2007; Turk and Turk, 2009; 

Mony et al., 2016).  

Similar to late endosomes, lysosomes are characterised by the presence of the 

lysosomal-associated membrane proteins LAMP1 and LAMP2, as well as CD63 

(LAMP3) (Fukuda, 1991). Although morphologically and functionally related to 

late endosomes and endolysosomes, lysosomes are negative for M6PR and 

often contain intraluminal membrane sheets formed during fusion events 

(Griffiths et al., 1988; Mattie et al., 2017). Lysosomes are highly dynamic and 

undergo constant homotypic or heterotypic fusion with late endosomes. 

Therefore, late endosomes, endolysosomes and lysosomes are often considered 

as a fluid continuum exchanging endosomal content and transitioning from one 

phenotype to another constantly, rather than representing explicitly distinct 

organelles (Luzio et al., 2007; Huotari and Helenius, 2011).  

 

1.3: Human Serum Albumin 

Human serum albumin (HSA) is the most abundant protein in human blood with 

concentrations between 35 – 50 g/l and represents more than 50 % of the total 

protein fraction in blood plasma (Quinlan et al., 2005; Arques and Ambrosi, 2011). 

In human blood, HSA displays various physiological functions including the 

binding and transport of various endogenous and exogenous molecules and 

plays a vital role in the maintenance of the colloid osmotic pressure (Sudlow et 

al., 1975; Quinlan et al., 2005; Sitar and Cakatay, 2013). HSA is predominantly 

synthesised by hepatocytes in the liver and 10 to 15 g albumin are released into 
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the vascular system each day in healthy individuals (Arques and Ambrosi, 2011). 

However, 60 – 70 % of the albumin pool in vivo is located to the intravascular and 

interstitial space (Arques, 2018). Albumin molecules have been described to be 

exchanged steadily between the intra- and extravascular pool via transcytosis 

mediated by endothelial cells or drainage through the lymphatic system (Bodega 

et al., 2002). The small globular protein has a size of 66.5 kDa (585 amino acids) 

and is composed of three homologous domains DI, DII and DIII (Carter et al., 

1989). Each of the three albumin domains contains two sub-domains (A and B) 

which are connected by flexible loops and allow for movement of the sub-domains 

relative to each other (Quinlan et al., 2005). The heart-shaped tertiary structure 

of albumin is predominantly comprised of α-helices (67%) and stabilised by 17 

disulfide bridges between cysteine residues. The majority of the cysteine 

residues, 34 of 35, of albumin participate in the formation of intramolecular 

disulfide bridges, whereas Cys34 retains a redox-active thiol group (-SH) 

(Quinlan et al., 2005) (Figure 1.4).  

 

 

Figure 1.4: Crystal structure of human serum albumin (HSA) 
The ribbon diagram shows the six subdomains of HSA, namely IA (purple), IB 
(red), IIA (green), IIB (orange), IIIA (cyan) and IIIB (purple). Intramolecular 

disulfide bridges and Cys34 containing a redox-reactive thiol-group are 
highlighted in yellow. Figure taken from (Larsen et al., 2016). 
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The free thiol group acts as an important scavenger for reactive oxygen species 

in blood and can furthermore interact with drugs like captopril or D-penicillamine 

to facilitate their transport or conduct antitoxic properties (Sitar and Cakatay, 

2013; Yamasaki et al., 2013). In addition to Cys34, albumin possesses various 

other ligand binding sites for interactions with several compounds including fatty 

acids, metal ions, pharmaceuticals and metabolites such as flavonoids (Ashbrook 

et al., 1975; Bolli et al., 2010; Yamasaki et al., 2013; Bal et al., 2013). This 

versatility underlines the complex functions of human serum albumin including 

the binding and targeted delivery of compounds and the role in detoxification and 

antioxidant protection. 

In contrast to most other serum proteins, albumin displays not only higher 

concentration but also enhanced half-life properties. The half-life of HSA, 

alongside Immunoglobulin G (IgG) molecules, is around three weeks in humans, 

whereas other serum proteins are cleared from circulation within hours or days 

(Waldmann et al., 1971; Quinlan et al., 2005; Takata et al., 2011). This half-life 

extension is linked to the ability of albumin and IgG to interact with the neonatal 

Fc receptor (FcRn) in endosomal structures upon internalisation by a variety of 

cells, which leads to the salvation of the two FcRn ligands from lysosomal 

degradation and recycling back into the blood stream (Chaudhury et al., 2003; 

Roopenian et al., 2003). In addition to FcRn, other receptors have been found to 

potentially interact with HSA. One of these receptors, glycoprotein 60 (gp60 or 

albondin) predominantly expressed on vascular endothelial cells, is believed to 

mediate caveolae-dependent endocytosis of albumin (Minshall et al., 2000; Vogel 

et al., 2001). However, the studies which have linked gp60 to albumin 

endocytosis have been mostly conducted in non-human cell models and the 

sequence and function of gp60 has not been fully elucidated (Tiruppathi et al., 

1996; Minshall et al., 2000; Vogel et al., 2001; Pyzik et al., 2019). Recent studies 

using primary murine bone marrow-derived macrophages (BMDMs) indicate that 

albumin is predominantly endocytosed by macropinocytosis by this cell type (Toh 

et al., 2020). This finding is in line with other studies also suggesting an important 

role of macropinocytosis in the uptake of albumin by endothelial and epithelial 

cell lines (Yumoto et al., 2012; Li et al., 2013). 
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Although it is widely appreciated that the half-life of albumin is dependent on the 

presence of FcRn and relies on the intracellular interactions of both molecules, 

the details of albumin uptake and trafficking by different cell types remain unclear 

and need to be further defined using suitable in vivo models, or alternatively 

in vitro models of primary cells to reflect the physiological pathways of albumin 

homeostasis. 

 

1.4: The neonatal Fc receptor 

1.4.1: Structure and function of FcRn 

In humans, the heterodimeric neonatal Fc receptor (FcRn) consists of a α-chain 

with a molecular mass of 40 kDa and a β2-microglobulin (B2M) chain with a mass 

of 12 kDa (Simister and Mostov, 1989; Simister and Ahouse, 1996). The heavy 

α-chain of FcRn is composed of three extracellular domains (α1, α2 

and α3), a transmembrane domain and a short C-terminal cytosolic tail of 44 

amino acids (Burmeister et al., 1994). The heavy chain is non-covalently 

associated with the light chain β2-microglobulin (Figure 1.5). 

Thus, FcRn shares structural similarities with MHC-I receptors but unlike other 

MHC-I class molecules, FcRn is not able to present antigens to CD8+ T cells 

(Burmeister et al., 1994). The peptide groove of human FcRn (hFcRn) is occluded 

by the side chain of Arg162 and a kink in the α2-domain helix near Pro160, which 

prohibits the binding and subsequent presentation of antigen -derived peptides 

(West and Bjorkman, 2000). FcRn is widely expressed among several organs, 

tissues and cell types including the vascular endothelium, kidney, adult gut, lung, 

blood-brain barrier, and myeloid-derived antigen presenting cells (APCs) such as 

macrophages and dendritic cells (Israel et al., 1997; Borvak et al., 1998; Akilesh 

et al., 2007; Latvala et al., 2017; Li et al., 2018). Evolutionary studies suggest that 

FcRn diverged from classic MHC-I class receptors to specifically regulate IgG 

and albumin homeostasis in mammals (West et al., 2004). 
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Figure 1.5: Crystal structure of the human neonatal Fc receptor (FcRn) 
The ribbon diagram shows the FcRn heavy α-chain (brown) consisting of three 

extracellular domains, α1, α2 and α3. Then non -covalently associated light chain 
of FcRn, beta-2-microglobulin (β2m) is illustrated in blue. Figure taken from (Rath 
et al., 2013). 

 

 

FcRn was initially believed to mainly facilitate the transfer of maternal IgG 

molecules to the foetus or neonates providing for humoral immunity in newborns. 

The transcytosis of IgG molecules from the mother to the newborn across the 

placenta in humans or intestinal epithelium in rodents relies on the pH-dependent 

interaction of FcRn with IgG molecules (Story et al., 1994). However, the 

evidence of FcRn expression in adult cells led to the hypothesis that FcRn 

exhibits an additional function throughout life. Indeed, FcRn was shown to be an 

important regulator of not only IgG but also albumin homeostasis using FcRn-

deficient mouse models (Chaudhury et al., 2003). The lack of functional FcRn 

expression in B2M- or FcRn heavy chain-knock-out mice leads to a decrease of 

the serum concentration and the reduction serum half-life of both proteins 

(Chaudhury et al., 2003; Roopenian et al., 2003). Later studies using cellular 

models confirmed the role of FcRn in the rescue of albumin and IgG from 
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lysosomal degradation and the resulting extension of their half-life by the 

verification of FcRn-mediated recycling pathways in vitro and in vivo (Kim et al., 

2006; Montoyo et al., 2009; Schmidt et al., 2017; Toh et al., 2020). Similar to the 

transfer of maternal IgG molecules to the foetus, the protection of FcRn ligands 

from lysosomal degradation relies on the pH-dependent interaction with FcRn. 

Albumin and IgG were shown to bind FcRn under acidic, but not neutral pH, 

indicating a possible interaction of the receptor with its ligands within acidified 

endosomes and subsequent release at the cell surface (Chaudhury et al., 2003). 

Due to the lack of an interaction between the receptor and its ligands at 

neutral pH, FcRn is not believed to play a role in the cellular uptake of either 

albumin or IgG in vivo. However, for cells in an acidic extracellular environment 

like gastric cells or cell lines cultured in acidic medium FcRn might contribute to 

receptor-mediated endocytosis of IgG and albumin (Cooper et al., 2014; Chia et 

al., 2018; Zhang et al., 2020; Lawrence et al., 2021). In addition to the transfer of 

adaptive immunity to the foetus and the rescue of IgG and albumin from 

lysosomal degradation, FcRn was shown to play an important role in anti -tumour 

activities by facilitating nutrient depletion via albumin recycling in tumour cells and 

furthermore, FcRn can be exploited as entry or uncoating receptor by several 

viruses such as echoviruses and enterovirus B (Roopenian and Akilesh, 2007; 

Zhao et al., 2019; Morosky et al., 2019). 

 

1.4.2: Interaction of FcRn with albumin 

Albumin and FcRn are able to bind in an acidic environment with a high affinity in 

a low µM range (1.1 µM at pH 6), whereas no binding of the two molecules is 

observed at neutral pH (Sand et al., 2014). The interaction of albumin and hFcRn 

is mediated by the protonation of His166 in FcRn and three additional conserved 

histidine residues (His464, His510 and His535) in the DIII domain of HSA under 

acidic conditions (Andersen et al., 2012). Protonated His166 in FcRn forms 

charge-stabilised intramolecular hydrogen bonds with Glu54 and Tyr60 and leads 

to the stabilisation of a surface-exposed loop (residues 51 – 60) in the α1-domain 

of FcRn. The surface-exposed loop is characterised by the presence of four 
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conserved tryptophane residues (Trp51, Trp53, Trp59 and Trp61) within the loop 

structure (Andersen et al., 2012) (Figure 1.6A).  

 

 

Figure 1.6: The structure of the pH-dependent flexible loop at the surface of 
human FcRn 

(A) Ribbon diagram of the extracellular domains of human FcRn. The heavy α-
chain is shown in green, the light chain  (β2m) is shown in grey. The residues 

Glu115, Glu116 and His166 within the α2 domain as well as the four conserved 
tryptophane residues, Trp51, Trp53, Trp59 and Trp61, within the pH-dependent 
flexible loop structure in the α1 domain of FcRn are highlighted as ball -and-stick 

models. (B) Close up view of the pH-dependent flexible loop structure in the α1 
domain of FcRn at low pH (4.2, green) and high pH (8.2, yellow). In addition to 

highlighted amino acid residues before, Glu54, Gln56 and Tyr60 are shown as 
ball-and-stick models. Charge-stabilised hydrogen bond interactions of His166 at 
low pH are indicated by blue dashed lines. At high pH, uncharged His166 loses 

the ability to undergo stabilising interactions with Glu54 and Tyr60 and the 
tryptophane-rich loop structure becomes structurally disordered (yellow dashed 

line). Figure taken from (Sand et al., 2014). 
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These conserved tryptophane residues were shown to be essential for the 

interaction of FcRn with albumin since mutation of any one of the four residues 

to alanine abolished the ligand-receptor binding (Schmidt et al., 2013; Sand et 

al., 2014). Trp53 and Trp59 are exposed on the surface of FcRn and can interact 

with hydrophobic pockets formed in the DIIIa and DIIIb domain of albumin 

(Schmidt et al., 2013). This interaction is highly dependent on the four conserved 

amino acids on albumin, Phe502, Phe507, Phe551 and Thr527, forming a 

hydrophobic cleft for binding to Trp53 of FcRn. Trp59 of FcRn is inserted into a 

proximal hydrophobic cleft formed by two α-helices of the DIII and DI domain of 

albumin (Sand et al., 2014) (Figure 1.7). 

 

 

Figure 1.7: The pH-dependent binding of FcRn and HSA 
Schematic model of the pH-dependent interactions between HSA (red) and FcRn 

(green). At pH 7.4, the surface-exposed looped of FcRn containing the two 
tryptophane residues, W53 and W59, is disordered (blue dashed line) and 
histidine residues of HSA and FcRn are deprotonated (H). At pH6, histidine 

residues in both molecules become protonated (circled H) and can form hydrogen 
bonds (black lines). Protonated His166 of FcRn stabilises the W53- and W59-
containing loop and both tryptophane residues are exposed on the protein 

surface. Hydrogen bond networks mediated by His510 and His535 anchor 
hydrophobic binding pockets in the DIIIA and DIIIB domain of HSA in an open 

position. The albumin-FcRn interaction is stabilised by the insertion of W53 and 
W59 of FcRn into the hydrophobic binding pockets of HSA. Figure adapted from 
(Schmidt et al., 2013). 
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The Trp53 binding pocket is hereby held in an open position by two histidine 

residues on albumin (His510 and His535), which are fully protonated at acidic pH. 

His464 on albumin is proposed to directly interact with Trp59 in the respective 

binding pocket. (Schmidt et al., 2013). The albumin-FcRn interaction is further 

stabilised by the formation of salt bridges between Lys500 of albumin and Gln46 

on FcRn (Sand et al., 2015). Interestingly, His166 does not interact directly with 

albumin but the substitution of His166 in hFcRn (His168 in murine FcRn) to 

alanine or phenylalanine leads to abolishment of the FcRn-albumin interaction 

highlighting the importance of the His166-mediated stabilisation of the loop 

structure in the α1-domain of FcRn (Schmidt et al., 2013). Mutation of the albumin 

residues His464, His510 or His535 was also shown to significantly reduce the 

affinity of albumin to FcRn (Andersen et al., 2012). In humans, the DI domain of 

albumin stabilises the binding to FcRn via the contact of two exposed loops with 

the α1 and α2 helices of FcRn. Interestingly, the participation of albumin DI in 

binding FcRn has not been observed in rodents indicating major species-

dependent differences in the albumin-FcRn biology (Andersen et al., 2010; Nilsen 

et al., 2018). At neutral pH, the essential histidine residues on albumin and FcRn 

are deprotonated and no interaction of both molecules is observed (Sand et al., 

2014) (Figure 1.6B). In contrast to DI and DIII, DII of albumin does not participate 

in the interaction with FcRn (Andersen et al., 2012).  

Similar to the albumin-FcRn interaction, the binding of IgG molecules to FcRn 

relies on a pH-dependent interaction network of essential histidine residues and 

salt bridges (Vaughn et al., 1997). The contact area of FcRn and IgG is much 

smaller than for the albumin interaction and the IgG binding site is located at the 

other site of the FcRn molecule (Chaudhury et al., 2006). This allows FcRn to 

independently interact with albumin and IgG simultaneously (Oganesyan et al., 

2014). However, the simultaneous binding of both ligands to FcRn was 

investigated using soluble forms of FcRn. It remains unclear, if and how 

membrane-bound FcRn circumvents sterical hindrances and facilitates the 

simultaneous interaction with IgG and albumin molecules (Pyzik et al., 2019). 

Furthermore, FcRn binds IgG molecules in a 2:1 molar ratio, whereas binding to 
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the other FcRn ligand, albumin, occurs with a stoichiometry of 1:1 (Sánchez et 

al., 1999; Chaudhury et al., 2006).  

 

1.4.3: Intracellular localisation of FcRn 

In contrast to other MHC-I class receptors, FcRn is predominantly localised to 

intracellular structures and only low levels are found at the cell surface (Blander, 

2016; D’hooghe et al., 2017). In steady state, FcRn was shown to be mainly 

associated with EEA1-positive early endosomes and Rab11- and transferrin-

positive recycling endosomal structures in immortalised HeLa or HMEC-1 

(human dermal microvascular endothelial cells) cell lines overexpressing hFcRn. 

Only small proportions of FcRn have been found to be presented on the cell 

surface or associated with CD63- and LAMP1-positive late endosomal and 

lysosomal structures (Ward et al., 2005; Mahmoud et al., 2017). Over the past 

two decades, sorting motifs within the cytoplasmic tail of FcRn were identified, 

which regulate FcRn trafficking and steady state localisation of FcRn in 

transfected cell lines via two main mechanisms (Newton et al., 2005; Tesar and 

Björkman, 2010). On the one hand, the unique WXXφ (WISL) and acidic di-

leucine (DXXXLL) motifs were shown to mediate clathrin -mediated endocytosis 

of surface FcRn into EEA1-positive early endosomes and lead to the rapid 

internalisation of surface-bound FcRn via adaptor protein 2 (AP-2) (Wu and 

Simister, 2001; Wernick et al., 2005; D’hooghe et al., 2017). On the other hand, 

the extended GLPAPWISL sorting motif was identified to be essential for the 

targeted trafficking of FcRn from EEA1-positive early endosomes into Rab11-

positive recycling endosomes. The replacement of the cytoplasmic FcRn tail with 

the cytoplasmic tail of CD8 led to the exclusion of the hybrid receptor from Rab11-

positive structures and the sorting of FcRn-CD8 into the late endosomal and 

lysosomal pathway (Mahmoud et al., 2017). Hence, the active sorting of FcRn in 

transfected immortalised cell lines is mediated by sorting motifs in the cytoplasmic 

tail. However, the mechanisms or protein machinery responsible for the targeted 

FcRn trafficking have yet to be identified.  
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Although it is widely accepted that FcRn is not localised to CD63- or LAMP1-

positive late endosomes and lysosomes, Gan et al. have shown that fluorescent-

labelled FcRn can be trafficked into lysosomes using transfected HMEC-1 cells 

(Gan et al., 2009). In contrast to most other receptor molecules destined for 

intracellular degradation, FcRn is not present in the intraluminal vesicles (ILVs) 

of Rab5+Rab7+ late endosomes but rather is associated with the limiting 

membrane of these organelles, a topology which allows FcRn to be potentially 

recycled back to the plasma membrane. In addition, some of the FcRn located to 

the limiting membrane of late endosomes can be delivered into lysosomal 

structures by tubular extensions or “kiss and run”-like interactions between late 

endosomes and lysosomes suggesting constitutive intracellular degradation of 

FcRn in immortalised cell lines (Gan et al., 2009).  

Most studies investigating the intracellular localisation of FcRn at steady state 

have used immortalised cell lines overexpressing FcRn. Studies in bone marrow-

derived macrophages (BMDMs) isolated from humanised transgenic mice have 

revealed that FcRn is associated with enlarged EEA1-positive early endosomes 

and macropinosomes but is not localised to Rab11-positive recycling endosomes 

(Mahmoud, 2015). Furthermore, FcRn showed more than 50 % overlap with 

SNX5, which is heavily expressed in cells active in macropinocytosis and linked 

to newly formed macropinosomes (Lim et al., 2012; Toh et al., 2020). SNX5 was 

also detected on tubular extensions emerging from macropinosome bodies and, 

given the importance of SNX5 in driving membrane curvature, possibly facilitates 

a rapid recycling mechanism of endocytosed cargo back to the plasma 

membrane (Kerr et al., 2006; Cullen and Korswagen, 2012).  

In summary, differences in the intracellular distribution of FcRn under steady state 

conditions have been observed between distinct cell types underlining the 

complexity and gaps in understanding of the intracellular trafficking and recycling 

pathways of FcRn. It remains unclear whether the localisation of FcRn to specific 

endosomal structures is dependent on the particular cell type or differences in 

expression levels of the receptor can influence the intracellular distribution of 

the receptor.  



 Chapter 1  28 

1.5: The FcRn-dependent recycling system 

The role of systemic FcRn expression in the homeostasis of IgG molecules was 

first suggested by Roger Brambell and colleagues in 1964 (Brambell et al., 1964). 

The mechanisms of FcRn-dependent IgG homeostasis have been slowly 

deciphered over 30 years. A key study was the investigation of the IgG serum 

levels of mice bearing a knock-out of either the light (B2M) or heavy chain of FcRn 

(Ghetie et al., 1996; Israel et al., 1996; Christianson et al., 1997; Roopenian et 

al., 2003). These knock-out mice showed lower serum concentrations and 

enhanced IgG catabolism compared to WT mice. It was also discovered that 

FcRn is able to bind albumin and prolong its lifetime by rescuing endocytosed 

albumin from lysosomal degradation (Chaudhury et al., 2003). The deletion of the 

FcRn heavy chain in mice led to a decrease of circulating levels of IgG and 

albumin of around 20 – 30 or 40 %, respectively. Additionally, the serum half-life 

of both, IgG and albumin, dropped from 95 and 39 hours to around 20 – 25 hours 

in the absence of functional FcRn (Ghetie et al., 1996; Chaudhury et al., 2003; 

Roopenian et al., 2003).  

 

1.5.1: The FcRn-IgG cell biology 

Since the FcRn-dependent recycling pathway was first proposed in 1964, the cell 

biology underlying the FcRn cell biology has been studied extensively by Ward 

and colleagues, mostly in immortalised endothelial cell lines transfected with 

fluorescent-labelled FcRn (Ober et al., 2004; Ward et al., 2005; Gan et al., 2013; 

Ober et al., 2014). These studies have shown that endocytosed IgG molecules 

bind to FcRn in EEA1-, Rab4-, Rab5- and Rab11-positive endosomal structures, 

which are characterised by a luminal pH of around 6 (Ober et al., 2004; Ward et 

al., 2005; Zhou et al., 2011). The FcRn-IgG complex is sorted into Rab4- and 

Rab11-positive recycling endosomes and subsequently trafficked to the plasma 

membrane via exocytic processes. Finally, the ligand dissociates from the 

receptor at neutral pH of the cell surface and IgG is then released into the 

extracellular environment (Ober et al., 2014). IgG molecules, which do not bind 
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intracellular FcRn, or IgG variants not capable of binding FcRn, are sorted from 

endosomes into the lysosomal pathway (Ward et al., 2003; Ober et al., 2004). 

Similar results have been described for large FcRn-bound IgG immune 

complexes in human monocyte-derived dendritic cells, which upon endocytosis 

are sorted into degradative LAMP1+ compartments and are processed for 

antigen-derived peptide presentation (Qiao et al., 2008; Weflen et al., 2013).  

 

1.5.2: Mechanism of FcRn-dependent albumin recycling 

Compared to the intracellular itinerary and the FcRn interaction of IgG molecules, 

much less is known about pathways and mechanisms of albumin -FcRn cell 

biology. There are contradictory findings about the primary endocytic pathways 

of albumin in different cell types. On the one hand, albumin is believed to bind to 

surface-exposed receptors like gp60 on endothelial cells or megalin, which then 

triggers receptor-mediated and caveolae-dependent endocytosis of albumin 

(Tiruppathi et al., 1997; Vogel et al., 2001; Bryniarski et al., 2020). This selective 

albumin uptake was predominantly observed using immortalised endothelial cell 

lines. On the other hand, some studies using immortalised cell lines or primary 

bone marrow-derived macrophages showed that albumin uptake is facilitated 

non-selectively via macropinocytosis (Yumoto et al., 2012; Liu et al., 2019; Toh 

et al., 2020).  

Most studies agree that upon endocytosis albumin is associated with EEA1- and 

Rab5-positive early endosomal or macropinosomal structures (Schmidt et al., 

2017; Larsen et al., 2018; Toh et al., 2020). Studies in immortalised cell lines 

have shown that instead of being sorted to late endosomes and lysosomes, 

internalised albumin is recycled back to the plasma membrane in a FcRn-

dependent manner (Schmidt et al., 2017). To this end, the amount of recycled 

albumin following cell uptake was quantified using ELISA-based assays. Albumin 

variants with high affinity FcRn binding were recycled more efficiently than low 

affinity FcRn binding variants by FcRn-expressing endothelial cell lines, indicating 

that the sorting of albumin into the recycling pathway is FcRn -dependent 
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(Schmidt et al., 2017; Larsen et al., 2018; Grevys et al., 2018). Additionally, 

albumin was found to be trafficked via Rab11-positive recycling endosomes 

before reaching the plasma membrane, suggesting FcRn-mediated recycling 

follows the slow endocytic recycling route in immortalised cell lines (Chia et al., 

2018). Due to the inability of most immortalised cell lines to implement fluid-phase 

uptake efficiently, albumin uptake was either realised with extended incubation 

times or under acidic conditions (Schmidt et al., 2017; Larsen et al., 2018; Chia 

et al., 2018). The latter allows binding of albumin and FcRn at the cell surface 

and triggers receptor-mediated endocytosis of the ligand into the cell (Chia et al., 

2018). However, albumin is endocytosed independently of FcRn in vivo, 

predominantly by rapid fluid phase endocytosis (Lim and Gleeson, 2011; Lim et 

al., 2015). Due to the major differences in the pathways of albumin uptake 

exploited in vivo and in vitro, there is concern in studying the FcRn-albumin cell 

biology using immortalised cell lines by forcing receptor-mediated endocytosis of 

albumin under acidic conditions (Anderson, 2014). This concern highlights the 

importance of primary cell models to be capable of efficient albumin 

internalisation by fluid phase endocytosis, or macropinocytosis, to gain more 

knowledge about FcRn-mediated albumin cell biology under physiologically 

relevant conditions. 

One such approach was the investigation of FcRn-dependent HSA recycling in 

CSF-1-activated bone marrow-derived macrophages (BMDMs) isolated from 

human FcRn-transgenic mice (Toh et al., 2020). In BMDMs, albumin, as well as 

IgG, is endocytosed via macropinocytosis and rapidly recycled back to the 

plasma membrane via tubular transport carriers in a FcRn-dependent manner 

(Toh et al., 2020) (Figure 1.8). 
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Figure 1.8: The FcRn-mediated albumin recycling in bone marrow-derived 

macrophages (BMDMs) 
Human serum albumin (HSA, green) is endocytosed into CSF-1-activated bone 

marrow-derived macrophages (BMDMs) via macropinocytosis. HSA interacts 
with FcRn (red and orange) located at the limiting membrane of acidified early 
macropinosomes (blue). The receptor-ligand complex is sorted into tubular 

transport carriers mediating rapid FcRn-dependent HSA recycling. The non 
FcRn-binding albumin variant HSAH464Q is sorted to late endosomes/lysosomes 

(red) and is eventually degraded. Recycling endosomes (orange) are not involved 
in FcRn-dependent HSA recycling on BMDMs. The figure was created with 
BioRender.com. 

 

 

The tubular transport carriers mediating the recycling of albumin are positive for 

SNX5 and emerge from macropinosome bodies 15 – 20 minutes upon their 

internalisation (Toh et al., 2020). Sorting of albumin into tubular carriers is thought 

to be mediated by the interaction of FcRn with its ligand in acidified maturing 

macropinosomes or early endosomes (Toh et al., 2020). However, the details of 

the intracellular FcRn-albumin interaction within endosomes are yet to be 

defined. Once the transport carriers reach the plasma membrane, albumin is 

released from the receptor at neutral pH (Roopenian and Akilesh, 2007). The 

albumin variant HSAH464Q, which is not able to interact with FcRn, is absent from 

SNX5-positive transport carriers and is rapidly degraded in lysosomes (Toh et al., 
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2020). In contrast to studies using immortalised cell lines, Rab11-positive 

recycling endosomes are not involved in the FcRn-albumin recycling pathway in 

primary macrophages (Toh et al., 2020).  

In summary, the FcRn-mediated albumin cell biology is not fully understood. On 

the one hand, studies using immortalised cell lines suggest HSA recycling is 

facilitated via the slow recycling route (Chia et al., 2018; Grevys et al., 2018), 

whereas on the other hand primary BMDMs recycle HSA directly back to the 

plasma membrane in a rapid and FcRn-dependent manner (Toh et al., 2020). For 

future studies, the establishment of primary cell models capable of effective fluid 

phase uptake is essential to investigate FcRn-albumin cell biology under 

physiologically relevant conditions.  

 

1.5.3: Physiologically relevant sites for albumin homeostasis 

The distribution and expression of FcRn across several tissues aggravates the 

identification of the most important sites of albumin homeostasis in vivo based 

solely on the location of FcRn  (Latvala et al., 2017). However, from a variety of 

approaches, including conditional FcRn knock-out in vascular and hematopoietic 

cells or macrophages, there is evidence on specific cell types playing a dominant 

role in regulating albumin homeostasis in vivo in a FcRn-dependent manner 

(Montoyo et al., 2009; Challa et al., 2019). Among these cells are hepatocytes in 

the liver, proximal tubule epithelial cells in the kidney, myeloid-derived antigen 

presenting cells (APCs) such as macrophages and dendritic cells (DCs), as well 

as vascular endothelial cells (Pyzik et al., 2019).  

Hepatocytes are responsible for albumin biosynthesis in vivo (Peters, 1997; Bern 

et al., 2015). In hypoalbuminemic Fcrgt-/- mice, albumin production rates in the 

liver are increased by approximately 20 %, presumably to compensate for the 

loss of FcRn-mediated albumin recycling in these knock-out mice (Kim et al., 

2006). Interestingly, the conditional knock-out of FcRn expression in hepatocytes 

of Albcre FcRn fl/fl mice results in a less efficient transport of intracellular albumin 

from hepatocytes into the blood circulation compared to wildtype mice (Pyzik et 
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al., 2017). Instead, albumin is accumulated within hepatocytes or excreted into 

the bile suggesting an important role of FcRn in the selective sorting of 

intracellular albumin to the basolateral membrane of hepatocytes and 

subsequent release of the ligand into the circulation (Pyzik et al., 2017). 

The kidney controls the properties of various body fluids and removes waste 

products or toxins by filtration of the blood in the glomeruli (Finco, 1997). To avoid 

the accumulation of blood proteins in the urine, the presence of a charge- and 

size-dependent filtration barrier prevents the passage of high molecular weight 

proteins larger than ~ 40 kDa into the glomerular filtrate (D’Amico and Bazzi, 

2003). Human serum albumin (HSA) with a size of ~ 66.5 kDa is close to the 

filtration cut-off size and is partially capable of entering the filtrate (Russo et al., 

2007). However, FcRn-expressing proximal tubule epithelial cells mediate the 

reabsorption of HSA from the glomerular filtrate into the blood circulation via a 

transcytosis pathway involving the cubilin-megalin receptor complex, which 

regulates the specific internalisation of HSA from the renal filtrate (Sarav et al., 

2009; Amsellem et al., 2010). The importance of FcRn expression in proximal 

tubule epithelial cells and the involvement in the reabsorption of albumin into the 

circulation is supported by studies using FcRn knock-out models or inducible 

expression of tagged albumin in podocytes. In FcRn knock-out mice, 

hypoalbuminemia is reversed by the transplantation of WT kidneys indicating an 

important role of renal FcRn expression in albumin homeostasis (Sarav et al., 

2009). V5- and HA-tagged albumin expressed in podocytes upon doxycycline 

induction is transcytosed by proximal tubular epithelial cells in a FcRn -dependent 

manner and accumulates in the circulation (Tenten et al., 2013).  

FcRn is highly expressed in cells of hematopoietic origin, especially in 

monocytes, dendritic cells (DCs) and macrophages, which are therefore 

proposed to play a crucial role in maintaining high serum concentrations of 

albumin (Zhu et al., 2001). Indeed, the deletion of the heavy or light chain of FcRn 

in cells of bone marrow (BM) origin significantly reduces the albumin half -life and 

concentration in the circulation of mice (Montoyo et al., 2009). Similar effects are 

described for BM chimeras using human FcRn-transgenic recipient mice and 
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Fcrgt-/- BM donors (Richter et al., 2018). The BM chimeras display lower albumin 

serum concentration than WT mice but significantly higher albumin levels than 

complete FcRn knock-out mice. The reconstitution of the BM compartment with 

human FcRn-expressing cells in Fcrgt-/- mice partially restores the normal levels 

of circulating albumin observed in wildtype mice (Roopenian et al., 2015; Richter 

et al., 2018). In mice harbouring a conditional knock-out for FcRn in the vascular 

and hematopoietic (Tie2cre) or the macrophage compartment (LysMcre) albumin 

levels are reduced 2-fold in comparison to WT mice highlighting the important 

role of these cells in the albumin homeostasis in vivo (Montoyo et al., 2009; Challa 

et al., 2019). Studies using primary bone marrow-derived macrophages isolated 

from mice transgenic for human FcRn also support the conclusion that these cells 

play an important role in albumin homeostasis, by mediating FcRn-dependent 

recycling of endocytosed albumin in vitro (Toh et al., 2020). However, in contrast 

to previous findings, the deletion of FcRn in the CD11c compartment (Itgaxcre) 

has no effect on albumin serum concentrations in mice (Pyzik et al., 2017). 

Collectively, these studies suggest that cells of hematopoietic origin, 

predominantly macrophages, are important in maintaining high circulating levels 

and long serum half-life of albumin, although their precise contribution in vivo is 

unclear since the reconstitution of BM in Fcrgt-/- mice with FcRn-expressing cells 

only leads to a partial recovery of the serum half-life and concentration of albumin 

(Richter et al., 2018). 

Endothelial cells line the blood vessels of the entire vascular system and hence 

are proposed to be key players in regulating albumin homeostasis in vivo due to 

their large contact area with blood (Pyzik et al., 2019). The conditional knock-out 

of FcRn in endothelial (and hematopoietic) cells in Tie2cre mice leads to reduced 

albumin serum levels and half-life suggesting endothelial cells may have a role in 

maintaining high concentrations of circulating albumin (Montoyo et al., 2009). 

This conclusion is further supported by the bone marrow chimeras using human 

FcRn-expressing recipient mice and Fcrgt-/- BM donors discussed above, where 

albumin half-life is higher compared with complete FcRn knock-out mice 

suggesting that other cell types in addition to hematopoietic cells contribute to 

albumin homeostasis in vivo (Richter et al., 2018). Studies using endothelial cell 
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lines in vitro have also demonstrated that intracellular FcRn rescues internalised 

albumin from lysosomal degradation by sorting albumin located to early 

endosomes into recycling pathways and avoiding the transport of the ligand to 

late endosomes and lysosomes. Rather, albumin was shown to be recycled back 

to the plasma membrane and released into the medium using non-polarised 

immortalised endothelial cell lines cultured in monolayers (Schmidt et al., 2017; 

Grevys et al., 2018). However, endothelial cells in vivo are polarised and regulate 

the passage of molecules from the circulation to the extravascular space beneath 

the endothelium or vice versa (Potente and Mäkinen, 2017). Additionally, albumin 

is not only present in high levels within the circulation but also in the extravascular 

space, where two-thirds of the total albumin molecules are proposed to reside 

(Arques, 2018). To which extent FcRn in endothelial cells regulate the 

biodistribution of circulating and extravascular albumin, and their contribution to 

FcRn-dependent albumin recycling or transcytosis in vivo remain poorly 

understood. A further complication is the heterogeneity of endothelial cells in vivo, 

as endothelial cells differ between arteries and veins as well as small and large 

vessels (Aird, 2007). Therefore, the establishment of primary endothelial cell 

models is essential to assess the role of vascular endothelial cells in FcRn-

mediated albumin cell biology under physiologically relevant conditions in vitro.  

Prominent FcRn expression in the adult is also reported for several other tissues 

and organs including intestinal mucosal surfaces, the blood-brain barrier and the 

lung epithelium (Sakagami et al., 2006; Latvala et al., 2017). Although FcRn-

mediated regulation in the homeostasis of monomeric IgG and IgG immune 

complexes is well documented for these sites, they are not considered to fulfill 

important functions in albumin homeostasis (Roopenian and Akilesh, 2007; Pyzik 

et al., 2019). 
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1.5.4: Exploiting FcRn-mediated albumin cell biology by the design of 

albumin fusion proteins 

The downfall of many therapeutic proteins is their short half-life in vivo due to high 

renal clearance rates or their rapid degradation upon endocytosis. One strategy 

to overcome this issue is the design of half-life extended therapeutic fusion 

proteins with the Fc region of IgG molecules or albumin (Kontermann, 2016). On 

the one hand, the fusion to the Fc domain or albumin increases the size of the 

product decreasing the renal clearance rates of the particular fusion protein. On 

the other hand, fusion to one of the FcRn ligands allows FcRn -dependent 

recycling of the therapeutic fusion protein rescuing it from lysosomal degradation 

and thereby extending its circulatory half-life (Zaman et al., 2019). 

Albumin fusion proteins, in particular, are a promising approach for designing 

half-life extended therapeutics since recombinant HSA is stable, inert, non-

immunogenic and with many surface-exposed binding sites for various 

compounds present on the albumin domain, the albumin fusion proteins can be 

used as vehicle molecules for co-administration of additional therapeutical 

compounds (Sleep et al., 2013; Larsen et al., 2016; Pilati and Howard, 2020; Chia 

et al., 2021). Furthermore, therapeutic albumin fusion proteins can potentially be 

engineered to bind FcRn more efficiently or to target specific cell types and 

tissues including cancer cells or tumours, which dysregulate their expression of 

albumin-binding receptors such as FcRn to effectively endocytose and catabolise 

albumin as a nutrient source for allowing their rapid growth and propagation 

(Andersen et al., 2014; Bern et al., 2015; Cadena Castaneda et al., 2020; Ribeiro 

et al., 2021).  

During the 21st century, several genetically engineered albumin fusion proteins 

with extended half-life properties have been designed for the potential treatment 

of various diseases and disorders including diabetes, hepatitis C and 

hemophilia B (Subramanian et al., 2007; Gao et al., 2009; Lyseng-Williamson, 

2017). The first and only commercially available genetic albumin fusion protein 

Idelvion®, a fusion of recombinant FIX to albumin, was FDA-approved in 

March 2016 for the treatment of children and adults suffering from hemophilia B 
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(Choy, 2016). In contrast to recombinant FIX, Idelvion® exhibits improved 

pharmacological properties including extended serum half-life and reduces the 

frequency of prophylactic hemophilia B treatment with recombinant FIX products 

from injections every 3 – 4 days to 1 – 2 injections per fortnight (Lyseng-

Williamson, 2017). One reason for the prolonged half-life of Idelvion® in vivo might 

be the exploitation of FcRn-dependent recycling upon endocytosis. Studies using 

FcRn-expressing HEK293 cells have indicated that FIX-albumin fusion proteins 

are able to engage with FcRn via their albumin moiety and FcRn -dependent 

fusion protein recycling is mediated via Rab11-positive recycling endosomes 

(Chia et al., 2018). However, the cell biological details in primary cells and the 

contribution of FcRn-dependent recycling mechanisms in the half-life extension 

of albumin fusion proteins in vivo are not yet defined.  

Instead of designing genetic albumin fusion proteins, albumin-based therapeutics 

can also be linked covalently to lysine residues or the free thiol group of Cys34 in 

human serum albumin via maleimide chemistry (Sleep et al., 2013; Kuhlmann et 

al., 2017). Alternatively, therapeutic proteins can be engineered to bind 

endogenous albumin by the introduction of bacterial albumin -binding domains 

(ABDs) or albumin binding lipids. Both strategies improve pharmacological 

parameters and increase circulatory half-life of engineered albumin-based 

therapeutics including the attachment of albumin-binding C14-myrisitic acid to 

insulin detemir or the conjugation of ABDs to IgA molecules, human epidermal 

growth factor 2 (HER2)-directed antibody mimetics (affibodies) and human TNF-

related apoptosis-inducing ligand (hTRAIL) (Soran and Younis, 2006; Andersen 

et al., 2011; Li et al., 2016; Mester et al., 2021). Other approaches focus on the 

use of albumin-binding nanobodies to extend the half-life of potential therapeutics 

for the treatment of various diseases like rheumatoid arthritis (Van Roy et al., 

2015; Jovčevska and Muyldermans, 2019).  

Although albumin-based approaches to design half-life extended therapeutic 

proteins show promising results during clinical trials, particularly genetically 

engineered albumin fusion proteins are yet to increase their share on the open 

market (Pilati and Howard, 2020). The cell biological background of how half-life 
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extension of albumin-based fusion proteins is facilitated by different cell types 

in vivo and to which extent the exploitation of FcRn-dependent albumin recycling 

contributes to the improvement of pharmacological parameters remains 

unknown. Further investigations on FcRn-albumin cell biology in primary cells are 

required to identify possible limitations and to further improve the design and 

therapeutic outcome of albumin fusion proteins. 

 

1.6: Hemophilia A and coagulation factor VIII 

Hemophilia A (HemA) is an inherited, X-chromosome linked bleeding disorder 

affecting approximately 1 in 5000 males worldwide resulting in life-long bleeding 

tendencies in patients (Soucie et al., 1998; Mannucci and Tuddenham, 2001). 

Also known as the “royal disease”, congenital HemA in females is very rare due 

to the recessive mode of the disease (Byams et al., 2011). However, recent 

studies raise more awareness about female carriers exhibiting clinical symptoms 

of HemA, albeit mostly mild, and recommend prophylactic treatment analogous 

to male HemA patients (Bryant et al., 2020). 

HemA is caused by the total absence or impaired function of coagulation 

factor VIII (FVIII), an essential glycoprotein cofactor in the blood coagulation 

cascade (Bhopale and Nanda, 2003). FVIII is produced by liver sinusoidal 

endothelial cells (LSECs) and, upon activation by thrombin, activated FVIII 

(FVIIIa), together with activated coagulation factor IX (FIXa) forms the intrinsic 

tenase complex (Autin et al., 2005). The tenase complex activates coagulation 

factor X, which by forming the prothrombinase complex with activated factor V 

stimulates the generation of high amounts of thrombin completing a thrombin-

dependent positive feedback loop. Eventually, the blood coagulation process is 

finalised by the generation of stable clots formed by thrombin -mediated 

conversion of fibrinogen into insoluble fibrin polymers (Schenone et al., 2004).  

The severity of HemA correlates with plasma concentrations of FVIII and thus, 

patients are categorised according to their residual FVIII activity levels. Patients 

with mild (5 – 40 IU/dl FVIII) or moderate (1 – 5 IU/dl FVIII) HemA suffer from 
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prolonged bleeding periods throughout life and are susceptive to trauma-induced 

bleedings without a significant decrease in quality of life (White et al., 2001; 

Blanchette et al., 2014). In contrast, patients suffering from severe HemA 

(< 1 IU/dl FVIII) may experience spontaneous bleeding events within joints and 

muscles resulting in irreversible cartilage and bone damage, which both 

drastically reduce the quality of life (Knobe and Berntorp, 2011). In addition, 

severe HemA patients bear an increased risk of experiencing brain 

haemorrhages and their life expectancy, even upon FVIII replacement therapy, 

is reduced up to 37 % in high-income countries compared to healthy individuals 

(Hu et al., 2018; Iorio et al., 2019). 

 

1.6.1: Treatment of hemophilia A and inhibitor formation 

Beginning in the 1950’s, HemA patients originally were treated with infusions of 

whole blood or plasma to recover FVIII activity and prevent bleeding events 

(Franchini and Mannucci, 2012). Due to the inefficiency of the treatment with 

whole blood, it was quickly discovered that lyophilised plasma concentrates rich 

in FVIII were far more effective in preventing bleeding events improving 

symptomatic outcomes of HemA patients (Pool et al., 1964). However, the use of 

plasma-derived plasma products led to a massive transmission of human 

immunodeficiency virus (HIV) and hepatitis C virus (HCV) to HemA patients 

caused by product contamination (Mannucci, 2003). Despite the emerge of new 

technologies significantly increasing the safety of plasma-derived FVIII products, 

the gold standard for treating patients suffering from HemA today is protein 

replacement therapy using recombinant FVIII (rFVIII) products (Franchini, 2013). 

Recombinant FVIII products are applied via intravenous injections either on 

demand upon suffering from severe bleeding events or in a prophylactic manner. 

Particularly in patients with severe HemA protein replacement therapy is 

conducted prophylactically to prevent spontaneous bleeding events within joints 

and muscles (Brackmann et al., 1992; Berntorp et al., 2021). Prophylactic FVIII 

treatment requires frequent intravenous injections due to the relative short 
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half-life of recombinant FVIII (~ 12 hours) in the circulation, and is very 

burdensome and expensive for HemA patients (Lillicrap, 2008). Therefore, 

current research is focussed on the development of half-life extended FVIII 

products, such as FVIII fusion and PEGylated proteins, or non-factor therapies 

including bispecific antibodies mimicking the in vivo function of FVIII (Coyle et al., 

2014; Nolan et al., 2016; Oldenburg et al., 2017). However, these new generation 

products are often less effective and more expensive and thus, the standard 

treatment of HemA patients today remains the intravenous application of 

recombinant FVIII products (Aledort et al., 2019; Berntorp et al., 2021). 

One major complication resulting from rFVIII-dependent protein replacement 

therapy is the development of neutralising antibodies against FVIII in HemA 

patients, usually observed within the first 15 days of exposure (Gouw et al., 2013). 

These neutralising antibodies, also referred to as inhibitors, are formed in up to 

30 % of patients suffering from severe HemA and approximately 5 % of patients 

with mild or moderate forms of HemA (Meeks and Batsuli, 2016). Inhibitors are 

polyclonal high-affinity antibodies, which most commonly bind to functional 

epitopes of FVIII and inhibit FVIII function by sterically blocking enzymatic 

functions (Ananyeva et al., 2004; Saint-Remy et al., 2004). Additionally, inhibitors 

can bind to non-functional FVIII epitopes and increase the clearance rate of rFVIII 

in vivo via the formation of immune complexes (Lacroix-Desmazes et al., 1999). 

Taken together, the formation of inhibitors directed against FVIII drastically 

decreases the efficiency of protein replacement therapy using rFVIII and leads to 

increased morbidity and reduced quality of life in HemA patients (Walsh et al., 

2016). 

The formation of inhibitors, in addition to the influence of several environmental 

and genetic risk factors, is caused by a lack of central and peripheral tolerance 

to FVIII in HemA patients, which triggers a pathophysiological immune response 

mediated by FVIII-specific B and T cells (Figure 1.9) (Saint-Remy et al., 2004; 

Garagiola et al., 2018; Cormier et al., 2020; Hart, 2020). 
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Figure 1.9: Cellular mechanisms of inhibitor development in hemophilia A 
(HemA) patients 

Extracellular FVIII is endocytosed by antigen-presenting cells (APCs) via 
receptor-mediated endocytosis by binding to surface receptors expressed on 
APCs. Endocytosed FVIII is trafficked along the endocytic pathway and 

processed to peptides, which subsequently are loaded onto MHC-II molecules 
within the MHC-compartment. MHC-II-loaded peptides are presented to FVIII-

specific CD4+ and together with co-stimulatory signals induce the activation of 
these CD4+ T helper cells. Activated CD4+ T cells stimulate FVIII-specific B cells, 
which upon recognition of FVIII via their B cell receptor (BCR) present FVIII 

epitopes on their cell surface. Activated B cells differentiate into anti -FVIII 
antibody-secreting plasma cells triggering primary immune response against 

FVIII. Some activated B cells differentiate into memory B cells, which secrete 
inhibitory anti-FVIII antibodies upon re-exposure to FVIII in a secondary immune 
response. Figure taken from (Meißner, 2020). The figure was originally created 

with BioRender.com. 
 

 

FVIII injected into hemophilic mice was shown to accumulate in the marginal zone 

of the spleen, where it is endocytosed by antigen-presenting cells (APCs), 

presumably dendritic cells (DCs) (Navarrete et al., 2009). The endocytosis of 
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FVIII by DCs is believed to be mediated by binding to surface receptors but 

remains yet to be fully understood (Dasgupta et al., 2007; Repessé et al., 2012). 

Upon endocytosis, FVIII is trafficked along the endocytic pathway and eventually 

reaches degradative lysosomes. FVIII-derived peptides, usually with lengths of 

9 – 20 amino acids, are loaded onto MHC class II molecules, which are then 

sorted to the plasma membrane. Loaded MHC class II molecules present 

processed FVIII peptides to CD4+ T cells, which potentially are activated by 

binding to the MHC-presented FVIII peptide via their T cell receptor (TCR) (van 

Haren et al., 2011; Wroblewska et al., 2013). To activate naïve CD4+ T cells, DCs 

additionally have to undergo a maturation process, which is induced by the 

presence of danger signals in the microenvironment. The presence of rFVIII alone 

is not sufficient to initiate the danger signal-dependent DC maturation in vitro 

(Pfistershammer et al., 2006). 

FVIII-specific naïve CD4+ T cells located to secondary lymphoid organs are 

activated upon encountering mature DCs presenting FVIII-derived peptides on 

their cell surface. The activation of T cells is amplified by the engagement of co-

stimulatory surface receptors (e.g. CD80/86 and CD28) and the presence of 

cytokines secreted by DCs and T cells (Lacroix-Desmazes et al., 2008). Activated 

CD4+ T helper cells migrate to the splenic B cell follicles, where they activate 

FVIII-specific B cells. These B cells derive from the bone marrow and upon 

recognition of extracellular FVIII via their epitope-specific B cell receptor (BCR) 

require co-stimulatory signals from FVIII-specific activated CD4+ T helper cells to 

become fully activated. Activated FVIII-specific B cells undergo rapid proliferation 

and differentiate into anti-FVIII antibody-secreting plasma cells, responsible for 

initiating primary immune responses against exogeneous FVIII, or memory B 

cells (André et al., 2009). Some of the antibody-secreting plasma cells migrate to 

the bone marrow and become long-lived plasma cells, where they continue 

secreting FVIII-neutralising antibodies over a long period of time. In contrast, 

memory B cells do not secrete any anti-FVIII antibodies. Upon encountering re-

exposure of FVIII, however, they can rapidly differentiate into antibody-secreting 

cell initiating the secondary immune response against FVIII (Van Helden et al., 

2010). This leads to the constant secretion of FVIII-neutralising antibodies in 
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HemA patients receiving repetitious injections of rFVIII diminishing its therapeutic 

function (Saint-Remy et al., 2004; Van Helden et al., 2010). 

 

1.6.2: Immune tolerance induction and the role of regulatory T cells in 

hemophilia A 

To eradicate FVIII-neutralising antibodies, HemA patients who developed 

inhibitors undergo complex, empirically designed treatment regimens, referred to 

as immune tolerance induction (ITI) protocols (Schep et al., 2018). The first ITI 

protocol, known as Bonn protocol, was developed in 1974 and relies on the 

repetitive administration of high doses of FVIII (100 – 150 IU/kg, twice daily) into 

inhibitor developing patients (Brackmann and Gormsen, 1977; Brackmann et al., 

1996). Several other ITI protocols have been established over the last decades 

using different treatment regimens including repetitive high- or low-dose 

injections of rFVIII (Wight et al., 2003; Brackmann et al., 2018). The success of 

ITI protocols in HemA patients is measured by diminished inhibitor titers 

(< 0.6 BU/ml), increased FVIII half-life (≥ 6 hours) and the recovery of FVIII activity 

levels to at least 66 % (Oldenburg et al., 2014). Although successful ITI leads to 

long-lasting induction of tolerance to FVIII, the treatment regimens are very 

burdensome to the patient and highly expensive. In addition, the success rate of 

ITI is estimated to vary only between 59 – 87 % depending on the applied protocol 

(Schep et al., 2018).  

Therefore, recent research has focussed on identifying endo- and exogeneous 

factors to predict the outcome of ITI in HemA patients. Risk factors, which can 

lead to the failure of inducing immune tolerance, include the genetic FVIII 

background of the patient as well as experiencing viral infections and major 

bleeding events while undergoing the ITI treatment regimen (Valentino et al., 

2015; Schep et al., 2018). The exact cellular and molecular mechanisms 

contributing to immune tolerance induction are unknown, but high doses of FVIII 

were shown to interfere with the differentiation of FVIII-specific B memory cells 

into inhibitor-secreting plasma cells in vitro and in vivo (Hausl et al., 2005; Reipert 
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et al., 2007). In addition, regulatory T cells (Tregs) can be induced by the long-

time exposure to antigens in a non-inflammatory microenvironment and studies 

using hemophilic mice have shown that the humoral response against FVIII is 

supressed after the induction of FVIII-specific Tregs in vivo (Chen et al., 2004; 

Liu et al., 2011). More recently, PD-L1-expression on Tregs has been discovered 

to be important for the suppression alloimmune responses against FVIII in 

hemophilia A mice (Figure 1.10) (Meißner, 2020).  

  

 

Figure 1.10: Treg-mediated immune tolerance induction via PD-1/PD-L1 

signalling in hemophilia A (HemA) patients 
Activated CD4+ T helper cells recognise MHC-II-loaded FVIII peptides presented 

on the cell surface of FVIII-specific B cells and in combination with co-stimulatory 
signals (CD28/CD80 signalling) trigger B cell activation. Eventually, this leads to 
the production of neutralising anti-FVIII antibodies (inhibitors), which diminish the 

functionality of FVIII proteins injected during protein replacement therapy. 
Immune tolerance induction stimulates the generation of FVIII-specific regulatory 

T cells (Tregs), which induce apoptosis in FVIII-specific B cells via PD-1/PD-L1 
signalling and prevent the formation of FVIII inhibitors. Figure taken from 
(Meißner, 2020). The figure was originally created with BioRender.com. 
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The ability of Tregs to directly supress autoreactive B cells in vivo mediated by 

PD-L1 has already been established earlier (Gotot et al., 2012). Antigen-specific 

peripheral Tregs induce apoptosis in B cells in a contact-dependent and antigen-

specific manner preventing the formation of autoreactive antibodies (Gotot et al., 

2018). Similar mechanisms have been suggested to play an essential role in 

mediating immune tolerance towards FVIII. FVIII-specific B cells in wildtype or 

human FVIII-expressing mice showing immune tolerant phenotypes towards 

FVIII display increased surface expression of PD-1 and undergo apoptosis. The 

induction of apoptosis in FVIII-specific B cells is mediated via contact-dependent 

PD-1/PD-L1 signalling initiated by the interaction of PD-1 on B cells with PD-L1 

expressed on the surface of Tregs (Meißner, 2020). FVIII-specific Tregs, in 

particular, have been shown to effectively supress humoral and cellular 

responses against FVIII. However, cytokine-dependent suppression 

mechanisms mediated by FVIII-unspecific Tregs also might contribute to the 

induction of tolerance towards FVIII (Smith et al., 2020; Fu et al., 2020). During 

ITI, PD-L1 expression on Tregs is assumed to be elevated, leading to the 

induction of apoptosis in FVIII-specific B cells and preventing the formation of 

inhibitory FVIII antibodies (Meißner, 2020). Therefore, the repetitive exposure to 

FVIII during ITI leading to the Treg- and PD1-/PD-L1-dependent apoptosis of 

FVIII-specific B cells is described by the induction of high zone tolerance and 

possibly establishes long-lasting alloimmune effects in the context of 

hemophilia A (Diener and Feldmann, 1972; Steinman et al., 2019). 

 

1.6.3: Alternative strategies for the treatment of hemophilia A 

There are two major downfalls of treating HemA patients prophylactically with 

standard protein replacement using rFVIII; Firstly, the therapy regimen requires 

repetitious intravenous injections of the recombinant protein due to its short half-

life in vivo of approximately 12 hours. Usually, HemA patients need 2 – 

3 injections weekly to maintain functional FVIII activities and to prevent 

spontaneous bleeding events effectively correcting for the hemophilic phenotype 

(Nilsson et al., 1992; Sankar et al., 2019). This procedure is very burdensome for 
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patients, reduces their quality of life and is quite challenging especially in young 

HemA patients due to limited vein access (Saxena, 2013). Secondly, the 

repetitive injection of rFVIII may trigger the development of anti-FVIII inhibitory 

antibodies, which neutralise the function of administered recombinant protein in 

HemA patients and lead to rapid clearance from the circulation further decreasing 

circulatory half-life of rFVIII (Lacroix-Desmazes et al., 1999). 

Over the past decades, several approaches have been assessed to overcome 

these two main challenges resulting from protein replacement therapy using 

standard recombinant FVIII proteins (Mannucci, 2003; Meeks and Batsuli, 2016; 

Mannucci, 2020). Since the secretion of neutralising FVIII antibodies relies on the 

stimulation of FVIII-specific B cells within a pro-inflammatory environment, some 

investigations on the prevention of inhibitor formation are focused on suppression 

of FVIII-specific B cell differentiation into antibody-secreting plasma cells. These 

approaches include the induction or transfer of FVIII-specific regulatory T cells 

(Tregs) or engineered CAR Tregs to prevent FVIII-specific B cell activation in 

hemophilic mice (Smith et al., 2020; Scott, 2020; Chen et al., 2020; Fu et al., 

2020). However, high numbers of regulatory T cells are required to fully prevent 

inhibitor formation in HemA patients and large-scale induction of antigen-specific 

Tregs in vitro and in vivo remains a major technical and cost-intensive challenge 

(Safinia et al., 2010; Sicard et al., 2018). Other alternative therapies include the 

use of non-factor products such as Emicizumab, a monoclonal, bi-specific 

antibody mimicking FVIII function in vivo by supporting the interaction of activated 

FIX and FX (Kitazawa et al., 2012). Although Emicizumab exhibits long serum 

half-life of up to 5 weeks and was shown to significantly improve the clinical 

phenotype even in HemA patients with pre-existing inhibitors, it is still unknown if 

the bi-specific antibody promotes the same physiological long-term benefits as 

the presence of FVIII protein including the prevention of irreversible joint and 

bone damage as well as providing optimal support for wound healing (Shima et 

al., 2016; Lenting et al., 2017; Mannucci, 2020). 

To reduce the number of injections of recombinant protein and providing cost-

effective and less burdensome treatments for HemA patients, several half -life 
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extended FVIII products and strategies for FVIII half-life extension have been 

developed (Zaman et al., 2019). In some studies, recombinant FVIII was modified 

by PEGylation to increase the protein size or was engineered to bind von 

Willebrand factor, which protects FVIII from degradation in vivo, with increased 

affinity. Both strategies increase the serum half-life of these products in vivo by 

protecting them from renal clearance or degradation upon endocytosis (Ivens et 

al., 2013; Lenting et al., 2016). Another approach to prolong the half-life of FVIII 

products in vivo includes the design of FVIII fusion proteins with the Fc-region of 

IgG molecules or albumin. These fusion proteins can potentially undergo FcRn-

dependent recycling resulting in the extension of their half -lives (Figure 1.11) 

(Dumont et al., 2012; Schulte, 2013). The pH-dependent interaction of albumin 

and IgG with FcRn allows sorting of the ligand-receptor complex into transport 

carriers mediating the recycling of endocytosed FcRn ligands back to the 

circulation (Pyzik et al., 2019). Particularly, the design of therapeutic albumin 

fusion proteins is a promising approach to establish half -life extended FVIII 

products for the treatment of HemA, since they are simple to produce, inert, 

stable, non-immunogenic and the surface-exposed binding sites of albumin for 

various compounds potentially allows the co-administration of other synergistic 

drugs in combination with rFVIII (Rogers et al., 2015; Sleep, 2015; Pilati and 

Howard, 2020). 
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Figure 1.11: Principle of exploiting FcRn-mediated albumin recycling by the 

design of FVIII-Albumin fusion proteins 
FVIII and FVIII-Albumin fusion protein are endocytosed via macropinocytosis and 

subsequently locate to early macropinosomes. FVIII is sorted to the late 
endosomal and lysosomal pathway resulting in its rapid proteolytic degradation. 
The albumin domain of FVIII-Albumin fusion proteins is able to interact with FcRn 

within acidified early macropinosomes. The ligand-receptor complex is sorted into 
tubular transport carriers mediating fast recycling back to the plasma membrane, 

where, at neutral pH, FVIII-Albumin dissociates from FcRn and is released into 
the circulation, therby extending the half-life of the fusion protein. The Figure was 
created with BioRender.com. 

 

 

FVIII-Albumin fusion proteins are proposed to undergo FcRn-dependent 

recycling upon endocytosis resulting in their half-life extension by avoiding 

proteolytic degradation in lysosomes. Endocytosed FVIII proteins not able to 

interact with FcRn, however, are sorted into degradative lysosomal 

compartments leading to their rapid degradation upon endocytosis (Lillicrap, 

2008). This hypothesis of exploiting FcRn-dependent recycling mechanisms is 

supported by studies using FIX-albumin fusion proteins and the approval of 

Idelvion®, a half-life extended FIX-albumin fusion product, for the treatment of 

hemophilia B patients (Lyseng-Williamson, 2017; Chia et al., 2018). FIX-albumin 

fusion proteins endocytosed by HEK293 cells are recycled via Rab11-positive 
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recycling endosomes in a FcRn-dependent manner, possibly contributing to their 

half-life extension observed in vivo (Chia et al., 2018). The longer half-life, 

elevated serum concentration and perhaps alternative processing mechanisms 

of such albumin fusion proteins might also contribute to the suppression of anti -

FVIII inhibitor formation and the induction of high zone tolerance towards FVIII in 

HemA patients similar to what is observed for FVIII-Fc fusion proteins (Steinman 

et al., 2019; Meeks and Lacroix‐Desmazes, 2020).  

With the breakthrough of gene therapeutic and technologic methods over the past 

decade, hemophilia research, especially in high-income countries, also focuses 

on establishing these techniques in the treatment of hemophilic patients (Park et 

al., 2016; Reiss et al., 2021; Mancuso et al., 2021). The introduction of functional 

FVIII genes by using AAV-based vectors into hemophilic mice and dogs suffering 

from HemA showed promising clinical results by maintaining therapeutic FVIII 

serum levels over a long-period of time and the induction of immune tolerance 

(Samelson-Jones and Arruda, 2020). Similar results have been observed in adult 

human HemA patients receiving gene therapy with the vector AAV5-hFVIII-SQ 

(Rangarajan et al., 2017). However, gene therapeutic treatment regimens for 

HemA patients are still evaluated in clinical trials and progress has been slow due 

to the large size of the FVIII gene and uncertainty about negative long-term 

effects of gene therapy (Franchini, 2013; Samelson-Jones and Arruda, 2020). 

Some studies suggest the integration of transgenes introduced by AAV-derived 

vectors into the host genome linking this gene therapeutic approach to potentially 

increased risks of genotoxicity and cancer development (Donsante et al., 2007; 

Nowrouzi et al., 2012; Nault et al., 2015). In addition, patients might have pre-

existing antibodies directed against AAV-derived transfer vectors diminishing 

their therapeutic function (Stanford et al., 2019; Rajavel et al., 2019). The use of 

gene therapy nowadays is still highly expensive and it might take a long time until 

affordable gene therapy-based HemA treatments become commercially available 

(Mancuso et al., 2021). Furthermore, in most human trials using gene therapeutic 

approaches patients with pre-existing FVIII inhibitors have been excluded, and 

thus, the potential of gene therapeutic approaches to replace ITI protocols cannot 

be assessed (Miesbach et al., 2019). 
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1.7: Aim of the study 

The principle of FcRn-dependent recycling of albumin resulting in the 

extraordinary half-life of the most abundant serum protein is widely accepted and 

in vitro studies have deciphered various cell biological aspects underlying this 

recycling system (Schmidt et al., 2017; Chia et al., 2018; Grevys et al., 2018). 

However, most studies have been conducted using immortalised cell lines, which, 

in contrast to primary cells, are not capable of performing rapid fluid-phase 

endocytosis effectively and thus, are not suitable for the investigation FcRn-

albumin cell biology under physiologically relevant conditions (Anderson, 2014). 

The recent discovery of a fast FcRn-dependent albumin recycling pathway in 

primary macrophages, mediated by tubular-carriers emerging from early 

macropinosomes, highlights the cell biological differences in primary cells and 

immortalised cell lines (Toh et al., 2020). 

In this study, I have established a multiplexed approach using two independent 

biophysical methods, namely fluorescence lifetime imaging combined with 

Förster resonance energy transfer (FLIM-FRET) and raster image correlation 

spectroscopy (RICS), to map the intracellular interaction of fluorescent-labelled 

albumin and FcRn in a spatiotemporal manner and to quantify the mobility of 

single albumin molecules within endosomal structures in primary macrophages. 

To investigate FcRn-dependent albumin trafficking in vascular endothelial cells, 

which are proposed to play an important role in regulating albumin homeostasis 

in vivo, I established a primary cell model using blood outgrowth cells isolated 

from human peripheral blood (Martin-Ramirez et al., 2012). These cells were 

characterised for FcRn expression and intracellular localisation as well as for 

albumin uptake and FcRn-dependent trafficking within the endosomal network.  

Lastly, I characterised the uptake of FVIII-Albumin by FVIII-specific B cells ex vivo 

using imaging flow cytometry, and established an in vitro platform for the 

expansion of FVIII-specific CD4+ T cells and evaluated the potential of converting 

these antigen-specific cells into Foxp3-expressing Tregs using a CDK8/19 
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inhibitor (Akamatsu et al., 2019). Both strategies are promising approaches to 

induce immune tolerance towards recombinant FVIII products in HemA patients.  

Together, the overall goal of this study was to expand the knowledge about FcRn-

albumin cell biology in physiologically relevant primary cell models to allow the 

effective design of half-life extended albumin proteins exploiting FcRn-dependent 

albumin recycling for the treatment of serum protein-related diseases. Within this 

study, FVIII-Albumin, a potential candidate for a half-life extended therapeutic 

protein undergoing FcRn-dependent recycling, was used to transfer cell 

biological insights into the immunological relevant aspects of high zone immune 

tolerance induction in a hemophilia A mouse model. 
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Chapter 2: Material and Methods  

2.1: General materials, cell lines and mouse strains 

2.1.1: Chemicals and reagents 

Standard chemicals and solvents were in analytical grade and purchased from 

chemical suppliers, unless stated otherwise. 

 

Table 2.1: Chemicals and reagents 

Name Supplier 

(Animal-free) recombinant murine 

interleukin-2 (IL-2) 

Peprotech (USA) 

Product-#: AF-212-12 

2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride 

(DAPI) 

Sigma Aldrich (USA) 
Product-#: D9542 

5-(N-ethyl-N-isopropyl) amiloride 
(EIPA) 

Sigma Aldrich (USA) 
Product-#: A3085 

5-(and-6)-carboxyfluorescein 
diacetate, succinimidyl ester (CFSE) 

Thermo Fisher Scientific (Germany) 
Product-#: C1157 

Amersham ECL Western Blotting 

detection reagent 

GE Healthcare/Cytiva (USA) 

Product-#: RPN2106 

AS2863619 (AS) 
MedChemExpress (USA) 
Product-#: HY-126675A 

Collagen type I from rat tail 
Corning (USA) 

Product-#: 354236 

Collagenase from Clostridium 
histolyticum 

Sigma Aldrich (USA) 
Product-#: C2674 

cOmplete™ Mini protease inhibitor 

cocktail 

Merck (Germany) 

Product-#: 11836170001  

Deoxyribonuclease (DNAse) I from 
bovine pancreas 

Sigma Aldrich (USA) 
Product-#: D5025 

DQ™ Ovalbumin (DQ-OVA) 
Thermo Fisher Scientific (Australia) 

Product-#: D12053 

Dynabeads™ mouse T-Activator 
CD3/CD28 for T-Cell expansion and 

activation (Dynabeads) 

Thermo Fisher Scientific (Germany) 
Product-#: 11452D 

eBioscience™ fixable viability dye 
eFluor™ 506 

Thermo Fisher Scientific (Germany) 
Product-#: 65-0866-14 

eBioscience™ Foxp3/transcription 
factor staining buffer set 

Thermo Fisher Scientific (Germany) 
Product-#: 00-5523-00 
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Name Supplier 

Ficoll-Paque™ PLUS 
VWR International (USA) 
Product-#: 95021-205 

FuGENE6® transfection reagent 
Promega (Australia) 

Product-#: E2691 

GlutaMax™ supplement (100x) 
Thermo Fisher Scientific (Australia) 
Product-#: 35050061 

Hoechst 33342 (Hoechst) 
Thermo Fisher Scientific (Germany) 
Product-#: H3570 

Invitrogen™ LysoTracker™ Red 
DND-99 (LysoTracker Red) 

Thermo Fisher Scientific (Australia) 
Product-#: L7528 

Lipofectamine™ 3000 transfection 
reagent 

Thermo Fisher Scientific (Australia) 
Product-#: L3000008 

LIVE/DEAD™ fixable dead cell stain 

sampler kit 

Thermo Fisher Scientific (Germany) 

Product-#: L34960 

NUPAGE™ Antioxidant 
Thermo Fisher Scientific (Australia) 
Product-#: NP0005 

PEG-it Virus precipitation solution 
Integrated Sciences (Australia) 

Product-#: LV810A-1 

Penicillin-Streptomycin (10,000 U/ml) 
Sigma Aldrich (USA) 
Product-#: P4333 

Phorbol-12-myristae-13-acetate 

(PMA) 

Sigma-Aldrich (USA) 

Product-#: P1585 

Recombinant human transforming 
growth factor β-1 (TGF-β) 

Peprotech (USA) 
Product-#: 100-21 

Recombinant macrophage colony-

stimulating factor (CSF-1, M-CSF) 

Sigma Aldrich (USA) 

Product-#: 234376 

SIINFEKL peptide (OVA 257 – 264) 
peptide fragment) 

AnaSpec (USA) 
Product-#: AS-60193 

TrypLE™ express enzyme (1x) for 

trypsinisation 

Thermo Fisher Scientific (Australia) 

Product-#: 12605010 

UltraPure™ DNase/RNase-free 
distilled water 

Thermo Fisher Scientific, Australia, 
Product-#: 10-977-015 

Zombie UV™ fixable viability kit 
BioLegend (USA) 
Product-#: 423107 

 

 

2.1.2: Buffers and cell culture media 

Table 2.2: Buffers 

Name Supplier/Composition 

Blocking buffer (for IF) 
1x PBS 
+ 5 % v/v FCS 

+ 0.02 % w/v sodium azide 
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Name Supplier/Composition 

Blocking buffer (for WB) 
10 % w/v skim milk powder in PBS 
+ 0.01 % w/v sodium azide 

Collagen type I coating buffer 
50 µg/ml collagen type I in 0.02 M 

acetic acid 

CutSmart® buffer 
New England Biolabs (USA) 
Product-#: B7204S 

DAPI staining buffer 1 µg/ml DAPI in 1x PBS 

Deacetylation solution 

For 50 ml deacetylation solution: 

38 ml PBS 
+ 1.74 g Hydroxylamine x HCl 
+ 2 ml 0.5 M EDTA solution 

Adjust pH to 7.2 – 8.5 using NaOH 
and fill up solution to 50 ml with H2O 

Digestion buffer 

C-RPMI medium 

+ 1 mg/ml Collagenase 
+ 0.1 mg/ml DNAse 

DNA transfection mix (for CaPO4 
transfection) 

0.25 M CaCl2 in UltraPure™ H2O  

FACS buffer (for adherent cells) 
1x PBS 
+ 2 % v/v FCS 
+ 1 mM EDTA 

FACS buffer (for suspension cells) 

1x PBS 

+ 0.1 % w/v BSA 
+ 0.1 % w/v sodium azide  

Fixation-permeabilisation (fix/perm) 
buffer (for intracellular flow cytometry 

staining) 

Dilute 1 part fixation/permeabilisation 

concentrate in 3 parts diluent (both 
from Foxp3/transcription factor 
staining buffer set (Thermo Fischer 

Scientific, Germany)) 

HEPES-buffered saline, pH 7.0 (HBS, 
2x for transfection) 

Thermo Fisher Scientific (Australia) 
Product-#: J62623 

Hoechst staining buffer 1 µg/ml Hoechst in 1x PBS 

Invitrogen™ NUPAGE™ LDS sample 

buffer (4x) 

Thermo Fisher Scientific (Australia) 

Product-#: NP0007 

Invitrogen™ NUPAGE™ MOPS SDS 
running buffer (20x) 

Thermo Fisher Scientific (Australia) 
Product-#: NP0001 

 
Diluted in milliQ-H2O to prepare 1x 
SDS running buffer, according to 

manufacturer’s protocol 



Chapter 2 55 

Name Supplier/Composition 

Invitrogen™ NUPAGE™ transfer 
buffer (20x) 

Thermo Fisher Scientific (Australia) 
Product-#: NP00061 
 

1x transfer buffer (100 ml): 
5 ml 20x transfer buffer 

+ 10 ml MeOH 
+ 100 µl NUPAGE™ Antioxidant 
Fill up to 100 ml with milli-Q H2O 

MACS buffer 

1x PBS 
+ 0.5 % w/v BSA 
+ 2 mM EDTA 

adjusted to pH 7.2 

Neutralisation solution 0.1 % w/v BSA in 1x PBS 

PBS-Tween20 0.1 % v/v Tween20 in 1x PBS 

Permeabilisation (perm) buffer (for 

intracellular flow cytometry staining) 
(1 x) 

Dilute 10 x permeabilisation buffer 
from Foxp3/transcription factor 

staining buffer set (Thermo Fischer 
Scientific, Germany) in milli-Q H2O, 

according to manufacturer’s protocol 

Phosphate-buffered saline (PBS, 1x) 

For 1 l 1x PBS (pH 7.4): 
8 g NaCl (137 mM) 
+ 0.2 g KCl (2.7 mM) 

+ 1.44 g Na2HPO4 (10 mM) 
+ 0.24 g KH2PO4 (1.8 mM) 

+ 1 l milli-Q H2O 
 
or: dissolve PBS tablets (Thermo 

Fisher Scientific, Germany) in milli-Q 
H2O, according to the manufacturer’s 

protocol 
Product-#: 18912014 

Quenching buffer (for PFA fixation) 50 mM NH4Cl in 1x PBS 

Quenching buffer (for TCA fixation) 30 mM glycine in 1x PBS 

Radioimmunoprecipitation assay 

buffer (RIPA) 

50 mM Tris-HCl, pH 7.3 

+ 150 mM NaCl 
+ 0.1 mM EDTA 
+ 100 µM NA3VO4 

+ 1 % w/v sodium deoxycholate 
+ 1 % v/v Triton-X-100 

+ 0.2 % w/v NaF 

RBC lysis buffer 0.09 % w/v NH4Cl in milli-Q H2O 

Saponin permeabilisation buffer 0.05 % w/v saponin in 1x PBS 

TheraPEAK™ ACK lysis buffer (1x) 
Lonza (Switzerland) 
Product-#: BP10-548E 

Triton-X-100 permeabilisation buffer 0.1 % v/v Triton-X-100 in 1x PBS 
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Table 2.3: Cell culture media 

Name Supplier/Composition 

BMDM freezing medium 
80 % v/v FCS 
+ 10 % v/v BMDM medium 

+ 10 % v/v DMSO 

BMDM medium 

RPMI 
+ 15 % v/v FCS 

+ 20 % v/v L-conditioned medium 
+ 1x GlutaMax™ Supplement 

+ 100 U/ml penicillin 
+ 100 U/ml streptomycin 

BOEC freezing medium 
95 % v/v FCS 
+ 5 % v/v DMSO 

BOEC medium 

EGM2 

+ 18 % v/v FCS 
+ 1x GlutaMax™ Supplement 

+ 100 U/ml penicillin 
+ 100 U/ml streptomycin 

C-DMEM 

DMEM 

+ 10 % v/v FCS 
+ 1x GlutaMax™ Supplement 
+ 100 U/ml penicillin 

+ 100 U/ml streptomycin 

C-EGM2 
EGM2 
+ 2 % v/v FCS (from BulletKit™) 

+ 1x GlutaMax™ Supplement 

C-RPMI 

RPMI 
+ 10 % v/v FCS 
+ 1x GlutaMax™ Supplement 

+ 100 U/ml penicillin 
+ 100 U/ml streptomycin 

C-X-Vivo medium 

X-Vivo medium 

+ 10 % v/v FCS 
+ 1 % v/v β-mercaptoethanol (5 mM) 
+ 100 U/ml penicillin 

+ 100 U/ml streptomycin 

Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco™ DMEM, high 

glucose) 

Thermo Fisher Scientific (Australia) 

Product-#: 11-965-118 

Endothelial growth medium-2 (EGM2) 
BulletKit™ 

Lonza (Switzerland) 
Product-#: CC-3162 

Contains endothelial basal medium-2 
(EBM2, CC-3156) and SingleQuots™ 
supplements (CC-4176) to prepare 

endothelial growth medium-2 (EGM2) 
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Name Supplier/Composition 

Gibco™ RPMI 1640 Medium (RPMI) 
Thermo Fisher Scientific (Australia) 
Product-#: 11-875-119 

GlutaMax-DMEM 

DMEM 

+ 10 % v/v FCS 
+ 1x GlutaMax™ Supplement 

High FCS-RPMI 

RPMI 
+ 20 % v/v FCS 

+ 1x GlutaMax™ Supplement 
+ 100 U/ml penicillin 

+ 100 U/ml streptomycin 

LB medium 

For 1 l LB medium: 
10 g tryptone 
10 g NaCl 

5 g yeast extract 
2 l milli-Q H2O 

For selection plates: Add 15 g/l Agar 

MSA blocking medium 

X-Vivo medium 
+ 10 % v/v FCS 

+ 1 % v/v β-mercaptoethanol (5 mM) 
+ 0.2 % w/v MSA 
+ 100 U/ml penicillin 

+ 100 U/ml streptomycin 

Opti-MEM™ reduced serum medium, 
no phenol red 

Thermo Fisher Scientific (Australia) 
Product-#: 11058021 

SFM-DMEM 

DMEM 

+ 1x GlutaMax™ Supplement 
+ 100 U/ml penicillin 
+ 100 U/ml streptomycin 

SFM-EGM2 
EGM2 w/o FCS from BulletKit™ 

+ 1x GlutaMax™ Supplement 

SFM-RPMI 

RPMI 
+ 1x GlutaMax™ Supplement 

+ 100 U/ml penicillin 
+ 100 U/ml streptomycin 

SOC medium 
New England Biolabs (USA) 

Product-#: B9020S 

T cell medium 

RPMI 
+ 10 % v/v FCS 
+ 1 % v/v β-mercaptoethanol (5 mM) 

+ 100 U/ml penicillin 
+ 100 U/ml streptomycin 

X-Vivo™ 15 Serum-free 

Hematopoietic Cell medium  
(X-Vivo medium) 

Lonza (Switzerland) 
Product-#: BE02-060F 
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2.1.3: PCR and sequencing primers 

All primers were purchased from Sigma Aldrich (USA). Primer sequences 

(5’ to 3’) are listed in Table 2.4. Complementary overhangs for HiFi assembly 

introduced by primer design are highlighted in bold.  

 

Table 2.4: PCR and sequencing primers 

Name 5’ to 3’ sequence 

B2M-FcRn-

mCherry(FUGW)-fw 
GCTGCAGGTCGACTCTAGAGGCTAGCATGTCTC
GCTCC 

B2M-FcRn-
mCherry(FUGW)-rev 

TATCGATAAGCTTGATATCGGCTAGCCTACTTG
TACAGCTCGTCC 

backbone-pIRES-fw 
GGTGGCGACCGGTGGATCCCGGGCGCCGAGA
GCCATCTGAGC 

backbone-pIRES-rev GCCCAGAGATCCAGGCAG 

FcRn-mCherry(pIRES)-fw 
TTGCCACAACCCGGGATCCTCTAGAATGGGAGT
GCCTAGACCTC 

FcRn-mCherry(pIRES)-rev 
AACCCTCACTAAAGGGAAGCGGCCGCTACTTG
TACAGCTCGTCC 

mCherry-FcRn(IRES)-fw 
TTCTGCTGCCTGGATCTCTGGGCATGGTGAGCA
AGGGCGAG 

mCherry-FcRn(IRES)-rev 
AGGCTCAGATGGCTCTCGGCGCCCGGGATCCA
CCGGTCGCCACCCTTGTACAGCTCGTCCATGC 

Seq-End-IRES TTGAAAAACACGATGATAAGC 

Seq-End-mCherry AACGTCAACATCAAGTTGG 

 

 

2.1.4: Plasmids 

The plasmid pEF1α-mCherry-N1 (Clontech Laboratories, USA, 631969) and the 

pEF1α-FcRn_mCherry plasmid were kindly provided by CSL Limited, Australia. 

pEF1α-FcRn_mCherry was generated by inserting the sequence of human FcRn 

heavy α-chain into pEF1α-mCherry-N1 upstream of mCherry. Both domains of 

the fusion protein were separated by polypeptide linker with the sequence 

Ala-Arg-Asp-Pro-Pro-Val-Ala-Thr. 
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The bicistronic plasmid pIRES-β2-microglobulin/mycFcRn encoding for both, 

human B2M and FcRn using an internal ribosomal entry site (IRES), was 

generated by Ismail Mahmoud and obtained from laboratory stocks.  

The plasmids pCMV-VSV-G (#8454) (Stewart et al., 2003), psPAX2 (#12260) 

provided by Didier Trono (unpublished), and FUGW (#14883) (Lois et al., 2002) 

for the production of lentiviral particles were purchased from Addgene (USA). 

 

2.1.5: Antibodies and fluorescently labelled tetramers 

Table 2.5: List of unconjugated primary antibodies used 

Antigen Clone/Product-# Supplier Used for Dilution 

CD144 16B1 
Thermo Fisher 

Scientific (Australia) 
FC/IF 

1:400 (FC) 
1:500 (IF) 

CD31 390 (14-0311-82) 
Thermo Fisher 

Scientific (Australia) 
IF 1:500 

CD63 MX-49.129.5 Santa Cruz (USA) IF 1:400 

EEA1 14/EEA1 
BD Biosciences 

(Germany) 
IF 1:400 

GAPDH 6C5 (AM4300) 
Thermo Fisher 

Scientific (Australia) 
WB 1:1000 

GM130 35/GM130 
BD Biosciences 

(Germany) 
IF 1:800 

golgin97 CDF4 
Thermo Fisher 

Scientific (Australia) 
IF 1:300 

hFcRn HPA015130 
Atlas Antibodies 

(Sweden) 
IF/WB 

1:500 (IF) 
1:500 (WB) 

KDEL KR-10 
Enzo Life Sciences 

(USA) 
IF 1:100 

KDEL-R 10C3 
Enzo Life Sciences 

(USA) 
IF 1:200 

LAMP1 ab24170 
Abcam (United 

Kingdom) 
IF 1:500 

mCherry ab183628 
Abcam (United 

Kingdom) 
IF/WB 

1:500 (IF) 
1:500 (WB) 

Rab11 47/Rab11 
BD Biosciences 

(Germany) 
IF 1:200 

Rab11a 20229-1-AP Proteintech (USA) IF 1:1000 

SNX5 (Lim et al., 2012) Lab-made antibody IF 1:2000 

vWF ab6994 
Abcam (United 

Kingdom 
FC/IF 

1:400 (FC) 
1:400 (IF) 
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Secondary antibodies were used in a dilution of 1:500 for flow cytometry (FC) and 

immunofluorescence (IF), and in a 1:1000 dilution for Western Blot (WB). 

 

Table 2.6: List of conjugated secondary antibodies 

Specificity Conjugate Product-# Supplier Used for 

Mouse IgG AF488 A11001 
Thermo Fisher Scientific 

(Australia) 
IF 

Mouse IgG AF568 A11004 
Thermo Fisher Scientific 

(Australia) 
IF 

Mouse IgG AF647 A21236 
Thermo Fisher Scientific 

(Australia) 
IF 

Mouse IgG HRP 62-652-0 
Thermo Fisher Scientific 

(Australia) 
WB 

Rabbit IgG AF488 A11008 
Thermo Fisher Scientific 

(Australia) 
IF 

Rabbit IgG AF568 A11011 
Thermo Fisher Scientific 

(Australia) 
FC/IF 

Rabbit IgG AF647 A21245 
Thermo Fisher Scientific 

(Australia 
FC/IF 

Rabbit IgG HRP 65-612-0 
Thermo Fisher Scientific 

(Australia) 
WB 

Rat IgG AF568 A11077 
Thermo Fisher Scientific 

(Australia) 
IF 

 

Table 2.7: List of fluorescence-conjugated antibodies used for flow 
cytometry and imaging flow cytometry 

Antigen Clone Conjugate Supplier Dilution 

B220 RA3-6B2 BV510 BioLegend (USA) 1:400 

B220 RA3-6B2 FITC BioLegend (USA) 1:400 

CD11c HL3 BV510 BD Biosciences (Germany) 1:400 

CD25 PC61 PE BioLegend (USA) 1:400 

CD25 PC61 PE-Cy7 BioLegend (USA) 1:400 

CD4 GK1.5 APC-Cy7 BioLegend (USA) 1:400 

CD4 GK1.5 PerCP-Cy5.5 BioLegend (USA) 1:400 

CD44 IM7 PE-Cy7 BioLegend (USA) 1:400 

CD44 IM7 PerCP-Cy5.5 BD Biosciences (Germany) 1:400 

CD8a 53-6.7 BV510 BioLegend (USA) 1:400 

CD8a 53-6.7 APC BioLegend (USA) 1:400 

Foxp3 150D FITC BioLegend (USA) 1:200 

 



Chapter 2 61 

To stain for FVIII-specific CD4+ T cells a PE-labelled ProT2® MHC class II 

tetramer (ProImmune, United Kingdom) with the peptide sequence 

TASSYFTNMFATWSPSKARL was used.  

 

2.1.6: Fluorescently labelled proteins 

Plasma-derived human serum albumin (HSA) was labelled with Alexa Fluor® 488 

(AF488) NHS ester (succinimidyl ester) (Thermo Fisher Scientific, Australia, 

A-20000) or Alexa Fluor® 568 (AF568) NHS ester (succinimidyl ester) (Thermo 

Fisher Scientific, Australia, A-37572), respectively, according to the 

manufacturer’s protocol. Recombinant FcRn non -binding albumin variant 

HSAH464Q (rHSAH464Q) was generated and labelled with Alexa Fluor® 488 (AF488) 

NHS ester (succinimidyl ester) (Thermo Fisher Scientific, Australia, A-20000) 

(Toh et al., 2020). Fluorescent-labelled HSA and rHSAH464Q conjugates were 

provided by CSL Limited, Australia.  

Serum-derived human transferrin labelled with Alexa Fluor® 488 (AF488, 

T13342) or Alexa Fluor® 568 (AF568, T23365) and TexasRed (TxRed)-

conjugated 70 kDa dextran (D1830) were purchased from Thermo Fisher 

Scientific, Australia.  

FVIII protein (Kogenate® FS, Bayer, Germany) and murine serum albumin (MSA, 

Abcam, USA, ab183228) were coupled via succin imidyl esters to obtain FVIII-

Albumin fusion protein. To this end, 1 mg N-succinimidyl S-acetylthioacetate 

(SATA, Thermo Fisher Scientific, Germany, 26102) was dissolved in 30 µl DMSO 

and 10 µl of the freshly prepared SATA solution added to 1 mg FVIII protein 

suspended in 1 ml PBS. The mixture was incubated for 30 minutes at room 

temperature and subsequently the FVIII protein solution desalted using ZEBA 

spin columns (1,000x g, 2 minutes) (Thermo Fisher Scientific, Germany, 89891). 

100 µl freshly prepared deacetylation solution was added to 1 ml desalted FVIII 

suspension and incubated for 2 hours at room temperature before desalting the 

FVIII solution again using ZEBA spin columns (1,000x g, 2 minutes). Meanwhile, 

1.5 mg succinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate) (SMCC, 
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Thermo Fisher Scientific, Germany, 22360) were resuspended in 100 µl DMSO 

and 15 µl freshly prepared SMCC solution added to 1 mg MSA resuspended in 

1 ml PBS. The mixture was incubated for 30 minutes at room temperature and 

subsequently the MSA solution desalted using ZEBA spin columns (1,000x g, 

2 minutes). The desalted FVIII and MSA solutions were transferred to a 15 ml 

tube in a 1:1 ratio (v/v) and incubated over night at 4 °C under constant rotation. 

Successful coupling of FVIII-Albumin fusion protein was examined by SDS-

PAGE. 

FVIII protein (Kogenate® FS, Bayer, Germany) and coupled FVIII-Albumin fusion 

protein were fluorescently labelled with CF® 647 (similar to APC and Alexa 

Fluor® 647) using CF® 647 succinimidyl ester protein labelling kit (Biotium, 

USA, 92218), according to the manufacturer’s protocol.  

 

2.1.7: Bacterial cells 

Chemically competent α-Select Silver or NEB® 5-alpha (High Efficiency) E. coli 

bacterial cells were purchased from BIOLINE (United Kingdom) or New England 

Biolabs (USA) respectively. 

 

2.1.8: Mammalian cell lines 

HeLa, HEK293T (HEK293) and L-929 cells, verified by genome sequencing, 

were obtained from laboratory stocks and routinely tested for mycoplasma 

contamination using MycoAlert™ Mycoplasma Detection Kit (Lonza, 

Switzerland).  

HeLa cells were originally derived from a tissue sample taken from African 

American woman Henrietta Lacks (Nature Publishing Group, 2020). In 1951, 

HeLa cells were established as the first continuous cancer cell line and are since 

widely used to study various cellular processes in human cells (Masters, 2002).  
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Human embryonic kidney 293 (HEK293) cell lines were first established in 1973 

and since then several HEK293 variants have been derived from the parental cell 

line to address distinct purposes (Pulix et al., 2021). The HEK293T daughter cell 

line harbors the sequence for the expression of a temperature-sensitive variant 

of the simian virus-40 (SV40) large T antigen, essential to produce large amounts 

of recombinant proteins encoded by plasmid vectors carrying the viral SV40 origin 

of replication, which is commonly used in lentiviral plasmids (Vargas et al., 2004; 

Mitta et al., 2004; Hartenbach and Fussenegger, 2005; Yuan et al., 2018).  

The parental L cell strain was derived from subcutaneous and adipose tissue of 

a 100-day-old male C3H/An mouse (American Type Culture Collection, 2022). 

Clone 929 (L-929) was one of the first L strains to be established in continuous 

culture and shown to express and secrete colony stimulating factor 1 (CSF-1), 

which drives the differentiation of haematopoietic stem cell into bone marrow-

derived macrophages (BMDMs) (Price et al., 1992; Englen et al., 1995). Thus, 

the supernatant of L-929 cells (L-conditioned medium) is widely used as cheap 

and reliable source of CSF-1 for BMDM differentiation in vitro (Heap et al., 2021).  

 

2.1.9: Mouse strains 

FcRn -/- mice (FcRn KO), which harbour a knockout allele of the mouse FcRn α-

chain (Fcgrttm1Dcr), and FcRn -/-hFcRn (line 276 and line 32) Tg mice (hFcRn Tg/Tg), 

which have the null mutation for the mouse FcRn gene and a transgene 

expressing the human FcRn α-chain under the control of the β-actin promoter 

(line 276) or the native FcRn promoter (line 32), respectively (Chaudhury et al., 

2003; Roopenian et al., 2003), were purchased from Jackson laboratory (USA) 

and mouse colonies established and maintained under specific pathogen -free 

conditions in the animal facility of Bio21 Institute, University of Melbourn e. All 

experiments carried out on animals were approved by the institutional Animal 

Care and Use Committee and approved by the Animal Ethics Committee, 

Biochemistry & Molecular Biology, Dental Science, Medicine, Microbiology & 
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Immunology, and Surgery, The University of Melbourne (Ethics-ID: 1714375). 

Unless stated otherwise, hFcRnTg/Tg line 276 mice were used for experiments. 

C57BL/6J (WT B6) mice (Black et al., 1998) and B6;1295-F8tm1Kaz/J (HemA) 

mice, which harbour a homozygous mutation in the FVIII gene and are 

characterised by low FVIII activity levels (< 1 %) resulting in prolonged blood 

clotting times and a hemophilia A phenotype (Bi et al., 1995), were purchased 

from Jackson Laboratory (USA). For in vitro suppression assays, C57BL/6-

Tg(TcraTcrb)1100Mjb/J (OT-1) (Hogquist et al., 1994), originally purchased from 

Jackson Laboratory (Bar Harbour, ME), crossed with B6;129P-Ccr4tm1Pwr/J 

(CCR4 KO) mice (Chvatchko et al., 2000) were used (OT-I x CCR4 KO). 

CD8+ T cells of these mice primarily recognise the ovalbumin peptide residues 

257 – 264 (OVA257-264, SINFEKL) presented on MHC class I molecules due to 

transgenic inserts for mouse Tcra-V2 and Tcrb-V5 (Hogquist et al., 1994). The 

CCR4 KO background of these mice was not considered relevant for the 

conducted studies. 

Mouse colonies were established under specific pathogen-free conditions at the 

central facility of the University Hospital Bonn, Germany (House of Experimental 

Therapy). Mouse studies and maintenance were performed in accordance with 

the recommendations of the Federation of European Animal Science Association 

(FELASA) and approved by the Landesamt für Natur, Umwelt und 

Verbraucherschutz Nordrhein-Westfalen (LANUV, Aktenzeichen: 81-

02.04.2019.A.464). 

 

2.2: Molecular biological methods 

2.2.1: Polymerase chain reaction (PCR) 

Plasmid DNA was used as a template for PCRs, and PCR reactions were 

prepared using the Phusion® High-Fidelity PCR Kit (New England Biolabs, USA) 

in a final volume of 25 or 50 µl, according to the manufacturer’s protocol, and the 

addition of suitable forward and reverse oligonucleotide primers at a 
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concentration of 0.5 µM each. PCR reactions were performed in a thermocycler 

using the following standard protocol: 

 

Table 2.8: Standard protocol for PCR reactions using the Phusion®
 High-

Fidelity PCR Kit 

Step Temperature  Time  Cycles 

Initial denaturation 98 °C 30 seconds 1x 

Denaturation 98 °C 10 seconds 30x 

Annealing TM 20 seconds 30x 

Extension 72 °C 20 seconds/kb 30x 

Final extension 72 °C 10 minutes 1x 

Hold 4 °C ∞ 1x 

 

The annealing temperature TM was calculated with the NEB Tm Calculator tool 

(New England Biolabs, USA). If the estimated annealing temperature exceeded 

72 °C, a 2-step PCR was performed by skipping the annealing step. The duration 

for the extension step was estimated according to the respective size of the 

expected PCR product.  

 

2.2.2: HiFi DNA assembly  

Seamless HiFi assembly of DNA fragments was performed using NEBuilder® HiFi 

DNA Assembly Master Mix (New England Biolabs, USA), according to the 

manufacturer’s protocol. Fragments with overlapping DNA overhangs were used 

in a molar ratio of 1:2 or 1:3 (vector to insert). The concentration, and the 

according mass, of DNA fragments was measured using a NanoDrop™ 

2000/2000c microvolume spectrophotometer (Thermo Fisher Scientific, 

Australia) and the number of pmol for each fragment was determined using the 

following equation: 

 

𝑝𝑚𝑜𝑙 = (𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑛𝑔) 𝑥 1,000 ÷ (𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟𝑠 𝑥 650 𝑑𝑎𝑙𝑡𝑜𝑛𝑠) 
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The HiFi assembly reaction was performed at 50 °C for 60 minutes. For the 

subsequent transformation of assembled DNA products into competent E. coli. 

cells, 2 µl of the assembly reaction was used and transformation was performed, 

as described below (Section 2.4.1). 

 

2.2.3: Restriction enzyme digestion 

Restriction enzyme digestions were performed in 25 µl or 50 µl reaction using the 

CutSmart® buffer system (New England Biolabs, USA). Briefly, 1 µg plasmid DNA 

was added to CutSmart® buffer diluted in nuclease-free H2O at a final 

concentration of 1x. 1 µl of each respective restriction enzyme purchased from 

New England Biolabs (USA) was added and the restriction reactions were 

incubated for at least 1 hour at 37 °C.  

 

Table 2.9: Overview of restriction enzymes 

Name Product-# 

XbaI R0145 

EcoRI-HF® R3101 

BamHI-HF® R3136 

NotI-HF® R3189 

 

 

2.2.4: Isolation of plasmid DNA 

Small- and medium-scale plasmid DNA isolations from bacterial E. coli cultures 

were performed using the Wizard Plus SV Minipreps DNA Purification System 

(Promega, Australia) or NucleoBond Xtra Midi Plus EF kit (Macherey-Nagel, 

Germany), respectively, according to the manufacturer’s protocol. 
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2.2.5: DNA sequencing 

Sanger sequencing was performed by the Australian Genome Research Facility 

(AGRF, Department of Pathology, The University of Melbourne) and DNA 

samples prepared, according to the AGRF sample preparation guide. 

 

2.2.6: Cell lysis and Western Blot 

Cellular lysates were extracted using radioimmunoprecipitation assay buffer 

(RIPA) supplemented with 1x cOmplete™ Mini Protease Inhibitor Cocktail 

(Merck, Germany) for 5 – 15 minutes on ice. Cell debris was removed from 

cellular lysates by centrifugation and protein concentration of cellular lysates 

determined by Bradford assay. NuPAGE™ LDS Sample buffer (4x) (Thermo 

Fisher Scientific, Australia) at a final concentration of 1x was added to cell lysates 

and samples boiled at 100 °C for 10 minutes. Subsequently, 10 – 15 µg of protein 

were loaded into the pockets of NUPAGE™ 4 – 12 %, Bis-Tris mini gels (Thermo 

Fisher Scientific, Australia). Proteins were separated by SDS-PAGE at 200 V for 

60 – 90 minutes in 1x SDS running buffer supplemented with NUPAGE™ 

Antioxidant (Thermo Fisher Scientific, Australia).  

Transfer of separated proteins to polyvinylidene fluoride (PVDF) membranes was 

performed by a tank transfer system (wet transfer). To this end the PVDF 

membrane was activated for 15 seconds in methanol and the transfer cassette 

was assembled, according to the manufacturer’s protocol (Thermo Fisher 

Scientific, Australia). Wet transfer was performed in 1x NUPAGE™ transfer buffer 

(Thermo Fisher Scientific, Australia) containing NUPAGE™ Antioxidant (Thermo 

Fisher Scientific, Australia) at 30 V for either 1 – 2 hours at room temperature or 

overnight at 4 °C.  

After transfer, the PVDF membrane was dried at 37 °C for at least 30 minutes to 

avoid non-specific antibody binding and rehydrated in PBS-Tween20 (0.1 % v/v 

Tween20 in 1x PBS) for ~ 30 minutes. The rehydrated membrane was incubated 

with primary antibodies diluted in blocking buffer (10% skim milk in PBS + 
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0.01 % sodium azide) for 1 hour at room temperature or overnight at 4 °C, 

depending on the primary antibody used. The membrane was washed three times 

with PBS-Tween20 for 10 minutes and subsequently incubated with HRP-

conjugated secondary antibodies diluted in blocking buffer for 1 hour at room 

temperature. Membranes were washed three times with PBS-Tween20 for 

5 minutes and incubated with Amersham ECL Western Blotting Detection 

Reagent (GE Healthcare/Cytiva, USA) for 1 minute, according to the 

manufacturer’s protocol. Chemiluminescent bands were detected using a 

Chemidoc imaging system (Bio-Rad Laboratories, USA). Densitometric analyses 

were performed using the Image Lab software (Bio-Rad Laboratories, USA). If 

necessary, bound antibodies were removed by incubating the membrane with 

Restore™ PLUS Western Blot stripping buffer (Thermo Fisher Scientific, 

Australia) for 5 – 15 minutes at room temperature. The membrane was washed 

extensively with PBS-Tween20 and subsequently a second round of membrane 

blocking, and antibody staining was performed, as described above. 

 

2.3: Cell culture and maintenance 

2.3.1: Maintenance of immortalised cell lines 

HeLa and HEK293 cells were maintained as semi-confluent monolayers in 

C-DMEM medium, unless stated otherwise. L-929 cells were cultured in C-RPMI 

medium. All cells were grown in a H2O-saturated atmosphere at 37 °C and 5 or 

10 % CO2. 

 

2.3.2: Production of L-conditioned medium 

L-929 cells were grown to confluency in high FCS-RPMI medium (20 % FBS) in 

T-175 flasks. Upon reaching confluency, cells were trypsinised using TrypLE™ 

express enzyme (Thermo Fisher Scientific, Australia) and resuspended in 400 ml 

C-RPMI medium without penicillin and streptomycin supplement. Resuspended 

cells were then transferred into 2 l roller bottles and the lid sealed with Parafilm. 
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After incubation at 37 °C and 5 % CO2 for 1 – 2 weeks, medium was collected 

and centrifuged for 5 minutes at 300 x g to remove cells and debris. The 

supernatant was sterile filtered through 0.22 µm filters and 40 ml of L-conditioned 

medium aliquoted in 50 ml tubes. L-conditioned medium was stored at -20 °C 

until used for differentiation of bone marrow progenitor cells into bone marrow-

derived macrophages.  

 

2.3.3: Isolation of bone marrow progenitor cells 

8 to 10-week-old FcRn KO and hFcRnTg/Tg mice were killed by CO2 asphyxiation 

and femur and tibia collected. Both ends of the bones were clipped and bone 

marrow extracted by flushing the bone with a 26-gauge (26g) needle and a 

syringe containing 10 ml C-RPMI medium. Extracted bone marrow cells were 

centrifuged for 5 minutes at 1400 rpm and 4 °C and the supernatant aspirated. 

Cells were resuspended in 5 ml RBC lysis buffer (0.09 % w/v NH4Cl in 

milli-Q H2O) and incubated for 5 minutes in a 37 °C water bath. 5 ml of cold 

neutralisation solution (0.1 % w/v BSA in PBS) was added, and the cell 

suspension centrifuged for 5 minutes at 1400 rpm and 4 °C. After aspirating the 

supernatant, the cell pellet was resuspended in 10 ml of CO2-equilibrated C-RPMI 

medium and the cell suspension transferred into a 10 cm cell culture dish. Cells 

were incubated for 24 hours at 37 °C and 5 % CO2. Non-adherent stem cells were 

transferred into a 50 ml tube by gently rocking the cell culture dish and collecting 

the supernatant. Progenitor cell concentration was adjusted to 5 x 106/ml in 

BMDM freezing medium (80 % FCS + 10 % BMDM medium + 10 % DMSO) and 

cells stored in vapor-phase liquid nitrogen. 

 

2.3.4: Differentiation of bone marrow progenitor cells into bone marrow-

derived macrophages 

Frozen bone marrow progenitor cells were thawed, resuspended in CO2-

equilibrated BMDM medium containing L-conditioned medium, a source of colony 
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stimulating factor 1 (CSF-1 or M-CSF) promoting BMDM differentiation, and 

seeded into culture vessels with a density of 1 – 2 x 104 cells/cm2. If not otherwise 

stated, cells were incubated for 72 hours at 37 °C and 5 %, then topped-up with 

CO2-equilibrated BMDM medium and cultured for additional 24 - 48 hours. In the 

afternoon before conducting internalisation experiments, BMDMs were starved 

for CSF-1 in C-RPMI medium and incubated overnight at 37 °C and 5 % CO2. 

 

2.3.5: Production of FcRn-mCherry-containing lentiviral particles in 

HEK293T cells 

2 x 106 HEK293T packaging cells were seeded into 10 cm culture dishes in 

GlutaMax-DMEM (DMEM medium + 10 % FCS + 1x GlutaMax™ (Thermo Fisher 

Scientific, Australia) and cultured at 37 °C and 5 % CO2. After 24 hours, medium 

was replaced with fresh GlutaMax-DMEM, and cells incubated for additional 6 – 

8 hours at 37 °C and 5 % CO2 prior to transient CaPO4 transfection. For this, 

freshly prepared DNA transfection mix (0.25 M CaCl2), containing the envelope 

vector pCMV-VSV-G, the packaging vector psPAX2 and the transfer vector 

FUGW-B2M-IRES-FcRn_mCherry in a ratio of 1:2:2, was mixed with 2 x HEPES-

buffered saline (HBS, pH 7.0, Sigma Aldrich, USA) and immediately vortexed for 

30 seconds. After incubating the solution for 10 minutes at room temperature, 

1 ml transfection mix per culture dish was added dropwise to the cells and mixed 

by gently swirling the culture dish. Cells were incubated overnight at 37 °C and 

10 % CO2. The next morning, medium was replaced with fresh GlutaMax-DMEM, 

and cells further incubated for 48 hours at 37 °C and 10 % CO2 to allow production 

of lentiviral particles. Virus-containing medium was collected, and cell debris 

removed by centrifugation (3000x g, 10 minutes). The supernatant was filtered 

using the Steriflip® filter unit with a pore size of 0.45 µm (Merck, Germany). 

Lentiviral particles were concentrated overnight at 4 °C by adding PEG-it virus 

precipitation solution (Integrated Sciences, Australia) at a final concentration of 

1x to the filtered medium. Viral particles were pelleted twice (1500x g, 30 minutes, 

4 °C) and the supernatant aspirated carefully. To remove any remaining 

supernatant, cells we re-centrifuged for 5 minutes at 1500x g and 4 °C. Lentiviral 
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particles were resuspended in SFM-RPMI medium supplemented with 10 mM 

HEPES (Gibco®, Thermo Fisher Scientific, Australia) at 1:100 of its original 

harvested volume. Concentrated viral particles were transferred into cryovials 

and stored at -80 °C. 

 

2.3.6: Collagen type I-coating of culture vessels 

An appropriate volume of collagen type I coating buffer, containing 50 µg/ml 

collagen type I (Sigma Aldrich, USA) dissolved in 0.02 M acetic acid, was added 

to cover the growth area of culture vessels, and then incubated for at least 1 hour 

at 37 °C and 5 % CO2. Collagen type I coating buffer was aspirated, and the 

culture vessels rinsed 3 three times with PBS prior to their use for BOEC 

generation and maintenance described as below (Sections 2.3.7 – 2.3.9). 

 

2.3.7: Generation of blood outgrowth endothelial cells 

30 ml peripheral human blood from healthy donors were collected in heparin 

tubes and provided by the Volunteer Blood Donor Registry service located at the 

Walter and Elizabeth Hall Institute (The University of Melbourne). Within 2 hours 

after collection, drawn blood was transferred to 50 ml tubes and topped-up with 

20 ml PBS at room temperature (RT). Peripheral blood mononuclear cells 

(PBMCs) were isolated from human blood by discontinuous density gradient 

centrifugation using Ficoll-Paque™ Plus (VWR International, USA). For this, the 

blood-PBS solution was layered on top of 12.5 ml Ficoll-Paque™ Plus gradient 

and centrifuged for 20 minutes at 1000x g and RT with minimal acceleration and 

brake. The cloudy PBMC layer was carefully transferred into a 50 ml tube using 

a Pasteur pipette. The tube was filled up with PBS and the suspension was 

centrifuged for 7 minutes at 540x g and RT. Supernatant was removed and cells 

washed twice with 5 and 10 ml of BOEC medium, respectively (7 minutes, 

540x g, RT). The cell pellet was resuspended in 20 ml BOEC medium, and cells 

counted using a hematocytometer. The cell suspension was adjusted to a 
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concentration of 2 – 2.5 x 106 cells/ml and 1 x 107 cells were seeded into collagen 

type I-coated T-25 flasks and cultured at 37 °C and 5 % CO2. Medium was initially 

replaced after 48 hours with fresh CO2-equilibrated BOEC medium and 

subsequently medium was changed after 2 – 3 days depending on the growth of 

cells.  

The outgrowth of endothelial colonies was checked daily upon day 7 of culture 

using an inverted phase contrast microscope. Outgrowth of endothelial colonies 

was usually observed between day 14 and 28 of culture. Once radially-spreading 

colonies reached a diameter of ~ 1.5 – 2 cm, cells were trypsinised using 

TrypLE™ express enzyme (Thermo Fisher Scientific, Australia) and passaged 

into fresh collagen type I-coated T25-flask representing passage 1 of blood 

outgrowth endothelial cells (BOECs). BOECs were supplied with fresh CO2-

equilibrated BOEC medium every 2 – 3 days depending on their growth until 

BOEC monolayers were confluent and ready for further passaging.  

The data shown in this work was generated from BOEC cell lines obtained from 

two different blood donors. Depending on the cell number and isolation efficiency 

several distinct BOEC lines (one per T-25 flask) were derived from one donor 

sample. 

Experiments carried out using human peripheral blood samples from healthy 

donors were approved by the Human Research Ethics Committee, The University 

of Melbourne (Ethics-ID: 1749491). 

 

2.3.8: Freezing and thawing of blood outgrowth endothelial cells  

Confluent monolayers of blood outgrowth endothelial cells (BOECs) were 

trypsinised using TrypLE™ express enzyme (Thermo Fisher Scientific, Australia), 

washed with CO2-equilibrated BOEC medium and centrifuged for 5 minutes at 

300x g and 4 °C. The cell pellet was resuspended in BOEC freezing medium 

(95 % FCS + 5 % DMSO) and cell concentration adjusted to 3 – 7 x 105 cells/ml. 

1 ml of BOEC suspension was transferred to cryovials and stored in vapor-phase 

liquid nitrogen. 
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Frozen cells were thawed in a 37 °C water bath, washed with CO2-equilibrated 

BOEC medium and centrifuged for 5 minutes at 300x g and 4 °C. Supernatant 

was removed and the cell pellet resuspended in fresh CO2-equilibrated BOEC 

medium. BOECs were seeded into collagen type I-coated culture vessels with a 

density of at least 1 x 104 cells/cm2 and incubated at 37 °C and 5 % CO2. After 

48 hours, medium was replaced with fresh CO2-equilibrated BOEC medium. 

Subsequently, medium changes were performed every 2 – 3 days depending on 

the cell growth until BOEC monolayers reached 70 – 80 % confluency. 

Afterwards, BOEC monolayers were maintained, as described below 

(Section 2.3.9). 

 

2.3.9: Maintenance of blood outgrowth endothelial cells 

Early passage (passage 2 or below) or freshly thawed BOECs were maintained 

in CO2-equilibrated BOEC medium and collagen type I-coated culture vessels at 

37 °C and 5 % CO2. Established BOEC lines (passage 3 or higher) were 

maintained in C-EGM2 medium and uncoated culture vessels at 37 °C and 5 % 

CO2. Medium was replaced with fresh BOEC or C-EGM2 medium every 2 – 

3 days depending on the cell growth until BOECs reached 70 – 80 % confluency. 

Semi-confluent BOEC monolayers were trypsinised using TrypLE™ express 

enzyme (Thermo Fisher Scientific, Australia) and cells passaged into fresh 

culture vessels sustaining a density of at least 1 x 104 cells/cm2. Subsequently, 

BOECs were maintained, as described above. 

 

2.3.10: Isolation of primary murine splenocytes 

Whole murine spleen samples were collected in cold PBS. Single cell 

suspensions were obtained by meshing the spleen through a 100 µm nylon cell 

strainer. For the isolation of CD8+ T cells used for in vitro suppression assays 

inguinal and brachial lymph nodes were additionally collected and single cell 

suspensions prepared, as described for spleen samples. Cell suspensions were 
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washed with PBS and centrifuged for 5 – 10 minutes at 300x g and 4 °C. The 

supernatant was removed, and erythrocyte lysis was performed for 5 minutes at 

room temperature (RT) using RBC or ACK lysis solution (Lonza, Switzerland). 

The reaction was stopped by adding RPMI medium supplemented with 2 % FCS 

and cell suspensions were centrifuged for 5 minutes at 300x g and 4 °C. 

Splenocyte pellets were either resuspended in MACS buffer (0.5 % w/v BSA and 

2 mM EDTA in PBS, pH 7.2) or FACS buffer (0.1 % w/v BSA and 0.1 % w/v 

sodium azide in PBS) depending on their further use. 

 

2.3.11: Magnetic activated cell sorting (MACS) of single cell suspensions 

containing primary murine splenocytes 

Single cell suspensions of primary murine splenocytes were prepared, as 

described above (Section 2.3.10), and resuspended in MACS buffer (0.5 % w/v 

BSA + 2 mM EDTA in PBS, pH 7.2). Immune cell subpopulations were isolated 

using suitable MACS® Isolation Kits purchased from Miltenyi Biotec (Germany), 

according to the manufacturer’s protocol. The following kits were used: 

 

Table 2.10: Overview of MACS Isolation Kits 

MACS® Isolation Kit Product-# 

B Cell Isolation Kit, mouse 130-090-862 

CD11c Microbeads Ultrapure, mouse 130-125-835 

CD4+ T Cell Isolation Kit, mouse 130-104-454 

CD4+CD25+ Regulatory T cell Kit, mouse 130-091-041 

CD8a+ T Cell Isolation Kit, mouse 130-095-236 

 

Regulatory T cells (Tregs) were isolated using the CD4+ T Cell Isolation Kit to 

obtain single cell suspension of CD4+ T cells, and subsequently, MACS 

separation of CD4+CD25+ Tregs was performed using the CD4+CD25+ 

Regulatory T cell Kit.  
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2.4: Gene transfer protocols 

2.4.1: Transformation of competent E. coli bacteria 

Heat shock transformation of plasmid DNA into chemically competent E. coli cells 

was performed, according to the manufacturer’s protocol. Briefly, competent cells 

were thawed on ice for 10 minutes and 1 pg – 100 ng plasmid DNA were added 

to the cells. After 30 minutes incubation on ice, heat shock was performed for 

30 seconds at 42 °C and cells directly placed on ice for 5 minutes. 950 µl SOC 

medium (room temperature) were added to the cells and cells allowed recovery 

for 60 minutes at 37 °C and 250 rpm. Subsequently, cells were plated on pre-

warmed LB selection plates and incubated overnight at 37 °C to allow growth of 

successfully transformed colonies. 

 

2.4.2: FuGENE® 6 transfection of immortalised cell lines 

Semi-confluent cells were trypsinised using TrypLE™ express enzyme (Thermo 

Fisher Scientific, Australia) and 0.4 x 105 or 0.8 x 105 cells per well were seeded 

in 12-well or 6-well plates, respectively. Cells were incubated for 24 hours at 

37 °C and 10 % CO2. Subsequently, medium was changed to fresh C-DMEM, 

and transient transfection was performed using FuGENE® 6 transfection reagent 

(Promega, Australia). Briefly, FuGENE® 6 solution was warmed up to room 

temperature for 5 minutes and for every well of a 12-well plate 1.2 µl transfection 

reagent were diluted in 98.8 µl SFM-DMEM supplemented with 10 mM HEPES 

(double amounts for wells of 6-well plate). The mixture was incubated for 

5 minutes at room temperature and added dropwise to 0.3 – 0.5 µg plasmid DNA 

per well placed in a fresh 1.5 ml tube. The FuGENE® 6/DNA mix was incubated 

for 15 minutes at room temperature and 100 µl of the transfection mix per well of 

a 12-well plate (200 µl for wells of 12-well plates) were added dropwise to the 

cells. Subsequently, transient transfected cells were incubated for 48 hours at 

37 °C and 10 % CO2 to allow expression of the respective transgene.  
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2.4.3: Lipofectamine™ transfection of blood outgrowth endothelial cells 

Semi-confluent (60 – 80 %) BOEC monolayers growing in wells of a 12-well plate 

or µ-dishes (Ibidi, Germany) were transiently transfected using Lipofectamine™ 

3000 transfection reagent (Thermo Fisher Scientific, Australia), according to the 

manufacturer’s protocol, with slight adjustments. Briefly, 1.5 µl or 3 µl were diluted 

in 50 µl Opti-MEM per well/dish and mixed well. In a fresh 1.5 ml tube, the DNA 

master mix containing 1 – 2 µg plasmid DNA/well was prepared by diluting the 

respective amount of DNA in 50 µl Opti-MEM and adding 2 – 4 µl P3000 reagent. 

The DNA master mix was added to the diluted Lipofectamine™ 3000 and after 

extensively vortexing the tube, the transfection mix was incubated for 10 – 

15 minutes at room temperature. 100 µl of the transfection mix per well/dish was 

added dropwise to the cells and plates incubated for 2 – 4 hours at 37 °C and 

5 % CO2. Subsequently, the Lipofectamine™ 3000-containing medium was 

removed and replaced with fresh C-EGM2 medium. Transient transfected 

BOECs were incubated for additional 48 hours at 37 °C and 5 % CO2 to allow 

expression of the respective transgene.  

 

2.4.4: Lentiviral transduction of primary macrophages 

Bone marrow progenitor cells/BMDMs were transduced with FcRn-mCherry 

lentiviral particles (LV) on day 3 after seeding them into culture vessels. To this 

end, 10 – 15 µl concentrated lentivirus was diluted in 1.2 ml CO2-equilibrated 

BMDM medium. Medium was replaced with freshly prepared LV-containing 

medium and BMDMs were incubated for 24 hours at 37 °C and 10 % CO2. 

Subsequently, the LV-containing medium was removed, and cells washed 

extensively with 1x PBS three times. Fresh CO2-equilibrated BMDM medium was 

added, and the transduced cells incubated for additional 24 hours at 37 °C and 

5 % CO2 to allow expression of the transgene. For uptake experiments, 

transduced BMDMS were starved for CSF-I overnight in C-RPMI medium the day 

before the experiment.  
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2.4.5: Lentiviral transduction of blood outgrowth endothelial cells 

Semi-confluent (60 – 80 %) BOEC monolayers growing in wells of a 12-well plate 

or µ-dishes (Ibidi, Germany) were transduced with FcRn-mCherry lentiviral 

particles (LV). Briefly, 10 µl concentrated lentivirus was diluted in 1.2 ml  

C-EGM-2 medium. Medium was replaced with freshly prepared LV-containing 

medium and BOECs were incubated for 24 hours at 37 °C and 10 % CO2. 

Subsequently, the LV-containing medium was removed, and cells washed 

extensively with 1x PBS three times. Fresh C-EGM-2 medium was added, and 

the transduced cells incubated for additional 24 hours at 37 °C and 5 % CO2 to 

allow expression of the transgene.  

 

2.5: Treatment of cells and cell culture assays 

2.5.1: HSA uptake assay in HeLa cells 

HeLa cells were transfected with FcRn-mCherry using FuGENE® 6 (Promega, 

Australia), as described above (Section 2.4.2). To check binding of HSA-AF488 

to surface-exposed FcRn-mCherry, transfected HeLa cells were incubated for 

60 minutes on ice in phosphate-buffered saline adjusted to the indicated 

pH (5.0 – 7.0) containing 100 µg/ml HSA-AF488. For FcRn-mCherry-mediated 

HSA internalisation by transfected HeLa cells, cells were incubated for 

15 minutes at 37 °C in phosphate-buffered saline (PBS) adjusted to the indicated 

pH (5.0 – 7.0) and containing 100 µg/ml HSA-AF488 or rHSAH464Q-AF488. 

HSA-AF488 uptake by fluid-phase endocytosis using confluent HeLa cells was 

performed for 4 hours at 37 °C in SFM-DMEM medium containing 100 µg/ml 

HSA-AF488. Cells were fixed with PFA, and confocal microscopy or FLIM-FRET 

experiments were performed, as described below (Section 2.6.1, Section 2.7.1, 

and Section 2.7.3). 
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2.5.2: HSA uptake assay in BMDMs 

Differentiated BMDMs were starved for CSF-1 overnight in C-RPMI prior to the 

HSA uptake experiment and washed three times with PBS. Cells were pelleted 

(300x g, 5 minutes 4 °C) and resuspended in SFM-RPMI medium supplemented 

with 100 ng/ml recombinant CSF-1 in presence of fluorescently labelled HSA 

conjugates and incubated for 5 – 15 minutes at 37 °C and 5 % CO2 to allow 

macropinocytosis. 

For raster image correlation spectroscopy (RICS) experiments, BMDMs were 

pulsed in CSF-1 containing SFM-RPMI medium with 10 µg/ml each, 

rHSAH464Q-AF488 and HSA-AF568, for 5 minutes at 37 °C and 5 % CO2. 

Subsequently, extracellular fluorophores were washed away with SFM-RPMI 

three times and pre-warmed (37 °C) SFM-RPMI was added. RICS experiments 

were performed, as described below (Section 2.7.4). 

For fluorescence lifetime imaging microscopy in combination with Förster 

resonance energy transfer (FLIM-FRET) experiments, FcRn-mCherry 

transduced or non-transduced BMDMs were pulsed in CSF-1 containing 

SFM-RPMI with 100 µg/ml HSA-AF488 for 5 minutes at 37 °C and 5 % CO2. 

Subsequently, extracellular fluorophores were washed away with SFM-RPMI 

three times and pre-warmed (37 °C) SFM-RPMI was added. FLIM-FRET 

experiments were performed, as described below (Section 2.7.3). 

 

2.5.3: Continuous uptake assays in BOECs 

Confluent (80 – 100 %) BOEC monolayers were washed three times with PBS 

and pulsed for 30 or 60 minutes with 50 µg/ml fluorescently labelled transferrin 

(transferrin-AF488 or transferrin-AF568), 100 µg/ml fluorescently labelled HSA 

(HSA-AF488 or HSA-AF568) or 500 µg/ml 70 kDa Dextran-TxRed at 37 °C and 

5 % CO2. After the indicated pulse times, extracellular fluorophores were washed 

away, and cells were either fixed for confocal microscopy or prepared for flow 

cytometry, as described below (Sections 2.6.1 – 2.6.3 and Section 2.6.9).  



Chapter 2 79 

For continuous DQ-OVA uptake experiments, BOEC monolayers were incubated 

for up to 120 minutes in SFM-EGM2 containing 50 µg/ml DQ-OVA at 37 °C and 

5 % CO2. At indicated uptake times, live cells were prepared for flow cytometry 

or imaged by confocal microscopy at 37 °C and 5 % CO2, as described below 

(Section 2.6.9 and Section 2.7.2). 

 

2.5.4: Pulse-chase assays in BOECs 

Confluent (80 – 100 %) BOEC monolayers were washed three times with PBS 

and pulsed for 15 minutes (live cells) or 30 minutes (fixed cells) with 100 µg/ml of 

either HSA-AF488, HSA-AF568 or rHSAH464Q-AF488 in SFM-EGM2 at 37 °C and 

5 % CO2. Extracellular fluorophores were washed away three times with SFM-

EGM2, and fluorescent signals chased for 60 minutes in SFM-EGM2 at 37 °C 

and 5 % CO2. At indicated times, cells were either fixed or live cells were imaged 

by confocal microscopy at 37 °C and 5 % CO2, as described below 

(Sections 2.6.1 – 2.6.3 and Section 2.7.2).  

For pulse chase assays using DQ-OVA, BOEC monolayers were washed three 

times with PBS and pulsed for 15 minutes with 50 µg/ml DQ-OVA in SFM-EGM2 

at 37 °C and 5 % CO2. Extracellular fluorophores were washed away three times 

with SFM-EGM2, and fluorescent signals chased for 120 minutes in SFM-EGM2 

at 37 °C and 5 % CO2. At indicated times, live cells were imaged by confocal 

microscopy at 37 °C and 5 % CO2, as described below (Section 2.7.2). 

If not stated otherwise, pulse-chase experiments were performed at least twice 

to confirm observed intracellular trafficking events. 

 

2.5.5: PMA treatment of cultured BOECs 

Confluent monolayers of BOECs were treated with C-EGM2 medium containing 

80 nM phorbol-12-myristae-13-acetate (PMA, Sigma-Aldrich, USA) dissolved in 

DMSO for 20 minutes at 37 °C. For the carrier control, BOECs were incubated 

with C-EGM2 containing 0.5 % v/v DMSO to compensate for the addition of the 
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DMSO phase in PMA-treated cells. Monolayers were washed and cells fixed with 

MeOH, as described below (Section 2.6.3). 

 

2.5.6: 5-(N-ethyl-N-isopropyl) amiloride treatment 

A working solution of 10 mM 5(-(N-ethyl-N-isopropyl) amiloride (EIPA, Sigma 

Aldrich, USA) in MeOH was prepared. For adjusting EIPA concentrations the ratio 

of the MeOH phase in culture medium was kept to 2 %. Confluent BOEC 

monolayers were treated in SFM-EGM2 containing indicated concentrations of 

EIPA (0, 50, 100 or 200 µM) for 60 minutes at 37 °C and 5 % CO2. The medium 

was removed, and subsequent internalisation assays were performed, as 

described above, in presence of the respective EIPA concentrations in SFM-

EGM2 (Section 2.5.3). Cells were either prepared for flow cytometry or fixed to 

perform confocal microscopy, as described below (Sections 2.6.1 – 2.6.3 and 

Section 2.6.9). 

 

2.5.7: Antigen uptake assay in primary B cells 

B cells were isolated from single cell suspensions of primary murine splenocytes 

using the B Cell Isolation Kit (Miltenyi Biotec, Germany), according to the 

manufacturer’s protocol. Isolated B cells were resuspended in X-Vivo medium 

(Lonza, Switzerland) supplemented with 2 mmol/l glutamine, 50 µmol/l  

2-mercaptoethanol, 100 U/ml penicillin, 100 g/ml streptomycin and 10 % FCS 

(C-X-Vivo medium) and 4 – 5 x106 B cells were seeded into wells of a 48-well 

plate. Cells were pelleted for 5 minutes at 300x g and 4 °C, and, if not stated 

otherwise, resuspended in MSA blocking medium (0.2 % w/v MSA in C-X-Vivo 

medium). Blocking was performed on ice for 30 minutes and cells pelleted for 

5 minutes at 300x g and 4 °C. Cells were resuspended in MSA blocking medium 

containing 2.5 µg/ml FVIII or FVIII-Albumin fusion protein (FVIII-Alb) coupled to 

APC. Cells were allowed binding the respective antigens for 30 minutes on  ice, 

and then unbound antigen was washed off with X-Vivo medium. Cells were 
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resuspended in C-X-Vivo medium and incubated at 37 °C for the indicated times 

to allow uptake of the bound antigens. After uptake, cells were kept on ice to 

avoid further processing of bound or endocytosed antigens. Cells were washed 

with FACS buffer and prepared for imaging flow cytometry, as described below 

(Section 2.6.7). After staining of surface proteins for flow cytometry, B cells were 

fixed with 4 % PFA for 10 minutes on ice and resuspended in 50 – 100 µl FACS 

buffer. Imaging flow cytometry was performed, as described below 

(Section 2.7.6). 

 

2.5.8: In vitro expansion of FVIII-specific CD4+ T cells 

The principle and cytokine composition for the in vitro expansion of FVIII-specific 

CD4+ T cells was adapted from experiments performed by Smith and colleagues, 

who were able to expand pre-sorted Foxp3+ Tregs in a FVIII-specific manner from 

FVIII-immunised HemA mice (Smith et al., 2020). To this end, spleens from naïve 

or immunised (2 IU FVIII (Kogenate® FS, Bayer, Germany) i.v. at day -7 and 

day -14) HemA or B6 WT mice were collected in cold digestion buffer (C-RPMI 

medium + 1 mg/ml Collagenase + 0.1 mg/ml DNAse). Collected spleens were 

injected with 2 ml digestion buffer and incubated in wells of a 12-well plate for 

15 – 20 minutes at 37 °C. Subsequently, the spleens were meshed using a 

syringe stamp and incubated for additional 15 – 20 minutes at 37 °C. After the 

digestion, single cell suspensions of primary murine splenocytes were prepared, 

as described above (Section 2.3.10). CD4+ T cells were isolated from single cell 

suspensions of primary murine splenocytes using the CD4+ T Cell Isolation Kit 

(Miltenyi Biotec, Germany), according to the manufacturer’s protocol, and the cell 

concentration adjusted to 2 x 106 cells/ml in T cell medium containing 10 IU/ml 

human FVIII protein (Kogenate® FS, Bayer, Germany). 

The CD4- negative population was collected and transferred to T-25 flasks. Cells 

were irradiated using the MultiRad 160 system (Faxitron Biooptics, USA) with the 

following settings: 0.5 mm aluminium filter, shelf position 6 (22 cm), field 

size Ø 15.2 cm, 160 kV, 25 mA and a target dosage of 20 Gy. Irradiated 
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CD4- cells were adjusted to a cell concentration of 2 x 106 cells/ml in T cell 

medium containing 10 IU/ml human FVIII protein (Kogenate® FS, Bayer, 

Germany) and used as antigen presenting cells (APCs) for the FVIII-specific 

expansion of antigen-specific CD4+ T cells. 

For the FVIII-specific expansion step, 5 x 105 CD4+ T cells and 5 x 105 irradiated 

CD4- splenocytes were co-cultured in wells of a 48-well plate in a total volume of 

500 µl T cell medium containing 50 U/ml mouse IL-2 (Peprotech, USA) and 

10 IU/ml human FVIII protein (Kogenate® FS, Bayer, Germany) at 37 °C and 

5 % CO2. Culture medium was topped up after 48 hours with 500 µl of fresh 

T cell medium. For indicated samples 50 U/ml IL-2 (Peprotech, USA) were added 

to the T cell medium during the FVIII-specific expansion step. After 72 hours, cells 

were passaged, and 5 x 105 cells seeded into fresh wells of a 48-well plate 

1 x 106 cells were stained for FVIII using a FVIII-specific tetramer and prepared 

for flow cytometry, as described below (Sections 2.6.6 – 2.6.7). 

For the FVIII-unspecific expansion, Dynabeads™ Mouse T-Activator CD3/CD28 

for T-Cell expansion and activation (T cell activator Dynabeads, Thermo Fisher 

Scientific, Germany) were added in a 1:1 ratio (12.5 µl) to CD4+ T cells in wells 

of a 48-well plate. Cells were incubated in T cell medium containing T cell 

activator Dynabeads and 50 U/ml mouse IL-2 at 37 °C and 5 % CO2. Medium 

was topped up every 2 days with fresh T cell medium containing 50 U/ml mouse 

IL-2 and cells were passaged every 3 days. During passaging, 1 x 106 cells were 

stained for FVIII using a FVIII-specific tetramer and prepared for flow cytometry, 

as described below (Sections 2.6.6 – 2.6.7). CD4+ T cells were expanded up to 

day 12 of the experiment.  

 

2.5.9: Chemical conversion of CD4+ T helper cells to Foxp3-expressing 

regulatory T cells 

The protocol for the chemical conversion of CD4+ T cells into CD25+Foxp3+ Tregs 

was performed, as described by Akamatsu and colleagues, with slight 

adaptations (Akamatsu et al., 2019). Briefly, CD4+ T cells were isolated from 
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single cell suspensions of primary murine splenocytes using the CD4+ T Cell 

Isolation Kit (Miltenyi Biotec, Germany), as described above (Section 2.3.11). To 

deplete CD25+ Tregs in the CD4+ T cell population, an additional MACS 

separation step was performed using the CD4+CD25+ Regulatory T cell Kit 

(Miltenyi Biotec, Germany), and the CD4+CD25- population collected as Treg-

depleted CD4+ T cells. 5 x 105 Treg-depleted CD4+ T cells in a volume of 500 µl 

were seeded per well of a 48-well plate. Chemical Treg conversion was 

performed for 72 hours at 37 °C and 5 % CO2 in T cell medium containing 

50 U/ml mouse IL-2 (Peprotech, United Kingdom), 2.5 µg/ml recombinant human 

TGF-β1 (TGF-β, HEK293-derived, Peprotech, United Kingdom) and 1 mM 

AS2863619 (AS, MedChemExpress, USA) and in the presence of Dynabeads™ 

Mouse T-Activator CD3/CD28 for T-Cell expansion and activation (T cell activator 

Dynabeads, Thermo Fisher Scientific, Germany) in a 1:1 beads-to-cell ratio. As 

controls, Treg-depleted CD4+ T cells were either incubated in presence of T cell 

activator Dynabeads only or Tregs induced with TGF-β and in the absence of AS. 

After conversion, the phenotype of induced Tregs was assessed by flow 

cytometry and induced Tregs were used for in vitro suppression assays, as 

described below (Section 2.5.10). If necessary, converted Tregs were rested in 

the absence of T cell activator Dynabeads in T cell medium containing the 

respective conversion reagents and IL-2, as indicated.  

 

2.5.10: In vitro suppression assay 

For the isolation of CD11c+ dendritic cells (DCs), spleens from B6 WT mice were 

collected in cold digestion buffer (C-RPMI medium + 1 mg/ml Collagenase + 

0.1 mg/ml DNAse). Collected spleens were injected with 2 ml digestion buffer and 

incubated in wells of a 12-well plate for 15 – 20 minutes at 37 °C. Subsequently, 

the spleens were meshed using a syringe stamp and incubated for additional 

15 – 20 minutes at 37 °C. After the digestion, single cell suspensions of primary 

murine splenocytes were prepared, as described above (Section 2.3.10). CD11c+ 

dendritic cells were isolated from single cell suspensions of primary splenocytes 

obtained from B6 WT mice using CD11c Microbeads Ultrapure (Miltenyi Biotec, 
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Germany), according to the manufacturer’s protocol. CD11c+ DCs were washed 

twice with warm PBS and resuspended in 5 ml PBS containing 1 µg/ml SIINFEKL 

peptide (AnaSpec, USA). To load DCs with the SIINFEKL peptide, cells were 

incubated for 30 minutes at 37 °C in a water bath. SIINFEKL-loaded DCs were 

washed with C-RPMI, and the cell concentration adjusted to 1 x 106 cells/ml in 

T cell medium.  

CD8+ T cells were isolated from single cell suspensions of primary splenocytes 

and lymphocytes obtained from OT-1 x CCR4 KO mice using the CD8a+ T cell 

Isolation Kit (Miltenyi Biotec, Germany), according to the manufacturer’s protocol. 

Separated CD8+ T cells were resuspended in 10 ml warm PBS in 50 ml tubes 

and 3 µl of 5 mM CFSE (Thermo Fisher Scientific, Germany) were added to the 

lid of the tube. The 50 ml tube was inverted 10 times and CFSE-labelling of 

CD8+ T cells was performed for 10 minutes at 37 °C in a water bath. The reaction 

was stopped by adding 40 ml of PBS containing 10 % FCS. Cells were 

centrifuged at 300x g for 5 minutes and the cell concentration was adjusted to 

1 x 106 cells/ml in T cell medium.  

Naïve CD4+ T cells were isolated from single cell suspensions of primary 

splenocytes from B6 WT mice using the CD4+ T Cell Isolation Kit (Miltenyi Biotec, 

Germany), according to the manufacturer’s protocol. Cell concentrations of 

freshly isolated CD4+ T cells and freshly chemically converted or, after chemical 

conversion, rested regulatory T cells (Tregs) were adjusted to 1 x 106 cells/ml.  

For in vitro suppression assays, 1 x 104 SIINFEKL-loaded DCs and 1 x 105 CFSE-

labelled CD8+ T cells were co-cultured in a final volume of 500 µl per well of a 

48-well plate with either 1 x 105 freshly isolated CD4+ T cells or chemically 

converted Tregs (fresh or rested for 24 hours) for 72 hours at 37 °C. 

Subsequently, cells were prepared for flow cytometry, as described below 

(Section 2.6.7) and the proliferation of CFSE-labelled CD8+ T cells assessed 

using the FlowJo software (BD Biosciences, Germany).  
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2.6: Fixation and staining protocols 

2.6.1: PFA cell fixation 

Cell monolayers grown on coverslips were fixed in 4 % paraformaldehyde (PFA) 

for 10 – 15 minutes at room temperature (RT) and quenched in 50 mM 

NH4Cl/PBS for 10 minutes at RT. For intracellular staining, fixed cells were also 

permeabilised with either 0.1 % v/v Triton-X-100/PBS for 4 minutes at RT or 

0.05 % w/v Saponin/PBS for 15 minutes at RT and subsequently incubated in 

blocking solution (5 % v/v FCS and 0.02 % w/v sodium azide in PBS) for 

30 minutes at RT to reduce non-specific binding before proceeding with 

immunofluorescence staining.  

 

2.6.2: TCA cell fixation 

Cell monolayers grown on coverslips were fixed in 10 % trichloroacetic acid (TCA) 

for 15 minutes on ice and quenched in cold 30 mM glycine/PBS for 10 minutes 

at RT. For intracellular staining, fixed cells were also permeabilised with either 

0.1 % v/v Triton-X-100/PBS for 4 minutes at RT or 0.05 % w/v Saponin/PBS for 

15 minutes at RT and subsequently incubated in blocking solution (5 % v/v FCS 

and 0.02 % w/v sodium azide in PBS) for 30 minutes at RT to reduce non -specific 

binding before proceeding with immunofluorescence staining.  

 

2.6.3: MeOH cell fixation 

Cell monolayers grown on coverslips were fixed in pre-cooled methanol (MeOH) 

for 5 – 10 minutes at -20 °C. Fixed cells were incubated in blocking solution 

(5 % v/v FCS and 0.02 % w/v sodium azide in PBS) for 30 minutes at RT to 

reduce non-specific binding before proceeding with immunofluorescence 

staining.  
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2.6.4: Indirect immunofluorescence staining for confocal microscopy 

Fixed (and permeabilised) cells grown on coverslips were incubated with primary 

antibodies diluted in blocking solution (5 % v/v FCS and 0.02 % v/v sodium azide 

in PBS) for one hour at room temperature. Cells were washed three times with 

PBS and subsequently incubated with secondary antibodies diluted in blocking 

solution for 30 minutes at room temperature. Cells were washed three times with 

PBS and cell nuclei stained with DAPI (Sigma Aldrich, USA) for 5 minutes. Cells 

were washed three times with PBS, rinsed once with milli-Q H2O and mounted in 

Mowiol (10 % w/w Hopval 5-88 (Hoechst, Australia), 25 % w/v glycerol, 0.1 M 

Tris). Mounted cells were imaged using a Leica SP8 confocal microscope, as 

described below (Section 2.7.1). 

Indirect immunofluorescence staining of endosomal markers was performed at 

least three times to confirm the observed intracellular pattern of respective 

organelles and representative confocal images are shown. 

 

2.6.5: LysoTracker™ Red staining 

Confluent monolayers of live BOECs were incubated with 1 mM LysoTracker™ 

Red DND-99 (LysoTracker Red, Thermo Fisher Scientific, Australia) diluted 

1:20,000 in C-EGM2 medium for 60 minutes at 37 °C and 5 % CO2. Cells were 

washed and fresh C-EGM2 medium was added to directly proceed with live cell 

imaging or pulse-chase assays using HSA-AF488 were performed, as described 

above (Section 2.5.4). 

 

2.6.6: Tetramer staining of FVIII-specific CD4+ T cells for flow cytometry 

The FVIII-specific MHC II tetramer (TASSYFTNMFATWSPSKARL) was 

prepared for staining by centrifugation at 14,000x g for 5 minutes and 4 °C. 

Freshly isolated splenocytes or in vitro expanded CD4+ T cells were pelleted 

(300x g, 5 minutes, 4 °C), resuspended in 50 µl FACS buffer and stained with 
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2 µl FVIII tetramer per 1 x 106 cells. Cells were incubated for 2 hours at 37 °C 

and 5 % CO2 in the dark. Cells were washed with FACS buffer and surface 

antigen staining was performed, as described below (Section 2.6.7).  

 

2.6.7: Staining of surface antigens for flow cytometry  

Cells were pelleted (300x g, 5 minutes, 4 °C) and resuspended in 100 or 200 µl 

FACS buffer containing the particular fluorescence-conjugated antibodies 

(Table 2.7) and LIVE/DEAD® fixable dead cell stains (Thermo Fisher Scientific, 

Germany). Surface marker staining was performed for 30 minutes at 4 °C in the 

dark. Cells were washed with FACS buffer and after pelleting (300x g, 5 minutes, 

4 °C), cells were resuspended in appropriate volumes of FACS buffer or Hoechst 

staining buffer (0.1 µg/ml Hoechst in PBS) if no LIVE/DEAD® fixable dead cell 

stain was used to identify dead cells.  

 

2.6.8: Staining of intracellular antigens (Foxp3) for flow cytometry 

Intracellular antigens were stained using the eBioscience™ Foxp3/transcription 

factor staining buffer set (Thermo Fisher Scientific, Germany), according to the 

manufacturer’s protocol. Briefly, cells following surface antigen staining were 

fixed and permeabilised in fix/perm buffer (Thermo Fisher Scientific, Germany) 

for 1 hour at 4 °C and washed with perm buffer (Thermo Fisher Scientific, 

Germany) subsequently. Pelleted cells were resuspended in perm buffer 

containing the particular fluorescent-labelled antibody directed against the 

intracellular antigen and stained for 30 minutes at 4 °C in the dark. Cells were 

washed with perm buffer, pelleted, and resuspended in appropriate volume of 

perm buffer.  

 



Chapter 2 88 

2.6.9: Preparation of adherent cells (BOECs) for flow cytometry 

BOEC monolayers were trypsinised using TrypLE™ express enzyme (Thermo 

Fisher Scientific, Australia) and transferred into FACS tubes. Cells were washed 

with FACS buffer for adherent cells (2 % v/v FCS + 1 mM EDTA in PBS) and 

pelleted at 300x g for 5 minutes and 4 °C. The cell pellet was resuspended in 

100 µl FACS buffer containing the primary antibodies and cells were stained for 

30 minutes at 4 °C in the dark. Cells were washed with FACS buffer, the cell pellet 

resuspended in FACS buffer containing the appropriate fluorescence-conjugated 

secondary antibodies, and staining was performed for 30 minutes at 4 °C in the 

dark. Cells were washed with FACS buffer, the cell pellet resuspended in DAPI 

staining buffer (1 µg/ml DAPI in PBS) and cells incubated for 5 minutes at 4 °C in 

the dark to stain dead cells. Cells were washed with  FACS buffer and, after 

pelleting (300x g, 5 minutes, 4 °C), resuspended in an appropriate amount of 

FACS buffer. 

 

2.7: Microscopy and flow cytometry methods 

2.7.1: Confocal fluorescence microscopy of fixed cells 

Images of fixed cell monolayers were acquired sequentially for multi-colour 

imaging on a laser confocal scanning microscope (Leica SP8 confocal imaging 

system, Leica Microsystems, Germany)) using a 63x (1.4 NA) HC PL APO CS2 

oil immersion objective and Leica HyD photodetectors. Alexa Fluor® 488 (AF488) 

and GFP were excited using a 488 nm solid state laser. Alexa Fluor® 568 (AF568), 

Texas Red (TxRed) and mCherry were excited with a 543 nm solid state laser. 

Alexa Fluor® 647 (AF647) was excited using a 638 nm solid state laser. DAPI 

was excited with a 405 nm DMOD laser. Leica HyD photodetectors were set to 

the collecting bandwidths for collecting the respective fluorescent signals: 430 – 

480 nm for DAPI, 500 – 500 nm for AF488 or GFP, 580 – 630 for AF568 or 

mCherry and 650 – 700 nm for AF647. z-stacks were acquired using a step size 
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of 0.3 µm per z slice. Single slices of confocal microscopy are shown, unless 

stated otherwise. 

 

2.7.2: Live cell imaging 

All live cell imaging experiments were performed on an Olympus FV3000 laser 

scanning microscope (Olympus, Australia) using a 60x (1.2 NA) U Plan S Apo 

water immersion objective and cells were imaged at 37 °C and 5 % CO2. Alexa 

Fluor® (AF488), DQ-OVA and GFP were excited using a 488 nm solid-state laser 

diode. Alexa Fluor® 568 (AF568), LysoTracker Red and mCherry were excited 

using 561 nm solid-state laser diode. Fluorescent signals were collected with 

GaAsP detectors using the following bandwidths: 500 – 540 nm for AF488, DQ-

OVA and GFP, 590 – 650 nm for AF568, LysoTracker Red and mCherry. Z-stacks 

were acquired using a step size of 0.5 µm per z slice. Single slices of live cell 

images are shown, unless stated otherwise. 

 

2.7.3: FLIM-FRET 

All fluorescence lifetime imaging microscopy (FLIM) measurements of Förster 

resonance energy transfer (FRET) were performed on an Olympus FV3000 laser 

scanning microscope coupled to a 488 nm pulsed laser operated at 80 MHz and 

an ISS A320 FastFLIM box for time resolved detection. A 60x (1.2 NA) U Plan S 

Apo water immersion objective was used for all experiments and live cells were 

imaged at 37 °C and 5 % CO2. To first verify the presence of HSA-AF488 (donor) 

and FcRn-mCherry (acceptor) in selected BMDM or HeLa cells, sequential 

intensity images of this FRET pair were acquired via use of internal solid-state 

laser diodes operating at 488 nm and 561 nm, a 405/488/561 dichroic mirror and 

two internal GaAsP photomultiplier detectors set to collect the following 

bandwidths: 500 – 550 nm and 600 – 650 nm. Then a FLIM image (256 x 

256 pixel frame size, 20 µs/pixel, 90 nm/pixel, 20 frame integration) was acquired 

of the donor only (HSA-AF488) via use of external 488 nm pulsed laser (80 MHz), 
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and the resulting fluorescence signal was directed through a 405/488/561 

dichroic mirror as well as a 550 nm long pass filter, to an external photomultiplier 

detector (H7422P-40 of Hamamatsu) fitted with a 520/50 nm bandwidth filter. The 

FLIM image of HSA-AF488, the readout of FRET with FcRn-mCherry, was 

processed by the ISS Vista Vision software, which pre-calibrates the instrument 

and phasor space against a known reference lifetime (here fluorescein at pH 9 

was used, which has a known single exponential lifetime of 4.04 ns (Hinde et al., 

2012). 

RICS data was collected in collaboration with Dr. Elizabeth Hinde (School of 

Physics, Bio21 Institute, The University of Melbourne). 

 

2.7.4: RICS 

All raster image correlation spectroscopy (RICS) microscopy measurements 

were performed on an Olympus FV3000 laser scanning microscope coupled to 

an ISS A320 Fast FLIM box for fluorescence fluctuation data acquisition. A 60x 

(1.2 NA) U Plan S Apo water immersion objective was used for all experiments 

and live cells were imaged at 37 °C and 5 % CO2. HSA-AF568 and rHSAH464Q-

AF488 were excited by solid-state laser diodes operating at 488 nm and 561 nm, 

respectively. The fluorescence signal was directed through a 405/488/561 

dichroic mirror to remove laser light and the AF488 and AF568 emission was 

detected by two internal GaAsP photomultiplier detectors set to collect between 

the following bandwidths: 500 – 540 nm and 600 – 700 nm. A two-channel frame 

scan acquisition (100 frames) was then set-up to collect AF488 and AF568 signal 

at zoom 20 (10.76 µm2 region of interest) within a selected bone marrow-derived 

macrophage that avoided free dye in the extracellular matrix. For a 256-pixel 

frame size this region of interest resulted in a pixel size of 41 nm and for a pixel 

dwell time set to 12.5 µs, this scan rate resulted in a line time of 4.313 ms and a 

frame time of 1.108 s. 

RICS data was collected in collaboration with Dr. Elizabeth Hinde (School of 

Physics, Bio21 Institute, The University of Melbourne). 
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2.7.5: Flow cytometry  

After staining, cells were measured in FACS buffer or Hoechst staining buffer by 

flow cytometry using a BD FACS Canto II (BD Biosciences, Germany) or BD LSR 

Fortessa (BD Biosciences, Germany) system. Freshly isolated cells or adherent 

cells were filtered through 100 µm nylon filter prior to flow cytometry 

measurements. For the calculation of absolute cel l numbers, 10,000 CaliBRITE™ 

APC beads (BD Biosciences, Germany) were added per sample. Flow cytometry 

data was collected using the BD FACSDiva™ software (BD Biosciences, 

Germany). Data was analysed using the FlowJo software (BD Biosciences, 

Germany). Single, live cells were gated using forward (FSC) and sideward scatter 

(SSC), according to their typical morphology and the exclusion of the respective 

cell viability dye.  

 

2.7.6: Imaging flow cytometry 

After performing the antigen uptake assay in primary B cells, as described above 

(Section 2.5.7), PFA-fixed cells resuspended in 50 – 100 µl were transferred into 

1.5 ml Eppendorf tubes and analysed by imaging flow cytometry using a Amnis® 

ImageStream® Mk II system (Luminex Corporation, USA).  

 

2.8: Data analysis 

2.8.1: The phasor approach to FLIM-FRET 

All FLIM-FRET data was analysed in the SimFCS software developed at the 

Laboratory for Fluorescence Dynamics, as described in previously published 

papers (Digman et al., 2008; Hinde et al., 2012). In particular, the donor 

fluorescence lifetime recorded in each pixel of a FLIM image is described by a 

G and S coordinate (phasor) presented in the phasor plot. In pixels where a donor 

molecule undergoes FRET with an acceptor molecule, the phasor coordinate will 

be right shifted along a curved trajectory that is described by the classical 
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definition of FRET efficiency. To determine the efficiency of the FRET state, the 

phasor coordinates of HSA-AF488 in the absence of acceptor (unquenched 

donor) and background (cellular autofluorescence) were first determined 

independently and a FRET trajectory was extrapolated. Then from 

superimposition of the phasor plot distribution of HSA-AF488 in the presence of 

the C-terminal versus N-terminal FcRn fusion with mCherry (quenched donor) 

over the FRET trajectory, the efficiency of each ligand-receptor interaction was 

determined. This analysis then also enabled cursors to be placed at specific 

phasor coordinates along the FRET trajectory that quantifies the fraction of FRET 

within a FLIM image to highlight the spatial distribution of ligand-receptor 

interactions. 

The analysis of FLIM-FRET data was conducted by Dr. Elizabeth Hinde (School 

of Physics, Bio21 Institute, The University of Melbourne). 

 

2.8.2: RICS 

Raster image correlation spectroscopy (RICS) data was processed and analysed 

in the SimFCS software developed at the Laboratory for Fluorescence Dynamics, 

as described in previously published papers (Digman et al., 2005; Digman and 

Gratton, 2009; Rossow et al., 2010). In particular, for each two-colour experiment, 

the RICS function was calculated in channel 1 (rHSAH464Q-AF488) and channel 2 

(HSA-AF568) for an entire image stack (n = 100 frames) with a moving average 

applied (n = 10 frames) to remove slow macromolecular movements. The 

resulting RICS profiles for channels 1 and 2 were then independently fit to a 

2-component diffusion model, and the amplitudes (G1 and G2) versus diffusion 

coefficients (D1 and D2) of the fast versus slow components recorded. The fast 

component (described by G1 and D1) was interpreted to represent the fraction of 

HSA freely diffusing while the slow component (described by G2 and D2) was 

interpreted to represent the fraction of immobile HSA molecules bound to FcRn. 

The analysis of RICS data was conducted by Dr. Elizabeth Hinde (School of 

Physics, Bio21 Institute, The University of Melbourne). 



Chapter 2 93 

2.8.3: Macropinosome quantitation assay 

BOECs were treated with EIPA and HSA-AF488 and 

transferrin-AF568 co-uptake was performed, as described above (Section 2.5.3 

and Section 2.5.6). PFA-fixed BOECs were imaged by confocal microscopy and 

z-stacks of whole cells were acquired. The count of macropinosomal-like 

structures and fluorescent levels of endocytosed HSA-AF488 and 

transferrin-AF568 per cell were calculated using an adapted ImageJ-based 

macropinosome quantitation assay established by Wang et al. (Wang et al., 

2014). In particular, maximum projections of z-stacks were generated, and 

boundaries of single cells defined as regions of interests (ROIs) using the DAPI 

and the background signal of the transferrin -AF568 fluorescent channel. The 

Renyi Entropy threshold algorithm was used to identify HSA-positive endosomal 

structures and transferrin-positive endosomal structures were identified by the 

Iso Data threshold algorithm. To quantify the number of HSA-positive 

macropinosomes per cell, particles with an area of 0.2 – 20 µm2, corresponding 

to globular structures with a diameter of ~ 0.5 – 5 µm, within single ROIs were 

counted. Fluorescence intensities of intracellular HSA-AF488 and 

transferrin-AF568 per cell were estimated by quantif ication of the integrated 

fluorescence intensities of the respective fluorescent channel limited to the 

thresholded structures within single ROIs. Macropinosome counts and 

fluorescent levels were quantified and compared within single datasets to 

minimize the influence of background fluorescence or fluorophore bleaching 

resulting from sample preparation and acquisition settings. Experiments were 

performed at least twice to confirm effects on HSA macropinocytosis in  presence 

of EIPA.  

 

2.8.4: Quantification of intracellular HSA fluorescence levels 

Pulse-chase assays with BOEC monolayers using fluorescent-labelled HSA 

derivates were performed, as described above (Section 2.5.4), and PFA- or 

MeOH-fixed cells subsequently imaged by confocal microscopy. The maximum 
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projections of acquired z-stacks of fixed cells were generated and boundaries of 

single cells defined as regions of interest (ROI) using the DAPI and the 

background fluorescence of an antibody-specific channel. Intracellular HSA 

fluorescence levels were calculated using whole z-stacks by quantification of the 

HSA-specific integrated fluorescence densities within single ROIs. To this end, 

HSA-positive endosomal structures were identified by the Moments threshold 

algorithm and integrated densities calculated for single slices of the z-stack within 

single ROIs were summed up to obtain total intracellular HSA fluorescent levels 

per cell. The mean total intracellular HSA levels at 0 minutes chase within one 

experiment was set to 1 and data from 5 independent experiments (number of 

cells ≥ 19) was pooled. Intracellular fluorescence quantification was performed 

using the ImageJ software. 

 

2.8.5: Quantification of co-localisation 

Pulse-chase assays with BOEC monolayers using fluorescent-labelled HSA 

derivates were performed, as described above (Section 2.5.4), and PFA-fixed 

cells subsequently imaged by confocal microscopy. The maximum projections of 

acquired z-stacks of fixed cells were generated and boundaries of single cells 

defined as regions of interest (ROI) using the DAPI and the background 

fluorescence of an antibody-specific channel. Co-localisation was calculated 

within single ROIs throughout the single layers of whole z-stacks using the 

Coloc 2 plugin for Image J. Thresholds were calculated by Costes’ auto-threshold 

regression and significance of obtained co-localisation parameters evaluated by 

Costes’ randomisations (n=100) (Costes et al., 2004). The Costes’ p-value for all 

calculations was 1.00. Pearson’s p value and Manders’ correlation coefficients 

were calculated for two particular fluorescent channels to assess their co-

localisation to endosomal structures (Manders et al., 1992). Co-localisation was 

quantified and compared within single datasets to minimize the influence of 

background fluorescence or fluorophore bleaching resulting from sample 

preparation and acquisition settings. Experiments were performed at least twice 

to confirm effects on co-localisation observed during pulse-chase assays.  
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2.8.6: Quantification of internalisation coefficients using imaging  

flow cytometry 

Antigen-uptake in primary B cells was performed, as described above 

(Section 2.5.7), and PFA-fixed cells analysed by imaging flow cytometry. Cells 

were gated on single, live cells and acquired bad-quality images were excluded 

by defining a contrast gate (Gradient RMS_M01_Ch01 ≥ 55). A mask 

corresponding to the complete cell area was defined using the B220-specific 

channel and the Morphology algorithm. This cell mask was further eroded 

(Adaptive Erode = 88) to define the cytosolic area of B cells (internalisation mask). 

The FVIII/FVIII-Alb internalisation parameter for single cells was defined using 

the antigen-specific fluorescent signal and the defined internalisation mask. The 

obtained internalisation coefficient estimates the ratio of antigen -specific 

fluorescence located within the mask versus antigen-specific fluorescence 

outside of the internalisation mask. The internalisation coefficient ranges from -3, 

corresponding to total exclusion, to 3, corresponding to complete internalisation, 

and a value of 0 represents no antigen internalisation. Imaging flow cytometry 

data analysis was performed using the IDEAS® software (Luminex Corporation, 

USA) and FlowJo software (BD Biosciences, Germany). To obtain reliable 

internalisation parameters, more than 1,000 FVIII+B220+ B cells were recorded 

per sample and analysed. 

 

2.8.7: Calculation of division indices by flow cytometry 

In vitro suppression assays and surface antigen staining were performed, as 

described above (Section 2.5.10 and Section 2.6.7). Stained cells wear analysed 

by flow cytometry and gated on single live CD8+ T cells. A proliferation model was 

fit to the resulting CFSE histograms of CD8+ T cells using the proliferation 

modelling tool of the FlowJo software (BD Biosciences, Germany). The division 

index, which estimates the average number of cell division the analysed cell 

population has undergone, was used as a read-out parameter for assessing the 

Treg-mediated suppression of CD8+ T cell proliferation.  
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2.8.8: HSA uptake in FcRn-mCherry transduced HeLa cells 

HSA uptake in FcRn-mCherry transduced HeLa cells was performed, as 

described above (Section 2.5.1), and cells fixed with PFA. Subsequently, fixed 

cells were imaged by confocal microscopy. Cell boundaries of single cells were 

defined as regions of interest (ROIs) using the background fluorescence of the 

HSA fluorescence channel. Mean fluorescence signals within single ROIs of 

single stacks were calculated for HSA-AF488, rHSAH464Q-AF488, and FcRn-

mCherry using the ImageJ software. HSA mean fluorescence was standardised 

to the FcRn-mCherry expression level of single cells by dividing the mean HSA 

fluorescence with FcRn-mCherry mean fluorescence. Standardised HSA-AF488 

and rHSAH464Q-AF488 fluorescent levels were analysed in relation to the 

respective pH during the ligand uptake. 

 

2.8.9: Statistical analysis 

Raw data was processed using Excel and statistically analysed using GraphPad 

Prism (GraphPad software, USA). Error bars of data are graphically represented 

as SEM. Statistical significance was determined using the indicated statistical 

tests with the GraphPad Prism software (GraphPad Software, USA). p values 

below 0.05 were considered statistically significant and indicated as follows: 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, not significant (ns) p > 0.05 

 

2.8.10: Graphical illustrations 

Parts of the figures were created with BioRender.com, SnapGene software (GSL 

Biotech, USA) and Affinity Designer (Serif (Europe) Ltd., United Kingdom). 
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Chapter 3: Characterisation of the intracellular FcRn-albumin 

interaction in primary macrophages  

3.1: Introduction 

Many receptors recycle between the surface and intracellular compartments 

(Cullen and Steinberg, 2018). The site(s) of interactions between receptors and 

ligands vary depending on the particular receptor. For some receptors, such as 

toll-like receptor 4 (TLR4) and G protein coupled receptors, interactions with the 

ligand occurs not only at the cell surface but also within endosomal compartments 

and the receptor interaction within these endosomal structures play key roles in 

receptor functions (Gangloff, 2012; Hanyaloglu, 2018; Retamal et al., 2019). In 

some instances, interactions between recycling receptors and ligands occur 

selectively within intracellular compartments following endocytic uptake of the 

ligand. One example of a recycling receptor interacting with its ligands exclusively 

within intracellular compartments is the MHC class I like neonatal Fc receptor 

(FcRn) (Tesar and Björkman, 2010). FcRn plays an important role in both, 

neonatal and adult life; in the neonate, FcRn facilitates the transfer of maternal 

IgG molecules to the embryo or newborn, while in the adult, FcRn rescues 

endocytosed IgG and albumin from lysosomal degradation by capturing these 

ligands in acidified endosomes, prior to their delivery to lysosomes. Instead, the 

receptor-ligand complex recycles back to the cell surface, where ligands 

dissociate from the receptor at neutral pH, and are released to the circulation 

extending their half-lives in vivo (Roopenian and Akilesh, 2007; Ward and Ober, 

2009). Many studies have focussed on FcRn-IgG cell biology, however there is 

less knowledge about how FcRn mediates the rescue and recycling of 

endocytosed albumin, in particular within primary cells (Pyzik et al., 2019). The 

investigation of FcRn-dependent albumin cell biology is of particular interest 

because both FcRn ligands, albumin and IgG, are potentially internalised by cells 

via distinct endocytic pathways and bind distinct sites of the receptor within 

intracellular compartments suggesting discrete FcRn-dependent, intracellular 

trafficking mechanisms (Chaudhury et al., 2006; Pyzik et al., 2019). 
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Recently, a FcRn-dependent recycling pathway for endocytosed albumin has 

been identified in primary macrophages (Toh et al., 2020). Human serum albumin 

(HSA) is internalised by CSF-1 stimulated primary macrophages via 

macropinocytosis, a non-selective and efficient pathway for uptake of soluble 

molecules (Toh et al., 2020). After endocytosis, HSA located to newly formed 

macropinosomes is recycled to the cell surface in a FcRn-dependent manner via 

a rapid and efficient recycling pathway mediated by tubular transport carriers 

emerging from early macropinosome bodies (Toh et al., 2020). The non-FcRn 

binding HSA mutant, rHSAH464Q, despite being internalised efficiently, is excluded 

from tubular transport carriers projecting to the cell surface and is transported to 

lysosomes for rapid degradation (Toh et al., 2020). 

Although FcRn-dependent recycling has been described in primary 

macrophages, a key unanswered question remains the relationship between the 

albumin recycling pathway and the temporal and spatial events with its 

intracellular interaction with FcRn. A major challenge in identifying interaction 

between ligands and membrane receptors within intracellular compartments, 

compared with the cell surface, is that such interactions need to be detected and 

quantified in the presence of a pool of unbound ligand. To this end, here two 

independent biophysical approaches were used to monitor the intracellular 

interaction of HSA with the membrane bound FcRn in primary macrophages 

following endocytosis of ligand. Namely, the phasor approach to fluorescence 

lifetime imaging microscopy (FLIM) of Förster resonance energy transfer (FRET) 

(Digman et al., 2008; Hinde et al., 2012) and a novel approach to single molecule 

fluorescence fluctuation spectroscopy (FFS) called raster image correlation 

spectroscopy (RICS) (Digman et al., 2005; Digman and Gratton, 2009; Priest et 

al., 2019), which together assess the direct interaction of albumin with FcRn, as 

well as the mobility of bound versus unbound ligand, have been established for 

the investigation of intracellular receptor-ligand interactions . 
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3.2: Results 

3.2.1: Generation of bicistronic plasmids for the mammalian expression of  

β2-microglobulin and mCherry-labelled FcRn fusion proteins 

3.2.1.1: Generation of pIRES-derived plasmids expressing N-terminal or 

C-terminal labelled FcRn-mCherry fusion protein 

To quantify the interaction of intracellular FcRn with the endocytosed ligand, 

albumin, and the impact endogenous FcRn binding has on albumin mobility, we 

have used FLIM-FRET and RICS, respectively. Both techniques rely on 

fluorescently tagged human serum albumin (either HSA-AF488 or HSA-AF568). 

FLIM-FRET also required a fluorescently tagged FcRn that, based on the 

spectrum, would undergo FRET with HSA, while RICS required a fluorescently 

tagged FcRn non-binding mutant of HSA (rHSAH464Q) spectrally distinct from WT 

HSA. For the FLIM-FRET experiment HSA-AF488 (green) was employed and 

plasmids for the expression of mCherry (red) fused to either the N-terminus or 

C-terminal cytoplasmic tail of human FcRn were generated (Figure 3.1).The 

plasmids encoding human FcRn-mCherry constructs included the 

β2-microglobulin (B2M) light chain in a polycistronic plasmid, with the FcRn heavy 

α-chain following B2M to optimise the assembly of transport competent FcRn-

mCherry fusion proteins in the ER (Figure 3.1). 

To generate the C-terminal labelled construct (pIRES-B2M-FcRn_mCherry), the 

FcRn-mCherry open reading frame (ORF) was amplified from pEF1α-

FcRn_mCherry plasmid using the FcRn-mCherry(pIRES)-fw and FcRn-

mCherry(pIRES)-rev primers. The amplified PCR product contained 

complementary overhangs which allowed the insertion of the PCR fragment into 

the pIRES plasmid backbone suitable for bicistronic expression of B2M and 

FcRn-mCherry. The plasmid pIRES-β2-microglobulin/mycFcRn encoding B2M 

and myc-tagged FcRn was cut with XbaI and NotI-HF to remove the myc-FcRn 

ORF. Both fragments containing complementary overhangs were combined by 

HiFi assembly. This resulted in a bicistronic plasmid encoding B2M and FcRn-

mCherry using an internal ribosomal entry site (IRES) under the control of the 
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CMV promoter (Figure 3.1A). The FcRn-mCherry ORF contained the native FcRn 

signal peptide (SP) to allow ER translocation of the receptor into the secretory 

pathway, and FcRn and mCherry were separated by a polypeptide linker with the 

sequence Ala-Arg-Asp-Pro-Pro-Val-Ala-Thr to allow independent folding of the 

two fusion protein domains (Figure 3.1B). 

 

 

Figure 3.1: Bicistronic pIRES-derived plasmids for the expression of C- and 

N-terminal mCherry-labelled FcRn fusion proteins 
(A) Plasmid map showing the most important features of the bicistronic plasmid 
pIRES-B2M-FcRn_mCherry allowing the co-expression of human FcRn light 

chain β2-microglobulin (B2M, purple) and human FcRn heavy α-chain (blue) 
labelled with mCherry (red) at the C-terminus under the control of the CMV 

promoter using an internal ribosomal entry site (IRES). The native signal peptide 
of human FcRn (SP) was included to allow efficient secretion of the fusion protein 
and the FcRn and mCherry domain were separated by a polypeptide linker with 

the sequence Ala-Arg-Asp-Pro-Pro-Val-Ala-Thr (green). Other important plasmid 
features such as SV40 poly(A) signal (grey), replication origins (yellow) and 
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antibiotic resistance cassettes (light green) are highlighted at their respective 
locations. (B-C) Detailed organisation of the open reading frames (ORFs) in 

bicistronic plasmids encoding for the co-expression of B2M and either C-terminal 
labelled FcRn-mCherry (B) or N-terminal mCherry-FcRn fusion proteins (C). The 

plasmid map and overview of ORFs were created with SnapGene. 
 

 

To generate the N-terminal labelled construct (pIRES-B2M-IRES-

mCherry_FcRn), the plasmid pIRES-β2-microglobulin/mycFcRn encoding for 

B2M and myc-tagged FcRn excluding the myc-tag was amplified using the 

primers backbone-pIRES-fw and backbone-pIRES-fw. The polypeptide linker 

sequence Ala-Arg-Asp-Pro-Pro-Val-Ala-Thr was added to the PCR product by 

primer design. The sequence of the mCherry insert was amplified from the 

pEF1α-mCherry plasmid using the primers mCherry-FcRn(IRES)-fw and 

mCherry-FcRn(IRES)-rev containing complementary overhangs to the amplified 

pIRES backbone construct. Both fragments were ligated by HiFi assembly and 

resulted in a bicistronic plasmid allowing the co-expression of B2M and 

C-terminal labelled mCherry-FcRn using an IRES under the control of the 

CMV promoter. The native FcRn signal peptide (SP) was included in the ORF 

upstream of the mCherry domain to allow efficient secretion of the fusion protein 

and both proteins were separated by a polypeptide linker with the sequence 

Ala-Arg-Asp-Pro-Pro-Val-Ala-Thr to allow independent folding of both fusion 

protein domains (Figure 3.1C). 

The insertion of the two fusion protein domains and the correct assembly of both 

plasmid constructs was confirmed by sequencing using the primer 

Seq-End-IRES and Seq-End-mCherry.  

 

3.2.1.2: Generation of a FUGW-derived bicistronic plasmid expressing 

β2-microglobulin and FcRn-mCherry for lentiviral transduction 

To generate lentiviral particles containing a bicistronic plasmid encoding B2M and 

the C-terminal labelled FcRn-mCherry (FUGW-B2M-IRES-FcRn_mCherry), the 
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B2M-IRES-FcRn-mCherry sequence was subcloned into a FUGW backbone 

suitable for lentiviral packaging (Figure 3.2). 

 

 

Figure 3.2: The bicistronic plasmid FUGW-B2M-IRES-FcRn_mCherry 
suitable for the generation of FcRn-mCherry containing lentiviral particles 

Plasmid map showing the most important features of the bicistronic plasmid 
FUGW-B2M-FcRn_mCherry allowing the co-expression of human FcRn light 

chain β2-microglobulin (B2M, purple) and human FcRn heavy α-chain (blue) 
labelled with mCherry (red) at the C-terminus under the control of the UbC 
promoter using an internal ribosomal entry site (IRES). Additionally, elements 

important for the packaging into lentiviral particles (orange) are highlighted at their 
particular locations. Other important plasmid features such as bGH poly(A) signal 

(grey), replication origins (yellow), antibiotic resistance cassettes (light green) 
and promoters as well as other regulatory elements (white) are highlighted at their 
respective locations. The plasmid map was created with SnapGene. 
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To transfer the two ORFs, which are separated by an IRES, into the FUGW 

backbone, the B2M-IRES-FcRn-mCherry sequence was amplified from the 

pIRES-B2M-FcRn_mCherry plasmid using the B2M-FcRn-mCherry(FUGW)-fw 

and B2M-FcRn-mCherry(FUGW)-rev primers containing complementary 

overhangs to the FUGW backbone, and the FUGW plasmid was cut using 

EcoRI-HF and BamHI-HF to remove the encoded enhanced green fluorescent 

protein (EGFP) sequence. The amplified B2M-IRES-FcRn-mCherry sequence 

and the linearised FUGW backbone were ligated by HiFi assembly, which 

resulted in a bicistronic plasmid allowing the co-expression of B2M and FcRn-

mCherry fusion protein using an IRES, and furthermore contained lentiviral 

packaging elements allowing the generation of FcRn-mCherry encoding lentiviral 

particles to facilitate gene transfer into primary macrophages (Figure 3.2).  

 

3.2.2: Assessment of FRET transfer between HSA-AF488 and FcRn-

mCherry in HeLa cells 

3.2.2.1: Expression and intracellular localisation of C-terminal labelled FcRn-

mCherry in transfected HeLa cells 

To assess the expression and correct assembly of FcRn-mCherry fusion proteins 

in cells, HeLa cells were transfected with C-terminal tagged FcRn-mCherry 

(Figure 3.3). The mCherry domain fused to the C-terminus of FcRn is orientated 

towards the cytosol; therefore to facilitate FRET transfer, the fluorescent energy 

of luminal HSA-AF488 interacting with FcRn has to be transferred to mCherry 

across the endosomal membrane corresponding to a distance (d) of at least 4 – 

6 nm, the typical thickness of mammalian bilayer membranes (Shahane et al., 

2019) (Figure 3.3A). 
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Figure 3.3: Transient transfection of C-terminal labelled FcRn-mCherry into 
HeLa cells  

(A) Cartoon showing the membrane bound FcRn (grey) and mCherry (red) 
domain of the transgenic fusion protein, and endocytosed ligand, HSA-AF4488 

(green), located to the endosomal lumen. FRET efficiency is dependent on the 
distance (d) in nm between the two fluorophores. (B) Total protein lysates of HeLa 
cells transfected with the bicistronic pIRES construct expressing B2M and FcRn-

fusion protein were analysed by immunoblotting using anti-hFcRn and anti-
mCherry antibodies. The detected bands in lysates of FcRn-mCherry transfected 

HeLa cells represented the expected size of the fusion protein (~ 72 kDa). 
(C-D) Untransfected (C) and FcRn-mCherry transfected (D) HeLa cells were 
analysed for mCherry fluorescence (red) by confocal microscopy. Cell nuclei 

were visualised using DAPI (blue). Scale bars represent 10 µm.  
 

 

Cell lysates of FcRn-mCherry transfected cells were analysed by Western Blot 

using a hFcRn- and mCherry-specific antibody (Figure 3.3B). Both antibodies 

revealed a protein band in lysates of transfected cells corresponding to a size 

of ~ 72 kDa, the expected size of FcRn-mCherry fusion protein (Figure 3.3B). The 

respective bands were absent in lysates of untransfected cells. FcRn -mCherry 

was located to punctate endosomal structures throughout the cytosol in FcRn-
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mCherry transfected cells (Figure 3.3D), whereas no fluorescence was detected 

in untransfected HeLa cells (Figure 3.3C), indicating efficient expression and 

localisation to endosomal structures of FcRn-mCherry in transiently transfected 

HeLa cells. 

The localisation of C-terminal tagged FcRn-mCherry was further analysed by 

staining FcRn-mCherry transfected cells with markers of the early (EEA1) and 

recycling (Rab11) endosomes, ER/intermediate compartment (KDEL-receptor), 

late endosomes (CD63) and Golgi apparatus (GM130) (Figure 3.4). 

C-terminal tagged FcRn-mCherry co-localised extensively with the early 

endosome marker EEA1 and recycling endosomes (Rab11), and showing little 

overlap with ER, Golgi, and late endosome markers (Figure 3.4). Hence, the 

distribution of the human FcRn tagged with mCherry in HeLa cells demonstrated 

efficient transport from the ER and Golgi apparatus and the intracellular 

distribution is consistent with the untagged human FcRn in immortalised cell lines 

(Ward et al., 2005; Mahmoud et al., 2017).  
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Figure 3.4: Intracellular distribution of FcRn-mCherry in transiently 
transfected HeLa cells 

HeLa cells were transfected with the bicistronic pIRES construct expressing B2M 
and C-terminal labelled FcRn-mCherry fusion protein (red) for 48 hours. Cells 

were fixed and permeabilised and stained with the organelles markers (green) 
EEA1 (early endosomes), Rab11 (recycling endosomes), KDEL receptor 
(KDEL-R, ER/intermediate compartment), CD63 (late endosomes) and GM130 

(Golgi), as indicated. Scale bars represent 10 µm.  
 

 

3.2.2.2: Förster resonance energy transfer (FRET) between HSA-AF488 and 

mCherry-labelled FcRn fusion protein in transfected HeLa cells 

To analyse whether the C-terminal tagged FcRn-mCherry fusion protein was 

functional and suitable for FLIM-FRET detection, FcRn-mCherry transduced 

HeLa cells were incubated with HSA-AF488. HSA endocytosis and FRET 

between HSA-AF488 and C-terminal labelled FcRn-mCherry was analysed by 

FLIM acquisition in fixed cells (Figure 3.5). As fluid phase endocytosis is 

inefficient in cultured HeLa cells, I used a strategy for HSA uptake by HeLa cells 

previously adopted by our laboratories for cultured HEK293 cells (Chia et al., 

2018). Namely, incubation of FcRn-mCherry transfected HeLa cells with HSA 

under acidic conditions to allow ligand binding to cell surface FcRn-mCherry 

receptor followed by receptor mediated endocytosis (Figure 3.5).  

HSA-AF488 was efficiently bound at 4 °C under acidic conditions and 

endocytosed at 37 °C (Figure 3.5). In addition, surface bound HSA-AF488, and 

internalised HSA-AF488, showed a strong FLIM-FRET signal in FcRn-mCherry 

expressing cells, demonstrating that the receptor-ligand fluorescent probes 

mediated a FLIM-FRET signal following interaction (Figure 3.5). Although the 

majority of HSA-AF488 molecules were restricted to the boundaries of the cells 

after binding at 4 °C, some HSA-specific fluorescence was detected in the centre 

of the cell. This was probably due to a basal endocytic activity at 4 °C or HSA-

AF488 molecules bound to the peripheral membrane of observed cells, since only 

single slices of cells were acquired by fluorescence microscopy. 
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Figure 3.5: FLIM-FRET analysis of AF488-labelled HSA in FcRn-mCherry 
transfected HeLa cells 

FcRn-mCherry (red) transfected HeLa cells were pulsed with HSA-AF488 (green) 
for 1 hour on ice or for 15 minutes at 37 °C in pH 5.5 buffer. Monolayers were 
washed and fixed in 4 % PFA. Representative confocal images (left 3 rows) were 

acquired with an Olympus FV3000 confocal microscope. FLIM-FRET (FLIM) 
acquisitions were performed with an Olympus FV3000 microscope using a FLIM 

detector, as described in the methods section. Pixels within obtained FLIM 
images were pseudo-coloured according to their FRET status, with FRET-
negative pixels displayed in blue and FRET-positive pixels displayed in red. Scale 

bars represent 10 µm. 
 

 

Using this assay, next I compared the binding and uptake of WT HSA-AF488 with 

a FcRn non-binding mutant of HSA, rHSAH464Q-AF488, by HeLa cells transfected 

with C-terminal tagged FcRn-mCherry fusion protein over a pH range of 

pH 5.0 – 7.0 (Figure 3.6). 
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Figure 3.6: pH-dependent binding of HSA-AF488 and FcRn-mCherry in 
transfected HeLa cells 

HeLa cells were transfected with the bicistronic pIRES construct expressing B2M 
and C-terminal labelled FcRn-mCherry fusion protein. FcRn-mCherry expressing 
HeLa cells were incubated with 100 µg/ml HSA-AF488 (red) or rHSA-H464Q-AF488 

(green) in buffer with a pH from 5.0 – 7.0, as indicated, for 15 minutes at 37 °C. 
Cells were then washed, fixed, and analysed by confocal microscopy. 

Fluorescence is expressed as a ratio of the mean fluorescence within cells in the 
green (HSA ligand) and red (FcRn-mCherry) channel. Each symbol represents 
an individual cell. The mean values are indicated as black bars. The quantification 

of HSA fluorescence is shown for a representative data set. n ≥ 11 (number of 
cells). p-values were calculated using an unpaired, two-tailed Student’s t-test. 

**** p ≤ 0.0001 
 

 

HSA-AF488 was efficiently endocytosed under acidic conditions, that is pH 6.0 

and lower, whereas the non-binding mutant, rHSAH464Q-AF488, was very poorly 

taken up by FcRn-mCherry transfected cells over a pH range of 5.0 – 7.0, 

indicating pH-dependent binding of HSA-AF488 to FcRn-mCherry followed by 

receptor-mediated endocytosis (Figure 3.6). This was consistent with previous 

findings showing no binding of rHSAH464Q to FcRn even under acidic conditions 

(Andersen et al., 2012). The impaired endocytosis of rHSAH464Q-AF488 compared 
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to HSA-AF488 at pH ≤ 6 was observed across several experiments using FcRn-

mCherry transfected HeLa and HEK293 cells. 

As the intracellular interaction of FcRn-mCherry and HSA-AF488 occurs in acidic 

compartments, the FRET probe, i.e., HSA-AF488, was analysed independently 

of FcRn-mCherry under acidic conditions in solution. No change in fluorescent 

lifetime of the donor probe was observed over the pH range 5.0 – 7.0, 

demonstrating that the system was viable for the conditions required for 

investigating intracellular receptor-ligand interactions (data not shown). 

Next, the capacity of phasor FLIM analysis, which is based on the lifetime of the 

donor fluorophore, to detect FRET upon HSA-AF488 interaction with FcRn 

labelled with mCherry on either the N-terminus or the C-terminus was evaluated 

(Figure 3.7). To do so, HeLa cells transfected with one of the FcRn fusions with  

mCherry (acceptor molecules) were incubated with HSA-AF488 (donor molecule) 

for 15 minutes under acidic conditions to allow endocytosis by receptor-mediated 

endocytosis (Figure 3.7B-C). 

This protocol led to high levels of HSA-AF488 being endocytosed, which showed 

a punctate endosomal staining similar to the expressed FcRn-mCherry 

constructs (Figure 3.7A-C). The unquenched fluorescence lifetime of the donor 

molecule was initially analysed in untransfected HeLa cells incubated with HSA-

AF488 for 4 hours, where the ligand is slowly taken up by fluid phase endocytosis 

into large endocytic structures, to establish the baseline from which FRET 

interaction with FcRn-mCherry constructs could be detected in transfected 

HeLa cells (Figure 3.7A). 
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Figure 3.7: Comparison of fluorescence lifetime imaging microscopy (FLIM) 
of HSA-AF488 interaction with N-terminal and C-terminal tagged FcRn 

fusion with mCherry by Förster resonance energy transfer (FRET) detection 
in HeLa cells 

(A-C) Schematic of the donor control in the absence of FcRn (A) versus presence 
of either N-terminal labelled mCherry-FcRn (mCh-FcRn) (B) or C-terminal 
labelled FcRn-mCherry (FcRn-mCh) (C). Untransfected HeLa cells were 

incubated with 100 µg/ml HSA-AF488 for 4 hours at 37 °C and HeLa cells 
transfected with mCherry-FcRn or FcRn-mCherry, as indicated, incubated with 

100 µg/ml HSA-AF488 for 15 minutes at 37 °C in pH 5.5 buffer. Confocal 
microscopy images of fixed HeLa cells are shown in the donor (AF488, green) 
and acceptor (mCherry, red) channels. (D) Combined phasor distribution of HSA-

AF 488 (donor) in the absence and presence of FcRn-mCherry fusions (acceptor) 
with a theoretical FRET trajectory for the donor control superimposed. The phasor 

blot localisations of pixels not undergoing FRET (blue), obtained from donor only 
controls, pixels undergoing moderate (red) and high (yellow) FRET, as well as 
background events (black) are indicated by circles. The respective fluorescent 

lifetimes of the donor molecules within the defined populations are displayed in 
the legend. (E) FLIM images matched to A-C and pseudo-colouring according to 

FRET (palette defined in D) reveal HSA-AF488 to undergo significant FRET 
interaction with both, N-terminal and C-terminal FcRn fusions to mCherry. Scale 
bars represent 5 µm. 

 

 

The phasor distribution of the donor control (centred within teal cursor) revealed 

the unquenched fluorescence lifetime of HSA-AF488 to be ~ 3.2 ns and enabled 

extrapolation of a FRET trajectory (curved black line) to characterise the FRET 

efficiency of interaction with the FcRn-mCherry constructs in the presence of 

background signal (contained within black cursor) (Figure 3.7D). Specifically, 

from the superimposition of the phasor distribution of HSA-AF488 in the presence 

of N-terminal tagged FcRn (mCherry-FcRn, centred within yellow cursor) versus 

C-terminal tagged FcRn (FcRn-mCherry, centred within red cursor), over the 

donor control generated FRET trajectory, the HSA-AF488 interaction with 

mCherry-FcRn resulted in a high FRET efficiency (20 – 30 %) that significantly 

quenched the donor lifetime to ~ 2.2 ns and HSA-AF488 interaction with FcRn-

mCherry resulted in a moderate FRET efficiency (10 – 20 %) that quenched the 

donor lifetime to ~ 2.5 ns (Figure 3.7D). This result, which was clearly observed 

upon pseudo-colouring the FLIM acquisitions of these different donor-acceptor 

experiments according to the FRET states identified along the FRET trajectory 
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(Figure 3.7E), was consistent with the difference in Förster distance between the 

different donor-acceptor locations with respect to the endosomal membrane 

(schematic shown in Figure 3.7A-C). Thus, both the N-terminal mCherry-FcRn 

construct and the C-terminal FcRn-mCherry construct have the potential to 

quantitatively assess intracellular FcRn-HSA interactions using the FLIM-FRET 

approach. For following experiments, the C-terminal FcRn-mCherry construct 

was used as higher expression levels of the fusion protein were more readily 

obtained in primary macrophages.  

 

3.2.3: Intracellular localisation of exogeneous FcRn-mCherry in primary 

macrophages 

Having established that the FLIM-FRET system was viable, mouse FcRn knock-

out (FcRn KO) bone marrow-derived macrophages (BMDMs) were transduced 

with recombinant FcRn-mCherry lentivirus and then the intracellular localisation 

of the transgene in BMDMs was analysed by confocal microscopy (Figure 3.8). 

The distribution of human FcRn-mCherry in transduced BMDMs showed a 

punctate staining pattern and overlap with the early endosome marker, SNX5. 

There was very little mCherry fluorescence which overlapped with the ER marker, 

KDEL, indicating that the fluorescently tagged FcRn protein was transported 

efficiently from the ER after synthesis (Figure 3.8A).  

To confirm that endocytosed HSA is delivered to an endosomal compartment 

positive for FcRn-mCherry, transduced BMDMs were pulsed with HSA-AF488 for 

15 minutes and the cells fixed with PFA. Endocytosed HSA-AF488 showed 

substantial overlap with FcRn-mCherry, demonstrating that the FcRn fusion 

protein was located to the same compartments as the endocytosed HSA in 

BMDMs, and providing a system to examine the intracellular interactions of this 

ligand-receptor complex in primary cells (Figure 3.8B).  
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Figure 3.8: Intracellular distribution of FcRn-mCherry in transduced FcRn 

KO BMDMs 
(A) FcRn KO BMDMs were transduced with recombinant FcRn-mCherry (red) 

lentivirus, as described in the methods section, fixed and permeabilised and 
stained with antibodies (green) to SNX5 (early endosomes) or KDEL (ER 
marker), as indicated. (B) FcRn-mCherry (red) transduced BMDMs were 

incubated with 100 µg/ml HSA-AF488 (green) for 15 minutes at 37 °C, to allow 
fluid phase endocytosis of HSA-AF488, and cells fixed, and nuclei visualised with 

DAPI (blue). Scale bars represent 10 µm.  
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3.2.4: FLIM-FRET analysis of FcRn-ligand interactions in endosomes of 

primary macrophages 

To assess the intracellular FcRn-albumin interactions in primary cells, a series of 

FLIM-FRET experiments recording the receptor-ligand interaction in endosomes 

of BMDMs were performed (Figure 3.9). Transduced and non-transduced FcRn 

KO BMDMs were activated with CSF-1 to induce macropinocytosis (Lim et al., 

2015) and pulsed with either HSA-AF488 or FcRn non-binding HSA mutant, 

rHSAH464Q-AF488 (donor molecules), in the absence versus presence of FcRn-

mCherry for 5 minutes, and a time course of FLIM-FRET was performed 

(Figure 3.9A-C). 

The time course for the phasor analysis of FLIM-FRET experiments was based 

on previous studies in the laboratory which tracked the location and recycling of 

endocytosed albumin in the presence and absence of FcRn (Toh et al., 2020). 

FRET was firstly quantified by the phasor FLIM analysis of the donor molecule 

lifetime. HSA-AF488 alone (donor only) underwent an initial change in 

fluorescence lifetime to 3.2 ns (probably due to changes in the intracellular 

environment) which then stabilised (Figure 3.9D). The centre of the unquenched 

donor phasor distribution in the BMDMs was 3.2 ns (Figure 3.9D). HSA-AF488 in 

the presence of FcRn-mCherry (FRET experiment) maintained a quenched 

lifetime of ~ 2.5 ns beyond 20 minutes that was highly likely to be the result of a 

ligand-receptor interaction (i.e., FRET efficiency of 21 %) (Figure 3.9E). This 

conclusion was supported by the finding that the non-binding mutant, rHSAH464Q-

AF488, in the presence of FcRn-mCherry underwent the same initial change in 

fluorescence lifetime as the donor control which then stabilised after 20 minutes 

incubation with a negligible FRET interaction between rHSAH464Q-AF488 and 

FcRn-mCherry (Figure 3.9F).  
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Figure 3.9: Time course of fluorescence lifetime imaging microscopy (FLIM) 
of HSA-AF488 in live BMDMs in presence and absence of FcRn-mCherry 

(A-C) Schematic of the donor (HSA-AF488) control (HSA donor only, green) in 
absence of FcRn-mCherry (A) and the FRET experiments in presence of FcRn-
mCherry (acceptor, grey and red) using either HSA-AF488 (green) (B) or 

rHSAH464Q-AF488 (green) (C). (D-F) FcRn KO BMDMs were either untransduced 
or transduced with recombinant FcRn-mCherry lentivirus, as described in the 

methods section, and incubated with 100 µg/ml HSA-AF488 or rHSAH464Q-AF488 
for 5 minutes at 37 °C. (D) FLIM images and phasor plots of HSA-AF488 in the 
absence of FcRn-mCherry as a function of time (N=4) reveal the fluorescence 

lifetime of AF488 to stabilise at 3.2 ns after 20 minutes incubation time. This is 
the fluorescence lifetime used to extrapolate the FRET trajectory along the 

universal circle. (E) FLIM images and phasor blots of HSA-AF488 in the presence 
of FcRn-mCherry as a function of time (N=6) reveal the efficiency of FRET 
interaction between HSA-AF488 and FcRn-mCherry to be 21 % (i.e., quenched 

lifetime of 2.5 ns) after 20 minutes incubation time. (F) FLIM images and phasor 
plots of rHSAH464Q-AF488 in the presence of FcRn-mCherry as a function of time 

(N=5) demonstrate a similar initial change in fluorescence lifetime to the donor 
control that stabilises after 20 minutes incubation time. A negligible FRET 
interaction is detected between rHSAH464Q-AF488 and FcRn-mCherry. Error bars 

indicate SEM.  
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Since the donor fluorescence lifetime was found to stabilise after 20 minutes 

(Figure 3.9D), FLIM-FRET acquisitions of a series of cells were performed at this 

particular timepoint (Figure 3.10).  
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Figure 3.10: Fluorescence lifetime imaging microscopy (FLIM) of HSA-
AF488 interaction with FcRn-mCherry by Förster resonance energy transfer 

(FRET) detection in BMDMs 
FcRn KO BMDMs were either untransduced or transduced with recombinant 

FcRn-mCherry lentivirus, as described in the methods section, and incubated 
with 100 µg/ml HSA-AF488 or rHSAH464Q-AF488 for 5 minutes at 37 °C. Cells 
were washed and incubated for 20 minutes at 37 °C before FLIM measurements 

were performed. (A) Intensity images of parental BMDMs incubated for 
20 minutes after endocytosis of either HSA-AF488 or rHSAH464Q-AF488 in the 

donor (AF488, green) and acceptor (mCherry, red) channel. (B) Combined 
phasor distribution of HSA-AF488 and rHSAH464Q-AF488 (donor) in the absence 
or presence of FcRn-mCherry (acceptor) with a theoretical FRET trajectory for 

the donor control superimposed. Populations of acquired pixels not undergoing 
FRET (donor, blue) and pixels undergoing FRET (quenched donor, red) as well 

as background pixels (black) are indicated by circles at their respective location 
in the phasor plot. The FRET trajectory identifies the efficiency of interaction 
between HSA-AF488 and FcRn-mCherry after 20 minutes incubation to be 21 %. 

(C) Quantitation of the ratio of pixels undergoing FRET (defined in B) in FLIM 
acquisitions of the donor control (8 measurements across 4 cells) versus HSA-

AF488 (20 measurements across 6 cells) and rHSAH464Q-AF488 (21 
measurements across 5 cells) in the presence of FcRn-mCherry. For each cell, 
an individual HSA uptake experiment was performed and 2 – 6 measurements 

were acquired per cell. (D) FLIM images matched to A and pseudo-colouring 
according to FRET (palette defined in D) reveal only wildtype HSA-AF488 to 
undergo significant FRET interaction with FcRn-mCherry. Scale bars represent 5 

µm. The box and whisker plots (C) show minimum, maximum, sample median 
and first and third quartiles. Data was analysed by an unpaired, two-tailed 

Student’s t-test. * p ≤ 0.05 
 

 

Quantitation of multiple FLIM-FRET experiments were performed after 

20 minutes incubation with HSA-AF488 or rHSAH464Q-AF488. Both ligands were 

efficiently internalised into large globular structures, typical of macropinosomes, 

in FcRn-mCherry-positive BMDMs, which showed considerable overlap with the 

FcRn-mCherry fusion protein (Figure 3.10A). The efficiency of FRET interaction 

between HSA and FcRn was calculated to be 21 % (i.e., percent of donor with a 

quenched lifetime of 2.5 ns) (Figure 3.10B). This was similar to the FRET level 

initially observed for this biosensor in HeLa cells (Figure 3.7D). Quantitative 

analysis of the fraction of pixels undergoing FRET revealed a significantly higher 

fraction for HSA-AF488 and FcRn-mCherry (~ 23 % FRET pixels) compared to 

the non-binding mutant rHSAH464Q-AF488 and the donor only control (Figure 
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3.10C). Additionally, pseudo-colouring of FLIM images revealed the presence of 

FRET-positive pixels (red) in experiments with both HSA-AF488 and FcRn-

mCherry, whereas in the donor only controls or in the rHSAH464Q-AF488 and 

FcRn-mCherry experiments, the majority of acquired pixels were not undergoing 

FRET (blue) (Figure 3.10D). 

Thus, these data demonstrated a specific receptor-ligand interaction between 

HSA and FcRn in primary macrophages after internalisation into large endosomal 

structures. It was previously shown that internalised HSA-AF488 was detected in 

tubules emerging from early macropinosomes and these ligand-loaded tubules 

then directed towards the plasma membrane, whereas in absence of FcRn, HSA 

was neither partitioned into tubules nor recycled but remained within the body of 

macropinosomes (Toh et al., 2020). Notably, in FcRn-mCherry transduced 

BMDMs, HSA-AF488 was prominent not only in endosomal structures but also in 

thin tubular structures emanating from large endosomes, consistent with previous 

findings (Toh et al., 2020) (Figure 3.11).  

At the 20- and 25-minute timepoints after endocytosis with stable fluorescent 

lifetime, FRET was detected in HSA-AF488- and FcRn-mCherry-double-positive 

tubular-like structures (Figure 3.11). Based on the geometry and mobility, these 

tubular structures were reminiscent of emerging tubular carriers and the detected 

FRET signal indicated FcRn-albumin interaction within these tubules. In contrast, 

FcRn-mCherry-positive tubular carriers were devoid of the non-binding mutant, 

rHSAH464Q-AF488 (data not shown), consistent with previous findings in BMDMs 

(Toh et al., 2020). 
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Figure 3.11: Fluorescence lifetime imaging microscopy (FLIM) of HSA-
AF488 in FcRn-mCherry-positive tubules 

FcRn-mCherry transduced FcRn KO BMDMs were activated with CSF-1 to 
induce macropinocytosis and pulsed with 100 µg/ml HSA-AF488 for 5 minutes 
and the fluorescent signal chased for up to 25 minutes. Images shown were taken 

at 20 minutes (left) and 25 minutes (right) (A) Fluorescence intensity images and 
FRET maps (B-C) with detection of FRET in FcRn-positive tubular structures. 

(C) Enlarged images (boxed area in B) of FRET-positive tubules. Scale bars 
represent 10 µm.  



Chapter 3 121 

3.2.5: Raster image correlation spectroscopy (RICS) of single albumin 

molecules within endosomes of primary macrophages 

To further investigate the dynamics of the HSA-FcRn interaction, an FFS based 

method of analysis called RICS that can extract single molecule information on 

HSA mobility and infer the fraction of HSA molecules bound to FcRn in a living 

cell was used. A major advantage of RICS is that it enables detection of the 

interaction of the HSA ligand with endogenous, untagged, FcRn. RICS extracts 

this information on HSA by spatially correlating the intensity signal that originates 

from a population of fluorescently labelled HSA molecules diffusing throughout a 

time series acquisition of intensity frames and fitting the resulting three-

dimensional correlation profile to a diffusion model. It was reasoned that unbound 

fluorescent HSA-AF488 molecules would be highly mobile in the lumen of 

endosomes and essentially undergo free diffusion, while fluorescent HSA 

molecules engaged with FcRn, its membrane receptor, would be transiently 

immobilised and exhibit a significantly slower apparent diffusion coefficient. Thus, 

by monitoring the fraction of HSA molecules exhibiting a slow apparent diffusion 

coefficient, the fraction of endocytosed ligand engaged with FcRn could be 

quantified. To validate this assumption, I employed the FcRn non-binding mutant 

rHSAH464Q which shows minimum interaction with intracellular FcRn in BMDMs, 

as demonstrated by FLIM-FRET (Figure 3.10C-D) and a two-channel RICS 

analysis on BMDMs isolated from a FcRn KO mouse transgenically expressing 

untagged human FcRn (hFcRnTg/Tg) was performed (Chaudhury et al., 2003); the 

BMDMs from hFcRnTg/Tg mice were CSF-1 activated and incubated with 10 µg/ml 

of both, WT HSA-AF568 (red) and the FcRn non-binding mutant rHSAH464Q-

AF488 (green) (Figure 3.12A). Thus, binding of the ligand is monitored to an 

untagged receptor expressed endogenously rather than under transfection or 

transduction conditions.  
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Figure 3.12: Raster image correlation spectroscopy (RICS) of HSA-AF568 
versus rHSAH464Q-AF488 diffusion dynamics in moving endocytic vesicles 

of BMDMs 
(A) Confocal images of CSF-1-stimulated BMDMs incubated for 15 – 30 minutes 
with 10 µg/ml of both HSA-AF568 (red) and rHSAH464Q-AF488 (green) alongside 

a schematic of HSA (red) versus rHSAH464Q (green) molecules inside a moving 
endosomal vesicle engaging with the membrane bound FcRn receptor (grey 

rectangles). Scale bars represent 5 µm. (B-C) A two-channel RICS data 
acquisition involves recording a time series of frames in the HSA-AF568 channel 
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(red) (B) versus rHSAH464Q-AF488 channel (green) (C) and spatiotemporal 
correlation of the pixels within each frame, which upon averaging gives rise to 

two three-dimensional (3D) RICS profiles. (D-E) The 3D RICS profiles derived 
from measurement of HSA-AF568 channel (D) versus rHSAH464Q-AF488 channel 

(E) in each case fits a two-component diffusion model to assess the mobility of 
the respective molecules within endosomal vesicles. Residuals of the fits are 
shown above the profile. Gfree is the amplitude of the component describing free 

diffusion and Gbound is the amplitude of the component describing the bound 
molecule population. (F-G) Apparent diffusion coefficients (D) of the fast (freely 

diffusing) (F) versus slow (FcRn bound) (G) component of HSA-AF568 (red) and 
rHSAH464Q-AF488 (green) mobility. (H) Fraction of HSA-A568 (red) and 
rHSAH464Q-AF488 (green) molecules exhibiting slow mobility (FcRn bound). 

(F-H) N=5 cells and the box and whisker plots show the minimum, maximum, 
sample median, and first and third quartiles. Means are indicated by a cross. The 

data was analysed by unpaired, two-tailed Student’s t-test. * p ≤ 0.05 
 

 

Following uptake of the two fluorescent HSA conjugates, the RICS workflow 

involved scanning a small region of interest (ROI) within a selected cell, rapidly 

as a function of time, in both the HSA-AF568 (red) and rHSAH464Q-AF488 (green) 

channels, then application of a moving average to the recorded fluctuations in 

fluorescence intensity to remove slow macromolecular movements of the 

endosomes internalising the HSA conjugates (Material and Methods) and 

calculation of the RICS spatiotemporal correlation function (Figure 3.12B-C). This 

resulted in two three-dimensional RICS profiles describing HSA-AF568 versus 

rHSAH464Q-AF488 mobility that could each be fit to a 2-component diffusion model 

(Figure 3.12D-E). The fits in each channel returned an apparent diffusion 

coefficient (D) and amplitude (G) for a fast versus slow component that are 

interpreted to describe the mobility and fraction of the free (GFREE) versus FcRn 

bound (GBOUND) HSA molecules, respectively. From performing this two-channel 

RICS analysis on multiple BMDM cells (n = 5), it was found that while the mobility 

coefficients of the free (Figure 3.12F) and FcRn bound (Figure 3.12G) 

components of HSA-AF568 (red) versus rHSAH464Q (green) molecules were not 

significantly different, the fraction of HSA-AF568 molecules bound to FcRn (slow 

component) was significantly higher than the fraction of FcRn bound rHSAH464Q-

AF488 molecules (Figure 3.12H). This result confirmed the interpretation of the 



Chapter 3 124 

2-component fit and revealed that while 45 % of the HSA molecules were freely 

diffusing within the lumen of an endosome at a rate of 51 ± 7 µm2s-1, the 

remaining 55 % of the HSA molecules were FcRn bound with an apparent 

mobility of 0.07 ± 0.02 µm2s-1, a significant difference from the freely diffusing 

population (Figure 3.12F-H).  

 

3.3: Discussion 

The ability to identify interactions between membrane receptors and ligands in 

space and time within intracellular compartments is important in defining cell 

biological events associated with intracellular membrane receptor interactions. 

A major challenge in identifying ligand-membrane receptor interactions within 

intracellular compartments, as distinct from the cell surface, has been that these 

interactions need to be detected and quantified in the presence of an unbound 

pool of ligand. Here, two independent biophysical techniques were applied to 

detect the interaction of the soluble ligand albumin with its membrane receptor, 

FcRn, an interaction which requires an acidic endosomal environment, within 

primary macrophages. The use of biophysical techniques to probe interactions in 

primary cells has broad application for a variety of biophysical systems and is 

particularly relevant to our studies on albumin uptake and interaction with FcRn. 

Macropinocytosis is the major pathway for endocytic uptake of soluble FcRn 

ligands, a pathway particularly active in primary cells, especially immune cells 

(Lim and Gleeson, 2011). Previously, it was demonstrated that albumin is rapidly 

internalised by fluid phase macropinocytosis in primary macrophages and 

recycled in an FcRn dependent manner (Toh et al., 2020). By multiplexed 

biophysical fluorescent microscopy, here I have shown a direct interaction of 

albumin with FcRn following uptake of albumin within endosomal structures. A 

strength of the approach used in this study was the inclusion of primary 

macrophages deficient in FcRn and the use of a non-binding mutant of albumin 

(Andersen et al., 2012) to demonstrate that the observed FRET and changes in 

ligand mobility were directly related to a ligand-receptor interaction. 
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The use of both FLIM-FRET and RICS provided complimentary approaches 

which not only confirmed the detection of an interaction between ligand and 

receptor within endosomes but also provided additional information on the spatial 

dynamics of the interaction. FLIM-FRET detected ~ 23 % of the HSA molecules 

bound to FcRn-mCherry ~ 20 minutes after uptake of HSA-AF488 (Figure 3.10). 

I was unable to quantify the ligand binding at earlier time points due to a transient 

non-specific change in fluorescent lifetime of the donor fluorophore following 

endocytosis (Figure 3.9). This was likely due to the transition of the fluorophore 

between two environments (i.e., extracellular versus acidic endosomal); a time 

course of the donor showed that the fluorescent lifetime stabilised after 

approximately 15 minutes. Therefore, the use of FLIM was particularly informative 

on the conditions within the endosomal system which were compatible with a 

specific FRET signal between HSA and FcRn. The detection of FRET within 

FcRn-positive tubular structures (Figure 3.11), albeit qualitative, is consistent with 

the recruitment of albumin in transport carriers for recycling to the cell surface 

and, together with the previous findings that HSA but not rHSAH464Q was detected 

in tubules in live BMDMs, purports that an interaction with FcRn is required for 

entry into these putative transport carriers (Toh et al., 2020). Confirmation of 

these findings with quantitative analysis on the FRET signals of HSA and FcRn 

within the tubular transport carriers would be instructive, although a technical 

challenge may be the gradual loss of acidity and the disruption of the ligand-

receptor complex within the lumen of the tubules prior to arrival at the cell surface.  

The application of RICS for detection of ligand-receptor engagement in 

endosomes is powerful, as the experiments avoid the need for a tagged FcRn 

construct and enable detection of FcRn-HSA engagement at an endogenous 

level, in contrast to FLIM-FRET which requires fluorescently tagged FcRn. FLIM-

FRET and RICS are independent techniques which are complimentary as they 

analyse heterologous and endogenous FcRn interactions, respectively, with the 

fluorescently labelled HSA ligand. The findings from RICS analysis of 

fluorescence-labelled WT HSA versus an HSA non-binding mutant (rHSAH464Q) 

showed that the mobility of single ligand molecules can be described by a two-

component diffusion model where the fast component reports on the fraction of 
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ligand molecules freely diffusing within the lumen of the endosomes, and the slow 

component reports the fraction of ligand molecules bound to the receptor. The 

RICS data indicated that approximately 55 % of HSA-AF568 molecules were 

bound to endogenous FcRn, and in agreement with FLIM-FRET, the rHSAH464Q 

mutation reduced this fraction 2-fold (Figure 3.12). The observation that ~ 55 % 

of HSA-AF568 molecules were bound to endogenous receptor by this biophysical 

technique is consistent with our previous finding that 50 % of the total internalised 

HSA fraction were recycled in a FcRn dependent manner by hFcRn Tg/Tg BMDMs 

(Toh et al., 2020). A challenge in the application of RICS is the analysis of ligand-

receptor interaction within endosomes as the mobility of the ligand needs to be 

determined within the context of the relatively slowly mobile endosomal 

structures. Future work to overcome this challenge would be to couple RICS 

analysis of ligand-receptor interaction with orbital tracking of endosomal 

movement. 

In conclusion, the biophysical approaches used here provide a convenient ex vivo 

assay to quantify receptor-ligand interactions. Using FLIM-FRET and RICS 

allows quantification and comparison of receptor-ligand interaction within 

endosomal structures of live cells. Fluorescence fluctuation spectroscopy (FFS) 

has been increasingly utilised to study the dynamic behaviour of macromolecules 

in cells and this study expands the potential of this approach to determine the 

dynamics of ligand interactions within the lumen of the endosomal system (Kolin 

and Wiseman, 2007; Jameson et al., 2009; Priest et al., 2019). The use of these 

biophysical techniques to probe interactions within primary cells has broad 

applications in a variety of physiological systems, such as receptor signalling 

mediated by ligand interactions with intracellular toll like receptors in endosomes 

(Blasius and Beutler, 2010), ligand activation of G protein coupled receptors 

within the endosomal systems (Sposini and Hanyaloglu, 2017), intracellular 

interactions of cargo with cargo receptors (Van Vliet et al., 2003; Nyfeler et al., 

2008), and loading of antigens onto MHC molecules within specialised 

endosomal loading compartments (Rocha and Neefjes, 2008; Donaldson and 

Williams, 2009).  
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Chapter 4: The albumin-FcRn recycling system in primary 

vascular endothelial cells 

4.1: Introduction 

The endothelium is a monolayer composed of specialised endothelial cells 

covering the entire vascular system. Endothelial cells are multifunctional, 

polarised cells and function as a selective permeability barrier and control the 

influx and efflux of nutrients, molecules and cells between the blood circulation 

and the underlying tissue. Consequently, they are crucial for regulating various 

physiological processes such as hemostasis, inflammation, and angiogenesis 

(Potente and Mäkinen, 2017; Khaddaj Mallat et al., 2017). As endothelial cells 

express FcRn and have a large contact area with blood, the endothelium is 

considered to be one of the most important locations for FcRn-mediated IgG and 

albumin homeostasis (Borvak et al., 1998; Ward et al., 2003). Furthermore, 

endothelial cells are known to efficiently endocytose serum proteins in various 

in vitro and in vivo experiments (Smedsrød et al., 1984; Pitas et al., 1985; Vogel 

et al., 2001; John et al., 2003).  

The uptake of IgG molecules in immortalised endothelial cells was shown to be 

predominantly facilitated by fluid-phase (macro)pinocytosis, whereas in some 

studies albumin uptake was found to be dependent on receptor-mediated 

endocytosis involving the albumin receptor albondin also known as gp60 

(Tiruppathi et al., 1997; Ward et al., 2003). Several other studies using 

immortalised endothelial cell lines, however, suggest that albumin uptake in 

endothelial cells is also accomplished via macropinocytosis and partly via the 

caveolae-mediated endocytosis pathway (Li et al., 2013). Once endocytosed, 

albumin was shown to localise in Rab4-associated early endosomes and the 

recycling of albumin variants with high affinity to FcRn could be observed using 

an immortalised cell line HMEC-1, which stably overexpressed human FcRn 

(Schmidt et al., 2017). In contrast, albumin variants with low affinity to FcRn were 

trafficked into lysosomal compartments. Interestingly, FcRn distribution was also 

described to be predominantly linked to early endosomal compartments 
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suggesting potential interactions of FcRn and albumin within endosomal 

structures of endothelial cells (Antohe et al., 2001; Ober et al., 2004). 

Endocytosed IgG molecules were shown to bind FcRn in acidified EEA1-, Rab5- 

Rab4- and Rab11-positive endosomes and FcRn-dependent IgG recycling via 

Rab11-positive tubular and globular carriers was observed (Ward et al., 2005). 

It is not known, if the trafficking of albumin follows a similar itinerary and, 

furthermore, there is still no direct evidence of albumin and FcRn co-localisation 

within endosomal structures of endothelial cells.  

There is a substantial gap in knowledge of the FcRn-dependent albumin cell 

biology in endothelial cells. In vivo studies in mice using conditional FcRn-

knockout in endothelial cells and bone marrow-derived cells (Tie2cre) underline 

the importance of FcRn expression in the endothelium for maintaining high 

albumin serum concentrations, but the extent and the molecular mechanisms of 

FcRn-mediated albumin recycling in endothelial cells is not understood (Montoyo 

et al., 2009). The two main reasons for lack of information on the cell biology of 

albumin uptake by endothelial cells are, first, the cell heterogeneity of  the 

endothelium and, second, the absence of a reliable primary vascular endothelial 

cell model to decipher intracellular albumin trafficking (Potente and Mäkinen, 

2017). Trafficking and recycling of albumin in endothelial cells has been 

predominantly investigated in immortalised cell lines or highly specialised 

endothelial cells originated from the placenta, umbilical vein or dermal 

microvasculature (Lambot et al., 2006; Schmidt et al., 2017; Larsen et al., 2018; 

Azevedo et al., 2020). These cellular model systems do not represent endothelial 

cells from the classic vasculature since immortalised endothelial cell lines are 

often derived from specialised vessels like the placenta or vessels from the blood-

brain barrier and were shown to be phenotypically and functionally distinct to 

endothelial cells in vivo (Bouïs et al., 2001). 

A promising approach to circumvent this problem, is the generation of primary 

human vascular endothelial cell lines from circulating endothelial progenitor cells 

found in adult peripheral blood (Martin-Ramirez et al., 2012). Although there have 

been early reports on endothelial cell outgrowth during culturing of peripheral 
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blood for periods of 2 – 4 weeks, it was long assumed that circulating endothelial 

cells (CECs) exhibit a senescent state with low proliferative capacity and were 

derived directly from the vessel walls and thus functioned as a biomarker for 

vascular injury (Asahara et al., 1997; Lin et al., 2000; Attia et al., 2011). Indeed, 

it could be shown by investigating the origin of CECs in patients receiving bone 

marrow transplants that most of these endothelial cells (~ 95 %) were directly 

derived from the vessel walls of recipients. Nevertheless, about 5 % of the CECs 

were found to originate from bone marrow cells of the donor (Lin et al., 2000). 

Surprisingly, these bone marrow-derived cells, in contrast to CECs from the blood 

vessels, showed high proliferative potential and gave rise to approximately 80 % 

of total blood outgrowth endothelial cells (BOECs) after four weeks of culture and, 

therefore, were considered endothelial progenitor cells (EPCs) (Lin et al., 2000).  

The origin of EPCs is not fully understood yet, but it is speculated that they are 

derived from circulating hemangioblasts as they exhibit a monocyte-like 

transcriptional and proteomic fingerprint (Choi et al., 1998; Medina et al., 2010). 

EPCs can further be divided into cellular subpopulations according to their 

proliferative capacity in culture and resemble the hierarchy of hematopoietic 

progenitor cells, which also have a hemangioblastic origin (Ingram et al., 2004). 

This hierarchy could explain the differences in the lifetime, proliferative potential, 

and formation time of BOEC colonies amongst individual clones or donors. It is 

estimated that less than one cell per 1 x 106 nucleated peripheral blood cell 

represents EPCs possessing enough proliferative capacities to form stable 

endothelial outgrowth colonies (Reinisch et al., 2009). In contrast to the 

“precursor” phenotype of EPCs, BOECs, also known as outgrowth endothelial 

cells (OECs), endothelial colony-forming cells (ECFCs) or late-outgrowth 

endothelial cells, obtained after culture display an endothelial-typical 

“cobblestone-like” morphology, express endothelial-specific proteins like 

VE-Cadherin (CD144), von Willebrand factor (vWF) as well as PECAM-1 (CD31) 

and are negative for the monocyte marker CD14 (Reinisch et al., 2009; Martin-

Ramirez et al., 2012). Once established, BOEC cell lines have been reported to 

exhibit a stable endothelial-like phenotype across several passages and could be 
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expanded up to 1018-fold (Martin-Ramirez et al., 2012). Additionally, BOECs have 

been shown to promote de novo vessel generation in vitro and in vivo as well 

have been used in various gene transfer studies evaluating the therapeutic 

potential of BOECs in context of blood-related diseases or disorders like malaria 

and hemophilia A (Lin et al., 2002; Hirschi et al., 2008; Ecklu-Mensah et al., 

2018). Besides the therapeutic potential of BOECs in vivo, the generation and 

maintenance of a stable primary human vascular endothelial cell line isolated 

from adult peripheral blood could be valuable tool for investigating the FcRn-

albumin cell biology in endothelial cells in vitro and decipher the role of the 

endothelium in albumin homeostasis. 

In this chapter, I generated primary human vascular endothelial cell lines from 

peripheral blood, characterised the FcRn expression in endosomal 

compartments of these cells and tracked the intracellular fate of internal ised 

albumin after uptake. 

 

4.2: Results 

4.2.1: Generation and characterisation of blood outgrowth endothelial cells 

(BOECs) isolated from human peripheral blood 

For the generation of stable blood outgrowth endothelial cell (BOEC) lines, fresh 

peripheral blood from healthy donors was prepared, according to the protocol 

described in the methods section. Briefly, peripheral mononuclear cells (PBMCs) 

were isolated using Ficoll gradient centrifugation and seeded into collagen type 

I-coated T-75 flasks. PBMCs were cultured in endothelial growth factor-

containing BOEC generation medium for up to four weeks and the appearance 

of endothelial-like cell colonies was monitored regularly.  

In principle, the establishment of a BOEC line relies on the stimulation of 

circulating endothelial progenitor cells (EPCs) with high proliferative capacities by 

endothelial growth factors, including human epidermal growth factor (hEGF), 

vascular endothelial growth factor (VEGF), human fibroblast growth factor-beta 
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(hFGF-β) and R3-insulin-like growth factor-1 (R3-IGF-1), in the culture medium 

(Figure 4.1A). This rare cell population will eventually form endothelial cell 

colonies exhibiting cobblestone-like morphology after 14 – 28 days of culture. 

To date, only a few protocols for stable human BOEC generation have been 

described ranging from generation of single clones in 48-well plates to large-scale 

BOEC cultures in multi-layered cell factories (Reinisch et al., 2009; Martin-

Ramirez et al., 2012; Ormiston et al., 2015). Most of the established BOEC 

protocols have been designed for disease-associated studies and treatments, in 

which either single clone approaches are required for characterising endothelial 

cell-linked disorders or high BOEC numbers are essential to trigger de novo 

vessel formation in vivo after adoptive cell transfer. In this study I adapted the 

protocol for the generation of BOECs to meet the requirements for investigating 

FcRn-albumin cell biology in vascular endothelial cells (Figure 4.1B). The goal 

was to design a BOEC protocol which allowed a reliable and fast establishment 

of endothelial cell lines with high proliferative properties in T-75 flasks without the 

need of extensive passaging and expansion required in a single clone approach. 

Therefore, 10 x 106 isolated PBMCs were directly seeded into Collagen-I-coated 

T-75 flasks and cultured in FCS- and endothelial growth factor-rich BOEC 

generation medium to stimulate the propagation of EPCs. To maintain a sufficient 

supply of growth factors, the culture medium was replenished every 2 – 3 days. 
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Figure 4.1: BOEC generation and morphology of blood outgrowth 
endothelial colonies 

(A) Principle of the generation of BOEC lines from human peripheral blood. 
(B) Established protocol for the generation of stable BOEC lines from PBMCs 

using Collagen-coated T-25 flasks. The generation protocol was adapted from 
Martin-Ramirez et al. and Ormiston et al.(Martin-Ramirez et al., 2012; Ormiston 
et al., 2015). (C-D) Brightfield microscopy images of early (C) and late (D) 

outgrowth cell colonies obtained on day 6 or 28 of culture, respectively, using the 
established BOEC generation protocol. Scale bars represent 50 µm. 

(E) Brightfield microscopy image of a confluent established BOEC line exhibiting 
cobblestone-like morphology after sub-passaging. Scale bar represents 100 µm. 
Figures were created with BioRender.com. 

 

 

The propagation of EPCs in the cultures led to visible endothelial outgrowth. 

Within the first two weeks of culture, early outgrowth colonies were observed 

compromised of a small number of cells (Figure 4.1C). However, these colonies 

tended to have a short half-life and failed to propagate into a stable cell line. 

Presumably, these early outgrowth cells arose from EPCs with low proliferative 

capacities and have been described to exhibit a monocytic phenotype rather than 

being “true” endothelial cells (Medina et al., 2010). With extended culture periods 

of more than two weeks, dense and rapidly proliferating cell colonies with 

cobblestone-like morphology started to propagate in the culture flasks 

(Figure 4.1D). On Average, 2 – 3 of these colonies were observed per flask and 

emerged between days 14 and 28 of culture. A week after their initial occurrence, 

the radially spreading cell colonies reached a diameter of around 2 cm and were 

then passaged into Collagen-I-coated T-25 flasks. Two to three days after sub-

passaging, the cells covered almost the whole area of the culture flask and 

exhibited endothelial-specific cobblestone-like morphology (Figure 4.1E). On 

reaching 70 – 80 % confluency, established BOEC lines were further passaged 

and cultured in Collagen-I-coated flasks or cryopreserved in liquid nitrogen. 

To confirm the endothelial character of established BOEC lines, the expression 

of vascular endothelial markers was assessed using confocal fluorescence 

microscopy and flow cytometry (Figure 4.2). Vascular endothelial cadherin 

(VE-Cadherin or CD144) is a major regulator of endothelial integrity by regulating 
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homophilic adherens junctions between endothelial cells. In addition to 

maintaining and controlling endothelial cell contacts, CD144 plays a vital role in 

regulating other cellular processes in endothelial cells like cell proliferation, 

apoptosis and orchestrating growth factor responses; hence, it represents an 

essential marker for the endothelial phenotype (Harris and Nelson, 2010). The 

expression of CD144 was verified in the established BOEC lines by confocal 

fluorescence microscopy and flow cytometry using CD144-specific polyclonal 

antibodies (Figure 4.2A). Indeed, fluorescence microscopy confirmed the 

localisation of CD144 to the plasma membrane and tight junctions between 

individual BOECs. Furthermore, flow cytometric analyses of some of the BOEC 

lines revealed a single peak of CD144-positive cells, indicating a homologous 

population of BOECs exhibiting an endothelial phenotype. However, donor- and 

clone-dependent differences in CD144 expression of the established cell lines 

were observed ranging from 75 to 96 % of cells expressing CD144 (not shown). 

Established BOEC lines were analysed regularly for CD144 expression during 

sub-passaging and cell lines discarded once the percentage of CD144-positive 

cells dropped below 75 %. 

To further analyse the presence of endothelial adherens junctions in BOEC lines, 

the expression of platelet endothelial cell adhesion molecule (PECAM-1 or CD31) 

was also assessed by confocal fluorescence microscopy (Figure 4.2B). CD31 is 

expressed at the cell surface of various immune cells, such as monocytes and B 

and T cells and is also found at intercellular junctions of endothelial cells, where 

it regulates the vascular permeability at endothelial cell borders and the 

attachment of leukocytes to the endothelium (Watt et al., 1995). Co-staining of 

CD31 and CD144 revealed the co-localisation of both markers to the cell borders 

of BOECs (Figure 4.2B) and indicated an intimate contribution to adherens 

junctions.  
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Figure 4.2: Expression of endothelial-specific markers in established 
BOEC lines 

(A-D) Confluent monolayers of BOECs were prepared for immunofluorescence 
microscopy and flow cytometry, as described in the methods section, 
respectively. (A-B) BOECs were stained with either CD144 (red) (A) or 

intracellular vWF (green) (B) to assess the expression of endothelial-specific 
markers by flow cytometry. Cells were gated on single, live cells and the 

histograms are shown for CD144- (red) and vWF-specific (green) fluorescent 
signals. Control cells were stained using the respective secondary antibodies 
only (grey). (C-D) Confluent monolayers of BOECs were fixed with PFA or MeOH, 

as described in the methods section, and fixed cells were either stained for CD31 
(green) and CD144 (red) (C) or vWF (green) and CD144 (red) (D). Cell nuclei 

were visualised using DAPI (blue). White arrows indicate intracellular junctions 
between single BOECs. Scale bars represent 10 µm. 
 

 

In addition to the staining for surface endothelial-specific cell markers of BOECs, 

intracellular von Willebrand factor (vWF) expression was evaluated in the BOEC 

lines by confocal fluorescence microscopy and flow cytometry (Figure 4.2C). The 

glycoprotein vWF is one of the main components of endothelial-specific storage 

organelles called Weibel-Palade bodies (WPBs), which exhibit a characteristic 
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rod-shaped morphology. Von Willebrand factor plays a crucial role in FVIII 

homeostasis and platelet adhesion upon vascular injury (Sadler, 1998). Von 

Willebrand factor was found to be expressed in over 95 % of BOECs as detected 

by vWF-specific signals by confocal microscopy and flow cytometry 

(Figure 4.2C). Confocal microscopy revealed the localisation of vWF to rod-

shaped intracellular organelle structures suggesting the association of vWF with 

WPBs (Figure 4.2D). Co-staining with CD144, to define the cell boundary, verified 

the intracellular localisation of VWF in contrast to the membrane-bound surface 

molecule.  

To assess whether intracellular vWF was associated with functional endothelial 

storage granules, BOECs were treated with phorbol-12-myristate-13-acetate 

(PMA), which is known to trigger release of WPBs in primary endothelial cells 

(Nightingale et al., 2018). In BOECs treated with DMSO alone (carrier), vWF was 

localised to rod-shaped organelle structured like described above, which also 

stained with the tetraspanin CD63 (LAMP-3) (Figure 4.3). CD63 is used as an 

intracellular marker for late endosomes and lysosomes. However, in endothelial 

cells CD63 is also associated with WPBs (Vischer and Wagner, 1993). The co-

localisation of vWF and CD63 indicates the presence of WPBs in BOECs. 

The treatment of BOECs with 80 nM PMA led to the loss of intracellular vWF 

fluorescence and the disappearance of rod-shaped organelles (Figure 4.3). 

Furthermore, CD63 in PMA-treated cells appeared to be exclusively localised to 

globular endosomal structures in contrast to cigar-shaped organelles in the 

carrier control. PMA diminished intracellular vWF and WPB-associated CD63 

fluorescence, however CD63 fluorescence was preserved and located to 

endosomal-like structures. These findings indicate the specific release of WPBs 

in PMA-treated BOECs. Collectively the observations confirm that BOEC lines I 

have established are able to form vWF- and CD63-positive WPB structures, 

which supports the endothelial character of these cell lines. 
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Figure 4.3: Release of vWF-positive Weibel-Palade bodies in BOECs upon 
PMA treatment 

Cultured BOECs were treated with 0.5 % DMSO (carrier control) or 80 nM 
phorbol-12-myristate-13-acetate (PMA) for 20 minutes and subsequently fixed 
with MeOH. Cells were co-stained with anti-vWF (green) and CD63 (red) 

antibodies and nuclei were visualised using DAPI (blue). Scale bars represent 
10 µm (Merge) or 2 µm (Zoom). 

 

 

Taken together, a reliable protocol for the generation of stable BOEC lines 

suitable for several sub-passaging and cryopreservation was established. The 

BOEC lines generated were shown to homogeneously express the endothelial 

surface markers CD31 and CD144 and, moreover, the formation of vWF-positive 

WPBs bodies was observed. Therefore, these BOEC lines should represent a 

suitable cell model to study albumin-FcRn cell biology in primary human vascular 

endothelial cells.  

 

4.2.2: Characterisation of endosomal compartments in BOECs 

To study intracellular trafficking pathways in BOECs, firstly it was important to 

map the endosomal compartments and their morphology using endosomal 

markers. LAMP1 and CD63 are markers for late endosomes and lysosomes and 

show strong co-localisation of large punctate structures with the majority of 
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staining in close proximity to the cell nucleus in fixed BOECs (Figure 4.4A). 

Additionally, as discussed above, CD63 staining was detected in rod-shaped 

structures in the cell periphery (Figure 4.4A). To assess the relation of late 

endosomal structures with the Rab11a-positive recycling compartment, co-

staining with site-specific antibodies, namely CD63 and Rab11a, was performed 

in fixed and permeabilised BOECs (Figure 4.4B). There was very little overlap 

between CD63 and Rab11a-positive compartments, which were both 

concentrated in the juxtanuclear position. In addition to the prominent occurrence 

in juxtanuclear position, tubulovesicular Rab11a-positive structures were present 

throughout the cytoplasm; however, they also did not co-localise with CD63-

positive structures. 

 

 

Figure 4.4: CD63-, LAMP1- and Rab11a-positive endosomal structures in 

fixed BOEC lines 
Cultured BOECs were fixed with MeOH and co-stained for CD63 (green) and 

LAMP1 (red) (A) or CD63 (green) and Rab11a (red) (B) using site-specific 
antibodies. Nuclei were visualised using DAPI (blue). Scale bars represent 10 µm 
(Merge) or 2 µm (Zoom). 
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In addition to endosomal subpopulations, the Golgi apparatus plays an important 

role in the mediation and regulation of intracellular trafficking pathways 

(Ravichandran et al., 2020). To evaluate the location of the Golgi apparatus to 

endosomal compartments, the cis-Golgi or trans-Golgi network (TGN) were 

stained with GM130- and golgin97-specific antibodies, respectively, and the 

spatial relationship with Rab11a-positive recycling endosomes assessed 

(Figure 4.5A-B). There was no overlap detected between the GM130 and Rab11a 

staining. However, Rab11a-positive recycling endosomes were localised in very 

close proximity to GM130-positive structures. Co-staining of Rab11a and the 

trans-Golgi marker, golgin97, showed distinct staining patterns with some overlap 

between both markers in the juxtanuclear position, indicating close association of 

recycling endosomes and the trans-Golgi network. Indeed, a close association 

between the trans-Golgi network and Rab11-positive endosomal structures has 

been described in various cell lines (Urbé et al., 1993; Ullrich et al., 1996; Welz 

et al., 2014). 

Lastly, the relationship of golgin97-positive structures and vWF-positive WPBs 

was assessed by confocal fluorescence microscopy (Figure 4.5C). The trans-

Golgi network is an important site in the biogenesis of WPBs in endothelial cells. 

The trans-Golgi network is proposed to drive the sorting of vWF, the main 

component of WPBs, into the rod-shaped storage organelles of endothelial cells 

and thus facilitates the regulated secretion of completely assembled WPBs (van 

Mourik et al., 2002). Indeed, some co-localisation between vWF- and golgin97-

positive structures was observed at the edges of the trans-Golgi network 

(Figure 4.5C, zoom). 



Chapter 4 140 

 

Figure 4.5: Association of Rab11a- and vWF-positive endosomal structures 
with the Golgi apparatus in fixed BOECs 

Cultured BOECs were fixed with MeOH and co-stained for GM130 (green) and 
Rab11a (red) (A), golgin97 (green) and Rab11a (red) (B) or golgin97 (green) and 
vWF (red) (C) using site-specific antibodies. Nuclei were visualised using DAPI 

(blue). Scale bars represent 10 µm (Merge) or 2 µm (Zoom). 
 

 

Overall, the characterisation of intracellular compartments revealed some 

valuable spatial relationships between different endosomal compartments. 

LAMP1 and CD63 co-localised in globular structures around the nucleus but 

LAMP1 was excluded from rod-shaped CD63-positive structures in the cell 

periphery. CD63- and LAMP1-positive late endosomes and lysosomes were 
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clearly distinguishable from Rab11-positive recycling endosomes in the 

juxtanuclear positions. These Rab11-positive structures were closely associated 

with the Golgi-apparatus, especially the golgin-97-positive trans-Golgi network. 

  

4.2.3: Expression and intracellular localisation of FcRn in BOECs 

4.2.3.1: Endogenous FcRn expression and intracellular localisation in  

fixed BOECs 

To investigate albumin-FcRn cell biology in primary vascular endothelial cells 

using BOECs, an essential prerequisite is to verify the expression of FcRn and 

determine its intracellular location in the established primary cell lines.  

To detect FcRn in BOEC lines, cell lysates were prepared and FcRn analysed by 

Western Blot using a polyclonal antibody specific for human FcRn heavy chain 

(Figure 4.6A). Additionally, cell lysates of bone marrow-derived macrophages 

isolated from two different humanised mouse lines and a FcRn KO lin e were 

included for comparison. The humanised mouse models harbour a knock-out for 

murine FcRn and express the heavy chain of human FcRn transgenically under 

the control of the strong chicken β-actin promoter (hFcRnTg/Tg line 276) or the 

native human FcRn promoter (hFcRnTg/Tg line 32) (Chaudhury et al., 2003; 

Roopenian et al., 2003; Petkova et al., 2006). Both mouse models have been 

established to decipher the FcRn-dependent cell biology in vitro and in vivo, 

especially in the context of half-life extension of IgG molecules or therapeutic 

antibodies (Roopenian et al., 2003; Roopenian et al., 2010; Avery et al., 2016). 

Furthermore, it was shown that bone marrow-derived macrophages isolated from 

hFcRnTg/Tg line 276 mice were able to facilitate FcRn-dependent recycling of 

human serum albumin in vitro (Chaudhury et al., 2003; Toh et al., 2020). Thus, 

these BMDM variants could be used as benchmarks to evaluate the FcRn 

expression level in BOECs. As expected, a band corresponding to the size of 

human FcRn α-chain of ~ 45 kDa was detected in extracts of BMDMs isolated 

from hFcRnTg/Tg mice (line 276 and line 32), but not in FcRn KO BMDMs 

(Figure 4.6A). In addition, a FcRn-specific band of ~ 45 kDa was also observed 
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in cell lysates of BOECs confirming the endogenous expression of FcRn in these 

primary vascular endothelial cells. To compare the expression levels among the 

three FcRn-positive cell types, FcRn levels were quantified densitometrically and 

normalised using the respective GAPDH levels in the extracts (Figure 4.6B). 

Since the FcRn expression level in BMDMs from hFcRnTg/Tg line 276 mice was 

found to be the highest, it was set to 100 % and compared with the expression 

level in the other lysates. Interestingly, FcRn expression in hFcRnTg/Tg line 32 

BMDMs was 39 % of the level in hFcRnTg/Tg line 276 BMDMs, whereas FcRn 

expression in BOECs was approximately 15 % of the level in hFcRnTg/Tg line 276 

BMDMs. The difference in FcRn expression between hFcRnTg/Tg line 32 BMDMs, 

expressing the transgene under the control of the endogenous FcRn promoter, 

and BOECs is consistent with human single cell RNA-seq data, where the 

expression of FcRn in macrophages has been reported to be more than twice 

that of endothelial cells (The Human Protein Atlas, 2021b). However, these 

findings reflected only rough estimates about the relative FcRn expression levels 

in BMDMs and BOECs and need to be confirmed by additional experimental 

repeats.  Furthermore, it is advisory to quantify FcRn expression levels in 

hFcRnTg/Tg BMDMs and cultured BOECs using more sensitive and robust 

methods such as RNAseq or mass spectroscopy. 

To determine the intracellular localisation of FcRn in BOECs, endogenous FcRn 

was visualised using a polyclonal antibody against human FcRn. Fixed and 

permeabilised BOECs were stained and analysed by confocal fluorescence 

microscopy (Figure 4.6C). FcRn was associated with endosomal-like structures 

throughout the cytoplasm confirming the presence of endogenous FcRn in 

BOECs. Strikingly, FcRn was localised predominantly to enlarged endosomal 

structures with diameters up to 2 µm (white arrows). The association of FcRn with 

large endosomal structures was observed using either Triton -X-100- or saponin-

based permeabilisation protocols (Figure 4.6C), which indicated that these large 

structures were not an artefact of the permeabilisation method.  
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Figure 4.6: Endogenous FcRn expression in established BOEC lines 
(A) BMDMs isolated from FcRn KO, hFcRnTg/Tg line 276 or hFcRnTg/Tg line 32 

mice as well as cultured BOECs were lysed, and Western Blot analysis was 
performed, as described in the methods section. The membrane was probed with 
antibodies against human FcRn or GAPDH and HRP-conjugated secondary 

antibodies. Chemiluminescence was detected using a ChemiDoc™ system 
(BioRad). The marker line (M) was loaded with MagicMark™ Protein Standard 

(ThermoFisher Scientific). (B) Densitometric analysis of detected bands specific 
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for human FcRn. FcRn levels were normalised to detected GAPDH levels and 
the quantified FcRn level in lysates from hFcRnTg/Tg line 276 BMDMs was set to 

100 %. Percentages of FcRn levels are shown above the respective columns. 
FcRn levels for hFcRnTg/Tg line 276 cells and BOECs were quantified in two 

independent experiments, the FcRn level in hFcRnTg/Tg line 32 cells was 
quantified in a single experiment. (C) BOECs were fixed with TCA and 
permeabilised with 0.1 % Triton-X-100 or 0.05 % Saponin. Cells were stained for 

human FcRn (red) and cell nuclei visualised with DAPI (blue). Scale bars 
represent 10 µm (left images) or 2 µm (right images). 

 

 

To identify the FcRn-positive endosomal structures in BOECs, co-staining for 

FcRn and the early or late endosomal markers EEA1 (Figure 4.7) and CD63 

(Figure 4.8), respectively, was performed. 

 

 

Figure 4.7: Localisation of endogenous FcRn to EEA1-positive endosomal 
structures in fixed BOECs 
Cultured BOECs were fixed with TCA and permeabilised with 0.1 % Triton -X-100 

or 0.05 % Saponin. Cells were co-stained for EEA1 (green) and human FcRn 
(red) and cell nuclei visualised with DAPI (blue). Scale bars represent 10 µm 

(Merge) or 2 µm (Zoom). 
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FcRn co-localised extensively with EEA1-positive early endosomal structures in 

BOECs. The co-localisation of both molecules was consistent using two different 

permeabilisation detergents, Triton-X-100 and Saponin, confirming the 

association of FcRn with early endosomes (Figure 4.7). There was heterogeneity 

of the size of FcRn- and EEA1-positive structures, with some structures having 

diameters up to 2 µm (white arrows), suggesting the presence of FcRn, not only 

in early endosomes but also early macropinosomes, which are positive for EEA1, 

in BOECs.  

Co-staining with CD63 revealed no detectable overlap with FcRn indicating the 

absence of the receptor in late endosomal and lysosomal compartments 

(Figure 4.8).  

 

 

Figure 4.8: Localisation of endogenous FcRn to CD63-positive endosomal 
structures in fixed BOECs 

Cultured BOECs were fixed with MeOH. Cells were co-stained for CD63 (green) 
and human FcRn (red) and cell nuclei visualised with DAPI (blue). Scale bars 

represent 10 µm (Merge) or 2 µm (Zoom). 
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Studies on the FcRn distribution in immortalised endothelial cell lines have 

reported FcRn to be associated with Rab11-positive recycling endosomes 

(Ward et al., 2005). However, I was unable to determine the co-localisation of 

FcRn and Rab11-positive compartments using site-specific antibodies because 

the particular antibodies required different fixation protocols. 

Collectively, these data confirmed the expression of endogenous FcRn in primary 

endothelial BOEC lines and revealed the localisation of FcRn to enlarged EEA1-

positive endosomal structures with diameters up to approximately 2 µm. In 

contrast, FcRn showed no overlap with CD63-positive late endosomes 

suggesting the absence of FcRn in the late endosomal and lysosomal pathway. 

 

4.2.3.2: Transient gene transfer protocols for inducing FcRn-mCherry expression 

in BOEC lines  

The intracellular localisation of endogenous FcRn in BOECs can be identified in 

fixed cells with the use of FcRn-specific antibodies and endosomal markers. 

However, the expression of a fluorescently tagged FcRn would allow the direct 

observation of transgenic FcRn in live BOECs without fixation or permeabilisation 

procedures. Therefore, gene transfer protocols were investigated to induce the 

transient expression of mCherry-labelled FcRn in cultured BOECs. 

Transient transfection using Lipofectamine™ 3000 was established to introduce 

the FcRn-mCherry plasmid, pIRES-B2M-FcRn_mCherry, into BOECs. This 

bicistronic plasmid allows the simultaneous expression of the human FcRn heavy 

chain labelled with mCherry at the C-terminus and the human FcRn light chain 

β-2-microglobulin (B2M) to guarantee proper association, and ER export, of the 

two FcRn subunits. For the verification of the successful transfection of FcRn-

mCherry into BOECs, fixed cells were initially analysed by confocal fluorescence 

microscopy for FcRn-mCherry fluorescence (Figure 4.9).  
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Figure 4.9: Transient transfection of FcRn-mCherry in cultured BOECs 
BOECs were transfected with pIRES-B2M-FcRn_mCherry (red) and cultured for 

48 hours to allow expression of the transgene. Cells were fixed with PFA and 
stained with a mCherry-specific antibody (green). Cell nuclei were visualised 
using DAPI (blue). Scale bars represent 10 µm (Merge) or 2 µm (Zoom). 

 

 

BOECs exhibited mCherry fluorescence after transfection indicating the 

successful gene transfer of FcRn-mCherry into the primary cell line. The use of a 

polyclonal mCherry-specific antibody further confirmed the expression of the 

fluorescent-labelled FcRn construct (Figure 4.9). Both fluorescent signals 

showed a significant overlap. FcRn-mCherry was predominantly localised to 

juxtanuclear organelles resembling the typical morphology of Rab11-positive 

recycling endosomes or the Golgi apparatus. In addition to the prominent 

localisation to juxtanuclear organelles, FcRn-mCherry was also detected in 

endosomal structures throughout the cell periphery. This is supported by the 

fluorescence obtained with the use of anti-mCherry antibody, whereas the FcRn-

mCherry fluorescence in the cell periphery was weak. The localisation of FcRn-

mCherry to these peripheral and large endosomal structures was consistent with 

the intracellular distribution of endogenous FcRn in BOECs described above. 
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Nevertheless, two major technical issues were identified from the transient 

transfection of BOECs. Firstly, the transfection of BOECs was very inefficient with 

less than 1 % of cells transfected, highlighting a difficulty in transfecting BOEC 

lines. Secondly, the transgenic expression of FcRn-mCherry under the control of 

the relatively strong CMV promoter is a potential concern as it may lead to an 

altered intracellular distribution of the transgenic fusion protein.  

To increase the percentage of cells expressing the heterogenous fusion protein 

and to moderate the level of expression of FcRn-mCherry in BOECs, the open 

reading frames encoding for β2-microglobulin and FcRn-mCherry were 

introduced into the plasmid backbone FUGW, suitable for the production of 

lentiviral particles (Chapter 3). The expression of the transgenes in FUGW is 

under the control of the constitutive UbC promoter, which has been described to 

drive low ectopic gene expression compared to the CMV promoter in most 

mammalian cells (Qin et al., 2010). Earlier studies on BOECs isolated from 

human peripheral blood have described the efficient transient gene transfer of 

plasmids using lentiviral transduction protocols (De Meyer et al., 2006; Coppens 

et al., 2013).  

Lentiviral particles containing the FUGW-B2M-FcRn_mCherry plasmid were 

generated and cultured BOECs were transduced with different amounts of 

concentrated lentivirus over a 24-hour period. After additional 24 hours to allow 

sufficient expression of the transgene in transduced BOECs, cell lysates were 

analysed for the presence of FcRn-mCherry fusion protein by Western Blot 

(Figure 4.10A). Using a polyclonal antibody directed against the heavy chain of 

human FcRn, a band corresponding to the size of endogenous FcRn α-chain of 

approximately 45 kDa was detected in both non-transduced and transduced cells. 

In lysates of BOECs transduced with 10, 20 or 30 µl of concentrated virus, but 

not in untransduced cells, a band with the size of ~ 72 kDa was also detected, 

corresponding to the predicted size of the FcRn-mCherry fusion protein. To 

confirm the identity of 72 kDa bands, membranes were stripped and probed with 

an antibody directed against mCherry. The anti-mCherry antibody detected a 

band of 72 kDa in all transduced cells (Figure 4.10A); in addition, faint bands 
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corresponding to the size of mCherry (27 kDa) were also present in lysates of 

transduced BOECs indicating some cleavage of the FcRn-mCherry fusion protein 

either in the BOECs or in the process of sample preparation under denaturing 

conditions.  

The blots were quantified by densitometric analysis to estimate the relative levels 

of FcRn-mCherry fusion protein to the total FcRn pool (Figure 4.10B). 

Transduction of BOECs with FcRn-mCherry expressing lentivirus led to a 1.5-fold 

increase of total FcRn levels compared to wildtype BOECs with no differences 

between BOECs transduced with 10, 20 or 30 µl concentrated lentivirus. In 

transduced cells, total FcRn levels increased to approximately 1.5-fold 

and ~ 38 % of the total FcRn pool consisted of transgenic FcRn-mCherry 

(Figure 4.10B). 

Transduced live BOECs were analysed by confocal microscopy to estimate the 

transduction efficiency and evaluate intracellular distribution of FcRn -mCherry 

(Figure 4.10C). BOECs transduced with 10 µl lentivirus showed >90 % positive 

cells for FcRn-mCherry fluorescence, indicating a very high transduction 

efficiency. In untransduced BOECs only background fluorescence levels were 

detected. In line with the distribution of endogenous FcRn, FcRn-mCherry was 

localised to endosomal structures throughout the cell periphery reaching 

diameters up to 2 µm (Figure 4.10C, indicated by white arrows). FcRn -mCherry 

was also found to be associated with tubular transport carriers emerging from 

globular endosomal structures in transduced live cells (indicated by sky blue 

arrows) (see also Section 4.2.3.3).  
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Figure 4.10: Lentiviral transduction of FcRn-mCherry in cultured BOECs 
(A-D) BOECs were transduced with 0, 10, 20 or 30 µl of lentivirus containing 

pFUGW-B2M-FcRn_mCherry (red) for 24 hours. Remaining lentiviral particles 
were washed away and cells were allowed expressing the transgene for 
additional 24 hours. (A) Transduced BOECs were lysed and proteins resolved by 

SDS-PAGE using a 4 – 12 % gradient Bis-Tris gel. Separated proteins were 
transferred onto PVDF membranes and probed with an antibody against human 

FcRn and an HRP-conjugated secondary antibody. Chemiluminescence was 
detected using a ChemiDoc™ system. After detection, membranes were stripped 
and reprobed with an anti-mCherry and a suitable HRP-conjugated secondary 

antibody to detect mCherry-specific chemiluminescence. The marker line (M) 
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was loaded with MagicMark™ Protein Standard. (B) Densitometric analysis of 
detected bands specific for human FcRn and FcRn-mCherry in cell lysates of 

transduced BOECs. Total FcRn levels were quantified by adding up the densities 
of FcRn-specific bands detected by the anti-FcRn antibody. The total FcRn level 

of untransduced cells was set to 1. Additionally, the ratio of the FcRn - and FcRn-
mCherry detected by the anti-FcRn antibody was calculated. (C) Transduced live 
BOECs were imaged at 37 °C and 5 % CO2 with a FV3000 Olympus confocal 

microscope. Enlarged FcRn-positive endosomal structures are indicated by 
white, tubular extensions by sky blue arrows. (D) Transduced BOECs were fixed 

with PFA and stained with a mCherry-specific antibody (green). Cell nuclei were 
visualised using DAPI (blue). Images in (D) show maximum projections of whole 
cell z-stacks. Scale bars represent 10 µm or 5 µm (Zoom). 

 

 

To confirm the observations of successful FcRn-mCherry transduction and 

localisation in BOECs, transduced cells were fixed and FcRn-mCherry 

fluorescence examined by confocal fluorescence microscopy (Figure 4.10D). 

Only a low fluorescent signal corresponding to FcRn-mCherry expression was 

detected in transduced and fixed BOECs (Figure 4.10), presumably due to the 

low expression levels of the transgene using lentiviral transduction in comparison 

to transient transfection of FcRn-mCherry (Figure 4.9). However, by using an 

antibody directed against mCherry, the FcRn-mCherry fusion protein was readily 

detected in fixed BOECs. The intracellular localisation of mCherry-positive 

structures in transduced BOECs resembled the distribution observed in 

transfected cells (Figure 4.9).  

Taken together, these data demonstrate successful lentiviral-based expression 

of FcRn-mCherry fusion protein in primary BOEC lines. The FcRn pool in 

transduced BOECs consisted of approximately one third the transgenically 

introduced FcRn-mCherry and two thirds the endogenous FcRn. This system 

provides a strategy for direct observation of FcRn-mCherry localisation in live 

cells.  

 



Chapter 4 152 

4.2.3.3: Dynamic FcRn trafficking in live BOECs 

To visualise the dynamics of intracellular FcRn trafficking in BOECs, live 

fluorescence microscopy using FcRn-mCherry transduced cells was carried out 

and images of three different cells are shown in Figure 4.11. 

 

 

Figure 4.11: Live cell imaging of FcRn-mCherry transduced BOECs 

BOECs were transduced with 10 µl lentivirus containing pFUGW-B2M-
FcRn_mCherry (red) for 24 hours. Remaining lentiviral particles were washed 
away and cells were allowed expressing the transgene for additional 24 hours. 

Live BOECs were imaged at 37 °C and 5 % CO2 with a FV3000 Olympus confocal 
microscope. White arrows are indicating FcRn-mCherry-positive tubules 

emerging from endosomal structures. Cell boundaries are indicated by dotted 
lines. The far right images represent the maximum projection of a whole cell 
z-stack. Scale bars represent 10 µm (FcRn-mCherry) or 5 µm (Zoom). 
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The FcRn-mCherry fusion protein was predominantly localised to enlarged, 

globular structures throughout the cytoplasm of transduced cells. Many of these 

structures reached up to a diameter of 2 µm and suggested the association of the 

FcRn-mCherry transgene with macropinosomes. Interestingly, FcRn-mCherry 

was not only localised to these endosomal compartments but also found in 

tubular transport carriers emerging from these large globular structures (indicated 

by white arrows). These tubular carriers were up to 20 µm long, 0.5 – 0.6 µm in 

diameter and appeared to be directed towards the edges of the cell. Many tubular 

carriers had a length of around 2 – 5 µm. To further assess the dynamics and 

direction of these FcRn-mCherry-positive tubular transport carriers, a time series 

of single transduced BOECs were recorded and single tubular events followed 

over time (Figure 4.12). 

Following these FcRn-mCherry-positive structures in transduced BOECs over a 

time series revealed dynamic trafficking of FcRn-mCherry-positive tubular 

transport carriers towards the cell periphery (Figure 4.12A). Within a time span of 

2 minutes, the FcRn-mCherry-positive tubular structures progressed up to 30 µm 

within the BOEC indicating highly dynamic transport carriers bearing FcRn-

mCherry within the endosomal network.  

To further confirm the dynamic trafficking of FcRn-mCherry-positive tubular 

transport carriers, the itinerary of these endosomal structures was analysed 

within shorter time intervals during a continuous acquisition timeframe 

(Figure 4.12B). Again, highly dynamic movement of these tubular transport 

carriers directed to the outer perimeter of the cell was observed. Within the 

23 seconds observation frame, FcRn-mCherry-positive tubules moved about 

10 µm within the cytoplasm of transduced BOECs corresponding to a velocity of 

approximately 0.43 µm/s.  
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Figure 4.12: Dynamic tubular trafficking of FcRn-mCherry in transduced 
live BOECs 

(A-B) BOECs were transduced with 10 µl lentivirus containing pFUGW-B2M-
FcRn_mCherry (red) for 24 hours. Remaining lentiviral particles were washed 
away and cells were allowed expressing the transgene for additional 24 hours. 

Live BOECs were imaged at 37 °C and 5 % CO2 with a FV3000 Olympus confocal 
microscope. Time lapses of live cells were recorded with a pause of 

60 seconds (A) or continuously (B). Three representative frames are shown for 
both time lapses. Cell boundaries are indicated by dotted lines. Scale bars 
represent 10 µm (original images) or 2 µm (zoomed frames). 

 

 

Taken together, the transduction of FcRn-mCherry into BOEC lines and 

subsequent live imaging revealed a tubulovesicular endosomal network 

facilitating highly dynamic FcRn trafficking in primary vascular endothelial cells. 

FcRn-mCherry-positive tubular transport carriers emerging from enlarged 

globular endosomes were trafficked towards the edges of the cell.  
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4.2.3.4: Association of FcRn-mCherry with Rab11a-positive compartments in 

live BOECs 

As described above, endogenous FcRn in BOECs was predominantly localised 

to EEA1-positive but not to CD63-positive endosomes. However, the association 

of FcRn with Rab11-positive recycling endosomes could not be evaluated in fixed 

cells due to the lack of reliable antibodies. Therefore, the established gene 

transfer protocols were used to introduce Rab11a-GFP in BOECs to allow direct 

observation of Rab11-positive recycling endosomes in transfected cells 

(Figure 4.13A). Fluorescent-labelled transferrin, which is known to localise to 

recycling endosomes, was used to confirm the morphology for recycling 

endosomal structures in transfected live BOECs. Indeed, Rab11a-GFP and 

transferrin-AF568 highly co-localised in transfected BOECs confirming that both 

molecules were present in recycling endosomes. Furthermore, transferrin and 

Rab11a were predominantly concentrated in a juxtanuclear position and 

associated with heterogeneous tubular and globular structures across the cell 

periphery. This phenotype is in line with the morphology of Rab11-positive 

structures in most cell types. More importantly, these results confirmed the 

localisation of transferrin to Rab11-positive structures and justified the use of 

fluorescent-labelled transferrin as a marker for recycling endosomes in BOECs; 

transferrin-AF568 will mark recycling endosomes in  the entire cell population 

whereas Rab11a-GFP will only label a few cells given the poor transfection 

efficiency of BOECs. Since FcRn is labelled with mCherry, transferrin -AF488 was 

used for the efficient marking of recycling endosomes in transduced 

BOECs (Figure 4.13B). 

To evaluate the association of FcRn with transferrin -labelled recycling 

endosomes in live BOECs, FcRn-mCherry-transduced BOECs were pulsed with 

transferrin-AF488 for 15 minutes and the co-localisation of both molecules 

assessed (Figure 4.13B). Throughout different timepoints after the transferrin-

pulse, no co-localisation of both molecules was observed. Especially in the cell 

periphery, FcRn-mCherry and transferrin-AF488 were associated with distinct 

endosomal structures. However, there was some degree of overlap between 
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FcRn- and transferrin-positive structures in the juxtanuclear region. FcRn-positive 

tubules (indicated by white arrows) were observed to emerge from the perinuclear 

transferrin-positive structure, which presumably represented the main body of 

Rab11-positive recycling endosomes next to the microtubule organising centre 

(MTOC). Co-localisation of FcRn and transferrin was only observed in these 

tubular extensions but not in the centre of the transferrin -positive structure in 

juxtanuclear position. These data suggest that only low levels of FcRn are 

associated with recycling endosomes of BOECs. 
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Figure 4.13: Association of transferrin-positive recycling endosomal 
compartments with FcRn-mCherry in transduced live BOECs 

(A) BOECs were transfected with a Rab11a-GFP-expressing plasmid (green) 
using Lipofectamine3000™. After 48 hours, cells were pulsed for 15 minutes with 

Alexa Fluor®-568-labelled transferrin (Tf-AF568, red) at 37 °C. (B) BOECs were 
transduced with 10 µl lentivirus containing pFUGW-B2M-FcRn_mCherry (red) for 
24 hours. Remaining lentiviral particles were washed away and cells were 

allowed expressing the transgene for additional 24 hours. Transduced cells were 
pulsed for 15 minutes with Alexa Fluor®-488-labelled transferrin (Tf-AF488, 

green) at 37 °C. (A-B) Excess fluorophores were washed away and transfected 
or transduced BOECs were imaged at 37 °C and 5 % CO2 with a FV3000 
Olympus confocal microscope. Images represent maximum projections of whole 

cell z-stacks. Scale bars represent 10 µm (original images) and 5 µm 
(zoomed images). 

 

 

4.2.4: Uptake of human serum albumin in BOECs 

Macropinocytosis was shown to be the main mechanism for the uptake of human 

serum albumin (HSA) in a number of cell types (Yumoto et al., 2012; Palm, 2019; 

Toh et al., 2020). However, studies using bovine and rat microvascular lung 

endothelial cells suggested that HSA is endocytosed via caveolae-mediated 

endocytosis initiated by the binding of HSA to the surface receptor gp60 (Minshall 

et al., 2000; Vogel et al., 2001). To evaluate how the HSA uptake is facilitated in 

cultured primary BOEC lines, BOECs were incubated with fluorescent-labelled 

HSA (HSA-AF488) and HSA endocytosis analysed by flow cytometry and 

confocal fluorescence microscopy (Figure 4.14). Flow cytometric analysis of 

BOECs pulsed with fluorescence-labelled albumin for 30 or 60 minutes at 37 °C 

revealed a considerable right-shift of the histograms compared to cells incubated 

on ice. The mean fluorescence intensity for the albumin signal increased 30-fold 

(MFI: 1.9 x 103) after 30 minutes and 110-fold (MFI: 7.3 x 103) after 60 minutes 

uptake. These results were consistent across several experiments (n=4) 

(Figure 4.14A). BOECs incubated on ice for 60 minutes did not exhibit a higher 

fluorescent signal than unstained cells, indicating no binding of fluorescence-

labelled HSA to the surface of BOECs and moreover, suggesting that the uptake 

of HSA by primary endothelial cells was by fluid phase uptake (Figure 4.14A). 
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Figure 4.14: HSA uptake in cultured BOECs 
(A) Cultured BOECs were pulsed for 30 (green, n = 4) or 60 (blue, n = 1) minutes 
with Alexa Fluor®-568-labelled HSA at 37 °C or on ice (grey, n = 4). Monolayers 

were washed to remove excess fluorophore and BOECs detached from the 
culture vessels. Cells were stained for CD144 and dead cells were identified by 

DAPI staining. HSA uptake was analysed by flow cytometry. Histograms are 
shown for single, live CD144+ cells. The mean fluorescence intensity was 
calculated to quantify HSA uptake. Data for 0 minutes (60 Mins on ice) and 

30 minutes (37 °C) of HSA uptake was pooled from four individual experiments. 
Errors are shown as SEM. p-values were calculated using the paired Student’s 

t-test. (B-C) Cultured BOECs were pulsed for 30 minutes with Alexa Fluor®-488-
labelled HSA (HSA-AF488, green) at 37 °C. Excess fluorophore was washed 
away and cells fixed with PFA or MeOH. HSA-AF488 uptake in fixed BOECs was 

either assessed directly (B) or after staining for EEA1-positive endosomal 
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compartments (red) using a site-specific antibody (C). Nuclei were visualised 
using DAPI (blue). Selected enlarged HSA-positive structures are highlighted by 

white arrows and their estimated diameter is shown. Images represent maximum 
projections of whole cell z-stacks. Scale bars represent 10 µm (original images) 

and 5 µm (Zoom). 
 

 

To evaluate the presence of endocytosed HSA in intracellular structures of 

BOECs, cells were pulsed with fluorescent-labelled albumin for 30 minutes, fixed 

with PFA and HSA-specific fluorescence assessed by confocal fluorescence 

microscopy (Figure 4.14B). Similar to flow cytometry, a significant increase of 

HSA fluorescence was observed in BOECs after 30 minutes of uptake at 37 °C. 

HSA fluorescence was associated with enlarged donut-shaped endosomal 

structures. In most cells, these structures reached sizes up to 2 – 2.5 µm in 

diameter. To further characterise these large HSA-positive structures, a co-

staining with the early endosomal marker EEA1 in HSA-pulsed BOECs was 

performed (Figure 4.14C). The co-staining confirmed the presence of large HSA- 

and EEA1-double-positive endosomal structures in BOECs. In some cells these 

enlarged donut-shaped structures were observed to have a size of up to 4.9 µm 

in diameter (Figure 4.14C).  

The localisation of endocytosed HSA within large EEA1-positive structures 

indicated that HSA may be predominantly endocytosed by BOECs via 

macropinocytosis and associated with EEA1-positive early macropinosomes. To 

confirm the macropinocytic activity of BOECs, a co-uptake of fluorescent-labelled 

HSA and 70 kDa dextran was performed (Figure 4.15A). 70 kDa dextran is known 

to be exclusively endocytosed via macropinocytosis because of its size and is 

widely used as a marker for fluid-phase uptake and macropinosomal structures 

(Li et al., 2015). Endocytosed HSA and 70 kDa dextran co-localised in large 

endosomal structures with diameters up to 2 µm. A Pearson’s correlation 

coefficient of 0.83 (no threshold) was calculated for the overlap of the fluorescent 

signal corresponding to HSA and 70 kDa dextran. 
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Figure 4.15: HSA uptake by macropinocytosis in cultured BOECs 
(A) BOECs were allowed co-uptake of Alexa Fluor®-488-labelled HSA (HSA-

AF488, green) and 70 kDa dextran labelled with TexasRed (Dextran -TxRed, red) 
for 30 minutes at 37 °C. After internalisation, excess fluorophores were washed 

away, cells were fixed with PFA and imaged by confocal fluorescence 
microscopy. Nuclei were visualised using DAPI (blue). Enlarged HSA- and 
dextran-positive endosomal structures are indicated by white arrows and their 

estimated diameter is shown. (B) BOECs were pre-treated with 50, 100 or 
200 µM EIPA or with MeOH alone (carrier) for 60 minutes at 37 °C before 

performing uptake experiments in presence of the respective amiloride 
concentration. EIPA-treated BOECs were pulsed with Alexa Fluor®-488-labelled 
HSA (HSA-AF488, green) and Alexa Fluor®-568-labelled transferrin (Tf-AF568, 

red) at 37 °C for 30 minutes. Cells were fixed with PFA and imaged by confocal 
fluorescence microscopy. (C-D) Representative quantification of macro-

pinosomes and intracellular fluorescence levels in cultured BOECs in absence 
and presence of EIPA. (C) HSA-AF488-positive macropinosomes from maximum 
projections of acquired z-stacks of fixed cells were quantified, according to an 

adapted protocol from Wang et al. (Wang et al., 2014). Macropinosomal-like 
structures were defined as endosomes with a size of 0.2 – 20 µm2 (~ 0.5 – 5 µm 

in diameter). (D) Intracellular fluorescence levels (integrated density = IntDen) 
per cell for HSA-AF488 (green) and Tf-AF568 (red) were quantified using 
maximum projections of acquired z-stacks. Integrated densities were normalised 

to the mean values of the carrier control for both internalised molecules, 
respectively. n ≥ 5 (number of cells). (E-F) EIPA pre-treated BOECs were allowed 
uptake of Alexa Fluor®-568-labelled HSA or transferrin at 37 °C for 30 minutes in 

presence of 0 (green), 50 (blue), 100 (orange) or 200 (red) µM EIPA. Excess 
fluorophores were washed away and cells detached from the culture vessel. 

(E) HSA uptake was analysed by flow cytometry. After a 30-minute pulse with 
HSA-AF568, confluent BOEC monolayers were prepared, as described in the 
methods section, and stained for CD144. Histograms are shown for single, live 

CD144+ cells. To evaluate background levels, BOECs were incubated with Alexa 
Fluor®-568-labelled HSA for 30 minutes on ice (grey). (F) The mean fluorescence 

intensity (MFI) was calculated to quantify Alexa Fluor® 568-labelled HSA (green) 
or transferrin (red) uptake in dependence of the EIPA concentration. The MFI 
values for the control group (0 µM EIPA) were set to 1, and the MFI values for 

EIPA-treated cells expressed as relative MFIs. Confocal images represent 
maximum projections of whole cell z-stacks. Scale bars represent 

10 µm (original images) and 2 µm (Zoom). Errors are shown as SEM. p-values 
were calculated using Fisher’s LSD test. *** p < 0.001, **** p < 0.0001 
 

 

Amiloride and its derivates selectively inhibit macropinocytosis by lowering the 

sub-membranous pH and preventing the formation of macropinosomes 

(Koivusalo et al., 2010). Although other endocytic pathways are known to be 
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affected by sub-membranous acidification, treatment with low concentrations of 

amiloride have been proposed to specifically impair macropinocytosis without 

considerable off-target effects (Koivusalo et al., 2010). To inhibit 

macropinocytosis in cultured BOECs, cells were treated with the amiloride 

derivative 5-(N-ethyl-N-isopropyl)amiloride (EIPA), as described in methods 

section, and HSA and transferrin uptake was assessed by confocal fluorescence 

microscopy (Figure 4.15B). After allowing for 30 minutes of uptake, HSA was 

found to be localised to punctuate endosomal structures throughout the cell in 

BOECs treated with the carrier (MeOH) alone. Treatment with 50 µM EIPA led to 

a significant reduction of the HSA uptake in BOECs in comparison to the carrier 

control. Furthermore, macropinosomal-like structures with a diameter of 0.5 – 

5 µm were quantified using an ImageJ-based macropinosome quantitation assay 

adapted from Wang and colleagues (Wang et al., 2014) (Figure 4.15C). In the 

carrier control on average 62 HSA-positive macropinosome-like structures were 

detected per cell, whereas the treatment with 50 µM EIPA dramatically reduced 

presence of HSA-positive macropinosomal-like structures to 5.5 per cell. The 

treatment of BOECs with higher concentrations of EIPA (100 and 200 µM) 

showed a similar reduction in macropinosomes as 50 µM EIPA.  

In contrast to HSA, the uptake of transferrin in BOECs was not impaired by the 

presence of EIPA (Figure 4.15B). In cells treated with 50 µM EIPA similar levels 

of transferrin fluorescence were detected within analysed cells. To verify the 

effects described for HSA and transferrin uptake upon EIPA treatment, the total 

fluorescence levels per cell for both cargoes was calculated using z-projections 

and appropriate thresholding algorithms (Figure 4.15D). Again, the uptake of 

HSA was strongly inhibited in the presence of EIPA with very low fluorescent 

levels detected in BOECs treated with 50, 100 or 200 µM of the inhibitor. 

Transferrin fluorescent levels were not affected by the presence of EIPA. The 

profound impairment, albeit to different extent, of HSA internalisation in presence 

of the macropinocytosis inhibitor EIPA was observed across several experiments. 

The differences in inhibition were probably due to the poor solubility of EIPA, 

however, in all experiments the presence of 50 µM or higher concentrations of 

EIPA significantly reduced the uptake of HSA by cultured BOECs. 
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Flow cytometry also detected some reduction in the uptake of fluorescent-

labelled HSA following EIPA (Figure 4.15E-F). For flow cytometric uptake assays, 

HSA-AF568 was used due to high autofluorescence levels in the green channel 

resulting in poor resolution when uptake of AF488-labelled HSA was assessed. 

HSA-AF568 uptake was reduced by 40 % in presence of 200 µM EIPA in 

comparison to the carrier control (Figure 4.15E). In contrast to microscopic 

analysis, concentrations less than 200 µM had only slight effects on the detected 

fluorescent levels in BOECs (Figure 4.15E). The difference in findings between 

microscopic and flow cytometric analyses may reflect the fact that cells were fixed 

for the former whereas flow cytometry was performed on live cells. Nonetheless, 

the mean fluorescence intensity (MFI) revealed that HSA-AF568 uptake in 

BOECs was steadily reduced in an EIPA-dependent manner (Figure 4.15F). The 

MFI of endocytosed transferrin seemed not to be influenced considerably by the 

presence of EIPA.  

Together, these data showed that BOECs were able to endocytose significant 

amounts of fluorescence-labelled HSA within 30 minutes of continuous uptake 

and intracellular albumin was detected within large endosomal structures with 

diameters up to 5 µM which co-localised with the early endosome marker EEA1 

and the fluid-phase marker 70 kDa dextran. Furthermore, the uptake of HSA was 

significantly impaired in the presence of the selective macropinocytosis inhibitor 

EIPA. 

 

4.2.5: Degradation kinetics and HSA disappearance in fixed BOECs 

4.2.5.1: Degradation kinetics of endocytosed cargo in BOECs 

The kinetics of HSA degradation in cultured BOECs was investigated to assess 

how long it takes for endocytosed cargo to reach lysosomal compartments. For 

these uptake experiments, the ovalbumin-derived conjugate DQ-OVA was used 

(Figure 4.16A). DQ-OVA is a fluorescent probe extensively labelled with 

BODIPY FL fluorophores, and which in its native state does not fluoresce due to 

self-quenching. However, upon proteolytic degradation of DQ-OVA, the 
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BODIPY FL fluorophores released from the DQ-OVA polypeptide exhibit bright 

fluorescence indicating lysosomal processing of the fluorescence probe. 

BOECs were allowed to continuously take up DQ-OVA for 0, 20, 40 or 60 minutes 

and DQ-OVA fluorescence was quantified by flow cytometry (Figure 4.16B). 

Analysis of single live CD144+ cells revealed a considerable right-shift of the 

histograms with increasing time of DQ-OVA uptake. After 40 minutes uptake, the 

histogram was clearly separated from the control corresponding to BOECs 

without DQ-OVA uptake.  

 

 

Figure 4.16: Continuous DQ-OVA uptake assay and degradation kinetics in 

live BOECs 
(A) Schematic principle of DQ-OVA probe to assess proteolytic degradation in 
cultured cells. Bright DQ-OVA fluorescence is exhibited by probe upon proteolytic 

degradation in lysosomal compartments. (B) BOECs were allowed continuous 
uptake of DQ-OVA for 0 (grey), 20 (red), 40 (blue) or 60 (green) minutes at 

37 °C. After the respective uptake time, cells were detached from the culture 
vessel, stained for CD144, and kept on ice until flow cytometric analysis of 
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DQ-OVA fluorescence was performed. Histograms are shown for single, live 
CD144+ cells. (C) BOECs were pre-treated with DMSO carrier or protease 

inhibitor (PI) for 4 hours at 37 °C. Cells were pulsed with DQ-OVA probe in 
presence of DMSO carrier or PI and fluorescence directly followed at 37 °C and 

5 % CO2 using an Olympus FV3000 confocal fluorescence microscope. Cell 
boundaries are indicated by dotted lines. 
 

 

To further characterise the degradation kinetics in live BOECs and evaluate the 

fluorescence levels of DQ-OVA by confocal microscopy, BOECs were cultured in 

DQ-OVA containing medium at 37 °C and 5 % CO2 and the DQ-OVA fluorescent 

signal followed in single cells (Figure 4.16C). As expected, no DQ-OVA 

fluorescence was detected in cells immediately after the incubation with the 

fluorescent probe. After 40 minutes uptake of DQ-OVA, low levels of DQ-OVA 

fluorescence were detected in cultured BOECs. The signal of  the fluorescent 

probe became considerably stronger after 60 minutes of continuous uptake and 

reached a peak after ~ 120 minutes. In the presence of protease inhibitor (PI), 

minimal fluorescence was detected during the time course confirming the 

requirement of proteolytic degradation for the exhibition of DQ-OVA fluorescence.  

 

4.2.5.2: Disappearance of HSA-specific fluorescent signals in fixed BOECs  

The fate of the endocytosed HSA was investigated in the BOECs. Initially, the 

disappearance of the HSA fluorescence signal during pulse-chase experiments 

was evaluated in fixed BOECs (Figure 4.17A). Cultured BOECs were pulsed for 

30 minutes with HSA-AF488, excess fluorophore was washed away, and the 

internalised signal chased for 60 minutes. Cells were fixed at various time points 

and the HSA fluorescence was assessed by confocal microscopy (Figure 4.17A). 

After 30 minutes pulse, high levels of HSA fluorescence were detected in BOECs 

in the absence or presence of protease inhibitor (PI). The fluorescent signal then 

gradually decreased over 60 minutes chase period in the absence of PI, and only 

low levels of HSA fluorescence could be detected after 60 minutes chase. In 

contrast, BOECs treated with PI to block proteolytic degradation exhibited a 
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visible fluorescent signal after 60 minutes chase. However, the level of HSA-

AF488 fluorescence appeared lower at the end of the chase in PI treated BOECs  

 

 

 
Figure 4.17: Disappearance of intracellular HSA fluorescence during pulse-
chase experiments in fixed BOECs 

(A) BOECs were pre-treated with DMSO or protease inhibitor (PI) for 4 hours at 
37 °C. After pre-treatment, cells were pulsed with Alexa Fluor®-488-labelled HSA 

(HSA-AF488, green) for 30 minutes at 37 °C. Excess fluorophores were washed 
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away extensively and the fluorescent signal chased for 0, 20, 40 or 60 minutes at 
37 °C. After the chase, cells were directly fixed with PFA or MeOH. For 0 minutes 

of chase, cells were directly fixed after ligand internalisation. DMSO or PI was 
present in the medium until cell fixation. Nuclei were visualised using DAPI (blue). 

Images represent maximum projections of whole cell z-stacks. Scale bars 
represent 10 µm. (B) Schematic overview of an ImageJ-based protocol for the 
quantification of intracellular HSA fluorescence in fixed BOECs. Maximum 

projections of acquired z-stacks were made for the DAPI and an unrelated 
antibody channel to create masks representing the outline of single cells. Using 

single slices of the HSA channel in combination with the defined cells masks, the 
total intracellular HSA fluorescence per cell was quantified in fixed BOECs. 
 

 

To gain an unbiased assessment of intracellular HSA fluorescent levels of 

BOECs within a pulse-chase assay setup, an ImageJ-based quantification 

protocol was established to calculate the total HSA fluorescence per cell 

(Figure 4.17B). To this end, z-stacks of whole cells co-stained with DAPI and an 

unrelated antibody exhibiting background fluorescence were acquired and 

maximum projections created. Maximum projections of the DAPI and the 

antibody fluorescence were used to create cell masks representing the whole 

cytoplasm of single segregated cells. On the other hand, endosomal structures 

in single slices of the HSA fluorescence channel were identified using appropriate 

threshold algorithms. In combination with the defined cell masks, the total HSA 

fluorescence per cell present in thresholded endosomal structures of single slices 

was calculated.  

The total HSA fluorescence per cell was normalised to the values for 0 minutes 

chase and data obtained from different pulse-chase experiment was pooled to 

evaluate the disappearance of endocytosed HSA in fixed BOECs (Figure 4.18). 

During the pulse-chase experiment, the total HSA fluorescence level per cell 

dropped gradually from 100 % at 0 minutes chase to around 45 % during the 

60-minute chase period in presence of the DMSO carrier alone (Figure 4.18A). 

However, in presence of PI the detected fluorescence dropped to 55 % after 

40 minutes chase and then remained relatively constant. After 60 minutes chase, 

69 % of the HSA-AF488 fluorescence levels were detected in PI-treated cells 

(Figure 4.18A). 
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Figure 4.18: Quantification of intracellular HSA fluorescence in fixed 
BOECs during pulse-chase experiments 

(A-D) BOECs were pre-treated with DMSO carrier (Carrier) or protease inhibitor 
(PI) for 4 hours at 37 °C. After pre-treatment, cells were allowed uptake of 
Alexa Fluor®-488-labelled HSA (HSA-AF488) for 30 minutes at 37 °C. Excess 

fluorophores were washed away extensively and the fluorescent signal chased 
for 0, 20, 40 or 60 minutes at 37 °C. After the chase, cells were directly fixed with 

PFA or MeOH. For 0 minutes of chase, cells were directly fixed after ligand 
internalisation. DMSO carrier or PI was present in the medium until cell fixation. 
Total intracellular HSA fluorescence per cell was quantified, as described in 

Figure 4.17 and the methods section. Values were normalised to the mean 
intracellular timepoint at 0 minutes of chase and results pooled from individual 

experiments. (A-B) The quantified intracellular fluorescence levels are shown for 
HSA-AF488 in presence of DMSO carrier (green) and PI (blue). (C) Comparison 
of intracellular fluorescent levels of HSA-AF488 (green) and HSA labelled with 

Alexa Fluor®-568 (HSA-AF568, red). (D) Quantification of total HSA fluorescence 
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for AF488-labelled wildtype HSA (HSA-AF488, green) and non-FcRn-binding 
rHSAH464Q (rHSAH464Q-AF488, pink). n ≥ 19 (number of cells) from 5 experiments. 

Errors are shown as SEM. p-values were calculated using Fisher’s LSD test. 
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 

 

 

To estimate the ratio of HSA fluorescence lost due to proteolytic degradation, the 

trend of the detected HSA fluorescence signal in absence or presence of PI was 

directly compared (Figure 4.18B). The level of normalised HSA fluorescence per 

cell was significantly higher in presence of PI after 60 minutes chase time (69 %) 

compared to the carrier control (45 %). The HSA fluorescence after 20 minutes 

was also significantly lower than for cells treated with DMSO carrier alone (55 % 

for PI, 77 % for DMSO carrier), whereas there was no difference in cells analysed 

after 0 or 40 minutes of chase (Figure 4.18B). 

To evaluate if the observed reduction of HSA fluorescence in cultured BOECs is 

independent on the fluorescent-coupled HSA derivate, the fluorescent levels of 

two differently labelled HSA conjugates were quantified (Figure 4.18C). There 

was no difference in the disappearance of fluorescent signal per cell comparing 

HSA molecules labelled with Alexa Fluor®-488 (AF488) or Alexa Fluor®-568 

(AF568) at any timepoint analysed during the pulse-chase experiment. Lastly, the 

disappearance of fluorescent signal corresponding to WT HSA and the non-

FcRn-binding HSA variant rHSAH464Q labelled with AF488 was compared. Within 

the first 40 minutes of chase, no difference between the fluorescent signal was 

observed. However, after 60 minutes chase the fluorescent signal for the non-

FcRn-binding rHSAH464Q variant (64 %) was significantly higher compared to the 

signal corresponding to intracellular WT HSA (45 %) (Figure 4.18D). The 

difference of fluorescent levels detected after 60 minutes of chase could be either 

due to recycling or more rapid degradation of intracellular WT HSA.  

Collectively, DQ-OVA uptake experiments revealed that internalised cargo 

reached the degradative compartments of BOECs between 40 – 60 minutes. This 

time period is consistent with the findings on the disappearance of intracellular 

HSA fluorescence signals in fixed BOECs. The calculated HSA fluorescence 
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decreased by ~ 55 % following the 30 minutes pulse to the end of the 60 minutes 

chase. The use of protease inhibitor during the pulse-chase experiment 

dampened the HSA signal with a 31 % reduction after 60 minutes chase. A similar 

rate of disappearance of the fluorescent signal was observed for the non -FcRn-

binding rHSAH464Q variant in DMSO carrier-treated BOECs with a 36 % reduction 

after 60 minutes chase. These results indicate that there are likely to be two 

components associated with the disappearance of wildtype HSA fluorescence 

following uptake, namely (1) proteolytic degradation and (2) FcRn-dependent 

recycling of HSA. 

 

4.2.6: Intracellular trafficking of HSA in fixed BOECs 

4.2.6.1: HSA trafficking to early endosomes in fixed BOECs 

After investigating the uptake of HSA and the time-dependent trafficking to 

degradative compartments, the intracellular itinerary of endocytosed HSA was 

next investigated in fixed BOECs by co-staining with endosomal markers. To 

assess whether endocytosed HSA is associated with early endosomal or 

macropinosomal compartments, cultured BOECs were pulsed with HSA-AF488 

uptake (30 minutes), and the fluorescent signal was chased 60 minutes. After 

fixation at various time points, cells were stained with an EEA1-specific antibody 

to visualise early endosomes and macropinosomes (Figure 4.19A). 

Co-localisation of HSA-AF488 with EEA1-positive endosomal-like structures was 

observed in cells treated with DMSO carrier and PI. With increasing chase time, 

the HSA fluorescence signal decreased steadily from EEA1-positive endosomes 

and by 60 minutes chase no overlap was observed. 
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Figure 4.19: Co-localisation of internalised HSA and EEA1-positive 
endosomal structures in fixed BOECs 

(A) BOECs were pre-treated with DMSO or protease inhibitor (PI) for 4 hours at 
37 °C. After pre-treatment, cells were pulsed with Alexa Fluor®-488-labelled HSA 

(HSA-AF488, green) for 30 minutes at 37 °C. Excess fluorophores were washed 
away extensively and the fluorescent signal chased for 0, 20, 40 or 60 minutes at 
37 °C. After the chase, cells were directly fixed with PFA and stained for EEA1 

(red). For 0 minutes of chase, cells were directly fixed after ligand internalisation. 
DMSO carrier or PI was present in the medium until cell fixation. Nuclei were 

visualised using DAPI (blue). Images represent maximum projections of whole 
cell z-stacks. Scale bars represent 10 µm. (B) Representative quantification of 
co-localisation parameter, Pearson’s and Mander’s coefficient M1, in presence of 

DMSO carrier or PI. The parameters were calculated using the ImageJ plugin 
Coloc2 and values are shown for calculated parameters above threshold 

determined by the Costes’ method. n ≥ 4 (number of cells). Errors are shown as 
SEM. p-values were calculated using Fisher’s LSD test. ** p < 0.01, *** p < 0.001, 
**** p < 0.0001 

 



Chapter 4 172 

To quantify the degree of overlap between HSA and EEA1-positive endosomal 

structures, co-localisation was calculated using the Coloc2 tool in ImageJ. For 

this analysis, region of interests resembling the outline of single cells were 

defined and co-localisation was quantified using acquired z-stacks 

(Figure 4.19B). The Pearson’s coefficient declined from ~ 0.4 at 0 minutes 

steadily with increased chase time and reached 0 at 60 minutes. This reduction 

was observed for BOECs independently of the presence of PI. To estimate the 

percentage of HSA-positive pixels located to EEA1-positive structures, Mander’s 

coefficient M1 was also calculated. With increasing chase time, M1 dropped from 

approximately 0.8 at 0 minutes to ~ 0.4 at 60 minutes chase. All three parameters 

indicated a considerable overlap of internalised HSA with EEA1-positive 

endosomal structures within the first 20 minutes after endocytosis. However, the 

co-localisation of HSA and EEA1-positive structures was reduced gradually over 

the subsequent chase period.  

 

4.2.6.2: HSA trafficking to late endosomes and lysosomes in fixed BOECs 

To further characterise the intracellular itinerary of endocytosed HSA in fixed 

BOECs, the overlap of HSA with the late endosomal and lysosomal markers, 

CD63 (Figure 4.20) and LAMP1 (Figure 4.21) was investigated. Again, BOECs 

were pulsed 30 minutes with HSA-AF488 and the fluorescent signal was chased 

for 60 minutes. After fixation at various time points, cells were stained either for 

CD63 or LAMP1 and co-localisation of endocytosed HSA and the late endosomal 

and lysosomal markers assessed. Due to the prominent perinuclear localisation 

of CD63- and LAMP1-positive endosomal structures in BOECs, it was not 

possible to calculate co-localisation coefficients in a reliable manner. Instead, line 

scans were performed to evaluate the overlap of the fluorescence profiles of HSA 

and CD63 or LAMP1, respectively. Additionally, the association of the non-FcRn-

binding HSA variant HSAH464Q with late endosomal and lysosomal structures was 

assessed to estimate the influence of FcRn interaction on the intracellular 

itinerary of HSA. 
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Figure 4.20: Co-localisation of internalised HSA and CD63-positive 
endosomal structures in fixed BOECs 
BOECs were pulsed with Alexa Fluor®-488-labelled HSA (HSA-AF488, green) 

(A) or non-FcRn binding HSAH464Q (Mutant-AF488, green) (B) for 30 minutes at 
37 °C, as described in the methods section. Excess fluorophores were washed 

away extensively and the fluorescent signal chased for 40 or 
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60 minutes at 37 °C. After the chase, cells were directly fixed with PFA and 
stained for CD63 (red). Nuclei were visualised using DAPI (blue). The profiles of 

two line scans per image are shown for both fluorophores. The localisation of the 
respective line scans is indicated by white lines. Images represent maximum 

projections of whole cell z-stacks. Scale bars represent 10 µm. 
 

 

After 40 and 60 minutes of chase, there was no co-localisation of HSA- and 

CD63-positive endosomal structures in fixed BOECs (Figure 4.20A). The line 

scans revealed that most fluorescent peaks of both molecules were not 

overlapping, rather, they were offset (indicated by green arrows). Only a minor 

fraction of HSA-AF488 and CD63 fluorescence peaks were overlapping 

(indicated by red arrows) indicating a small degree of co-localisation between 

HSA-AF488 and CD63. 

For the non-FcRn-binding HSA variant rHSAH464Q (mutant), more overlap of the 

mutant- and CD63-positive endosomal structures was observed (Figure 4.20B). 

In particular, after 60 minutes chase most of the fluorescence peaks for both 

molecules on the line scans were overlapping indicating the association of the 

non-FcRn-binding mutant with CD63-positive structures (indicated by red 

arrows). Only a small fraction of mutant-AF488 fluorescence peaks were not 

overlapping with CD63 signals (indicated by green arrows). 

Similar trends were observed for the co-localisation of HSA with LAMP1-positive 

compartments (Figure 4.21). The fluorescence peaks of HSA resulting from the 

indicated line scans were not overlapping with the respective peaks of LAMP1 

fluorescence (indicated by green arrows) after 40 or 60 minutes of chase 

(Figure 4.21A). However, a much higher degree of overlap was observed for the 

fluorescence peaks corresponding to the mutant and LAMP1 fluorescence 

(indicated by red arrows) in fixed BOECs after 40 and 60 minutes of chase 

(Figure 4.21B).  
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Figure 4.21: Co-localisation of internalised HSA and LAMP1-positive 
endosomal structures in fixed BOECs 
BOECs were pulsed with Alexa Fluor®-488-labelled HSA (HSA-AF488, green) 

(A) or non-FcRn binding HSAH464Q (Mutant-AF488, green) (B) for 30 minutes at 
37 °C, as described in the methods section. Excess fluorophores were washed 

away extensively and the fluorescent signal chased for 40 or 
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60 minutes at 37 °C. After the chase, cells were directly fixed with PFA and 
stained for LAMP1 (red). Nuclei were visualised using DAPI (blue). The profiles 

of two line scans per image are shown for both fluorophores. The localisation of 
the respective line scans is indicated by white lines. Images represent maximum 

projections of whole cell z-stacks. Scale bars represent 10 µm. 
 

 

Taken together, these data indicated that endocytosed HSA-AF488 is associated 

with enlarged EEA1-positive endosomal structures in BOECs, identified as 

macropinosomes by 70 kDa dextran uptake. With increasing chase time, the 

degree of co-localisation of HSA and EEA1 was reduced gradually. However, 

HSA fluorescence did not overlap with either CD63 or LAMP1 organelle markers 

indicating that HSA is, largely, excluded from late endosomal and lysosomal 

structures in fixed BOECs. In contrast, the non-FcRn-binding HSA variant 

HSAH464Q showed more overlap with late endosomal and lysosomal markers 

suggesting a role for FcRn in regulating the sorting of HSA into the lysosomal 

pathway in BOECs.  

 

4.2.7: Intracellular trafficking of HSA in live BOECs 

4.2.7.1: HSA localisation to LysoTracker Red-positive compartments in 

live BOECs 

The next step to decipher the intracellular itinerary of HSA in vascular endothelial 

cells, was to follow internalised HSA fluorescence in live BOECs by performing 

live cell experiments in a pulse-chase setup. Firstly, lysosomal compartments in 

live BOECs were visualised by LysoTracker Red staining, which accumulates in 

acidified endosomal structures (Figure 4.22A). LysoTracker Red localised to 

globular structures around the cell nucleus. The recording of time lapses of single 

cells revealed that LysoTracker Red-positive structures were immobile and no 

tubular carriers emerging from round endosomal structures were observed 

(Figure 4.22A). 
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Figure 4.22: Lysosomal compartments in live BOECs and proteolytic DQ-
OVA degradation in a pulse-chase setup 

(A) Cultured BOECs were stained with LysoTracker™ Red DND-99 (red) for 
60 minutes at 37 °C, as described in the methods section. (B) BOECs were 
pulsed with DQ-OVA (green) for 15 minutes at 37 °C, as described in the methods 

section, and the DQ-OVA fluorescence was chased in live cells. Images were 
recorded every 5 minutes. (C) The mean DQ-OVA fluorescence of confocal 

images of live BOECs during a pulse-chase assay was quantified over time using 
ImageJ. The mean fluorescence of cells at 0 minutes of chase (right after 
DQ-OVA uptake) was set to 1 and values expressed as x-fold. The black arrow 

indicates the appearance of bright DQ-OVA fluorescence after 45 minutes of 
chase. Live cells were imaged at 37 °C and 5 % CO2 using an Olympus FV3000 

confocal fluorescence microscope. Cell boundaries are indicated by dotted lines. 
Scale bars represent 10 µm. 
 

 

To transfer the characterisation of degradation kinetics observed in continuous 

DQ-OVA uptake experiments to a pulse-chase setup using live cells, BOECs 

were pulsed with DQ-OVA for 15 minutes, excess fluorophores washed away and 

the DQ-OVA fluorescent signal indicating lysosomal degradation chased 

(Figure 4.22B-C). Bright DQ-OVA fluorescence was observed after 45 minutes of 

chase in live BOECs indicating proteolytic degradation  of the endocytosed 
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ovalbumin conjugate (Figure 4.22B). Prior to 45 minutes chase, only background 

or low DQ-OVA-specific fluorescence was detected in BOECs. The quantification 

of mean DQ-OVA fluorescence showed a sharp increase of fluorescence after 

45 minutes chase, indicating that endocytosed cargo reached degradative 

lysosomal compartments (Figure 4.22C). From 45 minutes onwards, the  

DQ-OVA fluorescence rose steadily as degradation of DQ-OVA conjugates 

proceeded.  

Next, the co-localisation of endocytosed HSA-AF488 and LysoTracker Red was 

assessed in live BOECs during a pulse-chase assay (Figure 4.23A-B). Upon 

endocytosis, HSA-AF488 fluorescence was detected in punctuate structures in 

the cell periphery. These structures were negative for LysoTracker Red indicating 

a neutral luminal pH of HSA-positive endosomes (Figure 4.23A). After 20 minutes 

chase time, the majority of HSA-AF488 fluorescence overlapped with 

LysoTracker Red-positive compartments, indicating the acidification of HSA-

positive endosomes allowing potential binding of endosomal HSA to FcRn 

(Figure 4.23A). Additionally, the emergence of tubular structures, albeit in a low 

frequency, emanating from globular endosomes could be observed initially after 

20 minutes chase time. 

With further increasing chase times, the co-localisation of HSA-AF488 and  

LysoTracker Red fluorescence increased and after 32 minutes of chase tubular 

carriers pinching off from globular endosomal structures were detected more 

frequently (Figure 4.23B). These tubular carriers were almost exclusively positive 

for HSA-AF488 (indicated by white arrows), but not LysoTracker Red, whereas 

globular endosomes remained mostly positive for both fluorescent markers  

(Figure 4.23B). HSA-AF488-positive tubular carriers continued to emerge from 

globular structures with increased chase time (up to 40 minutes) and were 

directed to the cell periphery. The absence of LysoTracker Red fluorescence 

within tubular carriers suggested that they have an intraluminal pH higher than 

the endosomal compartments. These results indicate that the endocytosed HSA-

AF488 is exposed to an acidic pH compartment prior to the delivery to a 

degradative endosomal compartment.  
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Figure 4.23: Localisation of endocytosed HSA-AF488 to LysoTracker Red-
positive compartments in live BOECs 

(A) Cultured BOECs were stained with LysoTracker™ Red DND-99 (red) for 
60 minutes at 37 °C and subsequently pulsed with Alexa Fluor® 488-labelled HSA 
(HSA-AF488, green) for 15 minutes at 37 °C. Excess fluorophore was washed 
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away and the HSA-A488 fluorescence signal chased for 40 minutes in live cells 
by confocal microscopy. Example images are shown for 0 and 20 minutes chase. 

(B) Example image of a LysoTracker Red-stained BOEC pulsed with HSA-AF488 
after 32 minutes chase. Two regions of interest (ROI) were defined to highlight 

the presence of HSA-AF488-positive tubular carriers (indicated by white arrows). 
Frames of the two ROIs are shown for 32, 35, 39 and 40 minutes chase. Live 
cells were imaged at 37 °C and 5 % CO2 using an Olympus FV3000 confocal 

fluorescence microscope. Cell boundaries are indicated by dotted lines. Scale 
bars represent 5 µm (zoomed images) or 10 µm (Merge). 

 

 

4.2.7.2: Intracellular trafficking of HSA-AF488 in FcRn-mCherry transduced 

live BOECs 

To evaluate the co-localisation of HSA and FcRn in live cells, BOECs were 

transduced with FcRn-mCherry, pulsed with HSA-AF488 for 15 minutes at 37 °C 

and the signal chased up to 40 minutes. This chase time was chosen to exclude 

the influence of cargo being degraded in lysosomal compartments, which was 

shown to be observed after 45 minutes chase time in live BOECs, as described 

above (Figure 4.22). Within the first 5 minutes after internalisation, HSA-AF488 

fluorescence was detected in globular punctate structures in the cell periphery, 

which were negative for FcRn-mCherry indicating that FcRn does not locate to 

newly formed macropinosomes in BOECs (Figure 4.24). From 10 minutes chase 

onwards, the overlap of HSA-A488- and FcRn-mCherry-specific fluorescent 

signals increased steadily indicating co-localisation of HSA and FcRn in globular 

endosomal structures (indicated by white arrows). The presence of these double-

positive globular structures was also observed 20 minutes after the pulse 

(indicated by white arrows) and over the whole course of the pulse-chase 

experiment. 
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Figure 4.24: Intracellular HSA-AF488 trafficking in FcRn-mCherry 
transduced live BOECs 

BOECs transduced with FcRn-mCherry (red) were pulsed with Alexa Fluor® 488-
labelled HSA (HSA-AF488, green) for 15 minutes at 37 °C and the fluorescent 
signal chased for 40 minutes in live cells. Confocal microscopy images of live 

cells were taken right after the pulse as well as 5, 10 and 20 minutes chase. White 
arrows indicate HSA-AF488- and FcRn-mCherry-double-positive endosomal 

structures. White asterisks indicate HSA-AF488-positive tubular transport 
carriers. Cell boundaries are indicated by dotted lines. Scale bars represent 5 µm 
(Zoom) or 10 µm (Merge). 

 

 

In addition to the globular structures, HSA-AF488 tubular carriers were detected 

after 20 minutes chase time (indicated by white asterisks) (Figure 4.24). Such 

tubular structures were detected usually after 20 – 30 minutes chase time across 
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several experiments. From the time lapse of the live cells, these tubular carriers 

were observed pinching off globular endosomal structures. Although 

predominantly positive for HSA-A488, FcRn-mCherry fluorescence was detected 

in some of these tubular structures suggesting the potential sorting of both HSA 

and FcRn into tubular carriers emerging from double-positive globular 

endosomes.  

With ongoing chase time, tubular structures positive for HSA-A488 and FcRn-

mCherry were observed more frequently (Figure 4.25 and Figure 4.26). To 

examine if tubular carriers are directed to the cell periphery, several frames of 

region of interests (ROIs) with 1-minute intervals were recorded between 25 to 

28 minutes chase time (Figure 4.25). 

The inspection of single frames revealed that HSA-AF488-positive tubular 

carriers, indicated by white arrows, directly emerged from HSA-AF488- and 

FcRn-mCherry-double-positive globular endosomal structures and, by assessing 

the replacement of tubular carriers between single frames, were directed to the 

cell surface rather than being trafficked to the perinuclear region of the cell 

(Figure 4.25). As described above, FcRn-mCherry fluorescence was detected in 

a fraction of tubular carriers, however they were predominantly positive for 

HSA-AF488. 
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Figure 4.25: Emergence of HSA-AF488 tubular transport carriers in FcRn-

mCherry transduced live BOECs 
BOECs transduced with FcRn-mCherry (red) were pulsed with Alexa Fluor® 488-

labelled HSA (HSA-AF488, green) for 15 minutes at 37 °C and the fluorescent 
signal chased for 40 minutes in live cells. Confocal microscopy images of live 
cells were taken after 25, 26, 27 and 28 minutes chase. Two regions of interest 

(ROIs) were defined to follow the itinerary of single tubular transport carriers. 
White arrows indicate HSA-AF488-positive tubular transport carriers. Cell 

boundaries are indicated by dotted lines. Scale bars represent 5 µm (ROI images) 
or 10 µm (Merge). 
 

 

The emergence of HSA-A488- and partially FcRn-mCherry-positive tubular 

transport carriers, indicated by white arrows, was detected up to the end of the 

40 minutes chase period (Figure 4.26A). Interestingly, after 40 minutes of chase 

tubular transport carriers exclusively positive for FcRn-mCherry, indicated by sky 

blue arrows, were detected for the first time over the course of the pulse-chase 
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experiment (Figure 4.26A). Similar to tubular carriers observed earlier, they 

emerged directly from globular endosomal structures. 

 

 

Figure 4.26: HSA-AF488- and FcRn-mCherry-double-positive tubular 
transport carriers in FcRn-mCherry transduced live BOECs 

BOECs transduced with FcRn-mCherry (red) were pulsed with Alexa Fluor® 488-
labelled HSA (HSA-AF488, green) for 15 minutes at 37 °C and the fluorescent 

signal chased for 40 minutes in live cells. Single planes (A) or z-stacks (B) of live 
BOECs were recorded after 40 minutes chase by confocal microscopy. For the 
z-stack, the maximum projection is shown. White arrows indicate HSA-AF488- 

and FcRn-mCherry-double-positive tubular transport carriers. Sky blue arrows 
indicate FcRn-mCherry-positive tubular transport cariers. Cell boundaries are 

indicated by dotted lines. Scale bars represent 5 µm (Zoom) or 10 µm (Merge). 
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To further assess the direction of detected tubular transport carriers and 

characterise their dimensions, z-stacks of whole live BOECs were recorded after 

40 minutes of chase and displayed as maximum projections (Figure 4.26B). This 

allowed to better follow entire tubular transport carriers, usually emerging along 

the z axis, and leaving the focal plane of single observation planes, throughout 

the cell. Investigation of projected whole cell stacks revealed the existence of 

numerous tubular transport carriers positive for HSA-AF488 and FcRn-mCherry, 

indicated by white arrows. Additionally, FcRn-positive tubular carriers, indicated 

by sky blue arrows, were identified which were negative or only faintly positive for 

HSA-AF488 (Figure 4.26B). These tubular carriers were 0.5 – 0.6 µm thick and 

reached lengths up to 7 µm.  

Collectively, these data revealed that immediately following endocytosis, AF488-

labelled HSA was located to globular endosomal structures devoid of FcRn-

mCherry. Subsequently, both HSA-AF488 and FcRn-mCherry were observed to 

co-localise after 10 minutes of chase and, with increasing chase time, HSA-

AF488-positive transport carriers were observed to emerge from globular double-

positive structures. After 40 minutes of chase, before endocytosed cargo starts 

to be degraded in the lysosomes of BOECs, tubular carriers continued to emerge 

from globular compartments; a subpopulation of tubules predominantly positive 

for FcRn-mCherry were observed indicating that the receptor is able to be sorted 

into tubular transport carriers independently from HSA. 

 

4.2.7.3: Intracellular trafficking of rHSAH464Q-AF488 in FcRn-mCherry transduced 

live BOECs 

To evaluate if the sorting of endocytosed HSA molecules is dependent on the 

interaction with FcRn, pulse-chase experiments using the non-FcRn binding 

albumin variant rHSAH464Q-AF488 were performed (Figure 4.27). Similar to HSA-

AF488, rHSAH464Q-AF488 was located to globular endosomal structures 

immediately following endocytoses and with increasing chase time co-localisation 

with FcRn-mCherry was observed in some compartments (Figure 4.27A). After 
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25 minutes chase time, tubular transport carriers positive for FcRn -mCherry, 

indicated by white arrows, were detected emerging from double-positive 

endosomal structures (Figure 4.27A). The inspection of multiple frames over a 

5-minute time span (between 25 – 30 minutes chase) revealed that rHSAH464Q-

AF488 was excluded from FcRn-mCherry-positive tubules indicating an active 

sorting of FcRn-mCherry, but not of rHSAH464Q molecules, into these tubular 

transport carriers.  

With increasing chase time up to 40 minutes, co-localisation of rHSAH464Q-AF488 

and FcRn-mCherry persisted in globular endosomal structures (Figure 4.27B). In 

addition, FcRn-mCherry-positive tubular transport carriers (indicated by white 

arrows) continued to emerge from double-positive globular structures and 

rHSAH464Q-AF488 remained excluded from tubular carriers emerging from 

endosomes (Figure 4.27B).  

Together, these data suggested that FcRn-mCherry is actively partitioned into the 

tubular transport carriers originating from globular endosomal structures. In 

contrast, rHSAH464Q-AF488, a non-FcRn binding albumin variant, is excluded 

from tubular carriers suggesting that binding to FcRn is a prerequisite for HSA 

molecules to be sorted, together with the receptor, into these tubular 

compartments. 
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Figure 4.27: Trafficking of AF488-labelled rHSAH464Q in FcRn-mCherry 

transduced live BOECs 
BOECs transduced with FcRn-mCherry (red) were pulsed with Alexa Fluor® 488-

labelled rHSAH464Q (Mutant-AF488, green) for 15 minutes at 37 °C and the 
fluorescent signal chased for 40 minutes in live cells. Confocal microscopy 
images of live cells were taken after 25, 27, 28 and 30 minutes chase 

(A).Additionally, images were taken after 40 minutes chase (B). White arrows 
indicate FcRn-mCherry-positive tubular transport carriers. Cell boundaries are 

indicated by dotted lines. Scale bars represent 5 µm (Zoom) or 10 µm (Merge). 
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4.2.7.4: Co-uptake and intracellular trafficking of rHSAH464Q-AF488 and HSA-

AF568 in live BOECs 

To assess the FcRn-dependent partitioning of HSA molecules into tubular 

transport carriers, a co-uptake experiment was performed using AF488-labelled 

rHSAH464Q and AF568-labelled wildtype HSA and the fluorescence signal chased 

for up to 40 minutes (Figure 4.28). Both HSA variants co-localised to globular 

endosomal structures in the cell periphery following endocytosis for the first 

25 minutes (data not shown). After 25 minutes, tubular transport carriers positive 

for HSA-AF568 (indicated by white arrows) were detected emerging from double-

positive globular endosomes (Figure 4.28A). With increasing chase time, these 

structures were observed more frequently and rHSAH464Q-AF488 remained 

excluded from these HSA-AF568-positive tubular transport carriers. 

Closer inspection of regions of interest (ROIs) after 32 minutes chase time 

revealed that these tubular carriers indeed pinched off from the rHSAH464Q- and 

HSA-double-positive globular structures, however fluorescence signals specific 

for HSA-A568 were exclusively detected in tubular transport carriers, whereas 

rHSAH464Q was not partitioned into tubular structures (Figure 4.28B). Comparing 

single frames of the same ROIs at different chase times (32, 34, 38 and 

40 minutes chase) suggested that the HSA-AF568-positive tubular transport 

carriers preferentially emerged in the cell periphery rather than in the perinuclear 

region of the cell and were directed to the edges of the cell.  
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Figure 4.28: Trafficking of rHSAH464Q-AF488 and HSA-AF568 in live BOECs 
BOECs were pulsed with Alexa Fluor® A488-labelled rHSAH464Q (Mutant-AF488, 
green) and Alexa Fluor® 568-labelled HSA (HSA-AF568, red) for 15 minutes at  

37 °C and the fluorescent signals chased for 40 minutes in live cells. Confocal 
microscopy images of live cells were taken after 25 minutes chase (A) or between 

32 and 40 minutes chase (B). Two regions of interest (ROIs) were defined to 
follow the itinerary of single tubular transport carriers. White arrows indicate HSA-
AF568-positive tubular transport carriers. Cell boundaries are indicated by dotted 

lines. Scale bars represent 5 µm (zoomed images) or 10 µm (Merge). 
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In conclusion, these data revealed, based on qualitative assessment, that 

fluorescently wildtype HSA and non-FcRn binding rHSAH464Q molecules are 

partitioned differentially within the endosomal network of live BOECs. AF568-

HSA molecules were detected in tubular transport carriers emerging from 

globular endosomal structures, whereas non FcRn-binding rHSAH464Q-AF488 

was excluded from these tubular structures suggesting a FcRn-dependent sorting 

mechanism in endosomal structures mediating the partitioning of FcRn and its 

ligand into tubular carriers, which preferentially propagated towards the cell 

periphery and the surface of the cell. 

 

4.3: Discussion 

The vascular endothelium, comprised of a cellular monolayer lining the inner 

walls of blood vessels, is considered to be an important regulator of FcRn-

mediated homeostasis in vivo (Pyzik et al., 2019). Although albumin endocytosis 

and FcRn-mediated recycling of albumin has been described in immortalised 

endothelial cell lines, there is still a substantial gap of knowledge about FcRn-

albumin cell biology in primary vascular endothelial cells due to the lack of a 

suitable primary cell models (Schmidt et al., 2017; Grevys et al., 2018). In this 

chapter, I have established vascular endothelial cell lines isolated from peripheral 

blood to study FcRn-albumin cell biology in primary human endothelial cells. I 

revealed that these blood outgrowth endothelial cells (BOECs) expressed FcRn 

located predominantly to EEA1-positive early endosomal structures, but not to 

late endosomes or lysosomes, and that BOECs are able to endocytose HSA 

efficiently via macropinocytosis. Endocytosed fluorescently labelled HSA was 

trafficked through early endosomes but did not co-localise within late endosomal 

compartments 60 minutes following endocytosis. Lentiviral transduction of FcRn-

mCherry into BOECs revealed that the receptor was located within a highly 

dynamic tubulovesicular network and that endocytosed HSA molecules, able to 

bind FcRn, are sorted into FcRn-positive tubular carriers, whereas non-binding 

HSA variant rHSAH464Q is excluded from tubular structures, indicating FcRn-
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dependent rescue of endocytosed HSA in BOECs and recycling back to the 

plasma membrane.  

Since the discovery of circulating endothelial progenitor cells in peripheral blood, 

many studies have focussed on exploiting the proliferative capacity of these 

progenitor cells to establish stable primary cell lines as an in vitro model for 

differentiated endothelial cells (Asahara et al., 1997; Shi et al., 1998). Although 

several BOEC generation and establishment protocols are available, most of 

them either require extensive passaging before obtaining stable cell lines and 

high cell numbers or large volumes of peripheral blood (Lin et al., 2002; Martin-

Ramirez et al., 2012; Ormiston et al., 2015). Here, I established a BOEC 

generation protocol, which only requires 30 ml of peripheral blood and allows the 

establishment of BOEC lines in T25 flasks after a single initial passaging step 

(Figure 4.1). BOEC lines established by this protocol maintained proliferative 

capacities and showed stable expression of the endothelial markers CD144 and 

vWF up to passage 14, exceeding the maximum passage number (6 – 8) 

described by other BOEC protocols (Lin et al., 2000; Ecklu-Mensah et al., 2018). 

However, recent studies highlight potential variability between single endothelial 

colony forming cell clones resulting in distinct cell morphologies and proliferative 

as well as functional differences (de Boer et al., 2020). It would be instructive to 

compare the expression of genes regulating endothelial cell mainten ance and 

function in BOEC clones by RNAseq to assess differences in transcriptomic 

profiles among single clones as well as transcriptomic stability of BOEC lines 

across several passages. This is particularly important since the data shown in 

this work was generated by using polyclonal BOEC lines derived from two 

individual donors, which might show variances in their genetic profile and their 

regulation of highly regulated networks such as endosomal trafficking, although 

no profound differences have been observed throughout this study. 

Additionally, I evaluated whether primary BOEC lines are a suitable model for 

studying FcRn-albumin cell biology by investigating their expression of FcRn and 

endocytosis of fluorescently labelled HSA. BOECs expressed FcRn 

endogenously and the receptor was predominantly associated with enlarged 
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EEA1-positive endosomal structures, presumably early macropinosomes and 

early endosomes, whereas FcRn was excluded from late endosomes (Figure 4.7 

and Figure 4.8). These findings are consistent with intracellular localisation of 

transgenic FcRn in BMDMs or immortalised cell lines (Ober et al., 2004; Ward et 

al., 2005; Mahmoud, 2015). In the latter, FcRn was additionally found to be 

associated with Rab11-positive recycling endosomes (Ward et al., 2005). 

Unfortunately, the co-localisation of endogenous FcRn with Rab11-positive 

compartments could not be assessed because FcRn- and Rab11-specific 

antibodies were not compatible for obtaining consistent staining patterns using 

any of the fixation protocols. Transgenic FcRn-mCherry expressed by transduced 

BOECs was partially co-localised with fluorescently labelled transferrin shown to 

co-localise with transgenic Rab11-GFP-positive structures indicating potential 

association of FcRn with recycling endosomal compartments to some extent in 

BOECs (Figure 4.13). The introduction of Rab11-GFP via lentiviral transduction 

of BOECs could be a strategy to overcome th is technical issue. 

Cultured BOEC lines were capable of performing efficient albumin endocytosis 

via constitutive fluid phase endocytosis and high amounts of intracellular albumin 

fluorescent levels were detected after 15 – 30 minutes of uptake (Figure 4.14), 

whereas albumin internalisation by immortalised cell lines is mostly inefficient and 

high albumin levels are detected 1 – 4 hours of incubation, even under acidic 

conditions (Schmidt et al., 2017; Grevys et al., 2018; Nilsen et al., 2020). 

Endocytosis of fluorescently labelled HSA by BOECs was sensitive to the 

macropinocytosis-selective inhibitor EIPA identifying macropinocytosis as major 

endocytic pathway for the uptake of extracellular albumin (Figure 4.15). In 

contrast, albumin internalisation in rat pulmonary microvascular endothelial cells 

is facilitated by surface-exposed glycoprotein 60 (gp60) binding and caveolin-

dependent endocytosis highlighting potential differences in HSA uptake and 

trafficking across different donor species and endothelial cell origins (Vogel et al., 

2001; John et al., 2003; Li et al., 2013). Macropinocytosis has been identified as 

the major uptake albumin uptake pathway in cultured BMDMs and is also 

considered to be an important regulator of albumin homeostasis in vivo due to 

the abundancy of solute albumin in blood (Commisso, 2019; Toh et al., 2020). 



Chapter 4 193 

Hence, the ability to perform HSA fluid-phase endocytosis via macropinocytosis 

is a major advantage of using primary BOEC lines to investigate FcRn -albumin 

cell biology under physiologically relevant conditions compared to studies using 

immortalised cell lines, as the later required, firstly, the introduction of transgenic 

FcRn to facilitate efficient albumin endocytosis and, secondly, non -physiologically 

conditions for albumin uptake, namely acidic conditions to allow albumin to bind 

surface-exposed transgenic FcRn to initiate receptor-mediated endocytosis of the 

receptor-ligand complex (Schmidt et al., 2017; Larsen et al., 2018; Grevys et al., 

2018). Nonetheless, the contribution of other endocytic pathways in addition to 

macropinocytosis for HSA uptake by BOECs cannot be excluded from my study. 

In particular, the inhibition of macropinocytosis might lead to compensatory HSA 

endocytosis via other endocytic pathways explaining the intracellular albumin 

levels in EIPA-treated BOECs detected by flow cytometry compared to the control 

(Figure 4.15E-F). It would be instructive to perform HSA uptake experiments in 

the presence of inhibitors of other endocytic pathways, such as methyl-β-

cyclodextrin which blocks caveolae-dependent endocytosis, to assess the 

contribution of alternative HSA uptake pathways by cultured BOECs. 

Following endocytosis, HSA was located to enlarged EEA1-positive endosomal 

structures in fixed BOECs and subsequently transited EEA1-positive early 

endosomes with ongoing chase time (Figure 4.19). In contrast to the non -binding 

HSA mutant rHSAH464Q, wildtype HSA was not associated with markers of the late 

endosomal/lysosomal structures over the chase time, indicating the avoidance of 

the degradative lysosomal pathway (Figure 4.20 and Figure 4.21). However, the 

analysis in my study was only assessed by line scans and not by calculation of 

co-localisation parameters, due to the predominant localisation of CD63- and 

LAMP1-positive endosomal structures to the perinuclear cloud of BOECs, a 

region highly dense in endosomal structures around the nucleus where relatively 

immobile endosomal populations, in particular endolysosomes, cluster together 

and might impact the quantification of co-localisation parameters (Jongsma et al., 

2016; Bonifacino and Neefjes, 2017). 
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To further investigate FcRn-dependent HSA trafficking within cultured BOECs, I 

used live cell imaging to assess whether there are distinct intracel lular itineraries 

for wildtype HSA and the non-FcRn binding mutant rHSAH464Q. To this end, 

transgenic FcRn-mCherry was introduced into cultured BOECs by lentiviral 

transduction (Figure 4.10). The introduction of transgenes into BOECs using 

lentiviral constructs had been described previously and the availability of these 

genetic tools make cultured BOECs an excellent cell model to investigate cell 

biological pathways in primary endothelial cells (Matsui et al., 2007; Coppens et 

al., 2013; Schillemans et al., 2019). In particular, the ability of BOECs to maintain 

their phenotype and function across several passages enables the potential 

generation of knock-out BOEC lines or establish overexpression of particular 

genes in BOECs using CRISPR/Cas-engineering (Schillemans et al., 2019). 

FcRn-KO or FcRn-overexpressing BOEC lines could be used to evaluate the 

importance of FcRn expression in regulating intracellular trafficking of 

endocytosed HSA molecules in primary endothelial cells.  

In FcRn-mCherry transduced live BOECs, endocytosed HSA-AF488 was co-

localised with FcRn-mCherry-positive endosomal structures 10 – 15 minutes after 

uptake (Figure 4.24) indicating distinct uptake pathways of the receptor and the 

soluble FcRn ligand from the cell surface. These findings are similar to 

observations made in primary macrophages (BMDMs), where FcRn uptake is 

presumably mediated by clathrin-mediated endocytosis whereas albumin is 

endocytosed via macropinocytosis (Figure 4.29) (Mahmoud, 2015). The 

emergence of HSA-AF488- and FcRn-mCherry-double-positive tubules was 

observed after 20 – 30 minutes uptake in live BOECs (Figure 4.29), whereas the 

non-FcRn binding rHSAH464Q-AF488 was excluded from FcRn-mCherry-positive 

tubules emanating from globular endosomal structures (Figure 4.27) suggesting 

a FcRn-dependent sorting of the receptor-ligand complex from acidified 

endosomes into tubular transport carriers directed to the cell periphery 

(Figure 4.25). These results are in line with findings in BMDMs where wildtype 

HSA, but not rHSAH464Q, is able to enter SNX5-positive tubules in a FcRn-

mediated process for recycling of the ligand back to the plasma membrane (Toh 

et al., 2020). Unfortunately, attempts to directly demonstrate FcRn-dependent 
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HSA recycling to the cell surface by BOEC were unsuccessful, by either Western 

Blot or ELISA of the spent medium, due to lack of sensitivity (data not shown). 

However, the velocities (~ 0.4 µm/s) (Figure 4.12) and morphology (0.5 – 0.6 µm 

diameter, 5 – 7 µm long) (Figure 4.11 and Figure 4.26) of FcRn-mCherry and 

HSA-AF488-positive tubular carriers observed resemble the phenotype of SNX5-

positive tubular transport carriers mediating FcRn-dependent recycling of 

endocytosed HSA in primary BMDMs (Van Weering et al., 2012; Allison et al., 

2013; Toh et al., 2020), suggesting a similar function of the tubules observed in 

cultured BOECs. Additionally, co-uptake of fluorescently labelled wildtype HSA 

and non-FcRn binding rHSAH464Q revealed that, although both ligands were co-

localised in globular endosomal structures, only wildtype HSA was sorted into 

tubular transport carriers, a process presumably mediated by interaction with 

FcRn in live BOECs (Figure 4.28). The emergence of HSA-positive transport 

carriers emanating from globular structures was observed before internalised 

cargo is degraded in late endosomes and lysosomes of live BOECs which is 

estimated to occur 45 – 60 minutes after cargo uptake (Figure 4.29), as assessed 

by DQ-OVA uptake experiments (Figure 4.16 and Figure 4.22). 

Together these data, albeit only qualitative, revealed distinct intracellular 

itineraries of wildtype HSA and non-FcRn binding rHSAH464Q in live BOECs 

mediated by FcRn. The interaction of wildtype HSA with FcRn in early or maturing 

macropinosomal structures led to the sorting of the ligand-receptor complex into 

tubular transport carriers, whereas non-FcRn binding rHSAH464Q was excluded 

from these tubules and eventually was trafficked to late endosomes and 

lysosomes where the internalised cargo is degraded (Figure 4.29). However, it 

remains unclear at which stage of macropinosome maturation HSA and FcRn 

interact and partitioning of the receptor-ligand complex is facilitated. Newly 

formed macropinosomes were found to be initially devoid of EEA1 and instead 

are enriched in phosphatidylinositol 3-phosphate (PtdIns(3)P) (Kerr et al., 2006). 

During their maturation, macropinosomes acquire SNX5 and the early endosome 

markers EEA1 and Rab5 before eventually fusing with late endosomes and 

lysosomes (Lim et al., 2008; Kerr and Teasdale, 2009). However, the exact 
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mechanism and regulation of macropinosome maturation in different cell types is 

poorly understood. 

 

 

Figure 4.29: Intracellular albumin trafficking in cultured blood outgrowth 
endothelial cells 

Cartoon showing the intracellular trafficking pathways of wildtype (WT) HSA 
(green) and the non-binding mutant rHSAH464Q (grey) mediated by FcRn 

(red/orange). Albumin and rHSAH464Q are endocytosed predominantly via 
macropinocytosis and co-localise with membrane bound FcRn in maturing 
macropinosomes and early endosomes (light green and blue) 15 – 20 minutes 

after uptake. Presumably, FcRn is internalised via clathrin -mediated endocytosis. 
rHSAH464Q mutant reaches late endosomes and lysosomes (red) 45 – 60 minutes 

after uptake and is degraded, whereas WT HSA is sorted into tubular transport 
carriers (purple) emanating from globular endosomes in a FcRn-dependent 
manner 25 – 30 minutes after endocytosis. These tubular transport carriers 

presumably mediate FcRn-dependent albumin recycling back to the cell surface, 
either directly or via other compartments such as recycling endosomes (orange). 

The figure was created with BioRender.com. 
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In particular, it is uncertain how HSA-positive maturing macropinosomes acquire 

FcRn which was shown to be internalised by clathrin -mediated endocytosis and 

subsequently localises predominantly to EEA1-positive early endosomes in 

immortalised HeLa cells (Mahmoud, 2015). The localisation of FcRn to enlarged 

EEA1-positive endosomal structures in BOECs suggested that the receptor might 

be directly sorted to maturing macropinosomes after internalisation from the cell 

surface (Figure 4.6 and Figure 4.7). It would also be possible that maturing early 

macropinosomes undergo homotypic fusion or fusion events with classical EEA1-

positive endosomes to acquire additional FcRn for facilitating recycling of HSA. 

Understanding the spatiotemporal dimensions of the HSA interaction with FcRn 

in BOECs would be particularly useful understanding the endocytic pathway of 

FcRn and reveal how FcRn is trafficked to maturing macropinosomes containing 

endocytosed HSA. 

It remains unclear whether HSA and FcRn-mCherry-positive tubular transport 

carriers observed in BOECs facilitate direct FcRn-mediated HSA recycling from 

early or maturing macropinosomes to the cell surface, as described for BMDMs, 

or if other endosomal compartments such as Rab11-positive recycling 

endosomes, as described for immortalised cell lines, are involved in this process 

(Chia et al., 2018; Toh et al., 2020). 

The quantification of HSA recycling in cultured BOECs remains a major 

challenge, in particular due to low FcRn expression levels compared to BMDMs 

isolated from hFcRnTg/Tg (line 276) mice (Figure 4.6A-B). FcRn-dependent 

albumin recycling was found to be a saturable process and hFcRn Tg/Tg BMDMs 

were shown to recycle ~ 50 % of endocytosed HSA molecules back to the cell 

surface (Bern et al., 2015; Toh et al., 2020). FcRn expression in BOECs was 6- 

to 7-fold lower compared to hFcRnTg/Tg BMDMs suggesting significantly lower 

HSA recycling capacities of cultured BOECs which bears technical difficulties for 

detecting low amounts of recycled albumin in cell supernatants (Figure 4.6A-B). 

In contrast, kinetics of cargo transport from early endosomes to late endosomes 

and lysosomes in endothelial cells (~ 45 – 60 minutes) were considerably slower 

compared to CSF-1 activated BMDMs (~ 15 – 20 minutes) (Toh et al., 2020) 
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which would allow more time for FcRn to rescue endocytosed albumin molecules 

from lysosomal degradation and compensate for lower FcRn expression levels. 

Therefore, it would be instructive to quantify albumin recycling by BOECs over an 

extended time. However, measuring recycling, especially over long periods, is 

complicated by the potential reuptake of recycled albumin via fluid phase 

macropinocytosis and has to be considered in the experimental setup. 

Another consideration of the differences between endothelial cells and 

macrophages is that macrophages are highly specialised cells performing bulk 

endocytosis of components in their extracellular environment in vivo (Lim et al., 

2012). As consequence, endocytosed membrane components of BMDMs, such 

as lipids or membrane receptors, need to be recycled back to the plasma 

membrane in an efficient and rapid manner (Cox et al., 2000). In contrast, 

endothelial cells in vivo act as a selective permeability barrier regulating the influx 

and efflux of molecules from the bloodstream to the extravascular space (Mehta 

and Malik, 2006). Despite being the most abundant protein in blood, ~ 66 % of 

total albumin mass in vivo is located to the extravascular space suggesting an 

important role of the endothelium in maintaining albumin homeostasis by 

mediating transcytosis of albumin from the circulation into the extravascular 

space (Sleep et al., 2013). Hence, it would be advisable to investigate if other cell 

biological processes such as transcytosis play a role in intracellular trafficking of 

albumin in BOECs by performing trans-well assay using polarised cells or using 

three-dimensional vascular models formed by BOECs embedded in Matrigel 

(Dauwe et al., 2016).  

FcRn-mediated albumin trafficking and potential recycling can be further 

investigated by exploiting available genetic tools such as CRISPR/Cas-

engineering for establishing FcRn KO BOEC lines to assess the intracellular 

itinerary of albumin in absence of the receptor (Schillemans et al., 2019). 

Although HSA- and FcRn-mCherry-positive tubules in BOECs resembled SNX5-

positive tubular transport carriers in BMDMs, it remains unclear whether SNX5, 

has a function in macropinosome maturation and FcRn-dependent recycling by 

BOECs, as for BMDMs (Lim et al., 2012; Lim et al., 2015). Identification of 
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macropinocytic regulators and the machinery of FcRn-dependent albumin 

recycling in primary endothelial cells would further enhance the understanding of 

FcRn-albumin cell biology in a physiologically relevant primary cell and would 

shed more light on the exact contributions of different cell types to albumin 

homeostasis in vivo. 
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Chapter 5: Immune tolerance induction in hemophilia A  

5.1: Introduction 

There are two major limitations in treating hemophilia A (HemA) patients with 

standard FVIII replacement therapy. Firstly, a prophylactic treatment for 

preventing bleeding events in HemA patients requires frequent injections (2 – 

3 injections per week) of FVIII due the short circulatory half-life of the recombinant 

protein of about 12 hours in vivo (Lillicrap, 2008). This treatment is very cost-

intensive and burdensome, especially for young HemA patients (Saxena, 2013). 

Secondly, standard protein replacement therapy leads to the development of 

inhibitory anti-FVIII antibodies in about 30 % of patients suffering from severe 

HemA (Meeks and Batsuli, 2016). These anti-FVIII inhibitory antibodies, also 

referred to as inhibitors, block functional epitopes of recombinant FVIII (rFVIII) 

neutralising its function in vivo or form immune complexes after binding to FVIII 

increasing the catabolism of rFVIII and further reducing its circulatory half -life 

(Lacroix-Desmazes et al., 1999; Ananyeva et al., 2004; Saint-Remy et al., 2004). 

To circumvent these issues of protein replacement therapy, several strategies to 

induce immune tolerance towards FVIII in HemA patients have been investigated 

(Meeks and Batsuli, 2016; Georgescu et al., 2016). Until today, HemA patients, 

who developed inhibitors during FVIII replacement therapy, most commonly 

undergo highly expensive and burdensome immune tolerance induction (ITI) 

protocols relying on repetitious injections of rFVIII protein up to two times daily 

(Schep et al., 2018). To reduce costs and especially the burden for patients, a 

major focus of HemA research is the development of alternative strategies for 

inducing immune tolerance in HemA patients. In particular, the use of half -life 

extended FVIII-fusion proteins and the in vivo or in vitro induction of FVIII-specific 

regulatory T cells (Tregs) are promising approaches to prevent the formation of 

FVIII-neutralising antibodies or eliminate pre-existing FVIII inhibitors in HemA 

patients (Sleep et al., 2013; Pearson et al., 2017; Smith et al., 2020; Pilati and 

Howard, 2020). 
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FVIII-Albumin fusion proteins can potentially exploit FcRn-depending recycling 

pathways upon endocytosis and due to its increased size show lower renal 

clearance rates leading to the extension of circulatory half -life in vivo 

(Kontermann, 2016). The prolonged presence of the therapeutic protein in the 

circulatory system could lead to the induction of high zone tolerance towards FVIII 

in HemA patients minimising the development of inhibitors as well as eradicating 

pre-existing inhibitors (Diener and Feldmann, 1972; Kontermann, 2016). 

Additionally, the fusion of FVIII to the self-antigen albumin can lead to altered 

immune responses due to the presentation of albumin-derived Treg epitopes 

(Tregitopes) on FVIII-specific B cells (Ing et al., 2016; Faraji et al., 2018). 

Previous studies in HemA mouse models by the Becker-Gotot laboratory have 

revealed that the treatment of hemophilic mice with FVIII-Albumin fusion protein 

leads to reduced numbers of FVIII-specific B cells and lower anti-FVIII IgG titers 

compared to mice treated with rFVIII products indicating an immune tolerant 

phenotype towards FVIII in HemA mice receiving FVIII-Albumin fusion proteins 

(unpublished data). However, it is not known if the coupling of albumin and FVIII 

by succinimidyl esters, which was used to generate the fusion protein, blocked 

important epitopes of FVIII leading to the failure of FVIII-specific B cells to 

recognise and internalise the FVIII-Albumin fusion protein in vivo. Furthermore, 

the underlying mechanisms of immune tolerance induction upon FVIII-Albumin 

treatment remain poorly understood.  

Tregs play an important role in suppressing potentially harmful immune 

responses against auto- and allo-antigens by directly suppressing immune cells, 

such as B cells, in a contact-dependent manner initiating apoptosis in these cells 

(Sakaguchi et al., 2009; Gotot et al., 2018). In addition, Tregs can suppress 

immune responses indirectly by either secrete immunosuppressive cytokines or 

cytokine deprivation (Sakaguchi et al., 2008). Studies in the Becker-Gotot 

laboratory comparing the immune responses against FVIII in HemA and wildtype 

mice have shown that Tregs are essential for mediating tolerance towards 

exogeneous FVIII, and preventing the formation of inhibitors, by inducing 

apoptosis in FVIII-specific B cells via PD-1/PD-L1 signalling (Meißner, 2020). 

Notably, the induction of FVIII-specific Tregs in vivo and in vitro followed by 
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adoptive cell transfer into HemA mice effectively induces tolerance against rFVIII 

(Smith et al., 2020; Chen et al., 2020). Although there has been progress in 

understanding the underlying mechanisms of Treg induction over the last decade, 

a major drawback of using in vitro induced Tregs (iTregs) is their poor phenotypic 

and functional stability as well as the lack of reliable large-scale expansion and 

induction protocols, in particular for antigen-specific iTregs (Kanamori et al., 

2016). In 2019, Akamatsu and colleagues established a protocol for the chemical 

conversion of naïve and antigen-specific CD4+ T cells into Foxp3-expressing 

Tregs by inhibition of cyclin-dependent kinase 8 (CDK8) and CDK19 (Akamatsu 

et al., 2019). The use of this Treg conversion protocol in combination with the 

in vitro expansion of FVIII-specific CD4+ T cells might be a valuable tool for the 

generation of high numbers of FVIII-specific Tregs in vitro, which could be readily 

examined in adoptive cell transfer experiments to determine if immune tolerance 

towards FVIII was induced in HemA mice.  

In this chapter, I investigated if murine FVIII-specific B cells are able to recognise 

and internalise FVIII-Albumin fusion protein ex vivo by establishing an antigen 

uptake assay using imaging flow cytometry. In addition, I established an in vitro 

generation protocol for FVIII-specific CD4+ T cells and assessed the potential to 

convert these antigen-specific cells into immunosuppressive Foxp3-expressing 

Tregs by inhibition of CDK8/CDK19 signalling.  

 

5.2: Results 

5.2.1: Uptake of FVIII-Albumin fusion protein by FVIII-specific B cells 

5.2.1.1: Establishment of an in vitro antigen uptake assay for primary B cells using 

imaging flow cytometry 

As described above, the treatment of HemA mice with FVIII-Albumin fusion 

protein leads to reduced numbers of FVIII-specific B cells and lower anti-FVIII 

antibody titers compared to mice treated with FVIII protein alone. However, it is 

not clear whether this immune tolerant phenotype is directly induced by the 
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presence of FVIII-Albumin fusion protein or if the fusion of FVIII to albumin by 

succinimidyl ester coupling sterically blocks epitopes of FVIII recognised by FVIII-

specific B cells and thereby preventing antigen recognition and subsequent 

internalisation in vivo. To test if FVIII-specific B cells isolated from mouse spleens 

are able to internalise FVIII-Albumin fusion proteins, I have established an 

antigen uptake assay using imaging flow cytometry (Figure 5.1A). To this, end 

freshly isolated splenic B cells were incubated with APC-conjugated FVIII or 

FVIII-Albumin fusion protein on ice to allow surface binding to occur. 

Subsequently, unbound antigens were washed away and B cells incubated for 

up to 60 minutes at 37 °C to allow the internalisation of surface bound FVIII 

conjugate. Cells were then kept on ice and surface marker staining performed to 

identify live B220+ B cells. Stained cells were fixed and analysed by imaging flow 

cytometry using an Amnis® Imagestream® system (Figure 5.1A). 

Antigen-specific B220+ B cells were identified, according to their surface 

expression of B220 and their FVIII-APC- (Figure 5.1B) or FVIII-Albumin-APC-

specific fluorescent signal (Figure 5.1C). To assess the intracellular localisation 

of APC-conjugated FVIII and FVIII-Albumin fusion protein internalisation 

coefficients were calculated by defining a mask representing the cytosolic volume 

of the respective cells. The internalisation coefficients reflect the ratio of the APC-

specific signal located to the cytosol within the defined mask versus the cell 

surface (outside of the mask). The calculation of mean internalisation coefficients 

revealed a significant increase of FVIII internalisation from ~ 0.29 to ~ 0.40 in live 

FVIII-specific B220+ B cells from 0 minutes to 60 minutes uptake at 37 °C 

(Figure 5.1D). Similar effects were observed for FVIII-Albumin uptake, where the 

mean internalisation coefficient gradually increased from ~ 0.33 (0 minutes 

uptake) to ~ 0.70 (60 minutes uptake) indicating uptake of both proteins by 

antigen-specific B220+ B cells (Figure 5.1E).  
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Figure 5.1: Internalisation of FVIII and FVIII-Albumin fusion protein by FVIII-
specific B cells in vitro 

(A) Antigen binding and internalisation assay using freshly isolated B220+ B cells 
and APC-conjugated FVIII and FVIII-Albumin fusion protein. Antigens were 
bound on ice for 30 minutes and cells were subsequently incubated at 37 °C for 

up to 60 minutes to allow antigen internalisation. Afterwards, surface staining was 
performed on ice, cells were fixed and analysed by imaging flow cytometry using 

an Amnis® Imagestream® system. BCR, B Cell Receptor. (B-C) Representative 
dot plots for the gating of live FVIII-specific B220+ B cells upon binding of APC-
conjugated FVIII (B) or FVIII-Albumin fusion protein (C). Samples shown were 

kept on ice after the antigen binding step (0 minutes uptake time). (D-E) Mean 
internalisation coefficients calculated for live FVIII-specific B220+ B cells after the 
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uptake of APC-conjugated FVIII (D) or FVIII-Albumin fusion protein (E). Cells 
were allowed antigen uptake for 0 (blue), 20 (red) or 60 minutes (purple), 

respectively. Internalisation was quantified on B cells isolated from individual 
mice (n = 7). Errors are shown as SEM. p-values were calculated using a paired 

one-way ANOVA in combination with Fisher’s LSD test. * p ≤ 0.05, ** p ≤ 0.01, 
**** p ≤ 0.0001 
 

 

To validate the internalisation of the respective antigen by B220+ B cells, 

microscopy images obtained by imaging flow cytometry were analysed and the 

localisation of APC-specific fluorescent signal was assessed in cells following 

either 0 minutes or 60 minutes uptake of FVIII (Figure 5.2) or FVIII-Albumin fusion 

protein (Figure 5.3), respectively. 

At 0 minutes, both antigens, APC-conjugated FVIII (Figure 5.2) and FVIII-Albumin 

fusion protein (Figure 5.3), were located to the cell surface of B220+ B cells in a 

ring-like structure surrounding the cytosolic area of the cells. In contrast, after 

60 minutes uptake both antigens were located to intracellular punctate structures 

within the cytoplasm of the cell suggesting uptake of FVIII (Figure 5.2) and FVIII-

Albumin fusion protein (Figure 5.3) by antigen-specific B220+ B cells. 

The increase of FVIII and FVIII-Albumin internalisation and the intracellular 

localisation of both antigens after 60 minutes incubation at 37 °C was observed 

across several experiments and independent of the genotype of isolated 

B220+ B cells obtained from HemA or WT B6 mice.  
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Figure 5.2: Microscopical analysis of recombinant FVIII internalisation by 
FVIII-specific B cells  

Representative microscopy images obtained by imaging flow cytometry showing 
live B220+ B cells positive for APC-conjugated FVIII following 0 minutes (upper 

images) or 60 minutes (lower images) antigen uptake. The image panels show 
signals resulting from the brightfield (BF), B220 (green) and the APC (FVIII, red) 
channel. Merge shows the overlap of the green and red channel.  
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Figure 5.3: Microscopical analysis of FVIII-Albumin fusion protein 
internalisation by FVIII-specific B cells  

Representative microscopy images obtained by imaging flow cytometry showing 
live B220+ B cells positive for APC-conjugated FVIII-Albumin fusion protein 
following 0 minutes (upper images) or 60 minutes (lower images) antigen uptake. 

The image panels show signals resulting from the brightfield (BF), B220 (green) 
and the APC (FVIII-Alb, red) channel. Merge shows the overlap of the green and 

red channel.  
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5.2.1.2: MSA blocking step to identify FVIII-Albumin fusion protein uptake by 

FVIII-specific B cells 

Although these data indicated that both, APC-conjugated FVIII and FVIII-Albumin 

fusion protein, were endocytosed efficiently by B cells, it remained unclear what 

the influence of the albumin domain was on the internalisation of the fusion 

protein by B cells. The albumin domain of the fusion protein may mediate binding 

to surface receptors on B cells or potential recognition and internalisation by 

albumin-specific B cells rather than FVIII-specific cells. To evaluate if FVIII-

Albumin fusion protein is recognised and internalised selectively by FVIII-specific 

B cells, a MSA blocking step prior to antigen binding was included in the antigen 

uptake assay using imaging flow cytometry and the effect of blocking on FVIII-

Albumin internalisation was assessed (Figure 5.4 and Figure 5.5).  

By comparing the dot plots of B cells following a 37 °C incubation for either 0 or 

60 minutes with or without the MSA blocking step, it was found that the MSA 

blocking step did not influence the percentage of FVIII+ B220+ B cells detected 

(Figure 5.4). However, for FVIII-Albumin fusion protein (FVIII-Alb) a considerable 

effect of MSA blocking was observed (Figure 5.4). Without blocking, a 

substantially higher percentage of FVIII-Alb-positive B220+ cells was observed 

(~ 59 %), compared with ~ 9 % following MSA blocking, indicating the contribution 

of not only the FVIII- but also the albumin-domain to the binding and 

internalisation of the fusion protein by B cells. 
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Figure 5.4: Effect of MSA blocking step on binding of FVIII-Albumin to the 
cell surface of B cells  

Dot plots showing the gating of FVIII-APC- (upper row) or FVIII-Albumin-APC-
specific (FVIII-Alb-APC, lower row) live B220+ B cells following antigen uptake for 
0 or 60 minutes. Prior to uptake, a MSA blocking step (incubation with 0.2 % w/v 

MSA in C-X-Vivo medium for 30 minutes on ice) was performed. Also shown is 
antigen uptake for 60 minutes without MSA blocking step. Fluorescence minus 

one (FMO) control for APC was included to confirm FVIII- and FVIII-Albumin-
specific signals.  
 

 

To assess whether the FVIII-Albumin fusion protein is internalised effectively by 

FVIII-specific B220+ B cells, the mean internalisation coefficients were calculated 

after performing the antigen uptake assay in combination with the MSA blocking 

step (Figure 5.5). 
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Figure 5.5: Internalisation of FVIII and FVIII-Albumin by FVIII-specific B cells 
upon MSA blocking  

(A+C) Internalisation histograms of live B220+ B cells positive for FVIII-APC (A) 
or FVIII-Albumin-APC (FVIII-Alb-APC) (C) following MSA blocking, as described 
in legend of Figure 5.4. The mean internalisation coefficients for FVIII-/FVIII-Alb-

specific B cells after 0 minutes (blue), 20 minutes (red) or 60 minutes (purple) 
antigen uptake are indicated next to the respective histograms. (B) x-fold mean 

internalisation coefficients calculated for FVIII+ (blue) and FVIII- (red) live B220+ 
B cells after 0, 20 or 60 minutes uptake of FVIII-APC (D) x-fold mean 
internalisation coefficients calculated for FVIII-Alb+ (blue) and FVIII-Alb- (red) live 

B220+ B cells after 0, 20 or 60 minutes uptake. x-fold mean internalisation 
parameters were calculated by dividing the mean internalisation for a particular 

uptake time with the value obtained for cells after 0 minutes uptake.  
 

 

Similar to above, the mean internalisation coefficient for FVIII-APC was 

considerably increased from ~ 0.10 at 0 minutes uptake to ~ 0.63 and ~ 0.59 after 

20 minutes and 60 minutes uptake, respectively (Figure 5.5A). To test if the 
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increase of the FVIII internalisation coefficient is specific for FVIII+ B cells, mean 

internalisation was additionally calculated for FVIII- B cells and the x-fold increase 

of internalisation coefficients compared to 0 minutes uptake was compared in 

FVIII+ (blue) versus FVIII- (red) B cells (Figure 5.5B). The mean internalisation 

coefficient for FVIII+ cells increased up to ~ 6-fold over the 60 minutes uptake 

period whereas the mean FVIII internalisation for FVIII- cells remained constant 

over the course of the antigen uptake period (Figure 5.5B). Analogous to FVIII, 

the mean internalisation coefficient for B cells incubated with FVIII-Albumin fusion 

proteins advanced from ~ 0.25 at 0 minutes uptake to ~ 0.75 and ~ 0.72 after 

20 minutes and 60 minutes uptake, respectively (Figure 5.5C). Calculation of the 

x-fold increase in the mean internalisation coefficients revealed that FVIII-

Albumin internalisation was increased up to ~ 4-fold in FVIII+ B cells (blue) after 

20 and 60 minutes uptake, whereas in FVIII-Albumin - B cells the coefficient 

remained relatively consistent not surpassing a ~ 1.7-fold increase of the FVIII-

Albumin internalisation calculated for 0 minutes uptake (Figure 5.5D). Although, 

the x-fold increase of the mean internalisation coefficients of FVIII (~ 6-fold) and 

FVIII-Albumin (~ 4-fold) slightly varied, the difference between FVIII or FVIII-

Albumin internalisation at 0 minutes versus 60 minutes uptake were similar 

(~ 0.50 versus ~ 0.47), indicating similar uptake kinetics and efficiencies of both 

FVIII derivates. Although blocking with MSA did not impair the internalisation of 

FVIII and FVIII-Albumin by B220+ B cells, it is advisory to repeat the 

internalisation experiment after MSA blockade to obtain robust and quantitative 

data on the antigen internalisation. 

Together, these data suggested the successful establishment of an imaging flow 

cytometry-based uptake assay to assess internalisation of fluorescently labelled 

antigens by B cells. The increase of FVIII- or FVIII-Albumin-specific internalisation 

parameters following antigen uptake indicated that both FVIII derivates are 

recognised and efficiently internalised by FVIII-specific B cells isolated from 

mouse spleens. The internalisation coefficients for FVIII- B cells remained 

consistent over the uptake period confirming that the increase of internalisation 

is a specific effect of FVIII or FVIII-Albumin fusion protein being internalised by 

antigen-specific B cells. In addition, antigen uptake could be assessed 
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qualitatively by microscopy images obtained from imaging flow cytometry. FVIII 

and FVIII-Albumin fluorescent signals were located to the cell surface of antigen-

specific B cells at 0 minutes uptake, whereas both fluorescently labelled proteins 

were present within the cytosol after 60 minutes uptake confirming internalisation. 

However, it remains to be investigated to which extent the increase of FVIII and 

FVIII-Albumin internalisation by B220+ cells can be interpreted in a qualitative 

way using this ImageStream® approach. 

 

5.2.2: In vitro expansion of FVIII-specific CD4+ T cells 

5.2.2.1: Establishment of FVIII-specific CD4+ T cell expansion in vitro 

To establish an in vitro platform for the generation of FVIII-specific CD4+ T cells, 

a two-step protocol was designed consisting of a 3-day FVIII-specific expansion 

step using irradiated antigen presenting cells (APCs) loaded with FVIII protein 

followed by non-specific expansion of CD4+ T cells using T cell activator-

Dynabeads (Figure 5.6A). To test different conditions for efficient expansion of 

FVIII-specific CD4+ T cells, cells were either isolated from naïve or FVIII-

immunised (2 IU FVIII i.v. on day -14 and day -7) HemA mice. For the FVIII-

specific expansion step, 5 x 105 CD4+ T cells were co-cultured with 5 x 105 

irradiated CD4- splenocytes, as the source of antigen presenting cells, in 

presence of FVIII. In addition, the effect of IL-2 addition during the antigen-

specific expansion step was evaluated. Cells were cultured in 48-well plates and 

medium topped up every two days (indicated in pink in Figure 5.6A) and 1 x 106 

cells were collected every three days to assess the ratio of FVIII-specific T cells 

using the fluorescently labelled FVIII-specific MHC class II tetramer presenting 

TASSYFTNMFATWSPSKARL peptide (Figure 5.6A, indicated in brown). After 3 

days of FVIII-specific expansion, CD4+ T cells were passaged and subsequently 

stimulated in the presence of T cell activator-Dynabeads and IL-2 in an unspecific 

manner. Samples were taken every three days during passaging until day 12 of 

the experiment and the presence of FVIII-specific CD4+ T cells assessed by flow 

cytometry (Figure 5.6A).  



Chapter 5 213 

 

Figure 5.6: In vitro expansion of FVIII-specific CD4+ T cells 

(A) Schematic overview of the in vitro expansion of FVIII-specific CD4+ T cells. 
Briefly, 5 x 105 CD4+ T cells isolated from murine spleens were co-cultured with 

5 x 105 irradiated CD4- murine splenocytes in presence of 10 IU/ml FVIII protein 
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and 50 U/ml interleukin-2 (IL-2) for 72 hours. Afterwards, CD4+ T cells were 
expanded non-specifically in presence of 50 U/ml IL-2 using T cell activator-

Dynabeads (1:1 ratio). Cell culture medium was topped up every 2 days (pink) 
and 1 x 106 cells were assessed for FVIII-specificity by flow cytometry every 3 

days (brown). The expansion protocol was carried out for 12 days. 
(B) Representative contour blot (Day 6, HemA naïve) showing CD4+ T cell gating, 
according to the surface expression of CD4 and lack of B220, CD8 and CD11c 

expression of single, live cells. (C) Representative dot blot (Day 6) showing the 
gating for FVIII-specific CD4+ T cells out of single, live CD4+ cells. FVIII-specific 

CD4+ T cells were identified as CD44+FVIII-tetramer+ cells. (D) Fluorescence 
minus one (FMO) control at day 12 (HemA naïve IL-2) for FVIII tetramer staining 
of expanded single, live CD4+ cells to identify FVIII-specific CD4+CD44+ T cells. 

(E-G) Statistical parameters of in vitro expansion protocols extracted from flow 
cytometry data. Representative data is shown for the FVIII-specific expansion of 

CD4+ T cells isolated from naïve HemA mice without (blue) versus with (red)  
IL-2 stimulation during the FVIII-specific expansion and of CD4+ T cells isolated 
from immunised HemA mice (2 IU FVIII i.v. at day -14 and day -7, purple). 

(E) Ratio of FVIII-specific CD4+CD44+ T cells among total CD4+ T cells over the 
in vitro expansion period. (F) Number of FVIII-specific CD4+CD44+ T cells per 

1 x 106 total cells. Absolute numbers were calculated using APC-conjugated 
counting beads. (G) Specific expansion rate of FVIII-specific CD4+CD44+ T cells 
in relation to absolute numbers of FVIII-specific cells at day 0.  

 

 

Single, live cells were gated on CD4+ T cells, according to their surface 

expression of CD4+ and the lack of B220, CD8 and CD11c expression on their 

cell surface (Figure 5.6B). CD4+ T cells were evaluated for their FVIII-specificity 

by their ability to bind fluorescently labelled FVIII tetramer and the expression of 

the activation marker CD44 (Figure 5.6C). The gate for FVIII-specific CD4+CD44+ 

T cells was defined using a fluorescence minus one (FMO) control, in which cells 

were stained with the particular antibody panel but the FVIII tetramer staining was 

left out (Figure 5.6D). The ratio of FVIII-specific CD4+ T cells increased from 

initially 0.1 – 0.5 % at day 0 to ~ 1.5 – 2 % during the 3-day FVIII-specific 

expansion step in all three conditions (Figure 5.6E). After subsequent non-

specific T cell stimulation using T cell activator-Dynabeads the ratio of FVIII-

specific CD4+ T cells among total T cells rose to ~ 7 – 10 % at day 6 before 

gradually decreasing back to initial levels (0.5 – 1 %) at day 12 (Figure 5.6E). The 

highest ratio (~ 10 % at day 6) of FVIII-specific CD4+ T cells was obtained by 

adding IL-2 during the FVIII specific expansion step (red) compared to 
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CD4+ T cells which were initially stimulated by FVIII-presenting cells in absence 

of IL-2 (blue and purple) (Figure 5.6E). Similar observations were made by 

investigating the total number of FVIII-specific CD4+ T cells per 1 x 106 total cells 

(Figure 5.6F). Total numbers of antigen-specific CD4+ T cells were calculated 

using APC-labelled counting beads. Numbers of FVIII-specific CD4+ T cells 

increased from initially ~ 500 – 900 steadily to up to ~ 3 x 104 antigen-specific 

CD4+ T cells per 1 x 106 total cells before dropping to only ~ 2 – 4,5 x 103 FVIII-

specific CD4+ T cells per 1 x 106 cells at day 12 (Figure 5.6F). In particular, high 

total numbers for FVIII-specific CD4+ T cells were ob for cells isolated from naïve 

HemA mice stimulated with IL-2 during FVIII-specific expansion (red) and cells 

isolated from immunised HemA mice (purple) reaching ~ 2.8 x 104 and ~ 2.9 x 

104 FVIII-specific CD4+ T cells per 1x106 total cells at day 6, respectively 

(Figure 5.6F). Using these cell counts, the specific expansion rates of FVIII-

specific CD4+ T cells were calculated (Figure 5.6G). Again, evaluation of specific 

expansion rates suggested an efficient stimulation and proliferation of FVIII-

specific CD4+ T cells isolated from FVIII-immunised HemA mice (purple) reaching 

a specific expansion rate of ~ 65 at day 6 (Figure 5.6G). Cells isolated from naïve 

mice which were stimulated in the absence (blue) or presence of IL-2 (red) during 

FVIII-specific expansion were expanded up to ~ 15-fold or ~ 30-fold, respectively 

(Figure 5.6G). The FVIII-specific CD4+ T cells isolated from FVIII-immunised 

HemA mice were expanded only slightly more efficiently than cells isolated from 

naïve HemA mice. Overall, the stimulation of cells from naïve HemA mice with 

IL-2 during the FVIII-specific expansion step led to the highest ratio of antigen-

specific CD4+ T cells among total CD4+ T cells. The effective expansion of FVIII-

specific CD4+ T cells after 6 days was observed across several repeats (n = 3). 

Thus, this expansion protocol was used for following experiments.  

 

5.2.2.2: Extended FVIII-specific expansion of FVIII-specific CD4+ T cells in vitro  

In general, the expansion of CD4+ T cells specifically binding to the FVIII tetramer 

was successful and purities of up to 10 % were obtained, however the percentage 

of FVIII-specific CD4+ T cells decreased during non-specific cell stimulation using 
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T cell activator-Dynabeads. To improve the enrichment of antigen-specific 

CD4+ T cells in culture and to increase their stability, the FVIII-specific expansion 

step was extended to 6 days by adding fresh irradicated CD4 - splenocytes, as 

the source of antigen-presenting cells, on day 3 in the presence of FVIII protein 

and IL-2 (Figure 5.7A). After FVIII-specific expansion, cells were stimulated with 

T cell activator-Dynabeads in a non-specific manner. As described above, 

medium was topped up every two days and 1 x 106 cells were collected every 

three days to assess the ratio of FVIII-specific CD4+ T cells in culture 

(Figure 5.7A). 

Single, live cells were gated on CD4+ T cells, according to their surface 

expression of CD4+ and the lack of B220, CD8 and CD11c expression on their 

cell surface (Figure 5.7B). CD4+ T cells were evaluated for their FVIII-specificity 

by their ability to bind fluorescently labelled FVIII tetramer and the expression of 

the activation marker CD44 (Figure 5.7C). The gate for FVIII-specific CD4+CD44+ 

T cells was defined using a fluorescence minus one (FMO) control missing the 

FVIII tetramer staining (Figure 5.7D). 

The extended FVIII-specific expansion step led to the steady increase of FVIII-

specific CD4+ T cell ratio among CD4+ T cells isolated from naïve HemA mice 

(red) from ~ 2 % at day 0 to ~ 9.3 % at day 9 (Figure 5.7E). During non-specific 

expansion using T cell activator-Dynabeads, the ratio of FVIII-specific CD4+ T 

cells among total CD4+ T cells dropped slightly to ~ 8.6 % at day 9 and eventually 

to ~ 6.8 % at day 12. The incubation of CD4+ T cells from HemA mice with IL-2 

in the absence of irradiated APCs (green) did not significantly increase the 

proportion of FVIII-specific CD4+ T cell cells (~ 2 – 3 %) (Figure 5.7E). 

Furthermore, the extension of the FVIII-specific expansion step to 6 days led to 

the generation of ~ 3 x 104 per 1 x106 total cells and a specific expansion rate 

of ~ 50 at day 9 (not shown), similar to the maximum numbers obtained at day 6 

using the initial protocol involving 3 days of antigen-specific expansion 

(Figure 5.7F). In contrast to the first protocol, the number and percentage of FVIII-

specific CD4+ T cells after 6 days of FVIII-specific expansion remained relatively 

constant during the non-specific expansion using T cell activator-Dynabeads 
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(Figure 5.7F). However, these data represent only preliminary results, and it is 

advisory to repeat the expansion experiments using an extended FVIII-specific 

expansion step to verify the increased stability of FVIII-specific CD4+ T cells. 

 

 

Figure 5.7: Optimised protocol for the in vitro expansion of FVIII-specific 
CD4+ T cells 
(A) Schematic overview of in vitro expansion of FVIII-specific CD4+ T cells. 

Briefly, 5 x 105 CD4+ T cells isolated from murine spleens were co-cultured twice 
with 5 x 105 irradiated CD4- murine splenocytes in presence of 10 IU/ml FVIII 

protein and 50 U/ml interleukin-2 (IL-2) for 72 hours, respectively. Afterwards, 
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CD4+ T cells were expanded in presence of 50 U/ml IL-2 using T cell activator-
Dynabeads (1:1 ratio). Cell culture medium was topped up every 2 days (pink) 

and 1 x 106 cells were assessed for FVIII-specificity by flow cytometry every 
3 days (brown). The expansion protocol was carried out for 12 days. 

(B) Representative contour blot (Day 9, HemA naïve IL-2) showing CD4+ T cell 
gating, according to the surface expression of CD4 and lack of B220, CD8 and 
CD11c expression of single, live cells. (C) Representative dot blot (Day 9, HemA 

naïve IL-2) showing the gating for FVIII-specific CD4+ T cells out of single, live 
CD4+ cells. FVIII-specific CD4+ T cells were identified as CD44+FVIII-tetramer+ 

cells. (D) Fluorescence minus one (FMO) control at day 12 (HemA naïve IL-2) for 
FVIII tetramer staining of expanded single, live CD4+ cells. (E-G) Statistical 
parameters of in vitro expansion protocols extracted from flow cytometry data. 

Representative data is shown for the FVIII-specific expansion of CD4+ T cells 
isolated from naïve HemA mice stimulated with 10 IU/ml FVIII protein and 50 U/ml 

IL-2 in presence (red) versus absence (green) of irradiated CD4 - splenocytes 
(APCs) during two rounds of FVIII-specific expansion. (E) Ratio of FVIII-specific 
CD4+CD44+ T cells among total CD4+ T cells over the in vitro expansion period. 

(F) Number of FVIII-specific CD4+CD44+ T cells per 1 x 106 total cells. Absolute 
numbers were calculated using APC-conjugated counting beads.  

 

 

Taken together, I have established a viable protocol for the in vitro expansion of 

FVIII-specific CD4+ T cells consisting of two rounds of APC-mediated, FVIII-

specific T cell expansion followed by non-specific T cell stimulation using T cell 

activator-Dynabeads. The expansion protocol led to an increase in the 

percentage of FVIII-specific CD4+ T cells in the total CD4+ T cell population up to 

10 % after 9 days of culture (specific expansion of ~ 50-fold), which were able to 

recognize the FVIII-derived MHC II tetramer (TASSYFTNMFATWSPSKARL) 

after up to 12 days of culture in vitro. 

 

5.2.3: Chemical in vitro conversion of CD4+ T cells into Foxp3-expressing 

regulatory T cells 

5.2.3.1: Establishment of a chemical conversion protocol to induce CD25+Foxp3+ 

regulatory T cells in vitro 

To establish a protocol for the efficient in vitro conversion of CD4+ T cells into 

Foxp3-expressing regulatory T cells (Tregs), I adapted a chemical conversion 
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method of Akamatsu and colleagues (Akamatsu et al., 2019) using the 

CDK8/CDK19 inhibitor, AS2863619 (AS). In particular, CD4+ T cells were isolated 

from murine spleens and depleted of CD25+ Tregs by MACS. Treg-depleted 

CD4+ T cells were converted into CD25+Foxp3+ Tregs for 72 hours in presence 

of T cell activator-Dynabeads, TGF-β and AS at 37 °C and 5 % CO2 and their 

phenotype then assessed by flow cytometry (Figure 5.8A).  

Cells were gated on single, live cells and the Treg phenotype assessed by the 

expression of surface CD25 and intracellular Foxp3 (Figure 5.8B). Before 

chemical conversion, Treg-depleted CD4+ cells did not express CD25 and Foxp3 

confirming the successful depletion of Tregs (Figure 5.8B). The stimulation of 

CD4+ T cells with T cell activator-Dynabeads led to the upregulation of CD25 

expression indicating activation of cultured CD4+ T cells, whereas no induction of 

Foxp3 expression was observed (Figure 5.8B). In contrast, the stimulation of 

Treg-depleted CD4+ T cells with T cell activator-Dynabeads in presence of 

TGF-β only or TGF-β together with the CDK8/19 inhibitor, AS, drastically 

increased the expression of both, CD25 and Foxp3, in cultured cells indicating 

the induction of Tregs under these culture conditions (Figure 5.8B). While after 

the stimulation in presence of TGF-β and DMSO carrier ~ 52 % of CD4+ cells 

exhibited a Treg phenotype (CD25+Foxp3+), the proportion of CD25+Foxp3+ 

Tregs among CD4+ T cells was significantly increased upon stimulation in 

presence of TGF-β and AS to ~ 92 % (Figure 5.8C). The ratio of Tregs upon 

T cell activator-Dynabeads stimulation in absence of TGF-β and AS remained 

unchanged (~ 1.5 %) compared with the untreated Treg-depleted CD4+ cell 

population (Figure 5.7C). The successful conversion of ~ 80 – 90 % of 

CD4+ T cells into CD25+Foxp3+ Tregs after 72 hours of culture in presence of 

TGF-β and AS was observed across several experiments (n = 3) 
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Figure 5.8: In vitro conversion of CD4+ T cells into CD25+Foxp3+ regulatory 

T cells by chemical inhibition of CDK8/19 
(A) Schematic overview of the in vitro conversion of Treg-depleted CD4+ T cells 
to CD25+Foxp3+ regulatory T cells (Tregs). Briefly, Treg-depleted CD4+ T cells 

were stimulated with T cell activator-Dynabeads (Dynabeads, 1:1 ratio) and  
50 U/ml interleukin-2 (IL-2) for 72 hours in presence of 2.5 µg/ml TGF-β and  

1 mM of the CDK8/19 inhibitor, AS2863619 (AS). (B) Representative contour 
plots of CD25+-depleted CD4+ T cells before conversion (left) and after 72 hours 
Treg conversion under different conditions. Cells were pre-gated on single-live 

CD4+ T cells and Tregs identified, according to their expression of surface CD25 
and intracellular Foxp3 (CD25+Foxp3+). (C) Ratio of CD25+Foxp3+ Tregs among 

total CD4+ T cells after performing Treg conversion in presence of T cell activator-
Dynabeads only (red), TGF-β only (TGF-β + Carrier, purple) or TGF-β and AS 
(green). A representative Treg conversion experiment is shown. p-values were 

calculated using Fisher’s LSD test. **** p < 0.0001 

5.2.3.2: Phenotype stability of in vitro induced CD25+Foxp3+ regulatory T cells 

A major downfall of in vitro induced Tregs has been their poor stability in culture. 

To evaluate the stability of induced Tregs by this chemical conversion method, 
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cells were rested for up to 72 hours in T cell medium in either the absence or the 

presence of the conversion reagents, TGF-β and AS, following their chemical 

conversion and their Treg phenotype assessed by flow cytometry daily 

(Figure 5.9A). 

Again, the conversion of Treg-depleted CD4+ T cells in presence of TGF-β led to 

a significantly increased induction of Treg phenotype (~ 75 – 80 %) compared to 

the other two culture conditions (Figure 5.9B). However, after 24 hours of resting, 

in the absence of the conversion reagents, the ratio of Tregs among total CD4+ T 

cells declined dramatically to ~ 26 % before dropping to under 2 % after 48 and 

72 hours resting suggesting the rapid loss of the acquired Treg phenotype under 

resting conditions (Figure 5.8B). The presence of the conversion reagents, 

TGF-β and AS, had no significant effect on the Treg phenotype stability 

(Figure 5.9B). A similar effect was observed for Tregs induced by TGF-β only 

where the ratio of CD4+ T cells exhibiting a CD25+Foxp3+ Treg phenotype 

dropped rapidly from ~ 22 % to under 1 % within 48 hours of resting (Figure 5.9B). 

The ratio of CD4+ cells exhibiting a Treg phenotype in the carrier only control 

remained low (~ 0.5 %) except for peaking at ~ 4.5 % after 24 hours resting 

(Figure 5.9B).  
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Figure 5.9: Phenotypic stability of in vitro induced CD25+Foxp3+ regulatory 

T cells  
(A) Schematic overview of the in vitro conversion of Treg-depleted CD4+ T cells 

to CD25+Foxp3+ regulatory T cells (Tregs) followed by 72 hours resting. Briefly, 
Treg-depleted CD4+ T cells were stimulated with T cell activator-Dynabeads 
(Dynabeads, 1:1 ratio) and 50 U/ml interleukin-2 (IL-2) for 72 hours in presence 

of 2.5 µg/ml TGF-β and 1 mM of the CDK8/19 inhibitor, AS2863619 (AS). 
Subsequently, induced Tregs were rested in T cell medium in either the absence 

or the presence of conversion reagents for 72 hours. The Treg phenotype was 
assessed daily by flow cytometry (B) Ratio of CD25+Foxp3+ Tregs among total 
CD4+ cells directly after the conversion (blue) and after 24 hours (green), 
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48 hours (orange) or 72 hours (red) resting in T cell  medium in absence (left) 
versus presence (right) of conversion reagents. Treg phenotype was either 

induced by T cell activator-Dynabeads only (Carrier only), TGF-β only (TGF-β + 
Carrier) or TGF-β and AS. (C) Contour plots of CD4+ T cells converted to Tregs 

with TGF-β and AS immediately after conversion (left) or after 24 hours in T cell 
medium only or in T cell medium supplemented with 50 U/ml IL-2 in either the 
absence or the presence of conversion reagents (TGF-β and AS2863619). Bold 

numbers indicate the ratio of CD25+Foxp3+ Tregs among total CD4+ T cells 
identified in the respective contour plot. Errors are shown as SEM. p-values were 

calculated using Fisher’s LSD test. ** p < 0.01, **** p < 0.0001 
 

 

To assess the influence of IL-2 on the stability of chemically converted Treg cells 

in vitro, Treg-depleted CD4+ T cells were stimulated with T cell activator-

Dynabeads for 72 hours in presence of TGF-β and AS and subsequently rested 

for 24 hours in either standard T cell medium or T cell medium supplemented with 

IL-2 only or IL-2 as well as TGF-β and AS (Figure 5.9C). While the ratio of 

CD25+Foxp3+ Tregs dropped dramatically from ~ 76 % to ~ 36 % after 24 hours 

resting in absence of IL-2, the Treg phenotype was preserved in CD4+ T cells 

incubated for 24 hours in presence of IL-2 only (~ 84 %) or in presence of IL-2 in 

combination with TGF-β and AS (~ 92 %), suggesting an important function of  

IL-2 in the survival and maintenance of chemically converted Tregs in vitro 

(Figure 5.9C). The effect of IL-2 on the stability of induced CD25+Foxp3+ Tregs 

in vitro and the loss of the acquired Treg phenotype after 24 hours of culture was 

observed across several experiments (n = 2). 

 

5.2.4: Suppressive capacity of in vitro induced CD25+Foxp3+ regulatory 

T cells 

5.2.4.1: In vitro suppression of CD8+ T cells by freshly converted CD25+Foxp3+ 

regulatory T cells 

To test the suppressive capacity of chemically converted CD25+Foxp3+ Tregs, an 

in vitro suppression assay was performed. To this end, CD11c+ dendritic cells 

(DCs) were loaded with SIINFEKL peptide and CFSE-labelled CD8+ cells isolated 
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from OT-1 mice were co-cultured with in vitro converted Tregs (Figure 5.10A). 

The proliferation of CD8+ responder T cells in presence of Tregs induced under 

different conditions was assessed by flow cytometry, according to their CFSE 

fluorescence (Figure 5.10A).  

Cells were gated on single, live CD8+ T cells and proliferation models were 

calculated to fit the corresponding CFSE histograms obtained from the different 

co-culture conditions (Figure 5.10B). In the absence of any CD4+ T cells (blue) 

OT-1 CD8+ T cells proliferated extensively, while their proliferation was drastically 

suppressed in co-culture settings using CD4+ T cells stimulated in the presence 

of T cell activator Dynabeads and IL-2 (Dynabeads only, red), a non-Treg control, 

or Tregs induced by either T cell activator Dynabeads, IL-2 and TGF-β (TGF-β + 

Carrier, purple) or T cell activator Dynabeads, IL-2, TGF-β and AS (TGF-β + AS, 

green) (Figure 5.10B). The calculation of the division index, estimating how many 

divisions CFSE-labelled cells underwent on average, revealed that while 

CD8+ T cells underwent ~ 0.31 divisions on average in presence of CD4+ T cells 

stimulated with T cell activator-Dynabeads only (red), the average number of 

CD8+ T cell divisions was significantly reduced to ~ 0.18 in the presence of Tregs 

induced by TGF-β and AS (green). The division index of CD8+ T cells in the 

presence of TGF-β-induced Tregs (purple) was similar to the division index 

observed for TGF-β- and AS-induced Tregs (~ 0.2 versus ~ 0.18) (Figure 5.10C). 

In comparison to the absence of CD4+ T cells during the suppression assay (blue) 

resulting in a division index of ~ 2.75, the absolute division indices were 

significantly lower in the co-culture settings with differently stimulated 

CD4+ T cells. This indicated that CD8+ T cell division was suppressed via a non-

Treg specific suppression mechanism mediated by CD4+ T cells after extensive 

stimulation with T cell activator-Dynabeads.  
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Figure 5.10: Suppressive capacity of freshly induced CD25+Foxp3+ 

regulatory T cells in vitro  
(A) Schemactic overview of chemical Treg conversion followed by an in vitro 

suppression assay. Briefly, Treg-depleted CD4+ T cells were converted into Tregs 
for 72 hours in presence of T cell activator-Dynabeads (Dynabeads, 1:1 ratio), 
50 U/ml interleukin-2 (IL-2), 2.5 µg/ ml TGF-β and 1 mM AS2863619 (AS). As 

controls, Tregs were induced in the presence of T cell activator beads and IL-2 
(red) or in the presence of T cell activator beads, IL-2 and TGF-β (purple). 1 x 105 

freshly converted Tregs were co-cultured with 1 x 104 SIINFEKL-loaded CD11c+ 
dendritic cells (DC) and 1 x 105 CFSE-labelled OT-1 CD8+ T cells for 72 hours. 
The proliferation of CD8+ T cells in absence versus presence of differentially 

induced Tregs was assessed by flow cytometry. (B) Representative CFSE-
histograms of single live CD8+ T cells in absence (blue) versus presence of Tregs 

induced by T cell activator-Dynabeads only (red), TGF-β (TGF-β + Carrier, 
purple) or TGF-β and AS (green). (C) Division indices were calculated by fitting a 
proliferation model to CFSE-histograms of single, live CD8+ T cells. The division 

indices are shown for co-culture conditions using Tregs induced by T cell 
activator-Dynabeads only (red), TGF-β only (TGF-β + Carrier, purple) or TGF-β 

in combination with AS (green). Errors are shown as SEM. p-values were 
calculated using Fisher’s LSD test. * p < 0.05, **** p < 0.0001 
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5.2.4.2: Suppressive capacity of induced CD25+Foxp3+ regulatory T cells after 

resting in presence of interleukin-2 

To reduce the influence of non-Treg mediated suppression mechanisms, such as 

by nutrient and cytokine deprivation by the activated CD4+ T cells, induced Tregs 

were rested for 24 hours in the presence or absence of IL-2 prior to performing 

in vitro suppression assays (Figure 5.11A). The presence of IL-2 in the resting 

medium was to conserve the Treg phenotype of induced cells during the resting 

period (Figure 5.9C). In addition, freshly isolated and Treg-depleted CD4+ T cells 

(naïve CD4+ T cells from spleens) were co-cultured with SIINFEKL-loaded 

CD11c+ DCs and CFSE-labelled OT-1 CD8+ T cells as a control containing equal 

cell numbers as in Treg co-cultures (Figure 5.11A).  

Cells were gated on single, live CD8+ T cells and proliferation models were 

calculated to fit the corresponding CFSE histograms obtained from the different 

co-culture conditions (Figure 5.11B+D). The proliferation of CFSE-labelled 

CD8+ T cells in the presence of Tregs induced by T cell activator-Dynabeads only 

(red), and 24 hours resting in the absence of IL-2, was similar to the proliferation 

in the presence of freshly isolated CD4+ T cells (blue) (Figure 5.11B). Stronger 

inhibition of CD8+ T cell proliferation was observed in the co-culture conditions 

with Tregs that were induced using TGF-β (purple) or TGF-β and AS (green) and 

rested for 24 hours in absence of IL-2 (Figure 5.11B). Quantification of division 

indices revealed that while CD8+ T cells underwent on average ~ 0.40 and ~ 0.34 

cell divisions in presence of naïve CD4+ T cells (blue) or CD4+ T cells stimulated 

with T cell activator-Dynabeads only, respectively, the CD8+ T cell-specific 

division index was significantly reduced to ~ 0.30 and ~ 0.25, respectively, in 

presence of rested Tregs induced by TGF-β only (purple) or TGF-β in 

combination with AS (green) (Figure 5.11C).  

 



Chapter 5 227 

 

Figure 5.11: Suppressive capacity of in vitro induced CD25+Foxp3+ 

regulatory T cells in absence and presence of IL-2 
(A) Schematic overview of chemical Treg conversion followed by resting and an 
in vitro suppression assay. Briefly, Treg-depleted CD4+ T cells were converted 

into Tregs for 72 hours in presence of T cell activator-Dynabeads (Dynabeads, 
1:1 ratio), 50 U/ml interleukin-2 (IL-2), 2.5 µg/ml TGF-β and 1 mM AS2863619 

(AS), and subsequently rested for 24 hours in T cell medium in absence versus 
presence of IL-2 (50 U/ml). As controls, Tregs were induced in the presence of 
T cell activator beads and IL-2 (red) or in the presence of T cell activator beads, 

IL-2 and TGF-β (purple). 1 x 105 rested Tregs were co-cultured with 1 x 104 
SIINFEKL-loaded CD11c+ dendritic cells (DC) and 1 x 105 CFSE-labelled 

OT-1 CD8+ T cells for 72 hours. The proliferation of CD8+ T cells in presence of 
freshly isolated CD4+ T cells versus differentially induced Tregs was assessed by 
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flow cytometry. (B+D) Representative CFSE-histograms of single live  
CD8+ T cells in absence (blue) versus presence of Tregs induced by T cell 

activator-Dynabeads only (red), TGF-β only (TGF-β + Carrier, purple) or TGF-β 
and AS (green) after 24 hours resting in T cell medium in absence (B) or 

presence (D) of IL-2 (50 U/ml). (C+E) Division indices were calculated by fitting a 
proliferation model to CFSE-histograms of single, live CD8+ T cells. The division 
indices are shown for co-culture conditions using freshly isolated CD4+ T cells 

(naïve CD4+ T cells, blue) and Tregs induced by T cell activator-Dynabeads only 
(red), TGF-β only (TGF-β + Carrier, purple) or TGF-β in combination with AS 

(green) after resting 24 hours in T cell medium in absence (C) versus 
presence (E) of IL-2 (50 U/ml). Errors are shown as SEM. p-values were 
calculated using Fisher’s LSD test. * p < 0.05, ** p < 0.01, **** p < 0.0001 

 

 

Interestingly, Tregs induced with T cell activator-Dynabeads only (red) or in 

combination with TGF-β (purple) and then rested in the presence of IL-2 did not 

show any additional suppressive capacity compared to the naïve CD4+ control 

(blue) (Figure 5.11D). Tregs induced by TGF-β and AS (green), however, 

maintained their suppressive capacity after 24 hours resting in presence of IL-2 

(Figure 5.11D). This effect was confirmed by the quantification of the respective 

division indices (Figure 5.11E). While the co-culturing of CFSE-labelled 

CD8+ T cells with naïve CD4+ T cells (blue), T cell activator-Dynabeads stimulated 

CD4+ T cells (red) or TGF-β induced Tregs (purple) resulted in division indices of 

~ 0.4, the CD8+ T cell-specific division index was significantly reduced to ~ 0.26 

in presence of Tregs induced by TGF-β and AS (green) (Figure 5.11E). These 

data indicated that Tregs induced by the combination of TGF-β and AS exhibited 

suppressive capacities even in the presence of the T cell proliferation -promoting 

cytokine IL-2. In contrast, although suppressing CD8+ T cell proliferation in the 

absence of IL-2, TGF-β induced Tregs failed to maintain suppressive functions 

when passaged with IL-2. 

In summary, a reliable in vitro protocol for the chemical conversion of CD4+ T 

cells into CD25+Foxp3+ Tregs using TGF-β and the CDK8/19 inhibitor, AS, was 

established resulting in highly effective (up to ~ 90 %) induction of Treg phenotype 

in vitro. Although induced Tregs showed poor phenotype stability in absence of 

IL-2, a high purity of Tregs (~ 80 – 90 %) was maintained after 24 hours resting 
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in presence of IL-2 and, in addition, the suppressive capacity of TGF-β and AS 

induced Tregs was conserved in presence of the proinflammatory cytokine IL-2. 

However, the data on the suppressive capacity of induced Tregs represent 

preliminary observations and it is advisory to repeat these experiments to confirm 

the suppressive capacity of converted CD25+Foxp3+ Tregs in vitro, especially in 

regard to the presence of IL-2. 

 

5.3: Discussion 

Up to now, immune tolerance induction (ITI) protocols involving repetitious 

injections of high doses of recombinant FVIII (rFVIII) are the most effective way 

to eliminate pre-existing inhibitory antibodies (inhibitors) against FVIII in HemA 

patients and restore sufficient blood coagulation capacities (Brackmann et al., 

2018). These protocols are very burdensome and expensive, and hence the 

development of more patient friendly and cost-effective ITI strategies is essential 

for establishing tolerance towards FVIII in HemA patients effectively. 

One promising approach involves the use of half-life extended FVIII-Albumin 

fusion protein, which, in previous studies by the Becker-Gotot laboratory, was 

found to induce an immune tolerant phenotype upon intravenous administration 

to HemA mice (unpublished data). The molecular mechanisms of immune 

tolerance induction by FVIII-Albumin fusion proteins and potential differences in 

cell biological processes of uptake and internalisation of rFVIII and albumin fusion 

proteins are poorly understood.  

In this chapter, I have established an imaging flow cytometry-based antigen 

uptake assay to assess the ability of FVIII-specific B cells to recognise and 

internalise succinimidyl ester-conjugated FVIII-Albumin fusion protein in vitro 

(Figure 5.1A). To my knowledge, the use of imaging flow cytometry combining 

the strengths of flow cytometry, to investigate isolated cell populations in a high 

throughput manner, and fluorescence microscopy, to visualise the localisation of 

the fluorescent signal, is a novel approach in investigating protein internalisation 

by primary antigen-specific B cells. Other studies using imaging flow cytometry 
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mainly focussed on phagocytosis of pathogens by immune cells, such as 

neutrophils and macrophages, or the internalisation of antibodies by carcinoma 

cell lines to assess the potential of mediating antibody-dependent cellular toxicity 

(ADCC) (Havixbeck et al., 2015; Hazin et al., 2015; Haridas et al., 2017; Smirnov 

et al., 2017). 

Imaging flow cytometry and the calculation of internalisation parameters revealed 

that FVIII-Albumin fusion protein was internalised by FVIII-specific B cells in 

similar fashion to recombinant FVIII (Kogenate® FS) which has been approved 

for standard protein replacement therapy in human HemA patients (Figure 5.1). 

Internalisation of both proteins could also be proven, albeit qualitatively, by 

confocal imaging of B cells recorded during imaging flow cytometry. FVIII and 

FVIII-Albumin were located to the cell surface of FVIII-specific B cells immediately 

after antigen binding, whereas FVIII- and FVIII-Albumin-specific signals were 

detected intracellularly after 60 minutes uptake (Figure 5.2 and Figure 5.3). The 

uptake also occurred after MSA blocking of B cells to inhibit the interaction of 

albumin epitopes of the FVIII-Albumin fusion protein (Figure 5.4 and Figure 5.5). 

These findings indicate that FVIII-Albumin fusion protein can be recognised and 

internalised by FVIII-specific B cells in a similar fashion to FVIII and suggest that 

the fusion of FVIII and albumin by succinimidyl ester coupling neither blocks FVIII 

epitopes important for antigen recognition nor affects internalisation of the large 

fusion protein by B cells. 

Although internalisation coefficients of FVIII and FVIII-Albumin fusion protein by 

FVIII-specific B cells indicated similar internalisation of both proteins, one caveat 

to the quantification is the low frequency of FVIII-specific B cells in the total pool 

of B cells isolated from HemA mice resulting in the analysis of internalisation in a 

minor proportion of total B cells. One strategy to improve the analyses of 

internalisation coefficients could be the use of B cell-restricted mouse models, 

such as NOD.IgHEL mice in which all B lymphocytes express Ig molecules 

specific for hen egg lysozyme (HEL) (Silveira et al., 2002). Performing the 

imaging flow cytometry-based antigen uptake assay with B cells isolated from 

NOD.IgHEL mice using fluorescently labelled HEL, and FVIII as a control antigen, 
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may provide useful insights into the sensitivity and scalability of internalisation 

coefficients obtained by these experiments.  

Additionally, imaging flow cytometry is a useful tool to investigate alternative 

intracellular trafficking pathways and peptide presentation of FVIII fusion proteins 

upon internalisation by antigen-specific B cells. Endosomal tracers, such as 

LysoTracker Red or DQ-OVA, can be included to analyse co-localisation with 

internalised antigens and compare intracellular trafficking of FVIII and FVIII fusion 

proteins in a spatiotemporal manner.  

This internalisation coefficient analysis protocol is widely applicable to other 

fluorescently labelled antigens and could be used for the identification of epitopes 

recognised by specific B cells. Blocking or mutagenesis approaches could help 

to identify particular epitopes or amino acid sequences important for the efficient 

recognition and subsequent internalisation by B cells. Furthermore, the imaging 

flow cytometry-based approach can be used to screen fusion protein libraries to 

identify specific conjugates with altered internalisation efficiencies within an 

antigen-specific B cell population. 

Another approach to induce immune tolerance induction and diminish inhibitor 

titers in HemA patients is the adoptive transfer of in vitro expanded FVIII-specific 

regulatory T cells (Tregs) to directly suppress rFVIII-induced immune reactions 

and potentially induce apoptosis of FVIII-specific B cells, in a similar to in vivo 

induced peripheral Tregs (Miao, 2010; Gotot et al., 2018; Smith et al., 2020). 

However, the generation of high numbers of antigen-specific Tregs is still 

inefficient and expensive and, in particular, in vitro induced Tregs exhibit poor 

functional stability after cell transfer (Kanamori et al., 2016). For example, in graft 

versus host disease (GVHD) models, in vitro induced Treg failed to protect mice 

from lethal GVHD and, moreover, after losing Foxp3 expression, reverted 

irreversibly into a proinflammatory IFNγ-secreting phenotype (Beres et al., 2011). 

Here, I have established two complementary in vitro protocols for the generation 

of FVIII-specific Tregs; firstly, the expansion of FVIII-specific CD4+ cells from 

primary splenic CD4+ T cells (Figure 5.6 and Figure 5.7) and, secondly, the 
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chemical conversion of naïve conventional CD4+ cells into CD25+Foxp3+ Tregs 

exhibiting immunosuppressive properties on cytotoxic CD8+ T cells (Figure 5.8). 

Combining these protocols potentially leads to the efficient induction of high 

numbers of FVIII-specific Tregs mediating immune tolerance induction in vivo 

upon adoptive cell transfer.  

The in vitro expansion protocol consisting of two rounds of antigen-specific 

stimulation using irradiated APCs increased the ratio of FVIII-specific CD4+ T 

cells from 1 – 2 % up to 10 % after 9 days of culture (Figure 5.7E). The extension 

of the FVIII-specific expansion step to 6 days led to the persistence of FVIII-

specific CD4+ T cell during the subsequent non-specific expansion using T cell 

activator-Dynabeads (Figure 5.7). In contrast, the percentage of FVIII-specific 

CD4+ T cells after 3 days of APC stimulation rapidly decreased during the non-

specific expansion step (Figure 5.6). Presumably, the extended FVIII-specific 

expansion step guaranteed that, prior to extensive stimulation with T cell 

activator-Dynabeads, FVIII-unspecific CD4+ T cells died due to the lack of 

stimulation and survival cues, whereas after only 3 days of FVIII-specific 

stimulation FVIII-unspecific CD4+ T cells survived and eventually overgrew FVIII-

specific CD4+ T cells during T cell activator-Dynabeads stimulation. 

One strength of this approach, in particular in comparison to the work of Smith 

and colleagues (Smith et al., 2020), is the use of a fluorescently labelled MHC II 

tetramer presenting FVIII-derived TASSYFTNMFATWSPSKARL peptide to 

CD4+ T cells allowing the direct identification of expanded CD4+ T cells capable 

of recognising this particular FVIII epitope. In contrast, the antigen-specificity of 

expanded CD4+ T cells in most other studies was only examined by surface 

marker expression or functional assays due to limited availability of peptide-

loaded MHC II tetramer to directly prove antigen-derived peptide recognition by 

expanded CD4+ T cells (Yamazaki et al., 2003; Cohen et al., 2005; Smith et al., 

2020). Here, I assessed the FVIII-specificity of expanded CD4+ T cells using a 

single FVIII tetramer, which might underestimate the actual ratio of expanded 

FVIII-specific CD4+ T cells recognising distinct FVIII epitopes. The use of 

additional FVIII-derived tetramers could help to identify the total pool of polyclonal 



Chapter 5 233 

FVIII-specific CD4+ T cells after in vitro expansion. Functional assays, such as 

measuring cytokine production or cytotoxicity assay, might also help to estimate 

the percentage of in vitro expanded CD4+ T cells responding to FVIII stimulation. 

However, the TASSYFTNMFATWSPSKARL peptide, representing amino acids 

2010 – 2019 located in the A3 domain of human FVIII, was shown to be 

recognised by inhibitors across various patients and is therefore a good hallmark 

to assess FVIII-specificity of CD4+ T cells and efficiency of antigen-specific 

expansion in vitro (Kopecky et al., 2006; UniProt Consortium, 2021). 

Furthermore, the FVIII tetramer can be used to sort for FVIII-specific CD4+ T cell 

by flow cytometry prior to or after in vitro expansion to obtain higher ratios of FVIII-

recognising CD4+ T cells among the total CD4+ T cell pool. Unfortunately, 

attempts to sort FVIII-specific CD4+ T cells prior to expansion failed due to low 

numbers of tetramer-positive CD4+ T cells after isolation and low survival of 

sorted cells during in vitro culture. It remains to be investigated if culture 

conditions for the in vitro expansion of FVIII-specific CD4+ T cells can further be 

improved by using isolated populations of antigen presenting cells such as small 

peritoneal macrophages, which were shown to efficiently contribute to co-

stimulation of naïve CD4+ T cells, and alternative protein loading protocols 

(Takenaka et al., 2018). In addition, sorting experiments have to be repeated to 

assess the efficiency of the in vitro expansion of freshly isolated FVIII tetramer-

specific CD4+ T cells. 

One major advantage of the in vitro expansion of FVIII-specific CD4+ T cells, 

compared to direct induction of antigen-specific CD25+Foxp3+ Tregs, is the poor 

phenotypic stability of in vitro cultured Tregs, which are described to lose Foxp3+ 

expression upon extensive stimulation and to lose suppressive capacities in the 

presence of T-helper polarising cytokines such as IL-4 and IL-6 (Hoffmann et al., 

2009; Sawant and Vignali, 2014). Additionally, the total CD4+ T cell pool 

comprises only 5 – 10 % Tregs in mice and only 1 – 2 % in humans, therefore, 

the direct expansion of rare antigen-specific Tregs, such as FVIII-specific Tregs, 

within the small polyclonal population of Tregs is particular challenging (Masteller 

et al., 2006). Instead, expansion of more frequent FVIII-specific CD4+ T cells and 

their subsequent conversion to a Foxp3-expressing phenotype is a more 
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promising approach to generate high numbers of antigen-specific Tregs suitable 

for adoptive cell transfers to induce immune tolerance towards FVIII. 

Indeed, the chemical conversion of conventional CD4+ T cells using the CDK8/19 

inhibitor, AS2863619, efficiently induced a CD25+Foxp3+ phenotype in ~ 80 – 

90 % of the cells after 72 hours of culture (Figure 5.8B-C), findings consistent 

with that described by Akamatsu and colleagues (Akamatsu et al., 2019). 

However, AS-converted Tregs exhibited poor phenotype stability in vitro and 

significantly decreased Foxp3-expression after 24 hours in absence of IL-2 

(Figure 5.9B). These findings are similar to that reported for other in vitro induced 

Tregs and some natural occurring Tregs in vivo (Chen et al., 2011; Ye et al., 

2018). This behaviour may be due to the lack of demethylation at the Helios and 

Foxp3 gene loci in in vitro AS-induced Tregs (Akamatsu et al., 2019). 

Demethylation at these gene loci is essential for maintaining long-term Treg 

stability in vitro and in vivo, especially in presence of proinflammatory cytokines, 

such as IL-1, IL-6 and IL-23 (Sawant and Vignali, 2014).  

Some studies suggest that in vitro induced Tregs maintain their Treg phenotype 

in the appropriate microenvironment after adoptive cell transfer in vivo due to the 

constant supply of IL-2 and other Treg survival cues (Chen et al., 2011). 

Furthermore, demethylation at Helios and Foxp3 gene loci can be induced in vivo 

by antigen stimulation in presence of IL-2 (Chen et al., 2011). In regard to the 

environment of the HemA context, where transferred FVIII-specific Tregs might 

be stimulated constantly by the presence of injected FVIII and provided Treg 

survival cues such as IL-2, in vitro generated Tregs might be capable of 

maintaining their phenotype and immunosuppressive functions for extended time 

periods. If this was the case, then in vitro generated Tregs may provide long-term 

immune tolerance towards recombinant FVIII in vivo and suppress or prevent 

inhibitor formation. This proposal is supported by the improved stability of Treg 

phenotype of AS-induced Tregs in culture medium supplemented with IL-2 

(Figure 5.9C). However, it remains unclear whether other cytokines released 

during anti-FVIII immune responses might abrogate AS-induced Treg phenotype 

as reported in the GVHD models (Beres et al., 2011). It is instructive to examine 
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the phenotypic and functional stability of AS-induced Tregs in the presence of 

different proinflammatory and T helper cell-inducing cytokines and assess 

whether long-term stability and survival of AS-induced Tregs is maintained by the 

induction of Foxp3- and Helios-demethylation after cell transfer in vivo. 

Alternatively, demethylation of Helios and Foxp3 gene loci in in vitro AS-induced 

Tregs could be enhanced by addition of TET-inducing agents including vitamin C 

or hydrogen sulfide (Kanamori et al., 2016). 

Despite their poor phenotypic stability, in vitro induced Tregs exhibit similar 

immunosuppressive capacities compared to isolated natural occurring Tregs, 

presumably because of the pre-activation in vitro (Benson et al., 2007; Dons et 

al., 2012). Interestingly, while similar immuno-suppressive activities were 

observed for freshly isolated Tregs and TGF-β- or AS-induced Tregs after resting 

in the absence of IL-2, only AS-induced Tregs maintained their 

immunosuppressive functions after resting in the presence of IL-2 

(Figure 5.11B-E). This might be due to the heterogeneity of TGF-β-induced 

T cells with a large percentage of non-Tregs after conversion (Figure 5.8B-C). 

However, it should be noted that the suppressive activity of AS-induced Tregs 

was demonstrated for CD8+ T cells and it remains to be investigated if these 

Tregs are capable of suppressing antigen-specific B cells and inducing apoptosis, 

which would prevent the formation of anti-FVIII antibodies. For this to take place, 

it is essential that immunosuppressive capacities of AS-induced Tregs are 

maintained, particularly in potentially pro-inflammatory or T helper cell 

inducing microenvironments. 

Although the adoptive transfer of polyclonal in vitro induced Tregs leads to 

reduced anti-FVIII immune responses in HemA mice by processes such as 

infectious tolerance, it is believed that the transfer of FVIII-specific Tregs is 

significantly more effective and does not require such high cell numbers as 

transferring polyclonal Treg populations (Masteller et al., 2006; Sarkar et al., 

2014; Smith et al., 2020). Antigen-specific Tregs can directly and indirectly 

suppress target immune cells by cell contact- and cytokine-dependent pathways, 

respectively, whereas polyclonal Tregs are only capable of mediating indirect 
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suppression (Schmidt et al., 2012; Weingartner and Golding, 2017). Hence, it is 

beneficial to provide an in vitro protocol for the generation of FVIII-specific Tregs 

to efficiently induce immune tolerance towards FVIII in the context of HemA 

without the requirement to adoptively transfer a high number of cells into the 

patient. The combination of the two established protocols, namely expansion of 

antigen-specific CD4+ T cells and efficient conversion of conventional CD4+ T 

cells into immunosuppressive CD25+Foxp3+ Tregs, reflects such an approach 

and has many advantages compared with most established in vitro Treg 

generation protocols (Yamazaki et al., 2003; Sarkar et al., 2014; Smith et al., 

2020). In particular, it provides a fast and cost-effective platform for the large-

scale generation of highly enriched FVIII-specific Tregs, which maintain their 

phenotype and immunosuppressive functions even without TCR stimulation but 

in presence of IL-2. However, it remains to be investigated how both protocols 

can be combined to guarantee the effective expansion of CD4+ T cells 

recognising immunogenic FVIII epitopes while maintaining the CD25+Foxp3+ 

Treg phenotype and immunosuppressive function. Further experiments are 

required to examine FVIII-specific CD4+ T cells can be converted into 

CD25+Foxp3+ Tregs after extensive in vitro expansion or if the AS-induction of 

the Treg phenotype has to be conducted simultaneously to CD4+ T cell expansion 

in order to reach sufficient conversion rates. 

One concern about combining FVIII-specific CD4+ T cell expansion and the 

chemical conversion of expanded cells into CD25+Foxp3+ Tregs is the 

identification of their antigen-specificity by using FVIII tetramer. The transcription 

factor Foxp3 is located to the nucleoplasm and Foxp3 staining requires fixation 

and permeabilisation of the cells, whereas FVIII tetramer staining is not 

compatible with cell fixation and permeabilisation protocols (The Human Protein 

Atlas, 2021c). Instead, Tregs could be identified by a CD25+CD127low/- 

phenotype, as proposed by Yu and colleagues, while simultaneously examining 

FVIII-specificity using FVIII tetramer (Yu et al., 2012). However, this phenotype 

is predominantly described for naturally occurring Tregs in human peripheral 

blood and it remains to be investigated if in vitro induced murine CD25+Foxp3+ 

Tregs can be identified by the same biomarkers. Alternatively, Foxp3 reporter 
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mice, such as Foxp3DTR knock-in mice expressing enhanced GFP from the Foxp3 

locus, can help to directly visualise induction of Foxp3 expression in converted 

Tregs and allow for simultaneous FVIII tetramer staining without requiring cell 

fixation and permeabilisation (Kim et al., 2007). 

In conclusion, adoptive cell transfer of in vitro expanded and induced FVIII-

specific Tregs alongside with protein replacement therapy using half -life 

extended FVIII-Albumin fusion proteins has the potential to effectively prevent 

FVIII inhibitor formation and induce long-term immune tolerance in HemA 

patients without the need of undergoing currently established burdensome ITI 

protocols or highly expensive gene therapy approaches.  
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Chapter 6: General discussion 

Human serum albumin is the most abundant protein in blood serum, accounting 

for over 50 % of the total serum protein fraction, and functions as a transport 

shuttle for various metabolites and molecules while also regulating the colloid 

oncotic osmotic pressure (Quinlan et al., 2005). Albumin, as well as IgG 

molecules, exhibit prolonged circulatory half-lives of around 3 weeks in humans 

substantially exceeding half-life properties of other serum proteins which usually 

are cleared from the circulation within hours or days (Waldmann et al., 1971; 

Quinlan et al., 2005; Takata et al., 2011). The extended half-life of albumin is 

considered to be largely mediated by the pH-dependent interaction with the 

intracellular neonatal Fc receptor (FcRn) within acidified endosomal structures 

protecting endocytosed ligand from lysosomal degradation and facilitating 

recycling back to the plasma membrane (Chaudhury et al., 2003). Although 

FcRn-dependent albumin recycling has been intensively studied in FcRn-

transfected immortalised cell lines, there is a substantial gap of knowledge about 

FcRn-albumin cell biology in primary cells (Mahmoud, 2015; Schmidt et al., 2017; 

Chia et al., 2018; Grevys et al., 2018). Understanding FcRn-mediated albumin 

trafficking and recycling in physiologically relevant primary cells is particularly 

important as several reports suggest major differences in albumin endocytosis 

and intracellular FcRn localisation between primary cells and immortalised cell 

lines, which raises questions regarding the intracellular itineraries of the ligand 

and the receptor in primary cells (Gan et al., 2009; Anderson, 2014; Mahmoud, 

2015; Chia et al., 2018; Toh et al., 2020).  

Recently, FcRn-dependent albumin recycling mediated by tubular carriers have 

been described in primary macrophages (Toh et al., 2020). To gain more insights 

into how FcRn-bound albumin is partitioned into tubules in primary macrophages, 

I established a multiplexed approach using two independent biophysical 

methods, namely FLIM-FRET and RICS, to characterise the intracellular receptor 

ligand interaction within endosomal structures in a spatiotemporal manner. The 

FLIM data demonstrated that fluorescently labelled albumin and FcRn interact in 

endosomal structures as well as in tubules emanating from globular endosomes. 
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RICS analyses identified a higher fraction of wildtype HSA to be less mobile within 

endosomal structures in the presence of FcRn compared with the non -binding 

mutant of HSA, rHSAH464Q.  

To study FcRn-cell biology in primary endothelial cells, I established blood 

outgrowth endothelial cells (BOECs) isolated from peripheral blood of healthy 

human donors. My findings revealed that BOECs were capable of performing 

effective fluid phase endocytosis of albumin via macropinocytosis and upon 

internalisation, HSA co-localised with FcRn in early macropinosome structures. 

Wildtype HSA was sorted into FcRn-positive tubular structures emerging from the 

body of macropinosomes, whereas the non-FcRn binding rHSAH464Q was 

excluded from these tubules. These data indicate similarities in FcRn -albumin 

cell biology between BMDMs and cultured BOECs highlighting the potential role 

of macrophages and the vascular endothelium in regulating albumin homeostasis 

in vivo (Toh et al., 2020). 

In Chapter 5, I explored the potential of albumin fusion proteins to induce immune 

tolerance which would be an additional benefit of the lifetime extension of 

therapeutics in the clinic. In particular, I investigated how fluorescently labelled 

FVIII-Albumin fusion protein is internalised by FVIII-specific B cells and assessed 

the potential to induce immune tolerance against recombinant FVIII using in vitro 

generated FVIII-specific regulatory T cells in the context of hemophilia A. My 

findings suggest that FVIII and FVIII-Albumin fusion proteins are recognised and 

subsequently internalised by FVIII-specific B cells in a similar fashion. Together 

with studies by the Becker-Gotot group showing that administration of 

FVIII-Albumin induces an immunotolerant phenotype in HemA mice 

(unpublished data), these findings indicate a direct contribution of FVIII-Albumin 

to immune tolerance towards FVIII.  

Furthermore, I established in vitro protocols to, on the one hand, specifically 

expand FVIII-specific CD4+ T cells and, on the other hand, efficiently convert 

conventional CD4+ T cells into immunosuppressive CD25+Foxp3+ Tregs. The 

combination of both protocols potentially enables the in vitro generation of high 

numbers of FVIII-specific CD25+Foxp3+ Tregs which, upon adoptive cell transfer, 
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have the potential to induce immune tolerance towards recombinant FVIII and 

prevent the formation of inhibitory anti-FVIII antibodies or, alternatively, facilitate 

the elimination of pre-existing inhibitors in HemA patients. 

 

6.1: Unveiling intracellular receptor-ligand interaction by multiplexed 

biophysical approaches 

The application of biophysical methods to cell biology has become increasingly 

popular over the last decade and led to better understanding of various processes 

including biological phase separation, DNA repair, wound healing, membrane 

organisation, and cytoskeleton interactions (Lommerse et al., 2004; Kapus and 

Janmey, 2013; Hinde et al., 2014; Khan and Arany, 2015; Lou et al., 2019; 

Yoshizawa et al., 2020). In particular, fluorescence lifetime imaging microscopy 

(FLIM) in combination with Förster resonance energy transfer (FRET) and 

fluorescence spectroscopy (FFS) have been used intensively to unveil and map 

intracellular interactions between macromolecules and the mobility of intracellular 

molecules within a defined region of interest (ROI), respectively (Hink, 2014; Lou 

et al., 2019; Priest et al., 2019; Manko et al., 2020).  

The application of FLIM-FRET and FFS-derived raster image correlation 

spectroscopy (RICS) to unveil intracellular interaction of endocytosed albumin 

with its receptor, FcRn, in primary macrophages led to the identification of 

spatiotemporal resolution of receptor-ligand interactions in endosomal structures 

and the quantification of endocytosed albumin molecules which interact with 

FcRn within the lumen of endosomes in primary macrophages. This multiplexed 

approach, which was established in this study, could now be used to also 

investigate FcRn-albumin interactions in other physiologically relevant cell types, 

such as blood outgrowth endothelial cells (BOECs), to identify potential cell type-

specific differences. Furthermore, other intracellular receptor interactions with 

their particular ligands within endosomal structures, such as G-coupled protein 

receptors, toll-like receptors and cargo-selective receptors such as vacuolar 

protein sorting-associated (Vps) proteins involved in sorting nexin -mediated 
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protein trafficking, could be characterised in a spatiotemporal manner by these 

biophysical approaches (Cullen, 2008; Gangloff, 2012; Hanyaloglu, 2018; 

Retamal et al., 2019). 

A strength of this current study was the inclusion of C-terminal and N-terminal 

labelled FcRn-mCherry constructs, which revealed the efficiency of detected 

FRET transfer to be sensitive to the exact localisation of the acceptor fluorophore, 

and the use of the non-FcRn binding rHSAH464Q mutant, which confirmed the 

specificity of the molecular interactions detected by the biophysical approaches. 

The use of appropriate controls, such as non-, low- or high-binding ligand variants 

or low- and high-affinity receptors, would also be important applying these 

techniques to other receptor-ligand systems to exclude the influence of artefacts.  

Another strength of the current study is the use of two independent biophysical 

techniques, FLIM-FRET and RICS. The use of these two techniques allows the 

characterisation of interaction of fluorescently labelled ligand with either 

fluorescently labelled or endogenous receptor molecules. The analysis of ligand 

binding to endogenous receptors by RICS provides a technique to analyse the 

properties of non-transfected primary cells isolated from transgenic mouse lines. 

The combination of FLIM-FRET and RICS could also be used for screening 

studies to identify low-affinity or high-affinity binding mutants of ligands or the 

optimisation of recombinant fusion proteins for therapeutic applications, and to 

characterise and quantify receptor-ligand interactions within endosomal 

structures of cells, which represent a physiological environment where many 

interactions occur. 

 

6.2: Primary blood outgrowth endothelial cells as a primary cell model 

for studying cell biological processes 

Most cell biological pathways and processes have been extensively studied using 

immortalised cell lines due to their ready availability, easy handling, and rapid 

proliferation. However, several reports raise concerns about using immortalised 
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cell lines to study cell type-specific functions, such as endocytosis or intracellular 

cargo trafficking, because comparative analyses have revealed significant 

differences in the proteomes and transcriptomes of immortalised cell lines 

compared to the corresponding primary cells resulting in altered functional 

properties (Horvath et al., 2008; Pan et al., 2009; Anderson, 2014; Das et al., 

2016). For endothelial cells, fundamental differences have been identified in the 

gene expression profiles of immortalised cell lines compared with primary cells, 

and the later have been shown to closely resemble gene expression profiles of 

uncultured ex vivo endothelium (Unger et al., 2002; Boerma et al., 2006; Frausto 

and Aldave, 2014). Although these findings highlight the importance for 

establishing primary endothelial cell models to investigate endothelial-specific 

cell biology in vitro, primary endothelial cells used previously have often exhibited 

poor phenotypic stability, proliferative properties, and lifespan in vitro as well as 

batch- or donor-specific differences upon isolation (Bouïs et al., 2001). 

Additionally, the heterogeneity of endothelial cells regarding their function and 

origin has to be taken into account to choose suitable primary cells for studying 

particular biological processes (Bachetti and Morbidelli, 2000). 

The establishment of differentiated endothelial cells derived from circulating 

endothelial cell progenitors present in human peripheral blood, known as blood 

outgrowth endothelial cells (BOECs), may overcome the issues arising from 

previous primary endothelial cell models. BOEC lines can be established from 

small volumes (≥ 2 ml) of human peripheral blood from healthy donors making 

them readily available and easy to isolate (Ecklu-Mensah et al., 2018). In contrast 

to many other primary endothelial cells derived from specialised vessels or 

tissues, BOECs, due to their occurrence in peripheral blood, presumably reflect 

an endothelial cell population contributing to the formation of the cellular 

monolayer lining the inner wall of blood vessels throughout the body (Lin et al., 

2000; Bachetti and Morbidelli, 2000). Indeed, BOECs were shown to express 

classic endothelial markers including CD144 (VE-Cadherin), CD31 (PECAM-1) 

and von Willebrand factor (vWF) resembling a microvasculature signature and, 

compared to widely used HUVEC cells, express high amounts of angiogenetic 
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factors suggesting the potential of BOECs to drive de novo formation of blood 

vessels (Lin et al., 2002; Coppens et al., 2013).  

My findings supported the hypothesis that cultured BOECs reflect a suitable 

primary cell model for investigating endothelium-specific cell biological 

processes. BOEC lines exhibited stable endothelial cell marker expression and 

high proliferative properties up to passage 14 and the ability to successfully 

cryopreserve these primary cells supported the long-term culture of single BOEC 

clones. The longevity of BOECs, and availability of genetic tools suitable for 

BOECs, allows the generation of stable BOEC lines harbouring knock-ins 

or -outs of various target genes (Lin et al., 2002; Matsui et al., 2007; Schillemans 

et al., 2019). Furthermore, I have shown that cultured BOECs are capable of 

performing effective fluid phase uptake via macropinocytosis, an important 

endocytic pathway for the regulation of various endothelial functions such as 

nutrient uptake, receptor signalling and angiogenesis (Basagiannis et al., 2016; 

Kim et al., 2017). 

Although the stable expression of endothelial-specific markers is widely 

accepted, the transcriptomic signature of cultured BOECs, and to which extent 

this signature resembles the expression profile of ex vivo endothelium, remains 

unknown. A recent study by Boer et al. highlighted donor- and clone-specific 

differences in the morphology, genetic profile and proliferative capacities of 

BOECs (de Boer et al., 2020). Hence, it would be very instructive to further 

characterise the genetic signature of cultured BOECs by bioinformatical-based 

methods such as RNAseq to assess variations in gene expression between 

individual BOEC clones derived from different donors, and from different 

passages of a single BOEC line, and to compare BOEC-derived expression 

profiles with ex vivo endothelium. Such studies will also help to identify potential 

cell heterogeneity within BOEC lines and evaluate how closely they resemble the 

endothelium in vivo. Expression profiles will also identify the activation state of 

BOEC monolayers maintained under continuous culture in the presence of 

endothelial-specific growth factors. 
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The use of cultured BOEC monolayers provides valuable insights understanding 

endothelial-specific cell biological pathways. For future studies, it would be 

informative to conduct experiments using BOECs under physiologically relevant 

culture conditions. In vivo, endothelial cells are polarised and regulate the 

exchange of molecules between the circulation and the extravascular space while 

being exposed to a constant flow generated by the blood stream. It would be 

beneficial to study cell biological processes such as endocytosis and protein 

trafficking mediated by BOECs within advanced culture setups such as flow 

chambers or three-dimensional angiogenesis models using Matrigel. In addition 

to cell biological studies, BOECs could also be used to characterise endothelium-

mediated immune regulation in co-culture assays and their potential angiogenetic 

capacities make them an attractive tool for investigating gene therapeutical 

approaches for the treatment of vasculature- and blood-related diseases such as 

von Willebrand disease and hemophilia A. 

 

6.3: Intracellular trafficking of HSA in primary blood outgrowth 

endothelial cells 

In addition to innate immune cells, the vascular endothelium has been identified 

as an important regulator of albumin homeostasis in vivo (Pyzik et al., 2019). I 

established BOECs as a suitable primary endothelial cell model to study FcRn-

dependent albumin cell biology and demonstrated that, albumin was efficiently 

endocytosed by BOECs via macropinocytosis.  

After internalisation, albumin was located to enlarged, EEA1-positive endosomal 

structures, presumably early macropinosomes, and was excluded from late 

endosomes and lysosomes indicating that internalised albumin is protected from 

degradation. In contrast, non-FcRn binding rHSAH464Q mutant showed higher 

overlap with late endosomal and lysosomal markers suggesting that WT albumin 

is rescued from degradation in a FcRn-dependent manner. In live BOECs, 

albumin, but not rHSAH464Q, was sorted into tubular transport carriers emanating 

from globular endosomes after 20 – 30 minutes uptake, well before cargo was 
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shown to reach degradative compartments in BOECs (~ 45 – 60 minutes). The 

morphology and progression of the tubules, that were observed to emerge from 

large globular endosomes, resemble SNX5-positive tubular transport carriers 

which have been shown to mediate recycling in primary macrophages, 

suggesting an albumin recycling pathway, similar to macrophages, also exists in 

primary endothelial cells (Van Weering et al., 2012; Allison et al., 2013; Toh et 

al., 2020).  

However, albumin recycling in primary macrophages was shown to be 

significantly more rapid and efficient (Toh et al., 2020) compared to cultured 

BOEC monolayers. Presumably, this is due to the increased endocytic capacity 

of macrophages, representing highly specialised antigen presenting cells, 

whereas endothelial cells are considered to exhibit only low levels of constitutive 

macropinocytic activity (Lin et al., 2020). My findings revealed that primary 

macrophages isolated from hFcRnTg/Tg line 276 mice, which were used for the 

characterisation of FcRn-mediated albumin recycling (Toh et al., 2020), 

expressed 6 – 7-fold higher amounts of FcRn compared to BOECs indicating that 

the higher FcRn expression levels in the transgenic macrophages possibly 

contribute to increased recycling efficiencies. A lower efficiency of FcRn-

dependent recycling efficiency might explain the difficulty in the detection of 

recycled albumin in BOEC supernatants by ELISA and Western Blot. The use of 

transgenic overexpression of FcRn in BOECs might help to further investigate 

FcRn-albumin cell biology and to assess recycling efficiencies in these primary 

endothelial cells. Alternatively, stable FcRn knock-out BOEC lines could be 

generated by CRISPR/Cas9-engineering to evaluate the intracellular itinerary of 

albumin in the absence of the receptor. 

The high number of endothelial cells (~ 6 x 1013) in vivo and large endothelial 

surface area (4000 – 7000 m2) strongly suggest an important role of the 

endothelium in maintaining high albumin serum concentrations and extending its 

circulatory half-life (Aird, 2005). Further insights into determining the amount of 

endocytosed albumin which is recycled to the circulation by endothelial cells will 

help to evaluate their overall contribution to albumin homeostasis in vivo. 
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Although, the occurrence of tubular transport carriers emanating from globular 

structures suggests direct recycling of albumin back to the plasma membrane by 

BOECs, as observed for primary macrophages (Toh et al., 2020), the involvement 

of Rab11-positive recycling endosomes cannot be excluded and needs to be 

further investigated.  

As endothelial cells fulfill important functions in regulating the exchange of 

compounds between the blood circulation and the extravascular space in vivo by 

mediating transcytosis of molecules including albumin, the transcytosis process 

might also contribute to FcRn-albumin cell biology in cultured BOECs (Mehta and 

Malik, 2006). It would be instructive to investigate how FcRn-dependent albumin 

trafficking is regulated in polarised BOECs using trans-well assays or three-

dimensional angiogenesis models to better mimic the state of endothelial cells 

in vivo. 

In general, in vitro cell models reflect an isolated cell population cultured under 

optimal growth conditions in presence of growth factors and other stimuli. 

Although primary cells are a good approximation to reflect physiologically 

relevant conditions, a concern of using endothelial cell models might be the 

homogeneity of cultured cells, whereas the endothelium in vivo is highly 

heterogenous and is composed of various endothelial cell types fulfilling 

specialised functions (Potente and Mäkinen, 2017). Additionally, batch- or clone-

dependent differences of BOEC lines need to be addressed by omics approaches 

such as RNAseq. 

In conclusion, my findings highlight the strengths of BOECs as a model for 

primary endothelial cells, and strongly suggest that endothelial cells contribute to 

albumin homeostasis in vivo by mediating the FcRn-dependent recycling of 

endocytosed albumin via tubular transport carriers. The exact mechanism, and 

the transport machinery involved, remains to be addressed in future studies. 

Furthermore, BOECs have considerable potential to be exploited for a variety of 

functional properties of endothelium in vivo, such as polarisation and 

angiogenesis. 
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6.4: Potential use of half-life extended albumin fusion proteins for the 

treatment of hemophilia A 

The long circulatory half-life mediated by FcRn-dependent recycling makes 

albumin an attractive candidate to design therapeutic fusion proteins exhibiting 

enhanced pharmacological properties (Sleep et al., 2013). Nowadays, 

recombinant albumin is produced on an industrial scale and has been shown to 

be stable and immunologically inert in in vivo models (Sleep, 2015; Pilati and 

Howard, 2020). In particular, the generation of albumin fusion proteins for the 

treatment of blood-related diseases such as hemophilia A and B would improve 

treatment options reducing the number of intravenous injections of recombinant 

coagulation factor VIII and IX, respectively, during protein replacement therapy. 

Indeed, Idelvion®, an albumin fusion with FIX approved for the treatment of 

hemophilia B patients, exhibits enhanced half-life properties in vivo, and, 

furthermore, in vitro studies have revealed that Idelvion® is recycled by 

immortalised cell lines in a FcRn-dependent manner similar to albumin alone 

(Choy, 2016; Chia et al., 2018).  

The development of albumin fusion proteins, similar to Idelvion ®, for the treatment 

of hemophilia A (HemA) is complicated by the frequent occurrence of inhibitory 

antibodies against recombinant FVIII, which diminishes the therapeutic function 

of recombinant FVIII during protein replacement therapy (Gouw et al., 2013; 

Meeks and Batsuli, 2016). Hence, it is important to consider potential immune 

responses against recombinant therapeutics administered to HemA patients. 

Studies by the Becker-Gotot laboratory suggest that the administration of 

FVIII-Albumin fusion protein into HemA mice leads to an immune tolerant 

phenotype, characterised by decreased numbers of FVIII-specific B cells and 

lower FVIII inhibitor titers compared to HemA mice treated with recombinant FVIII 

(unpublished data). Hence, the fusion of FVIII to the self-protein, albumin, may 

enhance tolerance induction to FVIII epitopes. In this work, I identified a similar 

uptake efficiency for fluorescently labelled FVIII and FVIII-Albumin fusion protein 

by FVIII-specific B cells, using imaging flow cytometry. This result indicates that 

despite the fusion to albumin, FVIII-Albumin is recognised by FVIII-specific cells 
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and may have the potential to induce immune tolerance in an active manner. 

Induced tolerance could potentially be mediated by two processes: Firstly, FVIII-

Albumin might undergo FcRn-dependent recycling in vivo resulting in increased 

serum concentration and prolonged circulatory half-life which leads to the 

induction of high-zone tolerance in HemA mice (Figure 6.1) (Diener and 

Feldmann, 1972). Secondly, FVIII-Albumin-recognising B cells might present not 

only FVIII- but also albumin-derived peptides upon internalisation of the fusion 

protein. This could lead to the recognition of albumin peptides presented on B 

cells by albumin-specific Tregs, which in turn could initiate B cell apoptosis via 

the PD-1/PD-L1 axis and thereby preventing the formation of inhibitors 

(Figure 6.1). At present, it remains unclear, to what extent either of these 

proposed mechanisms contribute to the immune tolerance induction observed in 

HemA mice receiving FVIII-Albumin treatment. To resolve this question, it will be 

important to investigate any differences in intracellular trafficking pathways of 

FVIII and the fusion protein, and also to identify the peptides presented by 

FVIII-specific B cells derived from FVIII-albumin internalisation and processing. 

Of note is that B cells express only low levels of FcRn, hence, it is unlikely that 

internalised FVIII-Albumin is protected from lysosomal degradation (The Human 

Protein Atlas, 2021a). This issue could be investigated by quantification of the co-

localisation of FVIII and FVIII-Albumin with LysoTracker, using the antigen uptake 

assay and imaging flow cytometry analysis I established. 

Another interesting strategy to explore would be the combination of FVIII-Albumin 

treatment together with the transfer of FVIII-specific Tregs, to induce immune 

tolerance in vivo. The two in vitro protocols I have established would allow the 

generation of high numbers of FVIII-specific Tregs with the capacity to suppress 

unwanted immune responses against recombinant FVIII or FVIII-Albumin. The 

pharmacological properties of the extended half-life of FVIII-Albumin might also 

be able to enhance the stimulation of the adoptively transferred FVIII-specific 

Tregs in vivo, and extend their survival, to result in long-term immune tolerance 

induction in HemA patients. 
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Figure 6.1: Graphical summary of proposed mechanisms for FVIII-Albumin-
mediated immune tolerance induction 
The cartoon summarises the two potential advantages of using FVIII-Albumin 

fusion proteins for the treatment of Hemophilia A, namely the induction of 
high-zone tolerance due to an increased half-life and the prevention of inhibitor 

formation. Firstly, FVIII-Albumin is internalised via macropinocytosis by antigen-
presenting cells expressing FcRn. After endocytosis, FVIII-Albumin can interact 
with FcRn within acidified early macropinosomes via the albumin domain of the 

fusion protein. The receptor-ligand complex is partitioned into tubular transport 
carriers mediating FcRn-dependent recycling. The ability to interact with FcRn 

rescues FVIII-Albumin from lysosomal degradation and, together with the 
recycling pathway, results in extended half-life of the fusion protein eventually 
inducing high-zone tolerance. Secondly, FVIII-Albumin is recognised and 

internalised by FVIII-specific B cells. The fusion protein is degraded into peptides 
which are loaded onto MHC II molecules for the presentation of FVIII-Albumin-

derived peptides to CD4+ T cells. FVIII-specific B cells presenting peptides 
derived from the albumin domain of the fusion protein are recognised by naturally 
occurring albumin-specific Tregs. This interaction leads to the induction of 

apoptosis in FVIII-specific B cells mediated by Tregs via the PD-1/PD-L1 axis and 
prevents the formation of inhibitory FVIII antibodies by FVIII-specific plasma cells. 

The figure was created with BioRender.com. 
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6.5 Conclusion and future directions 

In conclusion, this work provides a deeper understanding of the intracellular 

interaction of FcRn and albumin in primary macrophages and also the FcRn-

albumin biology in primary endothelial cells. Furthermore, I have investigated the 

internalisation of albumin fusion protein by B cells which potentially modifies 

immune responses to induce tolerance to the fusion protein. The characterisation 

of both the cell biological and immunological aspects of albumin fusion proteins 

is essential to assess the potential of half-life extended therapeutics for effective 

clinical application in diseases such as hemophilia A.  

In particular, the developed biophysical techniques to characterise intracellular 

receptor ligand interactions within endosomes have a wide applicabil ity and can 

be expanded to study the interaction of potential albumin fusion protein 

therapeutics with FcRn. Furthermore, the established FLIM-FRET and FFS-

based RICS approach paves the way to study and compare the FcRn albumin 

recycling system in different cell types such as macrophages and primary 

endothelial cells using BOEC lines. BOECs represent a viable platform to study 

cell biological processes such as endocytosis and intracellular trafficking of 

albumin and albumin fusion proteins in primary endothelial cells to pinpoint their 

potential role in albumin homeostasis in vivo. It remains to be investigated to 

which extent these processes differ in polyclonal BOEC lines or BOEC lines 

isolated from different donors. It is advisory to characterise the genetic profile of 

distinct BOEC lines and compare their cell biological properties. A more 

comprehensive understanding of albumin cell biology in primary endothelial cells 

would elucidate how endocytosed albumin is processed by endothelial cells 

in vivo and reveal the potential to target endothelial cell specifically using albumin 

fusion proteins for extended half-life or targeted delivery of various compounds 

such as anti-cancer drugs (Sleep, 2015). 

The established protocols for the expansion of FVIII-specific CD4+ T helper cells 

and the in vitro induction of Foxp3+ Tregs allow for the potential generation of 

high numbers of FVIII-specific Tregs with immunosuppressive potential. 
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However, it has yet to be identified how long phenotype and function of expanded 

FVIII-specific CD4+ T helper cells and induced Foxp3+ Tregs can be maintained, 

especially in in vivo settings. In future, the combination and optimisation of both 

protocols would lead to phenotypic and functional stability of induced, antigen-

specific Tregs, and reduce the risk of unwanted immune reactions in vivo. 

Eventually, the use of efficient FVIII-Albumin fusion proteins in combination with 

the adoptive transfer of FVIII-specific Foxp3+ Tregs would present a potential 

therapy approach for Hemophilia A patients, which could resolve the two major 

downfalls of current therapies, namely the short half-life of recombinant FVIII and 

the development of inhibitory antibodies due to adverse immune reactions 

against the therapeutic protein. 
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