
Stenotrophomonas maltophilia (S. maltophilia) is a common 
opportunistic pathogen in intensive care units and causes in-
fections most often after surgeries in immune-compromised 
patients such as those undergoing chemotherapy. Outer mem-
brane protein A (OmpA) is the most abundant of the outer 
membrane proteins in S. maltophilia. Previous studies on 
OmpA usually focus on its interaction with the host cells and 
its role in vaccine development. However, the impact of 
OmpA on the virulence of S. maltophilia to host cells and 
the effects on apoptosis remain unclear. In this study, we ex-
posed purified recombinant S. maltophilia OmpA (rOmpA) 
to HEp-2 cells and investigated the effects of OmpA on epi-
thelial cell apoptosis. Morphologic and flow cytometric an-
alyses revealed that HEp-2 cells stimulated with rOmpA mul-
tiple apoptosis features, including nuclear roundness and pyk-
nosis, chromatin aggregation, and phosphatidylserine ever-
sion. We found that rOmpA regulated the protein levels of 
Bax and Bcl-xL in HEp-2 cells, leading to changes in mito-
chondria permeability and the release of cytochrome c and 
apoptosis-inducing factors into the cytoplasm. These sub-
sequently activate the caspase-9/caspase-3 pathway that pro-
mote apoptosis. We also observed that rOmpA enhanced the 
generation of reactive oxygen species and increased intra-
cellular Ca2+ levels in HEp-2 cells. Collectively, our data sug-
gested that rOmpA induced epithelial cells apoptosis via mi-
tochondrial pathways.
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Introduction

Stenotrophomonas maltophilia (S. maltophilia) is a non-fer-
menting and obligately aerobic Gram-negative bacteria that 
is widely distributed in nature and resides in the human res-
piratory tract and feces. It has been well recognised as a com-
mon opportunistic pathogen in the clinic (Lee et al., 2014; Li 
et al., 2017a). Recently, it has been reported that the preva-
lence of S. maltophilia infection in intensive care units has 
been increasing continuously (Chang et al., 2012). Outer mem-
brane protein A (OmpA) is a unique protein on the surface or 
embedded in the cell membrane of Gram-negative bacteria 
and is closely associated with the development of bacterial 
infection and the activation of host immune response (March 
et al., 2011; Li et al., 2019). Previous studies have suggested 
that the pathogenicity of S. maltophilia may be associated with 
OmpA-medicated adhesion to the host cells and the conse-
quent stimulation of host cell apoptosis (Gaddy et al., 2009; 
Zhang et al., 2010).
  The impact of OmpA on host cell apoptosis varies greatly 
depending on the differences in the secondary structure of 
OmpA. Previous studies found that A. baumannii OmpA in-
duces Hela cells autophagy by activating the MAPK/JNK sig-
nalling pathway (An et al., 2019). Similarly, researchers have 
reported that A. baumannii OmpA stimulates epithelial and 
dendritic cell apoptosis (Choi et al., 2005, 2008; Lee et al., 
2010) and have found that Leptospirosis Loa22, a member of 
the OmpA family, triggers apoptosis of A549 cells (Wu et al., 
2011). In contrast to these findings, E. coli K1 OmpA inhibits 
host cell apoptosis (Sukumaran et al., 2004).
  The role of mitochondria in apoptosis has been well-des-
cribed. A key event in the mitochondrial pathway to apop-
tosis is the permeabilisation of the mitochondrial outer mem-
brane. The outer mitochondrial membrane may be affected 
by adverse factors, leading to the leakage of mitochondrial 
membrane proteins such as cytochrome c and apoptosis-in-
ducing factor into the cytoplasm. The release of cytochrome 
c activates caspase-9, which in turn activates caspase-3 and 
initiates apoptosis (Elmore, 2007; Pistritto et al., 2016). Bcl-2 
family proteins include pro-apoptotic proteins and pro-sur-
vival proteins that promote or prevent apoptosis by gover-
ing permeabilisation of the outer mitochondrial membrane. 
The pro-survival proteins (Bcl-2 and Bcl-xL) prevent the trans-
location of cytochrome c from the mitochondria while the 
pro-apopotic proteins (Bax and Bak) enhance cytochrome c 
release (Birkinshaw and Czabotar, 2017). In addition, pro- 
survival proteins surpress the formation of reactive oxygen 
species (ROS) and the generation of Ca2+ (Zhao et al., 2016). 
Therefore, we investigated the role of mitochondrial path-
ways in S. maltophilia OmpA-induced apoptosis in this study.
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  Respiratory tract infections are a major cause of morbid-
ity and mortality in intensive care units and most commonly 
involve the lower airways, which are preceded by bacterial 
colonisation of the upper airways. Similar to other oppor-
tunistic pathogens, S. maltophilia invasion of the upper res-
piratory tract promotes bacterial colonisation. Upper respi-
ratory tract colonisation not only causes disease, but also drives 
the evolution of these opportunistic pathogens (Siegel and 
Weiser, 2015). Therefore, we employed human laryngeal epi-
thelial HEp-2 cells to investigated the molecular mechanisms 
of apoptosis induced by S. maltophilia OmpA. HEp-2 cell is 
derived from epithelial laryngeal carcinoma cells, which is 
widely used in studies evaluating cellular proliferation, mi-
gration, and apoptosis (Lopes et al., 2020).

Materials and Methods

Bacterial strains
The bacteria strain S. maltophilia K279a was used in this 
study due to the availability of the entire genome sequence, 
which is representative of this species. The bacteria were 
grown in lysogeny broth (LB) and kanamycin-resistant Esche-
richia coli (E. coli) BL21 (DE3) was used for recombinant 
protein production.

Regents and antibodies
Alexa Fluor® 647 Protein Labeling Kit was purchased from 
Thermo Fisher Scientific. Staurosporine (ST) was purchased 
from ChengZhu Biotechnology. Annexin V conjugated to APC, 
prodidium Iodide (PI) staining solution, and 10× Annexin V 
Binding Buffer were purchased from BD Biosciences. TMRE- 
Mitochondrial Membrane Potential Assay Kit was purchased 
from Abcam. Mitochondria/Cytosol Fraction Kit was pur-
chased from BioVision. ROS assay kit was purchased from 
Beyotime. Fluo-3, AM molecular probe was purchased from 
Solarbio Biotechnology. DAPI was purchased from Beyotime 
Biotechnology. Purified His-tagged recombinant S. malto-
philia OmpW (rOmpW) and rabbit anti-rOmpA serum were 
obtained from the previous study (Xu et al., 2018; Li et al., 
2019). Bax (sc-20067), Bcl-xL (sc-136207), cytochrome c (sc- 
13156), AIF (sc-55519), caspase-3 (sc-7272), PARP (sc-53643), 
and β-actin (sc-81178) antibodies were purchased from Santa 
Cruz. Caspase-9 (9502s) antibody was purchased from Cell 
Signaling Technology. Goat IRDye680RD-labelled anti-rab-
bit IgG antibody was purchased from LI-COR Biosciences.

Preparation of S. maltophilia strain K279a outer membrane 
proteins
S. maltophilia K279a was inoculated in 5 ml LB medium, 
which was cultured overnight at 37°C with constant shaking. 
On the second day, it was transferred to 500 ml LB medium 
at 1:100 for expansion to an optical density (OD)600 nm of 
1.0 and subsequently sonicated and centrifuged at 3,000 × g 
for 20 min to remove unlysed bacteria. The supernatant con-
taining cytoplasmic and extracellular bacterial components 
was centrifuged at 100,000 × g at 4°C for 1 h. The supernatant 
with cytoplasmic components was removed. The pellet was 
then resuspended with 10 ml Tris-Mg buffer (10 mM Tris- 

HCl and 5 mM MgCl2; pH 7.3) containing 2% sodium lauryl 
sulphate and incubated in the chamber for 20–30 min at 
room temperature to solubilise the inner membrane. Then 
the suspension was centrifuged at 100,000 × g at 4°C for 1 h. 
The supernatant was fully removed and the precipitate con-
taining the outer membrane proteins was resuspended with 
0.1–0.2 ml ddH2O according to the precipitation volume.

Preparation of recombinant OmpA
Escherichia coli BL21 were cultured in LB at 37°C overnight 
and harvested. On the next day, the bacteria were grown in 
LB medium supplemented with 50 μg/ml kanamycin at 37°C 
until an OD600 nm of 0.4–0.6. rOmpA expression was in-
duced by 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) 
(Sigma) at 30°C for 6 h. The bacteria were centrifugated at 
12,000 rpm at 4°C for 20 min. Subsequently, the supernatant 
was collected and purified by a HiTrap Chelating HP column 
(GE Healthcare). Detection of rOmpA expression was per-
formed by western blot.

Cell culture
HEp-2 cells were grown in RAMI 1,640 medium (Gibco) 
supplemented with 10% foetal bovine serum (HyClone), 2 
mM L-glutamine, 1,000 U/ml penicillin G, and 50 μg/ml strep-
tomycin at 37°C in a 5% CO2 incubator. Confluent growth 
was obtained in 100 mm-diameter dishes and the cells were 
routinely passaged every 3 days.

Fluorescent protein labelling
Protein labelling was performed using an Alexa Fluor® 647 
Protein Labeling Kit (Thermo Fischer Scientific). We added 
50 μl 1 M sodium bicarbonate (pH 8.3) to 0.5 ml 1 mg/ml 
rOmpA protein solution and 1 mg/ml BSA and 1 mg/ml 
rOmpW were used as controls. Alexa Fluor® 647 dye was 
warmed to room temperature and the protein solution was 
added in a 20:1 ratio. The mixture was covered and stirred 
for 1 h at room temperature. HEp-2 cells were seeded in 6- 
well culture dishes at a density of 1 × 105 cells/well. After 48 h 
of incubation, the cells were treated with 30 μg/ml labelled 
BSA, 10 μg/ml labelled rOmpA, 30 μg/ml labelled rOmpA, 
or 30 μg/ml labelled rOmpW for 4 h. Then, the cells were 
washed three times in PBS and centrifuged at 1,000 × g for 
5 min. The samples were resuspended in PBS and fluores-
cence was detected by an Accuri-C6-Plus flow cytometer (BD 
Biosciences). Data were analysed using FlowJo.

Confocal microscopy
HEp-2 cells were seeded in 4-well chamber slide with re-
movable wells (Thermo Fisher Scientific) at a density 5 × 104 

cells per well. After 48 h of incubation, the cells were treated 
with PBS, 0.1 μM ST, 10 μg/ml rOmpA, 30 μg/ml rOmpA, 
or 30 μg/ml heat-inactivated rOmpA. The lower concentra-
tion of ST induces specific cell cycle effects and blocks cells 
in the G1 or G2 phase, thereby induce apoptosis. We used 0.1 
μM ST as the apoptosis-positive control in our study. Nuclear 
changes such as chromatin condensation and nuclear frag-
mentation were analysed by staining with DAPI (Molecular 
Probes). After the cells were treated for the indicated times, 
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they were fixed in 3% paraformaldehyde and stained with 
10 mg/ml DAPI for 10 min in the dark. The stained cells 
were observed using a confocal microscope (Olympus).

Transmission electron microscopy
HEp-2 cells were seeded in 6-well culture dishes at a density 
of 1 × 105 cells/well. After 48 h of incubation, we treated the 
cells with PBS, 0.1 μM ST, or 30 μg/ml rOmpA. After the cells 
were treated for the indicated times and washed three times 
in PBS, the cells were centrifuged at 3,000 × g for 5 min and 
fixed with 2.5% glutaraldehyde at 4°C. Then the cells were 
washed three times in PBS, and fixed for 1.5 h with 1% os-
mium tetroxide at room temperature. The samples were de-
hydrated in a series of ethanol concentrations and embedded 
in in epoxy resin. Sections of 60 nm thickness were obtained 
using a microtome (Leica) and stained with uranyl acetate 
and lead citrate. The sections were analysed using an HT7000 
transmission electron microscope (Hitachi).

Apoptosis
HEp-2 cells were seeded in 12-well culture dishes at a den-
sity of 5 × 104 cells/well. After 48 h of incubation, the cells 
were treated with PBS, 0.1 μM ST, 10 μg/ml rOmpA, 30 μg/ml 
rOmpA, or 30 μg/ml heat-inactivated rOmpA. After 8 h, the 
cells were washed three times in PBS and centrifuged at 1,000 
rpm for 5 min and resuspended in 400 μl binding buffer (BD 
Biosciences). We added 5 μl annexin V-APC and PI to each 
sample by gentle mixing and incubated the samples for 30 
min in the dark at room temperature. Fluorescence was de-
tected by flow cytometry and analysed using FlowJo.

Mitochondrial transmembrane potential
HEp-2 cells were seeded in 12-well culture dishes at a den-
sity of 5 × 104 cells/well. After 48 h of incubation, the cells 
were treated with PBS, 0.1 μM ST, 10 μg/ml rOmpA, 30 μg/ml 
rOmpA, or 30 μg/ml heat-inactivated rOmpA. After 8 h, the 
cells were washed three times in PBS and centrifuged at 1,000 
rpm for 5 min. The positive depolarisation control group 
was exposed to 50 μM carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone (FCCP) and incubated at 37°C for 10 min 
in the dark and all samples were stained with 100 nM tetra-
methylrhodamine ethyl ester (TMRE) and incubated at 37°C 
for 10 min in the dark. Analysis of mitochondrial membrane 
potential was performed using flow cytometry and data was 
analysed by FlowJo.

Subcellular fractionation
HEp-2 cells were seeded in 6-well culture dishes at a den-
sity 1 × 105 cells/well. After 48 h of incubation, the cells were 
treated with PBS, 0.1 μM ST, 10 μg/ml rOmpA, 30 μg/ml 
rOmpA, or 30 μg/ml heat-inactivated rOmpA. After 8 h, the 
cells were washed three times in PBS and the mitochondrial 
fraction was isolated using a Mitochondria/Cytosol Fraction-
ation kit (BioVision) according to the manufacturer’s instruc-
tions. The samples were separated by electrophoresis with 
12% SDS-PAGE and western blot was performed.

Western blot
HEp-2 cells were seeded in 6-well culture dishes at a density 
of 1 × 105 cells/well. After 48 h of incubation, the cells were 
treated with PBS, 0.1 μM ST, 10 μg/ml rOmpA, 30 μg/ml 
rOmpA, or 30 μg/ml heat-inactivated rOmpA. After 8 h, the 
cells were washed three times in PBS and lysed with modi-
fied RIPA buffer (1.0% NP-40, 1.0% sodium deoxycholate, 
150 nM NaCl, 10 mM Tris-HCl; pH 7.5, 5.0 mM sodium 
pyrophosphate, 1.0 mM NaSO4, 5.0 mM NaF, 10 mM leu-
peptin, and 0.1 mM phenylmethylsulfonyl fluoride) on ice. 
The cell lysates were centrifuged at 10,000 × g for 10 min and 
the protein concentration of each sample was determined by 
Bradford assay. Electrophoresis was performed on 12% SDS- 
PAGE gels and the proteins were transferred onto 0.45 μm 
nitrocellulose membranes (Merck Milipore). After blocking 
with 5% skimmed milk powder at 25°C for 1 h, the mem-
branes were incubated overnight with the corresponding pri-
mary antibody at 4°C followed by washing three times for 
10 min with TBST buffer. Subsequently, we incubated the 
membranes with 1:8,000 goat IRDye680RD-labelled anti- 
rabbit IgG antibody at room temperature for 1 h and washed 
them four times with TBST for 5 min in the dark. Protein ex-
pression was detected by an Odyssey® CLx (LI-COR Bio-
sciences).

Intracellular ROS accumulation
Intracellular ROS were fluorometrically estimated using the 
oxidation-sensitive fluorescent probes 5,6-carboxy-2 ,7 -di-
chlorofluorescein-diacetate (DCFH-DA). HEp-2 cells seeded 
in 12-well culture dishes at a density of 5 × 104 cells/well. After 
48 h of incubation, the cells were treated with PBS, 0.1 μM 
ST, 10 μg/ml rOmpA, 30 μg/ml rOmpA, or 30 μg/ml heat-in-
activated rOmpA. After 8 h, the cells were washed three times 
in 5 mM HEPES-buffered saline and incubated for 15 min in 
HEPES-buffered saline with 10 μM DCFH-DA. The samples 
were analysed by a SpectraMax i3 automatic microplate reader 
(Molecular Device).

Intracellular Ca2+

HEp-2 cells were seeded in 12-well culture dishes at a den-
sity of 5 × 104 cells/well. After 48 h of incubation, the cells 
were treated with PBS, 0.1 μM ST, 10 μg/ml rOmpA, 30 μg/ml 
rOmpA, or 30 μg/ml heat-inactivated rOmpA. After 8 h, the 
cells were washed three times in PBS and stained with 5 μM 
Fluo-3/AM (Molecular Probes) at 37°C for 20 min. Then, 
the cells were washed in HEPES-buffered saline and incu-
bated for a further 30 min at 37°C. The samples were an-
alysed by an automatic microplate reader. To measure in-
tracellular Ca2+, the cells incubated with Fluo-3 AM were 
excited at 485 nm and fluorescence was detected with a 530 
nm emission filter.

Statistical analysis
Prism 5 (GraphPad) was used for statistical analysis. The dif-
ferences between the treatment groups were compared by 
Dunnett’s multiple comparisons test. The results were ob-
tained from at least three independent experiments and p < 
0.05 was considered statistically significant.
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Results

Identification of recombinant S. maltophilia OmpA
We developed the His-tagged rOmpA in our previous study 
(Xu et al., 2018; Li et al., 2019). The recombinant plasmid 
expressing S. maltophilia K279a OmpA was transformed into 
E. coli BL21, which was cultured and induced by IPTG. rOmpA 

was purified with a HiTrap chelating HP column (GE Health-
care) according to the manufacturer’s instructions and an-
alysed by western blot. We found that purified rabbit anti- 
rOmpA serum reacted with both rOmpA and S. maltophilia 
K279a outer membrane proteins (Fig. 1).

(A)

(B)

Fig. 3. Detection of nuclear and morphological 
changes by confocal and transmission electron 
microscopy. (A) DAPI staining showed nuclear 
changes of HEp-2 cells exposed to rOmpA for 8 h 
(40× magnification). (B) Transmission electron 
microscope images of HEp-2 cells undergoing 
apoptosis. White arrow indicate chromatin con-
densation. Magnifications: a, 8,000×; b, 12,000×; 
c, 10,000×.

Fig. 2. Flow cytometry analysis of adhesion of rOmpA to HEp-2 cells. Alexa
Fluor 647 dye molecules was used to label rOmpA, which attaches to pro-
teins at high molar ratios without significant self-quenching. BSA was used 
as the control and purified His-tagged rOmpW was used as the isotype con-
trol. The HEp-2 cells were incubated with Alexa Fluor® 647 labelled rOmpA
for 4 h. The MFI of Alexa Fluor® 647 reflected adhesion of labelled proteins 
to HEp-2 cells.

Fig. 1. Identification of rOmpA by western blot. The purified rOmpA, cy-
toplasmic and extracellular components, cytoplasmic components, outer 
membrane proteins were resolved on 12% SDS-PAGE gel and immuno-
blotted with purified rabbit anti-rOmpA serum. Purified rabbit anti-rOmpA 
serum was used as the primary antibody and goat IRDye680RD-labelled 
anti-rabbit IgG antibody was used as the secondary antibody. Purified His- 
tagged rOmpW was used as the isotype control.
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The adhesion of rOmpA to HEp-2 cells
OmpA proteins have important pathogenic roles including 
bacterial adhesion, invasion, and intracellular survival. Namba 
et al. (2008) reported that OmpA is involved in adhesion of 
Aeromonas veronii to host cells and Shin et al. (2005) found 
that E. coli OmpA adheres to human brain microvascular en-
dothelial cells. To assess the adhesion of rOmpA to HEp-2 
cells, we exposed HEp-2 cells to rOmpA labelled with Alexa 
Fluor® 647 and analysed the fluorescence by flow cytometry. 
The mean fluorescence intensity (MFI) of Alexa Fluor® 647 
represented the adhesion to HEp-2 cells. We observed that 
the MFI of the 10 μg/ml and 30 μg/ml rOmpA groups were 
2.37E4 and 5.17E4, respectively, compared with an MFI of 
597 in the control group. The MFI of the 30 μg/ml rOmpA 
group was significantly higher than the control group, sug-
gesting that rOmpA adhered to HEp-2 cells (Fig. 2). Besides, 
we also found mitochondrial localisation of rOmpA in HEp-2 
cells (Supplementary data Fig. S1).

rOmpA induced HEp-2 cells apoptosis
Apoptotic cells are characterised by reduced cell size, nuclear 
condensation, nucleolus fragmentation, increased chromatin 
density, concentrated cytoplasm, and increased organelle den-
sity (Henry et al., 2013; Atale et al., 2014). We tested the im-
pact of different concentration of rOmpA (10 μg/ml and 30 
μg/ml) on HEp-2 cell apoptosis. We used 0.1 μM ST to pro-
mote HEp-2 cell apoptosis as a positive control, bacteria- 

free PBS as a negative control, and 30 μg/ml heat-inactivated 
rOmpA as another negative control to exclude the influence 
of LPS on the experiment. Cellular morphology was observed 
by confocal microscopy and nuclei were stained with DAPI. 
After 8 h of treatment, nucleus roundness and pyknosis be-
came apparent in the 30 μg/ml rOmpA group and the 0.1 μM 

Fig. 5. Impact of rOmpA on Bax and Bcl-xL protein expression in HEp-2 
cells by western blot. The cell lysates were resolved on 12% SDS-PAGE gel 
and immunoblotted with anti-Bax and anti-Bcl-xL antibody. The results 
are from one representative experiment of three independent experiments.

Fig. 4. Flow cytometric analysis of HEp-2 cells apoptosis by annexin-V/PI. HEp-2 cells were treated with 10 μg/ml rOmpA or 30 μg/ml rOmpA for 8 h and 
stained with annexin V-APC and PI. The horizontal axis represents annexin V-APC fluorescence intensity and the vertical axis represents PI fluorescence 
intensity. Positive annexin V-APC fluorescence indicates apoptosis while positive PI fluorescence indicates cell necrosis. The apoptotic cell populations 
(upper and lower right quadrants) were analysed and compared. Purified His-tagged rOmpW was used as the isotype control. The results are from one 
representative experiment of three independent experiments.
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ST group. In comparison, HEp-2 cells exposed to 10 μg/ml 
rOmpA showed some degree of nucleolysis (Fig. 3A). Trans-
mission electron microscopy revealed that chromatin con-
densation appeared in the nucleus after 8 h of 0.1 μM ST or 
30 μg/ml rOmpA treatment. These typical apoptotic charac-
teristics supported that rOmpA induced HEp-2 cell apop-
tosis (Fig. 3B).
  To further verify that rOmpA can induce HEp-2 cell apop-
tosis, the apoptotic and necrotic cell populations were an-
alyzed by flow cytometry using annexin V/PI staining. Pho-
sphatidylserine (PS) is located in the inner cell membrane 

under physiological conditions. PS externalization occurs 
in early apoptotic cells, which results in a positive stain for 
annexin V whereas living cells remain annexin V negative. 
Although annexin V can be used to detect apoptosis, necrotic 
cells also become annexin V-positive as annexin V binds to 
internal PS. However, combination with PI double-labelling 
allows for further distinction between necrotic (annexin V+/ 
PI+) and early apoptotic (annexin V+/PI−) cells (Henry et 
al., 2013; Wallberg et al., 2016). In this study, annexin V-APC 
and PI dye were used in flow cytometric analyses and de-
tected rOmpA-induced HEp-2 cell apoptosis (Fig. 4). Speci-

(A)

(B)

Fig. 6. Changes in mitochondrial membrane 
permeability of HEp-2 cells induced by rOmpA. 
(A) Flow cytometric histogram plots of HEp-2
cells stained with 100 nM TMRE. FCCP was 
employed as a positive depolarisation control.
Purified His-tagged recombinant rOmpW was
used as the isotype control. The red line repre-
sents the control group and the blue line in each
histogram respectively represents the positive 
depolarisation control group, the 0.1 μΜ ST 
group, the 10 μg/ml rOmpA group, the 30 μg/ml
rOmpA group, the heated-inactivated rOmpA
group, and the isotype control group. MFI lower
than the control indicates mitochondrial mem-
brane potential depolarisation. (B) Western blot
of AIF and cytochrome c. Mitochondrial frac-
tions and cytosolic fractions were resolved on 
12% SDS-PAGE gels and immunoblotted with
anti-AIF and anti-cytochrome c antibody. The
results are from one representative experiment
of three independent experiments.
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fically, few apoptotic cells were detected in the control group 
and heat-inactivated rOmpA group, in which the propor-
tions of early and late apoptotic cells were 0.623% and 1.92% 
in the control group and 0.753% and 2.33% in the heat-in-
activated rOmpA group. The number of apoptotic cells was 
increased after exposure to 0.1 μM ST and 30 μg/ml rOmpA 
group with early and late apoptotic cells proportions of 6.02% 
and 56.2% in the 0.1 μM ST group and 10.2% and 46.3% in 
the 30 μg/ml rOmpA group. Furthermore, the proportions 
of early and late apoptotic cells were 1.98% and 4.4% in the 
10 μg/ml rOmpA group (Fig. 4). These data suggested that 
30 μg/ml rOmpA induced HEp-2 cells apoptosis.

rOmpA regulated the expression of Bax and Bcl-xL in HEp-2 
cells
Apoptotic pathways include internal mitochondrial apop-
tosis, death receptor-mediated external apoptosis, and lyso-
somal apoptosis. Previous studies on Acinetobacter baumannii 
OmpA-induced apoptosis showed that epithelial cell apop-
tosis was mediated by the mitochondrial pathway (Choi et 
al., 2005; Lee et al., 2010). Activation of mitochondrial apop-
tosis is associated with upregulation of the pro-apoptotic pro-
teins such as Bax and Bak and downregulation of pro-sur-
vival proteins including Bcl-xL and Bcl-2 (Zhou et al., 2011; 
Birkinshaw and Czabotar, 2017). In the current study, HEp-2 
cells treated with 0.1 μM ST and 30 μg/ml rOmpA showed 
significantly higher Bax protein levels than the control group. 
In contrast, Bax in the heat-inactivated rOmpA group did not 
significantly differ from the control group (Fig. 5). Exposure 
to 10 μg/ml rOmpA also increased Bax protein levels. Contrary 
to Bax, Bcl-xL protein levels were reduced by rOmpA and 
ST treatment (Fig. 5). In addition, our data also demonstrated 
that rOmpA was unable to regulate the expression of Fas 
and FasL in HEp-2 cells (Supplementary data Fig. S2), indi-
cating no activation of the death receptor pathway. 

rOmpA elevated mitochondrial membrane permeability in 
HEp-2 cells
Bcl-xL maintains normal mitochondrial permeability by in-

hibiting mPTP. The opening of mPTP may destroy mito-
chondrial membrane integrity and thus directly collapse the 
normal mitochondrial membrane potential (Gyulkhandanyan 
et al., 2015). In the current study, we detected the mitochon-
drial membrane potential by staining HEp-2 cells with TMRE. 
FCCP is a protonophore that depolarises mitochondria and 
was used as a positive control for loss of mitochondrial mem-
brane potential and PBS was used as a negative control. Flow 
cytometry showed that the MFI of the positive control and 
the 30 μg/ml rOmpA group were 2.58E5 and 5.96E5 whereas 
the MFI of the control group was 9.58E5, indicating mito-
chondrial membrane depolarisation and opening of mPTP 
(Fig. 6A), which has been reported to induce the release of 
cytochrome c and AIF (Zhang et al., 2017; Negara et al., 2018) 
and initiate apoptosis. Western blot showed that the 0.1 μΜ 
ST group had significantly higher cytoplasmic cytochrome 
c and AIF levels compared with the other groups (Fig. 6B). 
The cytoplasmic cytochrome c and AIF levels were also sig-
nificantly higher after treatment with 30 μg/ml rOmpA com-
pared with controls whereas they did not differ significantly 
between the heat-inactivated rOmpA group and the control 
group (Fig. 6B). In contrast to the impact of rOmpA on cyto-
plasmic cytochrome c and AIF levels, 0.1 μΜ ST and 30 μg/ml 
rOmpA significantly lowered mitochondrial cytochrome c 
and AIF compared with controls (Fig. 6B). These data sug-
gested that rOmpA induced the release of cytochrome c and 
AIF into the cytoplasm.

rOmpA increased ROS and intracellular Ca2+ concentration
Bax may cause transient mPTP opening, which promotes 
ROS accumulation and favors mitochondrial membrane per-
meabilisation. This subsequently elevates the generation of 
ROS and facilitates the release of cytochrome c (Birkinshaw 
and Czabotar, 2017). Simultaneously, mitochondria are the 
major source of ROS, which contribute to apoptotic cell death 
(Sinha et al., 2013). In this study, we evaluated ROS genera-
tion in rOmpA-treated HEp-2 cells by DCFH-DA. We found 
that ROS levels in the 0.1 μΜ ST group were significantly 
higher than that in the control group and the differences in 
ROS levels between the 30 μg/ml rOmpA group and the con-

(A) (B) Fig. 7. Impact of rOmpA on ROS levels 
and intracellular Ca2+ concentrations. (A) 
ROS levels in HEp-2 cells after treatment 
with rOmpA for 8 h. Rosup was employed 
as a positive control. The results are from 
one representative experiment of three in-
dependent experiments. (B) The Ca2+ con-
centrations in HEp-2 cells after treatment 
with rOmpA for 8 h. The results are from 
one representative experiment of three in-
dependent experiments.
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trol group were small but statistically significant. ROS levels 
in the 10 μg/ml rOmpA group and the heat-inactivated rOmpA 
group remained at baseline levels (Fig. 7A). These data de-
monstrated that rOmpA induced the increase of intracel-
lular ROS levels. Ca2+ is one of the most versatile signals in-
volved in the control of cellular processes and functions such 
as cell survival and death (Zhang et al., 2016). Wang et al. 
(2013) found that ROS production and intracellular Ca2+ 
accumulation both induced HepG2 cell apoptosis. We mea-
sured Ca2+ levels using a Fluo-3/AM fluorescent probe and 
observed small but significant differences after exposing HEp- 
2 cells to 30 μg/ml rOmpA compared with the controls, indi-
cating that rOmpA increased Ca2+ in HEp-2 cells (Fig. 7B).

rOmpA activated the caspase-3 and caspase-9 apoptosis path-
way
The openning of mPTP results in the release of cytochrome 
c and AIF from mitochondria to the cytoplasm. Cytochrome 
c, dATP, Apaf-1, and procaspase-9 in the cytoplasm can form 
a large apoptotic body, which upon induction of apoptosis 
processes pro-caspase 9 into a large (37 kDa) and a small (10 
kDa) subunit. Cleaved caspase-9 can further activate down-
stream procaspase-3 (Liu et al., 2014; Xu et al., 2016; Li et al., 
2017b), which is expressed in cells as an inactive precursor 
that is proteolytically generated during apoptosis. In our study, 
treatment with 0.1 μM ST and 30 μg/ml rOmpA showed sig-
nificant caspase-9 cleavage in HEp-2 cells while exposure to 
10 μg/ml rOmpA and heat-inactivated rOmpA did not re-
sult in caspase-9 cleavage. Cleaved caspase-3 in the 0.1 μM 
ST group was significantly elevated compared with the other 
groups and similarly, cleaved caspase-3 in the 30 μg/ml rOmpA 
group was significantly higher compared with the control 
group (Fig. 8). Poly ADP-ribose polymerases (PARP) are a 
group of proteins present in most eukaryotic cells. The post- 
translational modification enzyme PARP-1 is an important 

substrate for caspase-3. When apoptosis occurs, PARP-1 is 
inhibited by caspase-3, leading to the cleavage of PARP (Wang 
et al., 2011; Galia et al., 2012). In our study, we found an in-
cease in the active forms of both molecules in the 0.1 μM 
ST group and the 30 μg/ml rOmpA group, resulting in the 
cleavage of PARP (Fig. 8). In summary, rOmpA stimulated 
the activation of caspase-9 and caspase-3 apoptosis path-
way in HEp-2 cells.

Discussion

Our study revealed a new understanding of the molecular 
mechanism of S. maltophilia OmpA on the induction of apop-
tosis in HEp-2 cells. OmpA is the main outer membrane pro-
tein of Gram-negative bacteria, which maintains the integrity 
of bacterial outer membrane structure and normal inheritance 
of bacterial morphology (Confer and Ayalew, 2013). OmpA 
is also a bridge between bacteria and host, being of great sig-
nificance during bacterial infections and the subsequent host 
immune resistance (Smith et al., 2007). Choi et al. (2005) re-
ported that OmpA directly adheres and invades the host cells 
and thus leads to cell apoptosis through the destruction of the 
nucleus and mitochondria. Acinetobacter baumannii OmpA 
adheres to HeLa cells and induces autophagy in HeLa cells 
(An et al., 2019) and OmpA knockdown strains have decreased 
ability to replicate and adhere to host cells both in vitro and 
in vivo (Gaddy et al., 2009). In agreement with these studies, 
we found that rOmpA adhered to HEp-2 cells. Studies have 
found that bacterial outer membrane vesicles mediate deli-
very of OmpA to enter host cells, which are spontaneously re-
leased by Gram-negative bacteria (Gnopo et al., 2020; Mancini 
et al., 2020). However, the mechanism by which S. maltophilia 
OmpA enters the host cell is unclear and is a target for future 
studies.
  The typical ultrastructural changes of apoptotic cells include 
the decrease or disappearance of villi on the cell surface, the 
shrinkage of the nuclear membrane, the decrease of nuclear 
volume, chromatin aggregation, and appearance of vacuoles in 
the cytoplasm (Atale et al., 2014). To determine whether the 
purified rOmpA was biologically active, we first observed the 
morphological and nucleus changes of HEp-2 cells after stim-
ulation with 30 μg/ml rOmpA and detected nucleus round-
ness, pyknosis and chromatin aggregation. These results were 
consistent with the characteristics of apoptosis and rOmpA- 
induced cell apoptosis was further confirmed by annexin V/PI. 
Taken together, these data indicated that 30 μg/ml rOmpA 
induced apoptosis of HEp-2 cells.
  The group of proteins known as Bcl-2 family members are 
the central players of apoptosis (Renault et al., 2016). The pro- 
apoptotic protein Bax induces cell death via mitochondrial 
membrane permeabilisation that leads to the release of small 
proapoptotic molecules such as cytochrome c. However, Bax 
can be inhibited by the overexpression of the pro-survival 
proteins Bcl-2 and Bcl-xL. Bcl-xL is an important member 
of the Bcl-2 family and its reduction further promotes mPTP 
opening and increased mitochondrial membrane perme-
ability (Kim, 2005). We found that 30 μg/ml rOmpA caused 
upregulation of Bax and downregulation of Bcl-xL. We also 
observed that the depolarisation of mitochondrial memb-

Fig. 8. Activation of caspase-3 and caspase-9 and cleavage of PARP. HEp-2 
cells were treated for 8 h with rOmpA. The cell lysates were resolved on 12% 
SDS-PAGE gels and immunoblotted with anti-caspase-3, anti-caspase-9 
and anti-PARP antibody. The results are from one representative experi-
ment of three independent experiments.
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rane potential in HEp-2 cells was stimulated by exposure to 
30 μg/ml rOmpA. With the increase of mitochondrial mem-
brane permeability, cytochrome c and AIF were released to 
the cytoplasm from mitochondria (Morris et al., 2018). After 
released into the cytoplasm, cytochrome c binds to apoptotic 
protease activating facter-1 (Apaf-1) and procaspase-9, initia-
ting apoptosis (Kang et al., 2018). Rumbo et al. (2014) found 
that Acinetobacter baumannii OmpA localises to the mito-
chondria and induces apoptosis of epithelial cells by releas-
ing cytochrome c and AIF. In our present stduy, the protein 
levels of cytoplasmic cytochrome c and AIF were opposite 
to those in mitochondria, indicating that cytochrome c and 
AIF were released into the cytosol as a consequence of mito-
chondrial disintegation, which was consistent with the fea-
tures of the mitochondrial apoptotic pathway. It has been 
described that increased mitochondrial permeability dis-
sipates the proton electrochemical gradient, leading to ATP 
depletion and further ROS production (Sinha et al., 2013). 
Furthermore, ROS generation has a strong influence the 
mPTP opening (Zhang et al., 2016). In our study, we demon-
strated that rOmpA induced the production of ROS in HEp- 
2 cells. Intracellular calcium Ca2+ is a critical second mes-
senger and regulator of cell apoptosis (Meng et al., 2014). 
The increase of Ca2+ concentration favours ROS generation 
and promotes the opening of mPTP. We showed that 30 
μg/ml rOmpA induced the production of ROS and increased 
the intracellular Ca2+ concentration in HEp-2 cells. PARP-1 
is a substrate for caspase-3 activation and PARP is normally 
cleaved by caspases during apoptosis. Caspase-3 is a cysteine 
protease with aspartic specificity and a well-characterised ef-
fector of apoptosis signalling (Cregan et al., 2004). This study 
demonstrated that 30 μg/ml rOmpA induced cleavage of cas-
pase-9, caspase-3, and PARP. These findings confirmed that 
rOmpA sequentially activated caspase-9 and caspase-3, which 
are main components of the mitochondrial apoptosis pathway.
  In summary, the findings of the present study indicated that 
S. maltophilia OmpA was a virulence factor that adhered to 
epithelial cells and induced cell death by the mitochondrial 
apoptotic pathway. OmpA regulated Bax and Bcl-xL pro-
tein expression and promoted the release of pro-apoptotic 
molecules such as cytochrome c and AIF. Apoptosis of epi-
thelial cells may allow the bacteria to access the deeper tissues 
in the lung. We provide improved elucidation of the patho-
genic role of S. maltophilia OmpA in apoptosis.
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