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Abstract
Monocyte chemotactic protein-1-induced protein-1 
(MCPIP-1) is highly expressed in activated immune cells and 
negatively regulates immune responses, while the mecha-
nisms underlying the immunoregulation of neutrophils in 
acute bacterial infection and liver injury remain elusive. 
Here, we examined the role of MCPIP-1 in regulating neutro-
phil functions during acute bacterial peritonitis and liver in-
jury. Mice with myeloid cell-specific overexpression (Mcpip-
Mye-tg) or knockout (McpipΔMye) of MCPIP-1 were generated. 
We found that reactive oxygen species and myeloperoxi-

dase production, formation of neutrophil extracellular traps, 
and migratory capacity were deficient in McpipMye-tg neutro-
phils but enhanced in McpipΔMye neutrophils. The recruit-
ment of neutrophils and pathogen clearance were markedly 
suppressed in McpipMye-tg mice following intraperitoneal in-
fection with Salmonella typhimurium while intensified in 
McpipΔMye mice. Severe acute S. typhimurium-infected peri-
tonitis and liver injury occurred in McpipMye-tg mice but were 
alleviated in McpipΔMye mice. RNA sequencing, RNA-binding 
protein immunoprecipitation and qPCR analysis revealed 
that MCPIP-1 downregulated the protective functions of 
neutrophils via degrading the mRNA of cold inducible RNA-
binding protein. Consistently, MCPIP-1 was highly expressed 
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in neutrophils of patients with acute infectious diseases, es-
pecially in those with liver injury. Collectively, we uncover 
that MCPIP-1 negatively regulates the antibacterial capaci-
ties of neutrophils, leading to exacerbating severe acute 
bacterial peritonitis and liver injury. It may serve as a candi-
date target for maintaining neutrophil homeostasis to con-
trol acute infectious diseases. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Acute bacterial peritonitis (ABP) is one of the most 
severe diseases in critical care medicine, which could be 
secondary to the acute abdominal diseases, such as acute 
severe pancreatitis, intestinal perforation, and acute ap-
pendicitis. With the characteristic of a rapid onset, the 
incidence of dangerous situations, high mortality, and 
poor prognosis, ABP is a significant economic burden 
for health systems worldwide [1–3]. In the severe stage 
of ABP, such as sepsis or bacteremia, the risk of death 
could be increased as a result of intestinal barrier dam-
age, dysregulated immune regulation, and multiple or-
gan injuries. The liver could be the target organ being 
attacked by pathogens via intestinal hepatic circulation 
or systemic blood circulation in the progress of sepsis [4, 
5]. As one of the essential organs that associate with 
pathogen clearance, it has been confirmed that over 60% 
of invading pathogens would be captured by the liver in 
10 min in an intravenous bacterial injection model [6]. 
Hepatic endothelial cells, stellate cells, Kupffer cells, and 
neutrophils in hepatic sinuses play an important role in 
immune surveillance and elimination of pathogenic mi-
croorganisms.

Neutrophils are the most abundant immune cells in 
the circulation and an essential effector of innate im-
mune response and immune homeostasis [7]. In the con-
text of the invasion and attack of exogenous pathogens, 
neutrophils are rapidly recruited into the sites of infec-
tion via chemotactic signals, e.g., CXCL8 (IL-8) and 
CXCL-1/2 [8], and eliminate pathogens through the 
phagocytosis and release of reactive oxygen species 
(ROS) and antimicrobial peptides [9, 10]. Importantly, 
in response to various inflammatory stimuli, neutrophils 
play important roles in host defense through the forma-
tion of neutrophil extracellular traps (NETs) and the re-
lease of proteases [11]. It has been suggested that ABP-
related organ injury would occur due to insufficient neu-
trophil mobilization [12]. Collectively, these data indicate 
that neutrophils play a critical role in defense against 

pathogen invasion. However, the mechanisms underly-
ing the delicate immunoregulation of neutrophils are 
still not fully defined.

Monocyte chemotactic protein-1-induced protein-1 
(MCPIP-1), namely, Regnase-1, is encoded by the 
ZC3H12A gene [13], which represents a zinc finger pro-
tein and is expressed at a low level in most cells but rap-
idly increased by a variety of inflammatory stimuli in-
cluding MCP-1, Toll-like receptor ligands, IL-1β, and 
TNF-α [14]. MCPIP-1 has been found to function as a 
negative regulator in macrophages and acts to remove 
ubiquitin moieties attached to proteins (e.g., TRAF2, 
TRAF3, and TRAF6) and suppress c-Jun N-terminal ki-
nase and NF-κB signaling pathways subsequently [15]. 
Accumulating lines of evidence have demonstrated that 
MCPIP-1 acts as an endonuclease to degrade the mRNAs 
of some inflammatory cytokines (e.g., IL-1β, IL-12, IL-6, 
and IL-2) [14, 16], and most importantly, it degrades the 
mRNA of itself as a negative feedback to the synthesis of 
MCPIP-1 [16]. Meanwhile, MCPIP-1 degrades and re-
strains the biosynthesis of several microRNAs such as 
microRNA-135b, -21, -155, -146a, -143, and -145 [17]. 
Moreover, MCPIP-1 also negatively modulates T-cell 
activation and some tumor cell proliferation and differ-
entiation (e.g., breast cancer, clear cell renal cell carci-
noma) [18, 19]. In agreement with the results above, 
MCPIP-1 has been reported to alleviate the inflamma-
tion responses in the noninfectious models, such as LPS-
induced sepsis, via inhibiting the activity of macro-
phages or B cells [20, 21], indicating that MCPIP-1 plays 
an important role in balancing dysregulated activation 
of immune cells delicately. Our recent study has demon-
strated that MCPIP-1 is highly expressed in peripheral 
neutrophils and markedly increased under chronic in-
flammatory conditions, particularly in inflammatory 
bowel diseases, and downregulates the activity of neu-
trophils [22]. However, the role of MCPIP in modulat-
ing myeloid cell (i.e., neutrophil, monocyte, macro-
phage) functions, especially neutrophils that constitute 
the first defense line to exogenous pathogens [23], in 
ABP, and in secondary organ injury (e.g., liver injury) is 
still poorly understood.

In this study, we aimed to clarify the roles of MCPIP-1 
in modulating myeloid cells, particularly neutrophils, in 
the induction and progress of bacteria-induced acute 
peritonitis and liver injury and revealed that MCPIP-1 
negatively regulated the antibacterial capacities of neu-
trophils, leading to exacerbating severe ABP and liver in-
jury.
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Materials and Methods

Human Samples
All patients were recruited from the Departments of Gastro-

enterology, Respiratory, and Critical Care Medicine and the Ab-
dominal Pain Center, Shanghai Tenth People’s Hospital of Tongji 
University (Shanghai, China), from October 2019 to May 2021. 
EDTA-anticoagulated blood samples (15–20 mL) were obtained 
from patients with active Crohn’s disease with peritoneal exuda-
tion (CDE, n = 10), patients with acute pancreatitis (n = 10), pa-
tients with acute suppurative appendicitis (n = 10), patients with 
community-acquired bacterial pneumonia (CABP, n = 10), and 
healthy controls (n = 10) after overnight fasting. The clinical char-
acteristics of these patients were shown in online supplementary 
Table 1 (see www.karger.com/doi/10.1159/000526784 for all on-
line suppl. material). The diagnoses for acute abdominal inflam-
matory diseases were based on clinical characteristics, radiologi-
cal and endoscopic examination, and histological findings, while 
the diagnosis for CABP was based on clinical manifestations, spu-
tum bacterial culture, and chest CT scanning. Primary hepatitis 
and other diseases of the biliary system were excluded in acute 
pancreatitis, which may interfere with the results. All patients 
were in general wards before receiving any antimicrobials when 
blood samples were collected. This study was approved by the In-
stitutional Review Board for Clinical Research of Shanghai Tenth 
People’s Hospital of Tongji University (Approval No. SHSY-
IEC-40.0/19-37/01).

Mice
Mice with targeted overexpression of MCPIP-1 in myeloid 

cells (McpipMye-tg mice), the MCPIP-1-LoxP mice (Mcpipfl/fl 
mice), and LysM-Cre mice (all on a C57BL/6J background) were 
presented kindly by Drs. Jianli Niu and Pappachen Kolattukudy 
from the Burnett School of Biomedical Science, College of Med-
icine, University of Central Florida (Orlando, USA). McpipMye-tg 
mice and myeloid cell-specific MCPIP knockout (McpipΔMye) 
mice were generated using the protocol as described previously 
[24]. To generate McpipMye-tg mice, murine LysM promoter (5532 
bp) from mouse chromosome 10 position 116724852 to 
116719328 was fused to murine MCPIP-FLAG in a pBluescript 
vector. A 7,332-bp NotI-XhoI fragment containing the LysM 
promoter fused to MCPIP was purified by gel electrophoresis and 
microinjected into fertilized C57BL/6J mouse ova at the MD An-
derson Cancer Center (Houston, TX, USA). Genotyping was car-
ried out using PCR with specific primers in the LysM promoter 
region and the transgenic coding region. The transgene-contain-
ing founders were bred with C57BL/6J mice to generate F1 trans-
genic mice, and wild-type (WT) C57BL/6J mice were used as con-
trol mice when McpipMye-tg mice were used for experiments. The 
McpipΔMye mice were generated by crossing Mcpipfl/fl mice and 
LysM-Cre mice. Expression of MCPIP-1 in neutrophils was iden-
tified in online Supplementary Figure 1. WT C57BL/6J mice were 
bred at the Animal Experimental Center of Tongji University 
School of Medicine, and all mice were raised under SPF condi-
tions with filtered air in microisolator cages and fed autoclaved 
food and water at our animal facility. All male mice with 18–20 g 
of body weight and aged 6–8 weeks were used for experiments. 
Animal studies were reviewed and approved by the Institutional 
Animal Care and Use Committee of the Tongji University (Ap-
proval No. SHDSYY-2018-1966).

Regents and mAbs
Cell culture reagents including RPMI-1640 medium, fetal bo-

vine serum (FBS), streptomycin/penicillin, 2-mercaptoethanol, 
and phosphate-buffered saline (PBS) were all purchased from Hy-
Clone (Logan, UT, USA). Phorbol 12-myristate 13-acetate (PMA), 
ionomycin, collagenase IV, and deoxyribonuclease I (DNase I) 
were all purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit for mea-
suring the levels of ROS or MPO was purchased from Thermo 
Fisher Scientific (Carlsbad, CA, USA). The Phagocytosis Assay Kit 
(Green E. coli) was purchased from Abcam (Cambridge, UK). The 
mAbs used for flow cytometry in this study were purchased from 
BioLegend (San Diego, CA, USA). All primers were synthesized 
and purchased from ShengGong BioTeck (Shanghai, China).

Isolation of Neutrophils
Neutrophils were isolated from peripheral blood following the 

protocol as described previously within 4–6 h after the inclusion 
of patients [25]. Peripheral blood was collected in EDTA-antico-
agulated tubes and slowly laid on the surface of Ficoll (GE Health-
care, Piscataway, NJ, USA), followed by gradient centrifugation at 
2,000 rpm at 20°C. The lowest layer was collected, and neutrophils 
were obtained after incubating with red blood cell lysis buffer (BD 
Biosciences, San Diego, CA, USA). The isolation of neutrophils 
from the bone marrow of mice (n = 6 in each group) was per-
formed using a murine neutrophil isolation kit according to the 
manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, 
Germany). The neutrophils from the bone marrow for in vitro ex-
periments were isolated from the mice under naïve conditions.

Cell Culture
The HL-60 cell line was purchased from the Chinese Academy 

of Science (Shanghai, China). The HL-60 cell line was cultured in 
IMDM medium supplemented with 20% FBS, penicillin (100 U/
mL), and streptomycin (100 μg/mL) at 37°C with 5% CO2 and dif-
ferentiated into granulocyte-like cells (dHL-60) by addition of 
1.3% DMSO (Gibco, Carlsbad, CA, USA) after 96 h. The percent-
age of CD66b+ cells was analyzed by flow cytometry to testify the 
efficiency of the differentiation. dHL-60 cells were stimulated with 
Pam3CSK4 (1 µg/mL; APExBIO, Houston, TX, USA), FSL (100 
ng/mL; Abcam), LPS (100 ng/mL; Sigma-Aldrich), flagellin (100 
ng/mL; InvivoGen, Toulouse, France), and PGN (1 µg/mL; Sigma-
Aldrich), respectively, and collected 3 h after stimulation.

Adenovirus Transduction
A recombinant adenovirus over-expressing MCPIP-1 (AV-

MCPIP-1, target sequencing: TCCTTGTAGTCCATACCCT-
CACTGGGGTGCTGGGACTTG), AV over-expressing D141N 
mutant (AV-D141N, target sequencing: TCCTTGTAGTC-
CATACCCTCACTGGGGTGCTGGGACTTGTAG), and AV 
over-expressing cold inducible RNA-binding protein (CIRBP) 
shRNA (AV-sh-CIRBP, target sequencing: CTCAAAGTACGGA-
CAGAT) were constructed in GeneChem (Shanghai, China). The 
over-expressing MCPIP-1 or D141N mutant sequence was synthe-
sized using CMV-MCS-3FLAG-SV40-EGFP vector, and the 
CIRBP shRNA was synthesized using hU6-MCS-Ubiquitin-
EGFP-IRES vector. The HL-60 cell suspensions (2 mL, 105/mL) 
were seeded in a 12-well plate, and they were transduced with AV-
MCPIP-1, AV-D141N, AV-sh-CIRBP, and negative control AV-
NC, respectively, at 37°C with 5% CO2 for 16 h. Then the HL-60 
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cells were collected. After centrifugation and resuspension with 
IMDM, the HL-60 cell suspensions were seeded in a new 12-well 
plate at 37°C with 5% CO2 for 72 h. After transfection, the expres-
sion of the target gene in transfected HL-60 cells was measured by 
quantitative real-time PCR (qRT-PCR) to determine the efficiency 
of transfection. The transfected HL-60 cells were suspended with 
IMDM and moved into a T-25 bottle for further experiments. All 
of the vectors were found not to affect the efficiency of dHL-60 cell 
differentiation (online Suppl. Fig. 2).

Establishment of Salmonella typhimurium-Induced Acute 
Peritonitis
The Salmonella typhimurium strain (ATCC14028) was provid-

ed kindly by Dr. Guangxun Meng from the Shanghai Institute of 
Pasteur, Chinese Academy of Sciences (Shanghai, China). The 
bacteria were stored and generated following the protocol as de-
scribed previously [26]. The mice (n = 6 in each group) were in-
fected by S. typhimurium via intraperitoneally injecting 100 µL of 
suspension of S. typhimurium (5 × 106 CFU/mL). Control mice (n 
= 6 in each group) were injected intraperitoneally 100 µL of LB 
liquid medium. At 24 h after peritonitis induction, we intraperito-
neally injected 4% chloral hydrate with 0.1 mL/10 g in these mice 
and observed the disappearance of corneal reflex which was con-
sidered in deep anesthesia. Peripheral blood was immediately 
drawn from the vein cluster behind the eyeball of the mice. Mice 
were injected intraperitoneally with 10 mL of sterile PBS and then 
extracted after gently shaking for 30 s to take the peritoneal lavage 
in 10 min after blood collection. The analysis of the samples of pe-
ripheral blood and peritoneal lavage was performed by Servicebio 
Corp (Wuhan, China). To measure the load of S. typhimurium, we 
sacrificed the mice immediately through carbon dioxide inhala-
tion under deep anesthesia after peritonitis induction. Then, we 
removed and cut the liver tissues into pieces after being weighed, 
followed by being diluted with LB liquid medium (3 mL). The mix-
ture of liver tissues and LB liquid medium was mixed and stirred 
fully after 3–5 times. Then 1 mL of tissue suspension was extracted 
and homogenized thoroughly. All samples including peripheral 
blood, peritoneal lavage, and suspension of liver tissues were then 
seeded into LB plates (BD Biosciences) by a 10-fold serial concen-
tration gradient and incubated at 37°C with 5% CO2 for 18 h. The 
minimum dilution in which the colony of bacteria could be ob-
served was set as the baseline number. The load of S. typhimurium 
was shown as the logarithm of the colony number and the baseline 
number.

Analysis of Neutrophil Bactericidal Function
Neutrophils (5 × 105 cells/mL) isolated from mice (n = 5 in each 

group) were added into a 24-well plate. Suspension of S. typhimuri-
um (10 µL, 5 × 106 CFU/mL) was added to the wells and incubated 
for 3 h at 37°C. Then, the supernatant in each well was added into 
LB plates (BD Biosciences) by a 10-fold serial concentration gradi-
ent and incubated at 37°C with 5% CO2 for 18 h. The minimum 
dilution in which the colony of bacteria could be observed was set 
as the baseline number. The load of S. typhimurium was shown as 
the logarithm of the colony number and the baseline number.

Immunofluorescence Staining
Immunofluorescence staining was performed using our proto-

col as described previously [22]. Briefly, liver tissues were freshly 
harvested from the sacrificed mice, and cryostat-cut sections were 

then prepared. These sections were first stained with either anti-
F4/80 or anti-MPO mAb (both from Abcam) and incubated con-
tinuously with Alexa Fluor® 594-conjugated donkey anti-rabbit 
IgG (Abcam) for 1 h at room temperature. Finally, the sections 
were stained with Hoechst 33342 (MCE; Monmouth Junction, NJ, 
USA), mounted with a coverslip, and viewed by immunofluores-
cence microscopy.

Preparation of Immune Cells in Liver Tissues
Under deep anesthesia, a catheter (diameter 0.45 mm) was 

carefully inserted into the portal vein and fixed firmly, and the in-
ferior vena cava was cut for blood outflow. The liver was perfused 
with PBS until the liver turned pale and then removed carefully 
into a sterilized bottle. The liver was chopped into small pieces and 
incubated for digestion in 9.8 mL PBS supplemented with 0.005% 
collagenase IV, 0.02% FBS, and 0.001% DNase I for 20 min at 37°C. 
After being filtered through a 100-µm nylon cell strainer and cen-
trifuged, the cells were subsequently resuspended in 4 mL of 40% 
Percoll in PBS, gently overlaid onto 2 mL of 75% Percoll, and cen-
trifuged at 2,000 rpm for 20 min. The cells were collected from the 
interface and washed with PBS. To analyze the composition of the 
cells, all cells were resuspended by FACS buffer and then stained 
with suitable mAbs for 30 min at 4°C after counting. For intracel-
lular cytokine staining, the immune cells were stimulated with 
PMA (500 ng/mL) and ionomycin (750 ng/mL) in the presence of 
brefeldin A (1 µg/mL, BioLegend) for the last 4 h of incubation at 
37°C. Data were then acquired on BD FACS Canto II (BD Biosci-
ences).

Western Blotting Analysis
Cell depositions were lysed by radioimmunoprecipitation as-

say and phenylmethylsulfonyl fluoride (1 mM). After centrifuga-
tion, the total protein was obtained. Samples were then resolved on 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Epi-
Zyme, Shanghai, China) by standard procedure. Western blotting 
was performed as described previously [27]. Immunoblotting was 
performed with human primary antibodies to MCPIP-1 (Santa 
Cruz), p65 (1:100, Servicebio), and β-actin (Abcam), respectively. 
The Odyssey Infrared Imaging System and Image Studio (LI-COR 
Biosciences, Lincoln, NE, USA) were used for signal detection. Im-
age J (National Institutes of Health; Bethesda, MD, USA) was used 
for quantification.

Quantitative Real-Time PCR
Total RNA from neutrophils and liver tissues was extracted 

with TRIzol (Life Technologies, Carlsbad, CA, USA). The concen-
tration and purity of RNA were determined by a NanoVue spec-
trophotometer (GE Healthcare), and the quality and quantity of 
RNA of each sample were assessed through NanoDrop 2000 
(Thermo Fisher Scientific) with an A260/A280 ratio of >1.8 and 
<20.0 for samples. We synthesized cDNA from 400 ng of RNA us-
ing an all-in-one reverse transcription reagent kit (abm; Rich-
mond, BC, Canada). PCR was performed using a SYBR Green PCR 
Kit (Takara, Dalian, China) in the ABI prism 7900 HT sequence 
detector (Applied Biosystems, Foster City, CA, USA). The qRT-
PCR reaction conditions were as follows: 95°C for 1 min, 95°C for 
15 s, and 60°C for 30 s repeated for 40 cycles as described previ-
ously [28]. All primers were synthesized by Sangon BioTech 
(Shanghai, China), and GAPDH was used as a housekeeping gene. 
qRT-PCR analysis was calculated with the 2−ΔΔCt method.
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Analysis of the NET Formation
Murine bone marrow-derived neutrophils were isolated and 

stimulated with PMA (100 ng/mL) at 37°C with 5% CO2 for 3 h. 
They (1 × 105) were seeded on the poly-l-lysine-coated glass slide, 
fixed with 4% paraformaldehyde, and then incubated with the an-
ti-MPO antibody (Abcam) at 4°C overnight. The slides were incu-
bated with Alexa Fluor® 594-conjugated donkey anti-rabbit IgG 
(Abcam) for 1 h at room temperature. After 3 washes, the sections 
were stained with Hoechst 33342 (MCE), and NETs were visual-
ized on immunofluorescence microscopy (DFC7000T; Leica, Wet-
zlar, Germany).

Neutrophil suspensions (270 µL, at a concentration 1 × 105/
mL) were loaded in a 96-well plate and then stimulated with PMA 
(100 ng/mL) together with or without DNase (0.1 mg/mL) for 45 
min at 37°C with 5% CO2. One sample of cell suspensions was 
incubated with TX-100 (the final concentration of 0.3%) in each 
group to measure total DNA. All wells were treated with SYTOX 
Green (30 µL, the final concentration of 0.1 mg/mL, Invitrogen, 
Carlsbad, CA, USA) and incubated for 15 min at room tempera-
ture. The fluorescence value (FV) of each well was measured in a 
BioTek-Synergy-2 fluorometric plate reader (BioTek, Oxford, 
UK) with a filter setting of 485-nm excitation and 530-nm emis-
sion. The mean was calculated from 3 wells for each group. The 
quantification of NETs was performed as follows: the FVs of the 
neutrophils stimulated with PMA without DNase subtracted the 
FVs of the neutrophils stimulated with PMA in the presence of 
DNase in the same group, and the results were then divided by 
the FVs of the neutrophils incubated with TX-100 in the same 
group. Moreover, dHL-60 cells were also stimulated in vitro with 
ionomycin (4 µg/mL) to release NETs, and the rest procedures 
were performed using the same procedure as described previ-
ously [29].

Transwell Assay
Transwell migration assay was performed to detect the migra-

tory capacity of neutrophils using a method as described previ-
ously [30]. Briefly, neutrophils (1 × 105) were loaded into the up-

per chamber of a 5-µm Transwell plate (for dHL-60 cells or mu-
rine neutrophils), and 100 µL of fMLP (50 nM, Sigma-Aldrich) 
was added into the lower chamber. Neutrophils were extracted 
after 3 h of culture, and each plate was fixed by 4% paraformalde-
hyde and stained and blotted by 0.1% crystal violet carefully after 
2 washes by PBS. The plates were viewed under the inverted mi-
croscopy (DMi1, Leica). To quantify the capacity of Transwell, 
33% acetic acid was added to each well to decolorize crystal violet 
for 30 min. The optical density (OD) of each well was detected at 
570 nm. The relative quantification was calculated as the OD of 
acetic acid with decolorization of crystal violet dividing the OD of 
acetic acid alone.

RNA Sequencing
RNA-seq analysis of neutrophils sorted from McpipMye-tg and 

WT mice was performed using the following method. Briefly, the 
RNA libraries (GeneChem; Shanghai, China) were first prepared 
from RNA preparations with the KAPA Stranded RNA-Seq Li-
brary Prep Kit (Roche biology; Shanghai, China). They were se-
quenced on the HiSeq 4000 platform (Illumina, San Diego, CA, 
USA), and paired-end 150-base pair-long reads were generated. 
Clean reads were obtained from raw reads by removing adaptors 
and low-quality bases with Trimmomatic (version 0.36). Clean 
reads were mapped to the reference genome of M. musculus 
GRCm38 and used to calculate gene expression with STAR (ver-
sion 2.5.3a). Genes with low-dispersion were removed with HTS-
Filter R package (version 1.30.1). Differentially expressed genes 
were analyzed by DESeq2 package (version 1.30.0), with an ad-
justed p value <0.05.

Correlation Analysis of Differentially Expressed Genes
Correlation analysis of differentially expressed genes was per-

formed with the “Spearman” method based on gene expression 
profile. The relations between genes with an absolute value of cor-
relation coefficient more than 0.8 were retained. Network con-
struction and visualization were carried out by Cytoscape (version: 
3.8.0).

RNA-Binding Protein Immunoprecipitation Assay
RNA-binding protein immunoprecipitation (RIP) assay was 

performed using a method as described previously [31]. Briefly, 
cell depositions were lysed by radioimmunoprecipitation assay 
and phenylmethylsulfonyl fluoride (at the final concentration of 1 
mM). The total protein-RNA complex was extracted by the RIP 
Immunoprecipitation Kit according to the manufacturer’s in-
structions (Millipore, Danvers, MA, USA). For departing the pro-
tein and the RNA attaching to protein, the total protein-RNA com-
plex was incubated by Proteinase K Buffer and RIP Wash Buffer. 
The RNA was extracted with TRIzol, and the RIP analysis was per-
formed by GeneChem.

Statistical Analysis
All data were expressed as mean ± SEM and analyzed using 

Prism V.60.0 software (GraphPad Software, San Diego, CA, USA) 
and SPSS V.200.0 (SPSSs, Chicago, IL, USA). Statistical compari-
sons were performed using an unpaired two-tailed Student’s t test 
for 2 groups and one-way ANOVA for more than 2 groups. p val-
ue <0.05 was considered to be statistically significant.

Fig. 1. MCPIP-1 downregulates the production of ROS and MPO 
and the formation of NETs and suppresses the migratory capacity 
of neutrophils. Neutrophils (1 × 106) were isolated from the bone 
marrow of McpipMye-tg (n = 6), WT (n = 6), McpipΔMye (n = 6), and 
Mcpipfl/fl mice (n = 6) and stimulated in vitro with or without PMA 
(100 ng/mL) for 3 h. a, b Expression of ROS and MPO was deter-
mined by the Amplex Red Hydrogen Peroxide/Peroxidase Assay 
Kit. c, d Representative immunofluorescent images for detecting 
NETs (blue, Hoechst 33342; red, MPO. Scale bars, 100 µm). The 
quantification of NETs was calculated according to the formula as 
described in the Methods section. e, f Neutrophils (5 × 106) were 
isolated from the bone marrow of McpipMye-tg (n = 6), WT (n = 6), 
McpipΔMye (n = 6), and Mcpipfl/fl mice (n = 6). The chemoattraction 
of neutrophils was induced by fMLP (50 nM) for 3 h using a 5-µm 
Transwell plate. Representative images of lower chambers of Tran-
swell plates were shown. Scale bars, 100 µm. The black arrows in-
dicate neutrophils stained by crystal violet. The histograms repre-
sented the relative quantification of the migratory capacity of neu-
trophils by measuring the OD values of each well as described 
above. *p < 0.05; **p < 0.01; ***p < 0.001.
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Results

MCPIP-1 Downregulates the Production of ROS and 
MPO and the Formation of NETs in Neutrophils
Since MCPIP-1 has been reported to inhibit the polar-

ization of macrophages [21] and promote the apoptosis of 
neutrophils [32], the underlying molecular mechanisms 
whereby MCPIP-1 regulates the immune functions of neu-
trophils remain unknown. To this end, we isolated neutro-
phils from the bone marrow of McpipMye-tg and WT mice 
and assessed the production of ROS and MPO by neutro-
phils under spontaneous or PMA-stimulated conditions. 
Figure 1a shows that the ROS and MPO production was 
relatively low in both McpipMye-tg and WT neutrophils at a 
steady state, with no statistical difference. Upon PMA stim-
ulation, MPO and ROS were significantly increased in both 
groups of neutrophils. Interestingly, the levels of MPO and 
ROS were statistically lower in PMA-treated McpipMye-tg 
neutrophils compared with WT controls (Fig. 1a). We fur-
ther determined the formation of NETs in neutrophils un-
der the conditions of MCPIP-1 overexpression. Neutro-
phils isolated from the bone marrow of McpipMye-tg and 
WT mice were stimulated with PMA in vitro for 3 h and 
then stained with Hoechst 33342, a dye that stains both in-
tracellular and extracellular nucleic acid, and anti-MPO, a 
bactericidal component of NETs. Interestingly, we found 
that the formation of NETs was hardly observed in neutro-
phils of McpipMye-tg mice and that the quantification of 
NETs was significantly lower in McpipMye-tg neutrophils 
than in WT controls (Fig. 1c). However, there was no dif-
ference in the production of S1000A8 and S1000A9 be-
tween two groups of neutrophils when stimulated with LPS 
in vitro (online Suppl. Fig. 3a). We also tested the efficiency 

of phagocytosis in both groups of neutrophils by the Phago-
cytosis Assay Kit (green E. coli) and observed no difference 
in the ability of phagocytosis (online Suppl. Fig. 3b).

We then took a complementary approach to further 
clarify the role of MCPIP-1 in modulating neutrophil 
functions and utilized neutrophils of McpipΔMye mice. In 
line with the results described above, the levels of ROS and 
MPO were found to be statistically higher in PMA-treated 
McpipΔMye neutrophils than in Mcpipfl/fl littermates 
(Fig. 1b). Consistently, the formation of NETs was sharp-
ly increased in PMA-treated McpipΔMye neutrophils, and 
the quantification of NETs was significantly higher in 
PMA-treated McpipΔMye neutrophils than in Mcpipfl/fl 
controls (Fig. 1d). Additionally, there were no differences 
in the production of S1000A8 and S1000A9 and phagocy-
tosis ability between two groups (online Suppl. Fig. 3c, d).

To further prove the effect of MCPIP-1 on the anti-
pathogenic functions of neutrophils, we tested the bacte-
ricidal capacities of neutrophils by incubating with viable 
bacteria (i.e., S. typhimurium). We observed an increased 
burden of S. typhimurium CFU when incubated with 
McpipMye-tg neutrophils compared to WT controls (on-
line Suppl. Fig. 3e). Otherwise, a sharp decrease of S. ty-
phimurium load was observed when incubated with 
McpipΔMye neutrophils compared to Mcpipfl/fl controls 
(online Suppl. Fig. 3e). These results indicate that 
MCPIP-1 could inhibit the bactericidal capacities of neu-
trophils in vitro. Collectively, these data confirm that 
MCPIP-1 inhibits the anti-pathogenic functions of neu-
trophils by decreasing the production of ROS and MPO 
and the formation of NETs, which may play a role in or-
chestrating the immunoregulation of neutrophils.

MCPIP-1 Suppresses the Migratory Capacity of 
Neutrophils
To dissect the potential roles of MCPIP-1 in the migra-

tory capacity of neutrophils, we performed a Transwell as-
say to assess the migration and found that McpipMye-tg neu-
trophils showed a reduced migratory capacity compared to 
WT controls (Fig. 1e). In contrast, the migration capacity 
was remarkably enhanced in McpipΔMye neutrophils com-
pared with Mcpipfl/fl controls (Fig.  1f), indicating that 
MCPIP-1 potently prohibits the migration of neutrophils.

MCPIP-1 Impairs Myeloid-Cell Recruitment and 
Pathogen Elimination in S. typhimurium-Induced 
Peritonitis
According to the findings as described above, MCPIP-1 

could suppress the antimicrobial functions of neutrophils 
in vitro. Essentially, neutrophils constitute the first line of 

Fig. 2. MCPIP-1 overexpression in myeloid cells impairs myeloid 
cell recruitment and pathogen elimination to deteriorate S. ty-
phimurium-induced acute peritonitis and liver injury. McpipMye-tg 
(n = 6) and WT (n = 6) mice were challenged intraperitoneally by 
LB medium and S. typhimurium (100 µL, 5 × 106 CFU/mL), respec-
tively, and sacrificed 24 h after bacterial infection. a Frequencies of 
leukocytes, neutrophils, and monocytes in peripheral blood from 
different groups. b Total numbers of leukocytes, neutrophils, 
monocytes, and macrophages in peritoneal lavage from different 
groups. c Loads of S. typhimurium in peripheral blood, peritoneal 
lavage, and the suspension of liver tissues were determined in dif-
ferent groups. d Levels of ALT and AST in sera. e Representative 
H and E staining images of the liver (original magnification, ×200). 
The golden arrows indicate liquefactive necrosis. Scale bars, 100 
µm. The changes in pathological scores from liver tissues were cal-
culated according to the Ishak inflammation scoring system. *p < 
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ns, not significant; 
CFU, colony-forming unit.
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host defense. We hypothesized that MCPIP-1-mediated 
alterations of neutrophil functions might affect the prog-
ress of anti-infectious immunity in vivo. To this end, we 
established an animal model of ABP by intraperitoneal 
infection with S. typhimurium [26]. McpipMye-tg and WT 
mice were challenged by the suspension of S. typhimuri-
um via intraperitoneal injection and sacrificed at 24 h 
postinfection. Intraperitoneal infection with S. typhimuri-
um led to a sharp influx of leukocytes into the circulation 
and peritoneal lavage in both WT and McpipMye-tg mice, 
while they were significantly reduced in McpipMye-tg mice 
(Fig. 2a, b). As the most abundant myeloid cells in periph-
eral blood and peritoneal lavage, the numbers of neutro-
phils increased sharply after intraperitoneal infection in 
both WT and McpipMye-tg mice (Fig. 2a, b). The numbers 
of neutrophils were lower in McpipMye-tg mice compared 
to WT controls under infectious conditions, while there 
were no differences in the percentages of neutrophils be-
tween the two groups of peripheral blood and peritoneal 
lavage (Fig. 2a, b; online Suppl. Fig. 4). Moreover, we ob-
served that the numbers and percentages of monocytes in 
peripheral blood and peritoneal lavage and macrophages 
in peritoneal lavage were also significantly decreased in 
McpipMye-tg mice than those in WT controls after intra-
peritoneal infection (Fig. 2a, b; online Suppl. Fig. 4). In 
line with these data, we observed an increased burden of 
S. typhimurium CFU in peripheral blood, peritoneal la-
vage, and the liver tissues of McpipMye-tg mice compared 
to WT controls (Fig. 2c). Collectively, these findings in-
dicate that the migration of myeloid cells into the circula-
tion and peritoneal cavity increases after intraperitoneal 
infection with S. typhimurium and that MCPIP-1 could 
restrain such a migration of myeloid cells in vivo, thus 
contributing to the development of ABP.

To further confirm the findings as described above, we 
used the conditional knockout of McpipΔMye mice and 

Mcpipfl/fl littermates to repeat the in vivo experiments and 
observed an increase of myeloid cells in both peripheral 
blood and peritoneal lavage but a sharp decrease of S. ty-
phimurium load in peripheral blood, peritoneal lavage 
and the liver of McpipΔMye mice compared to those in 
Mcpipfl/fl littermates (online Suppl. Fig. 5a–c, 6) 24 h after 
intraperitoneal infection with S. typhimurium. Taken to-
gether, these findings indicate that MCPIP-1 inhibits the 
migration of myeloid cells from the bone marrow into the 
circulation and then into the abdominal cavity in S. ty-
phimurium-induced bacterial peritonitis and that 
MCPIP-1 restrains the capacity of myeloid cells to elimi-
nate invading pathogens in S. typhimurium-induced 
peritonitis. As the most abundant myeloid cells in periph-
eral blood, MCPIP-1-mediated immunosuppression of 
neutrophils may contribute to pathogen dissemination.

MCPIP-1 Suppresses the Migration of Myeloid Cells 
into the Liver and Accelerates Liver Injury
Bacteria-induced peritonitis frequently causes the de-

velopment of systemic inflammation and may affect the 
liver as a target organ [33], and bacteria may disseminate 
into the liver via the portal venous system [34]. To assess 
the tissue damage and the infiltration of bacteria and im-
mune cells in the liver at 24 h postinfection, we measured 
the serum levels of alanine transaminase (ALT) and as-
partate aminotransferase (AST). Figure 2d demonstrates 
that both ALT and AST increased after being challenged 
by S. typhimurium and that the levels of ALT and AST 
were significantly higher in McpipMye-tg mice than those 
in WT mice. Histological analysis revealed more scat-
tered loci of the liquefactive hepatic necrosis in the liver 
of McpipMye-tg mice compared to WT mice (Fig. 2e).

To discern the phenotypic composition of infiltrating 
immune cells in the liver, we performed immunohisto-
chemistry. MPO+ neutrophils and F4/80+ macrophages 
were decreased in the liver of McpipMye-tg mice compared 
to WT controls (Fig. 3a, b). The percentages and numbers 
of Ly6G+CD11b+CD45+ neutrophils, Ly6C+CD11b+CD45+ 
monocytes, and F4/80+CD11b+CD45+ macrophages were 
all increased in the liver of both McpipMye-tg and WT mice 
in response to S. typhimurium infection by flow cytometric 
analysis, whereas they were significantly decreased in 
McpipMye-tg mice than in WT mice (Fig. 3c). We then ana-
lyzed the expression of various chemokines including 
CXCL-1, CXCL-2, and CXCL-5 associated with the recruit-
ment of neutrophils into the liver [35, 36] and found that 
expression of these chemokines was lower in McpipMye-tg 
mice than in WT mice (Fig. 3d). Intriguingly, the percent-
ages and numbers of NK cells (CD45+CD3+NK1.1+ cells) 

Fig. 3. MCPIP-1 suppresses the infiltration of myeloid cells into 
the liver and the production of chemokines in ABP. McpipMye-tg (n 
= 6) and WT (n = 6) mice were challenged intraperitoneally by S. 
typhimurium (100 µL, 5 × 106 CFU/mL) and LB medium, respec-
tively, and sacrificed 24 h after bacterial infection. a Representative 
immunofluorescent images for staining neutrophils infiltrated in 
the liver (red, MPO). Scale bars, 100 µm. b Representative immu-
nofluorescent images for staining macrophages infiltrated in the 
liver (red: F4/80). Scale bars, 100 µm. c Frequencies of neutrophils, 
macrophages, and monocytes infiltrated in the liver were analyzed 
by flow cytometry (gated CD45+ cells). d Expression of Cxcl-1, 
Cxcl-2, and Cxcl-5 in the liver was analyzed by qRT-PCR and nor-
malized to GAPDH. *p < 0.05; **p < 0.01; ***p < 0.001. versus the 
data from medium-treated group. ns, not significant.
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were observed to be significantly elevated in the liver of 
McpipMye-tg mice compared to those in WT mice under in-
fectious conditions (Fig. 4a).

Accordingly, when challenged with S. typhimurium at 
24 h postinfection, the serum levels of ALT and AST were 
lower in McpipΔMye mice than those in Mcpipfl/fl litter-
mates (online Suppl. Fig. 5d). There were no obviously 
architectural changes in the liver of McpipΔMye mice but 
scattered loci of the liquefactive hepatic necrosis present 
in Mcpipfl/fl mice (online Suppl. Fig. 5e). Additionally, the 
infiltration of neutrophils, monocytes, and macrophages 
and expression of CXCL-1, CXCL-2, and CXCL-5 mRNA 
were markedly increased in the liver of McpipΔMye mice 
compared with those in Mcpipfl/fl littermates (online Sup-
pl. Fig. 7), while the percentages and numbers of NK cells 
were decreased in the liver of McpipΔMye mice compared 
with those in Mcpipfl/fl littermates (online Suppl. Fig. 8a). 
Collectively, these results indicate that MCPIP-1 sup-
presses the recruitment of myeloid cells, thus contribut-
ing to the exacerbation of the liver injury.

NK Cells Are Involved in Liver Damage during 
Bacterial Infection
Notably, we observed that MCPIP-1 markedly inhib-

ited the migration of myeloid cells, particularly neutro-
phils, into the liver tissues of McpipMye-tg mice, while large 
numbers of NK cells were found to be infiltrated in the 
liver (Fig. 4a), suggesting that NK cells might contribute 
to the liver injury. NK cells have been long considered as 
a crucial pathogenic effector in several liver diseases such 
as acute or chronic liver injury [37, 38], virus hepatitis 
[39], and liver fibrosis [40], and the underlying mecha-
nisms whereby NK cells mediate the liver injury are main-
ly dependent on the Fas/FasL signaling pathway and the 
release of cytotoxic inflammatory mediators, such as 

lymphotoxin-α, perforin, IFN-γ, and TNF-α [41, 42]. We 
then investigated the key effector molecules involved in 
NK cell-mediated liver injury. Interestingly, we found that 
the frequencies of FasL+ NK cells were significantly in-
creased in the liver tissues of McpipMye-tg mice compared 
to those in WT mice at 24 h postinfection (Fig. 4b). In 
contrast, the frequencies of FasL+ NK cells were signifi-
cantly decreased in the liver of McpipΔMye mice compared 
to those in Mcpipfl/fl littermates at 24 h postinfection (on-
line Suppl. Fig. 8a, b). The levels of Fas, Lta, and Pfn 
mRNA also increased in the liver tissues of McpipMye-tg 
mice than those in WT mice at 24 h of S. typhimurium in-
fection (Fig. 4c), while they were significantly decreased in 
the liver tissues of McpipΔMye mice compared to those in 
Mcpipfl/fl littermates 24 h after being challenged by S. ty-
phimurium (online Suppl. Fig. 8c). Flow cytometric anal-
ysis further revealed that the frequencies of IFN-γ- and 
TNF-α-producing NK cells were increased in liver tissues 
of McpipMye-tg mice compared to those in WT mice at 24 
h postinfection (Fig. 4d, e), while they were significantly 
lower in liver tissues of McpipΔMye mice than those in 
Mcpipfl/fl littermates at 24 h postinfection (online Suppl. 
Fig. 8d, e). Moreover, the CX3CL1-CX3CR1 signal path-
way, crucial in recruiting NK cells [43], was increased in 
the liver tissues of McpipMye-tg mice than that in WT con-
trols (Fig. 4f, g), while it was markedly reduced in the liv-
er tissues of McpipΔMye mice than in Mcpipfl/fl littermates 
(online Suppl. Fig. 8f, g) 24 h after S. typhimurium infec-
tion. Collectively, our data indicate that a large number of 
NK cells expressing FasL, lymphotoxin-α, perforin, IFN-γ, 
and TNF-α infiltrated into the liver tissues due to an in-
creased activity of the CX3CL1-CX3CR1 signal pathway, 
thus contributing to the induction of liver damage.

MCPIP-1 Downregulates the Activity of Neutrophils 
via Degrading mRNA of CIRBP
To clarify the underlying molecular mechanisms by 

which MCPIP-1 is associated with immunoregulation of 
neutrophils, we performed RNA-seq analysis of neutro-
phils sorted from McpipMye-tg and WT mice (online Sup-
pl. Fig. 9) and observed hundreds of differentially ex-
pressed genes in volcano map. We selected the differen-
tially expressed genes with extra conditions: fold change 
>1.5 or <2/3 and an adjusted p value <0.01 (Fig. 5a), and 
found that the expression of CIRBP, a potent positive 
stimulus of neutrophils in the extracellular environment 
[44], was decreased in McpipMye-tg neutrophils compared 
to WT neutrophils (Fig. 5a), which was further verified at 
the transcriptional levels (online Suppl. Fig. 10a). More-
over, a gene correlation network analysis (Fig. 5b) further 

Fig. 4. MCPIP-1 promotes excessive NK cell infiltration into the 
liver in ABP. McpipMye-tg (n = 6) and WT (n = 6) mice were chal-
lenged intraperitoneally by S. typhimurium (100 µL, 5 × 106 CFU/
mL) and LB medium, respectively, and sacrificed at 24 h postinfec-
tion. a Percentages and numbers of NK cells in the liver were ana-
lyzed by flow cytometry (gated CD45+ cells). b Percentages and 
numbers of FasL+ NK cells infiltrated in the liver were analyzed by 
flow cytometry (gated CD45+ NK1.1+CD3− cells). c Expression of 
Fas, Lta, and Pfn in the liver was analyzed by qRT-PCR and nor-
malized to GAPDH. d–f Percentages and numbers of IFN-γ+ (d), 
TNF-α+ (e), and CX3CR1+ (f) NK cells infiltrated in the liver were 
analyzed by flow cytometry (gated CD45+ NK1.1+CD3− cells). 
Lower panels show the statistical analysis of indicated cells. g Ex-
pression of Cx3cl1 in the liver was analyzed by qRT-PCR and nor-
malized to GAPDH. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 
0.0001. ns, not significant.
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revealed a tight correlation between an increase of 
Zc3h12a, the gene encoding MCPIP-1, and a decrease of 
Cirbp in neutrophils. Since previous RIP-seq analysis has 
proven that MCPIP-1 binds the mRNA of CIRBP in Hela 
cells [45], we then determined whether a decrease of 
CIRBP was due to an increase of RNase activity of 
MCPIP-1. To this end, we measured the expression of 
CIRBP in dHL-60 cells transfected with AV-MCPIP-1 
and found that CIRBP at the transcriptional level was sig-
nificantly decreased compared to controls (Fig. 5c). Ad-
ditionally, we also induced overexpression of MCPIP-1 
mutant D141N via transfection with AV-D141N, which 
is deficient in the function of RNase [14], and found that 
there was no effect on the expression of CIRBP at the 
transcriptional level (Fig. 5c). Therefore, these findings 
indicate that MCPIP-1 inhibits expression of CIRBP 
through the induction of RNase and that MCPIP-1 may 
bind and degrade the mRNA of CIRBP in neutrophils, 
leading to inhibition of the activity of neutrophils.

We then performed a RIP-qPCR analysis in dHL-60 
cells to assess whether MCPIP-1 could bind the mRNA of 
CIRBP and observed that the fold enrichment of mRNA 
of CIRBP binds to MCPIP-1 was significantly increased 
compared to the negative controls (Fig. 5d). Therefore, 
these results prove that MCPIP-1 as a RNA-binding pro-
tein potently binds the mRNA of CIRBP.

CIRBP is a member of the cold shock protein family 
induced by cold stress or hypoxia [46], and extracellular 
CIRBP has been proved to play a role as a damage-asso-
ciated molecular pattern that accelerates systemic inflam-
mation and even organ injury [44]. As a target of extracel-
lular CIRBP, neutrophils could be activated through the 
TLR4-MyD88 pathway and release NETs consequently 
[47]. However, the immunoregulatory effects of intracel-
lular CIRBP (iCIRBP) on neutrophils are still unknown. 
To explore the potential immunoregulatory role of 
iCIRBP in modulating neutrophils, we knocked down 
CIRBP expression in dHL-60 cells by transfection with 
AV-sh-CIRBP (online Suppl. Fig. 10b). Consequently, 

the production of ROS and MPO, formation of NETs, 
and migratory capacity were markedly suppressed 
(Fig. 6a–c), and the expression of p65 was also decreased 
in AV-sh-CIRBP-transfected dHL-60 cells compared to 
controls (Fig. 6d). NADPH oxidase has been demonstrat-
ed to play a critical role in the downstream pathway of 
NF-κB pathway [48]. To explore a potential way of iCIRBP 
to regulate the function of neutrophils, we analyzed the 
NADPH oxidase subunit p47phox and the membrane-as-
sociated subunit p22phox and found that knockdown of 
CIRBP expression markedly downregulated the phos-
phorylation of NADPH oxidase subunits in neutrophils 
(Fig. 6e). Taken together, these data indicate that MCPIP-1 
binds and degrades the mRNA of CIRBP to suppress the 
protective functions of neutrophils and that iCIRBP func-
tions as a potent effector to upregulate the activity of neu-
trophils via maintaining the NADPH oxidase activity.

MCPIP-1 Is Highly Expressed in Activated 
Neutrophils from Patients with Acute Infectious 
Diseases, Especially from Those with Liver Injury
Since our recent study has demonstrated that MCPIP-1 

is highly expressed in neutrophils of patients with inflam-
matory bowel diseases [22], we then studied its expres-
sion in neutrophils in acute critical infectious diseases 
(e.g., CDE, severe acute pancreatitis, acute suppurative 
appendicitis, and CABP). Intriguingly, we found that ex-
pression of MCPIP-1 markedly increased in peripheral 
neutrophils from these patients compared to healthy do-
nors (Fig. 7a, b; online Suppl. Table 1), particularly in se-
vere acute pancreatitis patients with liver damage diag-
nosed by an increase of liver function test results and ab-
normal architectural changes by B-ultrasonography and 
CT images (Fig. 7c). Given that several inflammatory me-
diators are released to the circulation or targeted organs 
under inflammatory conditions and that neutrophils are 
activated by various microbiota-derived antigens (e.g., 
LPS, PGN, and flagellin) through TLR recognition, we 
further determined that the expression of MCPIP-1 at the 
protein level was relatively low in neutrophils of healthy 
donors at the steady state but highly increased under 
stimulation with PGN, FSL, LPS, and flagellin, respective-
ly (Fig. 7d, e). However, Pam3CSK4 appeared not to af-
fect expression of MCPIP-1 (Fig. 7 d, e). Collectively, the 
results suggest that expression of MCPIP-1 is markedly 
increased in neutrophils of acute inflammatory diseases, 
especially those with liver injury, and induced by several 
inflammatory mediators. MCPIP-1 may be a potential 
target for restraining the progress of acute inflammatory 
diseases, especially bacterial peritonitis and liver damage.

Fig. 5. MCPIP-1 binds and degrades the mRNA of CIRBP. a Heat-
map of differentially expressed genes (|fold change| > 1.5 or <2/3 
and p value < 0.01) between McpipMye-tg (n = 3) and WT (n = 3) 
neutrophils. b Correlation network of the differentially expressed 
genes between McpipMye-tg and WT neutrophils. c Expression of 
CIRBP was analyzed by qRT-PCR and normalized to GAPDH in 
dHL-60 cells when transfected in vitro with adenovirus vectors 
expressing MCPIP-1 (AV-MCPIP-1) or D141N mutant (AV-
D141N) or with empty adenovirus vector (Ctrl). d RIP-seq analy-
sis in dHL-60 cells was performed to show the enrichment of 
CIRBP mRNA in MCPIP and negative control protein. *p < 0.05.
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Discussion

In this study, we investigated the roles of MCPIP-1 in 
regulating neutrophils and found that MCPIP-1 mark-
edly restrained the ROS/MPO production and the forma-
tion of NETs and inhibited the migration of neutrophils. 
MCPIP-1-mediated immunomodulation of neutrophils 
exacerbated S. typhimurium-induced acute peritonitis 
and associated liver injury. Importantly, MCPIP-1 was il-
lustrated to bind and degrade the mRNA of CIRBP and 
suppress the activity of neutrophils. Moreover, we found 
that expression of MCPIP-1 was increased in peripheral 
neutrophils from patients with ABP or bacterial pneumo-
nia compared with healthy donors and that expression of 
MCPIP-1 was elevated when neutrophils were activated. 
Therefore, our results indicate that MCPIP-1-mediated 
immunosuppression of neutrophils plays an important 
role in regulating the functional alterations of neutro-
phils, particularly neutrophil homeostasis during ABP 
and liver injury.

Previous studies have shown that MCPIP-1 is in-
creased under inflammatory conditions, which is dra-
matically induced when the NF-κB pathway is activated 
and subsequently inhibits the process of NF-κB pathway 
[13]. Moreover, MCPIP-1 is also involved in suppress-
ing the noninfectious inflammation, such as LPS-in-
duced sepsis and autoimmune diseases [20, 21, 49]. 
However, previous studies pointed out that MCPIP-1 
deficiency in CD4+ T cell or pulmonary epithelial cells 
enhances the resistance to pathogen invasion by recruit-
ing more immune cells, particularly neutrophils, into 
the site of infection in vitro [45, 50, 51]. It could be sup-

posed the distinct roles of MCPIP-1 in the induction of 
noninfectious inflammation and infectious disorders, 
respectively. In this study, we utilized a S. typhimurium-
induced acute peritonitis model and found that MCPIP-1 
restrained myeloid cells, especially neutrophils, to mi-
grate into the circulation, the abdominal cavity, and the 
liver as one of the targeted organs of peritonitis and that 
the CFUs of S. typhimurium, as a signature of bacterial 
peritonitis, were remarkably elevated consequently. As 
a result, McpipMye-tg mice developed severe peritonitis 
and associated liver injury after intraperitoneal infec-
tion with S. typhimurium. In contrast, bacterial perito-
nitis and associated liver injury could be alleviated in 
McpipΔMye mice. These results indicate that MCPIP-1 
downregulates the protective functions of neutrophils in 
ABP and liver injury.

In the context of the invasion by exogenous pathogens, 
the neutrophils release ROS or MPO in the oxidative 
burst which could be mediated by the NF-κB pathway 
[52]. Another way of neutrophil defense against patho-
gens is mediated by the formation of NETs, which are 
composed of cytosolic and granule proteins (e.g., MPO, 
NE, and CitH3) as well as DNA and released to trap the 
pathogens and prevent dissemination [11]. We observed 
that MCPIP-1 remarkably inhibited the production of 
ROS and MPO and the formation of NETs and prohib-
ited the migration of neutrophils by Transwell analysis. 
Intriguingly, we also observed that the expression of 
CXCL-1, CXCL-2, and CXCL-5 was suppressed in the 
liver tissues of McpipMye-tg mice but increased in McpipΔMye 
mice, in agreement with our recent data showing that the 
response of neutrophils to chemokines is restrained by 
MCPIP-1 [22]. We also found that MCPIP-1 was unable 
to alter the phagocytosis of neutrophils, which is medi-
ated by pattern recognition receptors. MCPIP-1 may not 
affect the activity of PRR-pathogen-associated molecular 
pattern interactions but functions via the NF-κB pathway 
that plays a key role in ROS release and NET formation. 
Therefore, these findings indicate that MCPIP-1 fine-
tunes the immune responses of neutrophils against patho-
gen infection without altering the ability of pathogen rec-
ognition and that MCPIP-1 may play a detrimental role 
in antimicrobial progress.

In contrast to the compromised MCPIP-1-mediated 
migratory capacity of neutrophils in the liver tissues, ex-
cessive pathogenic FasL+ IFN-γ+ TNF-α+ NK cells were 
found to be highly infiltrated in the liver. Mechanistically, 
a CX3CL1-CX3CR1 axis, a key pathway involved in re-
cruiting NK cells, was observed to be elevated in the liver, 
which thus contributes to excessive NK cell infiltration 

Fig. 6. MCPIP-1 downregulates the activity of neutrophils via de-
grading mRNA of CIRBP. The dHL-60 cells were transfected with 
AV-sh-CIRBP or empty adenovirus vector (vehicle) or cultured in 
a medium alone (ctrl). These cells were then stimulated with PMA 
(100 ng/mL) or ionomycin (4 µg/mL) for 3 h. a Expression of ROS 
and MPO was measured. b Representative immunofluorescent 
images for detecting NETs (blue, Hoechst 33342; red, MPO) were 
shown. Scale bars, 100 µm. The quantification of NETs was calcu-
lated according to the formula as described in the Methods section. 
c Transwell assays were measured. Representative images of the 
lower chambers of Transwell plates. Scale bars, 100 µm. The black 
arrows indicate neutrophils stained by crystal violet. The histo-
grams represented the relative quantification of the migratory ca-
pacity of neutrophils by measuring the OD values of each well ac-
cording to the Methods. d Expression of p65 in dHL-60 cells was 
analyzed by Western blotting under different conditions. e Ex-
pression of p47phox and p22phox in dHL-60 cells was analyzed by 
Western blotting under different conditions. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001.
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a
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d
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Fig. 7. MCPIP-1 is highly expressed in neutrophils of acute infec-
tious diseases. Peripheral neutrophils were obtained from patients 
with active Crohn’s disease with peritoneal exudation (CDE, n = 
10), patients with severe acute pancreatitis (AP, n = 20), patients 
with acute appendicitis (AA, n = 10), patients with community-
acquired bacterial pneumonia (CABP, n = 10), and healthy donors 
(n = 10). a, b Protein levels of MCPIP were determined by Western 
blotting (a) and quantified in gray value (b). c Expression of 
MCPIP in neutrophils of patients with acute severe pancreatitis 
who had abnormal liver function tests (A-liver, n = 8) and normal 
liver function tests (N-liver, n = 12), respectively. d, e Neutrophils 

from healthy controls (n = 5) were stimulated in vitro with Pam3C-
SK4 (1 µg/mL), FSL (100 ng/mL), LPS (100 ng/mL), flagellin (100 
ng/mL), and PGN (1 µg/mL), respectively, and harvested 3 h after 
culture. The protein levels of MCPIP were determined by Western 
blotting (d) and quantified in gray value (e). *p < 00.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001. ns, not significant; HC, healthy con-
trols; CDE, active Crohn’s disease patients with peritoneal exuda-
tion; AP, acute pancreatitis; AA, acute appendicitis; CABP, com-
munity-acquired bacterial pneumonia; A-liver, abnormal liver 
function tests; N-liver, normal liver function tests.
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concomitantly. Therefore, our findings indicate that 
MCPIP-1-mediated immunosuppression of neutrophils 
fails to eliminate pathogens but induces excessive NK cell 
infiltration, leading to secondary liver injury accompa-
nied by an increase of ALT and AST and the presence of 
the liquefactive necrosis.

Most importantly, we clarified that CIRBP functions 
as a critical immune effector in promoting the activities 
of neutrophils. As a member of RNA-binding proteins, 
CIRBP consists of an N-terminal RNA recognition motif 
and a C-terminal arginine-rich region structurally similar 
to stress-induced RNA-binding proteins in various spe-
cies [53]. Unlike MCPIP-1 by degrading target mRNAs, 
CIRBP prevents the target mRNAs from deadenylation 
and maintains mRNA stability [54]. Increasing lines of 
evidence have shown the potential roles of CIRBP in the 
regulation of a variety of cellular stress responses, includ-
ing cell proliferation, cell survival, and circadian clock 

gene modulation [46], and illustrated that CIRBP en-
hances the NK-κB activity which is essential for the im-
mune response in neutrophils [55]. In this study, we 
found that CIRBP deficiency led to suppressing the pro-
duction of ROS and MPO, the formation of NETs, and 
the recruitment of neutrophils, as well as the NK-κB ac-
tivity in dHL-60 cells. Moreover, CIRBP enables to pro-
mote the immune function of neutrophils by maintaining 
the activity of NADPH oxidase. Therefore, our data un-
equivocally pinpoint that iCIRBP plays a crucial role in 
regulating the activity of neutrophils.

Finally, we identified that expression of MCPIP-1 was 
elevated in peripheral neutrophils from the patients with 
acute critical abdominal infectious diseases (i.e., CDE, se-
vere acute pancreatitis, and acute suppurative appendici-
tis) or CABP and that an increase of MCPIP-1 was close-
ly related to target organ injury, particularly liver damage. 
Since neutrophils play an essential role in the progress of 

Fig. 8. Schematic representative of the role of MCPIP-1 in modu-
lating neutrophil functions. MCPIP-1 not only suppresses the pro-
duction of ROS and MPO, the formation of NETs, and the migra-
tory capacity of neutrophils but also downregulates the recruit-
ment of myeloid cells and pathogen clearance at the sites of 
inflammation. In the context of intraperitoneal infection with S. 

typhimurium, MCPIP-1 inhibits the migration of myeloid cells 
from peripheral blood into the peritoneum and liver tissues, lead-
ing to severe bacterial peritonitis. Mechanically, MCPIP-1 binds 
and degrades the mRNA of CIRBP to suppress the protective func-
tion of neutrophils and exacerbate the bacteria-induced acute peri-
tonitis and associated liver damage.
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acute abdominal infection and liver injury and could be 
activated in peripheral circulation or local infectious sites 
by a variety of inflammatory mediators involved in peri-
tonitis [2], increased expression of MCPIP-1 in these ac-
tivated neutrophils delicately maintains the homeostasis 
and could be considered as a potential target for monitor-
ing the outcome of acute inflammatory diseases. Even 
more, it may function as a therapeutic target to maintain 
the homeostasis of neutrophils in the progress of acute 
infectious diseases.

In summary, our data reveal that MCPIP-1 plays a crit-
ical role in negatively modulating the protective functions 
of neutrophils in pathogen infection and liver injury, 
which constrains pathogen clearance by neutrophils in 
the context of ABP (Fig. 8) and that its overexpression 
may be vulnerable to anti-infectious processes. However, 
it should be noticed that neutrophils, even other immune 
cells, will be overactivated under inflammatory condi-
tions without the control of MCPIP-1. Hence, it may 
serve as a “brake” in regulating the immune response and 
function as a promising candidate in innate immunity to 
clarify the way and maintain the homeostasis of neutro-
phils. These data shed some light on better understanding 
the MCPIP-1-mediated immunosuppression of neutro-
phils and provide a novel therapeutic avenue for infec-
tion-driven liver injury.
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