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Abstract

The recombinant Treponema pallidum protein Tp0965 (rTp0965), one of the many
proteins derived from the genome of T. pallidum subsp. pallidum, shows strong
immunogenicity and immunoreactivity. In this study, we investigated the effects of
rTp0965 on the endothelial barrier. Treatment of human umbilical vein endothelial
cells (HUVECSs) with rTp0965 resulted in increased levels of ICAM-1, E-selectin,
and MCP-1 mRNA and protein expression. These increases contributed to the
adhesion and chemataxis of monocytes (THP-1 cells) to HUVECs preincubated
with rTp0965. In addition, rTp0965 induced reorganization of F-actin and decreased
expression of claudin-1 in HUVECSs. Interestingly, inhibition of the RhoA/ROCK
signal pathway protected against rTp0965-induced higher endothelial permeability
as well as transendothelial migration of monocytes. These data indicate that
Tp0965 protein may play an important role in the immunopathogenesis of syphilis.

Introduction

The endothelial barrier, constituted by the vascular endothelial cells lining the
inner lumen of blood vessels and capillaries, plays a crucial role in the health and
integrity of tissues by regulating the passage of molecules, liquids and immune
cells [1,2,3]. Dystunction and/or disruption of this barrier can lead to edema,
inflammation, and associated pathologies [4, 5]. Many pathogens, from viruses to
bacteria and parasites, can break down the endothelial barrier by damaging the
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vascular endothelium [6,7, 8]. They can also trigger the opening of the
intercellular junction, induce apoptosis of endothelial cells or activate the immune
system, which in turn leads to the destruction of the endothelial barrier and
subsequent edema [9, 10,11, 12].

Previous studies suggested that bacterial infections altered the function of
endothelial cells. Neisseria meningitides [13], as well as Staphylococcus aureus [14],
adhere to endothelial cells, and induce the expression of endothelial adhesion
molecules (ICAM-1, E-selectin, and VCAM-1), which contribute to leukocyte
attachment. Leptospira, through adhesion to endothelial cells, may disrupt
endothelial barrier function and promote dissemination of the bacteria [15]. The
outer surface lipoprotein A (OspA) of Borrelia burgdorferi, as shown with Neisseria
meningitides, increases the expression of endothelial adhesion molecules (ICAM-1,
E-selectin, and VCAM-1) of HUVECs and subsequently adds to the transen-
dothelial migration of neutrophils in vitro [16].

Syphilis is a chronic systemic, sexually transmitted disease caused by the
bacterial spirochete Treponema pallidum subsp. pallidum (T. pallidum). The
lesions of tertiary syphilis present as skin nodules, aortitis, aortic aneurism,
gumma, and meningovasculitis [17, 18, 19]. Histopathology of these lesions
reveals endothelial cell swelling, mural edema, perivascular and interstitial
lymphohistocytic infiltrate, and thrombosis. Most of the clinical and histo-
pathological manifestations appear to be the consequence of dysfunction and
disruption of the endothelial barrier. Thus, studies on the mechanism of
endothelial barrier regulation are important for insight into pathogenic
mechanism of T. pallidum infections.

Previous investigations reported that T. pallidum was capable of penetrating
intercellular junctions of endothelial cell monolayers and mouse abdominal wall
tissue barriers [20,21]. The bacteria can activate directly host vascular
endothelium, up-regulate the expression of adhesion molecules, and promote the
adherence of T-lymphocytes to human dermal microvascular endothelial cells.
These studies suggested that invading activated endothelial cells play an important
role in the dysfunction and disruption of the endothelial barrier in primary and
secondary syphilis. However, during later syphilis, it is difficult to demonstrate T.
pallidum in some lesions (such as gumma and spinal cord). An immunologic
attack, including allergic, hypersensitivity, and other factors was proposed
[22,23]. We propose that some antigens, especially those exposed during T.
pallidum killing, may play an important role in dysfunctions or disruption of
endothelium barrier. Although several T. pallidum outer member proteins have
been shown to regulate the expression of cell adhesion molecules and binding of
T-Lymphocytes to human dermal microvascular endothelial cells (HDMECs)
[24,25], there is little evidence for the role of other member proteins in
dysfunctions or disruption of the endothelium barrier.

T. pallidum is an obligate human pathogen and cannot be cultivated in vitro.
This has severely impeded progress in understanding precise pathogenesis of this
microbe. The availability of the T. pallidum genome sequence made it possible to
examine predicted T. pallidum open reading frames (ORFs) for potential
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suitability as diagnostic or immunization tools [26]. This approach permits
identification of low-abundant T. pallidum antigens, since they may be expressed
as recombinant proteins in much larger quantities. Several proteins have been
characterized in involving in adhesion, invasion, and/or dissemination

(27, 28,29, 30].

Genomic analysis of T. pallidum suggestes that the tp0965 gene is located on the
tp34 gene cluster (the tp0959 to tp0972 genes) [31]. Because of similar function, T.
pallidum cluster the tp34 gene cluster into tp34 operon. The Tp0965 protein is
encoded by tp0965, containing 320 amino acids, with a molecular weight of
35.4 kDa. The Protein BLAST data revealed that Tp0965 is a membrane fusion
protein and is located on periplasm of T. pallidum. Previous studies suggest that
the Tp0965 protein, together with other proteins encoded by the Tp34 operon,
may compose a periplasma-spanning export system to provide transporters with
various specificities [33]. Tp0965 is reactive with sera from syphilitic individuals
at all stages and shows strong immunoreactivity. In our previous research, we gave
rabbits subcutaneous injections of recombinant Tp0965 protein (rTp0965) and
observed strong immunogenicity with the protein [32]. However, reports
concerning the role of Tp0965 in the pathogenesis of syphilis are lacking.

We hypothesize that similar to that of other pathogens, the Tp0965 protein has
effects on the function of the endothelial barrier and, to an extent, plays a role in
the immunopathogenesis of late-stage syphilis. In the present study, we examine
the effects of rTp0965 on expression and mRNA levels of adhesion molecules in
HUVECs. In addition, we examine the changes in permeability of HUVEC
monolayers and transendothelial migration of monocytes. We also see effects of
rTp0965 on the reorganization of F-actin and expression of claudin-1. The results
indicate that rTp0965 has the capability of triggering endothelial cell activation
and regulates the function of the endothelial barrier.

Materials and Methods

Materials

Transwell tissue culture inserts (diameter, 6.5 mm; pore size, 5.0 pm) and 24-well
plates were purchased from Corning Costar Corp (Corning, NY). RPMI 1640
medium and endothelial growth medium were obtained from Gibco (Grand
Island, NY). Heat-inactivated fetal bovine serum was obtained from HyClone
(Logan, Utah). Mouse anti-human claudin-1 was obtained from Cell Signaling
Technology (America, Boston). The Limulus amebocyte lysate test kit, polymyxin
B-agarose, anti-human ICAM-1 monoclonal antibody (MADb), anti-human E-
selectin (MAb), Calcein AM, phalloidin, tetramethylrhodamine bisothiocyanate,
matrigel matrix, and MCP-1 were purchased from Sigma-Aldrich (America, St
Louis, MO). Recombinant T. pallidum protein Tp0965(rTp0965)was purified on
nickel-nitrilotriacetic acid (Ni-NTA) chromatographic column from E. coli lysates
frozen in our laboratory. The human MCP-1 enzyme-linked immunosorbent
assay (ELISA) kit was purchased from R&D Systems, Inc. (Minneapolis, MN).
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Anti-mouse immunoglobulin G and horseradish peroxidase (HRP)-tagged
antibody were purchased from Amersham (Piscataway, NJ). Anti-rabbit HRP-
tagged antibody was purchased from Zymed (San Francisco, CA).

Recombinant protein preparation

Recombinant protein Tp0965 was expressed in E. coli and purified as described
previously [32]. Briefly, the gene of Tp0965 was amplified by polymerase chain
reaction (PCR) from T. pallidum genomic DNA and the nucleotide sequence was
cloned into the expression plasmid pET28a (Invitrogen, USA). The new
constructs were transformed into E. coli Rosetta (DE3) (Stratagene, La Jolla, USA)
and the recombinant fusion proteins were purified on Ni-NTA chromatographic
column. The collected proteins were renatured by dialysis based upon the
renaturation protocol described previously [34]. Sodium dodecyl sulfonate and
polyacrylate gel electrophoresis (SDS-PAGE) and immunoblot analysis using the
anti-polyhistidine tag antibody were employed to identify the protein and assess
its purity. Protein concentrations were determined using a bicinchoninic acid
(BCA) Protein Assay Kit (Sangon Biotech Co. Ltd., China). To remove LPS
contamination, the recombinant protein was subsequently treated by polymyxin
B-agarose and the LPS level was detected by the Limulus amebocyte lysate test kit.

Cell culture

Human umbilical vein endothelial cells (HUVECs) were a kind gift from Dr. HL
Li (China Third Military Medical University, ATCC, PCS-100-100), and routinely
cultured as specified by the Dr. Li in endothelial growth medium (EGM)
containing 0.2% bovine brain extract, 5 ng/ml human EGF, 10 mM L-glutamine,
1 pg/ml hydrocortisone, 2% FBS, and 0.5% penicillin/streptomycin. Monocyte
THP-1 cells were frozen in our laboratory and were routinely cultured in RPMI
1640 medium supplemented with 10% FBS and 0.05 mM 2-mercaptoethanol.

ELISA

HUVECs were seeded on 96-well plates at a concentration of 5 x 10* cells per well
and incubated at 37°C in 5% CO, for 24 h. They were then treated with either
rTp0965 or boiled rTp0965 (served as negative control) at 37°C in 5% CO,. The
supernatants were collected for determining the level of MCP-1 by ELISA
according to the manufacturer’s instructions (BD Biosciences). Final results were
read at a wavelength of 450 nm.

Real-time reverse transcription-PCR (RT-PCR)

HUVECs were seeded on 96-well plates at a concentration of 5 x 10* cells per well
and incubated at 37°C in 5% CO, for 24 h. They were then treated with either
rTp0965 or boiled rTp0965 at 37°C in 5% CO,. The cells were harvested for
mRNA transcripts of ICAM-1, E-selectin and MCP-1 with real-time RT-PCR.
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Briefly, total RNA was extracted with TRIzol reagent (Invitrogen), and the RNA
samples were treated with DNase I before reverse transcription processing to
remove genomic DNA contamination. A total of 2 pg RNA from each sample was
reverse transcribed into cDNA with the AMV First Strand cDNA Synthesis Kit
(BBI) according to the manufacturer’s protocol. The levels of mRNA transcripts
were analyzed on an ABI Stepone Plus Sequence Detection System (Applied
Biosystems) following a one-step quantitative reverse transcriptase—polymerase
chain reaction (QRT-PCR) using specific primers, along with the SYBR Green
PCR Master Mix and RT-PCR kit according to the manufacturer’s instructions.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene, was
used as the internal control. Reaction volumes of 20 pl containing 50 ng of total
RNA, 10 pl 2x SYBR Green PCR Master Mix, and 10 M primers were subjected
to one cycle of 95°C for 5 min and then 40 cycles of 95°C for 10 s, 60°C for 30 s
and 72°C for 45 s. For relative quantification, the levels of individual mRNA
transcripts were first normalized to the level of the control GAPDH mRNA. The
differential expression of these genes was then analyzed by the ACt method and
expressed as fold change. The amplified products were analyzed by 2% agarose gel
electrophoresis.

Cell ELISA

HUVEGs (2 x 10* cells/well) were seeded into 96-well plates and cultured for 24 h.
Then, HUVECs were cultured with either rTp0965 or boiled rTp0965. After
incubation, HUVECs were washed with PBS and were fixed with paraformalde-
hyde 4% in PBS. Then HUVECs were blocked with bovine serum albumin (BSA)
1% for 2 h. The cells were incubated for 2 h with anti-human ICAM-1 MAb or
anti-human E-selectin MADb at a dilution of 1 in 200. The thrice-washed cells were
incubated for 2 h with biotin-conjugated goat anti-rabbit IgG at a dilution of 1 in
50 and incubated with avidin-conjugated horseradish peroxidase for 30 min. The
assay was developed by addition of TMB peroxidase EIA substrate. Final results
were read at a wavelength of 450 nm.

Adherence assay

HUVECs were grown to confluence over 24 h on 24-well plates, preincubated
with rTp0965 (800 ng/ml) or boiled rTp0965 (800 ng/ml) at 37°C in 5% CO, for
24 h. Monocyte THP-1 cells were stained with calcein AM (5 uM, for 25 min)
and added in the amount of 5 x 10> cells to each well and incubated for a further
6 h at 37°C in 5% CO,. After washing with PBS, the monocyte THP-1 cells in
either supernatant or PBS were counted under the fluorescence microscope.
Monocyte THP-1 cells adhering to endothelial cells were calculated as follows:
percentage of monocyte THP-1 cells binding = (counts of cells added per well —
counts of cells uncombined)/(counts of cells added per well) x 100.
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Chemotaxis assay

The chemotaxis assay was performed in 24-well Transwell inserts (6.5 mm and
5.0 um). Briefly, HUVECs were seeded on the wells to confluence over 24 h, and
treated by rTp0965 (800 ng/ml) or boiled rTp0965 (800 ng/ml), and then
incubated for 24 h at 37°C in 5% CO,. Monocyte THP-1 cells were stained with
calcein AM (5 pM, for 25 min) and added in the amount of 5 x 10° cells in the
inserts for 2 h at 37°C in 5% CO,, and the number of monocyte THP-1 cells in the
wells were counted with a fluorescence microscope.

Western blot

HUVECs were seeded into 96-well plates at a concentration of 5 x 10* cells per
well and incubated at 37°C in 5% CO, for 24 h. They were treated with either
rTp0965 (800 ng/ml) or boiled rTp0965 (800 ng/ml) for 24 h at 37°C in 5% CO,.
The cells were harvested for detection of claudin-1 expression by Western blot. In
some experiments, HUVECs were pre-incubated with the ROCK inhibitor Y-
27632 (10 pM) for 30 mins at 37 °C before HUVECs were harvested and Western
blot was performed. Briefly, the harvested HUVECs were extracted with cold
RIPA buffer. Equal amounts of proteins of the cell lysates were fractionated on 8%
SDS—polyacrylamide gels (SDS-PAGE), electrophoretically transferred to nitro-
cellulose membranes, and subjected to Western blot analysis. After blocking in 2%
BSA for 1 h, the membranes were incubated with primary antibodies for claudin-
1 (1:1000) as a loading control overnight at 4°C with gentle rocking and then
incubated with HRP-conjugated anti-mouse antibodies at room temperature for
1 h. The bound antibodies were visualized under the image analysis software, and
the level of each protein relative to B-actin was determined.

Fluorescent staining

To analyze F-actin distribution, HUVECs were cultured on collagen-coated
coverslips until confluent, then rTp0965 (800 ng/ml) or boiled rTp0965 (800 ng/
ml) were added and the cells incubated for 24 h at 37°C. At the end of this
incubation period, HUVECs were fixed in 4% buffered paraformaldehyde and
permeabilized with 0.1% Triton X-100 in PBS containing 1% BSA, then stained
for 2 h at room temperature with rhodamine-phalloidin (10 U/ml) in PBS. After
washing with PBS, several drops of 90% glycerol/10% PBS were added. Finally, the
coverslips were examined using a confocal laser scanning microscope system
(Olympus FV1000, Japan). In some experiments, HUVECs monolayers were
preincubated with the ROCK inhibitor Y-27632 (10 pM) for 30 mins at 37°C
before F-actin distribution was tested as described above.
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HUVECs monolayer permeability and transendothelial migration
assays

For endothelial permeability and transendothelial migration measurements,
HUVECs were cultured on 6.5 mm and 5.0 um Transwell inserts that have been
coated with matrigel matrix for 7-10 days until confluent. Transendothelial
electrical resistance (TEER) of HUVECs monolayers was measured and the inserts
with stable values of TEER were chosen for the following assays. The cells were
treated with rTp0965 (800 ng/mL) or boiled rTp0965 for 24 h, then the inserts
were placed in the wells containing serum-free EGM.

For endothelial permeability, HRP (500 ng/mL) was added on top of the
HUVEC monolayers and 50 pl samples were taken from the wells at 0.5 h, 1 h,
2 h, 3 h, and 4 h, respectively. Then 50 pl of fresh EGM was added to each well.
The collected samples were analyzed for the flux of HRP with a TMB kit
performed according to the manufacture’s instructions (Sangon Biotech).

For the transmigration assay, treated cells growing on 5.0 pm membrane inserts
were placed in the wells containing serum-free endothelial basal medium with
CCL-2 (100 ng/mL) added as a chemoattractant. Monocyte THP-1 cells were
stained with calcein AM (5 uM, for 25 min) and added in the amount of 5 x 10°
cells on top of HUVEC monolayers for 6 h. Next, the numbers of monocyte THP-
1 cells in the wells and beneath the HUVEC monolayers were counted using a
fluorescence microscope. In some experiments, HUVEC monolayers were
princubated with the ROCK inhibitor Y-27632 (10 uM) for 30 mins at 37°C
before the endothelial permeability and transendothelial migration assays were
performed as described above.

Statistics

Results were expressed as the mean + standard deviations (SD) of experimental
groups. For comparison of the mean values between two groups, the unpaired #-
test was used. To compare values among multiple groups, one-way analysis of
variance (ANOVA) was applied. P<<0.05 was used as the alpha value to determine
statistical significance for all analyses.

Results

Expression and purification of recombinant protein

The Tp0965 gene was successfully amplified from the T. pallidum Nichols strain
genome and then cloned into the expression vector pET28a. Tp0965 was
expressed in E. coli Rosetta (DE3) and purified from cell-free supernatants on Ni-
NTA chromatographic column. The soluble protein Tp0965 was produced as a
single protein that was determined by SDS-PAGE analysis to have an estimated
purity of >90% (Fig. 1). The molecular mass in SDS-PAGE gel was estimated to
be 40 kDa, a value that is significantly higher than the value expected from the
deduced amino acid sequence. Increasing evidences showed that very basic or
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Fig. 1. Recombinant Tp0965 protein, purified using Ni-NTA resin, analysed by 12% sodium dodecyl
sulphate—polyacrylamide gel electrophoresis(SDS-PAGE). The electrophoresis showed a 40 kDa protein
band. M: protein markers (lanes concentrations: 0.1~0.2 mg/ml). Arrow indates the recombinant Tp0965
protein.

doi:10.1371/journal.pone.0115134.g001

acidic proteins may migrate anomalously on SDS-PAGE gels [33]. Therefore, the
anomalous migration of TP0965 might be due to abnormal binding of SDS to
basic amino acids, since TP0965 is a Lys-rich basic protein, which in turn might
lead to an abnormal shape of the SDS protein complex.

The identification of recombinant protein was performed by a Western blot
assay with anti-polyhistidine tag antibody, human syphilis sera. These results
showed that recombinant protein Tp0965 reacted positively with anti-His
monoclonal antibody and human syphilis. The protein concentration was 1.1 mg/
mL determined using a BCA Protein Assay Kit. After treated by polymyxin B-
agarose, the final LPS level was lower than 2.0 EU/mL, which is an amount that
did not stimulate proinflammatory cytokine production by itself.

Effects of rTp0965 on adherence of monocytes to HUVECs
LPS-enhanced retention and adhesiveness of human monocytes and monocytic
cell lines to endothelium is seen in the immunopathogenesis of many infectious
diseases. To test the effects of rTp0965 on monocyte adhesion to HUVECs, we
pretreated confluent monolayers of HUVECs and then stimulated them with
rTp0965 (800 ng/ml) for 24 h, followed by incubation with THP-1 cells for 1 h at
37°C. As shown in Fig. 2A, rTp0965 stimulated an increase in adherence of THP-1
cells to HUVECs (48.5+7.5% versus 23.3+7.9%, P<<0.05). To analyze the
expression of adhesion molecules on the HUVEC response to rTp0965, cell ELISA
and real-time RT-PCR were used. As shown in Fig. 2B—I, real-time RT-PCR study
showed that the mRNA transcription levels of ICAM-1 and E-selectin were
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Fig. 2. Effect of rTp0965 on adherence of monocytes to HUVECs. (A) Confluent HUVECs were stimulated with rTp0965 (800 ng/ml) for 24 h. Monocyte
THP-1 cells stained with calcein AM were then added and incubated for 6 h. The percentage of THP-1 cells were counted under the fluorescence

microscope. (B—E) Confluent HUVECs were incubated with various concentrations of the rTp0965 for increasing time intervals. The levels of ICAM-1 and E-
selectin mRNA in HUVECs were assayed by RT-PCR. (F-I) Confluent HUVECs were incubated with various concentrations of rTp0965 for increasing time
intervals. The expression levels of ICAM-1 and E-selectin were measured by cell ELISA. (*=P<0.05, compared to a control). Results shown are those of

one experiment representative of three similar experiments.

doi:10.1371/journal.pone.0115134.9002
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increased significantly after incubation with rTp0965 (800 ng/ml) ( P<<0.05)
compared to controls. The up-regulation of transcription was increased in a dose-
dependent manner by the various concentrations of rTp0965. Time course
experiments identified the duration of incubation lead to maximal expression of
adhesion molecules on HUVECs. The transcription of ICAM-1 and E-selectin
peaked at 24 h. Cell ELISA analysis showed similar results. The rTp0965 induced a
remarkable increase of ICAM-1 and E-selectin, compared to controls. These data
indicated that rTp0965 could significantly induce up-regulation of adhesion
molecules on HUVECs, and it also promoted an increased adherence of monocyte
THP-1 cells to HUVECs.

Effects of rTp0965 on chemoattraction of monocytes to HUVECs
To examine the effects of rTp0965 on HUVECs chemoattraction of monocytes,
monocyte THP-1 cells were added to the inserts of transwell systems that
contained HUVECGCs (that had been pretreated with rTp0965) in the wells.
Monocyte THP-1 cells migration was monitored for 2 h. Some monocyte THP-1
cells migration was evoked by HUVECs in control group, but significantly more
monocyte THP-1 cells migrated towards the HUVECs pretreated with rTp0965
(Fig. 3A). To study the effects of MCP-1 secreted by HUVECs on monocyte THP-
1 cell migration to the HUVECGs, the expression and mRNA transcription levels of
MCP-1 were examined with ELISA and real-time RT-PCR. ELISA data showed
that the amount of soluble MCP-1 was increased significantly after incubation
with rTp0965 (800 ng/ml) compared with the control (P<<0.05). The up-
regulation of expression was increased in a concentration-dependent manner by
rTp0965. Time course experiments identified the duration of incubation that
achieved maximal expression of MCP-1 on HUVECGs. The expression of MCP-1
was peaked at 24 h. Real-time RT-PCR analysis showed similar results. A
remarkable increase of MCP-1 mRNA, compared to the control, was induced by
rTp0965. Together with the data displayed in Fig. 3B-E, these results showed
rTp0965 could significantly induce up-regulation of MCP-1 on HUVECs, and
also increased HUVECs chemoattraction of monocyte THP-1 cells.

Effects of rTp0965 on the permeability of HUVECs monolayers

To analyze the permeability of HUVEC monolayers after incubation with
rTp0965, HRP was added to the transwell inserts, and samples were collected from
the wells at designated times. The flux of HRP was calculated. As shown in

Fig. 4A, after 1 hour, the HRP permeability in the rTp0965 group was 0.42 +0.08,
significantly higher than that in control (0.1540.07, P<0.05). After 4 h, the
permeability in rTp0965 group was 1.2+ 0.11, and that in control was 0.52+0.06
(P<<0.05), suggesting that rTp0965 could induce a remarkable increase in the
permeability of HUVEC monolayers.
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Fig. 3. Effects of rTp0965 on chemoattraction of monocytes to HUVECs. (A) Confluent HUVECSs in the wells were preincubated with rTp0965 (800 ng/
ml) for 24 h. Monocyte THP-1 cells stained with calcein AM were then added in the inserts for 2 h and the percentage of THP-1 cells in the wells were
counted under the fluorescence microscope. (B and C) Confluent HUVECs were incubated with various concentrations of the rTp0965 for increasing time
intervals. The levels of MCP-1 in the supernatants were determined by ELISA. (D and E) Confluent HUVECs were incubated with various concentrations of
rTp0965 for increasing time intervals. The levels of MCP-1 mRNA in HUVECs were measured by RT-PCR. (*=P<0.05, compared to a control). Results
shown are those of one experiment representative of three similar experiments.

doi:10.1371/journal.pone.0115134.9003

Effects of rTp0965 on migration of monocytes across HUVECs

In an in vitro static assay of transendothelial migration, we examined whether
incubation of HUVECs with rTp0965 would result in an increased migration of
monocytes across the monolayer. As shown in Fig. 4 B, addition of rTp0965
(800 ng/ml) to confluent monolayers of HUVECs cultured in transwell inserts
resulted in an approximately two-fold increase in the migration of monocyte
THP-1 cells at the 4-h time point (35.3% versus 12.7%, P<<0.001). We next
evaluated the effects of Rho signaling on the increase in migration of monocytes
across the monolayer induced by rTp0965. We applied the ROCK inhibitor Y-
27632 to evaluate the Rho signaling effect. The inhibitor was added to the culture
system 30 min before rTp0965 treatment. We found that Y-27632 partially
blocked the increase in migration of monocyte THP-1 cells after 24 h of rTp0965
exposure compared with the group treated with rTp0965 but without Y-27632
(19.0% versus 35.3%, P<<0.05, Fig. 4 B). This observation demonstrated that
rTp0965 could up-regulate migration of monocytes across the HUVECs
monolayer, and that the ROCK inhibitor Y-27632 could partially block this

increase.
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Fig. 4. Effects of rTp0965 on the permeability of HUVEC monolayers. Confluent HUVECSs in the wells
were preincubated with rTp0965 (800 ng/ml) for 24 h. (A). HRP was then added to the transwell inserts
and the flux of HRP in supernatants was calculated at 1 and 4h. (B) Effects of rTp0965 on migration of
monocytes across HUVECs. Confluent monolayers of HUVECs cultured in Transwell inserts were pretreated
with Y-27632 for 30 mins and HUVECs were then stimulated with rTp0965 (800 ng/ml) for 24 h. Monocyte
THP-1 cells stained with calcein AM were then added in the inserts and the percentage of THP-1 cells in the
wells was counted at 4 h under the fluorescence microscope.

doi:10.1371/journal.pone.0115134.9004

Effects of rTp0965 on F-actin reorganization

To evaluate the effect of rTp0965 on F-actin reorganization in HUVECs, we
preincubated HUVECs with rTp0965 and then stained the HUVECs with
rhodamine-phalloidin. As showed in Fig. 5 A, in the absence of rTp0965, a rim of
F-actin staining was present at the margins of the treated cells, with a few
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Fig. 5. Effects of rTp0965 on F-actin reorganization. Confluent HUVECs were left untreated (a) or were
stimulated with rTp0965 (800 ng/ml; b) for 24 h. (A). Other HUVECs were preincubated with Y-27632 for
30 mins and then stimulated with rTp0965 (800 ng/ml; c). Cells were then fixed and were stained with
rhodamine-phalloidin. (B) Effect of rTp0965 on HUVECs expression of claudin-1. Confluent HUVECs were
stimulated with rTp0965 (800 ng/ml) or preincubated with Y-27632 for 30 mins and then stimulated with
rTp0965 (800 ng/ml) for 2 h. The expression of claudin-1 in total cell lysates were evaluated by Western blot.
A representative of three experiments is shown.

doi:10.1371/journal.pone.0115134.g005

randomly disoriented stress fibers within the cytoplasm. However, in the presence
of rTp0965, F-actin rapidly formed organized filamentous networks. These results
indicated that rTp0965 could induce F-actin reorganization and distribution in
HUVECs.

Previous studies have shown that Rho signaling was involved in the regulation
of F-actin induced by LPS in HUVECs. Suspecting a similar regulatory
mechanism, we evaluated the effect of Y-27632 on the change induced by rTp0965
on F- actin in HUVECs. We found that Y-27632 partially prevented the F- actin
reorganization and redistribution after treatment with rTp0965 (Fig. 5 A),
indicating that the Rho signaling was involved in the change of F- actin induced
by rTp0965.

Effects of rTp0965 on HUVECs expression of claudin-1

To assess the effects of rTp0965 on expression of tight junction proteins of
HUVEGCs, we performed Western blot analysis to evaluate changes in level of the
tight junction protein, claudin-1. As indicated in Fig. 5 B, after treatment with
rTp0965 for 24 h, the level of claudin-1 was markedly decreased in HUVECs and
the effect was significantly prevented by the ROCK inhibitor Y-27632. These
results indicated that rTp0965 could induce a decline of the claudin-1 level in
HUVECs and the ROCK inhibitor could protect against the rTp0965 effect on
expression of the tight junction protein.
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Discussion

Previous studies demonstrated that T. pallidum and the T. pallidum 47 kDa
antigen activated cultured HDMECs to up-regulate the expression of adhesion
molecules in a concentration and time-dependent manner [20,21]. In the present
study, we examined the effects of rTp0965 on expression of adhesion molecules of
HUVECs. The results show that the HUVEC surface expression of ICAM-1 and E-
selectin, as well as the mRNA transcription in cytoplasm, are increased after
treatment with rTp0965. E-selectin and ICAM-1 are marker molecules of the
activated endothelial cells and mediate the adhesion of leukocytes to the vascular
endothelium [34]. E-selectin plays a major role in the rolling of circulating
leukocytes near the infected site [35]. Following rolling, ICAM-1 mediates the
firm adhesion of leukocytes to the activated endothelium leading to subsequent
transendothelial migration that is considered necessary for leukocyte migration at
the site of inflammation [36, 37].

Activated endothelial cells also release chemotactic cytokines. In this study we
investigated the expression and production of the chemokine MCP-1 from
HUVECs stimulated with rTp0965. MCP-1 is a member of the C-C chemokine
family and is produced and secreted by monocytes, fibroblasts, and vascular
endothelial cells [38]. MCP-1 interacts with its CCR2B receptor on monocytes
and macrophages to cause chemotaxis [39]. During T. pallidum infection, MCP-1
released from endothelial cells can recruit monocytes and macrophages to the site
of infection, thereby promoting inflammation. In this study, both mRNA and
protein levels of MCP-1 in rTp0965 treated cells were up-regulated and were
higher than those of controls at 24 h post-treatment.

From Figs. 2-3, we also found there was no significant difference between time
course of mRNA levels and time course of corresponding protein levels. The
reason for this phenomenon is as following. As we know, the amount of adhesion
molecules on cell surface is regulated by the stored adhesion molecules in
cytoplasm and the synthesized adhesion molecules. After induced, the adhesion
molecules stored in cytoplasm can be rapidly transferred to the cell surface.
However, it may take several hours to synthesize new adhesion molecules. In this
study, we speculate that the rTp0965 protein may stimulate the stored adhesion
molecules in HUVEC which could rapidly transfer to the cell surface. In addition,
we are sorry that we did not determine the half-life of mRNA and corresponding
proteins. From Figs. 2-3, the relation between mRNA and protein was obvious,
however, the detail mechanism that rTp0965 upregulated the expression of those
cytokines may be complex.

We next determined the effects of rTp0965 on the adhesion of THP-1 cells to
HUVECs and HUVEC chemoattraction for THP-1 cells. Previously it was
demonstrated that the adhesion of leukocytes to endothelial cells was the first step
in the process of transendothelial migration [40, 41]. In this study, the adhesion of
THP-1 cells to HUVECs was determined in response to rTp0965 stimulus. An
increase in the adhesion of THP-1 cells to HUVECs is observed after treating
HUVECs with effective stimulatory concentrations of rTp0965 (800 ng/ml).
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Furthermore, supernatants from HUVECs treated with rTp0965 (800 ng/ml)
cause chemotaxis of THP-1 cells. These findings suggested that rTp0965 can
stimulate endothelial cells to bind to monocytes and produce certain kinds of
chemoattractants for monocytes. Thus, the expression levels of E-selectin and
ICAM-1 are sufficient to function as adhesion modules mediating adhesion of
monocytes to endothelial cells and the level of MCP-1 is also sufficient to function
as a chemoattractant for monocytes.

Transmigration of immune cells is a basic requirement for the protection of
tissues by the immune system [42]. Monocytes migration is an important
mechanism in the pathogenesis of inflammatory diseases [43, 44, 45]. The present
work shows that rTp0965 mediates transendothelial migration of THP-1 cells. The
extent of increase in transmigration of THP-1 cells in response to rTp0965 is
significantly higher than that for controls. There is an approximately two-fold
increase in the migration of monocyte THP-1 cells at the 4-h time point (35.3%
versus 12.7%).

Previous studies demonstrate that the endothelium, activated by pathogens or
associated proteins, may express cellular adhesion molecules and open its
intercellular junctions [46,47]. The latter contribute to higher permeability of the
endothelial barrier, which is followed by transport of macromolecules and
transmigration of leukocytes into infection locations [48]. In addition, the
transmigration of leukocytes in turn increase the opening of endothelial cells
junctions [49]. In this study, permeability assays confirm that rTp0965 induces an
increase of HUVECs monolayer’s permeability.

Three distinct endothelial zones based on morphological and functional
characterization have been described: tight junctions (zona occludens, TJ);
adherens junctions (zona adherens, AJ); gap junctions. These zones are composed
of numerous transmembrane and cytoplasmic molecules that assemble into
complexes and then associate with the cytoskeleton in mature vessels [50, 51, 52].
TJ are composed of multiple transmembrane proteins including JAM1, occludin,
and claudins that are envisioned to cluster with certain plaque proteins (ZO-1,
Z0O-2, MUPP-1), which in turn affiliate with the actin cytoskeleton [53]. Claudins
are shown to form dimers that bind to adjacent endothelial cells to form the
“seal” of the tight junction [54]. We therefore focused on claudin-1 in this study.
Western blot analysis clearly demonstrated that the level of claudin-1 is markedly
decreased after HUVECs being exposed to rTp0965 for 24 h. Our data were
consistent with those reported in previous studies demonstrating that various
stimuli (including protein kinase, proinflammatory cytokines and pathogens)
cause down-regulation of claudin-1 in endothelial cells [55, 56, 57].

We next determined the effects of rTp0965 on expression of F-actin
reorganization of HUVECs. The data show that rTp0965 induces the assembly of
stress fibres and focal contacts in HUVECs. As described in previous studies, the
endothelial cells cytoskeleton has a critical role in endothelial permeability
[58,59]. Destabilization of actin microfilaments or disassembly of microtubules
results in a hyperpermeable endothelial monolayer. Many normal and
pathological extracellular stimuli, such as cytokines, LPS, and virus protein,
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induce the actin cytoskeleton reorganization (stress fiber formation, F-actin
rearrangements) [60,61,62,63]. In response to these stimuli, the RhoA/ROCK
signaling pathway plays an important role in regulating actin cytoskeletal
organization and dynamics, inducing actin stress fiber and focal adhesion
formation [64, 65]. In the presence of Y-27632, the specific inhibitor of ROCK, no
significant changes in F-actin are observed. This suggested that rTp0965-induced
changes in the actin cytoskeleton also depended on activation of RhoA/ROCK
signaling pathway.

ROCK belongs to the AGC (PKA/PKG/PKC) family of serine/threonine kinases
and is a major downstream effector of the small GTPase RhoA. Recent studies
suggest that the RhoA/ROCK pathway may contribute to the cytoskeleton
organization and participate in a wide variety of processes, including adhesion,
migration, polarity, cell cycle progression, and differentiation of many cell types
[66, 67, 68]. Inhibitors of ROCK increase the endothelial permeability via
regulating expression of TJ proteins and actin cytoskeleton organization. Our
study shows that a ROCK inhibitor can protect against the effect of rTp0965 on
expression of claudin-1 and ZO-1 and the reorganization of F-actin. Moreover,
the results also show that the ROCK inhibitor Y-27632 can partially block
rTp0965-induced increases of transendothelial migration of THP-1 cells. These
results were consistent with previous reports indicating a critical role of Rho in the
regulation of TJ protein expression and cytoskeleton organization [69,70].

In summary, the results of the present study demonstrate that rTp0965 triggers
endothelial cell activation by increasing the expression of adhesion molecules and
endothelial cell permeability through decreasing expression of TJ protein and
alters the actin cytoskeleton organization, which results in monocyte recruitment
and migration through endothelial cell layers and results in the dysfunction of the
endothelial barrier. Tp0965 protein may play an important role in the
immunopathogenesis of late stage syphilis.

Acknowledgments

We acknowledge Prof. Wu-Qing Zhou for expert technical assistance. We also
thank Dr Richard Knapp for help with reviewing the paper.

Author Contributions

Conceived and designed the experiments: QQW RLZ. Performed the experiments:
RLZ JPZ. Analyzed the data: QQW RLZ JPZ. Contributed reagents/materials/
analysis tools: JPZ RLZ. Wrote the paper: RLZ QQW.

References

1. Simoneau B, Houle F, Huot J (2012) Regulation of endothelial permeability and transendothelial
migration of cancer cells by tropomyosin-1 phosphorylation. Vasc Cell 4:18.

PLOS ONE | DOI:10.1371/journal.pone.0115134 December 16, 2014 16 /20



@'PLOS | ONE

The rTp0965 Protein and Immunopathogenesis of Syphilis

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Lee WL, Liles WC (2011) Endothelial activation, dysfunction and permeability during severe infections.
Curr Opin Hematol 18:191-196.

Wang Z, Tiruppathi C, Cho J, Minshall RD, Malik AB (2011) Delivery of nanoparticle: complexed drugs
across the vascular endothelial barrier via caveolae. IUBMB Life 63: 659—-667.

Shen Q, Rigor RR, Pivetti CD, Wu MH, Yuan SY (2010) Myosin light chain kinase in microvascular
endothelial barrier function. Cardiovasc Res 87:272-280.

Hawkes M, Elphinstone RE, Conroy AL, Kain KC (2013) Contrasting pediatric and adult cerebral
malaria: The role of the endothelial barrier. Virulence 4:543-555.

Elsheikha HM, Khan NA (2010) Protozoa traversal of the blood-brain barrier to invade the central
nervous system. FEMS Microbiol Rev 34:532—-553.

Schubert-Unkmeir, Konrad AC, Slanina H, Czapek F, Hebling S, et al. (2010) Neisseria meningitides
induces brain microvascular endothelial cell detachment from the matrix and cleavage of occludin: a role
for MMP-8. PLoS Pathog 6: €1000874.

Grab DJ, Nyarko E, Nikolskaia OV, Kim YV, Dumler JS (2009) Human brain microvascular endothelial
cell traversal by Borrelia burgdorferi requires calcium signaling. Clin Microbiol Infect 15: 422—426.

Hudson LC, Colby BA, Meeker RB (2010) Ethanol suppression of peripheral blood mononuclear cell
trafficking across brain endothelial cells in immunodeficiency virus infection. HIV AIDS (Auckl) 2: 7-18.

Ohtsuki S, Yamaguchi H, Katsukura Y, Asashima T, Terasaki T (2008) mRNA expression levels of
tight junction protein genes in mouse brain capillary endothelial cells highly purified by magnetic cell
sorting. J Neurochem 104: 147-154.

Doulet N, Donnadieu E, Laran-Chich MP, Niedergang F, Nassif X, et al. (2006) Neisseria meningitidis
infection of human endothelial cells interferes with leukocyte transmigration by preventing the formation
of endothelial docking structures. J Cell Biol 173:627—637.

Kido H, Okumura Y, Takahashi E, Pan HY, Wang S, et al. (2012) Role of host cellular proteases in the
pathogenesis of influenza and influenza-induced multiple organ failure. Biochim Biophys Acta 1824:
186—194.

Dixon GL, Heyderman RS, Kotovicz K, Jack DL, Andersen SR, et al. (1999) Endothelial adhesion
molecule expression and its inhibition by recombinant bactericidal/permeability-increasing protein are
influenced by the capsulation and lipooligosaccharide structure of Neisseria meningitidis. Infect Immun
67: 5626-533.

Beekhuizen H, van de Gevel JS, Olsson B, van Benten IJ, van Furth R (1997) Infection of human
vascular endothelial cells with Staphylococcus aureus induces hyperadhesiveness for humanmonocytes
and granulocytes. J Immunol 158:774-782.

Vieira ML, Alvarez-Flores MP, Kirchgatter K, Romero EC, Alves IJ, et al. (2013) Interaction of
Leptospira interrogans with Human Proteolytic Systems Enhances Dissemination through Endothelial
Cells and Protease Levels. Infect Immun 8: 1764—1774.

Sellati TJ, Abrescia LD, Radolf JD, Furie MB (1996) Outer surface lipoproteins of Borrelia burgdorferi
activate vascular endothelium in vitro. Infect Immun 64: 3180-3187.

Kim SJ, Lee JH, Lee ES, Kim IH, Park HJ, et al. (2013) A case of secondary syphilis presenting as
multiple pulmonary nodules. Korean J Intern Med 28: 231-235.

Rocha N, Horta M, Sanches M, Lima O, Massa A (2004) Syphilitic gumma—cutaneous tertiary
syphilis. J Eur Acad Dermatol Venereol 18: 517-518.

Puavilai S, Charuwichitratana S, Polnikorn N, Sakuntabhai A, Timpatanapong P (1993) Clinical and
histopathological features of secondary syphilis. J Med Assoc Thai 76: 85-92.

Thomas DD, Navab M, Haake DA, Fogelman AM, Miller JN, et al. (1988) Treponema pallidum invades
intercellular junctions of endothelial cell monolayers. Proc Natl Acad Sci USA 85: 3608—3612.

Riviere GR, Thomas DD, Cobb CM (1989) In vitro model of Treponema pallidum nvasiveness. Infect
Immun 57(8): 2267-2271.

Grin EIl (1953) Epidmiology and Control of Endmic Syphilis: Report on a Mass Treatment Campaign in
Bosnia. WHO Monography Series, Geneva, WHO.

PLOS ONE | DOI:10.1371/journal.pone.0115134 December 16, 2014 17720



@'PLOS | ONE

The rTp0965 Protein and Immunopathogenesis of Syphilis

23.

24,

25,

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

Gjestland T (1955) The Oslo study of untreated syphilis; an epidemiologic investigation of the natural
course of the syphilitic infection based upon a re-study of the Boeck-Bruusgaard material. Acta Derm
Venereol Suppl (Stockh) 35(34):3—-368.

Houston S, Hof R, Francescutti T, Hawkes A, Boulanger MJ, et al. (2011) Bifunctional role of the
Treponema pallidum extracellular matrix binding adhesin Tp0751. Infect Immun 79: 1386—1398.

Lee KH, Choi HJ, Lee MG, Lee JB (2000) Virulent Treponema pallidum 47 kDa antigen regulates the
expression of cell adhesion molecules and binding of T-lymphocytes to cultured human dermal
microvascular endothelial cells. Yonsei Med J 41: 623-633.

Fraser CM, Norris SJ, Weinstock GM, White O, Sutton GG, et al. (1998) Complete genome sequence
of Treponema pallidum, the syphilis spirochete. Science 281: 375-388.

Cameron CE, Brown EL, Kuroiwa JM, Schnapp LM, Brouwer NL (2004) Treponema pallidum
fibronectin-binding proteins. J Bacteriol 186: 7019-7022.

Dickerson MT, Abney MB, Cameron CE, Knecht M, Bachas LG, et al. (2012) Fibronectin binding to
the Treponema pallidum adhesin protein fragment rTp0483 on functionalized self-assembled
monolayers. Bioconjug Chem 23: 184-195.

Brinkman MB, McGill MA, Pettersson J, Rogers A, Matejkova P, et al. (2008) A novel Treponema
pallidum antigen, TP0136, is an outer membrane protein that binds human fibronectin. Infect Immun 76:
1848-1857.

Deka RK, Goldberg MS, Hagman KE, Norgard MV (2004) The Tp38 (TpMgIB-2) lipoprotein binds
glucose in a manner consistent with receptor function in Treponema pallidum. J Bacteriol. 186: 2303—
2308.

Brautigam CA, Deka RK, Ouyang Z, Machius M, Knutsen G, et al. (2012) Biophysical and
Bioinformatic Analyses Implicate the Treponema pallidum Tp34 Lipoprotein (Tp0971) in Transition Metal
Homeostasis. J Bacteriol 194:6771-6781.

Long FQ, Zhang JP, Shang GD, Shang SX, Gong KL, et al. (2012) Seroreactivity and immunogenicity
of Tp0965, a hypothetical membrane protein of Treponema pallidum. Chin Med J (Engl) 125: 1920-
1924.

Samsé M, Daban JR, Hansen S, Jones GR (1995) Evidence for sodium dodecyl sulfate/protein
complexes adopting a necklace structure. Eur J Biochem 3: 818-824.

Wittchen ES (2009) Endothelial signaling in paracellular and transcellular leukocyte transmigration.
Front Biosci 14:2522—-2545.

Kluger MS (2004) Vascular endothelial cell adhesion and signaling during leukocyte recruitment. Adv
Dermatol 20:163-201.

Wong D, Prameya R, Dorovini-Zis K (2007) Adhesion and migration of polymorphonuclear leukocytes
across human brain microvessel endothelial cells are differentially regulated by endothelial cell adhesion
molecules and modulate monolayer permeability. J Neuroimmunol 184:136-148.

Lawson C, Wolf S (2009) ICAM-1 signaling in endothelial cells. Pharmacol Rep 61: 22-32.

Yadav A, Saini V, Arora S (2010) MCP-1: chemoattractant with a role beyond immunity: a review. Clin
Chim Acta 411: 1570-1579.

Gavrilin MA, Gulina IV, Kawano T, Dragan S, Chakravarti L, et al. (2005) Site-directed mutagenesis of
CCR2 identified amino acid residues in transmembrane helices 1, 2, and 7 important for MCP-1 binding
and biological functions. Biochem Biophys Res Commun 327: 533-540.

Imhof BA, Dunon D (1997) Basic mechanism of leukocyte migration. Horm Metab Res 29:614—621.

PanésJ, Granger DN (1998) Leukocyte-endothelial cell interactions: molecular mechanisms and
implications in gastrointestinal disease. Gastroenterology 114:1066—1090.

Tacke F (2009) Monocyte subpopulations in inflammation processes: principles and perspectives. Dtsch
Med Wochenschr 134:1645-1648.

Engelhardt B (2006) Molecular mechanisms involved in T cell migration across the blood-brain barrier.
J Neural Transm 113:477-485.

Pamukcu B, Lip GY, Devitt A, Griffiths H, Shantsila E (2010) The role of monocytes in atherosclerotic
coronary artery disease. Ann Med 42:394-403.

PLOS ONE | DOI:10.1371/journal.pone.0115134 December 16, 2014 18720



@'PLOS | ONE

The rTp0965 Protein and Immunopathogenesis of Syphilis

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Tani K, Ogushi F, Shimizu T, Sone S (2001) Protease-induced leukocyte chemotaxis and activation:
roles in host defense and inflammation. J Med Invest 48:133-141.

Backert S, Boehm M, Wessler S, Tegtmeyer N (2013) Transmigration route of Campylobacter jejuni
across polarized intestinal epithelial cells: paracellular, transcellular or both? Cell Commun Signal 11:72.

Sumitomo T, Nakata M, Higashino M, Jin Y, Terao Y, et al. (2011) Streptolysin S contributes to group A
streptococcal translocation across an epithelial barrier. J Biol Chem 286:2750-2761.

Chavez A, Smith M, Mehta D (2011) New insights into the regulation of vascular permeability. Int Rev
Cell Mol Biol 290:205-248.

Daniel AE, van Buul JD (2013) Endothelial Junction Regulation: A Prerequisite for Leukocytes Crossing
the Vessel Wall. J Innate Immun 5:324-335

Guttman JA, Finlay BB (2009) Tight junctions as targets of infectious agents. Biochim Biophys Acta
1788: 832-841.

Vandenbroucke E, Mehta D, Minshall R, Malik AB (2008) Regulation of endothelial junctional
permeability. Ann N 'Y Acad Sci 1123:134—145.

Sawada N, Murata M, Kikuchi K, Osanai M, Tobioka H, et al. (2003) Tight junctions and human
diseases. Med Electron Microsc 36:147—156.

Schneeberger EE, Lynch RD (2004) The tight junction: a multifunctional complex. Am J Physiol Cell
Physiol 286:C1213-28.

Kniesel U, Wolburg H (2000) Tight junctions of the blood-brain barrier. Cell Mol Neurobiol 20:57-76.

Kanmogne GD, Primeaux C, Grammas P (2005) HIV-1 gp120 proteins alter tight junction protein
expression and brain endothelial cell permeability: implications for the pathogenesis of HIV-associated
dementia. J Neuropathol Exp Neurol 64:498-505.

Lippoldt A, LiebnerAndbjer SB, Kalbacher H, Wolburg H, Haller H, et al. (2000) Organization of
choroid plexus epithelial and endothelial cell tight junctions and regulation of claudin-1, -2 and -5
expression by protein kinase C. Neuroreport. 11:1427-1431.

Williams MR, Kataoka N, Sakurai Y, Powers CM, Eskin SG, et al. (2008) Gene expression of
endothelial cells due to interleukin-1 beta stimulation and neutrophil transmigration. Endothelium 15:73—
165.

Shen Q, Wu MH, Yuan SY (2009) Endothelial contractile cytoskeleton and microvascular permeability.
Cell Health Cytoskelet 2009: 43-50.

Bogatcheva NV, Verin AD (2008) The role of cytoskeleton in the regulation of vascular endothelial
barrier function. Microvasc Res 76: 202-207.

Campos SB, Ashworth SL, Wean S, Hosford M, Sandoval RM, et al. (2009) Cytokine-induced F-actin
reorganization in endothelial cells involves RhoA activation. Am J Physiol Renal Physiol 296: F487—-495.

Hirano S, Rees RS, Yancy SL, Welsh MJ, Remick DG, et al. (2004) Endothelial barrier dysfunction
caused by LPS correlates with phosphorylation of HSP27 in vivo. Cell Biol Toxicol 20:1-14.

Kanlaya R, Pattanakitsakul SN, Sinchaikul S, Chen ST, et al. (2009) Alterations in actin cytoskeletal
assembly and junctional protein complexes in human endothelial cells induced by dengue virus infection
and mimicry of leukocyte transendothelial migration. J Proteome Res 8: 2551-2562.

Eiselein L, Wilson DW, Lamé MW, Rutledge JC (2007) Lipolysis products from triglyceride-rich
lipoproteins increase endothelial permeability, perturb zonula occludens-1 and F-actin, and induce
apoptosis. Am J Physiol Heart Circ Physiol 292: H2745-2753.

van Nieuw Amerongen GP, Vermeer MA, van Hinsbergh VW. (2000) Role of RhoA and Rho kinase in
lysophosphatidic acid-induced endothelial barrier dysfunction. Arterioscler Thromb Vasc Biol 20: E127—
133.

Smurova KM, Verin AD, Alieva IB (2011) The effect of Rhokinase inhibition depends on the nature of
factors that modify endothelial permeability. Tsitologiia 53: 359-366.

Aflaki E, A. Balenga N, Luschnig-Schratl P, Wolinski H, et al. (2011) Impaired Rho GTPase activation
abrogates cell polarization and migration in macrophages with defective lipolysis. Cell Mol Life Sci
68:3933-3947.

PLOS ONE | DOI:10.1371/journal.pone.0115134 December 16, 2014 19720



@'PLOS | ONE

The rTp0965 Protein and Immunopathogenesis of Syphilis

67.

68.

69.

70.

David M, Petit D, Bertoglio J (2012) Cell cycle regulation of Rho signaling pathways. Cell Cycle 11:
3003-3010.

Tu CL, Chang W, Bikle DD (2011) The calcium-sensing receptor-dependent regulation of cell-cell
adhesion and keratinocyte differentiation requires Rhoand filamin A. J Invest Dermatol 131:1119-1128.

Walsh SV, Hopkins AM, Chen J, Narumiya S, Parkos CA, et al. (2001) Rho kinase regulates tight
junction function and is necessary for tight junction assembly in polarized intestinal epithelia.
Gastroenterology 121: 566-579.

Gopalakrishnan S, Hallett MA, Atkinson SJ, Marrs JA (2003) Differential regulation of junctional
complex assembly in renal epithelial cell lines. Am J Physiol Cell Physiol 285: C102—111.

PLOS ONE | DOI:10.1371/journal.pone.0115134 December 16, 2014 20/20



	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Section_17
	Section_18
	Figure 1
	Figure 2
	Section_19
	Section_20
	Section_21
	Section_22
	Figure 3
	Figure 4
	Section_23
	Section_24
	Figure 5
	Section_25
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64
	Reference 65
	Reference 66
	Reference 67
	Reference 68
	Reference 69
	Reference 70

