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Abstract

Uncontrollable inflammatory response acts as a driver of sepsis-associated liver injury (SALI). IL-22 plays an important
role in regulating inflammatory responses, but its role in SALI remains unknown. The aim of the study was to assess the
association of serum IL-22 with SALI in pediatric patients and to enclose the underlying mechanisms of IL-22 involved
in lipopolysaccharide (LPS) - induced acute liver injury (ALI) in mice. Serum IL-22 levels in patients with SALI were
significantly lower than in septic patients without liver injury, and the area under receiver operating characteristic
(ROQ) curve of IL-22 for discriminating SALI was 0.765 (95% CI: 0.593-0.937). Pre-administration of recombinant murine
IL-22 alleviated LPS-induced ALl in mice, and serum IL-6 levels and the mRNA levels of TNF-q, IL-1(3, and IL-6 in livers
were decreased in response to IL-22 pre-treatment in mice. More importantly, IL-22 pre-treatment activated hepatic
autophagy mediated by activating transcription factor 4 (ATF4)-autophagy-related gene 7 (ATG7) signaling in vivo and
in vitro in response to LPS administration. Moreover, knockdown of ATF4 in mice aggravated LPS-induced ALI, which
was associated with suppressed ATG7-related autophagy. In addition, the protective effects of IL-22 on LPS-induced
ALl was partially blocked by ATF4 knockdown, which was associated with lower expression of LC3II/I in the livers of
ATF4 knockdown (HT or Atf41 ™) mice compared with wild-type mice (WT or Atf4™ ") mice. In conclusion, low serum
IL-22 level is associated with SALI occurrence, and IL-22 pre-administration activates autophagy in hepatocytes and
protects mice against LPS-induced ALl partially related to ATF4-ATG? signaling pathway.

Background

Sepsis is a life-threatening organ dysfunction caused by
dysregulated immune response to infection’. Liver plays a
key role in immune response and releases amounts of
inflammatory factors, yet it is also vulnerable to inflam-
matory damage. Sepsis-associated liver injury (SALI), as a
common clinical feature, is an independent risk factor for
multiple organ dysfunction and sepsis-induced death?.
Developing potential new therapies or optimizing the
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management is crucial for restoring liver function and
improving mortality rates in patients with SALL
Interleukin-22 (IL-22), as one member of IL-10 cytokine
family produced by T-helper (Th)17, Th22, natural killer
(NK) cells, is involved in inflammatory reaction®*.
Extensive evidences indicated that IL-22 plays a protective
role in epithelial tissues regeneration in response to
infection®™”. Especially, IL-22 is a master regulator for
maintaining intestinal barrier integrity®®. Usually, IL-22
binds to IL-10 receptor 2 (IL-10R2) and the IL-22
receptor 1 (IL-22R1) complex and then stimulates
downstream signaling including signal transducer and
activators of transcription 3 (STAT3), c-jun N-terminal
kinase (JNK), and mitogen-activated protein kinase
(MAPK) pathways’. Beside of gastrointestinal tract, IL-
22R is widely expressed in liver, and IL-22 was proved to
be involved in abdominal sepsis3’1°'11, In livers, several
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studies indicated that IL-22 enhances AMP-activated
protein kinase (AMPK)-dependent autophagy'”> and
induces production of acute phase protein, mitogenic
proteins and anti-apoptotic proteins to exert a hepato-
protective effect'®>'*, However, there are some studies
indicated that IL-22 might contribute to pathophysiologic
inflammation in liver damage. IL-22 exacerbates chronic
liver inflammation and fibrosis by promoting Th17 cells
recruitment in HBV-infected patients and HBV-
transgenic mice'”. In addition, IL-22 may contribute to
the liver fibrogenesis under HCV infection via increasing
the expression of o-smooth muscle actin (a-SMA)
accompanied with inhibited cell apoptosis, promoted cell
proliferation®. All these results have led to a conflicting
conclusion to IL-22 regulating inflammation response in
livers under acute or chronic inflammatory damage.
According to previous evidences, IL-22 is widely reported
as a survival factor of hepatocyte'>'*, Until now, serum
IL-22 levels in pediatric patients with SALI and the
potential roles of IL-22 in SALI remain unclear. In the
present study, we hypothesized that IL-22 could be a
protective factor in patients with SALL

In the current study, serum levels of IL-22 were deter-
mined in pediatric patients with sepsis, and the potential
roles and underlying mechanisms of recombinant mouse
IL-22 was investigated in lipopolysaccharide (LPS)-induced
acute liver injury (ALI) and cells treated with LPS. Overall,
our data demonstrated that serum levels of IL-22 are lower
in patients with SALI than those without ALL IL-22 pre-
treatment activates autophagy in vivo and in vitro and
alleviates LPS-induced ALI and hepatocyte apoptosis par-
tially related to activating transcription factor 4 (ATF4)-
autophagy-related gene 7 (ATG?7) signaling pathway.

Materials and methods
Patients

Forty-one pediatric septic patients were enrolled who
were admitted to pediatric intensive care unit (PICU) of
Shanghai Children’s Hospital from January 2018 to
December 2018. Pediatric sepsis was defined according to
the clinical criteria for sepsis based on the International
Pediatric Sepsis consensus conference in 2005, SALI (total
bilirubin >4 mg/dL or ALT 2 times the upper limit of
normal for age), sepsis-associated respiratory failure (sepsis-
RF) (PaO,/FiO, <300 mmHg in the absence of cyanotic
heart disease or pre-existing lung disease), or sepsis-
associated acute kidney injury (sepsis-AKI) (serum creati-
nine 2 times the upper limit of normal for age or 2-fold
increase in baseline creatinine) was defined according to the
criteria of International Pediatric Sepsis Consensus Con-
ference'”. Sepsis-associated gastrointestinal (GI) dysfunc-
tion (sepsis-GI dysfunction) (absent bowel sounds) was
defined by Surviving Sepsis Campaign International
Guidelines in 2012'®, Patients were diagnosed with organ
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dysfunction after admission to PICU even throughout PICU
stay. Patients with advanced tumor, hereditary metabolic
diseases, and the use of immunosuppressive drugs in the
past one month were excluded. The clinical data including
Pediatric risk of mortality (PRISM) III score, the counts of
white blood cells (WBC), C-reactive protein (CRP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
serum IL-22 level on PICU admission, the length of PICU
stay, and PICU mortality, were recorded.

This protocol was approved by the Clinical Research
Ethics Committee of Shanghai Children’s Hospital affili-
ated to Shanghai Jiao Tong University (Approval number:
2018R039-F01), and the informed consent was signed by
the patients’ relatives.

Animal experiments

Male C57BL/6 mice (8-week old) were purchased
from the Shanghai Model Organisms Center (Shanghai,
China). The care and use of the mice were conducted
according to a protocol that was approved by the Ethics
committee of the Children’s Hospital Affiliated to
Shanghai Jiao Tong University (Shanghai, China). ATF4
gene knockdown mice (HT or Atf4™~) were purchased
from Model Animal Research Center of Nanjing Uni-
versity. For determining the serum levels of IL-22 in
response to LPS stimulation, mice were intraper-
itoneally injected LPS (5 mg/kg, E. coli 0111: B4, Sigma -
Aldrich Co.) to induce ALIL The mice were randomized
and euthanized at 0, 1, 2, 4, 8, 24, and 48 h after LPS
treatment (n =5). Peripheral blood samples were col-
lected for further ALT, AST and interleukin-6 (IL-6)
levels measurement and liver tissues were collected for
further analysis.

To explore the function of IL-22 protecting mice
against LPS-induced ALI, a total of 24 male mice
(8-week old) were randomized and divided into four
groups including control (Control), LPS treatment
(LPS), only IL-22 treatment (IL-22), and pretreatment
with IL-22 followed by LPS administration (IL22 + LPS).
Recombinant murine IL-22 (PeproTech, London, U.K.)
was intravenously injected in a dose of 100 pg/kg body
weight for 4 days before LPS treatment. PBS was
delivered in a similar fashion as control vehicle (n =6
per group). The phenotype of LPS-induced ALI in
Atfa™~ or wild type (Atf4"") mice was compared.
Furthermore, the protective effects of IL-22 on LPS-
induced ALI were investigated in Atf4"/~ compared
with Atf4""" mice. The mice were euthanized at 24 h
after LPS treatment. Peripheral blood samples and liver
tissues were collected for further analysis.

Blood sampling and cytokine measurement
The blood samples were collected within 1h of PICU
admission in sterile vacutainer tubes for further analysis.
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Serum was obtained and stored at —80°C for IL-22
determination. The concentration of human IL-22 was
determined by human IL-22 ELISA kit (MultiScience
[LIANKE] Biotech, CO., LTD, Hangzhou, China). Serum
IL-22 and IL-6 levels in mice were determined with
commercially available ELISA kits (MultiScience
[LIANKE] Biotech, CO., LTD, Hangzhou, China)
according to the manufacturer’s instructions. The levels of
ALT and AST were analyzed in our clinical laboratory
center. The technician was blinded to the group allocation
during the experiment.

Histopathology

Liver samples were harvested and fixed in 4% paraf-
ormaldehyde overnight at 4 °C, then embedded in paraffin
and 4-um thickness sections were mounted on glass.
Tissue sections were stained with hematoxylin and eosin
(H&E) and visualized under light microscopy. The tech-
nician was blinded to the group allocation during the
experiment.

Cell culture and treatments

HepG2 and Hepal-6 cells were purchased from Cell
Resource Center of Shanghai Academy of Biological Sci-
ences, Chinese Academy of Sciences, and all cell lines
were tested and proved to be negative for mycoplasma
contamination. HepG2 and Hepal-6 cells were cultured
in DMEM with 10% FBS at 37 °C in a humidified incu-
bator (5% CO,). LPS (1 pg/ml) was added into cell culture
for 8h. IL-22 was used to pre-treat cells in a dose of
10 ng/ml for 24-h, then, cells were treated with LPS for
another 8 h. To investigate the effects of autophagy acti-
vation on IL-22-mediated protection, 3-methyladenine
(3-MA) was used in a dose of 5 mM for 24 h before IL-22
treatment. To explore the role of ATF4 in IL-22 pro-
tecting cell apoptosis against LPS stimuli, cells were
infected with lentivirus-mediated knockdown of ATF4
(Lentivirus-shATF4) system (MOI=15) (siATF4: 5'-
gaguuaguuugacagcuaatt-3’) for 24h. All cell culture
experiments were repeated for three times, and three
duplicates per group each time.

Cell counting

Cells were harvested using 0.25% trypsin, washed with
phosphate-buffered saline (PBS). Then, cell counting was
performed on the acquired images (Image-Pro Plus Ver-
sion 6.2; Media Cybernetics Inc., MD, USA).

Transmission electron microscopy

HepG2 Cells were pre-treated with or without IL-22
(10 ng/ml) for 24 h, then be treated with LPS (1 pg/ml) for
8h. To investigate the change of autophagosome, cells
were harvested and fixed at 4°C overnight in 2.5%

Official journal of the Cell Death Differentiation Association

Page 3 of 12

glutaraldehyde, postfixed at temperature in 1% osmium
tetroxide for 2 h, then cells were embedded and obtained
ultra-thin sections. The sections were stained with uranyl
acetate/lead citrate and analysis by transmission electron
microscopy (HITACHI HT7700) at 60 kV.

Western immunoblotting

Liver samples and cells were homogenized in RIPA
lysis buffer (Beyotime Biotechnology). Samples were
resolved onto SDS-polyacrylamide gels (Beyotime Bio-
technology) and blotted onto PVDF membranes
(Hybond P, GE Healthcare Bio-Sciences, Pittsburgh,
Pennsylvania). Primary antibodies against phosphory-
lated and total STAT3 (#4093s, #12640s, Cell Signaling
Technology), anti-ATF4 (#11815, cell signaling), anti-
caspase 3 (#9579, cell signaling), anti-LC3II/I (#4108,
cell signaling), anti-P62 (#5114s, cell signaling), anti-
ATG7 (#2631, cell signaling) and GADPH (#2118, cell
signaling) were used. Images were performed using a C-
Digit chemiluminescent Western blot scanner (LI-COR,
Lincoln, USA).

Quantitative real-time RT-PCR

TRIzol reagent was used for total RNA extraction
(Invitrogen Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Total RNA
was reversely transcribed with random primer and M-
MLV Reverse Transcriptase (Takara). Quantitative real-
time RT-PCR was performing using SYBR Green I Master
Mix reagent by ABI 7500 system (Applied Biosystem,
Foster, CA, USA). Primers used in this study is shown in
Supplementary Table 1. Results were calculated by using
27 (ACY method.

Statistical analysis

Data that were not normally distributed were com-
pared with Mann—-Whitney U test and expressed as
median (interquartile range, IQR), and data with a
normal distribution were compared with Student’s ¢ test
and presented as means + standard error (SE). Serum
IL-22 levels in pediatric patients were expressed as
scatter dot plots with medians. To determine the dis-
criminative power of IL-22 for SALI, receiver operating
characteristic (ROC) curves were constructed and the
area under the ROC curve (AUC) was determined with
its 95% confidence interval (CI). Serum IL-22 levels in
mice were expressed as scatter dot plot with medians.
All figures were done using GraphPad Prism version 6.0
(Graph-Pad Software, San Diego, CA). Significant dif-
ferences were analyzed by Student’s ¢ test or
Mann—Whitney U test using STATA 15.0 MP (College
Station, Texas, USA). Values of p < 0.05 were considered
statistically significant.
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Results
Serum IL-22 levels in pediatric patients with sepsis or LPS-
treated mice

The baseline characteristics of pediatric patients with
sepsis were presented in Supplementary Table 2. The
PICU mortality was 12.2% (5/41) in these septic patients.
There were no differences in serum IL-22 levels between
non-survivors and survivors (Fig. la) and in different
subgroups of sepsis-AKI, sepsis-RF, sepsis-GI dysfunction
(Fig. 1b—d). However, serum IL-22 concentrations on
PICU admission were significantly lower in patients with
SALI compared to septic patients without liver injury
(p =0.021, Fig. 1e). Multivariate logistic analysis indicated

Page 4 of 12

that IL-22 was not independently associated with SALI
adjusted by PRISM III and age (OR: 0.922 [95% CI:
0.842-1.009]) (Supplementary Table 3). Further analysis
indicated that the AUC for IL-22 discriminating SALI was
0.765 (95% CI: 0.593-0.937) (Fig. 1f).

In LPS-treated mice, serum levels of IL-22 increased
gradually from 1 h and peaked at 4 h after LPS treatment.
The high levels of IL-22 maintained until to 8 h after LPS
treatment, and then decreased to normal level at 48 h after
LPS treatment (Fig. 1g). Compared with control group,
liver sections with centrilobular necrosis, inflammatory
infiltration and ductal proliferation were aggravated at
24h and 48 h after LPS treatment (Fig. 1h).
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Fig. 1 Serum IL-22 levels on PICU admission were decreased in septic patients with liver injury and the fall-down of serum IL-22 level was
associated with LPS-induced acute liver injury. IL-22 concentrations were measured by ELISA in serum samples collected from 41 patients with
sepsis (sepsis). a Serum IL-22 concentrations in survivors and non-survivors with sepsis, b serum IL-22 concentrations in septic patients with (sepsis-
AKI) or without acute kidney injury (sepsis), € serum IL-22 concentrations in septic patients with (sepsis-RF) or without respiratory failure (sepsis),
d serum IL-22 concentrations in septic patients with (sepsis-Gl dysfunction) or without gastrointestinal (Gl) dysfunction (sepsis), @ serum IL-22
concentrations in septic patients with (sepsis-ALI) or without acute liver injury (sepsis), f ROC curve for IL-22 as a predictor for sepsis-associated liver
injury (SALI), g serum IL-22 concentrations in LPS-treated mice at indicated time (1, 2, 4, 8, 24, 48 h) after LPS treatment (5 mg/kg body weight, i.p,
once) (n=15). h Hematoxylin and Eeosin staining (H&E staining) of liver sections from mice treated with LPS for different time. " indicates the
significant difference compared with control group (0 h), p < 0.05.
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Fig. 2 IL-22 protects mice against LPS-induced acute liver injury. Mice were divided into control (Control), LPS-treated (LPS), IL-22 only (IL-22),
and IL-22 pretreatment for 4 days before LPS administration (IL-22+LPS) groups (n = 6). a Serum IL-22 levels in mice with (IL-22) or without IL-22 pre-
treatment (Control). b Serum levels of ALT. ¢ Serum levels of AST. d Liver sections were stained with hematoxylin and eosin (H&E staining) at 48 h
after LPS stimuli. @ Serum levels of IL-6. f The mRNA levels of TNF-a in livers. g The mRNA levels of IL-1 in livers. h The mRNA levels of IL-6 in livers.
“indicates the significant difference compared with Control group, p < 0.05. * indicates the significant difference compared with LPS group, p < 0.05.
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Pre-treatment with recombinant murine IL-22 protects
mice against LPS-induced acute liver injury

To explore the role of IL-22 in SALI, mice were pre-
treated the recombinant murine IL-22 for 4 days before
LPS administration. In the group of IL-22 pre-treatment,
serum IL-22 levels were higher than that in the control
group (Fig. 2a). In response to LPS stimulation, the ele-
vated levels of ALT and AST in response to LPS stimu-
lation were ameliorated in IL-22 pre-treated mice
compared to LPS-challenged mice (Fig. 2b, c). Con-
sistently, histopathology demonstrated that there were no
obvious inflammatory infiltration and centrilobular
necrosis in the livers of IL-22 pre-treated mice (Fig. 2d).
In addition, serum IL-6 levels were significantly lower in
mice with IL-22 pre-treated compared with LPS-treated
mice (Fig. 2e). Moreover, the mRNA levels of TNF-q, IL-
1B, and IL-6 in livers were significantly suppressed in mice
with IL-22 pre-treatment (Fig. 2f-h).
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IL-22 administration activates hepatic autophagy in vitro
and in vivo

Sepsis-induced autophagy occurs transiently in hepa-
tocytes at early stage and then is suppressed at later
phase'®. Recent studies indicated that autophagy activa-
tion prevents hepatocyte apoptosis and improves func-
tional recovery of liver failure during sepsis®**'. To
investigate the potential role of IL-22 in regulating
autophagy in hepatocytes, results obtained from trans-
mission electron microscopy showed that the number of
autophagosomes in HepG2 cells was decreased upon LPS
challenge for 8 h, and there were more autophagosomes in
HepG2 cells with IL-22 pre-treatment for 24 h (Fig. 3a).
Furthermore, LPS suppressed the expression of LC3II/I
and increased the expression of P62, which were reversed
in livers by IL-22 pre-treatment. Cleaved Caspase 3 is
used as a biomarker of apoptosis*®. Activation of autop-
hagy can alleviate and prevent apoptosis®’. The levels of
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Cleaved Caspase 3 were decreased in livers of mice pre-
treated with IL-22 for 4 days (Fig. 3b).

IL-22 attenuates LPS-induced cytotoxicity via autophagy
activation in vitro

To further investigate the role of autophagy activation
in the process of LPS-induced hepatocyte apopotosis,
HepG2 cells were pre-treated with IL-22 (10 ng/ml) for
24 h, then were treated with LPS for another 8 h. LPS
challenge significantly decreased cell viability in HepG2
cells and it was restored by IL-22 pre-treatment (Fig. 4a).
Considering that ATF4 is an upstream regulator of
autophagy®**®, the expression of ATF4 protein was
determined. Under the condition of LPS administration,
the expression of ATF4 in HepG2 cells was increased
rapidly and peaked at 1h after LPS stimulation and the
expression of LC3II peaked at 2 h after LPS stimulation
(Fig. 4b). Both ATF4 and LC3II reduced at 4 h after LPS
treatment (Fig. 4b). The expression of P62 was increased
at 8h after LPS treatment (Fig. 4b). At 8h after LPS
treatment, IL-22 pre-treatment stimulated the expression
of ATF4 and LC3II, but suppressed the expression of P62
and Cleaved Caspase 3 (Fig. 4c).
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To confirm the potential roles of autophagy activation
in mediating IL-22 protective effects, 3-methyladenine
(3-MA) was used to inhibit autophagy in HepG2 cell lines.
LC3II induction was suppressed in the presence of 3-MA
in response to LPS treatment (Fig. 4d, e). Suppression of
autophagy by 3-MA promotes the apoptosis of HepG2
cells indicated by the increasing levels of Cleaved Casp-
sase 3 (Fig. 4e). Moreover, cell viability was significantly
decreased after treated with 3-MA (Fig. 4f).

ATF4-ATG7 signaling pathway mediates autophagy
activation in response to IL-22 administration

IL-22 binds to IL-22R and then stimulates
STATS3 signaling”. The IL-22R mRNA levels were sig-
nificantly upregulated in livers of mice treated with
recombinant murine IL-22 than those in controls (Fig. 5a).
Further analysis indicated that the levels of phosphory-
lated STAT3 (P-STAT3) was significantly increased in
response to IL-22 administration, but there was no dif-
ference between with or without LPS stimulation in
Hepal-6 cells (Fig. 5b).

Considering that ATF4 is an upstream regulator of
autophagy®*** and the expression of ATF4 protein was
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regulated by LPS and IL-22 in cells (Fig. 4b, c), we
hypothesized that IL-22 could stimulate ATF4 expression,
and then activate autophagy. To test this possibility, ATF4
was knocked down via lentivirus-mediated shATF4, and
the expression of Atf4 mRNA was significantly suppressed
in Hepal-6 cells (Fig. 5¢c). As a result, the expression of
ATQG7, as a direct target gene of ATF4, was significantly
decreased in the group of ATF4 knockdown, and the
enhancement of LC3II formation by IL-22 pre-treatment
was abolished by ATF4 knockdown (Fig. 5d). Moreover,
the reduction of ATF4 promoted the protein levels of P62
(Fig. 5d). Consequently, the effects of IL-22 protecting cell
apoptosis against LPS were blocked. According to the
results, cell number of Hepal-6 was significantly lower
when ATF4 was knocked down compared with control
group (Fig. 5e).
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ATF4 knockdown aggravates LPS-induced acute liver
injury in mice associated with ATG7-mediated autophagy
suppression

To further investigate the role of ATF4 in mediating the
protective role of IL-22 in LPS-induced ALI A1§f4+/ ~ mice
were used. The mRNA and protein levels of ATF4 were
decreased to about 50% in livers of Af4™~ mice (Fig. 6a, b).
The results of immunohistochemistry showed that the
expression of ATF4 and its downstream target CHOP was
decreased in livers of Atf4™~ mice (Fig. 6¢). In response
to LPS stimulation, histopathology demonstrated that
inflammatory infiltration and centrilobular necrosis in
livers of Atf4™~ mice were significantly worse than that in
wild-type mice (Fig. 6d). In addition, the elevated levels of
ALT and AST were aggravated in A¢f4™~ mice compared
with wild-type mice (Fig. 6e, f). Moreover, the expression
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of LCII and ATG7 was suppressed in livers of Atf4™~
mice in response to LPS comparing with wild-type mice

(Fig. 6g).

The protective effects of IL-22 on LPS-induced acute liver
injury is partially blocked in ATF4 knockdown (Atf4™7)
mice

Using Atf4"~ mice, we tried to assess the importance of
ATF4 in mediating the effects of IL-22 on LPS-induced
ALL The results showed that the inflammatory infiltration
and bleeding in livers of Atf4"~ mice were worse than
that in wild-type mice in response to LPS compared with
wild-type mice, and the protective effects of IL-22 was
partially blocked in A#f4"~ mice (Fig. 7a). The effects of
IL-22 on stimulating the expression of ATG7 and LC3II
in livers were blocked by ATF4 knockdown (Fig. 7b). In
addition, the expression of LC3II/I in livers of mice with
pre-treatment of IL-22 was increased in wild-type mice
accompanied with low expression of Cleaved Caspase 3,

Official journal of the Cell Death Differentiation Association

which were suppressed in livers of Atf4"~ mice pre-
treated with IL-22 (Fig. 7c).

Discussion

In the present study, we revealed that serum IL-22 levels
were lower in pediatric SALI than those without liver
injury, and pre-treatment with recombinant murine IL-22
protects mice against LPS-induced ALIL Further study
enclosed that IL-22 activates autophagy in vivo and
in vitro and plays an important role against LPS-induced
ALL which is partially mediated via stimulating the ATF4-
ATQG7 signaling pathway (Fig. 8).

To our best knowledge, we firstly reported the serum
levels of IL-22 in pediatric patients with sepsis, and found
that serum IL-22 levels were significantly lower in patients
with SALI than those in patients without liver injury, but
the multivariate logistic analysis showed that IL-22 was
not independently associated with SALI after adjusted by
PRISM III and age (p=0.077). We suspected that the
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small sample size might affect the power of statistic
analysis. The specific association between IL-22 and SALI
needs further investigation in a larger population. In
terms of molecular mechanisms, the high expression
levels of IL-22R1 in liver progenitor cells and hepatic
stellate cells make IL-22 an attractive agent for study in
chronic liver disease®®. Given that hepatocytes possess a
large repertoire of IL-22 receptor complex, IL-22 plays a
hepato-protective role during liver disease'*™'°. So, we
suspected that the abundant expression of IL-22R1 in
livers could be main cause of the specific roles of IL-22
in SALL

It is well known that SALI mainly develops in the
stepwise process of overwhelming inflammatory
response”. In the present study, our data demonstrated
that pretreatment with IL-22 diminished IL-6 levels in
serum and livers. Emerging evidence showed that STAT3-
mediated signaling is a common pathway utilized by IL-22
in cell proliferation and regeneration under inflammation
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status®. In vivo pretreatment of IL-22 is beneficial in
acetaminophen-induced hepatotoxicity partially due to
the activation of STAT3 signalszz. Furthermore,
STATS3 signaling is believed to promote lung cancer
cell proliferation and migration and stimulate hepato-
cyte compensatory proliferation®*?”. The expression of
P-STAT3 was stimulated in response to IL-22 pre-
treatment, either with or without LPS stimuli. These
results suggested that IL-22 protects hepatocytes from
LPS-induced damage in a STAT3-dependent manner.
In this study, we found that IL-22 induces the expres-
sion of ATF4 in hepatocytes and livers. Previous study
indicated that the expression of ATF4 was decreased in
inflamed intestinal mucosa in patients with active
inflammatory bowel diseases (IBD), and overexpression of
ATF4 could down-regulated inflammatory factors
including IL-1P and IL-6, deprivation of ATF4 promotes
intestinal inflammation?®, Recently, ATF4 has been
reported to have protective properties upon neurological
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damages by ameliorated inflammation®”. Therefore, ATF4
might be a regulator involved in inflammation response
during sepsis. The suppressive effects of IL-22-ATF4
pathway on LPS-induced inflammatory response should
be paid more attention as a target for reducing inflam-
matory damage.

Autophagy regulates innate immune response and plays
a negative role in inflammation activation®>?", Autophagy
occasionally is a crucial process of pathogenesis in some
diseases. When treated with lysosomal inhibitors, the level
of LC3II in acinar cells of pancreatitis models was higher
than control’s®®. Liver-specific IL-22 transgenic mice or
pre-treatment wild type mice with IL-22 were significantly
resistant to cerulein-induced pancreatitis by inhibiting
autophagic pathway®. Inhibition of autophagosome
completion may contribute to the exacerbation in the
development of acute pancreatitis’*. During sepsis,
autophagy prevents apoptosis and improves functional
recovery of liver failure’>*'. Moreover, suppression of
autophagy promotes the aberrant upregulation of apop-
tosis and aggravates hepatocytes dysfunction®. Liver-
specific deletion of the autophagy gene promotes hepa-
tomegaly, fibrosis, benign adenomas and hepatocarcino-
genesis. All these above findings support that the
functional autophagy exerts protective effect on liver
injury during sepsis. In our study, serum IL-22 levels
increased at 2h and remained high levels until 8 h after
LPS treatment, then gradually declined within 48 h com-
panied with aggravating liver damage. Consistently,
autophagy occurs transiently in hepatocytes at the early
stage and then is suppressed at the later phase'®. In the
present study, IL-22 activates autophagy in livers of mice
treated by LPS, and suppression of autophagy by 3-MA
exerts detrimental effects on LPS-treated cells. To our
knowledge, this is the first report about the role of IL-22
in regulation of autophagy activation in hepatocytes
during sepsis. The elevated level of IL-22 in early stage
may protect liver against damage, possibly related to
autophagy activation. In another respect, IL-22 promotes
proliferation and survival of human HepG2 cells by
inducing expression of a large amount of anti-apoptotic
and mitogenic proteins'*. Consistently, the expression of
Cleaved Caspase 3 in livers or in HepG2 cells confirmed
the potential roles of IL-22 in anti-apoptosis. Whether
there is correlation between IL-22-mediated autophagy
activation and inducing anti-apoptotic protein needs
further investigation.

In this study, we proved that ATF4-mediated autophagy
activation plays a crucial role in IL-22 protecting hepa-
tocytes against LPS-induced damage. Previous investiga-
tions described that intermittent hypoxia induced
autophagy activation is dependent on PERK/elF2a/
ATF4 signaling pathway, inhibition of autophagy by
chloroquine or deficiency of autophagy-related gene 5
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(Atg5) and Atg7 promoted pancreatic B-cell apoptosis°.
In addition, ATF4 depletion promotes hepatocytes
apoptosis by inhibiting autophagy®®**”. Collectively, our
study suggests that ATF4 is an essential downstream
molecule of IL-22-activated autophagy in hepatocytes.
Thus, ATF4 fulfills crucial functions of activating autop-
hagy to exert protective properties. Previous study indi-
cated that IL-22 enhanced AMPK-dependent autophagy
in acetaminophen-induced liver injury'?. Whether AMPK
signaling pathway mediates ATF4-related autophagy
activation needs further study.

Several limitations of our study need consideration.
Firstly, this is a pilot study to explore the potential roles of
IL-22 in SALI, and the small sample size of patients with
sepsis affected the assessment of IL-22 for discriminating
SALI from sepsis, and this conclusion requires further
investigation in a larger population. Secondly, considering
that the microenvironment is different between normal
cells and liver cancer cell lines, mouse primary cells
should be used to confirm the results obtained from
HepG2 and Hepal-6. Thirdly, LPS-induced ALI could be
limited to mimic SALI, and further study should consider
the model of cecal ligation and perforation in mice.
Fourthly, cytokine and molecular networks may be further
used to analysis two or many factors interaction®®,
Although the capacity of IL-22 for discriminating SALI
showed an AUC of 0.765 (95% CI: 0.593, 0.937), the
combination of IL-22 with other indexes could enhance
the accuracy for early recognition of SALI in pediatric
patients. In addition, measured levels of IL-22 at different
days after admission in children with sepsis, or in children
with non-septic liver injury or healthy children were
unavailable due to the lack of blood samples in children in
the present study. Fifthly, due to low fertility of ATF4
knockout (Atf4 ") mice, Atf4™~ mice was used in this
study to mimic the reduced expression of ATF4. At last,
the kinetics of IL-22 secretion and the factors regulating
IL-22 production in patients with sepsis remain unknown
and should be investigated in the future.

In conclusion, it is the first report about the association
of serum IL-22 with SALI and the protective effects of IL-
22 pre-treatment on LPS-induced ALIL IL-22 activates
autophagy in hepatocytes via ATF4-ATG7 signaling
pathway. These findings give new insights into IL-22-
ATF4 mediated autophagy activation as a potential ther-
apeutic strategy to SALL

Acknowledgements

This study was sponsored by Natural Science Foundation of Shanghai
(19ZR1442500), the Science and Technology Commission of Shanghai
Municipality (18411951000), and the Shanghai Municipal Commission of
Health and Family Planning (201740025). Dr. Chunxia Wang is funded by the
Shanghai Municipal Education Commission-Gaofeng Clinical Medicine Grant
(20171928) and the talent program from Shanghai Jiao Tong University School
of Medicine (17XJ11018).



Shao et al. Cell Death and Disease (2020)11:970

Data availability

The datasheet for determining serum IL-22 levels in children with sepsis was
submitted as a supplementary material, and the file has been removed the
private information about patients.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-03176-4).

Received: 3 December 2019 Revised: 13 October 2020 Accepted: 15
October 2020
Published online: 11 November 2020

References

1.

Rhodes, A. et al. Surviving sepsis campaign: International Guidelines for
Management of Sepsis and Septic Shock: 2016. Intensive Care Med. 43,
304-377 (2017).

Yan, J, Li, S. & Li, S. The role of the liver in sepsis. Int. Rev. Immunol. 33, 498-510
(2014).

Caparros, E. & Frances, R. The interleukin-20 cytokine family in liver disease.
Front. Immunol. 9, 1155 (2018).

Rankin, L. C. et al. Complementarity and redundancy of IL.-22-producing innate
lymphoid cells. Nat. Immunol. 17, 179-186 (2016).

Palombo, R. et al. Luteolin-7-glucoside inhibits IL-22/STAT3 pathway, reducing
proliferation, acanthosis, and inflammation in keratinocytes and in mouse
psoriatic model. Cell Death Dis. 7, €2344 (2016).

Lindemans, C. A. et al. Interleukin-22 promotes intestinal-stem-cell-mediated
epithelial regeneration. Nature 528, 560-564 (2015).

Abt, M. C. et al. TLR-7 activation enhances IL-22-mediated colonization resis-
tance against vancomycin-resistant enterococcus. Sci. Transl. Med. 8, 327ra325
(2016).

Geng, H. et al. In inflamed intestinal tissues and epithelial cells, interleukin
22 signaling increases expression of H19 long noncoding RNA, which pro-
motes mucosal regeneration. Gastroenterology 155, 144-155 (2018).
Bleicher, L. et al. Crystal structure of the IL-22/IL-22R1 complex and its
implications for the IL-22 signaling mechanism. FEBS Lett. 582, 2985-2992
(2008).

Dudakov, J. A, Hanash, A. M. & van den Brink, M. R. Interleukin-22: immuno-
biology and pathology. Annu. Rev. Immunol. 33, 747-785 (2015).

Bingold, T. M. et al. Interleukin-22 detected in patients with abdominal sepsis.
Shock 34, 337-340 (2010).

Mo, R. et al. Enhanced autophagy contributes to protective effects of IL-22
against acetaminophen-induced liver injury. Theranostics 8, 4170-4180
(2018).

Park, O. et al. In vivo consequences of liver-specific interleukin-22 expression in
mice: Implications for human liver disease progression. Hepatology 54,
252-261 (2011).

Radaeva, S, Sun, R, Pan, H. N, Hong, F. & Gao, B. Interleukin 22 (IL-22) plays a
protective role in T cell-mediated murine hepatitis: IL-22 is a survival factor for
hepatocytes via STAT3 activation. Hepatology 39, 1332-1342 (2004).

Zhao, J. et al. Pathological functions of interleukin-22 in chronic liver inflam-
mation and fibrosis with hepatitis B virus infection by promoting T helper 17
cell recruitment. Hepatology 59, 1331-1342 (2014).

Official journal of the Cell Death Differentiation Association

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Page 12 of 12

Wu, L. Y. et al. Up-regulation of interleukin-22 mediates liver fibrosis via acti-
vating hepatic stellate cells in patients with hepatitis C. Clin. Immunol. 158,
77-87 (2015).

Goldstein, B, Girair, B. & Randolph, A. International Consensus Conference on
Pediatric S. International pediatric sepsis consensus conference: definitions for
sepsis and organ dysfunction in pediatrics. Pediatr. Crit. Care Med. 6, 2—8 (2005).
Dellinger, R. P. et al. Surviving Sepsis Campaign: international guidelines for
management of severe sepsis and septic shock, 2012. Intensive Care Med. 39,
165-228 (2013).

Chien, W. S. et al. Suppression of autophagy in rat liver at late stage of
polymicrobial sepsis. Shock 35, 506-511 (2011).

Gunst, J. Recovery from critical illness-induced organ failure: the role of
autophagy. Crit. Care 21, 209 (2017).

Lalazar, G. et al. Autophagy confers resistance to lipopolysaccharide-induced
mouse hepatocyte injury. Am. J. Physiol. Gastrointest. Liver Physiol. 311,
G377-G386 (2016).

Scheiermann, P. et al. Application of interleukin-22 mediates protection in
experimental acetaminophen-induced acute liver injury. Am. J. Pathol. 182,
1107-1113 (2013).

MUhI, H. STAT3, a key parameter of cytokine-driven tissue protection during
sterile inflammation - the case of experimental acetaminophen (Paracetamol)-
induced liver damage. Front. Immunol. 7, 163 (2016).

Bretin, A. et al. Activation of the EIF2AK4-EIF2A/elF2alpha-ATF4 pathway trig-
gers autophagy response to Crohn disease-associated adherent-invasive
Escherichia coli infection. Autophagy 12, 770-783 (2016).

BChir, W. et al. The elF2alpha/ATF4 pathway is essential for stress-induced
autophagy gene expression. Nucleic Acids Res. 41, 7683-7699 (2013).

Kong, X. et al. Interleukin-22 induces hepatic stellate cell senescence and
restricts liver fibrosis in mice. Hepatology 56, 1150-1159 (2012).

Bi, Y. et al. Interleukin-22 promotes lung cancer cell proliferation and migration
via the IL-22R1/STAT3 and IL-22R1/AKT signaling pathways. Mol. Cell. Biochem.
415, 1-11 (2016).

Hu, X. et al. ATF4 Deficiency Promotes Intestinal Inflammation in Mice by
Reducing Uptake of Glutamine and Expression of Antimicrobial Peptides.
Gastroenterol. 156, 1098-1111 (2019).

Lu, Z et al. GCN2 reduces inflammation by p-elF2alpha/ATF4 pathway after
intracerebral hemorrhage in mice. Exp. Neurol. 313, 16-25 (2018).

Nakahira, K. et al. Autophagy proteins regulate innate immune responses by
inhibiting the release of mitochondrial DNA mediated by the NALP3
inflammasome. Nat. Immunol. 12, 222-230 (2011).

Deretic, V, Saitoh, T. & Akira, S. Autophagy in infection, inflammation and
immunity. Nat. Rev. Immunol. 13, 722-737 (2013).

Biczo, G. et al. Mitochondrial dysfunction, through impaired autophagy, leads
to endoplasmic reticulum stress, deregulated lipid metabolism, and pan-
creatitis in animal models. Gastroenterology 154, 639-703 (2018).

Feng, D. et al. Interleukin-22 ameliorates cerulein-induced pancreatitis in mice
by inhibiting the autophagic pathway. Int J. Biol. Sci. 8, 249-257 (2012).
Gukovskaya, A. S, Gukovsky, I, Algul, H. & Habtezion, A. Autophagy, inflam-
mation, and immune dysfunction in the pathogenesis of pancreatitis. Gas-
troenterology 153, 1212-1226 (2017).

Ding, W. X. et al. Autophagy reduces acute ethanol-induced hepatotoxicity
and steatosis in mice. Gastroenterology 139, 1740-1752 (2010).

Song, S, Tan, J, Miao, Y, Sun, Z. & Zhang, Q. Intermittent-hypoxia-induced
autophagy activation through the ER-stress-related PERK/elF2alpha/ATF4
pathway is a protective response to pancreatic beta-cell apoptosis. Cell. Physiol.
Biochem. 51, 2955-2971 (2018).

Li, S, Jiang, Z, Chai, W, Xu, Y. & Wang, Y. Autophagy activation alleviates
nonylphenol-induced apoptosis in cultured cortical neurons. Neurochem. Int.
122, 73-84 (2019).

Jekarl, D. W, Kim, K S, Lee, S, Kim, M. & Kim, Y. Cytokine and molecular
networks in sepsis cases: a network biology approach. Eur. Cytokine Netw. 29,
103-111 (2018).


https://doi.org/10.1038/s41419-020-03176-4
https://doi.org/10.1038/s41419-020-03176-4

	IL-22 ameliorates LPS-induced acute liver injury by autophagy activation through ATF4-ATG7 signaling
	Background
	Materials and methods
	Patients
	Animal experiments
	Blood sampling and cytokine measurement
	Histopathology
	Cell culture and treatments
	Cell counting
	Transmission electron microscopy
	Western immunoblotting
	Quantitative real-time RT-PCR
	Statistical analysis

	Results
	Serum IL-22 levels in pediatric patients with sepsis or LPS-treated mice
	Pre-treatment with recombinant murine IL-22 protects mice against LPS-induced acute liver injury
	IL-22 administration activates hepatic autophagy in�vitro and in�vivo
	IL-22 attenuates LPS-induced cytotoxicity via autophagy activation in�vitro
	ATF4-ATG7 signaling pathway mediates autophagy activation in response to IL-22 administration
	ATF4 knockdown aggravates LPS-induced acute liver injury in mice associated with ATG7-mediated autophagy suppression
	The protective effects of IL-22 on LPS-induced acute liver injury is partially blocked in ATF4 knockdown (Atf4&#x0002B;/&#x02212;) mice

	Discussion
	Acknowledgements
	Acknowledgements




