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BACKGROUND AND AIMS: Pancreatic stellate cells (PSCs) are
critical mediators in chronic pancreatitis with an undefined role
in acute pancreatitis (AP). PSCs consist of a heterogenous group
of cells and are considered interchangeable with pancreatic fi-
broblasts. This study explored the heterogeneous nature of PSCs
by characterizing pancreatic collagen-expressing fibroblasts
(PCFs) via lineage tracing in mouse normal and AP pancreas and
determining the effect of PCF depletion in AP. METHODS: Tan-
dem dimer Tomato (tdTomþ) PCFs in collagen type 1 (Col1)
a2CreERtdTomato (Tom) mice receiving tamoxifen were character-
ized via fluorescence, Oil Red staining, and flow cytometry. AP
was induced by cerulein, AP injury was assessed, and tdTomþ

PCFs were monitored. The effect of PCF depletion on AP injury
was evaluated in Col1a2CreERdiphtheria toxin A mice. RESULTS:
Approximately 13% of pancreatic cells in Col1a2CreERTom mice
were labeled by tdTom (tdTomþ PCFs), which surrounded acini,
ducts, and blood vessels, and stained with Oil Red, collagen type
I, vimentin, and desmin. tdTomþ PCFs increased 2-fold during
AP, correlating with AP score, amylase, and alpha-smooth
muscle actinþ and Ki67þ staining. PCF depletion in Col1a2-
CreERdiphtheria toxin A mice receiving tamoxifen resulted in enhanced
inflammation compared to control. CONCLUSION: PCFs may
constitute a subset of PSCs and can be activated during AP. PCF
depletion aggravates AP, suggesting a protective role for PCFs.
Keywords: Pancreatic Stellate Cells; Lineage Tracing; Cell
Depletion; Mouse Model
Introduction

Acute pancreatitis (AP) is an inflammatory pancreatic
disease characterized by severe abdominal pain and

high fever. It is one of the leading gastrointestinal causes of
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hospitalization in the United States, accounting for approx-
imately 300,000 emergency room visits per year.1,2 AP ari-
ses from inciting damage to the pancreatic acinar cells,
which leads to premature activation of trypsinogen into
trypsin and results in autodigestion of pancreatic tissue.3

The most common etiologies for AP are gallstones and
ethanol.1 Although most cases self-resolve, approximately
8% of AP patients will ultimately develop chronic pancrea-
titis (CP),4 a disease characterized by extensive pancreatic
fibrosis, chronic abdominal pain, and eventual pancreatic
insufficiency.5 CP is the most common cause of type 3c dia-
betes, accounting for nearly 80% of cases.6 CP is also a signif-
icant risk factor for pancreatic ductal adenocarcinoma
(PDAC), with a nearly 8-fold increased risk of PDAC within
5 years of CP diagnosis.7 PDAC is a highly lethal cancer with
a 5-year overall survival rate of less than 10%.8 Currently,
treatment for AP and CP is limited to supportive care and
risk management.1 Therefore, a better understanding of the
mechanisms underlying AP and CP is critical for the develop-
ment of specific therapeutics to mitigate pancreatitis and pre-
vent disease progression to type 3c diabetes or PDAC.

In a normal pancreas, pancreatic stellate cells (PSCs) are
quiescent, vitamin A lipid-storing cells that comprise 4%–7%
of all pancreatic cells.9,10 PSCs are a heterogeneous group of
cells 11,12 and their origin is still a subject of speculation. PSCs
express neural markers like nestin and glial fibrillary acidic
protein and could thus be derived from neural crest cells.13

They also share significant transcriptomic and proteomic
similarity to hepatic stellate cells (HSCs), which have been
shown to originate from mesenchymal cells.14 One study
suggests that a proportion of PSCs may originate from bone
marrow,15 whereas another report indicates that PSCs could
originate from multipotent precursors in adult mouse
pancreas.16 Thus, the heterogeneity of PSCs may be partially
explained by multiple originating cell populations.

PSCs have often been considered distinct from pancreatic
fibroblasts. This categorization is based on the unique vitamin A
droplets in the cytoplasm of PSCs and their ability to transform
into a myofibroblast-like phenotype by expressing alpha-
smooth muscle actin (a-SMA) during pancreatic injury.9,10

However, PSCs and fibroblasts are also considered by some to
be interchangeable.17 This is because many of the markers
typically used to identify PSCs are nonspecific, such as glial
fibrillary acidic protein, which also detects neurons, and des-
min, a general fibroblast marker.12 Thus, the current under-
standing of the relationship betweenPSCs andfibroblasts varies
and demands further investigation.

Studies over the past 3 decades have shown that the
activation of PSCs is central to the progression of both CP and
PDAC.18 In CP, repeated pancreatic injury activates PSCs,
leading to the accumulation of an extracellular matrix (ECM)-
rich stroma that disrupts standard tissue structure and
function.12,19 This secretion of ECM, including type 1 collagen
(Col1), in injured tissue is associated with creating a fibrotic
environment, a significant component of the tumor micro-
environment that promotes carcinogenesis in PDAC.20,21

However, the role of PSCs in AP remains largely undefined,
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and the lack of consensus over specific population marker
genes poses a significant challenge to elucidating their origin
and role in AP. Exploration of PSCs in AP is warranted to
better understand their role in pathologic processes.

In this study, we explored the heterogeneous nature of
PSCs by employing Col1a2CreERTom mice as a model system
to genetically label pancreatic collagen-expressing fibroblasts
(PCFs) with tandem dimer Tomato (tdTom) and characterize
PCFs in the normal pancreas and pancreas with cerulein-
induced AP. We established the validity of this in vivo PCF
model and found that PCFs isolated from normal pancreatic
tissue stained positive for vitamin A droplets, a quiescent
marker of PSCs, positive for collagen type I and vimentin, and
partially positive for desmin. PCFs were activated and
proliferated during AP, and depletion of PCFs during AP in
Col1a2CreERDTA mice led to enhanced AP inflammation.
Thus, our results demonstrate that PCFs may comprise a
subset of PSCs with a potential protective role in AP.
Materials and Methods
Reagents

Cerulein (caerulein, CAE) was purchased from Bachem
Americas, Inc (Torrance, CA USA). Tamoxifen (TAM, Sigma-
Aldrich, St. Louis, MO USA), corn oil (ACH Food Companies, Oak-
brook Terrace, IL USA), Phadebas Amylase test tablets (Fisher
Scientific, Hampton, NH USA), peanut agglutinin (PNA)-fluores-
cein (Vector Laboratories, Newark, CAUSA), desmin (Des)-AF488,
Ki67-FITC, and a-SMA-FITC (Thermo Fisher Scientific, Fremont,
CA USA), CD31-AF488, Collagen type I (Col)-FITC, and Vimentin
(Vim)-AF647 (Abcam, Waltham, MA USA) were purchased.

Animals
All animal experiments were performed according to the

protocols approved by the Animal Welfare Committee of
UTHealth at Houston. All mice were housed in a climate-
controlled room with an ambient temperature of 23 �C and a
12:12-hour light-dark cycle. Animals were fed standard rodent
chow and given water ad libitum. Both male and female mice
(6–8 weeks old) were used. All mice were on C57BL/6 back-
ground. The respective sibling littermates were used as con-
trols. Col1a2CreER mice22 (B6.Cg-Tg(Col1a2-cre/ERT,-ALPP)
7Cpd/J, Stock #029567, Jackson Laboratory, Bar Harbor, ME
USA) were crossbred with reporter mice tdTomato (tdTom or
Tom)23(B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, Stock #
007914, Jackson Laboratory) and produced Col1a2CreERTom.
Col1a2CreER mice were crossbred with diphtheria toxin A (DTA)
mice24 (B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J, Stock #
009669, Jackson Laboratory) and produced Col1a2CreERDTA mice.
The resulting animals were genotyped following specific in-
structions from Jackson Laboratory.

AP Induction and PCF Depletion In Vivo
Col1a2CreERTom mice were administered TAM (1 mg/day,

consecutive 5 days, intraperitoneal (ip)) to induce Cre recom-
bination. The mice were euthanized 2 days after TAM in-
jections, the mouse blood, pancreata, and other organs were
harvested. For the controls, corn oil was administered to
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Col1a2CreERTom mice, or TAM was administered to tdTom
mice. For AP groups, cerulein was administered (50 mg/kg, 9
hourly injections, ip) 2–5 days after TAM injection. Phosphate-
buffered saline (PBS) was issued with the same volume and
frequency for the control groups. The mice were euthanized at
1, 24, and 48 hours after the last injection. For Col1a2CreERDTA

or sibling control mice (including DTA and Col1a2CreER), TAM
was administered (3 mg/mouse, consecutive 2 days, ip) and
was followed by administration of cerulein (50 mg/kg, 7 hourly
injections, ip) 2 days after. The mice were euthanized 17 hours
after the last injection, and the mouse blood and pancreata
were collected. The tissue samples were fixed in 10% formalin
and paraffin embedded for morphological studies, or fixed in
4% paraformaldehyde and 10% sucrose, followed by optimal
cutting temperature block preparation for frozen sectioning25

for epifluorescence or immunofluorescence (IF).

Amylase Measurement
Serum amylase levels were measured using the Phadebas

Amylase test tablets as previously described.26,27

Morphological Examination
Paraffin-embedded tissue samples were sectioned (5 mm

thick) and stained with hematoxylin and eosin. A semi-
quantitative histological scoring system of AP severity was
conducted by an experienced pathologist blinded to the sample
identity. Histopathological changes of AP were scored based on
the extent of edema, acinar necrosis, and inflammation. Edema
was scored from 0 (absent) to 4 based on the degree of
expansion of interlobular septae, interacinar septae, and inter-
cellular spaces. Acinar necrosis was scored from 0 to 4 based on
the number of necrotic cells detected per high-powered field.
Inflammation was scored from 0 to 4 based on the number of
intralobular or perivascular leukocytes per high-power field. The
resulting scores were summed to create an overall AP score.26–28

PCF Isolation, Oil Red Staining, and Epifluor-
escence Illumination

PCFs were isolated by outgrowth methods from the mouse
pancreas.10,29 The pancreatic tissue samples were minced into
1–3 cubic mm pieces in wash buffer I (Hank’s balanced salt
solution (HBSS) without Caþþ and Mgþþ, 10% fetal bovine
serum (FBS), and 0.1 mg/mL soybean trypsin inhibitor), and
then rinsed with wash buffer II (HBSS, 2% FBS, and 4% bovine
serum albumin) by centrifuging at 400g for 5 min. The pellet was
resuspended in digestive buffer (HBSS, 8% FBS, 2 mg/mL
collagenase IV, and 20 mg/mL DNase I) and incubated at 30 �C
for 15 minutes. The suspension was vortexed and filtered
through a 100 mm pore size filter and rinsed with wash buffer II,
resuspended in growth medium (DMEM, 10% FBS, and 1xpe-
nicillin-streptomycin), and seeded on collagen-coated cell culture
plates. The cells were cultured for 2–3 days and then stained
with Oil Red as described.30,31 The tdTom epifluorescence was
illuminated and captured prior to Oil Red staining.
PNA Staining and Immunostaining
Frozen tissue blocks were cut to yield 5 mm sections for

epifluorescence of tdTom, PNA-fluorescein staining (1:250), IF
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using primary antibodies of Des-AF488 (1:100), CD31-AF488
(1:100), Ki67-FITC (1:100), and a-SMA-FITC (1:250). Non-
overlapping high-power field images (5-7 images/section)
were acquired using a Nikon Tie microscope and quantified
using Nikon Elements AR 3.2 software (Nikon Instruments,
Melville, NY USA) as previously described.31

Flow Cytometry
Single-cell suspension from the pancreas was prepared and

flow cytometry assays were performed as described27,32,33

using antibodies of Des-AF488 (1:100), Col-FITC (1:100), and
Vim-AF647 (1:100).

RNA Extraction and Quantitative Polymerase
Chain Reaction

Total RNA was extracted from pancreatic tissue samples using
RNeasy Plus Universal Mini Kit (Qiagen Sciences Inc, Germantown,
MD, USA) and reversely transcribed to complementary (c)DNA
using SuperScript IV First-Strand Synthesis kit (ThermoFisher
Scientific, Waltham, MA, USA). Quantitative polymerase chain re-
action was conducted as previously described31 using TaqMan
gene expression master mix and specific gene probes for mouse
interleukin 6 (Il6) (Mm00446190_m1), cyclooxygenase-2 (Cox2)
(Mm00478374_m1), tumor necrosis factor alpha (Tnfa)
(Mm00443260_g1), and 18S (Hs99999901_s1) (ThermoFisher
Scientific). Specific signals acquired were normalized to signals
acquired from 18S.

Statistical Analysis
Data are expressed as mean � standard error (SEM). Sta-

tistical significance was determined using the Student’s t-test. P
values <.05 were considered statistically significant. All sta-
tistics were performed using GraphPad Prism, version 9
(GraphPad Software, La Jolla, CA USA).
Results
Col1a2CreERTom mouse model is a unique tool to
track collagen-expressing fibroblasts in the
pancreas and other organs

To explore the heterogenous nature of PSCs in AP, we
employed Col1a2CreERTom mice as a model system to geneti-
cally label PCFs. Col1a2CreER mice express a TAM-inducible
Cre-ER under the control of a fibroblast-specific regulatory
sequence from the proa2 (I) collagen gene.22 Col1a2CreER
mice were crossbred with a Cre reporter mouse line, tdTom, to
produce Col1a2CreERTom mice, in which the fibroblast-specific
regulatory sequence is incorporated in the reporter gene in
fibroblasts, thus allowing tracing of Col1-expressing fibroblasts.
In order to demonstrate the specificity of Col1a2-promoter-
driven labeling of PCFs, we evaluated the PCFs by quantifying
tdTom illumination in the Col1a2CreERTom mouse pancreas.
We observed that tdTomþ PCFs comprised approximately 13%
of total pancreatic cells in Col1a2CreERTom mice after TAM
injection (Figure 1A, upper right panel). In contrast, the control
corn oil-injected Col1a2CreERTom mice rarely showed tdTomþ
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Figure 1. Characterization of Col-
expressing cells in Col1a2CreERTom

mouse pancreas and other organs.
Mice received TAM or corn oil injections
and were euthanized 2 days later. The
mouse organs were harvested for
analysis. (A) Representative images of
tdTom epifluorescence and H&E in the
pancreas from Col1a2CreERTom mice
with TAM or corn oil injections, or
tdTom mice with TAM injections. Scale
bar ¼ 100 mm. (B) Representative im-
ages of fluorescence in the pancreas
from Col1a2CreERTom with TAM in-
jections. Scale bar ¼ 50 mm. (C)
Representative images of tdTom epi-
fluorescence and H&E in other organs
from Col1a2CreERTom with TAM in-
jections. Scale bar ¼ 100 mm. n ¼ 2-3
mice/group. H&E, hematoxylin and
eosin.
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cells (Figure 1A, upper left panel), and no tdTomþ cells were
detected in control tdTom mice with TAM injection (Figure 1A,
upper middle panel). These data indicate high specificity of
Col1a2CreERTom mouse model in tagging PCFs, thus validating
the model system. We observed tdTomþ PCFs distributed
around acinar, ductal, and vascular structures and stained
1005
partially positive for desmin, negative for PNA (pancreatic
acinar cell marker), and CD31 (endothelial cell marker)
(Figure 1B).

We also surveyed tdTomþ
fibroblasts in multiple vital

organs, including the colon, heart, kidney, liver, lung, and
skin. The tdTom þ fibroblasts were detected at levels
57
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ranging from remarkably high in lung (65.39 � 2.7%), skin
(51.69 � 0.6%), and colon (32.87 � 5.4%) to low in kidney
(5.43 � 0.3%), heart (4.56 � 1.9%), and liver (0.92 � 0.4%)
(Figure 1C, n ¼ 2 mice).

Taken together, these data demonstrate specific labeling
of PCFs in normal pancreas. The presence of tdTom-labeled
fibroblasts in other organs is also evident, which may be
valuable in tracking fibroblasts in other organs in normal
physiologic states as well as in disease states.

tdTomþ PCFs Constitute a Subset of PSCs
To further characterize PCFs in normal pancreas, we

utilized the outgrowth method of PCFs isolated from the
1005
mouse pancreas,10,29 and performed Oil Red staining to
detect vitamin A lipid droplets,30,31 a specific marker for
quiescent PSCs. We found that nearly all outgrowth cells
were positive for Oil Red staining, and tdTomþ cells
constituted approximately 35% of Oil Red-positive
stained cells (Figure 2A). We prepared a single-cell sus-
pension from the pancreas of Col1a2CreERTom mice and
quantified the prevalence of commonly used PSC markers
using flow cytometry. As shown in Figure 2B, 75% of
tdTomþ cells were collagenþ, 29% were desminþ, and
95% were vimentinþ. These data suggest that tdTomþ

PCFs constitute a subset of heterogeneous PSCs in the
pancreas.
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Figure 3. Increased PCFs
during AP induction in
Col1a2CreERTom mice.
Col1a2CreERTom mice
received cerulein (50 mg/kg, 9
hourly, ip) or PBS after TAM
injections and were eutha-
nized at indicated time points
after the last injection. The
sera and pancreata were
collected. (A) tdTom epifluor-
escence and quantification.
Scale bar ¼ 100 mm. (B) H&E
images and AP scores. Scale
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levels. *P < .05. n ¼ 3-4/
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tdTomþ PCFs Are Activated and Proliferate During
AP Induction

In order to trace the fate of PCFs over the disease course
of AP, we used cerulein to induce AP in Col1a2CreERTom

mice after TAM injection. Compared to the control mice, the
tdTomþ PCFs were significantly increased upon AP induc-
tion at 1- and 24-hour time points (P < .05, Figure 3A). The
increases in tdTomþ PCFs during AP induction were paral-
leled by increased AP severity scores compared to controls
(P < .05, Figure 3B). Serum amylase was also elevated at 1-
hour time point compared to controls (P < .05, Figure 3C).

To investigate the activation status of tdTomþ PCFs over
the course of AP, we performed IF staining using a-SMA, a
marker of activated, myofibroblast-like cells.11 We observed
significant increases of a-SMAþ tdTomþ PCFs in AP groups
at 24 and 48 hours after AP induction compared to PBS
control groups (P < .05, Figure 4A), indicating activation of
PCFs during AP. Furthermore, we performed IF staining
using a cell proliferation marker, Ki67, and found significant
increases of Ki67þtdTomþ PCFs in AP groups at 24 and 48
hours after AP induction compared to PBS control groups
1005
(P < .05, Figure 4B). No significant differences of a-SMA and
Ki67 staining were observed between control and AP
groups at 1 hour after AP induction. Taken together, these
data demonstrated that tdTomþ PCFs were activated,
attained a myofibroblast-like phenotype, and proliferated
over the progression of AP.

Depletion of PCFs in Col1a2CreERDTA Mice Re-
sults in Enhanced AP Inflammation

To elucidate the role of PCFs in AP, we utilized Col1a2-
CreERDTA mouse model to study the effects of PCF depletion
on AP in vivo. Col1a2CreERDTA mice were generated by in-
house crossbreeding of Col1a2CreER with diphtherial
toxin A (DTA) mice, which are genetically modified mice
expressing DTA under the control of a loxP-flanked stop
cassette24; TAM administration induces DTA expression in
Col1a2CreERDTA mice, leading to depletion of PCFs. This
study subjected Col1a2CreERDTA and control mice
(including DTA and Col1a2CreER) to TAM administration
followed by AP induction with cerulein injections. Admin-
istration of TAM with ip injections for 5 consecutive days at
57
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1 mg/mouse has been reported effective for Cre recombi-
nation in Col1a2CreER mice22 and was employed in our
current study for the Col1a2CreERTom mice. Since the
cerulein-induced AP model requires multiple ip injections
within a single day, in order to reduce the potential com-
pounding or side effects of multiple ip injections derived
from TAM, we further optimized TAM administration and
shortened the TAM ip injections to 2 consecutive days at 3
mg/day (with a similar total TAM dosage of 6 mg/mouse as
the 5 days’ regimen of 5 mg/mouse). We compared these 2
regimens and found that they yielded similar numbers of
tdTomþ cells in the pancreas, 9.48 � 1.2% (5 days at 1 mg/
mouse/day) vs 12.99 � 1.4% (2 days at 3 mg/mouse/day,
P ¼ .0847, n ¼ 2-3 mice/group). These results indicate that
the shortened TAM administration regimen is as effective as
the 5-day regimen on Cre recombination. Therefore, we
applied the shortened TAM administration regimen to
Col1a2CreERDTA in subsequent studies.
1005
We used different cerulein doses for the Col1a2-
CreERTom and Col1a2CreERDTA experimental groups
because, in line with our hypothesis that PCFs exert a pro-
tective effect in AP, their depletion was anticipated to
exacerbate AP. As shown in Figure 3B, 9 hourly cerulein
injections induced AP injury approaching the maximum ef-
fects of the cerulein at 24 hours after cerulein administra-
tion. In order to determine differences in AP severity
between Col1a2CreERDTA and control mice, we chose a
lower cerulein dose with 7 hourly injections for a submax-
imal AP injury in the control mice. We euthanized Col1a2-
CreERDTA and control mice at a single time point at 17 hours
after completion of cerulein administration. According to
the time course of cerulein-induced AP that we established
in Col1a2CreERTom mice, which showed elevated serum
amylase levels and AP scores at 1 hour and elevated AP
scores until 48 hours, at the 17 hour time point, the mouse
pancreatic AP injury may still fall within the acute phase. As
57
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Figure 5. Effects of PCF depletion on AP injury in Col1a2CreERDTA mice. Col1a2CreERDTA or control mice (sibling littermates
including DTA and Col1a2CreER mice) received cerulein (50 mg/kg, 7 hourly, ip) 2 days after TAM injection (3 mg/mouse,
consecutive 2 days, ip) and were euthanized 17 hours after the last cerulein injection. The serum and pancreata were collected.
(A) H&E images, inflammation, edema, necrosis, and overall AP scores. Scale bar ¼ 100 mm. (B) Serum amylase levels. (C) Il6,
Cox2, and Tnfa mRNA levels measured by qPCR. Data are presented as mean � SEM *P < .05, **P < .01. n ¼ 7-10 mice/
group. H&E, hematoxylin and eosin; qPCR, quantitative polymerase chain reaction.
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shown in Figure 5A, compared to the control mouse
pancreas, Col1a2CreERDTA mouse pancreas exhibited
increased inflammation score (P < .05) and marginal
increased total AP score (P ¼ .064). No significant differ-
ences of edema and necrosis scores (Figure 5A) or serum
amylase levels (Figure 5B) were observed between control
and Col1a2CreERDTA mice.

As reported, it was challenging to evaluate recombina-
tion efficiency in Col1a2CreER mice in prior studies. Kimura
et al. investigated the cell fates of collagen-expressing cells
in liver regeneration and found that the recombination ef-
ficiency for TAM-inducible Col1a2CreER/red fluorescent
protein (RFP) mice was approximately 26% based on RFPþ

cell counts per a-SMAþ cells.34 Another study by Chan et al.
found that estimation of recombination efficiency using RFP
expression tended to underestimate recombination
1005
efficiency.35 Li et al. investigated the role of Smad7 in CP by
utilizing a mouse model with Col1a2CreER with Smad7
knockout. They observed around 85% Smad7 gene
knockout from isolated pancreatic fibroblasts but could not
determine recombination frequency of Col1a2CreER allele
in vivo.36 In the current study, we found that tdTomþ cells
comprised 35% of Oil Redþ cells, as shown in Figure 2A,
which may serve as an estimate of recombination efficiency
in Col1a2CreERTom mice. These varying results indicate that
recombination efficiency is likely low in the pancreas and
liver. However, we observed remarkably high levels of
tdTomþ cells in lung, skin, and colon tissues. Whether the
organ-dependent differences of tdTomþ cells are due to the
differences in recombination efficiency or to actual differ-
ences in the number of fibroblasts warrants further vali-
dation. Another challenge to evaluating recombination
57



2025 Pancreatic fibroblasts in acute pancreatitis 9
efficiency is that there are no available specific markers for
fibroblasts. In this study, we used desmin, a commonly used
fibroblast marker, and performed IF to directly estimate
depletion efficiency of the PCFs in the same sets of
Col1a2CreERDTA and the control DTA mice under AP in-
duction as in Figure 5. We observed that desminþ signaling
in Col1a2CreERDTA mice was around 85% of the desminþ

signal detected in the control mice, estimating around 15%
depletion of the PCFs in the Col1a2CreERDTA mice.

Furthermore, we assessed Il6, Cox2, and Tnfa, which are
commonly used inflammatory markers in AP. We found that
Il6 and Cox2 mRNA levels were significantly higher in
Col1a2CreERDTA mice compared to that in control mice (P <

.05), while no significant difference was observed in Tnfa
mRNA levels (Figure 5C). These results largely corroborate
the increased AP inflammation scores in Col1a2CreERDTA

mice with depletion of PCFs. These results suggest a po-
tential protective, anti-inflammatory role of PCFs in AP.
Discussion
Studying PSCs is particularly challenging due to the

heterogeneous nature of this cell population and lack of a
universally accepted cell marker11 or specific Cre mouse
line.37 Previously, Col1a2CreER transgenic mice have been
generated in which the CreERT gene was specifically
expressed in osteoblasts and odontoblasts in bone.38 The
Col1a2CreER mouse model has been used to conditionally
knock out Smad7 gene in PSCs to study its fibrotic role in
CP.36 Col1a2CreER and Col1a2CreER/DTA mice have also
been used to evaluate the role of collagen-expressing cells in
liver regeneration and showed distinct HSC clusters, where
collagen-expressing cells within the HSCs promoted liver
regeneration.34 In this study, we employed the Col1a2-
CreERTom mouse model to conduct lineage tracing of PCFs in
normal and AP pancreas. We showed that the Col1a2-
CreERTom mouse model is capable of specifically labeling
PCFs in normal and AP pancreas. Using this tool, we found
that tdTomþ PCFs comprise 13% of total cells in normal
pancreas tissue sections. We also found that PCFs constitute
a fraction (35%) of Oil Red-positive cells isolated from
normal pancreas, suggesting PCFs are a subset of quiescent
PSCs. PCFs have varied expressions of collagen, desmin, and
vimentin, which have previously been identified as markers
of PSCs. Increased expression of a-SMA in AP indicates that
PCFs can be transformed into an activated myofibroblast-
like phenotype. Under AP induction tdTomþ cells not only
increased in number but also became enlarged as they were
activated. It has been reported that activation of PCFs re-
sults from exposure to autocrine factors as well as paracrine
factors from neighboring ductal cells, acinar cells, endothe-
lial cells, and leukocytes.39 The proliferated tdTomþ cells
seemed to localize predominantly around the ducts;
whether this pattern serves a functional role or highlights
differences in PCF responses to cerulein around ducts vs
around acini warrants further studies. Our group has
recently applied spatial transcriptomics to mouse AP tissue
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sections and identified distinct tissue clusters with differ-
entially expressed genes,40 which could be useful for future
studies to functionally characterize periductal vs periacinar
PCFs and their interactions with neighboring cells. These
data show that PCFs may form a subset of PSCs rather than
a distinct cellular category and that the Col1a2CreERTom

mouse model is a promising tool and platform for studying
PCFs in normal states.

In addition to characterizing PCFs in normal pancreas,
we also monitored PCFs in the pancreas with AP in order to
elucidate their role in the disease. We found that PCFs
increased as AP severity increased and were activated and
proliferated during the disease course. Furthermore, we
employed the Col1a2CreERDTA mouse model to explore the
function of PCFs. We showed that the depletion of PCFs
resulted in enhanced AP inflammation, suggesting that PCFs
may play a protective role in AP. This is consistent with
current hypotheses that PCFs may participate in repairing
the pancreas after an acute inflammatory episode by
providing an ECM scaffold for the restoration of acinar cells
after injury.18 These findings should prompt further inves-
tigation into the mechanistic role of PCFs in AP, which may
elucidate potential therapeutic interventions for AP.

PSCs are reported to be heterogeneous. For instance,
myofibroblastic PSCs are shown with elevated a-SMA and
produce collagen, while inflammatory PSCs express inflam-
matory markers. The 2 subtypes are spatially separated,
phenotypically reversible, but work synergistically to create
a microenvironment conducive to cancer development.41

Other identified PSC subtypes include CD10þ PSCs that
promote cancer cell invasion,42 B-cell lymphoma 2-associ-
ated athanogene 3þ or fibroblast activation proteinþ PSCs
that promote cancer cell migration and fibrosis,43,44 and
certain PSC populations that are tumor suppressor sub-
types, such as those expressing Cd271 or Meflin.45,46 Char-
acterization of various PSC subsets and their roles in
pancreatic cancer development may provide valuable in-
sights into developing targeted therapies for pancreatic
cancer. However, the involvement of different subtypes of
PSCs in pancreatitis has been under-investigated. Future
single-cell multi-omics studies into these PSC populations
will shed light on the identity and function of such cells in
the context of pancreatitis.

This study has several aspects of novelty. The detection
of vitamin A droplets in tdTomþ PCFs indicates that PCFs
may constitute a significant subtype of PSCs, contributing to
the heterogeneous components of PSCs. The activation of
PCFs during AP induction provides further evidence that
PCFs may attain a myofibroblast-like phenotype as seen in
activated PSCs. Our findings suggest a novel relationship
between PCFs and PSCs, different from current theories
suggesting they are completely distinct or interchangeable
populations. Furthermore, PCFs may play an essential pro-
tective role in AP based on our observation that PCF
depletion enhances AP inflammation.

This study also has limitations. Firstly, the lineage
tracing model using Col1a2CreERTom showed that tdTomþ
57
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PCFs comprised approximately 13% of total pancreatic cells
on pancreas tissue sections; however, much lower numbers
of tdTomþ PCFs were obtained when pancreatic cells were
isolated from the pancreas for in vitro assays. Thus, the
in vitro assays may underestimate the numbers of PCFs due
to loss during the in vitro isolation process. Additionally, this
study focuses on lineage tracing of PCFs only in the AP state
and does not capture the later complexities of the tissue
disruption that lead to CP and PDAC. Future application of
this lineage tracing model of PCFs can be extended to the
studies in CP and PDAC to investigate the longitudinal role
of PCFs in the spectrum of pancreatic disease. There are
several more severe AP models than the cerulein-induced
AP model, such as L-arginine,47,48 lipopolysaccharide,49 or
pancreatic duct ligation47,48 induced AP models. The
cerulein-induced AP model has been widely used in the
field, and we have utilized this model in our previous
studies.26,27 We therefore chose this model as the first step
in exploring the heterogeneity of pancreatic fibroblasts and
their potential role in AP. In future studies, we will employ
additional AP models, including AP models with more se-
vere lesions, in order to increase the robustness and further
this line of research investigating the role of pancreatic fi-
broblasts in AP. In addition, the PCF depletion experiment in
Col1a2CreERDTA mice on AP injury was conducted at a
single time point. Future studies with multiple time points
covering AP progression from acute onset to recovery are
desired to further define the role of PCFs in AP.
Conclusion
In conclusion, our present study indicates that the

Col1a2CreERTom mouse model is a specific and effective tool
to study PCFs in normal homeostasis and in disease states.
Based on representative markers, our data suggest that
PCFs constitute a subset of PSCs. These PCFs can be acti-
vated and proliferate during AP and may play a protective
role in AP. This study provides useful models to further
study the underlying mechanisms and identify potential
therapeutic targets for AP.
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