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Autophagy is an evolutionary conserved self-balancing process that plays an important role in maintaining
cellular homeostasis via the clearance of damaged organelles and misfolded proteins. Infection-triggered au-
tophagy specifically inhibits the invasion of intracellular bacterial replication and hence protects the cells from
microbial infections. It has been reported that Acinetobacter baumannii trigger cell autophagy. However, the role
of its virulence protein OmpA remains unclear. Therefore, this study aimed to explore the effects of Acinetobacter
baumannii OmpA on cell autophagy and its underlying molecular mechanisms. The results showed that OmpA
induced autophagy in HeLa and RAW264.7 cells, increased LC3BII expression, and hindered p62 degradation.
Moreover, OmpA triggered incomplete autophagy by interfering the fusion of autophagosomes with lysosomes.
Besides, OmpA activated MAPK/JNK signaling pathway and enhanced the phosphorylation levels of JNK, p38,
and ERK, c-Jun. Inhibition of JNK signaling pathway suppressed OmpA-induced autophagy in HeLa cells. Ab
wild-type strains carrying OmpA triggered incomplete autophagy and resulted in a large number of IL-1f3 pro-
duction. Ab-/AOmpA strain (OmpA gene mutation) restored autophagic flux and reduced the accumulation of
p62 and the release of IL-1f in HeLa cells. Rapamycin activated autophagy to inhibit OmpA-induced IL-13
secretion and protect HeLa cells from inflammatory damage. Collectively, these results suggest that OmpA can
induce autophagy in HeLa cells through MAPK/JNK signaling pathway. Pre-treatment with Rapamycin activates

autophagy and protects against cell death.

1. Introduction

Acinetobacter baumannii is a Gram-negative opportunistic pathogen
that causes major infectious diseases such as pneumonia, septicemia
and meningitis. The bacteria are commonly found among critically ill
patients residing in the Intensive Care Unit. Acinetobacter baumannii has
strong environmental stability and remains viable for a long period of
time. In recent years, Acinetobacter baumannii has developed resistance
to antibiotics as an inevitable consequence of antibiotic abuse, which
confers a great challenge to disease treatment (Howard et al., 2012;
Rice, 2008). In addition, Acinetobacter baumannii binds to the pattern
recognition receptors and invades the host cells. Upon invasion, bac-
teria trigger the production of inflammatory cytokines and chemokines,
leading to cell death via the disturbance of intracellular hemostasis (Lee
et al., 2006; Bist et al., 2014).

Outer membrane protein A (OmpA) is the main virulence factor for
Acinetobacter baumannii, which has always been closely related with the
survival and pathogenicity of Acinetobacter baumannii (Sato et al., 2017;

McConnell et al., 2013; Jin et al., 2011). OmpA directly adheres and
invades the host cells and thus leads to cell apoptosis through the de-
struction of nucleus and mitochondria (Choi et al., 2008a, b., Choi
et al., 2005). Both in vitro and in vivo experiments have reported the
decreased abilities of OmpA knockdown strains in replicating and ad-
hering to host cells (Gaddy et al., 2009). If a patient is infected with
Acinetobacter baumannii expressing high levels of OmpA, the toxic ef-
fects may be increased, leading to an increased risk of suffering pneu-
monia and bacteremia (Sanchez-Encinales et al., 2017).

The activation of autophagy requires multiple autophagy-related
proteins to work together, such as LC3 and p62. LC3, namely micro-
tubule-associated protein light chain 3 forms lipidated LC3II and is
being recruited to autophagosomal membranes for autophagy activa-
tion (Mizushima et al., 2010; Glick et al., 2010). p62, also known as
SQSTM1, is a ligand protein for LC3 binding, which is responsible for
the degradation of ubiquitinated aggregates in autophagosomes. p62
can induce a complete autophagy after binding to LC3, and is ex-
cessively expressed upon the activation of autophagy. These key
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autophagic proteins have been considered as useful markers for de-
termining autophagic activity (Boyle and Randow, 2013; Evans et al.,
2017).

Autophagy plays a key role in the host's innate immune response to
bacteria (Kim et al., 2015; Dupont et al., 2009; Thurston et al., 2016).
Autophagy regulates and eliminates many bacterial infections, in-
cluding Staphylococcus aureus, Shigella and Salmonella typhi. However,
the activation of autophagy may contribute to several undesirable side
effects. For instance, Brucella activates and manipulates autophagy, by
using energy substances in the autophagosomes to promote its survival
and replication in host cells, and ultimately leads to cell death (Miller
and Celli, 2016). Additionally, Mycobacterium tuberculosis utilizes the
intracellular molecules to hinder the fusion of autophagosomes and
lysosomes, in order to prevent degradation by autophagy (Sahu et al.,
2017). Thus, it can be seen that bacteria have evolved a wide range of
strategies to escape from autophagy. Besides, autophagy regulates the
host inflammatory responses. For example, Helicobacter pylori CagA
protein inhibits autophagy and results in an uncontrollable release of
inflammatory cytokines (Li et al., 2017).

There are few studies reported on the autophagy induced by
Acinetobacter baumannii, but the precise role of autophagy in in-
flammatory response remains largely unclear. It has been proposed that
a virulence protein, Omp33-36, can induce the incomplete autophagy
and assist the replication of Acinetobacter baumannii (Rumbo et al.,
2014). Wang et al have reported that Acinetobacter baumannii induces
the autophagy process via AMPK/ERK/mTOR signaling pathway, but
what specific virulence proteins induced this process is not clear. (Wang
et al., 2016). Recent studies have shown that Acinetobacter baumannii
induces autophagy by activating the transcription factor EB. Moreover,
it interferes with the autophagy-lysosomal system and destroys the ly-
sosomal acidic environment to facilitate itself invasion and persistence
(Parra-Millan et al., 2018). Other studies have suggested that Acineto-
bacter baumannii OmpA triggers cell apoptosis, but whether OmpA
triggers autophagy and its underlying molecular mechanisms remain
largely unclear. Therefore, this study aimed to explore the effects of
Acinetobacter baumannii OmpA on cell autophagy and identify the mo-
lecular mechanisms underlying OmpA-induced autophagy.

2. Materials and method
2.1. Strains, reagents and antibodies

Acinetobacter baumannii ATCC 19606 (Ab-wild-type Ab-WT) was
purchased from American Type Culture Collection (Manassas, VA,
USA). Acinetobacter baumannii OmpA-mutant strains Ab-/AOmpA was
kindly provided by professor Jianrong SU. All bacterial strains were
cultured in Luria-Bertani (LB) broth at 37 °C. Escherichia coli (E. coli)
DH5a, E. coli BL21 (DE3), plasmid mini kit, gel recovery kit, high af-
finity Ni-NTA resin, and CCK8 reagent were purchased from Transgene
Biotech (Beijing, China). pET21a (+) was purchased from Addgene.
Restriction enzymes such as Xhol and Ndel were purchased from NEB.
JNK inhibitors SP600125, 3-MA, Rapamycin, CQ were purchased from
Sigma (Aldrich, St, Louis, MO, USA). LC3 A/B (12741), Beclin-1 (3495),
JNK (9258S), p-JNK (4671S), p38 MAPK (9212), p-p38 MAPK (92115),
p- ERK (14474), ERK (12950), p-c-Jun (9164), Flag (14793), GAPDH
(2118), His-Tag (12688) antibodies and JNK-siRNA (6232) / Control-
siRNA (6568) were purchased from CST (Danvers, MA, USA).
Antibodies p62 (ab56416) and IL-1p (ab9722) were purchased from
Abcam (Cambridge, USA). Anti-rabbit or anti-mouse fluorescent sec-
ondary antibody was purchased from Zhongshan Golden Bridge
Biological Company (Beijing, China). Lysotracker was purchased from
Beyotimes Bio (Shanghai, China). Both mRFP-GFP-tfLC3 and GFP-LC3
plasmids were obtained from Hanheng Biotechnology Corporation
(Wuhan, China). Lipofectamine 3000 was purchased from Invitrogen
(Carlsbad, CA, USA). Apoptosis detection kit was purchased from Kaiji
Biological Company (Nanjing, China). Primers and sequencing were
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synthesized by AuGCT (Beijing, China).
2.2. Cell culture

Mouse macrophage cell line RAW264.7 (ATCC®TIB-71) and human
cervical cancer cell line HeLa (ATCC®CCL-2) were obtained from
American Type Culture Collection (ATCC). Fetal bovine serum and
penicillin were purchased from Gibco (Grand Island, NY, USA).
RAW264.7 cell line was cultured in DMEM complete medium con-
taining 10% fetal bovine serum and 1% penicillin, whereas the HeLa
cell line was cultured in RPMI 1640 complete medium containing 10%
fetal bovine serum and 1% penicillin. Both cell lines were maintained at
37 °C in a humidified atmosphere of 5% CO-.

2.3. Expression and purification of Acinetobacter baumannii OmpA

The OmpA gene (GenBank: 485227) of Acinetobacter baumannii
(ATCC 19606) containing Xhol and Ndel restriction sites was amplified
by PCR. The PCR products were digested with Xhol and Ndel restriction
enzymes prior to ligate with pET21a (+), in order to form an OmpA-
pET21a (+) expression plasmid. After that, the expressed plasmid was
transformed into E. coli BL21. The bacterial cells were collected by
centrifugation, and then dissolved in binding buffer (1 M Tris, 150 mM
NaCl, 0.1% TritionX-114, pH 8.0). The cells were sonicated in ice bath,
followed by centrifugation at 12,000rpm, 4°C for 20 min.
Subsequently, the supernatant was collected and purified by Ni-NTA
affinity chromatography. Endotoxin in OmpA was removed by gel fil-
tration chromatography (High-Capacity Endotoxin Removal Resin,
Pierce, Thermo scientific). The samples were concentrated through ul-
trafiltration centrifugation (2000 MW cut off, Millipore) and stored at
—80 °C. We further detected the LPS contamination in OmpA by using
endotoxin quantitation kit (Endotoxin Detection Kit Limulus
Amebocyte Lysate Kinetic Chromogenic Assay, Bioendo Technology
Inc, Xiamen, China). The level of endotoxin in OmpA was less than 1
EU/ug. Thus, we suggested that the endotoxin in OmpA was very low,
which was suitable for this study. Detection Identification of OmpA
expression was performed using SDS-PAGE and Western blot. The
membranes were incubated with His-tagged antibody overnight, and
then with HRP-conjugated secondary antibodies for 1h. Finally, the
protein bands were visualized using ECL system (Amersham Pharmacia
Biotech).

2.4. Morphological observation and cell viability of OmpA stimulated HeLa
and RAW264.7 cells

The logarithmic growth phases of HeLa and RAW264.7 cells were
seeded in 96-well culture plates at 5 x 10° density in triplicate. DMEM
or 1640 complete medium were added in each well, and then incubated
at 37 °C, in a humidified atmosphere of 5% CO,, for 24 h. After reaching
80% confluency, the cells were treated with different concentrations (0,
5, 10, 20, 40 pg/mL) of OmpA or infected with Ab wild-type / Ab
OmpA-mutant strains (MOI = 10:1) for 24 h. After incubation with 10
ul CCKS8 for 3h at 37 °C, the OD of cells was read at 450 nm, by using a
microplate reader (Tecan, Salzburg, Austria). The cell viability was
calculated as: Cell viability = [OD (OmpA) - OD (blank)] / [OD (un-
treated) - OD (blank)]. RAW264.7 and HelLa cells were stimulated with
10 ug/mL OmpA for 24h, the morphologies of them were observed
under an inverted microscope (Nikon, Tokyo, Japan).

2.5. Apoptotic rates of RAW264.7 and HeLa cells induced by OmpA

Apoptosis was detected using Annexin V-PI Apoptosis Assay kit
(KeyGene BioTECH, Nanjing, China). HeLa and RAW264.7 cells were
seeded in 6-well culture plates at 5 x 10* density. After 24h of in-
cubation, both HeLa and RAW264.7 cell lines were stimulated with
10 pg/ml OmpA for 24 h, followed by washing with PBS buffer for three
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times. A total number of 1 X 10° cells were collected and suspended in
500l of binding buffer. Subsequently, 5pl of Annexin V and
Propidium iodide (PI) were added and incubated for 15 min at room
temperature in the dark. Lastly, the apoptosis rate was detected by
FACS Cantoll flow cytometry (Becton Dickinson, CA). Annexin V + and
PI- were used to measure early apoptosis, while Annexin V + and
PI + for late apoptosis. The sum of these two apoptotic rates was equal
to the total rate of apoptosis. Graphical analysis was carried out using
Flowjo (Treestar).

2.6. Autophagosomes detected by TEM

HeLa and RAW264.7 cells were seeded at 5 X 10 * density in 6-well
culture plates. After 24 h of incubation, both HeLa and RAW264.7 cells
were stimulated with 10 ug/ml OmpA for 24 h. Then, the cells were
centrifuged at 300 g for 5 min. The collected cell pellets were incubated
with 2.5% glutaraldehyde at 4 °C for 2 h, and washed with PBS for three
times. Subsequently, the cells were fixed with 1% osmium tetroxide at
room temperature for 2 h, and washed three times with PBS. The cells
were dehydrated and infiltrated with gradient ethanol of 50%, 70%,
80%, 90% for 10 min in each concentration. Agglutinated cells were
embedded in epoxy resin, and cut into 70 nm thickness by using a
microtome (Leica, Deerfield, II). Finally, the cells were stained with
uranyl acetate and lead nitrate. The prepared sections were subjected to
high-resolution visualization under a transmission electron microscope
(HT7700, Hitachi, Japan).

2.7. Western blotting analysis

HelLa cells and RAW264.7 cells were stimulated by OmpA for dif-
ferent time and concentrations or HeLa cells were infected with Ab
wild-type / Ab OmpA mutant strains (MOI = 10:1) for different time.
Then, these cells were collected and washed three times with PBS
buffer. RIPA lysis solution was used to lyse the cells on ice for 20 min,
followed by centrifugation at 12,000g for 10 min to collect protein
supernatants. BCA kit was used to determine the total protein con-
centration. Electrophoresis was performed on 10% or 15% SDS-PAGE
gels, and transferred the proteins onto 0.22pm or 0.45pum PVDF
membranes (Merck Milipore, Boston, USA). After blocking with 5%
skimmed milk powder at 25 °C for 1 h, the target band was obtained and
incubated overnight with the corresponding primary antibody at 4 °C.
The membrane was washed three times for 10 min with TBST buffer,
followed by the fluorescently-labeled goat anti-rabbit or goat anti-
mouse antibody (diluted 1: 15,000) at room temperature for 1h, the
membrane was washed three times with TBST for 10 min. The detection
of protein expression was carried out by Odyssey® CLx equipment (LI-
COR Biosciences). Finally, the gray values were analyzed by Image J.

2.8. Immunofluorescence staining and transfection of GFP-LC3

The RAW264.7 cells stimulated with 10 ug/ml OmpA for 24 h, then
fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.3%
Triton-X100 for 10 min and blocked for 1 h with 3% BSA. Sequentially,
LC3 A/B antibody (CST 12741) was added and incubated overnight at
4°C. After washing three times with PBS for 5min each, anti-rabbit
secondary antibody (Zhongshan Golden Bridge, China) was added and
incubated at room temperature for 1 h. Nuclei were stained with 1 pg/
ml DAPI. The expression of LC3 in RAW264.7 cells were observed under
a confocal microscopy (TCS SP8, Lecia, US). GFP-LC3 was transiently
transfected into HeLa cells using lipofectamine 3000 (Invitrogen) ac-
cording to the manufacturer’s instructions. After transfection, the cells
were stimulated with 10 ug/ml OmpA or infected with Ab wild-type /
Ab OmpA-mutant strains (MOI = 10:1) for 24 h. Finally, LC3 puncta
were observed by using confocal microscopy. In some experiments,
Hela cells were pretreated with 5mM 3-MA for 2 h or 5 uM Rapamycin
for 6 h before stimulated with 10 pg/ml OmpA for 24 h. Fluorescence
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microscopy (IX-51, Olympus, Japan) or confocal microscopy was used
to detect the LC3 puncta.

2.9. LC3 turnover assay

LC3-turnover assay can identify whether the aggregated autopha-
gosomes in cells are caused by the increase of autophagosomes or by
the degradation barrier of autophagosomes. Lysosomal inhibitor CQ
alters lysosomal pH and inhibits H* and ATPase, thereby preventing
lysosomal acidosis for the inhibition of autophagosome degradation
and the induction of incomplete autophagy (Klionsky et al., 2007). In
the case of complete autophagy, the expression of LC3BII increased
significantly after adding CQ. This observation indicates the normal
process of autophagy degradation. In fact, the enhanced expression of
LC3BII protein reflects the lysosomal degradation of autophagosomes
(Ni et al., 2011). In our experiments, HeLa cells were pre-treated with
50 uM CQ for 6 h and then stimulated with OmpA or Ab wild-type / Ab
OmpA-mutant strains (MOI = 10:1) for 24 h. Western blot was used to
detect the expression levels of LC3BII expression.

2.10. Detection of autophagy flux by mRFP-GFP-tfLC3 and lysotracker
staining

Autophagic process is detected with mRFP (green fluorescent pro-
tein) tandem fluorescent-tagged LC3 (tfL.C3) by using flow cytometry.
GFP proteins are quenched in acidic autolysosomes, while mRFP pro-
teins are expressed relatively stable in the acidic environment of au-
tolysosomes. Only mRFP fluorescence is observed if the autophagic
process appeared to be normal. However, a disturbance of autophago-
somes and lysosomal fusion indicated that both GFP and mRFP fluor-
escence expressed yellow fluorescence, along with co-localization
(Kimura et al., 2007). In our experiment, HeLa cells were seeded on 24-
well plates and cultured for 24h. The mRFP-GFP-tfLC3 reporter
plasmid was transiently transfected into HeLa cells for 24 h by using
lipofectamine 3000. The cells were then be stimulated with OmpA
alone or pre-treated with 5puM Rapamycin or 50 uM CQ for 6 h, fol-
lowed by co-incubation with 10 ug/ml OmpA for 24 h. GFP-LC3 and
mRFP-LC3 puncta were observed by confocal microscopy. In another
experiment, HeLa cells transfected with GFP-LC3 for 24 h were treated
with 10 pg/ml OmpA for 24h. The cells were then incubated with
50 nM Lysotracker red (Beyotime, China) for 30 min and washed three
times with PBS for 5min each step. Finally, the colocalization of GFP-
LC3 with lysosome was observed under a fluorescent microscope.

2.11. RNA interference

Small interfering RNAs targeting JNK was purchased from CST
(Danvers, MA, USA). HeLa cells were transfected with siRNAs by
Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer's instructions. After 48 h of transfection, HeLa cells
were stimulated by 10 pg/ml OmpA for 24 h. Knockdown efficiency was
determined by Western blot analysis. Three independent transfection
experiments were performed.

2.12. Co-immunoprecipitation (Co-IP) analysis

HeLa cells were seeded in 100-mm dishes, when reaching 70%
density, cells were transiently transfected with a total of 13 pug of
pcDNA3.1(+) or pcDNA3.1(+)-Flag-OmpA  plasmids using
Lipofectamine 3000 (Invitrogen). After 48 h of transfection, cells were
harvested and lysed with NP40 lysis buffer (Beyotime, PO013F) for
30 min, followed by centrifugation at 12,000 rpm for 10 min to collect
protein supernatants and then rotated with protein A + G Agarose
(Santa Cruz) for 2h at 4°C to reduce nonspecific binding. After that,
specific primary antibodies [anti-Flag (CST, Cat#14793) / anti-JNK
(CST, Cat#9258S)] and the protein A + G Agarose were added in
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supernatants, then incubated overnight at 4 °C with rotation. The beads-
antibody-antigen complex was collected and washed three times with
washing buffer. Then the beads was boiled at 100 °C for 10 min in 4 X
SDS-PAGE loading buffer and analyzed by WB. Heavy chain inter-
ference in co-immunoprecipitation test was eliminated by IPKine™ HRP
mouse anti-Rabbit 1gG (Abbkine, Inc, China).

2.13. Enzyme—Ilinked immunosorbent assay (ELISA)

Hela cells (1 x 10° cells/well) were incubated with OmpA (10 ug/
ml) for 24 h or infected with Ab wild-type and Ab OmpA-mutant strains
(MOI = 10:1) for 6h, 12h, 18 h and 24 h. At the indicated times su-
pernatant were collected and determined by ELISA with human IL-1(3
kit according to the manufacturer’s instruction (R&D Systems,
Minneapolis, MN). The absorbance of each well was detected by a
microplate reader (Tecan, Salzburg, Austria).

2.14. Statistical analysis

All experimental data were expressed as mean + SEM, and plotted
with Prism 5.0 (GraphPad software Inc., San Diego, CA). Statistical
analysis was performed using SPSS 17.0. Values of P < 0.05 were
considered statistically significant.

3. Results

3.1. Purification of Acinetobacter baumannii OmpA and its effects on HeLa
and RAW264.7 cells apoptosis

High purity OmpA protein was obtained from Ni-column purifica-
tion, and identified by SDS-PAGE and Western blot (Fig. 1A and B). To
determine whether the purified OmpA was biologically active, we first
observed the morphological and nucleus changes of HelLa and
RAW264.7 cell lines after stimulating with 10 pg/ml OmpA for 24 h.
The results demonstrated that both cell lines produced a wide range of
cytoplasmic vacuolation, nucleus condensation and aggregation, as well
as other apoptotic changes after the prolonged exposure to OmpA
(Fig. 1C and D). Then, CCK8 assay was used to examine the inhibitory
effect of OmpA on HeLa and RAW264.7 cells proliferation. The viability
of HeLa and RAW264.7 cells were significantly inhibited by OmpA in a
dose-dependent manner, with an IC50 of approximately 10 pg/ml
(Fig. 1E). Next, OmpA-induced cell apoptosis was assessed by FITC
Annexin V / PI flow cytometry. The results showed that RAW264.7 and
HelLa cells were stimulated by 10ug/ml of OmpA for 24 h could induce
apoptosis, which was significantly higher than that of control group
(Fig. 1F). Additionally, the phenomenon of OmpA-induced HeLa and
RAW264.7 cell apoptosis was observed under transmission electron
microscopy. Upon induction of 10pg/ml OmpA, the morphological
changes such as shrinkage, vacuolization of plasma membrane and
mitochondria, as well as condensation of chromatin were observed in
HeLa and RAW264.7 cells. (Fig. 1G). These results suggest that OmpA
exhibit significant biological activities, including the inhibition of
proliferation and induction of apoptosis in both HeLa and RAW264.7
cells.

3.2. Acinetobacter baumannii OmpA induces autophagy in HeLa and
RAW264.7 cells

Many bacteria and their virulence factors can trigger the cell au-
tophagy (McEwan, 2017; Bah and Vergne, 2017). In order to examine
whether OmpA trigger autophagy in HeLa and RAW264.7 cells, the
following experiments were conducted. First, we observed that the
amount of LC3 puncta in cytoplasm of both cell lines were significantly
increased after treating with 10 ug/ml OmpA for 24 h (Fig. 2A and 2B).
Further, HeLa and RAW264.7 cells were initially treated with 0, 5,
10 pg/ml OmpA for 24 h or 10 pg/ml OmpA for O h, 12 h, 24 h, western
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blotting was used to detect the expression of autophagy proteins LC3B
and p62. The results demonstrated that the expression of LC3BII and
p62 were increased in RAW264.7 and HeLa cells in a time-and dose-
dependent manner (Fig. 2C to F). Besides, Transmission electron mi-
croscopy has been considered as the gold standard for autophagy de-
tection, which can be used to examine the ultrastructure of autopha-
gosomes in cells (Mizushima et al., 2010). We observed that OmpA
triggered HeLa and RAW264.7 cells to produce a typical bilayer (onion-
like) structure of autophagosomes, while both cell lines in the untreated
group remained intact with healthy endoplasmic reticulum and mi-
tochondria. Thus, these findings indicate that autophagy is induced by
OmpA (Fig. 2G). To evaluate the autophagic capability of OmpA in
HelLa cells, we established a GFP-OmpA transient HeLa cells line was
established to assess the effect of OmpA overexpression on autophagy in
HeLa cells. First, the expression of OmpA in HeLa cells was detected by
Western blot, and the results confirmed that OmpA was successfully
overexpressed in HeLa cells. Furthermore, OmpA overexpression sig-
nificantly increased the expression levels of LC3BII, p62 and Beclin-1,
which consistent with the results of p62 expression obtained from
OmpA-stimulated HeLa cells (Fig. 2H). Collectively, these results sug-
gest that OmpA can trigger autophagy in both HeLa and RAW264.7
cells, but may be limited to incomplete autophagy.

3.3. Interference of autophagosome and lysosomal fusion by Acinetobacter
baumannii OmpA induces incomplete autophagy in HeLa cells

To further verify whether OmpA can trigger the incomplete autop-
hagy, CQ was used to capture the process of autophagy. CQ is a drug
that inhibits the fusion of autophagosomes and lysosomes, and induces
the incomplete autophagy. There was no significant increase of LC3BII
expression after the co-incubation of OmpA with 50 uM CQ, indicating
that OmpA might induce incomplete autophagy in HeLa cells (Fig. 3A).
Lysotracker staining revealed that GFP-LC3 was not co-localized with
lysosomes, suggesting that autophagosomes were not fused with lyso-
somes (Fig. 3B). Detection of autophagy with mRFP-GFP-tfLC3 showed
that Rapamycin induced the complete autophagy in HeLa cells, by
upregulating mRFP expression and downregulating GFP expression.
Meanwhile, CQ could induce the simultaneous expression of mRFP and
GFP fluorescence, through the colocalization of bright yellow fluores-
cence. However, the intensities of mRFP and GFP fluorescence in
OmpA-stimulated group were similar to those in CQ-treated group,
indicating that OmpA inhibited the fusion of autophagosome and ly-
sosome (Fig. 3C). These results suggest that OmpA disrupts the autop-
hagosome maturation of Hela cells and interferes with the fusion of
lysosomes, in order to trigger incomplete autophagy.

3.4. Acinetobacter baumannii OmpA induces HeLa cell autophagy via
MAPK/JNK signaling pathway

MAPK signaling pathway involving p38, JNK and ERK plays an
important role in cell proliferation and apoptosis, as well as autophagy
(Dhillon et al., 2007; Zhou et al., 2015a,b). Western blotting was used
to determine whether MAPK/JNK signaling pathway is associated with
OmpA-induced HeLa cell autophagy. The results demonstrated that
overexpression of OmpA in HeLa cells or stimulation of HeLa cells with
OmpA could promote the phosphorylation levels of JNK, p38, ERK and
c-Jun. (Fig. 4A and B). Subsequently, we co-treated HeLa cells with
10 uM of JNK-specific inhibitor SP600125 and 10 pg/ml OmpA for 24 h.
Our findings revealed the phosphorylation levels of JNK, p38, ERK, c-
Jun as well as the expression of LC3BII and Beclin-1 were decreased in
co-treated group compared to OmpA alone group (Fig. 4C). Moreover,
the viability of HeLa cells in co-treated group was significantly lower
than OmpA alone group (Fig. 4D). To exclude the possibility that the
autophagy inhibition by SP600125 was the result of a nonspecific drug,
we examined the effect of siRNA-mediated JNK knockdown on OmpA-
induced autophagy in HeLa cells. Western blotting showed that si-JNK
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significantly inhibited the total JNK and the phosphorylation levels of
JNK and c-Jun. The expression of LC3B stimulated by OmpA was in-
hibited by si-JNK treatment, and the accumulation of p62 was also
significantly reduced (Fig. 4E). We further identified the interaction

Fig. 1. Purification of OmpA of
Acinetobacter baumannii and its leads to
HeLa and RAW264.7 cells apoptosis. (A):
Identification of OmpA expression by SDS-
PAGE. (B): Identification of OmpA ex-
pression by Western blot. (C): The cell
morphologic change of HeLa and
RAW264.7 cells treated with 10pg/ml
OmpA for 24 h (Magnification x 20). (D):
DAPI staining showed that the nuclear
morphological changes of Hela and
RAW264.7 cells with 10 ug/ml OmpA for
24 h, Scale bar: 20 um. (E): The survival
rate of HeLa and RAW264.7 cells treated
with 0, 5, 10, 20, 40 ug/ml OmpA for
24 h, which expressed as mean = SEM
(n = 3), *p < 0.05 vs control group. (F):
The apoptosis rate of HeLa and RAW264.7
cells treated with 10pug/ml OmpA for
24 h, which detected by flow cytometry.
The apoptosis rate was summarized as a
histogram, *p < 0.05 vs control group.
(G): Detection of apoptosis induced by 10
ug/ml OmpA stimulation for 24 h in HeLa
and RAW264.7 cells by transmission
electron microscopy.

between OmpA and JNK by co-immunoprecipitation and immuno-
fluorescence. As a result, we observed that p-JNK could enter into the
nucleus after pcDNA3.1-flag-OmpA transfection into HeLa cells at 48 h
by laser confocal microscopy. Meanwhile, we also found the co-
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Fig. 2. Acinetobacter baumannii OmpA induces autophagy in HeLa and RAW264.7 cells. (A): Confocal microscopic detection of LC3 levels in 10 pg/ml OmpA
stimulated or not stimulated RAW264.7 cells for 24 h, Scale bar: 10 pm. (B): Confocal microscopy was used to examine GFP-LC3 levels in 10 pg/ml OmpA stimulated
or not stimulated HeLa cells for 24 h, Scale bar: 10 pm. (C-D): RAW264.7 and HelLa cells stimulated by 10 ug/ml OmpA for Oh, 12h and 24 h respectively. The
expression levels of LC3B and p62 were detected by western blot. GAPDH was used as an internal control, *p < 0.05 vs control group. (E-F): RAW264.7 and HeLa
cells were stimulated with 0, 5, 10 pg/ml OmpA for 24 h. The expression levels of LC3B and p62 were detected by Western blot analysis. GAPDH was used as an
internal control, *p < 0.05 vs control group. (G): Transmission electron microscopy showed that 10 pg/ml OmpA stimulates HeLa and RAW264.7 cells for 24 h to
induce autophagosome formation. The black arrows indicated typical autophagosomes. (H): Western blot was used to detect the expression levels of GFP-OmpA,
LC3B, p62 and Beclin-1 in HeLa cells after transfection with GFP-OmpA plasmid for 48 h, GAPDH was used as an internal control, *p < 0.05 vs control group.

localization of OmpA and endogenous JNK in cytoplasm and nuclear
periphery (Fig. 4F-G). Similarly, co-immunoprecipitation results
showed that OmpA could directly interact with JNK in HeLa cells
(Fig. 4H). Based on these results, we believe that OmpA triggers an
autophagy in HelLa cells via MAPK/JNK signaling pathway.

3.5. Acinetobacter baumannii OmpA is a key protein that cause incomplete
autophagy in HeLa cells

In order to further confirm the effects of Acinetobacter baumannii
OmpA on incomplete autophagy of HeLa cells, The HeLa cells were
infected with Ab wild-type strain (Ab-WT) and Ab OmpA mutant strains
(Ab-/AOmpA) (MOI = 10:1) for different times, Western blot showed
that the expression of LC3B in HeLa cells was significantly increased
after infected with Ab-WT and Ab-OmpA. Next, We found that the level
of p62 in HeLa cells infected with Ab-WT was significantly increased
gradually with the time. Meanwhile, the level of p62 in Ab-/AOmpA
stimulation group was decreased in a time-dependent manner
(Fig. 5A-B). Further, we infected HeLa cells with Ab-WT and Ab-
/A\OmpA after treatment with lysosomal degradation inhibitor CQ, and
then detected the expression of LC3B-II. As a result, the LC3B-II level

was no significant difference in Ab-WT infected group. But, turnover of
LC3B-I to LC3B-II was increased in Ab-/AOmpA infected group com-
pared with Ab-WT infected group (Fig. 5C-D). In order to further de-
monstrate the role of OmpA on blocking the fusion of autophagosome
and lysosomes, we transfected HeLa cells with GFP-LC3 and then in-
fected with Ab-WT and Ab-/AOmpA for 24 h. After that, we stained the
LysoTracker red probe to trace lysosomes. Immunofluorescence results
showed that GFP-LC3 could not co-localize with LysoTracker red in Ab-
WT infected HeLa cells, which indicated that fusion of autophagosomes
with lysosomes was interrupted. In contrast, GFP-LC3 colocalized with
LysoTracker red in HeLa cells infected by Ab-/AOmpA (yellow puncta),
which proved that Ab-/AOmpA led to the fusion of autophagosome and
lysosome. Moreover, Fusion of autophagosomes and lysosomes en-
closed by Ab-WT could be restored by Rapamycin. (Fig. 5E). Further,
we detected the difference of IL-1 secretion and cell viability of HeLa
cells between Ab-WT and Ab-/\OmpA infected. The results showed that
IL-1p secretion of HeLa cells was increased after infected with Ab-WT
and Ab-/AOmpA. Nevertheless, compared with the Ab-WT infected
group, the secretion of IL-1f3 in the Ab-OmpA infected group was sig-
nificantly reduced, thus improving the survival rate of HeLa cells.
(Fig. 5F-G). Taken together, these results indicate that Acinetobacter

102



Z. An et al.

A
cQ - - + + 1.5
OmpA! i + + - *
e T
| g 1.04
[7) ns
- e |
s
GAPDH 3 % 0.54
: ¢
0.0-
LC3BII p62
B GFP-LC3 Lysotracker Merge

OmpA

International Journal of Medical Microbiology 309 (2019) 97-107

Cc GFP-LC3 RFP-LC3 Merge
3 Control
3 OmpA
Control
OmpA+CQ
I CQ
Rapamycin
cQ
OmpA
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OmpA for 24 h. The expressions of LC3 and p62 were detected by western blot. GAPDH was used as an internal control, *p < 0.05 vs control group, ns: non-
significant. (B): HeLa cells were transfected with GFP-LC3 plasmid for 24 h and then induced by 10 pg/ml OmpA for 24 h. The co-localization of GFP-LC3 (green) and
LysoTracker (red) was detected by fluorescence microscopy, Scale bar: 10 pm. (C): mRFP-GFP-tfLC3 plasmids were transfected into HeLa cells for 24 h, pre-treated
with 5 uM Rapamycin or 50 uM CQ for 6 h and then induced by 10 pg/ml OmpA for 24 h. Confocal microscopy analysis of autophagy flux showed mRFP ™ GFP ™" as
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legend, the reader is referred to the web version of this article).

baumannii OmpA is a key virulence protein that trigger incomplete
autophagy in HeLa cells by inhibiting the fusion of autophagosome with
lysosomes. In addition, Ab-/AOmpA infect HeLa cells revert to complete
autophagy, which is conducive to IL-1B clearance and improve cell
viability.

3.6. The effects of 3 MA and Rapamycin on Acinetobacter baumannii
OmpA induces IL-1f3 expression in HeLa Cells

The clearance of damaged organelles by autophagy is crucial for
controlling excessive accumulation of inflammatory cytokines
(Abdelaziz et al., 2015). We investigated whether the substitution of
OmpA with 3-MA or Rapamycin can affect the activation of in-
flammatory cytokines in HeLa cells. 3-MA is a phosphatidylinositol 3
kinase (PI3K) kinase inhibitor that blocks the formation of autopha-
gosome and inhibits autophagy. Rapamycin is an mTOR inhibitor that
induces complete autophagy by increasing LC3BII expression and de-
creasing p62 expression (Mizushima et al., 2010). Our results showed
that the cell viability was significantly decreased in 5mM 3-MA and
OmpA co-stimulation group compared to OmpA treatment group. On
the contrary, cell viability was significantly increased in 5puM Rapa-
mycin and OmpA co-stimulation group compared to OmpA treatment
group. Moreover, Rapamycin treatment alone exhibited no significant
effect on the proliferation of HeLa cells (Fig. 6A). In addition, Western
blotting analysis revealed that the expression levels of LC3BII were
significantly lower in 3-MA treatment and OmpA co-stimulation groups
than those in OmpA-stimulation group. However, no significant change
was observed for the expression level of p62. Furthermore, the ex-
pression level of IL-13 p17 was slightly increased compared to OmpA
treatment group after autophagy inhibition (Fig. 6B). On the contrary,
the expression levels of LC3BII were significantly higher in 5uM Ra-
pamycin and OmpA co-stimulation group than those in OmpA treat-
ment group. Concurrently, the expression levels of p62 and IL-13 p17
were significantly decreased. The results further indicated that Rapa-
mycin could restore the autophagy flux and significantly decreased IL-
1B p17 expression (Fig. 6C). Immunofluorescence staining revealed that
the number of LC3 puncta were significantly lower in 3-MA and OmpA
co-stimulation groups compared to OmpA treatment group. In contrast,
the number of LC3 puncta were significantly increased in both
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Rapamycin and OmpA co-stimulation group compared to OmpaA treat-
ment group, which was consistent with the results of Western blotting
(Fig. 6D). In order to examine OmpA-induced IL-1( secretion, HeLa
cells were treated with 10 ug/ml OmpA for 24 h, then the secretion of
IL-1p was detected by ELISA. The production of IL-13 was significantly
increased by OmpA stimulation. Moreover, we found that Rapamycin
could significantly inhibit the secretion of IL-1f, whereas 3-MA could
significantly enhance the secretion of IL-1B (Fig. 6E). Taken together,
we believe that autophagy of HelLa cells is inhibited by 3 MA, which
enhances the inflammation reaction induced by OmpA and decreases
the survival rate of HeLa cells. Rapamycin activates autophagy and
reduces OmpA-mediated inflammation reaction, in order to protect
against cellular damage in HeLa cells.

4. Discussion

This study confirmed that Acinetobacter baumannii OmpA induced
apoptosis and autophagy in RAW264.7 and HeLa cells. However, OmpA
increased p62 accumulation and interfered with the fusion of autop-
hagosomes and lysosomes, leading to incomplete autophagy.
Furthermore, The interaction between OmpA and JNK made the JNK
phosphorylated and translocated into the nucleus. Inhibition of JNK
signaling pathway significantly inhibited OmpA-mediated autophagy
and decreased the expression of LC3B, Beclin-1 and accumulation of
p62. Ab wild-type strains carrying OmpA triggered incomplete autop-
hagy to enhance more production of the IL-13. However, Ab-/AOmpA
strain (OmpA gene mutation) restored autophagic flux, thereby redu-
cing the accumulation of p62 and the release of IL-1f3 in HeLa cells.
Rapamycin activated autophagy of HeLa cells and inhibited OmpA-
mediated IL-1Bsecretion and inflammatory damage. In sum,
Acinetobacter baumannii OmpA causes incomplete autophagy and pro-
motes the IL-1f3 release, which is regulated by JNK signaling pathway.

Many intracellular bacteria can trigger an autophagic response in
host cells through autophagy, in order to eliminate other pathogens and
maintain cellular homeostasis (Kimmey and Stallings, 2016). However,
bacteria survived from autophagy may release specific the virulence
factors to escape from autophagosome capture, by destroying autop-
hagic vesicles and inhibiting ubiquitination. Otherwise, some bacteria
can be protected from degradation, by interfering the fusion of
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Fig. 4. Acinetobacter baumannii OmpA induces autophagy in HeLa cells via MAPK/JNK signaling pathway. (A): Western blot for the detection total of JNK, p38, ERK
and JNK, p38, ERK, c-Jun phosphorylation levels in HeLa cells treated with 10 ug/ml OmpA for O0h,12h and 24h. GAPDH was used as an internal control,
*p < 0.05, **p < 0.01vs control group. (B): Western blot for the detection of JNK, p38, ERK and c-Jun phosphorylation levels after over-expression of OmpA in
HelLa cells for 48 h. GAPDH was used as an internal control, *p < 0.05 vs control group. (C): The expression of p-JNK, p-p38, p-ERK, p-c-Jun, LC3B and Beclinl in
Hela cells co-treated with 10 uM SP600125 and 10 pg/ml OmpA, which detected by using Western blot. *p < 0.05 vs OmpA group. (D): The inhibitory effect of
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dependent experiments, **p < 0.01 compared with OmpA + si Control group. (F): HeLa cells were transfected with pcDNA3.1-Flag-OmpA for 48 h and the ex-
pression of p-JNK was determined by Confocal microscopic. Confocal microscopic analysis indicated the OmpA triggered JNK phosphorylation as well as nucleus
translocation in HeLa cells, Scale bar of empty vector group: 10 pm, Scale bar of OmpA transfection group: 20 um. (G): Co-localization of OmpA with JNK. HeLa cells
were transfected with pcDNA3.1(+) or pcDNA3.1-Flag-OmpA for 48 h. These cells were fixed and immune-stained with the anti-JNK as well as anti-Flag antibodies,
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of the references to colour in this figure legend, the reader is referred to the web version of this article).

autophagosomes with lysosomal compartment (Miller and Celli, 2016). study found that OmpA could continuously activate p-JNK, p-ERK, p-
For instance, Yersinia pestis blocks the fusion of autophagosomes with p38 and p-c-Jun within 24 h. We think that this discrepancy may be due
lysosomes and promotes its replication in autophagic vesicles (Pujol to the different cell lines or experimental conditions used between the
et al, 2009). Besides, Listeria monocytogenes lyses autolysosome two studies. Recent studies have shown that MAPK/JNK signaling
membranes via its virulence factor listeriolysin O LLO, allowing it to be pathway regulates autophagy gene expression by activating down-
released into the cytoplasm for proliferation and culminates in cell stream transcription factors c-Jun, c-Fos and FoxO. This signaling

death (Vdovikova et al., 2017). Additionally, T3SS of Salmonella typhi pathway plays an important role in autophagy regulation (Byun et al.,
inhibits the formation of autophagosome by activating mTOR (Owen 2009; Puissant et al., 2010; Zhou et al., 2015a,b). Our data showed that

et al.,, 2014). In the present study, we found that Acinetobacter bau- OmpA promoted p-JNK translocation into nucleus, which led to phos-
mannii OmpA induced the expression of LC3B in HeLa and RAW264.7 phorylation of transcription factors c-Jun to trigger autophagy. Inhibi-
cells, in a time-and dose-dependent manner. However, as a ligand of tion of JNK signaling pathway significantly reduced the phosphoryla-
LC3B, p62 expression was not correlated with LC3B expression. The tion of JNK and c-Jun, and then inhibited the expression of LC3B and
expression of p62 did not decrease as the expression of LC3B increase. Beclin-1. More importantly, the accumulation of p62 was also de-
Furthermore, we confirmed that OmpA was able to inhibit autopha- graded. We initially reveal the interaction between JNK and autophagy
gosome maturation, promoted incomplete autophagy. in Acinetobacter baumannii OmpA stimulated HeLa cells.
Mitogen-activated protein kinase (MAPK) / JNK signal pathway Although our research confirmed that both Ab-WT and Ab- AOmpA
plays a role in many basic cellular processes, such as proliferation, could cause autophagy in HeLa cells. But, Ab-WT blocked p62 de-
differentiation, stress response, apoptosis and survival (Arthur and Ley, gradation and prevented autophagosome and lysosome fusion, resulting
2013; Cargnello and Roux, 2011). As early as 2008, Kim reported that in an incomplete autophagy. Nevertheless, Ab-/AOmpA could restore
Acinetobacter baumannii OmpA can activate MAPK/JNK signaling autophagic maturation. These results suggest that OmpA plays a key
pathway. However, the OmpA used in their study only activated p-JNK, role in the induction of incomplete autophagy, other virulence proteins
p-ERK and p-p38 at 8 h, but with the prolongation of stimulation time may synergistically contribute to this process in Acinetobacter baumannii
(12h, 24h), the activation gradually weakened, and even had a sig- infection. In addition, Wang et al. have shown that Acinetobacter bau-
nificant inhibitory effect compared with the non-stimulation group. Our mannii can induce a complete autophagy in HeLa cells. This is contrary
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Fig. 5. Acinetobacter baumannii OmpA is a key protein that causes incomplete autophagy in HeLa cells (A): HeLa cells were infected with Ab wildtype strain (Ab-WT)
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culture supernatants were determined by ELISA. **p < 0.01 compared with the control group. #p < 0.05 compared with the Ab-WT group. (G): HeLa cells were

infected by Ab-WT and Ab-/AOmpA for 24 h. The cell viability was detected by CCK8. The results were expressed as mean

+ SEM (n = 3), *p < 0.05 vs Ab-WT (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

to our conclusion. We think the reason for this discrepancy may be due
to the different strains used in the two studies. This difference suggests
that different strains of Acinetobacter baumannii may have different
ways in their physiological activities. Moreover, Wang's study only used
Acinetobacter baumannii to stimulate HeLa cells for 3 h without further
prolong the observation time and the p62 degradation in their experi-
ments is not statistically different. Their conclusion that Acinetobacter
baumannii causes complete autophagy in HeLa cells is somewhat far-
fetched. This difference remains to be studied in the future.
Inflammatory cytokines released by host immune cells may play a
protective role in the body's defense against bacterial infections, but
excessive inflammation can exert an adverse effect on human health
(Kim et al., 2015; Li et al.,, 2016). The secretion and release of in-
flammatory cytokines are regulated by autophagy, whereas autophagy
inhibition weakens its control of inflammatory cytokine release, and
thus leads to an uncontrollable systematic inflammatory response
(Harris, 2011). This study demonstrated that the autophagy activity
was interrupted by OmpA and induced by the massive release of in-
flammatory cytokine IL-1B pl7. Moreover, Acinetobacter baumannii
carrying OmpA (OmpA-positive strain) could inhibit autophagic flux,
led to excessive IL-1f3 production and reduced cell viability. In contrast,
Ab-/AOmpA infection restored autophagy flux, the secretion of IL-1B
was significantly degraded by autophagy, which helped host cells to
limit and remove inflammatory factors, the cell survival rate was sig-
nificantly improved. Therefore, we believe that the interference of
OmpA on autophagic clearance is the key factor that causes the

accumulation of IL-13 and cell damage. These findings provide new
evidence on how Acinetobacter baumannii activates the severe systemic
inflammatory reaction.

The overexpression of autophagy proteins may contribute to the
uncontrollable proliferation of bacteria and trigger more severe in-
flammatory reaction. Several essential proteins are involved in autop-
hagic pathways and knockdown of these key autophagy proteins with
siRNA can actually inhibit the autophagy formation. Likewise, the use
of certain chemical drugs play important roles in controlling bacterial
proliferation, inhibiting inflammatory response and promoting autop-
hagy (CadwellK., 2016). For instance, Rapamycin stimulates autop-
hagy, suppresses lung inflammation and reduces the symptoms of
pneumonia in experimental mice (Abdulrahman et al., 2011). Rapa-
mycin also blocks Mycobacterium tuberculosis-induced proliferation and
differentiation into myofibroblasts, and thus inhibits the development
of pulmonary fibrosis (Verma et al., 2016). In this study, we demon-
strated that Rapamycin activated autophagy, protected against Acine-
tobacter baumannii OmpA-stimulated incomplete autophagy, down-
regulated IL-1[3 p17 expression and reduced IL-1p release in HeLa cells.
Taken altogether, these data suggest that Rapamycin may reverse in-
complete autophagy caused by Acinetobacter baumannii OmpA, which is
thus conducive to reducing OmpA-mediated cellular inflammation.

5. Conclusions

The findings of the present study indicated that Acinetobacter
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