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The 1996 discovery that mutations in human
cationic trypsinogen, encoded by the serine
protease 1 (PRSS7) gene, cause hereditary
pancreatitis permanently established the central
role of trypsinin pancreatitis pathogenesis [1].
Subsequent studies demonstrated that loss-of-
function variants in genes that protect against
pancreatitis also contribute to genetic susceptibility.
Thus, mutationsin the serine protease inhibitor
Kazal type 1 (SPINKT) gene reduce defensive
trypsin inhibition [2] while mutations in the
chymotrypsin C (CTRC) gene impair protective
trypsinogen degradation [3]. Together, the
pathogenic variants in the PRSS1, SPINK1 and
CTRC genes and their interactions form the so-
called trypsin-dependent pathological pathway of
genetic risk in chronic pancreatitis (Figure 1).
Details of this mechanistic framework have been
reviewed recently [4]. The key concept of this
disease model is that excessive intrapancreatic
autoactivation oftrypsinogen to trypsin drives onset
of acute pancreatitis, progression to recurrent
acute pancreatitis and eventually to chronic
pancreatitis. This progressive sequence of the
three disease stages is a hallmark of genetically
determined pancreatitis, although phenotypic
variability is common.

Despite strong genetic and biochemical evidence
in support of the trypsin-dependent pathway in
humans, mouse models that recapitulate the
mechanistic and phenotypic aspects of the human
disease have been lacking until recently. In our

laboratory, we initiated a systematic mouse-
modeling program in 2013, focusing on the three
fundamental elements of pancreatitis risk: (i)
increased autoactivation of trypsinogen, (ii) loss of
chymotrypsin-mediated protection and (iii) loss of
trypsin inhibition. Here, we will review the models
characterized and published to date.
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Figure 1. The trypsin-dependent pathway of genetic
risk in human chronic pancreatitis. PRSS1 mutations
block CTRC-mediated trypsinogen degradation or
stimulate trypsinogen autoactivation, either directly or
through a CTRC-dependent mechanism. PRSST,
human cationic trypsinogen; CTRC, chymotrypsin C;
SPINKH1, serine protease inhibitor Kazal type 1.

I. Mouse Models with Increased
Trypsinogen Autoactivation

The activation peptide controls trypsinogen
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activation and mutations in this region often have a
marked impact on trypsinogen autoactivation [5].
Although rare, activation-peptide mutations that
directly stimulate trypsinogen autoactivation, such
as p.D19A, p.D21A, p.D22G, and p.K23R, have
been found in human hereditary pancreatitis [6-9].
We developed mouse lines that carry mutations in
the activation peptide of the native mouse cationic
trypsinogen (isoform T7). We chose this isoform
because it is abundantly expressed and has the
strongest propensity for autoactivation among
mouse trypsinogen isoforms [10]. By targeting the
native T7 locus in mice, we ensured that
expression levels remained physiological, which is
often a problematic aspect oftransgenic models.
Furthermore, to model the human situation
accurately, we generated constitutively expressed
mutant alleles. Figure 2 shows the primary
structure of the mouse T7 trypsinogen activation
peptide with the position of the introduced
mutations. For comparison, the activation peptide
of human PRSS1 is also shown.

Before introduction into mice, each mutation was
thoroughly characterized in the context of purified,
recombinant human (PRSS1) and mouse (T7)
cationic trypsinogen with respect to autoactivation
and activation by cathepsin B [5, 8, 11-14].

The two published models (T7D23A and
T7K24R) described below were generated using
homologous recombination in mouse embryonic

stem (ES) cells. The recombined allele containeda
neomycin cassette in intron 1 of the T7 trypsinogen
gene, which was removed by breeding themice
with a so-called Cre-deleter strain. This process still
leaves a short “scar sequence” in intron1, which
might affect expression. Therefore, we developed
a polyclonal anti-peptide antibody specific for T7
trypsinogen and verified that in both strains the
expression of mutant T7 trypsinogen was
comparable to the wild-type allele. Further details
on model generation can be found in the published
reports [13, 14]. All our strains are on the
C57BL/6N  genetic  background and as
experimental controls we used C57BL/6N mice
obtained from Charles River Laboratories or bred
in-house from the same stock. The T7D23A strain
was maintained in the heterozygous state and
freshly purchased C57BL/6N mice were used for
breeding. The T7K24R mice were bred to
homozygosity and were maintained in this state.

A. The T7D23A mouse model

Properties of these mice have been published in
2018 [13]. The mice carry the p.D23A mutationin
the activation peptide of T7 trypsinogen (Figure 2).
This mutation is analogous to the human p.D22G
mutation found in hereditary pancreatitis [7]. This
was one of the first models we designedand to
strengthen the phenotype we chose to use an Ala
replacementinstead of the Gly observedin humans.

The trypsinogen activation peptide

Mouse T7

activation site

Leu' - Pro'” - Leu'8 - Asp'® - Asp?0 - Asp?' - Asp?? - Asp?3 - Lys?4 -'- trypsin

Human PRSS1

D23A K24R

Ala'® - Pro'7 - Phe'® - Asp'® - Asp?0 - Asp?! - Asp?? - Lys?3 - - trypsin

D22G K23R

Figure 2. Primary structure of the trypsinogen activation peptide in mouse cationic trypsinogen (T7) and
human cationic trypsinogen (PRSS1). The position of mutations used in the mouse models and the
corresponding human mutations are indicated. Note that amino-acid numbering in mouse T7 trypsinogen is shifted
by one relative to human PRSS1, e.g. Lys24 in T7 corresponds to Lys23 in PRSS1.



The p.D23A mutation increases autoactivation of
mouse cationic trypsinogen dramatically, at least
by 50-fold while activation by cathepsin B is
unaffected. Phenotypically, the heterozygous
T7D23A pups and the weaned mice look normal.
They have slightly smaller bodyweight but they
gain weight as well as C57BL/6N mice up to 5-6
months of age, after whichtheir weight plateaus.
They breed normally. Homozygous T7D23A mice
are runted and have not been studied in detail.

Heterozygous T7D23A mice develop

spontaneous, progressive pancreatitis at an early
age (Figure 3). The pancreas of two-week-old mice
looks normal but acute pancreatitis sets in typically
at 3 weeks of age (range 3-5 weeks) with marked
edema, high plasma amylase activity, massive
cell

inflammatory cell infiltration and acinar

necrosis. Progression to chronic pancreatitis is
fulminant and by 1-2 months of age essentially all
mice exhibit pancreas atrophy with acinar cell
dropout, diffuse fibrosis, pseudotubular complexes
and persistent inflammatory cell infiltration. Further
progression towards end-stage disease (6 months
— 1 year) is characterized by large, dilated ducts,
fatty infiltration that replaces fibrosis and apparent
enlargement of islets. There is no overt diabetes,
as judged by the blood glucose levels of 1-year-old
mice. Acute pancreatitis can be observed in about
a 30-35% of the mice sacrificed at 3-5 weeks of
age, while the rest show chronic pathology. It is
possible, even likely, that the acute stage is
masked by the rapid progression in a large fraction
of the mice and more frequent sampling would be
required to capture this disease stage.

e

X e e,

TR e =

m

e

12months . -7 ei 3.

Figure 3. Spontaneous pancreatitis in 77D23A mice. Development of spontaneous acute pancreatitis and
progression to chronic pancreatitis in T7D23A mice. Representative hematoxylin-eosin stained pancreas sections

are shown. The scale bars correspond to 100 pM.



The T7D23A model was the first to demonstrate
that increased trypsinogen autoactivation can
cause spontaneous onset and progression of
pancreatitis in mice. Furthermore, the model
offered direct proof that acute and chronic
pancreatitis are part of the same disease
continuum driven bythe same mechanism. As a
preclinical model, the T7D23A strain is very
promising. The mice breed well and exhibit no
apparent symptoms related to their disease, with
the exception of the lower bodyweight in older age.
The disease develops rapidly and penetrance is
100%.

B. The T7TK24R mouse model

Properties of cerulein-induced acute pancreatitis in
these mice have been published in 2020 [14].The
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T7K24R mice carry the p.K24R mutation in the
activation peptide of T7 trypsinogen (Figure 2).
This mutation corresponds to the p.K23R PRSS1
mutation found in human hereditarypancreatitis [6].
The mutation increases autoactivation of mouse
cationic trypsinogen by about 5-fold and slightly
reduces activation by cathepsin B. Heterozygous
and homozygous T7K24R miceare phenotypically
normal, they breed well, and develop no
spontaneous pancreatic disease withthe exception
of scattered, focal lesions seen in 1-year-old mice.
However, when given cerulein, T7K24R mice
exhibit increased intrapancreatic trypsin activation
and develop more severe acute pancreatitis, as
judged by increased edema, higher plasma
amylase activity and more robust inflammatory cell
infiltration, relative to C57BL/6N mice (Figure 4).
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Figure 4. Cerulein-induced acute pancreatitis in T7K24R mice. Histology of cerulein-induced acute pancreatitis
in T7K24R mice. Mice were treated with 12 hourly injections of saline or cerulein and sacrificed 1 h after

the
correspond to 100 uM.

last injection. Representative hematoxylin-eosin stained pancreas sections are shown. The scale bars



Sustained stimulation of T7K24R mice with a 2-day
regimen of cerulein injections resulted in a chronic
pancreatitis-like disease phenotype, with acinar
cell atrophy (dropout), pseudotubular complexes,
inflammatory cells, and diffuse fibrosis, when mice
were sacrificed 3 days or 10 daysafter the last
injection (Figure 5). In contrast, similarly treated
C57BL/6N mice rapidly recovered after two days of
cerulein injections and showed only minimal
changes in pancreas histology.

Taking the results together, we can conclude that
the propensity of trypsinogen mutants for
autoactivation determines pancreatitis responses
and pathology. More robust autoactivation

C57BL/6N

3 days post injection

10 days post injection

(T7D23A model) results in spontaneous
pancreatitis while a smaller increase in
autoactivation (T7K24R model) results in

heightened sensitivity to experimentally induced
pancreatitis.

As a preclinical model, T7K24R mice may be more
useful than T7D23A mice when timing of
pancreatitis onset needs to be well defined or when
the extent of pancreatitis responses needs tobe
adjusted. For mechanistic studies in the academic
laboratory setting, the T7K24R mice offer a clear
advantage with robust pathological responses and
easy-to-measure increases in inflammatory
outcomes.

Figure 5. Cerulein-induced chronic pancreatitis in T7K24R mice. Histology of pancreatitis induced by sustained
cerulein stimulation in T7K24R mice. Mice were treated with saline or cerulein for 2 days (8 hourly injections per
day) and sacrificed 3 days or 10 days after the last injection. Representative hematoxylin-eosin stained pancreas

sections are shown. The scale bars correspond to 100 uM.

II. Mouse Models Deficient in

Chymotrypsin

In humans, CTRC plays a major protective role

against pancreatitis by degrading trypsinogen and
thereby mitigating intrapancreatic trypsin activation
[3]. Chymotrypsin B1 and B2 (CTRB1,CTRB2) also
contribute to protection to a much more limited



extent, possibly through degradation of anionic
trypsinogen (PRSS2) [15]. The role of
chymotrypsin-like protease (CTRL) in pancreatitis
has not been studied in humans so far. Mice
express CTRB1, CTRC and CTRL, however, the
C57BL/6 strains are naturally deficient in CTRC
due to a single-nucleotide deletionin the Ctrc gene
[16-18].

A. The Ctrb1-del model

Characteristics of the Ctrb1-del mouse model were
reported in 2018 [16] and 2020 [17]. Using
CRISPR-Cas9 genome editing, we deleted exon 4
of the Ctrb1 gene in mice. The resultant deletion
allele expresses no detectable Ctrb7 mRNA or
CTRB1 protein. Homozygous Ctrb1-del mice have
a normal phenotype and develop no spontaneous
pancreatitis. Total chymotrypsinogen content in the
pancreas is reduced by 90% indicating that CTRB1
is the majorisoform in mice. When given cerulein,
Ctrb1-del mice exhibit higher intrapancreatic
trypsin activation and more severe acute
pancreatitis than C57BL/6N mice. The phenotype
is highly similar to that of the T7K24R mice.
Cerulein-induced intrapancreatic chymotrypsin
activation is diminished by 75% in Ctrb1-del mice
[17], indicating that CTRB1 is responsible for most
of this activity. Taken together, properties of the
Ctrb1-del mice indicate that chymotrypsin-
deficiency increases sensitivity to cerulein-induced
pancreatitis, in all likelihood due to loss of
protective trypsinogen degradation and increased
incrapancreatic  trypsin  activation.  Indeed,
biochemical experiments confirmed that CTRB1
degrades T7 trypsinogen and also inactivates the
T8 and T9isoforms by cleaving the autolysis loop
[10, 16].

Besides its conceptual value, the Cirb1-del strain
is also important as a preclinical model of trypsin-
dependent pancreatitis that contains no
trypsinogen mutation. Furthermore, the mice may
be crossed with trypsinogen mutant mice to study
the interaction between chymotrypsin loss and
increased trypsinogen activation.

B. The Ctrl-KO model

Properties of the Ctrl-KO mice were published in 2020
[17]. This strain was generated by CRISPR- Cas9
mediated genome editing, which was used to
delete exon 3 of the Ctr/ gene. The pancreasof Ctrl-
KO mice expresses no Ctrl mRNA or CTRL protein.
Homozygous Cirl-KO mice exhibit a normal
phenotype and do not develop spontaneous
pancreatitis. Biochemically, mouse CTRL is
capable of cleaving and inactivating T7, T8 and T9
trypsinogens, suggesting that it might participate in
chymotrypsin-dependent defenses against
pancreatitis. However, we found that CTRL protein
expression levels in the mouse pancreas are low
(10% or less of total chymotrypsinogen), which
likely limits its contribution. When given cerulein,
Ctrl-KO mice show a trend for increased
intrapancreatic trypsin activation and slightly (by
25%) reduced chymotrypsin activation. Despite
these changes in protease activation, severity of
cerulein-induced pancreatitisremains similar to that
of C57BL/6N mice. Overall, this phenotype
suggests that CTRL plays no significant role in
pancreatitis. The model has no direct preclinical
value, but it may be crossed with Cirb7-del to
achieve complete elimination of chymotrypsin
activity in C57BL/6N mice.

C. The C57BL/6N Ctrc+ model

Properties of this model were published in 2019
[18]. The C57BL/6 mouse strains are naturally
deficient in CTRC. To investigate the protective
role of CTRC in mice, we crossed the functional
Ctrc locus from FVB mice to the CS57BL/6N
background through  multiple  generations.
Biochemicalanalysis confirmed that mouse CTRC
readily degrades T7 trypsinogen and inhibits
autoactivationof T8 and T9 trypsinogens through
cleavage of their autolysis loop [10]. When
compared to mouse CTRB1, mouse CTRC had
significantly more protective activity. Total
chymotrypsinogen expression in the new Ctrc+
strain was elevated by 20% indicating that CTRC is
a relatively minor isoform in mice. As expected,
however, cerulein-induced intrapancreatic trypsin
activity was reduced and severity of cerulein-
induced pancreatitis was ameliorated in Ctrc+ mice
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relative to the C57BL/6N parent strain. This model
provides important proof of concept for the
protective roleof CTRC against pancreatitis. The
Ctrc+ mice can be crossed with various other
strains in the C57BL/6N background to modify
protective chymotrypsin levels and thereby
moderate thepancreatitis phenotype.

lIl. Mouse Models Deficient in SPINK1

Deletion of mouse SPINK1 (legacy name SPINK3)
was described in 2005 [19]. Homozygous mice
were runted and died soon after birth while
heterozygous mice had no phenotype. Severity of
cerulein-induced pancreatitis in heterozygous
Spink1-KO mice was comparable to that of control
mice [19, 20]. The pancreas of homozygous mice
exhibited elevated trypsin activity, which is
consistent with the lack of protective trypsin
inhibition [21]. We recently generated a new
Spink1- KO strain using CRISPR-Cas9 genome
editing and characterization is underway.

To test the effect of SPINK1 deficiency on
pancreatitis responses by an alternative method,
we generated a mouse model carrying the human
mesotrypsin signature mutation in mouse T7
trypsinogen. Properties of this model were
published in 2021 [22]. Mesotrypsin is a minor
humanisoform resistant to trypsin inhibitors and
capable of degrading SPINK1. The unique
properties of mesotrypsin are mainly due to a single
evolutionary mutation that replaced the conserved
Gly198 residue with Arg. Mice homozygous for the
corresponding p.G199R  mutation in  T7
trypsinogen had a normal phenotype and
developed no spontaneous pancreatic disease.
When given cerulein, intrapancreatic trypsin
activation and severity of pancreatitis were similar
in T7G199R and C57BL/6N mice. Importantly, no
SPINK1 degradation was observed in the
pancreas of cerulein-treated T7G7199R mice. The

VII. References

observations suggest that human mesotrypsin,
and mesotrypsin-mediated SPINK1 degradation in
particular, do not play a significant role in
pancreatitis development or severity.

IV. Mouse Models Overexpressing
Trypsinogen

The first mouse models of trypsin-dependent
pancreatitis were generated by introducing wild-
type or mutant (p.N29I, p.R122H) forms of human
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elsewhere.

V. Mouse Model
SPINK1

Overexpressing

The protective function of SPINK1 against
pancreatitis was also demonstrated by
(over)expressing rat SPINK1 in the mouse
pancreas from an elastase promoter [31-33].

VI. Future Perspectives

Recent years have seen the accelerated
development of mouse models of trypsin-
dependent pancreatitis. These new strains not only
offer proof for the fundamental role of trypsin in
pancreatitis pathogenesis but also serve as
important preclinical models for therapeutic drug
testing.
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