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Abstract

O R I G I N A L

A R T I C L E

ATG16L1 regulated IL-22 induced IFN level in
Pseudomonas aeruginosa Lung Infection via cGAS
signal passage

NEL420521A05 © 2021 Neuroendocrinology Letters • www.nel.edu

OBJECTIVE : This study explored that the possible effects and mechanism of
ATG16L1 in pseudomonas aeruginosa lung infection.
METHODS: C57BL/6J mice were anesthetized with isoflurane and intratracheally (I.T.) inoculated with 5 × 106 CFU of Pseudomonas aeruginosa strain PA14.
RAW264.7 macrophages were stimulated with 0.1 mg/ml of lipopolysaccharide (LPS). RAW264.7 macrophages were stimulated with 0.1 mg/ml LPS.
Hematoxylin-Eosin (H&E), Immunofluorescence, sample acquisition, qPCR validation, Enzyme linked immunosorbent assay (ELISA) and immunofluorescence
analysis were used this experiment.
RESULTS: ATG16L1 mRNA and protein expressions in mice with pseudomonas
aeruginosa lung infection were also suppressed. ATG16L1 gene reduced inflammation and INF-γ levels in vitro model. On the other hand, ATG16L1 protein
presented lung injury and inflammation levels in mice of pseudomonas aeruginosa lung infection. ATG16L1 regulated cGAS/IL-22 signal passage in model of
pseudomonas aeruginosa lung onfection.
CONCLUSION: These findings indicate that ATG16L1 reduced IL-22 induced IFN
level in pseudomonas aeruginosa lung infection via cGAS signal passage, which
may provide a new therapeutic scheme for viral diseases or inflammatory diseases
and its associated complications.

INTRODUCTION
Pseudomonas aeruginosa is a common opportunistic bacterial pathogen, which is widespread
in nature and is prone to appear acquired drug
resistance (Beswick et al. 2020). Pulmonary infections caused by Pseudomonas aeruginosa are
becoming increasingly common (Carugati et al.
2020). According to the 2018 CHINET (China
Antimicrobial Surveillance Network) data, the
clinical isolation rate of Pseudomonas aeruginosa

was 13.97% (Jurado-Martín 2021). With the
extensive application of broad-spectrum antibiotics, the number of multi-drug resistant strains
and the resistance rate of the bacteria have been
increasing, which primarily cause respiratory
infections (Deshpande and Zou 2020).
Interleukin (IL) is a member of the interleukin-10 subfamily, whose biological function is
associated with the cytokine milieu (Koné et al.
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2020). It plays varying roles in different diseases and
different disease stages. Clinically, it has been found
that IL-22 acts on the epithelial cells that communicating with the outside world, affecting their regeneration and barrier function (Michaudel et al. 2020).
Research has shown close associations of IL-22 with
the occurrence, development and prognosis of autoimmune diseases, skin diseases, as well as digestive and
respiratory system diseases (Witte et al. 2020). Given
its complex and changeable functions, it has become
a hot research topic in recent years. Regarding respiratory system, IL-22 is related to idiopathic pulmonary
fibrosis, asthma, tuberculosis, acute lung injury and so
on (Renwick et al. 2021).
Cyclic gmp-amp synthase (CGAs) is a kind of dsDNA
recognition receptor located in the cytoplasm, which
mediates the cytoplasmic DNA-induced innnate
immune response together with the downstream
stimulator of interferon genes (STING) (Benmerzoug
et al. 2019a; Benmerzoug et al. 2019b). Activation
of DNA-cGASSTING signaling pathway promotes the
expression and secretion of intracellular interferon I
and TNF-α And IL-6 (Comish et al. 2021). More and
more studies have shown that cGAS-STING signaling
pathway plays an important role in pathogen infection,
tumor and autoimmune diseases (Ma et al. 2020).
Autophagy associated protein 16 like protein 1
(Atg16L1) regulates cell autophagy, and abnormal
Atg16L1 level can cause abnormal inflammatory reactions (Chesney et al. 2021). Among numerous genes
involved in autophagy, the atg16L1 autophagy gene is
closely associated with the immune inflammation (Gao
et al. 2021). Studies have found that Atg16L1 gene is
mainly responsible for sustaining intestinal humoral
immunity (Boukhalfa et al. 2021; Finetti et al. 2021).
Studies have found that the atg16L1 is mainly
responsible for sustaining intestinal humoral immunity.
Its selective deletion in the mouse T cells leads to the
down-regulation of pyroptosis-related inflammatory
factors in negative feedback regulation, thereby resulting
in the development of intestinal immune inflammatory
diseases (Ma et al. 2021). This study explored that the
possible effects and mechanism of ATG16L1 in pseudomonas aeruginosa lung infection.

MATERIALS AND METHODS
Patient samples
Patients with Pseudomonas aeruginosa Lung Infection
(N = 12) and normal healthy volunteers (N = 12) were
obtained from the Second People's Hospital of Nanyang
City from 2018 to 2019. None of the patients received
chemotherapy, radiotherapy or immunotherapy before
surgery. All the samples were obtained following
patient consent and approval by the Ethics Committee
of Second People's Hospital of Nanyang City. Serum
of all patients and normal healthy volunteers were
collected after sign the informed consent form.

Mice model
C57BL/6J mice were originally obtained from Animal
experiment center of Henan University and maintained in the animal facility of Second People's Hospital
of Nanyang City. All experimental protocols were
reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) at the Second
People's Hospital of Nanyang City. Pseudomonas aeruginosa strain PA14 was grown in Luria-Bertani (LB).
C57BL/6J mice were anesthetized with isoflurane (50
mg/kg) and intratracheally (i.t.) inoculated with 5 × 106
CFU of Pseudomonas aeruginosa strain PA14 in 100 μl
for 24 h.
Hematoxylin-Eosin (H&E) Staining
After mice sacrificed, lung tissue was collected and fixed
with 4% paraformaldehyde for 24 h at room temperature. Lung tissue samples fixed with paraformaldehyde
were paraffin-embedded. Samples were cut into 5 μm
sections using a paraffin slicing machine and stained
with hematoxylin and eosin. Light microscopy (BH3MJL; Olympus Corporation, Tokyo, Japan) observed
lung tissues.
Immunofluorescence
After mice sacrificed, lung tissue was collected and fixed
with 4% paraformaldehyde for 24 h at room temperature. Lung tissue samples fixed with paraformaldehyde
were paraffin-embedded. Samples were cut into 5 μm
sections using a paraffin slicing machine and stained
with Triton X-100. Lung tissue samples were determined by immunofluorescence staining using antiATG16L1 antibody (1:200, Cell Signaling Technology,
Danvers, MA, US) overnight at 4°C. Alex 594 conjugated secondary antibody (1:200, Thermo Fisher) was
used to obtain fluorescence images (LSM 510 Meta;
Carl Zeiss) after DAPI staining.
Sample acquisition, RNA extraction and qPCR
validation
Total cellular RNA or serum samples were extracted
using Trizol (Thermo Fisher Scientific) from lung tissue
or cells. RNA was then reverse transcribed into cDNA
usingMoloney murine leukemia virus reverse transcriptase. The mRNA expression were quantified using
7500 Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA) and SYBR® Premix Ex TaqTM II
(Takara, Japan). Relative gene expression was normalized to GAPDH.
Enzyme linked immunosorbent assay (ELISA)
IL-1β, IL-6, INF-γ, IL-10 and IL-22 levels in cultured
supernatants or serum samples were quantified using an
ELISA kit according to the manufacturer's instructions.
Cell culture and Cell transfection
Human ATG16L1 were amplified by standard PCR
based on the sequence from GenBank and the amplified
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Fig. 1. The expression of ATG16L1 in Pseudomonas aeruginosa Lung Infection
Heat map (A), serum mRNA of ATG16L1 (B) in patients with pseudomonas aeruginosa lung infection; Lung tissue of ATG16L1 mRNA
expression (C), lung tissue of ATG16L1 protein expression (D), ATG16L1 protein expression (Immunohistochemistry, E), ATG16L1 protein
expression (Immunofluorescence, F) in mice of lung infection.
Normal, normal volunteers group; Lung Infection, Patients with pseudomonas aeruginosa lung infection; Sham, sham control group;
Lung Infection, mice with pseudomonas aeruginosa lung infection.
**p<0.01 compared with normal volunteers group or sham control group.

fragment was inserted into the pGL3-Basic vector
(Promega). Si-ATG16L1 minics was purchased Santa
Cruz Biotechnology. RAW264.7 cells were cultured
at 37°C, 5% CO2 in DMEM containing 10% fetal
bovine serum, penicillin (100 U/ml), and streptomycin
(100 mg/ml).
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RAW264.7 macrophages were grown to 80%
confluence and transfected with plasmids (ATG16L1,
si-ATG16L1, negative control and si-negative control)
by Lipofectamine 2000. After transfection at 48 h,
RAW264.7 macrophages were stimulated with 0.1 mg/
ml LPS or PBS for 4 h, and added to the culture medium.
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Fig. 2. ATG16L1 gene reduced inflammation and INF-γ levels in vitro model
The expression mRNA of ATG16L1 (A) in vitro model; The expression levels of IL-1β (B), IL-6 (C), IL-10 (D) and INF-γ (E) in vitro model
by over-expression of ATG16L1; The expression levels of IL-1β (B), IL-6 (C), IL-10 (D) and INF-γ (E) in vitro model by down-regulation
of ATG16L1.
Vector, negative control group; ATG16L1, over-expression of ATG16L1; Si-NS, Si-negative control group; Si- ATG16L1, down-regulation
of ATG16L1 group.
**p<0.01 compared with control group or Si-negative control group

Western blotting
Cell protein was extracted from Lung tissue or cells
samples using radioimmunoprecipitation lysis buffer
on ice. Protein concentrations were determined by BCA
protein quantitative kit. Total proteins were separated
by 10 % SDS-PAGE and blotted on PVDF membrane.
Membranes were blocked with 10 % non-fat milk powder
at room temperature for 2 h and incubated with primary
antibodies: ATG16L1 (ab195242, 1:1000, abcam), cGAS
(ab252416, 1:1000, abcam), IL-22 (ab133545, 1:1000,
abcam) and β-Actin (sc-8432, 1:5000, abcam) at 4 °C
over-night. Bound antibodies were detected using
horseradish peroxidase–labeled secondary IgG (dilution 1:1000) and a Chemiluminescence Kit. β-Actin
was used as an internal control. Reactive bands were
detected using ECL western blotting detection reagent
(GE Healthcare, USA).
Immunofluorescence analysis
Cells were washed with PBS, were fixed with 4% paraformaldehyde for 10 min. Coverslips were washed
with PBS and incubated 5 min with 0.1% Triton
X-100 following fixation. Coverslips were washed
with PBS, and after 20 min incubation with 5% BSA
for 1 h, coverslips were stained overnight at 4°C with
ATG16L1 (ab195242, 1:100, abcam), cGAS (ab252416,
1:100, abcam). Coverslips were incubated with
secondary antibodies: goat antimouse-Alexa Fluor 488

(Sigma-Aldrich; 1:200), and goat antirabbit-Alexa Fluor
555 (Sigma-Aldrich; 1:200). Coverslips were stained
with DAPI (Vector Labs) for 15 min, and imaged on a
Zeiss LSM710.
Statistics
Statistical tests were performed using SPSS software
(version 13.0; SPSS, Inc., Chicago, IL, USA). Difference
was considered significant at values of P < 0.05.
Continuous variables were compared one-way analysis of variance (oneway ANOVA) were compared by
Chi-square test.

RESULTS
The expression of ATG16L1 in pseudomonas aeruginosa
lung infection
Firstly, in order to investigate the expression of ATG16L1
in pseudomonas aeruginosa lung infection, this experiment measured the regulation gene expression levels
in serum samples of patients with pseudomonas
aeruginosa lung infection using microarray analysis
(Figure 1A). Then, qRT-PCR was performed to detect
the serum expression of ATG16L1 in patients with
pseudomonas aeruginosa lung infection were downregulation, in comparison to normal group (Figure 1B).
In lung tissue samples, ATG16L1 mRNA and protein
expressions in mice with pseudomonas aeruginosa
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Fig. 3. ATG16L1 protein presents lung injury and inflammation levels in mice of Pseudomonas aeruginosa Lung Infection
Survival rate (A), BAL fluid hemoglobin (Hgb) (B), BAL neutrophils (C), BAL protein concentrations (D), lung bacterial CFU (E), BAL fluid
OD540 (F), platelets in BAL fluid (G), lung injury (HE staining, H), IL-1β, IL-6, IL-10 and INF-γ levels (I, J, M and N).
Model, Pseudomonas aeruginosa Lung Infection model mice group; Model + ATG16L1, Pseudomonas aeruginosa Lung Infection model
mice with human ATG16L1 recombinant protein (200 ng/mice) group.
**p<0.01 compared with Pseudomonas aeruginosa Lung Infection model mice group.

lung infection were also suppressed (Figure 1C-1D).
Immunohistochemical showed ATG16L1 expression
level were reduced in lung tissue of mice with pseudomonas aeruginosa lung infection (Figure 1E-1F).
ATG16L1 gene reduced inflammation and INF-γ levels
in vitro model
To analyze the pre-inflammation function of ATG16L1
gene in lung cell of pseudomonas aeruginosa lung infection, the regulation of ATG16L1 expression by plasmid
in vitro model were used in this experiment. ATG16L1
plasmid increased the mRNA expression of ATG16L1,
and si-ATG16L1 mimics decreased ATG16L1 mRNA
expression in vitro model of pseudomonas aeruginosa
lung infection (Figure 2A). Indeed, theover-expression
of ATG16L1 reduced IL-1β, IL-6 and INF-γ levels, and
increased IL-10 level in vitro model of pseudomonas
aeruginosa lung infection (Figure 2B-2E). At the same
time, the down-regulation of ATG16L1 promoted
IL-1β, IL-6 and INF-γ levels, and decreased IL-10 level
in vitro model of pseudomonas aeruginosa lung infection (Figure 2F-2I).
ATG16L1 protein presented lung injury and inflammation levels in mice of pseudomonas aeruginosa Lung
Infection
To test the role of ATG16L1 in mice with pseudomonas
aeruginosa lung infection, mice with pseudomonas
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aeruginosa lung infection were treated with human
ATG16L1 protein. It could be found that human
ATG16L1 protein increased survival rate and BAL
neutrophils, reduced BAL fluid hemoglobin(Hgb) and
protein concentrations in mice with pseudomonas
aeruginosa lung infection (Figure 3A-3D). Meanwhile,
Human ATG16L1 protein could reduce lung bacterial CFU and BAL fluid OD540, increased platelets
in BAL fluid, and inhibited lung injury of mice with
Pseudomonas aeruginosa Lung Infection (Figure
3E-3H). Apart from that, human ATG16L1 protein also
reduced IL-1β, IL-6 and INF-γ levels, and increased
IL-10 level in lung tissue of mice with Pseudomonas
aeruginosa Lung Infection (Figure 3I-3N).
ATG16L1 regulated cGAS signal passage in model
of pseudomonas aeruginosa lung infection
Moreover, we examined the mechanism of ATG16L1
in model of pseudomonas aeruginosa lung infection
using microarray analysis (Figure 4A). Additionally,
our data showed that cGAS and IL-22 protein expressions were suppressed in mice with Pseudomonas
aeruginosa Lung Infection by human ATG16L1
protein (Figure 4B). Over-expression of ATG16L1 not
only increased ATG16L1 protein expression, but also
suppressed cGAS and IL-22 protein expressions in vitro
model (Figure 4C). IL-22 increased INF-γ levels in
vitro model by ATG16L1 over-expression (Figure 4D).

Copyright © 2021 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

Sun et al: ATG16L1 regulated IL-22 induced IFN level in Pseudomonas aeruginosa Lung Infection via cGAS signal passage

Fig. 4. cGAS signal passage is a target spot for ATG16L1 in model of Pseudomonas aeruginosa Lung Infection
Heat map (A), cGAS and IL-22 protein expressions (B) in Pseudomonas aeruginosa Lung Infection model mice; ATG16L1, cGAS and IL-22
protein expressions (C) in vitro model by over-expression of ATG16L1; INF-γ levels (D) in vitro model by over-expression of ATG16L1;
ATG16L1 and cGAS expression in vitro model (E) by over-expression of ATG16L1 using immunofluorescence; ATG16L1, cGAS and IL-22
protein expressions (F) in vitro model by down-regulation of ATG16L1.
Model, Pseudomonas aeruginosa Lung Infection model mice group; Model + ATG16L1, Pseudomonas aeruginosa Lung Infection model
mice with human ATG16L1 recombinant protein (200 ng/mice) group; Vector, negative control group; ATG16L1, over-expression of
ATG16L1; Si-NS, Si-negative control group; Si- ATG16L1, down-regulation of ATG16L1 group.
**p<0.01 compared with Pseudomonas aeruginosa Lung Infection model mice group, control group or Si-negative control group

Over-expression of ATG16L1 suppressed cGAS expression in vtiro model (Figure 4E). Down-regulation
of ATG16L1 suppressed ATG16L1 protein expression,
and induced cGAS and IL-22 protein expressions in
vitro model (Figure 4F).
As shown by cGAS plasmid reversed the effects
of ATG16L1 on the inhibition of cGAS and IL-22
protein expressions, and the suppression of IL-22 levels
in vitro model (Figure 5A-5C). cGAS inhibitor (50 nM

of RU.521) suppressed cGAS and IL-22 protein expressions, and reduced IL-22 levels in vitro model following
of ATG16L1 down-regulation (Figure 5D-5F). cGAS
plasmid increased IL-1β, IL-6 and INF-γ levels, and
reduced IL-10 levels in vitro model by ATG16L1 overexpression (Figure 5G-5J). Additionally, cGAS inhibitor
suppressed IL-1β, IL-6 and INF-γ levels, but increased
IL-10 levels in vitro model by ATG16L1 down-regulation (Figure 5K-5N).
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Fig. 5. ATG16L1 regulated cGAS signal passage in model of Pseudomonas aeruginosa Lung Infection
cGAS and IL-22 protein expressions (A and B), IL-22 levels (C) in vitro model of over-expression of ATG16L1 and cGAS; cGAS and IL-22
protein expressions (D and E), IL-22 levels (F) in vitro model of down-regulation of ATG16L1 and cGAS; IL-1β, IL-6, IL-10 and INF-γ levels
(G, H, I and J) in vitro model of over-expression of ATG16L1 and cGAS; IL-1β, IL-6, IL-10 and INF-γ levels (K, L, M and N) in vitro model
of down-regulation of ATG16L1 and cGAS.
Vector, negative control group; ATG16L1, over-expression of ATG16L1; ATG16L1+ cGAS, over-expression of ATG16L1 and cGAS; Si-NS,
Si-negative control group; Si- ATG16L1, down-regulation of ATG16L1 group; Si-ATG16L1+cGAS i, down-regulation of ATG16L1 and cGAS
inhibitor group.
**p<0.01 compared with control group or Si-negative control group; ##p<0.01 compared with over-expression of ATG16L1 group or
down-regulation of ATG16L1 group.

DISCUSSION
Pseudomonas aeruginosa is a k conditional pathogen
colonized on the human respiratory tract, skin or
medical equipment (Langendonk et al. 2021). Upon
decline in the patients' immunity, it becomes pathogenic, which is one of the major pathogenic bacteria
responsible for nosocomial infections (Moser et al.
2021). ICU patients often need to stay in bed for a long
time, or use tracheal intubation, mechanical ventilation
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and other operations, which significantly increase the
probability of concurrent Pseudomonas aeruginosa
pulmonary infection. (Riquelme and Prince 2020).
However, due to the unreasonable antibiotic application, the incidence of carbapenem antibiotic-resistant
Pseudomonas aeruginosa is getting increasingly higher,
which is characterized by high resistance (Rossi et al.
2021). Our data indicate that the serum expression
of ATG16L1 in patients with pseudomonas aeruginosa lung infection or mice model of pseudomonas
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aeruginosa lung infection were down-regulation.
ATG16L1 gene reduced inflammation and INF-γ levels
in vitro model. ATG16L1 protein presents lung injury
and inflammation levels in mice of Pseudomonas aeruginosa lung infection. Li et al. indicated that ATG16L1
is associated with decreased risk of non-small cell lung
cancer (Li et al. 2017). Li et al. showed that Mir223
promotes central nervous system by targeting ATG16L1
(Li et al. 2019). Moreover, ATG16L1 may be an important factor for disease progression of pseudomonas
aeruginosa lung infection.
IL-22, as a proinflammatory cytokine, can induce
inflammation by binding to specific receptors (Alcorn
2020). Some studies suggest that the value of IL-22 in
the clinical diagnosis of pulmonary infections (Brao
et al. 2020). Inflammation plays an important role in the
occurrence and development of chronic heart failure,
and the serum IL-22 level in patients with pulmonary
infections may be further elevated after infection (Koné
et al. 2020; Das et al. 2020). We here provide evidence
that Over-expression of ATG16L1 increased ATG16L1
protein expression, and suppressed cGAS and IL-22
protein expressions in vitro model. IL-22 increased
INF-γ levels in vitro model by ATG16L1 over-expression. Aden et al. demonstrated that ATG16L1 orchestrates IL-22 in the intestinal epithelium (Aden et al.
2018). So, these results showed that ATG16L1 reduced
INF-γ levels in model of pseudomonas aeruginosa lung
infection by the regulation of IL-22.
The cGAS-STING pathway promotes the expression of such proinflammatory cytokines as type I IFNs,
TNF-α and IL-6 (Nandakumar et al. 2019). While
capable of inducing cellular production of substantial
interferon-stimulated genes (ISGs), it can also promote
dendritic cells to present antigens to T cells (Marinho
et al. 2018). In this study, we found that ATG16L1 regulated cGAS signal passage in model of Pseudomonas
aeruginosa Lung Infection. Fischer et al. indicate that
STING induces LC3B lipidation via ATG16L1-WD40
domain (Fischer et al. 2020). Furthermore, ATG16L1
reduced IL-22/ INF-γ levels in model of pseudomonas
aeruginosa lung infection by cGAS signaling pathway.
In conclusion, we find that ATG16L1 reduced IL-22
induced IFN level in Pseudomonas aeruginosa Lung
Infection via cGAS signal passage. Together, we identified an important role and regulation mechanism
of ATG16L1 in maintaining pseudomonas aeruginosa lung infection by IL-22/INF-γ levels, which may
provide a new therapeutic scheme for viral diseases or
inflammatory diseases and its associated complications.
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