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I. Introduction

The inflammatory diseases of the pancreas include acute pancreatitis (AP), recurrent acute
pancreatitis (RAP), and chronic pancreatitis (CP). These clinical syndromes form a disease
continuum, and CP often presents as a progressive, relapsing-recurring disorder, starting with
an episode of AP, followed by RAP, and eventually progressing to end-stage CP [1]. Owing to
functional impairment and destruction of the endocrine and exocrine pancreas, CP leads to an
inevitable decline in the quality of life associated with significant healthcare costs [2,3]. The
AP-RAP-CP progression is driven by environmental or genetic risk factors [4]. Modifiable
environmental risk factors include chronic alcohol consumption and smoking, while genetic

alterations mostly affect genes encoding pancreatic digestive enzymes [5,6].

Genetic variants that modify risk for CP can be classified into mechanistic pathways that
explain their pathogenic effect. There are at least 3 major categories recognized to date, the
trypsin-dependent, the misfolding-dependent and the ductal pathways (Figure 1) [7]. The
trypsin-dependent pathway of genetic risk comprises gene variants that regulate intrapancreatic
trypsin activity. These include the serine protease 1 and 2 (PRSSI, PRSS2) genes that encode
human cationic and anionic trypsinogen, respectively, the serine protease inhibitor Kazal type
1 (SPINK1) gene, the chymotrypsin C (CTRC) gene, and the chymotrypsin B1-B2 (CTRBI-
CTRB?2) gene locus [6,7]. The misfolding-dependent pathway of genetic risk includes genes
and variants that induce misfolding of digestive enzymes, and result in harmful endoplasmic
reticulum (ER) stress in the pancreatic acinar cells. Variants in the carboxypeptidase A1 (CPAI)
gene, a subset of PRSS! variants, rare mutations in carboxyl ester lipase (CEL), a hybrid allele
(CEL-HYBI) between CEL and its pseudogene CELP, a few CTRC variants and some rare
pancreatic lipase (PNLIP) variants belong to this group [8,9]. Finally, the ductal pathway of
genetic risk comprises genetic alterations in proteins expressed by the ductal epithelium that
typically function as ion-channels and may regulate ductal secretion. Variants in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene, the claudin 2 (CLDN?2) gene locus,
the TRPV6 gene and possibly the calcium-sensing receptor (CASR) gene fit into this category.
[7,10]. The present thesis focuses on the misfolding and trypsin-dependent pathways.

Mutations in digestive enzymes can increase risk for the development of CP through protein
misfolding and consequent ER stress, which indicates maladaptive activation of the unfolded
protein response pathways [8]. A number of genetic variants that induce enzyme misfolding
affect lipase genes, such as the CEL and PNLIP. Rare single-nucleotide deletions in the variable

number tandem repeat (VNTR) region of the CEL gene cause maturity-onset diabetes of the



young (CEL-MODY) with fatty pancreas, pancreatic cysts, and pancreatic insufficiency [11].
Functional studies demonstrated that the mutant CEL protein variant was retained inside the
cell leading to ER stress and acinar cell damage [12,13]. More frequently, a hybrid allele (CEL-
HYBI) between CEL and its pseudogene CELP alters the VNTR region and causes misfolding,
thereby increasing the risk of CP [14]. Mouse models with CEL-HYBI developed relatively
mild, progressive CP, with acinar cell atrophy, fibrosis, macrophage infiltration, acinar-to-
ductal metaplasia, and serum amylase elevation [15,16]. This phenotype was highly similar, if
not identical, to that of the CPAI N256K mice, the first mouse model of misfolding-dependent
CP, carrying the human pancreatitis-associated CPA/ mutation p.N256K in the mouse Cpal
gene [17]. In 2017, two brothers suffering from lipase deficiency were reported to carry the
homozygous p.T221M PNLIP missense mutation [18]. Although the brothers were not
evaluated for CP, their low fecal elastase levels suggested pancreatic insufficiency, in all
likelihood secondary to CP. Functional analyses revealed that the mutation induced misfolding
of the PNLIP protein, and ER stress in cell culture [ 19]. Subsequently, a handful of other PNLIP
variants were shown to have the same misfolding phenotype in cell culture, although their
association with CP was not established [9]. Recently, it has been demonstrated that mice
carrying the p.T221M PNLIP variant develop signs of CP including progressive pancreatic
atrophy, acinar cell loss, fibrosis, fatty change, immune cell infiltration and reduced exocrine
function [20]. Similarly to PNLIP, variants in the pancreatic lipase related protein 2
(PNLIPRP2) gene, might increase the risk for CP. PNLIPRP2 is homologous to PNLIP, and
both belong to the same lipase gene family [21,22]. Unlike PNLIP, PNLIPRP2 is expressed at
lower levels, and it has lipase activity against phospholipids and galactolipids beside
triglycerides [21]. The relatively common nonsense PNLIPRP2 variant p.W358X results in a
truncated protein. When expressed in transfected HEK 293T cells [23,24], the mutant
PNLIPRP2 protein was secreted poorly, and it formed detergent-insoluble aggregates inside the
cells. The intracellular aggregates activated the unfolded protein response. These findings
suggested that the p.W358X PNLIPRP?2 variant might be a risk factor for CP, however, genetic

evidence has been lacking.

In the last decades, genetic studies revealed that mutations of digestive enzymes and their
inhibitor contribute to pancreatitis onset and progression through increasing the risk of ectopic,
intrapancreatic activation of the digestive protease precursor trypsinogen to its active form
trypsin [6,7,25]. Gain-of—function mutations in PRSS/ block or diminish protective trypsinogen

degradation or accelerate trypsinogen autoactivation. Loss-of-function mutations in SPINK/



and CTRC compromise the antitrypsin defenses, i.e. trypsinogen degradation by CTRC and
trypsin inhibition by SPINKI1 [6]. Variant p.G191R in the PRSS2 gene creates a trypsin-
sensitive autolytic site and sensitizes anionic trypsinogen for autodegradation [26]. As a result,
variant p.G191R protects against CP. Similarly, a common deletion of trypsinogen pseudogenes
downregulates PRSS2 expression and affords some level of protection against CP [27]. Finally,
a frequent inversion at the CTRBI-CTRB2 locus results in elevated CTRB2 expression, which
can degrade anionic trypsinogen and thereby reduce the risk for CP [28].

Figure 1. Pathological pathways of genetic risk in CP.

The pathogenic role of trypsinogen in CP has been confirmed by multiple mouse models from
the Sahin-Toth laboratory. These mice carry mutations in mouse cationic trypsinogen (isoform
T7) [29,30]. The 77D23A4 and T7K24R strains harbor mutations p.D23A and p.K24R in the
trypsinogen activation peptide that directly accelerate autoactivation by 50- and 5-fold,
respectively. 77D23A4 and T7K24R mice exhibit different phenotypes with respect to pancreatic
disease. Heterozygous 77D23A4 mice develop spontaneous, early-onset AP with rapid
progression to CP. Homozygous 77K24R mice do not have spontaneous AP or CP, but exhibit
more severe disease than C57BL/6N control mice when AP is induced experimentally by
repeated cerulein injections. Furthermore, after the acute episode, 77K24R mice continue to
progress to CP while control C57BL/6N mice recover rapidly [31]. Thus, the rate of
autoactivation of the mutant trypsinogens is the key determinant of the pancreatitis phenotype

in mice. This notion was further supported by the 77D22N,K24R trypsinogen mutant mouse



model, which exhibits different pancreatic diseases as a function of zygosity [32]. Thus,
heterozygous 77D22N,K24 mice behave like 77K24R mice, whereas homozygous
T7D22N,K24R mice develop spontaneous CP, similarly to 77D234 mice. In addition to the
knock-in models described above, the laboratory of Dr. Baoan Ji developed several transgenic
lines with human PRSS/ and PRSS2 genes. These mice exhibit phenotypes similar to those of
the T77K24R and T7D23R mice. Together, the availability of these models sets the stage for
preclinical drug testing for the treatment of CP [33].

The genetic, biochemical, and animal modeling evidence identify trypsin as a clear therapeutic
target. Although early preclinical testing of trypsin inhibitors like bovine pancreatic trypsin
inhibitor (BPTI, aprotinin) [34], and the p-guanidino-benzoate derivatives, camostat (FOY-
305), nafamostat (FUT-175) [35], and gabexate (FOY) [36] yielded promising results in rodents
[37-44], human clinical trials did not provide convincing evidence for their efficacy [45-50 and
references therein]. We note, however, that trypsin-dependent mouse models, such as 77K24R
and 77D234, were unavailable at the time of these experiments, and clinical trials did not focus
on trypsin-dependent disease, which could be verified by appropriate genetic testing. In 2019,
the Baoan Ji laboratory reported that the anticoagulant dabigatran etexilate cured/reversed
cerulein-induced pancreatitis in transgenic mice carrying human PRSS/ with the p.R122H
mutation (named PRSS1?!'??! mice in their study). The p.R122H mutation is the most
commonly found PRSS! variant in hereditary and familial forms of CP [6]. Dabigatran etexilate
(brand name PRADAXA) is used worldwide as an orally active, reversible thrombin inhibitor
for long-term anticoagulation of patients with atrial fibrillation [51-53]. After absorption from
the gastrointestinal tract, the prodrug is converted by nonspecific esterases in the blood to its
active form, dabigatran [54]. Dr. Ji and coworkers speculated that the anti-coagulation activity
of dabigatran may explain the beneficial effect in pancreatitis. However, dabigatran is a
benzamidine derivative and it has been reported to inhibit bovine trypsin with an inhibitory
constant (K;) of 50.3 nM [55]. Therefore, we hypothesized that the observed therapeutic effect
of dabigatran in the PRSS1R!22H transgenic mice was due to trypsin inhibition in the pancreas

rather than inhibition of thrombin in the circulation.



II. Aims

Aim 1. Genetic analysis of the c.1074G>A (p. W358X) variant in CP. Our goal was to test the
hypothesis that the common PNLIPRP?2 truncation variant p.W358X increases risk for CP.

Aim 2. Preclinical testing of dabigatran in trypsin-dependent pancreatitis. Our goal was to test
the anticoagulant dabigatran as a trypsin inhibitor against human and mouse trypsin isoforms,
and to evaluate the therapeutic efficacy of the prodrug dabigatran etexilate in the 77K24R and
T7D23A4 mouse models of trypsin-dependent pancreatitis.



II1. Materials and Methods
III.1. Genetic analysis of the ¢.1074G>A (p.W358X) PNLIPRP2 variant in CP

III.1.1. Nomenclature

Nucleotide numbering follows coding DNA numbering with the first nucleotide of the ATG
translation initiation codon designated as +1. Amino acids are numbered starting with the
initiator methionine of the primary translation product of PNLIPRP2. The NCBI genomic
reference sequence for PNLIPRP2 (NC 000010.11, Homo sapiens chromosome 10,
GRCh38.p12 primary assembly) and the NCBI coding DNA reference sequence
(NM _005396.4) correspond to the minor truncation allele. We used the major full-length
PNLIPRP? allele as reference for the designation of all PNLIPRP?2 variants. In this manner, the
nonsense p.W358X variant becomes the “effect” allele, which is the biologically meaningful
representation. Table 1 compares PNLIPRP2 variant designations using the two different

reference sequences and lists the dbSNP numbers for unambiguous identification.

Table 1. Designation of PNLIPRP2 variants with respect to the NCBI reference sequence corresponding to the
minor truncation allele and the full-length major allele used as the reference in this study. The truncation variant
is highlighted in bold type. I-10, intron 10; E-11, exon 11; I-11, intron 11; nt, nucleotide; aa, amino acid; dbSNP,

single nucleotide polymorphism database (https://www.ncbi.nlm.nih.gov/snp).

NCBI reference Reference used in this work
minor truncation allele major full-length allele
:E:llt\j:r nt change aa change nt change aa change
I-10 ¢.1070-379delG ¢.1070-379delG
I-10 rs4751994 | ¢.1070-321C>T ¢.1070-321T>C
E-11 rs4751995 c.1074A>G p-X358W c.1074G>A p.-W358X
E-11 rs4751996 c.1084A>G p.1362V c.1084G>A p.V3621
E-11 rs10885997 c.1161A>G p-S387= c.1161G>A p-S387=
I-11 rs7910135 c.1181+55C>A c.1181+55A>C

II1.1.2. Study subjects
For this study, we used de-identified genomic DNA samples from the registry of the Hungarian
Pancreatic Study Group (ethical approval number TUKEB 22254-1/2012/EKU; biobanking

approval number IF702-19/2012). Subjects were recruited from 11 Hungarian centers between
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2012 and 2018, and all gave informed consent according to the ethical guidelines of the
Declaration of Helsinki. This study was also approved by the Institutional Review Board at
Boston University (“Analysis of susceptibility genes in patients with chronic pancreatitis”; IRB
number H-35382). A total of 256 unrelated patients with CP, including 104 with non-alcoholic
CP and 152 with alcoholic CP and 200 control subjects with no pancreatic disease were
analyzed. The CP study cohort included patients with a history of recurrent acute pancreatitis
and/or pathological imaging findings consistent with CP, such as pancreatic calcifications, duct
dilatation or irregularities, with or without exocrine pancreatic insufficiency or diabetes. Patient
characteristics are described in Table 2. Alcoholic CP was diagnosed in CP cases with alcohol
consumption of more than 80 g/day (men) or 60 g/day (women) for at least two years. De-
identified pancreatic cDNA and matching genomic DNA samples (n =9) from cadaveric donors

were obtained from the University of Szeged, Hungary.

II1.1.3. DNA sequencing

Primer sequences and amplicon sizes are listed in Table 3. PCR reactions were performed using
1.0 U HotStar Taqg DNA polymerase (Qiagen, Valencia, CA), 0.2 mM dNTP, 2.0 uL 10x PCR
buffer (Qiagen), 0.5 uM primers, and 10-50 ng genomic DNA or cDNA template in a total
volume of 20 pL. Cycling conditions were as follows: 15-min initial heat activation at 95 °C;
40 cycles of 30 s denaturation at 94 °C, 30 s annealing at 60 °C, and 60 s extension at 72 °C;
and final extension for 5 min at 72 °C. Products were verified by 1.5% agarose gel
electrophoresis. PCR amplicons (5 pL) were treated with 1 pL FastAP Thermosensitive
Alkaline Phosphatase and 0.5 pL. Exonuclease I (Thermo Fisher Scientific, Waltham, MA) for
15 min at 37 °C and the reaction was stopped by heating the samples to 85 °C for 15 min. Sanger
sequencing was performed using the forward PCR primers as sequencing primer. Amplicons
containing the heterozygous ¢.1070-379delG variant were also sequenced with the reverse

primer.
Table 2. Study population. Mean age + standard deviation (years) are shown. CP, chronic pancreatitis; NACP,

non-alcoholic chronic pancreatitis; ACP, alcoholic chronic pancreatitis. M, male; F, female.

All CP n=256 NACP n=104 ACP n=152 Controls n=200

Gender M194 | F62 M 60 F44 | M134 | F18 M 113 F 87

Age, recruitment | 5610 | 56+14 | 57«12 | 57+16 | 5510 | 5349 52+12 | 52«13

Age, disease onset | 48+12 | 48+16 | 4712 | 48+18 | 48£12 | 48+9 - -
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Table 3. Oligonucleotide primers used for PCR amplification of exon 11 of PNLIPRP?2 from genomic DNA (ell
primers, amplicon size 836 bp), and a portion of the PNLIPRP2 coding sequence from pancreatic cDNA (RT

primers, amplicon size 732 bp). The annealing temperature was 60 °C for both primer sets.

Primer name Sequence (5°>3°)

PNLIPRP2 ell forward | GTT CTG GAG GAT GGA AAT CTG

PNLIPRP2 ell reverse | CAA AAG GAG TTA GCA CAT GACT

PNLIPRP2 RT forward | CAT CTG GAT TTC TTT CCA AAT GG

PNLIPRP2 RT reverse CGA GTG CAT TAA AGA TTT TAT TAC CG

II1.2. Preclinical testing of dabigatran in trypsin-dependent pancreatitis

II1.2.1. Materials

Bovine trypsin (catalog number L.S003707) was purchased from Worthington Biochemical
Corporation and was active-site titrated with p-nitrophenyl p’-guanidino-benzoate (catalog
number N-8010, MilliporeSigma) [56]. Ecotin was produced and purified as reported
previously [57]. The concentration of ecotin was determined by titration against active-site
titrated bovine trypsin. Recombinant human pro-enterokinase (catalog number 1585-SE-010)
was purchased from R&D Systems and was activated with human cationic trypsin. The trypsin
substrate GPR-pNA (catalog number 4000768.0100) was purchased from Bachem Americas.
Benzamidine hydrochloride (code number 401790050) was obtained from Acros Organics
(through Thermo Fisher Scientific) and dissolved in distilled water to prepare a 100 mM stock
solution, which was further diluted with distilled water to a 10 mM working solution.
Dabigatran etexilate mesylate (catalog number D100150) and dabigatran (catalog number
D100090) were purchased from Toronto Research Chemicals. Dabigatran used for biochemical
studies was dissolved in 0.1N HCI first to prepare an 800 uM stock solution, which was further
diluted with distilled water to a 10 pM working solution.

II1.2.2. Modeling dabigatran binding to trypsin

The dabigatran chemical structure was downloaded from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/). The human mesotrypsin structure 1H4W was downloaded
from the Protein Data Bank (PDB) [58]. The docking was carried out by the docking server
ClusPro LigTBM (https://ligtbm.cluspro.org/) [59]. The program performed a similarity search
in the PDB database to find all trypsin structures or homologs cocrystallized with ligands

similar to dabigatran as templates. An ensemble of 1,000 initial conformations was generated
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for the ligand. For each template, all conformers were aligned to the template, and only 1
conformer with the lowest root mean square deviation was retained. The resulting protein-
ligand structures were subjected to energy minimization to remove possible clashes and “relax”

the ligand [60].

I11.2.3. Expression, purification, and activation of trypsinogens

Recombinant human and mouse trypsinogens were expressed in Escherichia coli BL21(DE3)
(Invitrogen), refolded in vitro, and purified by ecotin affinity chromatography (Pharmacia
FPLC), according to published protocols [57,61,62]. Sulfated human trypsinogens were
purified from archived samples of human pancreatic juice, as described previously, with minor
modifications [63,64]. Briefly, 50 mg freeze-dried pancreatic juice was dissolved in 2 mL 10
mM HCI, clarified by centrifugation (21,000g, 5 minutes, 4°C), and loaded onto a MonoQ 5/50
GL column equilibrated with 20 mM Tris-HCI (pH 8.0). Proteins were eluted with a 0-0.5 M
NaCl gradient at 1 mL/min flow rate for 30 minutes. The fractions containing the cationic and
anionic trypsinogens were further purified with ecotin affinity chromatography. The
concentration of trypsinogen preparations was estimated from their UV absorbance at 280 nM
using the extinction coefficients reported previously for mouse trypsinogens [62] and 37,525,
38,890, and 41,535/M/cm for human cationic trypsinogen (PRSSI), anionic trypsinogen
(PRSS2), and mesotrypsinogen (PRSS3), respectively. To activate trypsinogen to trypsin,
approximately 1 uM solution was incubated at 37 °C with 28.2 ng/mL human enterokinase
(final concentration) in 0.1 M Tris-HCI (pH 8.0), 10 mM CaCl,, and 0.05% Tween 20 for 1
hour. The activation reaction was followed by measuring trypsin activity: 2 puL trypsin was
diluted in 48 pL assay buffer [0.1 M Tris-HCI (pH 8.0), I mM CaCly, and 0.05% Tween 20],
and 150 pL of 200 uM GPR-pNA trypsin substrate (in assay buffer) was added. Substrate
cleavage resulting in the release of the yellow p-nitroaniline was monitored for 1 minute in a

Spectramax Plus 384 microplate reader at 405 nm.

I11.2.4. Active-site titration of trypsin

The concentration of trypsin solutions was determined by titration with the trypsin inhibitor
ecotin. Briefly, a 2-fold serial dilution of ecotin was prepared in 100 pL assay buffer in a
microplate, 100 pL of trypsin solution was added, and the mixture was incubated at 24°C for
30 minutes. The final ecotin concentrations in the 200 puL volume were 0, 0.78, 1.56, 3.1, 6.25,
12.5, 25, and 50 nM, and the final nominal trypsin concentration was 10 nM. Trypsin activity
was measured after adding 5 uL. of 6 mM GPR-pNA substrate to each well, as described above.

The trypsin activity was plotted as a function of the ecotin concentration, and the true trypsin
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concentration was determined from the extrapolated x intercept of the linear portion of the

inhibition curve.

I11.2.5. Enzyme kinetic measurements

Michaelis-Menten kinetic parameters of trypsin isoforms were determined with the
chromogenic substrate GPR-pNA at 24 °C. The trypsin concentration was 1 nM and the
substrate concentration was varied typically between 1.56 and 200 uM in a final volume of 200
pL assay buffer. The substrate concentration range was 3.1-400 uM for mouse trypsin isoform
T7 and 0.4-50 uM for mouse trypsin isoform T20. K and kcar values were calculated from

hyperbolic fits to plots of reaction velocity versus substrate concentration.

II1.2.6. Measuring competitive inhibition by benzamidine and dabigatran

Trypsin isoforms were preincubated with increasing concentrations of benzamidine or
dabigatran for 15 minutes at 24 °C, in 100 pL assay buffer. Michaelis-Menten kinetic
parameters were then measured after adding 100 pL trypsin substrate, as described above. The
final trypsin concentration in the assay was 1 nM, the final benzamidine concentrations were
from 12.5 to 100 uM, and the final dabigatran concentrations were from 25 to 200 nM, as
indicated in Tables 13 and 14. To determine the Kj, the K values were plotted as a function of
the inhibitor concentration, and the K; was calculated by dividing the y axis intercept with the
slope of the linear fit. This value corresponds to the negative of the x axis intercept.
Alternatively, the substrate saturation curves obtained in the absence and presence of the
increasing inhibitor concentrations were globally fitted to the competitive inhibition equation y
= Vmax X (X/[Kmobst X]), where y is the reaction velocity, vmax 1s the maximal velocity, x is the
substrate concentration, and Kmobs = Km * (1 + [I]/K;), where [I] is the inhibitor concentration.
Experiments were performed 3 times and each experiment was analyzed separately. The
reported K; values thus represent the mean (+ standard deviation) of 3 determinations. Kinetic

analysis was performed with the Prism 8 program (GraphPad).

I11.2.7. Experimental animals

The generation and properties of the 77D234 and T7K24R mice carrying trypsinogen mutations
were described recently [29,30]. Heterozygous 77D234 and homozygous 77K24R mice were
used. Protocols for genotyping have been reported earlier [29,30]. C57BL/6N mice were
purchased from Charles River Laboratories or produced in our breeding facility from the same
stock. Both male and female mice were studied. The number of mice used in the experiments

is shown in the figures.
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I11.2.8. Cerulein-induced pancreatitis in 77K24R mice

Pancreatitis was induced in 77K24R mice with 8 hourly intraperitoneal injections of the
secretagogue peptide cerulein used in a dose of 50 pug/kg. Cerulein (catalog number C9026,
MilliporeSigma) was dissolved in sterile normal saline at 10 pg/mL concentration. Mice were
sacrificed 96 hours from the first cerulein injection, as indicated, and the pancreas and blood
were harvested. Details of histological analysis and measurement of plasma amylase (4 puL

assayed) were reported previously [29-31].

I11.2.9. Intrapancreatic protease activity in 77K24R mice

Trypsin and chymotrypsin activities were measured from freshly prepared pancreas extracts of
C57BL/6N and T7K24R mice using our recently published protocol [65]. Activity was
expressed as the rate of substrate cleavage in relative fluorescent units per second, normalized

to the total protein concentration in milligrams.

I11.2.10. Dabigatran etexilate treatment of 77D234 and T7K24R mice

Mice were administered dabigatran etexilate orally either by intragastric gavage of a 20 mg/mL
solution to a final dose of 100 or 200 mg/kg using a 24 gauge, 1 inch long feeding needle
(catalog number FN7900, Roboz Surgical) or by feeding with solid chow containing the
prodrug in 10 mg/g concentration, as indicated in the experimental design. With these treatment
protocols, no bleeding, morbidity, or mortality were observed. We note, however, that after
administration of dabigatran etexilate, further injections or biopsies were not possible without
the risk of significant bleeding. We also inspected hematoxylin-eosin—stained sections of liver,
intestine, and kidney from mice treated with dabigatran etexilate or vehicle but found no signs

of organ damage. Control mice were given gavage of the vehicle solution or regular chow.

II1.2.11. Preparation of gavage solution and solid chow containing dabigatran etexilate

Dabigatran etexilate solution was always freshly prepared before use by dispersing 20 mg
prodrug in 1 mL of 35% Captisol solution in a bath-type sonicator (5510 DTH Ultrasonic
Cleaner, Branson) for 5—10 minutes at 24°C. Captisol (B-cyclodextrin sulfobutyl ethers, sodium
salts, lot number NC-04A-180185) was obtained from Cydex Pharmaceuticals (through
Thermo Fisher Scientific) and was dissolved in sterile normal saline (3.5 g in 10 mL).
Dabigatran etexilate—containing chow was prepared using regular chow (5053 PicoLab Rodent
Diet 20, LabDiet), which was pulverized with a pestle in a ceramic mortar. Solid dabigatran
etexilate mesylate (1 g) was mixed with 100 g of powdered chow (10 mg/g final prodrug
concentration), and sterile distilled water was added until the chow became malleable. The

mixture was then compressed into pellets using the barrel of a 10 mL plastic syringe and a
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plunger (Figure 2). The prodrug-containing pellets were allowed to dry at 24 °C for 2 days and

stored at 4 °C until use.

Figure 2. Preparation of solid chow with dabigatran etexilate.

II1.2.12. Estimation of absorbed dabigatran etexilate

The oral bioavailability of dabigatran etexilate in humans is around 6.5%, and it is independent
of dose and not influenced by food [54]. Accordingly, a 100 mg/kg dose of intragastric gavage
can provide a 0.13 mg single dose of systemically absorbed dabigatran etexilate in a 20 g mouse.
When dabigatran etexilate is given mixed with solid chow (10 mg prodrug/g chow), mice can
consume approximately 4 g chow over a 24-hour period. This would yield a 2.6 mg daily dose

of absorbed dabigatran etexilate.

I11.2.13. Determination of dabigatran plasma concentration

Dabigatran in the blood plasma was quantified using the HEMOCLOT Thrombin Inhibitors (3
x 2.5 mL) kit (catalog number CK002L-RUO, Hyphen BioMed, purchased from Aniara
Diagnostica) [66, 67]. Reagents were diluted according to the manufacturer’s instructions. The
BIOPHEN Dabigatran Plasma Calibrator set (catalog number 2222801- RUO, Hyphen
BioMed, purchased from Aniara Diagnostica) was used to establish a calibration curve for the
clotting time as a function of plasma dabigatran concentration. Mouse blood was collected
immediately after CO, euthanasia. To achieve rapid anticoagulation, 20 puL of a 3.2% solution
of sodium citrate was pipetted into the conus of a needle before attaching it to a 1 mL syringe
and collecting approximately 180 pL blood by cardiac puncture. Cellular blood elements were
sedimented by centrifugation (2,000g, 15 minutes, 4 °C); the plasma was saved and further
diluted with normal saline before use (20 uL plasma was mixed with 160 pL saline). A clean
microscope slide was placed on the surface of a block heater set at 37 °C. Aliquots of reagents
R1 and R2 (110 pL), and the calibrators or plasma specimen (60 uL), were pipetted onto the
glass surface and preheated for 2 minutes. Reagent R1 (100 puL) was then mixed with 50 pL of
the calibrator or plasma on the slide and incubated for 1 minute before addition of reagent R2
(100 pL). Time to the appearance of the first fibrin clot was measured. Clotting was detected

by manual probing of the incubation mixture for fibrin threads with a small pipette tip.
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I11.2.14. Statistics

Results are given as mean values + standard deviation or shown as individual data points with
the mean + standard deviation indicated. Differences between means were analyzed by unpaired
2-tailed t test for 2 groups and by 1-way ANOV A for multiple groups, with Tukey-Kramer post
hoc analysis for pairwise comparison using Prism 8 (GraphPad). Statistical significance was

defined as P < 0.05.

[I1.2.15. Study approval
Animal experiments were performed at the University of California Los Angeles (UCLA) with
the approval and oversight of the Animal Research Committee, including protocol review and

post-approval monitoring.
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IV. Results
IV.1. Genetic analysis of the ¢.1074G>A (p.W358X) PNLIPRP2 variant in CP

IV.1.1. A common truncation variant in PNLIPRP?2

The common truncation variant ¢.1074G>A (p.W358X) in PNLIPRP2 was first described in
2003 as W357X in European, African and Chinese populations with allele frequencies of 0.53,
0.55 and 0.33, respectively [68]. A 2010 study on the association of common gene variants and
human dietary habits described the variant as W358X (rs4751995) with similar allele
frequencies [69]. The discrepancy in numbering is because the original cloning study of
PNLIPRP2 missed one of the two consecutive methionine codons at the start of the coding
sequence [70]. Interestingly, the first methionine is encoded by a separate upstream exon, which
should be counted as exon 1 of the PNLIPRP2 gene; placing the truncation variant in exon 11.
The NCBI reference sequence for PNLIPRP2 corresponds to the minor truncation allele. To
describe the truncation variant in a biologically meaningful manner, in this study we used the

major full-length PNLIPRP? allele as reference (see Table 1).

IV.1.2. DNA sequence analysis of exon 11 of human PNLIPRP?2

We genotyped 104 subjects with non-alcoholic CP, 152 subjects with alcoholic CP, and 200
control subjects, recruited from the registry of the Hungarian Pancreatic Study Group. We used
direct DNA sequencing after PCR amplification of exon 11 and flanking intronic regions of
PNLIPRP2. Within the amplified 793 nt sequence, we found 6 nucleotide variants, which
included three intronic variants (c.1070-379delG, c.1070-321T>C, and c.1181+55A>C), one
synonymous variant (c.1161G>A, p.S387=), one missense variant (c.1084G>A, p.V362I), and
the truncation variant c.1074G>A (p.W358X) (Figure 3). The commonly occurring variants
c.1070-321T>C, p.W358X, p.V362l, p.S387=, and c.1181+55A>C were found in linkage
disequilibrium as a conserved haplotype (CAAAC in Figure 3). Another common haplotype
(CGGAA in Figure 3) was formed by variants ¢.1070-321T>C and p.S387=. When allele
frequency was considered, distribution of the variants between patients and controls showed no
significant difference (Table 4). Subgroup analysis for non-alcoholic and alcoholic CP patients
versus controls revealed no association either (Tables 5 and 6). We also analyzed genotypes
using dominant and recessive models but found no significant differences in genotype
frequencies between all CP patients or the non-alcoholic and alcoholic cohorts versus controls
(Tables 7, 8 and 9). Finally, comparison of the three haplotypes between patients and controls
yielded no significant differences with the exception of the CGGAA haplotype (see Figure 3),

which was overrepresented in the non-alcoholic CP cohort relative to controls (OR 1.6, P 0.04)
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(Tables 10, 11 and 12). We consider this a spurious association due to limited sample size and

chance.
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Figure 3. PNLIPRP? variants in exon 11 and the flanking intronic regions identified in the present study. The
truncation variant is in bold type. The three haplotypes formed by the five commonly occurring variants are also

shown.

Table 4. Allele frequency of PNLIPRP?2 variants in patients with chronic pancreatitis (CP) and controls without
pancreatic disease. The truncation variant is highlighted in bold type. I-10, intron 10; E-11, exon 11; I-11, intron

11; nt, nucleotide; aa, amino acid; OR, odds ratio; CI, confidence interval.

nt change aa change Cp Control OR P 95% CI
I-10 | c.1070-379delG 2/512 (0.4%) 1/400 (0.3%) 1.57 | 0.72 | 0.14-17.3
I-10 | ¢.1070-321T>C 319/512 (62.3%) | 240/400 (60%) | 1.1 | 0.48 | 0.84-1.4
E-11 c.1074G>A p.-W358X | 245/512 (47.9%) | 192/400 (48%) | 0.99 | 0.97 | 0.77-1.3
E-11 c.1084G>A p-V3621 245/512 (47.9%) 192/400 (48%) | 0.99 | 0.97 | 0.77-1.3
E-11 c.1161G>A p.S387= 321/512 (62.7%) | 240/400 (60%) | 1.12 | 0.4 | 0.86-1.5
I-11 | c.1181455A>C 246/512 (48%) 192/400 (48%) | 1.0 | 0.99 | 0.77-1.3
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Table 5. Allele frequency of PNLIPRP?2 variants in patients with non-alcoholic chronic pancreatitis (NACP) and
controls without pancreatic disease. The truncation variant is highlighted in bold type. nt, nucleotide; aa, amino

acid; OR, odds ratio; CI, confidence interval.

nt change aa change NACP Control OR P 95% CI
I-10 ¢.1070-379delG 1/208 (0.5%) 1/400 (0.3%) 1.93 | 0.64 | 0.12-31.0
I-10 c.1070-321T>C 131/208 (63%) | 240/400 (60%) | 1.13 | 0.48 | 0.8-1.6

E-11 c.1074G>A p.-W358X | 93/208 (44.7%) | 192/400 (48%) | 0.88 | 0.44 | 0.63-1.2

E-11 c.1084G>A p.V362I1 93/208 (44.7%) 192/400 (48%) | 0.88 | 0.44 | 0.63-1.2
E-11 c.1161G>A p-S387= 131/208 (63%) 240/400 (60%) | 1.13 | 0.48 | 0.8-1.6
I-11 c.1181+55A>C 94/208 (45.2%) 192/400 (48%) | 0.89 | 0.51 | 0.64-1.25

Table 6. Allele frequency of PNLIPRP?2 variants in patients with alcoholic chronic pancreatitis (ACP) and controls
without pancreatic disease. The truncation variant is highlighted in bold type. nt, nucleotide; aa, amino acid; OR,

odds ratio; CI, confidence interval.

nt change aa change NACP Control OR P 95% CI
[-10 | ¢.1070-379delG 1/304 (0.3%) 1/400 (0.3%) 1.32 | 0.85 | 0.08-21.1
[-10 | ¢.1070-321T>C 188/304 (61.8%) | 240/400 (60%) | 1.08 | 0.62 | 0.8-1.5

E-11 c.1074G>A p-W358X 152/304 (50%) 192/400 (48%) | 1.08 | 0.6 0.8-1.5

E-11 c.1084G>A p-V3621 152/304 (50%) 192/400 (48%) | 1.08 | 0.6 0.8-1.5

E-11 c.1161G>A p.S387= 190/304 (62.5%) 240/400 (60%) 1.1 | 0.5 | 0.82-1.5

I-11 c.1181+55A>C 152/304 (50%) 192/400 (48%) | 1.08 | 0.6 0.8-1.5
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Table 7. Genotype distribution of PNLIPRP?2 variants in patients with chronic pancreatitis (CP, entire cohort) and
in controls. Data were analyzed assuming dominant (shown in italics) or recessive models of inheritance. The

truncation variant is highlighted in bold type. I-10, intron 10; E-11, exon 11; I-11, intron 11; nt, nucleotide; aa,

amino acid; OR, odds ratio; CI, confidence interval.

nt change genotype Cp Control OR P 95% CI
GG 254/256 (99.2%) | 199/200 (99.5%)
I-10 | ¢.1070-379delG delG 2/256 (0.8%) 1/200 (0.5%) 1.57 | 0.72 | 0.14-17.4
deldel 0/256 (0%) 0/200 (0%) 0.78 | 0.9 | 0.02-39.6
TT 37/256 (42.7%) 27/200 (13.5%)
I-10 | ¢.1070-321T>C TC 119/256 (43.6%) 106/200 (53%) 0.92 | 0.77 | 0.54-1.57
CcC 100/256 (13.7%) 67/200 (33.5%) 1.27 | 0.22 | 0.87-1.9
GG 68/256 (26.6%) 50/200 (25%)
E-11 c.1074G>A GA 131/256 (51.2%) 108/200 (54%) 0.92 | 0.7 | 0.6-14
AA 57/256 (22.2%) 42/200 (21%) 1.1 | 0.75 | 0.69-1.69
GG 68/256 (26.6%) 50/200 (25%)
E-11 c.1084G>A GA 131/256 (51.2%) 108/200 (54%) 0.92 | 0.7 | 0.6-14
AA 57/256 (22.2%) 42/200 (21%) 1.1 | 0.75 | 0.69-1.69
GG 37/256 (14.5%) 27/200 (13.5%)
E-11 c.1161G>A GA 117/256 (45.7%) | 106/200 (52.5%) | 0.92 | 0.77 | 0.54-1.57
AA 102/256 (39.8%) 67/200 (33.5%) 1.32 | 0.16 | 0.89-1.9
AA 68/256 (26.6%) 50/200 (25%)
I-11 | c.1181+55A>C AC 130/256 (50.8%) 108/200 (54%) 0.92 | 0.7 | 0.6-14
CcC 58/256 (22.6%) 42/200 (21%) 1.1 |0.67 | 0.7-1.7

Table 8. Genotype distribution of PNLIPRP?2 variants in patients with non-alcoholic chronic pancreatitis (NACP)

and in controls. See Table 7 for details.

nt change genotype NACP Control OR P 95% CI
GG 103/104 (99%) 199/200 (99.5%)
I-10 | ¢.1070-379delG delG 1/104 (1%) 1/200 (0.5%) 1.93 | 0.64 | 0.12-31.2
deldel 0/104 (0%) 0/200 (0%) 1.92 | 0.75 | 0.04-97.4
TT 12/104 (11.5%) 27/200 (13.5%)
I-10 | ¢.1070-321T>C TC 53/104 (51%) 106/200 (53%) 1.2 | 0.63 | 0.58-2.5
cC 39/104 (37.5%) 67/200 (33.5%) 1.19 | 0.49 | 0.73-1.95
GG 26/104 (25%) 50/200 (25%)
E-11 c.1074G>A GA 63/104 (60.6%) 108/200 (54%) 1.0 1.0 | 0.58-1.73
AA 15/104 (14.4%) 42/200 (21%) 0.63 | 0.17 | 0.33-1.2
GG 26/104 (25%) 50/200 (25%)
E-11 c.1084G>A GA 63/104 (60.6%) 108/200 (54%) 1.0 1.0 | 0.58-1.73
AA 15/104 (14.4%) 42/200 (21%) 0.63 | 0.17 | 0.33-1.2
GG 12/104 (11.5%) 27/200 (13.5%)
E-11 c.1161G>A GA 53/104 (51%) 106/200 (52.5%) 1.2 | 0.63| 0.58-2.5
AA 39/104 (37.5%) 67/200 (33.5%) 1.19 | 0.49 | 0.73-1.95
GG 103/104 (99%) 199/200 (99.5%)
I-11 | c.1181+55A>C delG 1/104 (1%) 1/200 (0.5%) 1.93 | 0.64 | 0.12-31.2
deldel 0/104 (0%) 0/200 (0%) 1.92 | 0.75 ] 0.04-97.4
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Table 9. Genotype distribution of PNLIPRP2 variants in patients with alcoholic chronic pancreatitis (ACP) and

in controls. Data were analyzed assuming dominant (shown in italics) or recessive models of inheritance. The

truncation variant is highlighted in bold type. I-10, intron 10; E-11, exon 11; I-11, intron 11; nt, nucleotide; OR,

odds ratio; CI, confidence interval.

nt change genotype ACP Control OR P 95% CI
GG 151/152 (99.3%) | 199/200 (99.5%)
I-10 | c.1070-379delG delG 1/152 (0.7%) 1/200 (0.5%) 1.32 | 0.85 | 0.08-21.2
deldel 0/152 (0%) 0/200 (0%) 1.32 | 0.89 | 0.03-66.6
TT 25/152 (16.5%) 27/200 (13.5%)
I-10 | ¢.1070-321T>C TC 66/152 (43.4%) 106/200 (53%) 0.79 | 0.44 | 0.44-1.43
CcC 61/152 (40.1%) 67/200 (33.5%) 1.33 | 0.2 | 0.86-2.1
GG 42/152 (27.6%) 50/200 (25%)
E-11 c.1074G>A GA 68/152 (44.8%) 108/200 (54%) 0.87 | 0.58 | 0.54-1.4
AA 42/152 (27.6%) 42/200 (21%) 1.44 | 0.15| 0.88-24
GG 42/152 (27.6%) 50/200 (25%)
E-11 c.1084G>A GA 68/152 (44.8%) 108/200 (54%) 0.87 | 0.58 | 0.54-1.4
AA 42/152 (27.6%) 42/200 (21%) 1.44 | 0.15| 0.88-24
GG 25/152 (16.4%) 27/200 (13.5%)
E-11 c.1161G>A GA 64/116 (42.1%) 106/200 (52.5%) | 0.79 | 0.44 | 0.44-1.43
AA 63/116 (41.5%) 67/200 (33.5%) 14 ]0.13 | 0922
GG 103/104 (99%) 199/200 (99.5%)
I-11 | c.1181+55A>C delG 1/104 (1%) 1/200 (0.5%) 1.93 | 0.64 | 0.12-31.2
deldel 0/104 (0%) 0/200 (0%) 1.92 | 0.75 | 0.04-97.4

Table 10. Distribution of common PNLIPRP2 haplotype alleles in patients with chronic pancreatitis (CP) and in

controls. The truncation haplotype is highlighted in bold type. OR, odds ratio; CI, confidence interval. See Figure

3 for more details.

Haplotype All CP patients Controls OR P 95% CI
CAAAC 244/512 (47.7%) 191/400 (47.8%) 1.00 0.98 0.77-1.3
CGGAA 73/512 (14.2%) 48/400 (12.0%) 1.22 0.32 0.83-1.8
TGGGA 191/512 (37.3%) 160/400 (40.0%) 0.89 0.41 0.68-1.2

Table 11. Distribution of common PNLIPRPZ2 haplotype alleles in patients with non-alcoholic chronic pancreatitis

(NACP) and in controls. The truncation haplotype is highlighted in bold type. OR, odds ratio; CI, confidence

interval. See Figure 3 for more details. The asterisk indicates significant association.

Haplotype NACEP patients Controls OR P 95% CI
CAAAC 92/208 (44.2%) 191/400 (47.8%) 0.87 0.41 0.62-1.2
CGGAA 38/208 (18.3%) 48/400 (12.0%) 1.64 | 0.040%* 1.0-2.6
TGGGA 77/208 (37.0%) 160/400 (40.0%) 0.88 0.48 0.62-1.3
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Table 12. Distribution of common PNLIPRP2 haplotype alleles in patients with alcoholic chronic pancreatitis
(ACP) and in controls. The truncation haplotype is highlighted in bold type. OR, odds ratio; CI, confidence

interval. See Figure 3 for more details.

Haplotype ACP patients Controls OR P 95% CI
CAAAC 152/304 (50.0%) 191/400 (47.8%) 1.10 0.55 0.81-1.5
CGGAA 35/304 (11.5%) 48/400 (12.0%) 0.95 0.84 0.60-1.5
TGGGA 114/304 (37.5%) 160/400 (40.0%) 0.90 0.5 0.66-1.2

IV.1.3. Expression of the PNLIPRP?2 truncation allele

To estimate the relative mRNA expression of the full-length and truncation alleles of
PNLIPRP2, we used direct sequencing of pancreatic cDNA after PCR amplification of a 732
nt fragment of the coding DNA. We obtained nine de-identified cDNA samples with matching
genomic DNA from cadaveric donors. Sequencing of the genomic DNA identified five
heterozygous samples and one sample homozygous for the truncation allele. The
electropherograms of the heterozygous genomic sequences showed two signals at the position
of variants p.W358X and p.V362l, with comparable peak heights (Figure 4A). Surprisingly,
when heterozygous cDNA samples were sequenced, only one peak was visible at these
positions, which corresponded to the major full-length allele, whereas no signal was apparent
for the minor truncation allele (Figure 4B). PCR amplification of the pancreatic cDNA sample
with the homozygous truncation allele confirmed the absence of detectable mRNA expression
(Figure 4C). We also consulted the Genotype-Tissue Expression (GTEx) Portal
(www.gtexportal.org/ home), which database is open-access public resource to study tissue-
specific gene expression and its relationship to genetic variation. The project analyzes global
RNA expression within individual human tissues from deeply genotyped donors and correlates
variations in gene expression with genetic alterations. We found that all five common variants
within the truncation haplotype were associated with diminished PNLIPRP2 mRNA expression
(Figure 5).
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Figure 4. Expression of the PNLIPRP2 p.W358X truncation variant. A, Electropherogram of genomic DNA
sequence of a heterozygous carrier showing the double signal at the position of variants p.W358X and p.V362I.
B, Electropherogram of pancreatic cDNA sequence of the same heterozygous subject. Note the absence of the
signal corresponding to the minor truncation allele at the position of the variants. C, Agarose gel electrophoresis
of PCR amplicons from pancreatic cDNA samples of subjects with homozygous AA (minor truncation alleles)

and GG (full-length alleles) genotypes. Control reaction was performed with no added template.

Figure 5. The effect of common PNLIPRPZ2 variants on mRNA expression in the pancreas. Box plots were taken

from the GTEx Portal (GTEx Analysis Release V7 - www.gtexportal.org). Note the diminished expression of the

reference alleles (Ref), which correspond to the truncation haplotype in this database. See Table 1 for variant

designation.
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IV.2. Preclinical testing of dabigatran in trypsin-dependent pancreatitis

IV.2.1. Inhibition of trypsin by dabigatran

We hypothesized that the reported efficacy of dabigatran etexilate in pancreatitis [70] is related
to the trypsin-inhibitory activity of dabigatran. As a benzamidine derivative, dabigatran is
expected to inhibit trypsin-like enzymes competitively; however, this inhibitory activity against
human and mouse trypsin isoforms has not been demonstrated before to our knowledge. First,
we used homology-based docking to demonstrate that dabigatran can bind to the specificity
pocket of trypsin. In our model, showing dabigatran docked to human mesotrypsin (PDB
structure |H4W) [58], the amidine moiety of dabigatran interacts with the side chain of Asp194
at the bottom of the specificity pocket, and the N-methyl-benzimidazole scaffold that bridges
the benzamidine and the distal pyridine ring and propanoic acid end is positioned above the
catalytic triad (Figure 6A). The benzamidine moiety of dabigatran overlaps with the bound
benzamidine of the 1H4W mesotrypsin structure (Figure 6B). The docked conformation of
dabigatran is also similar to that of the benzamidine-derivative dual-specificity thrombin and
factor Xa inhibitor R11 (PubChem SID 820345) co-crystallized with bovine trypsin (PDB
structure 1G36) [71]. The latter compound and dabigatran both have the benzamidine group
deep in the specificity pocket, connected to an N-methyl-benzimidazole moiety. Dabigatran
and R11 differ in the groups at the distal end. R11 has a second methyl-benzimidazole group
that lies flat on the protein surface. In contrast, in the docked structure of dabigatran, the
carboxyl group of the distal propanoic acid is partially solvent exposed, and the pyridine ring
is perpendicular to the plain of the methyl-benzimidazole in R11. Most atoms of dabigatran,
including the benzamidine group, are shifted by 0.6-0.8 A toward the catalytic triad relative to
the same atoms in R11 (Figure 6B). Next, we performed enzymatic measurements to compare
the effect of benzamidine and dabigatran against human trypsin isoforms PRSS1, PRSS2, and
PRSS3, and mouse trypsin isoforms T7 (cationic trypsin), T8, T9, and T20 (anionic trypsins).
The trypsin isoforms were produced recombinantly, but human PRSS1 and PRSS2 were also
purified from pancreatic juice in their native form, which contains a sulfate group on Tyr154.
As auniversal reference molecule, commercial bovine cationic trypsin was also assayed. Figure
7A demonstrates a representative experiment for the determination of the competitive inhibitory
constant (K;). As described in Materials and Methods, we calculated the K; values by either
individually (Figure 7B) or globally (Figure 7C) fitting the substrate saturation curves and
obtained comparable results. Table 13 and Table 14 indicate the Km and kcat values determined

in the absence and presence of increasing benzamidine and dabigatran concentrations. We show



25

these data to demonstrate that the kcas values remained constant within experimental error across
all inhibitor concentrations tested, supporting the competitive nature of the inhibition. Table 15
lists the K; values for benzamidine and dabigatran. Benzamidine inhibited trypsin with
micromolar K; values (range 3.3-20.6 uM and 4.2-22.6 uM by individual and global fit
analysis, respectively), while dabigatran was an about 200- to 400-fold stronger inhibitor,
exhibiting nanomolar K; values (range 10—65 nM and 10.3-78.9 nM by individual and global
fit analysis, respectively). Anionic trypsin isoforms were inhibited slightly stronger by
benzamidine than cationic trypsins; however, this trend was less conspicuous with dabigatran.
Reassuringly, the K; values reported for dabigatran against bovine trypsin [55] and measured in
our experiments were essentially identical. Dabigatran inhibited human trypsins as well as or
slightly better than mouse trypsins, suggesting that results from preclinical mouse experiments
should be relevant to human clinical trials. The experiments demonstrate that derivatives of
benzamidine, such as dabigatran, can have highly improved inhibitory activity against trypsin

and are universally effective against various trypsin paralogs.

A B

Figure 6. Modeling dabigatran binding to trypsin. A, Dabigatran (shown as green sticks) docked to human
mesotrypsin (PDB structure 1H4W, shown as grey cartoon). Also indicated are the side chains of the catalytic triad
His63, Aspl107, and Ser200 (corresponding to His57, Asp102, and Ser195 in conventional crystallographic
numbering) and Asp194 (Asp189) at the bottom of the specificity pocket (yellow and orange sticks, respectively).
B, Superimposition of trypsin-bound dabigatran, with benzamidine (from PDB structure |H4W, magenta) and the
benzamidine-derivative, dual-specificity thrombin and factor Xa inhibitor R11 co-crystallized with bovine trypsin
(from PDB structure 1G36, cyan). The figures were created with the PyYMOL Molecular Graphics System
(https://pymol.org/2/).
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Figure 7. Inhibition of trypsin by dabigatran. Representative graphs of the kinetic assays using mouse anionic
trypsin (isoform T8) are shown. Three experiments were performed. For clarity and convenience, the mean of the
data points was plotted with standard deviation error bars, even though each experiment was analyzed separately.
A, Initial rate of trypsin activity as a function of substrate concentration in the absence and presence of increasing
dabigatran concentrations. Rates were measured with 1 nM trypsin and the indicated concentrations of the N-CBZ-
Gly-Pro-Arg-p-nitroanilide (GPR-pNA) trypsin substrate. Data sets for given dabigatran concentrations were
individually fitted to the Michaelis-Menten equation. B, Calculation of the competitive inhibitory constant (K;) of
dabigatran (mean + standard deviation, n=3). The Ky, values derived from the saturation curves in panel A were
plotted as a function of the dabigatran concentration. The K; was then determined by dividing the y axis intercept
with the slope of the linear fit. This value corresponds to the negative of the x axis intercept. C, Calculation of the
K; of dabigatran by global fitting (mean + standard deviation, n=3). The data points from panel A were globally

fitted to the competitive inhibition equation, as described in Materials and Methods.

200
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Table 13. Effect of benzamidine on the enzyme kinetics of human trypsin isoforms PRSS1, PRSS2, PRSS3, mouse
trypsin isoforms T7, T8, T9, T20, and bovine trypsin. Michaelis-Menten parameters (mean + standard deviation,
n=3) were determined in the presence of the indicated inhibitor concentrations with the N-CBZ-Gly-Pro-Arg-p-
nitroanilide trypsin substrate at 24 °C. See Materials and Methods for details. Sulfated human trypsins (PRSS1-
SO4 and PRSS2-S04) were purified from pancreatic juice.

PRSS1 0 uM 25 uM 50 uM 75 uM 100 pM
kear (5™) 128.3+£10.4 1348+ 1.7 121 +3.3 136.3£92  143.2+8.1
Ko (uM) 183+1.6 39.1+0.9 59.6+2.5 92 +4.4 1153+9.3
PRSS1-SO;4 0 uM 12.5 uM 25 uM 37.5 uM 50 uM
kear (s7) 106.4 +2.1 1041+28  112.1+49  1084+53  113.6+7.2
Ko (uM) 10.52+0.5 223412 41.8+2.8 495+ 1.7 69.7+7.2
PRSS2 0 uM 25 uM 50 uM 75 uM 100 pM
kear (s7') 82.5+2.3 787+ 1.7 78.4+1.8 82.1+2.4 783 +4.5
K (uM) 7.5+0.1 155+1.5 23.8+0.9 37.5+2 445+2.9
PRSS2-SOy4 0 uM 12.5 uM 25 uM 37.5 uM 50 pM
kear (5™) 67.5+0.7 64.8+ 1.6 64.3+ 1.4 64.5+1.5 69.3+0.3
K (uM) 45+03 152+0.5 26.4+0.8 382+ 1.4 54.1+2.8
PRSS3 0 nM 25 uM 50 uM 75 uM 100 pM
kear (s) 206.1+5 211.9+8.6  2142+47 201.3+8 205.7+ 6.3
K (uM) 222+24 64.4+4.8 1142+2.6  1514+6.7 1829+78
T7 0 pM 12.5 uM 25 uM 37.5 uM 50 pM
kear (s7) 118.6+2.1 1254+27  1255+35 135+3.9 127.9+7.5
K (uM) 37+3.2 749 +2 110.6 +7.6 1655+ 6 200.5+ 6.3
TS 0 pM 12.5 uM 25 uM 37.5 uM 50 pM
kear () 106.5+ 0.5 1039+79  105.6+49  1002+0.8 105.5+ 7.
K (uM) 8.1+0.4 209+3.5 37.7+2.4 45+ 0.6 66.7 +3.2
T9 0 uM 12.5 uM 25 uM 37.5 uM 50 uM
kear (57) 112.6+0.4 110+ 3.4 1114+28  1148+28  1123+45
K (uM) 8.8+ 0.4 237+1.5 40+ 1.4 59.9+2.7 73.6+2.2
T20 0 uM 12.5 uM 25 uM 37.5 uM 50 pM
kear (s7) 61.3+3.8 65+ 1 62.1+1.8 64.7+2.1 65.6+2.1
K (uM) 1.4+02 42+0.7 7+0.7 8.7+0.4 12.4+0.1
Bovine trypsin 0pM 25 uM 50 M 75 pM 100 pM
kear (57) 114+ 16.2 109 +9.5 1158+ .9 108.4+53  113.6+7.2
K (uM) 2223+1.2 489+25 87.9+145 121.8+13.9 151.7+6.3




28

Table 14. Effect of dabigatran on the enzyme kinetics of human trypsin isoforms PRSS1, PRSS2, PRSS3, mouse
trypsin isoforms T7, T8, T9, T20, and bovine trypsin. Michaelis-Menten parameters (mean + standard deviation,
n=3) were determined in the presence of the indicated inhibitor concentrations with the N-CBZ-Gly-Pro-Arg-p-

nitroanilide trypsin substrate at 24 °C. See Materials and Methods for details. Sulfated human trypsins (PRSS1-

SO4 and PRSS2-S04) were purified from pancreatic juice.

PRSS1 0 nM 25 nM 50 nM 75 nM 100 nM
kear (s7') 92.1+34 90.8 £2.8 91.6+4.8 95+2.3 99.8+3.3
K, (uM) 174+1.3 31.3+£3.6 50.2+2.5 71.1+4.2 88.7+3.1
PRSS1-S0q4 0 nM 25 nM 50 nM 75 nM 100 nM
kear (s°7) 103.2+0.4 101 +2.3 105.5+5.1 103.2+4.2 104.7 £ 2.1
Ky (uM) 10.1£0.6 214+15 32.7+3 42.8+7.8 57+2.1
PRSS2 0 nM 25 nM 50 nM 75 nM 100 nM
kear (s°7) 91.7+0.9 90.6 +2.6 89.1+1.7 90.2 +2.3 87.5+4.4
K, (uM) 8+0.5 23+1.3 37.6 £ 0.6 46.8+1.5 61.1+6.1
PRSS2-SOq 0 nM 25 nM 50 nM 75 nM 100 nM
kear (s 65.8+0.7 63.4+04 66.8+1.6 63.8+0.9 672+19
K, (uM) 39+0.2 13+£0.5 23.5+13 31.5+04 424+3.5
PRSS3 0 nM 50 nM 100 nM 150 nM 200 nM
kear (s7) 202.8+4.2 214.6+4.9 2155+46 217.5+£108 220.5+4.1
Ky (uM) 7.5+£0.1 155+1.5 23.8+09 37.5+2 445+29
T7 0 nM 50 nM 100 nM 150 nM 200 nM
kear (s7) 118.6 2.1 48.1+£09 47.5+2 50.1+£1.5 493+1.7
Ky (uM) 37+3.2 63.5+1.7 87.2+1.1 130.7+ 8,9 144.3 £10.2
T8 0 nM 50 nM 100 nM 150 nM 200 nM
kear (s°) 90.9+3.5 90.4 + 1 923+1.6 88.9+1.3 85.1+7.2
Ky (uM) 8.8£1.6 20.6 £1.5 342+4.1 463 £3 60.8 £4
T9 0 nM 50 nM 100 nM 150 nM 200 nM
Kear (') 74 +£0.7 75.8+2 72.5+2.6 78.4+£0.1 77.6+2.5
Ky (uM) 7.9+£04 19.8 £2.7 283+£2.8 46.1+2.4 56.7+7.3
T20 0 nM 50 nM 100 nM 150 nM 200 nM
kear (') 52.1+£2.1 52+4 51.1+1.7 48.7+3.3 50+£6.3
Ky (uM) 3.7+0.3 95+1.3 19.5+£0.5 22.5+25 28.5+2.2
Bovine trypsin 0 nM 50 nM 100 nM 150 nM 200 nM
kear (s7') 122.8+2.1 127.7+0.8 126.6 £ 3.5 123.8+2.9 130.1+1.4
Ky (uM) 24.8+23 49.5+£33 71.6 £3.5 91.9+49 125.8+7
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Table 15. Competitive inhibitory constant (Kj) values (mean + standard deviation, n=3) of benzamidine and
dabigatran against human trypsin isoforms PRSS1, PRSS2, PRSS3, mouse trypsin isoforms T7, T8, T9, T20, and
bovine trypsin. Kinetic measurements with the N-CBZ-Gly-Pro-Arg-p-nitroanilide trypsin substrate in the
presence of increasing inhibitor concentrations were analyzed either by individually or globally fitting the substrate
saturation curves, as indicated. See Materials and Methods for details. Sulfated human trypsins (PRSS1-SO4 and

PRSS2-S04) were purified from pancreatic juice.

Ki benzamidine (uM) K; dabigatran (nM) Ki ratio
Enzyme
individual fit| global fit [ individual fit | global fit [ individual fit | global fit

PRSS1 15.7+4.7 225+4 21+2.3 28.2+4.5 748 798
PRSS1-SO4 83£22 10.5+0.9 21.2+0.9 23.3+2 392 451
PRSS2 8.6x£22 8.9+0.7 17.9+33 14.1+1.1 480 631
PRSS2-SO4 33+0.5 42+0.7 10+£3.2 10.3£0.5 330 408
PRSS3 155+23 13.3+0.8 351+24 51.6 +2.1 442 258
T7 20.6+3 149+0.3 65+0.6 78.9+9.5 317 189
T8 6.7+1.3 6.7=0.5 31.6 £ 2.6 304+2.5 212 220
T9 6.8x1 6.8+0.1 28.4+7.1 358+3.5 239 190
T20 69=+1.1 7.6£0.5 33.6+4.8 22.6+£0.7 205 336
Bovine trypsin | 15.2 +3.6 17.8+0.6 48.7€ 1.7 56.7+3.6 312 314

IV.2.2. Plasma levels of dabigatran after oral administration of dabigatran etexilate

Before embarking on experiments with trypsin-dependent pancreatitis models, we measured
plasma concentrations of dabigatran in C57BL/6N mice after oral administration of the prodrug
dabigatran etexilate. First, we performed intragastric gavage of a single dose (100 mg/kg) and
followed plasma levels up to 8 hours. As shown in Figure 8 A, dabigatran levels sharply rose to
micromolar values within 30 minutes of oral gavage and peaked around 1 hour, after which
time levels steadily decreased, with very little dabigatran measurable at the 4- and 8-hour time
points. Importantly, peak concentrations of dabigatran were more than 2 orders of magnitude
above the Kj values measured for trypsin inhibition. Second, we fed mice with solid chow
containing dabigatran etexilate (10 mg/g) for 1 week and measured their plasma dabigatran
concentration. Compared with acute administration of the prodrug by gavage, chronic feeding
resulted in lower but steadier plasma concentrations (Figure 8B), with most values falling in
the 600-800 nM range. This drug level is still more than 10-fold higher than K; values of
dabigatran against mouse trypsins. Third, we measured the dabigatran plasma concentration in
3-week-old 77D234 and C57BL/6N mice after consuming dabigatran etexilate laced chow (10

mg/g) for one week (Table 16). We detected no significant difference between the plasma



30

dabigatran levels from C57BL/6N and 77D234 mice, indicating that the two strains consumed
the prodrug-containing chow similarly, and the spontaneous CP of 77D234 mice had no impact
on the bioavailability of dabigatran. We were unable to measure dabigatran levels in the

pancreas tissue due to interference of pancreatic proteases with the Hemoclot assay.
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Figure 8. Dabigatran plasma concentrations in C57BL/6N mice following oral administration of dabigatran
etexilate. Dabigatran levels were measured as described in Materials and Methods. A, Mice (6-8 weeks of age)
were given a single dose of 100 mg/kg dabigatran etexilate by oral gavage. Mice were euthanized at the indicated
times. B, Mice (12 weeks of age) were fed regular chow containing dabigatran etexilate at 10 mg/g concentration
for 7 days. Mice were euthanized on day 8 either in the morning (9 a.m.) or in the evening (5 p.m.). Mean
dabigatran concentrations (+ standard deviation, n=4) measured at these time points were 787 + 79 and 614 + 91

nM, respectively.

Table 16. Dabigatran plasma concentration in 3-week-old 77D234 (n=5) and C57BL/6N (n=4) mice after
consuming dabigatran etexilate laced chow (10 mg/g) for 1 week. Plasma concentration was analyzed at 5 p.m.

SD, standard deviation.

Genotype dabigatran (nM) Mean = SD
619.1
568.5
T7D23A 771.2 1044.7 £ 676.8
1058.3
2206.3
1109
C57BL/6N 1985.7 1210.7 + 336.1
970.2

7717.7

IV.2.3. Effect of dabigatran etexilate on cerulein-induced pancreatitis in 77K24R mice

The T7K24R mouse strain carries the p.K24R mutation in mouse cationic trypsinogen (isoform
T7), which is analogous to the p.K23R pancreatitis-associated human PRSS/ mutation [30].
The mutation increases autoactivation of trypsinogen about 5-fold and thereby sensitizes the
pancreas to experimental pancreatitis. Jancsé and Sahin-T6th (2022) recently demonstrated that

cerulein-induced pancreatitis in 77K24R mice is progressive; and after the acute episode,
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marked acinar atrophy develops with fibrosis and macrophage infiltration [31]. The acinar cell
dropout is most prominent on days 4-6 and involves essentially the entire pancreas. This
trypsin-dependent outcome is convenient to monitor and quantify. Before testing the effect of
dabigatran etexilate, we characterized intrapancreatic trypsin and chymotrypsin activity in
T7K24R mice after 8 hourly injections of saline or cerulein (Figure 9A). Protease activities were

measured at 1 hour, 1 day, 2 days, and 3 days after the cerulein injections.
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Figure 9. Intra-pancreatic trypsin and chymotrypsin activity in 77K24R mice given saline or cerulein. A,
Experimental design. C57BL/6N and 77K24R mice (8-9 weeks of age) were treated with 8 hourly injections of
saline or cerulein (arrow-heads). Animals were euthanized at the indicated times (arrows), and the pancreas was
freshly homogenized and assayed, as described in Materials and Methods. B, Trypsin activity. C, Chymotrypsin
activity. Individual data points with mean and standard deviation are shown. The difference of means between the
groups was analyzed by one-way ANOV A with Tukey-Kramer post-hoc test.

Relative to cerulein-treated C57BL/6N mice, pancreatic trypsin activity in 77K24R mice was
at least 10-fold elevated (Figure 9B), and this high value persisted on days 1 and 2, finally
diminishing on day 3, as acinar atrophy develops [31]. Pancreatic chymotrypsin activity was

also significantly higher in 77K24R mice, with peak activity (20-fold higher than in C57BL/6N
mice) seen on day 1, which sharply declined by days 2 and 3 (Figure 9C). The different temporal
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kinetics of intrapancreatic trypsin and chymotrypsin activities are intriguing, although an
explanation is not readily apparent. As expected, no intrapancreatic protease activation was
observed in saline-treated control mice. The high trypsin activity in the pancreas of cerulein-
treated 77K24R mice suggests that trypsin-inhibitory therapy should be efficacious against

pancreatitis in this model.

Therefore, in our experiments, we induced pancreatitis in 77K24R mice by 8 hourly injections
of cerulein and euthanized the mice 96 hours (i.e., 4 days) later. To test the effect of dabigatran
etexilate, a single dose of the prodrug was administered 30 minutes after the last injection
(Figure 10A). Negative control mice without pancreatitis and vehicle-treated positive control
mice with pancreatitis served for comparison. When the body weight of mice at the beginning
and at the end of the experiment was compared, vehicle-treated mice with pancreatitis showed
a slight decrease (Figure 10B). This phenomenon is due to a transient digestive dysfunction
associated with the rapid development of acinar atrophy [31]. In contrast, dabigatran etexilate—
treated 77K24R mice with pancreatitis showed no change in body weight by the end of the
experiment, suggesting a protective effect of the drug. The pancreas weight of vehicle-treated
T7K24R mice with pancreatitis was significantly reduced, to almost half the normal pancreas
size (Figure 10C). The atrophic weight loss of the pancreas remained prominent even after the
pancreas weight was normalized to body weight (Figure 10D). Remarkably, however, the
pancreas weight of the dabigatran etexilate—treated mice with pancreatitis was significantly
higher, in some cases approaching the values of control mice with no pancreatitis, suggesting
that the drug prevented and/or reversed acinar atrophy to a large extent. 77K24R mice exhibited
low plasma amylase activity 4 days after the induction of cerulein-induced pancreatitis, close
to the levels seen in control mice without pancreatitis (Figure 10E). Interestingly, in a subset of
dabigatran etexilate—treated mice with pancreatitis (4 of 15), we observed more than 3-fold
higher plasma amylase activity values, suggesting ongoing acinar cell injury. Histological
analysis of pancreata from 10 vehicle-treated and 15 dabigatran etexilate—treated mice with
hematoxylin-eosin staining demonstrated widespread loss of intact acini in vehicle-treated mice
(for higher magnification of pathological details, see ref. 20). A dramatic, complete protective
effect of dabigatran etexilate was observed in almost 50% of the drug-treated mice (Figure
11A). A significant yet incomplete (30%—-50% normal histology) effect was seen in about 20%
of the mice, whereas in the remaining 30% of mice dabigatran showed limited efficacy, with
less than 25% of normal acini preserved (Figure 11B). This group included 2 cases with no

detectable effect. Notably, the 4 drug-treated mice with the elevated plasma amylase activity
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all had partial histological responses, with 13%, 15%, 35%, and 45% intact acini visible on
pancreas sections. Overall, the proportion of intact acini in the dabigatran etexilate—treated
group was significantly higher than in the vehicle-treated group, indicating that dabigatran is

effective in this model of trypsin-dependent pancreatitis.

Figure 10. Effect of dabigatran etexilate on cerulein-induced pancreatitis in 77K24R mice. A, Experimental
design. Mice were given 8 hourly injections of cerulein, followed by a single oral gavage of 200 mg/kg dabigatran
etexilate or vehicle ad-ministered 30 min after the last cerulein injection. Mice were euthanized 96 hours from the
first cerulein injection. B, Body weight at the start and end of the experiment. C, Pancreas weight in mg units. D,
Pancreas weight as percent of body weight. E, Plasma amylase activity (4 uL assayed). Control mice represent
aged-matched 77K24R mice without pancreatitis. Individual data points with mean and standard deviation are
shown. The difference of means between the groups was analyzed by one-way ANOV A with Tukey-Kramer post-

hoc test.
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Figure 11. Effect of dabigatran etexilate on pancreas histology in cerulein-induced pancreatitis of 77K24R mice.
Mice were given 8 hourly injections of cerulein, followed by a single oral gavage of 200 mg/kg dabigatran etexilate
or vehicle administered 30 min after the last cerulein injection. Mice were euthanized 96 hours from the first
cerulein injection. A, Representative pancreas sections stained with hematoxylin-eosin from 77K24R mice given
vehicle or dabigatran etexilate after the cerulein injections. For comparison, the normal pancreas histology of a
control 77K24R mouse is shown. Scale bar corresponds to 100 um. Higher-magnification pictures of cerulein-
induced pancreas pathology in 77K24R mice are shown in reference [30,31]. B, Histological evaluation of acinar
cell loss. Pancreas sections from mice given vehicle (n=10) or dabigatran (n=15) were visually scored for the

presence of intact acinar cells. The difference of means between two groups was analyzed by two-tailed unpaired

t-test.
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IV.2.4. Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in 77D234
mice

Next, we tested the effect of dabigatran etexilate in a more aggressive, spontaneous pancreatitis
model. The 77D23A4 mouse strain carries the p.D23A mutation in mouse cationic trypsinogen
(isoform T7), which is analogous to the p.D22G pancreatitis-associated human PRSS/ mutation
[29]. The mutation increases autoactivation of trypsinogen about 50-fold and elicits
spontaneous, early-onset (3—5 weeks of age), and progressive pancreatitis. In the first
experiment, we treated 3-week-old 77D23A4 mice with various doses of dabigatran etexilate via
intragastric gavage for 2 weeks (Figure 12A). The dosages used were once daily 100 mg/kg,
twice daily 100 mg/ kg, and once daily 200 mg/kg. As controls, untreated 77D234 and
C57BL/6N mice were used. Mice were euthanized at 5 weeks of age. Based on prior experience,
at the beginning of the experiment, the pancreas of 3-week-old 77D234 mice was either normal
or may have had incipient AP [29]. Conversely, by 5 weeks of age, all 77D23A4 mice were
expected to have developed early CP. The body weight of mice was measured at the beginning
(3 weeks) and at the end (5 weeks) of the experiment (Figure 12B). As expected, during this
period, the mice gained weight, and this was unaffected by gavage treatment. The weight gain
of T7D23A4 mice was slightly lower relative to the C57BL/6N parent strain. Compared with
untreated C57BL/6N mice, the pancreas weight of untreated 77D234 mice was markedly
lower, due to the massive pancreas atrophy associated with their early CP (Figure 12C) [29].
This large difference persisted even after normalization of the pancreas weight to the body
weight of the mice (Figure 12D). In stark contrast to the effect seen with 77K24R mice,
dabigatran etexilate treatment did not improve the pancreas weight of 77D23A4 mice. Curiously,
a clear trend of worsening atrophy emerged with increasing dabigatran dosages, even though
the differences did not reach statistical significance. As expected, plasma amylase activity was
reduced in untreated 77D234 mice relative to C57BL/6N mice, though the difference did not
reach statistical significance (Figure 12E). In agreement with their smaller pancreas weights,
drug-treated 77D234 mice had significantly lower amylase levels relative to the untreated
T7D23A controls. Histological analysis of pancreata revealed comparable CP-like disease in all

groups of 77D23A4 mice whereas C57BL/6N controls showed normal pancreas morphology.
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Figure 12. Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in 77D234 mice. A,
Experimental design. Mice (3 weeks of age) were given 1x100 mg/kg, 2x100 mg/kg or 1x200 mg/kg daily dose
of dabigatran etexilate by intragastric gavage for 2 weeks. Untreated 77D234 and C57BL/6N mice served as
controls. Mice were euthanized at 5 weeks of age. B, Body weight of mice at the beginning (3 weeks) and end (5
weeks) of the experiment. C, Pancreas weight in mg units. D, Pancreas weight as percent of body weight. E,
Plasma amylase activity at 5 weeks of age (4 pL assayed). Individual data points with mean and standard deviation
are shown. The difference of means between the groups was analyzed by one-way ANOVA with Tukey-Kramer

post-hoc test.
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Figure 13. Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in 77D234 mice. Mice (3
weeks of age) were given 1x100mg/kg, 2x100 mg/kg or 1x200 mg/kg daily dose of dabigatran etexilate by intra-
gastric gavage for 2 weeks. Un-treated 77D234 and C57BL/6N mice served as controls. Mice were euthanized at
5 weeks of age. A, Representative pancreas sections stained with hematoxylin-eosin from untreated C57BL/6N
and T7D23A control mice, and 77D234 mice given dabigatran etexilate. Scale bar corresponds to 100 pm.
Histological details of the spontaneous pancreatitis in 77D234 mice are also shown in reference [29]. B,
Histological evaluation of acinar cell loss. Pancreas sections were visually scored for the presence of intact acinar
cells. The difference of means between the groups was analyzed by one-way ANOVA with Tukey-Kramer post-
hoc test (Figure 12A). For details of the histological phenotype of pancreatitis in 77D234 mice, the reader is

referred to the original publication [29].
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Quantitative analysis of intact acini per visual field showed the expected dramatic cell loss in
the pancreata of 77D234 mice, but no appreciable difference was seen between the untreated
and treated groups (Figure 13B). Taken together, the results from this experiment indicated that
dabigatran etexilate introduced by intragastric gavage did not ameliorate the spontaneous
pancreatitis of 77D23A4 mice. Furthermore, under certain dosing protocols, the drug seemed to

worsen the disease slightly.

IV.2.5. Effect of feeding with dabigatran etexilate—containing chow on spontaneous pancreatitis
in 77D234 mice

Based on the results of the gavage experiments described above, we speculated that the 77D234
mouse model may require sustained drug levels in the blood to achieve full inhibition of
pancreatic trypsins and prevention/reversal of disease. Therefore, we tested whether feeding the
mice with solid chow containing dabigatran etexilate would be efficacious. We fed 3-week-old-
mice for 1 week and euthanized the mice at the age of 4 weeks (Figure 14A). There were 4
experimental groups, treated and untreated C57BL/6N controls, and treated and untreated
T7D23A4 mice. Each group gained weight similarly during the 1-week treatment, indicating that
mice readily consumed the dabigatran etexilate—containing chow (Figure 14B). When
comparing the pancreas weight of treated and untreated mice, we observed a small increase in
the drug-treated groups of both strains, indicating that this change is likely unrelated to a drug
effect on pancreatitis (Figure 14C). The difference in pancreas weights reached statistical
significance when normalized to body weight (Figure 14D). Long-term feeding of mice with
trypsin inhibitors causes the pancreas weight to increase, due to luminal trypsin inhibition and
a feedback mechanism that increases plasma cholecystokinin levels [72—76]. Presumably, in
our experiments, some of the unabsorbed dabigatran etexilate was converted to active
dabigatran in the gut lumen and inhibited intestinal trypsins. Plasma amylase activities were
comparable in all 4 groups of mice (Figure 14E). Finally, histological analysis showed normal
pancreata in C57BL/6N mice and early CP in 77D234 mice (Figure 15A). Quantitative
assessment of intact acini demonstrated no effect of dabigatran etexilate treatment on
pancreatitis severity (Figure 15B). Taken together, the results indicate that feeding 77D23A4
mice with solid chow containing dabigatran etexilate did not prevent or improve their

spontaneous pancreatitis.



39

Figure 14. Effect of dabigatran etexilate feeding on spontaneous pancreatitis in 770234 mice. A, Experimental
design. C57BL/6N and 77D23A4 mice were given solid chow with or without 10 mg/g dabigatran etexilate from
21 to 28 days of age. Mice were euthanized at 28 days of age. B, Body weight at the beginning (3 weeks) and end
(4 weeks) of the experiment. C, Pancreas weight in mg units. D, Pancreas weight as percent of body weight. E,
Plasma amylase activity (4 uL assayed). Individual data points with mean and standard deviation are shown. The
difference of means between two groups was analyzed by one-way ANOVA with Tukey-Kramer post-hoc test.

The outlier data point was excluded from the statistical calculations.
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Figure 15. Effect of dabigatran etexilate feeding on spontaneous pancreatitis in 77D234 mice. C57BL/6N and
T7D23A4 mice were given solid chow with or without 10 mg/g dabigatran etexilate from 21 to 28 days of age. Mice
were euthanized at 28 days of age. A, Representative pancreas sections stained with hematoxylin-eosin. Scale bar
corresponds to 100 um. Histological details of the spontaneous pancreatitis in 77D234 mice are also shown in
reference [29]. B, Histological evaluation of acinar cell loss. Pancreas sections were visually scored for the

presence of intact acinar cells. The difference of means between the groups was analyzed by one-way ANOVA

with Tukey-Kramer post-hoc test.
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V. Discussion

CP is a complex inflammatory disorder associated with multiple environmental and genetic risk
factors. No specific therapy is available for CP. Understanding the role of genetic risk in CP
onset and progression should open up new avenues for the development of diagnostic,
prognostic and therapeutic tools required for the treatment and prevention of CP. In our work,
we investigated a potential new genetic risk factor for CP, and performed preclinical testing of

a drug candidate in mouse models of hereditary pancreatitis.
V.1. Genetic analysis of the ¢.1074G>A (p.W358X) PNLIPRP2 variant in CP

In our experiments, we wanted to investigate whether a common genetic variant in PNLIPRP2
increased risk for CP. The p.W358X variant introduces a premature stop codon that causes early
translation termination, resulting in a truncated PNLIPRP2 protein. Previously reported cell
culture studies suggested that the truncated protein undergoes misfolding and induces ER stress
[24]. We found no association of variant p.W358X with CP when all cases were considered as
a group, or in subgroup analyses when non-alcoholic and alcoholic CP were examined
separately. These observations demonstrate that the PNLIPRP2 variant p.W358X is not a
genetic risk factor for CP. Besides p.W358X, we detected additional PNLIPRP2 variants in
exon 11 and the flanking intronic regions, which were linked in conserved haplotypes. When
analyzed for disease association, we found enrichment of the CGGAA haplotype (see Figure 3)
in the non-alcoholic CP cohort. However, despite apparent statistical significance, we interpret

this result as a fortuitous association due to the small sample size.

Published data indicated that variant p.W358X might cause acinar cell damage and increase
risk to CP by inducing ER stress and activating cell-death pathways [24]. However, this
scenario would occur only if expression levels of the truncated PNLIPRP2 protein were high
enough to cause ER stress. To characterize expression of the p.W358X allele relative to the
full-length, wild-type PNLIPRP? allele, we PCR amplified PNLIPRP2 from pancreatic cDNA
of heterozygous and homozygous p.W358X carriers, and estimated mRNA expression by DNA
sequencing (comparison of peak-heights in heterozygous samples), and by agarose gel
electrophoresis (comparison of band intensities of amplicons amplified from the truncated and
full-length alleles). Furthermore, we interrogated the GTEx Portal database, which provides
data on the association of gene expression levels with common genetic variants
(https://gtexportal.org). Both approaches indicated that mRNA levels encoding the p.W358X
PNLIPRP? variant are diminished relative to those of full-length PNLIPRP2. In all likelihood,
the mRNA encoding the p.W358X variant suffers nonsense-mediated decay [77], an mRNA
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degradation mechanism commonly associated with transcripts containing premature stop
codons. The previously published study that reported the cellular effects of the p.W358X
variant used artificial expression plasmids containing a strong viral promoter and the coding
DNA for wild-type and variant PNLIPRP2 [24]. Because these constructs lack introns, the
mRNA with the p.W358X variant does not undergo nonsense-mediated decay despite the
presence of the premature stop codon. Consequently, protein expression levels in those
experiments remained high enough to induce ER stress. Our new data convincingly
demonstrates that this is not the case in human pancreatic acinar cells, where mRNA expression
of PNLIPRP? variant p.W358X is markedly reduced. Thus, given the low levels of mRNA
expression, it is unlikely that the p.W358X PNLIPRP?2 variant causes CP or increases disease
risk through a gain of function, as suggested by prior studies in transfected tissue culture cells

[24].

The very high prevalence of the PNLIPRP2 p.W358X allele (allele frequency 48%) in the
general population should suggest that this variant is unlikely to be relevant for CP or any other
human disease. However, with respect to CP, other high-frequency variants have been shown
to modify disease risk, such as the c.180C>T (p.G60=) CTRC variant (allele frequency ~30%)
[78-81], a common inversion art the CTRBI-CTRB?2 locus (allele frequency ~28%) [28], and a
large deletion in the trypsinogen locus commonly referred to as the PRSS1-PRSS2 haplotype
(allele frequency ~42-44% in Europeans) [27,82]. Even if CP risk is unaffected by PNLIPRP?2
p-W358X variant, it remains possible that loss of lipase function might have an impact on other
human health conditions. In this regard, it is noteworthy that suckling Pnliprp2-deficient mice
had fat malabsorption and poor growth but survived to adulthood and were fertile [83]. It is not
known but conceivable that homozygosity for the p.W358X PNLIPRP?2 variant might have a
similar effect in human infants. Alternatively, the p.W358X PNLIPRP?2 variant in humans may
represent a completely benign loss-of-function lipase variant compensated by other lipases [21],
a protective allele [84], or an allele that modifies adaptations to diet [57]. Future studies will
determine whether any of these speculative scenarios regarding the biological significance of

the p.W358X PNLIPRP? allele are valid.
V.2. Preclinical testing of dabigatran in trypsin-dependent pancreatitis

The aim of this study was to demonstrate that pancreatic trypsin inhibition is a viable
therapeutic approach to treat, cure or prevent pancreatitis. Specifically, we tested the hypothesis
that the recently reported therapeutic effect of dabigatran etexilate in experimental pancreatitis

of transgenic PRSS1®??! mice was due to the trypsin inhibitory activity of dabigatran [33].
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First, we modeled the binding of the dabigatran molecule to trypsin using homology-based
docking, followed by inhibition assays with dabigatran against a set of human, mouse, and
bovine trypsin isoforms, and then we performed preclinical studies on mouse models of trypsin-
dependent pancreatitis with the prodrug dabigatran etexilate. Our results demonstrate that
dabigatran was readily docked into the substrate binding pocket of trypsin, and it inhibited all
trypsin isoforms potently and with similar efficacy. Dabigatran exhibited several hundred-fold
higher inhibitory activity compared to its parent compound benzamidine. The kinetics of
inhibition was competitive, indicating that dabigatran impedes substrate binding to trypsin. In
mouse experiments, we confirmed that oral administration of dabigatran etexilate produced
high enough blood concentrations of dabigatran that can achieve full trypsin inhibition. A single
gavage of dabigatran etexilate (100 mg/kg dose) yielded dabigatran concentrations (peak ~2.5
pg/mL) that were more than 100-fold higher than the K values against the various trypsin
isoforms. However, under these conditions, plasma dabigatran levels decreased rapidly, and the
drug was almost completely eliminated within a few hours. When dabigatran etexilate was
administered to mice by feeding of solid chow containing the prodrug (10 mg/g), more steady
plasma concentrations were observed (~300-400 ng/mL), which were about 10-fold higher than
the K; values against trypsins. An important caveat to these findings is that the site of trypsin
inhibition to prevent pancreatitis is the pancreas, and pancreatic tissue levels of dabigatran may
not reflect plasma concentrations. We were unable to measure dabigatran in the pancreas owing
to interference of the pancreatic proteases with the Hemoclot assay. Previous studies showed
that administration of 100 or 200 mg dabigatran etexilate 3 times daily to human volunteers
resulted in steady-state plasma concentrations of dabigatran of approximately 50 and 100
ng/mL, respectively [54]. In clinical practice, the typical dosing of Pradaxa is two 150 mg
capsules daily [53], which is unlikely to produce high enough dabigatran plasma concentrations

that exert significant trypsin inhibitory activity in the pancreas.

To characterize the effect of dabigatran-etexilate on trypsin-dependent pancreatitis, we used
two mouse models, 77K24R and 77D23A4, that were developed recently in the Sahin-To6th
laboratory [29,30]. Homozygous 77K24R mice [30] carry the human hereditary-pancreatitis
associated mutation p.K24R, which increases trypsinogen autoactivation by 5-fold. These mice
are phenotypically similar to the PRSS1?122H model [33], as they develop progressive CP after
an acute episode of cerulein-induced pancreatitis [31]. Because cerulein-treated 77K24R mice
exhibit high intrapancreatic trypsin activity (see Figure 9), therapeutic approaches targeting

trypsin should be beneficial. Our results with 77K24R mice confirmed the published efficacy
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of dabigatran etexilate against cerulein-induced progressive CP, and we made the following
new observations. We found that a single gavage of dabigatran etexilate given shortly after the
last cerulein injection was sufficient for therapeutic effect. Interestingly, we observed some
variability with respect to the therapeutic activity of dabigatran etexilate. We speculate that
efficient inhibition of intrapancreatic trypsin requires high enough plasma levels of dabigatran,
which, in turn, may be determined by the success of the gavage procedure, and the intestinal
absorption of the prodrug. The plasma dabigatran concentration after a single gavage of
dabigatran etexilate showed significant variability at the 1 h peak (see Figure 8), reinforcing
our view that bioavailability and peak drug concentrations may be the critical factors in
therapeutic efficacy. Unfortunately, due to limitations in solubility and gavage volume, we were
unable to test higher dabigatran etexilate doses. Our results with the 77K24R mice confirm and
extend the proposed therapeutic benefit of dabigatran etexilate in trypsin-dependent pancreatitis
when given shortly after the induction of disease. Owing to the anticoagulant activity of
dabigatran, it was not feasible to test the effect of drug pre-treatment in our experiments, as

cerulein injections would cause fatal bleeding in this setting.

In the next set of experiments, we used the trypsin-dependent mouse pancreatitis model
T7D23A. Heterozygous 77D23A4 mice exhibit rapid, spontaneous CP development, and severe
end-stage disease [29]. The relatively aggressive disease course is due to the p.D23 A mutation
that increases autoactivation of mouse cationic trypsinogen by 50-fold. In our studies, we tested
the effect of dabigatran etexilate at an early age with incipient CP, utilizing 1- and 2-week drug
dosing schemes, using either daily gavages of dabigatran etexilate or feeding with solid chow
containing the prodrug. Surprisingly, neither method of drug treatment showed any therapeutic
effect. It is likely that that dabigatran concentrations achieved in the pancreas of 77D234 mice
were insufficient to exert a significant trypsin inhibitory effect. With the gavage treatment, only
the short-lived peak concentrations might have been adequately high, whereas the use of drug-
laced chow yielded much lower blood concentrations of dabigatran. We also note, that relative
to 77K24R mice, T7D23A4 mice carry a trypsinogen mutation with a stronger biochemical effect
and exhibit more aggressive pancreatitis phenotype. Therefore, 77D23A4 mice may require
higher blood concentrations of dabigatran than 77K24R mice for successful inhibition of

intrapancreatic trypsin activity and treatment of pancreatitis.

Dabigatran etexilate treatment of 77D234 mice also revealed some potentially problematic
effects that will require further investigation in the future. Relative to the untreated controls, we

observed worse pancreas atrophy and lower plasma amylase levels in the drug-treated mice



45

when using oral gavage. The largest effect was seen with twice-daily doses, suggesting a dose
dependence. An explanation to this finding is not readily obvious; however, we speculate that
fluctuations in dabigatran concentrations, as a result of the gavage method of oral drug
administration, may be responsible for the phenomenon. Thus, we may witness a rebound effect
after the transient trypsin inhibition in the pancreas, as plasma dabigatran levels fall. A similar
scenario of rebound may also account for the elevated plasma amylase levels in a subset of
dabigatran etexilate-treated 77K24R mice that had an incomplete therapeutic response (see

Figure 10 and 11).

A small but measurable increase in the pancreas weight was observed when 77D234 mice were
fed with dabigatran etexilate mixed in with chow. However, this effect was unrelated to
pancreatitis treatment, as it also occurred with C57BL/6N mice. The trophic effect on the rodent
pancreas caused by trypsin inhibitor consumption has been extensively documented [73-76],
and our experiments seemed to replicate this phenomenon. Limited conversion of dabigatran
etexilate to dabigatran in the gut would inhibit luminal trypsins, which, in turn, would increase
plasma cholecystokinin levels that drive the trophic effect on the pancreas. This feedback
mechanism may interfere with preclinical experiments that use orally administered trypsin
inhibitors to rodents and measure pancreas size, weight, or function as treatment outcomes. In
this context, a published study demonstrated that severity of experimental pancreatitis was
increased after rats and mice were fed the trypsin inhibitor camostat for two weeks [85]. A
similar functional adaptation may also exist in humans; however, it appears to have no clinical

relevance [86].

The aim of our studies was to show that dabigatran inhibits trypsin, and thereby confers
therapeutic benefit in pancreatitis. Although our results are fully consistent with this notion, we
cannot rule out that dabigatran also acts via other pathways that may reduce pancreatic
inflammation and/or ameliorate pancreas regeneration. In their original paper, the Ji laboratory
proposed that the anticoagulant activity of dabigatran may be partly or largely responsible for
its therapeutic efficacy in pancreatitis [33]. Their intriguing data showed that the factor Xa
inhibitor apixaban (100 mg/kg), which is devoid of trypsin inhibitory activity, had no
therapeutic activity. However, when apixaban and camostat (200 mg/kg) were administered
together, the combination was highly effective, even though camostat showed only a partial
effect when given alone. A possible interpretation of these published results is that
anticoagulation may improve tissue penetration of the trypsin inhibitor camostat, and thereby

renders it more effective. Other prior studies demonstrated that heparin improved pancreatitis
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outcomes in cerulein-induced rodent models, possibly by eliminating fibrin deposits and
improving circulation and oxygenation [87, 88]. More recently, a retrospective clinical cohort
analysis offered further support for the use of anticoagulation in pancreatitis therapy by
demonstrating that systemic anticoagulation was associated with decreased mortality and
morbidity in acute pancreatitis [89]. Finally, we note that thrombin inhibition by dabigatran was
shown to decrease the number of proinflammatory macrophages in atherosclerotic lesions [90],

and to ameliorate organ fibrosis in various mouse models [91-93].

The goal of our study was to offer proof of concept that inhibition of trypsin activity in the
pancreas can have a therapeutic effect in pancreatitis. We used dabigatran etexilate as a test
case, because it is orally bioavailable and it is clinically approved and used worldwide.
Furthermore, aside from the adverse effects related to anticoagulation, it has an excellent safety
profile. Despite the somewhat mixed results, we view our experiments as strongly encouraging,
because we demonstrated that benzamidine derivatives such as dabigatran are effective trypsin
inhibitors with therapeutic efficacy in pancreatitis. Our results also warrant revisiting the
potential therapeutic value of other trypsin inhibitory compounds, such as gabexate, camostat
and nafamostat, in trypsin-dependent pancreatitis. Translation of the preclinical studies to
human clinical trials in the future should focus on the utility of trypsin inhibitors against trypsin-
mediated forms of CP, such as hereditary pancreatitis associated with trypsinogen mutations.
Trial designs should consider that trypsin inhibition is expected to prevent or dampen disease

initiation but not severity outcomes, such as organ failure, caused by lipotoxicity [94].
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VI. Conclusions and new findings

VIL.1. Genetic analysis of the c.1074G>A (p.W358X) PNLIPRP2 variant in CP

1. Our genetic case-control study found no association between the p.W358X PNLIPRP2

variant and CP.

2. We demonstrated that the mRNA expression of the p.W358X PNLIPRPZ2 variant allele was
diminished in the human pancreas, relative to the full-length, wild-type PNLIPRP? allele. We

propose that the variant allele mRNA undergoes nonsense-mediated decay.

VI1.2. Preclinical testing of dabigatran in trypsin-dependent pancreatitis

1. We demonstrated that the anticoagulant dabigatran inhibited the enzyme activity of all human

and mouse trypsin isoforms.

2. We showed that oral administration of dabigatran etexilate to mice either by gavage or by

solid chow resulted in potentially therapeutic dabigatran concentrations in the blood.

3. We demonstrated that in the 77K24R mouse model of trypsin-dependent pancreatitis, a single
oral dose of dabigatran etexilate prevented progression of cerulein-induced acute pancreatitis,

and resulted in histologically verified healing of the pancreas.

4. We found that the development of spontaneous, trypsin-dependent CP in 77D23A4 mice was
unaffected by chronic oral administration of dabigatran etexilate. The lack of efficacy in this
model was likely due to the more aggressive CP phenotype, and the insufficient dabigatran

levels attained in the pancreas.
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Abstract

A nonsense variant (p.W358X) of human pancreatic lipase related protein 2 (PNLIPRP2) is
present in different ethnic populations with a high allele frequency. In cell culture experi-
ments, the truncated protein mainly accumulates inside the cells and causes endoplasmic
reticulum stress. Here, we tested the hypothesis that variant p.W358X might increase risk
for chronic pancreatitis through acinar cell stress. We sequenced exon 11 of PNLIPRP2in a
cohort of 256 subjects with chronic pancreatitis (152 alcoholic and 104 non-alcoholic) and
200 controls of Hungarian origin. We observed no significant difference in the distribution of
the truncation variant between patients and controls. We analyzed mRNA expression in
human pancreatic cONA samples and found the variant allele markedly reduced. We con-
clude that the p.W358X truncation variant of PNLIPRP2 is expressed poorly and has no sig-
nificant effect on the risk of chronic pancreatitis.

Introduction

Recurrent acute pancreatitis and chronic pancreatitis are inflammatory diseases of the pan-
creas with significant health and economic burdens [1, 2]. After an initial episode of acute pan-
creatitis, 10 to 30% of adults and children have additional episodes and, of those, a large
fraction develop chronic pancreatitis (CP) [3, 4]. Progression of a single episode to chronic
pancreatitis often associates with genetic risk factors in genes encoding digestive enzymes
expressed in pancreatic acinar cells [5-7]. Since the discovery that a genetic variant in PRSS1
(cationic trypsinogen) causes hereditary pancreatitis, most investigations to identify additional
genetic risk factors focused on proteases and their inhibitors [8, 9].
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More recent studies linked genetic variants in pancreatic lipases to increased risk for CP.
The first report described variants in the gene encoding carboxyl ester lipase (CEL) that result
in a form of autosomal dominant CP characterized by early-onset pancreatic insufficiency and
diabetes [10]. A subsequent study found that a hybrid allele resulting from recombination of
CEL and a neighboring pseudogene, CELP, increased risk for CP in northern Europeans [11].
Additionally, a report of two brothers who had a deficiency of pancreatic lipase (PNLIP) and
evidence of CP showed they were homozygous for a missense mutation in PNLIP [12]. Follow-
up studies indicated that the genetic variants of CEL and PNLIP likely cause disease through
increased protein misfolding and maladaptive activation of unfolded protein response path-
ways [11, 13-15]. Importantly, these studies suggest that genetic variants in other pancreatic
lipases, such as the pancreatic lipase related protein 2 (PNLIPRP2), might increase the risk for
CP.

PNLIPRP2 is homologous with PNLIP and both belong to the same large lipase gene family
[16-18]. Unlike PNLIP, which only digests triglycerides, PNLIPRP2 has lipase activity against
triglycerides, phospholipids and galactolipids [16]. In newborn mice, PNLIPRP2 plays a criti-
cal role in fat digestion [19]. Its role in humans remains unclear. Intriguingly, a nonsense vari-
ant (p.W358X) in human PNLIPRP2 is present in different ethnic populations at a high allele
frequency of 0.3 to 0.5 [20]. When expressed in transfected HEK 293T cells, the truncated pro-
tein largely accumulated inside the cells as a detergent-insoluble aggregate and only a small
amount was secreted into the medium [21]. The intracellular aggregates activated the unfolded
protein response. The findings show that p.W358X PNLIPRP2 can alter cellular physiology
through two mechanisms. First, the secretory defect results in a loss of function that might
affect dietary fat digestion. Second, the intracellular aggregates of truncated PNLIPRP2 may
result in a gain of function by placing pancreatic acinar cells at increased risk for injury
through a maladaptive unfolded protein response. In combination with other stressors, the
presence of PNLIPRP2 aggregates could activate cell death and inflammatory pathways leading
to pancreatitis. A similar mechanism was reported for misfolding PRSS1 and carboxypeptidase
A1 (CPA1) mutants, which appear to cause pancreatitis through endoplasmic reticulum stress
[22]. Herein, we investigated whether the p.W358X PNLIPRP2 allele is a genetic risk factor for
CP in patients with alcohol-related and non-alcohol-related CP.

Materials and methods
Nomenclature

Nucleotide numbering follows coding DNA numbering with the first nucleotide of the ATG
translation initiation codon designated as +1. Amino acids are numbered starting with the ini-
tiator methionine of the primary translation product of PNLIPRP2. The NCBI genomic refer-
ence sequence for PNLIPRP2 (NC_000010.11, Homo sapiens chromosome 10, GRCh38.p12
primary assembly) and the NCBI coding DNA reference sequence (NM_005396.4) correspond
to the minor truncation allele. In the present study, we used the major full-length PNLIPRP2
allele as reference for the designation of all PNLIPRP2 variants. In this manner, the nonsense
p-W358X variant becomes the “effect” allele, which is the only biologically meaningful repre-
sentation. Table 1 compares PNLIPRP2 variant designations using the two different reference
sequences and lists the dbSNP numbers for unambiguous identification.

Study subjects

This study used de-identified genomic DNA samples from the registry of the Hungarian Pan-
creatic Study Group (ethical approval number TUKEB 22254-1/2012/EKU; biobanking
approval number IF702-19/2012). Subjects were recruited from 11 Hungarian centers between
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Table 1. Designation of PNLIPRP2 variants with respect to the NCBI reference sequence corresponding to the minor truncation allele and the full-length major
allele used as the reference in this study.

PNLIPRP2
region
Intron 10
Intron 10
Exon 11
Exon 11
Exon 11

Intron 11

The truncation variant is highlighted in bold type.

https://doi.org/10.1371/journal.pone.0206869.t001

Table 2. Study population.

number
mean age at recruitment

mean age of disease onset

dbSNP
number

154751994
154751995
154751996
rs10885997
rs7910135

NCBI reference
minor truncation allele

Reference used in this work
major full-length allele

Nucleotide Amino acid Nucleotide Amino acid
change change change change

¢.1070-379delG ¢.1070-379delG
¢.1070-321C>T ¢.1070-321T>C

c.1074A>G p-X358W c.1074G>A p-W358X
c.1084A>G p.I362V c.1084G>A p.V3621
c.1161A>G p.S387 = c.1161G>A p.S387 =

c.1181+55C>A c.1181+55A>C

2012 and 2018 and all gave informed consent according to the ethical guidelines of the Decla-
ration of Helsinki. The current study was also approved by the Institutional Review Board at
Boston University (“Analysis of susceptibility genes in patients with chronic pancreatitis”; IRB
number H-35382). A total of 256 unrelated patients with CP, including 152 with alcoholic CP
and 104 with non-alcoholic CP and 200 control subjects with no pancreatic disease were ana-
lyzed. The CP study cohort included patients with a history of recurrent acute pancreatitis
and/or pathological imaging findings consistent with CP, such as pancreatic calcifications,
duct dilatation or irregularities, with or without exocrine pancreatic insufficiency or diabetes.
Patient characteristics are described in Table 2. Alcoholic CP was diagnosed in CP cases with
alcohol consumption of more than 80 g/day (men) or 60 g/day (women) for at least two years.
De-identified pancreatic cDNA and matching genomic DNA samples (n = 9) from cadaveric
donors were obtained from the University of Szeged, Hungary.

DNA sequencing

Primer sequences and amplicon sizes are listed in Table 3. PCR reactions were performed
using 1.0 U HotStar Taq DNA polymerase (Qiagen, Valencia, CA), 0.2 mM dNTP, 2.0 uL 10x
PCR buffer (Qiagen), 0.5 uM primers, and 10-50 ng genomic DNA or cDNA template in a
total volume of 20 pL. Cycling conditions were as follows: 15-min initial heat activation at 95
°C; 40 cycles of 30 s denaturation at 94 °C, 30 s annealing at 60 °C, and 60 s extension at 72 °C;
and final extension for 5 min at 72 °C. Products were verified by 1.5% agarose gel electropho-
resis. PCR amplicons (5 pL) were treated with 1 uL FastAP Thermosensitive Alkaline Phospha-
tase and 0.5 puL Exonuclease I (Thermo Fisher Scientific, Waltham, MA) for 15 min at 37 °C
and the reaction was stopped by heating the samples to 85 °C for 15 min. Sanger sequencing
was performed using the forward PCR primers as sequencing primer. Amplicons containing
the heterozygous ¢.1070-379delG variant were also sequenced with the reverse primer.

All CP n =256 NACP n =104 ACPn =152 Controls n = 200
Male Female Male Female Male Female Male Female
194 62 60 44 134 18 113 87
5610 56+14 57+12 57t16 55+10 53+9 52+12 52+13
48+12 48+16 47+12 48+18 48+12 48+9 - -

Age values indicate mean + S.D. in years. CP, chronic pancreatitis, NACP, non-alcoholic chronic pancreatitis, ACP, alcoholic chronic pancreatitis.

https://doi.org/10.1371/journal.pone.0206869.1002
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Table 3. Oligonucleotide primers used for PCR amplification of exon 11 of PNLIPRP2 from genomic DNA (el1 primers) and a portion of the PNLIPRP2 coding

sequence from pancreatic cDNA (RT primers).

Primer name

PNLIPRP2 el1 forward
PNLIPRP2 el1 reverse

PNLIPRP2 RT forward
PNLIPRP2 RT reverse

https://doi.org/10.1371/journal.pone.0206869.t003

Sequence (5°>3’) Amplicon Annealing
temperature
GTT CTG GAG GAT GGA AAT CTG 836 bp 60 °C
CAA AAG GAG TTA GCA CAT GAC T
CAT CTG GAT TTC TTT CCA AAT GG 732 bp 60 °C

CGA GTG CAT TAA AGA TTT TAT TAC CG

Results
A common truncation variant in PNLIPRP2

The common truncation variant ¢.1074G> A (p.W358X) in PNLIPRP2 was first described in 2003
as W357X in European, African and Chinese populations with allele frequencies of 0.53, 0.55 and
0.33, respectively [20]. A 2010 study on the association of common gene variants and human die-
tary habits described the variant as W358X (rs4751995) with similar allele frequencies [23]. The
discrepancy in numbering is because the original cloning study of PNLIPRP2 missed one of the
two consecutive Met codons at the start of the coding sequence [18]. Interestingly, the first Met is
encoded by a separate upstream exon, which should be counted as exon 1 of the PNLIPRP2 gene;
placing the truncation variant in exon 11. The NCBI reference sequence for PNLIPRP2 corre-
sponds to the minor truncation allele. To describe the truncation variant in a biologically mean-
ingful manner, in this study we used the major full-length PNLIPRP? allele as reference (Table 1).

DNA sequence analysis of exon 11 of human PNLIPRP2

We genotyped 152 subjects with alcoholic CP, 104 subjects with non-alcoholic CP and 200
control subjects, recruited from the registry of the Hungarian Pancreatic Study Group. We
used direct DNA sequencing after PCR amplification of exon 11 and flanking intronic regions
of PNLIPRP2. Within the amplified 793 nt sequence, we found 6 nucleotide variants, which
included three intronic variants (c.1070-379delG, ¢.1070-321T>C and ¢.1181+55A>C), one
synonymous variant (c.1161G>A, p.S387 = ), one missense variant (c.1084G>A, p.V362I) and
the truncation variant ¢.1074G>A (p.W358X) (Fig 1). The commonly occurring variants
¢.1070-321T>C, p.W358X, p.V362L, p.S387 = and ¢.1181+55A>C were found in linkage dis-
equilibrium as a conserved haplotype (CAAAC in Fig 1). Another common haplotype
(CGGAA in Fig 1) was formed by variants ¢.1070-321T>C and p.S387 =.

When allele frequency was considered, distribution of the variants between patients and
controls showed no significant difference (Table 4). Subgroup analysis for alcoholic and non-
alcoholic CP patients versus controls revealed no association either (Tables 5 and 6). We also
analyzed genotypes using dominant and recessive models but found no significant differences
in genotype frequencies between all CP patients or the alcoholic and non-alcoholic cohorts
versus controls (Tables 7, 8 and 9). Finally, comparison of the three haplotypes between
patients and controls yielded no significant differences with the exception of the CGGAA hap-
lotype (see Fig 1), which was overrepresented in the non-alcoholic CP cohort relative to con-
trols (OR 1.6, P 0.04) (Tables 10, 11 and 12). We consider this a spurious association due to
limited sample size and chance.

Expression of the PNLIPRP2 truncation allele

To estimate the relative mRNA expression of the full-length and truncation alleles of
PNLIPRP2, we used direct sequencing of pancreatic cDNA after PCR amplification of a 732 nt
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Fig 1. PNLIPRP2 variants in exon 11 and the flanking intronic regions identified in the present study. The truncation variant is in bold type. The three

haplotypes formed by the five commonly occurring variants are also shown.

https://doi.org/10.1371/journal.pone.0206869.g001

fragment of the coding DNA. We obtained nine de-identified cDNA samples with matching
genomic DNA from cadaveric donors. Sequencing of the genomic DNA revealed five hetero-
zygous samples and one sample homozygous for the truncation allele. The electropherograms
of the heterozygous genomic sequences showed two signals at the position of variants p.
W358X and p.V362l, with comparable peak heights (Fig 2A). Surprisingly, when heterozygous
cDNA samples were sequenced, only one peak was visible at these positions, which corre-
sponded to the major full-length allele, whereas no signal was apparent for the minor trunca-
tion allele (Fig 2B). PCR amplification of the pancreatic cDNA sample with the homozygous
truncation allele confirmed the absence of detectable mRNA expression (Fig 2C). Taken

Table 4. Allele frequency of PNLIPRP2 variants in patients with chronic pancreatitis (CP) and controls without pancreatic disease.

PNLIPRP2 Nucleotide change Amino acid change CP patient alleles Control alleles OR P value 95% CI
Intron 10 ¢.1070-379delG 2/512 (0.4%) 1/400 (0.3%) 1.6 0.72 0.14-17.3
Intron 10 ¢.1070-321T>C 319/512 (62.3%) 240/400 (60%) 1.1 0.48 0.84-1.4
Exon 11 c.1074G>A p-W358X 245/512 (47.9%) 192/400 (48%) 0.99 0.97 0.77-1.3
Exon 11 c.1084G>A p.V3621 245/512 (47.9%) 192/400 (48%) 0.99 0.97 0.77-1.3
Exon 11 c.1161G>A p.S387 = 321/512 (62.7%) 240/400 (60%) 1.1 0.4 0.86-1.5
Intron 11 c.1181+55A>C 246/512 (48%) 192/400 (48%) 1 0.99 0.77-1.3

The truncation variant is highlighted in bold type. OR, odds ratio; CI, confidence interval.
https://doi.org/10.1371/journal.pone.0206869.1004
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Table 5. Allele frequency of PNLIPRP2 variants in patients with non-alcoholic chronic pancreatitis (NACP) and controls without pancreatic disease.

PNLIPRP2 Nucleotide change Amino acid change NACP patient alleles Control alleles OR P value 95% CI
Intron 10 ¢.1070-379delG 1/208 (0.5%) 1/400 (0.3%) 1.9 0.64 0.12-31
Intron 10 ¢.1070-321T>C 131/208 (63%) 240/400 (60%) 1.1 0.48 0.8-1.6
Exon 11 c.1074G>A p-W358X 93/208 (44.7%) 192/400 (48%) 0.88 0.44 0.63-1.2
Exon 11 c.1084G>A p-V3621 93/208 (44.7%) 192/400 (48%) 0.88 0.44 0.63-1.2
Exon 11 c.1161G>A p.-S387 = 131/208 (63%) 240/400 (60%) 1.1 0.48 0.8-1.6
Intron 11 c.1181+55A>C 94/208 (45.2%) 192/400 (48%) 0.89 0.51 0.64-1.3

The truncation variant is highlighted in bold type. OR, odds ratio; CI, confidence interval.
https://doi.org/10.1371/journal.pone.0206869.t005
Table 6. Allele frequency of PNLIPRP2 variants in patients with alcoholic chronic pancreatitis (ACP) and controls without pancreatic disease.

PNLIPRP2 Nucleotide change Amino acid change ACP patient alleles Control alleles OR P value 95% CI
Intron 10 ¢.1070-379delG 1/304 (0.3%) 1/400 (0.3%) 1.3 0.85 0.08-21.1
Intron 10 ¢.1070-321T>C 188/304 (61.8%) 240/400 (60%) 1.1 0.62 0.8-1.5
Exon 11 c.1074G>A p-W358X 152/304 (50%) 192/400 (48%) 1.1 0.6 0.8-1.5
Exon 11 c.1084G>A p.V3621 152/304 (50%) 192/400 (48%) 1.1 0.6 0.8-1.5
Exon 11 c.1161G>A p.S387 = 190/304 (62.5%) 240/400 (60%) 1.1 0.5 0.82-1.5
Intron 11 c.1181+55A>C 152/304 (50%) 192/400 (48%) 1.1 0.6 0.8-1.5

The truncation variant is highlighted in bold type. OR, odds ratio; CI, confidence interval.
https://doi.org/10.1371/journal.pone.0206869.t006
Table 7. Genotype distribution of PNLIPRP2 variants in patients with chronic pancreatitis (CP) and in controls.
PNLIPRP2 Nucleotide change Genotype CP patients Controls OR P value 95% CI
Intron 10 ¢.1070-379delG GG 254/256 (99.2%) 199/200 (99.5%) 1.6 0.72 0.14-17.4
delG 2/256 (0.8%) 1/200 (0.5%) 0.78 0.9 0.02-39.6
deldel 0/256 (0%) 0/200 (0%)
Intron 10 ¢.1070-321T>C TT 37/256 (14.5%) 27/200 (13.5%) 0.92 0.77 0.54-1.6
TC 119/256 (46.5%) 106/200 (53%) 1.3 0.22 0.87-1.9
CC 100/256 (39%) 67/200 (33.5%)
Exon 11 c.1074G>A GG 68/256 (26.6%) 50/200 (25%) 0.92 0.7 0.6-1.4
GA 131/256 (51.2%) 108/200 (54%) 1.1 0.75 0.69-1.7
AA 57/256 (22.2%) 42/200 (21%)
Exon 11 c.1084G>A GG 68/256 (26.6%) 50/200 (25%) 0.92 0.7 0.6-1.4
GA 131/256 (51.2%) 108/200 (54%) 1.1 0.75 0.69-1.7
AA 57/256 (22.2%) 42/200 (21%)
Exon 11 c.1161G>A GG 37/256 (14.5%) 27/200 (13.5%) 0.92 0.77 0.54-1.6
GA 117/256 (45.7%) 106/200 (53%) 1.3 0.16 0.89-1.9
AA 102/256 (39.8%) 67/200 (33.5%)
Intron 11 c.1181+55A>C AA 68/256 (26.6%) 50/200 (25%) 0.92 0.7 0.6-1.4
AC 130/256 (50.8%) 108/200 (54%) 1.1 0.67 0.7-1.7
CcC 58/256 (22.6%) 42/200 (21%)

Data were analyzed assuming dominant (shown in italics) or recessive models of inheritance. The truncation variant is highlighted in bold type. OR, odds ratio; CI,

confidence interval.

https://doi.org/10.1371/journal.pone.0206869.t007

together, our observations indicate that the truncation allele is not expressed at the mRNA
level to a significant extent, in all likelihood due to nonsense-mediated mRNA decay.

We also consulted the Genotype-Tissue Expression (GTEx) Portal (www.gtexportal.org/
home) and found that all five common variants within the truncation haplotype were
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Table 8. Genotype distribution of PNLIPRP2 variants in patients with non-alcoholic chronic pancreatitis (NACP) and in controls.

PNLIPRP2 Nucleotide change Genotype NACP patients Controls OR P value 95% CI
Intron 10 ¢.1070-379delG GG 103/104 (99%) 199/200 (99.5%) 1.9 0.64 0.12-31.2
delG 1/104 (1%) 1/200 (0.5%) 1.9 0.75 0.04-97.4
deldel 0/104 (0%) 0/200 (0%)
Intron 10 ¢.1070-321T>C TT 12/104 (11.5%) 27/200 (13.5%) 12 0.63 0.58-2.5
TC 53/104 (51%) 106/200 (53%) 12 0.49 0.73-2
CC 39/104 (37.5%) 67/200 (33.5%)
Exon 11 c.1074G>A GG 26/104 (25%) 50/200 (25%) 1 1 0.58-1.7
GA 63/104 (60.6%) 108/200 (54%) 0.63 0.17 0.33-1.2
AA 15/104 (14.4%) 42/200 (21%)
Exon 11 c.1084G>A GG 26/104 (25%) 50/200 (25%) 1 1 0.58-1.7
GA 63/104 (60.6%) 108/200 (54%) 0.63 0.17 0.33-1.2
AA 15/104 (14.4%) 42/200 (21%)
Exon 11 c.1161G>A GG 12/104 (11.5%) 27/200 (13.5%) 1.2 0.63 0.58-2.5
GA 53/104 (51%) 106/200 (53%) 1.2 0.49 0.73-2
AA 39/104 (37.5%) 67/200 (33.5%)
Intron 11 c.1181+55A>C AA 26/104 (25%) 50/200 (25%) 1 1 0.58-1.7
AC 62/104 (59.6%) 108/200 (54%) 0.68 0.24 0.36-1.3
ccC 16/104 (15.4%) 42/200 (21%)

Data were analyzed assuming dominant (shown in italics) or recessive models of inheritance. The truncation variant is highlighted in bold type. OR, odds ratio; CI,

confidence interval.

https://doi.org/10.1371/journal.pone.0206869.t008

Table 9. Genotype distribution of PNLIPRP2 variants in patients with alcoholic chronic pancreatitis (ACP) and in controls.

PNLIPRP2 Nucleotide change Genotype ACP patients Controls OR P value 95% CI
Intron 10 ¢.1070-379delG GG 151/152 (99.3%) 199/200 (99.5%) 1.3 0.85 0.08-21.2
delG 1/152 (0.7%) 1/200 (0.5%) 13 0.89 0.03-66.6
deldel 0/152 (0%) 0/200 (0%)
Intron 10 ¢.1070-321T>C TT 25/152 (16.5%) 27/200 (13.5%) 0.79 0.44 0.44-1.4
TC 66/152 (43.4%) 106/200 (53%) 1.3 0.2 0.86-2.1
CC 61/152 (40.1%) 67/200 (33.5%)
Exon 11 c.1074G>A GG 42/152 (27.6%) 50/200 (25%) 0.87 0.58 0.54-1.4
GA 68/152 (44.8%) 108/200 (54%) 14 0.15 0.88-2.4
AA 42/152 (27.6%) 42/200 (21%)
Exon 11 c.1084G>A GG 42/152 (27.6%) 50/200 (25%) 0.87 0.58 0.54-1.4
GA 68/152 (44.8%) 108/200 (54%) 1.4 0.15 0.88-2.4
AA 42/152 (27.6%) 42/200 (21%)
Exon 11 c.1161G>A GG 25/152 (16.5%) 27/200 (13.5%) 0.79 0.44 0.44-1.4
GA 64/152 (42.1%) 106/200 (53%) 14 0.13 0.9-2.2
AA 63/152 (41.4%) 67/200 (33.5%)
Intron 11 c.1181+55A>C AA 42/152 (27.6%) 50/200 (25%) 0.87 0.58 0.54-1.4
AC 68/152 (44.8%) 108/200 (54%) 1.4 0.15 0.88-2.4
CC 42/152 (27.6%) 42/200 (21%)

Data were analyzed assuming dominant (shown in italics) or recessive models of inheritance. The truncation variant is highlighted in bold type. OR, odds ratio; CI,

confidence interval.

https://doi.org/10.1371/journal.pone.0206869.t009

Table 10. Distribution of common PNLIPRP2 haplotype alleles in patients with chronic pancreatitis (CP) and in controls.

Haplotype All CP patients Controls OR P value 95% CI
CAAAC 244/512 (47.7%) 191/400 (47.8%) 1 0.98 0.77-1.3
CGGAA 73/512 (14.3%) 48/400 (12.0%) 1.2 0.32 0.83-1.8
TGGGA 191/512 (37.3%) 160/400 (40.0%) 0.89 0.41 0.68-1.2

The truncation haplotype is highlighted in bold type. OR, odds ratio; CI, confidence interval. See Fig 1 for more details.

https://doi.org/10.1371/journal.pone.0206869.t010
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Table 11. Distribution of common PNLIPRP2 haplotype alleles in patients with non-alcoholic chronic pancreatitis (NACP) and in controls.

Haplotype NACP patients Controls OR P value 95% CI
CAAAC 92/208 (44.2%) 191/400 (47.8%) 0.87 0.41 0.62-1.2
CGGAA 38/208 (18.3%) 48/400 (12.0%) 1.6 0.040* 1.0-2.6
TGGGA 77/208 (37.0%) 160/400 (40.0%) 0.88 0.48 0.62-1.3

The truncation haplotype is highlighted in bold type. OR, odds ratio; CI, confidence interval. See Fig 1 for more details. The asterisk indicates significant association.

https://doi.org/10.1371/journal.pone.0206869.t011

associated with diminished PNLIPRP2 mRNA expression (Fig 3). The GTEx database is an
open-access public resource to study tissue-specific gene expression and its relationship to
genetic variation. The project analyzes global RNA expression within individual human tissues
from deeply genotyped donors and correlates variations in gene expression with genetic
alterations.

Discussion

Physicians have increasingly recognized that CP is a complex disorder associated with multiple
risk factors [24]. For many, particularly children, genetic variants in genes encoding pancreatic
digestive enzymes contribute to the pathophysiology of CP [6]. In this study, we sought to
determine if a common genetic variant in PNLIPRP2 increased the risk for CP. The variant
introduces a premature stop codon, p.W358X, resulting in a truncated protein and in vitro evi-
dence suggests the expressed protein misfolds and activates the unfolded protein response
[21]. We found no correlation of variant p.W358X with CP as a group or sub-grouped into
alcoholic CP or non-alcoholic CP. This finding demonstrates that p.W358X is not a significant
genetic risk factor for CP. We identified additional variants within exon 11 and the flanking
intronic regions of PNLIPRP2, which formed conserved haplotypes. When these haplotypes
were analyzed for disease association, we observed enrichment of the CGGAA haplotype (see
Fig 1) in the non-alcoholic CP cohort. However, statistical significance was barely reached and
we interpret this finding as fortuitous association due to the small sample size.

Because the presumed mechanism whereby variant p.W358X would contribute to CP is by
activating maladaptive unfolded protein response and cell death pathways, we sought to deter-
mine if expression of the p.W358X allele was lower than expression of full length PNLIPRP2. If
so, the levels of truncated protein may not be sufficient to activate the unfolded protein
response. We accomplished this goal in two ways. First, we PCR amplified PNLIPRP2 from
pancreatic cDNA of heterozygous and homozygous p.W358X carriers and analyzed expression
by DNA sequencing and agarose gel electrophoresis. Second, we interrogated the GTEx Portal
database. Both methods confirmed that the amount of mRNA encoding p.W358X PNLIPRP2
is quite low compared to the mRNA amounts for full-length PNLIPRP2. The results suggest
that the mRNA encoding the p.W358X variant undergoes nonsense-mediated decay [25]. In
the previous study that characterized the cellular effects of the p.W358X variant the authors

Table 12. Distribution of common PNLIPRP?2 haplotype alleles in patients with alcoholic chronic pancreatitis (ACP) and in controls.

Haplotype ACP patients Controls OR P value 95% CI
CAAAC 152/304 (50.0%) 191/400 (47.8%) 1.1 0.55 0.81-1.5
CGGAA 35/304 (11.5%) 48/400 (12.0%) 0.95 0.84 0.60-1.5
TGGGA 114/304 (37.5%) 160/400 (40.0%) 0.90 0.5 0.66-1.2

The truncation haplotype is highlighted in bold type OR, odds ratio; CI, confidence interval. See Fig 1 for more details.
https://doi.org/10.1371/journal.pone.0206869.t1012
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Fig 2. Expression of the PNLIPRP2 p.W358X truncation variant. A, Electropherogram of the genomic DNA sequence of a
heterozygous carrier showing the double signal at the position of variants p. W358X and p.V362I. B, Electropherogram of the pancreatic
cDNA sequence of the same heterozygous subject. Note the absence of the signal corresponding to the minor truncation allele at the
position of the variants. C, Agarose gel electrophoresis of PCR amplicons from pancreatic cDNA samples of subjects with homozygous A
(minor truncation allele) and G (full-length allele) genotypes. Control reaction was performed with no added template.

https://doi.org/10.1371/journal.pone.0206869.9002

used artificial cDNA expression constructs, which lacked introns [21]. Consequently, the
PNLIPRP2 mRNA encoding the truncation variant did not suffer degradation and protein
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Fig 3. The effect of common PNLIPRP2 variants on mRNA expression in the pancreas. Box plots were taken from the GTEx Portal
(GTEx Analysis Release V7 - www.gtexportal.org). Note the diminished expression of the reference alleles (Ref), which correspond to the
truncation haplotype in this database. See Table 1 for variant designation.

https://doi.org/10.1371/journal.pone.0206869.9003

expression levels achieved were high enough to induce the unfolded protein response. The
present data strongly argue that this cannot be the case when variant p.W358X is expressed
from its native gene in the acinar cells.

Given the low levels of mRNA expression, it is unlikely that p.W358X PNLIPRP2 causes
disease through gain-of-function as suggested by studies in transfected tissue culture cells [21].
In retrospect, it seems reasonable to have predicted that p.W358X PNLIPRP2 should not be a
significant risk factor for CP or another disease since it is so prevalent. More likely, any effect
of p.W358X PNLIPRP2 on human health should result from loss-of-function. Humans harbor
many genetic variants predicted to cause loss-of-function [26]. Homozygosity for loss-of-func-
tion variants either results in a non-fatal phenotype or represent benign variations in redun-
dant genes. A non-fatal loss-of-function phenotype was found in Pnliprp2-deficient mice [19].
Suckling Pnliprp2-deficient mice had fat malabsorption and poor growth but survived to
adulthood and were fertile. It is not known if a similar effect occurs in human infants homozy-
gous for p.W358X PNLIPRP2. In humans, p.W358X PNLIPRP2 may represent a loss-of-func-
tion tolerant genetic variant with the loss of its lipase activity compensated by other lipases
[16]. Alternatively, p.W358X PNLIPRP2 may represent a protective or disease modifying allele
[27]. That is, homozygosity for this allele may confer protection against disease or modify
adaptations to diet [23]. Determination of the importance of the common p.W358X
PNLIPRP?2 allele in human health will require additional investigations.
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Pancreatitis, the inflammatory disorder of the pancreas, has no specific therapy. Genetic,
biochemical, and animal model studies revealed that trypsin plays a central role in the onset and
progression of pancreatitis. Here, we performed biochemical and preclinical mouse experiments to
offer proof of concept that orally administered dabigatran etexilate can inhibit pancreatic trypsins
and shows therapeutic efficacy in trypsin-dependent pancreatitis. We found that dabigatran
competitively inhibited all human and mouse trypsin isoforms (K, range 10-79 nM) and dabigatran
plasma concentrations in mice given oral dabigatran etexilate well exceeded the K; of trypsin
inhibition. In the T7K24R trypsinogen mutant mouse model, a single oral gavage of dabigatran
etexilate was effective against cerulein-induced progressive pancreatitis, with a high degree of
histological normalization. In contrast, spontaneous pancreatitis in T7D23A mice, which carry a
more aggressive trypsinogen mutation, was not ameliorated by dabigatran etexilate, given either
as daily gavages or by mixing it with solid chow. Taken together, our observations showed that
benzamidine derivatives such as dabigatran are potent trypsin inhibitors and show therapeutic
activity against trypsin-dependent pancreatitis in T7K24R mice. Lack of efficacy in T7D23A mice is
probably related to the more severe pathology and insufficient drug concentrations in the pancreas.

Introduction

There is no specific pharmacological therapy for the inflammatory disorders of the exocrine pancreas,
which include acute pancreatitis (AP), recurrent acute pancreatitis (RAP), and chronic pancreatitis (CP)
(1). Pancreatitis often presents as a progressive, relapsing-recurring disease, in which a sentinel episode of
AP progresses to RAP, and eventually to CP, driven by underlying genetic and environmental risk factors
(1, 2). Studies on genetic risk factors associated with the AP-RAP-CP sequence (denoted as CP from here
on out) revealed that ectopic, intrapancreatic activation of the digestive protease precursor trypsinogen to
its active form trypsin is responsible for disease onset and progression (3—5). Genetic alterations increase
intrapancreatic trypsin activity by accelerating trypsinogen autoactivation, and/or by diminishing protec-
tive mechanisms, such as trypsinogen degradation by chymotrypsin C and trypsin inhibition by the serine
protease inhibitor Kazal type 1. This disease model has been designated as the trypsin-dependent pathway
of genetic risk in CP, which not only formulates a mechanistic framework for CP development but also
identifies a clear therapeutic target, i.e., trypsin (4, 5).

Considering the long history of biochemical investigations into the function of trypsin, and the avail-
ability of a large number of natural and synthetic trypsin inhibitors, it seems surprising that no effective anti-
trypsin therapy has been developed so far to treat or prevent pancreatitis. Although bovine pancreatic trypsin
inhibitor (aprotinin) (6) and the p-guanidino-benzoate derivatives gabexate (FOY), camostat (FOY-305) (7),
and nafamostat (FUT-175) (8) seemed effective in rodent experiments (9—16), their clinical efficacy has been
either variable or disappointing (17-22 and references therein). This apparent contradiction can be largely
explained by the fact that early preclinical experiments did not use mouse models of trypsin-dependent pan-
creatitis. Similarly, clinical trials did not focus on trypsin-dependent disease, which could be verified by appro-
priate genetic testing. Finally, the compounds evaluated had inhibitory activity against a range of proteases
other than trypsin, which further confounds interpretation of the results from preclinical and clinical trials.
Despite their dubious efficacy, nafamostat and gabexate infusions are approved to treat AP, and oral camostat
is used for the management of pain associated with CP in Japan. More recently, the COVID-19 pandemic
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sparked revived awareness in these drugs, as camostat and nafamostat have been identified as strong inhibitors
of the transmembrane serine protease 2, which is required for cellular entry of the SARS-CoV-2 virus (23, 24).
Several clinical trials have been initiated to test efficacy against COVID-19, and the results may also inform
future clinical trials in pancreatitis with respect to dosing and side effects (25-28).

In addition to the renewed interest in small-molecular weight trypsin inhibitors, novel mouse models
of trypsin-dependent pancreatitis have been developed recently. Our laboratory generated several knockin
mouse lines carrying human pancreatitis-associated mutations in the native mouse cationic trypsinogen
(isoform T7) (29-32). Concurrently, the laboratory of Baoan Ji created transgenic models harboring wild-
type or mutated forms of the serine protease 1 and 2 (PRSSI and PRSS?2) genes that encode human cationic
and anionic trypsinogens, respectively (33-36). All published mouse models develop either spontaneous,
progressive pancreatitis driven by trypsinogen autoactivation or exhibit heightened sensitivity to ceru-
lein-induced experimental pancreatitis. Remarkably, in their 2020 publication (34), the Ji group reported
that the anticoagulant dabigatran etexilate markedly improved cerulein-induced pancreatitis in transgenic
mice carrying human PRSSI with the p.R122H mutation (named PRSS1}?2! mice by the authors). Dabig-
atran etexilate (brand name Pradaxa) is routinely used worldwide as an orally active, reversible thrombin
inhibitor for the anticoagulation of patients with venous thromboembolism or increased risk of stroke due
to atrial fibrillation (37-39). It is a prodrug, which is absorbed from the gastrointestinal tract and becomes
converted in the blood by nonspecific esterases to its active form, dabigatran (Figure 1A) (40). Dabigatran
is a benzamidine derivative, and it has been reported to inhibit human thrombin reversibly with a K, of 4.5
nM and bovine trypsin with a K, of 50.3 nM (41). We hypothesized that the observed therapeutic effect
of dabigatran in the PRSS1®??H transgenic mice was due to trypsin inhibition in the pancreas rather than
inhibition of thrombin in the circulation. To test this notion, here we compared the inhibitory activity of
dabigatran against a panel of human and mouse trypsin isoforms in vitro and performed preclinical drug
testing studies using 2 mouse models of trypsin-dependent pancreatitis. 77D234 and T7K24R mice carry
the p.D23A and p.K24R mutations in mouse T7 trypsinogen, which are analogous to the human pancreati-
tis-associated PRSSI mutations p.D22G and p.K23R, respectively (29, 30). The p.D23A and p.K24R muta-
tions increase autoactivation of mouse cationic trypsinogen by 50-fold and 5-fold, respectively. 77D23A4
mice are born with a normal pancreas but develop spontaneous, progressive pancreatitis at an early age
(29). In contrast, T7K24R mice have no spontaneous phenotype, but they develop severe cerulein-induced
AP followed by a progressive, CP-like disease (30, 31). These 2 models allowed us to test the effect of dab-
igatran etexilate under various conditions, i.e., cerulein-induced pancreatitis (77K24R) versus spontaneous
disease (77D234). Furthermore, we measured the plasma concentration of dabigatran after oral adminis-
tration of dabigatran etexilate, in an attempt to correlate drug levels with trypsin-inhibitory activity and
therapeutic efficacy. The results support and extend the potential utility of dabigatran and other benzami-
dine derivatives in pancreatitis therapy and highlight specific challenges the drug development process must
overcome before advancement to clinical practice.

Results

Inhibition of trypsin by dabigatran. We hypothesized that the reported efficacy of dabigatran etexilate in pan-
creatitis (34) is related to the trypsin-inhibitory activity of dabigatran. As a benzamidine derivative (Figure
1A), dabigatran is expected to inhibit trypsin-like enzymes competitively; however, this inhibitory activity
against human and mouse trypsin isoforms has not been demonstrated before to our knowledge.

First, we used homology-based docking to demonstrate that dabigatran can bind to the specificity pock-
et of trypsin. In our model, showing dabigatran docked to human mesotrypsin (Protein Data Bank [PDB]
1H4W) (42), the amidine moiety of dabigatran interacts with the side chain of Asp194 at the bottom
of the specificity pocket, and the N-methyl-benzimidazole scaffold that bridges the benzamidine and the
distal pyridine ring and propanoic acid end is positioned above the catalytic triad (Figure 1B). The benz-
amidine moiety of dabigatran overlaps with the bound benzamidine of the IH4W mesotrypsin structure
(Figure 1C). The docked conformation of dabigatran is also similar to that of the benzamidine-derivative
dual-specificity thrombin and factor Xa inhibitor R11 (PubChem SID 820345) cocrystallized with bovine
trypsin (PDB structure 1G36) (43). The latter compound and dabigatran both have the benzamidine group
deep in the specificity pocket, connected to an N-methyl-benzimidazole moiety. Dabigatran and R11 differ
in the groups at the distal end. R11 has a second methyl-benzimidazole group that lies flat on the protein
surface. In contrast, in the docked structure of dabigatran, the carboxyl group of the distal propanoic acid
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Figure 1. Modeling dabigatran binding to trypsin. (A) Chemical structure of dabigatran and its prodrug dabigatran
etexilate. Differences are encircled. The benzamidine moiety of dabigatran is indicated. (B) Dabigatran (shown as
green sticks) docked to human mesotrypsin (PDB structure TH4W, shown as gray cartoon). Also indicated are the
side chains of the catalytic triad His63, Asp107, and Ser200 (corresponding to His57, Asp102, and Ser195 in conven-
tional crystallographic numbering) and Asp194 (Asp189) at the bottom of the specificity pocket (yellow and orange
sticks, respectively). (C) Superimposition of trypsin-bound dabigatran, with benzamidine (from PDB structure
1H4W, magenta) and the benzamidine-derivative, dual-specificity thrombin and factor Xa inhibitor R11 cocrys-
tallized with bovine trypsin (from PDB structure 1G36, cyan). The figures were created with the PyMOL Molecular
Graphics System (https://pymol.org/2/).
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is partially solvent exposed, and the pyridine ring is perpendicular to the plain of the methyl-benzimidazole
in R11. Most atoms of dabigatran, including the benzamidine group, are shifted by 0.6-0.8 A toward the
catalytic triad relative to the same atoms in R11 (Figure 1C).

Next, we performed enzymatic measurements to compare the effect of benzamidine and dabigatran
against human trypsin isoforms PRSS1 (serine protease 1, cationic trypsin), PRSS2 (serine protease 2,
anionic trypsin), and PRSS3 (serine protease 3, mesotrypsin) and mouse trypsin isoforms T7 (cationic tryp-
sin), T8, T9, and T20 (anionic trypsins). The trypsin isoforms were produced recombinantly, but human
PRSS1 and PRSS2 were also purified from pancreatic juice in their native form, which contains a sulfate
group on Tyr154. As a universal reference molecule, commercial bovine cationic trypsin was also assayed.
Figure 2A demonstrates a representative experiment for the determination of the competitive inhibitory
constant (K). As described in Methods, we calculated the K, values by either individually (Figure 2B) or
globally (Figure 2C) fitting the substrate saturation curves and obtained comparable results. Table 1 and
Table 2 indicate the K and k_, values determined in the absence and presence of increasing benzamidine
and dabigatran concentrations. We show these data to demonstrate that the & , values remained constant
within experimental error across all inhibitor concentrations tested, supporting the competitive nature of
the inhibition. Table 3 lists the K, values for benzamidine and dabigatran. Benzamidine inhibited trypsin
with micromolar K, values (range 3.3-20.6 uM and 4.2-22.6 pM by individual and global fit analysis,
respectively), while dabigatran was an about 200- to 400-fold stronger inhibitor, exhibiting nanomolar K,
values (range 10-65 nM and 10.3-78.9 nM by individual and global fit analysis, respectively). Anionic tryp-
sin isoforms were inhibited slightly stronger by benzamidine than cationic trypsins; however, this trend was
less conspicuous with dabigatran. Reassuringly, the K, values reported for dabigatran against bovine trypsin
(41) and measured in our experiments were essentially identical. Dabigatran inhibited human trypsins as
well as or slightly better than mouse trypsins, suggesting that results from preclinical mouse experiments
should be relevant to human clinical trials. The experiments demonstrate that derivatives of benzamidine,
such as dabigatran, can have highly improved inhibitory activity against trypsin and are universally effec-
tive against various trypsin paralogs.

Plasma levels of dabigatran after oral administration of dabigatran etexilate. Before embarking on experi-
ments with trypsin-dependent pancreatitis models, we measured plasma concentrations of dabigatran in
C57BL/6N mice after oral administration of the prodrug dabigatran etexilate. First, we performed intra-
gastric gavage of a single dose (100 mg/kg) and followed plasma levels up to 8 hours. As shown in Figure
3A, dabigatran levels sharply rose to micromolar values within 30 minutes of oral gavage and peaked
around 1 hour, after which time levels steadily decreased, with very little dabigatran measurable at the
4- and 8-hour time points. Importantly, peak concentrations of dabigatran were more than 2 orders of mag-
nitude above the K values measured for trypsin inhibition. Second, we fed mice with solid chow containing
dabigatran etexilate (10 mg/g) for 1 week and measured their plasma dabigatran concentration. Compared
with acute administration of the prodrug by gavage, chronic feeding resulted in lower but steadier plasma
concentrations (Figure 3B), with most values falling in the 600-800 nM range. This drug level is still more
than 10-fold higher than K, values of dabigatran against mouse trypsins.

Effect of dabigatran etexilate on cerulein-induced pancreatitis in T7K24R mice. The T7K24R mouse strain
carries the p.K24R mutation in mouse cationic trypsinogen (isoform T7), which is analogous to the
p-K23R pancreatitis-associated human PRSSI mutation (30). The mutation increases autoactivation of
trypsinogen about 5-fold and thereby sensitizes the pancreas to experimental pancreatitis. We recent-
ly demonstrated that cerulein-induced pancreatitis in 77K24R mice is progressive; and after the acute
episode, marked acinar atrophy develops with fibrosis and macrophage infiltration (31). The acinar cell
dropout is most prominent on days 4-6 and involves essentially the entire pancreas. This trypsin-depen-
dent outcome is convenient to monitor and quantify. Before testing the effect of dabigatran etexilate, we
characterized intrapancreatic trypsin and chymotrypsin activity in 77K24R mice after 8 hourly injections
of saline or cerulein (Figure 4A). Protease activities were measured at 1 hour, 1 day, 2 days, and 3 days
after the cerulein injections. Relative to cerulein-treated C57BL/6N mice, pancreatic trypsin activity in
T7K24R mice was at least 10-fold elevated (Figure 4B), and this high value persisted on days 1 and 2,
finally diminishing on day 3, as acinar atrophy develops (31). Pancreatic chymotrypsin activity was also
significantly higher in 77K24R mice, with peak activity (20-fold higher than in C57BL/6N mice) seen on
day 1, which sharply declined by days 2 and 3 (Figure 4C). The different temporal kinetics of intrapan-
creatic trypsin and chymotrypsin activities are intriguing, although an explanation is not readily apparent.
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Figure 2. Inhibition of trypsin

by dabigatran. Representative
graphs of the kinetic assays using
mouse anionic trypsin (isoform
T8) are shown. Three experiments
were performed. For clarity and
convenience, the mean of the data
points was plotted with standard
deviation error bars, even though
each experiment was analyzed
separately. (A) Initial rate of
trypsin activity as a function

of substrate concentration in

the absence and presence of
increasing dabigatran concentra-
tions. Rates were measured with
1nM trypsin and the indicated
concentrations of the N-CBZ-Gly-
Pro-Arg-p-nitroanilide (GPR-pNA)
trypsin substrate. Data sets for
given dabigatran concentrations
were individually fitted to the
Michaelis-Menten equation. (B)
Calculation of the competitive
inhibitory constant (K)) of dabiga-
tran (mean + standard deviation,
n =3). The K_values derived

from the saturation curves in A
were plotted as a function of the
dabigatran concentration. The K;
was then determined by dividing
the y axis intercept with the
slope of the linear fit. This value
corresponds to the negative of the
x axis intercept. (C) Calculation of
the K, of dabigatran by global fit-
ting (mean * standard deviation, n
= 3). The data points from A were
globally fitted to the competitive
inhibition equation, as described
in Methods.

As expected, no intrapancreatic protease activation was observed in saline-treated control mice. The high
trypsin activity in the pancreas of cerulein-treated 77K24R mice suggests that trypsin-inhibitory therapy
should be efficacious against pancreatitis in this model.
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Table 1. Effect of benzamidine on the enzyme kinetics of human trypsin isoforms PRSS1, PRSS2, and PRSS3; mouse trypsin isoforms
T7, T8, T9, and T20; and bovine trypsin

PRSS1
k., (per second)
K (uM)
PRSS1-50,

k . (per second)
K. (uM)
PRSS2
k... (per second)
K. (uM)
PRSS2-S0,
k... (per second)
K. (uM)
PRSS3
k., (per second)
K (uM)

T7
k.. (per second)
K., (uM)

T8
k., (per second)
K., (uM)

T9
k_,, (per second)
K., (uM)
T20
k... (per second)
K. (uM)
Bovine trypsin
k... (per second)

K., (uM)

opM 25 pM 50 uM 75 pM 100 pM
128.3+10.4 134.8 +1.7 121+£3.3 136.3£9.2 143.2 £ 8.1
18.3+1.6 391+0.8 59.6+2.5 92+4.4 15.3+£9.3
0opM 12.5 pM 25 uM 37.5 M 50 pM
1064 £ 2.1 1041+2.8 121+4.9 108.4+5.3 1M3.6+£7.2
10.5+0.5 22.3+1.2 41.8+2.8 495 +1.7 69.7£7.2
opM 25 uM 50 pM 75 pM 100 pM
825+23 78.7+1.7 784 +£1.8 821+24 78.3+45
7501 15.5+15 23.8+0.9 3752 445+29
0pM 12.5 M 25 uM 37.5 M 50 uM
67.5+0.7 64.8 +1.6 64.3+14 64.5+15 69.3+0.3
45+0.3 15.2+0.5 264 +0.8 38.2+14 541+2.8
opuM 25 M 50 uM 75 pM 100 pM
206.1+5 211.9+ 8.6 2142+4.7 201.3+8 205.7+£6.3
222+24 644 +4.8 1M4.2+2.6 1514+ 6.7 182.9+78
opM 12.5 ptM 25 pM 37.5 yM 50 M
118.6 £ 2.1 1254 +£2.7 125.5+3.5 135+3.9 1279 £7.5
37+3.2 749 +2 10.6+7.6 165.5+ 6 200.5+6.3
0opM 12.5 pM 25 uM 37.5 uM 50 pM
106.5+ 0.5 103.9+78 105.6 +4.9 100.2+0.8 105.5+7
8104 20.9+3.5 37724 45+ 0.6 66.7£3.2
0pM 12.5 pM 25 uM 37.5 nM 50 pM
12.6+04 1n0+34 M4 +2.8 14.8£2.8 M2.3+45
8.8+04 23.7+1.5 4014 59.9+2.7 73.6+2.2
opM 12.5 pM 25 uM 37.5 uM 50 pM
61.3+3.8 65 +1 621+1.8 64.7 2.1 65.6 £ 2.1
14+£0.2 42+0.7 7+0.7 8.7+04 124 £01
0pM 25 uM 50 pM 75 pM 100 pM
114 £16.2 109 +9.5 115.8 +.9 1084 +£5.3 1M3.6+72
22212 48.9+25 87.9 £14.5 121.8 +13.9 151.7 £ 6.3

Michaelis-Menten parameters (mean + standard deviation, n = 3) were determined in the presence of the indicated inhibitor concentrations with the
N-CBZ-Gly-Pro-Arg-p-nitroanilide (GPR-pNA) trypsin substrate at 24°C. See Methods for details. Sulfated human trypsins (PRS51-50, and PRS52-50,)
were purified from pancreatic juice. k_,, catalytic rate constant (turnover number).

Therefore, in our experiments, we induced pancreatitis in 77K24R mice by 8 hourly injections of
cerulein and euthanized the mice 96 hours (i.e., 4 days) later. To test the effect of dabigatran etexilate,
a single dose of the prodrug was administered 30 minutes after the last injection (Figure 5A). Negative
control mice without pancreatitis and vehicle-treated positive control mice with pancreatitis served for
comparison. When the body weight of mice at the beginning and at the end of the experiment was com-
pared, vehicle-treated mice with pancreatitis showed a slight decrease (Figure 5B). This phenomenon is
due to a transient digestive dysfunction associated with the rapid development of acinar atrophy (31). In
contrast, dabigatran etexilate—treated 77K24R mice with pancreatitis showed no change in body weight
by the end of the experiment, suggesting a protective effect of the drug. The pancreas weight of vehi-
cle-treated T7K24R mice with pancreatitis was significantly reduced, to almost half the normal pancreas
size (Figure 5C). The atrophic weight loss of the pancreas remained prominent even after the pancreas
weight was normalized to body weight (Figure 5D). Remarkably, however, the pancreas weight of the
dabigatran etexilate—treated mice with pancreatitis was significantly higher, in some cases approaching
the values of control mice with no pancreatitis, suggesting that the drug prevented and/or reversed
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Table 2. Effect of dabigatran on the enzyme kinetics of human trypsin isoforms PRSS1, PRSS2, and PRSS3; mouse trypsin isoforms
T7, T8, T9, and T20; and bovine trypsin

PRSS1
k., (per second)
K (uM)
PRSS1-50,

k . (per second)
K., (uM)
PRSS2
k... (per second)
K. (uM)
PRSS2-S0,
k... (per second)
K. (uM)
PRSS3
k., (per second)
K (uM)

T7
k.. (per second)
K., (uM)

T8
k., (per second)
K (uM)

T9
k_,, (per second)
K., (uM)
T20
k... (per second)
K. (uM)
Bovine trypsin
k... (per second)

K., (uM)

0nM 25nM 50 nM 75 nM 100 nM
921+34 90.8+2.8 91.6 £4.8 95+2.3 99.8 £3.3
174 £1.3 31.3+3.6 50.2+25 711+£4.2 88.7+3.1
0nM 25 nM 50 nM 75 nM 100 nM
103.2+04 101+£2.3 105.5+51 103.2+4.2 104.7 + 21
10.1+0.6 214 +£1.5 32.7+3 42.8+78 57 +21
0nM 25 nM 50 nM 75 nM 100 nM
91.7+0.9 90.6 + 2.6 89117 90.2+2.3 875+4.4
8+0.5 23+13 37.6+0.6 46.8+1.5 61.1+6.1
0nM 25 nM 50 nM 75 nM 100 nM
65.8+0.7 634+04 66.8+1.6 63.8+0.9 672 +1.9
3.9+0.2 13+£0.5 23.5+13 31.5+04 424 +3.5
0nM 50 nM 100 nM 150 nM 200 nM
202.8+4.2 214.6 £4.9 215.5+4.6 2175 +10.8 220.5+41
7501 15515 23.8+0.9 37.5+2 445+29
0nM 50 nM 100 nM 150 nM 200 nM
118.6 +21 481+0.9 475+ 2 501+1.5 49317
37+3.2 63.5+17 87.2+11 130.7+ 8,9 144.3 £10.2
0nM 50 nM 100 nM 150 nM 200 nM
90.9+3.5 904 £1 92.3+1.6 88.9+1.3 85.1+72
8.8+1.6 20.6£1.5 342+41 46.3+3 60.8+4
0nM 50 nM 100 nM 150 nM 200 nM
74 +0.7 75.8+2 725+2.6 784+ 0.1 776+ 2.5
7904 19.8+2.7 283+2.8 461+24 56.7+73
0nM 50 nM 100 nM 150 nM 200 nM
521+21 52+4 51117 48.7+3.3 50+6.3
3703 9.5+£13 19.5+0.5 22.5+25 28.5+2.2
0nM 50 nM 100 nM 150 nM 200 nM
122.8 £21 1277 £ 0.8 126.6 £3.5 123.8+2.9 130114
248+23 495+3.3 71.6 £3.5 91.9+4.9 125.8+7

Michaelis-Menten parameters (mean + standard deviation, n = 3) were determined in the presence of the indicated inhibitor concentrations with the GPR-
pNA trypsin substrate at 24°C. See Methods for details. Sulfated human trypsins (PRS51-50, and PRS52-50,) were purified from pancreatic juice.

acinar atrophy to a large extent. 77K24R mice exhibited low plasma amylase activity 4 days after the
induction of cerulein-induced pancreatitis, close to the levels seen in control mice without pancreatitis
(Figure 5E). Interestingly, in a subset of dabigatran etexilate—treated mice with pancreatitis (4 of 15),
we observed more than 3-fold higher plasma amylase activity values, suggesting ongoing acinar cell
injury. Histological analysis of pancreata from 10 vehicle-treated and 15 dabigatran etexilate—treated
mice with hematoxylin-eosin staining demonstrated widespread loss of intact acini in vehicle-treated
mice (for higher magnification of pathological details, see ref. 31). A dramatic, complete protective
effect of dabigatran etexilate was observed in almost 50% of the drug-treated mice (Figure 6A). A sig-
nificant yet incomplete (30%—-50% normal histology) effect was seen in about 20% of the mice, whereas
in the remaining 30% of mice dabigatran showed limited efficacy, with less than 25% of normal acini
preserved (Figure 6B). This group included 2 cases with no detectable effect. Notably, the 4 drug-treated
mice with the elevated plasma amylase activity all had partial histological responses, with 13%, 15%,
35%, and 45% intact acini visible on pancreas sections. Overall, the proportion of intact acini in the
dabigatran etexilate—treated group was significantly higher than in the vehicle-treated group, indicating
that dabigatran is effective in this model of trypsin-dependent pancreatitis.
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Table 3. K, values (mean * standard deviation, n = 3) of benzamidine and dabigatran against human trypsin isoforms PRSS1, PRSS2,
and PRSS3; mouse trypsin isoforms T7, T8, T9, and T20; and bovine trypsin

Enzyme

PRSS1
PRSS1-S0,
PRSS2
PRSS2-S0,
PRSS3
17
T8
T9
T20
Bovine trypsin

K, benzamidine (uM) K. dabigatran (nM) K. ratio
Individual fit Global fit Individual fit Global fit Individual fit Global fit
15.7+4.7 225+4 21+2.3 28.2+45 748 798
8322 10.5+0.9 21.2+0.9 23).3) a2 392 451
8.6+2.2 8.9+0.7 179+3.3 14111 480 631
33+0.5 42+0.7 10+3.2 10.3+0.5 330 408
15.5+2.3 13.3+0.8 351+24 51.6 £2.1 442 258
206 £3 14.9+0.3 65+ 0.6 78.9+9.5 317 189
6.7+13 6.7+0.5 31.6+2.6 304 +25 212 220
6.8+1 6.8 +0.1 284 +71 35.8+3.5 239 190
6.9 £1.1 76+0.5 33.6+4.38 226+07 205 336
15.2 £3.6 17.8 £ 0.6 48.7+1.7 56.7+3.6 312 314

Kinetic measurements with the GPR-pNA trypsin substrate in the presence of increasing inhibitor concentrations were analyzed by individually or globally
fitting the substrate saturation curves, as indicated. See Methods for details. Sulfated human trypsins (PRS51-S0, and PRSS2-S0,) were purified from

pancreatic juice.

Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in T7D23A mice. Next, we tested the
effect of dabigatran etexilate in a more aggressive, spontaneous pancreatitis model. The 77D234 mouse strain
carries the p.D23A mutation in mouse cationic trypsinogen (isoform T7), which is analogous to the p.D22G
pancreatitis-associated human PRSS! mutation (29). The mutation increases autoactivation of trypsinogen
about 50-fold and elicits spontaneous, early-onset (3—5 weeks of age), and progressive pancreatitis. In the
first experiment, we treated 3-week-old 77D234 mice with various doses of dabigatran etexilate via intra-
gastric gavage for 2 weeks (Figure 7A). The dosages used were once daily 100 mg/kg, twice daily 100 mg/
kg, and once daily 200 mg/kg. As controls, untreated 77D23A4 and C57BL/6N mice were used. Mice were
euthanized at 5 weeks of age. Based on prior experience, at the beginning of the experiment, the pancreas
of 3-week-old 77D234 mice was either normal or may have had incipient AP (29). Conversely, by 5 weeks
of age, all 77D234 mice were expected to have developed early CP. The body weight of mice was measured
at the beginning (3 weeks) and at the end (5 weeks) of the experiment (Figure 7B). As expected, during this
period, the mice gained weight, and this was unaffected by gavage treatment. The weight gain of 77D234
mice was slightly lower relative to the C57BL/6N parent strain. Compared with untreated C57BL/6N mice,
the pancreas weight of untreated 77D23A4 mice was markedly lower, due to the massive pancreas atrophy
associated with their early CP (Figure 7C) (29). This large difference persisted even after normalization of the
pancreas weight to the body weight of the mice (Figure 7D). In stark contrast to the effect seen with T7K24R
mice, dabigatran etexilate treatment did not improve the pancreas weight of 77D234 mice. Curiously, a clear
trend of worsening atrophy emerged with increasing dabigatran dosages, even though the differences did not
reach statistical significance. As expected, plasma amylase activity was reduced in untreated 77D234 mice
relative to C57BL/6N mice, though the difference did not reach statistical significance (Figure 7E). In agree-
ment with their smaller pancreas weights, drug-treated 77D234 mice had significantly lower amylase levels
relative to the untreated 77D23A4 controls. Histological analysis of pancreata revealed comparable CP-like
disease in all groups of 77D234 mice whereas C57BL/6N controls showed normal pancreas morphology
(Figure 8A). For details of the histological phenotype of pancreatitis in 77D234 mice, the reader is referred
to the original publication (29). Quantitative analysis of intact acini per visual field showed the expected dra-
matic cell loss in the pancreata of 77D234 mice, but no appreciable difference was seen between the untreated
and treated groups (Figure 8B). Taken together, the results from this experiment indicated that dabigatran
etexilate introduced by intragastric gavage did not ameliorate the spontaneous pancreatitis of 77D234 mice.
Furthermore, under certain dosing protocols, the drug seemed to worsen the disease slightly.

Effect of feeding with dabigatran etexilate—containing chow on spontaneous pancreatitis in T7D23A mice.
Based on the results of the gavage experiments described above, we speculated that the 77D234 mouse
model may require sustained drug levels in the blood to achieve full inhibition of pancreatic trypsins
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Figure 3. Dabigatran plasma concentrations in C57BL/6N mice following oral administration of dabigatran etexilate. Dabigatran levels were measured
as described in Methods. (A) Mice (6-8 weeks of age) were given a single dose of 100 mg/kg dabigatran etexilate by oral gavage. Mice were euthanized at
the indicated times. Data represent mean + standard deviation (n = 4-6, as indicated). (B) Mice (12 weeks of age) were fed regular chow containing dabig-
atran etexilate at 10 mg/g concentration for 7 days. Mice were euthanized on day 8 either in the morning (3 am) or in the evening (5 pm). Mean dabigatran
concentrations (+ standard deviation, n = 4) measured at these time points were 787 + 79 and 614 + 91 nM, respectively.

and prevention/reversal of disease. Therefore, we tested whether feeding the mice with solid chow
containing dabigatran etexilate would be efficacious. We fed 3 week-old-mice for 1 week and euth-
anized the mice at the age of 4 weeks (Figure 9A). There were 4 experimental groups, treated and
untreated C57BL/6N controls, and treated and untreated 77D234 mice. Each group gained weight
similarly during the 1-week treatment, indicating that mice readily consumed the dabigatran etexilate—
containing chow (Figure 9B). When comparing the pancreas weight of treated and untreated mice,
we observed a small increase in the drug-treated groups of both strains, indicating that this change
is likely unrelated to a drug effect on pancreatitis (Figure 9C). The difference in pancreas weights
reached statistical significance when normalized to body weight (Figure 9D). Long-term feeding of
mice with trypsin inhibitors causes the pancreas weight to increase, due to luminal trypsin inhibition
and a feedback mechanism that increases plasma cholecystokinin levels (44-48). Presumably, in our
experiments, some of the unabsorbed dabigatran etexilate was converted to active dabigatran in the
gut lumen and inhibited intestinal trypsins. Plasma amylase activities were comparable in all 4 groups
of mice (Figure 9E). Finally, histological analysis showed normal pancreata in C57BL/6N mice and
early CP in T7D234 mice (Figure 10A). Quantitative assessment of intact acini demonstrated no effect
of dabigatran etexilate treatment on pancreatitis severity (Figure 10B). Taken together, the results
indicate that feeding 77D234 mice with solid chow containing dabigatran etexilate did not prevent or
improve their spontaneous pancreatitis.

Discussion

In the present study, we tested the hypothesis that the recently reported therapeutic effect of dabigatran
etexilate in experimental pancreatitis of transgenic PRSS1®??H mice was due to the trypsin-inhibitory
activity of dabigatran (34). To this end, first we modeled binding of dabigatran to trypsin by homolo-
gy-based docking, then performed inhibition assays with dabigatran against a panel of human, mouse,
and bovine trypsin paralogs, followed by preclinical studies with dabigatran etexilate on mouse models of
trypsin-dependent pancreatitis. We found that dabigatran was readily docked into the substrate binding
pocket of trypsin, and it potently inhibited all trypsin isoforms tested with similar efficacy. Compared
with its parent compound, benzamidine, dabigatran showed several hundred-fold improved inhibitory
activity. The inhibition was competitive, confirming that dabigatran blocks substrate binding to trypsin.
Before the preclinical mouse studies, we confirmed that oral administration of dabigatran etexilate in
mice can produce high enough dabigatran levels in the blood to achieve trypsin inhibition. A single gavage
of dabigatran etexilate (100 mg/kg dose) resulted in peak dabigatran concentrations (~2.5 pg/mL) more
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Figure 4. Intrapancreatic trypsin and chymotrypsin activity in T7K24R mice given saline or cerulein. (A) Experimental design. C57BL/6N and T7K24R mice
(8-9 weeks of age) were treated with 8 hourly injections of saline or cerulein (arrowheads). Animals were euthanized at the indicated times (arrows), and the
pancreas was freshly homogenized and assayed, as described in Methods. (B) Trypsin activity. (C) Chymotrypsin activity. Individual data points with mean
and standard deviation are shown. The difference of means between the groups was analyzed by 1-way ANOVA with Tukey-Kramer post hoc test.

than 100-fold higher than the K, values against trypsin isoforms. However, dabigatran levels fell rapidly
under these conditions, and the inhibitory activity was almost completely lost within a few hours. When
dabigatran etexilate was introduced to mice by chronic feeding of solid chow containing the prodrug (10
mg/g dose), relatively steady plasma concentrations were achieved (~300—-400 ng/mL), which were about
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Figure 5. Effect of dabigatran etexilate on cerulein-induced pancreatitis in T7K24R mice. (A) Experimental
design. Mice were given 8 hourly injections of cerulein (arrowheads), followed by a single oral gavage of 200 mg/kg
dabigatran etexilate or vehicle administered 30 minutes after the last cerulein injection. Mice were euthanized 96
hours from the first cerulein injection. (B) Body weight at the start and end of the experiment. (C) Pancreas weight
in milligrams. (D) Pancreas weight as percentage of body weight. (E) Plasma amylase activity (4 pL assayed).
Control mice represent age-matched T7K24R mice without pancreatitis. Individual data points with mean and
standard deviation are shown. The difference of means between the groups was analyzed by 1-way ANOVA with
Tukey-Kramer post hoc test. mOD, milli-optical density.
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Figure 6. Effect of dabigatran
etexilate on pancreas histology
in cerulein-induced pancreatitis
of T7K24R mice. Mice were given
8 hourly injections of cerulein,
followed by a single oral gavage of
200 mg/kg dabigatran etexi-
late or vehicle administered 30
minutes after the last cerulein
injection. Mice were euthanized
96 hours from the first cerulein
injection. (A) Representative
pancreas sections stained with
hematoxylin-eosin from T7K24R
mice given vehicle or dabiga-
tran etexilate after the cerulein
injections. For comparison, the
normal pancreas histology of a
control T7K24R mouse is shown.
Scale bar corresponds to 100 pm.
Higher magnification pictures of
cerulein-induced pancreas pathol-
ogy in T7K24R mice are shown in
ref. 31. (B) Histological evalua-
tion of acinar cell loss. Pancreas
sections from mice given vehicle
or dabigatran were visually scored
for the presence of intact acinar
cells. Individual data points with
mean and standard deviation are
shown. The difference of means
between 2 groups was analyzed
by 2-tailed unpaired t test.

10-fold higher than the K, values against trypsins. We add, as a caveat, that we do not know how well

dabigatran penetrates the pancreas, which is the site of trypsin inhibition to prevent pancreatitis. We were

unable to measure dabigatran levels in the pancreas due to interference of pancreatic proteases with the

HEMOCLOT functional assay. It is important to note that 3 times daily administration of 100 or 200 mg
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Figure 7. Effect of orally gavaged dabigatran etexilate on spontaneous pancreatitis in T7D23A mice. (A) Experimental design. Mice (3 weeks of age)
were given 1x 100 mg/kg, 2 x 100 mg/kg, or 1 x 200 mg/kg daily dose of dabigatran etexilate by intragastric gavage for 2 weeks. Untreated T7D23A and
C57BL/6N mice served as controls. Mice were euthanized at 5 weeks of age. (B) Body weight of mice at the beginning (3 weeks) and end (5 weeks) of
the experiment. (C) Pancreas weight in milligrams. (D) Pancreas weight as percentage of body weight. (E) Plasma amylase activity at 5 weeks of age (4
uL assayed). Individual data points with mean and standard deviation are shown. The difference of means between the groups was analyzed by 1-way
ANOVA with Tukey-Kramer post hoc test.
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Figure 8. Effect of orally
gavaged dabigatran etexilate
on spontaneous pancreatitis
in T7D23A mice. Mice (3 weeks
of age) were given 1x 100 mg/
kg, 2 x 100 mg/kg, or 1 x 200
mg/kg daily dose of dabigatran
etexilate by intragastric gavage
for 2 weeks. Untreated T7023A
and C57BL/6N mice served as
controls. Mice were euthanized
at 5 weeks of age. (A) Repre-
sentative pancreas sections
stained with hematoxylin-eo-
sin from untreated C57BL/6N
and T7D23A control mice and
T7D23A mice given dabigatran
etexilate. Scale bar corresponds
to 100 um. Histological details
of the spontaneous pancre-
atitis in T7D23A mice are also
shown in ref. 29. (B) Histo-
logical evaluation of acinar

cell loss. Pancreas sections
were visually scored for the
presence of intact acinar cells.
Individual data points with
mean and standard deviation
are shown. The difference of
means between the groups was
analyzed by 1-way ANOVA with
Tukey-Kramer post hoc test.

dabigatran etexilate to human volunteers resulted in steady-state plasma levels of dabigatran of around
50 and 100 ng/mL, respectively (40). Since the common dosing of Pradaxa in clinical practice is two 150
mg capsules daily (39), the resultant dabigatran plasma concentrations are unlikely to exert significant
trypsin-inhibitory activity in the pancreas.
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Figure 9. Effect of dabigatran etexilate feeding on spontaneous pancreatitis in T7D23A mice. (A) Experimental design. C57BL/6N and T7D23A mice were
given solid chow with or without 10 mg/g dabigatran etexilate from 21 to 28 days of age. Mice were euthanized at 28 days of age. (B) Body weight at the
beginning (3 weeks) and end (4 weeks) of the experiment. (C) Pancreas weight in milligrams. (D) Pancreas weight as percentage of body weight. (E) Plasma
amylase activity (4 uL assayed). Individual data points with mean and standard deviation are shown. The difference of means between 2 groups was ana-
lyzed by 1-way ANOVA with Tukey-Kramer post hoc test. The outlier data point was excluded from the statistical calculations.
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Figure 10. Effect of dabigatran etexilate feeding on spontaneous pancreatitis in T7D23A mice. C57BL/6N and T7D23A
mice were given solid chow with or without 10 mg/g dabigatran etexilate from 21 to 28 days of age. Mice were eutha-
nized at 28 days of age. (A) Representative pancreas sections stained with hematoxylin-eosin. Scale bar corresponds to
100 um. Histological details of the spontaneous pancreatitis in T7023A mice are also shown in ref. 29. (B) Histological
evaluation of acinar cell loss. Pancreas sections were visually scored for the presence of intact acinar cells. Individual
data points with mean and standard deviation are shown. The difference of means between the groups was analyzed
by 1-way ANOVA with Tukey-Kramer post hoc test.

We tested the effect of dabigatran etexilate on trypsin-dependent pancreatitis in 2 mouse models we
recently developed. First, homozygous T7K24R mice were used (30), which are phenotypically similar to
the PRSS1??2H model (34) in that they develop progressive, CP-like pancreatitis after an acute episode of
cerulein-induced pancreatitis (31). We observed high intrapancreatic trypsin activity in cerulein-treated
T7K24R mice, suggesting that trypsin-inhibitory therapy would be beneficial. Our experiments supported
the published efficacy of dabigatran etexilate against cerulein-induced progressive CP, with the following
observations. We found that a single gavage of the prodrug given within an hour after the last cerulein
injection was sufficient for therapeutic activity. Furthermore, we observed variability with respect to the
therapeutic effect. We speculate that cerulein-induced pathological trypsin activity in the pancreas has
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to be inhibited within a short time frame before disease progression is inevitable. Efficient inhibition
depends on high enough plasma concentrations of dabigatran, which, in turn, are determined by the
technical success of the gavage and the rate of prodrug absorption. The 1-hour peak concentration of
plasma dabigatran after a single gavage of the prodrug showed significant variability (see Figure 3A),
supporting our notion that this may be the critical factor in therapeutic variability. Due to limitations
in solubility and gavage volume, we were unable to test higher dabigatran etexilate doses in this experi-
mental setting. Taken together, the observations verify the proposed therapeutic potential of dabigatran
etexilate in trypsin-dependent pancreatitis. Finally, we note that it was not feasible to pretreat mice with
dabigatran etexilate before induction of pancreatitis, because subsequent cerulein injections would cause
fatal bleeding due to the anticoagulant activity of dabigatran.

Next, we used heterozygous 77D234 mice, which is a relatively aggressive, trypsin-dependent CP mod-
el with rapid, spontaneous disease development and severe end-stage disease (29). We tested the effect of
dabigatran etexilate early in the disease course, utilizing 1-2 week treatment protocols. The prodrug was
either introduced by daily gavages or mixed with solid chow. Unexpectedly, we found no therapeutic effect
whatsoever with either method. Based on our observations with the T7K24R mice discussed above, we
believe that dabigatran concentrations we achieved in 77D234 mice were insufficient to exert a meaningful
trypsin-inhibitory effect in the pancreas. With once or twice daily gavage treatment, only the short-lived
peak levels might have been sufficiently high, while feeding solid chow mixed with the prodrug resulted
in relatively steady but much lower blood concentrations of dabigatran. We also note that 77K24R and
T7D23A4 mice carry trypsinogen mutants that exhibit 5-fold and 50-fold increased autoactivation, respec-
tively. Thus, due to the stronger biochemical and pathological phenotype, 77D23A4 mice may require higher
dabigatran levels than 77K24R mice for successful treatment of pancreatitis.

We observed potentially problematic effects of dabigatran etexilate treatment in 77D234 mice that will
require further investigation in the future. In the gavage experiments, there was a clear trend for the pancreas
atrophy to show worse parameters relative to the untreated controls. A dose dependence was also appar-
ent, with the largest effect seen with twice daily doses. Plasma amylase activities were also lower in the
drug-treated groups, in agreement with the more pronounced pancreas atrophy. While an explanation to this
observation is not readily apparent, we believe that the relatively rapid fluctuations in dabigatran levels may
be responsible for the phenomenon. The transient trypsin inhibition in the pancreas may produce a rebound
effect once dabigatran levels fall. This may also explain why plasma amylase levels of dabigatran etexilate—
treated 77K24R mice with an incomplete response were elevated (see Figure 5E). In this case, a more local-
ized rebound effect may have occurred, resulting in acinar cell damage, as judged by the amylase release.

Chronic feeding of T7D234 mice with dabigatran etexilate mixed in with chow resulted in small but
measurable increases in their pancreas weight. The pancreas weight gain also occurred with C57BL/6N
mice, indicating that this side effect was unrelated to pancreatitis treatment. The growth-stimulating effect
of trypsin inhibitor feeding on the rodent pancreas has been extensively documented (44—48), and we
believe this was the case here too. Some of the dabigatran etexilate likely was converted to dabigatran in the
gut and inhibited luminal trypsins, which, in turn, increased plasma cholecystokinin levels that had a direct
trophic effect on the pancreas. This feedback regulation may confound preclinical experiments testing oral-
ly administered trypsin inhibitors in rodents, particularly if pancreas size, weight, and function are used as
treatment outcome measures. This concern is supported by a study showing that severity of experimental
pancreatitis increased after rats and mice were fed camostat for 2 weeks (49). A similar feedback mecha-
nism of functional adaptation seems to exist in humans; however, this may not be clinically relevant (50).

The premise of our studies was that dabigatran inhibits trypsin and thereby ameliorates pancreatitis.
Although the results are consistent with this hypothesis, we cannot formally rule out other mechanis-
tic pathways that may inhibit pancreatic inflammation and/or improve pancreas regeneration. In their
seminal paper, the Ji laboratory speculated that the anticoagulant activity of dabigatran may be partly
responsible for its therapeutic effectiveness in pancreatitis (34). They presented intriguing data showing
that the factor Xa inhibitor apixaban (100 mg/kg), which is devoid of trypsin-inhibitory activity, had no
therapeutic activity whatsoever. However, when combined with camostat (200 mg/kg), it became highly
effective, while camostat alone showed only a partial effect. One possible interpretation of these results
is that anticoagulation alone has no therapeutic effect. However, it may improve tissue penetration of
the trypsin inhibitor camostat, thereby rendering it more effective. Previous studies demonstrated that
heparin improves outcomes of cerulein-induced pancreatitis in rodents, presumably by eliminating fibrin
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deposits and improving circulation and oxygenation (51, 52). Furthermore, a recently published retro-
spective clinical cohort analysis found that systemic anticoagulation is associated with decreased mor-
tality and morbidity in AP, suggesting at least some role for anticoagulation in pancreatitis therapy (53).
Finally, thrombin inhibition by dabigatran has been shown to reduce proinflammatory macrophages in
atherosclerotic lesions (54) and to improve organ fibrosis in various mouse models (55-57).

The goal of the present study was to offer proof of concept that pancreatic trypsin inhibition can have
a therapeutic effect in pancreatitis. We chose to focus on dabigatran etexilate, because this drug is already
in clinical use worldwide, is orally bioavailable, and, aside from the adverse effects related to anticoagu-
lation, has an excellent safety profile. Despite the mixed results, we view this study as strongly encourag-
ing because the observations demonstrated that benzamidine derivatives can be highly effective trypsin
inhibitors with demonstrable therapeutic efficacy. We note that future clinical trials of trypsin inhibitors in
pancreatitis should focus on PRSSI-related hereditary pancreatitis and other trypsin-mediated forms of the
disease. Furthermore, trial designs should consider that trypsin inhibition is expected to prevent or dampen
disease initiation but not severity outcomes, such as organ failure, caused by lipotoxicity (58). Finally, the
results warrant revisiting the potential therapeutic utility of other compounds with trypsin-inhibitory activ-
ity, such as gabexate, camostat, and nafamostat, in trypsin-dependent pancreatitis.

Methods

Materials. Bovine trypsin (catalog number LS003707) was purchased from Worthington Biochemical Cor-
poration and was active-site titrated with p-nitrophenyl p-guanidino-benzoate (catalog number N-8010,
MilliporeSigma) (59). Ecotin was produced and purified as reported previously (60). The concentration of
ecotin was determined by titration against active-site titrated bovine trypsin. Recombinant human pro-en-
terokinase (catalog number 1585-SE-010) was purchased from R&D Systems and was activated with
human cationic trypsin. The trypsin substrate GPR-pNA (catalog number 4000768.0100) was purchased
from Bachem Americas. Benzamidine hydrochloride (code number 401790050) was obtained from Acros
Organics (through Thermo Fisher Scientific) and dissolved in distilled water to prepare a 100 mM stock
solution, which was further diluted with distilled water to a 10 mM working solution. Dabigatran etexilate
mesylate (catalog number D100150) and dabigatran (catalog number D100090) were purchased from Toron-
to Research Chemicals. Dabigatran used for biochemical studies was dissolved in 0.1N HCl first to prepare
an 800 uM stock solution, which was further diluted with distilled water to a 10 uM working solution.

Modeling dabigatran binding to trypsin. The dabigatran chemical structure was downloaded from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/) as canonical SMILES string. The human mesotryp-
sin structure 1H4W was downloaded from PDB (42). The docking was carried out by the docking server
ClusPro LigTBM (https://ligtbm.cluspro.org/) (61). The program performed a similarity search in the
PDB database to find all trypsin structures or homologs cocrystallized with ligands similar to dabigatran
as templates. An ensemble of 1,000 initial conformations was generated for the ligand. For each template,
all conformers were aligned to the template, and only 1 conformer with the lowest root mean square devi-
ation was retained. The resulting protein-ligand structures were subjected to restrained all-atom energy
minimization using a CHARMM-based energy function (62) with a GBSA-type solvation term (Analytical
Continuum Electrostatics) to remove possible clashes and “relax” the ligand.

Expression, purification, and activation of trypsinogens. Recombinant human and mouse trypsinogens were
expressed in Escherichia coli BL21(DE3) (Invitrogen), refolded in vitro, and purified by ecotin affinity chro-
matography (Pharmacia FPLC), according to published protocols (60, 63, 64). Sulfated human trypsino-
gens were purified from archived samples of human pancreatic juice, as described previously, with minor
modifications (65, 66). Briefly, 50 mg freeze-dried pancreatic juice was dissolved in 2 mL 10 mM HCI, clar-
ified by centrifugation (21,000g, 5 minutes, 4°C), and loaded onto a MonoQ 5/50 GL column equilibrated
with 20 mM Tris-HCl (pH 8.0). Proteins were eluted with a 0-0.5 M NaCl gradient at 1 mL/min flow rate
for 30 minutes. The fractions containing the cationic and anionic trypsinogens were further purified with
ecotin affinity chromatography. The concentration of trypsinogen preparations was estimated from their
UV absorbance at 280 nM using the extinction coefficients reported previously for mouse trypsinogens
(64) and 37,525, 38,890, and 41,535/M/cm for human cationic trypsinogen (PRSS1), anionic trypsinogen
(PRSS2), and mesotrypsinogen (PRSS3), respectively. To activate trypsinogen to trypsin, approximately 1
uM solution was incubated at 37°C with 28.2 ng/mL human enterokinase (final concentration) in 0.1 M
Tris-HCI (pH 8.0), 10 mM CaCl,, and 0.05% Tween 20 for 1 hour. The activation reaction was followed
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by measuring trypsin activity: 2 uL trypsin was diluted in 48 pL assay buffer [0.1 M Tris-HCI (pH 8.0), 1
mM CaCl,, and 0.05% Tween 20], and 150 pL of 200 uM GPR-pNA trypsin substrate (in assay buffer) was
added. Substrate cleavage resulting in the release of the yellow p-nitroaniline was monitored for 1 minute in
a Spectramax Plus 384 microplate reader at 405 nm.

Active-site titration of trypsin. The concentration of trypsin solutions was determined by titration with the
trypsin inhibitor ecotin. Briefly, a 2-fold serial dilution of ecotin was prepared in 100 uL assay buffer in a
microplate, 100 uL of trypsin solution was added, and the mixture was incubated at 24°C for 30 minutes.
The final ecotin concentrations in the 200 uL volume were 0, 0.78, 1.56, 3.1, 6.25, 12.5, 25, and 50 nM,
and the final nominal trypsin concentration was 10 nM. Trypsin activity was measured after adding 5 uLL of
6 mM GPR-pNA substrate to each well, as described above. The trypsin activity was plotted as a function
of the ecotin concentration, and the true trypsin concentration was determined from the extrapolated x
intercept of the linear portion of the inhibition curve.

Enzyme kinetic measurements. Michaelis-Menten kinetic parameters of trypsin isoforms were determined
with the chromogenic substrate GPR-pNA at 24°C. The trypsin concentration was 1 nM and the substrate
concentration was varied typically between 1.56 and 200 pM in a final volume of 200 pL assay buffer. The
substrate concentration range was 3.1-400 uM for mouse trypsin isoform T7 and 0.4-50 uM for mouse
trypsin isoform T20. K and k_, values were calculated from hyperbolic fits to plots of reaction velocity
versus substrate concentration.

Measuring competitive inhibition by benzamidine and dabigatran. Trypsin isoforms were preincubated
with increasing concentrations of benzamidine or dabigatran for 15 minutes at 24°C, in 100 pL assay
buffer. Michaelis-Menten kinetic parameters were then measured after adding 100 pL trypsin substrate,
as described above. The final trypsin concentration in the assay was 1 nM, the final benzamidine concen-
trations were from 12.5 to 100 uM, and the final dabigatran concentrations were from 25 to 200 nM, as
indicated in Tables 1 and 2. To determine the K, the K values were plotted as a function of the inhibitor
concentration, and the K, was calculated by dividing the y axis intercept with the slope of the linear fit.
This value corresponds to the negative of the x axis intercept. Alternatively, the substrate saturation curves
obtained in the absence and presence of the increasing inhibitor concentrations were globally fitted to
X (x/[K T X]), where y is the reaction velocity, v___is the
maximal velocity, x is the substrate concentration, and K, = KX (1 + [I]/K), where [I] is the inhibitor
concentration. Experiments were performed 3 times and each experiment was analyzed separately. The

the competitive inhibition equation 'y = v_

ax

reported K values thus represent the mean (+ standard deviation) of 3 determinations. Kinetic analysis was
performed with the Prism 8 program (GraphPad).

Experimental animals. The generation and properties of the 77D234 and T7K24R mice carrying tryp-
sinogen mutations were described recently (29, 30). Heterozygous 77D234 and homozygous 77K24R mice
were used. Protocols for genotyping have been reported earlier (29, 30). C57BL/6N mice were purchased
from Charles River Laboratories or produced in our breeding facility from the same stock. Both male and
female mice were studied. The number of mice used in the experiments is shown in the figures.

Cerulein-induced pancreatitis in T7K24R mice. Pancreatitis was induced in 77K24R mice with 8 hourly
intraperitoneal injections of the secretagogue peptide cerulein used in a dose of 50 pg/kg. Cerulein (catalog
number C9026, MilliporeSigma) was dissolved in sterile normal saline at 10 pg/mL concentration. Mice
were sacrificed 1, 24, 48, 72, or 96 hours from the first cerulein injection, as indicated, and the pancreas and
blood were harvested. Details of histological analysis and measurement of plasma amylase (4 pL assayed)
were reported previously (29-31).

Intrapancreatic protease activity in T7K24R mice. Trypsin and chymotrypsin activities were measured from
freshly prepared pancreas extracts of C57BL/6N and T7K24R mice using our recently published protocol
(67). Activity was expressed as the rate of substrate cleavage in relative fluorescent units per second, nor-
malized to the total protein concentration in milligrams.

Dabigatran etexilate treatment of T7D23A and T7K24R mice. Mice were administered dabigatran etexilate
orally either by intragastric gavage of a 20 mg/mL solution to a final dose of 100 or 200 mg/kg using a 24
gauge, 1 inch long feeding needle (catalog number FN7900, Roboz Surgical) or by feeding with solid chow
containing the prodrug in 10 mg/g concentration, as indicated in the experimental design. With these
treatment protocols, no bleeding, morbidity, or mortality were observed. We note, however, that after
administration of dabigatran etexilate, further injections or biopsies were not possible without the risk of
significant bleeding. We also inspected hematoxylin-eosin—stained sections of liver, intestine, and kidney
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from mice treated with dabigatran etexilate or vehicle but found no signs of organ damage. Control mice
were given gavage of the vehicle solution (Captisol; see below) or regular chow.

Preparation of gavage solution and solid chow containing dabigatran etexilate. Dabigatran etexilate solu-
tion was always freshly prepared before use by dispersing 20 mg prodrug in 1 mL of 35% Captisol
solution in a bath-type sonicator (5510 DTH Ultrasonic Cleaner, Branson) for 5-10 minutes at 24°C.
Captisol (B-cyclodextrin sulfobutyl ethers, sodium salts, lot number NC-04A-180185) was obtained
from Cydex Pharmaceuticals (through Thermo Fisher Scientific) and was dissolved in sterile normal
saline (3.5 g in 10 mL). Dabigatran etexilate—containing chow was prepared using regular chow (5053
PicoLab Rodent Diet 20, LabDiet), which was pulverized with a pestle in a ceramic mortar. Solid
dabigatran etexilate mesylate (1 g) was mixed with 100 g of powdered chow (10 mg/g final prodrug
concentration), and sterile distilled water was added until the chow became malleable. The mixture was
then compressed into pellets using the barrel of a 10 mL plastic syringe and a plunger. The prodrug-con-
taining pellets were allowed to dry at 24°C for 2 days and stored at 4°C until use.

Estimation of absorbed dabigatran etexilate. The oral bioavailability of dabigatran etexilate in humans is
around 6.5%, and it is independent of dose and not influenced by food (40). Accordingly, a 100 mg/kg dose
of intragastric gavage can provide a 0.13 mg single dose of systemically absorbed dabigatran etexilate in a
20 g mouse. When dabigatran etexilate is given mixed with solid chow (10 mg prodrug/g chow), mice can
consume approximately 4 g chow over a 24-hour period. This would yield a 2.6 mg daily dose of absorbed
dabigatran etexilate.

Determination of dabigatran plasma concentration. Dabigatran in the blood plasma was quantified
using the HEMOCLOT Thrombin Inhibitors (3 X 2.5 mL) kit (catalog number CK002L-RUO, Hyphen
BioMed, purchased from Aniara Diagnostica) (68, 69). Reagents were diluted according to the man-
ufacturer’s instructions. The BIOPHEN Dabigatran Plasma Calibrator set (catalog number 2222801-
RUO, Hyphen BioMed, purchased from Aniara Diagnostica) was used to establish a calibration curve
for the clotting time as a function of plasma dabigatran concentration. Mouse blood was collected
immediately after CO, euthanasia. To achieve rapid anticoagulation, 20 pL of a 3.2% solution of
sodium citrate was pipetted into the conus of a needle before attaching it to a 1 mL syringe and col-
lecting approximately 180 pL blood by cardiac puncture. Cellular blood elements were sedimented by
centrifugation (2,000¢, 15 minutes, 4°C); the plasma was saved and further diluted with normal saline
before use (20 uL plasma was mixed with 160 pL saline). A clean microscope slide was placed on the
surface of a block heater set at 37°C. Aliquots of reagents R1 and R2 (110 pL), and the calibrators or
plasma specimen (60 pL), were pipetted onto the glass surface and preheated for 2 minutes. Reagent
R1 (100 pL) was then mixed with 50 uL of the calibrator or plasma on the slide and incubated for
1 minute before addition of reagent R2 (100 uL). Time to the appearance of the first fibrin clot was
measured. Clotting was detected by manual probing of the incubation mixture for fibrin threads with
a small pipette tip.

Statistics. Results are given as mean values * standard deviation or shown as individual data points with
the mean + standard deviation indicated. Differences between means were analyzed by unpaired 2-tailed ¢
test for 2 groups and by 1-way ANOVA for multiple groups, with Tukey-Kramer post hoc analysis for pair-
wise comparison using Prism 8 (GraphPad). Statistical significance was defined as P < 0.05.

Study approval. Animal experiments were performed at the University of California Los Angeles
(UCLA) with the approval and oversight of the Animal Research Committee, including protocol review
and postapproval monitoring. The animal care program at UCLA is managed in full compliance with
the US Animal Welfare Act, the US Department of Agriculture Animal Welfare Regulations, the US
Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011). UCLA has an approved Animal
Welfare Assurance statement (A3196-01) on file with the US Public Health Service, NIH, Office of
Laboratory Animal Welfare. UCLA is accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International.
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