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Abstract

BACKGROUND & AIMS: Acute pancreatitis is characterized by premature intracellular
activation of digestive proteases within pancreatic acini and a consecutive systemic inflammatory
response. We investigated how these processes interact during severe pancreatitis in mice.

METHODS: Pancreatitis was induced in C57BI/6 wild-type (control), cathepsin B (CTSB)-
knockout, and cathepsin L-knockout mice by partial pancreatic duct ligation with supramaximal
caerulein injection, or by repetitive supramaximal caerulein injections alone. Immune cells that
infiltrated the pancreas were characterized by immunofluorescence detection of Ly6g, CD206, and
CD68. Macrophages were isolated from bone marrow and incubated with bovine trypsinogen or
isolated acinar cells; the macrophages were then transferred into pancreatitis control or cathepsin-
knockout mice. Activities of proteases and nuclear factor (NF)-xB were determined using
fluorogenic substrates and trypsin activity was blocked by nafamostat. Cytokine levels were
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measured using a cytometric bead array. We performed immunohistochemical analyses to detect
trypsinogen, CD206, and CD68 in human chronic pancreatitis (n = 13) and acute necrotizing
pancreatitis (n = 15) specimens.

RESULTS: Macrophages were the predominant immune cell population that migrated into the
pancreas during induction of pancreatitis in control mice. CD68-positive macrophages were found
to phagocytose acinar cell components, including zymogen-containing vesicles, in pancreata from
mice with pancreatitis, as well as human necrotic pancreatic tissues. Trypsinogen became activated
in macrophages cultured with purified trypsinogen or co-cultured with pancreatic acini and in
pancreata of mice with pancreatitis; trypsinogen activation required macrophage endocytosis and
expression and activity of CTSB, and was sensitive to pH. Activation of trypsinogen in
macrophages resulted in translocation of NF-kB and production of inflammatory cytokines; mice
without trypsinogen activation (CTSB-knockout mice) in macrophages developed less severe
pancreatitis compared with control mice. Transfer of macrophage from control mice to CTSB-
knockout mice increased the severity of pancreatitis. Inhibition of trypsin activity in macrophages
prevented translocation of NF-xB and production of inflammatory cytokines.

CONCLUSIONS: Studying pancreatitis in mice, we found activation of digestive proteases to
occur not only in acinar cells but also in macrophages that infiltrate pancreatic tissue. Activation of
the proteases in macrophage occurs during endocytosis of zymogen-containing vesicles, and
depends on pH and CTSB. This process involves macrophage activation via NF-xB-translocation,
and contributes to systemic inflammation and severity of pancreatitis.
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Acute pancreatitis is common and of increasing incidence in Western countries.! The
majority of cases suffer from a mild form of the disease but approximately 20% of patients
develop severe pancreatitis, associated with pancreatic necrosis, systemic inflammation, and
organ failure.2 An overwhelming systemic immune reaction, the so-called systemic
inflammatory response syndrome, accounts for persistent multiorgan failure and seems to be
responsible for the majority of systemic complications and mortality.® The triggering events
of this immune reaction and the pathophysiological mechanism that determine severity of
the disease are still poorly understood.*
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Self-digestion by its own proteases is considered to be a trigger of pancreatitis. Under
pathologic conditions, the digestive serine protease trypsinogen is converted to active trypsin
by the lysosomal hydrolase cathepsin B (CTSB) within the acinar cells.>~’ Premature
intracellular protease activation is then followed by acinar cell death, which is accompanied
by a pro-inflammatory response and leads to a prominent translocation of leukocytes.
Especially cells of the innate immune system migrate into the injured organ.8 These cells are
the first cells that reach the pancreas.®1% This immune reaction boosts local damage and
results in an increase in severity of disease.1911 The importance of the protease/anti-protease
balance for the development of pancreatitis is supported by the observation that germline
mutations that increase the susceptibility toward developing pancreatitis mostly affect genes
of the protease/anti-protease system, such as cationictrypsinogen (PRSS1), chymotrypsin-C
(CTRC) or the trypsin-inhibitor SPINK1.12-16 How the intracellular activation of digestive
proteases is linked to local and systemic inflammatory reaction is still being debated. On the
one hand, acinar cells under experimental conditions activate nuclear factor xB,17 a key
transcription factor for the proinflammatory response, but still do so in animals in which T7-
trypsinogen, a major mouse-isoform of trypsinogen, has been deleted.18 On the other hand,
acinar cell that undergo autodigestion and necrosis release damage-associated molecular
patterns (DAMPS) such as free DNA, histones, or free adenosine triphosphate (ATP), which
are recognized by immune cell receptors inducing a proinflammatory reaction and activation
of the inflammasome pathway.® The main task of infiltrating immune cells in the pancreas
is thought to be defensive and includes the removal of cellular debris and necrosis. Most of
the clearance is achieved through the action of macrophages that not only phagocytose
cellular debris,20 but whose involvement in the subsequent immune reaction is profoundly
influenced by what cellular components they are exposed to and which ones they ingest.?1
For example, their clearance of apoptotic cellular waste involves largely noninflammatory
pathways whereby components of necrotic cells can trigger a pro-inflammatory response.2
In the present study we found that, in areas of pancreatic necrosis, macrophages ingest
zymogen-containing vesicles from damaged acinar cells that they convert these zymogens to
active proteases in a CTSB-dependent manner and that the intramacrophage activation of
trypsinogen is an important driver of local and systemic inflammation and disease severity.

Material and Methods

Isolation of Pancreatic Acini

Acini were isolated from mouse pancreas by collagenase digestion under sterile conditions,
as previously reported.® For details see Supplementary Materials and Methods.

Isolation of Bone Marrow-derived Macrophages

Bone marrow-derived macrophages (BMDM) were isolated from the femur and tibia of
mice. A detailed protocol is provided in the Supplementary Materials.

Biochemical Assays

Serum amylase and different protease activities were measured as previously reported using
substrates R110-1le-Pro-Arg for trypsin, Suc-Ala-Ala-Pro-Phe-AMC for chymotrypsin,
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R110-Phe-Arg for CTSL, and AMC-Arg, for CTSB.22 For details on in vivo imaging of
proteases see Supplementary Materials.

Induction of Pancreatitis in Mice

All animal experiments were performed after prior approval by the Institutional Animal Care

committee. C57BI/6 mice were obtained from Charles River (Sulzfeld, Germany), CTSB-/
—, cathepsin L (CTSL)-/-, and nucleotide-binding oligomerization domain-like receptor
family pyrin domain- containing 3 (NLRP3)-/- mice were maintained in our animal facility;
all mice strains are bred with a C57BI/6 background.

Histology, Immunohistochemistry, and Immunofluorescence

Paraffin sections were used for H&E staining and Masson-Goldner-trichrome staining as
previously reported.23 For details see Supplementary Materials.

Human Pancreatic Samples

Human chronic pancreatitis tissue was collected in the context of the ChroPac trial
(ISRCTN38973832; http://www.isrctn.com/ISRCTN38973832).24 Necrotic tissue was
harvested during endoscopic necrosectomy under the ethics committee approval for the
ProZyt trial.

Statistical Analysis

Results

All data are expressed as means + standard error of the mean from at least 5 animals or
experiments. Statistical analysis was performed using SigmaPlot and SigmaStat. Unpaired 2-
tailed Student’s #test or Rank-Sum test were used. Differences were considered significant
for P<.05.

Migration of Macrophages in Acute Pancreatitis

To study the pancreatic infiltrate we used 2 different models of acute pancreatitis: caerulein-
induced pancreatitis and partial duct ligation to study extensive necrosis and exocrine tissue
replacement by fibrosis after 14 days, as shown by H&E staining (Figure 1A).23

Staining of Ly6g illustrates the infiltration of granulocytes in pancreatic tissue. CD68 and
CD206 are markers for macrophages, whereas CDG68 is an indicator of the proinflammatory
M1-phenotype and CD206 is only expressed on alternatively activated M2 macrophages. In
contrast to the mild model of pancreatitis, the infiltration in severe necrotizing pancreatitis
was dominated by CD68-positive macrophages (Figure 1A). Quantification of infiltrating
cells per microscopic field revealed that CD68-positive macrophages represented the
majority of infiltrating leukocytes in the ligation model of pancreatitis (Figure 1B),
corresponding with the severity of the model. The number of infiltrating Ly6g-positive
granulocytes did not differ between the pancreatitis models (Figure 1B). Supplementary
Figure 1A and 1B show representative examples for the necrosis/fibrosis sequence in the
ligation pancreatitis model. Alternatively, activated M2 macrophages were found increased
at later time points (7 days and 14 days after duct ligation), which corresponded to the
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development of fibrosis. Whereas the number of M1 macrophages corresponded to the
extent of necrosis at earlier time points (Figure 1B and 1C). Not only the number and
phenotype of macrophages but also their morphology differed between models and over time
(Figure 1D). Especially in necrotic areas, the size of infiltrating cells was significantly
increased (Figure 1D).

It is well established that macrophages are responsible for clearance of necrotic areas by
phagocytosing cellular debris.2% Co-labeling for trypsinogen, which is exclusively expressed
by acinar cells, and CD68 suggested that macrophages phagocytose pancreatic enzymes or
enzyme- containing vesicles from injured acinar cells within necrotic areas (Figure 1E). This
phenomenon could only be observed in macrophages, where punctate vesicles contained
trypsinogen, but not in other inflammatory cells (Figure 1F). Co-localization with
chymotrypsin, another pancreatic serine-protease, was found in CD68-positive cells
(Supplementary Figure 1C). CD68 positive M1 macrophages are mainly detected within
necrotic areas, whereas CD206- positive cells are found in non-necrotic parts of the
pancreas. Interestingly, we did not detect co-localization of trypsinogen within CD206-
positive cells even 14 days postligation. Only few CD68-positive cells stained positive for
trypsinogen later in the disease course (Supplementary Figure 1D—F). These data indicate
that M1 macrophages in necrotic tissue areas of the pancreas ingest zymogen- containing
components of acinar cells.

Macrophages Phagocytosing Digestive Zymogens From Injured Acinar Cells Undergo

Activation

To investigate the role of phagocytosing macrophages, we performed co-incubation
experiments using bone marrow-derived macrophages and freshly prepared acinar cells.
Pure macrophages in culture are shown in Figure 2A. Isolated acini were stimulated with 1
umol/L cholecystokinin (CCK) before co-incubation. Staining of trypsinogen and CD68
allowed discrimination between acinar cells and macrophages (Figure 2A) and showed that
macrophages co-localize with zymogens or zymogen-containing vesicles from damaged
acinar cells in vitro.

Staining macrophages for nuclear factor kB p65 (NFxBp65) revealed a cytoplasmic
distribution in unstimulated control cells, whereas 6 hours of co-incubation with CCK-
stimulated acini induced a translocation of NFxBp65 into the nucleus of CD68-positive
macrophages (Figure 2B). In the same setting, co-incubation of macrophages with CCK-
stimulated acini resulted in a significant increase of cytokine secretion, here shown for the
proinflammatory cytokines interleukin-6 (IL6) and tumor necrosis factor a (TNFa), as well
as the chemokine monocyte chemoattractant protein-1 (MCP-1) (Figure 2C).
Lipopolysaccharide (LPS)-stimulated macrophages served as controls. Acini were also able
to secrete cytokines, but the majority of cytokine release originated from macrophages
(Figure 2C). When morphology of macrophages was analyzed for cell size (Figure 2D), co-
incubation with acini in vitro resulted in a significant change in macrophage morphology,
resembling the results of tissue sections (Figure 1D). Macrophages developed a spreading
phenotype and changed their morphology in forward side scatter on fluorescence-activated
cell sorter analysis (Figure 2E). Macrophages are activated upon co-incubation with acini or
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isolated zymogen granules (Figure 2F), which are engulfed by macrophages (Supplementary
Figure 2A-C). These data indicate that co-incubation of macrophages with acinar cells
results in activation of macrophages and a differentiation to a pro-inflammatory M1
phenotype.

Macrophages Phagocytose Zymogen-containing Vesicles and Activate Trypsinogen
Intracellularly in a CTSB-dependent Manner

The detection of trypsin activity within phagocytosing macrophages raised the question
whether activated trypsin was engulfed or whether macrophages activate trypsinogen
intracellularly. We therefore isolated macrophages from bone marrow of C57BI/6 mice and
co-incubated them with bovine trypsinogen in a concentration of 10 zg/mL (see
Supplementary Figure 2D). Labelling for trypsinogen and CD68 indicated that trypsinogen
is internalized by macrophages (Figure 3A) and then converted to active trypsin
intracellularly (Figure 3B). Intracellular trypsin activity in macrophages could be blocked
completely by 50 gmol/L nafamostate, a potent digestive serine protease inhibitor, by
bafilomycin-Al, an inhibitor of V-ATPases that neutralizes the usually acidic intravesicular
pH, and by CA074me, a cell permeant CTSB inhibitor. Both substances led to a pronounced
reduction in CTSB and trypsin activity in macrophages (Figure 3B). Furthermore, in vivo
imaging of isolated macrophages co-incubated with trypsinogen revealed active trypsin
inside macrophages (Figure 3C). Final evidence that trypsinogen undergoes activation in a
CTSB-dependent manner within phagocytosing macrophages came from experiments using
CTSB- and CTSL-deleted mouse macrophages incubated with bovine trypsinogen. Trypsin
activity was significantly reduced in macrophages from CTSB-/- mice while it was
increased in macrophages from CTSL—/- mice (Figure 3D), which is in accordance with the
counteracting role of CTSL to CTSB.25 Immunofluorescence staining for CTSB and
trypsinogen in macrophages incubated with bovine trypsinogen revealed a punctate
localization of both enzymes in a vesicular compartment of macrophages (Figure 3E). These
experiments show that macrophages activate phagocytosed trypsinogen intracellularly.

Co-incubation of BMDM with freshly prepared and CCK- stimulated acini (rather than
trypsinogen) again resulted in intracellular localization of trypsinogen as well as amylase
within macrophages. In addition, a co-localization of CTSB with trypsinogen was observed
(Figure 4A). Intracellular localization of protease activity showed a membrane-confined
punctate localization for active trypsin and active chymotrypsin (Figure 4B). Furthermore,
fluorescent-labeled zymogen granules showed trypsin activity visualized by R110-lle-Pro-
Arg cleavage (Supplementary Figure 2A). Western blotting of macrophage lysates confirmed
the intracellular presence of trypsinogen and amylase (Figure 4C). Activity of trypsin in
macrophages after coincubation with acini was significantly increased. Even when
macrophages were co-incubated with acini isolated from CTSB~-/- mice, we observed a
significant increase in trypsin activity (Figure 4D), indicating that macrophage CTSB, rather
than acinar cell CTSB, drives trypsin activation. When we used macrophages isolated from
CTSB-/- mice we found no increase in trypsin activity after co-incubation with acini from
wild-type (WT) or CTSB-/- mice. Both nafamostate and CAQ074me blocked trypsin activity
after coincubation (Figure 4E), indicating that intracellular trypsin activation in macrophages
is entirely dependent on the presence and activity of CTSB. Amylase activity was measured

Gastroenterology. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sendler et al.

Page 7

in macrophages as a marker of phagocytosis of acinar cell components. Uptake was not
impaired by nafamostate pretreatment, whereas pretreatment of macrophages with
CAO74me resulted in an increase in intracellular amylase activity (Figure 4E), indicating
that inhibition of CTSB leads to impaired degradation of amylase. To investigate whether
phagocytosis is the mechanism of uptake for pancreatic zymogens, we used cytochalasin-B
to block phagocytosis by inhibition of the network formation of actin filaments.26
Cytochalasin-B greatly reduced trypsin, chymotrypsin, and amylase activity in macrophages
exposed to either bovine trypsinogen or acinar cells (Figure 4F). The activity of CTSB was
not affected by cytochalasin-B treatment (Figure 4F).

Blockade of Digestive Protease Activation Within Macrophages Reduces Pro-inflammatory
Signaling and Cytokine Secretion

Macrophages engulf cellular debris from injured acini and incorporate pancreatic zymogens
and zymogen-containing vesicles. Phagocytosed zymogens, especially trypsinogen, undergo
activation in a CTSB-dependent manner within macrophages. We therefore investigated the
effect of this intracellular protease activation on macrophages.

Translocation of NFxBp65 into the nucleus indicates pro-inflammatory differentiation of
macrophages (M1). Co-incubation of BMDM with CCK-stimulated acini resulted in a
nuclear redistribution of NFxBp65. This translocation was blocked by nafamostate (Figure
5A), indicating that trypsin activity is involved in this process. Untreated macrophages
served as negative controls while LPS treatment served as positive controls (Figure 5A).
Both nafamostate and bafilomycin-Al abolished intracellular trypsin activity without
affecting phagocytosis, as shown by an unimpaired amylase uptake (Figure 5B). Cytokine
release of macrophages co-incubated with acini was determined by cytometric bead array.
Treatment with nafamostate significantly reduced secretion of pro-inflammatory cytokines
such as IL6, MCP-1, and TNFa. Treatment with bafilomycin-Al had a similar effect, with
the exception of TNFa (Figure 5C). The effect of bafilomycin-Al on TNFa secretion in
macrophages has been described previously.2” Comparing the cytokine release of
macrophages from WT mice with CTSB-/- cells, we found significantly reduced IL86,
TNFa, and MCP-1 secretion after co-incubation with acini (Figure 5D). This is not a
generalized defect because CTSB—/- macrophages responded to LPS adequately and in the
same manner as WT macrophages (Supplementary Figure 2E). Transcriptome analysis of
macrophages was performed 6 hours after co-incubation with acini. Transcriptional
alteration of NFxB-related genes was affected by pre-treatment with nafamostate, blocking
intracellular trypsin activity and proving a trypsin-mediated effect on NFxB-signaling. In
particular, NFkB2and Relawere significantly decreased (Student’s #test of fold change)
(Figure 5E and 5F).

These data suggest that the pro-inflammatory phenotype of macrophages in pancreatitis is
dependent on CTSB-mediated trypsinogen activation within phagocytosing macrophages.
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Protease Activation Within Macrophages Acts as DAMP and Induces NLRP3
Inflammasome Activation

Pathway analysis of macrophage transcriptome data by Ingenuity Pathway Analysis shows a
significant down-regulation of the toll-like receptor pathways, as well as the NF xB pathway,
after co-incubation with acini and trypsin inhibition by nafamostate (Figure 6A). MyD88 is
the upstream regulator (P =2.0E75) that is affected most. Detailed analysis of the NFxB
pathway suggests a critical role of 1L1 for the activation of NFxB (Supplementary Figure
3). Secretion and maturation of IL1p depends on inflammasome activation and
caspase-1.19.28 Immunohistochemistry of caspase-1 shows expression within infiltrating
inflammatory cells but not in pancreatic acini 3 days after duct ligation (Figure 6B).
Secretion of mature IL14 from macrophages in response to acini proves in vitro activation of
the inflammasome; in contrast, CCK-stimulated acini did not secret IL1/. Blockade of
macrophage cathepsins by Ca074me or E64d abolished IL1S secretion (Figure 6C). Genetic
deletion of NLRP3, an essential part of the inflammasome complex, did not affect
macrophage phagocytosis and intracellular protease activation upon co-incubation with WT
acini (Figure 6D). NFxB translocation into the nucleus (Figure 6E), as well as cytokine
secretion of IL6, TNFa, and MCP-1, was reduced in the same way as after treatment with
nafamostate (Figure 6F).

Protease activation within macrophages results in IL18 maturation and secretion, which
enhances the proinflammatory macrophage phenotype by acting on the 1L12 receptor
expressed on macrophages in an autocrine loop (Supplementary Figure 2C).

Adoptive Transfer of WT Macrophages Restores Trypsinogen Activation During Severe
Necrotizing Pancreatitis in CTSB-/- Mice

As previously reported, significant numbers of macrophages migrate into the pancreas
during the early phase of pancreatitis, and these infiltrating cells express considerable
concentrations of CTSB (Supplementary Figure 4A). In fact, CTSB is the second most
abundant protein in macrophages (data not shown). This would make it plausible that
macrophages also contribute to intrapancreatic trypsinogen activation in vivo. We therefore
induced severe pancreatitis in WT- and cathepsin B-deleted animals. Two days after duct
ligation we performed an adoptive transfer of BDMB generated from WT or CTSB-/- mice
(Figure 7A) and sacrificed animals 24 hours after adoptive transfer of macrophages. Staining
for CTSB indicated the presence of CTSB in all cells of WT animals; however, in WT
animals receiving CTSB-/- macrophage transfer, we detected CTSB-negative cells in the
pancreas. In contrast, in CTSB-/- mice no signal for CTSB was detected and only CTSB-/-
mice that had received WT macrophages displayed some CTSB-positive infiltrating cells in
the pancreas (Figure 7B). We observed a prominent infiltration of F4/80-positive
macrophages in all animals, independently of the adoptive transfer. H&E histology showed
pancreatic damage and necrosis in all animals, but to a significantly lesser degree in CTSB-
deficient animals (Figure 7B).

CTSB activity in pancreatic homogenates was completely suppressed in CTSB-/- animals
and only in animals that had received WT macrophages did we observed an increase in
CTSB activity during pancreatitis (Figure 7C). Untreated animals without duct ligation

Gastroenterology. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sendler et al.

Page 9

pancreatitis served as control. In pancreatic homogenates from CTSB-/- mice, we detected
only traces of active trypsin and even after induction of pancreatitis we did not detect a
significant increase in trypsin activity when CTSB-/- macrophages were adoptively
transferred. Only in animals that had received WT macrophages we found a significant
increase in trypsin activity in pancreatic tissue homogenates (Figure 7C). In line with these
results, in CTSB—/- animals adoptive transfer of WT macrophages significantly increased
trypsinogen activation in WT animals compared with mice that had received CTSB-/-
macrophages. These data confirm our findings from the in vitro studies that CTSB-
containing macrophages contribute to intrapancreatic trypsinogen activation in the course of
severe acute pancreatitis in vivo. The time course of trypsinogen activation in the duct
ligation model showed elevated trypsin activity over 14 days, and we observed trypsinogen
phagocytosing macrophages at all time points (Supplementary Figure 5). Macrophage-
derived protease activation depended on the presence of necrosis. A much greater effect on
disease severity and systemic inflammation was observed in CTSB-/- animals 3 days after
duct ligation (Supplementary Figure 4B and 4C). The differences between CTSB-/- and
CTSB+/+ animals were more pronounced in the severe model of pancreatitis compared with
the mild caerulein-induced disease model.® In a genetic model of chronic pancreatitis in
Lamp2-deficient mice,2? we observed enlarged CD68-positive macrophages within the
pancreas in conjunction with intracellular trypsinogen and CTSB co-localization
(Supplementary Figure 4D).

It is well established that inflammatory response determines the severity of pancreatic
damage, and infiltrating monocytes and neutrophils can directly induce acinar cell damage.
10.11 Adoptive transfer of WT macrophages in CTSB-deleted animals resulted not only in an
increase in serum amylase but also in serum MCP-1 in animals that had received WT
macrophages (Figure 7D). Systemic inflammation thus depends on intra-macrophage
trypsinogen activation, which may be the reason why CTSB-/- mice display less systemic
inflammation.

Macrophages in Human Pancreatic Tissue

Paraffin sections of human pancreatic tissue from chronic pancreatitis patients, as well as
necrotic tissue from endoscopic necrosectomies, were stained for CD68. Macrophage
infiltration was observed in human chronic pancreatitis tissue with regional differences.
Tissue samples from necrosectomy specimens contained only a low number of vital cells,
but macrophage infiltration was also observed here (Figure 7E). Co-localization of
trypsinogen and CD68 in human chronic pancreatitis samples proved that macrophages
phagocytose trypsinogen in humans in the same way as in mouse models of pancreatitis
(Figure 7F). In addition to CD68+ macrophages, CD206+ M2 macrophages were also
detected in pancreatic tissue, but we never observed co-localization of trypsinogen in
CD206+ cells (Supplementary Figure 6). Our data suggest that phagocytosing macrophages
can actively contribute to the regulation of the immune response in the course of pancreatitis
in mice and men.
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Discussion

Macrophages are cells of the innate immune system that migrate into the pancreas within
hours after the onset of pancreatitis and are involved in local injury via the release of
cytokines such as TNFa..10:30.31 pancreatitis is primarily a sterile inflammation and
activation of immune cells in the early disease course is largely independent of infectious
pathogens. The activation of immune cells and recruitment of leukocytes is thought to be
mediated by the release of pro-inflammatory mediators and chemokines directly from acinar
cells1”:30 as well as via DAMPs (eg, free DNA, his-tones, or free ATP) activating toll-like-
receptors and the inflammasome complex on immune cells.19:28 This DAMP-related
activation of immune cells links inflammation directly to pancreatic damage. In this context,
acinar damage and local inflammation form a causal loop activating each other in a chain
reaction. Intracellular protease activation is known to be a hallmark of pancreatitis32 but is
only indirectly linked to the inflammatory response. From T7 trypsinogen-deleted mice we
have learned that NFxB activation can occur independently of trypsinogen activation.® So
far, most investigations have either focused on acini or on inflammatory cells, while the
present project addresses the cross-talk between intracellular protease activation and
inflammation.

Macrophages are characterized by a high plasticity. Differentiation of macrophages changes
their role in the pathways of inflammation. Alternatively activated macrophages (M2) have
mainly an anti-inflammatory profile promoting wound healing or fibrosis,33:34 whereas
classically activated macrophages (M1) are characterized by a prominent pro-inflammatory
phenotype and play a critical role for host defenses against pathogens.33 In pancreatitis, the
role of macrophages appears to change during the different disease stages. In the chronic
phase of the disease mainly alternatively activated M2 macrophages are detected in the
pancreas and involved in fibrosis formation via stimulation of pancreatic stellate cells.23:34
In acute pancreatitis, macrophages infiltrate into the pancreas, polarize into the pro-
inflammatory M1 phenotype, and drive additional tissue damage.1%-2% Qur results show a
positive correlation between the extent of pancreatic damage and the number of infiltrating
macrophages, whereas for neutrophils no such correlation existed. Because the major task of
neutrophils is bacterial clearance by respiratory burst in pancreatitis,3® a primarily sterile
inflammation, the infiltration of neutrophils is more or less an unspecific response, although
their ability to form neutrophil extracellular traps within small pancreatic ducts appears to
contribute to disease progression.38 In contrast to neutrophils, monocytes and macrophages
can fulfill multiple functions depending on their polarization.33 One of these functions is the
elimination of apoptotic cells, necrotic tissue, and cellular debris.2? Removal of apoptotic or
necrotic cells is a crucial function of macrophages and necessary for maintaining tissue
homeostasis and regeneration.3” We could show that CD68-positive macrophages are
attracted to necrotic areas in the pancreas where they phagocytose cellular debris. Cells that
undergo apoptosis are rapidly removed without inducing a pro-inflammatory response.
Necrotic cell death, the major form of cell death during severe forms of pancreatitis, 38 leads
to a pro-inflammatory response of macrophages and can contribute to disease severity.21:37
We observed a strong pro-inflammatory reaction of macrophages exposed to CCK-
stimulated acini, leading to nuclear translocation of NFxBp65 and the release of high
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concentrations of pro-inflammatory cytokines. Thus, macrophages trigger a pro-
inflammatory reaction during acute pancreatitis. The pro-inflammatory phenotype (M1)
depends on necrotic acinar cell death, the lack of DAMP signaling leads to an alternative
macrophage activation (M2 phenotype) that is associated with fibrosis induction34 The
balance between M1 and M2 macrophages correlates to the necrosis-fibrosis sequence,

which underlines the crucial role of macrophages during acute and chronic pancreatitis.
23,34,39

The pancreas synthesizes and secretes a multitude of digestive enzymes and, in contrast to
other organs, the macrophages of the pancreas could phagocytose large amounts of
zymogens when they ingest injured acini or their components. During phagosome
maturation, fusion with lysosomes is a critical event for the degradation of phagocytosed
content.%0 In pancreatitis, CTSB (the major activator of trypsinogen®8) and pancreatic
digestive proteases undergo co-localization within the same compartment, not only in acinar
cells, but apparently also in macrophages. Here we show that trypsinogen undergoes
activation in macrophages. This protease activation follows the same pathway as in acinar
cells and depends on the presence of CTSB and an acidic pH in the vesicular compartment.
Moreover, in mouse models of acute pancreatitis, we could restore protease activation in
CTSB-deleted mice by adoptive transfer of CTSB-expressing macrophages and
demonstrated their migration into the inflamed pancreas. This means that pancreatic
protease activation is not restricted to acinar cells. Protease activation is not only induced in
acinar cells by transmigrating leukocytes, 10 it also arises within phagosomes of
macrophages. It is well established that the rise in intrapancreatic trypsin activity during
pancreatitis follows a biphasic pattern.® Intracellular protease activation in acinar cells in the
early phase of the disease begins in a zymogen granule-enriched subcellular fraction,®:32
whereas the second peak of trypsin activity (after hours, rather than minutes) localizes to a
lighter, non-zymogen fraction.8 While it is technically impossible to distinguish the cellular
source of trypsin-containing subcellular vesicles, our results make it likely that the second
peak of protease activation during pancreatitis originates from macrophages, rather than
other types of leukocytes® or acinar cells. Prior studies on macrophages during pancreatitis
demonstrated a decreased protease activation in mice after macrophage depletion with
clodronate-containing liposomes.19 Severity of disease depends on macrophage-derived
cytokine secretion, such as TNFa,3! which is responsible for intra-acinar protease activation
and necrosis.10 Our data show that the second, macrophage-driven peak of intrapancreatic
trypsin activity has an effect on disease severity. While previous studies have suggested that
the initial, intra-acinar cell trypsin activation does not affect the local or systemic
inflammatory response, 8 our results indicate that trypsinogen activation within
macrophages greatly increases inflammation. The nuclear translocation of NFxBp65, as
well as the pro-inflammatory release of cytokines from macrophages or their differentiation
to the M1-phenotype, could be abolished by trypsin inhibition (nafamostate), pH
neutralization (bafylomycin-Al), or by deletion or inhibition of CTSB. The regulation of
immune responses Via serine proteases is not unheard of. During cystic fibrosis, cleavage of
the phosphatidylserine receptor by polymorphonuclear leukocyte (PMN) elastase results in
impaired macrophage-mediated tissue clearance and ongoing inflammation.*! In vitro
experiments using isolated macrophages demonstrated a pro-inflammatory effect of serine
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proteases that could be prevented by protease inhibitors.#2 Activation of the
phosphatidylserine receptor was found to be involved in the anti-inflammatory response of
macrophages#344 and the recognition of apoptotic cells.4345 Another crucial mechanism for
macrophage activation is the formation of the inflammasome complex that leads to secretion
of IL18. It is well known that phagosomal rupture and the release of multiple cathepsins into
the cytosol induces formation of the inflammasome complex.#6 On the other hand, active
trypsin destabilizes cathepsin-containing compartments like phagolysosomes.4” Taken
together, active trypsin acts as a destabilizing agent on lysosomes that induces
inflammasome activation and IL1S release. Macrophages express the 1L14 receptor and
react in an autocrine pro-inflammatory loop on IL18 stimulation with NFxB translocation to
the nucleus.*8 Thus, intra-macrophage protease activation can result in an autocrine loop in
macrophage activation that additionally enhances the pro-inflammatory response
(Supplementary Figure 7). Even if, according to animal data, blockage of the 1L13 pathway
could be a therapeutic option for the treatment of severe acute pancreatitis in man, similar to
TNFa blockage, we would like to propose a word of caution: It is well known that treating
animals with a IL1 receptor agonist (IL1ra) reduces systemic inflammation, and serum
levels of IL6 and TNFa, as well as pancreatic damage.4® Furthermore, genetic deletion of
IL18°9 or components of the inflammasome complex reduce disease severity and systemic
inflammation.19:28.51 However, all those experimental treatments were given
prophylactically and we do not have data on the effect of IL14 inhibition in fully established
systemic inflammatory response syndrome. Thus, pancreatic inflammation appears to be a
self-sustaining mechanism driven by acinar cells and macrophages. Also, in human chronic
pancreatitis samples or necrosectomy specimens, macrophage infiltration and ingestion of
trypsinogen seem to be a relevant characteristic.

Macrophages appear to play a crucial role in regulating the immune response and are the
dominant immune cell population that migrates into the pancreas. In addition, some genetic
models of chronic pancreatitis, such as Lamp2-deficient mice or IL1S-transgenic mice,
support an important role of macrophages in the disease development.29:52 Activation and
recruitment of macrophages was previously thought to be mediated by cytokine release of
acinar cells.53 Recent data further suggested a critical role of DAMPs, which activate the
inflammasome/caspase-1 complex.19:28 According to our study, a third mechanism of
macrophage activation must be added - that induced by intramacrophage trypsinogen
activation. This mechanism is unique to the pancreas, depends on the phagocytosis of
cellular components of injured acini in necrotic tissue, depends on the activity of CTSB in
macrophages (rather than in acinar cells), and lends itself to therapeutic interventions. Most
importantly, targeting intra-macrophage trypsinogen activation would address disease
severity at a time point when pancreatitis and tissue necrosis are fully established, rather
than trying to treat an early event that most often has already passed when the patient is
admitted to the emergency room. This option would clearly be attractive for therapeutic
studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EDITOR’S NOTES
BACKGROUND AND CONTEXT

Necrotizing acute pancreatitis induces an overwhelming systemic inflammatory response
(SIRS), which is mediated by infiltrating phagocytosing macrophages. Persistent SIRS
results in multiorgan failure.

NEW FINDINGS

Pancreatic protease activation, a hallmark of acute pancreatitis, is not restricted to acinar
cells but phagocytosing macrophages are able to intracellularly activate trypsinogen to
trypsin in a cathepsin B dependent manner. Active trypsin inside macrophages acts as
DAMP and fuels systemic inflammation.

LIMITATIONS

Macrophage mediated protease activation is limited to a severe model of acute
necrotising pancreatitis.

IMPACT

Intrapancreatic protease activation within macrophages is directly linked to NFxB
activation and the systemic inflammatory response determining severity of the disease.
This allows therapeutic targeting of two causals mechanism in pancreatitis.
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neutrophil infiltration (Ly6g) and M1 macrophage (CD68) infiltration in the severe model of
acute pancreatitis was compared with the mild form of the disease. H&E staining of the
pancreas illustrating the severity of disease. The inflammatory infiltrate correlates with the
amount of necrotic areas and the decrease of unaffected healthy exocrine tissue (C). The
number of M2 macrophages (CD206) rises with increasing fibrosis (C). Three days after
duct ligation the shape and volume of macrophages is significantly altered and increased in
CD68-positive macrophages (D). Large CD68-positive macrophages display co-localization
with pancreatic trypsinogen (£), indicating phagocytosis of dying acini or cellular waste.
Neutrophils did not show any co-localization with trypsinogen (F). Asterisks (*) indicate
significant differences with £< .05 (n = 5-8).
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Figure2.
BMDM were co-incubated with CCK-stimulated acini. Staining of CD68 marked

macrophages, whereas trypsinogen was used as a marker for acini (A). Phagocytosis of
acinar cell compartments is demonstrated by intra-macrophage trypsinogen staining (arrow).
Six hours after co-incubation the transcription factor NF xBp65 showed nuclear
translocation in macrophages compared with untreated controls (B). Cytokine secretion of
macrophages was significantly increased after 6 hours of co-incubation, as seen by secretion
IL6, TNFa, and MCP-1. Acini alone showed a significantly lower secretion of these
cytokines (C). Treatment of macrophages with LPS served as control. Furthermore,
macrophage morphology changed during co-incubation (D-£). CD69, an early activation
marker belonging to the C-type lectin domain family, is increased on macrophages co-
incubated with acini or isolated zymogen granules (F). Asterisks (*) indicate significant
differences with £< .05 (n = 6); # indicate a significant difference to all other conditions.
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Figure 3.

BMDM were co-incubated with bovine trypsinogen over a time period of 6 hours.
Immunofluorescence staining of trypsinogen revealed an intracellular membrane confined
punctiform localization within CD68-positive macrophages after 6 hours (A). Activity
measurements in cell lysates of macrophages proved a significant increase of trypsin activity
in macrophages co-incubated with trypsinogen. Nafamostate, CA074me, or bafilomycin-Al
and lysosomal acidification were able to completely block trypsin activity (B), but only
CAO074me and bafilomycin-Al caused a significant decrease in CTSB activity (B). Visual
detection of active trypsin by the fluorogenic substrate R110-CBZ-lle-Pro-Arg demonstrated
intracellular located trypsin activity within macrophages (C). Comparison of WT
macrophages with CTSB or CTSL-deficient macrophages showed significantly decreased
trypsin activity in CTSB-deleted macrophages and increased activity in CTSL-deleted cells
(D). Immunofluorescence staining indicates co-localization of phagocytosed trypsinogen
and macrophage CTSB (£). Asterisks (#) indicate significant differences with £< .05 (n =
4-6).
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Figure 4.
BMDM were co-incubated with freshly prepared acini stimulated with 1 gmol/L CCK. Co-

incubation of macrophages with acini led to intracellular localization of trypsinogen and
pancreatic amylase in CD68-positive macrophages (A). Further- more, co-localization of
trypsinogen and CTSB was observed (A). Live-cell imaging with fluorochrome substrates
for trypsin (green fluorescent + DAPI [4’,6-diamidino-2-phenylindole]) or chymotrypsin
(blue fluorescent) demonstrated an intracellular punctiform localization of active pancreatic
enzymes within macrophages (B). Western blotting of macrophage lysates stain positive for
trypsinogen when co-incubated with acini or trypsinogen, but only macrophages co-
incubated with acini showed a band for pancreatic amylase (C). Macrophages from WT
animals revealed significantly increased trypsin activity when coincubated with acini, even
with acini of CTSB-/- mice, in contrast to macrophages of CTSB-deleted mice, which
showed no increase in trypsin activity if co-incubated with WT or CTSB-deleted acini (D).
Inhibition of serine proteases by nafamostate completely abolished trypsin activity.
Similarly, inhibition of CTSB activity by CA074me reduced intracellular trypsin activity in
macrophages but the uptake of acinar cell proteins, as demonstrated by amylase activity, was
not reduced by the nafamostate or CA074me (£). Treatment of macrophages with
cytochalasin-B reduced the uptake of acinar cell proteins as well as trypsinogen, resulting in
decreased trypsin activity and decreased amylase or chymotrypsin activity in macrophages.
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CTSB activity was not affected by cytochalasin-B (F). Asterisks (*) indicate significant
differences with £< .05 (n = 4-6).
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Figure5.
BMDM were co-incubated with CCK-stimulated acini for 6 hours. Immunofluorescence

staining of NFxBp65 showed translocation to the nucleus of LPS stimulated macrophages
compared with untreated controls. Co-incubation of macrophages and acini resulted in
nuclear translocation of NFxkBp65, while treatment with nafamostate prohibited nuclear
translocation (A). Treatment with nafamostate as well as bafilomycin-Al inhibited
intracellular trypsin activity in macrophages, but did not affect phagocytosis, as
demonstrated by amylase activity (B). After 6 hours of co-incubation, the cytokine release in
the supernatant was measured (C). Blockade of protease activation with nafamostate or
bafilomycin-A1 significantly reduced IL6-, MCP-1, and TNFa release. The same effect was
observed in CTSB-deleted macrophages compared with WT cells (D). Transcriptome
analysis showed increased expression of NFxB-related genes in macrophages after co-
incubation with acini, which is reduced upon nafamostate treatment for NFxkB2 and Rela
(E=F). Asterisks (*) indicate significant differences with £< .05 (n = 4-6); # indicate a
significant difference of untreated cells compared with treatment.
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Figure®6.

Pathway analysis of transcriptome data was performed by using Ingenuity Pathway Analysis
software. Major pathways that were induced or repressed in macrophages co-incubated with
acini + nafamostate reveal down-regulation of the toll-like receptor pathway, as well as the
NFxB-pathway (A). The major inducer of the NFxB pathway via MyD88 was 1L1.54
IL-18 maturation depends on caspase-1, which is exclusively expressed in infiltrating
inflammatory cells and not in acini during pancreatitis (B). In vitro assay of BMDM
revealed secretion of IL14 into the medium 6 hours after co-incubation with acini, while
treatment with 50 zmol/L CA074me or 20 umol/L E64d abolished IL1S release. Acini by
themselves were not able to release mature IL18 (C). BMDM from NLRP3-/- mice
phagocytose in the same way as macrophages from WT mice, as shown by trypsin and
amylase content (D). NFxB translocation into the nucleus was reduced in NLRP3-deleted
macrophages after co-incubation with acini (£), resulting in a decreased secretion IL6,
TNFa, and MCP-1 (A).
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Figure 7.
Adoptive-transfer of BMDM from WT mice into CTSB-deleted animals and vice versa was

performed (A). Staining of CTSB showed infiltrating CTSB-positive cells in the pancreas of
CTSB-deleted mice after adoptive transfer of WT macrophages, while adoptive transfer of
CTSB-deleted macrophages in CTSB-deleted mice showed no signal (B). F4/80 staining
illustrates macrophage infiltration in all animals to the same extent and H&E staining of the
pancreas showed pancreatic damage and necrosis in all groups with a higher degree of
severity in WT mice (B). Measurement of CTSB activity revealed a significantly higher
activity in CTSB-deleted animals treated with WT macrophages, while WT mice displayed
the highest activity (C). The adoptive transfer of WT macrophages restored trypsin activity
in CTSB-deleted animals, and the additional transfer of WT macrophages in CTSB+/+ mice
resulted in an increase in trypsinogen activation compared with the transfer of CTSB-/-
macrophages (C). In addition to trypsin activity, serum amylase levels were also increased in
CTSB-/- animals with CTSB+/+ macrophages, as well as serum levels of MCP-1 (D).
Asterisks (*) indicate significant differences with £< .05 (n = 8-12). Human chronic
pancreatitis and necrosectomy specimens were stained for CD68-positive macrophages.
Chronic pancreatitis tissue showed in healthy parts a lower number of macrophages and an
excessive infiltration of CD68-positive cells in parts of the section where acute damage was
observed (£). A human necrosectomy specimen showed only detached areas with CD68-
positive cells; for most parts of the tissue only ghosts of cells were detected (£). The highly
infiltrated parts of chronic pancreatitis tissue were stained for trypsin and cD68. Here, we
detected co-localization of trypsin in CD68-positive macrophages similar to that in mice (F).
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