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Abstract

Pancreatitis is currently the leading cause of gastrointestinal hospitalizations in
the US. This condition occurs in response to abdominal injury, gallstones, chronic
alcohol consumption or, less frequently, the cause remains idiopathic. CD73 is a
cell surface ecto-5'-nucleotidase that generates extracellular adenosine, which
can contribute to resolution of inflammation by binding adenosine receptors on
infiltrating immune cells. We hypothesized genetic deletion of CD73 would result
in more severe pancreatitis due to decreased generation of extracellular adeno-
sine. CD73 knockout (CD73_/ ~) and C57BL/6 (wild type, WT) mice were used
to evaluate the progression and response of caerulein-induced acute and chronic
pancreatitis. In response to caerulein-mediated chronic or acute pancreatitis, WT
mice display resolution of pancreatitis at earlier timepoints than CD73~/~ mice.
Using immunohistochemistry and analysis of single-cell RNA-seq (scRNA-seq)
data, we determined CD73 localization in chronic pancreatitis is primarily ob-
served in mucin/ductal cell populations and immune cells. In murine pancreata
challenged with caerulein to induce acute pancreatitis, we compared CcD737 to

Abbreviations: ADM, acinar-to-ductal metaplasia; AMP, adenosine monophosphate; ATP, adenosine triphosphate; CCK, cholecystokinin; CD39,
ectonucleotidase triphosphate diphosphohydrolase-1; EEC, enteroendocrine; HPLC, high-performance liquid chromatography; THC,
immunohistochemistry; TNF, tumor necrosis factor a; NECA, 5’-N-Ethylcarboxamidoadenosine.
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1 | INTRODUCTION
Pancreatitis is an inflammatory condition of the pan-
creas characterized by severe abdominal pain and the
prevalence of acute and chronic pancreatitis is increas-
ing worldwide.! The incidence and morbidity of pan-
creatitis are increased significantly over the past few
decades and acute pancreatitis is now the leading cause
of gastrointestinal diagnosis for inpatient hospitaliza-
tions in the United States.* This condition occurs in
response to chronic alcohol consumption, gallstones,
abdominal injury, or, less frequently, the cause remains
idiopathic.® In alcohol-associated pancreatitis, alcohol
induces the aberrant intracellular activation of trypsin
within the pancreatic acini resulting in autodigestion
of the organ.* Additionally, alcohol releases the secret-
agogue cholecystokinin (CCK) from duodenal cells that
stimulates secretion of zymogen granules in pancreatic
acinar cells resulting in a profound systemic inflamma-
tory response, acinar-to-ductal metaplasia (ADM), and
fibrosis.* Animal models of acute and chronic pancreati-
tis have been developed to study mechanisms of acinar
cell responses to injury by administering supraphysio-
logical concentrations of caerulein, a CCK analog.2
Adenosine (ADO) has been recognized for decades
as an important physiologic and pharmacologic regu-
lator that signals through cell surface receptors to reg-
ulate cellular functions.”® More recently, adenosine
has been described as paracrine regulator of the tumor
microenvironment (TME) and immunosuppressive me-
tabolite elevated in a number of solid tumors including
pancreatic ductal adenocarcinoma (PDAC).”!” While
inhibitors targeting CD73 or adenosine receptors are
therapeutic targets for PDAC patients,'® under acute
or chronic inflammatory conditions, adenosine can
promote fibrosis or reduce inflammation, both critical
components of wound healing and repair necessary

WT mice and observed a significant infiltration of Ly6G+, MPO+, and Granzyme
B+ cells in CD737/~ compared to WT pancreata and we quantified a significant
increase in acinar-to-ductal metaplasia demonstrating sustained metaplasia and
inflammation in CD73~/~ mice. Using neutrophil depletion in CD737'~ mice, we
show neutrophil depletion significantly reduces metaplasia defined by CK19+
cells per field and significantly reduces acute pancreatitis. These data identify
CD73 enhancers as a potential therapeutic strategy for patients with acute and
chronic pancreatitis as adenosine generation and activation of adenosine recep-
tors is critical to resolve persistent inflammation in the pancreas.

acinar-to-ductal metaplasia, CD73, inflammation, purinergic signaling

for tissue regeneration."”*® Adenosine triphosphate
(ATP) is the primary source of energy for cellular pro-
cesses localized in the intracellular space; however, in
response to inflammation or hypoxia, ATP is released
into the extracellular space and has been shown to pro-
mote pancreatitis.?**° In the presence of ectonucleoti-
dase triphosphate diphosphohydrolase-1, NTPDasel,
(CD39), extracellular ATP is rapidly converted to ade-
nosine diphosphate (ADP) and monophosphate (AMP),
which is subsequently converted to adenosine by a cell
surface ecto-5'-nucleotidase, CD73.>1"3* Generation
of extracellular adenosine by CD73 and stimulation of
adenosine receptors are shown to promote fibrosis by
signaling through A,, and A,y receptors in the lung,
skin, and liver. In contrast, acute stimulation of the
A,y receptor restrains fibrosis in the heart through re-
duced fibroblast proliferation and decreased collagen
synthesis; however chronic A,y stimulation may pro-
mote cardiac fibrosis.**® CD73-generated adenosine
can promote resolution of inflammation by inhibiting
the inflammatory function of neutrophils by signaling at
higher concentrations via A; or A, receptors to prevent
tissue injury from prolonged inflammatory respons-
es.27323740 1y models of sepsis, agents with nucleoside
triphosphate hydrolase activity targeting CD39 reduced
platelet-leukocyte—endothelium interactions, reduced
pro-inflammatory cytokines, and prolonged survival.*!
The adenosine ENT1 transporter facilitates the uptake
of extracellular adenosine across the cell membrane and
is one mechanism to downregulate extracellular con-
centrations of adenosine.*” Repressing ENTs in the lung
has been shown to reduce inflammatory lung injury.*
Adenosine signals via G-protein coupled receptors: A,
Ajns Ayp, and A% The A, G;-coupled receptor has a
high affinity for adenosine, while the A,, and A,z G,-
coupled receptors have a lower affinity. Additionally,
A5 receptor affinity for adenosine was shown to rank
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higher than A,g; however, discrepancies in the role of A4
receptors have also been observed in the literature, pre-
senting both anti-inflammatory and pro-inflammatory
effects.***5* Therefore, at early stages of inflammation,
low local concentrations of adenosine may promote im-
mune recruitment via the A; receptor while later high
adenosine concentrations can suppress immune activity
via the A,,, Ayp, OF A receptors.**%%

Adenosine binding to adenosine receptors modu-
lates both the innate and the adaptive immune response
to hypoxia, inflammation, and tissue repair.”®> The A,,
and A,y receptors exert anti-inflammatory effects by
inhibiting neutrophil chemotaxis, attachment to vascu-
lar endothelial cells, and phagocytosis."***>*>7 In the
pancreas, A,, has been shown to protect against pan-
creatic dysfunction, islet size, and insulin context in the
context of high-fat diet-induced diabetes and obesity.>®
Inflammatory macrophages are inhibited through A,,
and A,y activation resulting in decreased production of
cytokines including IL-1f, IL-18, IL-6, and TNF-q.1%32
Additionally, CD4+ T cell activation and proliferation
and natural killer cell cytotoxic functions are inhibited
by A,, receptor activation.'* Additionally, A, enhance-
ment was reported to inhibit macrophage inflammatory
protein (MIP)-1a in a model of collagen-induced arthri-
tis,>> and two other murine studies of colitis showed
reduced inflammation and increased survival following
A, activation.”

In contrast, decreased activity of CD73 and extracel-
lular adenosine is associated with amplified activation
and chemotactic functions of immune cell popula-
tions.*? The purinergic P2X and P2Y family of receptors
are expressed on neutrophils and promote neutrophil-
mediated oxidative burst-induced tissue injury in the
presence of ATP.”

In response to injury, pancreatic acini can undergo
acinar-to-ductal metaplasia (ADM), a metaplastic event
that limits pancreatic tissue damage via a rapid decline
in zymogen production.®®"®* Experimental studies have
shown injured acinar cells activate a shift in gene ex-
pression regulated by Mistl and Ptfla to transdifferen-
tiate away from their specified cell type and function,
which consists of highly specialized cells involved in the
production and secretion of digestive enzymes, toward a
ductal phenotype.’”®> ADM trans-differentiation is also
triggered by innate and pro-inflammatory immune cells,
including neutrophils and macrophages, that infiltrate
the pancreas resulting in elevated secretion of inflam-
matory cytokines including RANTES and tumor necro-
sis factor o (TNF).** Differentiation into a cell type with
ductal characteristics demonstrates a pancreatic repair
process under strong positive selection in pancreati-
tis.?**® These mucinous populations can subsequently

seed tuft cell and enteroendocrine lineages as further
reparative mechanisms.®

2 | MATERIALS AND METHODS

2.1 | Animal model

All mouse model procedures are in compliance with
UTHealth's CLAMC Animal Welfare Committee Review
and approved on Dr. Bailey-Lundberg's AWC proto-
col. To evaluate the role of CD73 in pancreatitis, CD73
knockout (CD73_/ 7) and C57BL/6 (wild type) mice were
used. Full-body CD73KO mice were purchased from The
Jackson Laboratory strain 018986. Controls for each ex-
periment were derived from wild-type crosses. Caerulein
injections were performed for each experiment during
Spring months (March-June) 2022 and mixed genders
were equally included for all groups. In the acute pan-
creatitis model, CD73~/~ and wild-type mice were intra-
peritoneally injected on alternating flanks with 70 pg/
kg of caerulein (Sigma Aldrich 17650-98-5) 8% a day for
two consecutive days. Mice were euthanized at 1, 4, and
7 days after the last caerulein injection to evaluate ADM
abundance, inflammatory progression, and organ repair.
For the chronic model, CD73~/~ and wild-type mice were
injected intraperitoneally on alternating flanks with
250 pg/kg of caerulein (Sigma Aldrich 17650-98-5) twice
a day, 5days a week, for 2weeks. The mice were allowed
to recover for 2days after the last injection before eutha-
nasia by isoflurane overdose.

2.2 | Neutrophil depletion in vivo

CD737/~ mice were intraperitoneally administered
300 pg of anti-Ly6G antibody (clonelAS8, BioXCell, West
Lebanon, NH) at Day -2, 0, and 1day after the last caer-
ulein injection. IgG2a isotype (clone 2A3, BioXCell, West
Lebanon, NH) was used for control. Mice were euthanized
at Day 4.

2.3 | NECA in vivo

CD737'~ and wild-type mice under acute pancreatitis
protocol of eight injections per day during two consecu-
tive days (Days -1 and 0) were administered a single in-
jection of 80 ug/kg of 5’-N-Ethylcarboxamidoadenosine
(NECA) (MedChemExpress HY-103173) after the
sixth injection of caerulein on day zero. Mice were
euthanized at Day 1. NECA injection was performed
intraperitoneally.
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2.4 | Immunohistochemistry and
Imagel analysis

Tissues were fixed in zinc-buffered formalin, processed
according to standard protocols, and embedded in par-
affin. The unstained sections were baked at 60°C for
45 min. The sections were deparaffinized with Histoclear
and rehydrated stepwise. Heat-mediated antigen retrieval
was followed with a pH6 unmasking solution (Vector
Laboratories, H-3300) and a pH9 unmasking solution
(Abcam 100X Tris-EDTA). All sections were blocked for
1hin 10% FBS in PBST. Primary antibodies were used at a
1:200 dilution and incubated overnight at 4°C. Secondary
antibodies were used at a 1:500 dilution and incubated
at room temperature for 30 min. The Vectastain ABC kit
Peroxidase Standard (Vector Laboratories, PK4000) and
DAB Peroxidase (HRP) Substrate kit (Vector Laboratories,
SK-4100) were used. Human pancreatitis tissues were ob-
tained from a TMA array (US Biomax, Inc. BIC14011b),
where all tissues were fixed in 10% neutral formalin for
24-48 h, dehydrated with gradient ethanol, cleared with
xylene, and embedded in paraffin. All human tissues
from US Biomax TMA BIC14011b were collected under
HIPPA-approved protocols and approved for commercial
product development. Six independent chronic pancrea-
titis cores were analyzed for CD73 expression (Abcam,
cat. Ab133582) following the IHC protocol mentioned
above.

Image analysis was performed using ImageJ (http://
imagej.nih.gov/ij/) software and three to five representa-
tive fields per tissue were used depending on the size of
the tissue. The color threshold tool was used to determine
positive staining and ensure normalization of all samples.
Freehold selection tool was used to isolate mild and severe
pancreatitis from normal tissue. Pancreatitis areas were
defined by the presence of swelling between pancreatic
lobes, significant infiltrating immune cells, ADM cells,
and loss of normal cellular histology.

2.5 | Nucleoside purification

Pancreas tissue was collected at the end of the experi-
ment and flash frozen. At time of experiment, tissue was
homogenized in perchloric acid using a Beadbug micro-
tube homogenizer (BeadBug™, cat. SKUD1036). Pancreas
homogenates were then centrifuged at 14000rpm at 4°C
for 10min and the supernatant was collected. A Pierce™
BCA Protein Assay Kit (Thermo Scientific, cat. 23225) was
performed to determine protein concentration following
manufacturer instructions. Samples were then neutral-
ized with phenol red and KHCO3/KOH, vortexed, acidi-
fied with (NH,);PO, and H;PO,, then vortexed. Samples

were centrifuged at 14000rpm for 5min and 1 ml of su-
pernatant was collected and filtered for further analysis.

2.6 | High-performance liquid
chromatography (HPLC)

Filtered supernatants were analyzed by high-performance
liquid chromatography using the Waters Breeze 2 HPLC
System (Waters 2489 UV/Visible Detector and Waters
1525 Binary HPLC Pump). Flow rate was 1 ml/min and
100 pl per sample was injected in the column (XSElect HSS
C18 SB 5 um 4.6 x250mm) with a mobile phase 100% A
(0.02M NH,H,PO,) for 0-4 min, which then was switched
to 100% B (0.02M NH,H,PO, containing 20% methanol)
from 4 to 8 min, then stayed in 100% B from 8 to 18 min,
and finally switched back to 100% A from 18 to 20 min.
Absorbance was measured at a wavelength of 260 and
280nm, and adenosine and AMP peaks were determined
using a standard HPLC curve. Pancreas tissue adenosine
and AMP levels were normalized to lysate protein levels.

2.7 | Analysis of published single-cell
RNA sequencing datasets

Processed count matrices for scRNA-seq datasets from
Ma et al. were downloaded from the Gene Expression
Omnibus (GEO) database (accession number GSE172380).
The processed human pancreas sNuc-seq dataset from
Tosti et al. was obtained from http://singlecell.charite.de/
pancreas/.®>*® Low-quality cells were filtered on read
counts, the number of genes expressed, and the ratio of
mitochondrial reads following the thresholds described
in the respective publications. Filtered gene count matri-
ces were log-normalized, and the top 2000 variable fea-
tures were further scaled prior to dimension reduction by
PCA and being embedded in UMAP using the R package
Seurat.”’” Seurat cell clusters were labeled with major cell
types using marker genes provided by the authors.

3 | RESULTS
3.1 | CD73is expressed on ductal cells in
human chronic pancreatitis

Recent literature has described that CD73 is elevated in
PDAC epithelial cells resulting in adenosine generation
and an immune-suppressive tumor microenvironment.’ ™!
In the normal pancreas, CD73 is expressed in vascular
cells, but limited to no expression is observed in acinar or
ductal cells. In contrast, NTPdasel (CD39) is expressed in
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FIGURE 1 CD73isexpressed on ductal cells and infiltrating immune cells in human chronic pancreatitis. Single-nuclear RNA
sequencing of human chronic pancreatitis was analyzed. IHC for CD73 was performed in a TMA with six human cases of chronic
pancreatitis. (A) Single-nuclear RNA sequencing® and associated UMAP from human chronic pancreatitis. NTSE (CD73) is expressed in a
MUC5B+ ductal cell population (MUC5B+ and KRT19+ cells). (B) Human chronic pancreatitis tissue (n = 6) demonstrating positive CD73
staining in ADM cells (green arrows), ductal cells (red arrows), and infiltrating immune cells (yellow arrows). Bars represent 50 uM.
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acinar cells and blood vessels, which have ATPase activity;
yet CD39 is expressed at low levels in normal pancreatic
ducts.®®% As chronic pancreatitis is a risk factor for de-
velopment of PDAC,” and divergent roles for adenosine
have been described in inflammatory diseases, we wanted
to investigate the cell-type-specific localization of CD73 in
human and murine chronic pancreatitis and determine if

CD73 is an important determinant of pancreatitis severity.
To evaluate cellularity of CD73 expression, we analyzed
previously published single-nucleus RNA-sequencing
data (sNuc-seq) generated from two patients with chronic
pancreatitis (totaling 2726 nuclei).®> These data revealed
NT5E, the gene encoding for CD73, is highly expressed in
a MUC5B+ ductal cell population (Figure 1A). To confirm
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ductal cells expressed CD73, we used a human tissue mi-
croarray to evaluate cellularity of CD73 immunolabeling
in chronic pancreatitis. An immunohistochemistry (IHC)
stain for CD73 in 6 patient samples from human chronic
pancreatitis (Figure 1B) revealed a strong positive stain-
ing in ADM cells (green arrows), ductal cells (red arrows),
and infiltrating immune cells (yellow arrows).

3.2 | Geneticloss CD73 increases
severity of chronic pancreatitis

To determine the role of CD73 in pancreatitis, we utilized
a murine 2-week chronic pancreatitis model (Figure 2A).
Wild type and CD73~'~ mice were used for the study, and
both genotypes were subjected to a caerulein-induced
pancreatitis protocol consisting of two 250pg/kg injec-
tions per day, 5 consecutive days a week, for 2weeks. The
mice were then euthanized after a 2-day recovery period
to determine expression of CD73 in murine pancreatitis
and to evaluate if loss of CD73 resulted in any histopatho-
logic changes in the pancreas compared to wild-type pan-
creata. We determined the localization of CD73 in vivo by
CD73 IHC staining and observed a strong positive expres-
sion of CD73 on infiltrating immune cells as well as ductal
cells only in wild-type mice under chronic pancreatitis,
whereas the absence of CD73 expression was confirmed
in pancreata from the in CD73~/~ mice (Figure 2B, Top
panels, black arrows).

To evaluate tissue injury and pathology in the context
of chronic caerulein treatment, we used Hematoxylin
& Eosin (H&E) to stain wild-type and CD73'~ mice
(Figure 2B, Bottom panels). For comparison, severe pan-
creatitis was quantified and defined as the presence of
significant infiltrating immune cells, ADM cells, and loss
of normal cellular histology. Under caerulein-mediated
chronic pancreatitis conditions, CD73~'~ mice displayed
significantly increased severe pancreatitis area per field
(p<.001) (Figure 2C) suggesting the loss of extracellular
adenosine generation exacerbates and sustains tissue in-
jury as well as inhibits tissue regeneration.

FASEBJOJRM\L

As we observed such a prominent difference in pancre-
atic injury in wild type compared to CD73~'~ mice after
chronic injection of caerulein, we wanted to evaluate the
cellular expression of CD73, CD39, and ENT1 in caerulein-
mediated murine chronic pancreatitis. We analyzed
single-cell RNA sequencing data from a chronic caerulein-
mediated mouse model recently published by Ma et al.
encompassing ~21140 cells from four mice.®® The results
demonstrated the enzyme CD39, responsible for catalyz-
ing the conversion of ATP to ADP and AMP, is highly
expressed on macrophages, pericytes, endothelial cells,
and acinar cells (Figure 2D); whereas, similar to what we
identified in human chronic pancreatitis, CD73 is highly
expressed in a mucin/ductal cell population as well as in T
cells, macrophages, and B cells (Figure 2E). Additionally,
we observed the ENT1 adenosine transporter that facili-
tates the movement of extracellular adenosine across the
cell membrane is highly expressed in macrophages, fibro-
blasts, pericytes, enteroendocrine cells, endothelial cells,
and ductal-like cells (Figure 2F). Lastly, given its role in
chronic pancreatitis and fibrotic developrnent,71 the ex-
pression of aSMA, a common marker of activated stellate
cells, was studied. Single-cell RNA sequencing analysis
showed Acta2, the gene encoding for aSMA, expression
mainly in pericytes, mucin-ductal, and fibroblast cells
during chronic pancreatitis (Figure 2G); however, when
analyzed by IHC (Figure 2H) in both WT and cD737/~
mice, aSMA protein expression was not detected in fibro-
blasts; however, aSMA expression was clearly observed in
small vessels (black arrows) and mucin-ductal structures
(yellow arrow), suggesting little or undetected activation of
stellate cells in this experimental mouse model of chronic
pancreatitis by the above-mentioned technique.

3.3 | Purinergic signaling modulates
response to acute pancreatitis

As we observed such a significant difference in pancrea-
titis area in the chronic pancreatitis model, we wanted to
evaluate the role of CD73 in a caerulein-mediated acute

FIGURE 2 Genetic loss of CD73 increases severity of chronic pancreatitis. An in vivo model of chronic pancreatitis was performed in

WT and CD73~'~ mice. Histopathology and purinergic enzymes and stellate cell marker expression were analyzed. (A) Experimental design
for the chronic pancreatitis model in vivo. (B) THC stain for CD73 in WT and CD73~/~ mice demonstrating positive staining on infiltrating

immune cells as well as ductal cells only in WT mice (Top panel, black arrows). H&E stain of chronic pancreatitis in WT and CD73

~/~ mice

(Bottom panel). (C) ImageJ quantification of severe chronic pancreatitis revealed significantly increased severe pancreatitis area cD737/~
mice compared to WT. Data were analyzed by Student's ¢ test. (D-F) Single-cell RNA sequencing and associated UMAP from a chronic
pancreatitis mouse model at 2 and 4 weeks® showed Entpd1/CD39 is highly expressed in acinar cells and macrophages (D), Nt5¢/CD73 is
highly expressed in mucin/ductal cell populations (E), Slc29a1/ENT1 adenosine transporter is highly expressed in ductal-like, endothelial,

EEC cell populations and macrophages (F) and (G) Acta2/aSMA is expressed mainly by pericytes, mucin-ductal, and fibroblast cells.
(H) IHC showing detectable aSMA expression in small vessels (black arrows) and duct-like structures (yellow arrows) but undetected in
fibroblast cells in both WT and CD73~~ mice. Scale bars 500 pm. Error bars, SEM. ***p<.001.
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pancreatitis model, which allows for histologic visualiza-
tion of pancreatic repair over a time frame of 7 days after
acute injury.”> Wild type and CD737'~ mice were used
for the study and underwent a caerulein-induced acute
pancreatitis protocol which consisted of eight injections
of 70pug/kg caerulein per day for two consecutive days

Day 1

CD39/Hematoxylin
cD737/

T

(Figure 3A). Mice were then euthanized at 1, 4, and 7 days
after the last caerulein injection to evaluate the timing of
AMP and adenosine generation, which were also com-
pared to chronic exposure to caerulein levels. Under acute
pancreatitis, high-performance liquid chromatography
(HPLC) revealed AMP levels acutely decrease from Day
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FIGURE 3 Purinergic signaling modulates response to acute pancreatitis. AMP and ADO levels were analyzed by HPLC from
pancreatic tissues for AMP in WT mice at Days 1 (n = 4), 4 (n = 4), 7 (n = 3) and chronic model (n = 5) and CD73~~ mice at Days 1 (n=>5),
4 (n=4),7 (n=4), and chronic model (n = 5). CD39 and CD73 expressions were analyzed by IHC. (A) Experimental design for the acute
pancreatitis model in vivo. (B) AMP levels acutely decrease from Day 1 to Day 4 and increase from Day 4 to Day 7 in WT mice; in contrast, in
CD737'~ mice these levels increase from Day 1 to Day 4 and decrease from Day 4 to Day 7. Chronic exposure to caerulein showed increased
AMP levels in CD73™/~ mice. (C) ADO levels increased in WT mice between Day 1 and Day 4, followed by a decrease between Day 4 and
Day 7; however, no significant variations were observed in CD73™/~ mice. Chronic exposure to caerulein showed decreased ADO levels
when compared with WT group. D1 and D4 were compared with Student's ¢ test. (D) CD73 at Day 4 revealed positive staining on infiltrating
immune cells (yellow arrows) in the WT only. (E) ImageJ quantification of CD39 showed decreased expression between Day 1 and Day 4

in WT mice and increased in CD73™/~ murine pancreata. Additionally, at Day 4 a significant increase in CD39 expression was observed in
CcD737/~ compared to the WT pancreata. (F) IHC stain for CD39 in WT and CD73™/~ mice at Day 1 and 4. Data were analyzed by two-way
ANOVA. Error bars, SEM. *p<.05; **p<.01; ***p<.001; ****p <.0001; n.s., not significant. Scale bars 50 pm.

1 to Day 4, and increase from Day 4 to Day 7 in wild-type
mice; in contrast, in CD73~'~ mice these levels increase
from Day 1 to Day 4 and decrease from Day 4 to Day 7,
suggesting a transient accumulation of AMP in the context
of no CD73 activity (Figure 3B). In wild-type mice, acute
pancreatitis showed AMP variations that were accompa-
nied by a significant increase in ADO levels between Day
1 and Day 4, followed by a decrease between Day 4 and
Day 7; however, no significant variations were observed
in CD737'~ mice (Figure 3C). Chronic exposure to caer-
ulein showed increased AMP levels in CD73~/~ mice but
decreased ADO levels when compared with wild-type
pancreata.

ADO levels were significantly elevated at Day 4 during
acute pancreatitis so we wanted to determine the localiza-
tion of CD73 at Day 4. IHC showed CD73 expression in
infiltrating immune cells as well as ductal cells (Figure 3D,
yellow arrows) in wild-type mice. CD73 staining was also
performed on CD73~'~ mice to confirm the genotype, which
correctly demonstrated negative staining of the tissue.

To compare the initial modulation in nucleotide gen-
eration under acute conditions in wild-type and cD737~
mice, an THC antibody stain for CD39 was performed at
Day 1 and Day 4. CD39 expression decreased between Day
1 and Day 4 in wild-type mice and increased in CcD737/~
murine pancreata (Figure 3E,F). Additionally, at Day 4 a
significant increase in CD39 expression was observed in
cD737/~ compared to the wild-type pancreata. These data
support the HPLC data that CD737/~ mice are experienc-
ing enhanced nucleotide or purinergic signaling at Day
4, which may be a major determinant of sustained tissue
injury in CD73~'~ mice, while the wild-type mice utilize
CD73 to convert AMP to adenosine.

3.4 | Genetic loss of CD73 promotes
metaplasia in acute pancreatitis

In order to better comprehend the initial tissue injury
response and resolution in the acute pancreatitis model,
we evaluated immune infiltration and metaplasia.

To correlate tissue injury to the amount of ADM cells
present, an THC antibody stain for Cytokeratin-19, a
marker for ductal cells, was performed in wild-type and
CD73~'~ mice at Day 1 and Day 4 (Figure 4A). At Day
1, the number of ductal cells per field between experi-
mental groups was similar, indicating comparable ini-
tial tissue injury and metaplasia (p = n.s.) (Figure 4B).
However, at Day 4, CD737/~ mice displayed a signifi-
cant increase in the amount of Cytokeratin-19+ areas
per field, indicating a significant increase in metaplas-
tic ducts and ADM, compared to wild-type pancreata
(p<.001). Interestingly, from Day 1 to Day 4 there was
a significant increase in Cytokeratin-19+ cells in both
wild-type mice (p<.01) and CD737/~ mice (p<.0001)
(Figure 4B). These findings indicate the ADM process is
a reparative mechanism concurrent with peak pancre-
atic adenosine generation.

To evaluate severity of pancreatitis at Day 4 and Day
7, an H&E stain was performed in wild type and cD737/~
mice at Day 1, 4, and 7. At Day 1, both experimental
groups showed increased fluid between the pancreatic
lobes and acinar cells, a similar presence of ADM cells,
and infiltrating immune cells (Figure 4C,D). At Day 4,
wild-type mice demonstrated a return to normal histol-
ogy characterized by the disappearance of ADM cells and
infiltrating immune cells and reduction in excess fluid,
while CD73™'~ mice showed significantly increased resid-
ual pancreatitis areas (p <.0001). Lastly, at Day 7 both ex-
perimental groups demonstrated near-complete return to
normal histology with no significant difference between
them (p = n.s.). These data suggest CD73~'~ mice exhibit
sustained tissue injury and require more time for tissue
regeneration compared to the wild-type mice.

3.5 | Loss of adenosine increases
immune infiltration in acute pancreatitis

To evaluate mediators of sustained inflammation in
the CD737/~ mice, we used THC to stain for Granzyme
B, Myeloperoxidase (MPO) and NIMPR14, a
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FIGURE 4 Geneticloss of CD73 promotes metaplasia in acute pancreatitis. Metaplasia was studied by Cytokeratin 19 IHC staining in WT
and CD73™/~ mice at Days 1 and 4. Pancreatitis area was evaluated in WT mice at Days 1 (n = 12) and 4 (n = 14) and in CD73™/~ mice at Days 1
(n=12)and 4 (n = 21). (A) THC stain for Cytokeratin-19 in WT and CD73™/~ mice at Days 1 and 4. (B) ImageJ quantification of Cytokeratin-19-
positive areas per field a significant increase from Day 1 to Day 4 in both genotypes. Additionally, at Day 4, the presence of Cytokeratin-19+ cells
was significantly increased in CD73~~ mice compared to WT. Student’s ¢ test was used to compare WT timepoints. (C) ImageJ quantification of
acute pancreatitis revealed increased persistent pancreatitis in CD73 ™~ mice compared to WT. By Day 7, both genotypes demonstrated similar

histology with no significant difference in pancreatitis. (D) H&E stain of acute pancreatitis in wild type and CD73

~/~ mice at Days 1, 4, and 7. Data

were analyzed by two-way ANOVA. Error bars, SEM. **p <.01; ***p <.001; ****p <.0001; n.s., not significant. Scale bars 50 pm.
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neutrophil marker. IHC experiments were performed
in wild-type and CD737/~ mice at Day 1 and Day 4. At
Day 1, the number of Granzyme B+ cells was similar
between experimental groups (p = n.s.) (Figure 5A,D).
However, at Day 4 CD73~'~ mice demonstrated signif-
icantly increased Granzyme B+ cells compared to the
wild-type mice (p <.0001). Additionally, from Day 1
to Day 4 there was a significant increase in Granzyme
B+ cells in CD737/~ mice (p<.05) and a significant
decrease in the wild type (p <.05). These data suggest
Granzyme B expressing cells are a major determinant
of pancreatitis severity in the absence of extracellular
adenosine.

To determine the innate immune system'’s role in ini-
tial tissue injury and resolution, an THC stain for MPO,
a marker for inflammatory neutrophils, was performed
in wild-type and CD73”/~ mice at Day 1 and Day 4
(Figure 5B,E). From Day 1 to Day 4 there was a significant
decrease in MPO+ cells in both wild-type and CcD737/~
mice (p <.05). Interestingly, CD737'~ mice demonstrated
a significantly increased amount of MPO+ cells per field
compared to the wild-type mice at both Day 1 and Day
4 measurements (p<.01; p<.001, respectively), suggest-
ing the absence of extracellular adenosine in CcD737/~
mice promotes early tissue injury via innate immune cell
infiltration.

Due to the potent induction of the innate immune
system at Day 1 as shown in the MPO THC, we decided
to specifically evaluate neutrophil activity. An THC stain
for NIMPR-14, a marker for Ly6G+ and Ly6C+ neutro-
phils, was performed in wild-type and CD737'~ mice at
Day 1 and Day 4 (Figure 5C,F). At Day 1, the number of
neutrophils per field was similar between experimen-
tal groups (p = n.s.); however, at Day 4 CD73~'~ mice
demonstrated significantly increased neutrophils per
field compared to the wild-type (p <.0001). From Day
1 to Day 4 there was a significant decrease in neutro-
phils in wild-type mice (p <.01); while no difference
was observed in neutrophil abundance in the CcD737/~
(p = n.s.). These results suggest that the sustained tis-
sue injury seen in CD737'~ mice at Day 4 is primarily
due to the continued induction and activation of neu-
trophils in the absence of extracellular adenosine and
possibly due to heightened ATP or AMP-dependent pu-
rinergic signaling.

3.6 | Adenosine restrains neutrophil-
mediated tissue injury

To confirm that adenosine generation promoted
neutrophil-mediated tissue injury, we modified the
caerulein-induced acute pancreatitis model by treating

CD737/~ mice with a Ly6G neutrophil depletion anti-
body or vehicle (Figure 6A) and euthanized the mice
at Day 4 post last caerulein injection. To confirm neu-
trophil depletion, an IHC stain for NIMPR-14 was
performed which demonstrated the presence of neutro-
phils in the vehicle-treated and the absence of neutro-
phils in pancreata from the neutrophil-depleted mice
(Figure 6B). We performed an H&E stain to assess tis-
sue injury, and found that at Day 4, neutrophil-depleted
CD737/~ mice demonstrated significantly less pan-
creatitis per field compared to vehicle-treated (p <.05)
(Figure 6C,D), indicating enhanced neutrophil activity
from loss of CD73 dependent adenosine generation pro-
motes sustained inflammation.

To determine if neutrophil-depletion could pre-
vent metaplasia in acute pancreatitis, an IHC stain for
Cytokeratin-19 was performed in vehicle-treated and
neutrophil-depleted CD737/~ mice at Day 4, which
showed vehicle-treated mice, compared to neutrophil-
depleted mice, present significantly increased amounts
of metaplasia per field, suggesting the absence of neutro-
phils restrains metaplasia in acute pancreatitis (p <.05)
(Figure 6E,F).

3.7 | Enhanced adenosine receptor
activation reduces caerulein-induced
acute metaplasia

To determine if enhanced adenosine receptor activa-
tion would reduce tissue injury and metaplasia, wild-
type and CD737'~ mice were administered NECA, a
high-affinity adenosine receptor enhancer, in an acute
pancreatitis model (Figure 7A). We assessed tissue in-
jury in H&E staining and found CD737~ mice dem-
onstrate significantly less pancreatitis area per field
compared to their caerulein-only-treated genotype
comparison (p<.01) (Figure 7B,C). To evaluate the
effect of enhanced adenosine signaling on metaplasia
pancreatitis area, an ITHC stain for Cytokeratin-19 was
conducted to investigate the amount of metaplastic
ductal cells present at Day 1 in NECA-treated wild-type
and CD73~/~ mice. Our analysis revealed NECA-treated
CD737'~ mice present significantly decreased amount
of metaplasia compared to the caerulein-only-treated
CD737'~ mice (p <.05) (Figure 7D,E). In contrast, there
were similar levels of Cytokeratin-19-positive cells in
NECA-treated and caerulein-only-treated wild-type
mice at Day 1 (p = n.s.), suggesting that the most signif-
icant therapeutic effect was seen in animals that were
previously adenosine depleted. Similarly, when MPO
protein expression was evaluated by IHC (Figure 7F,G),
we observed increased levels in CD737/~ pancreata
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FIGURE 5 Loss of adenosine increases immune infiltration in acute pancreatitis. Immune cell infiltration was analyzed by IHC in WT
and CD73™/~ mice at days 1 and 4. (A) ImageJ quantification of Granzyme B+ cells per field, a marker for T-cells and Natural Killer cells,
was increased only in CD73~/~ mice at D4 when compared with D1 and WT D4 measurements. WT mice presented decreased Granzyme B+
cells at D4 compared to D1. Student's ¢ test was used to analyze WT timepoints. (B) ImageJ quantification of MPO+ cells per field showed

a decrease from D1 to D4 in both genotypes. Additionally, CD73~/~ mice presented increased MPO-positive cells at both timepoints when
compared with WT mice. (C) Image] quantification of NIMPR-14+ cells showed significantly increased staining in CD73~'~ mice when
compared with WT. In WT mice, levels decreased from D1 to D4. Student's ¢ test was used to analyze WT timepoints. Representative images
for Granzyme B (D), MPO (E), and NIMPR14 (F) IHC staining. Data were analyzed by two-way ANOVA. Error bars, SEM. *p<.05; **p<.01;
**¥p <.001; ****p<.0001; n.s., not significant. Scale bars 50 pm.
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FIGURE 6 Genetic loss of adenosine generation by CD73 increases neutrophil-mediated oxidative stress-induced tissue injury. A

neutrophil depletion in vivo experiment was performed in WT and CD73

~/~ mice subjected to acute pancreatitis. Mice were euthanized at

Day 4. Pancreatitis and cytokeratin 19 areas were assessed by histopathology and IHC. (A) Experimental design for the neutrophil-depleted
acute pancreatitis model in vivo. (B) IHC stain for NIMPR-14 was performed in vehicle-treated and neutrophil-depleted CD73™'~ mice at
Day 4 to confirm depletion. (C) ImageJ quantification at day 4 revealed decreased pancreatitis area per field in neutrophil-depleted mice
compared to vehicle-treated. (D) H&E stain in neutrophil-depleted acute pancreatitis mice model at Day 4. (E) ImageJ quantification of
Cytokeratin-19-positive areas per showed decreased levels in neutrophil-depleted mice compared to vehicle-treated. (F) IHC stain for
Cytokeratin-19 in neutrophil-depleted acute pancreatitis mice model at Day 4. Data were analyzed by Student's ¢ test. Error bars, SEM.

*p<.05. Scale bars 50 pm.

compared to WT mice after caerulein-only treatment;
however, NECA administration promoted a markedly
decrease in MPO levels in CD737/~ pancreata when
compared with caerulein-only CD737/~ treated mice
only, suggesting both neutrophils and MPO secretion
may participate in the metaplastic process during an
acute pancreatitis setting.

4 | DISCUSSION

Acinar and ductal cells comprise the exocrine compo-
nent of pancreatic parenchymal function. Acinar cells
are highly specialized cells characterized by zymogen
granules and abundant rough endoplasmic reticulum.
Acinar cells are responsible for synthesizing, storing, and
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FIGURE 7 Enhanced adenosine receptor activation reduces inflammation after acute caerulein treatment. An acute pancreatitis in
vivo experiment was performed in CD73~/~ mice treated with NECA or vehicle. Pancreatitis and Cytokeratin 19+ areas were assessed by
histopathology and THC. (A) Experimental design for the NECA-treated acute pancreatitis model in vivo. (B) ImageJ quantification of
pancreatitis per field revealed NECA-treated CD73™/~ presented less pancreatitis area than vehicle-treated mice after acute pancreatitis
induction. (C) H&E stain of VEH and NECA-treated WT and CD73 ™/~ mice at Day 1 in the acute pancreatitis model. (D) ImageJ
quantification of Cytokeratin-19-positive areas per field showed increased metaplastic ductal cells per field in caerulein-only-treated
CD737/~ mice compared to NECA-treated. (E) IHC stain for Cytokeratin-19 in VEH- and NECA-treated WT and CD73™/~ mice at Day 1. (F)
ImageJ quantification of MPO-positive cells per field showed increased levels in cerulean-only treated CD737/~ mice compared to WT mice.
Additionally, NECA treatment significantly reduced MPO-positive cells only in CD737/~ mice. (G) IHC stain for MPO in VEH and NECA-
treated WT and CD73 ™/~ mice at Day 1. Data were analyzed by two-way ANOVA. Error bars, SEM. *p<.05; **p<.01; n.s., not significant.
Scale bars 50 pm.

secreting digestive enzymes including amylase, lipase, intestinal mucosa.”*”* The main function of the pancre-
peptidase, and nucleases. In addition, acinar cells are the atic ducts is to carry fluid containing digestive enzymes
major source of trypsinogen, a component of pancreatic secreted from acinar cells. Ductal cells are a major source
juice that is cleaved to trypsin by enteropeptidases in the  of sodium bicarbonate (NaHCO;) rich fluid which flushes
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out and neutralizes pH from digestive enzymes.” In pan-
creatitis, the ductal epithelium does not appropriately
regulate pH and more neutral pH or acidic pH is gener-
ated, causing obstruction and dilation of the duct lumen.”®
The ductal system is intricate, with many small peripheral
ducts all channeling to the main pancreatic duct. When
gallstones, calcification or intraductal lesions block the
exocrine component of the pancreas, patients develop
pain and inflammation as there is an abnormal release
of digestive enzymes, which can contribute to pancreatic
fibrosis, calcification, and downstream pathophysiology.
Neutrophil infiltration is one of the first pathogenic re-
sponses in early phases of pancreatitis’’ and neutrophil ac-
cumulation is thought to prematurely activate trypsinogen
release and aid in progression from acute to severe acute
and chronic pancreatitis through production of reactive ox-
ygen species (ROS) and hydrolases (reviewed in Ref. [77]).
Neutrophil depletion significantly reduces serum amylase
and reduces pancreatic injury in models of severe acute
pancreatitis.”** The coordinated role of innate immune
cells, including macrophages, and intrapancreatic cy-
tokines and chemokines in pancreatic injury is important
for resolution of injury and restoration of organ function.

In this manuscript, we describe that ductal cells and
possibly subsets of ADM can express CD73 in the con-
text of caerulein-mediated acute or chronic pancreatitis.
Through analysis of published single nuclear or single-
cell RNA-seq datasets and immunohistochemistry, we
show ductal cells and immune cells within interstitial
spaces that express CD73 and we demonstrate acinar-to-
ductal metaplasia may be a CD73-mediated reparative
process in the pancreas. We show CD73 promotes adenos-
ine generation, a critical nucleoside to resolve tissue in-
jury in response to pancreatitis, and suggest the increased
acinar-to-ductal metaplastic cells seen in CD737~ mice
during acute pancreatitis may arise as an attempted tissue
repair process. Under chronic conditions, we observed the
expression of CD39 in vivo on macrophages which may
indicate that the innate immune system is contributing to
sustained injury, while the relatively high expression of
CD73 in vivo on immune cells including T cells may indi-
cate a divergent immune-mediated mechanism is contrib-
uting to CD73-mediated tissue injury resolution. Future
studies delineating the role of specific adenosine receptors
in stromal and immune cells in pancreatitis models will
establish the mechanistic consequences of elevated intra-
pancreatic adenosine on development and resolution of
pancreatitis.

Sustained enzymatic activity of CD39 in CD73~/~ mice
implicates enhanced AMP and loss of extracellular ade-
nosine which contribute to enhanced disease severity in
pancreatitis. Extracellular AMP is necessary for the initial

“FASEB]Q;JRNI\L

response to acute injury in the pancreas by promoting
inflammation, as seen by similar levels of CD39 in both
wild-type and CD737~ mice at Day 1. However, sustained
AMP levels promote a more severe phenotype. Thus, after
initial insult, in wild-type mice at Day 4, CD73 enzymatic
activity is increased to promote adenosine generation and
signaling through adenosine receptors, which promotes
inflammation resolution. However, in CcD737/~ mice, sus-
tained CD39 activity at Day 4 demonstrates reduced ca-
pacity to generate extracellular adenosine in the absence
of CD73. This switch in modulation is also seen by HPLC
in wild-type mice by the upregulation of purinergic sig-
naling at initial tissue injury and then significant down-
regulation of AMP levels at Day 4 while simultaneously
promoting adenosine generation after sustained tissue in-
jury to promote resolution.

While both genotypes showed similar tissue injury
and histologic change at Day 1 in the acute pancreatitis
model, by Day 4 the wild-type mice showed a near com-
plete resolution of inflammation, while the CD737'~ mice
demonstrated significant residual pancreatitis injury. The
increased presence of acinar-to-ductal metaplastic cells
at Day 4 in CD737'~ mice compared to the wild type sug-
gests that without adenosine generation, reparative pro-
cesses are still necessary to mitigate pancreatic injury.
Additionally, increased staining of Cytokeratin-19 in
pancreatitis areas compared to normal histologic areas in
both wild type and CD73~'~ mice, but even greater still in
CD737/~ mice, demonstrates the response to injury is reg-
ulated by adenosine receptor activation. This suggests the
enhanced CD73 activity partially by ductal cells or ADM
and most prominently by extra-epithelial cells in wild-
type mice is allowing for an immune-mediated rapid reso-
lution of pancreatitis. However, at Day 7 in CD73~'~ mice
there is also a near complete resolution of tissue injury. In
addition, we observe by HPLC adenosine in CD73~~ mice
at Day 4 indicating intracellular conversion of AMP to ad-
enosine and subsequent transport of adenosine into the
microenvironment by ENT1 transporters may have been
mechanistically why CD73™'~ mice were able to resolve
caerulein-induced pancreatitis by Day 7. Further studies
will be required to investigate cellularity of adenosine re-
ceptor expression to determine how adenosine specifically
reduces pancreatic inflammation.

In these experiments, in addition to histological changes
and differences in ADM abundance, we quantified a sig-
nificant increase in MPO+ Ly6G+ and Granzyme B+ cells
in CD73™/~ mice at Day 4, which demonstrates a potent
pro-inflammatory response in the absence of adenosine in
response to caerulein-induced injury. The binding of ATP
to the P2X and P2Y families of receptors, expressed on
neutrophils in humans and in vivo,” enhances neutrophil
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phagocytosis, chemotaxis, and oxidative burst. Under
conditions of enhanced purinergic signaling, the resulting
sustained activity and chemotactic ability of neutrophils
promote sustained tissue injury and slower inflammation
resolution. We experimentally show the significant impact
of neutrophils in our genetic model using neutrophil de-
letion experiments which significantly reduced inflamma-
tion in CD73'~ mice. In addition, in NECA-treated mice,
we predict the high adenosine concentration at Day 1 po-
tentially promotes adenosine-dependent activation of A, ,,
A,p, and A, adenosine receptors over the high-affinity A,
receptor to promote tissue regeneration and restrain MPO
accumulation and metaplasia in acute pancreatitis.**
This identifies adenosine receptor enhancers as potential
therapeutic targets for patients with acute pancreatitis as
a mechanism to rapidly eliminate persistent inflammation
via activation of A, and A, receptors.
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