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ABSTRACT

Streptococcus suis (SS) is a zoonotic pathogen that can cause systemic infection in pigs and humans.
The ingestion of contaminated pig meat is a well-established risk factor for zoonotic S. suis disease.
In our studies, we provide experimental evidence that S. suis is capable to translocate across the
host gastro-intestinal tract (GIT) using in vivo and in vitro models. Hence, S. suis should be
considered an emerging foodborne pathogen. In this addendum, we give an overview of the
complex interactions between S. suis and host-intestinal mucosa which depends on the host origin,
the serotype and genotype of S. suis, as well as the presence and expression of virulence factors
involved in host-pathogen interaction. Finally, we propose a hypothetical model of S. suis
interaction with the host-GIT taking in account differences in conditions between the porcine and

human host.

Zoonotic potential of Streptococcus suis

S. suis is an important bacterial swine pathogen and an
emerging zoonotic agent that can cause severe diseases
such as meningitis and septic shock in pigs and
humans.' The upper respiratory tract is thought to be
the main colonization and entry site of S. suis in its
main host, the pig.' However the gastrointestinal tract
(GIT) cannot be excluded as secondary site of infec-
tion in piglets as the GIT of weaning piglets is rapidly
colonized by S. suis.”

Among the 33 serotypes identified to date, S. suis
serotype 2 (SS2) is considered the most virulent as it is
the serotype most frequently isolated from both pigs
and human cases worldwide.’ It is also the serotype
which is globally associated with 75% of zoonotic
infections reported to date.’ In contrast, S. suis sero-
type 9 (SS9) is the most common serotype isolated
from diseased pigs in Northern Europe.* SS9 is con-
sidered less virulent and with very low zoonotic poten-
tial compared to SS2, as only one case of SS9 human
infection has been reported to date.>* It is not well
understood why isolates with serotypes that are highly
prevalent among diseased pigs, such as SS9, rarely
cause human disease. In addition to serotype, the
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genotype contributes to virulence of S. suis. Invasive S.
suis isolates are limited to certain sequence types (ST),
as determined by multi locus sequence typing
(MLST).? Closely related STs cluster into 22 so-called
clonal complexes (CC). The majority of the SS2 iso-
lates from human patients belong to ST1 or ST7,
which both cluster in CC1.> A zoonotic clone of SS2
belonging to CC20 and unrelated to CC1, has recently
been described in the Netherlands,* which indicates
that multiple zoonotic clones of S. suis are emerging
worldwide. In contrast, invasive Dutch SS9 isolates
from infected pigs belong mainly to CC16, which is
distinct from both CC1 and CC20.*

Epidemiological evidence for an enteric etiology
of S. suis infection

Human S. suis infection is considered predominantly
an occupational disease in Europe and North Amer-
ica.’ The infection is presumed to occur via skin inju-
ries in people working in direct contact with
contaminated pigs and pig-products.’ This is in con-
trast to South-East Asia where zoonotic infection of S.
suis can occur via oral route as well,”” due to the con-
sumption of traditional dishes based on undercooked
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pork meat, such as tiet canh (raw pig’s blood soup),
potentially contaminated with S. suis.® In a case-con-
trol study carried out in Vietnam, ingestion of such
high-risk food was independently associated with S.
Suis meningitis.5 In addition, S. suis was isolated from
rectal swab samples of patients with meningitis who
reported recent consumption of undercooked pork.’
Finally, a significant number of sporadic cases and 2
outbreaks of S. suis human infections in Thailand,
associated with consumption of undercooked pork,
have been reported in the last decade.*” These data
have been summarized in a review by Huong, et al.’
Whether S. suis infection can be associated with a
diarrheal syndrome is unknown as this has never been
studied systematically. However, Thai patients pre-
sented with diarrhea in 20% of the cases after oral S.
suis infection.® Diarrhea was also described in Viet-
namese patients.'

S. suis interaction with host-intestinal epithelial
cells is serotype and genotype specific

To further elucidate the interaction of S. suis with the
intestinal mucosa during natural and zoonotic infec-
tion, we designed an in vitro model using porcine
(IPEC-J2)"' and human (Caco-2)'? differentiated
intestinal epithelial cells (IEC)."?

Human and porcine IEC were co-cultured with
zoonotic (SS2/CC1, SS2/CC20) and non-zoonotic
(SS9/CC16) isolates, and tested for differences in
adhesion to and translocation across polarized IEC."
We found differences in adhesion capacity, depending
on the serotype. Zoonotic isolates belonging to sero-
type 2 (SS2/CC1 and SS2/CC20) exhibited better
adhesion capacity to human IEC than non-zoonotic
isolates (SS9/CC16) while the latter adhered more effi-
ciently to porcine IEC. The bacterial capsule structure
therefore seems an important determinant of adhesion
and appears to contribute to differences in binding
specificity to host IEC. Across S. suis serotypes, the
capsule polysaccharides (CPS) are constituted of a
diverse range of carbohydrate units that differ not
only by the type of monosaccharides, but also in how
these units are joined together.'* Structural analysis of
the SS2 capsule revealed that CPS2 is composed of
glucose (Glu), rhamnose (Rha), - and S-galactose
(Gal), N-acetylglucosamine and sialic acid
(Neu5Ac)."> Based on sequence homology, genes
encoding putative glucosyl- (cpsE), rhamnosyl (cps2F),
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galactosyl- (cps2G, cps2H), N-acetylglucosaminyl-
(cps2]), and sialyl transferase (cps2L) could be identi-
fied."” The cps locus of SS2 differs from SS9 in the
presence of cps2F and cps2L genes that catalyze the
addition of rhamnose and terminal «-2,6-linked sialic
acid to the CPS2 respectively.'*'> Thus, differences in
capsule composition, including the presence of sialic
acid, between SS2 and SS9 are likely to contribute to
the distinct adhesive properties to host-IEC observed
between the 2 serotypes.

While we observed low invasion for all isolates, the
majority of zoonotic SS2/CCl isolates were found to
transmigrate actively across polarized human and por-
cine IEC within 1-6 hours using a paracellular route."
However, SS2 and SS9 isolates belonging to other CCs
showed poor translocation, indicating that bacterial
translocation capability depends on the genetic back-
ground of S. suis. The ability of SS2/CCl isolates to
translocate across IEC in vitro correlates with the SS2/
CC1 disease pathogenesis through passage of the
human and porcine intestinal barrier. Zoonotic SS2/
CC20 isolates showed poor translocation ability, con-
sistent with disease epidemiology as human SS2/CC20
disease in the Netherlands is less likely to result from
intestinal infection, but mostly is the result of direct
blood stream invasion, in particular through skin
injuries.'

Virulence factors of S. suis potentially involved in
interaction with host intestinal mucosa

The presence of capsule negatively affected the bacte-
rial adhesion and translocation in our in vitro model."
It is remarkable that unencapsulated mutants of SS2/
CCl1 strain 10 and SS9/CC16 strain 8067, both gener-
ated by insertional mutagenesis in the cpsE gene,
appeared to conserve the host-restriction of their
encapsulated parental strains when interacting with
human and porcine IEC. Thus, in addition to the cap-
sule, we hypothesized that other virulence factors may
play a role in host specific interactions of S. suis with
IEC (Table 1, Fig. 1). Streptococcal adhesin P (SadP)
is an adhesin of S. suis that was shown to bind to
galactosyl-a1-4galactose (galabiose), present as a ter-
minal epitope on eukaryotic glycolipid cell receptors.'
Analysis of SadP binding specificity of glycolipid
receptors containing galabiose revealed the highest
specificity for globotriaosylceramide (Gb3/CD77), a
receptor that is abundant in various eukaryotic tissues
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Table 1. Virulence factors of S. suis potentially involved in interaction with host-intestinal mucosa.

Annotation S. suis serotype 2 strain Protein Function Interaction with Host-IEC’ Virulence In vivo

P1/7

Galactosyl/rhamnosyl transferase - CpsE/F CPS biosynthesis Adhesion/Invasion/Immune Attenuated pig [15]
SSU0520 evasion

N-acetylneuraminic acid synthase - NeuB Sialic acid synthesis Adhesion/Invasion/Immune Attenuated pig [15]
SSU0535 evasion

Streptococcal adhesin P - SSU0253 SadP Binds to Galo:1-4GalB1 Globo-series? Adhesion epithelium Not tested [16]

glycolipids

Amylopullulanase - SSU1849 ApuA Degradation «-glucans Adhesion epithelium Not tested [19]

Hp0197-heparinase - SSU1048 Hp0197  GAGs® and heparin binding Adhesion ECM* No mutant [22]

Enolase - SSU1320 Eno Fibronectin and plasminogen binding Adhesion ECM* No mutant [23]

Di-peptidyl-peptidase IV - SSU0187 DpplV Fibronectin binding Adhesion ECM* Attenuated mouse  [24]

Amynoacyl! histidine peptidase - PepD Peptidase - protease Invasion No mutant [26]
SS1215

Pilus- srtBCD SSU1883 - srtF SSU0428 Srt-pilus  Pilus-backbone structure Invasion Not tested [29]

Suilysin - SSU1231 Sly Pore-form toxin Invasion Unaffected pig [30]

Hyaluronidase -SSU1050 Hyl break down hyaluronan Invasion Not tested [31]

Metallo-serine protease - SSU1773 IgA1 IgA1 protease Immune evasion Attenuated-pig [32]

Cell envelope proteinase - SSU0757 SspA Degradation Interleukin-8 Immune evasion Attenuated mouse  [33]

Anchored DNA nuclease - SSU1760 SsnA Host DNA degradation Immune evasion Not tested [34]

No mutant = No gene knock-out mutant strain published; Not tested = Virulence factor revealed by the construction of gene knockout mutant whose mutant
strain has not been tested for virulence in animal models.

'IEC = Intestinal Epithelium Cells;*Globo-series = globotriaosylceramide (Gb3/CD77);>GAGs = host-cell glycosaminoglycans; “ECM = Extra Cellular Matrix.

including the human and porcine intestine.'”'® Analy-
sis of an alignment of available amino acid sequences
of SadP showed substantial variation across genotypes

(data not shown).
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Figure 1. Virulence factors and their (confirmed or putative) role during adhesion to and invasion of host intestinal epithelia. Several S.
suis adhesins (ApuA and SadP) have been reported to contribute to bacterial adhesion to unknown (?) or characterized (Gb3/CD77)
host-cells receptors. The bacteria can proliferate upon degradation by ApuA of dietary @-glucans and use maltodextrin-specific transport
(MalX) to uptake the maltodextrin products from the degradation of «-glucans. Secreted suilysin promotes S. suis invasion, possibly by
damaging host epithelial barriers forming pore protein on the eukaryotic membrane cell. Surface-expressed proteins DpplV, Eno and
Hp0197-heparinase promote binding and degradation to ECM components, such as fibronectin, plasminogen and GAGs, present
between intestinal cells or underlying to the intestinal submucosa. Translocation of the intestinal epithelium may occur via paracellular
route through the rearrange of TJ mediated by bacterial protease (PepD) and by activation of TLRs signaling which promotes the reduc-
tion of the expression of TJ components whose mechanisms remain to be confirmed. Other secreted or cell wall-anchored proteins
(IgA1, SsnA and SspA) protect the bacteria against the mucosal immune response. Abbreviations: ECM, extracellular matrix; TLRs Toll-
like receptors; TJ, tight junctions; GAGs glycosaminoglycans Sly, suilysin; Hyl, hyaluronidase; DpplV, peptidyl peptidases; Eno, enolase;
ApuA, amylopullulanase; SadP, streptococcal adhesin P; Hp0197-heparinase GAGs-heparin binding; SspA, cell envelope proteinase;
SsnA, (extracellular) DNA nuclease; Iga1, metallo-serine protease; CPS, capsule; PepD protease; Srt-pilus structure.



amylopullulanase (ApuA), a bifunctional cell wall-
anchored enzyme that permits microbial growth
through the metabolism of «-glucans (i.e.: starch)
derived from the host diet and that binds different
host carbohydrates through carbohydrate-binding
domains.'” S. suis also interacts with components of
the mucosal extracellular matrix (ECM) such as gly-
cosaminoglycans (GAGs), fibronectin, and plasmino-
gen, present in the intestinal submucosa.’**' A
protein potentially involved in host-IEC adhesion is
Hp0197-heparinase,”” which contains a GAGs-bind-
ing domain found on the surface of microvilli of
diverse mucosal epithelia. Finally, enolase (Eno)*’
and di-peptidyl-peptidase IV (DppIV)** are consid-
ered major ECM binding enzymes of streptococcal
pathogens and both enzymes in S. suis were shown
to bind both plasminogen and fibronectin and might
be important for adhesion to and translocation
through IEC.

Using confocal microscopy, we observed paracellu-
lar translocation of SS2/CCl isolates between IEC
with re-arrangement of tight junction (T]) proteins
after only 2 hours of co-incubation with human IEC,
without any macroscopic damage to the monolayer."
The translocation mechanism of S. suis is still
unknown. Several proteases produced by S. suis may
affect TJ integrity.”>*° The alteration of T] might also
be an indirect effect due to the stimulation of Toll-like
receptors (TLRs), which recognize highly conserved
bacterial structures. For example, Streptococcus pneu-
moniae was shown to activate TLRs signaling, result-
ing in a reduction of TJ proteins expression required
for maintenance of epithelial integrity with conse-
quent opening of the paracellular space between epi-
thelium cells.”’”

Other S. suis factors that may support the translo-
cation across the host mucosal epithelia include the
presence of pilus-like structures and the damaging
effect of toxins on the epithelium. The presence of pili
may facilitate paracellular translocation across IEC as
observed for group B streptococci (GBS). Using high-
resolution confocal imaging, translocating GBS were
targeted in the intercellular space of Caco-2 cells with
pili heading toward the basolateral cell surface.”®
Analysis of S. suis whole genomes revealed the pres-
ence of 4 gene clusters (srtBCD, srtE, srtF, and srtG)
encoding for sortase enzymes and pilin elements
involved in pili assembly,” although their role in
adhesion and translocation remains to be investigated.
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Suilysin (Sly) is an extracellular pore-forming toxin
involved in invasion of various host cells.’”® In our
study, the Sly production was not essential during the
early stage of translocation across IEC," but Sly may
contribute to subsequent damage to the epithelium
after initial infection is settled at mucosa level.*® Syn-
ergistically to suilysin, the hyaluronidase (Hyl)*' of S.
suis might degrade hyaluronan present in the ECM,
thereby contributing to subsequent blood stream inva-
sion and spread of S. suis.

Once present in the mucosal connective tissues, S.
suis appears to produce several factors which may
interfere with the mucosal immune system, including
1) IgA1 protease capable of cleaving human secretory
IgAl3 %, 2) serine-protease (SspA) which was shown to
degrade pro-inflammatory interleukin-8 (IL-8);*> and
3) secreted DNase (SsnA) potentially involved in the
breakdown of neutrophil entrapments (NETs).**

It is important to note that the expression of the
virulence factors described is influenced by environ-
mental conditions during host mucosa colonization
and subsequent infection. Indeed it is known that bac-
terial pathogens alter the transcription of virulence
factors in response to the availability of carbohy-
drates.”® The GIT is particularly rich in dietary com-
plex carbohydrates such as «-glucans (i.e., starch).
When S. suis serotype 2 was grown in the presence of
a-glucans, adherence to and cell invasion of porcine
tracheal epithelial cells increased significantly and this
increase was due to the differential expression of 17 S.
suis virulence genes.”® For example, the production
of Sly, ApuA and Hp0197-heparinase was highly
increased during the growth in presence of «-glu-
cans,”® whereas the expression of the S. suis capsule
was induced by high glucose availability.”® Thus, car-
bohydrates present in the intestinal lumen or mucus
layer may affect the expression of virulence factors
promoting the translocation of S. suis across the host
intestinal barrier.

Different modality of S. suis infection at human
and porcine intestinal mucosa

SS2 is capable of translocating across the porcine GIT,
after oral challenge and in the absence of any invasive
procedures in an in vivo model in piglets."> Viable SS2
was detected in intestinal mesenteric lymph nodes
(IMLNs) of 40% of infected piglets indicating that pas-
sage of the intestinal mucosa had occurred."” Taking
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together the epidemiological evidence as well as our
experimental results, we conclude that S. suis infection
can occur via the oral route in both piglets and
humans. However, S. suis oral infection occurs under
very different conditions in the 2 hosts.

While ingestion of undercooked contaminated pig
products is associated with SS2 infection in adults,” there
is no evidence so far that S. suis colonizes permanently
the human GIT of healthy individuals as persistent car-
riage has not been demonstrated.” In addition, SS2 infec-
tion in children appears extremely rare, indicating that
risk factors for foodborne infection with SS2 may be
related to behavior specific for the adult population such
as the consumption of certain “high-risk” dishes.™® It has
been proposed that certain underlying diseases, such as
liver cirrhosis due to alcohol abuse or diabetes could
increase the probability to acquire SS2 infection via oral

%37 as a result of compromised intestinal homeo-
36,37

route,
stasis promoting the intestinal translocation of S. suis,
although these diseases were not confirmed as risk factors
in a controlled study.”

The conditions, which may promote S. suis oral
infection in piglets, are different from the human situ-
ation. Healthy sows carry S. suis in their upper respira-
tory, genital and intestinal tracts leading to vertical
and horizontal transmission to their offspring. During
the weaning transition, the composition of the intesti-
nal microbiota changes profoundly with a dramatic
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increase in S. suis.” S. suis infection occurs primarily
in young pigs between 3 and 12 weeks of age,*® but it
is still unclear what triggers the switch from an asymp-
tomatic to pathogenic association of S. suis with the
host. Susceptibility to S. suis infection may increase
due to weaknesses in weaning piglet defenses through
changes in intestinal microbiota composition due to
change of diet, infections by other pathogens, or envi-
ronmental changes.>***’ The introduction of solid
feed rich in «-glucans may not only influence gut
homeostasis and microbiota composition in the pig-
let,>*>*° but may also induce a change in the metabo-
lism and virulence gene expression of colonizing S.
suis. An excess of a-glucans may also favor intestinal
bacterial overgrowth that is often associated with bac-
terial intestinal translocation.*!

Model of S. suis interaction with host-GIT

The initial stages of infection at host epithelium con-
sist of bacterial colonization (adherence and initial
multiplication), translocation across the epithelial bar-
rier, followed by evasion of the host immune system.
Here, we propose a hypothetical model of how S. suis
may interact with the intestinal mucosa, leading to
systemic infection, which is shared by the human and
porcine host (Fig. 2). It should be noted that the pro-
posed interactions in our hypothetical model, draw

Host Gastro-Intestinal Tract

Adhesion factors (ApuA-SadP-Hp0197-Pilus structure)
Invasion factors (Sly-Hyl-Hp0197 heparinise-Proteases)
Carbohydrate enzymes (ApuA)

Defence factors (IgA1-SsnA- SspA)

Sly +/Hyl+
Adhesion @ ¢ T ' ©
Sy
Translocation
paracellular/
transcellular DCs
@ * Internattzed ()
o
ad.hemm Tcytukines adhoredt
CPS
Chemotaxis —7 internalized /
of phagocytes
phagocyt @ oM

IMLNs
Target
organs

Figure 2. A hypothetical model of host-pathogen interaction of S. suis in the gastro-intestinal tract. S. suis translocation model of host
-intestinal mucosa. S. suis intestinal infection occurs with 2 different transmissions and circumstances in the 2 hosts as summarized in
the table. S. suis isolates belong to clonal complex CC1 and CC20 of serotype 2 (5S2/CC1 and SS2/CC20), and clonal complex CC16 of
serotype 9 (559/CC16) with low (+) medium (++), high (+++), adhesion and translocation ability, after 2-4 hours of co-incubation
with host IEC. The description of interaction steps are found in the text. Sly, suilysin; Hyl, hyaluronidase; CPS, capsular polysaccharides;
DCs dendritic cells, Mo/M Monocytes/Macrophages, IMLNs intestinal mesenteric lymph nodes.



from other model studies of S. suis host-pathogen
interaction, which used both human and porcine epi-
thelial cells or porcine or mice in vivo models.>** The
validity of our hypothetical model will be subject of
future research.

We postulate that S. suis translocation across the
host-GIT may occur at small intestine level as micro-
bial profiling of porcine and human small intestine
displayed abundant populations of Streptococcus
spp.>*' Once S. suis have entered into the lumen of the
host-GIT, diverse host factors limit the ability of the
bacteria to access to the intestinal cells, such as the
mucus layers, antimicrobial peptides produced by spe-
cialized enterocytes (Paneth cells present in the intesti-
nal crypts) and secreted IgA1.%> S. suis IgA1 protease,
adhesins and pili all mediate the bacterial adhesion to
host-enterocytes. During the adhesion stage, the
expression of capsule may vary in response to envi-
ronmental changes, potentially increasing exposure of
bacterial surface structures which promote adhesion
to host epithelia, including to specific enterocytes
receptors (Fig. 2 step-A).”> Carbohydrate degrading
enzymes of S. suis may promote the utilization of
mucosal carbohydrates such as dietary a-glucans sup-
porting S. suis growth (Fig. 2 step-A). Subsequent pas-
sage through the host intestinal mucosa may be a
consequence of active bacterial translocation across
epithelial cells via paracellular and/or transcellular
routes. The production of suilysin by S. suis may facili-
tate dispersion of bacteria into the deeper tissues due
to damage of barrier integrity (Fig. 2 step-B).*> Once
bacteria have breached the epithelium and the connec-
tive tissues of the lamina propria, adhesins and pro-
teases such as hyaluronidase and Hp0197-heparinase
are thought to bind and digest components of the
ECM, promoting spread of the infection (Fig. 2 step-
B). Bacteria that have translocated across epithelia and
have invaded the connective tissue are very likely to be
perceived by the mucosal immune system including
dendritic cells (DCs) (Fig. 2 step-C).** DCs are impor-
tant sentinels in mucosal surfaces that contact the
external environment and play a key role in homeo-
static control of the intestinal mucosa and in the
induction of adaptive immune responses.** Translo-
cating S. suis bacteria might survive inside the DCs
after uptake or may remain attached to their surface,
reach IMLNs and rapidly disseminate in the host
resulting in invasive disease (Fig. 2 step-C).*” In addi-
tion to capsule production, S. suis may use additional
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virulence factors that modulate DCs functions and
escape immune surveillance, mainly by modulating
cytokine release and avoiding phagocytosis.*’

As previously mentioned, environmental changes
such as carbohydrates availability, can influence the
expression of bacterial virulence determinants such as
the capsule. In the bloodstream, glucose concentration
is substantially higher compared to GIT mucosa,
because simple carbohydrates from food such as glu-
cose are rapidly absorbed and depleted during transit
through the small intestine.”’ The higher (around

4647 will induce a

5 mM) glucose concentrations
change in metabolic gene expression in order to opti-
mize bacterial metabolism and survival. In presence of
high concentrations of glucose, capsule genes will be
induced and capsule thickness® will increase permit-
ting avoidance of opsonization by host antibody and
complement components which facilitate the phago-
cytosis process of S. suis by leukocytes recruited to the
site of infection*®*’ (Fig. 2 step-D). S. suis may travel
in the bloodstream to reach the target organs as inter-
nalized by or adherent to monocytes/macrophages
(Mo/M) or as free bacteria by a thick capsule layer,
causing systemic infection® (Fig. 2 step-D).

Implications for future research

The identification of the GIT as an entry site of S. suis
infection in both humans and pigs creates opportuni-
ties for novel approaches toward prevention of S. suis
infection.

An in depth understanding of specific host-patho-
gen interactions, including the identification of human
and porcine receptors of S. suis adhesins and of spe-
cific components that may interfere with bacterial
binding to these receptors, as well as the impact of die-
tary composition on bacterial gene expression and gut
homeostasis in the piglet’s intestine, may provide clues
to reducing the burden of S. suis infection.
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