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Abstract 
Interaction of endocytic vacuoles with autophagic pathways 

and actin cytoskeleton in pancreatic acinar cells 
Francesca De Faveri, University of Liverpool, 2018 

Pancreatic acinar cells are polarised secretory epithelial cells responsible for calcium-
dependent exocytosis of zymogen granules, containing digestive enzymes and 
proenzymes. Large endocytic vacuoles are formed as a mechanism of compensatory 
membrane retrieval. In conditions of supramaximal stimulation, trypsinogen is activated 
within endocytic vacuoles; this represents one of the early events in the pathogenesis of 
acute pancreatitis. 
Macroautophagy refers to the molecular pathway responsible for targeting several types 
of cargo for lysosomal degradation. This involves specific selection of cargo and its 
subsequent sequestration into a membrane bound autophagosomal compartment. A 
hallmark of acute pancreatitis is upregulation of macroautophagy and disruption of cargo 
flux through this pathway. One aim of this study was to investigate whether the 
autophagic machinery interacted with endocytic vacuoles. Confocal microscopy of 
isolated primary pancreatic acinar cells was performed following stimulation with 
calcium-releasing agonists. GFP-LC3 transgenic mice were utilised to monitor autophagy, 
and cell impermeable fluorescent indicators were utilised to label endocytic vacuoles. A 
proportion of endocytic vacuoles were coated by the autophagosome marker GFP-LC3. 
Application of inhibitors of the autophagic pathway revealed that the process of GFP-LC3 
coating was independent of ULK1 and PI(3)K complexes, but was inhibited by agents 
disrupting acidification of cellular organelles. Correlative light and electron microscopy 
showed that these organelles have a single lipid membrane. Correlative 
immunofluorescence staining showed that they co-localised with Atg16L1. Collectively, 
these results suggest that the LC3 lipidation on endocytic vacuoles occurs by a non-
canonical autophagy pathway. 
Zymogen granules fused to the plasma membrane are coated by actin filaments; 
endocytic vacuoles originate from post-exocytic structures. A second aim of this study 
was to investigate whether actin filaments interact with endocytic vacuoles. A cell 
permeable fluorescent indicator or a reporter construct inserted into an adenoviral 
vector were utilised to label endogenous actin filaments. A proportion of endocytic 
vacuoles were coated by F-actin. Experiments utilising inhibitors of actin polymerisation 
indicated that actin coating depended on both formins and the Arp2/3 complex, and was 
regulated by GTPases Rho and Cdc42. Correlative immunofluorescence staining 
suggested co-localisation of mDia1, Arp2/3 and N-WASP with endocytic vacuoles. 
I extended my investigation to study the relationships between actination and 
autophagy of endocytic vacuoles. LC3 and actin coating of endocytic vacuoles were 
simultaneously monitored. LC3 and actin were not present on the same endocytic 
vacuoles, suggesting that these processes might occur sequentially in the lifetime of 
these organelles. Combinations of pH sensitive and insensitive cell impermeant 
fluorescent indicators were used to measure the pH inside endocytic vacuoles, actin-
coated endocytic vacuoles or LC3-coated endocytic vacuoles. The results suggested that 
there was no pH difference between these populations of organelles. 
Collectively, the data presented in this study characterises two new phenomena: LC3 
lipidation and actination of endocytic vacuoles. Future work will be directed at further 
describing the dynamics and function of these unique organelles in the context of acinar 
cell physiology and acute pancreatitis pathophysiology.  
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1.1 Overview 

The pancreatic acinar cells are responsible for stimulated exocrine secretion of 

digestive enzymes and precursors of digestive enzymes. Acute pancreatitis is an 

inflammatory disease of the pancreas associated with premature activation of 

trypsin within the pancreatic acinar cells (reviewed in (Singh & Garg, 2016; 

Gukovskaya et al., 2017; Gerasimenko et al., 2018)). Studies from our laboratory have 

identified endocytic vacuoles (EVs) formed in pathological conditions as the site of 

intracellular trypsinogen conversion to trypsin (Sherwood et al., 2007). Rupture of 

these organelles may represent the escape route of active trypsin from a membrane 

enclosed compartment to the cytosol (Chvanov et al., 2018). 

This thesis explored the intracellular processing of EVs, in both physiological and 

pathological conditions, utilising primary pancreatic acinar cells as an experimental 

model. Early in the project two novel phenomena were discovered: the interaction 

of EVs with the actin cytoskeleton and with the autophagic marker LC3. The 

characterisation of these processes became the focus of the investigation. This 

chapter provides background information and justification for the study.  
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1.2 The pancreas 

The pancreas is a glandular organ present in vertebrates. In humans, it is located in 

the abdominal cavity behind the stomach. It has a head, a body and a tail; two 

additional parts are sometimes described: the neck and the pyramidal process. The 

head of the pancreas is located by the loop of the duodenum; the tail is located 

towards the spleen (Figure 1.1 A) (reviewed in (Go, 1993)). Three parts can be 

identified in the mouse pancreas: the duodenal lobe (homologous to the head of the 

human pancreas), the splenic lobe (homologous to body and tail) and the gastric lobe 

(homologous to the pyramidal process) (Figure 1.1 B). Each lobe is divided into 

smaller lobules. The human pancreas is ~15 cm long, the mouse pancreas is 

approximately 10 times smaller (Dolensek et al., 2015). The blood supply to the 

pancreas derives from the celiac and the superior mesenteric arteries, branches of 

the abdominal aorta. The blood is drained from the pancreas via the splenic and the 

superior mesenteric veins, into the portal vein. The pancreas is a mixed – both 

exocrine and endocrine – gland. The exocrine component constitutes ~85% of the 

pancreatic mass and includes acinar and ductal cells. The exocrine pancreas has a 

digestive function, secreting digestive enzymes, fluid and bicarbonate in response to 

food ingestion. The pancreatic exocrine secretory products are released into the 

duodenum through the pancreatic duct and the common bile duct (Pandol, 2010). 

The endocrine component, representing ~2% of the pancreatic mass, is constituted 

by the islets of Langerhans, consisting of five cell subtypes: α, β, δ, ε, and PP cells. 

The endocrine pancreas controls blood sugar levels by regulating energy metabolism 

through release of hormones (insulin, glucagon, amylin, somatostatin and pancreatic 

polypeptide) directly into the blood stream (reviewed in (Korc, 1993)). The remaining 
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pancreatic mass comprises of stellate cells (Bachem et al., 1998; Masamune & 

Shimosegawa, 2013), connective tissue and blood vessels. 

1.2.1 Pancreatic exocrine secretion 

The exocrine secretory cells are pancreatic acinar cells (PACs) and pancreatic ductal 

cells (PDCs). PACs mainly secrete digestive enzymes and fluid. The main digestive 

enzymes classes are endo- and exo-proteases, lipases, glycosidases, and nucleases. 

The pancreatic digestive enzymes are amylase, carboxyl ester hydrolase, 

ribonuclease, and deoxy ribonuclease I. Other digestive enzymes, and particularly 

proteases, are synthesised as inactive precursors, called zymogens. The pancreatic 

zymogens are trypsinogen, chymotrypsinogen, proelastase 2, procarboxypeptidase 

A, procarboxypeptidase B, proprotease 2, kallikreinogen, prophospholipase A, and 

procolipase. In the duodenum, trypsinogen is cleaved by enteropeptidase and 

becomes active trypsin, which cleaves and activates trypsinogen and the other 

zymogens (reviewed in (Go, 1993)). PDCs mainly secrete chloride-rich fluid and 

bicarbonate (Hollander & Birnbaum, 1952). Digestive enzymes and bicarbonate 

released in the duodenum are responsible for catabolism of partially digested food 

and neutralisation of the acidic gastric chyme. 

Pancreatic exocrine secretion is regulated via both stimulatory and inhibitory signals 

elicited by food intake through three phases of meal response: cephalic, gastric, 

intestinal (reviewed in (Pandol, 2010)). Secretion from the cephalic phase is rich in 

digestive enzymes and low in bicarbonate, and it primarily involves the acinar cells. 

Stimulation occurs via the vagus nerve, transmitting the sensory inputs initiated by 
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food anticipation. The main neurotransmitter regulating the cephalic phase is 

acetylcholine (ACh). The gastric phase accounts for ~10% of the pancreatic exocrine 

secretion and also primarily involves the acinar cells and vagal stimulation. The 

intestinal phase accounts for up to ~80% of the pancreatic exocrine secretion, 

stimulating both acinar and ductal cells. The acidity of the gastric chyme induces 

release of the hormone secretin from S cells (Konturek et al., 1969). Secretin 

stimulates ductal cells to secrete bicarbonate (Bayliss & Starling, 1902). The hormone 

cholecystokinin (CCK) is released from I cells of the duodenum (Liddle, 1997) 

following induction by fatty acids, proteins and proteolytic degradation products 

including peptides and free amino acids. CCK stimulates secretion of digestive 

enzymes from the acinar cells (Owyang, 1996; Liang et al., 2017). The secretory 

response is amplified by cholinergic stimulation via the enteropancreatic reflex 

(Singer & Niebergall-Roth, 2009). Regulation of pancreatic secretion occurs via a 

feedback mechanism, mediated by protease concentration in the duodenum: active 

proteases inhibit secretion, whereas reduced protease activity stimulates it. This 

occurs via regulation of CCK releasing factor, which is inactivated by active proteases, 

thus preventing CCK release, whereas in the absence of proteases it can promote CCK 

release (Liddle, 1995; Spannagel et al., 1996). Secretion is positively regulated by 

monitor peptide, released by the acinar cells once pancreatic secretion has been 

triggered, and is responsible for stimulating CCK release thus amplifying the 

pancreatic response (Bouras et al., 1992; Liddle et al., 1992). CCK receptors are also 

present on the pancreatic stellate cells (PSCs) where they stimulate ACh release 

which stimulates the acinar cells, via another pathway of CCK-induced pancreatic 

secretion (Phillips et al., 2010).  
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Figure 1.1 The pancreas. A) In humans, the pancreas is located below the stomach, the head 

towards the duodenum, the tail towards the spleen. The products of pancreatic exocrine 

secretion are released via the pancreatic duct and the common bile duct into the duodenum. 

The products of pancreatic endocrine secretion are released into the blood stream. The 

pancreas receives afferent innervation from the vagus nerve, which contributes to 

stimulating pancreatic exocrine secretion. B) Comparison of structures of human and murine 

pancreas. Illustration was created using Adobe Illustrator utilising information adapted from 

(Go, 1993; Pandol, 2010; Dolensek et al., 2015).  
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1.3 The pancreatic acinar cell 

PACs are organised in spherical or tubular clusters called acini (Figure 1.2), with 

centrally located terminal ducts that join interlobular ducts, thus merging to form the 

main pancreatic duct. PACs are polarised epithelial cells; the apical membrane, 

responsible for secretion, is located towards the lumen of the duct. Secretory 

granules (SGs) contain digestive enzymes and zymogens, and are thus referred to as 

zymogen granules (ZGs), which are about 1 µm in diameter and constitute ~6% of the 

total cell volume (Bolender, 1974). Approximately 100 ZGs per cell are concentrated 

in the apical area of the cell, where they are surrounded by a mitochondrial belt. 

Mitochondria are also located below the basolateral plasma membrane. Tight 

junctions (Rahner et al., 2001) separate the apical from the basolateral membrane 

and act as a barrier around the apical area preventing the passage of digestive 

enzymes. Communication between cells in the acinus is permitted by gap junctions 

on the lateral membrane (Stauffer et al., 1993). A highly developed rough 

endoplasmic reticulum (RER), accounting for ~22% of the cell volume and ~60% of 

the total membrane surface area (Bolender, 1974), is responsible for protein 

synthesis by the associated ribosomes. ~90% of the synthesised proteins are directed 

for secretion (Scheele et al., 1978). The site of protein sorting towards secretory or 

lysosomal pathways is the trans-Golgi network (TGN) (Griffiths & Simons, 1986). The 

TGN is an acidified compartment; progressive acidification through the TGN leads to 

protein interaction and assembly of membrane microdomains rich in glycolipids. The 

membrane microdomains rich in GP2 (the main glycoprotein in ZG membranes) are 

retained within acidic condensing vacuoles (CVs) that pinch off the TGN. (Sesso et al., 

1980; Orci et al., 1987a; Orci et al., 1987b). Within the CVs, the secretory products 
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undergo progressive pH-dependent condensation until they form mature ZGs 

(Jamieson & Palade, 1967, 1971; Kraehenbuhl et al., 1977; Bendayan et al., 1980; 

Freedman & Scheele, 1993; Leblond et al., 1993; Dartsch et al., 1998). 

Several secretory pathways exist: constitutive, constitutive-like, minor regulated, and 

regulated. The constitutive, constitutive-like and minor regulated pathways are 

responsible for basal secretion, they occur in other exocrine cells like parotid acinar 

cells (Huang et al., 2001). The regulated secretory pathway, described in the previous 

paragraph, is stimulated by secretagogues (Bieger et al., 1976a; Bieger et al., 1976b) 

and it is the most relevant to PAC function. Receptors for secretagogues are located 

on the basal plasma membrane. The main trigger of regulated secretion from PACs 

is rise in intracellular calcium, induced by ACh and CCK (and bombesin (Deschodt-

Lanckman et al., 1976)). However, cAMP can also contribute to potentiation of 

secretion, through pathways activated by secretin and vasoactive intestinal peptide 

(Meuth-Metzinger et al., 2005) and by high CCK concentrations. For the purpose of 

this study, the next section will focus on the main secretagogues ACh and CCK and 

how they regulate calcium signalling. 

1.3.1 Secretagogue-induced calcium signalling 

ACh released from the vagus nerve binds to muscarinic G-protein coupled receptors 

(GPCRs) with seven transmembrane domains (TMDs). There are five types of 

muscarinic receptors; in PACs, M1 and M3 expressed on the basolateral membrane 

are involved in exocrine secretion (Gautam et al., 2005). CCK, released by I cells in 

the duodenum, exists in different molecular forms deriving from endopeptidase 
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cleavage of CCK-58. CCK-8, the smallest active peptide, and CCK-58 have the same 

function (Criddle et al., 2009). CCK receptors are GPCRs. CCK1R is selective for CCK, 

CCK2R binds both CCK and gastrin and is also referred to as gastrin receptor 

(Dufresne et al., 2006). CCK1R is considered the mediator of CCK-induced pancreatic 

secretion, despite conflicting views about its expression/function in human PACs (Ji 

et al., 2002; Murphy et al., 2008; Liang et al., 2017). CCK binding provokes a 

conformational change that promotes coupling of the receptor with heterotrimeric 

G proteins, triggering dissociation of α subunits which bind to GTP and activate 

downstream signalling pathways (reviewed in (Williams, 2001)). 

The main pathway responsible for calcium-dependent stimulation of secretion by 

secretagogues involves Gαq-mediated activation of phospholipase C (PLC) (Figure 

1.3). PLC hydrolyses phosphatidylinositol-4,5-biphosphate (PI(4,5)P2) generating 

membrane bound diacylglycerol (a protein kinase C activator) and soluble inositol 

1,4,5-triphosphate (IP3). IP3 induces calcium release from the ER via binding to IP3 

receptors (IP3Rs) which are ligand-gated calcium channels. PACs express all three 

types of IP3Rs, located below the apical and lateral membrane (Fujino et al., 1995; 

Yule et al., 1997). IP3Rs are biphasically regulated by calcium: potentiated by low and 

inhibited by high calcium concentrations (Bezprozvanny et al., 1991). Their activity is 

also decreased by phosphorylation by protein kinase A, activated by CCK but not ACh 

signalling (Straub et al., 2002). Calcium release from IP3R activates a second class of 

ER-localised ligand-gated calcium release channels, the ryanodine receptors (RYRs), 

through a process termed calcium-induced calcium release (CICR). PACs express all 

sub-types of RYRs, which are widely distributed throughout the cell (Fitzsimmons et 



20 
 

al., 2000). RYR activity is modulated by cyclic ADP ribose (cADPR), produced by ADP-

rybosyl cyclase, activated by both CCK and ACh (Gerasimenko et al., 2006). 

Additionally, CCK but not ACh promotes nicotinic acid adenine dinucleotide 

phosphate (NAADP) production (Cancela et al., 2000; Yamasaki et al., 2005), 

responsible for a small calcium elevation sufficient to sensitise IP3Rs and RYRs 

(Menteyne et al., 2006). The two-pore channels (TPCs) located on lysosomes have 

been proposed as mediator of the NAADP response (Cancela et al., 1999; Yamasaki 

et al., 2004; Williams, 2010), however direct proof of the NAADP receptor on 

lysosomes is still lacking.  

The resting intracellular calcium concentration in PACs is 50-200 nM. Extensive 

studies with fluorometric calcium indicators have characterised the acinar cell 

responses to stimulation. Calcium signals are initiated in the apical region of the cell 

(Kasai et al., 1993; Thorn et al., 1993), where they trigger exocytosis of the ZGs and 

activation of chloride channels, important for fluid secretion (Park et al., 2001). 

Apically initiated calcium signals propagate globally (Kasai & Augustine, 1990; Toescu 

et al., 1992; Straub et al., 2000) and spread across gap junctions to adjacent cells 

(Stauffer et al., 1993; Yule et al., 1996). Physiological concentrations of 

secretagogues determine intracellular calcium oscillations (Stuenkel et al., 1989; Yule 

et al., 1991). Oscillations are guaranteed by the sarco/endoplasmic reticulum 

calcium-ATPase (SERCA) pump that replenishes the ER store. Differently, maximal 

concentrations of CCK and ACh determine a peak and plateau response (Figure 1.4). 

Whilst the peak is determined by release from intracellular stores, the plateau 

requires calcium entry from the extracellular medium, since it is attenuated when 
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experiments are performed in calcium-free medium (reviewed in (Petersen & 

Tepikin, 2008)). Sustained calcium oscillations are also prevented by absence of 

extracellular calcium. In fact, when ER stores are depleted, store-operated calcium 

entry (SOCE) pathways are activated that determine calcium entry from the 

extracellular medium to refill the ER. The protein machinery that regulates SOCE is 

constituted by the ER calcium sensor stromal interaction molecule 1 (STIM1). 

Following ER calcium depletion, STIM1 aggregates at ER-plasma membrane contact 

sites, where it interacts with channels responsible for calcium entry (Williams, 2010). 

These can be members of the calcium release-activated channel (CRAC) family (e.g. 

ORAI1) or transient receptor potential channels (TRPCs). Both STIM1 and ORAI1 are 

expressed in PACs (Lur et al., 2009); TRPC3 channels might also be involved in PAC 

SOCE (Kim et al., 2009). Calcium extrusion was observed when monitoring 

extracellular calcium following secretagogue stimulation (Tepikin et al., 1992; Tepikin 

et al., 1994). Calcium extrusion occurs via the plasma membrane calcium ATPase 

(PMCA), localised on the apical and lateral plasma membrane. This process 

guarantees that intracellular calcium levels can be tightly regulated. The cytosolic 

calcium concentration is also regulated through calcium uptake by the mitochondria, 

which are located in the perigranular belt, and occurs via a mitochondrial calcium 

uniporter (MCU). Mitochondrial calcium uptake is associated with nicotinamide 

adenine dinucleotide (NAD) to NADH conversion and increased ATP production 

(Voronina et al., 2002b; Voronina et al., 2010). Calcium and ATP levels are 

importantly interlinked, since calcium regulates ATP production and ATP is required 

for activity of calcium pumps and activation of IP3Rs (Barrow et al., 2008; Park et al., 

2008).  
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Figure 1.2 Pancreatic acinus. PACs are organised in acini, flanked by PDCs. The apical, 

secretory part of PACs is located toward the acinar lumen and presents ZGs, mitochondria, 

the Golgi complex and acidic stores. The RER is located in the infra- and para-nuclear region 

of the cell. Tight junctions are localised close to the luminal membrane, gap junctions are 

located on the lateral membrane. The structural properties of the acinar cells are described 

in (Kern, 1993). 
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Figure 1.3 Calcium signalling in pancreatic acinar cells. The secretagogues CCK and ACh bind 

to their receptors on the basolateral plasma membrane and induce second messenger 

signalling cascades. IP3, cADPR and NAADP trigger calcium release from intracellular stores 

(ER and acidic stores). When stores are depleted, SOCE allows for calcium entry from the 

extracellular medium. Intracellular calcium concentrations are regulated by active pumps 

located on the ER and the plasma membrane. Increase in intracellular calcium concentration 

triggers compound exocytosis of ZGs at the apical plasma membrane Illustration was created 

using Adobe Illustrator utilising information adapted from (Yule, 2015). 
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Figure 1.4 Calcium responses to physiological and supramaximal CCK concentrations. 

Calcium concentration rises are revealed by increase in Fluo4 fluorescence intensity. 

Transmitted light (TL) images (grey) and Fluo4 images (green) before and during stimulation 

(0 and 138 seconds). A) Physiological CCK stimulation induces oscillations. 20 pM CCK was 

added after 60 seconds. B) Supramaximal CCK stimulation induces a peak/plateau response. 

10 nM CCK was added after 120 seconds. Scale bars = 10 µm. This figure was generated from 

data I obtained before the start of the study; similar results are well documented in the field 

(Stuenkel et al., 1989; Yule et al., 1991; Criddle et al., 2009).  
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1.3.2 Exocytosis and endocytosis in pancreatic acinar cells 

Secretagogue-stimulated exocytosis of ZGs is elicited by elevations of intracellular 

calcium concentration. In PACs, synaptotagmin 1 acts as calcium sensor and final 

trigger of ZG exocytosis (Falkowski et al., 2011). Proteomic analysis of the protein 

composition of isolated ZGs enabled the identification of digestive enzymes, ZG 

matrix proteins, vesicular trafficking proteins, pumps, channels and transporters 

(Chen et al., 2006; Rindler et al., 2007; Chen et al., 2008). ZGs express both chloride 

and potassium channels; these, under the chemiosmotic hypothesis of exocytosis, 

facilitate release of the contents via osmotic swelling (Thevenod, 2002). Membrane 

fusion events are mediated by soluble N-ethylmaleimide-sensitive factor (NSF) 

attachment protein receptor (SNARE) protein machinery. There are three families of 

SNAREs: syntaxin (STX), synaptosome-associated protein (SNAP) and vesicle 

associated membrane protein (VAMP). They are functionally classified as v-SNAREs 

(VAMPs) located on the vesicle membrane and t-SNAREs (STXs and SNAPs) located 

on the target membrane. The SNARE machinery is also involved in ZG fusion in PACs, 

where SNARE complexes are stabilised by the accessory protein complexin-2 

(Falkowski et al., 2010). Exocytosis of ZGs occurs via compound exocytosis, involving 

primary fusion of ZGs to the apical plasma membrane, followed by secondary fusion 

of ZGs to the primary fused ones (Nemoto et al., 2001; Pickett et al., 2005). The 

SNARE machinery that controls primary or secondary fusion events is specific (Pickett 

et al., 2007; Behrendorff et al., 2011; Thorn & Gaisano, 2012). As schematised in 

Figure 1.5 A, STX2, VAMP2, SNAP23 and Munc18b mediate primary fusion, whereas 

STX3, VAMP8, SNAP23 and Munc18b mediate secondary fusion. Figure 1.5 B 

schematises basolateral exocytosis, occurring via STX4, VAMP8, SNAP23 and 
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Munc18c. This process was first revealed in pathological conditions (Cosen-Binker et 

al., 2008). Whereas VAMP2 mediates an early phase of secretion, VAMP2 and VAMP8 

mediate a prolonged phase of secretion (Messenger et al., 2014a). VAMP8-mediated 

secretion is also associated with endosomal trafficking, being dependent on the 

constitutive-like secretory pathway (Messenger et al., 2013; Messenger et al., 2014b; 

Messenger et al., 2015). ZG trafficking, fusion and exocytosis are also regulated by 

Rab proteins, which are Ras-related small GTPases involved in membrane trafficking 

events in many cell types (Zerial & McBride, 2001; Stenmark, 2009). In PACs, Rab3D 

(Valentijn et al., 1996; Chen et al., 2002; Riedel et al., 2002) and Rab27B (Chen et al., 

2004b; Hou et al., 2016) ae implicated in ZG maturation and exocytosis. Rap1 is 

implicated in exocytosis triggered by CCK, ACh and cAMP (Sabbatini et al., 2008), 

whereas Rab27A is involved in secretion occurring via the endolysosomal pathway 

(Hou et al., 2015). On the contrary, Rab4 negatively regulates ZG exocytosis (Ohnishi 

et al., 1999). 

Furthermore, actin cytoskeleton reorganisation is required for ZG fusion to the 

plasma membrane and exocytosis (Muallem et al., 1995). Actin filaments coat the 

ZGs after these fuse to the plasma membrane (Valentijn et al., 2000; Nemoto et al., 

2004; Turvey & Thorn, 2004; Jang et al., 2012) and play an important role in 

regulation of secretion and fusion pore dynamics (Valentijn et al., 1999b; Larina et 

al., 2007). The actin coat was suggested to stabilise the membrane-fused ZGs, also 

termed Ω-shapes. No lipid interchange was observed between the ZG and plasma 

membrane, possibly facilitating the recycling of the granule membrane (Thorn et al., 

2004). 
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Exocytosis requires a compensatory membrane retrieval mechanism, to reuptake 

and recycle the membrane of the fused vesicle/granule. In neurons, synaptic vesicle 

membrane is recycled via clathrin-mediated endocytosis (CME) (Jung & Haucke, 

2007). Membrane retrieval in PACs was also attributed to a clathrin-dependent 

process and suggested that recycled membranes fused to the Golgi (Herzog & 

Farquhar, 1977; Herzog & Reggio, 1980). Clathrin, AP-2 and caveolin were detected 

at the apical membrane (Valentijn et al., 1999a; Valentijn et al., 1999b), and actin 

dynamics were suggested to contribute to membrane retrieval (Valentijn et al., 

1999b). Direct monitoring of exocytosis revealed that endocytic recycling does not 

involve uptake of intact granules; rather, the granule membrane is recycled in small 

pieces whilst the granule is still fused to the plasma membrane (Thorn et al., 2004). 

Supra-physiological stimulation determines an expansion of the Ω-shapes and 

appearance of large vacuoles (Nemoto et al., 2004), the post-exocytic Ω-shapes are 

disconnected from the apical membrane in the form of large EVs (Sherwood et al., 

2007). EVs do not present early endosome antigen 1 (EEA1), a marker of early 

endosomes (EE). In PACs, Rab5 co-localises with D52 and EEA1 at EE (Messenger et 

al., 2017). Rab5 regulates homotypic fusion of EE to form late endosomes (LE), whilst 

Rab11a mediates conversion of EE to recycling endosomes, a process implicated in 

the constitutive-like pathway of secretion (Messenger et al., 2015). These studies did 

not enquire on the origin of the endosomes, which may or may not originate from 

fused ZGs. Despite evidence on different stages of compensatory membrane 

retrieval mechanisms, the complete process of ZG membrane reuptake/recycling in 

PACs is still undetermined. The intracellular processing of the EVs originating from 

post-exocytic ZGs will be the focus of this thesis.  
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Figure 1.5 Membrane fusion machinery in apical and basolateral exocytosis of zymogen 

granules. A) Compound exocytosis of ZGs at the apical plasma membrane involves 

STX2/SNAP23/VAMP2/Mucn18b for primary fusion of ZG to the plasma membrane, and 

STX3/SNAP23/VAMP8/Munc18b for secondary fusion of a ZG to a plasma membrane-fused 

ZG. B) Basolateral exocytosis of ZGs requires STX4/SNAP23/VAMP8/Munc18c. Illustration 

was created using Adobe Illustrator utilising information adapted from (Cosen-Binker et al., 

2008; Behrendorff et al., 2011; Dolai et al., 2012; Thorn & Gaisano, 2012; Messenger et al., 

2014a; Messenger et al., 2014b).  
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1.4 The actin cytoskeleton 

As explained before, a functional actin cytoskeleton is essential to aid PAC secretory 

function (Muallem et al., 1995; Nemoto et al., 2004; Larina et al., 2007; Jang et al., 

2012). Hence, this section will provide a brief introduction to the structural and 

dynamic properties of actin filaments, and their specific function in PACs. In non-

muscle cells, the actin cytoskeleton is constituted by β-actin (ACTB) and γ-actin 

(ACTG). Actin is a 42 kDa ATPase. It exists in monomeric globular (G-actin) and 

polymeric filamentous (F-actin) forms. Actin filaments (~6 nm in diameter) are 

double helix filaments with a polarity: ATP-bound G-actin is incorporated at (+) 

barbed ends, whereas ADP-bound G-actin is dissociated from (-) pointed ends (Figure 

1.6). Actin filament dynamics depend on the relative rates of polymerisation and 

depolymerisation. Several actin nucleators and actin binding proteins exist and they 

facilitate polymerisation, depolymerisation or stabilisation. Actin filaments play 

fundamental roles in cell structure, migration, exocytosis and endocytosis. The roles 

of the actin cytoskeleton in endocytosis will be described in Chapter 4. 

1.4.1 Actin nucleators 

Actin nucleators promote actin polymerisation. A major actin nucleator is the actin 

related protein 2/3 (Arp2/3) complex, a seven-subunit 220 kDa complex that 

determines the branching of actin filaments, by promoting the assembly of a new 

filament at a 70° angle of an existing one (Goley & Welch, 2006). The process requires 

ATP and the engagement of nucleation-promoting factors (NPFs), activating Arp2/3 

through WCA domains (Figure 1.7 A). Five groups of class I NPFs (presenting C-

terminal WCA domains) exist: Wiskott-Aldrich syndrome protein (WASP) and neural 
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WASP (N-WASP), WASP-family verprolin homologue (WAVE), WASP and SCAR 

homologue (WASH), WASP homologue associated with actin, membrane and 

microtubules (WHAMM) and junction-mediating protein (JMY) (Campellone & 

Welch, 2010). These groups differ in regulation and function. Formins are another 

class of actin nucleators, responsible for filament elongation (Figure 1.7 B). They 

possess formin homology (FH) domains FH1 and FH2, and are classified based on the 

sequence of the FH2 domain. Formins are active as dimers and interact with profilin 

to promote F-actin polymerisation at barbed ends (Campellone & Welch, 2010). 

Actin nucleators are regulated upstream by the small GTPases of the Rho family: Rho, 

Rac and Cdc42 (reviewed in (Sit & Manser, 2011; Hanna & El-Sibai, 2013; Haga & 

Ridley, 2016)). RhoA activates the formin mDia, Rac1 activates WAVE and Cdc42 

activates N-WASP, resulting in activation of the Arp2/3 complex. RhoA also activates 

ROCK which controls actomyosin contractility (Figure 1.8). Rho GTPases, like other 

families of GTPases, are active when bound to GTP, inactive when bound to GDP 

(Jaffe & Hall, 2005). They are positively regulated by guanine nucleotide exchange 

factors (GEFs), facilitating exchange of GDP for GTP. They are negatively regulated by 

GTPase activating proteins (GAPs), promoting GTP hydrolysis, and by Rho GDP-

dissociation inhibitor (RhoGDI) proteins, inhibiting exchange of GDI for GTP (Rossman 

et al., 2005; Bos et al., 2007). 
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Figure 1.6 Actin dynamics. Actin filaments polymerise at barbed ends by addition of ATP-

bound actin monomers, and depolymerise at pointed ends releasing ADP-bound actin 

monomers. Filaments are highly dynamic: the overall polymerisation/depolymerisation 

depends on the relative rates of polymerisation at barbed ends and depolymerisation at 

pointed ends. Illustration was created using Adobe Illustrator utilising information adapted 

from (Monastyrska et al., 2009).  
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Figure 1.7 Arp2/3 and formin mediated actin polymerisation. A) NPF-activated Arp2/3 

complex mediates actin branching promoting filament polymerisation at 70° angles. B) 

Active formin dimers interact with profilin and trigger actin filament elongation by promoting 

polymerisation at barbed ends. Illustration was created using Adobe Illustrator utilising 

information adapted from (Campellone & Welch, 2010).  
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Figure 1.8 Rho GTPases regulate actin dynamics. Rho-GTPases are active when bound to 

GTP, a process faciliated by Rho GEFs. RhoA activates ROCK, responsible for actomyosin 

contractility, and mDia, responsible for actin filament elongation. Rac1 activates WAVE, 

Cdc42 activates N-WASP. WAVE and N-WASP activate the Arp2/3 complex, responsible for 

actin filament branching. Illustration was created using Adobe Illustrator utilising 

information adapted from (Auer et al., 2011; Draber et al., 2012; Prudnikova et al., 2015).  
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1.4.2 Actin filaments in pancreatic acinar cells 

Actin filaments in PACs are concentrated in the terminal web (also called the cortical 

actin network) below the apical plasma membrane, where they play an essential role 

in ZG exocytosis (Muallem et al., 1995; Nemoto et al., 2004; Larina et al., 2007; Jang 

et al., 2012). The cortical actin network is also located along the basolateral plasma 

membrane. Supramaximal stimulation is associated with reorganization of the actin 

cytoskeleton and the appearance of basolateral membrane protrusions (blebs) 

(Burnham & Williams, 1982). Additionally, a ring of actin filaments located at the 

adherens junctions encircles each acinar cell. Actin cables perpendicular to the apical 

membrane have also been identified (Geron et al., 2013). 

F-actin dynamics during secretion are regulated by RhoA and Rac1 (Bi et al., 2005; Bi 

& Williams, 2005). CCK triggers RhoA pathway activation through CCK1R coupling 

with Gα13, and Rac1 activation through Gα13 and Gαq (Sabbatini et al., 2010). The 

RhoGEF Vav-2 is associated with CCK-induced RhoA signalling (Kim et al., 2006), and 

the p115 RhoGEF is implicated in CCK-induced RhoA and Rac1 activation (Sabbatini 

et al., 2010). p50 RhoGAP and p190 RhoGAP-B are responsible for RhoA inactivation 

(Williams et al., 2009); RhoGDI1 and RhoGDI3 interact with both RhoA and Rac1 

(Sabbatini & Williams, 2013).  
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1.5 Autophagic pathways 

PAC damage in acute pancreatitis, which will be described later in this chapter, is 

associated with disruption of autophagy (reviewed in (Gukovsky et al., 2012; 

Gukovskaya et al., 2017)). Autophagic pathways might also be relevant to the 

processing of EVs, the main focus of this thesis. Hence, this section will provide an 

overview of autophagy and its roles in PACs. Autophagy - meaning self-eating - is a 

conserved cellular process. There are different types of autophagy: macroautophagy, 

chaperone-mediated autophagy (CMA) and microautophagy (Mizushima et al., 2011; 

Yu et al., 2018). Macroautophagy is involved in the degradation of cytoplasmic 

contents such as proteins and organelles via engulfment in double-membrane 

autophagosomes which then fuse with lysosomes. CMA involves the recognition of a 

marker peptide present on cytosolic proteins, which are then transported into the 

lysosomes. Microautophagy consists of the direct engulfment of cytosolic 

components by the lysosomal membranes. Macroautophagy, hereafter referred to 

as (canonical) autophagy, is an essential cellular process, occurring in both basal and 

stressed conditions. Protective autophagy mediates the degradation of damaged 

components (e.g. organelles) and regenerative autophagy allows for recycling of 

material in conditions of starvation (i.e. degradation of long-lived proteins to get 

amino acids). Specific names refer to selective autophagy processes (Galluzzi et al., 

2017). Mitophagy, pexophagy, reticulophagy (or ERphagy), ribophagy, lysophagy and 

proteophagy refer to autophagy of mitochondria, peroxisomes, ER, ribosomes, 

lysosomes and proteasomes, respectively. Aggrephagy refers to autophagy of 

protein aggregates, lipophagy of lipid droplets. Xenophagy indicates autophagy of 

pathogens that have escaped the phagocytic pathway. 



36 
 

In mammalian cells, autophagy initiation triggers the formation of a phagophore 

isolation membrane (also called pre-autophagosomal structure, PAS) engulfing a 

portion of the cytoplasm. Nascent phagophores originate from membrane structures 

called omegasomes. Omegasomes form at ER-mitochondria contact sites (Axe et al., 

2008), at the Golgi-endosomal system or at the plasma membrane (Ravikumar et al., 

2010; Orsi et al., 2012; Puri et al., 2013). During the elongation phase, the PAS 

matures into a double-membrane autophagosome that later fuses with lysosomes, 

forming an autolysosome. Autophagosome-lysosome fusion is mediated by Rab7A 

(Gutierrez et al., 2004) and by the SNARE complex STX17-SNAP29-VAMP8 (Itakura et 

al., 2012). STX17 is also involved in autophagosome closure (Tsuboyama et al., 2016). 

In autolysosomes, acidic pH permits activity of lysosomal hydrolases which degrade 

the cargo and also the inner autophagosomal membrane (Figure 1.9). 

The processes of autophagosome formation are regulated by autophagy related 

(ATG) protein machinery, which was initially identified in yeast and is conserved in 

mammals (Mizushima et al., 2011). In starvation conditions, mammalian target of 

rapamycin complex 1 (mTORC1) inhibition relieves the inhibitory phosphorylation of 

ULK1 and ATG13, which form a complex with FIP200 and ATG101. Thereafter, ULK1 

phosphorylates ATG13, FIP200 and itself, activating the complex. The ULK1 complex 

phosphorylates ATG9 (Orsi et al., 2012), required for the formation of phagophore 

precursors (Mizushima et al., 2011; Yu et al., 2018). The active ULK1 complex 

interacts with the phosphatidylinositol-3-kinase (PI(3)K) class III complex, constituted 

by the PI(3)K class III Vps34 and by Vps15, Beclin1, ATG14 and Ambra1. ULK1 and 

PI(3)K class III complexes accumulate at ATG9-positive membranes. Here, Vps34 
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generates phosphatidylinositol-3-phosphate (PI(3)P). PI(3)P-binding proteins, such as 

WD-repeat protein interacting with phosphoinositides (WIPI2) or double FYVE 

domain-containing protein (DFCP1), are recruited at these sites. In parallel, two 

ubiquitin-like conjugation reactions occur (Figure 1.10). The first reaction involves 

the E1-like enzyme ATG7 and the E2-like enzyme ATG10 and determines the 

conjugation of ATG12 to ATG5. ATG12-ATG5 then form tetrameric complexes with 

ATG16L1. In the second reaction, the cytosolic protein LC3-I, which is cleaved from 

its precursor by ATG4, is conjugated to phosphatidylethanolamine (PE) via E1-like 

ATG7 and E2-like ATG3, forming LC3-II (Mizushima et al., 2011). The ATG5-ATG12-

ATG16L1 complex is responsible for targeting LC3-II to both sides of PI(3)P-positive 

isolation membranes (Fujita et al., 2008). LC3 is an ubiquitin-like protein, recognised 

by LC3 interacting regions (LIR) of proteins which bind to the hydrophobic N-terminal 

LIR docking site (LDS) domain of LC3. After fusion with lysosomes, the LC3-II located 

on the luminal membrane is degraded by lysosomal hydrolases, whilst the LC3-II on 

the cytoplasmic membrane is de-lipidated by ATG4 and recycled.  

In the last ten years, several processes differing from (canonical) autophagy in 

mechanistic, structural and functional characteristics have been described. Thus, the 

concept of non-canonical autophagy has been introduced (Figure 1.11). On a 

mechanistic level, non-canonical autophagic pathways are independent from one or 

multiple of the upstream regulators of autophagosome biogenesis. For instance, 

processes independent from ULK1 (Florey et al., 2015), PI(3)K (Niso-Santano et al., 

2015; Jacquin et al., 2017) or ATG5/ATG7 (Nishida et al., 2009) have been reported. 

Non-canonical autophagy can be activated by NADPH oxidase 2 (NOX2), by Toll-like 
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receptor (TLR) or by Fc receptor for IgG (FcγR) (Sanjuan et al., 2007; Huang et al., 

2009; Henault et al., 2012; Martinez et al., 2015). The non-canonical PI(3)K class III 

complex is different from the canonical one, being constituted by UVRAG and not by 

ATG14 or Ambra1, and being positively regulated by Rubicon (Martinez et al., 2015). 

In non-canonical autophagy, ATG16L1-mediated LC3-II targeting to membranes 

depends on a different domain (the C-terminal WD40 domain) than the FIP200-

binding domain (FBD) involved in interaction with WIPI2 and FIP200 in canonical 

autophagy (Dooley et al., 2014; Fletcher et al., 2018). On a structural level, in non-

canonical autophagy LC3-positive organelles have a single membrane (Florey et al., 

2011), differently from the double-membrane autophagosomes described in 

canonical autophagy. On a functional level, non-canonical autophagy usually deals 

with extracellular “threats” (e.g. pathogens), differently from canonical autophagy 

dealing with intracellular ones (e.g. damaged organelles or protein aggregates) – with 

the exception of xenophagy. Examples of non-canonical autophagy are LC3-

associated phagocytosis (LAP) (Sanjuan et al., 2007; Martinez et al., 2011; Gluschko 

et al., 2018), macropinocytosis and entosis (Florey et al., 2011; Martinez et al., 2011), 

all targeting cargo of extracellular origin. A recent review recommended against 

using the terms canonical and non-canonical autophagy, based on the number of 

variants of the latter (Galluzzi et al., 2017). In this thesis, I will nonetheless adopt the 

term non-canonical autophagy, to refer to any process independent from at least one 

of the complexes essential for canonical autophagy, and involving the lipidation of 

LC3 on single membrane organelles.  
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Figure 1.9 (Canonical) autophagy. The ULK1 complex activates and associates with the PI(3)K 

class III complex, at ATG9-labelled membranes. Here, PI(3)P formation recruits WIPI2 or 

DFCP1; these recruit the ATG5/ATG12/ATG16L1 complex. LC3 is lipidated on double 

membrane nascent autophagosomes, which will fuse with lysosomes forming 

autolysosomes. Illustration was created using Adobe Illustrator utilising information adapted 

from (Rubinsztein et al., 2007; Feng et al., 2014; Parzych & Klionsky, 2014).  
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Figure 1.10 LC3 conjugation machinery (involved in canonical autophagy). In the first 

ubiquitin-like conjugation reaction, ATG7 and ATG10 conjugate ATG12 to ATG5. ATG12-ATG5 

will then form complexes with ATG16L1. In the second ubiquitin-like conjugation reaction, 

LC3 – cleaved from Pro-LC3 by ATG4 – is conjugated to PE by ATG7 and ATG3. Illustration 

was created using Adobe Illustrator utilising information adapted from (Geng & Klionsky, 

2008; Chen & Klionsky, 2011).  
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Figure 1.11 Non-canonical autophagy. Upstream signals trigger PI(3)K class III activation and 

PI(3)P generation, recruiting the ATG5/ATG12/ATG16L1 complex. LC3 is lipidated on single-

membrane vacuoles, which will then fuse with lysosomes. Illustration was created using 

Adobe Illustrator utilising information adapted from (Florey & Overholtzer, 2012; Boyle & 

Randow, 2015).  
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1.5.1 LC3 and monitoring autophagy 

In mammals the ATG8 gene family consists of microtubule associated protein 1 light 

chain 3 (MAPLC3, hereafter referred to as LC3), γ-aminobutyric acid type A receptor 

associated protein (GABARAP) and Golgi-associated ATPase enhancer of 16 kDa 

(GATE-16). The LC3 subfamily encodes five protein variants: LC3Av1, LC3Av2, LC3B, 

LC3B2 and LC3C. The GABARAP subfamily encodes four protein variants: GABARAP, 

GABARAPL1, GABARAPL2/GATE16 and GABARAPL3. Both LC3 and GABARAP proteins 

also have roles independent from autophagy (Schaaf et al., 2016). The LC3 splice 

variants undergo different post-translational modifications (He et al., 2003; Tanida et 

al., 2004) and present different subcellular localisation (Koukourakis et al., 2015) and 

different tissue distribution. Differences between isoforms also vary when comparing 

human, mouse and rat (Wu et al., 2006; Zois et al., 2011; Schaaf et al., 2016).  

“Guidelines for the use and interpretation of assays for monitoring autophagy” 

(Klionsky et al., 2016) provides an extensive, periodically updated review of methods 

and considerations to be undertaken when evaluating autophagy. It is fundamental 

to appreciate that autophagy is a flux; in its evolution, autophagosomes undergo 

initiation, elongation and fusion phases. Disruption of the autophagic flux is 

therefore extensively utilised to study autophagy. The most common readout of 

autophagy activation is the LC3 status, which can be measured in terms of LC3-II/LC3-

I ratio via Western blotting, or by detecting hotspots of LC3 reporter construct 

fluorescence. The GFP-LC3 transgenic mice provide a powerful tool to monitor 

autophagy in live primary cells (Mizushima et al., 2004) and so are utilised in this 

thesis.  
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1.5.2 Autophagy in pancreatic acinar cells 

PACs are a fundamental source of exocytosed proteins, involved in digestion. Such 

proteins are synthesised in the highly developed RER of these cells. The PAC secretory 

activity thus requires active processes to maintain protein homeostasis 

(proteostasis), protecting the cell from misfolding and aggregation. A recent study 

has identified cell-cycle progression gene 1 (CCPG1) as a receptor for autophagy of 

the RER (Smith et al., 2018). CCPG1 interacts with LC3 and GABARAP through a LIR 

motif, and with FIP200 through the N-terminal domain (Lahiri & Klionsky, 2018). 

CCPG1 deficient mice presented ER stress and defective proteostasis (Smith et al., 

2018). The CCPG1 deficient phenotype is less severe compared to mouse models 

deficient for ATG5 (Diakopoulos et al., 2015) or ATG7 (Antonucci et al., 2015), where 

all autophagic pathways are disrupted, including mitophagy and aggrephagy. It is 

therefore clear that autophagy plays an important role in PAC homeostasis, at both 

the ER and other organelles.  
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1.6 Acute pancreatitis 

Acute pancreatitis (AP) is a disease of the pancreas with 5% mortality rate (Banks et 

al., 2006). The diagnosis is associated with abdominal pain and more than three-fold 

increased levels of serum amylase and/or lipase (Tenner et al., 2013). The main 

features of AP are pancreatic inflammation, oedema and necrosis; the disease can 

involve inflammation and injury of other organs. AP requires hospitalisation and 

multiple episodes can provoke chronic pancreatitis (CP). CP is associated with an 

increased risk of developing pancreatic cancer. Although most cases of AP are mild 

to moderate, when the disease is severe it has a 30% probability of death. Severe 

pancreatitis is associated with systemic inflammation and multi-organ failure. The 

pathogenesis of AP is not well understood. The first phase of the pathophysiology of 

AP is the intra-acinar activation of trypsin (reviewed in (Singh & Garg, 2016; 

Gukovskaya et al., 2017; Gerasimenko et al., 2018)). This is followed by intra- and 

extra-pancreatic inflammation. The aetiology of AP is mainly associated with bile 

acids reflux due to gallstones and alcohol abuse (reviewed in (Pandol et al., 2007)). 

In addition, genetic factors such as mutations in the cationic trypsinogen gene can 

contribute to pancreatitis (Whitcomb et al., 1996). Recently a novel factor has been 

identified, asparaginase, a drug currently used in the treatment of acute 

lymphoblastic leukaemia (ALL) (Gerasimenko et al., 2018).  

1.6.1 Experimental pancreatitis 

Historically, AP has been described as “autodigestion” of the pancreas. This is 

associated with the premature conversion of trypsinogen to trypsin in acinar cells. 

Further research has shown that the disease depends of both acinar cell injury and 
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inflammatory response. Animal models of pancreatitis have been developed with the 

aim to investigate its pathophysiology and develop therapies. The classical in vivo 

models of AP involve administration of secretagogues (CCK or its analogue caerulein) 

(Lampel & Kern, 1977), bile acids (taurocholic acid-3-sulfate (TLC-S) or Na-

taurocholate) (Laukkarinen et al., 2007) or fatty acid ethyl esters (FAEE) (Huang et al., 

2014). Other models include arginine administration (Tani et al., 1990), choline-

deficient ethionine-supplemented (CDE) diet (Lombardi et al., 1975) and duct 

obstruction-ligation (Senninger et al., 1986). Both histological (oedema, 

inflammation, necrosis) and biochemical (serum amylase, markers of inflammation, 

pancreatic trypsin) parameters are evaluated when characterising experimental 

pancreatitis in in vivo models. 

In order to understand the cellular mechanism of AP pathophysiology, cellular ex vivo 

models are also extensively used. Acinar cells/clusters can be isolated by collagenase 

digestion, lobules can be isolated by micro-dissection. Isolated PACs can be 

maintained for short term culture, although they progressively lose their polarised 

phenotype and secretory capability. Hence, freshly isolated PACs are generally used, 

and they are used in this thesis. Alternatively, the rat acinar cell line AR42J can be 

used (Christophe, 1994), although it does not resemble all the PAC properties. In 

cellular ex vivo models of AP, PACs are exposed to supramaximal CCK stimulation 

(Williams et al., 1978; Leach et al., 1991; Saluja et al., 1997), to TLC-S (Voronina et al., 

2002a) or to FAEE (Criddle et al., 2004; Criddle et al., 2006; Wu et al., 2008; Dolai et 

al., 2012). Calcium signalling, zymogen activation, mitochondrial dysfunction and cell 
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death (by necrosis and apoptosis) are monitored when characterising experimental 

pancreatitis in cellular ex vivo models. 

Supramaximal stimulation, non-oxidative alcohol metabolites and bile acids empty 

the intracellular stores and activate SOCE pathways, provoking aberrant calcium 

signalling (Gerasimenko et al., 2009; Huang et al., 2014; Gerasimenko et al., 2018). 

Calcium overload inhibits mitochondrial ATP production. ATP depletion affects 

calcium pumps, further exacerbating the cytosolic calcium overload. Calcium 

overload and PMCA inhibition provoked by oxidative stress are associated with 

mitochondrial depolarisation and mitochondrial permeability transition pore (MPTP) 

opening (Bruce & Elliott, 2007; Baggaley et al., 2008). Mitochondrial dysfunction, 

mediated by the MPTP component cyclophilin D, induces ER stress and impairs 

autophagy (Biczo et al., 2018). 

In light of the role of aberrant calcium signalling in PAC injury, inhibitors of IP3Rs 

(Huang et al., 2017), SOCE (Gerasimenko et al., 2013; Wen et al., 2015) and MPTP 

opening (Mukherjee et al., 2016; Javed et al., 2018) have been tested and they 

reduced the severity of experimental pancreatitis. Other studies have identified a 

role for metabolism in PAC injury provoked by experimental pancreatitis. 

Interestingly, a switch to glycolytic metabolism induced by insulin resulted in 

protection of PACs from ATP depletion, calcium overload and necrosis (Mankad et 

al., 2012; Samad et al., 2014). Glycolytic ATP production was capable of supplying the 

PMCA, thus counteracting calcium overload. 
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Cytosolic and mitochondrial calcium overload also trigger vacuolisation, intracellular 

zymogen activation, oxidative stress, necrosis and apoptosis (although apoptosis is 

inhibited when ATP is depleted). In pancreatitis, apoptosis is considered protective 

compared to necrosis. Cell death by necrosis causes the release of nuclear proteins, 

DNA and ATP, which act as damage-associated molecular patterns (DAMPs) (Kang et 

al., 2014; Yu et al., 2014). Cell injury also triggers activation of the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (Gukovsky et al., 

1998) and release cytokines and chemokines by PACs (Gukovskaya et al., 1997; 

Blinman et al., 2000). Together, these signals trigger the innate immune response, 

inducing monocyte and neutrophil infiltration (Singh & Garg, 2016). Accumulating 

evidence highlight the role of inflammation in AP pathophysiology and severity 

(Aghdassi et al., 2018; Sendler et al., 2018). Another important factor is PDC damage, 

determining a defect in fluid and electrolyte secretion and an acidification of the 

luminal pH (Hegyi et al., 2011). Recent studies have also proposed calcium-induced 

nitric oxide production by PSCs as a mediator of PAC damage in pathological 

conditions (Gryshchenko et al., 2016; Gryshchenko et al., 2018). However, for the 

purpose of this thesis, focus will be on the intra-acinar events of AP pathogenesis, in 

particular trypsinogen activation, autophagy disruption and vacuolisation.  

1.6.2 Intra-acinar trypsinogen activation 

The premature activation of trypsinogen occurs within the PACs (Hofbauer et al., 

1998; Luthen et al., 1998). The auto-activation hypothesis suggests that zymogen 

accumulation in acidic vacuoles determines the auto-activation of trypsinogen and 

its conversion to trypsin. The co-localisation hypothesis states that trypsinogen 
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activation depends on the co-localisation of zymogens with lysosomal hydrolases (i.e. 

cathepsin B) (van Acker et al., 2006; Van Acker et al., 2007). This theory was 

supported by the observed shift of lysosomal hydrolases to the ZG-enriched 

subcellular fraction. Cathepsin B deficient mice injected with caerulein present less 

intracellular trypsinogen activation (Halangk et al., 2000); CI-MPR/IGFII deficient 

mice, where sorting of cathepsin B to the lysosomal compartment is inhibited, 

present enhanced trypsinogen activation following induction of experimental 

pancreatitis (Meister et al., 2010). However, cathepsin B missorting was not sufficient 

to trigger trypsinogen activation in the absence of stimulation. The co-localising 

vacuoles where cathepsin B activates trypsinogen would then become fragile and 

rupture, releasing their content (i.e. active trypsin and cathepsin B) into the cytosol 

(van Acker et al., 2006; Talukdar et al., 2016). Cathepsin B-mediated trypsinogen 

activation was responsible for induction of apoptosis via caspase 3 (Sendler et al., 

2016). 

Controversially, in a recent study cathepsin B staining was increased in caerulein-

treated mice compared to controls, and it localised at autophagosomes and 

autolysosomes rather than in ZGs (Zhang et al., 2014). Differently, cathepsin D 

staining was decreased in caerulein-treated mice, and was found in autophagosomes 

but not autolysosomes. Also, whereas immunoblotting showed an increase in 

cathepsin B mature form, cathepsin D mature form was reduced in caerulein-treated 

mice. The cathepsin missorting theory has thus been challenged and replaced by the 

concept of maturation impairment and consequent dysfunction (Gukovsky et al., 

2012). 
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1.6.3 Autophagy in pancreatitis 

An alternative theory for trypsinogen activation is the autophagy theory (Ohmuraya 

& Yamamura, 2008). Autophagy is activated in PACs following supramaximal 

stimulation with calcium-releasing agonists (Hashimoto et al., 2008; Mareninova et 

al., 2009). Induction of pancreatitis determines formation of larger vacuoles and 

prolonged LC3-II accumulation compared to starvation. Experimental AP is 

accompanied by autophagic flux disruption due to defective lysosomal degradation 

(Hashimoto et al., 2008; Mareninova et al., 2009). AP stimuli do not prevent 

autophagosome-lysosome fusion, but affect lysosomal function causing inefficient 

degradation of long-lived proteins. Lysosomal dysfunction is associated with 

improper maturation/activity of lysosomal hydrolases and targeting/function of 

LAMP proteins. Indeed, cathepsin processing is impaired and LAMP1 and LAMP2 

levels are decreased in experimental pancreatitis (Gukovsky et al., 2012; Zhang et al., 

2014). Moreover, Lamp2 knock-out (KO) mice present pancreatic injury and 

accumulate large autophagic vacuoles, developing spontaneous pancreatitis 

(Mareninova et al., 2015). These results demonstrate that lysosomal dysfunction is 

associated with pancreatitis pathophysiology. Controversially, previous studies 

reported that inhibiting autophagy activation (genetically or pharmacologically) 

reduced the severity of experimental pancreatitis (Gukovsky et al., 2012). 

Nevertheless, defective autophagy produced by Atg5 or Atg7 KO provokes 

spontaneous pancreatitis (Diakopoulos et al., 2015; Zhou et al., 2017). These results 

indicate that autophagy is required for PAC homeostasis, but it becomes activated 

and its function disrupted in pancreatitis. 
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A selective autophagic pathway has also been detected in PACs, called zymophagy. 

Zymophagy is mediated by vacuolar membrane protein 1 (VMP1), a transmembrane 

protein that determines the ubiquitination and labelling for autophagy of ZGs 

(Ropolo et al., 2007). This process could represent a protective mechanism that 

mediates the degradation of pathologically activated zymogens. 70% of VMP1-

positive autophagosomes contained ZGs in caerulein-treated ElaI-VMP1 mice, 

against 20% in controls (Grasso et al., 2011; Vaccaro, 2012). However, activation of 

VMP1 had longer kinetics than vacuole formation and trypsinogen activation 

(Sherwood et al., 2007; Vaccaro, 2012), so it cannot constitute a protection from 

these early events. 

1.6.4 Endocytic vacuoles are the site of trypsinogen activation 

Cytoplasmic vacuoles are a common feature of experimental pancreatitis (Niederau 

& Grendell, 1988; Raraty et al., 2000) and exist in two populations, endocytic and 

non-endocytic vacuoles (Voronina et al., 2007). Calcium-releasing agonists (CCK and 

TLC-S) induce vacuole formation and trypsin activation, and this is sustained by SOCE 

for refilling intracellular calcium stores and mediate the calcium plateau (Voronina et 

al., 2015). A study from our laboratory showed that intracellular trypsinogen 

activation occurred within the EVs (Sherwood et al., 2007). The acidic pH inside EVs 

is appropriate to permit activation of trypsinogen (via auto-activation or by co-

localising lysosomal hydrolases). Alternatively, EVs could uptake active trypsin from 

the acinar lumen, thus mediating activation of inactive trypsinogen. In a more recent 

study, our laboratory reported that EVs could rupture and leak their contents into 
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the cytosol (Chvanov et al., 2018). This means that active trypsin could also be 

released from these organelles, thus triggering cell damage.  
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1.7 Aims 

Transgenic mice conditionally expressing endogenously activated trypsinogen in 

PACs develop AP (Gaiser et al., 2011). Trypsinogen activation is thus an early 

pathogenic event in AP. EVs are the activating site of trypsinogen in cellular models 

of experimental pancreatitis (Sherwood et al., 2007). Active trypsin might leak from 

ruptured EVs into the cytosol (Chvanov et al., 2018), thus provoking PAC damage. 

Currently, the cellular mechanisms of EV processing are largely unknown. This 

became the focus of our study. Early in the project I observed the presence of F-actin 

and autophagy marker LC3 on some EVs. These observations formed the foundation 

of my study and helped to specify its aim and objectives. 

The overarching aim of this study is to characterise the cellular processing of the 

EVs and how this might be disrupted in pathological conditions. Specific objectives 

of the study are: 

1) To determine the cellular mechanisms of interaction between EVs and 

autophagic pathways. 

2) To characterise the mechanisms involved in F-actin appearance on the surface of 

EVs (i.e. the mechanisms of EV actination). 

3) To elucidate the relationships between autophagy and actination of EVs. 

4) To characterise the pH properties of EVs at different stages of their development. 
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2 Material and Methods  
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2.1 Materials 

2.1.1 Reagents and suppliers 

The suppliers of reagents and equipment will be indicated throughout this chapter; 

when omitted, chemicals were purchased from Sigma-Aldrich. Suppliers’ locations 

are alphabetically listed in Table 2.1: 

Table 2.1 Suppliers used in this study 

Supplier Location 

Abcam Cambridge, UK 

Agar Scientific Stansted, Essex, UK 

Atlas Antibodies Bromma, Sweden 

Aurion Wageningen, The Netherlands 

Becton, Dickinson and Company (BD) Franklin Lakes, New Jersey, USA 

Bio-Rad Laboratories Hercules, California, USA 

Bio-Techne Minneapolis, Minnesota, USA 

Cayman Chemical Company Ann Arbor, Michigan, USA 

Charles River Margate, Kent, UK 

Cyandye LLC Sunny Isles Beach, Florida, USA 

FEI Hillsboro, Oregon, USA 

Ibidi Martinsried, Germany 

Jackson Laboratory Bar Harbor, Maine, USA 

Leica Microsystems Wetzlar, Germany 

MatTek Corporation Ashland, Massachusetts, USA 

MBL International Corporation Woburn, Massachusetts, USA 

Merck Darmstadt, Germany 

Riken Tokyo, Japan 

Sigma-Aldrich St Louis, Missouri, USA 

Spirochrome Stein and Rhein, Switzerland 

Stratech Newmarket, UK 

TAAB Reading, UK 

Ted Pella Inc. Redding, California, USA 

Thermo Fisher Scientific Waltham, Massachusetts, USA 

Vector Biolabs Malvern, Pennsylvania, USA 

Zeiss Oberkochen, Germany 
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2.1.2 Solutions 

All solutions were freshly prepared with double deionised water (ddH2O).  

Table 2.2 Solutions used in this study 

Extracellular solution 

140 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl2, 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 10 mM D-glucose, 1.2 mM CaCl2, pH 7.3 

PAC culture media 

130 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl2, 10 mM HEPES, 10 mM D-glucose, 1 mM CaCl2, 

1 mM Na3PO4, 2 mM pyruvate, Penicillin-Streptomycin-Glutamine 1X (Thermo Fisher 

Scientific), Minimum Essential Medium (MEM) amino acids 1X (Thermo Fisher Scientific), 

1 µM trypsin inhibitor from Glycine max (soybean), pH 7.4 

Phosphate buffered saline (PBS) 

137 mM NaCl, 2.7 mM KCl, 10 mM NaH2PO4, pH 7.4 

Phosphate buffered saline-Tween (PBST) 

PBS, 0.05% (v/v) Tween-20 (Thermo Fisher Scientific) 

Blocking buffer for immunofluorescence staining 

PBS, 10% (v/v) goat serum, 1% (w/v) bovine serum albumin (BSA) 

Primary antibody solution buffer for immunofluorescence staining 

PBS, 5% (v/v) goat serum, 0.1% (v/v) acetylated BSA (Aurion) 

Reduced osmium staining for electron microscopy 

2% (v/v) OsO4, 1.5% (v/v) potassium ferrocyanide in ddH2O 

Walton’s Lead Aspartate 

0.02 M lead nitrate, 0.03 M aspartic acid, pH 5.5 

Cell lysis buffer 

RIPA buffer, 2 mM EDTA, Protease Inhibitor Cocktail (1.04 mM AEBSF, 800 nM Aprotinin, 

40 μM Bestatin, 14 μM E-64, 20 μM Leupeptin and 15 μM Pepstatin A) 

Sodium dodecyl sulphate (SDS) loading buffer (4X) 

250 mM Tris-HCl (pH 6.8), 8% (w/v) SDS, 0.2% (w/v) bromophenol blue, 40% (v/v) glycerol, 

20% (v/v) β-mercaptoethanol 

Transfer buffer for Western blot 

25 mM Tris-HCl (pH 8.3), 192 mM glycine, 20% (v/v) methanol 

Blocking buffer for Western blot 

PBS-T, 5% (w/v) BSA 
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2.2 Animals 

Animals were housed in the Biomedical Services Unit (BSU) at the University of 

Liverpool, which is a Specific-Pathogen-Free (SPF) unit. Animals had ad libitum access 

to food and water. Male CD1 mice, aged 5-8 weeks, were obtained from Charles 

River. B6.Tg-(CAG-Map1lc3bEGFP)53 mice (hereafter referred to as GFP-LC3) were 

obtained from Riken (RBRC00806) and bred in the BSU. Tg(Cela1-cre/ERT)1Lgdn mice 

(hereafter referred to as CelaCreERT) were obtained from Jackson Laboratory 

(025736). B6.129S-Atg5tmMyok mice (hereafter referred to as Atg5flox/flox) were 

obtained from Riken (RBRC02975). These two strains were interbred by the BSU staff 

to generate compound mutant Atg5flox/flox;CelaCreERT+/- mice, while 

Atg5flox/flox;CelaCreERT-/- mice were used as control for these experiments (Figure 

2.1). E230 mice were provided by Professor Ulrike Mayer and Professor Thomas 

Wileman (University of East Anglia, UK). Both female and male mice of the listed 

transgenic strains were used. Animals were sacrificed by the Schedule 1 method of 

cervical dislocation, in accordance with the Animal (Scientific Procedures) Act 1986 

(ASPA) and with approval by the University of Liverpool Animal Welfare Committee 

and Ethical Review Body (AWERB).   
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Figure 2.1 Breeding steps to generate compound mutant Atg5flox/flox;CelaCreERT+/- and 

Atg5flox/flox;CelaCreERT-/- mice.  
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2.2.1 Conditional inducible knock-out of Atg5 

The Cre-Lox recombination technology is widely used for genetic manipulation. 

Briefly, it involves recognition of two 34 bp sequences, termed loxP sites, by the Cre 

enzyme, which recombines and splices out the sequence between the loxP sites 

(Sauer & Henderson, 1988). For KO purposes, the target gene is to be placed between 

two loxP sites. The so-called floxed gene will be excised by Cre recombinase. When 

the Cre gene is placed under a tissue-specific promoter, conditional KO of the target 

gene can be generated in a tissue of interest (Orban et al., 1992). A further evolution 

of the technology involves ligand-dependent Cre enzymes, which have been 

modified to be inactive until bound to an activating ligand. This is the case of CreERT, 

which is a fusion protein with mutated human estrogen receptor, sensitive to 

tamoxifen but not to endogenous estrogens (Feil et al., 1996). This recombinase is 

only able to translocate to the nucleus and recombine floxed sequences when bound 

to 4-hydroxytamoxifen, the active metabolite of tamoxifen. Therefore, KO of the 

target gene can be induced at a desired time by administration of tamoxifen (Figure 

2.2 A). In this study, inducible KO of Atg5 was carried out in Atg5flox/flox;CelaCreERT+/- 

mice, while Atg5flox/flox;CelaCreERT-/- mice were used as controls (Figure 2.2 B,C). 

Because CreERT is located under the chymotrypsin-like elastase family, member 1 

(cela1) promoter, it is expressed specifically in PACs. However, as explained above, 

CreERT only becomes active following tamoxifen administration. The protocol was 

optimised and performed by Doctor Michael Chvanov and consisted of 7 daily doses 

of a mixture of tamoxifen and hydroxytamoxifen (1 mg / 10 g body weight) by oral 

gavage.  
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Figure 2.2 Mechanism of CreERT-mediated recombination. A) CreERT expressed under a 

tissue-specific promoter is activated by tamoxifen. B) In Atg5flox/flox;CelaCreERT+/- mice, CreERT 

is expressed in PACs under the elastase promoter, and following tamoxifen administration, 

it recombines floxed Atg5 in PACs. C) In Atg5flox/flox;CelaCreERT-/- mice, CreERT is not 

expressed, therefore tamoxifen administration does not trigger Atg5 recombination.  
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2.3 Primary pancreatic acinar cell isolation 

Pancreata were excised from sacrificed animals by dissection and rinsed thoroughly 

in warm extracellular solution (Section 2.1.2) before injection with warm collagenase 

(0.14-0.16 mg/mL final concentration). The isolated tissue was then incubated at 

36.5°C in a shaking water bath to facilitate digestion of the connective tissue. 

Incubation times varied from 18 to 25 minutes, to optimise the protocol for different 

batches of collagenase, and varying pancreas size (smaller in the transgenic mice 

utilised in this study, having C57BL/6J background). Collagenase activity was 

quenched by transferring the pancreatic tissue to a tube with extracellular solution. 

After discarding the excess solution, 2-3 mL of extracellular solution were added to 

the tube, which was shaken to release the cells. The solution containing released cells 

was transferred to a second tube. This process was repeated four times to ensure 

maximum recovery of cells. Released cells were centrifuged for 2 minutes at 500 rpm 

at room temperature (RT). The supernatant containing dead cells and debris was 

discarded, and the pellet was resuspended in 3-4 mL of extracellular solution. After 

pipetting to break down big clusters, the cell suspension was filtered through a 100 

µm nylon mesh cell strainer (Thermo Fisher Scientific). The strained suspension was 

further centrifuged (2 minutes at 500 rpm at RT) and washed with extracellular 

solution for two more times. Isolated cells were kept in extracellular solution and, 

after approximately 30 minutes to allow for recovery from isolation, were used for 

up to 6 hours, unless cultured overnight (Section 2.5). For all experiments, cells were 

seeded on poly-L-Lysine (PLL) coated glass-bottom 35 mm dishes, with gridded 

coverslip for correlative experiments (MatTek Corporation). Dishes had previously 

been coated with PLL to facilitate the adhesion of the cells.  
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2.4 Labelling endocytic vacuoles 

Secretion was stimulated with cholecystokinin fragment 26-33 (CCK-8, hereafter 

referred to as CCK) at 34.5°C, at concentrations indicated in the Results Chapters. In 

order to label EVs, cell impermeant fluorescent indicators were added to the 

extracellular solution at the time of stimulation of exocytosis. Because they are cell 

impermeant, these compounds will only enter the cell via endocytosis, which occurs 

as a mechanism of compensatory membrane retrieval, and will therefore be retained 

in endocytic organelles. Lucifer Yellow Lithium Salt (LY, Thermo Fisher Scientific) and 

disulfo-Cy5 carboxylic acid (Cy5, Cyandye LLC) have similar molecular weight (MW) 

of approximately 0.5 kDa. LY was added at a final concentration of 1 mM, Cy5 was 

added at a final concentration of 0.5 mM. Dextrans are polysaccharides of glucose 

(termed glucans) with cell impermeable property. Thermo Fisher Scientific offer a 

wide range of dextrans of different MW, conjugated to different fluorescent 

indicators. The number of dye moieties per dextran molecule is 0.5 to 1 in the 3 kDa 

range, 1 to 2 in the 10 kDa range. Table 2.3 summarises the dextran conjugates 

utilised in the study, specifying the final concentration of dextran and the estimated 

concentration of dye. The choice of different indicators was made in order to allow 

their use in combination with other fluorescent probes and/or with GFP-LC3, based 

on their excitation (Ex) and emission (Em) spectra. 

2.4.1  pH measurements in endocytic vacuoles  

For pH measurements in EVs, a combination of a pH sensitive and a pH insensitive 

dextran was used. Fluorescein isothiocyanate (FITC) decreases its fluorescence upon 

acidification. pHrodo™ Red increases its fluorescence upon acidification. Texas Red 
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and Alexa Fluor™ 647 are considered stable at different pH. CD1 PACs were 

stimulated with CCK at 34.5°C in presence of FITC and Texas Red dextran (Table 2.3). 

SiR-Actin stained (Section 2.6) CD1 PACs were stimulated with CCK at 34.5°C in 

presence of FITC and Texas Red dextran (Table 2.3). GFP-LC3 PACs were stimulated 

with CCK at 34.5°C in presence of pHrodo™ Red and Alexa Fluor™ 647 dextran (Table 

2.3). At the end of each experiment, the extracellular solution was perfused with 10 

µM nigericin solutions which had been adjusted at pH 7.1 and 5.5 with KOH. The 

same EVs were imaged at both pH 7.1 and 5.5 to obtain calibration values (Section 

2.13). 

Table 2.3 Fluorescently-labelled dextrans (Thermo Fisher Scientific) 

Dextran conjugate 
MW 

(kDa) 

Ex/Em 

(nm) 

Final 

concentration of 

dextran 

Estimated minimum 

concentration of 

indicator 

Dextran, Texas Red™, 

Neutral (D3329) 
3 595/615 333 µM 167 µM 

Dextran, Texas Red™, 

Lysine Fixable (D3328) 
3 595/615 333 µM 167 µM 

Dextran, Alexa Fluor™ 

647, Anionic, Fixable 

(D22914) 

10 650/668 50 µM 50 µM 

Dextran, Lucifer 

Yellow, Anionic, 

Lysine Fixable (D1825) 

10 425/528 250 µM 250 µM 

Dextran, Fluorescein, 

Anionic (D1821) 
10 494/521 250 µM 250 µM 

Dextran, Fluorescein, 

Anionic, Lysine Fixable 

(D1820) 

10 494/521 250 µM 250 µM 

pHrodo™ Red Dextran 

(P10361) 
10 560/585 250 µM 250 µM 
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2.5 Adenoviral transfection 

Under sterile conditions, cells were seeded on PLL-coated glass-bottom 35 mm 

dishes, and transferred into sterile-filtered culture medium (Section 2.1.2). 

Adenoviral vectors were added at indicated concentrations (Table 2.4) and incubated 

at 35°C for 12-16 hours. After this time, the adenoviral vectors and culture medium 

were washed off and cells were bathed in extracellular solution (Section 2.1.2) to 

perform experiments. 

Table 2.4 Adenoviral vectors 

Vector 
Supplier Ex/Em 

(of expressed protein) 
Final concentration 

LifeAct-tagRFP Ibidi 555/584 1 x 107 PFU/ml 

LC3A-mCherry Vector Biolabs 587/610 4 x 107 PFU/ml 

LC3A-eYFP Vector Biolabs 513/527 4 x 107 PFU/ml 

 

 

2.6 Staining the actin cytoskeleton 

To label actin filaments, PACs were incubated for 1 hour at 34.5°C in the presence of 

1 µM SiR-Actin and 10 µM verapamil (Spirochrome). Cells were then washed with 

extracellular solution and utilised for experiments. SiR-Actin is a jasplakinolide 

analogue that binds actin filaments. The use of verapamil is advised by the supplier 

to enhance staining efficiency by inhibiting efflux pumps. Being aware that verapamil 

is also a calcium-channel inhibitor, we verified that this concentration did not cause 

side effects in our experiments.  
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2.7 Disruption of the autophagic pathway 

GFP-LC3 PACs or E230 PACs transfected with LC3A-mCherry or LC3A-eYFP adenoviral 

vectors were utilised to investigate the interaction of autophagic proteins with EVs. 

Table 2.5 summarises the autophagy inhibitors applied for indicated pre-incubation 

times at indicated concentrations and compared to appropriate vehicle control 

(specified in the Results Chapter). The conditions (concentration and pre-incubation) 

were based on the literature for established inhibitors, or optimised for PACs with 

preliminary experiments. 

Table 2.5 Drugs to disrupt the autophagic pathway 

Drug Supplier Concentration Pre-incubation 

Bafilomycin A1 Bio-Techne 100 nM 30 min 

Concanamycin A Bio-Techne 100 nM 30 min 

Monensin Bio-Techne 10 µM 60 min 

Chloroquine Sigma-Aldrich 1 mM 60 min 

Nigericin Sigma-Aldrich 1 µM 30 min 

MRT67307 Bio-Techne 10 µM 60 min 

MRT68921 Stratech 1 µM 60 min 

SAR405 Cayman Chemical 1 µM 30 min 

LY294002 Bio-Techne 20 µM 30 min 

Wortmannin Bio-Techne 20 µM 30 min 

YM201636 Stratech 100 nM 30 min 
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2.8 Disruption of the actin cytoskeleton 

SiR-Actin-stained PACs or LifeAct-tagRFP transfected PACs were utilised to study the 

interaction of actin filaments and EVs. Table 2.6 summarises the actin disruptors 

applied for indicated pre-incubation times at indicated concentrations and compared 

to appropriate vehicle control (specified in the Results Chapter). The conditions 

(concentration and pre-incubation) were based on the literature for established 

inhibitors, or optimised for PACs with preliminary experiments. 

Table 2.6 Drugs to disrupt the actin cytoskeleton 

Drug Supplier Concentration Pre-incubation 

Latrunculin A Abcam 10 µM 30 min 

Latrunculin B Abcam 10 µM 30 min 

Jasplakinolide Bio-Techne 1 µM 30 min 

CK-666 Merck 500 µM 60 min 

CK-869 Bio-Techne 250 µM 60 min 

SMIFH2 Merck 50 µM 60 min 

Rhosin Merck 30 µM 60 min 

Y27632 Bio-Techne 50 µM 60 min 

GSK429286 Bio-Techne 10 µM 60 min 

(-)Blebbistatin Bio-Techne 50 µM 60 min 

Aza1 Bio-Techne 60 µM 60 min 

ML141 Bio-Techne 10 µM 30 min 

Rac1 Inhibitor II Merck 100 µM 30 min 
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2.9 Immunofluorescence 

PACs were fixed in 4% paraformaldehyde (PFA, Agar Scientific) for 10-15 minutes at 

RT or 1.8% PFA for 48 hours at 4°C. Cells were then washed three times for 3 minutes 

in PBS and permeabilised in 0.2% Triton-X 100 for 5 minutes at RT. After two 3 minute 

washes in PBS,  blocking solution (Section 2.1.2) was added for 1 hour at RT. Cells 

were  then incubated in primary antibody dissolved in primary antibody solution 

(Section 2.1.2) at indicated concentrations (Table 2.7) for 1 hour at RT. After further 

three 3 minute PBS washing steps, secondary antibody (indicated dilutions in Table 

2.8) was added for 30 minutes at RT. After three washes in PBS for 3 minutes, samples 

were stored at 4°C in 0.02% sodium azide. 

Table 2.7 Primary antibodies used in immunofluorescence 

Antigen (host) Supplier (catalogue number) Dilution 

ATP6V0A1 (rabbit) Abcam (ab176858) 1:100 

LAMP1 (mouse) Cayman Chemical (10011443) 1:400 

P34-ARC/ARPC2 (rabbit) Merck (07-227) 1:200 

WASH1 (rabbit) Atlas Antibodies (HPA002689) 1:100 

N-WASP (rabbit) Abcam (ab126626) 1:200 

FMNL2 (rabbit) Sigma-Aldrich (SAB2100828) 1:100 

mDia1 (mouse) BD (610848) 1:100 

ATG5 (rabbit) Abcam (ab108327) 1:100 

ATG16L1 (rabbit) MBL International Corporation (PM040) 1:100 

 

Table 2.8 Secondary antibodies used in immunofluorescence 

Antigen (host) Supplier (catalogue number) Dilution 

Mouse IgG (H+L)–Alexa Fluor™ 647 

(goat) 

Thermo Fisher Scientific (A-

21235) 
1:500 

Rabbit IgG (H+L)–Alexa Fluor™ 647 

(goat) 

Thermo Fisher Scientific (A-

21244) 
1:500 
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2.10 Confocal microscopy 

Confocal microscopy was performed on the following setups: TCS SL and SP2 AOBS 

(Leica Microsystems), LSM 510 and LSM 710 (Zeiss). The following objectives were 

used: 63X 1.4 numerical aperture (NA) oil-immersion (Leica TCS SL, Leica SP2 AOBS, 

Zeiss LSM 710) and 63X 1.4 NA water-immersion (Zeiss LSM 510). Live cell imaging 

experiments on Leica TCS SL and Zeiss LSM 710 were performed at 34.5°C, as these 

systems are equipped with temperature control units. Z-stack images were acquired 

with a 1 µm distance between slices. The pinhole was 1.8 airy units. Table 2.9 

summarises the laser lines used for excitation and the detection ranges used for 

emission for the fluorescent indicators/proteins used in this study. When 

fluorophores had partially overlapping spectra, images were acquired sequentially. 

Laser power, detector gain and other settings (zoom, averaging) were maintained 

constant throughout experiments of the same type. 

Table 2.9 Settings for excitation of fluorescence and detection of emission 

Fluorescent 

indicator/protein 
Laser line for Ex (nm) Detection range for Em (nm) 

LY 458 500-565 

GFP 488 500-530 

FITC 488 500-560 

eYFP 488 500-560 

pHrodo™ Red 514 550-600 

RFP 543 550-600 

Texas Red 543 560-630 

mCherry 543 550-600 

Cy5 633 650-750 

Alexa Fluor™ 647 633 650-750 

SiR-Actin 633 650-750 
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2.11 Correlative Light and Electron Microscopy 

GFP-LC3 PACs were seeded on PLL-coated gridded dishes and stimulated with 500 

pM CCK in presence of Texas Red dextran at 34.5°C. After washing CCK and dextran 

with extracellular solution, cells were imaged on Leica TCS SL at 34.5°C. Z-stack 

images were acquired as described (see Section 2.10). The position of cell clusters on 

the grid was manually annotated. The samples were then processed for transmission 

electron microscopy (TEM). 

2.11.1 Transmission electron microscopy 

Samples were washed two times in 0.1 M PBS pH 7.4. Fixation of aldehyde groups in 

2.5% glutaraldehyde was performed with 60 seconds on - 60 seconds off - 60 seconds 

on vacuum cycles in a Pelco BioWave® Pro (Ted Pella Inc.). Samples were then 

washed in 0.1 M PBS three times for 5 minutes. The same BioWave® protocol, 

consisting of 20 seconds on - 20 seconds off -20 seconds on - 20 seconds off vacuum 

cycles, was adopted for all the following staining steps. All the staining solutions were 

used immediately after preparation and filtered directly onto the Petri dish with 0.22 

µm filters to avoid precipitates. The reduced osmium staining (Section 2.1.2), 

facilitating fixation of lipids, was followed by five 3 minute washes in ddH2O. Samples 

were forward processed to mordant staining (1% (w/v) thiocarbohydrazide (TCH)), 

followed by five 3 minute washes in ddH2O. At this point, a second osmium staining 

(2% (v/v) OsO4 in ddH2O) was performed, followed by three 5 minute washes in 

ddH2O. Utilising a standard double contrast method, samples were stained with 1% 

(v/v) uranyl acetate, followed by three 5 minute washes in ddH2O, and with Walton’s 

Lead Aspartate (Section 2.1.2), also followed by three 5 minute washes in ddH2O. The 
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samples were then dehydrated in ethanol gradient (30, 50, 70, 90% (v/v)) for 5 

minutes each and two times for 3 minutes in 100% ethanol, on ice. Samples were 

then infiltrated in hard resin (TAAB): 1:1 resin:EtOH for 30 minutes and 100% resin 

two times for 30 minutes. Samples were embedded in 2.5 mL of resin at 60°C for 16 

hours. For TEM, 70-74 nm serial sections were cut on a microtome (Leica 

Microsystems) and transferred onto Butvar (0.25% (v/v) in chloroform, TAAB) plastic-

covered Gilder 200 hexagonal copper grids (GG017/C, TAAB). Images were acquired 

on a 120 kV Tecnai G2 Spirit BioTWIN (FEI). Images were then compared to the z-

stacks confocal images for correlation (Figure 2.3).  
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Figure 2.3 Correlative light and electron microscopy workflow.  
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2.12 Western blotting 

Pancreata were homogenised and lysed in lysis buffer (Section 2.1.2) for 30 min at 

4°C, then centrifuged for 10 min at 13000 g at 4°C. The supernatants were collected 

and stored at -80°C. Protein concentration was determined by Pierce bicinchoninic 

acid (BCA) protein assay (Thermo Fisher Scientific), using BSA standards of known 

concentration to obtain a calibration curve. 100 µg of protein per lane were 

separated by SDS-PAGE in 4-12% Bis-Tris gradient gels (Thermo Fisher Scientific), with 

SeeBlue™ Plus2 Pre-stained Protein Standard (Thermo Fisher Scientific), in MOPS 

running buffer (Thermo Fisher Scientific) at 160 V for approximately 70 minutes. 

Proteins were transferred to 0.45 µm nitrocellulose membrane (Thermo Fisher 

Scientific) in transfer buffer (Section 2.1.2) at 100 V for 1 hour. Membranes were 

blocked in blocking solution (Section 2.1.2) for 1 hour at RT with agitation, and then 

incubated with primary antibody diluted at indicated concentration (Table 2.10) in 

blocking solution overnight at 4°C with agitation. The membrane was then washed 

with PBST for 5 minutes and two times with PBS for 5 minutes at RT. It was then 

incubated with secondary antibody diluted at indicated concentrations (Table 2.11) 

in blocking solution for 1 hour at RT with agitation. The same washing steps were 

then repeated. At this point, equal volumes of enhanced chemiluminescence (ECL) A 

and ECL B solutions (Thermo Fisher Scientific) were added to cover the membrane 

and incubated for 2-3 minutes. Chemiluminescent signals were detected on a 

ChemiDoc XRS+ imaging system (Bio-Rad Laboratories).   



72 
 

Table 2.10 Primary antibodies used in western blot analysis 

Antigen (host) Supplier (catalog number) Dilution 

ATG5 (rabbit) Bio-Techne (NB110-53818) 1:500 

Calnexin (rabbit) Abcam (ab22595) 1:1000 

 

Table 2.11 Secondary antibody used in western blot analysis 

Antigen (host) Supplier (catalog number) Dilution 

Rabbit IgG (whole molecule) Peroxidase 

antibody (goat) 
Sigma-Aldrich (A6154) 1:1000 
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2.13 Image processing and data analysis 

Images were processed on the following software packages: Leica AF Lite, LSM Image 

Browser, Zen Lite, and ImageJ. For presentation purposes, linear adjustments of 

brightness and contrast were performed in ImageJ. Full size images with appropriate 

scale bars are shown, cropped fragments are clearly stated. Quantitative analysis was 

carried out on raw, unprocessed images. EVs (Section 2.4) were manually counted. 

Densitometry analysis of unsaturated Western blot images (Section 2.12) was carried 

out in ImageJ. Ratiometric pH measurement analysis (Section 2.4.1) was carried out 

in Leica AF Lite software. Regions of interest were drawn around each EV. Here, the 

ratio of the maximum fluorescence intensity of pH sensitive dextran (FITC or pHrodo 

Red) by pH insensitive dextran (Texas Red or Alexa Fluor™ 647) was calculated. The 

values obtained for EVs imaged at pH 7.1 and pH 5.5 were used to generate a 

calibration curve. The pH in EVs was calculated interpolating the dextran 

fluorescence intensity ratios to the calibration curve. As advised by Doctor David 

Mason, a macro was created for ImageJ to allow for semi-automated processing of 

GFP-LC3 fluorescence hotspots. The cytoplasm area was calculated by the pixels 

highlighted by a mask obtained by Huang method of thresholding (Huang & Wang, 

1995). The area occupied by GFP-LC3 fluorescence hotspots was determined by the 

pixels highlighted by a mask obtained by Maximum Entropy thresholding, followed 

by a particle restriction limit of 10-Infinity pixels. The percentage of the area occupied 

by hotspots divided by the cytoplasm area was calculated (Figure 2.4).  
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Figure 2.4 Semi-automated analysis of GFP-LC3 hotspots. The raw image (top left panel) is 

processed with the Huang method of thresholding to obtain a footprint of the cells (CytoArea 

Mask, bottom left panel). The raw image is also processed with the Maximum Entropy 

method of thresholding to highlight GFP-LC3 fluorescence hotspots (SpotArea Mask, top 

right panel). The percentage of the area occupied by the SpotArea to the CytoArea indicates 

the percentage of the cytoplasm occupied by GFP-LC3 fluorescence hotspots.  
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Experiments were repeated in N biological replicates (i.e. mice), each including n 

cells; N and n values are indicated throughout the Results Chapters. Since we were 

interested in intracellular events, individual cells (n) rather than animals (N) were 

considered the subject of statistics. Statistical analysis and graph generation were 

performed in R (http://www.r-project.org/). Firstly, data were tested for normality 

with Shapiro-Wilk test. Normal data are presented as bar graphs, where error bars 

represent standard error of the mean (SEM). Unpaired or paired t tests were used to 

compare two groups of independent or dependent observations, respectively. One-

way analysis of variance (ANOVA) test was used to compare multiple groups of 

independent observations. When ANOVA was significant, post-hoc analysis was 

carried out to determine which groups differed. Depending on the assumptions of 

the experiment, Dunnett’s test was used to compare individual groups to control, 

whilst Tukey’s test was used for pairwise multiple comparisons. Data not following 

normal distribution are presented as box and whisker plots. The ends of the box 

represent first and third quartiles, the thick line represents the median. The top 

whisker represents the highest value equal or below the third quartile plus 1.5 times 

the inter-quartile range (IQR). Likewise, the bottom whisker represents the lowest 

value equal or above the first quartile minus 1.5 times the IQR. When data 

distribution was extremely skewed, meaning that whiskers, quartiles and median 

would fall on the same value, data are presented as dot plots. This format allows 

clear visualisation of the raw data and I feel that it represents the best way to present 

my data. Non parametric statistics were used for non-normal data. The Wilcoxon-

Mann-Whitney test was used to compare two groups of independent observations. 

The Kruskal-Wallis rank sum test was used to compare multiple groups of 
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independent observations. Data was forward processed to a Dunn test for post-hoc 

analysis, to compare individual groups to control, with p-values adjusted with the 

Bonferroni method.  



77 
 

3 Investigating autophagy of endocytic vacuoles 
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3.1 Introduction 

This chapter will address the interaction between EVs and autophagy in PACs. EVs 

are induced by AP stimuli and represent the acidified compartment where premature 

trypsinogen activation occurs (Sherwood et al., 2007). AP stimuli also trigger 

upregulation of autophagy, and formation of autophagic vacuoles (AVs) is a hallmark 

of both ex vivo and in vivo models of AP (Hashimoto et al., 2008; Mareninova et al., 

2009). In electron microscopy (EM) sections, PACs presented two types of AVs: initial 

(referred to as AVi), containing sequestered material, and late degradative (referred 

to as AVd), containing partially degraded cargo (Mareninova et al., 2009). Some of 

these vacuoles contained ZGs. The authors reported co-localisation of LC3 with 

amylase in a ZG-enriched subcellular fraction. This result further supported the 

evidence that AVs can engulf ZGs. It was suggested that the presence of ZGs in AVs is 

the consequence of a selective autophagic pathway, referred to as zymophagy, 

acting as a protective mechanism of clearance of ZGs containing active digestive 

enzymes (Vaccaro, 2012). Since EVs originate following compound exocytosis of ZGs, 

it is possible that they are also targeted by selective autophagy. Interaction of 

endocytic and autophagic pathways in the exocrine pancreas has been previously 

reported (Tooze et al., 1990). This study focused on intracisternal granules (ICGs) that 

form in guinea pig PACs. ICGs represent aggregates of digestive enzymes and 

proenzymes, developing in the RER lumen, and they are processed by autophagy. The 

study reports three classes of autophagic organelles, which they refer to as 

phagophores, Type I AVs and Type II AVs, based on EM analysis and histochemical 

markers. Type I and Type II AVs also contained endocytosed material (having 

incubated the pancreatic lobules with horseradish peroxidase (HRP)).  
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The endocytic and autophagic pathways converge in different processes and cell 

types, as schematised in Figure 3.1. Double-membrane autophagosomes and single-

membrane endosomes can fuse forming single-membrane amphisomes (Gordon & 

Seglen, 1988), a phenomenon originally characterised in rat hepatocytes (Liou et al., 

1997; Berg et al., 1998). Endocytosed tracer co-localised with AVs, which were 

classified into three categories: initial (AVi), intermediate (AVi/d) and degradative 

(AVd); the percentage of endocytosed tracer localised in AVd (rather than AVi) 

increased with time (Liou et al., 1997). Both vesicular endosomes and multivesicular 

endosomes could fuse to AVs at all stages, with a preference for AVi and AVi/d. 

Autophagy machinery and endosomes are also associated with secretory pathways, 

playing an important role in the intestine, both in goblet cells (secreting mucus) and 

Paneth cells (secreting antimicrobial peptides and lysozyme) (Patel et al., 2013; Bel 

et al., 2017). Furthermore, autophagy can interact with phagocytosis (Brooks et al., 

2015): autophagosomes can engulf phagosomes, or alternatively LC3 is directly 

lipidated on nascent phagosomes, via a non-canonical autophagic process referred 

to as LC3-associated phagocytosis (LAP) (Sanjuan et al., 2007). Non-canonical LC3 

lipidation occurs on other endocytic compartments such as macropinosomes and 

entotic vacuoles (Florey et al., 2011; Florey et al., 2015) and it is also involved in 

antigen presentation (Ma et al., 2012). In intestinal epithelial cells, mechanical stress 

induces formation of large vacuoles containing extracellular contents and these 

organelles are also processed by non-canonical autophagy (Kim et al., 2017). Thus, 

endosomes, phagosomes, macropinosomes and entotic vacuoles can directly fuse 

with lysosomes, or converge to (canonical or non-canonical) autophagic pathways 

(Figure 3.1). 
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These pathways (described in Section 1.5) can be easily distinguished 

pharmacologically: the V-ATPase inhibitor bafilomycin A1 facilitates LC3-II 

accumulation in canonical autophagy, whilst it prevents LC3-II formation in non-

canonical autophagy (Florey et al., 2015; Jacquin et al., 2017). Canonical autophagy 

is triggered by the ULK1-FIP200-ATG13-ATG101 complex, which activates the Vps34-

Beclin1-Vps15-Ambra1 PI(3)K class III complex. Vps34 generates PI(3)P, recruiting 

WIPI2 and DFCP1 proteins which interact with the ATG5-ATG12-ATG16L1 lipidation 

machinery. Non-canonical autophagy is independent from ULK1, however it can be 

Vps34-dependent (Florey et al., 2011; Martinez et al., 2015) or Vps34-independent 

(Florey et al., 2015; Jacquin et al., 2017). Recently, a novel distinction between 

canonical and non-canonical autophagy has been identified: whereas both processes 

depend on the ATG5-ATG12-ATG16L1 complex for LC3 lipidation, it appears that the 

ATG16L1 domains involved in membrane recognition are different; the central 

FIP200 and WIPI2b binding domain is involved in canonical autophagy (Gammoh et 

al., 2013; Dooley et al., 2014), whilst the C-terminal WD40 domain is required for 

non-canonical autophagy (Fletcher et al., 2018). Importantly, the two processes can 

also be distinguished structurally: while classical autophagosomes have a double 

membrane, non-canonical LC3-lipidated vacuoles have a single membrane (Florey et 

al., 2011). Both classical autophagosomes and non-canonical LC3-positive vacuoles 

eventually fuse with lysosomes for degradation of their cargo.  
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Figure 3.1 Interaction between endocytic and autophagic pathways. Black arrows indicate 

internalisation (endocytosis, phagocytosis, macropinocytosis, and entosis) pathways. Green 

arrows indicate canonical autophagy. Blue arrows indicate non-canonical autophagy. Early 

endosomes (EE), macropinosomes (MP) and entotic vacuoles (ENT) can be recycled to the 

plasma membrane (black dashed arrows). Late endosomes (LE), phagosomes (P), MP and 

ENT can directly fuse with lysosomes (red dashed arrows). LE can fuse to autophagosomes 

(A) forming amphisomes (AM). P can be engulfed by phagophores and enter the autophagic 

pathway through A. P, MP and ENT can be targeted by non-canonical LC3 lipidation and form 

single membrane vacuoles (LC3+ V). A, AM and LC3+ V fuse with lysosomes (red dashed 

arrows).  
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The EVs originated from post-exocytic structures in PACs can be up to 10 µm in size 

and have acidic luminal pH (Sherwood et al., 2007). The same calcium-releasing 

agonists that trigger EV formation also trigger autophagy activation. This project 

therefore asked whether endocytic and autophagic vacuoles would interact in PACs 

exposed to inducers of AP. To address this question, I took advantage of GFP-LC3 

mice to monitor autophagy (Mizushima et al., 2004), and used cell impermeable 

fluorescent dextrans to label EVs. PACs were stimulated with the calcium-releasing 

agonists CCK and TLC-S and monitored by live cell imaging to investigate the 

interaction between the two populations of organelles. Protein complexes 

implicated in autophagic pathways were targeted pharmacologically to characterise 

whether the process occurring in PACs was canonical or non-canonical. Finally, 

immunofluorescence staining and EM analysis were performed to further 

characterise the membrane properties of these organelles. 
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3.2 Results 

3.2.1 LC3-coating of endocytic vacuoles 

The aim of this part of the study was to assess the potential role of the autophagic 

pathway in the clearance of the EVs in pathophysiological conditions of AP. In cellular 

ex vivo models of AP, PACs are exposed to supramaximal concentrations of 

secretagogues or bile acids, associated with aberrant calcium signalling. Therefore, 

this project primarily sought to determine whether calcium-releasing agonists (which 

are known to cause EV formation) would trigger activation of autophagy. GFP-LC3 

PACs were incubated at RT or 35°C w/o calcium-releasing agonist, then fixed and 

imaged, to quantify the percentage of the cytosol occupied by GFP-LC3 fluorescence 

hotspots (as described in Section 2.13). It was found that temperature control 

induced an increase in the hotspots area compared to unstimulated cells kept at RT 

(Figure 3.2). Supramaximal (10 nM) CCK provoked a significant increase compared to 

35°C control. A physiological (10 pM) CCK-induced increase in GFP-LC3 hotspot area 

was not significantly different from 35°C control. Likewise, a 200 µM TLC-S-induced 

increase in GFP-LC3 hotspot area was not significantly different from 35°C control.  
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Figure 3.2 Increase in GFP-LC3 hotspots by CCK and TLC-S. GFP-LC3 PACs were incubated at 

RT (n=53) or 35°C (Control, n=66), with 10 pM CCK (n=84), 10 nM CCK (n=80) or 200 µM TLC-

S (n=73); N=4 for each condition. Representative images of GFP-LC3 fluorescence (grey) and 

masks obtained as described in Section 2.13 (CytoArea=black, SpotsArea=green). The area of 

the cytoplasm occupied by GFP-LC3 hotspots was calculated as described in Figure 2.4 and 

is shown in the box and whisker plot. Data were compared by Kruskal-Wallis rank sum test 

and individual P values adjusted for multiple comparisons against “Control” group are 

reported.  
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This study next sought to determine whether autophagic (i.e. LC3-positive) 

organelles interacted with dextran-labelled EVs (as described in Section 2.4). In GFP-

LC3 PACs stimulated with CCK (Figure 3.3) or TLC-S (Figure 3.4), it was observed that 

some EVs were coated by GFP-LC3, whereas others were not. To further characterise 

this phenomenon, the total number of EVs and the percentage of LC3-coated EVs in 

stimulated cells were quantified (Figure 3.5). Supra-physiological (i.e. > 10 pM) CCK 

concentrations caused a strong increase in the total number of EVs per cell. In 10 pM 

CCK, 11.4% of 728 analysed EVs were coated by LC3. In 100 pM CCK, 7.6% of 1381 

analysed EVs were coated by LC3. In 500 pM CCK, 8.9% of 1330 analysed EVs were 

coated by LC3. In 10 nM CCK, 6.1% of 1205 analysed EVs were coated by LC3. In 200 

µM TLC-S, 2.2% of 1646 analysed EVs were coated by LC3. 

The dynamics of LC3 association with EVs was explored by performing time-lapse 

imaging of GFP-LC3 PACs stimulated with CCK in the presence of the extracellular 

tracer TRD (Figure 3.6). To avoid photobleaching of fluorophores and undue cellular 

stress induced by continuous scanning, z-stack images were acquired every 5 

minutes. LC3 lipidation was observed to occur on previously-formed (i.e. dextran-

positive) EVs. On average, LC3-coating was detectable 15.0 ± 4.1 minutes or 16.9 ± 

7.0 minutes after the appearance of an EV, in 100 pM or 500 pM CCK stimulated cells 

respectively.  
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Figure 3.3 LC3-coated and uncoated endocytic vacuoles in CCK-stimulated pancreatic 

acinar cells. Representative images of GFP-LC3 (green) PACs stimulated with 500 pM CCK for 

30 min at 34.5°C in presence of TRD (magenta). Lower panels show selected LC3-coated (left) 

and uncoated (right) EVs in an expanded scale and fluorescence intensity profiles plotted 

along the arrows. Scale bar = 10 µm.  
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Figure 3.4 LC3-coated endocytic vacuoles in TLC-S-stimulated pancreatic acinar cells. 

Representative images of GFP-LC3 (green) PACs stimulated with 200 µM TLC-S for 20 min at 

34.5°C in presence of TRD (magenta). The right panel shows a selected LC3-coated EV 

(highlighted by dashed square) in an expanded scale and fluorescence intensity profile 

plotted along the arrow. Scale bar = 10 µm.   
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Figure 3.5 Total and LC3-coated endocytic vacuoles in PACs stimulated by CCK and TLC-S. 

The box and whisker plot (top) shows total number of EVs per cell, the dot plot (bottom) 

shows percentage of LC3-coated EVs per cell. In the dot plot, green boxes highlight cells with 

percentage of LC3-coated EVs above 0, the percentage of such cells is indicated above. GFP-

LC3 PACs were stimulated for 30 min at 34.5°C with 10 pM (n=211), 100 pM (n=239), 500 pM 

(n=245) or 10 nM CCK (n=235); N=6 for all conditions. GFP-LC3 PACs were stimulated for 20 

min at 34.5°C with 200 µM TLC-S (n=164); N=3. Data were compared by Kruskal-Wallis rank 

sum test and individual P values adjusted for multiple comparisons against “10 pM” group 

are reported.  
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Figure 3.6 Dynamics of LC3-coating of endocytic vacuoles. A) GFP-LC3 (green) PACs were 

stimulated with 100 pM CCK in presence of TRD (magenta). Top panels show images at 60 

min. Scale bar = 10 µm. Panels below show fragment (dashed square) in an expanded scale 

at indicated times. B) Time graphs displaying mean ± SEM number of EVs (magenta) and LC3-

coated EVs (green) in PACs stimulated with 100 pM (left) or 500 pM (right) CCK. N=5, n=11 

for each condition.  
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LC3-coating only occurred in a small proportion of EVs, rendering this phenomenon 

problematic to study. To circumvent this issue, accumulation of autophagic (i.e. LC3-

positive) organelles was induced by application of bafilomycin A1 (hereafter referred 

to as bafilomycin), an inhibitor of the V-ATPase (Yoshimori et al., 1991), which 

prevents lysosomal degradation of LC3-II. It was initially verified that pre-treatment 

with bafilomycin followed by CCK stimulation (in continuous presence of bafilomycin) 

caused an increase in the GFP-LC3 hotspot area compared to CCK control (Figure 3.7). 

Having determined that V-ATPase inhibition elicited an accumulation of LC3-positive 

organelles, bafilomycin and concanamycin A (hereafter referred to as 

concanamycin), another V-ATPase inhibitor, were subsequently employed in the 

study of the LC3-coating of EVs. Unexpectedly, it was found that pre-treatment with 

V-ATPase inhibitors strongly (completely, in the case of bafilomycin) prevented the 

appearance of LC3-coated EVs (Figure 3.8). Additionally, bafilomycin, but not 

concanamycin, slightly reduced the total number of EVs.  
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Figure 3.7 Accumulation of GFP-LC3 hotspots by bafilomycin. GFP-LC3 PACs were incubated 

with 100 pM CCK for 30 min, after 30 min pre-incubation and in continuous presence of 0.1% 

DMSO (CCK, n=83) or 100 nM bafilomycin (Baf+CCK, n=76); N=4 for both conditions. 

Representative images of GFP-LC3 fluorescence (grey) and masks obtained as described in 

Section 2.13 (CytoArea=black, SpotsArea=green). The area of the cytoplasm occupied by 

GFP-LC3 hotspots was calculated as described in Figure 2.4, shown in the box plot. Data were 

compared by Wilcoxon-Mann-Whitney test.  
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Figure 3.8 V-ATPase inhibitors reduce the LC3-coating of endocytic vacuoles. The box and 

whisker plot (top) shows total number of EVs per cell, the dot plot (bottom) shows 

percentage of LC3-coated EVs per cell. In the dot plot, green boxes highlight cells with 

percentage of LC3-coated EVs above 0, the percentage of such cells is indicated above. GFP-

LC3 PACs were stimulated with 100 pM CCK for 30 min, after 30 minutes pre-incubation and 

in continuous presence of 0.1% DMSO (Vehicle, n=98), 100 nM bafilomycin (Baf, n=105) or 

100 nM concanamycin (Con, n=83); N=3 for all conditions. Data were compared by Kruskal-

Wallis rank sum test and individual P values adjusted for multiple comparisons against 

“Vehicle+CCK” group are reported.  
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The function of the V-ATPase is to pump protons into the lumen of an organelle in an 

ATP-dependent manner (Harvey, 1992). The dependence of LC3-coating of EVs on 

acidic intra-organellar pH was therefore tested. To this end, the ionophores nigericin 

and monensin were employed to disrupt the acidic pH in EVs. Both compounds 

reduced both the total number of EVs and importantly the percentage of LC3-coated 

EVs (Figure 3.9). 

Chloroquine, a weak base that accumulates in acidic organelles and induces luminal 

alkalinisation was observed to have the same effect, decreasing both total number 

of EVs and the percentage of LC3-coated EVs (Figure 3.10). Thus, it was concluded 

that an acidic pH is required for the LC3 lipidation on EVs. A focused investigation of 

the pH of these organelles was carried out and will be presented in Chapter 5.  
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Figure 3.9 Ionophores nigericin and monensin inhibit the LC3-coating of endocytic 

vacuoles. The box and whisker plots (left) show total number of EVs per cell, the dot plots 

(right) show percentage of LC3-coated EVs per cell. In the dot plots, green boxes highlight 

cells with percentage of LC3-coated EVs above 0, the percentage of such cells is indicated 

above. A) GFP-LC3 PACs were stimulated with 100 pM CCK for 30 min, after 30 minutes pre-

incubation and in continuous presence of 0.2% ethanol (Vehicle, n=178) or 1 µM nigericin 

(Nig, n=133); N=3 for both conditions. B) GFP-LC3 PACs were stimulated with 100 pM CCK 

for 30 min, after 60 minutes pre-incubation and in continuous presence of 0.1% ethanol 

(Vehicle, n=201) or 10 µM monensin (Mon, n=170); N=3 for both conditions.  
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Figure 3.10 Lysomotropic agent chloroquine inhibits the LC3-coating of endocytic vacuoles. 

The box and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of LC3-coated EVs per cell. In the dot plot, green boxes highlight cells with 

percentage of LC3-coated EVs above 0, the percentage of such cells is indicated above. GFP-

LC3 PACs were stimulated with 100 pM CCK for 30 min, after 60 minutes pre-incubation and 

in continuous presence of 0.1% ethanol (Vehicle, n=183) or 1 mM chloroquine (Chl, n=136); 

N=3 for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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3.2.2 Regulators of LC3-coating of endocytic vacuoles 

Based on the unexpected effect of the V-ATPase inhibitors, it was hypothesised that 

the LC3 lipidation on EVs might not represent a canonical autophagic pathway. As 

described in Section 3.1, non-canonical LC3-lipidation is independent of the ULK1 

complex and can be independent from the PI(3)K class III complex (Florey et al., 2011; 

Florey et al., 2015; Jacquin et al., 2017). Therefore, inhibitors of these complexes 

were utilised and the percentage of LC3-coated EVs per cell evaluated. The ULK1/2 

inhibitors MRT68921 and MRT67307 (Petherick et al., 2015) had no effect on the 

total number of EVs or the percentage of LC3-coated EVs (Figure 3.11) suggesting 

that the LC3 lipidation on EVs does not depend on the ULK1 complex.  
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Figure 3.11 ULK1 inhibitors do not affect the LC3-coating of endocytic vacuoles. The box 

and whisker plots (left) show total number of EVs per cell, the dot plots (right) show 

percentage of LC3-coated EVs per cell. In the dot plots, green boxes highlight cells with 

percentage of LC3-coated EVs above 0, the percentage of such cells is indicated above. A) 

GFP-LC3 PACs were stimulated with 100 pM CCK for 30 min, after 60 minutes pre-incubation 

and in continuous presence of 0.1% DMSO (Vehicle, n=360) or 1 µM MRT68921 (n=367); N=5 

for both conditions. B) GFP-LC3 PACs were stimulated with 100 pM CCK for 30 min, after 60 

minutes pre-incubation and in continuous presence of 0.1% DMSO (Vehicle, n=205) or 10 

µM MRT67307 (n=238); N=6 for both conditions. Data were compared by Wilcoxon-Mann-

Whitney test.  
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The PI(3)K inhibitors LY294002 and wortmannin moderately increased and decreased 

the total number of EVs, respectively; however, they did not affect the percentage of 

LC3-coated EVs (Figure 3.12). A selective PI(3)K class III inhibitor, SAR405 (Ronan et 

al., 2014) was therefore tested. SAR405 had no effect on the total number of EVs or 

the percentage of LC3-coated EVs (Figure 3.13). Collectively, these results suggest 

that the LC3 lipidation on EVs does not depend on de novo PI(3)P formation by the 

PI(3)K class III complex. 

It has been reported that, in conditions of PI(3)P depletion, PI(5)P can promote 

autophagosome formation (Vicinanza et al., 2015). In order to test this possibility, 

the effect of YM201636, an inhibitor of PIKfyve, the enzyme responsible for PI(5)P 

production from PI (Sbrissa et al., 2002), was examined. YM201636 had no effect on 

the total number of EVs or on the percentage of LC3-coated EVs when applied alone 

(Figure 3.13). However, when YM201636 was applied in combination with SAR405 

(Figure 3.13), with LY294002 (Figure 3.14) or with wortmannin (Figure 3.15), it 

provoked a significant, although not complete, decrease in the percentage of LC3-

coated EVs. These results suggest that depleting PI(5)P in parallel to PI(3)P might 

affect this LC3 lipidation mechanism.  
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Figure 3.12 PI(3)K inhibitors do not affect the LC3-coating of endocytic vacuoles. The box 

and whisker plot (top) shows total number of EVs per cell, the dot plot (bottom) shows 

percentage of LC3-coated EVs per cell. In the dot plot, green boxes highlight cells with 

percentage of LC3-coated EVs above 0, the percentage of such cells is indicated above. GFP-

LC3 PACs were stimulated with 100 pM CCK for 30 min, after 30 minutes pre-incubation and 

in continuous presence of 1% DMSO (Vehicle, n=328), 20 µM LY294002 (LY29, n=254) or 20 

µM wortmannin (Wort, n=130); N=6 for all conditions. Data were compared by Kruskal-Wallis 

rank sum test and, when this was significant, individual P values adjusted for multiple 

comparisons against “Vehicle+CCK” group are reported.  
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Figure 3.13 PI(3)K class III inhibitor SAR405 or PIKfyve inhibitor YM201636 do not affect the 

LC3-coating of endocytic vacuoles, but simultaneous application does. The box and whisker 

plot (top) shows total number of EVs per cell, the dot plot (bottom) shows percentage of LC3-

coated EVs per cell. In the dot plot, green boxes highlight cells with percentage of LC3-coated 

EVs above 0, the percentage of such cells is indicated above. GFP-LC3 PACs were stimulated 

with 100 pM CCK for 30 min, after 30 minutes pre-incubation and in continuous presence of 

0.1% DMSO (Vehicle, n=104), 1 µM SAR405 (n=112), 100 nM YM201636 (YM20, n=92) or 1 

µM SAR405 + 100 nM YM20 (SAR405+YM20n=115); N=3 for all conditions. Data were 

compared by Kruskal-Wallis rank sum test and, when this was significant, individual P values 

adjusted for multiple comparisons against “Vehicle+CCK” group are reported.  
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Figure 3.14 Combination of PI(3)K inhibitor LY294002 and PIKfyve inhibitor YM2016363 

reduces the LC3-coating of endocytic vacuoles. The box and whisker plot (left) shows total 

number of EVs per cell, the dot plot (right) shows percentage of LC3-coated EVs per cell. In 

the dot plot, green boxes highlight cells with percentage of LC3-coated EVs above 0, the 

percentage of such cells is indicated above. GFP-LC3 PACs were stimulated with 100 pM CCK 

for 30 min, after 30 minutes pre-incubation and in continuous presence of 0.2% DMSO 

(Vehicle, n=164), or 20 µM LY294002 + 100 nM YM201636 (LY29+YM20 n=124); N=6 for both 

conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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Figure 3.15 Combination of PI(3)K inhibitor wortmannin and PIKfyve inhibitor YM201636 

reduces the LC3-coating of endocytic vacuoles. The box and whisker plot (left) shows total 

number of EVs per cell, the dot plot (right) shows percentage of LC3-coated EVs per cell. In 

the dot plot, green boxes highlight cells with percentage of LC3-coated EVs above 0, the 

percentage of such cells is indicated above. GFP-LC3 PACs were stimulated with 100 pM CCK 

for 30 min, after 30 minutes pre-incubation and in continuous presence of 1% DMSO 

(Vehicle, n=245) or 10 µM wortmannin + 100 nM YM201636 (Wort+YM20 n=139); N=5 for 

both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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3.2.3 Structural properties of the LC3-coated endocytic vacuoles 

Hypothesising that the LC3 lipidation on EVs occurs by non-canonical autophagy, the 

membrane properties of these organelles were examined by EM. In order to compare 

and distinguish classical autophagosomes, LC3-coated and uncoated EVs, correlative 

light and electron microscopy (CLEM) was performed. Live GFP-LC3 PACs, seeded on 

gridded dishes, were stimulated with 500 pM CCK in presence of TRD and imaged to 

find cells with LC3-coated EVs. The positions of these cells on the grid were noted. 

Cells were then fixed, stained and embedded in EM resin as described in Section 

2.11.1, and the same cells as located on the grid processed for TEM. Single 

membranes were observed in all CLEM experiments with LC3-coated EVs (n=8 cells 

from N=4 mice) (Figure 3.16). This observation is consistent with a non-canonical 

autophagic pathway. 

In all samples, it was also possible to clearly identify double-membrane bounded 

organelles (Figure 3.17). 6 double-membrane organelles were analysed and found to 

have an intermembrane space of 24.4 ± 1.2 nm. These double membrane structures 

suggest that it is feasible to resolve non-canonical (LC3-coated EVs) autophagic 

organelles from classical autophagosomes using CLEM.  
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Figure 3.16 LC3-coated endocytic vacuoles have a single membrane. GFP-LC3 (green) PACs 

were stimulated with 500 pM CCK in presence of TRD (magenta). A) Live cell images, scale 

bar = 10 µm. The intensity profile along the white arrow is shown. B) TEM images of the same 

cell and EV. Black scale bar = 10 µm, white scale bar = 1 µm, yellow scale bar = 100 nm. The 

intensity profile along the yellow arrow is shown.  
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Figure 3.17 Example of organelle with double membrane. Representative TEM images 

showing a double-membrane organelle. Black scale bar = 10 µm, white scale bar = 1 µm, 

yellow scale bar = 100 nm. The intensity profile along the arrow is shown.  
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Having found that LC3-coated EVs have single membrane, it was next investigated 

whether this was due to fusion with lysosomes (and consequent degradation of the 

inner autophagosomal membrane). To achieve this aim, correlative 

immunofluorescence experiments were performed, where live GFP-LC3 PACs 

stimulated with 500 pM CCK in presence of TRD were imaged to find LC3-coated EVs. 

Cells were then fixed and processed for immunofluorescence staining as described 

in Section 2.9. Cells identified as having LC3-coated EVs were then located on the 

grids for analysis. 42 LC3-coated EVs were correlated in this way (in n=42 cells from 

N=3 mice), however, only 6 of these organelles had positive LAMP1 staining (Figure 

3.18). From these experiments, it was concluded that, although the LC3-coated EVs 

can fuse with lysosomes, the majority of these organelles do not harbour lysosomal 

markers and therefore likely represent a pre-lysosomal compartment. In these 

experiments, partial co-localisation of LAMP1 was also found with non-endocytic 

GFP-LC3 hotspots, indicating expected fusion of classical autophagosomes with 

lysosomes (not shown).  
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Figure 3.18 Correlative immunofluorescence for LAMP1 on LC3-coated endocytic vacuoles. 

GFP-LC3 (green) PACs were stimulated with 500 pM CCK for 30 min at 34.5°C in presence of 

TRD (red) and imaged live on gridded dishes. They were then fixed for 48 hours in 1.8% PFA 

at 4°C. Immunofluorescence staining for LAMP1 (magenta) was performed as described in 

Section 2.9. A correlative image of the same cell live and fixed is shown, with an LC3-coated 

EV in an expanded scale. Scale bars = 10 µm.  
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Having found that inhibition of V-ATPase and disruption of acidification prevented 

the LC3-coating of EVs, the presence of the V-ATPase on these organelles was 

examined. To this end, correlative immunofluorescence experiments were 

employed, where live GFP-LC3 PACs stimulated with 500 pM CCK in presence of TRD 

were imaged to find LC3-coated EVs. Cells were subsequently fixed, 

immunofluorescence staining was performed as described in Section 2.9, and the 

same cells as annotated on the grid were identified. 20 LC3-coated EVs were 

correlated (in n=20 cells from N=3 mice), with co-localisation with the V-ATPase 

subunit V0a1 staining observed in only 2 of these organelles (Figure 3.19). In these 

experiments, there was no noticeable co-localisation of V-ATPase with non-endocytic 

GFP-LC3 hotspots.  
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Figure 3.19 Correlative immunofluorescence for V-ATPase on LC3-coated endocytic 

vacuoles. GFP-LC3 (green) PACs were stimulated with 500 pM CCK for 30 min at 34.5°C in 

presence of TRD (red) and imaged live on gridded dishes. They were then fixed for 48 hours 

in 1.8% PFA at 4°C. Immunofluorescence staining for V-ATPase subunit V0a1 (magenta) was 

performed as described in Section 2.9. A correlative image of the same cell live and fixed is 

shown, with an LC3-coated EV in an expanded scale. Scale bars = 10 µm.  
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3.2.4 LC3 lipidation machinery on endocytic vacuoles 

In both canonical and non-canonical autophagy, the last step of LC3 lipidation and 

membrane targeting is mediated by the ATG5-ATG12-ATG16L1 complex (Gammoh et 

al., 2013; Dooley et al., 2014; Fletcher et al., 2018). However, ATG5 (and ATG7) 

independent autophagy also exists (Nishida et al., 2009). In order to investigate the 

role of the ATG5-ATG12-ATG16L1 complex in the LC3 lipidation on EVs, correlative 

immunofluorescence for ATG5 and ATG16L1 was performed, where live GFP-LC3 

PACs stimulated with 500 pM CCK in presence of TRD were imaged to find LC3-coated 

EVs. Cells were fixed and processed for immunofluorescence staining as described in 

Section 2.9, and the same cells as annotated on the grid were identified. 20 LC3-

coated EVs were correlated (in n=20 cells from N=3 mice), with co-localisation with 

ATG5 staining observed in only 3 of these organelles (Figure 3.20). In these 

experiments there was no detectable co-localisation of ATG5 with non-endocytic 

GFP-LC3 hotspots (not shown). For ATG16L1 analyses, 47 LC3-coated EVs were 

correlated (in n=47 cells from N=3 mice), and co-localisation with ATG16L1 was 

observed in 45 of these organelles (Figure 3.21). In these experiments, there was an 

associated noticeable correlation of ATG16L1 with non-endocytic GFP-LC3 hotspots. 

Conversely, I did not find clear indication of ATG16L1 presence on EVs not coated by 

LC3. The bottom panel of Figure 3.21 is a clear example of these three populations 

of organelles: the top organelle (yellow asterisk) is an LC3-positive (classical) 

autophagosome (positive for ATG16L1, negative for TRD), the middle organelle 

(yellow arrowhead) is an LC3-coated EV (positive for ATG16L1, positive for TRD), the 

bottom organelle (yellow dot) is an uncoated EV (negative for ATG16L1, positive for 

TRD).  
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Figure 3.20 Correlative immunofluorescence for ATG5 on LC3-coated endocytic vacuoles. 

GFP-LC3 (green) PACs were stimulated with 500 pM CCK for 30 min at 34.5°C in presence of 

TRD (red) and imaged live on gridded dishes. They were then fixed for 48 hours in 1.8% PFA 

at 4°C. Immunofluorescence staining for ATG5 (magenta) was performed as described in 

Section 2.9. A correlative image of the same cell live and fixed is shown, with an LC3-coated 

EV in an expanded scale. Scale bars = 10 µm.  
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Figure 3.21 Correlative immunofluorescence for ATG16L1 on LC3-coated endocytic 

vacuoles. GFP-LC3 (green) PACs were stimulated with 500 pM CCK for 30 min at 34.5°C in 

presence of TRD (red) and imaged live on gridded dishes. They were then fixed for 10 min in 

4% PFA at RT. Immunofluorescence staining for ATG16L1 (magenta) was performed as 

described in Section 2.9. A correlative image of the same cell live and fixed is shown, with an 

LC3-coated EV in an expanded scale (yellow arrowhead). Yellow asterisk refers to LC3-

positive, dextran-negative organelle, yellow dot refers to LC3-negative, dextran-positive 

organelle, Scale bars = 10 µm.  
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The presence of ATG16L1 on LC3-coated EVs suggests the involvement of the ATG5-

ATG12-ATG16L1 complex in the LC3 lipidation process. I wanted to verify this result 

by testing the LC3-coating of EVs in the absence of ATG5. For this work, an inducible 

conditional Atg5 KO mouse model was employed. As explained in Section 2.2.1, 

activation of CreERT recombinase, expressed in PACs under the Cela1 promoter, was 

induced by tamoxifen administration. It was observed that some of the pancreata 

from Atg5flox/flox;CelaCreERT+/- mice that had been treated with tamoxifen were 

smaller, and this phenomenon correlated with the “success” of the KO, verified by 

Western blot analysis (Figure 3.22 A). In Atg5flox/flox;CelaCreERT+/- mice with normal 

pancreas morphology and size (referred to as ‘Normal’) the ATG5/calnexin ratio was 

not significantly lower (82%) than Atg5flox/flox;CelaCreERT-/- (Control) mice. 

Conversely, in Atg5flox/flox;CelaCreERT+/- mice with small pancreas (referred to as 

‘Small’) the ATG5/calnexin ratio was significantly lower (38%) than Control (Figure 

3.22 B). The wet weight of the pancreas was also significantly lower in 

Atg5flox/flox;CelaCreERT+/- mice (Small) where KO was successful rather than 

Atg5flox/flox;CelaCreERT+/- mice (Normal) where KO was not satisfactory (Figure 3.22 

C). As a control, N=2 Atg5flox/flox;CelaCreERT-/- and N=2 Atg5flox/flox;CelaCreERT+/- were 

sacrificed prior tamoxifen treatment and no difference was found in pancreas size, 

weight, or ATG5/calnexin ratio, showing that the phenotype observed in some of the 

Atg5flox/flox;CelaCreERT+/- mice was triggered by tamoxifen (triggering Cre-mediated 

recombination). When attempts were made to isolate PACs to perform experiments, 

it was not possible to obtain viable cells from Atg5flox/flox;CelaCreERT+/- mice with 

small pancreata (i.e. successful KO animals). It was therefore not possible to assess 

whether LC3 lipidation on EVs can occur in absence of ATG5.  
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Figure 3.22 Inducing conditional knock-out of Atg5. Atg5flox/flox;CelaCreERT+/- and 

Atg5flox/flox;CelaCreERT-/- were treated with tamoxifen by Doctor Michael Chvanov as 

described in Section 2.2.1. A) Example photographs of pancreata excised from 

Atg5flox/flox;CelaCreERT+/- and Atg5flox/flox;CelaCreERT-/- (Control) mice, and corresponding 

lanes in Western blot analysis. B) The bar graph represents mean ± SEM for ATG5/calnexin 

ratio obtained by densitometry analysis. Control N=11, Normal N=6, Small N=5. C) The bar 

graph represents mean ± SEM for the wet weight of pancreata excised from 

Atg5flox/flox;CelaCreERT+/- and Atg5flox/flox;CelaCreERT-/- (Control) mice. Control N=10, Normal 

N=6, Small N=4.  
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Having failed to obtain functional evidence for the ATG5-dependence of LC3 

lipidation on EVs, alternative evidence was generated to verify the hypothesis that 

this process represents a non-canonical autophagic mechanism. To this end, the E230 

mouse model, which specifically lacks non-canonical autophagy but which exhibits 

competent canonical autophagy (Fletcher et al., 2018), was used. Experiments were 

performed to determine whether E230 mice, deficient for non-canonical autophagy, 

would present LC3-coating of EVs. PACs were isolated from WT and E230 mice, 

infected with LC3A-mCherry (or LC3A-eYFP) adenoviral vectors (as described in 

Section 2.5), then stimulated with 100 pM CCK in the presence of LY (or Cy5). No 

significant difference in the total number of EVs was observed, however a strong, 

statistically significant (although not complete) reduction in the percentage of LC3-

coated EVs in E230 mice was revealed (Figure 3.23).  
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Figure 3.23 Mice defective for non-canonical autophagy have reduced percentage of LC3-

coated endocytic vacuoles. The box and whisker plot (left) shows total number of EVs per 

cell, the dot plot (right) shows percentage of LC3-coated EVs per cell. In the dot plot, green 

boxes highlight cells with percentage of LC3-coated EVs above 0, the percentage of such cells 

is indicated above. LC3A-mCherry or LC3A-eYFP transfected PACs were stimulated with 100 

pM CCK for 30 min at 35°C. WT N=9 mice n=285 cells, E230 N=11 mice n=361 cells. Data were 

compared by Wilcoxon-Mann-Whitney test.  
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3.3 Discussion 

In this chapter the interaction of EVs with AVs in PACs has been examined in detail 

by taking advantage of the transgenic GFP-LC3 mouse model. 17-34% of cells present 

EVs coated by LC3 following stimulation by physiological to supramaximal CCK 

concentrations. Approximately 14% of cells present EVs coated by LC3 following 

stimulation by TLC-S. LC3-coating of EVs was prevented by V-ATPase inhibitors 

bafilomycin and concanamycin. Likewise, this phenomenon was inhibited by agents 

disrupting the maintenance of acidic pH: the ionophores monensin and nigericin and 

the lysomotropic weak base chloroquine. It was hypothesised that the LC3-coating 

of EVs might represent a non-canonical autophagic pathway (Figure 3.24). Thus, the 

ULK1 inhibitors MRT68921 and MRT67307 and PI(3)K inhibitors LY294002, 

wortmannin and SAR405 were tested and found to have no effect on the percentage 

of LC3-coated EVs. Interestingly, it was revealed that the combination of PIKfyve 

inhibitor YM201636 and PI(3)K inhibitors reduced - although not completely - the 

percentage of LC3-coated EVs. LC3-coated EVs were discovered to have a single 

membrane in ultrastructural studies, consistent with the hypothesis of a non-

canonical autophagy mechanism. Partial co-localisation with the lysosomal marker 

LAMP1 was observed, and almost complete co-localisation with ATG16L1, indicating 

that the ATG5-ATG12-ATG16L1 complex is likely involved in this LC3 lipidation 

process. Finally, a reduction - although not complete- in the percentage of LC3-

coated EVs in E230 mice, defective for non-canonical but competent for canonical 

autophagy, was discovered, which is also consistent with non-canonical autophagy.  
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Figure 3.24 Summary of pharmacological characterisation of autophagic pathways. The 

schematic depicts the main complexes involved in canonical and non-canonical autophagy, 

and indicates the inhibitors utilised in this study. 
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PACs require basal autophagy as a protective mechanism to maintain their function 

of high-rate protein synthesis (Antonucci et al., 2015; Smith et al., 2018). It was firstly 

verified that calcium-releasing agonists drive upregulation of autophagy in PACs, as 

quantified by GFP-LC3 fluorescence. Supramaximal (10 nM) but not physiological (10 

pM) CCK concentrations caused a significant increase in the area occupied by GFP-

LC3 hotspots. Previous studies have reported autophagy activation following AP 

stimuli, revealed by Western blot analysis of LC3-II/LC3-I, GFP-LC3 fluorescence 

hotspots, or LC3 immunostaining (Hashimoto et al., 2008; Mareninova et al., 2009). 

Calcium-releasing agonists also determine formation of EVs (Sherwood et al., 2007). 

Early in this project, it was observed that a small proportion of EVs induced by CCK 

and TLC-S are coated by LC3. The interaction of EVs and AVs in PACs has been 

suggested before (Tooze et al., 1990). The literature in the pancreatitis field accounts 

for activation/disruption of autophagy, reporting accumulation of AVs, increased 

expression of VMP1 and co-localisation of VMP1 with Beclin1 and LC3, alongside 

increased localisation to autophagosomes and/or autolysosomes of VMP1, LC3, 

Beclin1, LAMP2 and cathepsins B and D (Ropolo et al., 2007; Zhang et al., 2014; 

Mareninova et al., 2015). Autophagic flux disruption and impairment of lysosomal 

function are associated with zymogen activation (Hashimoto et al., 2008; 

Mareninova et al., 2009; Gukovsky et al., 2012; Mareninova et al., 2015), which 

occurs in EVs (Sherwood et al., 2007). Nevertheless, direct investigation of the 

interaction of autophagic pathways and EVs has not been carried out before. 

Previous studies in our field have performed subcellular fractionation followed by 

immunoassays to identify the presence of LC3 in specific compartments (Mareninova 
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et al., 2009; Zhang et al., 2014). For the first time, the data presented in this thesis 

highlights a direct interaction between the autophagic marker LC3 and EVs in live 

cells. 

The V-ATPase inhibitor bafilomycin is commonly used to disrupt autophagic flux and 

elicit accumulation of LC3-II and LC3-positive compartments (Klionsky et al., 2016). 

Bafilomycin also allows discrimination between canonical and non-canonical 

autophagy: it causes LC3-II accumulation in the former, it prevents it in the latter 

(Florey et al., 2015). The work presented in this chapter shows that bafilomycin pre-

treatment increased the GFP-LC3 hotspots induced by CCK, consistent with activation 

of canonical autophagy. Unexpectedly, it was found that the LC3-coating of EVs was 

inhibited by bafilomycin and concanamycin. A similar observation was made in the 

study of non-canonical LC3 lipidation on phagosomes and entotic vacuoles; these 

processes were also sensitive to bafilomycin (Florey et al., 2015). Thus, it was 

hypothesised that the phenomenon of EV coating with LC3 is also a non-canonical 

process. 

Chloroquine and monensin induced the formation of phagosomes in macrophages 

and entotic vacuoles in MCF10a cells, these organelles became coated by LC3 (Florey 

et al., 2015). Conversely, my experiments showed that disruption of acidification with 

chloroquine, monensin or nigericin had inhibitory effects on the LC3-coating of the 

EVs. A recent study reported a role for lysomotropic agents and ionophores in 

induction of bafilomycin-sensitive non-canonical autophagy (Jacquin et al., 2017). 

The authors also tested the protonophore CCCP and the lysomotropic agent (and L-

type calcium channel antagonist) amiodarone, and found that these compounds 



121 
 

induced both canonical and non-canonical autophagy. Another study found that 

Autophagy Modulator with Dual Effect-1 (AMDE-1) triggered both canonical and non-

canonical autophagy (Gao et al., 2016). Chloroquine, monensin and nigericin and 

other ionophores (valinomycin, gramidicin A, ionomycin and A23187) had no effect 

on AMDE-1 induced non-canonical autophagy (Gao et al., 2016). Collectively, these 

examples of drug-induced non-canonical autophagy (which were not disrupted by 

lysomotropic agents) suggest an acidification-independent role of the V-ATPase in 

LC3-lipidation. Conversely, my experiments demonstrate that the LC3-coating of EVs 

is not only V-ATPase-dependent (i.e. sensitive to bafilomycin and concanamycin) but 

also acidification-dependent (i.e. sensitive to nigericin, monensin and chloroquine).  

It is worthy to point out that the actual effects of the different drugs used to disrupt 

acidification are debated. As indicated above, bafilomycin is used to disrupt 

autophagic flux, without specifying at what level (e.g. autophagosome-lysosome 

fusion or autolysosome function). A study found that bafilomycin prevented 

autolysosome acidification via V-ATPase inhibition, whereas it prevented 

autophagosome-lysosome fusion via SERCA inhibition (Mauvezin et al., 2015). 

Controversially, another research group reported that neither bafilomycin, nor 

nigericin affected phagosome-lysosome fusion (Kissing et al., 2015). It would thus 

appear that neither acidity nor V-ATPase activity are required for fusion with 

lysosomes (but they are required for function of lysosomal hydrolases). A recent 

study reported that chloroquine prevented autophagosome-lysosome fusion, rather 

than disrupting lysosomal acidity or activity (Mauthe et al., 2018). In the work 

presented here, it has been demonstrated that the V-ATPase inhibitors, chloroquine, 
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monensin and nigericin had similar effects in reducing the LC3-coating of EVs. The 

mechanism of this inhibition is unknown, however it can be speculated that it is 

primarily associated with acidification. Nevertheless, bafilomycin had a much 

stronger effect than chloroquine and this might suggest a direct role for the V-ATPase 

itself in this process. Indeed, the inhibitory effect of bafilomycin on non-canonical 

autophagy was associated to the V-ATPase directly (Florey et al., 2015). Interestingly, 

the authors reported that LC3 was only lipidated on acidic vacuoles (Florey et al., 

2015). The results of investigating the pH properties of PAC EVs will be addressed in 

Chapter 5. 

In the experiments described in this chapter, bafilomycin, nigericin, monensin and 

chloroquine all caused a moderate decrease in the total number of EVs. It was 

previously reported that bafilomycin increased CCK-induced secretion (Messenger et 

al., 2015). An earlier study reported that V-ATPase inhibitors lobatomide B and 

salicyhalamide A inhibited caerulein-induced zymogen activation, but had no effect 

on amylase secretion (Kolodecik et al., 2009). The same research group had also 

previously reported that V-ATPase inhibition with bafilomycin and pH modulation 

with chloroquine or monensin reduced intracellular trypsinogen activation induced 

by caerulein, however they did not examine the effect on secretion (Waterford et al., 

2005). Conversely, previous studies showed that chloroquine and monensin slightly 

increased CCK-stimulated amylase release (De Lisle & Williams, 1987). In other cell 

types, monensin is known to disrupt secretion (reviewed in (Tartakoff, 1983)). 

Indeed, ionophores will also affect the TGN, where acidic pH plays an important role 

in protein sorting through the regulated secretory pathway (discussed in Chapter 1). 
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Overall, it cannot be concluded that inhibiting intra-organellar acidification impairs 

secretion in PACs, although it seems to affect EV formation. 

The previously reported examples of non-canonical autophagy were found to occur 

in FIP200, ULK1 or ATG13 KO cells, indicating independence from the ULK1 complex. 

These mechanisms of LC3 lipidation occurred in presence of LY294002, wortmannin 

or 3-methyladenine, indicating independence from the PI(3)K complex (Florey et al., 

2015; Gao et al., 2016; Jacquin et al., 2017). Similarly, in this work, it has been found 

that ULK1 or PI(3)K inhibition did not affect LC3 lipidation on EVs, strengthening the 

hypothesis of a non-canonical mechanism. No direct evidence for a role of ULK1-

mediated autophagy in AP could be found in the literature. Conversely, PI(3)K 

inhibition with 3-methyladenine has been reported to reduce vacuole formation and 

trypsinogen activation (Mareninova et al., 2009), indicating a role for PI(3)K in AP-

induced autophagy. 

In experiments examining the PI(3)K inhibitors LY294002 and wortmannin there was 

a moderate and opposite effect on the total number of EVs, which was increased by 

LY294002 and reduced by wortmannin. Previous studies showed that both 

wortmannin and LY294002 inhibited CCK-stimulated secretion (Nozu et al., 2000; 

Ikeda & Fukuoka, 2003), and that wortmannin had an inhibitory effect on 

supramaximal ACh-stimulated secretion (Campos-Toimil et al., 2002). Another study 

revealed that both wortmannin and LY294002 reduced trypsinogen activation in 

caerulein-stimulated cells, but whilst wortmannin had no effect on secretion, 

LY294002 inhibited secretion (Singh et al., 2001). Another research group found no 

effect by LY294002 or wortmannin on CCK-stimulated secretion (Messenger et al., 
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2015). The role of these PI(3)K inhibitors in secretion (and consequent EV formation) 

is therefore not clear. Interestingly, in the experiments discussed here, the PI(3)K 

class III inhibitor SAR405 had no effect on the total number of EVs, suggesting that 

LY294002 and wortmannin might be acting through a different pathway (i.e. another 

class of PI(3)K). The literature reports that both wortmannin and LY294002 regulate 

calcium responses to CCK and TLC-S by inhibiting SERCA (Fischer et al., 2004; Fischer 

et al., 2007). The direct role of calcium signalling in the LC3-coating of EVs has not 

been addressed in this thesis and this might represent an interesting future 

development for the project, in light of the debated role of calcium in regulating 

autophagy (Bootman et al., 2018) and organelle dynamics (Kiselyov et al., 2012) and 

the pathogenic role of aberrant calcium signalling in AP (reviewed in (Gerasimenko 

et al., 2018)). 

Interestingly, a significant reduction in the LC3-coating of EVs was observed when 

PI(3)K and PIKfyve inhibitors were simultaneously applied, suggesting that PI(5)P 

depletion, when PI(3)P is also depleted, prevents LC3 lipidation. PI(5)P is involved in 

glucose starvation autophagy when PI(3)P is depleted, e.g. in Vps34 deficient cells 

(Vicinanza et al., 2015). PI(5)P is generated from PI by class III PI(5)K PIKfyve; this 

enzyme also produces PI(3,5)P2 from PI(3)P. Vicinanza et al showed a biphasic effect 

of PIKfyve inhibitor YM201636: whilst low concentrations inhibited the production of 

PI(5)P from PI, high concentrations accumulated PI(3)P preventing its conversion to 

PI(3,5)P2 (Vicinanza et al., 2015). With this in mind, the same low concentration of 

YM201636 (100 nM) in combination with PI(3)K inhibitors has been employed here, 

to deplete PI(5)P (and PI(3)P) without replenishing PI(3)P. However, using this 
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approach it was found that the reduction in LC3-coated EVs was not complete. 

Interestingly, also in the cited study the effect of wortmannin and YM201636 on 

reducing autophagosome numbers was not complete (Vicinanza et al., 2015). Recent 

evidence presented further functions of PIKfyve in organelle trafficking. Targeting 

either Vps34 or PIKfyve caused aberrant vacuolation, which was rescued by 

bafilomycin but not by chloroquine, suggesting a pH-independent function of the V-

ATPase in the formation of these vacuoles (Compton et al., 2016). Another work 

revealed that PIKfyve is involved in the maturation of entotic vacuoles, phagosomes 

and macropinosomes upstream fusion to lysosomes (Krishna et al., 2016). They 

found that PIKfyve acts through the lysosomal cation channel TRPML1, and 

highlighted a role for NAADP-dependent calcium signalling in the redistribution of 

lysosome digested material. These findings indicate that PIKfyve inhibition might 

affect organelle maturation at multiple stages, not just related to LC3 lipidation. 

Nonetheless, here YM201636 had no effect on the total number of EVs, indicating 

that the low concentration used did not affect the steps leading to EV formation. 

Accordingly, a previous study reported that, while high dose of YM201636 increased 

basal and stimulated secretion, the low concentration that was used in this work (100 

nM) had no effect on secretion (Messenger et al., 2015). Interestingly, the authors 

found that YM201636 pre-treatment followed by CCK stimulation reduced the 

number of AVs in PACs (Messenger et al., 2015). The aforementioned works 

(Messenger et al., 2015; Krishna et al., 2016) utilised both YM201636 and apilimod, 

an alternative PIKfyve inhibitor, which could also be employed in an extension to the 

studies presented here to corroborate the experimental findings. 
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PI(3)P interacts with proteins containing PX, FYVE or WD40 domains, such as WIPI2 

(containing a WD domain) and DFCP1 (containing two FYVE domains). It has 

previously been demonstrated that PI(5)P acts through the same effectors as PI(3)P 

(Vicinanza et al., 2015). Correlative immunofluorescence experiments for WIPI2 (and 

PI(3)P) were attempted but did not indicate co-localisation with GFP-LC3 (not 

shown). Since recruitment of a 2xFYVE domain during non-canonical LC3 lipidation 

was not observed (Florey et al., 2015), and considering the PI(3)K-independence of 

the phenomenon described in this chapter, this was not pursued further. 

Nevertheless, in light of the essential role of PIs in membrane dynamics (Schink et al., 

2016), a detailed characterisation of the PI composition of the EVs is desirable. The 

use of reporter constructs for PI-binding domains might represent a potential tool 

for such investigations. 

Rab GTPases are also essential for membrane trafficking (Stenmark, 2009). Rab3D, 

Rab4 and Rab27 have been implicated in ZG secretion in PACs (Ohnishi et al., 1999; 

Chen et al., 2002; Riedel et al., 2002; Hou et al., 2015; Hou et al., 2016). In a recent 

study, Rab7 was found to have a role in both starvation and pancreatitis-induced 

autophagy in PACs (Takahashi et al., 2017). The pancreas-specific Rab7 deletion 

impaired both autophagic flux and the endocytic pathway. Furthermore, Rab5 and 

Rab11a have been implicated in endosome maturation in PACs (Messenger et al., 

2015). It would therefore be interesting to address a potential role for Rab proteins 

in the maturation of EVs and their interaction with AVs. 

The CLEM experiments presented in this chapter revealed that LC3-coated EVs have 

single membrane, consistent with the hypothesis that this process involves non-
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canonical LC3 lipidation. In the cell samples it was possible to distinguish double-

membrane organelles, indicating that also canonical autophagy is triggered by 

inducers of AP, and confirming that the experimental approach employed had the 

resolution capabilities to detect double-membrane bound organelles. It is plausible 

that the detection of single-membrane structures occurred because by the time the 

samples had been fixed, fusion with the lysosomes and degradation of the inner 

membrane had already occurred. Partial co-localisation of EVs and lysosomal marker 

LAMP1 has previously been reported (Sherwood et al., 2007). In correlative 

immunofluorescence experiments, LAMP1 co-localisation was observed on ~7% of 

the examined LC3-coated EVs, indicating that only a small proportion of these 

organelles had already fused with lysosomes. The time elapsed before sample 

fixation is comparable between immunofluorescence and CLEM protocols. Hence, in 

the CLEM samples only a very small proportion of LC3-coated EVs would have been 

expected to have fused with lysosomes and lost their putative double membrane. 

Yet, single membranes were observed in all the LC3-coated EVs from CLEM 

experiments. Amphisomes, organelles deriving from the fusion of endosomes and 

autophagosomes, also have single membrane (Gordon & Seglen, 1988). However, it 

seems unlikely that the LC3-coated EVs reported here represent amphisomes, 

primarily because no effect of canonical autophagy inhibitors was observed on the 

formation of these organelles. In addition, amphisomes express endosomal markers 

such as EEA1 (Berg et al., 1998), whilst such markers have not been found on EVs 

(Sherwood et al., 2007). 
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Ultrastructural analysis of HRP-incorporating endocytic organelles fused to AVs in 

PACs had been performed previously (Tooze et al., 1990), however, their EM sections 

provide no clear examples of double membranes. Resolution limits also preclude the 

appreciation of double membranes in other studies in the pancreatitis field 

(Hashimoto et al., 2008; Mareninova et al., 2009). The double membrane structures 

resolved here have an intermembrane space of 24.4 ± 1.2 nm. This is in line with the 

20-50 nm range specified for the lamellar spacing (i.e. the distance between lipid 

bilayers) in phagophores, isolation membranes, mature autophagosomes (Nguyen et 

al., 2017). Researchers in the field stress the importance in distinguishing lipid 

bilayers from intermembrane space in EM images, dictated by resolution limits 

(Eskelinen & Kovacs, 2011). Whilst a lipid bilayer appears as a single membrane at 

low resolution, at higher resolution it will appear as a double laminar structure. 

Conversely, what appears as a double membrane at low resolution, will appear as 

two bilaminar structures. The thickness of each bilayer (6-7 nm) in a double-

membrane autophagosome is lower than the single lysosomal bilayer (9-10 nm) 

(Eskelinen & Kovacs, 2011). A distance of approximately 25 nm measured in my 

experimental samples studies is likely to represent intermembrane space rather than 

a bilayer, and this provides confidence in the classification of single- and double-

membrane organelles. 

Only limited co-localisation of V-ATPase and GFP-LC3 was observed. Calcium-

releasing agonists (caerulein, carbachol and thapsigargin) induce translocation of V-

ATPase E subunit (part of the V1 domain) to membranes, suggesting activation of V-

ATPase (Waterford et al., 2005). In this thesis, an antibody for the a1 subunit of the 
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V0 domain, which is transmembrane and therefore does not depend on 

activation/assembly with the V1 domain (Gorelick et al., 2006), was used. Of note, 

bafilomycin and concanamycin bind to the c subunit of the V0 domain (Gorelick et 

al., 2006). Relevant examples of immunofluorescence staining for this enzyme in 

PACs are lacking and therefore it is currently not possible to compare the distribution 

observed here with a reference sample. The experiments presented in this chapter 

indicate that the role of V-ATPase in the LC3-coating of EVs is related to its catalytic 

activity, because disrupting acidic pH prevents this process. As mentioned, in other 

non-canonical autophagy processes the V-ATPase appears to have an acidification-

independent function, rather related to recruiting LC3 to membranes (Florey et al., 

2015; Gao et al., 2016; Jacquin et al., 2017). V-ATPase-dependent LC3 lipidation on 

Golgi-derived membranes was demonstrated by the co-localisation of LC3 with Golgi 

network markers (Gao et al., 2016). Classical (i.e. starvation-induced) 

autophagosomes generally form from the ER (Axe et al., 2008). However, other 

membranes can originate autophagosomes (reviewed in (Mari et al., 2011)). This 

thesis has not investigated co-localisation with Golgi, ER, or other membrane 

markers on EVs, which represents a logical development for the study.  

ATG5 is recruited on macroendocytic vacuoles undergoing non-canonical LC3 

lipidation (Florey et al., 2015). In correlative immunofluorescence experiments, no 

clear co-localisation of ATG5 with GFP-LC3 was observed. Unfortunately, no 

examples in the literature could be found to compare with the staining pattern I 

generated for ATG5 in PACs. ATG5-ATG12 is essential for E3-like enzymatic activity 

(Hanada et al., 2007), while ATG16L1 is essential for targeting the ATG5-ATG12-



130 
 

ATG16L1 complex to membranes (Fujita et al., 2008). Hence, the presence of 

ATG16L1 is sufficient to indicate that the ATG5-ATG12-ATG16L1 lipidation machinery 

is involved in LC3 lipidation. The ATG16L1 correlative immunofluorescence 

experiments provided clear indication of ATG16L1 co-localisation with GFP-LC3 

organelles, both endocytic and non-endocytic. This result led to the conclusion that 

ATG16L1 is recruited at both endocytic and non-endocytic LC3-positive organelles in 

PACs. A recent study reports that STX2 depletion induced by experimental 

pancreatitis, or STX2 KO, promote autophagy and trypsinogen activation (Dolai et al., 

2018). The authors found that STX2 interacts with ATG16L1, preventing its binding to 

clathrin heavy chain 1, an early step in the formation of pre-autophagosomal 

structures. Their results support a role for ATG16L1 in PAC responses to AP stimuli. 

Another study showed that a complex of VMP1-Beclin1-Vps34 favours the 

interaction of ATG16L1 and LC3 on autophagosomal membranes in PACs (Molejon et 

al., 2013), again indicating that ATG16L1 is involved in AP-induced autophagy.  

Atg5 KO mice have reduced autophagy and reduced trypsinogen activation in AP 

(Hashimoto et al., 2008), and so do Atg5 knock-down PACs (Mareninova et al., 2009). 

This study attempted to perform inducible conditional KO of Atg5, but encountered 

two major difficulties: firstly, the tamoxifen administration protocol for CreERT 

activation only worked in ~45% of the attempts, and secondly, the successful KO of 

Atg5 determined a reduction in pancreas size which precluded the isolation of PACs 

to perform experiments. Gukovskaya’s group successfully obtained siRNA-mediated 

knock-down of Atg5 in murine PACs (Mareninova et al., 2009). However, because a 

single cell analysis of a “yes-or-no” phenomenon (i.e. LC3-coating or no LC3-coating) 
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is required for my experiments, the knock-down approach would require an extra 

step to verify ATG5 expression in each individual cell, which might preclude clear 

outcomes. Therefore, a KO approach is desirable. Yamamura’s group exploited a 

conditional Atg5 KO model, with Cre recombinase expressed under elastase 

promoter (EL-Cre2) and not requiring activation by tamoxifen (Hashimoto et al., 

2008). They did not report size anomalies in the pancreata of Atg5flox/flox;ELCre2 mice. 

Algul’s group studied two models of Atg5 KO: a conditional Creex1-mediated KO under 

the Ptf1 promoter (referred to as A5), and an inducible conditional CreERT-mediated 

KO (similar to that attempted in this study) under the elastase promoter (referred to 

as Ela-Cre;A5) (Diakopoulos et al., 2015). They found that the A5 pancreata were 

oedematous and enlarged at 4 weeks, and became atrophic with age. These animals 

developed features of CP, with increased vacuolation and other histological 

parameters. Conversely, they found that Atg5 KO induction in adult age in Ela-Cre;A5 

mice had less impact on vacuolation and inflammation. Diakopoulos et al did not find 

a reduction in size of the pancreas in tamoxifen-treated Ela-Cre;A5 mice. In our Atg5 

KO mice, the ATG5/calnexin ratio was ~37% of control, indicating that recombination 

had occurred in approximately 63% of the cells, proving a similar yield as the ~70% 

previously reported (Diakopoulos et al., 2015). I decided to quantify ATG5 expression 

normalised to a calnexin loading control. In fact, it was noticed that despite 

performing BCA assays in order to load the same amount of protein per each lane (as 

described in Section 2.12), the lysates from the mice with small pancreata presented 

lower calnexin expression. It is conceivable that this indicates loss of acinar cells (e.g. 

as a result of acinar-ductal metaplasia) in the Atg5 KO mice. In fact, PACs have a 

highly developed RER and are thus expected to express more calnexin. I therefore 
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feel that calnexin represents an appropriate normalisation factor to represent the 

acinar component in my pancreatic tissue lysates. I intend to perform histological 

analyses of these samples to assess damage of the acinar cells in the small Atg5 KO 

pancreata, comparing them to control and normal Atg5 “unsuccessful KO” 

pancreata. Notably, a significant reduction in wet weight was reported for the 

pancreas of a newly developed model: Atg5-/-;NSE-Atg5 mice (Atg5 KO mice 

expressing ATG5 in neurons, preventing neonatal lethality) (Yoshii et al., 2016). 

However, the pancreas/body weight ratio was not significantly lower, since the Atg5-

/-;NSE-Atg5 mice were smaller than controls. This mouse model might represent a 

suitable alternative for our experiments. Acinar (and islet) cell degeneration was also 

observed in another recently developed model, of Atg5-shRNA (Cassidy et al., 2018). 

In these mice, Atg5 knock-down is induced by doxycycline in all tissues but the brain. 

The authors mainly focused on the hepatic phenotype of the inducible knock-down, 

however this model might represent another interesting system to investigate the 

role of ATG5 in PAC function. 

This study obtained pharmacological and structural evidence that LC3 lipidation of 

EVs occurs by a non-canonical autophagy mechanism. E230 mice provide a 

convenient tool to distinguish canonical from non-canonical autophagy. This strain 

carries a deletion in ATG16L1 at position E230, removing the C-terminal WD40 

domain required for LC3 targeting to membranes in non-canonical, but not in 

canonical, autophagy (Dooley et al., 2014; Fletcher et al., 2018). A significant, but 

unexpectedly not complete, reduction of LC3-coated EVs was found in E230 mice. In 

line with my non-canonical autophagy hypothesis, I expected to find no LC3-coated 
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EVs in this model. If my hypothesis was wrong (i.e. this process depends on canonical 

autophagy), I would have predicted no difference from WT mice. It is conceivable 

that the mechanism is redundant, and depends on both a canonical and a non-

canonical component. However, a canonical component is not consistent with 

finding that bafilomycin completely inhibited the LC3-lipidation on EVs. At this stage, 

I can only speculate that canonical autophagy might be involved in LC3-coating of EVs 

as a compensatory adaptation occurred in E230 mice, deficient for non-canonical 

autophagy. To test this hypothesis, I would need to perform further experiments on 

these animals, and assess whether autophagy inhibitors completely deplete the LC3-

coated EVs in E230 mice. 

I also take into account that, differently from the experiments performed in GFP-LC3 

mice, where LC3B is tagged by GFP, in this set of experiments I used adenoviral 

vectors to overexpress LC3A (tagged by mCherry or eYFP). It is conceivable that LC3B 

and LC3A are involved in different processes, since LC3 family proteins can have 

different subcellular distributions and functions (Weidberg et al., 2010; Koukourakis 

et al., 2015; Schaaf et al., 2016). Importantly, I am also aware that viruses and 

autophagy have a complex interaction: autophagy can act as a protective but also as 

a pro-viral mechanism, and viruses can induce or impair autophagy (Kudchodkar & 

Levine, 2009; Shoji-Kawata & Levine, 2009; Lennemann & Coyne, 2015). It is thus 

conceivable that autophagy is altered in adenoviral vector transfected cells. 

Accordingly, we have planned the breeding of GFP-LC3 with E230 mice to investigate 

this phenomenon further. 
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This project found that LC3 lipidation occurs on some, but not all, the EVs. This 

suggests that a selective targeting mechanism is involved. In zymophagy, ZGs are 

targeted for autophagy by VMP1 (Vaccaro, 2012). Since VMP1 acts through the PI(3)K 

complex (Ropolo et al., 2007; Molejon et al., 2013), it was speculated that this might 

not be the mechanism occurring in our non-canonical PI(3)K-independent LC3 

lipidation; hence, the co-localisation of VMP1 with LC3-coated EVs was not examined 

in this thesis. SQSTM1/p62 is a marker for selective autophagy, recruiting LC3 to 

ubiquitinated substrates to facilitate their degradation through autophagy (Pankiv et 

al., 2007). Indeed, p62 degradation is often quantified for monitoring autophagy 

(Klionsky et al., 2016). In AP, p62 is accumulated, indicating defective degradation 

due to impaired autophagic flux (Mareninova et al., 2015). This thesis did not 

examine the presence of p62 on EVs, based on evidence of no co-localisation 

between p62 and LC3-lipidated entotic vacuoles (Florey et al., 2015), indicating that 

p62 is not involved in non-canonical autophagy. 

Recent studies have reported autophagosome targeting via recognition of 

LGALS3/galectin-3 (Maejima et al., 2013) or LGALS8/galectin-8 (Falcon et al., 2018; 

Jia et al., 2018). Galectins recognise glycans and glycoproteins on the extracellular 

leaflet of the plasma membrane and the luminal leaflet of intracellular organelles; 

they can therefore sense glycans on vesicles incorporating pathogens (Falcon et al., 

2018) and reveal access to luminal glycoproteins of damaged endo-lysosomal 

organelles (Maejima et al., 2013). Our research group recently reported that EVs can 

undergo rupture (Chvanov et al., 2018). It is therefore possible that these organelles 

are targeted for autophagy by a similar mechanism, and future work should therefore 
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investigate the co-localisation with galectins. So far galectins have not been 

implicated in non-canonical LC3 lipidation. In drug-induced non-canonical autophagy, 

no co-localisation between galectin-3 and LC3 was observed (Jacquin et al., 2017). 

Galectin-8 interacts with the autophagy receptor protein CALCOCO2/NDP52 (Falcon 

et al., 2018). In non-canonical autophagy, no co-localisation of NDP52 and LC3 was 

found on entotic vacuoles (Florey et al., 2015). 

In summary, the findings presented in this chapter indicate that EVs are coated by 

LC3 through an ULK1-independent, PI(3)K-independent, ATG5-ATG12-ATG16L1-

dependent process. The LC3-coated EVs have single membrane and it was therefore 

concluded that this represents a non-canonical autophagic pathway. Thus, in 

addition to previous evidence that (canonical) autophagy activation/disruption is 

implicated in AP, this thesis revealed that a non-canonical autophagic pathway is 

involved in interaction with EVs. Notably, these are the organelles where premature 

zymogen activation occurs. Future work should be directed at elucidating the 

functional relevance of this LC3 lipidation process, in the context of trypsinogen 

activation, EV rupture and acinar cell damage in the early stages of AP.   
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4 Investigating the interaction of endocytic vacuoles and actin 
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4.1 Introduction 

This chapter will investigate the interaction between EVs and F-actin in PACs. F-actin 

is essential for exocytosis, in many cell types including PACs (Muallem et al., 1995). 

Furthermore, F-actin is involved in multiple endocytic pathways, such as clathrin-

mediated endocytosis (CME), clathrin-independent endocytosis (CIE), phagocytosis, 

macropinocytosis, circular dorsal ruffles (Girao et al., 2008; Mooren et al., 2012). As 

described in Section 1.4, actin dynamics are mediated by nucleators (formins and the 

Arp2/3 complex) promoting filament elongation or branching (Campellone & Welch, 

2010), and by interaction with motor proteins (myosins). Arp2/3 is activated by NPFs 

such as WASP/N-WASP, WAVE, WASH, WHAMM or JMY. Upstream, actin nucleation 

and actomyosin contractility are regulated by the small GTPases of the Rho family: 

RhoA, Rac1 and Cdc42 (Hanna & El-Sibai, 2013; Haga & Ridley, 2016). 

Figure 4.1 depicts the regulators of F-actin dynamics in endocytic pathways. The role 

of F-actin in CME has been thoroughly characterised in yeast (Kubler & Riezman, 

1993), where it requires the Arp2/3 complex (Moreau et al., 1997), activated by the 

WASP homologue Las17 (Naqvi et al., 1998). CME is conserved in mammals (Ferguson 

et al., 2009), where it also involves Arp2/3 and N-WASP (Merrifield et al., 2004), and 

relies on myosin VI or myosin II (Hasson, 2003; Samaniego et al., 2007; Chandrasekar 

et al., 2014). CIE processes, such as caveolae endocytosis (Parton et al., 1994), also 

require F-actin. WASP and Arp2/3 dependent actin dynamics are essential for 

phagocytosis (Castellano et al., 2001; May & Machesky, 2001). Complement 

receptor-mediated phagocytosis is also regulated by formins Dia1/2 (Chhabra & 

Higgs, 2007). N-WASP/WAVE and Arp2/3 mediated actin remodelling is required for 



138 
 

the formation of circular dorsal ruffles (Hoon et al., 2012). Moreover, Rac1-

dependent actin reorganization occurs in macropinocytosis, a process extensively 

documented in Dictyostelium (Lee & Knecht, 2002; Swanson, 2008). The actin 

cytoskeleton not only generates the force for membrane curvature required for the 

initiation of endocytic events, but it is also involved in endocytic organelle trafficking, 

maturation and recycling (Durrbach et al., 1996; Merrifield et al., 1999). Endosome 

movement is dependent on Rho-mediated activation of Dia-related formins (Gasman 

et al., 2003; Fernandez-Borja et al., 2005; Wallar et al., 2007) and caveolae trafficking 

along stress fibres is also regulated by mDia1 and RhoA (Echarri & Del Pozo, 2015). In 

addition, WASH and Arp2/3 mediated actin remodelling is implicated in maturation 

and recycling of phagosomes and macropinosomes (Carnell et al., 2011; Park et al., 

2013; Buckley et al., 2016), in integrin recycling from endosomes to the plasma 

membrane (Zech et al., 2011) and in endosome fission (Derivery et al., 2009). 

The role of F-actin in endocytosis is also shaped by phosphoinositides (PIs). Indeed, 

the actin cytoskeleton interacts with PIs in several processes. For example, PI(4,5)P2 

is a central regulator of the interaction between plasma membrane and actin cortex 

(Tsujita & Itoh, 2015). Not only do PIs interact with actin, they can also facilitate F-

actin polymerisation/depolymerisation, through recruitment of actin-binding 

proteins (Takenawa & Itoh, 2001). Specific PI species characterise individual cellular 

compartments, and therefore processes like endocytosis require modification of PI 

composition (Posor et al., 2015). Several PI binding proteins involved in endocytic 

pathways can shape actin dynamics (Schink et al., 2016). For instance, PIs activate 

WASP proteins (Rohatgi et al., 1999). An additional link between PIs and F-actin in 



139 
 

endocytosis is that PIs are regulated by Rho GTPases: Rac1 is known to increase 

PI(4,5)P2 levels (Hartwig et al., 1995), an initiating step for both CME and 

macropinocytosis (Croise et al., 2014; Posor et al., 2015). PI conversion during 

endocytosis involves class I PIP(5)Ks and class I PI(3)Ks; these enzymes are also 

activated by Rho GTPases (Araki et al., 1996; Weernink et al., 2004; Swanson, 2008; 

Fritsch et al., 2013). 

The involvement of F-actin in endocytosis in polarised epithelial cells has been 

reported and reviewed (Apodaca, 2001). In PACs, it was suggested that actin is 

involved in compensatory endocytosis following content release from fused ZGs 

(Valentijn et al., 1999b). We know that ZGs are coated by F-actin after fusion to the 

plasma membrane, and that EVs are the result of compensatory membrane retrieval. 

It is therefore logical to enquire whether these organelles retain the actin coat 

present on ZGs. To address this question, endogenous F-actin was stained in live cells 

by means of LifeAct-tagRFP adenoviral vector or cell permeable probe SiR-Actin, and 

cell impermeant indicators were used to label EVs. PACs were stimulated with the 

calcium-releasing agonists CCK and TLC-S and monitored by live cell imaging to 

investigate the interaction between F-actin and EVs. Actin nucleators and their 

upstream activators were tested pharmacologically to characterise the mechanism 

responsible for F-actin dynamics. Immunofluorescence staining was performed to 

investigate the interaction of EVs with specific actin nucleators and NPFs. Finally, PI 

kinases were targeted to explore the role of PI-regulated actin dynamics in this 

process.  
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Figure 4.1 Regulation of actin dynamics in endocytic pathways. The schematic summarises 

F-actin polymerisation and remodelling required for attaining membrane curvature involved 

in clathrin-mediated endocytosis (CME), clathrin-independent endocytosis (CIE), 

phagocytosis and macropinocytosis. Filament elongation is mediated by formins (mDia), 

activated by RhoA. Filament branching is mediated by the Arp2/3 complex, activated by 

WASH, WAVE and N-WASP; WAVE and N-WASP are activated by Rac1 and Cdc42. RhoA-

activated ROCK controls actomyosin contractility, implicated in CME. Formins are required 

for phagocytosis and for endosome (E) and caveolae (C) trafficking. WASH activity is required 

for recycling from E and lysosomes (L). Arp2/3 is implicated in CME, CIE, phagocytosis and 

macropinocytosis.  
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4.2 Results 

4.2.1 Actin filaments coat endocytic vacuoles 

The aim of this part of the study was to assess the potential interaction of F-actin and 

EVs. In LifeAct-tagRFP transfected PACs (Section 2.5) stimulated with CCK we found 

that some EVs were coated by F-Actin, whereas others were not (Figure 4.2). To verify 

that this result was not an artefact of adenovirus-mediated overexpression, and to 

bypass the need to culture cells overnight, endogenous F-actin was stained with SiR-

Actin (Section 2.6). In SiR-Actin stained PACs stimulated by CCK (Figure 4.3) or TLC-S 

(Figure 4.4) only some EVs were coated by F-actin, similarly to the phenomenon 

observed in LifeAct-RFP expressing PACs. 

To further characterise this phenomenon, the total number of EVs and the 

percentage of actin-coated EVs in CCK or TLC-S stimulated cells were evaluated 

(Figure 4.5). There was no significant difference in the percentage of actin-coated EVs 

at physiological (10 pM) and supramaximal (10 nM) CCK concentrations. This result 

indicates that F-actin coats EVs in both physiological and pathological conditions. In 

10 pM CCK, 23.2% of 82 analysed EVs were coated by F-actin. In 10 nM CCK, 30.0% 

of 120 analysed EVs were coated by F-actin. In 200 µM TLC-S, 5.1% of 375 analysed 

EVs were coated by F-actin.  
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Figure 4.2 Actin-coated and uncoated endocytic vacuoles in CCK-stimulated pancreatic 

acinar cells. Representative images of LifeAct-RFP (magenta) expressing PACs stimulated 

with 10 nM CCK in presence of LY (green). The lower panel shows actin-coated and uncoated 

EVs in an expanded scale. The fluorescence intensity profile of an actin-coated EV, plotted 

along the yellow arrow, is shown on the left graph. The fluorescence intensity profile of an 

uncoated EV, plotted along the white arrow, is shown on the right graph. Scale bar = 10 µm.  
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Figure 4.3 Actin-coated endocytic vacuoles in CCK-stimulated pancreatic acinar cells. 

Representative images of SiR-Actin (magenta) stained PACs stimulated with 10 nM CCK in 

presence of LY (green). The lower panels show an actin-coated EV in an expanded scale and 

fluorescence intensity profile plotted along the arrow. Scale bar = 10 µm.  
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Figure 4.4 Actin-coated endocytic vacuoles in TLC-S-stimulated pancreatic acinar cells. 

Representative images of SiR-Actin (magenta) stained PACs stimulated with 200 µM TLC-S in 

presence of LY (green). The lower panels show an actin-coated EV in an expanded scale and 

fluorescence intensity profile plotted along the arrow. Scale bar = 10 µm.  
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Figure 4.5 Actin-coated endocytic vacuoles in cells stimulated by CCK or TLC-S. The box and 

whisker plot (top) shows total number of EVs per cell, the dot plot (bottom) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated for 30 min at 34.5°C with 10 pM (n=50) or 10 nM CCK 

(n=65); N=3 for both conditions.  SiR-Actin stained PACs were stimulated for 20 min at 34.5°C 

with 200 µM TLC-S (n=149); N=3. Data were compared by Wilcoxon-Mann-Whitney test.  
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SiR-Actin is structurally related to jasplakinolide, a compound determining 

stabilisation of F-actin (Bubb et al., 2000). Thus, I decided to verify that the 

concentration of indicator used for labelling F-actin (1 µM) was not affecting the 

phenomenon investigated in this study. To this end, jasplakinolide pre-treated cells, 

then stimulated with CCK (in continuous presence of jasplakinolide), were compared 

to CCK control. To stain F-actin in these experiments, cells were transfected with 

LifeAct-tagRFP, since jasplakinolide would compete for the same binding sites as SiR-

Actin. In 10 nM CCK stimulated PACs, 1 µM jasplakinolide had no effect on the total 

number of EVs nor on the percentage of actin-coated EVs (Figure 4.6). This result 

made me confident that 1 µM SiR-Actin would be a suitable tool for F-actin staining, 

without affecting the phenomenon I wanted to study.  
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Figure 4.6 Effect of jasplakinolide on actin-coating of endocytic vacuoles. The box and 

whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows percentage 

of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with percentage 

of actin-coated EVs above 0, the percentage of such cells is indicated above. LifeAct-RFP 

transfected PACs were stimulated with 10 nM CCK for 30 min, after 30 min pre-incubation 

and in continuous presence of 0.1% DMSO (Vehicle, n=29) or 1 µM jasplakinolide (Jaspl, 

n=36); N=3 for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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Next, the investigation enquired on the dynamics of the F-actin interacting with EVs. 

Actin filaments undergo polymerisation and depolymerisation; the rates of these two 

processes determine the overall outcome. Latrunculin A shifts this equilibrium 

towards depolymerisation. PACs were pre-treated with latrunculin A, then 

stimulated with 10 nM CCK and in continuous presence of latrunculin A, and 

compared to CCK control. Latrunculin A did not affect the total number of EVs but 

caused a strong reduction in the percentage of actin-coated EVs (Figure 4.7). 

Latrunculin A sequesters actin monomers, thus preventing actin polymerisation, but 

it does not trigger depolymerisation of F-actin. Hence, these results indicate that 

actin polymerisation is required for actin-coating of EVs. In these experiments, it was 

noticeable that latrunculin A caused a strong reduction in F-actin staining, which 

particularly affected basolateral F-actin, whereas apical F-actin appeared to be more 

resistant (Figure 4.8). 

F-actin dynamics also depend on interaction with motor proteins. When SiR-Actin 

stained PACs were pre-treated with myosin II inhibitor (-)blebbistatin (hereafter 

referred to as blebbistatin) (Straight et al., 2003), there was no difference in the total 

number of EVs, but a significant reduction in the percentage of actin-coated EVs 

compared to CCK control (Figure 4.9). These results indicate that myosin II activity is 

required for F-actin interaction with EVs.  
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Figure 4.7 Preventing actin polymerisation reduces the actin-coating of endocytic vacuoles. 

The box and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. 

LifeAct-RFP transfected PACs were stimulated with 10 nM CCK for 30 min, after 30 min pre-

incubation and in continuous presence of 0.1% DMSO (Vehicle, n=131) or 10 µM latrunculin 

A (Lat A, n=126); N=3 for both conditions.  Data were compared by Wilcoxon-Mann-Whitney 

test.  
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Figure 4.8 Latrunculin A disrupts F-actin. LifeAct-RFP (magenta) expressing PACs were 

stimulated with 10 nM CCK in presence of LY (green) and in continuous presence of 0.1% 

DMSO or 10 µM latrunculin A (Lat A). Top panels show control cells, bottom panels show 10 

µM Lat A pre-treated cells. Scale bars = 10 µm.  
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Figure 4.9 Myosin II inhibitor blebbistatin reduces the actin-coating of endocytic vacuoles. 

The box and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 30 min pre-incubation 

and in continuous presence of 0.1% DMSO (Vehicle, n=149) or 30 µM blebbistatin (Bleb, 

n=155); N=3 for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  



152 
 

4.2.2 Regulators of actin-coating of endocytic vacuoles 

Having established that a dynamic actin cytoskeleton is required for interaction with 

EVs, it was investigated if, and which, actin nucleators are involved. It was found that 

the formin inhibitor SMIFH2 (Rizvi et al., 2009) caused a significant reduction in the 

percentage of actin-coated EVs, without affecting the total number of EVs (Figure 

4.10). These results suggest that formins are implicated in actin-coating of EVs. 

Correlative immunofluorescence experiments for mDia1 and FMNL2, two formins 

implicated in endocytic pathways (Fernandez-Borja et al., 2005; Wang et al., 2015) 

were thus performed. PACs stimulated with 10 nM CCK in presence of FITC dextran 

were imaged live to find EVs. The cells were then fixed and processed for 

immunofluorescence staining as described in Section 2.9, and the same cells were 

identified on the grid. 11 mDia1-coated organelles were correlated to EVs, in n=42 

cells from N=2 mice. mDia1 staining appeared to localise along the cortical actin 

network, in particular at the basolateral membrane (Figure 4.11). Only 2 organelles 

presenting partial FMNL2 coating were correlated to EVs, in n=24 cells from N=2 

mice. FMNL2 staining appeared to localise along the cortical actin network, in 

particular at the basolateral membrane (Figure 4.12).   
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Figure 4.10 Formin inhibitor SMIFH2 reduces the actin-coating of endocytic vacuoles. The 

box and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 60 min pre-incubation 

and in continuous presence of 0.5% DMSO (Vehicle, n=147) or 50 µM SMIFH2 (n=135); N=3 

for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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Figure 4.11 Endocytic vacuoles and correlative immunofluorescence for mDia1. PACs were 

stimulated with 10 nM CCK for 30 min at 34.5°C in presence of FITC dextran (green) and 

imaged live on gridded dishes. They were then fixed for 10 min in 4% PFA at RT and 

immunofluorescence staining for mDia1 (magenta) was performed as described in Section 

2.9. A correlative image of the same cell live and fixed is shown, with an EV correlated to an 

mDia1-positive organelle shown in an expanded scale. Scale bars = 10 µm.  
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Figure 4.12 Endocytic vacuoles and correlative immunofluorescence for FMNL2. PACs were 

stimulated with 10 nM CCK for 30 min at 34.5°C in presence of FITC dextran (green) and 

imaged live on gridded dishes. They were then fixed for 10 min in 4% PFA at RT and 

immunofluorescence staining for FMNNL2 (magenta) was performed as described in Section 

2.9. A correlative image of the same cell live and fixed is shown, with an EV correlated to an 

FMNL2-positive organelle shown in an expanded scale. Scale bars = 10 µm.  
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The Arp2/3 complex inhibitors CK-666 and CK-869 (Nolen et al., 2009) caused a 

significant reduction in both the total number of EVs and the percentage of actin-

coated EVs (Figure 4.13). These results suggest that the Arp2/3 complex is implicated 

in actin-coating of EVs. Correlative immunofluorescence experiments for P34-

ARC/ARPC2 (referred to as P34), a subunit of the Arp2/3 complex, were thus 

performed. PACs stimulated with 10 nM CCK in presence of FITC dextran were 

imaged live to find EVs. The cells were then fixed and processed for 

immunofluorescence staining as described in Section 2.9, and the same cells were 

identified on the grid. 5 P34-coated organelles were correlated to EVs, in n=43 cells 

from N=2 mice. P34 staining appeared to localise mainly at the apical membrane 

(Figure 4.14). 

Next, the potential interaction of EVs with N-WASP and WASH1, two NPFs activating 

the Arp2/3 complex and implicated in endocytic pathways (Merrifield et al., 2004; 

Buckley et al., 2016), was investigated. Correlative immunofluorescence experiments 

for these proteins were performed as described above. 3 N-WASP-positive organelles 

were correlated to EVs, in n=22 cells from N=2 mice. N-WASP staining appeared to 

localise mainly at the apical membrane (Figure 4.15). 3 WASH1-positive organelles 

were correlated to EVs, in n=32 cells from N=2 mice. WASH1 staining appeared to 

localise mainly at the apical membrane (Figure 4.16).  
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Figure 4.13 Arp2/3 complex inhibitors reduce the formation of endocytic vacuoles and the 

actin-coating. The box and whisker plots (left) show total number of EVs per cell, the dot 

plots (right) show percentage of actin-coated EVs per cell. In the dot plots, magenta boxes 

highlight cells with percentage of actin-coated EVs above 0, the percentage of such cells is 

indicated above. A) SiR-Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 

60 min pre-incubation and in continuous presence of 0.5% DMSO (Vehicle, n=141) or 500 

µM CK-666 (n=118); N=3 for both conditions. B) SiR-Actin stained PACs were stimulated with 

10 nM CCK for 30 min, after 60 min pre-incubation and in continuous presence of 0.5% DMSO 

(Vehicle, n=138) or 250 µM CK-869 (n=139); N=3 for both conditions. Data were compared 

by Wilcoxon-Mann-Whitney test.  
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Figure 4.14 Endocytic vacuoles and correlative immunofluorescence for Arp2/3 complex. 

PACs were stimulated with 10 nM CCK for 30 min at 34.5°C in presence of FITC dextran 

(green) and imaged live on gridded dishes. They were then fixed for 10 min in 4% PFA at RT 

and immunofluorescence staining for P34 subunit of the Arp2/3 complex (magenta) was 

performed as described in Section 2.9. A correlative image of the same cell live and fixed is 

shown, with an EV correlated to a P34-positive organelle shown in an expanded scale. Scale 

bars = 10 µm.  
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Figure 4.15 Endocytic vacuoles and correlative immunofluorescence for N-WASP. PACs 

were stimulated with 10 nM CCK for 30 min at 34.5°C in presence of FITC dextran (green) 

and imaged live on gridded dishes. They were then fixed for 10 min in 4% PFA at RT and 

immunofluorescence staining for N-WASP (magenta) was performed as described in Section 

2.9. A correlative image of the same cell live and fixed is shown, with an EV correlated to an 

N-WASP-positive organelle shown in an expanded scale. Scale bars = 10 µm.  
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Figure 4.16 Endocytic vacuoles and correlative immunofluorescence for WASH1. PACs were 

stimulated with 10 nM CCK for 30 min at 34.5°C in presence of FITC dextran (green) and 

imaged live on gridded dishes. They were then fixed for 10 min in 4% PFA at RT and 

immunofluorescence staining for WASH1 (magenta) was performed as described in Section 

2.9. A correlative image of the same cell live and fixed is shown, with an EV correlated to a 

WASH1-positive organelle shown in an expanded scale. Scale bars = 10 µm.  
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Having found that F-actin polymerisation required for coating of EVs is mediated by 

formins and Arp2/3 complex, the project sought to characterise the upstream 

regulators of these nucleators. Formins are activated by Rho GTPases (Tominaga et 

al., 2000). The Rho inhibitor rhosin (Shang et al., 2012) caused a significant reduction 

in the percentage of actin-coated EVs, without affecting the total number of EVs 

(Figure 4.17). The effect of Rho inhibition is comparable with the effect observed 

when inhibiting formins (Figure 4.10), consistent with the role of Rho in regulating 

actin dynamics via formins. 

Rho also regulates actin dynamics via ROCK (Sit & Manser, 2011). The ROCK inhibitors 

Y27632 and GSK429286 did not affect the total number of EVs, but caused a 

significant reduction in the percentage of actin-coated EVs (Figure 4.18). ROCK 

controls actomyosin contractility; hence these results are consistent with the effect 

of the myosin II inhibitor blebbistatin reported earlier (Figure 4.9). Collectively these 

results indicate that Rho, through ROCK and formins, regulates the F-actin dynamics 

required for coating of EVs.  
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Figure 4.17 Rho inhibitor rhosin reduces the actin-coating of endocytic vacuoles. The box 

and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 60 min pre-incubation 

and in continuous presence of 0.05% DMSO (Vehicle, n=155) or 30 µM rhosin (n=148); N=3 

for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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Figure 4.18 ROCK inhibitors reduce the actin-coating of endocytic vacuoles. The box and 

whisker plots (left) show total number of EVs per cell, the dot plots (right) show percentage 

of actin-coated EVs per cell. In the dot plots, magenta boxes highlight cells with percentage 

of actin-coated EVs above 0, the percentage of such cells is indicated above. A) SiR-Actin 

stained PACs were stimulated with 10 nM CCK for 30 min, after 60 min pre-incubation and 

in continuous presence of 0.1% DMSO (Vehicle, n=154) or 50 µM Y27632 (n=167); N=3 for 

both conditions. B) SiR-Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 

60 min pre-incubation and in continuous presence of 0.1% DMSO (Vehicle, n=145) or 10 µM 

GSK429286 (GSK42, n=139); N=3 for both conditions. Data were compared by Wilcoxon-

Mann-Whitney test.  
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NPFs responsible for Arp2/3 complex activation are regulated by Rac1 and Cdc42 

GTPases (Sit & Manser, 2011). Firstly, a Rac1/Cdc42 dual inhibitor, Aza1, which has 

no effect on Rho (Zins et al., 2013), was tested. Aza1 caused a significant reduction 

in both the total number of EVs and the percentage of actin-coated EVs (Figure 4.19). 

Next the specific involvement of Rac1 and/or Cdc42 was probed. Rac1 inhibitor II had 

no effect on the total number of EVs or the percentage of actin-coated EVs (Figure 

4.20). Conversely, the Cdc42 inhibitor ML141 (Hong et al., 2013) significantly reduced 

the percentage of actin-coated EVs, not affecting the total number of EVs (Figure 

4.21). Based on these results, it was concluded that F-actin dynamics involved in 

interaction with EVs are regulated by Rho and Cdc42, but not by Rac1.  
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Figure 4.19 Rac1/Cdc42 dual inhibitor Aza1 reduces the actin-coating of endocytic 

vacuoles. The box and whisker plot (left) shows total number of EVs per cell, the dot plot 

(right) shows percentage of actin-coated EVs per cell. In the dot plot, magenta boxes 

highlight cells with percentage of actin-coated EVs above 0, the percentage of such cells is 

indicated above. SiR-Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 60 

min pre-incubation and in continuous presence of 1% DMSO (Vehicle, n=132) or 60 µM Aza1 

(n=133); N=3 for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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Figure 4.20 Rac1 inhibitor II does not affect the actin-coating of endocytic vacuoles. The 

box and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 30 min pre-incubation 

and in continuous presence of 1% DMSO (Vehicle, n=141) or 100 µM Rac1 inhibitor II 

(Rac1Inh, n=136); N=3 for both conditions. Data were compared by Wilcoxon-Mann-Whitney 

test.  
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Figure 4.21 Cdc42 inhibitor ML141 reduces the actin-coating of endocytic vacuoles. The box 

and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 30 min pre-incubation 

and in continuous presence of 0.1% DMSO (Vehicle, n=165) or 10 µM ML141 (n=166); N=3 

for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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4.2.3 Phosphoinositides and actin-coating of endocytic vacuoles 

PI conversion is essential for membrane dynamics. Class I PI(3)Ks produce PI(3)P, the 

defining PI in endocytic compartments (Schink et al., 2016). Moreover, class I PI(3)Ks 

are activated by Rac1 and Cdc42 (Fritsch et al., 2013). The PI(3)K inhibitors LY294002 

and wortmannin caused significant reductions in the percentage of actin-coated EVs 

(Figure 4.22). These results indicate that PI(3)K activity is required for actin-coating 

of EVs. Whilst LY294002 slightly, although not significantly, increased the total 

number of EVs (Figure 4.22 A), wortmannin reduced it significantly (Figure 4.22 B). 

These results are consistent with similar observations in the results reported in 

Chapter 3. 

PIKfyve converts PI(3)P to PI(3,5)P2, the defining PI for late endosomes (LE) and 

lysosomes (Kim et al., 2014). It has been reported that PI(3,5)P2 affected F-actin 

stability on LE by competing with the actin-binding protein cortactin (Hong et al., 

2015). The PIKfyve inhibitor YM201636 caused a significant reduction in the 

percentage of actin-coated EVs, without affecting the total number of EVs (Figure 

4.23). These results suggest that PIKfyve activity is required for actin-coating of EVs.  
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Figure 4.22 PI(3)K inhibitors reduce the actin-coating of endocytic vacuoles. The box and 

whisker plots (left) show total number of EVs per cell, the dot plots (right) show percentage 

of actin-coated EVs per cell. In the dot plots, magenta boxes highlight cells with percentage 

of actin-coated EVs above 0, the percentage of such cells is indicated above. A) SiR-Actin 

stained PACs were stimulated with 10 nM CCK for 30 min, after 45 min pre-incubation and 

in continuous presence of 0.1% DMSO (Vehicle, n=155) or 20 µM LY294002 (LY29, n=158); 

N=3 for both conditions. B) SiR-Actin stained PACs were stimulated with 10 nM CCK for 30 

min, after 30 min pre-incubation and in continuous presence of 0.1% DMSO (Vehicle, n=156) 

or 10 µM wortmannin (Wort, n=156); N=3 for both conditions. Data were compared by 

Wilcoxon-Mann-Whitney test.  
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Figure 4.23 PIKfyve inhibitor YM201636 reduces the actin-coating of endocytic vacuoles. 

The box and whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows 

percentage of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with 

percentage of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-

Actin stained PACs were stimulated with 10 nM CCK for 30 min, after 60 min pre-incubation 

and in continuous presence of 0.1% DMSO (Vehicle, n=150) or 100 nM YM201636 (YM20, 

n=146); N=3 for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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4.3 Discussion 

In this chapter the interaction between EVs and F-actin has been examined. 28-39% 

of cells present EVs coated by F-actin following stimulation by physiological or 

supramaximal CCK concentrations. Approximately 13% of cells present EVs coated by 

F-actin following stimulation by TLC-S. This process depends on actin polymerisation, 

as it was inhibited by latrunculin A. As such, pharmacological investigation has been 

carried out (Figure 4.24). This process also involves actomyosin contractility, as it was 

reduced by myosin II inhibitor blebbistatin. The actin-coating of EVs was reduced, 

although not completely, by formin inhibitor SMIFH2 and by Arp2/3 complex 

inhibitors CK-666 and CK-869. Accordingly, partial co-localisation of EVs with formin 

mDia1 and with an Arp2/3 complex subunit occurred, and partial co-localisation with 

NPFs N-WASP and WASH1. Actin-coating of EVs was reduced, although not 

completely, by the Rho inhibitor rhosin, ROCK inhibitors Y27632 and GSK429286 and 

Cdc42 inhibitor ML141. Conversely, this phenomenon was not affected by Rac1 

inhibition. Additionally, actin-coating of EVs was reduced by PI(3)K inhibitors 

LY294002 and wortmannin, and by PIKfyve inhibitor YM201636. 
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Figure 4.24 Pharmacological characterisation of actin polymerisation and nucleation. The 

schematic depicts a summary of the regulators of F-actin dynamics and the inhibitors utilised 

in this study. 
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It is crucial to consider the strengths and limitations of probes used for staining F-

actin in live cells (Melak et al., 2017). This is because F-actin is extremely dynamic, 

and one should be aware of potential artefacts when overexpressing exogenous actin 

or staining endogenous actin with compounds that bind to it. In the experiments 

presented in this chapter, I have utilised the adenoviral vector LifeAct-tagRFP. LifeAct 

is a 17 amino acid peptide which binds F-actin (Riedl et al., 2008). Although 

overexpressed, LifeAct-RFP will thus only stain endogenous F-actin (as opposed to 

overexpressing actin reporter constructs such as GFP-actin). Based on its mode of 

interaction, LifeAct is not expected to affect F-actin dynamics (Riedl et al., 2008). 

Nonetheless, adenoviral transfection of PACs sometimes represents a challenge and 

suffers from variable expression efficiency. Hence, I turned to the cell permeable 

indicator SiR-Actin. Being based on jasplakinolide, SiR-Actin requires caution when 

utilised in the study of actin dynamics (Lukinavicius et al., 2014). I therefore verified 

that the concentration of SiR-Actin (1 µM) used for labelling would not affect the 

phenomenon I was studying: actin-coating of EVs and total number of EVs were not 

affected by 1 µM jasplakinolide. I thus feel that SiR-Actin represents a suitable tool 

for staining F-actin in this type of experiments. 

In PACs, actin remodelling is essential for exocytosis (Muallem et al., 1995), and 

several studies have shown that disrupting actin dynamics affects secretion. Actin 

stabilisation (with phalloidin or 3 µM jasplakinolide) inhibited secretagogue-induced 

amylase release (Muallem et al., 1995; Valentijn et al., 2000; Bi et al., 2005). 

Conversely, 1 µM jasplakinolide increased CCK-induced amylase release (Bi et al., 

2005). Inhibiting actin polymerisation (with latrunculin A or cytochalasin D) reduced 
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secretagogue-induced amylase release (Valentijn et al., 1999b; Bi et al., 2005; Bi & 

Williams, 2005). Although latrunculin A or latrunculin B had no effect on ZG fusion to 

the plasma membrane, they appeared to reduce the latency of fusion pore opening 

(Nemoto et al., 2004; Larina et al., 2007). Based on these findings, the authors 

speculated that F-actin might stabilise the fused ZGs and facilitate content release. 

In fact, after fusion to the plasma membrane, actin-coating occurs on a proportion 

of ZGs (Valentijn et al., 2000; Turvey & Thorn, 2004; Jang et al., 2012). Actin-coating 

of ZGs was inhibited by latrunculin A and latrunculin B (Nemoto et al., 2004; Jang et 

al., 2012). Interestingly, latrunculin A and cytochalasin D induced the formation of 

large vacuoles, which were not coated by F-actin (Valentijn et al., 1999b; Nemoto et 

al., 2004). The identity of these organelles was not explored, so it is not clear if they 

are EVs. The work presented in this chapter shows that F-actin coats a proportion of 

EVs, and, consistently, this phenomenon is inhibited by latrunculin A.  

Supramaximal secretagogue concentrations provoke drastic changes in the actin 

cytoskeleton, which are linked to the appearance of basolateral blebs (Burnham & 

Williams, 1982; O'Konski & Pandol, 1990). Inhibiting actin polymerisation with 

cytochalasin D or latrunculins prevents blebbing (Burnham & Williams, 1982; Bi et al., 

2005). Bleb formation is also associated to actomyosin contractility (Torgerson & 

McNiven, 1998) and to cortactin activity (Singh & McNiven, 2008). There was no 

difference in the percentage of actin-coated EVs induced by 10 pM or 10 nM CCK, 

and it was thus concluded that this phenomenon is not disrupted by supramaximal 

stimulation. The myosin II inhibitor blebbistatin reduced the percentage of actin-

coated EVs. This suggests that actomyosin contractility is involved in this process, and 
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it is consistent with the evidence that supramaximal stimulation triggers myosin II 

activation (Torgerson & McNiven, 1998). The role of myosins in actination of ZGs is 

less clear. In fact, blebbistatin had no effect on actin-coating of fused ZGs (Bhat & 

Thorn, 2009), while the myosin inhibitor 2,3-butanedione monoxime resulted in 

accumulation of actin-coated ZGs (Valentijn et al., 2000). 2,3-butanedione monoxime 

also suppressed secretagogue-induced secretion (Valentijn et al., 2000), whilst 

blebbistatin had no effect on secretion (Bhat & Thorn, 2009). In the experiments 

reported in this chapter, blebbistatin had no effect on the total number of EVs. 

Actomyosin contractility is regulated by ROCK. Consistently, ROCK inhibitors had the 

same effect as blebbistatin (i.e. reducing actin-coated EVs not affecting total number 

of EVs). 

Actin-coating of EVs was reduced by formin inhibitor SMIFH2 and by the Arp2/3 

complex inhibitors CK-666 and CK-869. Both formins and Arp2/3 have been 

implicated in endocytic pathways (Merrifield et al., 2004; Fernandez-Borja et al., 

2005). In PACs, the formin mDia1 generates actin bundles from the apical membrane 

(Geron et al., 2013). While the actin bundles are sensitive to latrunculin A, actin-

coating of ZGs is resistant. In my experiments, I also observed actin bundles; 

however, the actin-coating of EVs was reduced, although not completely, by 

latrunculin A. Geron et al used a lower concentration (1 µM) of latrunculin A and a 

shorter treatment (10 min) than used in the experiments presented in this chapter 

(10 µM, 30 min), which might explain the different result. In my experiments I also 

noticed that latrunculin A had a strong effect on depleting basolateral actin, whereas 
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the apical actin was more resistant. Similar observations had been reported before 

(Bi & Williams, 2005). 

It was reported that actin-coated ZGs co-localise with the Arp2/3 complex and N-

WASP (Geron et al., 2013). The Arp2/3 complex and N-WASP are implicated in several 

endocytic processes (Castellano et al., 2001; Merrifield et al., 2004; Hoon et al., 

2012). The experiments described in this chapter indicated partial co-localisation of 

EVs with the P34 subunit of the Arp2/3 complex and N-WASP. When I attempted to 

explore the role of N-WASP with its inhibitor wiskostatin, I found that a low 

concentration (10 µM) triggered an inexplicable increase in both the total number of 

EVs and the percentage of actin-coated EVs. A higher (recommended) concentration 

(50 µM) provoked substantial cell death. To bypass the issues I encountered with 

wiskostatin, it would be interesting to explore this phenomenon in N-WASP KO mice. 

WASH is another NPF activating the Arp2/3 complex (Campellone & Welch, 2010). 

WASH is recruited at phagosomes and macropinosomes, where it is involved in 

recycling surface proteins, the V-ATPase and lysosomal hydrolases (Carnell et al., 

2011; King et al., 2013; Park et al., 2013; Buckley et al., 2016). The experiments 

described in this chapter indicated potential co-localisation of WASH1 with EVs. A 

recent study reported that WASH recruitment at endosomes was dependent on 

hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) (MacDonald et 

al., 2018). HRS is a component of the endosomal sorting complex required for 

transport (ESCRT). ESCRTs are thoroughly involved in endocytic processes, facilitating 

transport from endosomes to vacuoles and lysosomes through multivesicular bodies 

(Williams & Urbe, 2007), and assisting vesicle budding (Henne et al., 2011). Exploring 
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the potential role of ESCRT in the EV dynamics might represent an interesting 

research line for the development of the project. 

Arp2/3 complex, N-WASP and WASH1 immunofluorescence staining localised mainly 

at the apical membrane, whereas formins mDia1 and FMNL2 localised strongly along 

the basolateral membrane. Interestingly, apical localisation of N-WASP was also 

reported in polarised epithelial cells Caco2 (Kovacs et al., 2011). The authors found 

that N-WASP was involved in an Arp2/3-independent process of F-actin stabilisation 

and incorporation into rings at adherens junctions. N-WASP has also been implicated 

in mutant KRas-dependent pancreatic carcinogenesis (Lubeseder-Martellato et al., 

2017). The authors reported that oncogenic KRas triggered fluid-phase endocytosis 

and they found that this was dependent on N-WASP expression. This study highlights 

the link between fluid-phase endocytosis and N-WASP upregulation, two early events 

in acinar cell transdifferentiation during pancreatic carcinogenesis.  

RhoA, Rac1 and Cdc42 are known regulators of actin dynamics in endocytic pathways 

(Castellano et al., 2001; Wallar et al., 2007; Swanson, 2008; Hoon et al., 2012). The 

experiments described in this chapter showed that Rho, ROCK or Cdc42 inhibition 

reduced the actin-coating of EVs. Conversely, Rac1 inhibition had no effect on this 

phenomenon. RhoA activates Dia-related formins (Tominaga et al., 2000) and ROCK, 

whereas Cdc42 and Rac1 trigger activation of N-WASP and WAVE, which then 

activate the Arp2/3 complex (Campellone & Welch, 2010). Thus, finding that Rho or 

Cdc42 inhibition reduced the actin-coating of EVs is consistent with formin or Arp2/3 

inhibition also affecting this phenomenon. 
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In PACs, RhoA and Rac1 are known mediators of CCK-stimulated exocytosis: CCK 

induces activation and apical translocation of RhoA and Rac1, and dominant negative 

Rho and Rac inhibit CCK-induced amylase release (Bi & Williams, 2005). The Rho 

inhibitor exoenzyme C3 also inhibited CCK-stimulated amylase release (Rosado et al., 

1998). Furthermore, exoenzyme C3 prevented actin-coating of ZGs (Nemoto et al., 

2004). In my experiments Rho inhibition reduced, although not significantly, the total 

number of EVs. Interestingly, the total number of EVs was also reduced by the dual 

inhibition of Rac1 and Cdc42, but not by Rac1 inhibition or Cdc42 inhibition alone. 

Significantly, all the inhibitors that caused a reduction in the percentage of actin-

coated EVs did not have a complete effect. This suggests that more than one pathway 

is involved in this process. In this respect, a possible research development could be 

to simultaneously inhibit formins and Arp2/3 and, likewise, simultaneously inhibit 

RhoA, Rac1 and Cdc42.  

F-actin was recently reported to interact with endosomal compartments located in 

the basal region of polarised epithelial cells MCF-10a (Samson et al., 2017). The 

authors established that actin assembly and disassembly at these organelles was 

regulated by the multi-domain scaffold IQGAP. IQGAP acts by binding and stabilising 

Rac1 and Cdc42, and interacts with Arp2/3 complex and Dia1. In light of the 

similiarities between this process and the phenomenon observed in this study, it 

would be interesting to investigate the expression of IQGAP in PACs. 

PI(3)K inhibition with LY294002 or wortmannin reduced the percentage of actin-

coated EVs. Class I PI(3)K are involved in PI conversion in endocytosis, and are 

regulated by Rac1 and Cdc42 (Fritsch et al., 2013). Finding that PI(3)K inhibition 
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affects actin-coating of EVs is thus consistent with Cdc42 inhibition having the same 

effect. PIKfyve inhibition by YM201636 also reduced the percentage of actin-coated 

EVs. Conversely, another work reported that PIKfyve inhibition stabilised LE-

associated actin filaments (Hong et al., 2015). This was a consequence of PI(3,5)P2 

depletion, which allowed cortactin binding and cortactin-mediated stabilisation of 

branched F-actin. It has not yet been determined whether the actin-coated EVs 

present PI(3,5)P2. The different result might also be explained by the biphasic effect 

of YM201636 discussed in Chapter 3: low concentration of inhibitor prevents PI to 

PI(5)P conversion, whereas higher doses prevent PI(3)P to PI(3,5)P2 conversion 

(Vicinanza et al., 2015). 

Class I PIP(5)Ks are also implicated in endocytic processes, and they are activated by 

RhoA, Rac1 and Cdc42 (Weernink et al., 2004). Moreover, PIP(5)Ks facilitate actin 

polymerisation at membrane-bound vesicles via WASP and Arp2/3 (Rozelle et al., 

2000). PIP(5)Ks thus represent a logical target to link Rho GTPase signalling and actin 

nucleators in the interaction of F-actin and EVs. The product of PIP(5)K, PI(4,5)P2, is 

known to activate dynamin (Zheng et al., 1996). Dynamin and cortactin are involved 

in multiple endocytic processes, in particular CME and macropinocytosis (Sauvonnet 

et al., 2005; Zhu et al., 2005). In PACs, cortactin is implicated in supramaximal 

stimulation-induced membrane blebbing (Singh & McNiven, 2008), whilst dynamin is 

recruited at the Golgi apparatus following secretagogue stimulation (Dahan et al., 

2005). There is thus evidence that stimulation triggers dynamin and cortactin 

recruitment in PACs. In the future, this project could explore the role of dynamin and 

cortactin in the interaction of F-actin with EVs. 
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PI recruitment at endosomal compartments is associated with Rab proteins (Schink 

et al., 2016). Rab proteins have essential roles in membrane trafficking (Stenmark, 

2009), and Rab exchange occurs during maturation of EE (expressing Rab5) to LE 

(expressing Rab7) (Schink et al., 2016). It was found that ZGs acquired F-actin and 

thereafter lost Rab3D (Valentijn et al., 2000). Investigating the co-localisation of the 

actin-coated EVs with Rab proteins might shed light on the role of F-actin in the 

maturation of EVs along the endocytic pathway. 

A recent study from our laboratory revealed that the actin coat on EVs can be 

homogeneous, fenestrated, or partial (Chvanov et al., 2018). At this stage it is not 

known how F-actin is removed from EVs. To this end, it would be interesting to 

explore the potential role of actin binding proteins which facilitate depolymerisation, 

such as coronin, actin depolymerising protein (ADF)/cofilin, or the calcium-regulated 

protein gelsolin (Yin & Stossel, 1979; Bamburg et al., 1980; Bamburg, 1999; Mikati et 

al., 2015). In the same study we reported that CCK induced the rupture of a 

proportion of EVs (Chvanov et al., 2018). These rupture events coincided with escape 

of membrane impermeable fluorescent indicators from the membrane enclosed EV 

into the cytosol. Notably, it was observed that leakage of EV content appeared to 

occur through fenestrations in the actin-coating. We thus enquired whether the actin 

coat might have a protective role from rupture of these organelles. Chvanov et al 

showed that 1 µM jasplakinolide reduced the CCK-induced increase in EV rupture. 

This finding suggests that stabilising the F-actin reinforces EVs. Chvanov et al also 

reported that EVs can undergo secondary exocytosis, which occurs at both 

basolateral and apical membranes (Chvanov et al., 2018). In light of the role of F-
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actin in exocytosis, it appears logical that F-actin will also be involved in secondary 

exocytosis of EVs. 

In summary, the findings presented in this chapter indicate that EVs are coated by F-

actin in a process dependent on formins and Arp2/3 complex. Accordingly, it is 

regulated by RhoA and Cdc42 GTPases. Future work should attempt to unveil the 

functional role of this phenomenon – in light of EV trafficking/maturation, rupture, 

secondary exocytosis. The next chapter will address the potential interaction of this 

process with the LC3 coating of EVs described in Chapter 3.  
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5 Investigating the relationship between actination, autophagy and 

pH of endocytic vacuoles 
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5.1 Introduction 

This chapter will investigate the relationship between actination, autophagy and pH 

of EVs. Chapter 3 reported that some EVs are coated by LC3 by a non-canonical 

autophagy mechanism. Chapter 4 reported that some EVs are coated by F-actin. This 

part of the study will explore the reciprocal role of these processes in the maturation 

of EVs and the pH properties of these organelles. 

The actin cytoskeleton is implicated in both starvation-induced autophagy in 

mammalian cells and selective autophagy in yeast. Actin and actin-binding proteins 

are required at several stages of the autophagic flux (Coutts & La Thangue, 2016; Kast 

& Dominguez, 2017). The most reported function of actin is at the autophagosome 

formation stage. As described in Section 1.5, autophagy initiation consists of ULK1 

and PI(3)K complex recruitment at ATG9-labelled membranes. In yeast, Arp2/3 

mediated actin polymerisation is required for Atg9 trafficking in selective autophagy 

(Reggiori et al., 2005; Monastyrska et al., 2008). In both Drosophila and mammalian 

cells, ATG9 transport is dependent on myosin II regulation by ATG1 in starvation-

induced autophagy (Tang et al., 2011). F-actin might even help shape the nascent 

phagophore membrane. Indeed, a study reported CapZ recruitment and actin 

polymerisation along the inner membrane of the isolation membrane in starved cells 

(Mi et al., 2015). The authors observed F-actin ring-like structures around LC3 puncta. 

Moreover, they detected LC3 co-localisation with cofilin and P41 subunit of the 

Arp2/3 complex. Two more studies reported Arp2/3 mediated F-actin nucleation in 

starvation-induced autophagy, dependent on JMY and WHAMM recruitment at 

nascent autophagosomes, respectively (Coutts & La Thangue, 2015; Kast et al., 2015). 
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Upstream regulators of actin dynamics have also been implicated in autophagosome 

biogenesis: RhoA, via ROCK, as an activator, Rac1 as an inhibitor (Aguilera et al., 2012; 

Gurkar et al., 2013). 

So far, the role of F-actin in non-canonical autophagy has not been directly 

investigated. Non-canonical autophagy occurs, among other processes, in a 

specialised form of phagocytosis known as LAP (Sanjuan et al., 2007; Florey et al., 

2015). Actin is required for phagocytosis, and it is involved in autophagic degradation 

of Salmonella typhimurium, via the autophagy receptor TAX1BP1 and myosin VI 

(Tumbarello et al., 2015). It is therefore conceivable that actin is also involved in non-

canonical mechanisms of pathogen clearance. Moreover, non-canonical autophagy 

is associated with macropinocytosis (Florey et al., 2011), another process known to 

depend on actin (Merrifield et al., 1999). Notably, the actin NPF WASH plays an 

essential role in macropinocytosis, phagocytosis and autophagy in Dictyostelium 

(Carnell et al., 2011; King et al., 2013; Park et al., 2013; Buckley et al., 2016). At an 

early stage, WASH allows for recycling of surface proteins via the retromer sorting 

complex, followed by organelle acidification and digestion of cargo (Buckley et al., 

2016). Thereafter, WASH mediates actin-dependent V-ATPase recycling, allowing for 

organelle neutralisation (Carnell et al., 2011). Finally, WASH and the retromer sorting 

complex are recycled prior organelle exocytosis (Park et al., 2013; Buckley et al., 

2016). Additionally, WASH is required for lysosomal hydrolase recycling, the enzymes 

responsible for phagosome and autophagosome cargo degradation (King et al., 

2013). This provides a clear link between F-actin, endolysosomal and autophagic 

pathways.  
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The endolysosomal pathway is characterised by progressive organellar acidification, 

which is required for recycling, trafficking and hydrolase activity. Specific cellular 

compartments have specific pH. Early endosomes have pH 6.0-6.5, late endosomes 

have pH 5.0-5.5 and lysosomes have pH 4.5-5.0 (Casey et al., 2010; Scott & 

Gruenberg, 2011). Acidification is facilitated by V-ATPase activity (Sun-Wada et al., 

2004). Nonetheless, other channels and transporters are implicated in regulating 

organellar ion composition. Proton pumping into the lumen via the V-ATPase is 

compensated by chloride influx via members of the chloride channel (CLC) family 

(Jentsch, 2007). pH modification also occurs throughout the exocytic pathway (Casey 

et al., 2010). In PACs, ZG packaging from the TGN requires acidic pH and ZGs are 

considered an acidified compartment, however the pH of isolated ZG was measured 

to be mildly acidic: ~6.5 (Gasser et al., 1988; Thevenod, 2002). EVs originating from 

post-exocytic ZGs are also acidic, with measured pH ~5.9 (Sherwood et al., 2007). 

This chapter aims to characterise the relationship between the actination and 

lipidation processes occurring on EVs. Moreover, it aims to determine the pH inside 

these subpopulations of EVs. First, it was asked whether LC3 and F-actin interact on 

EVs. To address this question, F-actin was stained in live cells isolated from GFP-LC3 

mice, and cell impermeant indicators were used to label EVs. PACs were stimulated 

with CCK and monitored by live cell imaging to investigate the interaction between 

F-actin, LC3 and EVs. LC3-coating was pharmacologically prevented to explore the 

effect on actination; vice versa, actin polymerisation was pharmacologically 

disrupted to assess the effect on LC3-coating. Finally, ratiometric pH measurements 

inside EVs, actin-coated EVs and LC3-coated EVs were performed.  
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5.2 Results 

5.2.1 Relationship between LC3 and actin on endocytic vacuoles 

Chapter 3 and 4 reported that some EVs are coated by LC3 and some EVs are coated 

by F-actin. Next, it was enquired whether these processes would simultaneously 

occur on the same EVs. GFP-LC3 PACs were therefore stained with SiR-Actin and 

stimulated with 100 pM CCK in the presence of TRD. Total EVs, LC3-coated EVs, and 

actin-coated EVs were counted. 583 EVs were analysed, of which 47 were LC3-coated 

(representing 8.06% of the total) and 51 were actin-coated (representing 8.75% of 

the total), from n=196 cells and N=8 mice. No EVs coated by both LC3 and F-actin 

were found. Figure 5.1 shows an example of LC3-coated, actin-negative EV. Figure 

5.2 shows an example of actin-coated, LC3-negative EV. It was concluded that F-actin 

and LC3 coating are not present simultaneously on EVs.  
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Figure 5.1 LC3-coated endocytic vacuoles are not coated by F-actin. Representative images 

of SiR-Actin (magenta) stained GFP-LC3 (green) PACs, incubated 30 min at 34.5°C in the 

presence of 100 pM CCK and TRD (red). Scale bar = 10 µm. A selected EV is highlighted by a 

dashed square and shown in an expanded scale in the lower panel. The fluorescence intensity 

profile along the arrow is plotted in the bottom right panel.  
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Figure 5.2 Actin-coated endocytic vacuoles are not coated by LC3. Representative images 

of SiR-Actin (magenta) stained GFP-LC3 (green) PACs, incubated 30 min at 34.5°C in the 

presence of 100 pM CCK and TRD (red). Scale bar = 10 µm. A selected EV is highlighted by 

dashed square and shown in expanded scale in the lower panel. The fluorescence intensity 

profile along the arrow is plotted in the bottom right panel.  
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Hypothesising that the actin and LC3 coating represent alternative, possibly 

sequential, processes, this study set to determine whether inhibiting one process 

would have an impact on the other. To this aim, I utilised inhibitors of LC3-coating 

and assessed the effect on actin-coating, and vice versa. The experiments reported 

in Chapter 3 showed that the V-ATPase inhibitor bafilomycin prevented LC3-coating 

of EVs. In SiR-Actin stained PACs stimulated with 10 nM CCK, bafilomycin had no 

effect on the actin-coating of EVs (Figure 5.3). The experiments reported in Chapter 

4 showed that actin-depolymerising agent latrunculin A reduced the actin-coating of 

EVs. In GFP-LC3 PACs stimulated with 10 nM CCK, latrunculin B (structurally related 

to latrunculin A) significantly reduced the LC3-coating of EVs (Figure 5.4). These 

findings indicate that disrupting LC3-coating has no effect on actin-coating, whilst 

disrupting actin-coating affects LC3-coating. It was thus hypothesised that actin-

coating would occur before LC3-coating.  
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Figure 5.3 Bafilomycin does not affect the actin-coating of endocytic vacuoles. The box and 

whisker plot (left) shows total number of EVs per cell, the dot plot (right) shows percentage 

of actin-coated EVs per cell. In the dot plot, magenta boxes highlight cells with percentage 

of actin-coated EVs above 0, the percentage of such cells is indicated above. SiR-Actin stained 

PACs were stimulated with 10 nM CCK for 30 min, after 30 min pre-incubation and in 

continuous presence of 0.1% DMSO (Vehicle, n=46) or 100 nM bafilomycin (Baf, n=44); N=3 

for both conditions. Data were compared by Wilcoxon-Mann-Whitney test.  
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Figure 5.4 Latrunculin B reduces the LC3-coating of endocytic vacuoles. The box and whisker 

plot (left) shows total number of EVs per cell, the dot plot (right) shows percentage of LC3-

coated EVs per cell. In the dot plot, green boxes highlight cells with percentage of LC3-coated 

EVs above 0, the percentage of such cells is indicated above. GFP-LC3 PACs were stimulated 

with 10 nM CCK for 30 min, after 30 min pre-incubation and in continuous presence of 0.1% 

DMSO (Vehicle, n=129) or 10 µM latrunculin B (Lat B, n=120); N=3 for both conditions. Data 

were compared by Wilcoxon-Mann-Whitney test.  
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5.2.2 pH of endocytic vacuoles 

pH has an essential role in lysosomal function, and progressive acidification of 

organelles occurs throughout the endolysosomal pathway (Casey et al., 2010; Scott 

& Gruenberg, 2011). Speculating that actin- and LC3-coating of EVs represent 

different maturation stages of these organelles, this study set out to characterise the 

pH of EVs, actin-coated EVs and LC3-coated EVs. Primarily, the protocol was 

optimised for measuring pH of all EVs (i.e. before adding an extra indicator for 

labelling F-actin or LC3). As described in Section 2.4.1, a pH-sensitive dextran, FITC 

(decreasing fluorescence intensity upon acidification), and a pH-insensitive dextran, 

TRD, were used. PACs were stimulated with 10 nM CCK in the presence of FITC 

dextran and TRD, and the fluorescence intensity ratio for the two indicators was 

measured in EVs. Calibration of the fluorescence intensity ratio was performed as 

described in Section 2.4.1 and 2.13. The EV pH was 5.4 ± 0.1 (Figure 5.5). 

Next, the pH inside actin-coated and uncoated EVs was measured. Staining PACs with 

SiR-Actin enabled the use of the same combination of indicators described above. 

SiR-Actin stained PACs were stimulated with 10 nM CCK in presence of FITC dextran 

and TRD, and the fluorescence intensity ratio for the two indicators in EVs 

(distinguishing actin-coated and uncoated) was measured. Calibration of the 

fluorescence intensity ratio was performed as described in Section 2.4.1 and 2.13. 

The pH was 5.4 ± 0.2 in actin-coated EVs and 5.7 ± 0.1 in uncoated EVs, with no 

significant difference between the two (p=0.18) (Figure 5.6).  
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Figure 5.5 pH of endocytic vacuoles. PACs were stimulated with 10 nM CCK in presence of 

FITC dextran and TRD. A calibration curve was obtained as described in Section 2.4.1 and 

Section 2.13. The FITC/TRD ratios at pH 7.1 and 5.5 are statistically different (p<0.001 by 

paired t test, n=23 EVs). The bar graph represents mean ± SEM of EV pH (n=134 EVs, N=2 

mice). Scale bar = 10 µm.  
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Figure 5.6 pH of actin-coated endocytic vacuoles. SiR-Actin stained PACs were stimulated 

with 10 nM CCK in presence of FITC dextran and TRD. Calibration curve was obtained as 

described in Section 2.4.1 and Section 2.13. The FITC/TRD ratios at pH 7.1 and 5.5 are 

statistically different (p<0.001 by paired t test, n=23 EVs). The bar graph represents mean ± 

SEM of EV pH (Actin-coated n=84 EVs, Uncoated n=168 EVs, N=4 mice). Scale bar = 10 µm.  
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Next, the pH inside LC3-coated and uncoated EVs was measured. The use of GFP-LC3 

PACs required a different combination of cell impermeable indicators. As described 

in Section 2.4.1, a pH-sensitive dextran, pHrodo™ Red (increasing fluorescence 

intensity upon acidification) and a pH-insensitive dextran, Alexa Fluor™ 647, were 

used. GFP-LC3 PACs were stimulated with 10 nM CCK in presence of pHrodo™ Red 

dextran and Alexa Fluor™ 647 dextran, and the fluorescence intensity ratio for the 

two indicators in EVs (distinguishing LC3-coated and uncoated) was measured. 

Calibration of the fluorescence intensity ratio was performed as described in Section 

2.4.1 and 2.13. The pH was 6.0 ± 0.6 in LC3-coated EVs and 5.5 ± 0.1 in uncoated EVs, 

with no significant difference between the two (p=0.46) (Figure 5.7). In order to 

optimise our optical systems, I utilised the same protocol on new samples, and 

carried out confocal microscopy using a Zeiss LSM 710. The pH was 5.9 ± 0.4 in LC3-

coated EVs and 5.5 ± 0.1 in uncoated EVs, with no significant difference between the 

two (p=0.31) (Figure 5.8).   



196 
 

 

 

 

 

Figure 5.7 pH of LC3-coated endocytic vacuoles (imaging performed on Leica TCS SL). GFP-

LC3 PACs were stimulated with 10 nM CCK in presence of pHrodo™ Red and Alexa Fluor™ 

647 (Alexa647) dextrans. Confocal microscopy was carried out on Leica TCS SL. Calibration 

curve was obtained as described in Section 2.4.1 and Section 2.13. The pHrodo/Alexa647 

ratios at pH 7.1 and 5.5 are statistically different (p<0.001 by paired t test, n=23 EVs). The 

bar graph represents mean ± SEM of EV pH (LC3-coated n=11 EVs, Uncoated n=228 EVs, N=5 

mice). Scale bar = 10 µm.  
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Figure 5.8 pH of LC3-coated endocytic vacuoles (imaging performed on Zeiss LSM 710). GFP-

LC3 PACs were stimulated with 10 nM CCK in presence of pHrodo™ Red and Alexa Fluor™ 

647 (Alexa647) dextrans. Confocal microscopy was carried out on Zeiss LSM 710. Calibration 

curve was obtained as described in Section 2.4.1 and Section 2.13. The pHrodo/Alexa647 

ratios at pH 7.1 and 5.5 are statistically different (p<0.001 by paired t test, n=28 EVs). The 

bar graph represents mean ± SEM of EV pH (LC3-coated n=14 EVs, Uncoated n=199 EVs, N=4 

mice). Scale bar = 10 µm.  
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5.3 Discussion 

In this chapter the interaction between autophagy and actination of EVs has been 

examined. In CCK-stimulated PACs expressing GFP-LC3 and stained with SiR-actin, co-

localisation of LC3 and F-actin on EVs was not found. Approximately 8% of EVs were 

LC3-coated, approximately 9% of the EVs were actin-coated, but no EVs presented 

both markers. Disrupting LC3-coating had no effect on the percentage of actin-

coated EVs, whereas preventing actin polymerisation reduced the percentage of LC3-

coated EVs. The pH inside the three subpopulations of EVs was measured, finding no 

significant difference in the (acidic) pH of uncoated EVs, actin-coated EVs, LC3-coated 

EVs. 

8.06% of EVs were coated by LC3 and 8.75% of EVs were coated by F-actin, out of 583 

total EVs. Based on this result, 4.11 (8.75%) out of the 47 LC3-coated EVs should have 

been actin-coated. Likewise, 4.11 (8.06%) out of the 51 actin-coated EVs should have 

been LC3-coated. Conversely, no EVs were positive for both markers. Hence, it was 

confidently concluded that F-actin and LC3 do not coexist on the same EVs. 

Chapter 3 reported that bafilomycin completely prevented LC3 lipidation on EVs. The 

experiments presented in this chapter show that bafilomycin had no effect on the 

actin-coating of EVs. A previous study reported that bafilomycin caused actin puncta 

accumulation in starved cells where actin localised at isolation membranes (Mi et al., 

2015). In vitro experiments showed that the C subunit of the V-ATPase could stabilise 

and cross-link actin filaments forming bundles (Vitavska et al., 2005). This result 

would suggest that inhibiting the V-ATPase could affect actin filaments. Indeed, 
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visible changes in F-actin were induced by inhibition of the V-ATPase in prostate 

cancer (Licon-Munoz et al., 2017). Differently from Chapter 3, where it caused a 

moderate reduction, in this chapter bafilomycin did not affect the total number of 

EVs. In Chapter 3 PACs had been stimulated by 100 pM CCK, in this chapter PACs were 

stimulated by 10 nM CCK. This might explain the different result. 

Latrunculin A and latrunculin B are structurally related and have the same 

mechanism of action. Latrunculin B is less potent but it is as broadly used in the actin 

research field (Spector et al., 1989). I used concentrations of latrunculins comparable 

to other studies in the PAC field (Valentijn et al., 2000; Nemoto et al., 2004; Bi et al., 

2005; Bi & Williams, 2005; Larina et al., 2007; Jang et al., 2012; Geron et al., 2013). 

Chapter 4 reported that latrunculin A inhibited the actin-coating of EVs. The 

experiments presented in this chapter show that latrunculin B inhibited the LC3-

coating of EVs. A previous study reported that latrunculin B and cytochalasin B 

prevented the increase in LC3 puncta induced by starvation (Aguilera et al., 2012). 

Conversely, another study reported that cytochalasin B did not alter the number, but 

affected the morphology, of LC3-positive autophagosomes (Mi et al., 2015). These 

works investigated the role of actin polymerisation on classical autophagosome 

formation (i.e. in starvation-induced autophagy). Conversely, this thesis hypothesises 

that the LC3 coating of EVs represents a non-canonical autophagy mechanism; in this 

process F-actin might therefore play a different role. In degenerative astrocytes 

undergoing autophagic cell death, latrunculin A increased the size and number of 

autophagic vacuoles, whereas jasplakinolide had the opposite effect (Ryu et al., 
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2011). Future experiments could also investigate the effect of jasplakinolide on LC3-

coating of EVs. 

Several studies reported that Arp2/3 complex inhibition by CK-666 and CK-869 

impaired autophagosome formation (Coutts & La Thangue, 2015; Kast et al., 2015; 

Mi et al., 2015). The experiments presented in Chapter 4 showed that both Arp2/3 

and formins were implicated in actin-coating of EVs. Thus, as a development of the 

project I could explore whether actin nucleators affect LC3-coating of EVs. Likewise, 

Rho GTPase signalling, in particular RhoA-ROCK and Rac1, have been implicated in 

autophagosome biogenesis (Aguilera et al., 2012; Gurkar et al., 2013; Mleczak et al., 

2013). The experiments presented in Chapter 4 showed that RhoA-ROCK and Cdc42 

were implicated in actin-coating of EVs. Thus, in the future it would be interesting to 

enquire whether they also affect LC3-coating of EVs.  

Interestingly, multiple evidence linked the role of actin polymerisation in 

autophagosome formation to PI(3)K complex activity, PI(3)P formation, and 

recruitment of FYVE domain proteins (Gurkar et al., 2013; Kast et al., 2015; Mi et al., 

2015). Indeed, the experiments presented in Chapter 4 showed that PI(3)K inhibitors 

LY294002 and wortmannin impaired the actin-coating of EVs. Nonetheless, as 

reported in Chapter 3, these inhibitors had no effect on the LC3-coating of EVs. This 

is likely due to the fact that the process investigated in this study is a non-canonical 

autophagy mechanism, and is as such PI(3)P-independent. 

Multiple observations lead to speculate that the actin-coating occurs before the LC3-

coating. First of all, since fused ZGs are coated by F-actin (Nemoto et al., 2004; Turvey 
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& Thorn, 2004; Jang et al., 2012), and EVs originate from post-exocytic ZGs, it seems 

logical that they retain the actin-coat. Secondly, the experiments presented in this 

chapter show that disrupting actin dynamics prevents LC3-coating, and not vice 

versa. Third, the experiments presented in Chapter 3 showed that a (small) 

proportion of LC3-coated EVs present lysosomal markers, and therefore they might 

represent a later maturation stage in the endocytic pathway. Yet, this point should 

be verified by assessing if, and how many, actin-coated EVs present lysosomal 

markers. Previous studies reported that actin co-localised with “early” autophagic 

markers (e.g. ATG14, Beclin1, DFCP1), thus suggesting that actin is present at a PI(3)K 

complex, pre-lysosomal stage (Aguilera et al., 2012; Coutts & La Thangue, 2015; Kast 

et al., 2015; Mi et al., 2015). The best way to corroborate the sequence of the coating 

events is to perform time-lapse imaging to monitor the appearance/disappearance 

of the actin and LC3 coats. This is surely a desirable experiment, yet due to the rarity 

of these phenomena it might be low throughput. Moreover, as a result of the 

absence of overlap observed between actination and lipidation, it is difficult to 

predict the extent of the time gap between the disappearance of one and the 

appearance of the other. It is also a possibility that these events are not sequential 

and that they occur in parallel to different subsets of EVs. A higher throughput 

approach to test this hypothesis could be to compare the proportion of actinated and 

LC3-coated EVs at different times. If actination occurs before LC3 lipidation, the 

number of actin-coated EVs should decrease, and the number of LC3-coated EVs 

should increase, over time. 
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The experiments presented in this chapter show that the EV pH was 5.4 ± 0.1. This is 

slightly more acidic, but close to 5.9 ± 0.1 reported previously by our laboratory 

(Sherwood et al., 2007). pH ~5.4 is comparable to LE (pH 5.0-5.5) (Casey et al., 2010; 

Scott & Gruenberg, 2011). Chapter 3 reported that approximately 7% of LC3-coated 

EVs express the lysosomal marker LAMP1. It is therefore likely that these organelles 

are late-endosomal / pre-lysosomal compartments. 

There was no difference in the pH inside actin-coated and uncoated EVs. Since 

bafilomycin did not affect the actin-coating of EVs, suggesting that acidity does not 

impact EV actination, this result is not surprising. Yet, F-actin is known to interact 

with the V-ATPase. It has been reported that F-actin couples the V0-V1 domains of 

the V-ATPase at the Golgi, thereby facilitating acidification (Serra-Peinado et al., 

2016). Interestingly, the PI(3)K inhibitors LY294002 and wortmannin triggered actin-

binding to the B subunit of the V-ATPase in osteoclasts, again suggesting interaction 

between PIs, actin dynamics and V-ATPase (Chen et al., 2004a). 

There was no difference in the pH inside LC3-coated and uncoated EVs. This result is 

surprising, because the experiments presented in Chapter 3 showed that preventing 

acidification, with V-ATPase inhibitors or ionophores, inhibits LC3-coating of EVs. It 

was therefore expected that pH represented a discriminatory factor for LC3 lipidated 

and not LC3 lipidated EVs. Accordingly, in non-canonical autophagy LC3 appeared to 

coat acidic organelles (Florey et al., 2015). Conversely, in the experiments presented 

in this chapter LC3-coated EVs appeared to be more alkaline than uncoated EVs, 

although the difference was only slight and not statistically significant. 
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GFP fluorescence quenches at acidic pH (Tsien, 1998). It is thus conceivable that I am 

missing a population of very acidic GFP-LC3-coated EVs. This could be verified with 

the tandem RFP-GFP-LC3 reporter (Klionsky et al., 2016): if there was a population of 

LC3-coated EVs revealed by RFP but not by GFP, it could be concluded that acidic, 

LC3-coated EVs with quenched GFP exist. 

The experiments presented in this chapter show that pH inside actin-coated EVs was 

5.4 ± 0.2, pH inside LC3-coated EVs was 5.9 ± 0.3 (pooling together experiments 

carried out on two setups). The actin-coated EVs appear to be slightly more acidic 

than the LC3-coated EVs. However, this means comparing results from independent 

experiments, on cells isolated from different mouse strains and labelled with 

different indicators. The pH inside actin-coated EVs and LC3-coated EVs could not be 

investigated simultaneously. This would require separating excitation/emission 

spectra of four indicators: i.e. an LC3 reporter, an actin reporter, a pH-sensitive 

indicator, a pH-insensitive indicator. Unfortunately, I did not find a suitable 

combination of indicators to suit this purpose within the capabilities of our 

microscopes. 

Endolysosomal compartments undergo progressive acidification (Casey et al., 2010; 

Scott & Gruenberg, 2011). Overall, I have not found a large pH range to suggest 

different stages of EV maturation. Hypothesising that actination occurs before 

lipidation, it would have been expected LC3-coated EVs to be more acidic than actin-

coated EVs. Nevertheless, F-actin is associated with recycling of the V-ATPase to 

allow for lysosomal neutralisation prior to exocytosis (Carnell et al., 2011). It is 
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therefore conceivable that EVs that have lost the F-actin coat have also lost the V-

ATPase, and are thus more alkaline. 

Luminal pH determines recruitment of specific proteins at endosomes. For instance, 

the small GTPase Arf1 and COP proteins are recruited as a consequence of 

acidification (Aniento et al., 1996; Gu & Gruenberg, 2000). There must thus be a pH 

sensor that transfers information of luminal pH to the cytosol. The a2 subunit of the 

V-ATPase has been proposed as a pH sensor (Marshansky, 2007). Indeed, dependent 

on acidification, the V-ATPase interacts with Arf6 and ARNO via the c and a2 subunits, 

respectively (Maranda et al., 2001; Hurtado-Lorenzo et al., 2006). It thus appears that 

the V-ATPase not only determines organellar pH, but also acts as messenger to 

attract binding proteins. Investigating this function of the V-ATPase, and monitoring 

pH-sensitive recruitment of proteins at the EVs, might help to better characterise the 

subpopulations of EVs. 

It is known that classical autophagosomes move along microtubules (Kimura et al., 

2008; Kast & Dominguez, 2017). This thesis has not investigated the interaction of 

microtubules with EVs, and their potential role as a link between actinated and LC3-

coated stages. In recycling endosomes, actin and microtubules are brought together 

by biogenesis of lysosome-related complex 1 (BLOC-1) (Delevoye et al., 2016). 

Moreover, a study found that intact microtubules are required for autophagosome 

fusion to endosomes in starvation-induced autophagy (Kochl et al., 2006). Hence, it 

would be interesting to prevent microtubule polymerisation with tubulin-binding 

compounds nocodazole and vinblastine and assess the effect on LC3-coated EVs. 
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In summary, the findings presented in this chapter indicate that actination and LC3-

coating do not occur on the same EVs. Actin disruption affects LC3-coating, whereas 

preventing LC3-coating has no impact of actin-coating. It is thus proposed that 

actination - and loss of actin-coat - occurs before LC3-coating in the maturation of 

EVs. There were no differences in pH inside uncoated, actin-coated and LC3-coated 

EVs, so it appears that these processes are not associated with progressive 

acidification. Future work should try and determine which properties, if not pH, 

characterise these subpopulation of EVs and mark them for actination and LC3 

lipidation. Future experiments should also attempt to elucidate the sequence and 

the physiological function of these events.  
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6 Concluding remarks  
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6.1 Summary and interpretation of the findings 

EVs, formed as a consequence of ZG exocytosis, are the site of trypsinogen activation 

in cellular models of AP (Sherwood et al., 2007). This work led to the discovery of two 

phenomena: the LC3 lipidation and the actination of EVs. Chapter 3 describes the LC3 

lipidation on EVs and reports the unexpected observation that it is inhibited by 

bafilomycin. Given this major finding, it is likely that this phenomenon occurs via a 

non-canonical autophagy pathway. As such, experimental evidence reported in 

Chapter 3 demonstrates that the LC3 lipidation on EVs is independent from the ULK1 

and PI(3)K complexes, but involves ATG5-ATG12-ATG16L1 machinery, corroborating 

the hypothesis of non-canonical autophagy. Accordingly, these organelles have a 

single, not double, membrane. Chapter 4 details the actination of EVs and 

demonstrates that this phenomenon requires a dynamic actin network, being 

inhibited by latrunculin A. Experimental evidence reported in Chapter 4 

demonstrates that this process involves both the Arp2/3 complex and formins, and 

is regulated by Rho and Cdc42. Chapter 5 explores the interaction between LC3 

lipidation and actination, and the pH properties of EVs. F-actin and LC3 do not co-

localise on EVs, supporting the hypothesis that the processes of actination and LC3 

lipidation occur separately. The intra-organellar pH does not differ in the 

subpopulations of EVs, suggesting that the targeting for these phenomena must 

depend on other properties of the organelles. 

Figure 6.1 illustrates a putative evolution of the EVs. It is reasonable to suggest that 

actination occurs before LC3 lipidation. In fact, F-actin is already present on ZGs 

undergoing exocytosis (Ω-shapes) (Nemoto et al., 2004; Turvey & Thorn, 2004; Jang 
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et al., 2012), and it is likely retained when EVs detach from post-exocytic structures 

or plasma membrane. Although the (non-canonical) LC3 lipidation on EVs does not 

require ULK1 and PI(3)K activation, it still involves assembly and targeting of the 

ATG5-ATG12-ATG16L1 complex at the organelles where LC3 is to be lipidated. Hence, 

this process conceivably requires more time than actination. We speculate that EVs 

are first actinated, then F-actin is removed, and at this point EVs undergo LC3 

lipidation, which is likely responsible for targeting the content of these organelles for 

lysosomal degradation. Based on our observations, there is a phase where EVs have 

lost F-actin but not yet gained LC3. It is not known whether F-actin is removed in 

order to assist further exocytosis and endocytosis, to recycle membrane components 

from EVs thus making them targetable for LC3 lipidation, or for other purposes. 

Previous studies from our laboratory discovered that EVs are the site of intracellular 

trypsinogen activation (Sherwood et al., 2007), can undergo rupture and leak their 

contents in the cytosol, and can undergo secondary exocytosis (Chvanov et al., 2018). 

It is possible that rupture occurs in the time frame between actination and LC3 

lipidation, when the actin coat is being dismantled and EVs are “unprotected”. Based 

on this interpretation, both actination and LC3 lipidation are protective processes 

that stabilise EVs and target EV contents for degradation, protecting the cell against 

potential leakage of active trypsin from membrane enclosed EVs to the cytosol. 

Interestingly, LC3 lipidation and actination occur in both physiological and 

supramaximal stimulation. This suggests that these processes do occur 

physiologically and are not activated specifically as a response to pathological stimuli. 

It is conceivable that, in supramaximal stimulation, and in AP, these protective 

mechanisms are impaired or overwhelmed.  
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Figure 6.1 Formation and evolution of endocytic vacuoles in pancreatic acinar cells. The 

schematic depicts multiple phenomena occurring throughout the lifetime of EVs. Some of 

these phenomena have been previously reported (i.e. trypsinogen activation, rupture, 

secondary exocytosis), others have been described in this study (i.e. LC3 lipidation and 

actination). Actination is inhibited by latrunculin (Lat), LC3 lipidation is inhibited by 

bafilomycin (Baf). Orange dots indicate zymogens, red dots indicate active proteases.  
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6.2 Actin cytoskeleton and stabilisation of endocytic vacuoles 

The formation of EVs from post-exocytic structures occurs via a still unidentified 

endocytic pathway. It is known that F-actin coats the ZGs fused to the plasma 

membrane (Ω-shapes) (Nemoto et al., 2004; Turvey & Thorn, 2004; Jang et al., 2012), 

and we propose that it is also directly responsible for completion of exocytosis and 

formation of EVs. The presence of actin-coating on Ω-shapes has been suggested to 

act as a force to facilitate content release and to stabilise the structure with open 

fusion pore (Nemoto et al., 2001; Nemoto et al., 2004; Larina et al., 2007). On the 

EVs, the actin-coating might also act as a stabiliser. A recent study from our 

laboratory showed that EVs can leak their content in the cytosol through 

fenestrations in the F-actin coating, and F-actin stabilisation by jasplakinolide reduces 

the amount of leakage (Chvanov et al., 2018). We therefore suggest that the actin 

coating accounts for EV stabilisation preventing them from rupture. 

Actin coating of EVs is regulated by both formins and Arp2/3 complex, suggesting 

that both filament elongation and branching are required for interaction with EVs. 

The ring-like actin-coat on PAC EVs is pretty unique in comparison to other cell types 

where F-actin plays a role in endocytic (Parton et al., 1994; Castellano et al., 2001; 

Lee & Knecht, 2002; Swanson, 2008) or trafficking (Merrifield et al., 1999) events. In 

endocytosis, phagocytosis and macropinocytosis, F-actin is present at membrane 

invaginations or protrusions, but it is not retained after the 

endosome/phagosome/macropinosome is internalised (Apodaca, 2001; Girao et al., 

2008). Likewise, endosomes move along actin filaments but are not coated by them 

(Merrifield et al., 1999; Gasman et al., 2003; Fernandez-Borja et al., 2005; Wallar et 
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al., 2007). On PAC EVs, the actin-coat is retained after detachment from the plasma 

membrane. In other cell types, similar structures are associated to specific 

conditions. F-actin can form ring-like structures around phagosomes, as a temporary 

phenomenon termed actin flashing which delays fusion to lysosomes in cargo 

overloaded macrophages (Liebl & Griffiths, 2009). A similar, periphagosomal F-actin 

accumulation is triggered by Leishmania donovani promastigotes to inhibit 

phagosomal maturation (Lodge & Descoteaux, 2005; Moradin & Descoteaux, 2012). 

Whether the actin coat on PAC EVs has a similar role in delaying 

maturation/lysosomal fusion is not known and this generates a topic for further 

investigations. In Dictyostelium, it is WASH, rather than F-actin, to form ring-like 

structures coating phagosomes and macropinosomes (Carnell et al., 2011; King et al., 

2013; Park et al., 2013; Buckley et al., 2016). This process is involved in recycling 

surface proteins before degradation, or recycling V-ATPase and lysosomal hydrolases 

before exocytosis. It is conceivable that the removal of the actin coat from EVs is also 

associated with recycling of membrane components; this process might, for instance, 

facilitate EV recognition by the LC3 lipidation machinery.  



212 
 

6.3 Non-canonical LC3 lipidation on endocytic vacuoles  

Autophagy is a general term defining processes that target different types of cargo 

for lysosomal degradation. Whilst canonical autophagy is generally associated with 

the engulfment of cytosolic material, non-canonical pathways often deal with cargo 

of extracellular origin. Non-canonical autophagy occurs in immune cells for pathogen 

clearance (LAP) (Sanjuan et al., 2007) or for antigen presentation (Ma et al., 2012) 

and in epithelial cells during entosis and macropinocytosis (Florey et al., 2011; Florey 

et al., 2015). Non-canonical autophagy bypasses the ULK1 complex and, in some 

cases, the PI(3)K complex of the canonical pathway, and is therefore a quicker 

process for LC3 targeting and association to membranes. In PACs, EVs are formed 

from post-exocytic structures following release of zymogens in the acinar lumen. It is 

conceivable (and likely) that some EVs retain/incorporate zymogens. This could be 

one way of delivery of trypsinogen to EVs, where it can be activated (Sherwood et 

al., 2007). Moreover, EVs can undergo rupture and leak their content in the cytosol 

(Chvanov et al., 2018). Targeting and clearing these organelles before this occurs is 

therefore essential to prevent cell damage. This will require a fast response by the 

cell, and is thus likely to rely on non-canonical autophagy. In this study, it appears 

that both canonical and non-canonical autophagy are induced by CCK stimulation. 

The former is sensitive to bafilomycin, which potentiates LC3 puncta accumulation. 

The latter is also, but differently, sensitive to bafilomycin, which prevents LC3 

lipidation on EVs. We thus speculate that both canonical and non-canonical 

autophagy are activated, but have different functions and possibly dynamics. The 

faster, non-canonical component has the role to target EV content for degradation.  
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6.4 Relevance to acute pancreatitis 

EVs are the site of intracellular trypsinogen activation and can leak their content in 

the cytosol. These processes underpin the early pathophysiology of AP at the acinar 

cell level. The non-canonical LC3 lipidation of EVs might represent a protective 

mechanism to target EV content for lysosomal degradation. It would be interesting 

to induce experimental AP in E230 mice, specifically lacking non-canonical 

autophagy. In this work, the LC3 lipidation was significantly reduced in these animals. 

We could hypothesise that, if the LC3 lipidation is indeed protective, acinar cell 

damage in experimental AP will be exacerbated in the E230 mice. 

Extensive investigation of the role of autophagy in experimental pancreatitis has 

been carried out. Previous studies have focused on late stages of autophagy, 

targeting LC3 conjugation machineries (ATG5 or ATG7) and lysosomal function 

(LAMP2 or cathepsins). It is important to note that these stages are common to 

canonical and non-canonical pathways. Inhibition of autophagy (Atg5 KO or siRNA) 

reduces trypsinogen activation in experimental AP (Hashimoto et al., 2008; 

Mareninova et al., 2009). These results would suggest that autophagy somehow 

facilitates trypsinogen activation. Nevertheless, the common view in the field is that 

experimental AP impairs autophagic flux, in particular at lysosomal degradation 

stages (Gukovsky et al., 2012; Gukovskaya et al., 2017). Indeed, mouse models with 

defective autophagy (Lamp2, Atg5 or Atg7 KO) develop spontaneous AP (Mareninova 

et al., 2015), CP (Diakopoulos et al., 2015), or AP then resulting in CP (Zhou et al., 

2017), respectively. Thus, it is possible that autophagy (in our case, non-canonical 

autophagy of EVs) is protective, but in AP it loses its degradative capability. In this 
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thesis, focus has been placed on specifically addressing the targeting of EVs for LC3 

lipidation. The lysosomal degradation of their cargo represents a further important 

question which will aid in the understanding of the role of these organelles in AP. 

Several works report that impaired processing and sorting of lysosomal hydrolases is 

associated with trypsinogen activation, following co-localisation of cathepsins and 

zymogens (Saluja et al., 1997; Van Acker et al., 2002). A recent study showed that 

trypsin activity determined leakage of cathepsins B in the cytosol, where it triggered 

necrosis and apoptosis (Talukdar et al., 2016). Conversely, our group found that nor 

trypsin nor cathepsin inhibition affected the leakage of contents from EVs (Chvanov 

et al., 2018). This suggests that the fragility of our EVs is not associated with activity 

of these enzymes and might be associated with a different process, possibly loss of 

the F-actin coating. 

It is also important to remember that in vivo, AP pathophysiology is also influenced 

by damage of PDCs (Hegyi et al., 2011) and PSCs (Gryshchenko et al., 2018) and by 

induction of the inflammatory response. Trypsinogen activation occurs in infiltrating 

macrophages, demonstrating that extra-acinar events contribute to disease 

(Aghdassi et al., 2018; Sendler et al., 2018). This thesis focused on isolated PACs but 

it is conceivable that the relevance of these phenomena is different in vivo.  
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6.5 Future perspectives 

The relevance of this study lays in monitoring EV processing in live cells. The project 

has focused on characterising the properties of individual EVs, by performing 

immunofluorescence staining, electron microscopy and pH measurements of 

selected EVs. These experiments provide exciting data, but have their limitations. In 

the future, the study would benefit from biochemical approaches, for example to 

monitor the time course of LC3 lipidation (canonical and non-canonical) throughout 

stimulation. Immunoprecipitation techniques might help elucidate the proteins 

interacting with LC3 lipidation machinery and actin polymerising factors. Performing 

proteomic studies on isolated EVs might help characterise their membrane 

composition and possibly reveal the markers that mediate targeting for LC3 

lipidation. Additionally, identifying the channels and transporters might shed light on 

the pH and osmotic properties throughout different developmental stages of EVs. 

Furthermore, it might be interesting to perform electrophysiology studies on isolated 

EVs to biophysically characterise their ion channels and transporters. 

Autophagy (both canonical and non-canonical) are trending topics. Autophagic 

pathways occur in different cell types, in both physiological and pathological 

conditions. There is much to be discovered on the mechanistic features of these 

pathways. Determining the cargo of these organelles and monitoring its degradation 

constitutes a logical development to elucidate the function of the LC3 lipidation of 

EVs. Moreover, the fact that non-canonical autophagy is activated in an epithelial cell 

type as a mechanism of selective targeting of potentially harmful organelles is likely 

to be translatable to other cell types. It would be interesting to elucidate if this 
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phenomenon is common to other exocrine secretory epithelia, such as the salivary 

glands. 

There is evidence that F-actin is implicated in exocytosis and compensatory 

membrane retrieval in lacrimal and salivary acinar cells (Segawa & Yamashina, 1989; 

Tojyo et al., 1989; Okumura et al., 1990; da Costa et al., 2002; Masedunskas et al., 

2011). EVs are documented in submandibular acinar cells (Tapp, 1968). Interestingly, 

the treatment of parotid acinar cells with cytochalasin D determined the appearance 

of rhodamine-labelled cytosolic actin rings (Tojyo et al., 1989). These structures 

resemble the ring-like appearance of the actin coat on PAC EVs. Hence, investigating 

interaction of F-actin and EVs in other exocrine glands represents a promising 

research line. 

This study reports interesting phenomena but it is possibly limited to the conditions 

tested: CCK or TLC-S stimulation of murine PACs. For a translational perspective, it 

would be interesting to test other inducers of AP such as FAEEs. It would also be 

interesting to explore these phenomena in human PACs. 

The EVs are unique organelles in the sense that they are almost exclusive to exocrine 

secretory cells. Nevertheless, I have found that they interact with (non-canonical) 

autophagy machinery and actin cytoskeleton, similarly to phagosomes, 

macropinosomes and entotic vacuoles. I hope that the findings reported in this study 

will prompt further investigations of the general principles of these processes.  
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