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Background: Impaired or hyperactive pancreas regeneration after injury would cause exocrine insufficiency
or recurrent / chronic pancreatitis and potentially carcinogenesis. Macrophages are the most abundant
immune cells in the regenerative pancreas, however their phenotype and role remain poorly defined.
Method: Using caerulein-induced acute pancreatitis (AP) model, we examined the dynamic landscape of pan-
creatic macrophages throughout the acute inflammation to regeneration phases by flow cytometric and
RNA-seq analyses. Liposome depletion of macrophages, Il4ra~/~ mice as well as inhibitors were used to eluci-
date the role and regulatory mechanism of macrophages during pancreatic regeneration.
Findings: We found that M1 macrophages dominated in the pro-inflammatory phase of AP, while M2-like
macrophages dominated during pancreas repair/regeneration. Depletion of macrophages at early or late
regenerative stage dramatically blocked the acinar-ductal metaplasia (ADM) or delayed inflammation resolu-
tion, respectively. Moreover, alternative activation of macrophages was partially dependent on IL-4RA signal-
ing, and ECM/AKT activation in pancreatic macrophages facilitated inflammation resolution during tissue
regeneration.
Interpretation: Our findings illustrate a dynamic phenotype and function of macrophages during AP repair/
regeneration, helping us better understand the mechanism of pancreatic regeneration and providing clues
for novel therapeutic strategy.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

regenerative process involves transient phases of inflammation, aci-
nar-to-ductal metaplasia (ADM), and acinar re-differentiation [3],
which can be driven by both intrinsic and extrinsic signals. For

Acute pancreatitis (AP) is one of the most common inflammatory
gastrointestinal disorders, appearing to recover via regeneration of
exocrine acinar cells both in mouse and human models. Understand-
ing the molecular and cellular processes in restoring pancreatic
acinar cell homeostasis is crucial because dysregulation of the regen-
erative program can lead to exocrine insufficiency, recurrent |/
chronic inflammation, and potentially carcinogenesis [1-3]. The

Abbreviations: AP, acute pancreatitis; ADM, acinar-ductal metaplasia; M1 macro-
phages, Classically activated macrophages; M2 Macrophages, Alternatively activated
macrophages; GSEA, Gene set enrichment analysis
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instance, the acinar cell NF-«B signaling is a critical determinant of
pancreatic inflammation and ADM [3], whereas a number of develop-
mental signals (e.g., Hedgehog, Notch, and Hippo) [3-5] and tran-
scription factors (e.g., Nr5a2, Bmill, and Ezh2) [6-8] are devoted to
promoting acinar re-differentiation after injury. It has been shown
that the crosstalk between acinar cells and infiltrating leukocytes,
particularly macrophages, determines the initial severity of injury
as well as the extent of ADM formation [9-12]. A recent study of pan-
creatitis in Rag1 knockout mice documented a macrophage-depen-
dent regeneration defect caused by depletion of T and B lymphocytes
[13]. However, a comprehensive understanding of the dynamic phe-
notype and function of macrophage during pancreatic regeneration
is lacking.

Macrophage is an important driver of inflammatory and tissue
regenerative responses triggered by tissue damages, including
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Research in Context

Evidence before this study

Dysregulation of regenerative program following AP injury
would cause exocrine insufficiency or recurrent / chronic pan-
creatitis. Infiltrating leukocytes, particular macrophages, deter-
mine the extent of ADM formation.

Added value of this study

We demonstrated dynamic transcriptome profile and function
of pancreatic macrophages during pancreas repair/ regenera-
tion post AP injury. Furthermore, IL4RA signaling mediated M2
polarization during ADM stage, limiting the extent of ADM for-
mation. Macrophage-derived PI3K-AKT signaling facilitates
inflammation resolution during acinar re-differentiation.

Implications of all the available evidence

Our findings pave the way for the development of macrophage-
based therapies to enhance the efficiency of regenerative pro-
cess, providing a novel strategy for pancreatic disease
treatment.

infection, autoimmune disorders, mechanical or toxic injuries, and
other causes [14-16]. Upon tissue injury, bone marrow (BM)-
derived macrophages and/or tissue resident macrophages are acti-
vated and act in a pro-inflammatory way in response to local
miliey, and then quickly transit into a wound repair phenotype
[17,18]. If monocytes/macrophages recruitment or activation is
blocked following tissue injury, the early inflammatory response is
often diminished [19]. However, impaired or inappropriate macro-
phage activation may also reduce wound healing and prolonged
exposure to proinflammatory stimuli, leading to incomplete tissue
regeneration [20]. Hence, macrophages must be well-orchestrated
following tissue injury. Macrophages could be simply divided into
M1 and M2 subtypes based on stimuli and function in vitro [21];
however, in the physiological or pathological conditions, macro-
phages in and among tissues are highly heterogeneous with
regards to their phenotype and function. Moreover, the polariza-
tion of macrophage in specific tissue could be dynamically shaped
by their complicated local microenvironment.

The phenotype and role of macrophages have been well-docu-
mented in acute and chronic pancreatitis [10, 11, 22, 23], however lit-
tle is known about how macrophages might regulate pancreas repair
| regeneration post injury, including ADM and acinar re-differentia-
tion. Toward this end, we used flow cytometry, immunofluorescence,
and RNA sequencing to characterize the dynamic landscape of macro-
phages following AP injury. Throughout the acute inflammatory to
recovery phases, the phenotype of pancreatic macrophage was
changed from M1 to M2-like, and M2-like macrophages were the
most abundant cells at the stage of acinar-to-ductal metaplasia
(ADM). With macrophage depletion experiments, we demonstrated
that macrophages play distinct roles in the early and late phases of
regeneration respectively. Furthermore, we demonstrated that IL4Ro
signaling was critical for appropriate ADM formation post AP injury,
and inhibition of PI3K/AKT signaling in macrophages was essential
for inflammation resolution during acinar re-differentiation. Herein,
delineating the dynamic phenotype and role of macrophage during
pancreatic repair [regeneration improves understanding of the path-
ological process of the disease and provides therapeutic strategy that
can either treat and / or prevent the related disorders.

2. Materials and methods
2.1. Mice

Balb/c and C57BL/6 ] mice were purchased from Shanghai Silaike
Experimental Animals Co, Ltd. B6.SJL (CD45.1) and Il4ra '~ mice were
purchased from The Jackson Laboratory and were bred in-house.
C57BL/6 ] (CD45.1/CD45.2) mice were hybridized from B6.SJL
(CD45.1) and C57BL/6 ] (CD45.2) mice strains. Mice were sacrificed
and harvested at indicated time points post AP. All experimental
mice were age- (6—8 weeks) and sex-matched, and animal experi-
ments were approved by the guidelines of the Ren Ji Hospital Institu-
tional Animal Care and Ethics Committee.

2.2. Mixed bone marrow chimeras

Competitive mixed BM (Bone Marrow) chimeric mice were
generated by lethally irradiating CCR2"/CD45.1*CD45.2" mice with 9.5-
Gy g radiation in two doses at ~3 h apart, followed by i.v. injection of
5 x 10° BM cells comprising 1:1 mixture of cells from CCR2"'CD45.1*
and CCR2X9CD45.2* mice. Chimeric mice were left to engraft for at least
8 weeks before further experimental manipulation.

3. Recovery acute pancreatitis (RAP) model and treatments

Acute pancreatitis was induced by caerulein injection in mice as
previously described [24]. In brief, mice were given intraperitoneal
injections (i.p., 10 times hourly) of saline as control or 100 ug/kg
caerulein (Sigma-Aldrich), and then harvested at indicated time
points during recovery.

For macrophage depletion, mice were intraperitoneally given 20011
clodronate liposome or control liposome (FormuMax Scientific) once
daily and harvested at indicated time points. For macrophage PI3K-AKT
inhibition experiment, mice were treated (ip.) with 5 mg/kg
TG100-115 (APEXBIO) or DMSO dissolved in 200l saline twice daily
at indicated time points and harvest at D3 or D5 post AP induction.

3.1. Histology and immunofluorescence

Mice were killed by CO, inhalation, and then their pancreata were
rapidly removed. Pancreas pieces were immediately fixed in 10% for-
malin or frozen in Tissue-Tek OCT compound. Fixed tissues were sec-
tioned and used for hematoxylin and eosin (H&E). Histology score
was evaluated as previous reported [13]. In brief, 3—5 random images
from every mouse pancreas slide were evaluated. The degree of tis-
sue integrity, ADM and immune cell infiltration were individually
scored from O to 5, and then were combined as total histology score.

Frozen tissues were sectioned for immunofluorescence staining
with F4/80 (Bio-Rad, MCA497GA), AF488-CD206 (BioLegend, clone
C068C2), Ki67 (Abcam, ab15580), PGE2 (Abcam, ab2318) and CK19
(DSHB, TROMA-III), and analyzed with confocal microscopy (LSM700;
Zeiss).

4. Antibodies and flow cytometry

All antibodies used for flow cytometry were purchased from BioL-
egend unless indicated. For surface staining, murine cells were
stained with the following Abs: APC—CD45.2 (clone 104), AF700-
CD45.2 (clone 104), APC/Cy7-CD45.1 (clone A20), PE/Cy7-CD4 (clone
RM4-5), Percp/Cy5.5-CD11b (clone M1/70), BV421-F4/80 (clone
BMS8), APC/Cy7-CD11c (clone N418), AF488-Ly-6C (clone HK1.4), PE-
Ly6G (clone 1A8), PE-IL4RA (clone 1015F8), AF488-CD206 (clone
C068C2), AF700-MHCII (clone M5/114.15.2), and APC—CCR2 (clone
475,301,R&D Systems). For intracellular staining, cells were stained
with surface markers first and then fixed and permeabilized using a
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Foxp3 Transcription Factor Staining Buffer Set (eBioscience). PE-Ki67
(clone 16A8) and COX-2 (AF4198, R&D Systems) together with don-
key anti-goat AF488 (Invitrogen) were used for intracellular staining.
For EdU staining, BMDMs (Bone Marrow-Derived Macrophages)
were conducted as the manufacturer's instruction of Click-iT™ EdU
AF488 Flow Cytometry Assay Kit (Life Technology, C10632). Cells
were acquired on a BD LSRFortessa (BD Biosciences) and analyzed
with Flow]o software (TreeStar).

4.1. Cell preparation and in vitro cultures

Pancreatic leukocytes were isolated using a collagenase digestion
method described previously for flow cytometry analysis [24]. In
brief, pancreas was cut into pieces and digested in FACS Buffer
(HBSS + 10% FCS) containing 2 mg/ml collagenase type IV. The tissues
were incubated in a shaker at 37 °C for 15 min and vortexed at a low
speed for 20 s before passing through a 70 wm filter. Murine pancre-
atic macrophages were enriched by CD45" magnetic beads (Miltenyi
Biotec) and then sorted based on CD11b and F4/80 expression.

For BM cell preparation [24], both ends of the femur and tibia
were cut and flushed with a syringe filled with FACS Buffer
(HBSS + 10% FCS) to extrude BM cells into a sterile petri dish. Then
cells were cultured in cRPMI medium with 50 ng/ml M-CSF for 6 days
for BMDMs preparation. For M2 polarization, BMDMs were treated
with 10-20 ng/ml IL4/IL13.

The solution of PGE2 (Cayman) was replaced from methyl acetate to
DMSO before usage. PGE2 (1 uM, 10 pm), TG100—-115(0 uM, 10 uM,
50 uM) and EPi (10 M, Cayman) were used to treat BMDM s as indicate.

4.2. Quantitative rt-pcr

Pancreas tissues or cells were lysed with Trizol reagent (Invitro-
gen) for total RNA extraction. Total RNA (5 ug) was reverse tran-
scribed to cDNA using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems), and mRNA expression of the indicated
genes was assessed by real-time PCR using FastStart Universal SYBR
Green Master (Rox) (Roche) using an ABI StepOnePlus System. Data
were analyzed using the 272" method, and all gene expression levels
were normalized to Gapdh. The following primers were used for
quantitative PCR:

mlil4, forward, 5'-GGTCTCAACCCCCAGCTAGT-3',

mlil4, reverse, 5'-GCCGATGATCTCTCTCAAGTGAT-3/;
mll13, forward, 5-CCTGGCTCTTGCTTGCCTT-3/,

mlil13, reverse, 5-GGTCTTGTGTGATGTTGCTCA-3’;
mlil4ra, forward, 5'-TGGATCTGGGAGCATCAAGGT-3/,
mll4ra, reverse, 5-TGGAAGTGCGGATGTAGTCAG-3';
mMrc1, forward, 5 -CTCTGTTCAGCTATTGGACGC-3',
mMorcl, reverse, 5'-CGGAATTTCTGGGATTCAGCTTC-3';
mRelma, forward, 5'~-AGGAACTTCTTGCCAATCCA-3’,
mRelma, reverse, 5'-ACAAGCACACCCAGTAGCAG-3';
mChil3, forward, 5'-CAGGTCTGGCAATTCTTCTGAA-3/,
mChil3, reverse, 5'-GTCTTGCTCATGTGTGTAAGTGA-3’;
mArgl1, forward, 5-CTCCAAGCCAAAGTCCTTAGAG-3/,
mArgl, reverse, 5-AGGAGCTGTCATTAGGGACATC-3/;
mHbegf, forward, 5'-CGGGGAGTGCAGATACCTG-3/,
mHbegf, reverse, 5'-TTCTCCACTGGTAGAGTCAGC-3’;
mPtgs1, forward, 5'-ATGAGTCGAAGGAGTCTCTCG-3,
mPtgs1, reverse, 5'-GCACGGATAGTAACAACAGGGA-3';
mPtgs2, forward, 5'-TTCAACACACTCTATCACTGGC-3/,
mPtgs2, reverse, 5'-AGAAGCGTTTGCGGTACTCAT-3';
mGapdh, forward, 5'-AGGTCGGTGTGAACGGATTTG-3/,
mGapdh, reverse, 5'-TGTAGACCATGTAGTTGAGGTCA-3'.

5. RNA-seq and analyses

Pancreatic leukocytes were enriched by CD45" magnetic beads
(Miltenyi Biotec) first, then pancreatic macrophages (CD11b"F4/80*
cells) were sorted via flow cytometry based on surface markers. RNA
from sorted cells was isolated by TRIzol Reagent (Invitrogen). RNA
purity was checked using the Nano Photometer® spectrophotometer
(IMPLEN, CA, USA). RNA integrity was assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA).

Library preparation for Transcriptome sequencing: A total
amount of 1 ug RNA per sample was used as input material for
the RNA sample preparations. Sequencing libraries were generated
using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB,
USA) following the manufacturer’s recommendations and index
codes were added to attribute sequences to each sample. After
quality control, we selected Hisat2 as the mapping tool for that
Hisat2 can generate a database of splice junctions based on the
gene model annotation file and thus a better mapping result than
other non-splice mapping tools. Feature Counts v1.5.0-p3 was
used to count the reads numbers mapped to each gene. And then,
FPKM (fragment per kilo base per million) of each gene was calcu-
lated based on the length of the gene and reads count mapped to
this gene. An FPKM filtering cutoff of 1.0 in at least one of the six
samples was used to determine expressed transcripts. Prior to dif-
ferential gene expression analysis, for each sequenced library, the
read counts were adjusted by edgeR program package through
one scaling normalized factor.

Gene ontology and Kyoto Encyclopedia of Genes and Genomes
database (KEGG) pathway analysis: The overall DEGs (q-value <0.05
and FC> 1.5) were analyzed for enrichment of Gene Ontology (GO)
terms (biological process (BP) and molecular function (MF) and Kyoto
Encyclopedia of Genes and Genomes database (KEGG) pathways
using DAVID Bioinformatics Resources. For GO analysis, values of
P <0.05 identified differentially enriched terms, and genes with a q-
value < 0.05 among the DEGs were considered significantly enriched.
Significant differentially enriched KEGG pathways were considered
as those with a value of P < 0.05.

Short time-series expression miner (STEM) analysis:

The detection of gene clustering profiles were conducted by using
the STEM [25, 26] clustering algorithm to identify temporal gene
expression profiles during the RAP, with the maximum number of
model profiles set to 50 and maximum unit change in model profiles
between time points set to 2. The values of the gene expression were
normalized following FPKM calculation method. After each gene was
assigned to the filtering criteria of model profiles, the correlation
coefficient was determined. We performed standard hypothesis test-
ing using the true ordering of time points and determined the p-
value using the number of genes assigned to the model profile and
the expected number of assigned genes (adjusted p-value, 0.05 by
Bonferroni correction). We analyzed all the colored boxes which
were statistically significant. To further understand the biological
functions of DEGs clustered in STEM, GO and KEGG analyses were
also performed using DAVID Bioinformatics Resources.

RNA-seq raw sequence tags and processed bed files have been
submitted to the National Center for Biotechnology Gene Expression
Omnibus (GEO) database under accession GSE138134.

5.1. Statistical analysis

The unpaired Student t-test or ANOVA was used to determine sta-
tistical significance, and a P value <0.05 was considered significant.
Values are expressed as mean 4+ SEM (Prism 6; GraphPad Software).
Unless indicated otherwise, the results are from two or three inde-
pendent experiments.
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6. Results
6.1. Phenotypic change of pancreatic macrophage following AP injury

Studies on pathogenesis of inflammation and repair / regeneration
in human acute pancreatitis (AP) are limited due to the unavailability
of pancreas tissues. Therefore, animal models, especially caerulein-
induced AP model, have been well used to investigate the initiation
and progression of AP. To investigate the repair / regeneration pro-
cess following AP, we induced AP with higher dose of caerulein (100
ug [ kg, 10 times hourly) and collected the pancreas at the different
time points within one week (Fig. 1A). Consistent with previous
report [27], mice undergoing caerulein treatment revealed a histolog-
ical sign of acinar necrosis and leukocyte infiltration as well as ele-
vated serum amylase at 24 h after AP induction (Fig. 1A, and
Supplementary Fig. 1A). Typical acinar-to-ductal metaplasia (ADM)
structure appeared on day 3, which quickly recover to normal acini
around day 7. In addition to ADM, acinar cell proliferation also con-
tributed to pancreas repair | regeneration [28, 29], in which Ki67*
staining peaked on day 3 and gradually dropped as recovery (Supple-
mentary Fig. 1B).

Accumulating evidence has shown that the number and activation
of macrophages determine the severity of pancreatitis [24, 30, 31].
During the early stage of AP, inflammatory monocytes (CD11b*Ly6-
CMCCR2*) are mobilized from bone marrow to inflamed pancreas
[24], and then differentiate into M1 polarized macrophages in
response to damage-associated molecular patterns (DAMPs) stimula-
tion in a Toll-like receptors (TLRs)-dependent manner [30]. However,
little is known about the fate of these macrophages and whether
macrophages also contribute to the regeneration/repair process after
AP injury. To this end, we isolated and analyzed the pancreatic leuko-
cytes following AP induction (Fig. 1B). Obviously, the most abundant
immune cells within inflamed pancreas were macrophages
(CD11b*F4/80*CD11c¢™). The number of pancreatic macrophages ana-
lyzed with flow cytometry was markedly increased on day 1 and day
3 (Fig. 1C).

We noticed that pancreatic macrophages were gradually matu-
rated from day 1 to day 3 based on F4/80 level (Fig. 1D). Macrophage
accumulation in tissue occurs in two ways: recruitment of monocytes
and proliferation of resident macrophages. As previously reported,
the majority of macrophages at acute inflammatory phase of AP were
derived from the infiltration of monocytes. According to our findings,
pancreatic macrophages on day 3 had higher proliferative capacity
compared to those on day 1 (Fig. 1E), which might partially explain
the increase in macrophages on day 3. Further, flow cytometric
data revealed that the percentage of M2-like macrophages
(CD206'IL4RA") was dropped on day 1 (acute inflammatory phase)
and increased since day 3 (ADM phase), while the number of these
M2-like macrophages peaked on day 3 and quickly decreased after-
ward (Fig. 1B & F). Moreover, flow cytometric data were consistent
with the immunofluorescence analysis, in which F4/80°CD206" cells
were the most abundant on day 3 (Fig. 1G)

Next, we wondered whether these CCR2" monocytes/macro-
phages could be reprogrammed to M2-like macrophages following
pancreas injury. To this end, we set up a competitive BM chimera
by lethally irradiating recipient CCR2"TCD45.1"CD45.2 * C57BL/6
mice and reconstituting them with a 1:1 mixture of BM-derived
from CCR2 wildtype (CCR2WTCD45.1*) and CCR2 knockout
(CCR2X°CD45.2*) mice, so that macrophages derived from CCR2%C
and CCR2"T mice could be distinguished from each other as well as
from those of the recipient mice based on the allotypic CD45 markers.
Following 8 weeks of engraftment and induction of AP, we found that
the proliferative macrophages (Ki67*) on day 3 mainly come from
CCR2WT mice. Macrophages from CCR2"T mice exhibited a higher
expression level of CD206 and IL4RA when compared to macro-
phages from CCR2C mice (Fig. 1H). Taken together, the results

indicate that M2-like macrophages at ADM stage are mainly derived
from CCR2" monocytes/macrophages, which are recruited at early
stage of AP.

6.2. Distinct role of macrophages at different stages of AP recovery

In view of the phenotypic change of macrophage during AP recov-
ery, we next sought to examine the role of macrophages at different
stages of repair/ regeneration by clearance of macrophages with lipo-
some. First, we depleted pancreatic macrophages right after acute
inflammatory response (from day 1 to day 2) and examined pancreas
on day 3. As shown, depletion of macrophages before day 3 could
largely reduce duct-like structures, suggesting a key role of macro-
phages in the formation of ADM (Fig. 2A & B).

Next, we found that the depletion of macrophages on day 3 after
AP injury significantly delayed pancreatic repair according to histol-
ogy (Fig. 2C). As previously reported, Ki67* cell peaked on day 3, and
gradually dropped as pancreas recovery (Fig. S1B). In consistent with
histological results, we found Ki67" cells greatly dropped from day 5
to day 7 in CN-treated group, but not in CL-treated group, indicating
that the repair process was impaired in CL-treated mice (Fig. 2D). Fur-
thermore, flow cytometric analysis confirmed that CD11b'F4/
80*CD206" macrophages in pancreas were greatly decreased on day
7, which was consistent with Immunofluorescence data (Fig. 2E and
Sup Fig. 2). Of total CD11b* monocytes/macrophages, the mature
macrophages (F4/80*MHCII") were reduced, while immature macro-
phages (F4/80™MHCII") were increased on day 7 when transient
depletion of pancreatic macrophages at ADM stage (day 3) (Fig. 2F).
The F4/80™YMHCII- macrophages expressed a higher level of CCR2
and TNFeq, indicating that they were differentiated from inflamma-
tory monocytes (CD11b*Ly6C"CCR2* monocytes) and could cause tis-
sue damage (Fig. 2F). The above results indicated that the depletion of
pancreatic macrophages at ADM stage (dominant as M2-like pheno-
type), will trigger the influx of inflammatory monocytes into pan-
creas again, thereby causing tissue damage on day 7, as shown in
Fig. 2C.

6.3. Dynamic transcriptome profiles of pancreatic macrophage in
regenerative pancreas

To further understand the phenotype and function of macro-
phages during AP recovery, pancreatic macrophages were isolated
for RNA-seq analysis. To capture the dynamic of gene expression, we
clustered genes according to their expression levels quantified as
reads per kilobase per million mapped reads (RPKM) in RNA-seq pro-
files. Clusters with significance were shown as heatmap (Fig. 3A). To
assess the function of these gene clusters, we performed functional
annotation analyses using the web tools DAVID Gene Ontology (GO).
Enriched signature GO terms of gene clusters are summarized in the
table (Fig. 3B). Of note, genes that are highly expressed in acute
inflammatory phase (cluster 32, D1 signature cluster) are specifically
enriched for inflammatory response and CCR2 dependent chemotaxis
(Fig. 3C), which is consistent with our previous finding [24]. Cluster
25 and 27, which contain genes with high expression at ADM stage
(day 3), have distinct expression patterns and functions, indicating
macrophage heterogeneity in this phase. For example, genes related
to ECM-receptor interaction and PI3K-AKT signaling pathway are
enriched in cluster 27, while genes related to cell cycle are enriched
in cluster 25 (Fig 3. D&E).

Studying the metabolism of macrophages in recent years has
emphasized the close link existing between metabolic state and
the phenotype/function of those cells. Here in our study, we
observed metabolic reprogramming in pancreatic macrophage
from acute inflammatory phase to ADM and acinar re-differentia-
tion phase. Consistent with previous reports, activated glycolysis
is coming along with M1 polarization of macrophages in acute
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Fig. 1. Phenotypic change of pancreatic macrophage following AP injury.

(A) Balb/c mice were intraperitoneally injected with 100 ptg/kg caerulein (AP) or saline as control (D0) hourly for 10 times, and then sacrificed on D1, D3, D5, D7 post AP induc-
tion. Representative H&E staining of the pancreas at indicated time point is shown. Scale bar, 50 ;«m. (B) Phenotypic change of pancreatic macrophages (CD11b"F4/80*CD11c¢™) post
AP injury by flow cytometric analysis. (C-E) The total number of macrophages, the level of F4/80 and Ki67 in macrophages are shown. (F) Percentage and total number of M2-like
macrophages (CD206IL4RA") are shown. (G) Representative immunofluorescence images of the pancreas from mice post AP injury stained with F4/80 (macrophage), CD206 (M2
marker) and DAPI (nuclear). Scale bars, 50 wm. (H) CCR2"TCD45.17CD45.2 * C57BL/6 mice were lethally irradiated and reconstituted with a 1:1 mixture of BM cells from
CCR2WTCDA45.1* and CCR2¥CCD45.2 mice over 8 weeks. Mice were injected with caerulein and harvested 3 days post AP induction. CD11b*CD4~ cells were analyzed using flow
cytometry following pancreatic leukocyte isolation. Representative flow cytometry plots and bar graphs depicting the proportion of macrophages and the expression level of F4/80,
CD206, IL4RA and Ki67 originating from CCR2"TCD45.1* versus from CCR2¥CCD45.2* are shown. Data are means & SEM (n = 3 for each group) *P<0.05, **P<0.01, ***P<0.001
(unpaired two-tailed Student’s t-test).
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Fig. 2. Distinct roles of macrophage in different stages of AP recovery

(A) Pancreatic macrophages were depleted by intraperitoneal injection of clodronate liposome (CL) or control liposome (CN) prior to ADM formation (on D1 & D2). Representa-
tive flow cytometry plots and bar graphs depicting the proportion of macrophages from two groups are shown. (B) Representative of pancreas H&E on D3 from indicated group.
Scale bar, 100 pm. (C) Pancreatic macrophages were depleted during ADM (on D2.5&3.5), and mice were harvested on D5 or D7. Representative of pancreas H&E on D7 from indi-
cated group. (D) Representative Ki67 staining of the pancreas from indicated group. The statistics of Ki67* cells are shown as bar graph. (E) Representative flow cytometry plots and
bar graphs depicting the proportion and number of M2-like macrophages (CD11b*F4/80*CD206"), immature macrophages (CD11b"F4/80™4CD206 ) and monocytes (CD11b*F4/
80°CD2067) from CN- and CL- treated groups on D7. (F) Representative flow cytometry plots and bar graphs depicting the proportion and number of macrophages (Ma, F4/
80*MHCII*), immature macrophages (IM, F4/80™YMHCII~), monocytes (Mo, F4/90-MHCII-) and dendritic cells (Dc, F4/80-MHCII*) among total myeloid cells. The expression level of
CD206, TNFa and CCR2 from Dc, Ma, IM and Mo are shown. Data presented as means + SEM (n = 3—5, unpaired two-tailed Student’s t-test).

inflammatory phase. While at ADM stage, activated amino acid
metabolism and pyrimidine metabolism in macrophages indicate
their M2 polarization and highly proliferative capacity, respec-
tively, which is consistent with our flow cytometric data. During
the acinar re-differentiation phase, macrophages exhibit an
inflammation resolving phenotype accompanied by activated glu-
tathione metabolism and fatty acid beta-oxidation. Thus, dynamic
metabolic profiles of macrophages following AP injury provide a
potential strategy for targeting pancreatic macrophages from dif-
ferent stages.

6.4. PI3K-AKT activation in macrophage promotes inflammation
resolution after ADM phase

Based on RNA-seq data, PI3K-AKT signaling was significantly
enriched in macrophages during ADM. When we took a close look at
these elevated genes in PI3K-AKT pathway, we found that more than
80% of genes were related to extracellular matrix (ECM)-receptor
interaction, growth factor | cytokine-receptor interaction, indicating
their involvement in the crosstalk between macrophages with neigh-
boring cells (Fig. 4A). Meanwhile, the higher AKT activation was
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Fig. 3. Dynamic transcriptome profiles of pancreatic macrophage in regenerating pancreas

Pancreatic macrophages (CD11b*F4/80") from DO to D7 post AP induction were isolated and sorted for RNA-seq analysis. (A) Heat map of gene expression patterns of differen-
tially transcribed genes from pancreatic macrophages on DO, D1, D3, D4, D5 and D7 post AP induction by STEM clustering analysis. (B) Top enriched GO terms of genes from each
gene cluster are summarized in the table. (C-E) GO and KEGG pathway analyses for indicated gene clusters.

observed in CD11b"F4/807CD206" pancreatic macrophages on day 3
(Fig. 4B). As extracellular matrix components were involved in
wound closure [32-35], we next sought to investigate whether tar-
geting PI3K-AKT signaling in macrophages would affect AP recovery.
Given that PI3K §/y (Pik3cd and Pik3cg) were dominantly expressed
on pancreatic macrophages (Fig. 4C), a specific inhibitor of PI3K §/y
(TG100-115) was used to targeting macrophages in the course of
ADM. The PI3K-AKT signaling axis has been shown to play roles
in macrophage activation and polarization [36, 37]. When inhibiting
PI3K-AKT prior to the ADM stage, neither ADM formation nor M2
activation was changed on day 3 (Supplemental Fig. 3). However,
when we inhibited PI3K-AKT activation of macrophages at ADM
stage, pancreatic repair/regeneration was obviously hindered
(Fig. 4D&E). By flow cytometric analysis, we found that the number
of M2-like macrophages (CD11b"F4/80"CD206") in pancreas had less
changed, while the number of immature macrophages (CD11b*F4/
80™d), inflammatory monocytes (CD11b*Ly6C™) and neutrophils

(CD11b*Ly6G") were elevated significantly (Fig. 4F). Taken together,
blocking PI3K-AKT signaling in pancreatic macrophages will trigger
pro-inflammatory response and tissue injury, indicating an anti-
inflammatory or pro-resolving phenotype of these macrophages at
ADM stage (on day 3).

6.5. Decreased M2-like macrophages and dysregulated regeneration in
[14ra-deficient mice

To explore the regulatory mechanisms of pancreatic macrophages
during regeneration, we performed gene set enrichment analysis
(GSEA) to compare transcriptome profiles of macrophages from day 3
and day 1. In line with our results and previous reports, M2 activation
of macrophages and IL4 stimulation signatures were enriched in
macrophages from day 3 (Fig. 5A). IL4 and IL13 induce M2 activation
via IL4 receptor (a heterodimeric receptor composed of IL4RA and
IL13RA1) in a STAT6 dependent manner [38, 39]. Here we found that
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(A) Heat map lists normalized gene expression related to PI3K-AKT signaling, enriched in gene cluster 27. (B) The level of p-AKT in pancreatic macrophages on day 3 was ana-
lyzed by flow cytometry. (C) Relative expression of Pik3ca, Pik3cb, Pik3cd and Pik3cg in pancreatic acini (GSE126302) and pancreatic macrophage (GSE138134). (D) Mice were admin-
istrated with DMSO/TG100—-115 (5 mg/kg, i.p., twice daily) since D2.5 post AP induction, and then harvested on D5. The level of p-AKT in pancreatic macrophage on day 3 were
shown. (E) Representative H&E staining of pancreas (day 5) from DMSO- or TG100—115- treated mice. Scale bar,100 pm. (F) The proportion and number of CD11b*F4/80™¢,
CD11b*F4/80~, CD11b*Ly6C™ and CD11b*Ly6G* cells from different treatment groups are shown. *P<0.05, **P<0.01, ***P<0.001, ns, not significant. Data presented as means + SEM

(unpaired two-tailed Student’s t-test).

the expression of Il4 and 1113 were increased on day 1, and the
expression of Il4ra was elevated since day 1 and peaked on day 3
(Fig. 5B & C). To further define the cell source of the receptor and
ligands, we isolated and compared CD45.2* and CD45.2 cells from

pancreas one day post AP injury. Interestingly, [l4ral was dominantly
expressed on immune cells (CD45.2%), while Il4 and Il13 were mainly
expressed on parenchymal cells (CD45.27) (Fig. 5D, Supplemental
Fig. 4). Furthermore, by using Il4ra-deficient mice, we demonstrated
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Fig. 5. Decreased M2-like macrophages and dysregulated regeneration in I/4ra-deficient mice

(A) Gene set enrichment analysis (GSEA) of gene expression between day 3(D3) and day 1(D1). (B) Relative mRNA level of 4 and II13 in pancreas during AP recovery were
detected with qPCR assay. (C) Il4ra, Il13ral and Il13ra2 mRNA level in GSE138134 are shown. (D) CD45.2" and CD45.2~ cells from D1 pancreas were sorted respectively for 114, 1113
and Il4ra expression determination. (E) Wildtype (WT) and IL4Re deficiency (Il 4ra~'~) mice were subjected to AP. Pancreatic leukocytes were isolated 3 days post AP induction for
analysis. Representative flow cytometry plots and bar graphs depicting the proportion of F4/80*CD206" cells in total myeloid cells. (F) Total myeloid cells (CD11b" cells) were sorted
from E for M2-related genes detection. (G) WT and Il4ra~/~ mice were subjected to AP, and pancreas was harvested on day1(D1), day 3(D3) and day 5(D5) post AP injury. Represen-
tative H&E staining of the pancreas from indicated time points. Scale bar, 50 ;m. Data presented as means & SEM, n = 3—8 mice per group (One-way ANOVA for B; unpaired two-

tailed Student's t-test for p-F).

that IL4R«x signaling mediated the polarization of M2 macrophage
during pancreatic repair/regeneration after AP injury (Fig. 5F). Nota-
bly, the pancreas from [l4ra~'~ mice had more ADM structure on day
3 and day 5 as compared with their counterparts (Fig. 5G).

Collectively, these findings indicate that IL4/IL4Rw axis is required for
M2 polarization of pancreatic macrophages during AP recovery,
exerting anti-inflammatory function to control the extent of ADM
formation.



10 J. Wu et al. / EBioMedicine 58 (2020) 102920

6.6. PGE2 augments IL4R« signaling to enhance M2 activation of
macrophage

Macrophages are able to switch from one functional phenotype to
another in response to variable local microenvironmental signals.
Besides canonical signaling cascades (e.g., IL4/IL4R), macrophages
could integrate metabolic cues triggered by extracellular stimuli for
their M2 activation. For example, it has been shown that prostaglan-
din E2 (PGE2) can act in concert with IL-4 to promote M2 activation
through cyclic AMP (cAMP) pathway in adipose tissue [40]. Several
studies have documented the role of PGE2 in tissue regeneration [41-
45]. Here we wondered whether PGE2 also participated in M2 polari-
zation of pancreatic macrophages following AP injury. To this end,
we first examined the dynamic expression of PGE2 following AP
injury. COX1 and COX2 are two key enzymes for producing prosta-
glandins. Here we found the expression of Ptgs2 (COX2) peaked on
day 3, while the expression of Ptgs1 (COX1) dropped on day 1 and
back to basal level on day 3 (Fig. 6A). Consistently, immunofluores-
cence analysis showed that PGE2 was elevated on day 3, and rapidly
returned to basal level on day 5 (Fig. 6B). Of note, PGE2 was domi-
nantly co-expressed with duct-like cells (CK19*cells) on day 3, as
well as partly co-expressed with macrophages (F4/80" cells) (Fig. 6C).
Furthermore, we found that COX2 expression in macrophages also
peaked on day 3 according to our RNA-seq data (Fig. 6D) and flow
cytometric analysis (Fig. 6E). More interestingly, IL4Ro* macrophages
expressed a higher level of COX2, as compared to IL4Re~ macro-
phages and monocytes (Fig. 6E).

To investigate whether PGE2 contributed to M2 activation, BM-
derived macrophages (BMDMs) from wildtype (WT) and Ii4ra~/~
mice were subjected to IL4/IL13 together with PGE2 in vitro. PGE2
alone did not affect M2 activation, but greatly augmented IL4/IL13-
triggered M2 activation (Fig. 6F and Supplementary Fig. 5). More
interestingly, IL4/IL13 promoted ptgs2 expression in macrophages,
which could be further elevated in the presence of PGE2 (Supplemen-
tary Fig. 4). PGE2 functions by binding to 4 different G-coupled recep-
tors named E- prostanoid (EP) 1—4 receptor. The subtype of different
receptors determines the specific physiological response in different
cell types. By using specific inhibitors for EPs, we determined that
PGE2 promoted M2 polarization was mainly mediated by the EP2
receptor (Fig. 6G). Moreover, PGE2 could promote IL4Rx expression,
thereby enhancing the IL4/IL4R«a signaling (Fig. 6H). Furthermore,
inhibition of PGE2 synthesis right before ADM stage (day 2) largely
decreased M2 activation and increased ADM structure in the pan-
creas on day 3 (Fig. 61&]). Together, these results suggest that PGE2
released by duct-like cells and pancreatic macrophages on day 3,
strengthens M2 activation, as well as limits the ADM formation in the
regenerative pancreas.

7. Discussion

Given the central role of macrophages in orchestrating tissue
repair in health and disease, therapies aimed at modulating macro-
phage activation may prove useful in promoting tissue repair, limit-
ing fibrosis and even carcinogenesis. Proof-of-concept studies have
shown that manipulating the phenotype of endogenous macrophages
may be a promising therapeutic option for improving tissue repair. In
addition, cell therapy with exogenous macrophages has proved bene-
ficial for the healing of a variety of tissues. However, there are several
limitations for the development of macrophages-based intervention:
1) macrophages exhibit dynamic transitions in phenotype and func-
tion as tissue repair progress, and the precise factors regulating these
transitions in vivo still remain elusive; 2) the diversity of macro-
phages varies greatly between different tissues or under different
physiological and pathological conditions of the same tissue. Macro-
phages are most abundant infiltrated immune cells in regenerative
pancreas, however their phenotype and role in pancreatic

regeneration remains poorly defined. In particular, the pancreas has
a unique repair/regeneration process as compared to other tissues,
hence may have a more unique mechanism that deserves our in-
depth investigation. Here we took flow cytometric analysis and RNA
sequencing approach to determine the dynamic phenotype of pan-
creatic macrophages following AP injury. Transcriptome profiles and
functional assays reveal the dynamic phenotype and function of mac-
rophages post AP injury, from pro-inflammatory, pro-wound healing
to pro-resolving phases. More important, we explored the signals
that had potential to regulate these transitions in vivo. We also
revealed that the metabolic state of macrophages are also altered in
different phases of AP, this finding provides a new gist for defining
macrophages in RAP. Our findings pave the way for development of
macrophage-based intervention to enhance the efficiency of regener-
ative process.

For pancreas, the repair progresses go through overlapping phases
of inflammation, proliferation/ADM, and remodeling. Macrophages
appear to be important orchestrators and effectors of this progres-
sion, altering their function and phenotype to meet the needs of the
regenerative process. Macrophages present during a given stage of
regeneration orchestrate a transition to the next phase. For instance,
macrophages of the inflammatory phase (D1) initiate subsequent cell
proliferation/ADM, whereas macrophages of the ADM phase trigger
acinar re-differentiation and tissue remodeling. In all, through the
current phenotype of macrophage, we could predict the stage and
efficiency of tissue repair.

The unique contribution of resident tissue macrophages verse
recruited monocytes/macrophages has become an important area of
research, as some studies suggest nonredundant role of macrophages
from different monocytes/macrophages population. For example,
Kupffer cells, resident macrophages of liver, orchestrates liver dam-
ages. However, our bone marrow chimera experiment suggested that
recruited CCR2*Ly6C™ monocytes/macrophages, instead of resident
tissue macrophages, mainly constituted M2-like macrophages with
proliferative capacity existing in the ADM phase. After ADM stage,
whether there are Ly6C~ monocytes or resident macrophages
involved in the later stage of pancreatic regeneration still needs fur-
ther investigation.

Macrophages are highly heterogeneous cells that can rapidly
change their activation status and function in response to local
microenvironment signals [46]. Our previous studies revealed the
distinct role and regulatory mechanism of macrophages in acute and
chronic pancreatitis respectively [22, 24, 30]. Upon AP injury, mono-
cytes derived from BM are recruited into inflamed pancreas and then
activated into M1 macrophages in response to DAMPs released by
necrotic acinar cells. While, in the context of chronic pancreatitis
(CP), the crosstalk between macrophages and pancreatic stellate cells
(PSCs) promotes their M2 activation via IL4 | IL4R« axis [22]. In this
study, we sought to reveal the mechanism of polarization state tran-
sition of macrophage during ADM. ADM is characterized by the for-
mation of duct-like cells in response to pancreatic inflammation. We
wondered whether the crosstalk between macrophages and duct-
like cells contributed to their polarization. As expected, we found
duct-like cells expressed a higher level of PGE2, promoting macro-
phage M2 activation and extracellular matrix synthesis via augment-
ing of IL4R«x signals on macrophages. In all, we have defined the
distinct mechanism of macrophage polarization in the different path-
ological stage of pancreas.

The essential role of macrophages in ADM triggered by oncogenic
Kras has been well illustrated [9, 47]. However, little is known about
the role of macrophages at inflammation-induced ADM and espe-
cially the acinar re-differentiation stage. Here we found that elevated
PI3K/AKT signals at ADM stage in pancreatic macrophages didn’t con-
tribute to their M2 polarization but rather promoted inflammation
resolution in the subsequent acinar re-differentiation. Besides, genes
involved in extracellular matrix (ECM)-receptor interactions account
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Fig. 6. PGE2 augments IL4Re signaling to enhance M2 activation of pancreatic macrophages

(A) Ptgs1 and Ptgs2 mRNA expression in pancreas following AP injury (n = 3 for each group). (B) Representative immunofluorescence images of the pancreas from mice post AP
injury stained with PGE2 and DAPI. Scale bars, 50 xm. (C) Representative immunofluorescence images of day 3(D3) pancreas co-stained with PGE2, together with CK19 (duct-like
cell) or F4/80 (macrophage). (D) Ptgs1 and Ptgs2 mRNA level in pancreatic macrophages during AP recovery are shown (GSE138134). (E) COX2 expression in pancreatic macrophages
was analyzed by flow cytometry (n = 3). (F) BMDMSs from WT or Il4ra~/~ mice were treated with different doses of PGE2 with or without 1L4/IL13 (10 ng/ml) for 2 days. Relative
CD206 expression was determined by flow cytometry. (G) BMDMs were treated with IL4/IL13, PGE2, as well as EP inhibitor (EPi) for 2 days. Relative CD206 expression was deter-
mined by flow cytometry. (H) Relative IL4Ro expression of BMDMs upon indicated treatment for 24 h was examined with flow cytometric assay. (I) Vehicle (VE) or COX2 inhibitor
Celecoxib (CE, 20 mg/kg) was administrated via gavage daily from day 2(D2) and harvested on day 3(D3). Representative H&E staining of pancreas from VE- or CE- treated mice.
Scale bar,100 pm. (J) Pancreatic leukocytes from 2 indicated groups were isolated and analyzed. Bar graphs depict the proportion of indicated cells. *P<0.05, **P<0.01, ***P<0.001.
Data are shown as means + SEM (One-way ANOVA for E; unpaired two-tailed Student's t-test for A, F-]).

for the majority genes in elevated PI3K/AKT pathway. Macrophage-
derived ECM is for inflammation resolution in tissue regeneration,
while during pathologically hyperactivated regenerative processes
such as chronic pancreatitis, sustained ECM formation by macro-
phages would contribute to fibrogenesis. Thus, unraveling the molec-
ular/ cellular bases of exocrine regeneration may better understand
the pathological process of chronic pancreatitis.
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In summary, our findings highlight the dynamic phenotype
and role of macrophages in the process of pancreatic regeneration
post AP injury. We elucidated the regulatory mechanism of polar-
ized macrophages during ADM, as well as revealed that macro-
phage-derived PI3K-AKT signaling was essential for inflammation
resolution during acinar re-differentiation. Our data further sup-
port the development of macrophage-based therapies to enhance



12 J. Wu et al. / EBioMedicine 58 (2020) 102920

the efficiency of regenerative process as a novel strategy for pan-
creas disease treatment.
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