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Abstract

In response to danger signals, macrophages rapidly produce many inflammatory cytokines that trigger the cascade release of
inflammatory mediators, leading to tissue damage, which is an important cause of clinical manifestations of syphilis at all stages.
However, we still know very little about the specific mechanism of this process. Tp0768 is an infection-stage—dependent antigen
that plays an important role in the infection of Treponema pallidum. In this study, we demonstrated that Tp0768 stimulation of
macrophages can cause /L-13, IL-6, and IL-8 mRNA expression levels to increase in a dose- and time-dependent manner. Further
research showed that Tp0768 activated ER stress and the ROS/NF-kB pathway in macrophages. Inhibition of ER stress and the
ROS/NF-kB pathway inhibited the expression of /L-173, IL-6, and IL-8 induced by Tp0768. In addition, pretreatment with a
PERK pathway inhibitor significantly reduced the expression of the NF-kB and JNK pathways, while also downregulating the
expression of /L-1[3, IL-6, and IL-8. Tp0768 stimulation can activate IRE1o¢/XBP-1 signaling and participate in the induction of
inflammatory cytokines through the JNK pathway. These findings indicate that Tp0768 promotes the secretion of proinflam-
matory cytokines /L-13, IL-6, and IL-8 by macrophages through ER stress and the ROS/NF-«B pathway, which are also involved
in the activation of the NF-kB and JNK pathways that are induced by the PERK pathway and activation of IRE1o/XBP-1
signaling.

Key points

* This study found for the first time that the recombinant Treponema pallidum protein Tp0768 promotes the production of IL-103,
IL-6, and IL-8 by macrophages through ER stress.

* Recombinant Treponema pallidum protein Tp0768 regulates the ROS/NF-kB pathway through ER stress.

* ER stress-related pathway PERK induces the expression of IL-1[3, IL-6, and IL-8 by activating the NF-kB pathway and the JNK
pathway.

* IREl« can induce the splicing of XBP-ImRNA and activate the JNK pathway.
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Introduction

Syphilis is a chronic sexually transmitted disease caused by
Treponema pallidum (T. pallidum) infection (Luo et al. 2018).
Its clinical manifestations are complex, and infection can in-
vade various organs throughout the body, causing damage to
multiple organs. The inflammatory response caused by
T. pallidum replication in tissues and the body’s immune re-
sponse towards pathogens are the causes of the clinical man-
ifestations at all stages of syphilis (Peeling et al. 2017; Li et al.
2020a). Although simple kits are available for diagnostics and
penicillin is an effective drug used for treatment, syphilis has
begun to be a resurrected global public health problem in
recent years (Hook 2017).

The endoplasmic reticulum (ER) is a specialized
perinuclear organelle responsible for secretion, biosynthesis
of transmembrane proteins, as well as the modification and
folding of proteins to maintain protein homeostasis (Moon
et al. 2018; Li et al. 2020b). The change in ER homeostasis
leads to the accumulation of unfolded proteins in the ER cav-
ity, which leads to ER stress activation (Hu et al. 2018). As
one of the major protein quality control systems, ER stress
consists of a complex network of three signal transmission
pathways, each of which involves a protein sensor: activated
transcription factor 6 (ATF6), inositol requiring enzyme 1
(IRE1), or protein kinase RNA (PKR)-like kinase (PERK)
(Rashid et al. 2015). Under basic/unstressed conditions, the
protein partner, BiP/GRP78, located in ER binds to the cavity
domains of these protein sensors to maintain the inactive state
of these pathways. When ER is stressed, the accumulation of
incorrectly folded proteins and increased protein load in ER
causes BiP/GRP78 to dissociate from these UPR sensors and
bind to unfolded or misfolded proteins, which activates
PERK, IRE1 and ATF6 (Grover et al. 2018). In chronic dis-
eases, ER stress may contribute to the production of persistent
inflammatory mediators, thus hindering the in vivo balance
mechanism. Increasing evidence shows that ER stress is a
powerful controller of cell response to external stimuli and
inflammatory signal transmission and is an important mecha-
nism that determines cell fate (Muriach et al. 2014; Chaudhari
et al. 2014). ER stress can be activated by a variety of patho-
gens, including viruses such as Candida albicans, Chlamydia
pneumoniae, and Mycobacterium tuberculosis (Li et al. 2018;
Walenna et al. 2020; Liang et al. 2019). Early ER stress is a
defense response triggered by specific stimulatory conditions,
which aims to protect cell vitality and normal physiological
function, but it is destructive beyond physiological control and
seriously affects immune response and inflammation.

Tp0768 is considered to be a T. pallidum infection-
dependent antigen (Gerber et al. 1996). Previous studies have
shown that high immunogenic Tp0768 (also known as
TpN44.5 or TmpA) showed high sensitivity and specificity
for the serological diagnosis of syphilis (Liu et al. 2019;
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Backhouse and Nesteroff 2001). However, the pathogenesis
of Tp0768 is still unclear. In this study, we studied the inflam-
matory effect of Tp0768 on macrophages and the important
role of ER stress and the ROS/NF-kB pathway in this process
in vitro. Understanding Tp0768-induced immune regulation
will help elucidate the pathogenesis of innate immunity and
subsequent adaptation mechanisms, which may be related to
the treatment of syphilis and the development of vaccines.

Materials and Method
Chemicals and reagents

DMSO, phorbol 12-myristate 13-acetate (PMA), N-acetyl-L-
cysteine (NAC), and 4-phenylbutric acid (4-PBA) were pur-
chased from Sigma-Aldrich. STF-083010, GSK2656157, and
SP600125 were purchased from MedChemExpress.
Pyrrolidine dithiocarbamate (PDTC) was purchased from
Beyotime. Antibodies against Bip, PERK, IRE1x, NF-kB
p65, INK, P-JNK, and GAPDH and secondary antibodies
were purchased from Cell Signaling Technology.

Expression and purification of Tp0768

Recombinant plasmids were constructed using 7. pallidum
Nichols strain genomic DNA as a template and were trans-
formed into Escherichia coli for expression. After purification
of the protein, endotoxin was removed and detected using an
endotoxin removal kit and a limulus reagent detection Kkit,
respectively. The endotoxin content in the Tp0768 formula-
tion used in the experiments was less than 0.1 EU/mL.

Cell culture

THP-1 cells and Raw264.7 cells were purchased from the
American Type Culture Collection and cultured in RPMI
1640 and Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, respectively.
Cell growth conditions were maintained at 37 °C and 5%
CO;,; 100 ng/mL. PMA was used to induce THP-1 cells to
differentiate into macrophages for 24 h to be used in the
experiments.

RT-qPCR

Total RNA was extracted using TRNzol-A+ Reagent.
cDNA was synthesized using the Fastking RT Kit, by
following the manufacturer’s instructions. All primer de-
signs were synthesized by Sangon Biotech. The primer
sequences are listed in Table 1. Real-time PCR was
performed in the Light-Cycler 480 System using Super
Real Premix Plus (SYBR Green). GAPDH was used as
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Table 1 Primer sequences used for RT-qPCR polymerase chain

reaction

Genes Primer (5" — 3')

Human /L-1(3 5'-GATGGCTTATTACAGTGGC-3'
5'-CCTTGCTGTAGTGGTGGT-3’

Human /-6 5'-ACTCACCTCTTCAGAACGAATTG-3’
5'-CCATCTTTGGAAGGTTCAGGTTG-3'

Human /L-8 5'-ACTGAGAGTGATTGAGAGTGGAC-3'
5'-AACCCTCTGCACCCAGTTTTC-3’

Human XBP-1 5'-CCTGGTTGCTGAAGAGGAGG-3'
5'-GCTGGTAAGGAACTGGGTCC-3'

Human GAPDH 5-GAAGGTGAAGGTCGGAGTC-3’

5-GAAGATGGTGATGGGATTTC-3'

5'-CCAGCTTCAAATCTCACAGCAG-3'
5-CTTCTTTGGGTATTGCTTGGGATC-3'

Mouse IL-13

Mouse IL-6 5-CTGCAAGAGACTTCCATCCAG-3’
5-AGTGGTATAGACAGGTCTGTTGG-3’
Mouse /L-8 5-TTGCCTTGACCCTGAAGCCCCC-3'
5-GGCACATCAGGTACGATCCAGGC-3'
Mouse XBP-1 5-ACACGCTTGGGAATGGACAC-3'
5-CCATGGGAAGATGTTCTGGG-3'
Mouse GAPDH 5-TGCGACTTCAACAGCAACTC-3'

5"-CTTGCTCAGTGTCCTTGCTG-3'

an internal standardized control. The relative gene ex-
pression level was quantified by normalizing it to the
endogenous GAPDH expression level using the 2 42¢T
method.

Transmission electron microscopy

The cells were pre-fixed using an electron microscope fixing
solution for 2 h and washed 3 times with PBST. Fixation was
conducted using 1% osmium tetroxide for 2 h, followed by
dehydration using ethanol. After being embedded overnight, it
was cut into ultra-thin sections and observed under a transmis-
sion electron microscope at an acceleration voltage of 100 kV.

Western blotting analysis

After harvesting the cells, each well was lysed using a RIPA
buffer containing a protease and phosphatase inhibitor.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was used to separate an equal amount of protein
from the cells and was transferred onto PVDF membranes.
The membrane was blocked using a 5% skimmed milk pow-
der buffer for 1 h at room temperature. After blocking, the
membrane was incubated with suitable primary antibodies:
Bip (1:1000), PERK (1:1000), IRE1« (1:1000), NF-kB p65
(1:1000), JINK (1:1000), P-JNK (1:1000), and GAPDH
(1:5000) at 4 °C overnight, and then incubated with a second-
ary antibody (1:2000) for 1.5 h at room temperature. The

resulting bands were visualized using BeyoECL Star.
Image] software was used to quantify band intensity and nor-
malize band intensity using GAPDH.

Detection of ROS

Following instructions given by the active oxygen detection
kit manufacturer, cells were collected, the fluorescent probe,
DCFH-DA, was loaded and incubated in a 37 °C cell incuba-
tor for 20 min. After washing three times with serum-free
medium, flow cytometry was used to detect fluorescence.
The detection parameters were set to an excitation wavelength
of 488 nm and emission wavelength of 525 nm. Raw264.7
cells were captured using a fluorescence microscope, and the
average fluorescence intensity was quantified using ImageJ
software.

Cellular immunofluorescence

Cells were seeded onto polylysine-coated slides. The collected
cells were fixed using 4% paraformaldehyde and perme-
abilized with 0.1% Triton X-100 and subsequently closed. A
diluted NF-«kB p65 antibody (1:300) was added into each well
and incubated at 4 °C overnight. After washing with PBST,
the cells were incubated with goat anti-rabbit IgG H&L
(Alexa Fluor® 488) for 1 h. Nuclei were counterstained with
DAPI. The slides were mounted using an anti-fluorescence
quenching mount. A laser confocal scanning microscope
was used to capture fluorescence images.

Determination of Xbp-1 splicing

Cells were seeded into 12-well plates and were pretreated with
different concentrations of STF-083010 for 1 h, and then co-
cultured with Tp0768 for 24 h. The cells were collected, and
total RNA was extracted. After reverse transcription into
cDNA, Super Real Premix Plus (SYBR Green) was used to
perform real-time PCR analysis in a Light-Cycler 480 System.
The primer sequences are listed in Table 1. The PCR products
were electrophoresed on a 2% agarose gel for 20 min at a
voltage of 50 V.

siRNA transfection

XBP-1s and negative control siRNA were purchased from
HonorGene (Changsha, China). According to the manufac-
turer’s protocol, Lipofectamine 2000 (ThermoFisher
Scientific) was used to transfect siRNA into cells.

Statistical analysis

Statistical analyses were performed using SPSS software or
GraphPad Prism 7. One-way ANOVA was used to analyze
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more than 3 groups of data, and Student’s ¢ test was used to
analyze two independent groups. The results are presented as
mean + SD of experiments performed in triplicate and p value
of < 0.05 was considered to be statistically significant.

Results

Tp0768 induced the production of inflammatory
cytokines in macrophages

In order to analyze the effect of Tp0768 on the expression of
IL-103, IL-6, and /L-8 in macrophages, we incubated the mac-
rophages with different concentrations of Tp0768 for 24 h.
Tp0768 significantly increased /L-1[3, IL-6, and IL-8§ mRNA
expression in a dose-dependent manner (Fig. 1a, ¢). Based on
the above results, 5 pg/mL Tp0768 was used for macrophage
incubation for 0, 6, 12, 24, 48, and 72 h. IL-13, IL-6, and IL-8
mRNA levels increased significantly at 24 h, in a time-
dependent manner (Fig. 1b, d).

Inhibition of ER stress reduced inflammatory cytokine
production induced by Tp0768

In order to confirm whether Tp0768 induced ER stress, we
used transmission electron microscopy to observe endoplas-
mic reticulum expansion; swelling and the normal folding
structure disappeared after Tp0768 stimulation, compared
with the control group (Fig. 2a). In order to clarify this further,
we examined representative molecular markers of ER stress.
After stimulation of cells with Tp0768, the expression levels
of PERK, Bip, and IREl« increased significantly and were
dose dependent (Fig. 2b; Fig. Sla, b). These results indicate
that Tp0768 can induce ER stress in THP-1—-differentiated
macrophages and Raw264.7 cells. In order to verify the rela-
tionship between ER stress and inflammation, we used the ER
stress inhibitor 4-PBA to block the UPR pathway. As shown
(Fig. 2c¢; Fig. S1), 2.5 mM 4-PBA significantly reduced the
expression of PERK, Bip, and IREl«. In addition, 4-PBA
intervention was able to effectively decrease Tp0768-
induced /L-1[3, IL-6, and IL-8 mRNA levels (Fig. 2d, e).

The induction of cytokines by Tp0768 is regulated by
the ROS/NF-kB pathway

Cell oxidative stress is an endogenous regulator that deter-
mines cell fate. Studies have shown that ROS accumulation
can activate redox signaling pathways, some of which often
cross-talk with ER stress and inflammation (Dehdashtian et al.
2018; Chen et al. 2019). We hypothesized that the accumula-
tion of ROS induced by Tp0768 could be suppressed by ER
stress inhibition. In order to validate our assumption, we used
flow cytometry and cellular immunofluorescence to detect
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Fig.1 Tp0768 induced the expression of IL-1/3, IL-6, and IL-8 in THP-1- P>
differentiated macrophages and Raw264.7 cells. The mRNA expression
of IL-1[3, IL-6, and IL-8 in THP-1-differentiated macrophages (a) and
Raw264.7 cells (¢) was measured using RT-qPCR after treatment with
Tp0768 at different concentrations for 24 h. b, d Five micrograms per
milliliter Tp0768-treated cells at different time (0, 6, 12, 24, 48, and 72 h)
were used to determine the mRNA expression of /L-1[3, IL-6, and IL-8
using RT-qPCR. Values are expressed as fold changes relative to
GAPDH-normalized mRNA levels. All data are presented as mean =+
SD of at least three independent experiments. NS, not significant. *p <
0.05, **p < 0.01, and ***p < 0.001 indicate a significant difference from
the control group

ROS levels in THP-1 differentiated macrophages and
Raw264.7 cells, respectively. The results showed that
Tp0768 stimulation could significantly induce intracellular
ROS production, and that 4-PBA and NAC intervention could
significantly decrease intracellular ROS levels induced by
Tp0768 (Fig. 3a—d). In addition, we detected NF-kBp65 sig-
naling using immunofluorescence staining and western blot-
ting. As shown (Fig. 4a, b), when macrophages were exposed
to Tp0768, the protein level of NF-kBp65 was upregulated in
a dose-dependent manner and nuclear translocation occurred.
Treatment of macrophages with Tp0768 in the presence of the
antioxidant, NAC, showed that NAC treatment inhibited the
increase in NF-kBp65 protein levels in macrophages induced
by Tp0768 (Fig. 4c). In order to further confirm whether
NF-«B is closely related to Tp0768-induced IL-13, IL-6, and
IL-8 expression, we co-treated cells with the NF-«kB inhibitor,
PDTC, and Tp0768 for 24 h. The secretion of /L-13, IL-6, and
IL-8 in Tp0768-treated macrophages significantly increased,
compared to the control group, while the secretion decreased
after treatment with PDTC, indicating that inhibition of the
NF-kB pathway decreased /L-10, IL-6, and IL-8 expression
induced by Tp0768 (Fig. 4d, ). Taken together, these results
indicate that Tp0768 regulates /L-1/3, IL-6, and IL-8 produc-
tion through the ROS/NF-kB pathway in ER-stressed cells.

PERK induced inflammatory cytokine gene expression
through the JNK and NF-kB pathways

Current research indicates that the ER stress-induced inflam-
matory response proceeds mainly via the PERK and IRE1«x
pathways. In order to determine whether the UPR-related
pathway, PERK, is involved in THP-1-differentiated macro-
phage and Tp0768-induced IL-13, IL-6, and IL-8 expression
in Raw264.7 cells, we used a PERK inhibitor, GSK2656157,
to pretreat the cells. After the cells were treated with different
concentrations of GSK2656157 and Tp0768 for 24 h, the
results showed that when the PERK pathway was inhibited,
the expression of NF-kB (P65) and P-JNK decreased signifi-
cantly, and IL-103, IL-6, and IL-8 mRNA expression were also
downregulated (Fig. Sa—d). In order to further clarify the effect
of'the JNK pathway on the expression of inflammatory genes,
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we determined the expression of inflammatory genes 24 h
after treatment with Tp0768 in the presence of different con-
centrations of SP600125 (a selective inhibitor of the JNK
pathway). The results showed that SP600125 attenuated the
expression of IL-1(3, IL-6, and IL-8 mRNA induced by
Tp0768 (Fig. 5c, d). In summary, PERK-activated JNK and
NF-kB pathways are involved in the induction of inflamma-
tory genes.

IRE1a/XBP-1 induced inflammatory cytokine gene
expression through the JNK pathway

IRELI is an important sensor of ER stress, and its activation of
XBP-1 splicing plays an important role in ER stress-induced
inflammation. In order to determine whether the IRE1-XBP-1
pathway is activated in THP-1—differentiated macrophages
and Raw264.7 cells in response to Tp0768 infection, we first
evaluated the splicing effect of IRE1ox on XBP-1. After co-
culture of the cells with different concentrations of STF-
083010, the cells were treated with Tp0768 for 24 h, and the
RT-qPCR products were separated using agarose gel electro-
phoresis. As shown (Fig. 6a, b), compared with the control
group, Tp0768 infection significantly promoted the splicing
of XBP-1 mRNA and the production of XBP-1s; 20 uM STF-
083010 intervention was able to significantly inhibit the splic-
ing of XBP-1 mRNA induced by Tp0768. In addition, we
investigated whether JNK signaling is activated through
IRE1o/XBP-1 signaling and is involved in Tp0768-induced
inflammation. The results indicated that the inhibition of
IRE1« signaling decreased phosphorylated JNK levels (Fig.
6¢c, d). Silencing the expression of XBP-1s with siRNA
inhibited the expression of phosphorylated JNK in cells,
which indicated that JNK is activated via the IRE1o/XBP-1
pathway (Fig. 6e, f). When SP600125 was used to inhibit INK
kinase activity, the transcription of IL-13, IL-6, and IL-8 were
significantly suppressed (Fig. 6g, h). These results indicate
that IRE10/XBP-1 is involved in Tp0768-induced inflamma-
tory gene expression through the JNK pathway.

Discussion

Compared with the large amount of information on the path-
ogenic mechanism of other bacterial pathogens, our under-
standing of the pathogenic mechanism of syphilis lags far
behind that of other common bacterial infections because
T. pallidum is difficult to be cultured in vitro for a long period
and genetic techniques cannot be used to describe the deter-
minants of its virulence. Although the whole genome of
T. pallidum has been sequenced, only research aimed at anno-
tating the functions of 7. pallidum pathogenic proteins has
been carried out so far (Staudova et al. 2014; Petrosova et al.
2012; Weinstock et al. 1998). At present, research on the
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Fig. 2 Tp0768 mediated the expression of /L-1(3, IL-6, and IL-8 through >
ER stress. a Electron microscope image of the ultrastructure of THP-1—
differentiated macrophages and Raw264.7 cells treated with 5 pg/mL
Tp0768. The high-magnification image highlights the swollen endoplas-
mic reticulum. b After treatment of cells with different concentrations of
Tp0768 for 24 h, ER stress-related proteins, PERK, IREl«, and Bip,
were detected using western blotting. ¢ Cells pre-incubated with 4-PBA
(5,2.5,and 1.25 mM) for | h were treated with Tp0768 for 24 h, and the
protein levels of PERK, Bip, and IRE1 were evaluated using western
blotting. d, e After pretreatment with 4-PBA (2.5 mM) and co-
treatment with Tp0768 for 24 h, the mRNA expression of /L-1[3, IL-6,
and /L-8 were evaluated using RT-qPCR. Values are expressed as fold
changes relative to GAPDH-normalized mRNA levels. All data are pre-
sented as mean + SD of at least three independent experiments. *p < 0.05,
**p < 0.01, and ***p < 0.001 indicate a significant difference from the
control group

function of 7. pallidum pathogenic proteins is mainly on outer
membrane proteins, and our understanding of lipoprotein
functions is still limited. Lipoproteins constitute the highest
content of proteins in 7. pallidum and usually play a decisive
role in the mechanism of 7. pallidum and its environment.
Helicoid lipoprotein is a proinflammatory molecule that can
regulate innate and adaptive immune responses (Kelesidis
2014). Understanding lipoprotein-induced immune regulation
will help elucidate the pathogenesis of innate immunity and
subsequent adaptation mechanisms, which may be related to
inflammation and related vaccine development in spirochetes
disease. Studies have shown that lipoprotein Tp0768 is an
infection-dependent antigen that has a high value for the clin-
ical diagnosis of syphilis serology (Liu et al. 2019; Runina
et al. 2018). However, little is known about the role of
Tp0768 in inflammation.

Previous studies have shown that the innate immune re-
sponse of phagocytes towards microorganisms depend on
the core signaling cascade downstream of the pattern recogni-
tion receptor (PRR), which leads to an adaptive immune re-
sponse that produces host resistance towards infection and
induces the production of inflammatory cytokines (Moretti
and Blander 2017). Autonomic cellular responses aimed at
ensuring cell homeostasis, such as autophagy, metabolic
stress, ER stress, and mitochondrial stress, are important for
the mechanism of innate immunity. ER stress/UPR is a con-
servative adaptive mechanism developed by eukaryotic cells
to remove unfolded proteins and restore ER homeostasis.
When ER stress cannot be reversed, cell dysfunction eventu-
ally leads to cell death. However, ER stress caused by micro-
bial infection is usually long term. ER stress has been proven
to be associated with inflammatory diseases caused by infec-
tions of various microorganisms, such as acute viral myocar-
ditis, chronic hepatitis C virus, tuberculosis, and placental in-
flammation (Cai et al. 2015; Dash et al. 2019; Lim et al. 2015;
Byndloss et al. 2019). In order to verify whether Tp0768 in-
duces macrophages to produce ER stress, we observed the
ultrastructure of ER using transmission electron microscopy
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Fig. 3 Tp0768-induced ROS release. a THP-1-differentiated
macrophages were treated with Tp0768 in the absence or presence of
NAC (5 mM) or 4-PBA (2.5 mM) for 1 h, and the ROS level in the cells
were determined using flow cytometry. b Quantitative analysis of the
average fluorescence intensity of ROS using FlowJo software. ¢

(TEM) and found many swollen and irregular ER. Western
blotting used to confirm the UPR-related proteins also showed
that Tp0768 induced ER stress in macrophages in a dose-
dependent manner. Therefore, our results show that Tp0768
induced macrophages to produce ER stress that may play a
crucial role in the pathogenesis of T. pallidum.

Genes regulated by the NF-«kB transcription factor family
are involved in a variety of physiological and pathological
processes, including inflammation, immune response, autoph-
agy, and apoptosis (Tam et al. 2012). In this study, we con-
firmed that Tp0768 can promote the activation of NF-«B
through the PERK pathway, thereby inducing the expression
of proinflammatory cytokines /-1, IL-6, and /L-8 in macro-
phages. Previous studies have also shown that the NF-«xB
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Analysis of ROS production in Raw264.7 cells using cellular immuno-
fluorescence (x 200). d Quantification of ROS levels using ImagelJ soft-
ware. *p < 0.05, ¥*p < 0.01, and ***p < 0.001 indicate a significant
difference

Fig. 4 Tp0768 regulated the production of proinflammatory cytokines in P>
cells through the ROS/NF-kB pathway. a NF-kB (p65) was detected
using western blotting, and its gray value was analyzed using ImageJ
software. b Nuclear translocation of NF-kB (p65) was assessed using
immunofluorescence staining and confocal microscopy. DIPA was used
for nuclear staining at a scale of 5 um. ¢ NF-«kB (p65) levels were detect-
ed using western blotting in the absence or presence of NAC. The relative
mRNA levels of IL-13, IL-6, and IL-8 in THP-1—differentiated macro-
phages (d) and Raw264.7 cells (e) were detected using RT-PCR in the
absence or presence of PDTC, respectively. Values are expressed as fold
changes relative to GAPDH normalized mRNA levels. All data are pre-
sented as mean + SD of at least three independent experiments. *p < 0.05,
**p < 0.01, and ***p < 0.001 indicate a significant difference from the
control group
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pathway plays an important role in 7. pallidum—mediated in-
flammation. For example, 7. pallidum induces IL-6, MCP-1,
and ICAM-1 in human dermal vascular smooth muscle cells
through the NF-kB signaling pathway expression, thereby
promoting the migration and adhesion of THP-1 cells to hu-
man dermal vascular smooth muscle cells (Gao et al. 2019).
Tp92 recognizes CD14 and TLR2 and transfers signals to the

a THP-1
TPO768 _ + + + +
GSK(MM) — - 20 10 5

PERK | s s S, Sy
PG5 S

GAPDH < au-

THP-1

(9]

-]
1
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downstream pathway NF-«B to mediate /L-8 production (Luo
et al. 2018). In response to ER stress, PERK-eIF2-mediated
weakening of translation can directly promote NF-«B activa-
tion (Kitamura 2011). Because the half-life of IkB is much
shorter than the half-life of NF-«B, attenuated translation in-
creases the ratio of NF-kB to IkB, which causes NF-kB to
translocate to the nucleus in response to ER stress (Zhang and
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Fig. 5 PERK induced the expression of inflammatory cytokine genes
through the JNK and NF-«B pathways. a, b Cells were pretreated with
GSK2656157 (5, 10, and 20 pum) for 1 h, then treated with 5 pg/mL
Tp0768 for 24 h, and PERK, P65, JNK, and P-JNK were detected using
western blotting. ¢, d Relative mRNA levels of /L-1[3, IL-6, and IL-8
using RT-PCR in the absence or presence of GSK2656157 or
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Kaufman 2008). However, the specific mechanism of Tp0768
inducing NF-«B activation through PERK pathway in macro-
phages needs further study.

IRE10/XBP-1 is the most conservative branch of evolution
in ER stress (Brenner et al. 2013). After dissociation from Bip,
activated IRE1« activates RNase activity after undergoing
homodimerization and autophosphorylation. XBP-1 mRNA
was cleaved to XBP-1s mRNA by an unconventional splicing
mechanism that removed 26 nucleotide introns and translated
into functional active transcription factors to induce the ex-
pression of UPR target inflammatory genes (Li et al. 2019a,
b). Our study found that Tp0768 induces XBP-1 splicing
through IRE1«. In addition, studies have shown that the cy-
toplasmic portion of IRE1 can bind to TRAF2, which acts as
an adapter protein to couple plasma membrane receptors to

JNK activation (Urano et al. 2000). And a recent report shows
that 7. pallidum flagellin stimulates MMP-13 expression
through the JNK signaling pathway in human epidermal
keratinocytes, which is conducive to the induction of skin
inflammation and pathogen invasion (Jiang et al. 2017). Our
data indicate that activation of IREl o can recruit protein ki-
nase JNK, thereby activating JNK and inducing the expres-
sion of IL-1[3, IL-6, and IL-8. These findings provide strong
evidence that Tp0768 activates the IRE1x-XBP-1-JNK sig-
naling axis leading to secretion of inflammatory factors.

As a part of basic metabolic function, ROS is mainly produced
by various enzymatic reactions and specific enzymes, such as
NOX, in cell compartments, and plays a signaling function in cells
for the regulation of cell proliferation and survival (D'Autreaux and
Toledano 2007; El-Kenawi and Ruffell 2017). ROS levels above a
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Fig.6 EIF/XBP1 induced the expression of inflammatory cytokine genes
through the JNK pathway. a, b Cells were pretreated with STF-083010
(10, 20, and 40 um) for 1 h, and then treated with 5 pg/mL Tp0768 for 24
h. The XBP1 gene was amplified using PCR and analyzed through sep-
aration on a 2% agarose gel. Xbp-1s, spliced form; Xbp-1u, unspliced
form. ¢, d The expression levels of IRE1«, JNK, and P-JNK were detect-
ed using western blotting. e, f After transfection with control siRNA or
XBP-1s siRNA for 48 h, the expression level of XBP-1s mRNA was

detected by qRT-PCR and the expression level of P-JNK protein was
detected by Western blotting. The relative mRNA levels of IL-1/3, IL-6,
and /L-8 in the THP-1—differentiated macrophages (g) and Raw264.7
cells (h) were detected using RT-PCR. Values are expressed as fold
changes relative to GAPDH-normalized mRNA levels. The data in the
histograms are presented as mean + SD of at least three independent
experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate a signif-
icant difference from the control group
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Fig. 7 Recombinant Treponema
pallidum protein Tp0768
promotes proinflammatory
cytokine secretion of
macrophages through ER stress
and ROS/NF-kB pathway

certain level can damage cell components, interfere with normal
cell processes, and lead to cell death, thus leading to metabolic
dysfunction and inflammatory response (Burgos-moron et al.
2019). One of the most significant characteristics of Tp0768-
treated macrophages is the production of ROS. Under pathological
conditions, ER is an important compartment that produces ROS
(Cao and Kaufman 2014). EROL transfers electrons from PDI to
molecular oxygen. Erolp bound by FAD oxidizes PDI and then
directly oxidizes folding proteins (Mennerich et al. 2019; Zeeshan
etal. 2016). Erolp bound by FAD transfers electrons to molecular
oxygen, resulting in ROS generation (Tu and Weissman 2004). In
order to study whether ROS play a potential role in inflammatory
response, we used 4-PBA to inhibit ER stress and found that the
production of ROS decreased, indicating that Tp0768 may induce
the accumulation of ROS through ER stress. In addition, we also
examined the activation of NF-kB, an important downstream path-
way, in which ROS act as an inflammatory signal modulator. Our
results show that Tp0768 induced activation and translocation of
NF-k B. Antioxidant NAC was able to inhibit the ex-
pression of NF-kBp65 in macrophages induced by
Tp0768. In conclusion, these results indicated that
Tp0768-induced ER stress plays a significant role in
inflammatory response through the ROS/NF-kB axis.
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In view of the central role of ER stress in the management
of cell stress response in endoplasmic reticulum homeostasis,
many pathogens have been reported to activate or inhibit ER
stress to promote their own survival. For example, chlamydia
can inhibit ER stress during infection, reduce the phosphory-
lation level of eIF2, block the translocation of CHOP protein
to the nucleus, and increase the bacterial load (Mehlitz et al.
2014). In addition, similar to our experimental results, the
secretory effector protein VceC of Brucella abortus activates
IREI, and its activation can occur simultaneously with the
expression of IRE1-dependent proinflammatory cytokines
(De Jong et al. 2013). Different from our results, VceC in-
duces the expression of proinflammatory cytokines through
IRE1 activation of NOD1/NOD2 innate immune signals
(Keestra-Gounder et al. 2016).

In general, this study confirmed for the first time that
T. pallidum induces the secretion of proinflammatory cytokines
by activating cellular ERS and its downstream pathways
through its own effector protein (Fig. 7). We found that the
PERK and IRE1« pathways of ER stress are significantly acti-
vated and promote the production of inflammatory cytokines
through the activation of the NF-kB and JNK pathways. In
addition, ER stress induced by Tp0768 can significantly
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increase ROS generation. Understanding the importance of ER
stress and the related mechanisms of its proinflammatory effect
may help to provide a new potential therapeutic strategy to
control systemic inflammatory response of syphilis patients.
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