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RESUME

Streptococcus suis serotype 2, est un agent pathogéne porcin important et un agent
zoonotique émergent de septicémie et de méningite. La connaissance des réponses
immunitaires de 1'hdte envers S. suis, et les stratégies utilisées par ce pathogene pour
subversion de ces réponses sont rares. L'augmentation de la gravité des infections a
S. suis chez 'homme souligne le besoin critique de mieux comprendre les interactions
entre S. suis et le systéme immunitaire pour générer une réponse immunitaire efficace
contre ce pathogene. Les cellules dendritiques (DC) et les macrophages (M0) sont de
puissantes cellules présentant les antigénes. Une fois activés, ils produisent des
médiateurs inflammatoires, a leur intérieur, l'interféron-f (IFN-B), I'un des membres les
plus importants de la famille d'interféron de type I (IFN-I) qui, bien qu'également est
associé a un role antiviral, les derniéres études ont montré un réle de confusion dans les
infections bactériennes. Ainsi, 'objectif principal du projet était d'étudier le role de
I'TFN-f dans la pathogenése de l'infection causée par S. suis serotype 2.

Pour obtenir une meilleure connaissance de la source d'IFN-f induite par S. suis
serotype 2, ainsi que des récepteurs cellulaires et des voies responsables de I'activation
cellulaire et de la production ultérieure de cette cytokine, nous avons étudié I'induction
in vitro d'IFN-B par les DC dérivés de la moelle osseuse murine et MO activés par des
souches de sérotype 2 de S. suis de milieux différents et de virulence, et nous avons
évalué le role de différents récepteurs et voies cellulaires dans l'induction de 1'lFN-f par
I'agent pathogene. Les DC ont résulté en une source beaucoup plus importante d'IFN-3
que MO et la souche moins virulente testée était la plus internalisée et la principale
souche inductrice d'TFN-B, ce qui suggere une production d'IFN-B dépendante de
l'internalisation et un role protecteur de cette cytokine. La production d'IFN-$ a montré
qu'il dépendait fortement des voies de signalisation dépendantes de MyDS8S, et les
récepteurs les plus impliqués sont le récepteur endossomal Toll-like (TLR) 7 et TLRO.
Enfin, l'infection in vivo a démontré que I'I[FN-f3 joue un role protecteur dans la maladie
causée par S. suis.

Dans l'ensemble, ces résultats fournissent une connaissance plus approfondie des
mécanismes et de la capacité d'induction de 1'lFN-B par différentes souches de S. suis

serotype 2, ainsi que le rdle de cette cytokine lors de l'infection par ce pathogene.
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SUMMARY

Streptococcus suis serotype 2 is an important swine pathogen and an emerging
zoonotic agent of septicemia and meningitis. Knowledge of host immune responses
towards S. suis, and strategies used by this pathogen for subversion of these responses is
scarce. An increased severity of S. suis infections in humans underscores the critical
need for a better understanding of the interactions between S. suis and the immune
system in order to propose more effective therapeutic strategies against this pathogen.
Dendritic cells (DCs) and macrophages (M0) are powerful antigen-presenting cells.
Once activated, they produce inflammatory mediators, within them interferon-3
(IFN-B), one of the most important member of the type I interferon (IFN-I) family
which although is normally associated with an anti-viral role, latest studies have
indicated a confounding role of IFN-B in bacterial infections. Thus, the main objective
of the project was to study the role of IFN- in the pathogenesis of the infection caused
by S. suis serotype 2.

To obtain a better knowledge about the source of IFN-f induced by S. suis serotype
2, as well as the cellular receptors and pathways responsible for cell activation and
subsequent production of this cytokine, we studied the in vifro induction of IFN-B by
murine bone marrow-derived DCs and M0 activated by strains of S. suis serotype 2
from different backgrounds and virulence, and we assessed the role of different cell
receptors and pathways in the induction of IFN-f by the pathogen. DCs resulted to be a
much more important source of IFN-B than M6, and the less virulent strain tested was
the most internalized and the main IFN-B inducing strain, which suggests an
internalization-dependent IFN-3 production and a protective role of this cytokine. IFN-3
production has shown to strongly rely on MyD88-dependent signaling pathways, and
the most implicated receptors are the endosomal Toll-like receptor (TLR) 7 and TLRO.
Finally, the in vivo infection has demonstrated that IFN-f3 plays a protective role in the
disease caused by S. suis.

Overall, these results provide a deeper knowledge of the mechanisms and the
capacity of induction of IFN-f by different strains of S. suis serotype 2, as well as the

role of this cytokine during infection with this pathogen.

v



Keywords: Streptococcus suis serotype 2; type 1 interferon; dendritic cells;

inflammation; virulence; IFN-f3



TABLE OF CONTENTS

RESUME ii
SUMMARY v
TABLE OF CONTENTS vi
LIST OF TABLES viii
LIST OF FIGURES viii
LIST OF ACRONYMS AND ABBREVIATIONS X
ACKNOWLEDGMENTS Xiii
[ - INTRODUCTION 1
II - SCIENTIFIC LITTERATURE REVIEW 5
1. S. suis 6
1.1 Introduction: History and epidemiology 6
1.2 Disease and clinical manifestations 7
1.2.1 Pigs 7
1.2.2 Humans 7
1.3 Pathogen characteristics 8
1.3.1 Characteristics of S .suis, including serotype, serotype distribution 8

1.3.2 Data obtained by multilocus sequence typing (MLST): Sequence type
(ST), distribution of serotype 2 10
1.3.3 Virulence 12
1.3.3.1 Virulence factors 12
1.3.3.2 Difference in virulence of different ST and geographical origin 16
1.4 Steps of the pathogenesis 17
1.4.1 Adherence to, colonization and invasion of epithelial host cells 17
1.4.2 Surviving in the bloodstream: innate immune response 18
1.4.2.1 Phagocytosis: monocytes/macrophages, PMN, dendritic cells (DCs) 18
1.4.3 Meningitis 19
1.4.3.1 Blood brain barrier (BBB) penetration 19
1.4.4 Inflammation as a hallmark of S. suis infection 20
1.4.4.1 Systemic 20
1.4.4.2 CNS 23
1.4.5 Receptors involved in inflammation 24
1.4.5.1 Pattern recognition receptors (PRRs) 24
1.4.5.2 PRRs implicated in the recognition of S. suis 26
2. Type I Interferon (IFN-I) 27
2.1 General characteristics 27
2.2 Role in immune response 29

Vi



2.2.1 Role 1n viral infections 29

2.2.2 New described role in bacterial infections 31

2.2.2.1 Extracellular bacteria 31

2.2.2.2 Intracellular bacteria 33

2.2.3 Alternative induction pathways 35

3. Problematic, Hypothesis and Objectives of Master’s project 40

III - MATERIALS, METHODS AND RESULTS 41
Type I Interferon Induced by Streptococcus suis Serotype 2 is Strain-Dependent and

May Be Beneficial for Host Survival 42

IV- DISCUSSION 93

V- GENERAL CONCLUSION AND PERSPECTIVES 100

VI- REFERENCES 102

vii



LIST OF TABLES

SCIENTIFIC LITERATURE REVIEW

Table 1. PRRs that recognize conserved microbial structures of pathogens
Table 2. IFN-I induction by different extracellular pathogens, under distinct

experimental conditions.

MATERIALS, METHODS AND RESULTS

Supplementary Table
Table S1. Primer sequences used for gPCR

LIST OF FIGURES

SCIENTIFIC LITERATURE REVIEW

Figure A. Interferon receptors and activation of classical JAK-STAT pathways by type
I interferon.

Figure B. Pathways of IFN-I induction.

MATERIALS, METHODS AND RESULTS

Figure 1. Dendritic cells (DCs) produce higher levels of IFN-B than macrophages
following infection with S. suis serotype 2.

Figure 2. The presence of the capsular polysaccharide interferes with S. suis-induced
IFN-B expression by dendritic cells, while the suilysin is partially responsible for its
activation.

Figure 3. Recognition of S. suis by the Toll-like receptor (TLR) pathway is required for
induction of IFN-B expression by dendritic cells (DCs).

Figure 4. The interferon regulatory factors (IRFs) 1, 3, and 7 are involved in IFN-
expression by dendritic cells (DCs) following infection with S. suis.

Figure 5. S. suis-induced IFN-B expression by dendritic cells requires internalization
and phagosome maturation.

Figure 6. The S. suis nucleic acids are responsible for inducing IFN-B expression by

dendritic cells following phagosomal delivery.

viii



Figure 7. S. suis-induced type I interferon produced by dendritic cells modulates
autocrine cytokine production.

Figure 8. Type I interferon is beneficial for host survival following infection with
intermediate virulent and virulent S. suis serotype 2 strains.

Figure 9. Type I interferon modulates plasma pro-inflammatory cytokines involved in
S. suis-induced systemic inflammation.

Figure 10. Type I interferon is required for the control of blood bacterial burden

following infection with intermediate virulent and virulent S. suis serotype 2 strains.

Supplementary Figures

Figure S1. Intermediate virulent S. suis ST25 strains induce high levels of IFN-f
expression by dendritic cells.

Figure S2. Ligands of the different Toll-like receptors evaluated in this study, with the
exception of TLR2, induce IFN-f by dendritic cells.

Figure S3. IL-6 and CXCL1 induced by S. suis and bacterial TLR2 ligands partially
requires TLR2 expression by dendritic cells.

Figure S4. The intermediate virulent S. suis strain 89-1591 is highly encapsulated.
Figure SS. S. suis-induced IL-6 and CXCL1 expression by dendritic cells is partially

internalization-dependent.

DISCUSSION

Proposed model of IFN-B production during S. suis serotype 2 infection.

1X



LIST OF ACRONYMS AND ABBREVIATIONS

APC: Antigen presenting cell

BBB: Blood brain barrier

BMEC: Brain microvascular endothelial cells
CARD: Caspase activation recruitment domain
CCL: Chemokine (C-C motif) ligand

CD: Cluster of differentiation

CFU: Colony-forming unit

CLR: C-type lectin receptor

CNS: Central nervous system

CPEC: Choroid plexus epithelial cells

CpG: Cytosine-phosphate-Guanosine

CPS: Capsular polysaccharide

CSF: Cerebrospinal fluid

CXCL: Chemokine (C-X-C motif) ligand
CytD: Cytochalasin D

DC: Bone marrow-derived Dendritic Cell
DNA: Deoxyribonucleic acid

Dpp: Dipeptidylpeptidase

ECM: Extracellular matrix

EF: Extracellular factor

Fbp: Fibronectin-binding protein

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
GAS: Group A Streptococcus

GBS: Group B Streptococcus

GM-CSF: Granulocyte macrophage colony-stimulating factor
IFN: Interferon

IFNAR: Interferon-a/P receptor

IFNyR: Interferon-y receptor

Ig: Immunoglobulin

IKK: IxB kinase

IL: Interleukin



iNOS: Inductible Nitric Oxide Synthase

IRF: Interferon Regulatory Factor

ISGF: Interferon-stimulated gene factor

JAK: Janus kinase

KO: Knock-out

LLO: Listeriolysin O

LTA: Lipoteichoic acid

MAVS: Mitochondrial antiviral-signaling protein
MCP-1: Monocyte Chemoattractant protein-1
M-CSF: Macrophage colony-stimulating factor
MDAs: Melanoma differentiation antigens
MLST: Multilocus sequence typing

MB6O: Macrophages

MOI: Multiplicity of infection

MRP: Muramidase-released protein

MyD88: Myeloid Differentation Primary Response Protein-88
NF-kB: Nuclear factor-«kf3

NK: Natural killer cell

NLR: NOD-like receptor

NO: Nitric oxide

PAMP: Pathogen-associated molecular pattern
PBMC: Peripheral blood mononuclear cell

PGN: Peptidoglycan

p.1.: Post-infection

PLP: Myelin proteolipid protein

PMN: Polymorphonuclear cell

PRR: Pattern recognition receptor

RecN: Recombination/repair protein

RLR: Retinoic acid-inducible gene (RIG)-I like receptor
RNA: Ribonucleic acid

RT-gPCR: Quantitative Reverse Transcription Polymerase Chain Reaction
SLSS: Septic-like shock syndrome

SLY: Suilysin

SodA : Superoxide dismutase A

xi



SspA: Surface-associated subtilisine-like protease

ST: Sequence type

STAT: Signal transducer and activator of transcription
STING: Stimulator of interferon genes

STSLS: Streptococcal toxic shock-like syndrome
TBK1: TANK-binding kinase 1

TGF-B: Transforming growth factor-

THA: Todd Hewitt broth agar

THB: Todd Hewitt broth

Th1: T helper cell type 1

TICAM: TIR-domain containing adaptor molecule
TIRAP: TIR-containing adaptor protein

TLR: Toll-like receptor

TNF: Tumoral necrosis factor

TRIF: TIR-domain-containing adaptor-inducing interferon-3
TyK: Tyrosine kinase

WT: Wild-type

Xii



ACKNOWLEDGMENTS

First of all, I would like to remark that for me, this experience was more than an
academic experience, since it has allowed me to confirm that there are no limits in life.
As Walt Disney said: « [F YOU CAN DREAM IT, YOU CAN DO IT ». In Canada I
have discovered a new lifestyle, new people, a new language, a different culture, and
everything have been awesome. I will be forever thankful to all the people that have

been part of this "adventure", supporting me from close distance or miles away.

Thus, I would like to thank all the people and institutions that have participated in the

achievement of this master project, particularly:

- My research supervisor, Dr. Marcelo Gottschalk for having provided me with the
opportunity of working within his laboratory and for his constant support, guidance,

and endless help with the writing of this memoire and article.

- Dr. Mariela Segura, my co-director, for having opened the doors of her laboratory
to me. Also, I would like to thank her for her input in the presentations I have given

throughout this master’s Project.

- All members of Dr. Gottschalk and Dr. Segura laboratories, past and present, for

their help with my project and for making this an awesome experience.

- Jean-Philippe Auger for his unconditional help with all technical aspects related to
my project, and also, for teaching me the technical basis needed for functioning in a
laboratory during my research project, which greatly served me during completion

of this master.
- Institutions like GREMIP, CRIPA, NSERC — CRSNG and University of Montreal,

and their members for making this a very enriching experience, and for the

financial support they have provided me during the course of my M.Sc. study.

xiil



- Members of my committee and jury: Dr. Marcelo Gottschalk, Dr. Mariela Segura,

Dr. Levon Abrahamyan, Dr. Jean-Pierre Lavoie and Dr. Carl Gagnon.

Thanks to all the professors and members of GREMIP. And finally, last but not least,

thanks to my family and friends for their constant moral support.

X1V



I - INTRODUCTION



S. suis, an encapsulated Gram-positive bacterium, is an important porcine bacterial
pathogen and zoonotic agent responsible for sepsis and meningitis. In fact, S. suis has
become the leading cause of adult meningitis in Vietnam, the second leading cause in
Thailand, and the third leading cause in Hong Kong. The clinical characteristics typical
of acute meningitis in humans caused by S. suis changed after the 2005 outbreak in the
Chinese province of Sichuan. That was characterized as streptococcal toxic shock-like
syndrome (STSLS), similar to that usually associated with Streptococcus pyogenes
(125).

To date, 35 serotypes based on the capsular polysaccharide (CPS) composition have
been described, the serotype 2 being the most commonly isolated from diseased animals
and humans in many countries. Data obtained by multilocus sequence typing (MLST)
have showed that different serotype 2 STs predominate in different regions of the world.
The ST1 is mostly associated with disease in pigs and humans in Europe, Asia and
Argentina. The ST7, responsible for the 1998 and 2005 epidemics, is mostly endemic to
mainland China. North American cases vary from those in Eurasia, with most strains
being either ST25 or ST28 (125).

In recent years, an increasing number of studies were performed to understand the
pathogenesis of the S. suis infection, however, further investigation is needed to clearly
elucidate the molecular mechanisms of its pathogenesis. Similarly, the mechanisms
involved in the host immune response to S. suis as well as those used by S. suis to
subvert this response remains poorly characterized. However, several virulence factors
have been proposed to be involved in the pathogenesis of S. suis infection. Among
them, the CPS, which presents an anti-phagocytic role, has been demonstrated as a
critical virulence factor and its structure has been described (149). In addition, a
hemolysin (suilysin - SLY) has been characterized and described to be involved in the
modulation of S. suis interactions with host cells, such as endothelial cells, epithelial
cells, neutrophils, dendritic cells (DCs) and macrophages (M) (149). Regarding the
survival in blood and dissemination, the resistance to phagocytosis require modification
of the cell wall peptidoglycan by means of N-deacetylation. A well encapsulated mutant
strain devoid of the deacetylase peptidoglycanN-acetylglucosamine (PgdA), responsible
for this modification, showed impaired resistance to neutrophil killing and was severely
attenuated in murine and porcine infection models (149, 170). Similarly, d-alanylation
of the S. suis lipoteichoic acid (LTA) plays a major role in survival of this pathogen

(171).



Inflammation is a protective response of the body to ensure removal of detrimental
stimuli, as well as a healing process for repairing damaged tissue (239). Germline-
encoded pattern recognition receptors (PRR) are responsible for sensing the presence of
microorganisms by recognizing structures conserved among microbial species, which
are called pathogen-associated molecular patterns (PAMPs). Different classes of PRR
families have been identified, such as transmembrane and endosomal proteins: the
Toll-Like Receptors (TLRs), as well as cytoplasmic proteins such as the Retinoic acid-
inducible gene (RIG)-I-like receptors (RLRs) and NOD-like receptors (NLRs). These
PRRs are expressed in macrophages, neutrophiles and dendritic cells but also in various
nonprofessional immune cells. The sensing of PAMPs by PRRs upregulates the
transcription of genes involved in inflammatory responses. These genes encode pro-
inflammatory cytokines, type I IFNs, chemokines and antimicrobial proteins, proteins
involved in the modulation of PRR signaling, and many uncharacterized proteins (240).

Focusing on interferons, these are a family of cytokines which act early in the innate
immune response and are very well known for inducing an antiviral activity in infected
cells. In addition to this antiviral activity, they play a role in regulating the immune
response (12). Among the three distinct interferon families, the type I IFN (IFN-I)
family is a multi-gene cytokine family, being IFNa and IFNf (IFNo/B) the best-defined
and most broadly expressed ones. IFN-I have numerous additional functions not only
during the viral, but also in bacterial infections. The outcome of its response during
infectious diseases is highly context-dependent. Different conditions induced during
specific infections modulate when and where IFN-I signals are delivered, as well as the
signalling pathways that are triggered downstream of the type I IFN receptor (IFNAR)
(19). Recents in vivo studies with extracellular bacteria have shown contradictory
results, since in some cases type I interferon have played a protective role, but in other
cases the role was detrimental (44-52, 255). In relation with the source of IFN-I,
particularly IFN-B, previous studies have compared the role of antigen presenting cells,
such as DCs and M6, after the infection with different streptococci (83, 85).

Not much data are available about the interplay between S. suis infection and IFN-f.
A study has shown that after an in vivo infection with strains of S. suis serotype 2 of
different backgrounds and virulence, the least virulent strain tested resulted to be the

main IFN-f inducing strain (247).



Thus, the scatter and lack of data regarding the ability of different strains of S. suis
serotype 2 to induce IFN-f have motivated this work. Moreover, the host source of
IFN-B induced by §. suis is unknown. Furthermore, the cellular receptors and pathways
responsible for cell activation and subsequent production of IFN-B by S. suis have
barely been studied, and the role of this cytokine in infections caused by S. suis, is not
known.

Based on the observations mentioned above, we hypothesized that IFN-B plays a
protective role in infections caused by S. suis serotype 2. Based on the aforementioned
effect of North American strains, it is further hypothesized that the increased production
of this type I interferon by them would be responsible, at least in part, of their lower
virulence.

The general objective of this thesis was to study the role of IFN-B in infections

caused by S. suis serotype 2. Moreover, three specific objectives were proposed:

1. Study the in vitro induction of IFN-f in murine bone marrow-derived dendritic
cells and macrophages activated by different well-encapsulated S. suis serotype

2 strains.

2. Assess the role of different cell receptors and pathways in the induction of IFN-f3
by S. suis serotype 2.

3. Study the role of IFN- during in vivo infections with S. suis serotype 2.

In this research, we have demonstrated that DCs are an important source of S. suis-
induced IFN-f, which occurs mainly through a MyD88 pathway and requires bacterial
internalization. With the less virulent strain, a greater internalization and higher IFN-f3
production was observed. In addition, a protective role of type I interferon was
described during an in vivo infection by S. suis. Thus, our findings have provided a
novel knowledge of the mechanisms and the capacity of induction of IFN-f by different
strains of Streptococcus suis serotype 2, and shed a light on the role of this cytokine

during the infection with this pathogen.
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1. S. suis

1.1 Introduction: History and epidemiology

Streptococcus suis is a pathogen in pigs that can cause severe systemic infection in

humans and was first reported by veterinarians in 1954, after outbreaks of meningitis,
septicemia, and purulent arthritis occured among piglets (1). Among the 35 serotypes
based on capsular antigens that have been described, the type 2 is the most frequently
isolated from diseased pigs in most countries (2, 3) and is also considered a zoonotic
agent. First reported in Denmark in 1968 (4), human infections have been documented
in several European and Asian countries as well as in North and South America,
Australia and New Zealand (5,6). In western countries, S. suis infections in humans
have most often been restricted to workers in close contact with pigs or swine
byproducts. However, in southeast and east Asia, also affects the general population and
it represents a significant public health concern (5).
In 2005, a human and pig outbreak (molecularly demonstrated as being caused by the
same S. suis strain) in the Sichuan province of China resulted in 204 human cases and
38 deaths, a mortality rate that was higher than expected; the outbreak was characterized
by the unexpectedly high percentage of patients developing streptococcal toxic shock-
like syndrome (STSLS - unexpected because S. suis was not considered to be cause of
that until then), shorter incubation period, rapid disease progression, and high mortality
rate (1,5). A subsequent report from Thailand indicated that S. suis meningitis was far
from being a rare sporadic disease in the area, with a series of 66 cases in the period
2005-2007 showing the traditional disease characteristics (86). Even more surprisingly,
this pathogen was convincingly demonstrated to be the commonest cause of bacterial
meningitis in humans older than 14 years of age in two different cohort studies from
Vietnam in 2011 and 2012 (87, 88), and the third most common cause of community-
acquired bacterial meningitis in Hong Kong, indicating that, at least for Southeast Asia,
the disease is not as sporadic as was previously considered (7-11).

S. suis can be isolated from other animals, such as ruminants, cats, dogs, deer, and
horses, and is believed to be a commensal in the intestinal flora (89). Healthy pigs can
carry multiple serotypes in their nasal cavities, tonsils, and upper respiratory, genital,

and alimentary tracts (89-91).



1.2 Disease and clinical manifestations

1.2.1 Pigs

With almost 100% of pig farms worldwide having carrier animals, S. suis is one of
the most important bacterial pig pathogens. Transmission among animals is considered
to be mainly through the respiratory route (92). There are many descriptions of the
pathological and histopathological lesions in infected pigs (89). The most common
gross lesions are the congestion of the meninges, lymph nodes and lungs, and the most
common histopathological findings are located within the choroidal plexus. Evidence of
encephalitis, oedema, and congestion of the brain may be present. In the central nervous
system (CNS), lesions associated with meningitis and choroiditis may be observed,
including oedema of the leptomeninges and the dura mater, hyperaemic meningeal
blood vessels, and an increased quantity of cerebrospinal fluid (CSF). The most
characteristic histopathological lesion of acute S. suis meningitis is a diffuse
neutrophilic infiltrate (94, 95). Nevertheless, in peracute cases of infection, pigs are
often found dead with no premonitory signs of disease (93). Presumptive diagnosis in
pigs is usually based on clinical signs and macroscopic lesions. Confirmation of the
infection is a mandatory requirement and must be achieved by isolation and

characterization of the pathogen (89).

1.2.2 Humans

Human infections with S. suis are most frequently manifested as purulent meningitis,
but reports of septic shock with multiple organ failure, endocarditis, pneumonia,
arthritis, and peritonitis have also been reported. Differences in clinical signs among
patients infected have been observed. In the acute form of meningitis, symptoms
include high fever, headache, chills, nausea, vomiting, and vertigo, followed by one or
more of the following: hearing loss, walking ataxia, coma, neck stiffness, petechia,
articular pain, peripheral and facial paralysis, severe myalgia, ecchymosis, rashes, and
rhabdomyolysis (94, 96-99). In the acute form of toxic septic shock, besides high fever,
chills, headache, vomiting, vertigo, and abdominal pain, other clinical signs were also
observed, such as hypotension, tachycardia, liver dysfunction, subcutaneous

haemorrhage, disseminated intravascular coagulation, acute renal failure, and acute



respiratory distress syndrome (95, 97, 98, 100). Hearing loss is the most common
sequela after recovery from purulent meningitis, whereas death often follows septic
shock.

An increased amount of CSF has also been reported in human meningitis cases by
lumbar puncture (94, 95). Obtaining this fluid is important because it is an important
element in the diagnosis of neurological diseases, such as meningeal syndromes,

subarachnoid hemorrhages, cerebrospinal tumors, etc.

1.3 Pathogen characteristics

1.3.1 Characteristics of S .suis, including serotype, serotype distribution

S. suis is a Gram-positive facultative anaerobe, coccoid or ovoid, and occurs as
single cells, in pairs, or in short chains (101). Based on the CPS, 35 serotypes have been
identified (types 1-34 and 1/2) (125) but serotypes 32 and 34 have since been proven to
be Streptococcus orisratti (102). Recent analyses of genes encoding manganese-
dependent superoxide dismutase (sodA) and the recombination/repair protein (recN)
indicated that the serotypes 20, 22, 26, and 33 need to be taxonomically removed
from S. suis (249), and serotypes 20, 22, and 26 were proposed to be a novel species,
Streptococcus parasuis (250). Serotype 2 is most commonly associated with diseases in
pigs and human beings, and is the most frequently reported serotype worldwide (3, 103,
104). The natural habitat is the upper respiratory tract, specially tonsils and nasal
cavities, as well as the genital and alimentary tracts of pigs (105, 106). It colonises the
palatine tonsils of clinically ill and apparently healthy pigs, and is usually transmitted
nasally or orally (107). In relation with the resistence to enviromental conditions, it can
survive for 10 min at 60°C, 2 h at 50°C, and 6 weeks in carcasses at 10°C. At 0°C, can
survive for 1 month in dust and for over 3 months in faeces, whereas at 25°C, it can
survive for 24 h in dust and for 8 days in faeces. However, it can be killed easily with
5% bleach at 1:799 dilution (108).

S. suis 1s sensitive to antibiotics, including penicillin, ceftriaxone, cephalosporin,
ampicillin, and amoxicillin. Penicillin G is commonly used to treat or control infections
but penicillin-resistant strains have been isolated (109,110), and strains highly resistant

to other commonly used antibiotics have also been reported (111).



The genome, which has been completely sequenced, contains 20074917 bp (112).
Although the functions of 20-30% of the genes are unknown, many genes that may play
a part in the pathogenesis of the infection have been studied, including polysaccharide
production, capsular transport, iron-restriction factors, suilysin, virulence-associated
proteins, various enzymes, arginine deiminase system, and IgG binding proteins (113-
118).

S. suis is able to grow in anaerobic or aerobic conditions, but not in 6,5% NaCl
solution (119). Colonies are small (0,5-1,0 mm diameter), greyish or transparent, and
slightly mucoid. They produce narrow zones of a-haemolysis on sheep blood agar plates
and B- haemolysis on horse blood agar plates (89). Presumptive identification based on
four biochemical tests (Voges-Proskauer, salicin, trehalose, and 6,5% NaCl) can be
successful for almost all capsular types (124). Recently, Ishida et al. developed a novel
PCR method targeting the recombination/repair protein (recN) gene of S. suis, which
corresponds to the current reclassification of this bacterium. recN PCR
using S. suis reference strains could discriminate S. suis from those that should not been
included in S. suis (251). Regarding the serotyping, molecular assays by PCR
amplification of serotype specific cps genes does not require antisera and is an attractive
alternative to the current agglutination and co-agglutination tests. However, it is known
that the cps gene clusters of serotype 1 and serotype 14, and of serotype 2 and serotype
1/2 are very similar with the nucleotide sequence of the wzy genes being nearly identical
in these two pairs of serotypes. Therefore, the mPCR assays cannot discriminate these
two pairs of serotypes. Because of that serotype 1 and 14, and serotype 2 and 1/2 will
require the use of serotype specific antisera (252). Recently, was developed a pipeline
which permits in silico serotype determination from whole-genome sequencing (WGS)
short-read data that can readily identify S. suis serotypes. Indeed, it can discriminate
between serotype 1 and 14, and between serotype 1 and 1/2, which solves a three-
decade longstanding S. suis typing issue (272).

Globally, the predominant serotypes isolated from clinical cases in pigs are, in
decreasing order, serotypes 2, 9, 3, 1/2 and 7. However, there is a clear geographical
effect on the distribution of serotypes and these figures are influenced by the number of
published studies. Almost 70% of studies on worldwide isolates recovered from
diseased pigs are from North America. In fact, 97% of North American data are from
Canada and the rest from the United States, with no data from Mexico. Serotype 2 is the

most prevalent in Canada, while in the United States, it is serotype 3. Both serotypes are



the two most prevalent serotypes isolated from clinical pig cases in North America with
24.3% and 21.0% of prevalence, respectively, followed by serotypes 1/2, 8 and 7.
Similar distributions may be explained by a fluid movement of animals between the two
countries (125).

In South America, only two studies have been published, both from Brazil, which
report serotype 2 as being the most prevalent with a mean of 57.6% of cases, followed
by, in decreasing order of prevalence, serotypes 1/2, 14, 7 and 9. In Asia, the most
prevalent serotypes in infected pigs are, in decreasing order, serotypes 2, 3, 4, 7 and 8
(125).

Important pig producing European countries, such as Denmark, Belgium, France,
Germany, Italy and the United Kingdom, have not recently reported the distribution of
serotypes recovered from clinical cases in pigs (3, 127). Before the year 2000, serotype
2 was the most common serotype recovered in Italy, France and Spain, whereas
serotype 9 was more frequently found in the Netherlands, Germany and Belgium (128).
The only two countries with more recent data are Spain and the Netherlands. In the first
one, serotype 2 is no longer the most prevalent, but the second behind serotype 9,
followed by serotypes 7, 8 and 3 (129-131). In the Netherlands, between 2002 and
2007, serotype 9 was still the most prevalent, followed by serotypes 2, 7, 1 and 4 (132).
Moreover, in 2013, was reported the first case of S. suis serotype 9 human infection in
Thailand (273). As such, there is an urgent need to evaluate fresh data on the prevalence
of S. suis in clinical isolates from pigs in Europe where many countries are among the

most important pig producers in the world (125).

1.3.2 Data obtained by multilocus sequence typing (MLST): Sequence type (ST),
distribution of serotype 2

Different serotype 2 sequence types predominate in different regions of the world. The
ST1 is mostly associated with disease in pigs and humans in Europe (though the ST20 is
important in the Netherlands), Asia (Cambodia, mainland China, Hong Kong, Japan,
Thailand and Vietnam) and Argentina. The ST7, responsible for the 1998 and 2005
epidemics, is mostly endemic to mainland China. North American cases vary from
those in Eurasia, with most strains being either ST25 or ST28, which were also
recovered in Thailand and Japan, respectively. Finally, the ST101 to ST104 are endemic

to Thailand and appear to be more commonly isolated from human cases, especially the

10



ST104. So, we can observe that the current distribution of the S. suis serotype 2 STs
greatly varies throughout the world, though data have only been available for a little
over a decade, from only a few countries and mostly only for the serotype 2 (133).

In North America, the majority of MLST studies conducted on S. suis strains isolated
from diseased pigs have been serotype 2. It was determined that 44% of North
American strains are ST25, 51% ST28 and 5% are ST1. In Canada, the proportions of
ST25 and ST28 are 54% and 46%, respectively, but in the United States, 75% of strains
were shown to be ST28 and only 10% ST25, while the remaining 15% are ST1 (133).
As with North American strains, the majority of European studies have been done using
serotype 2. Most of these have demonstrated that ST1 is predominately isolated from
diseased pigs in the Netherlands, Spain and the United Kingdom (132, 134, 135). King
et al. had already associated the serotype 2 ST1 strains with invasive infections (134).
Nevertheless, many strains of serotype 9, have also been recovered from diseased pigs
and typed (132, 135). In the Netherlands and Spain, serotype 9 isolates were identified
as belonging to the ST16, where they represent 43% of strains in the Netherlands (132).
Unlike some countries in Europe, where the serotype 9 is as important as the serotype 2,
most strains isolated from diseased pigs in Asia are serotype 2, and it represents 90% of
cases in mainland China (136). However, there are relatively few reports of isolation
from diseased pigs in Asia. Of these serotype 2 cases, the predominant STs are STI,
ST7 and ST28. In mainland China, Chen et al. demonstrated that 22% of serotype 2
strains are ST1 and 77% are ST7. The few ST28 strains recovered in that country were
mostly associated with cases of pneumonia (137). With respect to Japan, ST1 and ST28
strains isolated from cases of endocarditis in diseased pigs account for 8% and 76% of
serotype 2 strains, respectively (138).

Regarding human cases, globally, ST1 strains have been described as mostly
responsible for §. suis serotype 2 infections, particularly in South America, Europe and
Asia, but also one case in North America (10, 132, 139-142). Nevertheless, multiple
other STs have been described worldwide, though these appear to be endemic to certain
geographical regions. For example, the ST20 is important in the Netherlands and France
but not in the rest of Europe (132). ST7 strains, the ones responsible for the 1998 and
2005 Chinese epidemics were isolated from human patients only in mainland China and
Hong Kong (141, 142). ST25 and ST28 strains have been particularly associated with
human cases in North America and Japan, respectively (141, 143, 144). In Thailand,

ST1 and ST104 strains are predominant, causing mainly meningitis and non-meningitis
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cases, respectively (140, 143, 145). A few cases of ST25, ST28, ST101, ST102 and
ST103 have also been described (140).

Although S. suis serotype 14 infections are less frequent in humans than serotype 2
cases (2% of all the serotype-confirmed cases) the number appears to be increasing. The
ST105 is prevalent in Southeast Asia, especially in Vietnam and Thailand. Only three
human S. suis cases, other than those caused by serotypes 2 and 14, have been typed by
MLST, and were described as newly identified STs. Those are serotypes 5, 16 and 24,
identified as ST181, ST106 and ST221, respectively (146, 147), but no data have yet
been published on the possible presence of these three newly identified STs for human

isolates in diseased pigs.

1.3.3 Virulence

1.3.3.1 Virulence factors

Identification of S. suis virulence factors was limited from the lack of clear definition
of ‘virulence’. Different studies have defined field strains as virulent or avirulent based
on the clinical condition of the animal (or human being) from which the strains were
isolated, or based on the presence of previously described and nonuniversal virulence-
associated proteins or, using different experimental infection models. For instance, if
strains were isolated from the clinically healthy animals they were arbitrarily considered
avirulent whereas the ones isolated from diseased animals/human beings gives strains
arbitrarily considered as virulent. However, it is known that the presence of some
proposed virulence factors does not necessarily define the strain virulence potential,
because its absence is not a sufficient condition for classifying the strain as avirulent.
Moreover, the virulence of serotype 2 strains recovered in Europe and Asia from
diseased piglets seems to be higher than that observed in strains from North America
(133, 148).

Although the actual early mechanisms used by S. suis to colonize the host are poorly
known, it was reported that the pathogen may survive in swine tonsils for long periods
of time. However, it is still unknown how S. suis manages to cross the first natural line
of the host defense and initiates the disease. The most accepted hypothesis is that it
breaches the mucosal epithelium in the upper respiratory tract of pigs (106). In humans,

S. suis may interact with epithelial cells either at the epidermal surface or in the intestine
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(5, 6, 146). Adhesins at the surface of S. suis appear to be hindered by the CPS, as
suggested by the fact that S. suis CPS deficient mutants adhered better than the
encapsulated parental strain to porcine (LLC-PK1 and PK15), canine (MDCK) and
human (A549 and HeLa) cell lines. Thus, we can hypothesize that S. suis downregulates
expression of CPS during the early steps of the infection in response to signals from the
environment, resulting in a better interplay between bacterial adhesins and host
receptors (149, 274).

S. suis interacts with components of the extracellular matrix (ECM) such as
fibronectin and plasminogen (150). The fibronectin-binding protein Fbps was shown to
bind human fibronectin and fibrinogen in vitro. Infection of pigs with a fbps mutant
strain showed that Fbps is not required for colonization of the tonsils but it may play a
role in colonization of specific organs, including CNS (151, 190). S. suis enolase which
binds plasminogen and fibronectin, is highly expressed in vivo, inducing the production
of antibodies in infected pigs, although its potential being used as a protective antigen
remains controversial (152, 153). In addition, antibodies against enolase decrease
adhesion and invasion of porcine brain microvascular endothelial cells (BMEC) (191).
A dipeptidylpeptidase DpplV was also shown to interact with human fibronectin, and
the virulence of a dpplV-deficient mutant was greatly attenuated (154). Binding of
S. suis to collagen has also been reported (150), and a mutant strain defective in a
putative collagenase was impaired in survival after experimental inoculation of pigs
(126). Similarly, a mutant strain devoid of the housekeeping sortase Srt4 showed
weaker adherence to ECM proteins, suggesting that peptidoglycan- anchored, LPXTG
motif-containing adhesins are also important for interactions of this pathogen with ECM
proteins. The same was observed with BMEC (155).

Other proteins were identified as adhesins, including a 39-kDa glyceraldehyde- 3-
phosphate dehydrogenase (GAPDH) (156,157). Two studies showed reduced adherence
of S. suis to porcine tracheal rings and HEp-2 cells when cells were preincubated with
recombinant S. suis GAPDH (157,158). The pathogen upregulates the expression of the
gene encoding this protein in vivo in different porcine organs (159). An enzyme with 6-
phosphogluconate- dehydrogenase activity, a bifunctional amylopullulanase, as well as
a glutamine synthetase, were shown to contribute to S. suis adherence to epithelial cells
(160,161). Mutants devoid of the two-component regulatory system CiaRH or the
orphan transcriptional regulators RevSC21 and CovR were also impaired in adherence

to epithelial cells (162-164), but the mechanisms have not yet been deciphered.
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Epithelial cells invasion may also represent the beginning of systemic dissemination
and disease. As in the case of adhesion, only unencapsulated strains seem to be able to
invade these cells (165). The disruption, including the disruption to cross the blood—
brain barrier (BBB) and the blood— CSF barrier of Choroid plexus epithelial cell
(CPEC), is also possible since suilysin (SLY)-positive strains are highly toxic for the
cells (106, 193). This 54-kDa hemolysin is a thiol-activated toxin that targets
cholesterol in the membrane of eukaryotic cells (166, 167). However, strains not
producing SLY are also able to do that (2, 192). But this concern remains still
controversial.

Regarding the survival in blood and dissemination of the pathogen, the resistance to
phagocytosis require modification of the cell wall peptidoglycan by means of
N-deacetylation. A well encapsulated mutant strain devoid of the deacetylase PgdA,
responsible for this modification, showed impaired resistance to neutrophil killing and
was severely attenuated in murine and porcine infection models (170). Similarly, d-
alanylation of the S. suis lipoteichoic acid (LTA) plays a major role in survival of this
pathogen (171), and was shown that mutants impaired in LTA d-alanylation adhered
and invaded porcine BMEC lesser than the wildtype strain. Although SLY-negative
strains can be virulent and survive in blood, SLY-positive strains, additionally, reduce
phagocytosis and killing of S. suis. This pathogen is also able to affect neutrophil
recruitment by degrading IL-8, presumably by the production of a serine protease (172).

A cell wall-anchored DNAse, specific for single and double-stranded linear DNA 1is
expressed by S. suis (173) and it is believed that it plays a role in disruption of
neutrophil extracellular traps (174). S. suis requires nutrients like trace metals, whose
availability within the infected host is relatively low. AdcR, a streptococcal
transcription factor homologous to the zinc-uptake regulator Zur, and the ferric uptake
regulator Fur, one of the most important transcription factors controlling iron
metabolism, are both important for S. suis survival in vivo (175, 176). Eighteen unique
iron restriction induced genes have been identified, including the cps4 gene, encoding a
putative regulator of CPS biosynthesis and iri-7, homolog of Streptococcus mutans
rpgG, a gene involved in capsule biosynthesis. It was proposed that because the CPS of
S. suis becomes thicker after growth in vivo, where free iron is scarce, an upregulated
expression of ¢ps24 and rpgG under iron starvation might be expected (116). Despite
these findings, it has been reported that S. suis, which does not secrete siderophores,

adapts to iron restricted conditions by a change in its metabolism, replacing iron by
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manganese or magnesium (177, 178). Interestingly, the lipoprotein TroA, which is
required for S. suis growth in environments low in manganese, is crucial for bacterial
survival in vivo (179). Recently, it was shown that deletion of a lipoprotein involved in
zinc uptake - SSU0308 (Lipoprotein 103) - resulted in a mutant strain that was 50-times
less virulent than the parental one (180). As mentioned earlier, the CPS constitutes a
physical barrier against phagocytosis. However, if internalized, S. suis possesses factors
that might contribute to the resistance to intracellular killing machinery of phagocytic
cells (165). It is worth mentioning the presence of an active superoxide dismutase
(SodA), although it is unlikely that SodA produced by S. suis type 2 mediates
intracellular survival of pathogenic isolates in macrophages (181). In addition, survival
of S. suis under acidic conditions has been linked to the presence of an arginine
deiminase system catalyzing the conversion of arginine to ornithine, ammonia and
carbon dioxide (117, 118).

Although rare, septic shock in some cases can be a result of excessive or poorly
regulated immune response to the offending organism (182). Are the virulence factors
responsible? Lipoproteins present in the cell wall could be, in part, responsible for cell
receptor(s) recognition (183). Recently, it has been shown that a putative prolipoprotein
diacylglyceryl transferase present in S. suis cell wall is required for innate immune
activation (184), while suilysin was shown to activate phagocytes and to induce the
release of pro-inflammatory cytokines (185,186). In addition, suilysin may cause a
release of hemoglobin from red blood cells, which will raise the levels of pro-
inflammatory mediators by acting in synergy with S. suis cell wall components (187),
while a surface-associated subtilisinlike protease (SspA) induces the secretion of
different pro-inflammatory cytokines and chemokines by macrophages (188).

Finally, there are some putative virulence factors like a glutamine synthetase (194), a
serum opacity-like factor (195), a protein of unknown function encoded by vird (196)
and a trag factor (197), but the mechanisms by which these factors affect S. suis
virulence remain obscure. Also, there are proteins whose deletion affect virulence,
including the response regulator RevS (198), the autoinducer LuxS (199), the sugar
regulator CcpA (200), Rgg-like regulators (201), the orphan transcriptional regulators
RevSC21 (162) and CovR (164), as well as the SalK/SalR (176) and CiaRH two-
component systems (163). Again, how these regulators influence virulence (and the
extent of their regulons) has not yet been elucidated. In addition, other proteins have

been suspected to be ‘virulence factors’ since antibodies against them confer protection.
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They are HP0245, HP0272 and HP0197, of unknown function (202-205), the surface
antigen One (206), and HtpS, a histidine triad protein (207).

1.3.3.2 Difference in virulence of different ST and geographical origin

The virulence markers used in association with STs are the SLY, the Muramidase
Released Protein - MRP and the Extracellular Factor - EF. Serotype 2 STI1 strains,
mostly associated with disease in pigs and humans in Europe, Asia (Cambodia,
mainland China, Hong Kong, Japan, Thailand and Vietnam) and Argentina, have for the
most part been genotyped/phenotyped as sly+ mrp+ epf+ / SLY+ MRP+ EF+,
regardless of the geographic origin, which is identical to the serotype 2 ST7 strains
isolated from diseased pigs and humans in mainland China (133, 135, 137, 138, 141,
235). Nevertheless, important genetic differences vary between ST1 and ST7 strains
including the presence of a 89K pathogenicity island in ST7 strains (236). These ST1
complex strains differ from the human serotype 2 ST104 strains of Thailand which are
sly+ mrp- epf- and from the human serotype 2 ST20 strains recovered in the
Netherlands that were epf- (132, 140, 141). Interestingly, a human case from Spain whit
the serotype 2 strain was typed as being a ST3, and presented a mrp variant (mrp*),
which has a higher molecular weight, though being sly+ epf+ (237, 238).

In Europe, it was determined that strains isolated from diseased pigs belonging to the
ST61 (serotype 9) complex differ from the ST1 (serotype 2) complex strains in being
mrp* rather than mrp. Particularly in Spain, the endemic ST123 and ST125 (serotype 9)
are both mrp- and epf- (135).

In North America, ST25 strains isolated from diseased pigs were identified as sly-
mrp- epf-, while the ST28 isolated from North America, mainland China and Japan are
sly- mrp+ epf- or SLY- MRP+ EF- (133, 137, 138).

Although not as widely used, different pili (s7¢B, srtC, srtD, srtF and srtG) have also
been associated with different STs. It was identified that ST1 strains isolated from both
diseased pigs and human cases of serotype 2 infections in Japan and Thailand are
srtBCD+ and srtF+, but srtG- (143). North American ST25 strains isolated from
diseased pigs and human cases are srtF- and srtG+ and ST28 strains isolated from

diseased pigs and human cases from North America and Japan are srtF+ and srtG+

(133, 138).

16



An experimental study performed by Lachance et al. compares the innate immune
response of the host following an acute infection by three different strains of S. suis
with different virulence potentials: an intermediately pathogenic ST25 North American
strain (89-1591), a highly pathogenic ST1 European strain (P1/7) and the epidemic ST7
Chinese (SC84) strain responsible from outbreaks in China. Authors observed that,
during the acute infection, the survival of mice infected with the North American 89-
1591 strain was not significantly affected and was similar to that of mock-infected mice.
Contrarily, mice infected with the highly virulent Chinese strain had a 50% survival rate
at 17 h p.i., while mice infected with the virulent European strain had a 50% survival
rate at 44 h p.i. They also observed that cytokines levels, but not bacterial burden,
correlate with the degrees of virulence of ST7, ST1 and ST25 strains (247).

1.4 Steps of the pathogenesis

1.4.1 Adherence to, colonization and invasion of epithelial host cells

As mentioned above, adhesins present at the surface of S. suis appear to be hindered
by the CPS and, it is believed that S .suis down regulates their expression during the
early steps of the infection in response to signals from the environment, resulting in a
better interplay between bacterial adhesins and host receptors (149). Moreover, S. suis
interacts with components of the ECM such as fibronectin and plasminogen (150). In
addition, it is already known that IgA-mediated immunity plays a major role in defense
against recurrent mucosal pathogens. It has been reported that S. suis produces an IgAl
protease capable of cleaving human IgA1 (168). This protease is highly immunoreactive
to convalescent sera, and an isogenic mutant defective in the production of this enzyme
showed significantly decreased lethality in pigs (169).

It is believed that nonvirulent strains of S. suis can probably adhere and colonize pigs
without causing disease. However, since the disease caused by this pathogen is mainly
systemic, virulent strains should, after adhesion, either directly invade and translocate,
and/or reduce cell viability and increase mucosal barrier permeability (274). Although
cell invasion is one of the expected outcomes of bacterial adhesion to cells, the invasion
of mucosal epithelial cells by well-encapsulated S. suis is still controversial. As in the
case of adhesion, only poorly encapsulated strains seem to be able to clearly invade

these cells (274). The disruption of epithelial cell is possible, since SLY -positive strains
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are toxic for these cells (106) because they attack cholesterol in the membrane of
eukaryotic cells (166, 167). However, SLY-negatives are also able to reach the

bloodstream and disseminate (2).

1.4.2 Surviving in the bloodstream: innate immune response

It was proposed that S. suis may gain entry to the systemic circulation primarily
through the palatine tonsils, after adhesion and invasion of epithelial cells and later,
through the interaction with cells of the myeloid lineage (222, 223). Once pathogen
reaches deep tissues and/or the bloodstream, it is subjected to the action of phagocytic

cells of the innate immune system.

1.4.2.1 Phagocytosis: monocytes/macrophages, PMN, dendritic cells (DCs)

Bacterial survival depends on the production of CPS, since it was documented by in
vitro and in vivo experiments thatvCPS protects S. suis from neutrophil and
monocyte/macrophage-mediated phagocytosis and killing (2). The fine structure of the
S. suis serotype 2 CPS has recently been solved, indicating the presence of N-acetyl-
neuraminic acid (sialic acid) residues. It is worth noting that the capsules of the two
most important serotypes that cause disease in humans (2 and 14) possess sialic acid
(224). Sialic acid has also been implicated in the adherence (without phagocytosis) of
S. suis to monocytes, suggesting a ‘modified Trojan horse’ hypothesis, in which the
pathogen would travel in the bloodstream externally associated with these phagocytic
cells (106). In addition, an effect of molecular mimicry has been suggested (2), based on
the fact that the conserved 2—6 linked sialic acid terminal capsular moiety found in
serotypes 2 and 14 (225) is similar to sugar epitopes displayed on the surface of all
mammalian cells (5). This molecular mimicry could be the reason of the absence of
antigen recognition by the immune system of the host (123, 226). Despite the critical
role played by the CPS in S. suis virulence, some avirulent serotype 2 field strains are
well encapsulated (227), indicating that the survival in blood does not rely solely on
encapsulation.

Resistance to phagocytosis is multifactorial and requires modification of the cell wall
peptidoglycan - N-deacetylation- by a deacetylase PgdA (170). A well encapsulated

mutant strain devoid of that enzyme showed impaired resistance to neutrophil killing.
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Similarly, d-alanylation of the S. suis lipoteichoic acid (LTA) plays a role in survival of
this pathogen (171). A mutant strain producing LTA devoid of d-alanine residues was
more susceptible than the parental strain to the action of cationic antimicrobial peptides
and killing by porcine neutrophils. Apart from these major cell wall structures, many
surface proteins can induce antibodies that increase the killing of S. suis by phagocytes
(152, 207, 228, 229). However, the mechanisms of action of these proteins or their role
at the bacterial-phagocyte interface are still unknown.

Although SLY-negative strains can be virulent and survive in blood, SLY-positive
strains seem to benefit additionally from their toxic effects on monocytes and
neutrophils (230, 231).

S. suis is also able to affect neutrophil recruitment by degrading IL-8, because of the
production of a serine protease (172). The pathogen requires nutrients including trace
metals like zinc and iron, whose availability within the infected host is relatively low,
and are important for the survival in vivo (175, 176). It has been reported that S. suis, is
able to adapt to iron-restricted conditions by a change in its metabolism, through
replacing iron by manganese or magnesium (177, 178).

As mentioned before, the CPS constitutes a physical barrier against phagocytosis.
However, if internalized, S. suis possesses factors that might contribute to resist the
intracellular killing machinery of phagocytic cells (165), like the arginine deiminase
system which catalyzes the conversion of arginine to ornithine, ammonia and carbon

dioxide under acidic conditions (117, 118).

1.4.3 Meningitis

1.4.3.1 Blood brain barrier (BBB) penetration

If death from sepsis or toxic shock-like syndrome does not occur and bacteremia
remains high, S. suis may cause meningitis (148, 212). As a blood-borne pathogen,
S. suis must cross the BBB and/or the blood—CSF barrier in order to cause CNS
infections. The BBB is an anatomical and functional barrier that separates the brain
from the intravascular compartment and maintains the homeostasis of the CNS
environment (189); its main cellular type is BMEC. S. suis survived up to 7 h within

porcine BMEC (192), which is a very interesting finding, because a crucial element for
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the development of meningitis is the ability of pathogens to cross the BBB as live
bacteria (213).

As was mentioned, the CPS of S suis interferes with the process of
adhesion/invasion. Although serum components may participate in the interactions
between the pathogen and porcine BMECs (192, 214), only fibronectin was shown to
play an important role in this process (190). SLY positive strains may also disrupt the
BBB through cytotoxic effects, however it was reported that the negative mutants can
successfully invade these cells (192).

Another CNS entry portal for S. suis can be the blood—CSF barrier. This invasion
route is supposed to involve three steps: invasion of porcine CPEC from the basolateral
side; transport within membrane-bound endocytic vacuoles to the apical side and
exocytosis onto the apical membrane of the blood—CSF barrier (193). The translocation
across the blood—CSF barrier activates neutrophils (215) and affects the barrier’s
function and integrity, further facilitating trafficking of bacteria and leukocytes. It has
been shown that S. suis induces CPEC necrosis and the release of pro-inflammatory
cytokines and chemokines by human and porcine BMEC, murine microglia and
astrocytes (216-219). However, the specific bacterial components responsible for
exaggerated inflamatory reactions are not accurately known. In addition to cell wall
components, bacterial CPS induces human macrophages to secrete prostaglandin E2 and
matrix metalloproteinase 9, which may also be involved in disruption of the BBB (220).
Purified SLY has been shown to induce the release of several pro-inflammatory
cytokines by human and porcine BMEC (172, 192, 218) and the upregulation of

adhesion molecules on human monocytes (221).

1.4.4 Inflammation as a hallmark of S. suis infection

1.4.4.1 Systemic

Although activation of the immune system during microbial infection is generally

protective, septic shock may result as a consequence of excessive or poorly regulated

immune response against the microorganism (182).
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1.4.4.1.1 In vitro (monocytes/macrophages, PMN, dendritic cells)

In vitro experiments have shown that some pattern recognition receptors (PRR), such
as CD14 and Toll like receptor 2 (TLR2), could be responsible for cell activation by
S. suis, which would lead to release inflammatory compounds (185, 231-233).
However, macrophages isolated from TLR2 knockout mice have showed a highly
reduced, but not completely abrogated cytokine production. That suggests the
involvement of other TLRs in cytokine production (232).

Suilysin was shown to activate phagocytes, induce the release of pro-inflammatory
cytokines IL-1p, IL-6 and chemokine IL-8 (185, 186), and it might release hemoglobin
from red blood cells, contributing to the increased levels of the pro-inflammatory
mediators by acting in synergy with S. suis cell wall components (187). Bi ef al. showed
that SLY also induced a strong TNF-a release from human peripheral blood
mononuclear cells (PBMCs) and primary peritoneal murine macrophages. Moreover, a
long-terme release of that cytokine from PBMCs was observed. In adittion, the authors
demonstrated for the first time that SLY activates human PBMCs via TLR4, a receptor
that has been reported to recognize the lipopolysaccharides from Gram-negative
bacteria (253). In addition, Sspa induces the secretion of different pro-inflamatory
cytokines and chemokines by macrophages (188). S. suis may modulate the response,
and improve its survival, by actively degrading the chemokines and thus delaying

recruitment of neutrophils to the site of inflammation (172).

1.4.4.1.2 In vivo

It is known that inflammation plays an important role in the pathogenesis of S .suis-
induced septicemia and meningitis, and that TLRs are critical sensors in detecting
infections and initially activate the innate immune system, specially TLR2 which has
been implicated as the major PRR for ligands derived from gram-positive bacteria
(258). Data from Lachance et al. indicated that in vivo TLR2-mediated recognition
contributes to the severe outcome following infection with S. suis ST1 European strain.
A signifincantly lower induction of pro-inflammatory cytokines and chemokines in
TLR2-/- mice, was confirmed too, but interestingly, inflammatory mediators were
significantly reduced but not abolished. These data suggest the contribution of other

receptors. The same study showed that TLR2 does not seem to be mainly implicated in
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the severe symptoms and lethality associated with the ST7 Chinese strain, since
bacterial loads and levels of pro-inflammatory cytokines and chemokines were
independent of TLR2. Levels of mRNA and protein of interferon (IFN)- y were
significantly higher in ST7 than ST1-infected mice, confirming previous observations
about that the higher mortality observed with the ST7 strain compared to ST1 strain was
mainly due to a massive secretion of IFN- y by Natural killer (NK) cells. Based on in
vitro studies results, they hypothesized that different bacterial components present in
typical S. suis strains and those from the epidemic ST7 strain may vary and play a
distinct role on cell activation and in the pathogenesis of the systemic inflammatory
disease caused by this pathogen (260).

Another in vivo study, performed using a S. suis serotype 2 ST7 05ZYH33 strain,
have showed that the cytokine levels may represent a prognostic indicator of the disease
outcome. Massive amounts of cytokines TNF-a, IL-1p, IL-6, IL-10, IFN-y and TGF-$
levels were found in sera of piglets with septic-like shock syndrome (SLSS).
Conversely, lower and irregular cytokine expression levels were found in the pigs with
prostration syndrome, indicating that a strong cytokine storm caused the SLSS. By this
way, cytokine over-expression breaks the immunologic balance between pro and anti-
inflammatory actions which can protect hosts against pathogens (211) and is necessary
for disease recovery. Moreover, a systemic cytokine storm can produce systemic sepsis
and septic shock. In addition, the destructive effects of virulence factors, in the infected
hosts ultimately manifest as persistent hypotension, leukocytosis or leucopenia, multiple
organ dysfunction or lesions, STSLS or SLSS, coma, and even rapid death (261).

Lachance ef al. have compared cytokines levels following an in vivo infection with
different STs of S. suis serotype 2, such as the intermediately pathogenic ST25 North
American Strain, the highly pathogenic ST1 European strain and the epidemic Chinese
ST7 strain (247). They found that cytokine and chemokines levels, but not bacterial
burden, correlate with the degrees of virulence of the strains, being that plasma levels of
CXCL1, CXCL2, CCL2, CCL3, CCLA4, IL-1pB, IL-6, TNF and IFN- y were higher in
mice infected with the epidemic Chinese strain of S. suis. Other proteins, such as
CXCL9 and CXCLI10, were produced at high levels following the induction by ST7,
and ST25 strains of S. suis. It was because the latter strain induces high levels of IFN-f,

which can also contribute to the CXCL9 and CXCL10 induction (247).
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1.4.4.2 CNS

Meningitis-associated brain injury and neuronal death is also associated with a host

reaction to bacterial components (234).

1.4.4.2.1 In vitro (astrocytes, glial cells)

Studies have shown that S. suis is able to induce the release of pro-inflammatory
cytokines and chemokines by human and porcine BMEC, murine microglia and
astrocytes. However, the specific bacterial components responsible for the exaggerated
inflammatory reactions are not accurately reported. Specifically in microglia cells,
S. suis induces the release of high levels of TNF-a and the chemoattractant MCP-1, but
low levels of IL-B1 even in absence of CPS. In the case of IL-6, it is released after
infection only in absence of the CPS. This observation is interesting because it is known
that this cytokine is highly secreted in the bloodstream during the septicaemic phase,
after infection with wild type encapsulated strain of S. suis. Under the same condition,
with an unencapsulated strain, was also observed a high activation of inducible nitric
oxide synthase (iNOS), and accordingly with this a high nitric oxide (NO) production.
Regarding the TLRs expressed in microglia, it is known that S. suis induces a high
microglial TLR2 upregulation, and in agreement with the cytokines results, the
upregulation is higher with the CPS mutant. Once in contact with microglia, virulent
encapsulated S. suis can modulate intracellular signaling events, such as avoiding the
phagocytosis and delaying the activation of the inflammatory response. These findings

denote the relevance of CPS in the regulation of pro-inflammatory events (216-219).

1.4.4.2.2 In vivo

It has been shown that after 6 days post-injection (intraperitoneal injection), the
most important changes in the brain of mice with clinical nervous symptoms comprised
hemorrhagic foci and malacia mainly at the somatosensory cortex, striatum,
hippocampus, thalamus, and hypothalamus, together with gliosis and the presence of
inflammatory foci composed primarily of neutrophils (216). In several mice, the
meninges were thickened and severely infiltrated by a mixture of neutrophils,

macrophages, and lymphocytes. The expression levels of immune mediators were up-
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regulated to different extents in the brain of infected mice. IL-1B was detected in the
choroid plexus and cortex as early as 24 h p.i. and gradually increased by day 5 p.i. in
mice that have exhibited clinical signs. At this time point, IL-1 signal was clear in the
choroid plexus, cortex, corpus callosum, and meninges. In contrast, IL-6 gene
expression was not considered significant. For TNF-q, at day 5 p.i., the signal increased
and was confined to the entire corpus callosum and the choroid plexus. The
microglia/macrophage subset, with a modest participation of astrocytes, express CCL2,
which levels peaked by day 5 p.i. Moreover, IL-12, IFN-y, CXCL1 and CCL5 were
observed in vivo within 24 h p.i. and might be responsible in part for the sudden death
(216). Myelin proteolipid protein (PLP), synthesized by oligodendrocytes, is the most
abundant protein of CNS myelin (248). As the infection progressed, the inflammatory
response to S. suis correlated with a decrease in the expression of PLP mRNA in
specific areas of the brain, indicating demyelination. At day 5 p.i., this loss in myelin

content was observed in the corpus callosum (216).

1.4.5 Receptors involved in inflammation

1.4.5.1 Pattern recognition receptors (PRRs)

Inflammation is a protective response of the body to ensure removal of detrimental
stimuli, as well as a healing process for repairing damaged tissue (239). Germline-
encoded pattern recognition receptors are responsible for sensing the presence of
microorganisms. They do this by recognizing structures conserved among microbial
species, which are called pathogen-associated molecular patterns (PAMPs). Four
different classes of PRR families have been identified: transmembrane proteins such as
the TLRs and C-type lectin receptors (CLRs), as well as cytoplasmic proteins such as
the Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), NOD-like receptors
(NLRs) and cytosolic DNA sensors. These PRRs are expressed not only in
macrophages, neutrophils and dendritic cells but also in various nonprofessional
immune cells. The sensing of PAMPs by PRRs upregulates the transcription of genes
involved in inflammatory responses. These genes encode pro-inflammatory cytokines,
type I IFNs, chemokines and antimicrobial proteins, proteins involved in the modulation

of PRR signaling, and many uncharacterized proteins (240).
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The TLR family is one of the best-characterized PRR families and is responsible for
sensing invading pathogens outside of the cell and in intracellular endosomes and
lysosomes (241). TLRs are characterized by N-terminal leucine-rich repeats (LRRs) and
a transmembrane region followed by a cytoplasmic Toll/IL-1R homology (TIR)
domain. Ten TLRs have been identified in humans and twelve in mice (240). Different
TLRs recognize different PAMPs and self-components.

The RLR family is composed of RIG-I, melanoma differentiation associated gene 5
(MDAYS), and LGP2 (242). They are expressed in cell types such as myeloid cells,
epithelial cells, fibroblasts, and cells of the CNS. However, their function is not
necessary for IFN production by plasmacytoid dendritic cells (pDCs), despite their
expression in this cell type. RLRs are composed of two N-terminal caspase activation
recruitment domains (CARDs), a central DEAD box helicase/ATPase domain, and a C-
terminal regulatory domain. They recognize the viral genomic RNA of double-stranded
RNA (dsRNA) viruses and, viral dsSRNA generated as the replication intermediate of
single-stranded RNA (ssRNA) viruses. The expression of RLRs is greatly enhanced in
response to IFN-I stimulation or virus infection (240).

The NLR family consists of cytoplasmic pathogen sensors composed of a central
nucleotide-binding domain and C-terminal leucine-rich repeats (243). The N-terminal
portions of most NLRs harbor protein-binding motifs, such as CARDs, a pyrin domain,
and a baculovirus inhibitor of apoptosis protein repeat (BIR) domain. NOD1 and NOD2
induce transcriptional upregulation of pro-inflammatory cytokine genes (240).

CLRs comprise a transmembrane receptor family characterized by the presence of a
carbohydrate-binding domain. CLRs recognize carbohydrates on microorganisms such
as viruses, bacteria, and fungi. CLRs either stimulate the production of pro-
inflammatory cytokines or inhibit TLR-mediated immune complexes (240).

DNA sensors recognize microbial or self-DNA present in the cytoplasm as a sign of
infection or cell damage and induce the production of type I IFNs, type III IFNs, or IL-
1B. They include DNA-dependent activator of Interferon Regulatory Factors (IRFs)
(DAI), RNA Polymerase III (Pol III), IFN-y inducible protein 16 (IF116), leucine-rich
repeat flightless-interacting protein 1 (LRRFP1), extrachromosomal histone H2B,
DNA-PK and MREI11. All of them recognize dsDNA to induce IFN-I production.
Others DNA sensors were identified such as members of the DExD/H-box helicase
family, DHX9, DHX36, and DDX41 but they present different specificities for DNA
recognition (254).
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FEEs Localization

FAMP recognized

Effector mesponse

Key adaptors

TLRs

TLRI Cell surface Triacylated My 38 IL-6, TNF-ux
lipopeptides

TLR2 Cell surface Di/ftriacylated My[»88, TIRAP IL-6, TNF-x, IL-8, MCP-
lipopeptides 1, RANTES

TLR3 Endosomes dsRNA TRIF IFN-B

TLR4 Cell surface LPs My[»88, TRIE IL-6, TNF -, IFNB, IP-10

TIRAF, TRAM

TLRS Cell surface Flagellin Myl 58 TMF-ox

TLES Cell surface Driacylated MyD}88, TIRAP TMF-w, IL-6, IL-8, MCP-
lipopeptides 1, RANTES

TLEY Endosomes ssRINA Myl88 IFM-cx

TLRS Endosomes ssRINA MyI88 IFM-cx

TLRES Endosomes Cpl DNA MyDxas IFN-a

TLRI11 Endosomes Profilin, flagellin MyD&8 IL-12, TNF-x

TLRI2 Endosomes Profilin MyDas IL-12paly, IFN-ix

TLE13 Endosomes 23s rRNA MyD» 88 IL-6, IL-12p40

RLRs

FIG-1 Cytoplasm Short dsRINA, ssRNA  TPS-1, 5TING IFMN-B, IL-6

MDAS Cytoplasm Long dsRNA IPS-1 IFN-B

LGP2 Cytoplasm dsRNA IPS-1 IFN-B

D3 Cytoplasm Viral RNA IP5-1 IFN-B

Cytosolic DNA sensors

DAl Cytoplasm dsDNA STING IFN-p

FINA Pol 1T AT rich dsDNA IP5l] IFMN-p

IFIl6 MNucleus and dsDMA STING IFM-B, IP-10, IL-6, IL-1B

cytoplasm

AlM2 Cytoplasm dsDMNA ASC IL-1PB, IL-18

Ku?0 Cytoplasm dsDMNA ? IFM-+y

MEE]1I dsDNA, ISD STING IFM-[G, IL-6, IP-10

cAS Cytoplasm dsDNA STING IFN-p

LRRFIP1  Cytoplasm dsDNA, dsRNA p-catenin IFN-B

DHX36  Cytoplasm dsDNA Myl 88 TNF-ax

DHXS Cytoplasm dsDNA &8 THNF-x

Dx4]1 Cytoplas c-di-GMPF, c-di-A? 25 MG IFMN-ax, IFM-

ytoplasm C aMPF, c-di- Al b o, B

STING Cytoplasm c-di-GMP IFN-B

HMGB Cytoplasm dsDMA, ssDNA } IFM-B, IL-6, RANTES

Histone Nucleus and Poly (dA:dT), IPS1 IFN-B

H2B cytoplasm genomic DNA

Table 1. PRRs that recognize conserved microbial structures of pathogens. Reproduced

from (254).
1.4.5.2 PRRs implicated in the recognition of S. suis

PRRs implicated in the recognition of S. suis are principally the TLRs and NLRs
(244). Inside the TLR family, TLR2 (it recognizes ligands by forming a heterodimer

with either TLR1 or TLR6), TLR3, TLR4, and TLRY could be mentioned (245).
Referring to the NLRs, NOD2 becomes activated once its ligand is attached after the
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digestion of bacterial cell wall and the muramyl dipeptides (MDP), the largest motif
common to Gram-negative and Gram-positive bacteria, is released (246).

Lecours et al. used BMDCs in an in vitro assay, to evaluate the importance of
specific immune receptors in the recognition of S .suis serotype 2. They confirmed the
participation of myeloid differentiation primary response protein 88 (MyD88) signaling
pathways in DC activation and maturation after S. suis infection. In fact, the production
of the pro-inflammatory cytokines IL-1pB, IL-6 and TNF-a, the TH1-driving cytokines
IL-12p70 and IL-23, the regulatory cytokine IL-10, and the chemokines CXCL1 and
CXCL10, was dramatically impaired in MyD88 -/- DCs. They, also investigated the
participation of TLR2 in DC cytokine production following stimulation with S. suis,
using TLR2 -/- DCs, and they have noticed that levels of IL-1pB, IL-6, IL-10, IL-23,
TNF-o and CXCL1 were significantly reduced under that condition. In that study,
inhibition of TLR9 did not affect DC maturation and activation, but deficiency in TLR2
and blocking of TLR9 together significantly affected the surface expression as well as
the production of cytokines. Moreover, Zheng et al. have demonstrated that DNA from
S. suis 1s a strong stimulus for TLRY activation and may play a role during the induction
of the overpowering inflammatory response (258, 259). TLR4 does not seem to play an
important role in DCs maturation and activation (258).

It is known that MyD88-dependent pathway is used by all TLRs except TLR3.
However, a partial role for the latter might be suggested, being that transcription of
TLR3 mRNA in brains of S. suis infected mice has been described (216). Another
study with swine DCs showed an upregulation of relative expression of TLR2 and
TLR6 mRNA after stimulation with S. suis (233).

Regarding the NLRs, the involvement of NOD?2 in the release of CXCL1 and IL-23
by DCs after stimulation with S. suis has also been shown (258). Finally, it could be
said that recognition of §. suis by DCs seems to require a multimodal recognition

system (258).

2. Type I Interferon (IFN-I)

2.1 General characteristics

Interferons, discovered by Isaacs in 1957, are a family of cytokines which act early

in the innate immune response and are famous for inducing an antiviral state in virus
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infected cells. In addition to this antiviral activity, they have a role in the regulation of
the immune response (12). There are three distinct interferon families. The type I IFN
family is a multi-gene cytokine family that encodes 13 partially homologous IFNa
subtypes in humans (14 in mice), a single IFNf and several poorly defined single gene
products (IFNeg, IFNt, IFNk, IFNw, IFNo and IFN() (13). The type II IFN family
consists of single gene product, IFNy, which is predominantly produced by T cells and
natural killer cells, and can act on a broad range of cell types that express the IFNy
receptor (IFNyR) (14). The type III IFN family comprises IFNAI, IFNA2 and IFNA3
(also known as IL-29, IL-28A and IL-28B, respectively) and the recently identified
IFN24 (15), which have similar functions to cytokines of the type I IFN family but
restricted activity, as the expressions of their receptor is largely restricted to epithelial
cell surfaces (16). Indeed, immune cells are largely unresponsive to IFNA (16,17).

IFNa and IFNB (IFNo/P) are the best-defined and most broadly expressed type I
IFNs. These are best known for their ability to induce an antiviral state in both virus-
infected cells and uninfected, bystander cells, by inducing a program of gene
transcription that interferes with multiple stages of the viral replication cycle through
various mechanisms (18). However, IFN-I have numerous additional functions that
influence the innate and adaptive immune responses not only to viruses but also to
bacterial and other pathogens. The outcome of the IFN-I response during infectious
disease is highly context dependent. Different conditions are induced during specific
infections and affect when and where IFN-I signals are delivered, as well as the
signalling pathways that are triggered downstream of the type I IFN receptor (IFNAR).
This, in turn, influences which IFN-stimulated genes (ISGs) are activated or repressed,
and lead to beneficial or detrimental outcomes for the host (19).

IFNAR is composed of two chains (IFNAR1 and IFNAR2) that coordinately activate
the Janus Kinase 1 (Jakl) and Tyrosine kinase 2 (Tyk2) upon IFN-1 binding. Jakl and
Tyk2 phosphorylate STAT1 and STAT?2 that, together with IRF9, form the interferon-
stimulated gene factor 3 (ISGF3) complex (20). ISGF3 binds to interferon-stimulated

response elements (ISRE) to cause upregulation of over 300 genes (21).

28



Type | IFN:

IFM-ar, IFN-,

IFM-£, IFM-k

or IFMN-op
IFMARA

Plazma
mambrana

STAT1 or
ETATZ

AGTTTCNNTTCNG/T
Nuclaus

Figure A. Interferon receptors and activation of classical JAK-STAT pathways by type
I interferon. Reproduced by permission from Macmillan Publishers Ltd: Nature Reviews

Immunology (20), 2005.

2.2 Role in immune response

2.2.1 Role in viral infections

The consensus in the field is that IFNAR signaling is protective against most types of
viral infection. In most cases, the absence of systemic IFNAR signaling in mice led to
an increase in viral titer, lethality, or both compared with mice that keep that signaling
(21). IFN-I is important in handling all major genetic classes of viruses including
ssRNA, dsRNA and double-stranded DNA (dsDNA) viruses, and acute retroviruses
(ssRNA-RT). The two exceptions to the strict requirement for IFNAR are influenza and
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dengue virus infections (22). In the case of influenza virus and potentially other
respiratory viruses, the type III interferon system (which comprises IFN-A subtypes and
signals using IL-10R2-IFNLR1) plays a dominant role in restricting acute epithelial cell
infection, thereby limiting the requirement of IFN-I signaling (22). In dengue, IFN-y-
mediated protection is dominant over IFN-I, although the combined IFNAR—/— x
IFNGR—/— mice are more susceptible than the IFNGR—/— mice (23). The effects of
IFN-I that limit viral infection are extensive, but several aspects are important to
consider: IFN-I signaling enhances the susceptibility of virally infected cells to undergo
programmed cell death, thereby limiting viral replication (24, 25), DCs exposed to IFN-
I become activated and secrete pro-inflammatory cytokines that lead to activation of the
adaptive immune response (26), Natural killer cells become potent killers of virally
infected cells (27, 28). In addition, IFN-I has direct effects on adaptive aff T- cells and
sensitizes them to activation via the TCR (29, 30). IFN-I production by pDCs promotes
B-cell activation and production of antiviral antibodies (31, 32). In general, these effects
are beneficial to the host, as they lead to control of viral replication and spread, but
viruses have evolved extensive immune-evasion strategies many of which center around
inhibition of the host IFN-I response (33, 34). However, the biological responses to
IFN-I do not always lead to beneficial outcomes for the host. In the case of viral
infections, the best studied examples of the negative role of IFN-I are chronic viral
infections, in particular infection with Lymphocytic Choriomeningitis Virus (LCMV)
(35). Mice become chronically infected with LCMV because of T-cell ‘exhaustion’ that
prevents normal clearance (36). Several factors have been implicated. Most salient
among them are IL-10 and programmed cell death 1 (PD-1). IL-10 is known to
antagonize inflammatory activation on multiple immune cell types and its neutralization
prevents chronic infection with LCMV (37). PD-1, a member of the CD28/CTLA4
family of T-cell regulators, is upregulated on exhausted T cells found in chronically
infected mice. Its ligands, PD-1L and PD-2L, are broadly expressed and inducible by
interferons (38). The interaction of PD-1 with PD-L1 acts to limit T-cell activity during
chronic infection. Blockade of the PD-1-PD-L1 interaction using mAbs derepresses
CD8 T-cell activity and leads to enhanced adaptive immune responses to LCMV
infection (39). In two recent publications, the effects of IL-10 and PD-1 in limiting the
response to LCMV infection have been causally linked to IFN-I signaling (40, 41).
During the initial stages of infection with a chronically infecting strain (CL-13), the

absence of IFN-I signaling allows for an increased viral titer and delayed clearance
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during the acute phase of the response (42, 43). Wild-type mice control the primary
infection well but become chronic carriers. [IFNAR—/— mice also become chronic
carriers albeit at higher viral loads. The LCMV - CL13 strain induces higher levels of
IFN-a and IFN-B than the acutely infective strain. The major early producers of IFN-I
are pDCs when infected with the virus (40). The presence of IFN-I is associated with a
prolonged signature of interferon-inducible genes in spleen cells (41). Despite having
higher early titers of LCMV, IFNAR—/— mice show reduced IL-10 in serum and reduced
PD-L1 expression in myeloid cells. In wild-type mice, blockade of IFNAR signaling
with neutralizing mAbs replicates this effect. Furthermore, neutralization of IFNAR
after the establishment of chronic infection leads to reduced viral burden (40).
Therefore, IFNAR plays a major role in the establishment of chronic infection with
LCMV and neutralization of IFNAR has therapeutic potential for mice harboring

chronic viral infections.

2.2.2 New described role in bacterial infections

The response of IFNAR—/— mice to bacterial infections varies depending on the
species and route of infection. In the majority of the infections produced by
Streptococcus, Escherichia coli, and Helicobacter, IFNAR—/— mice have higher titers
and/or lethality than wild-type mice controls. Aversely, during the majority of the
infections produced by Brucella, Francisella, Salmonella, Chlamydia, Mycobacterium,
or Yersinia, IFNAR—/— mice control infection better than wild-type mice. Also, the
IFNAR—/— mice are more resistant to L. monocytogenes, given systemically. Based on
these initial studies, the simplest conclusion is that IFNAR signaling is beneficial during
extracellular bacterial infection (replication occurs outside host cell) and detrimental
during intracellular bacterial infection (ability to survive and multiply inside the host

cell) (21).

2.2.2.1 Extracellular bacteria

A protective role for IFN-I has also been reported in mouse models of Group B
Streptococcus (GBS), Streptococcus pneumoniae, E. coli, Helicobacter pylori and
Streptococcus pyogenes infections (44-47). In all these models, [IFINAR1—/— mice had a

shorter survival and/or more bacterial growth than wild-type mice controls. In the case
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of the immune response against GBS, E. coli and S. pneumoniae, IFN-I mediated signa-
ling contributed to the optimal activation of macrophages, because of their ability to
produce TNF and NO, although plasmatic levels of TNF and IL-6 during in vivo
infection were much higher in IFNAR1—/— mice than in wild-type mice controls. This
may reflect greater inflammation as a result of the higher bacterial burden in the
knockout mice or may reflect multiple effects of IFN-I at the systemic level versus the
local level (45). In addition, the importance of the correct recruitment of host-protective
phagocytic cells by IFN-I dependent chemokine production has been highlighted by
results from a caecal ligation and puncture model of infection. In this model,
IFNAR1—/— mice presented a shorter survival and elevated bacteremia compared to
wild-type mice. These differences were associated with decreased levels of the
chemokine CXCL10 and with reduced neutrophil numbers and function. Treatment of
IFNAR1—/— mice with recombinant CXCL10 rescued them from fatal infection and
restored neutrophil function. Conversely, during subcutaneous S. pyogenes infection,
IFNAR1-/— mice had increased tissue damage and presented a shorter survival after
infection than wild-type mice, and these were associated with uncontrolled neutrophilia,
although whether neutrophils had a detrimental role in this case was not confirmed (48).
However, a recent study has demonstrated that the development of primary invasive
pneumococcal disease caused by serotype 1 pneumococcus is driven by early increased
IFN-I response, in the lung (49). In this study, also, they have reported a strain de
pendent variation in invasive potential, even within the same serotype. Moreover, while
the highly virulent strains could survive in the lungs and invade the blood of mice
following intranasal challenge, the noninvasive strains were cleared from the lungs and
were not detected in the blood. These results suggest that the difference between both
groups of strains was the ability of the invasive ones to survive in the lungs and
translocate to the blood, and the pleural cavity acts as the duct through which
pneumococci pass from the lungs to the blood (50, 51). In addition, following treatment
with anti-IFNAR1 antibodies, a significant decrease in bacterial invasion of the pleural
cavity was observed, compared to treatment with the isotype control. So, it reflects a
strong induction of an IFN-I response by the invasive strain that leads to rapid invasion
of the pleural cavity with subsequent development of severe bacteremia that is absent
from mice challenged with the noninvasive one. Suppression of this response in animals
challenged with the invasive strain delays the initial invasion of the pleural cavity.

These results, contrast with the information proposed above, which attributed a
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protective role to IFN-I in infections by S.pneumoniae. Interestingly, the effect of IFN-I
induction in response to infection is dependent on the strength of the response induced,
which varies in a strain-dependent manner (52). Interestingly, an experiment that
consisted in the intranasal administration of Poly I:C (a synthetic compound that has
been shown to activate TLR3, RIG-I and MDAS) in a murine model of pulmonary
infection, followed by intratracheal challenge with S.pneumoniae, has shown that Poly
I:C, like influenza infection, impairs clearance of pneumococcus (255). It is though that
IFN-I appear to mediate, at least in part, the deleterious effect, since this cytokine
represents the immune response to influenza. Thus, IFN-1 contributes to the clearance

of the virus by the host (255).

2.2.2.2 Intracellular bacteria

The first example of the detrimental effect of IFN-I was discovered following
Listeria monocytogenes infection (21). Macrophages infected with these bacteria induce
expression of IFN-I that is dependent on bacterial expression of the pore-forming toxin
listeriolysin O (LLO) (53, 54). LLO is important for the bacterial egress from the
nascent phagosome to the cytosol (55), but alone it does not induce strong levels of
IFN-I by the infected macrophage, suggesting that the presence of cytosolic bacteria is
the driver of IFN-I production (54). The apoptotic cell death of macrophages is
enhanced by IFNAR signaling and is also dependent on LLO bacterial expression (56).
Since LLO is essential for virulence, it is unclear if it has a direct role in killing the
infected macrophage or if it is only important for allowing egress of the bacteria to the
cytosol. IFNAR-dependent macrophage death do not occur in IFNAR—/— mice, being
that the latest represent a longer survival, and lower bacterial loads in the liver and
spleen after infection than wild-type mice, demonstrating a role for IFN-I in
sensitization of those cells. It is not known at this time if the macrophages that die in
vivo are infected by the bacteria. However, the most profound IFNAR-dependent effect
seen in mice infected with L. monocytogenes is the extensive depletion of white-pulp
lymphocytes via apoptotic cell death. This was also associated with lower levels of
expression of IFN-inducible apoptosis-associated genes, such as trail, p53 and death
domain-associated protein 6 (DAP6; also known as DAXX) in infected IFNAR1-/—
mice (57-59). Subsequent induction of immunosuppressive cytokines, particularly

IL-10, after this large-scale apoptosis of lymphoid cells was suggested as the
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mechanism by which lymphocyte apoptosis led to the IFN-I-dependent increase in
susceptibility to infection (60).

Another important mechanism of host immunosuppression by IFN-I was elucidated
by MacMicking. During infection with L. monocytogenes, the activation of
macrophages by T cell-derived and/or NK cell-derived IFNy is crucial for inducing
antimicrobial pathways and for the subsequent eradication of the intracellular bacteria
(65). Although IFN-I can induce some of these antimicrobial pathways in particular
circumstances, it has now been shown that during infection with L. monocytogenes,
IFN-I potently inhibit these pathways by blocking the responsiveness of macrophages to
IFNy. This block in responsiveness results from downregulation of ifnyr expression by
macrophages (66), owing to silencing of new transcription from the gene encoding
IFNYR by repressive transcriptional regulators (67).

Something similar occurs in the case of infection with Mycobacterium tuberculosis.
The importance of IFN-I as a potentially detrimental factor during tuberculosis was
suggested by studies of patient cohorts from the United Kingdom and South Africa.
Patients with active tuberculosis had a prominent whole blood IFN-I-inducible
transcriptional profile that correlated with the extent of radiographic disease and
diminished with successful treatment (61). Several other studies have since confirmed
these findings in additional patient cohorts from Africa (62, 63) and Indonesia (64),
indicating that this IFN-I-inducible signature is broadly applicable to humans and may
be detrimental.

The mechanisms that mediate the IFN-I-driven exacerbation of disease are not fully
understood but seem to be multifactorial. M. tuberculosis strains initially suggested that
the suppression of pro-inflammatory cytokines and TH1-type immunity are important
(68-70), and there is good evidence both in human cells and in mouse models that IFN-I
suppress the production of host-protective cytokines following this type of infection.
Moreover, the production of IL-1a and IL-1p, which are crucial for host defence against
M. tuberculosis (71), is inhibited by IFN-I, both in vitro infected human and mouse cells
and in vivo in mouse models (72-75).

In conclusion, IFN-I may contribute to host protection against bacterial infection by
upregulating antimicrobial effectors and pro-inflammatory cytokines. Conversely, IFN-I
may impair the host response against bacteria by eliciting the production of IL-10 and
IL-1 receptor antagonist, suppressing pro-inflammatory cytokine production, inducing

immune cell death (including apoptosis) and restricting host responses to IFNy (19).
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2.2.3 Alternative induction pathways

The ability of multicellular organisms to preserve their integrity and to control
growth of smaller organisms colonizing their surfaces depends on their ability to detect
the entire universe of “microbial not self” (76). With the possible exception of
erythrocytes, all cells of the body are equipped with a wide variety of receptors,
encoded in the germline, which are able to sense the presence of evolutionary-conserved
microbial substances. Such receptors are particularly abundant in cells of the innate
immunity system, which patrol body sites and provoke protective responses, including
inflammation and adaptive immunity responses (77).

PRRs mostly associated with the IFN-I induction are RIG-I, MDAS as well as DNA
sensors like DAI, DEAD box, DEAH box and cGAS, and NOD1 and NOD?2. Inside the
TLR family, TLR3, TLR4, TLR7, TLR8 and TLRY can lead to IFN-I production.
Pathways downstream of these receptors converge on the IRF family of transcription
factors that activate the transcription of genes encoding IFN-I. IRF3 and IRF7 are the
fundamental IRFs, being that inff and infa4 genes are induced in an initial wave that
relies on IRF3. This IFN burst triggers the transcription of irf7, which mediates a
positive feedback loop, leading to the induction of a second wave of gene transcription.
This “strategy” seems to occur in all cells, with the exception of IFN producing cells
(IPCs). Upstream of the IRFs, the kinases IkB kinase-¢ (IKKe) and TANK-binding
kinase 1 (TBK1) are in charge of the phosphorylation of IRF3 and IRF7. RNA sensors
RIG-I and MDAS depend on the adaptor mitochondrial antiviral signaling protein
(MAVS) to activate TBK1, while stimulator of IFN genes (STING) is a fundamental
mediator in the recognition of cytosolic DNA. TLR3 and TLR4 use the adaptor TRIF
which activates TBK1, leading to the activation of IRF3. In the case of TLR7 and
TLRY, which are mostly expressed in pDCs, they transduce signal for IFN-I production
through MyD88, and this production by pDCs is a consequence of constitutive
expression of IRF7. Nuclear factor-kB (NF-kB) is also required as a cofactor, as it binds

to the promoters of pro-inflammatory cytokines (Figure B).
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Figure B. Pathways of IFN-I induction. Reproduced by permission from Macmillan

Publishers Ltd: Nature Reviews Immunology (19), 2015.

Studies with MyD88-deficient mice indicated that there is an additional adaptor
allowing TLR4 and TLR3 signalling, called TIR-containing adaptor protein (TIRAP)
(78, 79). However, when both the MyD88 and TIRAP adaptors are disrupted, signalling
via TLR3 and TLR4 is not completely abrogated, IFN-B is still expressed (80). This
lead to the discovery of a third adaptor protein called Toll/IL-1 receptor domain-
containing adaptor inducing IFN-B (TRIF), which was mentioned above (81), also
known as Toll-interleukin 1 receptor domain (TIR)-containing adaptor molecule
(TICAM)-1 (80).

The ability of intracellular TLRs to activate downstream signal transduction
pathways, but not their ability to bind ligands, is acquired only in endolysosomes on
cleavage of a major portion of their ectodomain by cathepsins (82). Conventional DCs

(cDCs) can produce high quantities of IFN-B following bacterial degradation in
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phagolysosomes, and such responses required a novel recognition pathway involving
TLR7, the adaptor MyD88 and the transcription factor IRFI1. It was also found that
TLR9, in addition to TLR7, participates in activation of the novel IRFI1-dependent
bacterial recognition pathway, as suggested by significant reduction in IFN-
production in the absence of TLRY. Collectively these data indicate that TLR7 and
TLRY cooperate in bacterial recognition by recognizing bacterial RNA and DNA,
respectively. Morover, it has been proved that blocking in vitro, with cytochalasin D,
the internalization of GBS by DCs, the expression of IFN-B was totally abrogated,
which suggests an internalization-dependent IFN-3 production (83).

cDCs produced more IFN-B than did macrophages after bacterial stimulation. In
macrophages, IFN-I responses occurred independently of the prevalent intracellular
location of the stimulating pathogen and uniformly required IRF3 but not IRF1 or
MyD8S. In contrast, cDCs were able to use at least two distinct pathways to mount
robust IFN responses to bacteria residing in cytosolic and phagosomal compartments.
Responses to the former group of pathogens required IRF3, whereas responses to the
latter group totally depended on IRF1 and MyD88 and partially depended on IRF7. The
activation of distinct sets of transcription factors by cytosolic and phagosomal
pathogens may provide further insight into the mechanisms with which the innate
immune system responds to organisms residing in different locations. It is likely that by
avoiding progression along the phagosomal pathway, some pathogens prevent the
activation of IRF1, which promotes pro-inflammatory and often host-protective Thl
responses. Indeed, IRF1 but not IRF3 was required in vivo for defense against
extracellular bacteria that are normally sequestered in the phagosomal pathway and are
unable to escape into the cytosol (83).

The mechanisms underlying the unique ability of cDC to mount robust anti-bacterial
IFN responses are presently unclear. It is possible that endophagosomal trafficking in
these cells, which entails efficient phagocytosis and rapid translocation of ingested
material to late, mature compartments, may facilitate the processing of prokaryotic
organisms and subsequent presentation of their nucleic acids to endosomal TLRs (83). It
i1s important to remark, that both pro-inflammatory cytokine and IFN-I responses to
bacteria require phagocytosis, phagosomal acidification and receptor translocation to the
endosomal compartment (84).

Studies with different extracellular bacteria confirm the distinct ability and “modus

operandi” of the phagocytic cells. Particularly, there is not too much data about S. suis.
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The study performed by Lachance et al., has demonstrated that expression levels of the
type I IFN, IFN-B, but not IFN-a, are up-regulated in vivo following infection with
S. suis serotype 2 (247). Moreover, this up-regulation of IFN-f was significantly higher
in mice infected with an intermediate virulent ST25 strain than in those infected with
either a virulent ST1 strain or the highly virulent ST7 strain responsible for a human
outbreak (247). These results change the view about IFN-I, being that historically IFN-I

responses were considered to be unique to viral infections.
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Extracellular Experimental TLRs IRFs
Adaptor used Reference
pathogen conditions implicated implicated
In vitro
cDCs 100% MyD88 TLR7, TLR9 IRF5, IRF1
Streptococcus N
M6 a) 50% MyD88 a)TLR7, a)IRF5, IRF1 (85)
ogenes
pyes TLRY9
b) 50% TRIF b)TLR3, b)IRF3
TLR4
Invitro
cDCs 100% MyD88 TLR7, TLR9 IRF1, IRF7
GBS M6 a) 50% MyD88 a)TLR7, a) IRF1, IRF7 (83)
b) 50% TRIF TLRY9
b)TLR3, b) IRF3
TLR4
Salmonella In vitro
_ TRIF TLR4 NT (257)
typhimurium Perithoneal M0
In vivo
Total RNA was
Streptococcus
. extracted from NT NT IRF7, IRF1 (247)
suis
homogenates of
spleen samples
Staphylococcus In vitro
MyD88 TLR9 IRF1, IRF7 (256)
aureus DCs

Table 2. Summary of IFN-1 induction by different extracellular bacteria, under distinct

experimental conditions. cDCs: Bone Marrow conventional Dendritic Cells. MO: Bone

Marrow Derived Macrophages. NT: Not Tested
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3. Problematic, Hypothesis and Objectives of Master’s project

As was mention above, the problematic that has motivated this work was the lack of
data on the ability of different strains of S. suis serotype 2 to induce IFN-B, and the
source of that cytokine. Moreover, the cellular receptors and pathways implicated in the
IFN-B production during an infection by S. suis have barely been studied. In addition,
the role of this cytokine in infections caused by S. suis, is not known.

The hypothesis was that IFN-[3 plays a protective role in infections caused by S. suis
serotype 2. Moreover, based on the aforementioned effect of North American strains, it
is further hypothesized that the increased production of this type I interferon by them
would be responsible, at least in part, of their lower virulence.

The first specific objective of this Master research project was to study the in vitro
induction of IFN-B by murine bone marrow-derived dendritic cells and macrophages
activated by strains of S. suis serotype 2 from different backgrounds and virulence.
Secondly, the assessment of the role of different cell receptors in the induction of IFN-3
by S. suis was studied.

The last objective of this research consisted in studying the role of IFN-B during an in
vivo infection with S. suis serotype 2. To do that, we use a murine model of infection,

including IFNAR knockout mice and wild-type mice.
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Abstract

Streptococcus suis serotype 2 is an important porcine bacterial pathogen and emerging
zoonotic agent mainly responsible for sudden death, septic shock, and meningitis, with
exacerbated inflammation being a hallmark of the infection. However, serotype 2 strains
are genotypically and phenotypically heterogeneous, being composed of a multitude of
sequence types (ST) whose virulence greatly varies: the virulent ST1 (Eurasia), highly
virulent ST7 (responsible for the human outbreaks in China), and intermediate virulent
ST25 (North America) are the most important worldwide. Even though type I
interferons (IFNs) are traditionally associated with important anti-viral functions, recent
studies have demonstrated that they may also play an important role during infections
with extracellular bacteria. Up-regulation of IFN-f levels was previously observed in
mice following infection with this pathogen. Consequently, the implication of IFN-f in
the S. suis serotype 2 pathogenesis, which has always been considered a strict
extracellular bacterium, was evaluated using strains of varying virulence. This study
demonstrates that intermediate virulence strains are significantly more susceptible to
phagocytosis than virulent strains. Hence, subsequent localization of these strains within
the phagosome results in recognition of bacterial nucleic acids by Toll-like receptors 7
and 9, leading to activation of the interferon regulatory factors 1, 3, and 7 and
production of IFN-B. Type I IFN, whose implication depends on the virulence level of
the S. suis strain, is involved in host defense by participating in the modulation of
systemic inflammation, which is responsible for the clearance of blood bacterial burden.
As such, when induced by intermediate, and to a lesser extent, virulent S. suis strains,
type I IFN plays a beneficial role in host survival. The highly virulent ST7 strain,
however, hastily induces a septic shock that cannot be controlled by type I IFN, leading
to rapid death of the host. A better understanding of the underlying mechanisms
involved in the control of inflammation and subsequent bacterial burden could help to

develop control measures for this important porcine and zoonotic agent.
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1. Introduction

Streptococcus suis is an important porcine bacterial pathogen and emerging zoonotic
agent mainly responsible for sudden death (pigs), septic shock (humans), and meningitis
(both species) (1). Of the different described serotypes based on the presence of the
capsular polysaccharide (CPS) or its respective genes, serotype 2 is regarded as not only
the most widespread worldwide, but also the most virulent serotype, responsible for the
majority of porcine and human cases of infection (2). However, serotype 2 strains are
genotypically and phenotypically heterogeneous, being composed of a multitude of
sequence types (STs), as determined by multilocus sequence typing, whose distribution
greatly varies worldwide (2). Virulence of the most important STs (ST1, ST7, and
ST25) has been evaluated using mouse models of infection (3, 4). Indeed, the ST7 strain
responsible for the human outbreaks of 1998 and 2005 in China is highly virulent
whereas European ST1 strains are virulent; on the other hand, ST25 strains, typically

recovered in North America, are of intermediate virulence (3, 5).

Of the various virulence factors described for S. suis, the CPS, suilysin (SLY), and cell
wall modifications have been demonstrated to play important roles (6, 7). Indeed, the
CPS, which is antigenically identical for all serotype 2 strains, is a critical factor
implicated in a multitude of functions, most importantly in resistance to phagocytosis by
innate immune cells (8-12); its presence also masks bacterial surface proteins
responsible for host cell activation (12, 13). Meanwhile, the SLY, a cholesterol-
dependent cytolysin similar to the pneumolysin of Streptococcus pneumoniae, is
responsible for causing cell toxicity and inducing pro-inflammatory cytokines (12, 14).
This toxin is present in serotype 2 ST1 and ST7 strains, but not in ST25 strains (14, 15).
Cell wall modifications, such as the D-alanylation of the lipoteichoic acid and N-
deacetylation of the peptidoglycan, of a ST1 strain were shown to interfere with host
defense and to be partially responsible for cell activation (12, 16, 17). Finally, several
cell-wall associated proteins, mainly reported for ST1 and ST7 strains, have also been
described as critical virulence factors, though many of these remain controversial in the

literature (7).

Recognition of S. suis by innate immune cells involves a multitude of membrane-

associated and cytoplasmic receptors (6, 18). Of these, the Toll-like receptor (TLR)
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pathway is implicated in recognition of S. suis by phagocytic cells, including dendritic
cells (DCs) and macrophages (19). Abrogation of MyD88, the adaptor protein central to
the TLR pathway, results in near complete lack of pro-inflammatory cytokine
production in vitro following infection with S. suis (13, 20). Furthermore, being a
classical extracellular pathogen, recognition of S. suis has been mostly associated with
surface TLRs, where TLR2, in cooperation with TLR6, plays a predominant role (13,
20, 21). Pathogen recognition by TLRs classically results in the production of pro-
inflammatory cytokines via the NF-xB or interferon (IFN) pathways (19). Pathways
involved in activation of NF-kB by S. suis have been somewhat described in recent
years (20, 22), while those regarding the IFN pathways are less known, having mainly
focused on type II IFN (3, 23). Nonetheless, it was recently demonstrated that
expression levels of the type I IFN, IFN-B, but not those of IFN-a, are up-regulated in
vivo following infection with S. suis serotype 2 (3). Moreover, this up-regulation of
IFN-B was significantly higher in mice infected with an intermediate virulent ST25
strain than in those infected with either a virulent ST1 strain or the highly virulent ST7
strain responsible for the human outbreaks (3). However, no other study has addressed

the production of type I IFN or its role during the S. suis serotype 2 infection.

Type I IFN regroups various members of the IFN family of which IFN-a, composed of
sixteen different subtypes, and IFN-B, its most potent member, are the best
characterized (24). Classical production of these cytokines is the result of endosomal
TLR (TLR3, TLR7, and TLR9 in mice) activation, which leads to phosphorylation and
translocation of interferon regulatory factors (IRFs) to the nucleus (25). Nonetheless
IRF1 and IRF3/IRF7 are usually associated with type II and type I IFN, respectively, all
three can result in transcription of type I IFNs (24, 25). Following their production, both
IFN-a and IFN-B bind a common heterodimeric receptor, the IFN-af receptor (IFNAR)
(25). Binding to this receptor activates the JAK/STAT pathway, transcription of various

genes associated with host defense, and modulation of the inflammatory response (25).

Even though type I IFNs are traditionally associated with important anti-viral functions,
recent studies have demonstrated that they may also play an important role, particularly
for IFN-B, during bacterial infections, including pathogenic streptococci (25, 26).
However, their role, whether beneficial or detrimental, may depend on the bacterial

species and/or infection models (27-31). As aforementioned, little information is
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available regarding type I IFN, and more specifically IFN-B, during the S. suis infection,
which is considered a strict extracellular pathogen. Consequently, its implication in the
S. suis serotype 2 pathogenesis was evaluated using strains of varying virulence. Herein,
we demonstrated that following phagocytosis by DCs, to which intermediate virulence
strains are more susceptible, S. suis is located within the phagosome where bacterial
nucleic acids are recognized by TLR7 and TLRY, leading to activation of IRF1, IRF3,
and IRF7 and production of IFN-B. When induced by intermediate, and to a lesser
extent, virulent S. suis strains, but not by a highly virulent strain, type I IFN plays a
beneficial role, being involved in the control of blood bacterial burden via modulation

of systemic inflammation.

2. Materials and Methods

2.1. Ethics statement

This study was carried out in accordance with the recommendations of the guidelines
and policies of the Canadian Council on Animal Care (CCAC) and the principles set
forth in the Guide for the Care and Use of Laboratory Animals. The protocols and
procedures were approved by the Animal Welfare Committee of the University of

Montreal (protocol number 15- Rech-1570).

2.2. Endotoxin-free conditions

Endotoxin (lipopolysaccharide)-free material and solutions were used for bacterial and

cell cultures work throughout this study.

2.3. Streptococcus suis serotype 2 strains and growth conditions

The different well-encapsulated S. suis serotype 2 strains, belonging to the most
important STs (ST1, ST7, and ST25), and isogenic mutants used in this study are listed
in Table 1. A highly virulent ST7 strain, isolated during the 2005 human outbreak in
China (SC84) (32), a virulent archetypal European ST1 strain (P1/7), and an
intermediate virulent North American ST25 strain (89-1591) (3), were used throughout
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this study. Isogenic mutants were derived from P1/7 (ST1) or a genotypically and
phenotypically similar strain, 31533 (ST1), also included in this study. For comparison
purposes, two additional intermediate virulent ST25 strains (91-1804 and LPH4) were
used in selected experiments. Virulence of the wild-type strains was previously reported
(3, 4). S. suis strains were grown in Todd Hewitt broth (THB; Becton Dickinson,
Mississauga, ON, Canada) as previously described (10), diluted in culture medium
before experiments, and the number of colony-forming units (CFU)/mL in the final

suspension was determined by plating on THB agar.
2.4. Mice

MyD88”"  (B6.129P2(SJL)-MyD88™-P/3), TLR2" (B6.129-TIr2™%"/1), TLR3™"
(B6;129S1-Tlr3™ /1), TLR4" (B6.B10ScN-TIr47<%/Jth]), TLR7" (B6.129S1-
Tlr7™* 1), TLR9” (C57BL/6J-TIr9""®"/Mmjax), IRF17 (B6.129S2-Irf1™™/y),
IRF3"" (33), IRF7" (34), and IFNAR1” (B6.129S2-Ifnarl™*¢'/Mmjax) mice on
C57BL/6 background were housed under specific pathogen-free conditions alongside
their wild-type counterparts (C57BL/6J). Mice were purchased from Jackson Research
Laboratories (Bar Harbor, ME, USA), with the exception of IRF3” and IRF7” mice,
which were provided by Dr. K. Mossman (Department of Biochemistry and Biomedical

Sciences, McMaster University, Hamilton, Ontario, Canada).

2.5. Generation of bone marrow-derived dendritic cells and macrophages

The femur and tibia of wild-type and knock-out mice were used to generate bone
marrow-derived dendritic cells (DCs) and macrophages, as described previously (12,
35). Briefly, hematopoietic bone marrow cells were cultured in RPMI-1640 medium
supplemented with 5% (DCs) or 10% (macrophages) heat-inactivated fetal bovine
serum, 10 mM HEPES, 2 mM L-glutamine, and 50 puM 2-mercaptoethanol (Gibco,
Burlington, ON, Canada). Complete medium was complemented with 20% granulocyte
macrophage-colony stimulating factor from mouse-transfected Ag8653 cells (35) for
DCs or L929 cell-derived macrophage-colony stimulating factor for macrophages (36).
Cell purity was at least 85% CDI11c™ and F4/80" cells for DCs and macrophages,
respectively (12).
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2.6. S. suis infection of dendritic cells and macrophages

Cells were resuspended at 1x10° cells/mL in complete medium and stimulated with the
different strains of S. suis serotype 2 listed in Table 1 (10° CFU/mL; initial multiplicity
of infection = 1). The conditions used were based on those previously published (12,
20). Cells were harvested in TRIzol (Invitrogen, Burlington, ON, Canada) for mRNA
expression 3 h, 6 h or 12 h following infection, and supernatants collected for cytokine
measurement 16 h (tumor necrosis factor (TNF), interleukin (IL)-6, IL-12p70, C-C
motif chemokine ligand (CCL) 2, CCL3, and C-X-C motif chemokine ligand (CXCL) 1
or 24 h (IFN-B) post-infection (p.i.). Non-infected cells served as negative controls. For
neutralization of TLR9, DCs were pretreated with 5 uM ODN2088 (TLR9 inhibitor;
InvivoGen, Burlington, ON, Canada) or 5 pM ODN2088-control (Ctrl) for 1 h prior to
infection with S. suis. Different TLR ligands were used to stimulate cells as positive
controls: 1 pg/mL PAM3CSK4 (TLR1/2; InvivoGen), 1 pg/mL FSL-1 (TLR2/6;
InvivoGen), 10 pg/mL poly(I:C) (TLR3; Novus Biologicals, Littleton, CO, USA), 100
ng/mL ultrapure Escherichia coli lipopolysaccharide (TLR4; InvivoGen), 5 pg/mL
imiquimod (TLR7; Novus Biologicals), and 1 pM CpG ODN1826 (TLR9; InvivoGen).

2.7. Determination of cell mRNA expression by quantitative RT-PCR (RT-qPCR)

Cell mRNA was extracted according to the manufacturer’s instructions (TRIzol) and
cDNA generated using the Quantitect cDNA Synthesis Kit (Qiagen, Mississauga, ON,
Canada). Real-time qPCR was performed on the CFX-96 Rapid Thermal Cycler System
(Bio-Rad, Hercules, CA, USA) using 250 nM of primers (Integrated DNA technologies,
Coralville, IA, USA) and SsoFast Evagreen Supermix Kit (Bio-Rad). The cycling
conditions were 3 min of polymerase activation at 98°C, followed by 40 cycles at 98°C
for 2 sec and 57°C for 5 sec. Melting curves were generated after each run to confirm
the presence of a single PCR product. The sequences of primers used in this study are
shown in Supplementary Table 1 (in Supplementary Material) and were verified to
have reaction efficiencies between 90 % and 110 %. The housekeeping genes Atp5b and
Gapdh were determined to be the most stably expressed and used as reference genes to

normalize the data. Fold changes in gene expression were calculated using the
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quantification cycle threshold (Cq) method using the CFX software manager v.3.0 (Bio-

Rad). Samples from mock-infected cells served as calibrators.

2.8. Cytokine quantification in cell culture supernatants

Levels of IFN-B, TNF, IL-6, IL-12p70, CCL2 (MCP-1), CCL3 (MIP-1a), and CXCL1
(KC) in cell culture supernatants were measured by sandwich ELISA using pair-
matched antibodies from BioLegend (Burlington, ON, Canada) for IFN-B and from
R&D Systems (Minneapolis, MN, USA) for the other cytokines, according to the

manufacturer’s recommendations.

2.9. Phagocytosis assays

Cells were infected with the different S. suis strains and phagocytosis was left to
proceed for different times (0.5 to 4 h) at 37°C with 5% CO,. Multiplicity of infection
and assay conditions were chosen based on previous studies regarding the kinetics of
S. suis phagocytosis by DCs (12). After incubation, penicillin G (5 mg/mL; Sigma-
Aldrich, Oakville, ON, Canada) and gentamicin (100 mg/mL; Gibco) were directly
added to the wells for 1 h to kill extracellular bacteria. Supernatant controls were taken
in every test to confirm that extracellular bacteria were efficiently killed by the
antibiotics. After antibiotic treatment, cells were washed three times and sterile water
added to lyse the cells. Where required, cells were pretreated with either 5 uM
cytochalasin D (Santa Cruz Biotech, Dallas, TX, USA), 8 uM dynasore (Sigma-
Aldrich), 1 uM bafilomycin Al (Santa Cruz Biotech) or their vehicle, DMSO (Sigma-
Aldrich), for 45 min prior to infection with bacteria, and phagocytosis was allowed to
proceed for 2 h. The number of CFU recovered per well was determined by plating

viable intracellular bacteria on THB agar.

2.10. S. suis DNA and RNA preparation and transfection of cells

For bacterial RNA and DNA isolation, bacterial cultures were grown to mid-log phase.
Total RNA was extracted using the Aurum Total RNA Mini Kit (Bio-Rad) according to
the manufacturer’s instructions, including treatment with DNase I. For DNA

preparation, bacteria were harvested in 10 mM Tris, 1 mM EDTA, pH 8.0, and treated
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with 10% SDS and 20 mg/mL proteinase K (Sigma-Aldrich) for 1 h at 37°C. DNA was
isolated using phenol/chloroform/isoamyl alcohol (Sigma-Aldrich) (27). After isolation,
bacterial DNA was treated with 10 mg/mL RNase A (Roche, Mississauga, ON, Canada)
for 30 min at 37°C. DCs were transfected with 1 pg of RNA or DNA using DOTAP
liposomal transfection agent (Sigma-Aldrich) as described for transfection of bacterial

extracts (27, 37).

2.11. S. suis serotype 2 mouse model of infection

Six-week-old wild-type C57BL/6 and IFNAR” mice were used. Mice were
acclimatized to standard laboratory conditions with unlimited access to water and rodent
chow (38). These studies were carried out in strict accordance with the
recommendations of and approved by the University of Montreal Animal Welfare
Committee guidelines and policies, including euthanasia to minimize animal suffering,
applied throughout this study when animals were seriously affected since mortality was
not an endpoint measurement. The different S. suis serotype 2 strains, or the vehicle
solution (sterile THB), were administered at a dose of 1x10’ CFU by intraperitoneal
inoculation to groups of 10 to 15 mice for survival and blood bacterial burden. Mice
were monitored at least three times daily until 72 h p.i. and twice thereafter until 14
days p.i. Blood bacterial burden was assessed 12 h and 48 h p.i. by collecting 5 pL of
blood from the caudal vein, appropriately diluting and plating on THB agar as described

above. Blood bacterial burden was also measured prior to euthanasia.

2.12. Measurement of plasma (systemic) pro-inflammatory cytokine levels

Eight wild-type and IFNAR”" mice per group were infected with each strain as
described above and the blood collected 12 h p.i. by intracardiac puncture following
euthanasia and stabilization with EDTA (Sigma-Aldrich) as previously described (3, 4).
Plasma supernatants were collected following centrifugation at 10 000 x g for 10 min at
4°C, and stored at -80°C. Plasmatic concentrations of TNF, IL-6, IL-12p70, CCL2,
CCL3, and CXCL1 were measured using a custom-made cytokine Bio-Plex Pro™ assay

(Bio-Rad) according to the manufacturer’s instructions. Acquisition was performed on
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the MAGPIX platform (Luminex®) and data analyzed using the Bio-Plex Manager 6.1
software (Bio-Rad).

2.13. Transmission electron microscopy

Unless otherwise indicated, chemicals were purchased from Sigma-Aldrich. Bacteria
were grown to mid-logarithmic phase and washed in 0.1 M cacodylate buffer, pH 7.3
(Canemco & Marivac, Canton de Gore, QC, Canada). The CPS was stabilized using
specific antibodies as previously described (39). Anti- S. suis serotype 2 rabbit serum,
produced as previously described (40), was used to gently resuspend bacteria. Next,
cells were immobilized in 4% (w/v) agar in 0.1 M cacodylate buffer, pH 7.3. Pre-
fixation was performed by adding 0.1 M cacodylate buffer, pH 7.3, containing 0.5%
(v/v) glutaraldehyde and 0.15% (w/v) ruthenium red for 30 min. Fixation was
performed for 2 h at room temperature with 0.1 M cacodylate buffer, pH 7.3, containing
5% (v/v) glutaraldehyde and 0.05% (w/v) ruthenium red. Post-fixation was carried out
with 2% (v/v) osmium tetroxide in water overnight at 4°C. Samples were washed with
water every 20 min for 2 h to remove osmium tetroxide and dehydrated in an increasing
graded series of acetone. Specimens were then washed twice in propylene oxide and
embedded in Spurr low-viscosity resin (Electron Microscopy Sciences, Hatfield, PA,
USA). Thin sections were post-stained with uranyl acetate and lead citrate and
examined using a transmission electron microscope at 80 kV (Hitachi model HT7770,

Chiyoda, Tokyo, Japan).
2.14. Statistical analyses

The software used was Graphpad Prism 6.01. Normality of data was verified using the
Shapiro-Wilk test. Accordingly, parametric (unpaired t-test and one-way ANOVA) or
non-parametric tests (Mann-Whitney rank sum test and one-way ANOVA on ranks),
where appropriate, were performed to evaluate statistical differences between groups.
Log-rank (Mantel-Cox) tests were used to compare survival between wild-type and
IFNAR™ mice. Each test was repeated in at least three independent experiments.
P < 0.05 and p < 0.01 values were considered as statistically significant and highly

significant, respectively.
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3. Results

3.1 Strain- and cell type-dependent induction of IFN- by S. suis serotype 2

It is already known that DCs and macrophages are important for IFN-B production
during bacterial infections. Moreover, it was also shown that these cells produce high
levels of other pro-inflammatory cytokines following infection with . suis
(12,13,20,41). Consequently, the capacity of these cells to produce IFN-B following
infection with three different S. suis serotype 2 strains (highly virulent ST7 strain SC84,
virulent ST1 strain P1/7, and intermediate virulent ST25 strain 89-1591) was evaluated.
This cytokine was chosen as a representative of type I IFN since S. suis was previously
demonstrated to up-regulate levels of IFN-f expression in vivo, but not those of IFN-a
(3). Moreover, DCs and macrophages have been demonstrated to mainly produce IFN-
B, but only low levels of IFN-a, following infection with pathogenic streptococci (27,
29, 37). As shown in Fig. 1A, DCs expressed low levels of IFN-B 3 h after infection
with S. suis (Fig. 1A). However, expression levels quickly and significantly increased,
peaking at 6 h (p < 0.05). Importantly, levels induced by the intermediate virulent ST25
strain 89-1591 were significantly higher (p < 0.001) than those induced by the two more
virulent strains. These levels were not specific to 89-1591, since similar high levels
were also obtained using two other intermediate virulent ST25 strains (Figure S1 in
Supplementary Material). In contrast, I[FN- expression levels of S. suis-infected
macrophages remained relatively low and unchanged, regardless of the incubation time
and strain used (Fig. 1B). Indeed, IFN-B expression levels by macrophages were
significantly lower than those by DCs and this, for all three strains tested (p < 0.01). A
clear induction of IFN-f expression was detected with the positive control, poly(I:C),
indicating that the low response observed with S. suis was a consequence of the

stimulus rather than the cells (Fig. 1B).

In order to evaluate if these differences in expression between cell types were also
observed at the protein level, IFN- was measured in the supernatant of cells 24 h after
infection by ELISA (Fig. 1C). Indeed, IFN-f mRNA expression and protein production
correlated. Results demonstrated that only DCs produce important protein levels of
IFN-B following infection with S. suis serotype 2, which were significantly higher than
control cells (p < 0.001) (Fig. 1C). However, as with mRNA expression, the
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intermediate virulent strain 89-1591 induced significantly higher protein levels of IFN-3
by DCs than the other two S. suis strains (p < 0.001). Meanwhile, macrophages
produced significant levels of IFN-§ when stimulated with poly(I:C) (p < 0.001), but not
following S. suis infection, confirming results observed at the transcriptional (mRNA)
level (Fig. 1C). Based on these results, all subsequent experiments in this study were

performed using DCs.

3.2. The presence of capsular polysaccharide interferes with S. suis-induced IFN-§
expression by dendritic cells, while the suilysin (when present) is partially

responsible for activation

Of the different described virulence factors for S. suis serotype 2, the presence of the
CPS, SLY, and cell wall modifications have been reported to modulate and/or
participate in cytokine production by DCs (12). Consequently, their role in the induction
of IFN-f expression by DCs was evaluated using isogenic mutants (Fig. 2). Absence of
the CPS in a ST1 strain resulted in a significant increase of IFN-f expression by DCs (p
< 0.001), suggesting that its presence interferes with cell activation. On the other hand,
absence of the SLY, which is a pore-forming toxin present in ST1 and ST7 strains,
resulted in a significant decrease of IFN-f expression (p <0.01). Meanwhile, cell wall
modifications (D-alanylation of the lipoteichoic acid and the N-acetylation of the
peptidoglycan) did not modulate S. suis-induced IFN-B by DCs. Interestingly, levels of
IFN-B induced by the ST1 strain 31533 were very similar to those observed with the
prototype strain P1/7.

3.3. Recognition of S. suis by the Toll-like receptor pathway is required for IFN-§

induction in dendritic cells

The TLR pathway has been traditionally associated with IFN-f production following
pathogen recognition by the endosomal TLRs (TLR3, TLR7, and TLRY in mice) (25).
However, being considered a classical extracellular pathogen, recognition of S. suis has
been mostly associated with surface TLRs (TLR1, TLR2, and TLR6) (13, 20).
Consequently, the role of the TLR pathway in S. suis-induced IFN-B by DCs was
evaluated. In the absence of the adaptor protein MyD88, used by the majority of TLRs,
a significant decrease of IFN-f expression by DCs (p < 0.001) was observed with the
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three S. suis strains, corresponding to a near complete abrogation (Fig. 3A). This result
suggests that S. suis-induced IFN-f expression by DCs is overwhelmingly MyD&8-
dependent since only 5 to 10% of expression remained independent of MyDS88
(Fig. 3A).

Given the near complete MyD88-dependence of S. suis-induced IFN-B by DCs and the
fact that the surface TLR2 (13, 20) and, possibly TLR4 via the SLY (42), may be
implicated in recognition of this pathogen, their role in §. suis-induced IFN-$ by DCs
was evaluated. TLR2 was not implicated in IFN-f expression by DCs following S. suis
infection, regardless of the strain used (Fig. 3B). Moreover, it was not possible to
induce IFN-f expression following stimulation of wild-type DCs with PAM3CSK4 (for
TLR1/2) and FSL-1 (for TLR2/6) (43), which are synthetic bacterial TLR2 ligands
frequently used for most cell types (Figure S2 in Supplementary Material). However,
TLR2 was involved in expression of the pro-inflammatory cytokines IL-6 and CXCLI
by DCs following infection with S. suis and stimulation by both TLR2 ligands (Figure
S3 in Supplementary Material). These results demonstrate that though not capable of
producing IFN-B following stimulation with control ligands (44), the cells remained
responsive to TLR2-dependent S. suis stimulation. Surprisingly, TLR4 was partially
implicated in IFN-B expression by DCs following infection with both the ST7 strain
SC84 and the ST1 strain P1/7 (p < 0.05), which corresponded to a reduction of
approximately 15%. TLR4 involvement was not observed with the ST25 strain 89-1591
(Fig. 3B). A notable difference between the ST1/ST7 and ST25 strains is the absence of
SLY in the latter strain. As such, IFN- expression by wild-type and TLR4™” DCs was
evaluated following infection with the SLY-deficient mutant (Fig. 3C). Indeed, the
wild-type and SLY-deficient strains induced similar levels of IFN-§ by TLR4" DCs,
indicating that recognition of the SLY by TLR4 contributes to the induction of this
cytokine.

Despite the fact that S. suis has been described as remaining extracellularly, the largely
surface TLR-independence of S. suis-induced IFN-B expression by DCs suggested that
endosomal TLRs might participate in its induction. In accordance with S. suis-induced
IFN-B production by DCs being mostly MyD88-dependent, the TLR3, which is
MyD88-independent and recruits TRIF, was only minimally implicated, and only
following infection with the SLY-negative ST25 strain 89-1591 (p < 0.05) (Fig. 3D).
Meanwhile, both TLR7 and TLR9 were responsible for IFN- expression by DCs
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following S. suis recognition, regardless of the strain (Fig. 3D). Indeed, their absence
resulted in a 40 to 60% reduction of IFN-f expression, which was significantly lower
when compared with expression by wild-type DCs (p < 0.01). In order to evaluate if
recognition of S. suis by TLR7 and TLR9 was the result of a cooperative effect, DCs
dually deficient for TLR7 and TLR9 were created by pretreating cells from either wild-
type or TLR7”" mice with the TLR9 antagonist ODN2088 or its control, ODN2088-Ctrl
(Fig. 3E). Antagonizing wild-type DCs with ODN2088 resulted in a phenotype similar
to that obtained using TLR9”" DCs. Use of ODN2088-Ctrl on wild-type and TLR7™"
DCs confirmed the specificity of the treatment. When TLR7”" DCs were antagonized
with ODN2088, creating a dual TLR7"/TLR9" phenotype, a greater decrease, resulting
in nearly 80% abrogation of IFN-B expression by wild-type DCs (p <0.001), was
observed regardless of the strain. Results of IFN-f by DCs following stimulation with
the different purified or synthetic TLR ligands are presented in Figure S2 in
Supplementary Material.

3.4. The interferon regulatory factors 1, 3, and 7 play important though partially

redundant roles in IFN-p expression by dendritic cells following S. suis infection

Activation of the TLR pathway via the endosomal TLRs wusually leads to
phosphorylation of IRF3/IRF7 and subsequent production of IFN-B (25). Moreover,
though IRFI1 is typically associated with induction of type II IFN, crosstalk within the
cell and/or simultaneous activation of various cellular pathways may result in IRF1
phosphorylation leading to IFN-B induction (45). Consequently, given that TLR7 and
TLRO are the main TLRs responsible for S. suis-induced IFN-3 expression by DCs, the
expression levels of IRF1, IRF3, and IRF7 in DCs was determined (Fig. 4A). All three
strains of S. suis induced up-regulation of both IRF1 and IRF7, but not IRF3, with no
significant differences amongst strains. However, IRF7 expression was significantly
more up-regulated than that of IRF1 (p < 0.05). Subsequently, in order to evaluate the
role of IRF1, IRF3, and IRF7 in §. suis-induced IFN-3 expression by DCs, cells isolated
from wild-type and knock-out mice infected with the three strains of S. suis were
evaluated. All three IRFs were significantly implicated in S. suis-induced IFN-f
expression by DCs (p < 0.01), with reductions ranging between 40 and 70% (Fig. 4B).
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3.5. S. suis-induced IFN-p by dendritic cells requires internalization and

phagosome maturation

Previous studies with group A Streptococcus (GAS) and group B Streptococcus (GBS)
have demonstrated that internalization of the pathogen and maturation of the phagosome
are required for IFN-f production by DCs (27, 37). However, and differently from
S. suis, these two pathogens are well-known to be internalized by phagocytes (46).
Given that the endosomal TLR7 and TLRY are implicated in S. suis-induced IFN-3
expression by DCs, it was hypothesized that internalization could be a critical step, even
for this classical extracellular pathogen whose CPS protects against phagocytosis (10-
12, 47). However, no study has evaluated the capacity of DCs to internalize strains of
S. suis other than ST1. Consequently, the kinetics of internalization of the three S. suis
strains by DCs was evaluated. In accordance with previous studies (12), the well-
encapsulated ST1 strain P1/7 was poorly internalized, even after 4 h of infection
(Fig. 5A). Similar results were obtained with the ST7 strain SC84, for which
information was previously unavailable. On the other hand, the intermediate virulent
ST25 strain 89-1591, which induces the highest levels of IFN-, was surprisingly and
significantly more internalized by DCs than the ST1 and ST7 strains (p < 0.01). Since
the CPS is the most important anti-phagocytic factor possessed by S. suis serotype 2,
these results could have suggested that the strain 89-1591 was less encapsulated.
However, it was possible to observe, using transmission electron microscopy, that the
ST1 strain P1/7 (Figure S4A in Supplementary Material) and the ST25 strain §89-
1591 (Figure S4B in Supplementary Material) are similarly well-encapsulated,
suggesting that the greater internalization of strain 89-1591 by DCs is not the result of a
thinner CPS.

In order to determine if S. suis internalization is indeed required for IFN-f3 expression
by DCs, cells were pretreated with cytochalasin D, an inhibitor of actin polymerization,
or its vehicle, DMSO. In the absence of actin polymerization, IFN-f expression was
completely abrogated (p <0.001) following infection with all three strains of S. suis
(Fig. 5B). In contrast to IFN-B expression, actin polymerization was only partially
implicated in DC expression of IL-6 and CXCL1 following infection with the S. suis
strain P1/7 (Figure S5 in Supplementary Material).
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Once internalized by phagocytes, the pathogen will find itself within the phagosome,
which must undergo maturation (48). Amongst the different proteins involved in
internalization is the GTPase dynamin, which is required in the case of coated
endosomal vesicles (49). As such, dynamin frequently contributes to endosomal
signaling of IFN-B (27, 50). Indeed, when inhibiting dynamin activity using the
inhibitor dynasore, a near complete abrogation of IFN-B expression (p < 0.001) was
observed (Fig. 5C). However, though dynamin was essential for S. suis-induced IFN-3
expression by DCs, its role was not internalization-dependent since internalization

levels of all three S. suis strains did not differ when inhibiting dynamin (Fig. SD).

Following phagosome formation, destruction of the pathogen requires acidification of
the compartment, which occurs following fusion with the lysosome (51). This fusion,
resulting in the creation of the phagolysosome, leads to acidification of the vesicle in
which vacuolar-type H" ATPases are implicated (52). Inhibition of these vacuolar-type
H" ATPases using bafilomycin Al resulted in a significant (» <0.001) and near
complete abrogation of S. suis-induced IFN-B expression by DCs (Fig. 5C). It should be
noted that bafilomycin Al-treatment did not affect internalization of S. suis (Fig. SD).

3.6. S. suis nucleic acids are responsible for inducing IFN-f expression by dendritic

cells following endosomal delivery

The requirement of internalization and phagosome maturation in S. suis-induced IFN-f3
expression by DCs suggests that destruction of the pathogen within the phagolysosome
is necessary. TLR7 and TLRY recognize single-stranded RNA and unmethylated CpG
motifs of DNA, respectively (53, 54). To evaluate this hypothesis, bacterial RNA and
DNA, isolated from all three S. suis strains, were complexed with DOTAP liposomal
transfection agent which allows for delivery within the phagosome. As shown in Fig. 6,
both S. suis RNA (Fig. 6A) and DNA (Fig. 6B) induced significant levels of IFN-f in
DCs (p < 0.001). Moreover, levels of IFN-B expression were similar between the

different S. suis strains and between RNA and DNA.

3.7. S. suis-induced type I interferon by dendritic cells modulates autocrine

cytokine production
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Once produced, type I IFN, including IFN-f, will bind to its receptor, IFNAR, located
on the surface of most cell types, including DCs (25). Consequently, type I IFN can
modulate autocrine production of other inflammatory mediators. As such, the
production of certain inflammatory cytokines known to be induced by S. suis (20), by
DCs derived from wild-type and IFNAR™™ mice, was compared (Fig. 7). A significant
role of type I IFN (p < 0.01) was observed in TNF, IL-6, IL-12p70, and CCL2 (Fig. 7A-
D) production induced by the ST1 strain P1/7 and the ST25 strain 89-1591, but not by
the ST7 strain SC84. On the other hand, no type I IFN-downstream modulation of
CCL3 and CXCL1 production was observed for any of the strains tested.

3.8. Type I interferon is beneficial for host survival during the S. suis serotype 2
systemic infection: Implication in the modulation of systemic inflammation which

controls blood bacterial burden

The in vitro production of IFN- by DCs observed in this study, coupled with the up-
regulation of this cytokine in mice infected with S. suis (3), suggests that [IFN- may be
implicated in the balance and/or exacerbation of the systemic inflammation induced by
this pathogen, and subsequently, host survival. Consequently, the role of type I IFN
during the S. suis systemic infection caused by the three strains was evaluated using a
well-standardized intraperitoneal C57BL/6 mouse model of infection comparing wild-
type and IFNAR™" mice (38). No role of type I IFN was observed in mouse survival
during the systemic infection with the highly virulent ST7 strain SC84, with wild-type
or IFNAR™ mice, with both equally succumbing to the infection (Fig. 8A). Meanwhile,
type I IFN played a significant role in the survival of mice infected with the virulent
ST1 strain P1/7 (p <0.05), with IFNAR™ mice succumbing at a greater rate than their
wild-type counterparts (45% of wild-type mice survived the systemic infection vs. only
10% of the IFNAR™ mice) (Fig. 8B). Interestingly, no role of type I IFN was observed
during early (first 72 h p.i.) systemic infection with the intermediate virulent ST25
strain 89-1591 (Fig. 8C), which induced high levels of IFN-f in vitro. However, given
the lower virulence of this strain, which caused only 10 to 20% of mortality at 72 h p.i.,
this result is not entirely surprising. Less virulent S. suis strains are known to cause a
delayed mortality, usually by meningitis, as a result of persistent bacteremia (4). As
such, survival of mice was evaluated until 14 days p.i. (Fig. 8D). Four days p.i.,

mortality in the wild-type group increased but then remained stable until the end of the
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experiment. On the other hand, IFNAR” mice were significantly more susceptible to
the infection than their wild-type counterparts (p < 0.01) (Fig. 8D). Taken together,
these results suggest that type I IFN plays a beneficial role during the S. suis infection,
at least for the ST25 and, to a certain extent, the ST1 strains, but not with the ST7 strain.

Host death during the S. suis systemic infection is usually the result of uncontrolled
blood bacterial burden resulting from excessive bacterial growth, concomitant with an
exacerbated systemic inflammatory response (4, 55). As such, the role of type I IFN on
aggravated inflammation was evaluated by measuring plasma (systemic) cytokines of
both wild-type and IFNAR™ mice 12 h p.i., as previously described (Fig. 9) (4, 38). For
TNF, IL-6 , IL-12p70, CCL2, CCL3, and CXCLI1 (Fig. 9A-F), a significant decrease in
the levels produced by IFNAR™ mice, in comparison to their wild-type counterparts,
was only observed for the strains P1/7 and 89-1591 (p < 0.05), with the difference being

more pronounced in mice infected with the strain 89-1591.

The second factor responsible for host death during the S. suis systemic infection is
uncontrolled blood bacterial burden (4). No differences were observed between the
acute blood bacterial burden of wild-type and IFNAR™ mice early after infection (12 h),
regardless of the strain (Fig. 10A). However, since differences in mortality only became
important at later time points, the effect of type I IFN during the S. suis infection was
possibly not immediate, but rather delayed. Indeed, blood bacterial burden of mice
infected with the ST1 strain P1/7 and the ST25 strain 89-1591, but not of those infected
with the ST7 strain SC84, was significantly higher in IFNAR™ mice 48 h p.i. than in
their wild-type counterparts (p < 0.05) (Fig. 10B). Consequently, type I IFN is
implicated in the modulation of systemic inflammatory mediators required for control of

blood bacterial burden.

4. Discussion

S. suis serotype 2, an important porcine and emerging human pathogen, has always been
considered a prototypical extracellular bacterium whose CPS confers important anti-
phagocytic properties (6, 18). Consequently, recognition of S. suis by the innate

immune response was long thought to occur following interaction of bacterial
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lipoproteins (or other cell wall components) with surface-associated receptors, in
particular TLR2 (13, 20, 21, 56). More recently, however, partial implication of the
endosomal TLR9 and cytoplasmic nucleotide-binding oligomerization domain-
containing protein (NOD) 2 in recognition of S. suis by DCs was reported (20),
suggesting that S. suis or its products might also activate cellular intracellular pathways
(in-out signals). Nonetheless, the implications of such intracellular receptors in the
pathogenesis of the infection caused by this bacterial pathogen were, so far, unknown.

Since S. suis was previously reported to up-regulate levels of IFN- in vivo (3), but not
IFN-a, the ability of DCs and macrophages, which are usually important sources of pro-
inflammatory mediators, to produce IFN-f following S. suis infection was evaluated. In
response to S. suis, DCs produced higher levels of IFN-f than macrophages, suggesting
different activation levels and/or intrinsic differences in cytokine production by both
cell types, resulting in part from the activation of varying signaling pathways and
cascades (37). Since results obtained with positive controls revealed that DCs and
macrophages are both able to induce high IFN- levels, the differential activation of
these two cell types by S. suis reflects an intrinsic feature of this pathogen, a

characteristic than can be extended to other pathogenic streptococci (27, 37).

Lachance et al. suggested that in vivo levels of IFN- were inversely associated with
virulence of the strain used (3), a fact that was confirmed in this study with DCs, where
the intermediate virulent ST25 strain 89-1591 induced higher levels of IFN-f than the
virulent ST1 and ST7 strains. This inverse association is not a trait unique to the strain
used, since two other intermediate virulent ST25 strains, as well as an additional ST1
strain (31533), presented results similar to their respective prototypical ST strains. To
our knowledge, the inversed association of virulence with IFN-f induction has not been
previously described for other bacterial pathogens. However, this association does not
apply to strains of highly virulent to virulent phenotypes, as ST7 and ST1 strains induce
similar levels of IFN-f.

The TLR pathway has been traditionally associated with IFN-f induction following
recognition by the endosomal TLRs (25), yet, as aforementioned, recognition of S. suis
has been mostly demonstrated to occur via surface TLRs (13, 20). S. suis-induced IFN-
by DCs was MyD88-dependent, indicating that the TLR pathway is almost exclusively

implicated in its production. However, even though production of many S. suis-induced

60



pro-inflammatory cytokines by DCs has been reported to be mainly TLR2-dependent
(20), we were unable to induce TLR2-dependent IFN-f3 expression by DCs. Though
TLR2 activation can result in IFN-f production by macrophages, it was previously
suggested that this is not the case for DCs (57, 58). On the other hand, a partial role of
TLR4 was observed in IFN-f expression induced by ST1/ST7 strains, but not by ST25
strains: this activation was related to SLY production. This toxin was previously
reported to be recognized by TLR4 expressed on peritoneal macrophages (42).

The limited contribution of surface TLRs to S. suis-induced IFN-B expression by DCs
suggested that endosomal TLRs, of which TLR7 and TLR9 are MyD88-dependent (54),
might participate in its induction. The involvement of endosomal TLRs in recognition
of S. suis has been little evaluated since it has been considered an extracellular
pathogen. Consequently, it was unexpected that the TLR7 and TLR9 were equally and
primarily responsible for S. suis-induced IFN-B. Though TLR7, and to a lesser extent
TLRY, were responsible for IFN-B production following recognition of GBS (37), no
individual TLR could be identified for GAS (27). Even though S. suis and GBS share a
similarity in this regard, the pathogenesis of these two encapsulated bacteria greatly
differs: the most important difference between these two pathogens is that while S. suis
is a classical extracellular bacterium protected from phagocytosis by its CPS, well-
encapsulated GBS is highly internalized (46). In the case of GBS, IFN-f production by
DCs was shown to be completely dependent on IRF1 and only partially IRF7-dependent
(37). Interestingly, IRF1, IRF3, and IRF7 were all implicated in S. suis-induced IFN-
by DCs, suggesting a partial redundancy in signaling pathways, not observed for GBS.
Indeed, localization of pathogens within the phagosome usually triggers IRF1 and IRF7
(37). Furthermore, IFN-B induced by TLR9 agonists results in IRF1 activation via a
phagosome-dependent pathway (59). Participation of IRF3 may be the result of TLR3
or TLR4 activation by SLY-negative and SLY-positive strains, respectively, via a
MyDS88-independent, TRIF-dependent pathway (45). Feedback loops resulting from
crosstalk between pathways could also be responsible for implication of IRF3 (34). In
agreement with activation of these intracellular pathways, S. suis-induced IFN-B levels
inversely correlate with strain-dependent capacity to resist phagocytosis. This
hypothesis is supported by the significantly higher levels of IFN- observed in this
study when using the non-encapsulated ST1 mutant strain, which was previously
demonstrated to be highly internalized by DCs (20), and by the complete abrogation of

IFN-B induction following blockage of actin-dependent internalization. Interestingly,
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non-encapsulated S. suis strains have traditionally been shown to increase cytokine
induction by hindering recognition of surface cell wall components, responsible for cell
activation by surface-associated receptors (12, 13, 20), mechanism that would not be

involved in IFN-B modulation.

Previous studies with GAS and GBS have demonstrated that internalization of the
pathogen and maturation of the phagosome are required for IFN-3 production by DCs
(27, 37). Results obtained in this study demonstrate that though dynamin is required for
IFN-B production, this protein is implicated in early pre-acidification steps of
phagosome maturation rather than in phagosome formation as evidenced by lack of
effect on S. suis internalization. Subsequent acidification of the phagosome is required
for IFN-B expression by DCs following infection with S. suis, suggesting that bacterial
processing via hydrolytic degradation is essential for the liberation of TLR7 and TLR9
ligands (27, 37). These results indicate that bacterial nucleic acids were the ligands of
TLR7 and TLRO. Indeed, both bacterial RNA, and to a lesser extent, DNA, from GAS
and GBS are also responsible for IFN-f production by DCs following stimulation of
TLR7 and TLRY (27, 37). In contrast to GAS and GBS, however, the S. suis RNA and
DNA induced similar levels of IFN-B, suggesting that both nucleic acids have
comparable stimulatory effects. This is supported by the dual implication of TLR7 and
TLRY in S. suis-induced IFN-B production by DCs. Nucleic acids isolated from the
three S. suis strains induced similar levels of IFN-3 by DCs, indicating that regardless of
virulence, the different S. suis strains possess similar stimulatory properties and

differences observed would be mainly attributed to intracellular bacterial levels.

Once produced, type I IFN will bind to its receptor, IFNAR, located on the surface of
most cell types, including DCs (25). This autocrine effect modulates S. suis-induced
pro-inflammatory cytokines by DCs, as well as distal production of cytokines and
chemokines by other cells as observed in vivo during S. suis infection. The IFNAR
down-stream effect is complex as evidenced by a lack of effect on DC chemokine
production at the single-cell level (60). Yet, when analyzing the global systemic
response, the release of the chemokines CCL3 and CXCLI1 is indeed modulated by the
type I IFN pathway. This pathway was previously demonstrated to amplify TNF
signaling following infection with GBS, S. pneumoniae, and E. coli (28). Pro-

inflammatory cytokine signaling is the result of a cascade triggered by TNF, among
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other mediators, leading to production of IL-6 and IL-12p70 (61). An amplification of
these downstream cytokines by type I IFN is thus expected. Similarly, type I IFN was
shown to modulate the recruitment of myeloid cells by influencing CCL2 signaling
during infection with the intracellular pathogens Listeria monocytogenes and
Mycobacterium tuberculosis (62, 63). Consequently, these results indicate a mechanism
complementary to surface-associated receptor activation whereby higher internalization
of S. suis leads to increased IFN-B induction and subsequent regulation of the pro-
inflammatory loop. Our data also suggest that this IFN-B-modulated inflammatory
response contributes to control bacterial burden during S. suis infection and improves

the clinical outcome of infected animals.

It has been previously reported with other pathogens that the induction of IFN-3 may be
either beneficial or detrimental for the host, as shown using experimental infections. For
example, a similar beneficial role was described for GAS (27), GBS (28, 37), and
S. pneumoniae (28-30). On the other hand, the induction of a strong type I IFN response
may also be considered a key factor in early progression of invasive S. pneumoniae
beyond the lung during development of invasive pneumococcal disease (31). Moreover,
type I IFN is associated with suppression of the innate response to certain bacterial
infections, such as L. monocytogenes and Francisella tularensis, resulting in hindered

bacterial clearance and deleterious host effects (45).

Taken together, type I IFN is produced by the host following S. suis infection and
contributes to a regulated inflammatory response. In the case of the intermediate
virulent ST25 strain, the elevated IFN-B production modulates systemic pro-
inflammatory mediators and appears responsible for the decreased blood bacterial
burdens, which ultimately results in a reduction of meningitis and increased host
survival. Indeed, it was previously reported that persistent blood bacterial burden is a
prerequisite for the development of S. suis meningitis (4). Albeit lower levels of IFN-f3
production, a beneficial effect is also noticed after infection with the virulent ST1 strain.
In contrast, type I IFN is unable to counteract the exacerbated inflammatory response
and/or bacterial burden induced by the highly virulent ST7 strain. This observation
might be related to its genetic particularities, including the presence of a pathogenicity

island, and its capacity to induce exaggerated inflammation unparalleled by other S. suis

63



strains, resulting in streptococcal toxic shock-like syndrome characterized by a cytokine

storm (64-66).

In conclusion, this study demonstrates that, depending on the virulence level of the
strain, type I IFN is involved in host defense during the S. suis infection by participating
in clearance of blood bacterial burden and/or modulation of systemic inflammation.
Results also showed that the lower virulence of the North American serotype 2 ST25
strains might be related to a lower resistance to phagocytosis that would lead to
increased intracellular receptor activation with consequent IFN-f induction. Underlying
mechanisms involved in the control of inflammation and subsequent bacterial burden

could help to develop control measures for this important zoonotic infection.
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Figure 1. Dendritic cells (DCs) produce higher levels of IFN-f than macrophages
following infection with S. suis serotype 2. IFN-B mRNA expression kinetics,
measured by RT-qPCR, following infection of DCs (A) and macrophages (B), with the
highly virulent ST7 strain SC84, virulent ST1 strain P1/7, and intermediate virulent
ST25 strain 89-1591. IFN- protein production by DCs and macrophages was measured
by ELISA 24 h following infection with the different S. suis strains (C). Data represent
the mean = SEM from four independent experiments. ** (p < 0.01) and *** (p < 0.001)
indicate a significant difference between 89-1591 and P1/7 or SC84; # (p < 0.001)
between S. suis or CpG and the negative control (control -) for DCs or between

poly(I:C) and negative control (control -) for macrophages.
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Figure 2. The presence of the capsular polysaccharide interferes with S. suis-
induced IFN-B expression by dendritic cells, while the suilysin is partially
responsible for its activation. Role of the capsular polysaccharide (CPS), suilysin
(SLY), and cell wall modifications (D-alanylation of the lipoteichoic acid, Adlfa or N-
deacetylation of the peptidoglycan, ApgdA4) in IFN-f mRNA expression by dendritic
cells 6 h following infection with the wild-type or mutant S. suis strains. Data represent
the mean = SEM from four independent experiments. a (p < 0.001) indicates a

significant difference between P1/7 and P1/7AcpsF; b (p < 0.01) between 31533 and
31533Asly.
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Figure 3. Recognition of S. suis by the Toll-like receptor (TLR) pathway is
required for induction of IFN-p expression by dendritic cells (DCs). IFN-f mRNA

expression induced by the different S. suis strains 6 h following infection of DCs
deficient for MyD88 (A), TLR2 or TLR4 (B), or for the endosomal TLR3, TLR7, or
TLR9 (D). The suilysin (SLY) is responsible for TLR4-dependent IFN- expression by

DCs (C). The cooperative role of TLR7 and TLR9 was evaluated using wild-type or
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TLR7"" cells pretreated with the TLR9 antagonist ODN2088 or its control, ODN2088-
Ctrl, resulting in TLR7™ cells non-responsive for TLRY (dual deficiency) (E).

Data represent the mean = SEM from three or four independent experiments. * (p <
0.05), ** (p< 0.01), or *** (p < 0.001) indicates a significant difference between
expression by wild-type and deficient DCs; # (p < 0.01) between 31533 and
31533Asly; a (p < 0.01) between expression by wild-type DCs pretreated with
ODN2088-Ctrl or ODN208S; b (p < 0.01) between expression by TLR7 DCs
pretreated with ODN2088-Ctrl or ODN2088.
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Figure 4. The interferon regulatory factors (IRFs) 1, 3, and 7 are involved in IFN-
expression by dendritic cells (DCs) following infection with S. suis. S. suis-induced
IRF1, IRF3, and IRF7 mRNA expression by DCs 6 h following infection with the
different strains (A). IFN-f mRNA expression induced by the different S. suis strains
following infection of IRF17", IRF3", or IRF7" DCs in comparison with cells from
wild-type mice (B). Data represent the mean + SEM from three or four independent

experiments. ** (p < 0.01) indicates a significant difference between expression by

wild-type and deficient DCs.
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internalization

S. suis strains by dendritic cells (DCs) (A). Implication of actin polymerization (5 uM
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dependent phagosome acidification (1 uM bafilmoycin A1) (C) on IFN-f mRNA
expression by DCs 6 h following infection with S. suis. Effect of dynamin remodeling
and phagosome acidification on internalization of S. suis by DCs 2 h following infection
(D). Data represent the mean + SEM from three independent experiments. ** (p < 0.05)
indicates a significant difference between 89-1591 and P1/7 or SC84; # (p < 0.001)
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Figure 6. The S. suis nucleic acids are responsible for inducing IFN-p expression
by dendritic cells following phagosomal delivery. IFN-f mRNA expression by
dendritic cells 6 h following transfection with RNA (A) or DNA (B) isolated from the
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liposomal transfection agent prior to transfection of dendritic cells. Data represent the
mean £ SEM from three independent experiments. *** (p < 0.001) indicates a
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Figure 7. 8. suis-induced type I interferon produced by dendritic cells modulates
autocrine cytokine production. Production of TNF (A), IL-6 (B), IL-12p70 (C), CCL2
(D), CCL3 (E), and CXCLI1 (F) by dendritic cells 16 h following infection with the
different S. suis strains. Data represent the mean + SEM from four independent
experiments. ** (p < 0.01) indicates a significant difference in cytokine production

between wild-type and IFNAR™ DCs.
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Figure 8. Type I interferon is beneficial for host survival following infection with
intermediate virulent and virulent S. suis serotype 2 strains. Survival of wild-type
and IFNAR™ mice infected with the different S. suis strains: the highly virulent ST7
strain SC84 (A), the virulent ST1 strain P1/7 (B), and the intermediate virulent ST25
strain 89-1591 (C) during the systemic infection (until 72 h post-infection). Survival of
wild-type and IFNAR™ mice infected with strain 89-1591 following both the systemic
and central nervous system infections (14 days post-infection) (D). Data represent the
survival curves of 15 mice/group. * (p < 0.05) and ** (p <0.01) indicate a significant

difference between survival of wild-type and IFNAR™ mice.
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Figure 9. Type 1 interferon modulates plasma pro-inflammatory cytokines
involved in 8. suis-induced systemic inflammation. Plasma levels of TNF (A), IL-6
(B), IL-12p70 (C), CCL2 (D), CCL3 (E), and CXCL1 (F) in wild-type and IFNAR™
mice 12 h following infection with the different S. suis strains. Data represent the mean
+ SEM from 8 mice/group. * (p <0.05), ** (p < 0.01), and *** (p < 0.001) indicate a

significant difference in plasma levels between wild-type and IFNAR™ mice.
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Figure 10. Type I interferon is required for control of blood bacterial burden
following infection with intermediate virulent and virulent S. suis serotype 2
strains. Blood bacterial burden of wild-type and IFNAR™ mice infected with the
different S. suis strains 12 h post-infection (A) or 48 h post-infection (B). Data represent
the geometric mean of 15 mice/group. A blood bacterial burden of 2 x 10° CFU/mL,
corresponding to the average burden upon euthanasia, was attributed to euthanized
mice. * (p < 0.05) and ** (p < 0.01) indicate a significant difference between blood

bacterial burden of wild-type and IFNAR™ mice.
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Strain General characteristics Reference

P1/7 Virulent European ST1 strain isolated from a case (67)
of pig meningitis in the United Kingdom

P1/7AcpsF Isogenic non-encapsulated mutant derived from (12)
P1/7; in frame deletion of cpsF gene

31533 Virulent European ST1 strain isolated from a case (68)
of pig meningitis in France

31533Asly Isogenic suilysin-deficient mutant derived from (69)
31533; in frame deletion of sly gene

31533AditA  Tsogenic D-alanylation of lipoteichoic acid- (17)
deficient mutant derived from 31533; in frame
deletion of d/t4 gene

31533ApgdA Tsogenic N-deacetylation of peptidoglycan- (16)
deficient mutant derived from 31533; in frame
deletion of pgdA gene

SC84 Highly virulent ST7 strain isolated from a case of (32)
human streptococcal toxic shock-like syndrome
during the 2005 outbreak in China

89-1591 Intermediate virulent North American ST25 strain  (70)
isolated from a case of pig sepsis in Canada

91-1804 Intermediate virulent North American ST25 strain  (71)
isolated from a case of human endocarditis in
Canada

LPH4 Intermediate virulent Asian ST25 strain isolated  (72)

from a case of human sepsis in Thailand

Table 1. Streptococcus suis serotype 2 strains used in this study.
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Figure S1. Intermediate virulent S. suis ST25 strains induce high levels of IFN-f
expression by dendritic cells

Figure S2. Ligands of the different Toll-like receptors evaluated in this study, with the
exception of TLR2, induce IFN-f by dendritic cells

Figure S3. IL-6 and CXCL1 induced by S. suis and bacterial TLR2 ligands partially
requires TLR2 expression by dendritic cells

Figure S4. The intermediate virulent S. suis strain 89-1591 is highly encapsulated

Figure SS. S. suis-induced IL-6 and CXCL1 expression by dendritic cells is partially

internalization-dependent
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Supplementary Table S1. Primer sequences used for real-time qPCR.

Auger et al.

Gene Forward (F) and reverse (R) primers
F: ACC AGC CCA CCCTAG CCA CC
Aipdb R: TGC AGG GGC AGG GTC AGT CA
Gapdh F: CCC GTA GAC AAA ATG GTG AAG
R: GAC TGT GCC GTT GAATTT G
F: CCC AGT GCT GGA GCC ATT GT
Ynb R: CCC TAT GGA GAT GAC GGA GA
F: AGG CAT CCT TGT TGA TGT CC
s R: AAT TCC AAC CAA ATC CCA GG
F:GAT GGC TGA CTT TGG CAT CT
b3 R: ACC GGA AAT TCC TCT TCC AG
F: AGC ATT GCT GAG GCT CACTT
b7 R: TGA TCC GCA TAA GGT GTA CG
F: ATG GTA GCT ACC AAA CTG GAT
6 R: TGA AGG ACT CTG GCT TTG TCT
Coell F: TCT CCG TTA CTT GGG GAC AC

R: CCA CAC TCA AGA ATG GTC GC
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Supplementary Figure S1. Intermediate virulent S. suis ST25 strains induce high
levels of IFN-P expression by dendritic cells. IFN-f mRNA expression by dendritic
cells 6 h following infection with the intermediate virulent ST25 strains 89-1591, 91-
1804, and LPH4. Virulence of strains 91-1804 and LPH4 was previously described.

Auger et al.
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Supplementary Figure S2. Ligands of the different Toll-like receptors (TLRs)
evaluated in this study, with the exception of TLR2, induce IFN-f by dendritic
cells. IFN-f mRNA expression by wild-type and deficient dendritic cells 6 h following
activation with the different TLR ligands: 1 pg/mL PAM3CSK4 (TLR1/2), 1 pg/mL
FSL-1 (TLR2/6), 10 pg/mL poly(I:C) (TLR3), 100 ng/mL lipopolysaccharide (LPS)
(TLR4), 5 pg/mL imiquimod (TLR7), and 1 uM CpG ODNI1826 (TLRY). Data
represent the mean + SEM from three or four independent experiments. *** (p < 0.001)

indicates a significant difference in IFN-B expression by wild-type and deficient

dendritic cells.

Auger et al.
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Supplementary Figure S3. IL-6 and CXCL1 induced by S. suis and bacterial TLR2
ligands partially requires TLR2 expression by dendritic cells. IL-6 and CXCLI
expression by wild-type or TLR2”" dendritic cells 6 h following infection with S. suis
ST1 strain P1/7 or activation with the TLR2 ligands PAM3CSK4 (1 pg/mL) and FSL-1
(1 pg/mL). Data represent the mean = SEM from three independent experiments. ** (p

< 0.01) and *** (p < 0.001) indicate a significant difference between expression by

wild-type and TLR2™" dendritic cells.

Auger et al.
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Supplementary Figure S4. The intermediate virulent S. suis strain 89-1591 is
highly encapsulated. Transmission electron micrographs following antibody
stabilization of the capsular polysaccharide, using an anti-S. suis serotype 2 rabbit

serum of ST1 strain P1/7 (4) and ST25 strain 89-1591 (B). Black bars = 1 um.

Auger et al.
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Supplementary Figure S5. S. suis-induced IL-6 and CXCL1 expression by
dendritic cells is partially internalization-dependent. IL-6 and CXCL1 expression by
dendritic cells pretreated with cytochalasin D (5 pM) to inhibit actin polymerization 6 h
following infection with S. suis. Mock-treated cells (DMSO) were used as controls.
Data represent the mean = SEM from three independent experiments. The percentages

of cytochalasin D-mediated inhibition of cytokine expression are indicated.

Auger et al.
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IV- DISCUSSION



The mechanisms involved in the innate and adaptive immune responses to S. suis
remain poorly known, and the increasing number of cases of S. suis infections in
humans underscores the urgent need for a better understanding of the interactions
between the pathogen and the immune system, in order to develop an effective
therapeutic and control strategies against S. suis.

The interactions between this pathogen and murine DCs have been described earlier
(262). Once activated by S. suis, DCs start a maturation process implicating the up-
regulation of costimulatory molecules and the production of several pro-inflammatory
mediators, like IFN-B (233, 262). The confounding role (protective/detrimental)of tis
cytokine, following infection with extracellular bacteria, has already been described (45,
46, 52, 85, 283). However, the study of its role during S. suis serotype 2 infection, for
which no information was previously available, became interesting. The present work
went into further details, also testing the capacity of macrophages to produce IFN-f,
since they are also known as an important source of pro-inflammatory mediators.
Results obtained following infection of DCs and macrophages with S. suis serotype 2
have shown that only DCs are able to produce high levels of IFN-B, which is in
agreement with previous studies with other streptococci, such as S. pyogenes, GBS and
S. pneumoniae (83, 85). This could suggest different activation levels by S. suis and/or
intrinsic differences in cytokine production by both cell types, in part resulting from the
activation of varying signaling pathways and cascades (83). Moreover, the intermediate
virulent ST25 strain, the least virulent ST tested, was identified as the strongest [FN-3
inducing strain. However, the ST7 and ST1 strains, induced similar levels of IFN-f
mRNA expression (confirmed at protein level). These latter results agree with previous
in vivo studies in a murine model of infection (247).

The TLR pathway has been traditionally associated with IFN-B induction following
recognition by the endosomal TLRs (19), yet recognition of S. suis has been mostly
demonstrated to occur via surface TLRs (232, 258). For a better understanding of the
pathways involved, DCs from wild-type and knock-out mice for several proteins that,
according to the literature, could be implicated in the induction of IFN-B, were
activated. Results have shown that the production of IFN-B is MyD88 dependent,
suggesting that the TLR pathway is almost exclusively implicated in IFN- production.
In addition, TLR2 was confirmed not to be implicated in the production of this cytokine
by DCs, following an infection with S. suis. Similar results were obtained for TLR3.

Inversely, TLR4, TLR7, and TLR9 were implicated in S. suis-induced IFN-$3 by DCs.
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Indeed, a partial role of TLR4 was observed in IFN-f induced by the ST1/ST7 strains,
but not the ST25: the SLY, which was reported to be recognized by TLR4 (253), is
produced by ST1/ST7 but not by ST25 strains. Thus, results obtained in this study show
that the SLY is responsible for the TLR4-dependent IFN-3 induced by S. suis.

The involvement of endosomal TLRs has been poorly evaluated for this pathogen
since S. suis has been considered an extracellular pathogen. Therefore, it was
unexpected that the TLR7 and TLRY were equally and primarily responsible for S. suis-
induced IFN-B. Though TLR7, and to a lesser extent TLR9, were responsible for GBS-
induced IFN-B (83), neither were implicated in GAS recognition (85). Even though
S. suis and GBS share a similarity in this regard, the main difference between them
relies on the pathogenesis: while S. suis is considered a classical extracellular bacterium
protected from phagocytosis by its CPS, well-encapsulated GBS is highly internalized
(275). Furthermore, activation of IRFs by a classical activation of the TLR pathway via
the endosomal TLRs can lead to the production of IFN-B. Our results show that the
IRF1, IRF3 and IRF7 are implicated in S. suis-induced IFN- by DCs, suggesting a
partial redundancy. Morover, the equal contribution of IRF1 and IRF7 could be
explained by the mechanisms similar to those involved in GBS-induced IFN-f: i.e.,
localization of pathogens within the phagosome usually triggers IRF1 and IRF7
activation (83). In addition, IFN-f induced by TLRO agonists results in IRF1 activation
via a phagosome-dependent pathway (287). On the other hand, the involvement of IRF3
may be the result of TLR3 or TLR4 activation by SLY-negative and -positive strains,
respectively, via a MyD88-independent, TRIF-dependent pathway (276). Overall, the
implication of IRF3 could be a consequence of feedback loops resulting from crosstalk
between pathways (277). This information contributes significantly to our knowledge of
the pathway involved in the induction and the production of IFN-B following infection
with S. suis serotype 2.

As mentioned above, since DCs represent a more important source of IFN-B than
macrophages, the formers have been used for subsequent experiments. To test the role
of virulence factors such as the CPS and SLY, in IFN-f§ induction, DCs were challenged
with the wild-type and mutant S. suis strains. Results showed that production of [FN-3
was up-regulated in the absence of the CPS, and down-regulated in the absence of the
SLY. These results are in agreement with previous studies, which have described that

S. suis virulence factors regulate DCs release of several cytokines (233, 262).
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The fact that TLR7 and TLRY are endosomal receptors means that the activating
bacterial components are located intracellularly. As such, the capacity of DCs to
internalize S. suis was tested using an internalization assay. Our results showed that the
intermediate virulent ST25 strain was more internalized, despite the presence of its
CPS, previously demonstrated to plays an anti-phagocytic role (233), and that all of the
strains are well-encapsulated as confirmed by electron microscopy (269-271). The more
elevated intracellular localization of this strain could be responsible for the increased
activation of the intracellular receptors, resulting in increased IFN-f production. These
results suggest that S. suis-induced IFN-B could be internalization-dependent. To
confirm this, the internalization capacity of DCs was blocked, prior to infection with
S. suis. This resulted, in almost complete abrogation of IFN-B expression, which
resembles the result obtained with GBS (83).

Following internalization by phagocytes, the pathogen is located within the
phagosome, which must undergo maturation (278). Amongst the different proteins
involved in these steps is the GTPase dynamin (279). This study demonstrates that
despite dynamin being required for IFN-§ production, this protein is implicated in early
pre-acidification steps of phagosome maturation rather than its formation as evidenced
by lack of effect on S. suis internalization. Subsequent acidification of the phagosome is
required for IFN-B production by DCs following infection with S. suis, as was
previously demonstrated for both GAS and GBS, suggesting that bacterial processing
via hydrolytic degradation is essential for the liberation of the TLR7 and TLR9 ligands
(83, 85). Thus, results indicated that bacterial nucleic acids were the ligands of TLR7
and TLRO. Indeed, both bacterial RNA, and to a lesser extent, DNA, from GAS and
GBS are also responsible for IFN-f3 production by DCs following stimulation of TLR7
and TLRO (83, 85). In the case of S. suis RNA and DNA induced similar levels of IFN-
B, suggesting that both nucleic acids have comparable stimulatory effects. Nucleic acids
isolated from the three S. suis strains induced similar levels of IFN-3 by DCs, indicating
that despite the differences of virulence, they all possess similar stimulatory properties
and differences observed would be attributed to differences in intracellular bacterial
levels.

As was mentioned earlier, type I IFN binds its receptor, IFNAR, located on the
surface of most cell types, including DCs (19), and following production is able to
modulate autocrine production of other inflammatory mediators (45, 280). This

autocrine production could play an important role in the modulation of S. suis-induced
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pro-inflammatory cytokines by DCs, levels of which are elevated following infection
(258, 262). S. suis-induced type I IFN produced by DCs modulated TNF, IL-6, IL-
12p70, and CCL2, but not CCL3 and CXCLI. Indeed, type I IFN was previously
demonstrated to amplify TNF signaling following infection with GBS, §. pneumonaie,
and E. coli (45). Being that pro-inflammatory cytokine signaling is the result of a
cascade triggered by TNF, leading to production of IL-6 and IL-12p70 (281), an
amplification of these downstream cytokines by type I IFN is expected. However, type |
IFN had no effect on levels of CCL3 and CXCL1, which are known to be produced by
DCs at high levels. This lack of modulation was also observed in a septic peritonitis
model, whereby IFNAR-deficiency did not alter levels of CXCLI, and for macrophage-
produced CCL3 induced by M. tuberculosis (276, 282). As such, these results indicate a
mechanism complementary to surface-associated receptor activation, whereby the
higher internalization of S. suis leads to increased IFN-B induction and subsequent
autocrine pro-inflammatory cytokine production.

It was previously reported with other pathogens that the induction of IFN-f§ may be
beneficial or detrimental for the host, as shown using experimental infections. For
example, a beneficial role was described for GAS (85), GBS (45), and S. preumoniae
(45, 46, 283). Aversely, the type I IFN response may also be considered a key factor in
early progression of invasive S. pneumoniae beyond the lung during development of
invasive pneumococcal disease (52). Moreover, type I IFN is also associated with
suppression of the innate immune response to infections with L. monocytogenes and
Francisella tularensis, resulting in hindered bacterial clearance and deleterious host
effects. Results obtained in this work have shown that type I IFN plays a beneficial role
during the S. suis infection since IFNAR-knock-out mice were more susceptible to
infection than their wild-type counterparts, especially for the intermediate virulent ST25
strain, the most potent in vitro IFN- inducer and, to a lesser extent, for the ST1 strain.
Host death during the S. suis systemic infection is generally a consequence of an
exacerbated systemic inflammatory response leading to an uncontrolled blood bacterial
burden resulting from excessive bacterial growth (216, 284). Modulation of both of
these factors by type I IFN might explain its beneficial role during infection with S. suis.
In fact, IFNAR KO mice infected with the ST1 and ST25 strains induced lower levels
of pro-inflammatory cytokines leading to a lower cell activation, and a lower capacity to
control bacterial burden. A similar effect was previously reported for GBS and

S. pneumoniae (83, 283). Following infection with the intermediate virulent ST25
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strain, the elevated IFN-B production modulates systemic pro-inflammatory mediators,
as observed 12 h p.i., and seems to be responsible for the decreased blood bacterial
burden 48 h p.i. This indicates a required, though delayed role of type I IFN in blood
bacterial burden clearance. Thus, type I IFN induced by that strain counterbalances
systemic inflammation, resulting in a reduction of meningitis and increased host
survival. Indeed, it was previously reported that persistent blood bacterial burden is a
prerequisite for the development of meningitis by S. suis (284). Contrarily, the virulent
ST1 and highly virulent ST7 strains induced similar lower IFN-B production in vitro.
However, in the case of ST1-infected mice, type I IFN played a beneficial role, even
though these two virulent strains induce elevated inflammation. Because of its genetic
particularities, including the presence of a pathogenicity island, the ST7 strain induces
exacerbated inflammation resulting in streptococcal toxic shock-like syndrome
characterized by a cytokine storm (285, 286). Consequently, low levels of type I IFN
induced by the ST7 strain are probably not sufficient to modulate the deleterious effects

of very high pro-inflammatory cytokine levels.
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Proposed model of IFN-B production during S. suis serotype 2 infection

ENDOSOME

The endosomal receptors TLR7 and TLRY, are activated by nucleic acids, while the
surface TLR4 is activated by the suilysin of the pathogen. The production follows a
pathway that use the adaptor molecule MyD88, resulting in activation of IRF1, IRF7,
and to a lesser extent, IRF3. These factors then translocate to the cell nucleus, to trigger
the production of IFN-f, which then, binds IFNAR. If IFNAR is on the surface of the
DC, this results in autocrine regulation of pro-inflammatory cytokines. But, if IFNAR 1is
located on another cell type, the same also occurs but, in this case, the regulation is
paracrine. Following infection with the ST25, ST1 or ST7 strains, the pro-inflammatory
mediators induced by IFNAR binding, clear, control bacterial burden or not, which

results in host survival, some death, or death of all, respectively.
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V- GENERAL CONCLUSION AND
PERSPECTIVES



In conclusion, this study demonstrated that, depending on the virulence level of the
strain, type I IFN is involved in host defense during the S. suis infection by participating
in clearance of blood bacterial burden following modulation of systemic inflammation.
Also, the present work has demonstrated that DCs are an important source of S. suis-
induced IFN-f in the case of the virulent ST1 and highly virulent ST7 strains, following
recognition of bacterial nucleic acids and, to a lesser extent, the SLY. Moreover, this
induction was mainly through a MyD88 pathway, requiring TLR7 and TLR9. Our study
has evidenced that S. suis internalization is required for IFN-f production. In addition,
the intermediate virulent ST25 strain, which was the main IFN-B inducing strain, was
also the most internalized by DCs. Hence, our results suggest the following important
conclusion: less virulence strain, more effective internalization, higher IFN-B induction.

A better understanding of the mechanisms involved in the control of inflammation
and subsequent bacterial burden can provide biomedical foundation for the developing

of effective control measures for this important zoonotic infection.
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