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Abstract: Recent studies have highlighted the importance of autophagy and particularly non-
canonical autophagy in the development and progression of acute pancreatitis (a frequent disease
with considerable morbidity and significant mortality). An important early event in the develop-
ment of acute pancreatitis is the intrapancreatic activation of trypsinogen, (i.e., formation of trypsin)
leading to the autodigestion of the organ. Another prominent phenomenon associated with the
initiation of this disease is vacuolisation and specifically the formation of giant endocytic vacuoles in
pancreatic acinar cells. These organelles develop in acinar cells exposed to several inducers of acute
pancreatitis (including taurolithocholic acid and high concentrations of secretagogues cholecystokinin
and acetylcholine). Notably, early trypsinogen activation occurs in the endocytic vacuoles. These
trypsinogen-activating organelles undergo activation, long-distance trafficking, and non-canonical
autophagy. In this review, we will discuss the role of autophagy in acute pancreatitis and particularly
focus on the recently discovered LAP-like non-canonical autophagy (LNCA) of endocytic vacuoles.

Keywords: acute pancreatitis; ATGS; autophagy; CASM; cholecystokinin; endocytic vacuole; LAP;
LAP-like non-canonical autophagy; LC3; LC3-associated phagocytosis; LNCA; non-canonical
autophagy; pancreatic acinar cell; trypsin; trypsinogen; zymogen granule

1. Introduction

The exocrine pancreas secretes digestive enzymes, precursors of digestive enzymes
(termed zymogens), and bicarbonate-rich fluid. Zymogens and digestive enzymes are
packaged in the secretory granules of pancreatic acinar cells and secreted by exocytosis
(reviewed in [1,2]). Pancreatic acinar cells are polarised with apical regions bordering the
lumen, continuous with the interior of pancreatic ducts, and the basal region adjacent to
the interstitium (interspersed with blood vessels and nerves) [3]. Under physiological
conditions zymogen granules are concentrated near the apical region of the acinar cells
and the exocytotic secretion involves the fusion of zymogen granules with the apical (also
termed luminal) plasma membrane [3,4]. The surface area of the apical/luminal plasma
membrane is small and restricted [5]. The cells are capable of compound exocytosis, which
allows the effective transfer of secreted material from multiple large secretory granules
via the small apical/luminal membrane. This form of exocytosis is mediated by initial
granule-to-plasma membrane fusion followed by granule-to-granule fusion (reviewed
in [4]). Efficient endocytic membrane retrieval is essential for maintaining the secretory
activity of the exocrine pancreas; however, the knowledge about post-exocytic membrane
retrieval is limited. O. Larina and colleagues reported that F-actin is important for the
apical endocytosis [6]. Post-exocytic structures (formed as a result of exocytosis of zymogen
granules) are coated with F-actin [7,8] and retain actin at the early stages of endocytosis [9]
indicating similarity to other forms of endocytosis (reviewed in [10]); actin dynamics
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are likely to be required for this type of membrane retrieval. Both “piecemeal endocytic
retrieval” (i.e., disassembly of the postendocytic membrane by small endosomes)[11] and
sudden retrieval of large postendocytic structures [12,13] have been described for apical
endocytosis. It was reported that apical endocytosis is associated with cleavage of GP2
(pancreatic secretory granule membrane major glycoprotein 2) [14]. However, a later study
challenged this notion [15]. In physiological conditions fluid-phase markers (and, most
likely, retrieved post-exocytic membranes) are recycled to condensing vacuoles and later to
novel secretory granules [16]. In pathophysiological conditions, fluid-phase endocytosis
is redirected to autophagosomes and lysosomes [16]. Substances retrieved by membrane-
associated endocytosis are targeted to autophagosomes and lysosomes [16].

Important secretagogues cholecystokinin (CCK) and acetylcholine (Ach) utilise Ca®*-
signalling cascades to trigger the exocytosis of secretory granules in the acinar cells,
(e.g., [17], reviewed in [1,4]). Other signalling cascades (notably cAMP signalling) also
contribute to the exocytotic secretion of zymogens (reviewed in [18]). Both pancreatic
acinar cells and pancreatic ductal cells participate in the fluid secretion [19,20]. Secretory
products are delivered to the duodenum via the system of pancreatic ducts. In physiological
conditions activation of zymogens occurs in the intestine and involves the enterokinase-
dependent activation of trypsinogen with the downstream activation of other zymogens
(reviewed in [21]). Early events in the development of acute pancreatitis include aberrant
intrapancreatic activation of trypsinogen, i.e., formation of trypsin [22-28]. Both intracel-
lular [23,24,29-31] and extracellular (in pancreatic ducts [28]) mechanisms of pancreatic
trypsinogen activation have been reported.

For many years, trypsinogen activation has been considered an important initiating
and contributing factor in the development of acute pancreatitis—starting from a clinical
hypothesis, put forward at the end of the 19th century [32]. This notion is consistent with
later characterised pancreatitis-inducing mutations, associated with increased trypsinogen
activation, increased trypsin stability and reduced trypsin inhibition (reviewed in [33-35]).
However, the significance of trypsin activation to acute pancreatitis was recently chal-
lenged in the study by R. Dawra and colleagues from A. Saluja’s laboratory that reported
the development of acute pancreatitis in mice with knocked out main form of trypsinogen
(trypsinogen isoform 7) [36]. This paper stipulated that there was no resolvable effect
of the trypsinogen knockout on the inflammatory response [36]. Nevertheless, several
studies suggested that trypsinogen activation in pancreatic acinar cells could be sufficient
to initiate acute pancreatitis [37-39]. The apparent contradiction can probably be recon-
ciled assuming that trypsinogen activation is not the only damaging cellular mechanism
involved in initiating acute pancreatitis; the redundancy and plurality of activating mecha-
nisms is a notion vigorously discussed in this research field. Other identified damaging
mechanisms include activation of calcineurin [40,41], activation of calpains [42,43], NF-kB
activation [44], mitochondrial damage [45-48], redirection of exocytosis (from apical to
basolateral region) [49,50] and aberrant autophagy [51]. Notably, numerous interactions
between these damaging mechanisms have been reported, (e.g., [52-54]). The putative role
of aberrant/disrupted autophagy is the focus of this review.

Autophagy is an important degradative pathway. There are several autophagy sub-
types including microautophagy, chaperone-mediated autophagy, and macroautophagy
(canonical and non-canonical) [55-57]. This review will primarily discuss the role of
macroautophagy (this will be referred to simply as “autophagy” in the text below). Canoni-
cal autophagy involves the formation of a double membrane phagophore engulfing the
target structure; this is followed by the fusion of phagophore ends producing an autophago-
some. The outer membrane of the autophagosome later interacts with the lysosome forming
an autolysosome. The lysosomal hydrolases digest the inner membrane and the engulfed
cargo. The breakdown products, (e.g., amino acids and peptides) are moved from the
lumen of the organelle into the cytosol by lysosomal transporters and reutilised by the cell
(recently reviewed in [58]). Canonical macroautophagy utilises several defined autophagy-
related proteins (ATG proteins) [57,59], including ATG5, ATG7, ATG16, and ATG8/LC3
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which will be mentioned in this review. Starvation, damaged organelles, and accumulation
of proteins resistant to proteasomal degradation are prominent inducers of the canonical
autophagy [60-62]. The molecular mechanisms initiating canonical autophagy usually
include Unc-51 like autophagy activating kinase 1 and 2 (ULK1/2) (reviewed in [63]).
An important step in canonical autophagy is ATG8/LC3 conjugation to the autophago-
some membrane. This process requires ATG5, ATG7, ATG12, and notably ATG16L. The
complex of these ATG proteins facilitates ATG8/LC3 lipidation (covalent binding to phos-
phatidylethanolamine (reviewed in [64])). ATG8/LC3 is a frequently used marker for
studies of autophagy [56,65,66].

There are several subtypes of non-canonical autophagy in which some of the com-
ponents, processes, and structural elements pertinent to canonical autophagy are omit-
ted. LC3-associated phagocytosis (LAP) ([67,68] reviewed in [69]) and Rab9-mediated
autophagy [70] are prominent examples of such non-canonical autophagy. Rab9-mediated
autophagy is perhaps the most “non-canonical” form of autophagy. It can operate in
cells with knocked out notable ATG proteins like ATG5 and ATG7 [70]. This form of
non-canonical autophagy does not require ATG8/LC3 but is regulated by ULK1 [70]. LAP
is another prominent recently discovered form of non-canonical autophagy [67,68,71]. This
process does not require ULK1/2 but requires ATG8/LC3 conjugation and involves ATG5
and ATG7 [67]. However, within the framework of LAP, ATG8/LC3 conjugates to the
single membrane of the phagosome (reviewed in [72]). Notably, in this case, ATG8/LC3
can bind to both phosphatidylethanolamine and phosphatidylserine [73,74]. Different do-
mains of ATG16L are involved in LAP and canonical autophagy; the WD repeat-containing
C-terminal domain (WD CT) of ATG16L1 is essential for LAP but dispensable for canonical
autophagy [75,76]. It was later found that LAP is just one representative of a significant
class of cellular processes involving single membrane ATG8/LC3 conjugation including
ATGS8/LC3 conjugations to structures formed as a result of entosis [77], micropinocy-
tosis [77] as well as to vacuoles induced by osmotic imbalance [78]. The term CASM
(conjugation of ATGS to single membranes) was introduced to describe these related phe-
nomena [73]. LAP could be considered as a prominent and the first-identified subtype of
CASM. Several studies indicated that inhibitors of the vacuolar H* ATPase (V-ATPase) can
effectively block single membrane ATG8/LC3 conjugation [9,78,79]. A recent investigation
reaffirmed the important role played by V-ATPases in the LC3 conjugation to single mem-
branes [80]; interaction of ATG8/LC3 conjugating machinery with V-ATPases represents
the defining property of CASM [80].

The recent discoveries of fundamental molecular mechanisms shaping canonical and
non-canonical autophagy have influenced our understanding of the role played by au-
tophagy in the physiology and pathophysiology of the exocrine pancreas, and particularly
its role in pancreatitis.

2. Autophagy in Pancreatitis

Autophagosomes, lysosomes, and autolysosomes are amongst the organelles sug-
gested to mediate trypsinogen activation pertinent to acute pancreatitis (reviewed in [81]).
Trypsinogen can undergo autoactivation, however, this process is unlikely to make a dom-
inant contribution to the trypsin formation in experimental acute pancreatitis [25,26,82].
Furthermore, there is reasonably strong evidence indicating that trypsinogen is not acti-
vated in “normal” secretory granules, (e.g., [24]). In the second half of the 20th century,
several studies suggested the importance of lysosomal hydrolases in the trypsinogen
activation and initiation of acute pancreatitis [83—-86]. The co-localisation theory of
trypsinogen activation was introduced (reviewed in [87,88]). Within the framework of
this theory “co-localisation of lysosomal hydrolases with digestive enzyme zymogens
plays a critical role in permitting the intracellular activation of digestive enzymes that
leads to acinar cell injury and pancreatitis” [88]. Particular attention was given to the
activating role of cathepsin B, which is present in lysosomes and autolysosomes. A
conceptually important study by W. Halangk and colleagues reported a significant re-
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duction (but, notably, not complete elimination) of trypsinogen activation in pancreatic
acinar cells from cathepsin B-deficient mice [25]. This was accompanied by a substantial
reduction in the severity of experimental acute pancreatitis (particularly for the early
time points of the disease development) in the cathepsin B knockout mice. These and
other experiments, (e.g., [26]) provided further support for the co-localisation hypothesis.
Several studies identified trypsinogen activation (presence of trypsin) in intracellular
vacuoles, (e.g., [13,24,30,89]).

The nature of the organelle serving as a cauldron for the mixing of lysosomal hydro-
lases and zymogens has been extensively debated. M. Steer and colleagues suggested
that co-localisation occurs in “abnormal condensing vacuoles” [87]. Cathepsin B is a
major lysosomal protease, also present in the secretory granules under physiological
conditions [90,91]; therefore, changes in the environment in the secretory granule could
potentially lead to trypsinogen activation. Endocytic vacuoles are formed following aber-
rant exocytosis/endocytosis of the secretory granules [13] and are likely to retain both
cathepsin B and trypsinogen. This could be sufficient for the trypsinogen activation in
this organelle (see next section for further discussion and illustration of this hypothetical
mechanism). An elegant ultrastructural study by J. Resau and colleagues characterised
the formation of crinophagic vacuoles by lysosomal engulfment of zymogen granules and
by direct fusion of the granules with lysosomes [92]; the authors suggested crinophagy as
a possible mechanism of the co-localisation and activation of zymogens [92]. Hashimoto
and colleagues suggested a major role of autophagy and autolysosomes in the trypsinogen
activation [93]. In this study, the authors generated mice with conditional knockout of
ATGS in pancreatic acinar cells [93] and reported reduced severity of experimental acute
pancreatitis in these animals as well as reduced trypsinogen activation [93]. These results
indicated an initiating role of autophagy in acute pancreatitis. On the other hand, a study
by O. Mareninova and colleagues described impairment of autophagy in conditions of
acute pancreatitis and suggested that both vacuolisation and trypsinogen activation are
the consequences of impaired/retarded autophagy [51]. Notably, this study also indicated
the role of ATGS in the activation of trypsinogen, implying a complex and multifaceted
role of autophagy in trypsin/trypsinogen processing and disease initiation [51] (reviewed
and discussed in [81]). A later study from the same group suggested a mechanism for
autophagic flux impairment in the acute pancreatitis [94]. The completion of autophagy
and the degradation of the cargo requires interaction between autophagosomes and lyso-
somes. Lysosome-associated membrane proteins (LAMPs) are important regulators of
lysosomal function and biogenesis (reviewed in [95,96]). Depletion of LAMP1 and LAMP2
during acute pancreatitis was reported and suggested as the mechanism responsible for the
disruption of the autophagic flux, vacuolisation, and progression of acute pancreatitis [94].
Depletion of TFEB (transcription factor of EB) is another mechanism responsible for re-
duced autophagy in the acute pancreatitis [97]. TFEB is the master regulator of lysosomal
biogenesis, and also induces transcription of several genes involved in autophagy (recently
reviewed in [98,99]). TFEB is rapidly degraded in the caerulein model of acute pancreatitis
resulting in an insufficient autophagy [97]. Genetic ablation of this transcription factor
increased the severity of experimental acute pancreatitis [97,100], whilst TFEB overexpres-
sion was protective [100]. Furthermore, decreased nuclear TFEB was associated with the
human pancreatitis [97].

GFP-LC3 is an extensively used marker of autophagy. GFP-LC3 mice provide a
valuable research model for studies of autophagy in primary cells and tissues (including
pancreas) [65]. It was however noted that pancreatic autophagic flux in GFP-LC3 mice is
altered (with increased levels of lipidated LC3 in the pancreas). Furthermore, experimental
acute pancreatitis in GFP-LC3 mice was more severe than in wild-type animals. These
experiments confirmed the importance of autophagy for acute pancreatitis and suggested
caution in interpreting the results of experimental pancreatitis models utilising GFP-LC3
mice (for further details see [101]).
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An interesting mechanism, reported recently by H. Gaisano’s laboratory, involves
the depletion of Syntaxin 2 (STX-2) in the experimental acute pancreatitis [49]. The
depletion of STX-2 (in STX-2 KO mice) increased the binding of ATG16L1 to clathrin
with the consequent impairment of autophagic flux and increased severity of experi-
mental acute pancreatitis [49]. Notably, depletion of another SNARE protein, SNAP23,
decreased the severity of acute pancreatitis by reducing the number of trypsinogen-
activating autolysosomes [50]. Cytoprotective and homeostatic roles of autophagy in
the exocrine pancreas have received considerable support in several recent studies.
In particular, K. Diakopoulos and colleagues discovered that pancreas-specific deple-
tion of ATGS results in the development of pancreatitis in transgenic animals [102].
In the same vein, pancreas-specific knockout of ATG7 resulted in the development
of spontaneous pancreatitis [103,104], suggesting a cytoprotective role of autophagy
in the exocrine pancreas [103,104]. The study by Xia and colleagues confirmed that
LAMP2 depletion in the pancreas also resulted in the increased severity of LPS-induced
pancreatic damage [104]. Models of pancreatitis relying on the genetic ablation of au-
tophagy/lysosomal pathways are discussed in a recent review [105].

The presence of zymogen granules in autophagosomes has been reported in several
studies, (e.g., [51,65,93,106]). Potentiation of autophagy provided an alternative approach
for revealing its role in acute pancreatitis. Constitutive expression of VMP1-GFP in pan-
creatic acinar cells of the Elal-VMP1 mouse potentiated autophagy and engulfment of
zymogen granules with double-membraned autophagosomes; this process was termed
zymophagy [107]. The Elal-VMP1 mice with enhanced autophagy demonstrated protec-
tion against caerulein—induced acute pancreatitis (including reduced trypsinogen activa-
tion) [107]. Finally, the protective effect of canonical autophagy was stipulated in a recent
study examining the relationship between canonical autophagy and the Rab9-mediated
non-canonical autophagy [108]. This study reported antagonistic relationships between
the two forms of autophagy; it described Rab-9 depletion in conditions of experimental
acute pancreatitis and suggested that this depletion potentiates canonical autophagy and
its protective effects [108].

3. Endocytic Vacuoles: Actination, Rupture and LAP-like Non-Canonical Autophagy

Studies from our laboratory characterised endocytic vacuoles in pancreatic acinar
cells (Figure 1) and identified these organelles as the site of trypsinogen activation in the
cells stimulated with the inducers of acute pancreatitis [9,13,109]. In experimental condi-
tions the endocytic vacuoles can be identified by the presence of endocytosed membrane-
impermeant fluorescent markers ([9,13,109], see Figure 1B,C). In this section we will dis-
cuss metamorphoses of endocytic vacuoles including recently discovered non-canonical
autophagy of these organelles (revealed by LC3 conjugation [9], see Figure 1B,C). The
formation of endocytic vacuoles is the earliest form of vacuolisation in the acinar cells
subjected to inducers of acute pancreatitis taurolithocholic acid 3-sulfate (TLC-S) or a high
concentration of CCK [9,109]; these vacuoles are clearly resolvable within 3 min from the
beginning of the stimulation and remain the dominant form of cytosolic vacuoles for at
least 1 h [9,109].
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Figure 1. Formation, actination and LC3 conjugation of endocytic vacuoles. (A) Electron microscopy
of endocytic vacuole and postendocytic structure (adapted with modifications from [13], copyright
2007 by The National Academy of Sciences of the USA). All scale bars correspond to 0.5 um. (Aa)
Pancreatic acinar cell stimulated with a high concentration of CCK (10 nM). (Ab) Enlarged fragment
containing endocytic vacuole. (Ac) Post-endocytic structure, (i.e., precursor of an endocytic vacuole)
formed as a result of compound exocytosis. Note the gradient of secretory material in the post-
endocytic structure and the adjacent zymogen granules. (B) Formation and LAP-like non-canonical
autophagy of an endocytic vacuole (adapted with modifications from [9]. Endocytic vacuoles, formed
in pancreatic acinar cells as a result of CCK stimulation, are revealed by endocytosed Texas Red
dextran (shown by the magenta colour in the figure). The cells were isolated from GFP-LC3 transgenic
mice (GFP-LC3 is represented by the green colour in the figure). The upper two rows show the events
in a cluster composed of four cells. Scale bar corresponds to 10 pm. The fragment (outlined by dash
lines on the right overlay image) is shown in the two lower rows. Note the rapid LC3 conjugation to
the endocytic vacuole. For further details see [9]. (C) Actination and LC3 conjugation of endocytic
vacuoles formed in a CCK-stimulated pancreatic acinar cell (adapted with modifications from [9]).
The cells were isolated from GFP-LC3 transgenic mice (GFP-LC3 is represented by the green colour
in the figure). The endocytic vacuoles are revealed by endocytosed Texas Red dextran (shown by
magenta colour in the figure). The F-actin is identified by SiR-actin staining (shown in red colour in
the figure). The upper and lower panels represent fragments of confocal images shown in [9]. The
upper panel depicts an actinated endocytic vacuole, which is coated with LC3. The lower panels
show an LC3-conjugated endocytic vacuole, which is not actinated. The right parts of the panels
show profiles of fluorescence intensities recorded along the corresponding white arrows. For further
details see [9].
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Endocytic vacuoles usually form in the apical region of the cell as the result of an
aberrant compound exocytosis [13]. This involves excessive fusion of multiple zymogen
granules during exocytosis ([13], see Figures 1A and 2(Ab)); during this process the
first granule fuses with the plasma membrane, and other granules undergo granule-
to-granule fusion forming giant post-exocytic structures [8,13]. The next stages of the
process include the closure of the fusion pore [11] and disconnection of the post-exocytic
structure from the plasma membrane ([13], see Figures 1A and 2(Ab)). The endocytic
vacuole then migrates from the apical region (dominated by zymogen granules) to the
basolateral part of the cell [13,109]. Trafficking of LC3-conjugated endocytic vacuoles
from the secretory granule/apical region in the basolateral direction could be required
for the processing of these organelles. It is conceivable that interaction with lysosomes
and the formation of autolysosomes (see below) requires a specific topographical location
of LC3-conjugated endocytic vacuoles outside of the granular region, (e.g., in proximity
to the microtubule organising centre or simply in a region with sufficient density of
lysosomes). The vacuoles can reach a diameter of 10 um [9,13,109]. At the early stage of
their formation and evolution, endocytic vacuoles are coated by polymerised actin, (i.e.,
actinated [9,109], see Figure 1C upper panel and Figure 2A). Actination of post-exocytic
structures (also termed Q2-shapes [8]), starts very soon after the beginning of exocytosis
and continues simultaneously with exocytosis [7,8]. It is possible that actination contin-
ues even after the disconnection of the vacuole from the plasma membrane. It is likely
that polymerised actin plays an important “barrier” role [110] regulating secretion and
preventing excessive fusion of zymogen granules.

Figure 2A illustrates a hypothetical model in which there is competition between
actination and fusion of zymogen granules, and its consequence for the retention of zymo-
gens. Under physiological conditions Figure 2(Aa) short Ca?* transients trigger exocytosis
and fusion of only few secretory granules; actination prevents further fusion. Most of the
zymogens, initially contained in the post-exocytic structure, are released via the fusion pore.
The pore closes after a few minutes [11] and the small post-exocytic structure is discon-
nected from the plasma membrane [109]. This is trafficked away from the secretory granule
region (further decreasing the probability of unwanted fusion with zymogen granules),
loses its actin coat, and is eventually disassembled. Since most of the trypsinogen (and
other zymogens) is released from the post-exocytic structure during exocytosis there is no
possibility of trypsinogen activation inside the cell and the organelle. Notably P. Thorn
and colleagues also described “piecemeal endocytic retrieval” of small membrane patches
from the post-exocytic structures [11]; this process is also expected to prevent the retention
of zymogens.

Figure 2. Cont.
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Figure 2. Simplified diagram illustrating hypothetical processes involving physiological compound
exocytosis and excessive compound exocytosis leading to the formation of a large endocytic vacuole
followed by its actination, LC3 conjugation, and trypsinogen activation. The opacity of the grey
colour reflects the concentration of zymogens. The red colour represents polymerised actin, green
colour indicates LC3 conjugation, blue colour indicates lysosomal cathepsins and dark yellow colour
reflects intraorganellar activation of trypsinogen (formation of trypsin). (A) Early events involv-
ing formation, actination, and trafficking of post-exocytic structures and endocytic vacuoles. (Aa)
Ilustrates exocytosis and post-exocytic events in physiological conditions (mediated by moderate
stimulation with physiological secretagogues). During a physiological response, only a few secretory
granules participate in the compound exocytosis. The small volume of the post-exocytic structure
allows nearly complete release of the zymogens into the lumen. Signals driving exocytosis are limited
in amplitude and duration; actination of the post-exocytic structures is sufficiently fast to prevent
excessive fusion. The small vacuole is trafficked away from the secretory region and disassembled.
(ADb) Represents excessive compound exocytosis and formation of a large endocytic vacuole. These
events are initiated by large concentrations of secretagogues or bile acids. Signals driving exocytosis
(particularly Ca?* signals) are strong and persistent. Actination of the post-exocytic organelle is
not sufficiently fast and consequently a large number of secretory granules (up to 200) continue
to fuse with the post-exocytic structure. The fusion pore closes trapping zymogens inside a large
endocytic vacuole diluted by luminal fluid. Fusion of zymogen granules with the endocytic vacuole
continues even after the closure of the fusion pore. The vacuole disconnects from the apical plasma
membrane. The endocytic vacuole is finally completely actinated and fusion of secretory granules
with the vacuole stops. The endocytic vacuole (containing a significant concentration of zymogens)
is transported from the secretory region into the basolateral part of the cell and sheds its actin coat.
(B) Illustration of the hypothetical evolution of the endocytic vacuole after it sheds actin (i.e., after
the events shown in part Aa). Pathway 1 illustrates the putative process involving the rupture of an
endocytic vacuole (before trypsinogen activation). Zymogens in this case are released into the cytosol
and could potentially be activated in the cytosol. Pathway 2 demonstrates a putative role of LC3
conjugation, CASM/LNCA, and lysosomal hydrolases in activating trypsinogen with subsequent vac-
uolar rupture and the release of trypsin into the cytosol. Such a pathway is likely to cause cell damage.
Pathway 3a illustrates a putative protective role of CASM/LNCA against trypsin-induced damage.
In this case, trypsinogen is activated (trypsin is formed) in the endocytic vacuole independently from
LC3 conjugation; LC3 conjugation with the subsequent lysosomal fusion results in the destruction of
the trypsin by lysosomal hydrolases. Pathway 3b. Illustrates another putative protective mechanism
involving lysosomal fusion. In this case, lysosomes repair the vacuolar membrane preventing the
rupture of the vacuole and the release of trypsin (or trypsinogen) into the cytosol. It is conceivable
that both protective mechanisms (shown on 3a and 3b) can operate simultaneously.
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The Figure 2(Ab) illustrates hypothetical pathophysiological scenarios. Strong and

protracted Ca®* signals generated in the acinar cells by the inducers of pancreatitis (re-
viewed in [111-113]) trigger exocytosis, characterised by excessive intergranular fusion.
The rate of fusion exceeds the rate of actination so that polymerised actin only partially
coats the post-exocytic structure and does not completely prevent aberrant fusion of
zymogen granules. The fusion pore closes after a few minutes, trapping some of the
zymogens in the endocytic vacuole, and the large endocytic vacuole disconnects from
the plasma membrane [9,13,109]. Several zymogen granules fuse with the endocytic
vacuole after the closure of the fusion pore (this fusion is a hypothetical phenomenon),
the vacuole finally becomes completely actinated (preventing further fusions) and is traf-
ficked vectorially from the secretory granule region in the basolateral direction [13,109];
trypsinogen (and presumably other zymogens trapped inside endocytic vacuole) are
activated [9,13,109]. Actination and trafficking from the region populated with zymogen
granules are likely to serve as protective mechanisms preventing excessive fusion of
the endocytic vacuole with the zymogen granules and delivery of zymogens into the
protease-activating endocytic vacuoles; these mechanisms are overwhelmed by the in-
ducers of acute pancreatitis. Actination probably also plays a structural protective role;
this possibility was suggested following experiments by M. Chvanov and colleagues
that resolved rupture of vacuoles occurring via the fenestration in the actin coat [109].
Actination is a transient process; most of the endocytic vacuoles lose actin after only
20 min [9]. Importantly, the loss of actin is accompanied by LC3 conjugation to the
surface of the endocytic vacuole ([9], see Figures 1C and 2(Ab)), highlighting autophagy
as the next step in the evolution of these organelles [9].

Following the initial observation of LC3 conjugation to the endocytic vacuoles
we attempted to use a common experimental manoeuvre—apply the inhibitor of V-
ATPase bafilomycin Al to prevent the progression of autophagic flux and accumulate
autophagosomes containing endocytic vacuoles for further studies. To our consider-
able surprise the LC3 conjugation to the endocytic vacuoles was completely inhibited
by bafilomycin Al suggesting that we were dealing with some form of non-canonical
autophagy [9]. Our further experiments confirm this conclusion; LC3 conjugation
to the endocytic vacuoles was strongly inhibited by another inhibitor of V-ATPase
concanamycin A; the conjugation was insensitive to ULK1 inhibitors and required the
WD40 domain of ATG16L1 [9]. Notably, correlative light (confocal fluorescence) and
electron microscopy (CLEM) identified single-membrane conjugation of LC3 to the en-
docytic vacuoles [9]. The properties of this LC3 conjugation are similar to that recorded
during LAP [67,68]. In particular, the conjugation also involved a single-membraned
organelle (i.e., did not require phagophore formation). We termed the process in-
volving LC3 conjugation to endocytic vacuoles LAP-like non-canonical autophagy
(LNCA) [9,56]. Notably, unlike LAP, the observed LC3 conjugation to endocytic vac-
uoles is insensitive to antioxidants and is therefore unlikely to be induced by locally
generated reactive oxygen species (ROS) (compare [71] and [9]). The LNCA in the
acinar cells is probably a subtype of CASM; this conclusion is based on the common
single-membrane LC3 conjugation for both processes and on the striking effect of
V-ATPase inhibitors on LNCA [9] (the interaction of LC3-conjugating machinery with
V-ATPases is a defining property of CASM [73,78,80]). Furthermore, both LNCA in the
acinar cells and CASM require ATG16L1 with an intact C-terminal WD domain [9,75,76].
There is, however, an interesting peculiarity of LNCA in the acinar cell; it is inhibited
by protonophores, (e.g., by Monensin) [9], whilst other forms of CASM can be induced
by protonophores [78].

A remarkable property of LNCA is its speed; the earliest LC3 conjugated endocytic
vacuoles have been observed within 10-20 min from the beginning of stimulation with
supramaximal doses of CCK [9]. This contrasts with the recent observation that autophagy
in acinar cells requires a few hours to develop [114]. The remarkable speed of LC3 conju-
gation to the endocytic vacuoles makes LNCA potentially relevant to early trypsinogen
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activation, resolvable within 10-20 min after the beginning of stimulation (which is too
fast for canonical autophagy). Notably, the presence of trypsinogen-activating peptide
(TAP) has been identified in the LC3-conjugated endocytic vacuoles [9]. It is conceivable
that slower phagophore-mediated autophagy contributes to trypsinogen activation at
later time points; in particular, LNCA in acinar cells should not have a kinetic advantage
over canonical autophagy during the second peak of trypsinogen activation, observed
in the caerulein model of acute pancreatitis[114]. The LNCA could be also relevant to
early trypsin degradation (the early decrease in trypsin activity which is resolvable in
pancreata after approximately 120 min from the beginning of stimulation) [25,114]. These
putative contrasting effects of LNCA are illustrated in Figure 2B. This figure highlights
the hypothetical fate of an endocytic vacuole starting from the time at which the vacuole
loses its actin, (i.e., timewise this is a continuity of events shown in Figure 2A). Notably,
Figure 2B includes a prominent recently observed phenomenon, namely rupture of an
endocyclic vacuole [109] (the endpoints of pathways 1 and 2 are indicated in the figure).
The rupture could be independent of the LC3 conjugation and trypsinogen activation. In
this case, trypsinogen is released into the cytosol before LC3 conjugation and before trypsin
is formed in the vacuole (see pathway 1 in Figure 2B; this could be followed by the cytosolic
activation of zymogens).

Another scenario is illustrated by pathway 2 in Figure 2B; LNCA could precipitate
fusion with a lysosome, (i.e., formation of autolysosome), activation of trypsinogen by
lysosomal hydrolases, (e.g., cathepsin B [25]) and finally rupture of the endocytic vac-
uole, releasing trypsin and cathepsins into the cytosol. This pathway illustrates a putative
damage-inducing role of LNCA. The presence of TAP in LC3-conjugated endocytic vac-
uoles has been observed experimentally [9]; this strongly suggests the presence of trypsin
in these organelles and is consistent with pathway 2. It is, however, also conceivable that
LC3 conjugation plays a protective role. Such a hypothetical protective role is illustrated by
pathways 3a and 3b in Figure 2B. In pathway 3a, activation of trypsinogen occurs indepen-
dently of the LC3 conjugation. This could occur as a result of trypsinogen autoactivation
(likely modulated by chymotrypsin C) [115] in the environment of the endocytic vacuole.
An alternative mechanism is trypsinogen activation by cathepsin B, reported to co-localise
with trypsinogen in secretory organelles of the intact acinar cells [90,91]. Following the
aberrant endocytosis triggered by inducers of pancreatitis, cathepsin B could be retained
in the endocytic vacuoles together with trypsinogen and contribute to the trypsin forma-
tion [13]. The role of the LC3 conjugation at this juncture is in initiating lysosomal fusion
and the consequent destruction of trypsin and other digestive enzymes by the lysosomal
hydrolases “sanitising” the content of the endocytic vacuole. Cathepsin L is a putative
candidate for trypsin and trypsinogen cleavage [116] in this organelle and could potentially
fulfil the protective role associated with pathway 3a. The balance between cathepsin B
(trypsinogen activating protease) [25] and cathepsin L (protease degrading trypsinogen
and trypsin) [116] could determine the dynamics of the trypsin levels in endocytic vacuoles.
Notably, the presence of membrane-bound lysosomal proteins on endocytic vacuoles has
been reported [13], suggesting the progression of endocytic vacuoles to autolysosomes.
The sanitised content of the autolysosome, (i.e., the products of hydrolysis by lysosomal
enzymes) could be exported into the cytosol by autolysosomal transporters and reutilised
by the cell. Alternatively, the content of these organelles could be released from the cell
via exocytosis. Indeed, the fusion of endocytic vacuoles with the plasma membrane and
exocytosis has been observed [109]; however, we do not know the evolutionary stage of
the fusing vacuoles or their content, (e.g., it could be zymogens, active proteases or the
products of digestion).

A further protective scenario is illustrated by pathway 3b in Figure 2B; it is simi-
lar to that shown in the 3a, except in this case both trypsinogen activation and trypsin
degradation are assumed to be independent of LC3 conjugation and delivery of lysosomal
hydrolases. The degradation of the trypsin in this pathway could occur as a result of
autolysis modulated by chymotrypsin C [117] (the roles of chymotrypsin C in the activation
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and degradation are reviewed in [33]). Notably, after disconnection from the plasma mem-
brane endocytic vacuoles undergo Ca?* release associated with a substantial reduction in
intraorganellar Ca®* [13]; changes in Ca?* concentration have been shown to modulate both
trypsinogen autoactivation and the ability of chymotrypsin C to assist activation or promote
degradation [115,117]. The dynamics of both processes could be guided by changes in the
vacuolar environment (including Ca?* changes). The putative protective role of LNCA
and lysosomal fusion in this pathway (3b) is based on the known ability of lysosomes to
“patch up”, (i.e., prevent rupture of) cellular membranes, (e.g., [118,119]). Specifically, this
hypothetical mechanism was suggested by analogy with the role of lysosomes in prevent-
ing/repairing rupture of phagosomes (see [119] and associated commentary [120]). Such a
stabilising action of lysosomes could allow an endocytic vacuole to retain its content until
autolysis of trypsin and destruction of other digestive enzymes is completed. The specific
role of LNCA in endocytic vacuoles is currently being investigated in our laboratory and
the hypothetical diagram in Figure 2 at the moment contains more questions than answers.
We hope that this research will expand our knowledge of the role of LNCA/CASM in
acute pancreatitis and provide further information on the fundamental properties of this
phenomenon and its initiating signals.

The rich tapestry of canonical and non-canonical autophagy pathways has been re-
cently characterised in the exocrine pancreas. These pathways activate with distinct kinetics
and are likely to contribute to different stages of the initiation and progression of pancreati-
tis. The accumulated knowledge will provide a solid foundation to understand the role of
autophagy in pancreatitis and hopefully facilitate the development of specific therapy.
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