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Acute pancreatitis is characterized by premature intracellular
protease activation and infiltration of inflammatory cells,
mainly neutrophil granulocytes and macrophages, into the
organ. The lysosomal proteases cathepsin B, D, and L have been
identified as regulators of early zymogen activation and thus
modulators of the severity of pancreatitis. Cathepsin C (CTSC,
syn. dipeptidly-peptidase I) is a widely expressed, exo-cystein-
protease involved in the proteolytic processing of various other
lysosomal enzymes. We have studied its role in pancreatitis. We
used CTSC-deleted mice and their WT littermates in two exper-
imental models of pancreatitis. The mild model involved eight
hourly caerulein injections and the severe model partial duct
ligation. Isolated pancreatic acini and spleen-derived leukocytes
were used for ex vivo experiments. CTSC is expressed in the
pancreas and in inflammatory cells. CTSC deletion reduced the
severity of pancreatitis (more prominently in the milder model)
without directly affecting intra-acinar cell trypsin activation in
vitro. The absence of CTSC reduced infiltration of neutrophil
granulocytes impaired their capacity for cleaving E-cadherin in
adherens junctions between acinar cells and reduced the activity
of neutrophil serine proteases polymorphonuclear (neutrophil)
elastase, cathepsin G, and proteinase 3, but not neutrophil
motility. Macrophage invasion was not dependent on the pres-
ence of CTSC. CTSC is a regulator and activator of various lys-
osomal enzymes such as cathepsin B, D, and L. Its loss mitigates
the severity of pancreatitis not by reducing intra-acinar cell
zymogen activation but by reducing infiltration of neutrophil
granulocytes into the pancreas. In this context one of its key
roles is that of an activator of neutrophil elastase.

Acute pancreatitis is a complex disorder that involves both
premature protease activation (1, 2) and recruitment of inflam-
matory cells into the organ (3). Intracellular activation of the
zymogen protease trypsinogen by limited proteolysis is one of
the earliest events in acute pancreatitis and mediated by the
lysosomal protease cathepsin B (CTSB)3 (4, 5). Other lysosomal
proteases, specifically CTSL and CTSD, either enhance or
counteract the action of CTSB and thus regulate the onset and
severity of pancreatitis in a parallel manner (6, 7). Cathepsin C
(CTSC, syn. dipeptidyl-peptidase I, EC 3.4.14.1) is a lysosomal
protease that has been detected in a variety of tissues including
inflammatory cells (8). It belongs to the papain superfamily, and
its molecular structure is that of a tetramer consisting of four
identical subunits with approximate molecular masses of 200
kDa (9). Under acidic conditions CTSC acts as a dipeptidase,
cleaving at the N terminus of a propeptide (10), whereas at
higher pH it adopts other functions such as that of a transferase,
and it was even reported to reverse such a reaction (11, 12).
CTSC is capable of activating several serine proteases that are
constituents of immune cells, among them lymphocytes, mast
cells, and neutrophil granulocytes (9, 13, 14). There appears to
be a complex interaction of CTSC with other lysosomal hydro-
lases: autoactivation of CTSC depends on endopeptidases such
as cathepsin L and to a lesser extent cathepsin S, whereas
cathepsin D degrades both inactive and mature CTSC (15).
Similarly, the combination of CTSC and active CTSB appears
to process the N terminus of CTSB enzyme, yielding the correct
N terminus of mature CTSB (16).

In view of the different interactions of CTSC with other pro-
teases, we have investigated its role in acute pancreatitis using a
mouse model with a complete CTSC knockout (CTSC�/�).
Our results indicate that CTSC affects the severity of acute
experimental pancreatitis, and its action mainly affects inflam-
matory cells, specifically neutrophil granulocytes, in which it
acts as an activator of neutrophil elastase.
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Results

CTSC is expressed in the pancreas and does not directly affect
zymogen activation in acinar cells

Immunofluorescence stainings and immunoblots showed
expression of CTSC in the pancreas. As expected, CTSC�/�

pancreata were completely devoid of CTSC. Measurement of
CTSC activity using the substrate Gly-Arg-AMC showed activ-

ity in WT pancreas homogenates but none in knockout tissue
(Fig. 1A). Neither trypsinogen nor amylase content in the pan-
creas were affected by the deletion of CTSC (Fig. 1B). Stimula-
tion of isolated acini with supramaximal cholecystokinin (CCK)
concentrations led to an increase in intracellular CTSC activity
(Fig. 1C). To test whether CTSC is a secretory product of acinar
cells, we stimulated them with different concentrations of CCK.

Figure 1. Cathepsin C is expressed in the pancreas, activated in pancreatitis, but not involved in intra-acinar cell protease activation. A, cathepsin C is
expressed in pancreatic exocrine tissue but is absent in CTSC�/� mice, as shown by antibody labeling and immunofluorescence staining, Western blotting from
pancreas homogenates, and enzyme activity in acinar cells. B, trypsinogen content and amylase content are identical in CTSC�/� mice and controls. C, CTSC is
intracellularly activated in isolated acinar cells upon supramaximal CCK stimulation. D, CTSC, unlike amylase, is not secreted from acinar cells. E, CTSC only
marginally co-localizes with the zymogen marker trypsin but mainly co-localizes with the lysosomal protein CTSD in pancreatic acinar cells shown by immu-
nofluorescence. F, CTSC, unlike enterokinase, does not directly activate trypsinogen in vitro. G, ex vivo activation of chymotrypsinogen and trypsinogen in
CTSC�/� acinar cells upon supramaximal CCK concentrations does not differ from WT acini. H, cell death, measured as propidium iodide exclusion, was not
different in CTSC�/� or WT acini. At least five animals were used for each experiment, and all experiments were performed in triplicate. All experiments were
performed independently three or more times. The values represent means � S.E. *, p � 0.05. Scale bar, 50 �m. con, control; DAPI, 4�,6�-diamino-2-phenylin-
dole; RFU, relative fluorescence units; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Although amylase, stored in zymogen granules, showed a peak
secretion at a 100 pM CCK, there were no detectable levels of
CTSC activity in the supernatant (Fig. 1D). Absence of CTSC
from the secretory compartment was confirmed by co-immu-
nolabelings of pancreatic tissue sections with trypsin, a zymo-
gen marker, and barely any co-localization was detected. In
contrast, CTSC highly superimposed upon CTSD, suggesting
the mainly intralysosomal localization of CTSC (Fig. 1E).
Because we observed that total trypsinogen levels were almost
identical between CTSC�/� mice and wildtypes, we investi-
gated whether direct activation or degradation of trypsinogen is
CTSC-dependent. Co-incubation in vitro of trypsinogen with
active CTSC enzyme, even at relatively high concentrations, did
not lead to trypsinogen cleavage, whereas enterokinase, a
known trypsinogen activator, rapidly resulted in a cleavage
product (Fig. 1F). In addition, supramaximally CCK-stimulated
acinar cells showed identical activation of the two secretory
enzymes trypsin and chymotrypsin in CTSC�/� and control
mice (Fig. 1G). Moreover, the extent of cellular necrosis, mea-
sured by propidium iodide exclusion, was not altered by CTSC
deletion (Fig. 1H). These results indicate that zymogen activa-
tion within acinar cells is independent of the presence of CTSC
and that acinar cell damage is not affected by CTSC, even
though CTSC is expressed in acinar cell lysosomes and under-
goes activation after supramaximal stimulation.

Absence of CTSC ameliorates severity in a mild experimental
model for acute pancreatitis and reduces neutrophil
infiltration

To examine whether CTSC affects the course of acute pancre-
atitis, we first used the caerulein-induced acute pancreatitis model,
which mimicks a mild disease course usually followed by complete
restitution. At an early time point (1 h) only a slight increase in
serum lipase was observed, which was independent of CTSC (Fig.
2A). Local pancreatic injury was mild at 1 h, showing no difference
in CTSC�/� mice (Fig. 2B). At 8 h, we found a difference in severity
with CTSC-deficient mice having less serum lipase activity and
less histological damage. Intrapancreatic trypsinogen activation
measured as active, trypsin was increased at 1 and 8 h and in par-
allel with the reduced pancreatic damage in CTSC�/� mice (Fig.
2C). Chymotrypsin, which is characteristically activated at an early
time point of the disease, showed a prominent increase in activity
at 1 h followed by a rapid decrease at 8 h. Both time points were
independent of CTSC expression (Fig. 2D).

Along with a reduction in the severity of pancreatitis in
CTSC�/� mice at 8 h, we observed a reduced invasion of neu-
trophil granulocytes into the pancreas and the lungs. Myeloper-
oxidase (MPO) activity, a specific marker for neutrophils,
decreased significantly in the lungs (Fig. 2E) and the pancreas
(Fig. 2F) of CTSC knockout animals. In parallel, there was a
reduced number of Ly6g-positive cells in the pancreatic tissue,
confirming a decreased neutrophil granulocyte infiltration (Fig.
2G). At an earlier time point (1 h) no significant differences
between WT and CTSC�/� mice were detected. Macrophages
also infiltrated the pancreas at 8 h, shown by CD68 and F4/80
antigen staining, but this infiltration was not affected by the
deletion of CTSC (Fig. 2H). Both neutrophils and macrophages
are cell populations that have been proposed to play a major

role in acute pancreatitis. Apparently CTSC affects the infiltra-
tion of different species of inflammatory cells into the pancreas
in different ways. Although CTSC deletion decreased neutro-
phil infiltration in the pancreas, its effect on macrophages
remained unaffected. This may explain the considerable
remaining pancreatic damage in CTSC�/� mice.

Neutrophil granulocyte infiltration is reduced in a severe
experimental model for acute pancreatitis in CTSC�/� mice

To investigate whether depletion of CTSC also affects disease
severity in a severe model for acute pancreatitis, we used a partial
pancreatic duct ligation. CTSC-deficient mice displayed less tryp-
sin activity (Fig. 3A) in pancreatic homogenates, indicating a
reduced zymogen activation. In parallel CTSC�/� mice showed
less MPO activity (Fig. 3B) in pancreatic homogenates, and fewer
Ly6g-positive neutrophils were recruited into the pancreas (Fig.
3C). The degree of pancreatic injury as measured by serum lipase
activity (Fig. 3D) and histological damage (Fig. 3E) was signifi-
cantly increased after 24 h in both WT and CTSC�/� mice with
extensive necrotic areas in the pancreas. However, the severity did
not differ between the groups. As for the caerulein model, we could
not observe differences in macrophage infiltration into the pan-
creas, as visualized by F4/80 staining (Fig. 3F). From these results
we conclude that the beneficial effect of CTSC deletion is more
pronounced in the mild model of pancreatitis and factors unregu-
lated by CTSC drive severity in more severe disease.

CTSC regulates neutrophil elastase activation and E-cadherin
cleavage in acute pancreatitis

The above data suggest that neutrophil granulocyte, but not
macrophage infiltration, is altered in the absence of CTSC. There-
fore CTSC�/� neutrophils were investigated in more detail. We
could confirm a strong CTSC expression in neutrophil granulo-
cytes by co-labeling with the neutrophil marker Ly6g (Fig. 4A) and
a high enzymatic activity in homogenates of isolated neutrophils
(Fig. 4B), which was absent in the CTSC�/� animals. Moreover,
activity of the neutrophil serine protease neutrophil elastase (NE)
was markedly reduced by around 50% in the knockout granulo-
cytes (Fig. 4C). The other neutrophil serine proteases cathepsin G
(CTSG) and proteinase 3 (PR3) were strongly reduced as well.
When we added purified active CTSC to homogenates of isolated
CTSC�/� neutrophils, we observed an increase in NE activity that
did not occur when other proteolytic enzymes such as CTSB or
trypsin were added, confirming CTSC to be a specific activator of
NE (Fig. 4D). Because in both models infiltration of CTSC�/� neu-
trophils into the pancreas was significantly impaired, we studied
whether neutrophil migration and motility measured in a modi-
fied Boyden chamber assay differed between CTSC�/� and
CTSC�/� neutrophils. Irrespective of the medium conditions that
were used for the assay (Fig. 4E), we found no significant difference
between the groups. On the other hand, in both models cleavage of
the cell–cell contact molecule E-cadherin (120 kDa) was impaired
in the absence of CTSC as shown by densitometry of the cleaved
E-cadherin band at 105 kDa in pancreatic homogenates (Fig. 4F).
These data suggest that the impaired tissue infiltration of
CTSC�/� neutrophils is caused by reduced E-cadherin cleavage at
pancreatic adherens junctions rather than by a reduced motility of
neutrophils. NE expression was confirmed in neutrophils invading
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the pancreas, whereas tissue-infiltrating macrophages contained
hardly any NE (Fig. 4G). The conclusion from these data is that
maturation of neutrophil serine proteases, among them NE, is
impaired in absence of CTSC. Loss of CTSC has a beneficial effect
on severity of acute pancreatitis because of a reduced infiltration of
inflammatory cells.

Neutrophil elastase cleaves E-cadherin and increases the
biovolume of acini

The previous data from two experimental mouse models for
acute pancreatitis suggest that cleavage of E-cadherin is medi-

ated by neutrophil elastase and absence of CTSC reduced NE
activity and decreased E-cadherin cleavage. Direct effects of NE
on E-cadherin cleavage could be shown ex vivo in isolated aci-
nar cells and acini. The addition of recombinant NE to acinar
cells led to a cleavage that was comparable with the effects of
supramaximal CCK stimulation, and such an effect was not
found for cathepsin G and proteinase 3, two other main com-
ponents of azurophilic granules. Band intensity of cleaved
E-cadherin was quantified by densitometry (Fig. 5A). Measure-
ment of the biovolume of living acini was used to assess the
dissociation of cell contacts. Neutrophil elastase increased the

Figure 2. Reduced severity of mild acute pancreatitis in CTSC�/� mice. A, after 8 h of pancreatitis, a decrease in serum lipase activity was observed in
CTSC�/� mice. B, also at 8 h, histologic damage was reduced in CTSC knockout animals. C, trypsin activity was not altered in the initial phase of pancreatitis but
was markedly reduced at 8 h in CTSC�/� mice. D, chymotrypsin activity shows a maximum of activity at 1 h and only a little activity at 8 h. No differences
between CTSC�/� and wildtypes were observed. E and F, myeloperoxidase activity in lung and pancreatic tissue homogenates was reduced in CTSC�/� mice.
G, in parallel with the reduced infiltration of neutrophil granulocytes (Ly6g labeling). H, the number of macrophages in the pancreas, stained by CD68 and
F4/80, was not different. Nuclear staining was performed using 4�,6-diamidin-2-phenylindol (DAPI). For each experiment at least seven animals were used, and
all experiments were performed in triplicate. The values are means � S.E. *, p � 0.05. Scale bar, 50 �m.
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amount of single acinar cells and simultaneously decreased the
number of multicell acini as comparable with cholecystokinin.
The effects of CTSG and PR3 on biovolume were less distinct
(Fig. 5B).

Discussion

Acute pancreatitis has primarily been regarded as an autodi-
gestive disease, triggered by activation of acinar cell digestive
proteases (17, 18). The clinical course is variable, ranging from
a mild form with complete restitution up to a severe variety
with many complications and a high mortality. Presently no
reliable markers exist to predict the disease outcome at the time
of the patients hospital admission (19, 20).

Inflammatory cells have also been identified to be essential
for the pathogenesis of acute pancreatitis. When the capability
of inflammatory cells to transmigrate into the pancreas is
reduced, i.e. by depletion of CD18, a subunit of the MAC-1
complex, a reduction in the severity of experimental pancreati-
tis and a decrease of intrapancreatic protease activation occur
(21). In acute pancreatitis neutrophil granulocytes and macro-
phages are the main leukocyte subpopulations undergoing
transmigration into the pancreas. Depletion of neutrophils
resulted in an attenuation of zymogen activation and pancreatic

damage. This effect seems to be regulated by release of reactive
oxygen species by NADPH oxidase activity in neutrophils (22)
and drives a tumor necrosis factor-�– dependent activation of
digestive proteases in acinar cells (21). Recently the importance
of macrophages for the initiation and perpetuation of pancrea-
titis was highlighted and is based on two independent mecha-
nisms. First, macrophages directly stimulate acini via tumor
necrosis factor-�, not unlike neutrophils. They also intracellu-
larly activate trypsinogen after endocytosis of zymogen-con-
taining vesicles resulting in activation of macrophages and the
release of cytokines (23). Here we investigated the effect of a
lysosomal aminopeptidase, CTSC, that is highly expressed in
inflammatory cells, e.g. neutrophil granulocytes, macrophages,
and cytotoxic lymphocytes (8, 24, 25). We could demonstrate
that CTSC is also expressed in pancreatic acinar cells, and this
expression was predominantly found in their lysosomal com-
partment. This was shown by co-immunolabeling with cathep-
sin D, a well-characterized lysosomal protease, and did not
involve the secretory compartment. In addition, intracellular
CTSC activity rapidly increased after supramaximal CCK stim-
ulation of acini in a manner that was similar to that of the
lysosomal protease CTSB or digestive zymogens in early exper-

Figure 3. Deletion of CTSC in severe acute pancreatitis. A–C, reduced trypsin activity was found in CTSC�/� mice at 24 h after pancreatic duct ligation (A),
in parallel with a reduced pancreatic MPO activity (B), and a lower number of infiltrating neutrophil granulocytes (C) into the pancreas (Ly6g immunostaining).
D and E, conversely, serum lipase (D) and total histological damage (E) were not different between CTSC�/� mice and WT controls. F, macrophage infiltration
into the pancreas was independent of CTSC. At least seven animals were used for each experiment, and all experiments were performed in triplicate. The values
are means � S.E. *, p � 0.05. Scale bar, 50 �m.
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imental pancreatitis (2). These observations led us to assume
that CTSC, like CTSB (4), CTSL (6), and CTSD (7) may also
affect intracellular zymogen activation and acinar cell injury.
Surprisingly, no differences in intracellular digestive protease
activation or cellular necrosis were found when we compared
isolated acini from CTSC�/� animals with those of WT con-
trols, indicating that CTSC is not involved in intra-acinar cell

processes during pancreatitis. These observations are in line
with results from the caerulein pancreatitis model, in which no
significant differences in pancreatic injury were detected at an
early time point (1 h). However, differences in disease severity
became apparent at later time points (8 h), and CTSC�/� mice
showed not only a milder course of pancreatitis but also less
neutrophil granulocyte infiltration into the pancreas and the

Figure 4. NE activity and E-cadherin cleavage are dependent on CTSC. A and B, CTSC is expressed in pancreatic neutrophils shown by immunofluorescence
of tissue sections and enzyme activity in isolated neutrophils. Specificity of CTSC signal was confirmed by using CTSC knockouts. Neutrophils were identified
using the neutrophil marker Ly6g. C, in isolated CTSC�/� neutrophils activity of the azurophilic granule serine proteases neutrophil elastase, cathepsin G, and
proteinase 3 were markedly reduced. Because NE also cleaves PR3 substrate, the samples were pretreated with NE inhibitor (elastase inhibitor II, 50 �g). Relative
enzyme activity was determined in 105 isolated neutrophils. D, addition of active CTSC enzyme (1.5 units/ml) to isolated neutrophils from CTSC�/� mice
increases neutrophil elastase activity (results shown as fold increase) indicating cross-activation. E, chemotaxis of isolated neutrophil granulocytes was similar
in CTSC�/� neutrophils and WT cells. F, impaired cleavage of E-cadherin in CTSC�/� mice during acute pancreatitis (caerulein and ligation model) shown by
immunoblotting. Equal protein loading was confirmed by reprobing with GAPDH antibody. Protein load was 50 �g. G, NE was expressed in neutrophils (Ly6g)
but not in macrophages (CD68). At least five animals were used for each experiment, and all experiments were performed in triplicate. All experiments were
done independently three or more times. The values are means � S.E. *, p � 0.05. Scale bar, 20 �m. Con, control; DAPI, 4�,6�-diamino-2-phenylindole.
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lungs. In contrast, macrophage infiltration into the pancreas
was not altered and therefore appears independent of the pres-
ence of CTSC. This differential infiltration of neutrophil gran-
ulocytes and macrophages in the absence of CTSC was con-
firmed in a second, more severe model for acute pancreatitis. In
this model pancreatic necrosis was prominent after 24 h, but
similar in CTSC knockout animals and controls, despite a
reduced neutrophil infiltration and trypsin activation. This sug-
gests that the severe damage in this model is independent of
CTSC, and other factors overwhelm the beneficial effect of
impaired neutrophil infiltration or trypsinogen activation. The
action of macrophages, which remain unaffected by the dele-
tion of CTSC, has been reported to play a predominant role in
this model (23, 26).

The differences in neutrophil invasion prompted a closer
characterization of neutrophil granulocytes. Neutrophil elas-
tase (NE) is a major component of azurophilic granules of
neutrophil granulocytes, and its activity was dramatically
decreased in CTSC�/� neutrophils. Conversely, addition of
purified CTSC increased NE activity in neutrophil homoge-
nates, indicating a rapid conversion from pro-NE to active NE.
This neutrophil serine protease is known to modulate the

severity in several other inflammatory diseases such as glomer-
ulonephritis or arthritis. In addition, an attenuated influx of
inflammatory cells into these inflamed organs upon depletion
of CTSC was demonstrated (27–29). Activities of CTSG and
PR3 were also strongly reduced in CTSC�/� neutrophils, indi-
cating that CTSC is involved in activation of these neutrophil
serine proteinases as well. NE and other leukocyte serine pro-
teases such as proteinase 3 and cathepsin G share a similar
molecular structure, and their activation is based on identical
steps that include removal of a prodipeptide between the
proenzyme and the mature enzyme (28, 30, 31).

Although we could not detect a reduced influx of macro-
phages in our experimental models, others have reported a
CTSC-related effect on macrophages. One potential reason for
this difference is that in the glomeronephritis model, inflamma-
tory cytokine production, in particular IL-1�, was concomi-
tantly decreased, causing less attraction of macrophages (27).
Measurements of proinflammatory cytokines in our pancreati-
tis models showed similar levels between WT and CTSC
knockout animals. Second, the release of cytokines from stim-
ulated CTSC�/� neutrophils in ex vivo experiments was not
altered (data not shown), which may permit a sustained macro-
phage stimulation and thus leave their infiltration into the pan-
creas unimpaired. Moreover, CTSC expression is much lower
in macrophages than in neutrophils, which suggests that this
lysosomal enzyme has no great impact on the biology of macro-
phages. Because macrophage infiltration was largely responsi-
ble for pancreatic damage during acute pancreatitis in a recent
study (23), the presence of macrophages can explain why pan-
creatic damage still occurs in CTSC�/� mice during mild and
severe experimental pancreatitis.

Depletion of CTSC does not result in an impairment of neu-
trophil chemotaxis shown by ex vivo experiments even under
different conditions. Adkison et al. (28) have also described
normal ex vivo migration of CTSC�/� neutrophils and an unaf-
fected neutrophil penetration into the peritoneal cavity follow-
ing nonspecific inflammation. In the pancreas the conditions
are different. To transmigrate from blood vessels into the pan-
creas, granulocytes need to dissociate adherens junction (32),
and they do so by secreting active NE to degrade E-cadherin
bridges between exocrine cells (33). We could show that this is
the mechanism operative in pancreatitis, that it depends on NE
activation by CTSC, and thus that it is the milder disease course
in the absence of CTSC. Other neutrophil proteases like
cathepsin G and proteinase 3 may also cleave E-cadherin, so
that the impaired transmigration of neutrophils into the pan-
creas of CTSC�/� mice is most likely a combined effect of sev-
eral serine proteinases, although we could not demonstrate
such an effect of CTSG and PR3 in the pancreas. Moreover,
both NE and CTSG are known to cleave vascular endothelium
cadherin, which further promotes neutrophil transmigration
(34). Macrophages, which do not produce significant amounts
of elastase, use alternative mechanisms for pancreatitis tissue
infiltration and are therefore not affected by CTSC deletion.

In summary, we identified CTSC as a lysosomal enzyme that
is expressed in the pancreas, affects the severity of pancreatitis
mainly by altering the infiltration of neutrophil granulocytes
(but not macrophages), but plays no direct role in the intra-

Figure 5. E-cadherin cleavage and acinar cell dissociation are dependent
on neutrophil serine proteinases. A, addition of NE, CTSG, and PR-3 to iso-
lated acinar cells induced cleavage of E-cadherin, which was most prominent
when using NE. Treatment with cholecystokinin served as a positive control.
B, neutrophil elastase decreased the number of intact acini, which was com-
parable with the effects of CCK. The effects were absent with CTSG and PR-3.
Simultaneously the number of isolated acinar cells was increased by number
by NE. CTSG and PR3 had no such effect. Average single cell size was calcu-
lated between the lower (11 mm) and upper (23 mm) diameter cutoffs. Parti-
cles with diameters below 11 mm are cell debris; particles above 23 mm are
cell aggregates of three or more cells (acini). Con, control.
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acinar activation of digestive zymogens. Absence of CTSC does
not directly alter the motility of neutrophils but is essential for
activation of NE and other neutrophil proteases, which, in turn,
cleave E-cadherin, a critical component of adherens junctions
between epithelial cells and a defensive barrier against infiltrat-
ing granulocytes.

Experimental procedures

Reagents, substrates, and antibodies

Collagenase from Clostridium histolyticum (EC.3.4.24.3) was
purchased from SERVA (lot no. 14007, Heidelberg, Germany)
and used for acinar cell isolation. Trypsinogen from bovine
pancreas, enterokinase from porcine intestine, cathepsin B
enzyme from bovine spleen, and MPO enzyme from human
polymorphonuclear leukocytes, proteinase 3, caerulein, and
CCK were obtained from Sigma. Recombinant enzymes for
neutrophil elastase, and cathepsin G were purchased from
Merck. Ketamine and xylazine were from Selectavet (Weyarn-
Holzolling, Germany). Amylase and lipase were quantified
using a kit from Roche–Hitachi (Grenzach-Wyhlen, Germany).
The following antibodies were used: anti-Ly6g (ab25377) from
Abcam (Cambridge, UK)l anti-CD68 (ABIN181836) from
Antibody-Online (Aachen, Germany)l anti-F4/80 (MCA497R)
from AbD Serotec (Raleigh, NC)l anti-cathepsin C (sc-74590),
anti-cathepsin D (sc-6486), and neutrophil elastase (sc-55548)
from Santa Cruz Biotechnology (Dallas, TX); anti-glyceralde-
hyde-3-phosphate dehydrogenase (clone 6C5) from Meridian
(Memphis, TN)l antitrypsin (AB1823) from Chemicon Interna-
tional (Temecula, CA)l and anti-E-cadherin (clone 36, catalog
no. 20820) from Transduction Laboratories (San Diego, CA).
Protease activity was measured by adding the following sub-
strates: for cathepsin C AMC-Gly-Phe-CHN2 from MP Bio-
medicals (Eschwege, Germany); for neutrophil elastase methyl-
O-succinyl-Ala-Ala-Pro-Val-AMC from EMD Chemicals
(Gibbstown, NJ); for cathepsin G Suc-AAPF-pNA and protein-
ase 3 MeOSuc-AAPV-pNA from Enzo Life Sciences (Farm-
ingdale, NY); for trypsin R110-(CBZ-Ile-Pro-Arg)2 from Invit-
rogen; and for chymotrypsin Suc-Ala-Ala-Pro-Phe-AMC from
Bachem (Bubendorf, Switzerland).

Induction of acute pancreatitis in mice

All animal experiments were performed according to state
institutional guidelines and animal facility protocols after
prior approval by the institutional animal care committee
(Landesamt für Landwirtschaft, Lebensmittelsicherheit und
Fischerei, Mecklenburg-Vorpommern). WT C67BL/6 mice
were obtained from Charles River Laboratories (Sulzfeld,
Germany). CTSC�/� mice were kindly provided by Dr.
Christine Pham (Washington University School of Medi-
cine, St. Louis, MO) (25). A mild form of pancreatitis was
induced by hourly intraperitoneal injections of caerulein (50
�g/kg/body weight) for up to 8 h (32). Severe acute pancre-
atitis was induced by partial ligation of the pancreatic duct as
previously established (23). Tissue was harvested immedi-
ately after sacrificing the animals. Pancreas and lung samples
were frozen in liquid nitrogen and stored at �80 °C for later
analysis. For histology, tissue was fixed in 4.5% formalin for
paraffin embedding or embedded in TissueTec� O.C.T.TM

compound (Sakura Finetek, Alphen aan den Rijn, The Neth-
erlands) for cryo sections. Serum samples were collected and
stored at �20 °C.

Isolation of acinar cells

Acinar cells were prepared by collagenase digestion as previ-
ously described (35). Cells were maintained and stimulated in
Dulbecco’s modified Eagle’s medium containing 10 mM HEPES
and 2% BSA with 1 �M CCK. Protease activity was monitored
for up to 30 min after CCK stimulation (36). Untreated cells
served as controls. In vivo measurement of protease activation
in living acinar cells was performed in cell medium (pH 7.4)
containing 24.5 mM HEPES, 96 mM NaCl, 11.5 mM glucose, 6
mM KCl, 1 mM MgCl2�6H2O, 0.5 mM CaCl2�2H2O, 2.5 mM

NaH2PO4�H2O, 5 mM sodium fumarate, 5 mM sodium gluta-
mate, 5 mM sodium pyruvate, 1% BSA, and DMEM as described
previously (37). Trypsin activity was measured using 10 �M

R110-IPR and CTSB using 20 �M AMC-Arg2 as substrate.
Necrosis was determined by measurement of propidium iodide
incorporation in acinar cells (38). For analysis of E-cadherin
cleavage immunoblots from isolated acinar cells were gener-
ated, which were incubated with CCK, NE (2 �g/ml), CTSG (5
milliunits/ml), or PR3 (2 �g/ml). All measurements were done
in triplicate.

Isolation of neutrophils

Leukocytes were isolated from murine spleens of CTSC�/�

and WT mice. The resulting cell suspension was passed over a
70-�m sterile nylon filter (BD Falcon, Amsterdam, The Neth-
erlands) to remove cell aggregates and debris (39). After lysis of
erythrocytes with 155 mM NH4Cl, 10 mM KHCO3, and 0.1 mM

EDTA, the cells were counted and transferred to sterile PBS.
Neutrophils were isolated from total leukocytes using MACS�
cell separation kit according to the manufacturer’s instructions
(Miltenyi Biotech, Bergisch-Gladbach, Germany) by using Ly6g
as a specific antibody.

Cell migration

Real-time cell analysis of migration was performed using the
xCELLigence DP device (Roche Diagnostics) according to
the manufacturer’s instructions. Briefly, cells were added to the
upper chamber of a two-chamber device separated by a porous
membrane to allow migration directly through the pores to the
bottom side of the membrane. This leads to an increase in elec-
trical impedance and is displayed as a dimensionless parameter
termed cell index. The cell index represents the capacity of cell
migration, and the slope of the curve is related to the migration
of cells. 50,000 cells/well, suspended in culture medium with-
out FCS, were then seeded in the upper chamber. The lower
wells were filled with or without 3% FCS. The cell indices were
measured with the real-time cell analysis software (version 1.2,
Roche Diagnostics).

Assessment of acinar cell contact dissociation

For biovolume experiments, the biovolume ratio was deter-
mined using the CASY I cell analyzing system as described
previously (33, 40). Briefly, acini were isolated by collagenase
digestion and incubated with neutrophil elastase (2 �g/ml),
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cathepsin G (5 milliunits/ml), proteinase-3 (2 �g/ml), or buffer
alone. Measurements under different experimental conditions
are shown for single cells (11–23 �m) and intact acini (24 – 80
�m). The results are expressed as percentages of control incu-
bations with buffer alone. The biovolume percentages are rep-
resentative of four experiments in each group. The data show
means (S.D.) for triplicate measurements.

Biochemical assays

Serum lipase and amylase activities were measured by pho-
tometric assays (Roche–Hitachi) as kinetic over 30 min at
37 °C. Purified enzymes served as controls (Sigma). Protease
activity was determined from either whole pancreatic tissue,
acinar cell, or neutrophil homogenates. Trypsin, chymotrypsin,
neutrophil elastase, and proteinase 3 activity were measured at
37 °C in a buffer containing 100 mM Tris, 5 mM CaCl2, pH 8.0,
by adding 10 �M of R110-Ile-Pro-Arg, Suc-Ala-Ala-Pro-
Phe-AMC, R110-Ala4, and MeOSuc-AAPV-pNA substrates.
Because neutrophil elastase also cleaves the PR3 substrate, the
samples were pretreated with 50 �g of NE inhibitor (elastase
inhibitor II, Calbiochem, CA) to eliminate NE activity. Cathep-
sin G activity was measured in a buffer 100 mM HEPES, pH 7.5,
using the substrate Suc-AAPF-pNA. Cathepsin C activity was
measured in 50 mM tri-sodium citrate-dihydrate at pH 6.0 con-
taining 2 mM DTT and 10 �M Gly-Phe-CHN2 substrate. Tryp-
sinogen content was measured as trypsin activity after preincu-
bation with enterokinase (20 milliunits) over a period of 30 min.
Protease activity was corrected for protein content using the
MicroBCA kit (Pierce).

MPO activity measurement was performed as previously
described (41). Briefly pancreatic tissue was homogenized on
ice in 20 mM potassium phosphate buffer (pH 7.4) and centri-
fuged at 20,000 � g at 4 °C for 10 min. The pellet was resus-
pended in 50 mM potassium phosphate buffer (pH 6.0) contain-
ing 0.5% cetyltrimethylammonium bromide. The suspension
was frozen and thawed in cycles, sonicated twice, and centri-
fuged at 20,000 � g at 4 °C for 10 min. MPO activity was assayed
in 50 mM potassium phosphate buffer (pH 6.0) containing 0.53
mM O-dianisidine and 0.15 mM H2O2. The initial increase in
absorbance was measured at room temperature with a Spectra-
max Spectrophotometer (Molecular Devices, Sunnyvale, CA).
The results were expressed in units of MPO activity on the basis
of 1 unit being able to oxidize 1 �mol H2O2/min/mg pancreatic
protein (35).

Isolated neutrophils were homogenized, lysed, and centrifuged.
Supernatant was harvested, and protein content was determined
using the MicroBCA kit (Pierce). For different experimental set-
tings active enzyme for CTSB (10 �M), trypsin (10 �M), or CTSC
(10 �M) was added and incubated for 30 min at 37 °C, and the
activity of neutrophil elastase was determined by fluorometry.

For in vitro proteolytic cleavage of trypsinogen either
enterokinase (10 milliunits) or cathepsin C enzyme (10 milli-
units) was added to 40 �g/ml bovine trypsinogen. Aliquots
were removed at 0, 1, and 3 h. Reaction was stopped by imme-
diately adding loading buffer containing 10% �-mercaptoetha-
nol, boiling at 96 °C for 5 min, and subsequently freezing to
�20 °C.

Histology and immunofluorescence

Paraffin sections were used for hematoxylin and eosin stain-
ing. For assessment of damage, a modified score adapted from
Niederau et al. was used (42). The scoring was based on the
extent of necrosis, vacuolization of acinar cells, and invasion of
inflammatory cells into the pancreas. A minimum of five visual
fields from each animal was investigated. Immunofluorescence
staining of F4/80 was performed in paraffin sections. For antigen
retrieval, a target retrieval solution from DAKO (Carpinteria, CA)
was used. Antibody was used in a dilution of 1:50 in 20% fetal calf
serum (FCS) from PAN Biotech (Aidenbach, Germany). Immuno-
fluorescence stainings of Ly6g, CD68, CTSC, and co-immunos-
tainings of CTSC and CTSD were performed in cryo-embedded
tissues. Therefore 1–2-�m-thick slides were fixed in acetone at
�20 °C for 30 min. 20% FCS was used for blocking. Primary anti-
bodies were used in a dilution of 1:20 to 1:100 in 20% FCS, and
incubation was performed over night at 4 °C.

Scoring of infiltrating cells were performed by counting num-
bers of cells per visual field. A minimum of 10 visual fields for each
animal were quantified. Secondary antibody incubation in cryo-
embedded, and paraffin sections were performed for 1 h at room
temperature. The nuclei were stained by DAPI, and the slides were
mounted with DACO mounting medium (Agilent Technologies
Inc., Santa Clara, CA) for immunofluorescence.

Western blotting

The samples were homogenized and lysed in buffer contain-
ing 25 mM HEPES, 75 mM NaCl, 0.5% Triton X-100, 5% glycerin,
1 mM EDTA in the presence of 1 mM phenylmethylsulfonyl
fluoride, 5 mM Na4P2O7, 10 mM NaF, and 1 �g/ml aprotinin.
Protein concentrations were determined by MicroBCA kit
(Pierce). Equal amounts of proteins were loaded on polyacryl-
amide gel and transferred onto nitrocellulose membrane for
immunoblots as described previously (21, 37).

Statistical analysis

All data are expressed as means � S.E. from at least five animals
per experiment in each group. Statistical analyses were performed
by SigmaPlot (Systat Software Inc., Erkrath, Germany) and Sig-
maStat (Systat Software Inc.) using the unpaired two-tailored
Student’s t test or analysis of variances for samples without nor-
mality. Differences were considered significant for p � 0.05.

Author contributions—D. S. J., J. A., M. S., F. U. W., and A.A.A. data
curation; D. S. J., J. A., and M. S. formal analysis; D. S. J., J. A., and
B. K. validation; D. S. J., J. A., and A. A. A. investigation; D. S. J., B. K.,
and A. A. A. methodology; D. S. J., J. A., B. K., M. S., F. U. W., J. M.,
M. M. L., and A. A. A. writing-review and editing; M. S., F. U. W.,
M. M. L., and A. A. A. supervision; F. U. W., J. M., M. M. L., and
A. A. A. project administration; J. M., M. M. L., and A. A. A. concep-
tualization; A. A. A. writing-original draft.

Acknowledgments—We thank Christine T. N. Pham (Washington
University School of Medicine, St. Louis, MO) for providing CTSC�/�

mice; Kathrin Gladrow and Norina Loth for technical assistance; and
Walter Halangk and Thomas Wartmann (both of the University of
Magdeburg) for helpful criticism and discussions.

Cathepsin C in acute pancreatitis

J. Biol. Chem. (2019) 294(2) 697–707 705



References
1. Pandol, S. J., Saluja, A. K., Imrie, C. W., and Banks, P. A. (2007) Acute

pancreatitis: bench to the bedside. Gastroenterology 132, 1127–1151
CrossRef Medline

2. Hofbauer, B., Saluja, A. K., Lerch, M. M., Bhagat, L., Bhatia, M., Lee, H. S.,
Frossard, J. L., Adler, G., and Steer, M. L. (1998) Intra-acinar cell activation
of trypsinogen during caerulein-induced pancreatitis in rats. Am. J.
Physiol. 275, G352–G362 Medline

3. Mayerle, J., Dummer, A., Sendler, M., Malla, S. R., van den Brandt, C.,
Teller, S., Aghdassi, A., Nitsche, C., and Lerch, M. M. (2012) Differential
roles of inflammatory cells in pancreatitis. J. Gastroenterol. Hepatol. 27,
47–51 CrossRef Medline

4. Halangk, W., Lerch, M. M., Brandt-Nedelev, B., Roth, W., Ruthenbuerger,
M., Reinheckel, T., Domschke, W., Lippert, H., Peters, C., and Deussing, J.
(2000) Role of cathepsin B in intracellular trypsinogen activation and the
onset of acute pancreatitis. J. Clin. Invest. 106, 773–781 CrossRef Medline

5. Saluja, A. K., Donovan, E. A., Yamanaka, K., Yamaguchi, Y., Hofbauer, B.,
and Steer, M. L. (1997) Cerulein-induced in vitro activation of trypsinogen
in rat pancreatic acini is mediated by cathepsin B. Gastroenterology 113,
304 –310 CrossRef Medline

6. Wartmann, T., Mayerle, J., Kähne, T., Sahin-Tóth, M., Ruthenbürger, M.,
Matthias, R., Kruse, A., Reinheckel, T., Peters, C., Weiss, F. U., Sendler, M.,
Lippert, H., Schulz, H. U., Aghdassi, A., Dummer, A., et al. (2010) Cathep-
sin L inactivates human trypsinogen, whereas cathepsin L-deletion re-
duces the severity of pancreatitis in mice. Gastroenterology 138, 726 –737
CrossRef Medline

7. Aghdassi, A. A., John, D. S., Sendler, M., Weiss, F. U., Reinheckel, T.,
Mayerle, J., and Lerch, M. M. (2018) Cathepsin D regulates cathepsin B
activation and disease severity predominantly in inflammatory cells dur-
ing experimental pancreatitis. J. Biol. Chem. 293, 1018 –1029 CrossRef
Medline

8. Rao, N. V., Rao, G. V., and Hoidal, J. R. (1997) Human dipeptidyl-peptidase
I: gene characterization, localization, and expression. J. Biol. Chem. 272,
10260 –10265 CrossRef Medline
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