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Abstract

Obijective: Increasing evidence implicates mutation-induced protein misfolding and endoplasm
reticulum (ER) stress in the pathophysiology of chronic pancreatitis (CP). The paucity of animal
models harboring genetic risk variants has hampered our understanding of how misfolded proteins
trigger CP. We previously showed that PNLIP p.T221M, a variant associated with steatorrhea

and possibly CP in humans, misfolds and elicits ER stress /n vitro suggesting proteotoxicity as a
potential disease mechanism. Our objective was to create a mouse model to determine if PNLIP
p.T221M causes CP and to define the mechanism.

Design: We created a mouse model of Pn/jp p.T221M and characterized the structural

and biochemical changes in the pancreas aged 1-12 months. We used multiple methods

including histochemistry, immunostaining, transmission electron microscopy, biochemical assays,
immunoblotting, and qPCR.

Results: We demonstrated the hallmarks of human CP in Pn/jp p.T221M homozygous mice
including progressive pancreatic atrophy, acinar cell loss, fibrosis, fatty change, immune cell
infiltration, and reduced exocrine function. Heterozygotes also developed CP albeit at a slower
rate. Immunoblot showed that pancreatic PNLIP T221M misfolded as insoluble aggregates. The
level of aggregates in homozygotes declined with age and was much lower in heterozygotes at all
ages. The Pnlipp.T221M pancreas had increased ER stress evidenced by dilated ER, increased
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Hspa5 (BiP) mRNA abundance, and a maladaptive unfolded protein response (UPR) leading to
up-regulation of Ddit3 (CHOP), NF-xB, and cell death.

Conclusion: Expression of PNLIP p.T221M in a pre-clinical mouse model results in CP caused
by ER stress and proteotoxicity of misfolded mutant PNLIP.

pancreatitis; lipase; protein misfolding; ER stress; cell death

The pancreatic acinar cell is highly specialized in the production, storage, and secretion

of large quantities of digestive enzymes?. To sustain high rates of protein synthesis

and maintain endoplasmic reticulum (ER) proteostasis, acinar cells mount a robust

response to refold or degrade misfolded proteins?. When these adaptive responses fail,
overload responses trigger maladaptive inflammatory and cell death pathways, termed
proteotoxicity3 4. Proteotoxicity underlies the pathophysiology of over 100 diseases®.
Multiple observations implicate proteotoxicity in the pathophysiology of chronic pancreatitis
(CP), an irreversible, destructive inflammatory disorder of the pancreas®. 1) During
pancreatitis, pancreatic acinar cells develop dilated ER, a hallmark of pathological ER
stress®8, 2) In experimental models of pancreatitis, ER stress and unfolded protein response
(UPR) pathways are activated®11, 3) Genetic variants in genes encoding pancreatic enzymes
such as PRSS1, CPA1, CTRC, SPINKI, and CEL result in protein misfolding, increased

ER stress, and proteotoxicity in transfected cell culture* 12-21, About 50% of adults and

75% of children with CP have genetic risk variants and most patients suffer from recurrent
episodes of acute pancreatitis (RAP) before they develop CP22 23, Thus, discrete episodes of
RAP driven by genetic risk factors result in CP. Consequently, restoring proteostasis in the
presence of misfolded proteins is an attractive therapeutic strategy to stop RAP and prevent
its progression to CP.

At least two critical knowledge gaps have impeded rational development of therapies

for CP caused by mutant protein misfolding. First, most misfolding risk variants for CP
identified thus far reside within the trypsin network, complicating the interpretation of

the underlying pathophysiology. The lack of diverse animal models limits our ability to
delineate the role of protein misfolding in genetic risk variants for CP, and to conduct
pre-clinical testing of novel therapeutics24 25, Second, we have limited understanding at a
molecular level of how accumulation of misfolded protein contributes to disease onset and
progression. Therapy development requires detailed understanding of the pathways triggered
by misfolded proteins. Hence, there is a pressing need to model CP risk variants in other
genes in animals to define the pathogenesis of pancreatitis caused by protein misfolding.

The pancreatic acinar cell produces large quantities of pancreatic triglyceride lipase
(PNLIP), which has no known interactions with trypsin. The first report of a genetic

variant in PNL/Pthat might cause disease described two brothers with homozygous PNL/IP
p.T221M. The brothers had steatorrhea and evidence of exocrine pancreatic insufficiency
(low fecal elastase level) suggesting they have CP26, We previously showed that PNLIP
T221M misfolds and elicits ER stress /in vitro suggesting proteotoxicity as a potential
disease mechanism2’. Herein, we report a new animal model harboring human PNL/P
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p.T221M in mouse Pnljp?8 27, Our aim was to determine if PNL/Pp.T221M causes

CP and, if so, to define the disease mechanism and broaden our understanding of the
pathophysiology underlying CP driven by genetic variants causing protein misfolding in
highly expressed digestive enzymes.

Expression of mouse PNLIP T221M by transient transfection in HEK293T cells was carried
out to confirm that mouse PNLIP T221M misfolds and triggers ER stress. A mouse model
Pnlip p.T221M was generated in C57BL/6N strain using CRISPR/Cas9 technology to
change the ACA codon for Thr221 to ATG encoding methionine. Founder animals were
identified by deep sequencing and confirmed by dideoxynucleotide sequencing. The first
generation of animals from founders were further verified by dideoxynucleotide sequencing
and used to expand the colonies. Pn/jp p.T221M heterozygous animals were bred, and
Pnlip p.T221M homozygous, heterozygous, and WT mice of both sexes were analyzed from
age 1-12 months. The analysis methods included histochemistry, immunohistochemistry,
immunofluorescence, transmission electron microscopy (TEM), biochemical assays, protein
immunoblot, and quantitative PCR (qPCR). The detailed description of Methods is in the
supplementary information.

Creation of the Pnlip p.T221M mouse strain

Like human PNLIP T221M, mouse PNLIP T221M expressed in transfected HEK293T

had impaired secretion and increased intracellular retention indicative of misfolding, which
triggered activation of ER stress as evidenced by elevated levels of intracellular BiP (also
known as Grp78 or Hspa5, Fig S1)27. In addition, the mutation abolished the lipase activity
of PNLIP (Fig S1). We then introduced the mutation into the Pn/jp loci of C57BL/6N mice
with CRISPR/Cas9 technology and validated the mutation by dideoxynucleotide sequencing
(Fig S2). The new mouse strain bred normally. Because the human mutation was described
in the homozygous state, we focused on Pnl/jp p.T221M homozygous mice, but also report
data on heterozygotesZ®.

Expression of PNLIP in the pancreas of Pnlip p.T221M mice

We next evaluated the trafficking of PNLIP T221M in cultured primary pancreatic acinar
cells isolated from Pnljp p.T221M homozygous mice at 5 weeks. Relative to WT controls,
the secretion of PNLIP T221M into the medium with or without cerulein was significantly
decreased when measured by immunoblot or activity assay (Fig S3A-C). The bulk of
intracellular PNLIP T221M was in the detergent-insoluble fraction (Fig S3B and C). The
decreased secretion of mouse PNLIP T221M and its intracellular retention as detergent-
insoluble aggregates is consistent with misfolding of the variant?’.

Chronic pancreatitis in the Pnlip p.T221M mice

Because CP can affect weight gain, we monitored the body weight of WT and Pn/ijp
p.T221M mice over 12 months. The body weight was indistinguishable among the
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three genotypes (Fig 1A for males and Fig S4A for females). In contrast, the weights
of pancreases isolated from Pnl/ip p.T221M homozygous or heterozygous mice were
significantly lighter than those of WT mice; the pancreases of 3 to 12 months-old
heterozygotes were intermediate size (Fig 1B for males and Fig S4B for females).

We then used multiple measures to determine if Pn/jp p.T221M animals develop CP.
Consistent with pancreatic acinar cell injury, Pn/ip p.T221M mice had significantly elevated
levels of serum amylase at all ages compared to WT controls (Fig 1C for males and Fig

SAC for females). The lower serum amylase activities in homozygotes than heterozygotes
may reflect greater loss of exocrine parenchyma. H&E staining of formalin-fixed, paraffin-
embedded pancreatic sections showed no discernable changes in WT mice regardless of age;
whereas the pancreas from homozygous and heterozygous animals showed loss of acini,
infiltration of inflammatory cells, and fatty change that increased with age (Fig 1D for males
and Fig S4D for females). Acinar-ductal metaplasia was present but not a prominent feature.
The pathology developed slower in heterozygotes. An increase in acinar cell dropout and
pancreatic histology score with age further supported the progression of disease in Pn/ip
p.T221M mice (Fig S5).

We demonstrated the presence of fibrosis in the pancreas of 6 month old Pn/ip p.T221M
homozygous mice compared to age-matched WT controls by showing a significant increase
in Masson’s trichrome staining (Fig 2A and B) and in levels of hydroxyproline content

(Fig 2C), in alpha smooth muscle actin abundance (a-SMA) (Fig 2D), and the presence of
collagen fibers in the interstitial space by TEM (Fig 2E). A significant increase in a-SMA
in the 2 month old Pnlip p.T221M pancreas confirmed activation of pancreatic stellate cells
shortly after expression of PNLIP begins (Fig 2D).

We next ascertained the presence of inflammation in the pancreas of Pn/ip p.T221M mice
at 3.5 months (Fig 3). Macrophages (F4-80 positive cells) were abundant throughout the
pancreas from Pnlip p.T221M homozygous mice. CD3+ T cells, B cells, and neutrophils
were also present in smaller numbers. These cell types were present in significantly
lesser numbers in the WT pancreas. Macrophages were also abundant in the pancreas of
heterozygous mice examined at 6 and 12 months (Fig S6).

Because nuclear factor-xB (NF-xB) is considered a master mediator of inflammation in
pancreatitis, we evaluated if the NF-xB pathway was up-regulated in the pancreas of Pnl/ijp
p.T221M homozygous mice by immunoblot and immunohistochemistry of p65, a subunit
of NF-xB complex?8-31. Both p65 and phosphorylated-p65 (p-p65) were significantly
increased in the Pnl/jp p.T221M pancreatic extracts than the WT controls by immunoblot
(Fig 4A and B). Immunohistochemistry for p65 and p-p65 both showed greater intensity of
staining in the Pn/ip p.T221M pancreas than in WT controls (Fig 4C and D). Furthermore,
both p65 and p-p65 showed increased nuclear staining in the Pnlip p.T221M pancreas
indicative of nuclear translocation of p65 3. These data demonstrate up-regulation of the
NF-xB pathway in the pancreas of Pnlip p.T221M. Altogether, our findings of pancreatic
atrophy, acinar cell loss, fibrosis, fatty change, and inflammation provide strong support for
our conclusion that Pn/jp p.T221M mice spontaneously develop CP.

Gut. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhu et al.

Page 5

Reduced pancreatic function in Pnlip p.T221M mice

One common complication of CP is impaired exocrine and endocrine pancreatic function.
To demonstrate reduced exocrine function in Pn/jp p.T221M homozygous mice, we
documented that Pn/jp p.T221M homozygous mice had normal fecal fat content when

fed regular chow but had steatorrhea when fed a high-fat diet (60% fat calories) (Fig S7).
Since our previous work suggests that mouse pancreatic lipase related protein 2 (PNLIPRP2)
can compensate for PNLIP deficiency to ensure normal fat assimilation even when fed a
high-fat diet, the steatorrhea seen in Pn/ip p.T221M suggests that PNLIPRP2 levels are also
reduced3? 33, This hypothesis is supported by our finding that pancreatic lipolytic activity in
Pnlip p.T221M mice at all age is 5-15% of WT controls (Fig 5A), which was much lower
than the activity measured in PNLIP-deficient mice (up to nearly 50% of WT controls)32.
Taken together, our data support the conclusion that steatorrhea in Pn/ip p.T221M mice

fed a high-fat diet did not result solely from functional deficiency of PNLIP, but resulted
from a combination of PNLIP deficiency and the loss of pancreatic exocrine tissue, which
decreases the amount of PNLIPRP2 available for fat digestion. We further assessed exocrine
function by measuring amylase activity in pancreatic extracts. When normalized to protein
content, the amount of amylase from the Pn/jp p. T221M pancreas was comparable to WT
levels at 1 month, but was significantly decreased at 2, 6, and 12 months (Fig 5B). When
expressed as the total activity in the pancreas, amylase activity was significantly less in
Pnlip p.T221M mice than in control animals at all ages. These findings are consistent with
exocrine pancreatic insufficiency.

CP-associated diabetes, also known as type 3c diabetes, has gained attention in recent
years34, To assess the endocrine pancreatic function of aged APn/ip p.T221M homozygous
male mice, we first conducted a glucose tolerance test after overnight fasting for 16 hours.
Neither the blood glucose dynamics nor the fasting plasma insulin levels differed between
in Pnlipp.T221M and WT mice (Fig S8A-C). Next, we closely examined the overall
appearance of islets on the H&E stained pancreatic sections. The healthy morphology of
islets was preserved in the Pn/ip p. T221M pancreas when compared to the WT control (Fig
S8D). Lastly, we conducted the immunohistochemistry staining of the pancreatic sections
for insulin. There was no difference in insulin or glucagon staining between in the Pn/ip
p.T221M mice and WT controls (Fig S8D and E). These data collectively indicate that

the endocrine pancreatic function is preserved in Pn/ip p.T221M mice despite advanced
pathological changes in the exocrine pancreas. Further study may be needed to evaluate the
endocrine pancreatic function of Pn/jp p. T221M mice when challenged with high-fat and
high-sugar diets or alcohol consumption.

Activation of trypsinogen in the pancreas of Pnlip p.T221M mice

To determine if trypsinogen was inappropriately activated to trypsin, we measured

trypsin activity in pancreatic extracts. Trypsin activity normalized to protein content was
significantly higher in the pancreas of Pn/ip p.T221M homozygous mice compared to WT
mice at 1, 2, and 6 months but not at 12 months, where pancreatic trypsin was significantly
higher in WT mice (Fig 5C). When expressed as the total amount of trypsin in the pancreas,
the levels were higher in the Pn/jp p.T221M mice at 1 and 2 months, similar at 6 months,
and higher in WT mice at 12 months.
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Localization of PNLIP in the pancreas of Pnlip p.T221M mice

To identify the cellular location of PNLIP and PNLIP T221M in pancreatic acinar cells,

we performed immunofluorescence on mouse pancreatic sections. In the pancreas from WT
mice, PNLIP was located in puncta that co-localized with staining for amylase consistent
with the presence of PNLIP in zymogen granules (Fig 6A). In contrast, staining for

PNLIP T221M was more diffuse and poorly correlated with amylase. When we co-stained
pancreatic sections for PNLIP and calreticulin, an ER marker, overlap of the two was
minimal in acinar cells from WT mice whereas there was significant overlap in acinar cells
from Pnlip p.T221M mice (Fig 6B). Taken together, the immunostaining suggests a large
fraction of PNLIP T221M was retained in the ER.

Misfolding of PNLIP in the pancreas of Pnlip p.T221M mice

To determine if PNLIP T221M misfolds and activates the UPR pathway in the pancreas,
we made detergent extracts of the pancreas at various ages and determined if mouse PNLIP
T221M formed detergent-insoluble aggregates (Fig 7A). Both PNLIP WT and T221M were
present in the detergent- soluble fraction whereas only PNLIP T221M was detectable in the
detergent-insoluble fraction (Fig 7A). The amount of aggregated PNLIP T221M decreased
with age, whereas the amount in the soluble fraction was consistently similar to WT levels
(Fig 7B). The level of detergent-insoluble PNLIP T221M aggregates was much lower

in Pnlip p.T221M heterozygotes than homozygotes, accounting for less than 1% of total
intracellular PNLIP from age 1 through 12 months (Fig S9).

Cell signaling pathways activated in the pancreas of Pnlip p.T221M mice

We next provided evidence for increased ER stress in the pancreas from Pnljp p.T221M
homozygous mice through molecular and imaging approaches. Immunoblots for BiP in
detergent-soluble and - insoluble fractions of mouse pancreatic extracts showed that BiP
was significantly decreased in the detergent-soluble fraction from Pn/ip p.T221M mice at all
ages examined except for 1 month (Fig 7A and B). In the detergent-insoluble fraction, BiP
was only detected in Pnlip p.T221M mice suggesting that BiP might be bound to aggregates
of misfolded PNLIP T221M33. In contrast to the protein results for BiP, the mRNA levels for
Hspba (BiP) were significantly up-regulated in the pancreas of Pn/ip p.T221M mice relative
to WT animals at all ages after 1 month (Fig 7C). TEM demonstrated that acinar cells from
Pnlip p.T221M mice at 6 months had dilated ER, a direct indicator of ER stress (Fig 7D).
These results are consistent with ER stress caused by misfolding of PNLIP T221M. The
size distribution of the zymogen granules skewed toward significantly smaller granules in
the Pnlipp.T221M acinar cells suggesting decreased production of digestive enzymes as
expected with the UPR (Fig S10).

In cells undergoing ER stress, a complex network of cellular signaling pathways,
collectively termed as the UPR, can be invoked to restore ER homoeostasis3® 37. To
determine if expression of PNLIP T221M triggered the UPR, we measured the levels

of components of each arm of the UPR in the pancreas from WT and Pn/jpp.T221M
homozygous mice (Fig 8). The mRNA levels of X-box binding protein 1 (XbpZ) spliced
form normalized to total Xbp1l did not differ between genotypes at any age except for

a decrease at 3 months (Fig 8A). The mRNA levels of Atf6 were upregulated in Pnlip
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p.T221M mice at all ages but 1 month suggesting this arm of the UPR is activated

(Fig 8A). The mRNA levels of two downstream components of the PERK pathway, Atf4
and Atf3, were significantly upregulated at all ages except for 1 month for At#4 (Fig

8A). Together, the data support the activation of the PERK arm of the UPR. We also
immunoblotted for total elF2a and its phosphorylated form, p-elF2a.. Protein levels of total
elF2a did not differ between genotypes at any age. The amount of p-elF2a was significantly
increased in Pnlip p.T221M mice at only 3 months but not at the other ages (Fig 8B).

The immunohistochemistry of p-elF2a showed more tense staining in the Pn/ipp.T221M
pancreatic sections than the WT controls at 3 months (Fig 8C). Lastly, the mRNA levels

of DNA damage-inducible transcript 3 (Ddiit3, also known as CHOP) were significantly
increased in the pancreas of Pn/ip p.T221M animals at all ages (Fig 8D). In sum, these
results support the hypothesis that expression of misfolded PNLIP T221M in the pancreas
overwhelms the cellular pathways that restore homeostasis during ER stress.

A major consequence of unmitigated ER stress is cell death. Thus, we examined pancreatic
sections from Pnlip p.T221M homozygous mice for evidence of cell death. H&E staining
of pancreatic sections at 3.5 months showed shrunken cells with pyknotic nuclei and cells
with pale eosinophilic cytoplasm and cytoplasmic vacuoles indicative of cell death (Fig
9A). In addition, significantly more cells in pancreatic sections from Pn/ip p.T221M mice
were positive for cleaved caspase-3 and for terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) (Fig 9B and C). Furthermore, most nuclei in the pancreas of
both genotypes stained positively for high mobility group box 1 (HMGB1). However, cells
with little or no nuclear staining and cytoplasmic staining were significantly more abundant
in the Pnlip p.T221M pancreatic section suggesting translocation of HMGBL1 from nucleus
to cytoplasm and release into the extracellular space (Fig 9D). These results support the
hypothesis that pancreatic expression of misfolded PNLIP T221M triggers a maladaptive
cell response leading to cell death and CP.

DISCUSSION

The original report of two brothers homozygous for p.T221M in PNL/P did not provide
definitive evidence that the mutation causes CP25. To test the hypothesis that PNL /P
p.T221M causes CP, we generated a knock-in animal model of human PNL/Pp.T221M in
the mouse Pnlip loci. Pnlip p.T221M mice develop a progressive phenotype of CP including
pancreatic atrophy, acinar cell loss, fatty change, fibrosis, infiltration of inflammatory cells,
and exocrine pancreatic insufficiency. The pathological changes in the pancreas were already
present at 1 month, only 2 weeks after the expression of PNLIP first appears38 3°. Pnlip
p.T221M heterozygous mice exhibit a similar phenotype, albeit the pathology progresses at
a slower rate than in the homozygotes. Our model provides the first definitive evidence that
genetic variants in PNL/P can induce CP.

Genetic variants in PNVL/P appear to be uncommon in patients with CP, but the incidence
of these variants is unknown because genetic studies have rarely included PNL/A and
commercial testing is not available for PNVL/P mutations. One study reported mutations

of PNL/Pin patients with CP40. Variants enriched in patients with CP were sensitive to
degradation by proteases indicating altered protein structure. Importantly, transfected cells
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secreted the protease-sensitive mutants efficiently suggesting that these variants do not cause
gross misfolding. Some of the other PN/L/Pvariants in subjects and controls were secreted
poorly and a subsequent report showed that the mutant proteins misfolded and induced ER
stress*L. Direct evidence that these PVL /P variants contribute to CP remains lacking.

In cultured cells, proteotoxic protein misfolding drives cellular injury mediated by PNLIP
T221M27, Because over-expression of proteins of interest in transfected cells can increase
ER stress and complicate the interpretation of these studies, we confirmed that PNLIP
T221M caused proteotoxicity in our pre-clinical model. First, we demonstrated misfolded
PNLIP T221M aggregates in cultured primary mouse acinar cells and in detergent extracts
of pancreas from both homozygous and heterozygous animals. Second, we showed that
mutant PNLIP altered its secretory trafficking and had increased retention in the ER. Third,
we documented an ER stress response characterized by dilated ER and upregulation of BiP
MRNA, activation of UPR pathways through increased A6, Atf3, and Atf4 mRNA and
up-regulated p-elF2a protein, and ultimately maladaptive pathways downstream of the ER
stress response, such as increased Ddjt3 (CHOP) mRNA, up-regulated NF-kB, increased
cell death, and decreased production of zymogens. While other cells such as infiltrating
macrophages could contribute to the mMRNA measurements, the presence of dilated ER and
increased immunostaining for NF-kB subunit p65 in acinar cells demonstrates maladaptive
responses in these cells. Although the mutation of p.T221M inactivates the lipolytic activity
of PNLIP, Pnljp-deficient mice do not have a CP-like pancreatic phenotype making it
unlikely that the lack of PNLIP activity contributes to our findings2’ 3242, Taken together,
our results implicate proteotoxicity in the pathophysiology of CP in Pnljp p.T221M mice,
which raises the possibility that misfolded variants in many other acinar cell specific genes
might increase risk for CP. Pancreatic acinar cells synthesize large amounts of about 20
digestive enzymes?*3 44, Because protein synthesis is inherently error-prone, there is a
constant flux of destabilized proteins. CP could result when mutations in any of these
zymogens increase the mass of unfolded proteins.

Paradoxically, the amount of aggregated PNLIP T221M decreased with age even as the
pathological changes in the pancreas progressed. Several explanations for this paradox can
be considered. Different populations of acinar cells may express varying levels of zymogens
including PNLIP, a concept supported by recent studies of mMRNA expression in single cells
or nuclei isolated from the pancreas*®. In this case, cells that express higher levels of PNLIP
may be less able to restore homeostasis and die earlier in the course of the disease; whereas
acinar cells expressing lower levels of PNLIP may survive longer before succumbing to

the continued stress of handling misfolded PNLIP T221M. In our hands, we did observe

a small but increased number of acinar cells undergoing cell death in Pn/ip p.T221M
homozygous mice at both 1 and 3 months. Alternatively, there may be ongoing selection

for acinar cells that are more efficient in disposing of misfolded proteins, which results in
an acinar cell population with gradually decreasing accumulation of misfolded PNLIP in
Pnlip p.T221M mice. Finally, once the inflammatory response starts, the increased cytokine
production and infiltration of inflammatory cells may continue unchecked with ongoing
injury and death of acinar cells. To test these hypotheses, future study is warranted to

utilize the powerful single-cell (-nuclei) RNA-sequencing to precisely identify cell-specific
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transcriptomic signature across different ages to dissect the disease mechanisms in our CP
model.

It is of great interest to compare our findings in the Pn/ip p.T221M model with the
findings reported in another model of spontaneous CP related to a human genetic risk
variant, Cpal p.N256K?24. In contrast to the results reported in this study, the study of the
Cpalp.N256K mice found no evidence of dilated ER in acinar cells, did not demonstrate
aggregation of CPA1, and had limited evidence for activation of maladaptive pathways.
Upregulation of Hsp5a (BiP) does not demonstrate proteotoxicity and upregulation of
Ddjt3 (CHOP) can occur through pathways unrelated to ER stress or could be present

in the infiltrating macrophages?*. In a follow-up study, knock-out of Ddjt3had no effect
on pancreatic pathology in Cpal p.N256K mice*®. Interestingly, intra-pancreatic trypsin
activity was elevated in both models, but the levels were higher in the Cpal p.N256K mice
than in the Pnlip p. T221M mice. The small increase in trypsin activity in the pancreas

of Pnlipp.T221M mice is likely the by-product of acinar cell injury or death rather than
the driving cause for CP. Nevertheless, we cannot rule out the possibility that ER stress
somehow triggers trypsin-dependent pathological mechanisms without doing additional
investigations#’. The cellular pathways activated by expression of CPA1 N256K or PNLIP
T221M may differ. The clinical phenotypes in humans suggest this may be the case.
Heterozygous CPAI p.N256K carriers develop early-onset CP with abdominal pain being
the main symptom, whereas pain was not a prominent feature in either PNL/Pp.T221M
homozygous or heterozygous carriers 18 26, In the preparation of this manuscript, another
mouse model of CP through misfolded CEL-HYB1 variant was reported independently by
our group and others. The phenotype feature of Ce/-HYBI mice is the mild focal pathology
in the pancreas*8 49. Because of these differences, the three models of CP likely will offer
complementary insights on the pathophysiology of CP.

In conclusion, we have developed a pre-clinical Pn/jp p.T221M mouse model that undergoes
spontaneous and progressive CP in the presence of misfolded PNLIP T221M, pathological
ER stress, and maladaptive cellular responses that trigger inflammatory and cell death
pathways. As such, this rare misfolded genetic variant of PNL/P can provide important
insight into molecular mechanisms common to CP genetic risk variants that are more
prevalent. Thus, the Pn/ip p.T221M mouse will be an invaluable tool to help delineate
general underlying mechanisms driving CP through mutation-induced protein misfolding
and to uncover novel therapeutic interventions targeted at mitigating proteotoxicity in CP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What isalready known on thistopic:

Emerging research suggests proteotoxicity caused by pancreatic misfolded mutant
proteins may be another major pathophysiology for chronic pancreatitis besides the
trypsin-dependent pathway. Animal models are lacking to dissect molecular mechanisms
for this subset of chronic pancreatitis.

What arethe new findings:

We demonstrated that the first mouse model harboring a genetic variant in PNL/P
develops spontaneous and progressive chronic pancreatitis.

We provided the most comprehensive evidence thus far supporting that our new mice
develop chronic pancreatitis through cellular pathways activated by mutant protein
misfolding.

We showed that the level of misfolded mutant PNLIP aggregate in the pancreas decreases
as the disease progresses with age in our model.

How this study might affect research, practice or policy:

This study reports a new pre-clinical model of chronic pancreatitis driven by a variant in
a gene that is not part of the trypsinogen-trypsin pathways already known to increase risk
for chronic pancreatitis. The model provides a tool to systematically dissect the general
role of protein misfolding in chronic pancreatitis and to test novel therapies.
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Fig 1.

The changes of the pancreas from Pn/ip p.T221M homozygous (HOM), heterozygous
(HET), and wild type (WT) male mice with age from 1-12 months. The quantification
graphs are shown as means of individual values with standard deviation at each indicated
age. A. Body weight. B. Pancreas weight. By 2-way ANOVA, there was a statistically
significant interaction between genotype and age (p<0.001). The pancreas from both HET
and HOM mice was smaller compared to the pancreas from WT mice at all ages except
for 1 month (p<0.001). The pancreas from HOM mice were statistically smaller compared
to the pancreas from HET mice at all ages except 1 month (p<0.001). C. Serum amylase.
Multiple t-tests were conducted to compare serum amylase in HOM vs WT mice and HET
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mice vs WT mice at each matched age. D. H&E stained mouse pancreatic sections. n > 10
per genotype at each age point except forn=5in D.
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Fibrogenesis in the pancreas from Pn/ip p.T221M homozygous (HOM) and wild type (WT)
mice at age 6 months. A. Masson’s trichrome staining shows widespread fibrotic change
(blue stain) in the pancreas from HOM mice. B. The quantification of fibrosis as assessed by
trichrome staining shown in A. C. Hydroxyproline content is increased in the pancreas from
HOM mice. D. Representative of immunoblots of soluble protein extraction from the mouse
pancreas at ages of 2 and 6 months against a-smooth muscle actin (a-SMA), and a-tubulin
served as an endogenous control (top panel). The quantification graph of immunoblots
(bottom panel). E. Transmission electron micrograph (TEM) of the pancreatic sections from
HOM mice shows increased collagen (Col), with ER, Mt, and ZG labeled for endoplasmic
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reticulum, mitochondria, and zymogen granules, respectively. n=3in A, B,and £,n =6 in
C;nz4inD.
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Inflammation in the pancreas of Pn/jp p.T221M homozygous (HOM) and wild type
(WT) mice at age 3.5 months. A. Immunohistochemistry stained pancreatic sections from

H

OM mice show increased immune cell infiltration (brown stain). F4-80 for macrophages,

myeloperoxidase for neutrophils, B220/CD45R for B cells, and CD3 for T cells. B. The
quantification of cells stained positive for each marker shown in A. n = 10.
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Agtivation of NF-kB pathway in the pancreas of Pnlip p.T221M homozygous (HOM) and
wild type (WT) mice at age 3 months. A. Representative immunoblot image for NF-kB
subunit p65 and its phosphorylated form, p-p65, in the soluble pancreatic protein extracts,
with a-tubulin serving as an endogenous control. B. The quantification graph for the protein
abundance of p65 and p-p65 shown in A. C. Representative image of immunohistochemistry
of mouse pancreatic sections for p65 and p-p65. D. The quantification of nuclear positive
stains for p65 and p-p65. n = 10 for Aand B, and n = 14 for Cand D.
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Pancreatic zymogen content from Pnl/jp p.T221M homozygous (HOM) and wild type (WT)
mice with age from 1-12 months. A. The activity of pancreatic lipase. B. The activity of
amylase. C. The activity of trypsin. The activity of each enzyme was normalized by protein
content. Pancreatic total activity for each enzyme was calculated for the entire pancreas. The
data are shown as Whiskers plots with individual values and the median box for the 25th to
75th percentiles. n = 3 per genotype per age point.
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Fig 6.

PI?ILIP trafficking and localization in the pancreatic acinar cells from Pnljp p.T221M
homozygous (HOM) and wild type (WT) mice at 3 months. Co-immunofluorescence
staining was performed on pancreatic sections, and Hoechst stained for nuclear. A. Co-
immunostaining of PNLIP and amylase (another digestive enzyme); B. Co-immunostaining
of PNLIP and calreticulin (an ER marker). Bar, 10 um. n = 3 per genotype.
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Fig 7.

PNLIP misfolding and ER stress in the pancreas of Pnlip p.T221M homozygous (HOM)
and wild type (WT) mice with age. A. Representative immunaoblots of PNLIP and BiP in
the detergent-soluble and - insoluble fractions of pancreatic protein extracts, and a-tubulin
served as an endogenous control for the soluble fractions. B. The quantification graphs of
immunoblot analysis of PNLIP and BiP in A. C. gPCR analysis of Hsp5a (BiP) mRNA
abundance in the mouse pancreatic RNA extracts, and Rpl13a served as a control. The
results are expressed as fold change relative to the mean of the results of age-matched

WT mice. D. Representative of transmission electron micrographs (TEM) of the mouse
pancreatic sections at 6 months shows a profound dilation of the ER in the HOM pancreas
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(8000x and 25000x). ER: endoplasmic reticulum; ZG: zymogen granule. n = 6 per genotype
per age pointin A, B, C;n=3in D.
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Age-dependent activation of the unfolded protein response (UPR) in the pancreas of Pnlip
T221M homozygous (HOM) and wild type (WT) mice. A. gPCR analysis of mMRNA
abundance of various markers of the UPR in the mouse pancreatic RNA extracts, and
Rpl13a served as controls. The makers include XpZ mRNA splicing, Atf6, Atf4, and
Alf3. B. Representative immunoblots of phosphorylated elF2a (p-elF2a) in the detergent-
soluble pancreatic protein extracts, and a-tubulin served as an endogenous control (top
panel); the quantification graph of immunoblot analysis of p-elF2a (bottom panel). C.
Immunohistochemistry of the mouse pancreatic sections for p-elF2a.. D. gPCR analysis of
mRNA abundance of Ddlit3 (CHOP) in the mouse pancreatic RNA extracts, and Rpl13a
served as controls. n = 6 per genotype per age point except forn=3in C.
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Fig9.

Ingreased cell death in the pancreas of Pn/jp p.T221M homozygous (HOM) and wild type
(WT) mice at age 3.5 months. A. H&E staining (40 x magnification) of the pancreatic
sections showing both necrotic (arrow head) and apoptotic (long arrow) cells and larger
acinar cells. B. Immunohistochemistry staining of cleaved-caspase 3 in the pancreatic
sections (brown), and the staining on the pancreatic sections at 1 month also included. C.
TUNEL staining of the pancreatic sections (brown). D. Immunohistochemistry staining of
high mobility group box 1 (HMGBL) in the pancreatic section showing increased nuclear to
cytoplasmic HMGBL transition (arrowhead). In B-D, the corresponding quantification graph
is listed on the right. n=3 in Aand n =10 in B-D.
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