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Abstract

Background: Burkholderia pseudomallei, a facultative intracellular bacterium, is the aetiological agent of melioidosis
that is responsible for up to 40% sepsis-related mortality in epidemic areas. However, no effective vaccine is
available currently, and the drug resistance is also a major problem in the treatment of melioidosis. Therefore,
finding new clinical treatment strategies in melioidosis is extremely urgent.

Results: We demonstrated that tauroursodeoxycholic acid (TUDCA), a clinically available endoplasmic reticulum (ER)
stress inhibitor, can promote B. pseudomallei clearance both in vivo and in vitro. In this study, we investigated the
effects of TUDCA on the survival of melioidosis mice, and found that treatment with TUDCA significantly decreased
intracellular survival of B. pseudomallei. Mechanistically, we found that B. pseudomallei induced apoptosis and
activated IRET and PERK signaling ways of ER stress in RAW264.7 macrophages. TUDCA treatment could reduce B.
pseudomallei-induced ER stress in vitro, and TUDCA is protective in vivo.

Conclusion: Taken together, our study has demonstrated that B. pseudomallei infection results in ER stress-induced
apoptosis, and TUDCA enhances the clearance of B. pseudomallei by inhibiting ER stress-induced apoptosis both
in vivo and in vitro, suggesting that TUDCA could be used as a potentially alternative treatment for melioidosis.
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Introduction

Burkholderia pseudomallei, a gram-negative bacillus, is
the causative agent of a broad spectrum of clinical mani-
festations collectively known as melioidosis. B. pseudo-
mallei is found mainly in soil and surface water in
almost all tropical area in the world. The treatment of
melioidosis has long been complicated owning to the
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broad-spectrum antibiotic resistance in B. pseudomallei,
which further heightens concerns about possible emer-
ging public health threat. Besides, B. pseudomallei has
been classified as Tier 1 select agents by the US CDC
considering its potential biohazard [1]. Therefore, it is
urgent to develop new clinical therapeutic strategies in
melioidosis. TUDCA is a hydrophilic bile acid that is
normally produced by combination of taurine to urso-
deoxycholic acid (UDCA) endogenously in humans in
the liver [2]. Recent studies indicated that TUDCA can
be used clinically in hepatobiliary diseases [3], and ap-
proved by the US Food and Drug Administration to be
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safely used as a drug for human intake [4]. In addition,
TUDCA has also been reported to be effective in several
other diseases, including vascular diseases, osteoarthritis,
diabetes and neurodegenerative diseases [5—7]. Mechan-
istically, TUDCA reduces ER stress, effectively protects
hepatocytes and restores glucose homeostasis in the
pathogenesis of obesity, insulin resistance and diabetes
mellitus and infectious diseases. Particularly, in the treat-
ment of infectious diseases, TUDCA is implicated as a
therapy for hepatitis B and C virus infection [8, 9], and
also inhibits influenza A viral infection by disrupting
viral M2 or IRE1 stress pathway [10, 11]. However, little
is known about the effect of TUDCA in B. pseudomallei
infection.

ER stress is an adaptive response to adjust ER func-
tional capacity, which is initiated by the accumulation of
misfolded and unfolded proteins in the ER [12]. To
maintein protein folding homeostasis, the misfolded and
unfolded proteins are binbed to the chaperone BiP, and
then dissociated from three ER transmembrane proteins
inositol requiring kinase 1 (IRE1), protein kinase R-like
endoplasmic reticullum kinase (PERK) and activating
transcription factor 6 (ATF6) [13]. IRE1 is an endonucle-
ase that cleaves nucleotides from the X-box binding pro-
tein 1 (XBP1) mRNA, which affects the expression of
downstream gene CHOP (C/EBP homologous protein,
enhancer binding protein homologous protein, is also a
transcription regulator) [13-16]. Then activated ATF6
results in its translocation to the Golgi, where site-
specific proteases cleave it [17]. The activation of PERK
results in translation attenuation. ER is a nutrient-rich
organelle lacking of antimicrobial functions, some bac-
terial pathogens take advantage of its nature to ensure
their intracellular survival and proliferation [13]. Smith
JA et al. showed that counteracting the ER stress reduces
Brucella intracellular growth [14]. Furthermore, IRElq,
identified by RNAi screening, is necessary for Brucella
intracellular growth [18]. Besides, other study suggests
the ER stress pathway plays an important role in the per-
sistence of Mycobacterium tuberculosis (Mtb). This
study indicates that eIF2a/CHOP pathway contributes to
Mtb intracellular survival of in macrophages [19]. How-
ever, the relevance of the ER stress to B. pseudomallei
replication in host cells remains unknown.

In this study, we evaluated the effects of TUDCA on
the B. pseudomallei clearance in vivo and in vitro. We
detected that the treatment of TUDCA increased the
survival rate of melioidosis mice, and decreased the bac-
terial loads and inflammatory response of the lungs,
spleen and liver tissues. Furthermore, we found that B.
pseudomallei infection induced apoptosis and ER stress
in RAW?264.7 macrophages. And TUDCA treatment
could inhibit ER stress after B. pseudomallei infection.
Taken together, these results indicate that TUDCA
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promotes B. pseudomallei clearance and inhibits B. pseu-
domallei-induced ER stress, which may provide an alter-
native treatment for melioidosis.

Materials and methods

Cell lines and bacterial strains

The murine macrophage RAW264.7 cell line (Cat. TIB-
71) was obtained from American Type Culture Collec-
tion. RAW264.7 cells were cultured in high glucose
DMEM medium (Gibco, 11,965-092) containing 10%
fetal bovine serum (FBS; Gibco, 10,100-147), and cul-
tured at 37 °C and 5% CO,. In this study, the B. pseudo-
mallei strain used is BPC006, a clinical isolate from a
melioidosis patient in China [20]. B. pseudomallei was
grown in Luria-Bertani (LB) with shaking at 37 °C over-
night in a tightly conical flask (5 mL). The bacterial li-
quid was washed three times with phosphate-buffered
saline (PBS) and centrifugation. The bacterial concentra-
tion was determined on optical density (OD) at 600 nm.

Antibody and reagents

The primary antibodies used in this study as follow: the
antibodies against B-actin (4970), Bip (3177), CHOP
(5554), elF2a (5324S), phospho-elF2a (3597S), calreticu-
lin (12238), caspase-3 (14220), and cleaved caspase-3
(9661) were purchased from Cell Signaling Technology.
Alexa Fluor 555 (A-31570) and 488 (A-11029) secondary
antibodies were purchased from Thermo Fisher Scien-
tific using for immuno-fluorescence studies. The HRP-
conjugated secondary antibody (7074) was purchased
from Cell Signaling Technology. TUDCA was purchased
from Solarbio (ST8580), and 4-phenylbutyric acid (4-
PBA) was purchased from Sigma (P21005). The mouse
polyclonal anti-B. pseudomallei antibody was generated
in our lab [21].

Animal experiments

For survival studies, a total of 12 C57BJ/6 mice aged 4—
6 weeks were selected. Age and sex-matched animals
were used in all experiments. In brief, C57BJ/6 mice
were injected with PBS (control) or TUDCA (100 pg/g),
and 1-day post-injection, mice were intranasally infected
with about 5 x 10* CFU of B. pseudomallei. After infec-
tion, TUDCA (100 pg/g) was injected every 2 days. Mice
were monitored every day for 10 days during the experi-
ment. The mice were observed daily and the number of
mice died was recorded. After 10 days observation, the
survivors were sacrificed. To assess the B. pseudomallei
growth in organs, the lungs, spleen and liver tissues were
homogenized separately with a tissue grinder in sterile
PBS. The cell suspension was plated on LB plates and
cultured at 37 °C for 72 h. Colony counts were obtained.
Besides, the histological analysis of lungs, spleen, liver
tissues were performed with H&E staining, and analyzed
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by a pathologist who was blinded as to groups. Accord-
ing to previously published criteria [22]: degree of in-
flammatory  cell infiltration  (normal,  0-dense
inflammatory infiltrate, 3). The total histologic scores
were obtained by summing each individual score. Exper-
iments performed in twice showed consistent results. All
B. pseudomallei infections experiments were approved
by Institutional Biosafety Committee of Army Medical
University, and performed in biosafety level 2+ (BSL-2+)
laboratory spaces.

Intracellular survival analysis of bacteria

RAW?264.7 cells were infected with B. pseudomallei at
an MOI of 10 for 2, 4, 6, 8 and 10h. The extracellular
bacteria were removed 1h after infection, cells were
washed with PBS three times, and 3mL fresh culture
medium containing 250 pg/mL of kanamycin was added.
At the indicated time points, the infected cells were
washed three times with PBS and lysed with 1 mL of
0.1% Triton X-100 (Sigma). The diluted lysates were
plated on LB plates and the colonies were counted after
36 h. Colony counts were performed in triplicate.

Annexin V-FITC/PI staining assay

The ratio of apoptosis cells was measured with an
Annexin V-FITC/PI Detection Kit (BD Biosciences) ac-
cording to the manufacturer’s instruction. Briefly, the
collected cells were washed twice with cold PBS and
then 1 x Binding Buffer was used to prepare 1 x 10° cell/
mL suspension. Each sample was supplemented with
5uL Annexin V-FITC and 5pL PI, respectively. Mix
gently and place it in a dark place for 15 min at room
temperature. The apoptosis was detected by flow cytom-
etry (BD FACScan Flow cytometer, United States) within
1 h. And the data were analyzed with CellQuest software
(BD Biosciences).

Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) assays for the mRNA
of Bip and CHOP were performed by using the Prime-
Script RT-PCR kit (Takara, RR037A) in CFX96 real time
PCR machines (Bio-Rad) [23]. The reactions were per-
formed using the following parameters: 95 °C for 1 min
followed by 40 cycles of 95°C for 55, 60°C for 5s and

Table 1 Primers used in this study
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72°C for 20 s. The mRNA level of Actin was used as an
endogenous control for data normalization. Relative ex-
pression was calculated using the comparative threshold
cycle method. The relative primers were shown in
Table 1.

In order to determine specificity of primers designed
in the study, agarose gel electrophoresis and melting
curve analyses were performed in the qRT-PCR experi-
ment [24]. All the primer pairs amplified the expected
size of single PCR product (Fig. S1), and the specificity
of amplicon was confirmed by the presence of single
peak during melt curve (Fig. S2). The slopes of the
standard curves were used to calculate the correlation
coefficient (R*) and PCR efficiency (Fig. S3). The linear
R? for all the primers ranged between 0.998 and 0.999.
Further, PCR efficiencies of primers ranged from 92 to
103% (Table 1).

Western blot analysis

The protein levels of targets were determined by western
blotting as described by Tang et al. with minor modifica-
tion [25]. The cells were washed three times with PBS
and then lysed in RIPA lysis buffer (150 mM NaCl, 50
mM Tris HCL, 1% SDS, 0.5% Benzonase endonuclease
(Merck Millipore), 0.5% sodium desoxicholate, 0.1%
Nonidet P-40 and phosphatase and protease inhibitor
cocktails (Roche) on ice for 20 min and then incubated
at 100 °C for 10 min. After centrifugation at 12000 g at
4°C for 10 min, the protein concentration was deter-
mined by BCA Protein Assay (Thermo Fisher Scientific).
The lysates were subjected to standard SDS-PAGE. After
electrophoresis, protein was transferred to a PVDF
membrane. The membranes were blocked with 5% non-
fat milk in Tris-buffered saline (Sigma, T5912, pH 7.4)
containing 0.05% Tween 20 (Sigma, P1379). Membranes
were incubated with indicated primary antibodies (1:
1000 dilution of B-actin, Bip, elF2«a, phospho-elF2q,
caspase-3, and cleaved caspase-3; 1:500 dilution of
CHOP) overnight at 4°C, then with 1:8000 dilution of
HRP-conjugated anti-rabbit antibodies for 2h at room
temperature. We used a commercial protein marker to
identify the size of proteins. The protein of interest was
visualized using the Supersignal® West Dura Duration
substrate reagent (Thermo, 34,080).

Primer Sequence Product size (bp) Efficiency

Bip F:5-GTGTGTGAGACCAGAACCGT-3' 77 95.2%
R:5-GCAGTCAGGCAGGAGTCTTA-3'

CHOP F:5"- GCCAGAATAACAGCCGGAAC-3' 138 92.4%
R:5- ACCGTCTCCAAGGTGAAAGG-3'

B-actin F:5-CTGAGCACACAGCTGGACTG-3' 71 102.4%

R:5-AAGCTGGTGGTACCTGATGC-3'
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XBP1 mRNA splicing assay

To measure the degree of XBP1 mRNA splicing, the
total cellular RNA was isolated. XBP1 was PCR ampli-
fied using AmpliTaq Gold™ 360 Master Mix (Thermo, 4,
398,881), according to the manufacturer’s instructions.
In order to amplify both the spliced and the unspliced
variants of XBP1 cDNA, the primers were designed as
follows: forward primer 5'-GCAAGTGGTGGATT
TGGAAGA-3’, and reverse primer, 5'-GGAGGCTGGT
AAGGAACTAGG-3". For the analysis of PCR products,
10 pL of each reaction mixture was loaded on 2.5% agar-
ose gel and subjected to electrophoresis to separate the
products. The bands were visualized using GelTower
Imager (Analytik Jena AG, Germany).

Transmission electronic microscopy

The methods were described by Tang et al. with minor
modification [25]. RAW?264.7 cells were collected and
fixed in 2% paraformaldehyde, 0.1% glutaraldehyde in
0.1 M sodium cacodylate for 2h, postfixed with 1%
050, for 1.5h, washed and stained for 1h in 3% aque-
ous uranyl acetate. The samples were then washed again,
dehydrated with a graded alcohol series, and embedded
in Epon-Araldite resin (Canemco, 034). Ultrathin sec-
tions were cut on Reichert ultramicrotome (Reichert,
United States), counterstained with 0.3% lead citrate. Fi-
nally, the samples were examined on a Philips EM420
electron microscope (Philips, United Kingdom).

Immunofluorescence assay

RAW264.7 cells were pretreated with TUDCA (100 uM)
or 4-PBA (250 uM) for 24 h, then infected with B. pseu-
domallei (MOI =10) for 8h. After infection, the cells
were washed three times with PBS, fixed by incubation
in 4% paraformaldehyde for 10 min, then permeated
with 0.1% Triton X-100 for 10 min. Cells were washed
three times with cold PBS and incubated with 1:100 di-
lution of anti-calreticulin antibody in 1% BSA overnight
at 4°C. Alexa Fluor 555 goat anti-rabbit IgG (1:1000) in-
cubation for 1h at room temperature. Subsequently,
cells were incubated with 1:500 dilution of mouse poly-
clonal anti-B. pseudomallei, and incubated with 1:1000
dilution of Alexa Fluor 488 goat anti-mouse IgG for 1h.
Finally, the nuclear stain DAPI was applied for 10 min at
room temperature. Washing three times with cold PBS
followed each incubation. Cells were viewed by laser-
scanning confocal microscopy (Zeiss, Germany). We ac-
quired images in sequential scanning mode.

MTT assay

RAW264.7 cells were seeded in 96-well culture plates
according to the manufacturer’s instructions (Sigma,
TOX1). After the treatment with 0, 20, 100, 200 and
500 uM of TUDCA for 24 h, the cells were incubated
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with 5 mg/mL MTT at 37°C for 1h. Then, the culture
medium was removed, and the cells were dissolved in
MTT solubilization solution (Sigma, TOX1). The ab-
sorbance was measured at 540 nm using a microplate
reader (Bio-Rad).

Statistical analysis

The results are expressed as mean + SD from at least 3
separate experiments performed in triplicate. Student’s ¢
test was used to analyzed the differences between two
groups, but when multiple time points were compared,
the ANOVA with a post-hoc test were used. SPSS 13.0
software was used for all statistical analysis. The differ-
ences were considered significant at p < 0.05. Statistically
significant data are indicated by asterisks (*P < 0.05,
**P<0.01, **P < 0.001).

Results

TUDCA facilitates B. pseudomallei clearance in vivo and

in vitro

To investigate the effects of TUDCA on the intracellular
survival of B. pseudomallei in an in vivo mouse model,
we firstly analyzed the survival curves of C57BJ/6 mice.
All PBS treated mice in the survival experiment died by
day 6 after inoculation, but mortality was delayed and
reduced in TUDCA treated mice, of which 42% survived
until the end of the 10 days observation period (Fig. 1a).
Furthermore, as shown in Fig. 1b, bacterial loads in
lungs, spleen and liver of TUDCA treated mice were sig-
nificantly reduced when compared to the PBS control
group following intranasally infected with B. pseudomal-
lei. Next, to assess the inflammatory response of organs,
histological analysis showed a stronger inflammation of
lungs, spleen and liver in PBS treated mice, as reflected
by more inflammatory cells infiltration; whereas TUDCA
treatment markedly reduced these pathological changes
and limited the inflammation, resulting in a decreased
histological score (Fig. 1c and d). In addition, we also de-
tected the role of TUDCA in B. pseudomallei infected
RAW264.7 macrophages. As shown in Fig. 2, TUDCA
treatment significantly reduced the intracellular survival
of the B. pseudomallei in RAW?264.7 cells. Taken to-
gether, these results suggest that TUDCA may play a
protective role against melioidosis by facilitating B. pseu-
domallei eradication in vivo and in vitro.

B. pseudomallei infection induces apoptosis in RAW264.7
macrophages

Previous studies have shown that B. pseudomallei infec-
tion induces the expression of apoptosis-related genes in
mouse macrophages [26]. Therefore, we speculated that
B. pseudomallei infection may undergo apoptosis in
RAW264.7 cells. Firstly, we analyzed apoptosis of B.
pseudomallei infected RAW?264.7 cells by flow cytometry
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Fig. 1 TUDCA treatment improves survival of mice during experimental melioidosis. Mice were injected with PBS or TUDCA (100 pg/g), and
intranasally infected with about 5x 10° CFU of B. pseudomallei. Then TUDCA (100 ug/g) was injected every 2 days after infection. a Survival after
intranasal infection with B. pseudomallei in the pretreatment of PBS or TUDCA. Mortality was assessed daily for 10 days. n=6 per group. b The
bacterial loads in lungs, liver and spleen of TUDCA or PBS-treated mice. ¢ and d Representative H&E staining of lungs, liver, spleen and
corresponding inflammation scores after 10 days infection. Scale bar is 50 um. Data is shown as the mean + SD of three independent
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Fig. 2 TUDCA reduces the intracellular survival of B. pseudomallei in
RAW264.7 cells. RAW264.7 cells were treated with TUDCA (100 uM) for
24 h, and infected with B. pseudomallei (MOl = 10) for 2, 4,6, 8 and 10
h. The intracellular bacteria were measured by CFU assay. The data are
means + SD of three independent experiments. **P < 0.01

and western blot. The results of flow cytometry indi-
cated that the proportion of early apoptotic cells
increased in a time-dependent manner after B. pseudo-
mallei infection (Fig. 3a and b). Meanwhile, caspase-3 is
one of the effector caspases, a family of cysteine prote-
ases, which plays a common role of death effector mole-
cules in various forms of apoptosis. As shown in Fig. 3c,
the western blot result indicated that B. pseudomallei in-
fection induced the expression of caspase-3 and its ac-
tive form cleaved caspase-3. Taken together, these data
indicate that B. pseudomallei infection induces apoptosis
in RAW264.7 cells.

B. pseudomallei induces ER stress in RAW264.7
macrophages

The accumulation of unfolded proteins in the ER is toxic
to cells. To determine whether B. pseudomallei infection
could induce ER stress response in RAW?264.7 cells, we
firstly examined the morphologic alterations of ER struc-
ture. The TEM observations showed that ER enlarge-
ment in the B. pseudomallei infected cells (Fig. 4a).
Meanwhile, as shown in Fig. 4b, fragmentation and con-
densation of ER was visualized with anti-calreticulin
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antibody after B. pseudomallei infection. Taken together,
these results suggest that the shape-structure of ER is
changed in responsible to B. pseudomallei infection in
RAW?264.7 cells.

Given that ER stress activation involves three major
signaling pathways, stemming from activation of PERK
and IRE1, we detected the mRNA and protein expres-
sion levels of the chaperone Bip and downstream target
CHOP in B. pseudomallei infected RAW264.7 cells at 4,
8, 12h, respectively. As shown in Fig. 4c, the results
showed that the mRNA expression levels of Bip and
CHOP were consistently upregulated. And the protein
expressions of Bip, CHOP and p-elF2a were increased
in a time-dependent manner (Fig. 4d). Upon activation
of IRE], its endonuclease activity activated. The tran-
scription factor XBP1 is spliced. Thus, we detected
XBP1 spliced and unspliced mRNA species by 2.5%
agarose gel. As shown in Fig. 4e, XBP1 mRNA was
spliced after B. pseudomallei infection. Collectively, these
findings indicate that B. pseudomallei infection could in-
duce ER stress in RAW264.7 cells.

TUDCA attenuates B. pseudomallei-induced ER stress in
RAW264.7 cells

We assessed TUDCA cytotoxicity using the MTT assay
in RAW?264.7 cells, and found that TUDCA alone did
not lead to cell death at concentrations between 0 and
500 uM (Fig. 5a). In addition, we did not observe a direct

effect of TUDCA on B. pseudomallei growth (Fig. 5b).
TUDCA is known to inhibit the ER stress by reducing
the load of misfolded proteins in vitro. To assess
whether TUDCA inhibits the ER stress induced by B.
pseudomallei, the ER stress inhibitor 4-PBA was used as
a positive control. As shown in Fig. 5¢, the treatment of
TUDCA and 4-PBA attenuated the ER expansion. Mean-
while, TUDCA treatment ameliorated the ER condensa-
tion and fragment, and similar effects were obtained in
the presence of 4-PBA (Fig. 5d). To quantify the altered
phenotype, the percentage of cells with fragmented cal-
reticulin was calculated. Calreticulin was found fragmen-
ted to the cell periphery in 39% of TUDCA-treated and
37% of 4-PBA-treated cells, against 72% of PBS-treated
cells (Fig. 5e). In addition, quantification of intracellular
bacteria by immunofluorescence staining indicated that
the TUDCA treatment reduced the bacterial load, which
were similar to 4-PBA treatment (Fig. 5f).

Furthermore, the mRNA and protein expression levels
of ER stress markers were evaluated. The mRNA expres-
sion levels of Bip and CHOP, were reduced subsequent
to the TUDCA treatment (Fig. 5g). Meanwhile, the pro-
tein level of Bip, CHOP and p-elF2a were reduced after
TUDCA treatment (Fig. 5h). As shown in Fig. 5i,
TUDCA treatment inhibited the splicing level of XBP1
induced by B. pseudomallei. Our results suggest that
TUDCA treatment suppresses the ER stress induced by
B. pseudomallei in RAW?264.7 cells.
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Fig. 4 B. pseudomallei induces ER stress in RAW264.7 cells. a Representative TEM images of RAW264.7 cells after uninfected or infected with B.
pseudomallei (MOl = 10) for 8 h. White arrowheads indicate the B. pseudomallei, and black arrowheads indicate the ER. b RAW264.7 cells were
uninfected or infected with B. pseudomallei (MOl = 10) for 8 h. Cells were stained with anti-calreticulin antibody (red), anti-B. pseudomallei antibody
(green) or DAPI (blue). Scale bar is 10 um. € The mRNA expression of Bip, CHOP, in RAW264.7 cells infected with B. pseudomallei (MOl = 10) for 4,
8 and 12 h. The ANOVA with a post-hoc test was used to analyze multiple time points. d Immunoblot analysis of Bip, CHOP, elF2a and p-elF2a
levels after B. pseudomallei infection (MOl = 10) for 4, 8 and 12 h. e Cells were infected with 10 MOI for 4, 8 and 12 h, and processed for RNA.
XBP1 spliced and unspliced mRNA species were resolved by 2.5% agarose gel. The full-length blots or gels are presented in Supplementary Fig.
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Discussion

The awareness and global burden of melioidosis has long
been underestimated, and difficulties in clinical recogni-
tion and laboratory diagnosis often lead to delays in
treatment. Furthermore, considering no effective vaccine
available and antimicrobial resistance for treating meli-
oidosis currently, effective alternative drugs and new
therapies are increasingly needed [1]. In this study, we
have demonstrated that TUDCA is effective to control
B. pseudomallei infection in mice. Meanwhile, in cul-
tured cells, B. pseudomallei infection results in ER
stress-induced apoptosis, and TUDCA enhances the
clearance of B. pseudomallei by inhibiting ER stress.
These results provide useful information for developing
potential therapeutic strategies against B. pseudomallei
infection.

Recent studies have revealed that bacterial pathogens
have evolved multiple strategies to subvert host immune
clearance responses by avoiding killing, including the
proinflammatory response and manipulation of vesicular
trafficking [27]. ER stress is a cytoprotective response to
maintain the cellular homeostasis, and has been implied
to participate in the modulation of innate immune

signaling pathways and host defenses against invading
microorganisms. Recent evidence shows these bacteria
take advantage of the ER environment to became a safe
niche for its intracellular survival, such as Legionella,
Brucella, Chlamydia and Simkania. CR Roy et al. have
reported that Legionella-containing vacuoles (LCVs) fuse
with ER membranes through the endocytic pathway and
disturb maturation to permit its intracellular replication,
once upon phagocytosis by macrophages [28—30]. Simi-
larly, J Celli et al. found that Brucella residing within a
vacuole (Brucella-containing vacuole, BCV) traffics along
the endocytic pathway and obtains the maturation prop-
erties of phagolysosome to form the ER-derived vacu-
oles, which supports bacterial proliferation [31, 32].
However, accumulating studies support the view that
bacterial infections trigger ER stress and can be sensed
via the unfolded protein response (UPR) [13]. Interest-
ingly, so far, it is still not clear whether the induced-ER
stress is beneficial to the intracellular survival of patho-
gens or the host defenses against bacterial infection.
Several studies have demonstrated that bacterial path-
ogens infection could induce ER stress and trigger UPR
the for their own benefits. A previous study has reported
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S5. Results are representative of 3 independent experiments. *P < 0.05, **P < 0.01

that the virulence factor of Helicobacter Pylori, vacuolat-
ing cytotoxin A (VacA), is involved in the activation of
ER stress by regulating PERK and elF2a [33]. And Bru-
cella induces ER stress by inducing three major signaling
pathways of the UPR, which is correlated with the
microtubule modulating protein TcpB [14]. Additionally,
Listeria monocytogenes also induces the UPR and acti-
vates ER stress-specific apoptosis, via secretion of Lister-
iolysin O (LLO), by breaking intracellular Ca**
homeostasis [34, 35]. These above results have indicated
that bacterial infections induce the ER stress to promote

their intracellular growth, but the underlying mecha-
nisms remain to be further addressed.

Currently, the evidence has implied that the cellular
downstream responses of ER stress are of high complex-
ity, including production of reactive oxygen species, in-
duction of autophagy, initiation of apoptosis, and
stimulation of innate immune responses [13, 36, 37].
The protein TcpB of Brucella melitensis has been re-
ported to induce ER stress, but also interact with the
TLR adapter MyD88-adapter-like (MAL) to inhibit the
activation of NF-«kB signaling pathway [38, 39]. In
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addition, reticulophagy (ER-phagy, a selective autoph-
agy), as one of the ER stress-induced downstream re-
sponses, plays a dual role in the regulation of
intracellular survival of bacteria. Under strong stress
conditions, the failure to protect cells by ER-phagy even-
tually leads to apoptotic cell death, of which the effect
on bacterial replication seems to be inconclusive. Shi-
gella flexneri, Salmonella typhimurium, and Yersinia
enterocolitica have been proved to be able to promote
apoptosis. Particularly, Salmonella and Shigella directly
activates the pro-apoptotic signaling pathway to initiate
apoptosis; while Yersinia kills host cells by inhibiting
survival pathways and activating apoptotic signaling
pathways [40]. Previous studies indicate that inducing
apoptosis in macrophages may protect bacteria from be-
ing swallowed and promote bacterial survival, which en-
abling bacteria to reach submucosa, even blood and
other organs [41]. Besides, the evidence indicates that in-
ducing apoptosis in macrophages rather than necrosis
will not attract more inflammatory cells infiltrations
[41], implying that inhibition of apoptosis may not be
conducive to the survival of bacteria. Consistent with the
previous studies [26, 42, 43], our findings also confirmed
that B. pseudomallei induced apoptosis in RAW264.7
cells in a time-dependent manner. In general, the de-
tailed mechanisms of the interaction between bacterial
infection and the host ER stress are complicated and
need to be investigated in the future. Therefore, future
work is likely to reveal which virulence factors are used
to manipulate host ER stress, and which new strategies
are utilized to regulate the ER stress-mediated immune
inflammatory response.

In order to understand the relationship between B.
pseudomallei and ER stress, we observed that B. pseudo-
mallei infection activates ER stress by the three main
signaling ways in RAW264.7 macrophages. Considering
the crucial role of ER stress in infectious diseases,
TUDCA, an ER stress inhibitor, implies the potential
role in clinical treatment of B. pseudomallei infection.
Indeed, JA Smith et al. have founded that the treatment
of TUDCA decreases the intracellular replication of B.
melitensis [14]. According to our observations, inhibiting
the ER stress by TUDCA or 4-PBA treatment promotes
the intracellular clearance of B. pseudomallei. Mechanis-
tically, recent studies have reported that TUDCA medi-
ates several diseases by suppressing ER stress, inhibiting
cell apoptosis or modulating other molecular mecha-
nisms, including influenza A viral infection, chronic viral
hepatitis C, osteoarthritis, kidney disease and diabetes [8,
11, 44—46]. Of note, TUDCA as a clinically available ER
stress inhibitor, is implied the potential role in clinical
treatment of B. pseudomallei infection, which currently
requires long-term intravenous and oral antibiotic
courses. TUDCA improves the ability of cells to deal
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with unfolded proteins, reduces cell apoptosis and exerts
the protective effect on cells. But the possible mechan-
ism by which TUDCA is effective to B. pseudomallei
infection is currently unknown.

In conclusion, this study highlights that B. pseudomal-
lei infection induces apoptosis and ER stress in
macrophages. TUDCA diminishes B. pseudomallei-in-
duced ER stress and promotes the intracellular clearance
of B. pseudomallei in vitro, and plays a protective role
for host to control infection in vivo. Therefore, these in-
sights provide a potential therapeutic strategy to treat
melioidosis.
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