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Eliminating the invading
extracellular and intracellular
FnBp™ bacteria from respiratory
epithelial cells by autophagy
mediated through FnBp-Fn-
Integrin a5B1 axis

Meiqgi Meng*", Jiachao Wang*, Hongru Li*, Jiao Wang",
Xuan Wang™?, Miao Li*, Xue Gao*, Wenjian Li*,
Cuiging Ma™ and Lin Wei™

tDepartment of Immunology, Key Laboratory of Immune Mechanism and Intervention on Serious
Disease in Hebei, Hebei Medical University, Shijiazhuang, China, ?Clinical Laboratory, the Second
Hospital of Hebei Medical University, Hebei Key Laboratory of Laboratory Medicine,

Shijiazhuang, China

Background: We previously found that the respiratory epithelial cells could
eliminate the invaded group A streptococcus (GAS) through autophagy
induced by binding a fibronectin (Fn) binding protein (FNBp) expressed on the
surface of GAS to plasma protein Fn and its receptor integrin o531 of epithelial
cells. Is autophagy initiated by FnBp™ bacteria via FnBp-Fn-Integrin a5B1 axis a
common event in respiratory epithelial cells?

Methods: We chose Staphylococcus aureus (S. aureus/S. a) and Listeria
monocytogenes (L. monocytogenes/L. m) as representatives of extracellular and
intracellular FnBp™ bacteria, respectively. The FnBp of them was purified and the
protein function was confirmed by western blot, viable bacteria count, confocaland
pull-down. The key molecule downstream of the action axis was detected by IP,
mass spectrometry and bio-informatics analysis.

Results: We found that different FnBp from both S. aureus and L. monocytogenes
could initiate autophagy through FnBp-Fn-integrin a5B1 axis and this could be
considered a universal event, by which host tries to remove invading bacteria
from epithelial cells. Importantly, we firstly reported that S100A8, as a key
molecule downstream of integrin B1 chain, is highly expressed upon activation
of integrin a5B1, which in turn up-regulates autophagy.

Conclusions: Various FnBp from FnBp™ bacteria have the ability to initiate
autophagy via FnBp-Fn-Integrin a5B1 axis to promote the removal of invading
bacteria from epithelial cells in the presence of fewer invaders. SI00A8 is a key
molecule downstream of Integrin a5B1 in this autophagy pathway.
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Introduction

Multiple bacteria, including traditional intracellular bacteria
(e.g., L. monocytogenes) and extracellular bacteria, such as GAS
and S. aureus, can invade epithelial or endothelial cells and escape
from phagocytosis by immune cells or antibiotic attack (Py et al,
2007; Mitchell et al.,, 2018; Xie et al.,, 2020; Caire et al., 2022;
Rodrigues Lopes et al., 2022), which may be responsible for
recurrent or chronic bacterial infections that continue to threaten
human health; therefore, new therapeutic breakthroughs are
urgently needed.

The cytoplasm is the battlefield for survival between host and
pathogen (Patterson et al., 2021). Autophagy is a common response
of host cells to pathogen exposure, usually, autophagy is beneficial
to host cells to eliminate pathogen. Autophagy is a highly conserved
fundamental intracellular biological process that maintains cellular
homeostasis by recycling defective organelles or proteins (Shibutani
and Yoshimori, 2014; Kuo et al., 2018; Nakatogawa, 2020). In recent
years, accumulating evidence has shown that autophagy plays a
complementary and connecting role in the clearance of bacteria by
both innate and adaptive immunity (Deretic and Levine, 2009;
Krakauer, 2019). There are different categories of autophagy,
including macroautophagy, microautophagy, chaperone-mediated
autophagy, and xenophagy (Shahnazari and Brumell, 2011; Schille
et al., 2018). After bacterial infection, the host defense mechanism
can perform xenophagy (Lu et al., 2017; Kwon and Song, 2018;
Sorbara et al, 2018). During this process, bacteria, in particular
intracellular pathogens, can be engulfed directly into the cytoplasm
by a bilayer membrane vesicle called autophagosome which then
fuses with the lysosome for degradation. Alternately, bacteria can be
surrounded by a monolayer membrane structure called LC3-
associated phagosome (LAP) (Gibson et al., 2021; Prajsnar et al,
2021). Related literature points out xenophagy is an important
intracellular innate immune protective mechanism (Neumann
et al,, 2016; Kemper and Hensel, 2023).

Whether the outcome of the confrontation is beneficial to the
host or the pathogen depends on whether the pathogen is more
invasive or the host is more defensive when infection occurs
(Shahnazari and Brumell, 2011). In our previous work, we
confirmed that M1 GAS initiates autophagy which results in
pathogen elimination in respiratory epithelial cells through its
structural protein FbaA, a member of the FnBp. FnBp binds first
to plasma protein Fn which then binds receptor integrin expressed
on the epithelial cells (Tang et al., 2012). Many bacteria like GAS

Abbreviations: GAS, group A streptococcus; Fn, fibronectin; FnBp, Fn binding
protein; S. aureus/S.a, Staphylococcus aureus; L. monocytogenes/L.m, Listeria
monocytogenes; LAP, LC3 associated phagosome; TB, Mycobacterium
tuberculosis; BCG, Mycobacterium bovis; Mle, Mycobacterium leprae; NME,
Neisseria meningitides; NGO, Neisseria gonorrhoeae; Bbu, Borrelia burgdorferi;
Ype, Yersinia pestis; Lla, Lactococcus lactis; MOIL, multiplicity of infection; in.,
intranasal; KO, knockout; CFU, Colony Forming Units; MS, mass spectrometry;
S.E, Salmonella enteritidis; Sty, Salmonella typhimurium; Pae, Pseudomonas
aeruginosa; HDTs, host directed therapies; HP, Helicobacter pylori; NTD, N
terminal domain; GBD, gelatin binding domain; MEF, mouse embryonic

fibroblasts; MRP-8, myeloid associated protein 8; IAS, inter alveolar septa.
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express FnBps (hereinafter termed as FnBp™ bacteria) and utilize Fn
to bind its receptor a5B1 to invade epithelial or endothelial cells(Ma
etal., 2009; Josse et al., 2017; Speziale et al., 2019), in order to evade
phagocytosis. These bacteria include intracellular bacteria, such as
Mycobacterium tuberculosis (TB), Mycobacterium bovis (BCG),
Mycobacterium leprae (Mle), Neisseria meningitidis (NME),
Neisseria gonorrhoeae (NGO), Borrelia burgdorferi (Bbu), Yersinia
pestis (Ype), L. monocytogenes, as well as extracellular bacteria like
GAS, S. aureus and Lactococcus lactis (Lla). However, while integrin
o5B1 expressed on epithelial cells is an invasive gateway for
pathogens, but also it is a part of a signaling axis that induces
autophagy, which is confirmed by our previous study. Extending
our previous work, we asked if integrin 0t5B1 acts as a receptor that
induces autophagy through FnBp binding to Fn and to integrin
05B1. We further asked if the initiation of autophagy via the FnBp-
Fn-integrin a5B1 axis could be considered a common event. To
address these questions, we purified the major FnBps expressed on
the surface of two common bacteria, S. aureus (extracellular FnBp*
bacteria) and L. monocytogenes (intracellular FnBp" bacteria), and
found that these proteins could, indeed, induce xenophagy. We also
confirmed that the autophagy induced by these FnBp™ bacteria were
mediated through the FnBp-Fn-integrin o581 axis. Moreover, to
the best of our knowledge, we are the first to identify SI00A8, which
inactivates mTOR thus inducing upregulated autophagy, is a key
downstream regulatory molecule of integrin at531.

Materials and methods
Bacterial culture

S. aureus (ATCC 26001) and L. monocytogenes (ATCC 19115)
were stored at — 80°C in our laboratory. Cryopreserved bacteria
were inoculated onto Luria-Bertani (LB) or brain heart infusion
(BHI) agar plates at 37°C and incubated for 24 h. An S. aureus single
colony was transferred to 3 ml of LB at 37°C and shaken at 220 rpm
overnight. Single colony of L. monocytogenes was transferred to 3 ml
of BHI medium at 28°C and shaken at 220 rpm overnight to amplify
the bacteria.

Cells

The human respiratory epithelial cell line Hep2 (obtained from
The Institute of Basic Medical Sciences of the Chinese Academy of
Medical Sciences, China) was cultured in RPMI-1640 medium
(Gibco) supplemented with 100 U/ml penicillin and 100 U/ml
streptomycin (Solarbio), 10 mM HEPES (AMRESCOO0511;
Biosharp), and 10% fetal bovine serum (Biological Industries) at
37°C with 5% CO, in an incubator.

Infection

Hep2 cells were seeded at 3x10°/well in a 6-well plate
containing complete RPMI-1640 medium. Before infection, cells
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were washed by PBS three times, and medium was changed to
RPMI-1640 without antibiotics. As for S. aureus, Hep2 cells were
cocultured with bacteria inoculated at a multiplicity of infection
(MOI) of 10:1 for 2 h at 37°C with 5% CO, in an incubator. The
optimal MOI for L. monocytogenes was 20. To kill adherent
extracellular bacteria, cells were washed three times with PBS and
then incubated with fresh RPMI-1640 containing 100 g/ml
gentamicin at 37°C for 2h. Finally, Hep2 cells were collected at
specific time points for Western blot analysis.

shRNA knockdown

Hep2 cells stably expressing specific StRNA against ATG5 or
luciferase gene were established by being transduced with lentiviral
particles expressing specific shRNA. Lentiviral particles were
packaged by transfecting 293T cells with pSIF-H1-copGFP
shRNA Expression Lentivectors (System Biosciences) and
packaging vectors using Lipofectamine 2000 according to the
manufacturer’s instructions. The sequences used in the shRNA
targeting ATG5 and luciferase (the control shRNA) were as follows:
5-TCATGGAATTGAGCCAATGTT-3" and 5-CTTACGCTG
AGTACT TCGA-3’. Western blotting was performed to
determine knockdown efficiency.

siRNA

Before transfection, Hep2 cells were seeded wells of a 6-well
plate. When the Hep2 cells grew to 60% confluence, they were
transiently transfected with the corresponding siRNA by Lipo2000.
After 48 h, silencing efficiency was determined with
Western blotting.

The following siRNAs were used:

Fn siRNA, sense, 5-GUCCUGUCGAAGUAUUUAUTT-3;

antisense, 5-AUAAAUACUUCGACAGGACTT-3;

integrin o5 siRNA, sense, 5-CACCCGAAUUCUGGA
GUAUTT-3;

antisense, 5-AUACUCCAGAAUUCGGGUGTT-3;

Integrin B1 siRNA, sense, 5-GCACCAGCCCAUUU
AGCUATT-3;

antisense, 5-UAGCUAAAUGGGCUGGUGCTT-3;

Expression and purification of the S.a-
FnBpA protein and L.m-FbpA protein

Expression of 6xHis Tag S.a-FnBpA and 6xHis Tag L.m-FbpA
protein was performed on vector pET-28a-transformed E. coli BL21
following induction with isopropyl-D-thiogalactopyranoside
(IPTG) (0.1 mM; Merck). The 6xHis Tag S.a-FnBpA and 6xHis
Tag L.m-FbpA proteins were purified by glutathione Sepharose 4B
(GE Healthcare) and the SKL method, respectively.
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Western blotting

Cells were collected and lysed with radio immunoprecipitation
assay lysis buffer (P0013; Beyotime) containing phenylmethylsulfonyl
fluoride (BL507A; Biosharp) and phosphatase inhibitors (P1260;
Solarbio) on ice for 30 min. The components in the supernatant
(denatured at 100°C in sample buffer) were separated using SDS-
PAGE and transferred to 0.45mm or 0.22mm polyvinyl difluoride
(PVDF) membranes (IPVH00010; Millipore). The PVDF membranes
then were blocked with 5% nonfat milk for 1 hand incubated overnight
with primary antibodies at 4°C. Subsequently, the PVDF membranes
were washed with Tris-buffered saline-Tween 20 and incubated with
the corresponding secondary antibody for 1 h at room temperature.
Finally, the proteins were detected with Western Lightni ngTM Plus ECL
reagent (NEL104001EA; PerkinElmer) and detected with a Synoptics
Syngene bioimaging instrument (R114075; Synoptics).

Antibodies and reagents

For Western blot analysis, the following antibodies were used:
anti-LC3B (2775; Cell Signaling Technology), anti-SQSTM1/P62
(5114; Cell Signaling Technology), anti-ATG5 (CY5766; Abways),
anti-fibronectin (ab32419; Abcam), anti-integrin o5 (CY5979;
Abways), anti-integrin B1 (CY5469; Abways), anti-phospho-
mTOR (Ser2448) (AF3308; Affinity Biosciences), anti-mTOR
(AF6308; Affinity Biosciences), and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (5174; Cell Signaling
Technology). Horseradish peroxidase-labeled goat anti-rabbit
(ASS1009; Abgent) secondary antibodies were used. The
transfection reagents were Lipofectamine 2000 (11688-019;
Invitrogen) and Lip06OOOTM(Bey0time). The immunoprecipitation
(IP) reagent was included in the Pierce classic magnetic IP/co-IP kit
(88804; Thermo Scientific).

Immunofluorescence

Hep2 cells were seeded in wells of a 12-well plate and
transfected with pBABEpuroEGFP-LC3 plasmids using
Lipofectamine 2000 for 24 h. Cells were then stimulated by S.
aureus or S.a-FnBpA protein for 6h. As for L. monocytogenes and
L.m-FbpA protein, the period of stimulation was 4h. After washing
with PBS, cells were fixed in 4% paraformaldehyde for 20 min and
blocked in 1% bovine serum albumin for 1 h. Cells were then
incubated with the corresponding primary antibody overnight at 4°
C. After four rinses, the secondary antibody was used at a suitable
concentration for 1 h. 4',6-diamidino-2-phenylindole (DAPI) was
used to stain cell nuclei. Finally, cells were visualized with an
Olympus confocal fluorescence microscope.

Immunoprecipitation

IP assays were performed according to the instructions of the
Pierce classic magnetic IP/co-IP kit. Briefly, cells were lysed in
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specific buffer on ice for 30 min. Supernatant protein was then
incubated overnight with the corresponding antibody on a rotator
at 4°C. The next day, Pierce protein A/G beads were washed with
specific buffer three times. Supernatant-antibody mixture and beads
were then co-incubated on a rotator at room temperature for 4h,
washed with lysis buffer and PBS, and boiled for 10 min. Samples
were subjected to SDS-PAGE and Western blot analysis, and target
proteins were detected using the corresponding antibodies.

Transmission electron microscopy

Autophagosomes induced by S. aureus and L. monocytogenes in
the Hep2 cells were analyzed under a Hitachi 7500 transmission
electron microscope with a small modification. Briefly, Hep2 cells
were seeded in wells of a 6-well plate and infected with S. aureus and
L. monocytogenes at their optimal MOI for 2h. After washing with
PBS three times, cells were incubated for an additional 6h. Cells
were then trypsinized and collected by centrifuging at 1,000 rpm for
5 min and fixed overnight with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer at 4°C. Subsequently, the fixed cells were
post-fixed with 1% osmic acid, dehydrated stepwise with ethanol,
and embedded in epoxy resin. Ultrathin sections were cut using a
Leica ultramicrotome and stained with uranyl acetate and lead
citrate. Cells were imaged using a Hitachi 7500 transmission
electron microscope at an 80-kV acceleration voltage. The
procedure described above was performed at the Electron
Microscope Center of Hebei Medical College.

H&E staining

Histology of pathogen-infected mouse lung tissue was analyzed
using hematoxylin eosin staining (H&E). In brief, mice were
anesthetized using isoflurane in a biosafety cabinet. S. aureus and
L. monocytogenes were delivered intranasally (in.) (3x10® CFU in
50ul of PBS). After 24 h, mouse lungs were fixed with 4%
polyformaldehyde, embedded in paraffin, cut into 5mm-thick
sections, and stained with H&E. The slides were examined by
light microscopy. The degree of inflammation in the alveolar
tissue, peri-bronchial and perivascular spaces were graded as
follows: 0: normal;1: increased thickness of the inter alveolar septa
(IAS) by edema and cell infiltration;2: increased thickness of TAS
with presence of luminal cell infiltration; 3: abundant luminal cell
infiltration; 4: inflammatory patches formed. In each tissue section,
10 alveolar tissue fields, 10 airways, and 10 blood vessels were
observed and analyzed. Grading was performed by pathologists
from Hebei Medical University.

Cells and lung CFU determination

Hep2 cells were infected with S. aureus or L. monocytogenes
(MOI=10, 20 or 100) for 6 h at 37°C in 5% CO,. After washing with
pre-cooled PBS three times, the infected monolayers were dispersed
by the addition of 0.25% trypsin and then lysed by dilution with
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sterile water for 12 min. The number of bacterial CFUs released
from the lysed cells was determined by plating lysates on LB/BHI
agar at 37°C for 24 h. Mice were infected with pathogen, and lungs
were subsequently aseptically isolated and weighed. Then lungs
were homogenized in RPMI-1640 (containing Gentamicin) and
lysed as described above with sterile water. The number of bacterial
CFUs released from the lysed lung cells was determined by plating
the lysates on LB/BHI agar at 37°C for 24 h.

Animal experiments

C57 mice (6-week-old females for S. aureus infection and 12-
week-old females for L. monocytogenes infection) were purchased
from the Experimental Animal Center of Hebei Medical University.
The Laboratory Animal Quality Certificate number is 1811002. All
experimental procedures were performed in compliance with
institutional animal welfare guidelines and were carried out
according to the criteria outlined in the Guide for the Care and
Use of Laboratory Animals and with approval of the Animal Care
and Use Committee of Hebei Medical University. Mice were
maintained in an animal facility (temperature-controlled
individual ventilated cages) under a 12-h light/dark cycle and
were fed standard chow and sterile tap water.

Atg5-KO mice

Atg5"/1°% mice were provided by RIKEN BRC through the
National Bio-Resource Project of MEXT, Japan, and kindly donated
by Quan Chen, Institute of Zoology, Chinese Academy of Sciences.
Specific Atg5"*¥/*" mice were generated by mating Atg5"*1°* mice
with Sftpc-cre mice (purchased from ViewSolid Biotech, Beijing,
China). Intraperitoneal injection of tamoxifen (Sigma Aldrich) was
administered to inducible cre-driver lines. The injection dose was
determined by weight using approximately 75 mg/kg of body
weight to determine tamoxifen dose which was administered via
intraperitoneal injection once every 24 h for a total of 5 consecutive
days. For Cre characterization work, a 7-day waiting period is
mandatory between the final injection and necropsy/

histological analysis.
Statistical analysis

SPSS statistical software (version 18.0) was used for statistical
analysis. The data are expressed as the means * standard deviation
(SD). The significance between two groups was determined using

unpaired ¢ test. A P value of <0.05 was considered significant. All
experiments were performed in triplicate or more replicates.

Ethics approval and consent to participate

All methods were carried out in accordance with relevant
guidelines and regulations.
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Results

S. aureus could induce autophagy both
in vivo and in vitro

Some research groups reported that S. aureus can be phagocytized
and then decomposed through classical autophagy after invading cells
(Zang et al.,, 2020). Nevertheless, some researchers have found that this
pathogen also exhibits the tenacity needed to “use” autophagosomes,
which otherwise serve to engulf bacteria, in order to replicate and
multiply in cells (Wang et al.,, 2021). Here, respiratory epithelial cell
Hep2 was treated by different multiplicity of infection (MOI). Under the
electron microscope, we observed that a large number of S. aureus
invaded cells and that an obvious monolayer membrane structure
appeared around them in the condition of high MOI (MOI=100), a
condition described above as LAP. In this case, the cells quickly die
owing to bacterial infection. However, when we simulated the
colonization of S. aureus in the human respiratory tract by infecting
Hep2 cells with a lower MOI (MOI=10), a typical bilayer membrane
structure was formed, enclosing the invading bacterium (Figure 1A). In
order to confirm the observed bilayer membrane structure as an
autophagosome that formed in the autophagy pathway, we harvested
the cells and extracted total proteins to measure the expression of
autophagy marker proteins LC3 and p62. The results showed that the
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protein level of LC3II increased and that of p62 decreased with the
passage of time (Figure 1B). Additionally, Hep2 cells with EGFP-LC3-
overexpression were infected with S. aureus for 6h, and the results
showed that LC3 protein with GFP green fluorescence appeared
obvious spot-like aggregation distribution in the cytoplasm compared
with the control group (Figure 1C), suggesting that a low bacterial load
of S. aureus can induce the production of complete autophagic flux. To
further verify these results in vivo, we extracted tissue proteins from the
lungs of mice following S. aureus challenge via the intranasal route (i.n.)
and found that the protein level of LC3II was significantly higher than
that of the control group (Figure 1D). The above results indicate that the
autophagy process does, indeed, occur in the presence of a bilayer
membrane structure which are identified as an autophagosome and that
complete autophagy flow is induced by S. aureus with low MOI in vivo
and in vitro.

L. monocytogenes could induce autophagy
in vivo and in vitro

After verifying the ability of S. aureus, an extracellular bacterium,
to induce autophagy, we further asked whether traditional intracellular
bacteria could induce a similar phenomenon? Accordingly, we chose
L. monocytogenes, a classical facultative intracellular pathogen, to
infect Hep2 cells with different infection plurals (MOI=20 or 100).

P62 relative expression

DAPI

S. aureus can induce autophagy, both in vivo and in vitro. (A) Presence of autophagosomes or LAP in S. aureus-infected Hep2 cells was observed by
transmission electron microscopy. Under varied infection conditions, the membrane structure around the intracellular invading bacteria is different
White frames mark the areas scrutinized. White arrow points to autophagy bilayer vesicles, whereas hollow arrow points to a monolayer membrane
structure called LAP. (B) Under the condition of lower MOI (MOI=10), the expression of LC3ll and p62 was analyzed by Western blotting of proteins
from S. aureus-infected Hep?2 cells. The method of the LC3II relative WB quantifications presented is LC3 Il/I: GAPDH. The method of the p62
relative WB quantifications presented is p62: GAPDH. N = 3 repeats and the quantifications are means + SD fold-change relative to control
conditions for a given protein after normalization with GAPDH. (C) After Hep2 cells were transfected with the pBABE-puro-EGFP-LC3 plasmid for
24 h and then infected with S. aureus, the host cells stained with DAPI and the presence of fluorescent EGFP-LC3 were determined by confocal
laser scanning microscopy. White hollow arrow points to LC3 puncta, whereas solid white arrow points to invaded bacteria. Scale bar, 25 um

(D) Experimental mice were i.n. infected with PBS or S. aureus. After 24 hours, the mice were sacrificed and the tissue protein was extracted by lung
grinding (route showed in legend). LC3ll expression in the lungs of each experimental group was analyzed by Western blotting. Unpaired t test was

used for data analysis. *P<0.05, **P<0.01.
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Consistently, the tendency of L. monocytogenes in infecting epithelial
cells was very similar to that of S. aureus. That is, more monolayers
were formed around invading bacteria in the case of high MOI,
whereas more bilayer membrane structures surrounded intracellular
bacteria following infection with low MOI (Figure 2A). Next, we
measured the expression tendency of autophagy marker proteins at
different time points after L. monocytogenes infection. Similar to S.
aureus, results confirmed that the protein level of LC3II increased and
that of p62 decreased with the passage of time under the condition of
low MOI (Figure 2B). LC3 protein with GFP green fluorescence also
showed obvious spot-like aggregation distribution in the cytoplasm of
Hep2 cells in the infected group compared with the control group
(Figure 2C). Additionally, we infected WT C57BL/6N mice i.n. with L.
monocytogenes and found that the protein level of LC3II in the lungs
of mice in the infected group was significantly higher than that of the
control group (Figure 2D). The above results indicate that L.
monocytogenes can induce autophagy in epithelial cells with low
MOI in vivo and in vitro.

Autophagy is responsible for eliminating
invading bacteria from cells

We found that autophagy could be induced by these two
common bacteria, but we wonder whether autophagy could

10.3389/fcimb.2023.1324727

promote the removal of the invading pathogens? Therefore, Atg5-
knockdown Hep2 cells (autophagy-knockdown cells) and WT Hep2
cells (Figure 3A) were infected with S. aureus or L. monocytogenes
(MOI=20) for 6 hours, and viable bacteria in the infected cells were
counted (Figures 3B, C). Results showed that the number of viable
bacteria in Atg5-knockdown cells was significantly higher than that
in WT Hep2 cells, suggesting that knockdown of Atg5 can block the
clearance of viable bacteria in cells and that the clearance process of
bacteria in Hep2 cells may be related to autophagy.

Further, ATG5 (KO) mice generated from Sftpc-cre mice and
Atg511% mice were subjected to intranasal bacterial infection. At
the end of time point, mice were sacrificed, and lungs were harvested,
following the specified institutional ethical requirements (see
Methods) (Figure 3D). Results showed that the number of viable
bacteria in the lungs of ATG5 (KO) mice (Figure 3E) infected with
either S. aureus or L. monocytogenes was significantly higher than that
of WT mice (Figures 3F, G), indicating that knockout of Atg5 in mice
is associated with the decreased ability of eliminating viable bacteria
in the lung tissues and that the clearance process of pathogens in
lungs of FnBp™ bacteria-infected mice is related to autophagy.
Compared with the PBS group, lung of WT C57BL/6N mice
infected with S. aureus or L. monocytogenes showed severe lung
inflammation by H&E staining, along with enhanced lymphocyte
infiltration and incrassated alveolar septa. Compared with WT
C57BL/6N mice, ATG5 (KO) mice showed more severe
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FIGURE 2

L. monocytogenes could induce autophagy in vivo and in vitro (A) The L. monocytogenes that invaded Hep2 cells was observed under electron
microscopy. The types of phagosomes formed under varied infection conditions were different. The white frames mark areas scrutinized. White
arrow points to autophagy bilayer vesicles, whereas hollow arrow points to a monolayer membrane structure called LAP. (B) Hep2 cells were
infected with L. monocytogenes at a MOI of 20, and then the total proteins were collected to determine the changes of autophagy marker proteins
with time gradient. N = 3 repeats and the quantifications are means + SD fold-change relative to control conditions for a given protein after
normalization with GAPDH. (C) Hep?2 cells were transfected with pBABE puro-EGFP-LC3 plasmid with green fluorescence by Lipo2000. Twenty-four
hours later, Hep2 cells were infected with L. monocytogenes up to the experimental time point and then observed by confocal microscopy. LC3
protein with GFP green fluorescence showed obvious spot-like aggregation and distribution in the cytoplasm of infected Hep?2 cells. White hollow
arrow points to LC3 puncta, whereas solid white arrow points to invaded bacteria. Scale bar, 25 um. (D) Experimental mice were i.n. infected with
PBS or L. monocytogenes nasal drops. After 24 hours, the mice were sacrificed and the tissue protein was extracted by lung grinding (Same as in
legendl). LC3ll expression in the lungs of each experimental group was analyzed by Western blotting. Unpaired t test was used for data analysis.

*P<0.05, **P<0.01. ns, no significance.
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inflammatory response in the lungs with deeper infiltration of
inflammatory cells, large amount of bleeding in the alveoli, severe
thickening of alveolar septa and an increased area of inflammatory
lesions following infection with either S. aureus or L. monocytogenes
(Figure 3H). These results suggest that autophagy is a biological
process which is involved in the host elimination of invading bacteria,
both in vivo and in vitro.

Taken together, under the condition of physiological
colonization, S. aureus or L. monocytogenes invading cells could
be eliminated by intracellular autophagy process, which is not
achieved in cells or animals with defective autophagy (Figure 31).

FnBp on the surface of pathogens can
promote the eliminating ability of invading
bacteria by initiating autophagy

Our previous study has demonstrated that the GAS surface
protein FbaA, a FnBp, is the key protein for inducing autophagy.
Similarly, FnBps are also presented on the surface of various
pathogens such as S. aureus and L. monocytogenes (Osanai et al.,
2013; Foster, 2016; Josse et al., 2017; Speziale and Pietrocola, 2020),
namely S.a-FnBpA and L.m-FbpA, respectively. Then, we purified
S.a-FnBpA and L.m-FbpA separately (Figure 4A) and at protein
level we verified the ability of the two proteins in inducing
autophagy after excluding their potential cytotoxicity on cell
proliferation (Supplementary Figure S1). The results of Western

10.3389/fcimb.2023.1324727

blot showed that the protein level of LC3 II was significantly
increased after cells were stimulated with the two proteins,
respectively (Figures 4B, C). Furthermore, LC3 green fluorescence
showed punctate aggregation following stimulation with FnBps in
the overexpressing GFP-LC3 cells, indicating the occurrence of
autophagy. (Figure 4D). Subsequently, cells were pretreated with
purified S.a-FnBpA or L.m-FbpA protein, or FnBps plus 3-MA
(PI3K inhibitor, autophagy inhibitor), or PBS as control for 30min,
respectively, following infection by S. aureus or L. monocytogenes,
and the results showed that FnBps stimulation resulted in a
significant decrease in the number of viable bacteria. However,
after adding 3-MA, the number of viable bacteria increased sharply
owing to the inhibition of autophagy (Figures 4E, I), indicating that
FnBp-induced autophagy was beneficial to eliminating the invading
bacteria. Interestingly, after FbaA of GAS was applied to S. aureus or
L. monocytogenes-infected epithelial cells, the number of intracellular
invading bacteria decreased significantly, suggesting that the ability
of FnBp to facilitate the elimination of intracellular invading bacteria
by inducing autophagy may be universal (Figures 4G, H). Since
integrin al5B1 acts as a receptor for the Fn-FnBp complex, knocking
down Fn protein, integrin 05 chain or integrin 1 chain results in
significantly increased number of intracellular viable bacteria, which
was, however, decreased following the treatment of autophagy
agonist Rapamycin (Figures 41, ]), suggesting that these three
proteins are indispensable in the process of FnBp-mediated
autophagy and that FnBps on the surface of the two bacteria can
trigger the autophagy.
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laposome.

Atg5+Hep2 cell

Autophagy may be related to the clearance of intracellular bacteria. (A) Western Blot analysis of the expression of Atg5 protein in Sh-atg5-
transfected cells or Sh-ctrl cells. (B, C) WT Hep2 and Atg5-knockdown cells were infected with S. aureus or L. monocytogenes (MOI=20) for 6 h.
The intracellular viable bacteria were counted in the cells and then analyzed. (D) WT and ATG5 (KO) mice were infected i.n. with S. aureus (3x10°
CFU) or L. monocytogenes (5x108 CFU) to establish a pulmonary infection model. (E) ATG5 (KO) mice were established and verified by Western blot.
(F. G) The number of viable bacteria (CFU) was analyzed in the lung of mice infected i.n. with S. aureus or L. monocytogenes. (H) H&E staining
analysis of pulmonary inflammation in WT and ATG5 (KO) mice after S. aureus or L. monocytogenes infection. The degree of inflammation in the
alveolar tissue, peri-bronchial and perivascular spaces were graded as following (from left to right): 0; 2; 2; 0; 4; 4. (I) Schematic diagram of the
different fates of invading bacteria in WT cells and Atg5-defective cells. Unpaired t test was used for data analysis. *P<0.05, **P<0.01, ***P<0.005.
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FnBp protein of common pathogens may trigger autophagy. (A) SDS-PAGE analysis of the expression and purification of FnBps in BL21 E. coli
transfected with recombinant plasmids pET28a (+)/GAS-FbaA, pET28a (+)/S.a-FnBpA or pET28a (+)/L.m-FbpA. (B, C) Western blot analysis of LC3lI
protein level in cells stimulated with S.a-FnBpA and L.m-FbpA in the condition that FnBps have no toxic effect on cell growth. N = 3 repeats and the
quantifications are means + SD fold-change relative to control conditions for a given protein after normalization with GAPDH. (D) After EGFP-LC3-
overexpressing cells were stimulated with S.a-FnBpA (20 pg/ml) or L. m-FbpA (40 ug/ml) for 6 h, confocal microscopy imaging detected that LC3
protein with green fluorescence showed obvious spot-like aggregation morphology in the cytoplasm of stimulated groups. Scale bar, 25 um. (E, F)
Hep?2 cells were pretreated with purified FnBps or FnBp combined with 3-MA (10 mM) for 0.5 h and then infected with pathogens. Intracellular viable
bacterial CFUs were detected in cells. (G, H) GAS-FbaA was added to the culture supernatant of S. aureus or L. monocytogenes infected Hep?2 cells
for 6h, respectively, and intracellular viable bacteria were counted after killing the extracellular bacteria. (I, J) After pretreatment with Rapamycin, WT
Hep?2 cells and Fn- or integrin a5B1-knockdown Hep?2 cells were infected with S. aureus or L. monocytogenes for 6 h, and the number of viable
bacteria in different groups was measured. Unpaired t test was used for data analysis. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001.

Integrin a5B1 is a common receptor for
Fn-FnBps complex in inducing autophagy

In order to exclude the possibility that Fn protein alone affects
autophagy level, Hep2 cells were treated with Fn alone (Oug/ml,
10pg/ml, 20pg/ml) or Fn and S.a-FnBpA. The results showed that
different doses of Fn protein could not induce changes in the
protein level of LC3II, which was increased only when S. a-
FnBpA and Fn protein were introduced for co-stimulation in a
dose-dependent way (Figure 5A). Meanwhile, S.a-FnBpA or L.m-
FbpA did not induce changes in the protein levels of Fn or integrin
o5B1 when they triggered autophagy (Figures 5B, C). Subsequently,
in order to verify whether FnBp induced autophagy is achieved
through the FnBp-Fn-0581 axis, Fn protein, integrin o5 subunit or
B1 subunit was knocked down by using siRNA in Hep2 cells, which
were then stimulated by S.a-FnBpA or L.m-FbpA. After being
treated by FnBp, results showed that the protein level of LC3II in
knockdown Fn or integrin o5 or B1 groups was significantly lower
than that in the control group (Figures 5D-I), suggesting that
integrin o5 chain, B1 chain and Fn protein are indispensable
links in the autophagy initiated by FnBps. In order to further
clarify the combined effects of these three factors in inducing
autophagy, pull-down experiments were performed. Results
showed that FnBps were more capable of binding to integrin
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05B1 than the control group when Fn protein was present
(Figures 5], K). Taken together, FnBps could induce autophagy
through the FnBp-Fn-integrin a5B1 axis, while matrix protein
Fn could enhance the binding ability between FnBps and
integrin o/5p1.

S100A8 is a key downstream molecule
involved in autophagy via FnBp-Fn-integrin
o5B1 axis

The above experiments showed that FnBps could trigger
autophagy through the FnBp-Fn-integrin 0581 axis. The FbaA
protein, a FnBp of GAS, initiates autophagy through the mTOR
signaling pathway (Wang et al., 2020). Since S.a-FnBpA of S. aureus
and L.m-FbpA of L. monocytogenes both belong to the group of Fn-
binding proteins, we asked if they initiate autophagy through the
same signaling pathway and if other molecules are involved between
integrin 531 and mTOR. Several research groups have identified
the B1 subunit as the key signal transduction molecule in integrin
o5PB1 (Gingras and Ginsberg, 2020; Kadry and Calderwood, 2020;
Torres-Gomez et al., 2020). Based on this, IP and mass
spectrometry (MS) were performed to explore the potential
downstream molecules of integrin B1 chain, and 30 proteins with
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FnBps induce autophagy though the FnBp-Fn-integrin a5p1 axis. (A) Hep2 cells were stimulated by different concentrations of Fn protein with or
without S.a-FnBpA protein. Thereafter, LC3Il protein level was detected by Western blot. (B, C) Hep2 cells were stimulated by using S.a-FnBpA
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*P<0.05, **P<0.01.

high expression were screened out (Figures 6A, B). On the basis of
bioinformatics analysis, SI00A8 and PSMD2 became the foci of our
attention (Figure 6C), and KEGG enrichment analysis showed that
these proteins played a vital role in the mTOR pathway (Figure 6D).
However, knockdown of PSMD2 had no effect on the expression of
autophagy marker proteins in the cells. Only knocking down
S100A8 could reduce LC3II protein level and increase the level
p62 protein (Supplementary Figure S2), suggesting that FnBp-
stimulated autophagy could be regulated by S100A8, which
belongs to the S100 calcium-binding protein family and can be
expressed in epithelial cells, neutrophils and monocytes. It also has
certain antibacterial and anti-infective activities (Li et al., 2021b).

Besides detecting the level of LC3II protein in S100A8-knockdown
cells stimulated with FnBps and Fn (Figure 6E), we also detected the
level of integrin 1 and mTOR, and compared the levels in the three
groups. The results showed that there was no significant difference
between integrin B1 protein level and mTOR level after SI00A8 was
knocked down, while phosphorylation level of mTOR was
significantly increased, indicating that S100A8 may be located
between integrin B1 and mTOR and could down-regulate the
phosphorylation level of mTOR (Figure 6F). Further, when we
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knocked down integrin B1 under the same conditions as those
noted above, results confirmed that the expression levels of SI00A8
and LC3II proteins were remarkably decreased compared to the
non-knockdown group, further supporting S100A8 as a key
regulatory downstream molecule of integrin B1 in inducing
autophagy by downregulating mTOR phosphorylation (Figure 6G).

Discussion

In the last few decades, different research groups have
found that multiple bacteria, including traditional intracellular
and extracellular bacteria, such as GAS, S. aureus, L.
monocytogenes, TB, BCG, NME and Ype, can enter epithelial
or endothelial cells to escape phagocytosis by immune cells and/
or antibiotic attack, causing chronic infections and constant
threat to human health (Vazquez-Boland et al., 2001; Giese
et al., 2011; Lu et al., 2017). Traditional antibiotic therapy
could not meet the needs of clinical treatment, making host-
directed therapies (HDTs) much more crucial (Kaufmann et al.,
2018; Segala et al., 2021).
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Increasingly, evidence has shown that autophagy plays an
essential role in both innate and adaptive immunity (Deretic
et al,, 2013; Deretic and Levine, 2018). Some invasive bacteria,
such as TB, Salmonella enteritidis (S.E), Salmonella typhimurium
(Sty) and Pseudomonas aeruginosa (Pae), can be further eliminated
by autophagy (Birmingham and Brumell, 2006; Jiao et al., 2020;
Siregar et al., 2022; Ji et al., 2023). However, some pathogens have
evolved survival strategies in their favor, using autophagy for
intracellular reproduction. This process has been achieved
through LAP (Prajsnar et al., 2021). Therefore, we explored the
exact mechanism of mutual recognition and induction of autophagy
between pathogen and host cells, in which host cells can survive but
bacteria cannot.

In our previous study, we found M1 GAS, one of the most
common extracellular pathogens that invades epithelial cells
through its surface protein FbaA, can initiate epithelial autophagy
during this process. Subsequently, we verified that integrin o581 on
epithelial cells was also the receptor for FbaA of M1 GAS in
inducing autophagy (Wang et al., 2020). Li et al. found that
integrin B1 is a novel regulator of autophagy and apoptosis in
Helicobacter pylori (HP) infection (Li et al., 2021a). Hynes et al.
discovered the integrin family in 1987, which has become one of the
most studied cell adhesion receptors (Hynes, 2002). The integrin
family is not only an effective therapeutic target against blood clots
and inflammation, but also a receptor for many viruses and bacteria
(Nolte et al.,, 2021; Schumacher et al., 2021; Pang et al., 2023).
Especially, as noted above, integrin 051 is a receptor for various
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FnBp" bacteria, such as TB, BCG, NME, NGO, Bbu, Ype, Llactis,
GAS, S. aureus and L. monocytogenes.

FbaA expressed on the surface of GAS belongs to the family of
Fn-binding proteins. Fn, a large molecular glycoprotein with a
molecular weight of 230kDa, is an indispensable part of integrin-
induced autophagy. Fn, produce by a variety of cells, is widely
distributed in human plasma. As shown in Supplementary Figure
S3, Fn has a modular structure composed of types I, II and III (FNI,
FNII and FNIII), which form different functional domains
(Niemann et al,, 2021). The N-terminal domain (NTD) consisting
of five FNI-type modules is adjacent to the gelatin-binding domain
(GBD) (Erat et al,, 2010). Some pathogens can also bind the NTD or
GBD of Fn through their fibronectin-binding protein (FnBp)
(Supplementary Figure S3) (Talay et al., 2000; Schwarz-Linek
et al,, 2003; Singh et al,, 2010). Normally, Fn is a monomer in a
folded state in plasma. But, when FnBp binds to the FNI region of
Fn, it will induce structural changes of Fn and expose the FNIII
region for strong integrin binding (Figure 7) (Singh et al., 2010). In
addition to M1 GAS, many other clinically common bacteria also
express FnBps, such as TB, S. aureus and L. monocytogenes (Speziale
et al., 2019).

Here, we selected S. aureus and L. monocytogenes, common
infection-inducing pathogens in clinical treatment, as conventional
extracellular and intracellular FnBp* bacteria representatives,
respectively. Some studies have reported on the relationship
between the two and autophagy. Tomasz K. et al. found that
autophagy can provide an intracellular replication niche for S.
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aureus within neutrophils (Prajsnar et al., 2021). Meanwhile, Josie
F. et al, in the same lab, found that the selective autophagy receptor
Sqstm1/p62 in neutrophils could target and degrade S. aureus
intracellularly (Gibson et al., 2021). As for the relationship
between L. monocytogenes and autophagy, Yuan et al. pointed out
that L. monocytogenes is the target of autophagy degradation in
mouse embryonic fibroblasts (MEF) during primary infection (Py
et al,, 2007), while they also found that L. monocytogenes can evade
autophagy by expressing bacterial phospholipase. In our
preliminary experiment, we found that if the amount of invading
bacteria is overloaded (MOI>100), the number of bacteria (either S.
aureus or L. monocytogenes) within the cells didn’t decrease with
time passing (data not shown). Bacteria may rely on their own
toxins to escape from autophagosome and damage host cells
(Watkins and Unnikrishnan, 2020). However, when cells were
treated with fewer amount of bacteria (MOI < 10), the invading
bacteria would be removed easily by autophagy as the infection time
prolongs and L. monocytogenes, a traditional intracellular pathogen,
is no exception (Supplementary Figure S4), which may be the main
mechanism for non-immune cells to remove intracellular bacteria.
Here, in addition to confirming the ability of S.aureus, L.
monocytogenes and BCG (Supplementary Figure S5) to induce
autophagy in epithelial cells, we purified the major FnBp proteins
of S. aureus and L. monocytogenes, S.a-FnBpA and L.m-FbpA,
respectively (Osanai et al, 2013; Speziale and Pietrocola, 2020).
Interestingly, after excluding the underlying effect of these proteins
on cell proliferation, we found that S.a-FnBpA and L.m-FbpA could
elicit autophagy in the presence of Fn. Furthermore, after S. aureus
and L. monocytogenes infected epithelial Hep2 cells at low MOI, the
number of invading bacteria were eliminated significantly in Hep2
cells stimulated with S.a-FnBpA, L.m-FbpA or GAS-FbaA,
suggesting the universal function of FnBp in promoting removal
of invading pathogens from cells by inducing autophagy
(Figures 4E-H). Accordingly, this effect of inducing autophagy
and eliminating invading pathogens could be counteracted by
autophagy inhibitor 3-MA (PI3K inhibitor) (Figures 4E, F). Since

10.3389/fcimb.2023.1324727

autophagy was significantly attenuated after Atg5 knockdown,
Atg5-knockdown Hep2 cells were used as an autophagy-deficient
cell model. When infected with same pathogens, the level of
autophagy was weakened in Atg5-knockdown cells. Meanwhile, S.
aureus and L. monocytogenes were also removed from the lung in
WT C57BL/6N mice, but not in Atg5 (KO) mice. These data
revealed that autophagy mediated by FnBp is the mechanism of
eliminating partial common clinical FnBp* pathogens from host.
Further, siRNA was performed to knock down the protein level
of Fn, 05 subunit or B1 subunit, respectively, in Hep2 cells, which
then were treated with FnBp. The results showed that the protein
level of LC3II protein in the siRNA interference group was
significantly lower than that in the untreated group. Subsequently,
pull-down assay showed that the protein level of integrin a5 or B1
chain bound by FnBp in the presence of Fn protein was significantly
higher than that of FnBp alone. These results showed that FnBps
can induce autophagy and play their role through the FnBp-Fn-
integrin 051 axis. By MS and bioinformatics analysis, SI00A8 and
PSMD2 were identified as potential regulatory downstream
molecules of integrin o5B1, both targeting mTOR
phosphorylation, a well-known negative regulator of autophagy.
However, knockdown of PSMD2 did not affect autophagy mediated
by FnBp, while knockdown of S100A8 did, suggesting that SI00A8
may be the key molecule in regulating the interaction between
integrin o581 and mTOR. S100A8 belongs to the S100 protein
family, which is associated with cell growth, differentiation and
replication (Mondet et al., 2021). SI00A8 is a low molecular weight
protein, about 12kDa, composed of 93 amino acids. It is also known
as myeloid associated protein-8 (MRP-8) and calgranin A (Basso
et al,, 2014), expressing on the surface of monocytes, macrophages
and non-professional phagocytes, such as epithelial cells, but it is
absent in lymphocytes (Bartoloni et al., 2019; Zhong et al., 2020;
Mondet et al., 2021). After SI00A8 was knocked down, we found
that the phosphorylation level of mTOR was significantly increased,
while the level of autophagy marker protein LC3 was significantly
reduced. Meanwhile, the protein level of integrin B1 remained
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FIGURE 7

Schematic illustration of autophagy induction by FnBp through interaction between Fn and integrin a5B1 via the mTOR pathway. The binding of
FnBp, Fn, and integrin a5B1 leads to the expression and activation of SI00A8, thereby downregulating mTOR and, in turn, upregulating autophagy.
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basically stable. Interestingly, when integrin B1 is knocked down,
S100A8 protein levels are also reduced, suggesting that SI00A8, as a
key downstream molecule of integrin B1, plays a crucial role in
inducing autophagy by downregulating mTOR phosphorylation,
thus upregulating autophagy.

In summary, this study reveals a novel model, FnBp-induced
autophagy, that facilitates the elimination of invading pathogens
from the host, even though FnBp™ bacteria can invade cells by
FnBps to evade immune attack from immune cells. We confirmed
that integrin o5B1-initiated autophagy is a common event in
epithelial cells following interaction with Fn and FnBp for host
defense against FnBp " pathogen infection, and we are the first to
reveal the key molecule of the integrin B1 chain, S100A8, which is
highly expressed following activation of integrin a531. S100A8 also
downregulates mTOR phosphorylation, which, in turn, regulates
autophagy so as to promote the classical autophagy pathway
(Figure 7). This study provides new insights into the interaction
pattern between pathogens and hosts and identifies the target
protein responsible for regulating autophagy. We hope that the
future studies will produce new strategies for developing treatment
for drug-resistant bacteria infection.
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