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Summary

Acute pancreatitis (AP), an inflammatory disorder of the pancreas with a

high hospitalization rate, frequently leads to systemic inflammatory

response syndrome (SIRS) and multiple organ dysfunction syndrome

(MODS). However, therapeutic targets for effective treatment and early

intervention of AP are still urgently required to be identified. Here, we

have observed that the expression of pancreatic lincRNA-EPS, a long

intergenic non-coding RNA, is dynamically changed during both caeru-

lein-induced AP (Cer-AP) and sodium taurocholate-induced severe AP

(NaTc-SAP). The expression pattern of lincRNA-EPS is negatively corre-

lated with the typical inflammatory genes such as IL-6, IL-1β, CXCL1,

and CXCL2. Further studies indicate that knockout of lincRNA-EPS

aggravates the pathological symptoms of AP including more induction of

serum amylase and lipase, severe edema, inflammatory cells infiltration

and acinar necrosis in both experimental AP mouse models. Besides these

intrapancreatic effects, lincRNA-EPS also protects against tissue damages

in the extra-pancreatic organs such as lung, liver, and gut in the NaTc-

SAP mouse model. In addition, we have observed more serum pro-inflam-

matory cytokines TNF-α and IL-6 in the lincRNA-EPS-/- NaTc-SAP mice

and more extracellular HMGB1 around injured acinar cells in the pan-

creas from lincRNA-EPS-/- NaTc-SAP mice, compared with their respec-

tive controls. Pharmacological inhibition of NF-κB activity by BAY11-

7082 significantly abolishes the suppressive effect of lincRNA-EPS on

TLR4 ligand-induced inflammatory genes in macrophages. Our study has

described a protective role of lincRNA-EPS in alleviating AP and SAP,

outlined a novel pathway that lincRNA-EPS suppresses HMGB1-NF-κB-
dependent inflammatory response in pancreatic macrophages and pro-

vided a potential therapeutic target for SAP.

Keywords: lncRNA; lincRNA-EPS; HMGB1; severe acute pancreatitis; NF-

κB; inflammation.

Abbreviations: H&E, Hematoxylin and Eosin; Cer-AP, Caerulein-induced AP; CXCL, Chemokine (C-X-C motif) ligand; DAMPs,
Damage-associated molecular patterns; HMGB1, High-mobility group box 1; iBMM, Immortalized bone marrow-derived macro-
phage; IHC, Immunohistochemistry; IL-1β, Interleukin-1β; IL-6, Interleukin-6; lincRNA, long intergenic non-coding RNA; MCP-
1, Monocyte chemo-attractant protein-1; MODS, Multiple organ dysfunction syndrome; MPO, Myeloperoxidase; NaTc-SAP,
Sodium taurocholate-induced severe AP; PM, Peritoneal macrophage; SAP, Severe acute pancreatitis; SIRS, Systemic inflamma-
tory response syndrome; TLR, Toll-like receptor; TNF-α, Tumour necrosis factor-α; ALT, Alanine aminotransferase; AST, Aspar-
tate aminotransferase
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Introduction

Acute pancreatitis (AP) is the leading cause of admission

to hospital for gastrointestinal disorders worldwide, with

multiple potential aetiologies such as alcohol consump-

tion, bile reflex, pancreatic duct obstruction, autoimmu-

nity and genetic mutations.1,2 AP is an inflammatory

disorder of the pancreas, frequently leading to systemic

inflammatory response syndrome (SIRS), multiple organ

dysfunction syndrome (MODS) and even death unless

early intervention.1 As there is no effective treatment, the

mortality of the patients with AP-MODS is over 20%,

and the life quality of those who experienced the devas-

tating inflammatory diseases is significantly worse than

the general population.2,3

During AP, particularly the severe AP (SAP) progression,

initial injury of acinar cells leads to local tissue damage and

release of damage-associated molecular patterns

(DAMPs).4,5 High-mobility group box 1 (HMGB1), a key

member of DAMPs family, activates pancreatic macrophages

to induce inflammatory genes including TNF-α, IL-6, IL-1β
and MCP-1 by binding to MD-2 and activating Toll-like

receptor-4 (TLR4) complex.6,7 These inflammatory media-

tors further amplify the pancreatic inflammation and tissue

damage by recruiting neutrophils and activating more

macrophages, leading to pancreas oedema, intrapancreatic

haemorrhage, acinar necrosis, and upregulation of serum

inflammatory cytokines, chemokines, amylase and lipase.5,8,9

Local pancreatic injuries induce SIRS and inflammation in

extra-pancreatic organs including lung, liver and gut, which

may develop to AP-MODS.10-12 Hence, a novel strategy tar-

geting the inflammatory responses in the pancreatic macro-

phage at the initial phase is a promising early intervention

for AP and SAP.

Long intergenic non-coding RNAs (lincRNAs) are long

non-coding transcripts (>200 nt) from the intergenic

regions of annotated protein-coding genes.13 lincRNAs play

important roles in controlling the dynamic transcriptional

programmes that are a hallmark of immune cell activation.

The importance of these molecules is underscored by their

newly recognized roles in the regulation of inflammatory

responses and related inflammatory diseases. For example,

lincRNA-Cox2 is identified as a dynamically regulated gene

induced by TLR ligands and that, in turn, acts to both pro-

mote and repress inflammatory genes expression.14

lincRNA-Tnfaip3 also appears to mediate both the activation

and repression of distinct classes of inflammatory genes in

macrophages.15 lincRNA-Tnfaip3 physically interacts with

HMGB1, assembling a NF-κB/HMGB1/lincRNA-Tnfaip3

complex in the LPS-stimulated macrophages. Therefore,

induction of lincRNA-Tnfaip3 is required for the transacti-

vation of NF-κB-regulated inflammatory genes in response

to TLR4 activation.15 lincRNA-EPS (also known as

Ttc39aos1) is considered as an important transcriptional

brake that suppresses inflammatory gene expression in

macrophages and protects the mice in the endotoxin-shock

mouse model.16 Myeloid cells including macrophages and

dendritic cells express a high level of lincRNA-EPS, while it

is significantly downregulated in these cells stimulated with

LPS.16 Several additional lncRNAs including THRIL,17

lnc13,18 and an antisense lncRNA, AS-IL-1α,19 also regulate

inflammatory gene expression in myeloid cells. However, it

is unclear whether these lincRNAs (e.g. lincRNA-EPS) that

control inflammatory responses also play crucial roles in

ameliorating inflammatory diseases such as SAP.

In this study, we find that the expression level of

lincRNA-EPS is dynamically changed during AP progres-

sion in both caerulein-induced AP (Cer-AP) and sodium

taurocholate-induced severe AP (NaTc-SAP) mouse mod-

els. By comparing wild-type (WT) and lincRNA-EPS-/-

mice, our genetic evidence shows that lincRNA-EPS pro-

tects mice against AP in both experimental AP models.

Meanwhile, our current study has outlined a novel path-

way that lincRNA-EPS inhibits HMGB1-triggered NF-κB
activation and NF-κB-dependent inflammatory genes

expression in the pancreatic macrophages during AP.

Materials and methods

Mice

The C57BL/6N background lincRNA-EPS-/- mice were

generated by Biocytogen (Beijing, China). Briefly, a pair

of sgRNAs were designed to generate a ~ 4kb chromoso-

mal deletion on gene Ttc39aos1 (Gene ID: 102635290).

The targeting sequences of the paired sgRNAs were 5’-

CCGCCCGCTTTCCCGCCTTCTGG-3’ and 5’-GCAT-

TACTTGGACAGCCCCTTGG-3’. The cleavage activity of

the paired sgRNAs was tested by UCATM (Universal

CRISPR Activity Assay) in vitro, which was developed by

Biocytogen. In vitro-transcribed sgRNAs and purified

Cas9 protein were co-microinjected into 170 zygotes

(C57BL/6N strain). Seven founder mice from 18 pups

were generated and verified by PCR genotyping. Mice

genotyping primer sequences were 5’-GCAGA-

CAGGCGTGGACATTCATTCT-3’ (lincRNA-EPS-F1), 5’-

TCACTGAATACACAGGCTGCTGCAA-3’ (lincRNA-EPS-

F2) and 5’-GCTTGTACTCGCCTCTTCTCTGCAA-3’

(lincRNA-EPS-R). PCR products were 456 bp (WT mice)

and 417 bp (KO mice). Other WT C57BL/6N mice used

in this study were ordered from Vital River Laboratory

Animal Technology (Beijing, China). All the mice were

maintained in the specific pathogen-free (SPF) environ-

ment at Suzhou Institute of Systems Medicine (ISM)

under a controlled temperature (25°) and a 12 hr day–-
night cycle. All animal experiments were conducted

according to the US National Institutes of Health Guide

for the Care and Use of Laboratory Animals and
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Figure 1. Dynamic alternation of lincRNA-EPS expression during AP progression. (A) Schematic diagram of the Cer-AP mouse model. (B) Tran-

scriptomes of pancreases from the saline-10h, Cer-AP-10h and Cer-AP-22h mice were analysed by RNA-Seq. Heatmap of the representative

lncRNAs (Cer-AP-10h/saline-10h ≤ 0�5-fold and Cer-AP-22h/Cer-AP-10h ≥ 2 fold) that were downregulated at the early stage and recovered

expression at the later stage are shown. (C) RT-qPCR analysis of lincRNA-EPS transcripts in the pancreases from saline-10h (n = 5) and Cer-AP-

10h (n = 5) mice. (D) RT-qPCR analysis of lincRNA-EPS transcripts in the pancreases from saline-22h (n = 6) and Cer-AP-22h (n = 6) mice.

(E) Schematic diagram of the experimental SAP mouse models by pancreatic ductal retrograde infusion of NaTc. (F) RT-qPCR analysis of

lincRNA-EPS transcripts in the pancreases from sham-2h (n = 7) and NaTc-SAP-2h (n = 7) mice. (G) RT-qPCR analysis of lincRNA-EPS tran-

scripts in the pancreases from sham-24h (n = 3) and NaTc-SAP-24h (n = 7) mice. Data of (B) are shown as the mean of the biological tripli-

cates. Data of (C), (D), (F) And (G) are shown as the mean � SD of one representative experiment from three independent experiments.

*P < 0�05 and **P < 0�01 by unpaired Student’s t-test.
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approved by the Animal Service Center of ISM (ISM-

IACUC-0009-R).

Reagents

LPS (Escherichia coli 0111: B4) and anti-α-tubulin anti-

body were purchased from Sigma-Aldrich (St. Louis,

MO). Primary antibodies against GAPDH (#5174), p-

AKT (#4060S), AKT (#9272S), p-ERK1/2 (#9101S),

ERK1/2(#4695S), p-JNK (#4668S), JNK (#9252S), p-p38

(#9215S), p38 (#9212S), p-p65 (#3033S) and p65

(#6956S) were from Cell Signaling Technology (Danvers,

MA). All the fluorescence secondary antibodies were pur-

chased from LI-COR (Lincoln, NE). Fluor® 647 anti-

mouse F4/80 (#123122) was purchased from BioLegend

(San Diego, CA). Anti-HMGB1 (#ab79823) antibody was

from Abcam (San Francisco, CA). Caerulein was ordered

from MCE (Monmouth Junction, NJ). Sodium tauro-

cholate was from Solarbio (Beijing, China). NF-κB inhibi-

tor BAY11-7082 was purchased from Selleckchem

(Houston, TX) and prepared as 50 mmol/L stock solution

in DMSO. PD98059, a potent and selective cell-permeable

MEK inhibitor, was ordered from InvivoGen (San Diego,

CA). Lipofectamine 2000 was from Invitrogen (Carlsbad,

CA). Fluid thioglycollate medium was purchased from

Merck KGaA (Darmstadt, Germany).

Cell culture and treatment

HEK293T and RAW264�7 were obtained from American

Type Culture Collection (Manassas, VA) and cultured in

DMEM supplemented with 10% FBS and 1% penicillin/

streptomycin. M-CSF conditioned medium was collected

from the supernatant of GMG14-12 cells (gifted by Genhong

Cheng Laboratory, University of California, Los Angeles,

CA). For mouse bone marrow-derived macrophage (BMM)

differentiation, bone marrow cells were harvested from WT

or lincRNA-EPS-/- mice and differentiated in DMEM supple-

mented with 10% FBS, 1% penicillin/streptomycin and 1%

M-CSF conditioned medium for 7 days. The media were

replaced on day 3 and day 6, and the cells were used for

experiments as BMMs on day 7. For pancreatic macrophages

preparation, we sorted the CD11b+F4/80+ cells from

pancreases as pancreatic macrophage preparation. These

macrophages were cultured on the slides and stained with

DAPI and p-p65 antibody for immunofluorescence detec-

tion. For J2 virus-immortalized macrophages (iBMMs), a

cell line transformed by retrovirus expressing v-raf and c-

myc was established (called GG2EE cells) and grown in

RPMI-1640 (10 mm HEPES, pH 7�8, 10% FBS, 1% peni-

cillin/streptomycin). The supernatant containing J2 viruses

was harvested and filtered through 0�22-µM filter. Bone mar-

row cells from WT or lincRNA-EPS-/- mice were infected

with the J2 virus and immortalized as described previ-

ously.20,21 For peritoneal macrophage (PM) preparation,

peritoneal lavage was collected from mice injected with 2 ml

of 3% fluid thioglycollate medium for 3 days, followed by

centrifugation for 5 min at 1200 rpm, and the peritoneal

cells were cultured in RPMI-1640 medium supplemented

with 10% FBS and 1% penicillin/streptomycin. After 1-hr

culture, the medium was replaced and most of the attached

cells are PMs. For all experiments, cells were plated over-

night and the medium was replaced before stimulation. Cells

were stimulated or pretreated at following concentrations

unless indicated elsewhere: LPS (100 ng/ml), HMGB1

(500 ng/ml), PD98059 (10 µm) and BAY11-7082 (10 µm).

Experimental AP mouse models

Before the induction of experimental AP, the mice fasted

for 8 hr. The experimental Cer-AP mice were intraperi-

toneally administered with caerulein (200 µg/kg or

100 µg/kg) 8 or 10 times hourly.8 The experimental

NaTc-SAP mice were induced by pancreatic ductal retro-

grade infusion of sodium taurocholate (NaTc) as previ-

ously described.22 Briefly, after the mice were

anaesthetized with pentobarbital, laparotomy was per-

formed and the duodenum was taken out gently from the

depths of the wound in the middle of the abdomen. The

biliopancreatic duct could be clearly observed by rotating

the duodenum. The needle passed through the duodenal

wall directly opposite to the papilla. Once the needle was

placed within the duct, it was fixed in the desired posi-

tion with a tied ligature. Retrograde infusion of 5% NaTc

was performed at a flow rate of 40 µl/min, 2 µl/g accord-

ing to mouse weight. After the retrograde infusion, the

Figure 2. lincRNA-EPS protects mice against Cer-AP. (A) 24 hr post the initial injection of saline or caerulein, activities of the serum amylase

(left panel) and lipase (right panel) of saline WT (n = 4), saline lincRNA-EPS-/- (n = 4), Cer-AP WT (n = 8) and Cer-AP lincRNA-EPS-/-

(n = 8) mice were measured via enzymatic methods. (B) RT-qPCR analysis of the Il1b and Il6 mRNA expression in the pancreases from the mice

described in (A). (C) Histological examination of the pancreas sections from the indicated mice by H&E staining (upper panel). Neutrophils

infiltration in the pancreases from the indicated mice were measured by MPO staining (middle panel). Necrotic cells in the pancreases from the

indicated mice were measured by TUNEL staining (bottom panel). Data are shown as representative pancreas sections from the indicated mice;

scale bar, 100 µm. Saline WT (n = 4), Saline lincRNA-EPS-/- (n = 4), Cer-AP-WT (n = 5) and Cer-AP-lincRNA-EPS-/- (n = 5). (D–F) Histology

scores of pancreatitis (D), MPO+ cells (E) and TUNEL+ cells (F) were calculated based on the representative field of the pancreas sections from

the indicated mice, group size was described in (C). Data of (A), (B), (D), (E) And (F) are shown as mean � SD of one representative experi-

ment from three independent experiments. *P < 0�05 and **p < 0�01 by unpaired Student’s t-test.

ª 2021 John Wiley & Sons Ltd, Immunology, 163, 201–219 205

lincRNA-EPS alleviates severe acute pancreatitis



(A)

(B)

(C) (D)

H
is

to
lo

gy
 s

co
re

T
U

N
E

L+
 c

el
ls

 c
ou

nt
s

5 60

40

20

0

** **
*

4

3

2

1

0

40000 2500

2000

1500

1000

500

0

* *

30000

20000

S
er

um
 a

m
yl

as
e 

ac
tiv

ity
 (

U
/d

L)

S
er

um
 li

pa
se

 a
ct

iv
ity

 (
U

/L
)

10000

0

Sham NaTc-SAP

Sha
m

NaT
c-

SAP
Sha

m

NaT
c-

SAP

WT

WT

LincRNA-EPS –/–

WT

LincRNA-EPS –/–

WT

LincRNA-EPS –/–

LincRNA-EPS –/– WT LincRNA-EPS –/–

P
an

cr
ea

s
(H

&
E

 s
ta

in
in

g)
P

an
cr

ea
s

(T
U

N
E

L 
st

ai
ni

ng
)

Sha
m

NaT
c-

SAP

Ede
m

a

Acin
ar

 n
ec

ro
sis

In
fla

m
m

at
ion

Hem
or

rh
ag

e

Sha
m

NaT
c-

SAP
Sha

m

NaT
c-

SAP
Sha

m

NaT
c-

SAP
Sha

m

NaT
c-

SAP

ª 2021 John Wiley & Sons Ltd, Immunology, 163, 201–219206

S. Chen et al.



needle was removed and the opened duodenum was

sutured. Mice were killed at 24 hr post the initial induc-

tion of the Cer-AP or NaTc-SAP, and the serum and tis-

sues, including pancreas, lung and liver, were collected

for further analysis. The tissues were placed in 4%

paraformaldehyde for histology and immunohistochem-

istry analysis or stored in RNAlater RNA Stabilization

Reagent (Qiagen, Düsseldorf, Germany) for RNA extrac-

tion and gene expression analysis. In addition, fresh pan-

creases were isolated for analysing inflammatory immune

cell infiltration via flow cytometry or snap-frozen for pro-

tein extraction for Western blot analysis. Peritoneal lavage

fluid from the sham and NaTc-SAP mice was collected by

injection with 5 mL saline. 100 µl of the diluted lavage

fluid was spread in the antibiotics-free LB plates and cul-

tured for 24 hr.

Measurement of serum amylase, lipase, ALT and AST

Blood from experimental AP mouse models was cen-

trifuged at 1500 g for 10 min at 4° to separate the serum.

Serum samples were diluted to the appropriate concentra-

tion and incubated with corresponding reagents from

commercial kits (Nanjing Jiancheng Bioengineering Insti-

tute, Nanjing, China). Serum amylase and lipase activities

were measured by α-Amylase Assay Kit (C016-1) and

Lipase Activity Kit (A054-2) according to the manufac-

turer’s instructions, respectively. AST and ALT activities

were measured by Alanine Aminotransferase Assay Kit

(C009-2-1) and Aspartate Aminotransferase Assay Kit

(C010-2-1) according to the manufacturer’s instructions,

respectively.

Flow cytometry analysis

To analyse the infiltrated innate immune cells in the

pancreases from NaTc-SAP mice, freshly isolated pan-

creases were incubated with 1 mg/ml collagenase D

(Thermo Fisher Scientific, Waltham, MA) and minced

into small pieces on ice. Single pancreatic cell suspen-

sions were firstly stained with Fc blocking antibody,

then immune-labelled with fluorochrome-conjugated

antibodies in PBS supplemented with 2% heat-inacti-

vated FBS (Gibco, Thermo Fisher Scientific). Isotype

controls were also included. Antibodies Alexa Fluor

647-conjugated anti-CD11b, PE-conjugated anti-F4/80

and PerCP/Cy5�5-conjugated anti-Ly6G were purchased

from BioLegend (San Diego, CA). Flow cytometry

analysis was performed on a Life Launch Attune NxT

Flow Cytometer (Thermo Fisher Scientific, Waltham,

MA) after gating the living cells. Data were analysed

using FlowJo software (version 10�0).

RNA isolation and real-time quantitative PCR (RT-
qPCR)

RNA was isolated from macrophages or pancreatic tissue

stored in RNAlater using TRIzol (Thermo Fisher Scien-

tific) according to the manufacturer’s instructions. Fol-

lowing RNA concentration, 1 µg of RNA was used to

make cDNA using PrimeScript TM RT Reagent Kit for

RT-qPCR (Takara, Tokyo, Japan). RT-qPCR analysis was

performed using cDNA in the Roche 480 instrument

using SYBR from Toneker Biotech (Suzhou, Jiangsu). The

relative mRNA expression level of genes was normalized

to the internal control ribosomal protein gene Rpl32 by

using 2−ΔΔCt cycle threshold method.23 The primer

sequences for RT-qPCR were from the primer bank,24

and all the sequences are available upon request.

RNA sequencing, data acquisition and processing

Total pancreas RNA was extracted from Cer-AP and sal-

ine-treated mice. RNA concentration was quantified

using a Qubit 2�0 Fluorometer (Thermo Fisher Scien-

tific). The integrity of extracted RNA was evaluated

using an Agilent Technology 2100 Bioanalyzer. RNA

libraries were constructed using a TruSeq Stranded

mRNA Sample Prep Kit (Illumina, San Diego, CA)

according to the manufacturer’s guidelines. The quantity

and quality of the libraries were also assessed by Qubit

and Agilent 2100 Bioanalyzer, respectively, and their

molar concentration was validated by RT-qPCR for

library pooling (Table S1). Libraries were sequenced on

the HiSeq X10 using the paired end 2 × 150 bp, dual-in-

dex format. For RNA-Seq data analysis, Trimmomatic

was used to remove Illumina sequencing adapters within

raw reads of every sample, trim low-quality bases of

Figure 3. lincRNA-EPS protects mice against NaTc-SAP. (A) 24 hr post the retrograde infusion of injection of NaTc, activities of the serum amy-

lase (left panel) and lipase (right panel) of sham WT (n = 4), sham lincRNA-EPS-/- (n = 4), NaTc-SAP WT (n = 9) and NaTc-SAP lincRNA-

EPS-/- (n = 9) mice were measured via enzymatic methods. (B) Histological examination of the pancreas sections from the indicated mice by

H&E staining (upper panel). Acinar cell apoptosis in the pancreases from the indicated mice was measured by TUNEL staining (bottom panel).

(C) Histology scores of pancreatitis were evaluated based on the representative field of the pancreas sections from the indicated mice, group sizes

were described in (A). (D) TUNEL+ cells were calculated based on the representative field of the pancreas sections from the indicated mice, sham

WT (n = 3), sham lincRNA-EPS-/- (n = 3), NaTc-SAP WT (n = 4) and NaTc-SAP lincRNA-EPS-/- (n = 4). Data of (B) are shown as representa-

tive pancreas sections from the indicated mice; scale bar, 100 µm. Data of (A), (C) And (D) are shown as the mean � SD of one representative

experiment from three independent experiments. *P < 0�05 and **P < 0�01 by unpaired Student’s t-test.
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both read ends (with parameters LEADING:3 TRAIL-

ING:3 SLIDINGWINDOW:4:15) and drop one read if

its length was < 36 bp. Secondly, the clean reads were

mapped to mouse mm 10 reference genome with CLC

Genomics Workbench (Qiagen) and the alignment bam

files were used as htseq-count (command of python

package HTSeq) input to get read counts of genes.

Finally, CLC was used to identify DEGs (P ≤ 0�05, FC ≥
2) based on raw read counts. For DEGs, Ingenuity

Pathway Analysis (IPA) and GO biological process were

performed by Fisher’s exact test, the enrichment P-values

of which were corrected by the Bonferroni method.

RNA sequencing raw data have been deposited in the

Genome Sequence Archive of the National Genomics

Data Center (NGDC) under the accession numbers

CRA002365 (publicly accessible website: http://bigd.b

ig.ac.cn/gsa).

Histological examination, immunohistochemistry and
immunofluorescence

Pancreas, lung and liver tissues were collected 24 hr post

the initial induction of AP and were fixed in 4%

paraformaldehyde in PBS. Paraffin-embedded tissues from

each tissue were sectioned at 5 µm, and the slice was fol-

lowed by H&E staining. The degree of pancreatic injury

was evaluated by light microscopy in 200X magnification

over five separate fields. Histology scores of lung injury

were evaluated based on the description in the previous

study.25 The severity of pancreatitis was scored mainly

based on the description in the previous study.26 Histol-

ogy scores of liver injury were evaluated via counting

neutrophils in 200X magnification over seven separate

fields. Immunohistochemistry for neutrophil marker

MPO (#ab9535; Abcam) was performed on the pancreas

of mice. Briefly, 5-µm-thick paraffin sections of formalin-

fixed paraffin-embedded pancreatic tissue were fixed in

dimethylbenzene, quenched with 3% H2O2 and blocked

with goat serum. After three washes with PBS, the sec-

tions were treated with anti-MPO primary antibody

(1:50) overnight. Then, the sections were incubated with

horseradish peroxidase-conjugated secondary antibody for

1 hr. Finally, the colour was developed using DAB as a

peroxidase substrate, and the slides were counterstained

with haematoxylin for bright-field microscopy.

Immunofluorescence for HMGB1, F4/80 and p-p65 was

performed on snap-frozen sections of pancreas from

mice. Frozen sections were obtained from OCT-embed-

ded pancreatic tissue, and snap-frozen tissue was sec-

tioned at 5-µm thickness. After blocking Fc receptor with

10% goat serum in PBS, frozen sections were incubated

overnight with antibodies Alexa Fluor® 647 anti-mouse

F4/80 (1:100), anti-HMGB1 (1:250) and anti-p-p65

(1:100). HMGB1 and p-p65 colocalization in macro-

phages are analysed by SP8 LIGHTNING confocal micro-

scope (Leica, Wetzlar, Germany).

Protein extraction and Western blotting

Fresh pancreatic tissues were frozen in liquid nitrogen

and ground into powder. The ground tissue powder or

cultured cells were lysed in cold RIPA lysis buffer

(50 mm Tris–Cl, pH 7�5, 150 mm NaCl, 1 mm EDTA,

1% Triton-X-100 and 5% glycerol) containing complete

protease inhibitor (Merk Limited, Darmstadt, Germany )

in the presence or absence of phosphatase inhibitor

(Roche). Protein concentrations of the extracts were mea-

sured with a BCA assay (Thermo Fisher Scientific) and

equalized with the lysis buffer. Equal amounts of the

extracts were loaded and subjected to SDS-PAGE, trans-

ferred onto PVDF membranes (Millipore Corporation,

Billerica, MA, USA) and then blotted with enhanced

chemiluminescence (Millipore Corporation, Billerica, MA,

USA) or Odyssey Imaging Systems (LI-COR Biosciences,

Lincoln, Nebraska, USA).

Preparation of recombinant mouse HMGB1
(rmHMGB1) protein

Full-length mouse HMGB1 gene was amplified from the

cDNA of RAW264�7 cells. The PCR products were cloned

into pcDNA3�1(-) plasmid to make an mHMGB1-His

fusion protein expression vector, which was confirmed by

Sanger DNA sequencing. HEK293T cells were seeded into

10-cm dishes and transfected with pcDNA3�1(-)-
mHMGB1-6xHis vector to express rmHMGB1 protein by

using Lipofectamine 2000 according to the manufacturer’s

Figure 4. lincRNA-EPS inhibits pro-inflammatory cytokine production and neutrophil infiltrations in the NaTc-SAP mice. (A) 24 hr post the

retrograde infusion of injection of NaTc, RT-qPCR analysis of Il1b, Il6 and Mcp1 mRNA expression was performed in the pancreases from the

indicated mice. Sham WT (n = 3), sham lincRNA-EPS-/- (n = 3), NaTc-SAP WT (n = 8) and NaTc lincRNA-EPS-/- (n = 8) mice. (B) ELISA

detection of the serum IL-6 and TNF-α from indicated mice, group sizes were described in (A). (C, D) Neutrophil infiltrations in the pancreases

from the indicated mice were measured by MPO staining (C), and MPO+ cells were calculated based on the representative field of the pancreas

sections from the indicated mice (D), sham WT (n = 4), sham lincRNA-EPS-/- (n = 4), NaTc-SAP WT (n = 6) and NaTc-SAP lincRNA-EPS-/-

(n = 6). (E, F) Pancreatic neutrophils (E) and macrophages (F) from indicated mice were analysed by flow cytometry, and the percentage were

compared. Group sizes were described in (C). Data of (C) are shown as representative pancreas sections from the indicated mice; scale bar,

100 µm. Data of (A), (B), (D), (E) And (F) are shown as the mean � SD of one representative experiment from three independent experiments.

*P < 0�05 and **P < 0�01 by unpaired Student’s t-test.
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instructions. Extraction and purification of rmHMGB1

were performed by using the HisTrapTM column from

GE Healthcare (Uppsala, Sweden), according to the man-

ufacturer’s instructions. Purified rmHMGB1 was verified

by Western blot and Coomassie blue staining. The con-

centration of purified rmHMGB1 was evaluated via BCA

assay. ToxinSensor™ Chromogenic LAL Endotoxin Assay

Kit (GenScript, Piscataway, NJ) was used to measure the

concentration of the endotoxin.

Statistical analysis

The data represent the mean of at least three independent

experiments, and error bars represent SEM or SD of the

mean. Statistical analysis was performed by unpaired 2-tailed

Student’s t-test using the GraphPad Prism (version 6;

GraphPad Software Inc, San Diego, CA, USA). P < 0.05 was

considered as a statistically significant difference.

Results

Dynamic alternation of lincRNA-EPS expression
during AP and SAP

To investigate the genes potentially regulating AP progres-

sion, we analysed the transcriptome of pancreases from the

saline-treated and Cer-AP mice by using high-quality total

pancreas RNA (Fig. 1A and Table S1). 162 inflammatory

genes were significantly induced in the pancreases from the

Cer-AP mice compared with the saline-treated mice (Table

S2). These inflammatory genes were induced at Cer-AP-10h

and fell back at Cer-AP-22h (Fig. S1A and Table S2).

Among them, several well-known inflammatory genes

related to AP progressions such as IL-6, IL-1β, CXCL1 and

CXCL2 were significantly induced at the early stage and

downregulated at the later stage (Fig. S1B, C). Interestingly,

more than 100 lncRNAs were shown the completely oppo-

site expression pattern to the above inflammatory genes,

which were suppressed at Cer-AP-10h and upregulated at

Cer-AP-22h (Fig. 1B and Table S3). LincRNA-EPS, which

has been reported as a transcriptional brake to restrain

inflammation,16 was one of the representative lncRNAs,

which were reversely correlated with the expression of the

above inflammatory genes (Fig. 1B).

We verified the dynamic expression changes of

lincRNA-EPS in a lower dose and better controlled Cer-

AP mouse model by RT-qPCR. Comparing with the

respective controls, lincRNA-EPS was significantly down-

regulated in the pancreases from Cer-AP-10h mice, while

it was dramatically upregulated in the pancreases from

Cer-AP-22h mice (Fig. 1C, D and Fig. S1D). In addition,

we confirmed the dynamic alternation of lincRNA-EPS

expression in the NaTc-SAP mouse model, which mimics

the clinical biliary (i.e. gallstone) SAP patients (Fig. 1E).

Consistent with Cer-AP, lincRNA-EPS was significantly

downregulated in the pancreases from NaTc-SAP-2h

mice, while it was dramatically upregulated in the pan-

creases from NaTc-SAP-24h and NaTc-SAP-36h mice

(Fig. 1F, G and Fig. S1E).

Together, we find that the expression of lincRNA-EPS,

known as an anti-inflammation lncRNA, dynamically

changed its expression during the AP progression and

reversely correlated with the typical inflammatory genes

in both Cer-AP and NaTc-SAP mouse models. These

results suggest a potential role of lincRNA-EPS in alleviat-

ing pancreas injury during AP.

More severe symptoms in the Cer-AP and NaTc-SAP
lincRNA-EPS-/- mice

To determine whether lincRNA-EPS plays a protective

role during AP, we constructed a lincRNA-EPS-/- mouse

strain using CRISPR/Cas9 genome editing technology and

verified the founder mice by PCR genotyping and RT-

qPCR (Fig. S2). The lincRNA-EPS-/- mice did not show

any defects and spontaneous diseases during development

and breeding. In the Cer-AP mouse model, serum amy-

lase and lipase activities were significantly elevated in the

Cer-AP WT and lincRNA-EPS-/- mice, while higher activi-

ties were observed in the lincRNA-EPS-/- mice than the

WT mice (Fig. 2A). More induction of inflammatory

cytokine genes including IL-1β and IL-6 was also detected

in the Cer-AP lincRNA-EPS-/- mice than the WT mice

(Fig. 2B). Consistently, histological analysis showed more

Figure 5. LincRNA-EPS prevents systemic inflammatory responses in the NaTc-SAP mice. (A, B) Twenty-four hours post the retrograde infusion

of injection of NaTc, histological examination of the lung sections from the indicated mice was performed by H&E staining (A). Histopathology

scores of lung injury were evaluated by measuring the thickness of the alveolar walls in the representative fields of the lung sections from the

indicated mice (B). Sham WT (n = 4), sham lincRNA-EPS-/- (n = 4), NaTc-SAP-WT (n = 9) and NaTc-SAP-lincRNA-EPS-/- (n = 9). (C, D)

Twenty-four hours post the retrograde infusion of injection of NaTc, histological examination of the liver sections from the indicated mice was

performed by H&E staining (C), infiltrated neutrophils were counted in the representative field of the liver sections from the indicated mice (D).

Group size was described in (A). (E, F) Serum ALT (E) and AST (F) activities were measured via enzymatic methods. Group sizes were described

in (A). (G) Bacteria in the peritoneal lavage fluid from indicated mice were cultured in the antibiotics-free LB plates, and the colony-forming

unit (CFU) was counted. Sham WT (n = 4), sham lincRNA-EPS-/- (n = 4), NaTc-SAP WT (n = 5) and NaTc-SAP lincRNA-EPS-/- (n = 5). Data

of (A) and (C) are shown as a representative pancreas sections from the indicated mice; scale bar, 100 µm. Data of (B), (D) and (E–G) are shown
as mean � SD of one representative experiment from three independent experiments. *P < 0�05 and **P < 0�01 by unpaired Student t-test.
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severe oedema and leucocyte infiltration in the Cer-AP

lincRNA-EPS-/- mice than the WT mice (upper panel of

Fig. 2C, D). Immunohistochemical analysis confirmed the

increased infiltration of neutrophils marked by myeloper-

oxidase (MPO) in pancreas tissue sections from the Cer-

AP lincRNA-EPS-/- mice compared with the WT mice

(middle panel of Fig. 2C and E). In addition, more

TUNEL+ apoptotic acinar cells were detected in the pan-

creases from the Cer-AP lincRNA-EPS-/- mice than the

WT mice (bottom panel of Fig. 2C and F).

Similarly, higher serum amylase and lipase activities

were detected in the lincRNA-EPS-/- mice than the WT

mice in the experimental NaTc-SAP mouse model (Fig. 3

A). Much more severe pancreas damage such as inflam-

matory cell infiltration and tissue necrosis foci could be

observed in the NaTc-SAP lincRNA-EPS-/- mice than the

WT mice (upper panel of Fig. 3B, C). Consistently, more

acinar cell apoptosis was detected in the pancreases from

the NaTc-SAP lincRNA-EPS-/- mice (bottom panel of

Fig. 3B and D). Taken together, the results from Cer-AP

and NaTc-SAP mouse models indicate that knockout of

lincRNA-EPS aggravates the pancreas injury, which sug-

gests the protective role of lincRNA-EPS during both AP

and SAP progression.

More inflammatory cytokine production and more
infiltration of neutrophils and macrophages in the
NaTc-SAP lincRNA-EPS-/- mice

We further compared the inflammatory responses

between the NaTc-SAP WT and lincRNA-EPS-/- mice.

Knockout of lincRNA-EPS significantly promoted the

induction of inflammatory cytokine and chemokine genes

including IL-1β, IL-6 and MCP1 in the injured pancreases

from the NaTc-SAP mice (Fig. 4A). In addition to the

differential expression of the inflammatory genes in pan-

creases, we also found that more serum IL-6 and TNF-α
proteins were induced in the NaTc-SAP lincRNA-EPS-/-

mice than the WT mice (Fig. 4B). Consistent with the

inflammatory cytokines, a large number of neutrophils

were recruited into the injured pancreases during AP pro-

gression, while more infiltrated neutrophils with the mar-

ker MPO were observed in the injured pancreases from

the NaTc-SAP lincRNA-EPS-/- mice than the WT mice

(Fig. 4C, D). These immunohistochemistry (IHC) results

were verified by flow cytometry assay, which indicated

that more CD11b+Ly6G+ cells were detected in the pan-

creases from the NaTc-SAP lincRNA-EPS-/- mice than the

WT mice (Fig. 4E and Fig. S3A). Meanwhile, more

CD11b+F4/80+ macrophages were detected in the pan-

creases from the NaTc-SAP lincRNA-EPS-/- mice than the

WT mice (Fig. 4F and Fig. S3B). Together, these results

suggest that lincRNA-EPS potentially protects the mice

against SAP and SAP-SIRS by suppressing intrapancreatic

inflammatory responses.

More severe SIRS in the NaTc-SAP lincRNA-EPS-/-

mice

As higher serum IL-6 and TNF-α, two main pro-in-

flammatory mediators of SIRS, were detected in the

NaTc-SAP lincRNA-EPS-/- mice than the WT mice, we

were wondering whether lincRNA-EPS also protected

other organs such as lung, liver and gut in the NaTc-

SAP mouse model. Lung is one of the extra-pancreatic

organs that is severely affected by SAP in humans.

H&E staining results indicated that the thickness of

the alveolar wall was substantially increased in the

NaTc-SAP mice, while thicker alveolar walls were

observed in the NaTc-SAP lincRNA-EPS-/- mice than

the WT mice (Fig. 5A, B). Experimental NaTc-SAP led

to severe liver damage, and more hepatocyte death,

haemorrhage and neutrophil infiltration were observed

in the NaTc-SAP lincRNA-EPS-/- mice than the WT

mice (Fig. 5C, D). Serum alanine aminotransferase

(ALT) and aspartate aminotransferase (AST), the

markers of hepatocyte injury, were also higher in the

NaTc-SAP lincRNA-EPS-/- mice, compared with the

WT mice. (Fig. 5E, F). Meanwhile, gut permeability

was increased significantly in the NaTc-SAP mice, fol-

lowed by translocation of the Gram-negative bacteria

across the mucosal barrier to enter the abdominal cav-

ity.27 Much more bacteria were detected in the abdom-

inal cavity of the NaTc-SAP lincRNA-EPS-/- mice than

the WT mice (Fig. 5G). Taken together, these data

demonstrate that lincRNA-EPS also has a protective

Figure 6. LincRNA-EPS reduces the release of HMGB1 from acinar cells and the activation of NF-κB in the pancreatic macrophages from NaTc-

SAP mice. (A, B) Immunofluorescence of the subcellular localization of HMGB1 was measured in the snap-frozen pancreas sections from indicated

mice (A), and the mean fluorescent intensity (MFI) of extracellular HMGB1 was calculated in the representative field of the sections (B); sham

WT (n = 4), sham lincRNA-EPS-/- (n = 4), NaTc-SAP WT (n = 8) and NaTc-SAP lincRNA-EPS-/- (n = 8). (C, D) Immunofluorescence of the p-

p65 in the sorted pancreatic macrophages was measured (C), and the MFI of p-p65 was calculated in the representative field of the sections. Sham

WT (n = 4), Sham lincRNA-EPS-/- (n = 4), NaTc-SAP WT (n = 5) and NaTc-SAP lincRNA-EPS-/- (n = 5). (E, F) Western blot analysis of p-p65

and total p65 in the pancreas lysate from the indicated mice (E), and relative p-p65 protein level in (E) were quantified using the ImageJ software

(F). GAPDH was shown as a loading control. Data of (A) and (C) are shown as representative pancreas sections from the indicated mice; scale

bar, 5 µm (A) and 10 µm (C). Data of (E) are shown as representative of three independent experiments. Data of (B) and (D) are shown as the

mean � SD of one representative experiment from three independent experiments. *P < 0�05 and**P < 0�01 by unpaired Student’s t-test.
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Figure 7. LincRNA-EPS inhibits inflammatory cytokine production in response to HMGB1 and LPS stimulation in macrophages. (A) RT-qPCR

analysis of Il6 mRNA expression in the WT or lincRNA-EPS-/- iBMMs stimulated with 200 µM NaTc, or stimulated with the injured mouse aci-

nar cells for 6 hr. The acinar cells were freshly isolated and pretreated with 200 µM NaTc for 2 hr. (B) RT-qPCR analysis of Il1b mRNA expres-

sion in the WT or lincRNA-EPS-/- iBMMs cocultured with the ultrasonic damaged 266-6 cells for 6 hr. (C) RT-qPCR analysis of Il1b and Il6

expression in the WT or lincRNA-EPS-/- iBMMs stimulated with rmHMGB1 (500 ng/ml) for 6 hr. (D) RT-qPCR analysis of lincRNA-EPS tran-

scripts in the WT or lincRNA-EPS-/- iBMMs stimulated with LPS (100 ng/ml) for 6 hr. (E) RT-qPCR analysis of Il1b and Il6 mRNA expression

in the WT or lincRNA-EPS-/- iBMMs stimulated with LPS (100 ng/ml) for 6 hr. (F) ELISA measurement of IL-6 and TNF-α in the supernatant

of WT or lincRNA-EPS-/- iBMMs stimulated with LPS(100 ng/ml) for 24 hr. (G) RT-qPCR analysis of Il1b and Il6 mRNA expression in the

empty vector control (EV-Ctrl) or lincRNA-EPS rescued lincRNA-EPS-/- iBMMs stimulated with LPS (100 ng/ml) for 6 hr. Data are shown as

mean � SEM from at least three independent experiments. *P < 0�05 and **P < 0�01 by unpaired Student’s t-test.
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effect on the other organ in addition to pancreases

during SAP progression.

More release of HMGB1 from acinar cells and higher
activation of NF-κB in the pancreatic macrophages
from the NaTc-SAP lincRNA-EPS-/- mice

To explore the molecular mechanism for the lincRNA-EPS-

mediated protection on the injured organs during NaTc-

SAP, we focused on the pancreatic macrophages, which

played critical roles in the initiation and progression of SAP.

Necrotic acinar cells initiate the inflammatory responses by

releasing HMGB1, and the extracellular HMGB1 activates

pancreatic macrophages by binding with MD2 and trigger-

ing TLR4 signalling.10,28 TLR4-triggered activations of key

transcription factor NF-κB drive the induction of inflamma-

tory genes including IL-1β, TNF-α and IL-6 in pancreases.

In the pancreases from the NaTc-SAP mice, acinar cells were

damaged and HMGB1 was secreted (Fig. 6A). More extra-

cellular localized HMGB1 was observed in the pancreases

from the NaTc-SAP lincRNA-EPS-/- mice than the WT mice

(Fig. 6A, B). Isolated and cultured acinar cells were damaged

upon NaTc treatment in vitro, and a large amount of

HMGB1 was released into supernatant (Fig. S3C, D). NF-κB
p65 phosphorylation (p-p65) was clearly increased in the

pancreatic F4/80+ cells during NaTc-SAP (Fig. 6C), which

suggests that the pancreatic macrophages were activated by

the extracellular HMGB1 from damaged acinar cells. More

activation of NF-κB was observed in the pancreatic macro-

phages from the NaTc-SAP lincRNA-EPS-/- mice than the

WT mice (Fig. 6C, D). Furthermore, we checked the p-p65

level in the whole pancreases from the Cer-AP mice and

confirmed that knockout of lincRNA-EPS promoted NF-κB
activation in the pancreases (Fig. 6E, F). Collectively, the

above results suggest that lincRNA-EPS inhibits pancreatic

macrophage activation triggered by the HMGB1 from the

damaged acinar cells during SAP progression.

Knockout of lincRNA-EPS facilitates inflammatory
cytokine production in response to HMGB1/LPS
stimulation on macrophages

To evaluate the impact of lincRNA-EPS on inflammatory

cytokines expression in macrophages, we generated WT and

lincRNA-EPS-/- immortalized bone marrow-derived macro-

phages (iBMMs) for further experiments. First, freshly iso-

lated pancreatic acinar cells were stimulated with a high dose

of NaTc to induce cell injury in vitro, which mimics the

NaTc-SAP in vivo. Next, these NaTc-stimulated acinar cells

were co-incubated with iBMMs. Much more induction of

IL-6 mRNA was detected in the lincRNA-EPS-/- iBMMs than

in the WT cells (Fig. 7A). Sonicated 266-6, a mouse pancre-

atic acinar cell line, was used to stimulate iBMMs. Similarly,

the expression of IL-1β was higher in the lincRNA-EPS-/-

iBMMs than in the WT cells (Fig. 7B). To test whether

HMGB1 mediated the effect of damaged acinar cells as an

inflammatory stimulus, we prepared the high purity and

endotoxin-free recombinant mouse HMGB1 (rmHMGB1)

(Fig. S4). rmHMGB1 stimulation led to higher induction of

IL-1β and IL-6 transcription in the lincRNA-EPS-/- iBMMs

than the WT cells (Fig. 7C), as both LPS and HMGB1 trig-

ger inflammatory response through the TLR4-dependent

signalling pathway. Therefore, TLR4 ligand LPS was used to

stimulate macrophages as an in vitro model in the following

experiments. lincRNA-EPS was sharply downregulated in

response to LPS in all the tested macrophages, including

RAW264�7, BMMs, peritoneal macrophages (PMs) and

iBMMs (Fig. 7D and Fig. S5A–C). Comparing with their

relative controls, more transcripts of IL-1β and IL-6 were

detected in the LPS-stimulated lincRNA-EPS-/- iBMMs,

BMMs and PMs (Fig. 7E and Fig. S5D, E). Moreover, the

production of IL-6 and TNF-α was also significantly higher

in the LPS-stimulated lincRNA-EPS-/- iBMMs than in the

control cells (Fig. 7F). However, overexpression of lincRNA-

EPS suppressed transcription of both IL-1β and TNF-α in

iBMMs (Fig. 7G). Taken together, lincRNA-EPS inhibits the

TLR4 ligands, HMGB1- and LPS-triggered inflammatory

cytokine production in macrophages, and thus potentially

alleviates the pancreas injury during SAP progression.

LincRNA-EPS suppresses the induction of
inflammatory genes in the TLR4-activated
macrophage mainly via the NF-κB-dependent pathway

To gain insight into how lincRNA-EPS suppressed IL-

1β and IL-6 production in macrophages, we examined

their upstream signalling pathways including NF-κB,

Figure 8. lincRNA-EPS suppresses TLR4-triggered inflammatory responses in macrophages via the NF-κB-dependent signalling. (A, B) Western

blot analysis of NF-κB, MAPK and PI3K/AKT signalling activation in the WT and lincRNA-EPS-/- iBMMs stimulated with LPS (100 ng/ml) for

the indicated time (A), and relative p-p65 and p-ERK protein levels in (A) were quantified using the ImageJ software (B). GAPDH was shown as

a loading control. (C, D) Western blot analysis of p-p65, p-ERK and their relative total proteins in the stably transfected with EV-Ctrl or

lincRNA-EPS iBMMs stimulated with LPS (100 ng/ml) for the indicated time (C), and relative p-p65 and p-ERK protein level in (C) were quan-

tified using the ImageJ software (D). α-Tubulin was shown as a loading control. (E, F) RT-qPCR analysis of Il6 mRNA expression in the WT

and lincRNA-EPS-/- iBMMs pretreated with 10 µM NF-κB inhibitor BAY11-7082 (E) or ERK inhibitor PD98059 (F) for 1 hr and then stimulated

with LPS (100 ng/ml) for 6 hr. Data of (A) and (C) are shown as representative of three independent experiments. Data of (B) and (D–F) are

shown as mean � SEM from three independent experiments. ns, not significant; *P < 0�05 by unpaired Student’s t-test.
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MAPK and PI3K/AKT pathways. We found that more

phosphorylation of p65 and ERK was detected in the

LPS-stimulated lincRNA-EPS-/- iBMMs than the WT

cells (Fig. 8A, B). Overexpression of lincRNA-EPS in

WT iBMMs showed decreased phosphorylation of p65

and ERK after stimulation with LPS (Fig. 8C, D).

BAY11-7082, an inhibitor of NF-κB pathway, was used

to test whether lincRNA-EPS suppressed IL-6 via the

NF-κB pathway in macrophages (Fig. S6A, B). We

found more induction of IL-6 mRNA in the LPS-stim-

ulated lincRNA-EPS-/- iBMMs than WT cells, while

pharmacological inhibition of NF-κB significantly

impaired the upregulation of IL-6 mRNA in the

lincRNA-EPS-/- iBMMs (Fig. 8E). However, pretreat-

ment with PD98059, an effective ERK inhibitor, did

not affect the upregulation of IL-6 mRNA in the

lincRNA-EPS-/- iBMMs (Fig. 8F and Fig. S6C, D).

These results indicated that lincRNA-EPS suppresses

TLR4 ligand-triggered inflammatory response mainly

via the NF-κB signalling pathway.

Discussion

lncRNAs are differentially expressed in the cells or organs

with healthy and pathological conditions, implying that

they may have important biological functions. In this

study, we have analysed the expression profile of all tran-

scripts in pancreases during Cer-AP, and have identified a

negative correlation of the expression pattern between

lincRNA-EPS and typical inflammatory genes that are

related to AP. lincRNA-EPS, initially identified as an ery-

throid-specific lncRNA with anti-apoptotic activity, is

required for erythroid differentiation.29 Recent study

shows lincRNA-EPS also restrains inflammation responses

and protects the mice in the endotoxin-shock models.16

During bacterial infection, lincRNA-EPS suppresses host

protective NO expression and impairs the host defence

against the lethal dose of L. monocytogenes infection.30 In

addition to the roles of lincRNA-EPS in controlling

inflammatory and bacterial infectious disease, here we

show that lincRNA-EPS alleviates the local and systemic

inflammation in AP and SAP mouse models by suppress-

ing HMGB1-triggered inflammatory responses. Our cur-

rent study has not only described a novel function of

lincRNA-EPS in the regulation of HMGB1-NF-κB-depen-
dent inflammation but also provided a potential thera-

peutic target for AP and SAP.

Numerous lncRNAs have been shown to involve in

the progression of pancreatic cancer (PC) and pancre-

atic ductal adenocarcinoma (PDAC). For example,

XLOC_000647, which is downregulated in PC tissues,

inhibits cancer cell proliferation, invasion and epithe-

lial–mesenchymal transition by downregulating

NLRP3�31 Hypoxia-induced lncRNA-MTA2TR signifi-

cantly promotes PC cell proliferation and invasion via

driving the deacetylation-dependent accumulation of

HIF-1α.32 LOC389641 is upregulated in PDAC tissues

and promotes PDAC progression by suppressing E-cad-

herin.33 However, it is almost unknown whether any

lncRNAs regulate the progression of pancreatitis, which

is a high-risk factor for both PC and PDAC. We have

shown that the dynamic alteration of lincRNA-EPS

expression is correlated with the AP progression, which

suggests a potential role of lincRNA-EPS in the regula-

tion of chronic pancreatitis (CP), PC and PDAC. Fur-

ther studies are required to investigate whether

lincRNA-EPS also regulates CP and CP-associated can-

cers.

lincRNA-EPS expression is suppressed in macrophages

exposed to TLR ligands including Pam3CSK4 (TLR2/1), LPS

(TLR4) and polyI:C (TLR3).16 Microbes such as L. monocy-

togenes and Sendai virus also inhibit lincRNA-EPS expres-

sion.16 In addition, the lincRNA-EPS expression is

downregulated in the monocytes from patients with active

pulmonary tuberculosis (PTB), compared with healthy indi-

viduals.34 Blocking of activation of NF-κB impairs the sup-

pression of lincRNA-EPS in the TLR4-activated

macrophages.16 In our study, the lincRNA-EPS expression is

downregulated at the early stage of Cer-AP and NaTc-SAP

compared with the control groups, while it is significantly

upregulated at the later stage of both AP models. It is inter-

esting to further investigate the molecular mechanism for

modulating lincRNA-EPS expression, particularly the sig-

nalling pathway that induces lincRNA-EPS transcription at

the later stage of AP. Multiple lncRNAs are potentially used

as diagnostic biomarkers and therapeutic targets in human

diseases.35-37 Given the dramatic and dynamic changes in

lincRNA-EPS expression during AP progression, it is

promising that lincRNA-EPS serves as a sensitive diagnosis

biomarker for AP and SAP.

Pro-inflammatory cytokines TNF-α and IL-6 are the

key mediators to induce systemic inflammation and cyto-

kine storm.38-40 lincRNA-EPS effectively suppresses the

induction of serum amylase and lipase, alleviating pan-

creas injuries including oedema, haemorrhage, inflamma-

tory cell infiltration and acinar necrosis in both

experimental AP mice. Besides these intrapancreatic

effects, lincRNA-EPS also protects the extra-pancreatic

organs such as lung, liver and gut in the NaTc-SAP

mouse model mainly by inhibiting the production of

serum pro-inflammatory cytokines and chemokines. SAP

elicited by gallstone, alcohol misuse and hyperlipidaemia

always accompanies by higher serum TNF-α and IL-6.

Therefore, intrapancreatic delivery or systemic adminis-

tration of lincRNA-EPS is a potential treatment for most

SAP patients with different aetiologies. Severe influenza

and coronavirus disease 2019 (COVID-19) are always

with cytokine storm syndrome.41,42 lincRNA-EPS may

also have protective effects on lungs infected by influenza

virus and SARS-CoV-2 by suppressing cytokine storm.
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Our data collectively indicate that lincRNA-EPS inhi-

bits the activation of NF-κB in the pancreatic macrophage

stimulated by HMGB1, which is released from the dam-

aged acinar cells. Inside the cells, HMGB1 binds DNA,

regulating transcription and inhibiting inflammatory

nucleosome release, and thus limits AP.43 However, extra-

cellular HMGB1 is the initial mediator to trigger local

inflammation. Excessive amounts of extracellular HMGB1

may cause external tissue injury and dysfunction in the

pathogenesis of many diseases of both sterile and infec-

tious origin.7,44,45 Pancreas-resident and pancreas-re-

cruited macrophages play an active role in inflammation

progression of AP.46,47 Early intervention by lincRNA-

EPS suppresses the HMGB1-NF-κB-dependent inflamma-

tion gene expression in intrapancreatic macrophages, and

thus effectively limits AP severity.

In conclusion, injured acinar cells release large

amounts of DAMPs including HMGB1 during AP or

SAP, particularly during biliary pancreatitis. HMGB1

activates the TLR4-dependent downstream signalling in

pancreatic macrophages to produce pro-inflammatory

cytokines and chemokines and thus leads to neutrophil

infiltration, and local and systemic inflammation.

lincRNA-EPS is downregulated at the initial stage of

Cer-AP and NaTc-SAP and sharply upregulated at the

later stage, and plays a role in inhibiting the pro-in-

flammatory cytokine and chemokine production in

pancreatic macrophages by targeting the TLR4-NF-κB
signalling pathway (Fig. S7). lincRNA-EPS negatively

regulates inflammatory responses during AP and SAP

progression and thus alleviates the symptoms of these

inflammatory diseases. Therefore, lincRNA-EPS, a

lncRNA highly expressed in myeloid immune cells, is a

promising therapeutic target for effective treatment

and early intervention of AP and SAP, owing to its

ability to suppress inflammatory response via modula-

tion of NF-κB pathway in pancreatic macrophages.
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