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Suilysin remodels the cytoskeletons of
human brain microvascular endothelial cells
by activating RhoA and Rac1 GTPase

Dear Editor,

Streptococcus suis (S. suis) is a Gram-positive, facultative
anaerobic coccus and an important emerging pathogen. It is
associated with bacterial meningitis in adults, especially in
southeastern Asia (Wertheim et al., 2009). A striking feature
of S. suis infection is the resulting complications, which may
include deafness and vestibular dysfunction. Complications
of some kind affect 50% of S. suis patients in Europe and
73% of those in Asia (Gottschalk et al., 2010). Some S. suis
surface-associated factors, such as the capsule and Fhb,
may affect the pathogenesis of meningitis. Of these secreted
factors, suilysin was found to be the most important. It has
been found to be toxic to various types of cells (Lalonde
et al., 2000). It is also involved in modulation of the inter-
actions of S. suis with different host cells (Charland et al.,
2000; Segura et al., 2006). Epidemic S. suis ST7 strains
were found to produce more suilysin than other ST strains
(unpublished data). This has been shown to contribute to
their ability to travel across the epithelial barrier, which they
do in a TLR4-dependent manner. This ability is also asso-
ciated with the increased severity of S. suis infection
(unpublished data). Recently, subcytolytic suilysin was
shown to promote S. suis association with epithelial cells
without causing the formation of functional (cytolytic) pores.
This indicated that sublytic concentrations of suilysin also
contributed to pathogenesis by modification of host-patho-
gen interactions (Seitz et al., 2013). However, the mecha-
nism underlying suilysin-mediated modulation of microbial-
host interactions has not yet been fully explained.

In the present study, human brain microvascular endo-
thelial cells (hBMECs) were treated with non-cytotoxic and
sublytic concentrations of the culture supernatant of S. suis
serotype 2 strain 05ZYH33 and stained with FITC-labeled
phalloidin at different time points after challenging the culture
with sublytic supernatant. Fluorescence microscopy showed
stress fibers, lamellipodia, and filopodia to be visible 5-
40 min after treatment (Fig. S1). These results demonstrated
that sublytic concentrations of S. suis culture supernatant
rearranged the cytoskeletons of the hBMECs. Suilysin has
been shown to be the most important virulence factor in the

secreted supernatant of S. suis. Suilysin is presumed to be
the effective component of S. suis culture supernatant, and
the factor primarily responsible for the remodeling of hBMEC
cytoskeletons. To confirm this, h(BMEC cells were treated with
sublytic concentrations of suilysin protein (0.3 pg/mL) purified
from S. suis cell culture supernatant over different periods of
time. As shown in Fig. 1, suilysin led to the rapid formation of
filopodia, stress fibers, and lamellipodia in hBMECs. Lipids
and cholesterol have been identified as the receptors of su-
ilysin, as well as some cholesterol-dependent cytolysins
(CDCs). To confirm the cholesterol dependence of the effects
of suilysin, suilysin was exposed to cholesterol at mass ratios
of 1:1 and 1:5 for 15 min at 37°C immediately before it was
applied to the hBMEC cells for 10 min. As shown in Fig. 1,
pretreatment of suilysin with cholesterol at a 1:1 ratio reduced
the formation of lamellipodia and filopodia, although actin
stress fibers still formed. When suilysin was pretreated with
cholesterol at a 5:1 cholesterol:suilysin ratio, the suilysin-
induced changes in actin were completely absent. The
changes in actin were also absent when cellular cholesterol
was removed using 2 mmol/L methyl-B3-cyclodextrin (MBCD)
to inhibit suilysin binding. Taken together, these results indi-
cate that the changes in actin cytoskeleton organization
induced by suilysin were cholesterol-dependent.

Generally, Rho-subclass GTPases produce stress fibers,
Rac produces filopodia and lamellipodia, and Cdc42 pro-
duces filopodia (Tapon and Hall, 1997). To confirm the
effects of suilysin on these pathways, RhoA-associated
kinase (ROCK) inhibitor Y27632 was used to pretreat
hBMECs for 1 h before suilysin challenge. The inhibitor
Y27632 prevented the formation of stress fibers after 10 min
of suilysin treatment (Fig. 1). However, RhoA, which is
upstream of ROCK in the signaling pathway, was still acti-
vated (Fig. 2E). These results indicated that the changes in
actin cytoskeleton organization induced by suilysin were
GTPase-dependent. Next, the molecular basis of the chan-
ges in actin induced by S. suis culture supernatant was
assessed. A rhotekin-based pull-down assay showed
approximately 3-fold activation of RhoA 5 min after treatment
by sublytic concentration of S. suis culture supernatant,
which peaked at 10 min and was found to have returned to
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Figure 1. Suilysin-induced changes in the organization of the actin cytoskeleton were dependent on the concentrations of
cholesterol and GTPase. hBMEC cells were treated with sublytic concentrations of suilysin protein for indicated periods after
pretreatment regimens. Actin filaments were stained with FITC-labeled phalloidin. Chol: cholesterol. Y27632: ROCK inhibitor. MBCD:

cellular cholesterol depletion.

resting levels at 30 min (Fig. 2A). A p21-activated, kinase-
based pull-down assay showed that Rac1 peaked at 10 min,
and its activation showed a downward trend that remained
constant for 20 min (Fig. 2B). Then, the activation of RhoA
and Rac1 in hBMECs after suilysin treatment was assessed.
A rhotekin-based pull-down assay showed RhoA to be
activated from 10 min to 30 min after suilysin treatment, after
which it decreased, reaching resting levels by 45 min
(Fig. 2C). A p21-activated kinase-based pull-down assay
showed that Rac1 was activated at 10 min after suilysin
treatment and peaked at 20 min (Fig. 2D). Taken together,
these results suggest that S. suis culture supernatant and
suilysin protein can activate RhoA and Rac1 in a time-
dependent fashion, but their activation effects peak at dif-
ferent times.

Because the suilysin-induced changes in the organization
of the actin cytoskeleton were found to be cholesterol-
dependent, the issue of whether the suilysin-induced activa-
tion of RhoA is also cholesterol-dependent was addressed.
Suilysin was pretreated with cholesterol at mass ratios of 1:1
and 1:5 for 15 min at 37°C. Then, the hBMEC cells were
treated with this suilysin-cholesterol mixture for 10 min. As
shown in Fig. 2E, suilysin pretreated with cholesterol at a 1:1
ratio still activated RhoA. When suilysin was pretreated with
cholesterol at a 5:1 cholesterol: suilysin ratio, the activation of
RhoA induced by suilysin was completely inhibited. Previous
studies have shown that hemolysin-positive S. suis strains
used adherence and suilysin-induced BMEC injury to move
from the circulatory system to the central nervous system
(Charland et al., 2000). This indicates that hemolytic activity is

the basis for suilysin activity. However, in the present work,
sublytic concentrations of suilysin were found to activate RhoA
and Rac1, causing remodeling of the actin cytoskeleton. This
indicated that suilysin might have functions independent of
hemolytic activity. To further analyze the correlation between
the GTPase activation induced by suilysin and the hemolytic
activity of suilysin, a recombinant suilysin mutant, SLY
(P353L), which was proven to lack hemolytic ability, was
constructed (Xu et al.,, 2010). Different concentrations of
purified SLY (P353L) protein were used to treat hBMECs for
10 min, and active GTPases were analyzed using pull-down
assays. As shown in Fig. 2F, SLY (P353L), cannot activate
RhoA, but can activate Rac1 at relatively low concentrations
(0.27 pg/mL). These results suggested that the ability of
suilysin to activate Rac1 was independent of its hemolytic
activity.

Pathogenic microbes subvert normal host cell processes
to create a specialized niche, facilitating their survival.
Pathogens often target the cytoskeleton of the host cell,
which they use for attachment, entry into cells, movement
within and between cells, vacuole formation and remodeling,
and avoidance of pathocytosis (Barbieri et al., 2002; Rottner
et al.,, 2005). In this work, non-cytotoxic and sublytic con-
centrations of S. suis suilysin were found to remodel the
actin cytoskeleton. These results contribute to understand-
ing of the manner by which S. suis traverses the human
blood-brain barrier (BBB). Recent studies also have shown
that microbial translocation of the BBB involves host cell
actin cytoskeletal rearrangements (Kim, 2006). For example,
human BMEC actin cytoskeleton rearrangements were
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Figure 2. Suilysin-induced activation of GTPases in hBMECs was dependent on the concentration of cholesterol but not
hemolytic activity. hBMEC cells were serum-starved and then treated with (A and B) S. suis supernatant or (C and D) suilysin
protein at sublytic concentrations for indicated periods. (E) hBMEC cells pretreated with Y27632 or left untreated were then treated
with suilysin that had been pretreated with cholesterol or left untreated. (F) hBMEC cells were treated with P353L mutant of suilysin at
indicated concentrations. (A, C, E and F) RhoA and (B, D and F) Rac1 activation was detected using pull-down and Western blot
assays with total RhoA and Rac1 amounts at each point in time as shown in the images of the endogenous control and representative
samples. (C and D) Relative amounts of activated RhoA and Rac1 from three independent experiments with mean + SEM (bottom

panel).

shown to be a prerequisite for human BMEC invasion by
E. coli K1, group B streptococcus, and L. monocytogenes
(Kim, 2006). In addition to invasion, some pathogens, such
as Neisseria meningococcus, induce changes in the host
cell cytoskeleton, recruiting endothelial cell adhesion mole-
cules such as VE-cadherin to cortical plaques. This recruit-
ment leads to the formation of ectopic intercellular junctional
domains at the site of bacteria-host cell interaction, depletion
of junctional proteins at the cell-cell interface, opening of

intercellular junctions, and crossing the BBB in a paracellular
manner (Coureuil et al., 2009; Coureuil et al., 2010). For this
reason, actin rearrangement induced by suilysin might initi-
ate the paracellular traversal of S. suis across the human
BBB.

Several signal transduction pathways have been shown
to be involved in rearranging the actin cytoskeleton. These
include the FAK, PI3K, Src kinase, and Rho GTPase path-
ways. Among the members of the CDC group, pneumolysin
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is the only known pore-forming toxin that uses the small
GTPases found in intact cells to alter the actin cytoskeleton
(lliev et al., 2007; Hupp et al., 2013). The present results
demonstrate another case, showing that actin cytoskeleton
rearrangment is a novel function of suilysin. These findings
contribute to the current understanding of the mechanism by
which S. suis traverses the human BBB, suggesting new
potential targets for the treatment of meningitis.

FOOTNOTES

This work was supported by the National Natural Science Founda-
tion of China (Grant Nos. 81171528 and 81371766), the National
Basic Research Program (973 Program) (No. 2012CB518804),
Chinese State Key Project Specialized for Infectious Diseases
(201372X10004101-003) and China Postdoctoral Science Founda-
tion (2012M510583).

Qingyu Lv, Huaijie Hao, Lili Bi, Yuling Zheng, Xuyu Zhou, and
Yonggiang Jiang declare that they have no conflict of interest.

This article does not contain any studies with human or animal
subjects performed by the any of the authors.

Qingyu Lv', Huaijie Hao"?, Lili Bi", Yuling Zheng",

Xuyu Zhou?, Yonggiang Jiang'™

1 State Key Laboratory of Pathogen and Biosecurity, Institute of
Microbiology and Epidemiology, Academy of Military Medical
Sciences, Beijing 100071, China

2 CAS Key Laboratory of Pathogenic Microbiology and Immunology,
Institute of Microbiology, Chinese Academy of Sciences,
Beijing 100101, China

OPEN ACCESS

This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and
the source are credited.

REFERENCES

Barbieri JT, Riese MJ, Aktories K (2002) Bacterial toxins that modify
the actin cytoskeleton. Annu Rev Cell Dev Biol 18:315-344

Charland N, Nizet V, Rubens CE, Kim KS, Lacouture S, Gottschalk
M (2000) Streptococcus suis serotype 2 interactions with human
brain microvascular endothelial cells. Infect Immun 68:637-643

Electronic supplementary material The online version of this
article (doi:10.1007/s13238-014-0037-0) contains supplementary
material, which is available to authorized users.

Qingyu Lv and Huaijie Hao contribute equally to this work.

Coureuil M, Mikaty G, Miller F, Lecuyer H, Bernard C, Bourdoulous
S, Dumenil G, Mege RM, Weksler BB, Romero IA et al (2009)
Meningococcal type IV pili recruit the polarity complex to cross
the brain endothelium. Science 325:83-87

Coureuil M, Lecuyer H, Scott MG, Boularan C, Enslen H, Soyer M,
Mikaty G, Bourdoulous S, Nassif X, Marullo S (2010) Meningo-
coccus Hijacks a beta2-adrenoceptor/beta-Arrestin pathway to
cross brain microvasculature endothelium. Cell 143:1149-1160

Gottschalk M, Xu J, Calzas C, Segura M (2010) Streptococcus suis:
a new emerging or an old neglected zoonotic pathogen? Future
Microbiol 5:371-391

Hupp S, Fortsch C, Wippel C, Ma J, Mitchell TJ, lliev Al (2013) Direct
transmembrane interaction between actin and the pore-compe-
tent, cholesterol-dependent cytolysin pneumolysin. J Mol Biol
425:636-646

liev Al, Djannatian JR, Nau R, Mitchell TJ, Wouters FS (2007)
Cholesterol-dependent actin remodeling via RhoA and Rac1
activation by the Streptococcus pneumoniae toxin pneumolysin.
Proc Natl Acad Sci USA 104:2897-2902

Kim KS (2006) Microbial translocation of the blood-brain barrier. Int J
Parasitol 36:607-614

Lalonde M, Segura M, Lacouture S, Gottschalk M (2000) Interac-
tions between Streptococcus suis serotype 2 and different
epithelial cell lines. Microbiology 146(Pt 8):1913-1921

Rottner K, Stradal TE, Wehland J (2005) Bacteria-host-cell interac-
tions at the plasma membrane: stories on actin cytoskeleton
subversion. Dev Cell 9:3-17

Segura M, Vanier G, Al-Numani D, Lacouture S, Olivier M,
Gottschalk M (2006) Proinflammatory cytokine and chemokine
modulation by Streptococcus suis in a whole-blood culture
system. FEMS Immunol Med Microbiol 47:92-106

Seitz M, Baums CG, Neis C, Benga L, Fulde M, Rohde M, Goethe R,
Valentin-Weigand P (2013) Subcytolytic effects of suilysin on
interaction of Streptococcus suis with epithelial cells. Vet Micro-
biol 167:584-591

Tapon N, Hall A (1997) Rho, Rac and Cdc42 GTPases regulate the
organization of the actin cytoskeleton. Curr Opin Cell Biol 9:86—
92

Wertheim HF, Nguyen HN, Taylor W, Lien TT, Ngo HT, Nguyen TQ,
Nguyen BN, Nguyen HH, Nguyen HM, Nguyen CT et al (2009)
Streptococcus suis, an important cause of adult bacterial men-
ingitis in northern Vietham. PLoS ONE 4:e5973

Xu L, Huang B, Du H, Zhang XC, Xu J, Li X, Rao Z (2010) Crystal
structure of cytotoxin protein suilysin from Streptococcus suis.
Protein Cell 1:96-105

264 © The Author(s) 2014. This article is published with open access at Springerlink.com and journal.hep.com.cn


http://dx.doi.org/10.1007/s13238-014-0037-0

	Suilysin remodels the cytoskeletons of  human brain microvascular endothelial cells by activating RhoA and Rac1 GTPase

	Footnotes
	References


