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Dendritic cells (DCs) and NK cells play a crucial role in the first phase of host

defense against infections. Group B Streptococcus (GBS) and Streptococcus suis are

encapsulated streptococci causing severe systemic inflammation, leading to septicemia

and meningitis. Yet, the involvement of NK cells in the innate immune response to

encapsulated bacterial infection is poorly characterized. Here, it was observed that these

two streptococcal species rapidly induce the release of IFN-γ and that NK cells are the

major cell type responsible for this production during the acute phase of the infection.

Albeit S. suis capacity to activate NK cells was lower than that of GBS, these cells partially

contribute to S. suis systemic infection; mainly through amplification of the inflammatory

loop. In contrast, such a role was not observed during GBS systemic infection. IFN-γ

release by NK cells required the presence of DCs, which in turn had a synergistic effect

on DC cytokine production. These responses were mainly mediated by direct DC-NK

cell contact and partially dependent on soluble factors. Though IL-12 and LFA-1 were

shown to be critical in S. suis-mediated activation of the DC-NK cell crosstalk, different

or redundant molecular pathways modulate DC-NK interactions during GBS infection.

The bacterial capsular polysaccharides also differently modulated NK cell activation.

Together, these results demonstrated a role of NK cells in the innate immune response

against encapsulated streptococcal infections; yet the molecular pathways governing

NK activation seem to differ upon the pathogen and should not be generalized when

studying bacterial infections.

Keywords: group B Streptococcus, Streptococcus suis, natural killer cells, dendritic cells, capsular polysaccharide

INTRODUCTION

Streptococcus suis and Group B Streptococcus (GBS, or Streptococcus agalactiae) are two
encapsulated pathogens that induce similar pathologies, including septicemia and meningitis in
animals and/or humans. Among ten GBS serotypes that have been characterized, type III GBS is
the most common type in neonatal meningitis while type V GBS has long been recognized as a
leading cause of invasive disease in adults (Le Doare and Heath, 2013). S. suis is not only a major
swine pathogen but also emerging threat to human health, especially in Asian countries (Gottschalk
et al., 2010; Fittipaldi et al., 2012). S. suis is now the leading cause of adult meningitis in Vietnam,
the second in Thailand and the third in Hong Kong (Gottschalk et al., 2010). Among 35 S. suis
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serotypes that have been described, type 2 S. suis is the most
virulent for both pigs and humans, and most of the studies have
been performed with this serotype. In addition, type 14 S. suis
is also emerging as a zoonotic agent (Goyette-Desjardins et al.,
2014).

The capsular polysaccharide (CPS) defines the serotype and
is considered a key virulence factor for both bacterial species
(Cieslewicz et al., 2005; Maisey et al., 2008; Gottschalk et al.,
2010; Fittipaldi et al., 2012). Indeed, these two streptococci are
the sole Gram-positive bacteria harboring a side chain terminated
by sialic acid in their CPS compositions. In spite of this and
other CPS biochemical and structural similarities (Cieslewicz
et al., 2005; Van Calsteren et al., 2010, 2013), GBS and S. suis
pathogenic mechanisms and interplay with components of the
immune system seem to radically differ (Segura et al., 1998;
Maisey et al., 2008; Lecours et al., 2011; Fittipaldi et al., 2012;
Lemire et al., 2012a,b; Segura, 2012). Experiments using non-
encapsulated mutants have shown that type 2 and type 14
S. suis CPSs have a strong antiphagocytic effect and severely
interfere with the release of cytokines by S. suis-infected antigen-
presenting cells (APCs). In contrast, encapsulated type III or type
V GBS are easily internalized by APCs and cytokine production
is only partially modified or unaltered by the presence of CPS
(Segura et al., 1998; Lecours et al., 2011; Lemire et al., 2012a,b,
2014; Roy et al., 2015).

Protective immunity requires the coordinated activation of
both the innate and adaptive immune systems. Interactions
between innate and adaptive immune effectors are essential for
the efficient control of pathogens and often play an important
role in ending immune responses which would otherwise
eventually be harmful to the host. During infection, myeloid cells
play a key role not only as first line of defense but also as key
cells that contribute to the activation of other innate immune
cells, such as natural killer (NK) cells. Dendritic cells (DCs) are
recognized as the most powerful APCs that initiate immune
responses against pathogens and are considered an essential
link between innate and adaptive immunity. Consequently, the
interactions between DCs and other immune cells can strongly
influence the outcome of a disease, and more importantly the
magnitude and phenotype of the ensuing adaptive immune
response to the invading pathogen. NK cells are large granular
lymphocytes recognized as playing a pivotal role in the innate
immune responsemainly against viruses. However, recent studies
provided strong evidence for the participation of NK cells in
the innate immune response to bacterial infections via the
production of pro-inflammatory cytokines, such as interferon
gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α)
(Souza-Fonseca-Guimaraes et al., 2012; Adib-Conquy et al.,

Abbreviations: APCs, antigen-presenting cells; CCL, C-C motif chemokine

ligand; CPS, capsular polysaccharide; CXCL, C-X-C motif chemokine ligand; DC,

dendritic cell; GBS, Group B Streptococcus; GM-CSF, granulocyte macrophage

colony stimulating factor; G-CSF, granulocyte-colony stimulating factor; IFN,

interferon; IL, interleukin; i.p., intraperitoneally; mAb, monoclonal antibody;

MACS, magnetically-activated cell sorting; MOI, multiplicity of infection; NK,

natural killer; PAMP, pathogen-associated molecular pattern; THB, Todd-Hewitt

broth; THA, Todd-Hewitt agar; TLR, Toll-like receptor; TNF, tumor necrosis

factor.

2014). Indeed, NK cells possess receptors allowing them to sense
and respond to viral and bacterial patterns, including Toll-like
receptors (TLRs) (Adib-Conquy et al., 2014).

Several studies have demonstrated that the crosstalk between
DCs and NK cells can potentiate each other efficiency (Moretta
et al., 2006). Stimulation of DCs drives the production of
key NK cell-activating cytokines, such as interleukin (IL)-12
and IL-18, in addition to enhancing cell-cell contact between
DCs and NK cells. This DC-NK cell crosstalk is known to
be important in NK cell activation, IFN-γ production and
acquisition of effector functions. In return, NK cells contribute
to DC maturation and activation (Borg et al., 2004; Moretta
et al., 2006). Nevertheless, few studies have addressed the role
of DC-NK cell crosstalk, which might represent a major and
early source of IFN-γ production, during streptococcal infections
(Elhaik-Goldman et al., 2011; Bouwer et al., 2013; Lachance et al.,
2013a). Indeed, among pro-inflammatory cytokines, IFN-γ has
gained much interest over the years for its important beneficial
role in controlling GBS infections. In fact, it was shown that
IL-12 and IL-18 mediate their therapeutic effects by increasing
IFN-γ production by responding immune cells (Cusumano et al.,
1996, 2004; Mancuso et al., 1997). A protective role of IFN-γ
was also shown in type III and type V GBS infections in mice.
Furthermore, IFN-γ production is severely impaired during early
life and might partly explain the susceptibility of neonates to
GBS infection (Wilson, 1986; Cusumano et al., 1996). Similarly,
clinical and epidemiological data from type 2 S. suis-infected
patients showed that during the early phase of the disease,
serum levels of IFN-γ, and other inflammatory cytokines, are
extremely high (Ye et al., 2009). Mice experimentally infected
with virulent type 2 S. suis strains showed increased systemic
levels of IFN-γ expression early after infection (Lachance et al.,
2013a). Albeit NK cells have been suggested as a potential source
of IFN-γ production during either type III GBS or type 2 S. suis
infections (Derrico and Goodrum, 1996; Lachance et al., 2013a),
modulation of the DC-NK cell crosstalk by these two pathogenic
streptococci has never been addressed before.

Based on these observations and previous findings on GBS
and S. suis interactions with DCs, the hypothesis of this study
is that GBS and S. suis drive NK cell production of IFN-γ and
other inflammatory cytokines that depend on the formation of
a DC-NK cell crosstalk. We also hypothesize that the bacterial
CPSs differentially modulate these interactions. To this aim, we
investigated ex vivo and in vivo the role of NK cells during the
innate immune response against type III GBS or type 2 S. suis. In
vitro DC-NK co-culture systems were used to further dissect the
molecular pathways leading to NK cell activation and to evaluate
the role of the CPS by studying different GBS or S. suis capsular
serotypes and respective non-encapsulated mutants.

MATERIALS AND METHODS

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, CCAC.
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The protocol was approved by the Animal Welfare Committee
of the University of Montreal (protocol # Rech-1399).

Bacterial Strains and Growth Conditions
Bacterial strains used in this study are listed in Table 1. All strains
were grown in Todd-Hewitt Broth (THB) or agar (THA) (Becton
Dickinson, Mississauga, ON, Canada) or on sheep blood agar
plates at 37◦C for 18 h as previously described (Lemire et al.,
2013; Calzas et al., 2015; Clarke et al., 2016). Briefly, isolated
GBS or S. suis colonies were inoculated in 5ml of THB and
incubated for 8 h at 37◦C with shaking. Working cultures were
prepared by transferring 10µl of 1/1,000 dilutions of 8 h-cultures
into 30 ml of THB which was incubated overnight at 37◦C with
agitation. Early stationary phase bacteria were washed twice with
PBS pH 7.3 before being appropriately diluted in fresh medium
to desired inoculum concentrations. The number of CFU/ml in
the final suspensions was determined by plating serial dilutions
of working cultures on THA using an Autoplate 4000 Automated
Spiral Plater (Spiral Biotech, Norwood, MA).

Generation of Bone Marrow-Derived
Dendritic Cells
Bone marrow-derived DCs were generated from C57BL/6 female
mice 5-week-old (Charles River Laboratories, St-Constant, QC,
Canada) according to a technique described elsewhere (Lecours
et al., 2011; Lemire et al., 2012a,b; Clarke et al., 2016). Briefly, after
red blood cell lysis, total bone marrow cells (2.5 × 105 cells/ml)
were cultured in complete medium consisting of RPMI 1640
supplemented with 5% heat-inactivated FBS, 10mM HEPES, 20
µg/ml gentamycin, 100 U/ml penicillin-streptomycin, 2 mM L-
glutamine, and 50 µM 2-β-mercaptoethanol. All reagents were
from Life Technologies (Burlington, ON, Canada). Complete
medium was complemented with 20% granulocyte-macrophage
colony-stimulating factor (GM-CSF) from a mouse GM-CSF
transfected cell line (Ag8653) as a source of GM-CSF. Cells were
cultured for 7 days at 37◦C with 5% CO2. On day 7, clusters were
harvested and subcultured overnight to remove adherent cells.
Non-adherent cells were collected on day 8 and used as immature
DCs for the studies. Cell purity was routinely≥ 88% CD11c+high

cells as determined by FACS analysis and as previously reported
(Lecours et al., 2011; Lemire et al., 2012a,b).

Culture of Splenic NK Cells
Untouched NK cells were purified from naive C57BL/6
mice by negative selection using NK cell isolation kit II
microbeads and magnetically-activated cell sorting (MACS;
Miltenyi Biotec, Auburn, CA). Purified NK cells were either
used as freshly isolated cells or expanded in vitro for 8
days at 37◦C with 5% CO2 in complete RPMI 1640 medium
supplemented with 500 ng/ml of recombinant mouse IL-2
(Miltenyi Biotec) as previously reported (Sanabria et al., 2008;
Pontiroli et al., 2012; Lachance et al., 2013a; Yea et al., 2014).
The resulting NK cell purity of expanded cultures was routinely
> 93% NK1.1+ and CD3- as determined by FACS analysis
(Figure S1).

DC and NK Cell Co-cultures
DC and NK cell (DC-NK) co-cultures were established at a
ratio of 1:3 in complete, antibiotic-free medium. This ratio
was determined after standardization with different ratios of
DCs and NK cells (Figure S2). The ratio of 1:3 was chosen
as allowed to obtain a significant production of IFN-γ using
a lower number of NK cells and thus reducing the number
of animals required for the experiments. Co-cultures were
infected with 2.5 × 105 CFU of different GBS or S. suis strains
(initial multiplicity of infection [MOI]:1 to DCs). As previously
standardized (Lemire et al., 2012a,b, 2013, 2014; Lachance et al.,
2013a; Clarke et al., 2016; Lecours et al., 2016), after bacterium-
cell contact, antibiotics were added to the cultures to prevent cell
toxicity and obtain an optimal antigenic stimulus, and thus DC
activation for each pathogen. Supernatants were collected after a
final 14 h of incubation. Non-stimulated cells (medium alone)
served as negative control. In addition, single DC or NK cell
cultures were also included as controls. In selected experiments, a
Transwell R© system was incorporated to the DC-NK co-cultures.
A Transwell R© insert with a 0.4 µM pore size polycarbonate
membrane was placed in 24-well flat bottom Nunc plates (Fisher
Scientific, Ottawa, ON, Canada). NK cells were placed in the
lower compartment. DCs were placed in the upper compartment
of the Transwell R© insert. GBS or S. suis strains (initial MOI:1 to
DCs) were added to both, the upper and the lower compartments,
and co-cultures were incubated as described above. In some
experiments, NK cells were cultured alone in the presence of
non-diluted supernatants obtained from 14 h-infected DCs at an
initial MOI:1.

For inhibition assays, DCs and/or NK cells were pre-treated 1
h prior to bacterial infection with anti-mouse IL-12 (20 µg/ml;
clone C17.8, rat IgG2a) anti-mouse CD314/NKG2D (10 µg/ml;
clone C7, ArmenianHamster IgG), anti-mouse CD11a/LFA-1 (10
µg/ml; clone M17/4, rat IgG2a) or isotype controls (rat IgG2a and
Armenian hamster IgG). All antibodies were from eBioscience
(San Diego, CA). Doses of neutralizing antibodies were selected
in pre-tests and/or based on the literature (Guan et al., 2007;
Humann and Lenz, 2010; Jiao et al., 2011; Bouwer et al., 2013).

All solutions and bacterial preparations used in these
experiments were tested for the absence of endotoxin
contamination using a Limulus amebocyte lysate test (Pyrotell,
STV, Cape Cod, MA) with a sensitivity limit of 0.03 EU/ml.

Ex vivo Analysis of Total Splenocytes
C57BL/6 female, 5-week-old mice (Charles River Laboratories)
were injected intraperitoneally (i.p.) with a dose of 1 × 107 CFU
of type III GBS strain COH-1 or 5 × 107 CFU of type 2 S. suis
strain P1/7. Mouse models of infection, including injection dose,
for these two bacterial strains have been previously standardized
(Dominguez-Punaro Mde et al., 2008; Lachance et al., 2013a,b;
Lemire et al., 2013; Clarke et al., 2016; Lecours et al., 2016).
Control mice were injected with the vehicle solution (sterile
THB). Spleens from infected mice with clinical signs of disease
and positive bacteremia (1–5 × 108 CFU/ml of blood) were
harvested 6 h post-infection (n = 3 per group × 3 individual
experimental infections), perfused with complete RPMI medium
(without antibiotics), teased apart, and pressed gently through a
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TABLE 1 | Bacterial strains used in this study.

Strains General characteristics Source/reference

Group B Streptococcus

COH-1 Wild-type, encapsulated, and virulent strain isolated from an infant with septicemia and meningitis in United States of America.

Serotype III.

Tettelin et al., 2005

1cpsE Non-encapsulated mutant derived from strain COH-1. Deletion of the cpsE gene. Lemire et al., 2012a

CJB111 Wild-type, encapsulated, and virulent strain isolated from a neonate with septicemia in United States of America. Serotype V. Tettelin et al., 2005

1cpsE Non-encapsulated mutant derived from strain CJB111. Deletion of the cpsE gene. Lemire et al., 2014

Streptococcus suis

P1/7 Wild-type, encapsulated, and virulent strain isolated from a pig with meningitis in United Kingdom. Serotype 2. Slater et al., 2003

1cpsF Non-encapsulated mutant derived from strain P1/7. Deletion of the cpsF gene. Lecours et al., 2011

DAN13730 Wild-type, encapsulated, and virulent strain isolated from a human with meningitis in Netherlands. Serotype 14. Gottschalk et al., 1989

1cpsB Non-encapsulated mutant derived from strain DAN13730. Deletion of the cpsB gene. Roy et al., 2015

sterile fine wire mesh. After red blood cells lysis and washing,
total splenocytes were counted and plated at a concentration
of 5 × 106 cells/ml in complete RPMI medium in 24-well flat
bottom plates, and incubated at 37◦C with 5% CO2 for 5 and
14 h. Antibiotics were added to the cultures to prevent cell
toxicity as described (Lachance et al., 2013a; Lemire et al., 2013;
Clarke et al., 2016; Lecours et al., 2016). Total splenocytes from
control (placebo) animals were similarly treated. Brefeldin A (3
µg/ml) was added during the last 5 h, and total splenocytes
were analyzed by intracellular FACS (see below). In selected
experiments, Brefeldin A (400 µg/ml) was injected i.p. directly to
mice 5 h prior to spleen collection and cells were directly analyzed
by intracellular FACS (without an ex vivo incubation step).

In vivo NK1.1+ Cell Depletion
To deplete NK1.1+ cells, supernatant of anti-NK1.1 mouse
monoclonal antibody (mAb) was produced by the hybridoma
cell line PK-136 (ATCC HB-1991TM). NK1.1+ cell depletion
started 4 d prior to bacterial infection by i.p. injections of 1
ml of supernatant (1 mg mAb) or isotype control in culture
medium (mock-treated). Injections were repeated 2 and 1 days
before bacterial infection. NK1.1+ cell numbers post-depletion
were evaluated by FACS (as described Frenkel et al., 2016; Benigni
et al., 2017) in the spleens of mock-treated and mAb treated-
animals. NK1.1+ cells were depleted beyond >75% (Figure S3).
At the day of the infection, mice were injected i.p. with different
doses of type III GBS strain COH-1 or type 2 S. suis strain
P1/7. Mice were closely monitored to record mortality and
clinical signs of disease, such as depression, rough appearance
of hair coat, and swollen eyes. Mice exhibiting extreme lethargy
were considered moribund and were humanely euthanized. To
determine the level of infection, numbers of viable bacteria in
blood were quantified at 6, 12, and 24 h post-infection. Blood
samples were collected from the tail, serially diluted in PBS
and plated onto THA plates as described above. Colonies were
counted and expressed as CFU/ml of blood. To measure plasma
cytokine levels, mice were euthanized at 24 h post-infection and
blood collected by cardiac puncture. Non-infected mice were
used as negative controls. Plasma was conserved at −80◦C for
cytokine analyses. Numbers of animals per group are displayed
in figure legends.

Cytokine Quantification by ELISA
Levels of IL-6, IL-10, IL-12p40, IL-12p70, IFN-γ, TNF-α, C-
C motif chemokine ligand (CCL) 2, CCL5, C-X-C motif
chemokine ligand (CXCL) 9, CXCL10, and granulocyte-colony
stimulating factor (G-CSF) in cell culture supernatants were
measured by sandwich ELISA using pair-matched antibodies
fromR&D Systems (Minneapolis, MN) or eBioscience, according
to the manufacturer’s recommendations. Two-fold dilutions of
recombinant mouse cytokines were used to generate standard
curves. Sample dilutions giving OD readings in the linear portion
of the appropriate standard curve were used to quantify the levels
of each cytokine. The results are from at least three independent
ELISA measurements.

FACS Analysis
For cell surface staining of total spleen cells, 106 cells were
washed and treated for 15 min on ice with FcR-blocking reagent
(FcγIII/II Rc Ab) in sorting buffer (PBS-1% FBS). Blocked cells
were then incubated with different combinations of the following
antibodies: PECy7-conjugated anti-NK1.1 mAb (clone PK-136),
PE-conjugated anti-CD19 (clone 6D5), FITC-conjugated anti-
CD3 (clone 17A2), and/or PE-conjugated anti-CD69 mAb (clone
H1.2F3) for 30 min on ice. For intracellular staining, cells were
fixed, permeabilized, and incubated with APC-conjugated anti-
mouse IFN-γ (clone XMG1.2) or APC-conjugated anti-mouse
TNF-α (clone MP6-259 XT22) for 45 min at room temperature.
All reagents were from BD Biosciences (Mississauga, ON,
Canada). FACS was either performed using an AccuriTM C6
instrument or a FACSCanto II instrument (BD Biosciences). For
acquisition, 30,000–70,000 events were acquired per sample and
data analyses were performed using BD Accuri C6 software or
FACSDivaTM software. Quadrants were drawn based on control
stains and were plotted on logarithmic scales. Fluorescence
Minus One (FMO) control staining was performed for proper
analysis and gating of target cells.

Statistical Analysis
Data are expressed as mean± SEM and analyzed for significance
using Student’s unpaired t-test. The Kaplan-Meier method and
log-rank Mantel-Cox tests were used to compare mouse survival
rates of the studied groups. All analyses were performed using
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the Sigma Plot System (v.11.0; Systat Software). A P < 0.05 was
considered as statistically significant.

RESULTS

NK Cells Rapidly Produce IFN-γ in
Response to Either GBS or S. suis, Yet
Inter-Species Differences Are Observed
Before characterizing the mechanisms underlying NK cell
activation in response to GBS or S. suis, we were interested in
understanding the importance of NK cells in the acute phase
of systemic infections by these two pathogens. To this aim,
spleens from infected mice were collected 6 h of post-infection,
at the onset of the first clinical signs of systemic disease and
under comparable bacteremia levels for both pathogens (Figure
S4). As plasma levels of IFN-γ are in general very low and
barely detectable by ELISA (Teti et al., 1993; Cusumano et al.,
1996; Mancuso et al., 1997; Dominguez-Punaro Mde et al., 2008;
Lemire et al., 2013), intracellular levels of this cytokine were
analyzed ex vivo in total splenocyte cultures, which also allows
identification of cellular sources. As shown in Figures 1A,B,
following infection with type III GBS, the number of IFN-γ-
producing NK1.1+ cells increased overtime in infected mice and
was significantly higher than that of the non-infected controls.
Indeed, the NK1.1+ cells were shown to be the major producers
of IFN-γ after 5 h of ex vivo incubation; however, at later time
points (14 h of ex vivo incubation) the % of INF-γ-secreting NK
1.1– cells also increased, suggesting a role of NK cells in the early
boost of IFN-γ which is then amplified by other immune cells
during type III GBS infection (Figure 1A).

As NK1.1+ cells include NK and NKT cells, to specifically
dissect the role of NK cells and the potential contribution
of other immune cells to IFN-γ production, multi-parametric
intracellular FACS analyses of total splenocytes from type III
GBS-infected mice were performed. NK cells (NK1.1+CD3–)
represented ∼75% of the IFN-γ production after 5 h of ex vivo
incubation (Figure 1C) whereas NKT (NK1.1+CD3+) and T
cells (CD3+) accounted each for less than 15 and 7.5% of this
production, respectively. B cells (CD19+ cells) did not produce
significant levels of this cytokine (data not shown).

The pattern of IFN-γ production after type 2 S. suis-infection
differed from than observed for type III GBS (Figure 1A). First,
the total number of IFN-γ-producing splenocytes was lower than
that observed for type III GBS. Albeit NK1.1+ cells were also
important producers of this cytokine, levels were low and did
not seem to increase over time (Figure 1A). Indeed, by analyzing
10,000 NK1.1+ gated cells, a significant increase in IFN-γ
production was observed compared to uninfected controls.
However, and in contrast to type III GBS, this production
remained stable across time (Figure 1B). In type 2 S. suis-
infected mice, NK cells (NK1.1+CD3–) represented ∼66% of
the IFN-γ production after 5 h of ex vivo incubation. NKT
cells (NK1.1+CD3+) were the second most important IFN-
γ-producing cells (33%), while T and B cells produced no
significant levels of IFN-γ at early time points (Figure 1C and
data not shown).

Overall, these data suggest that NK cells produce an early IFN-
γ response after either GBS or S. suis infection, yet inter-species
differences are observed.

Streptococcal Infections Increase Surface
Expression of CD69 but Fail to Induce
TNF-α Production by NK1.1+ cells
To measure the ability of GBS or S. suis to induce optimal
activation of NK1.1+ cells, we measure surface expression of
CD69 and the production of TNF-α, a cytokine described to
be produced by these cells in the context of infection (Souza-
Fonseca-Guimaraes et al., 2012). An early increase in TNF-α
production was observed in total splenocytes from either type III
GBS- or type 2 S. suis-infected mice. This production decreased
over time (Figure 2A). Nevertheless, NK1.1+ cells were negative
for TNF-α intracellular staining, suggesting that this cytokine
production was generated mainly by cells of the innate immune
system within the NK1.1– population during a streptococcal
infection. It should be mentioned that neither the analysis of
10,000 NK1.1+ gated cells nor the analysis of NK1.1+ cells
directly in vivo (without an ex vivo incubation step) allowed
detection of a significant production of TNF-α by NK1.1+ cells
(data not shown). Total splenocytes from infected animals also
showed a time-dependent increase in surface expression of the
early activation marker CD69 (Figure 2B). CD69 expression was
observed in both NK1.1+ and NK1.1− spleen sub-populations
(Figure 2B).

Taken as a whole, ex vivo analyses of total splenocytes from
infected mice suggest that NK cells rapidly produce IFN-γ,
increase CD69 expression at their surface but do not contribute
to the total TNF-α production by infected splenic cells. Yet,
type 2 S. suis-infected mice showed an overall lower innate
immune response compared to a similar systemic infection with
type III GBS. Interestingly, a reduction in the percentage of
NK1.1+ cells was noticed following infection by GBS or S.
suis. By analyzing the quantity of NK1.1+ cells after 6 h of in
vivo infection, a significant decrease in the quantity of NK1.1+

cells (around 30–40%, P < 0.01) compared to non-infected
controls was observed for both pathogens (Figure 3). These
results suggest either a trafficking of NK1.1+ cells to the infection
sites or could be a consequence of their apoptosis (Venet et al.,
2010).

Depletion of NK1.1+ Cells Promotes
Survival of Mice during S. suis Infection but
Not during GBS Infection
To determine if NK cells play a beneficial or detrimental role in
the pathogenesis of streptococcal infections, we depleted NK1.1+

cells by anti-NK1.1 (clone PK-136) mAb-treatment prior to
infection with GBS or S. suis. In spite of carefully standardized
mouse models of infection (Figure S4), bacterial growth rates in
blood might diverge between the two streptococcal species over
12 h of infection and the outcome of the treatment could be
affected by bacteremia levels. As such, three different infectious
doses were evaluated in this set of experiments (Figure 4 and
Figure S5).
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FIGURE 1 | Ex vivo analyses of cellular sources of IFN-γ during the acute phase of streptococcal infections. Mice were infected intraperitoneally with a dose of 1 ×

107 of type III GBS wild-type strain COH-1 or 5 × 107 CFU of type 2 S. suis wild-type strain P1/7 (n = 3 per group × 3 individual experimental infections). Spleens

were harvested 6 h post-infection and total splenocytes plated at 5 × 106 cells/well. Non-stimulated cells from mock-infected animals served as negative control for

basal expression (Non-infected). Total splenocytes were incubated for 5 or 14 h with brefeldin A (3 µg/ml) added during the last 5 h of incubation. Cells were

harvested and intracellularly stained for IFN-γ in combination with NK1.1 surface staining (A,B) or in combination with several surface markers for multi-parametric

FACS analysis (C). For (B,C), to improve detection, IFN-γ expression was analyzed on 10,000 NK1.1+ (B) or 5,000 NK1.1+ (C) gated cells and data expressed as

means ± SEM from three different experimental infections. *P < 0.05, indicates statistically significant difference compared to non-infected control mice. #P < 0.05,

indicates statistically significant difference between type III GBS- and type 2 S. suis-infected mice. For (C), results show IFN-γ+ cells within different spleen cell

populations at 5 h. Dot-line indicates an increase in IFN-γ production over non-infected controls.
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FIGURE 2 | TNF-α production and CD69 expression by NK1.1+ cells during the acute phase of streptococcal infections. Mice were infected intraperitoneally with a

dose of 1 × 107 of type III GBS wild-type strain COH-1 or 5 × 107 CFU of type 2 S. suis wild-type strain P1/7 (n = 3 per group × 3 individual experimental infections).

Spleens were harvested 6 h post-infection and total splenocytes plated at 5 × 106 cells/well. Non-stimulated cells from mock-infected animals served as negative

control for basal expression (Non-infected). Total splenocytes were incubated for 5 or 14 h with brefeldin A (3 µg/ml) added during the last 5 h of incubation. Cells

were harvested and intracellularly stained for TNF-α (A) or surface stained for CD69 (B) in combination with NK1.1 surface staining. (A) % of TNF-α+ cells within the

NK1.1− and the NK1.1+ cell populations are indicated. Representative data from three different experimental infections. (B) % of CD69+ cells within the NK1.1+ or

the NK1.1– cell populations of the spleen. Data are expressed as means ± SEM from three different experimental infections. *P < 0.05, indicates statistically

significant difference compared to non-infected control mice.

As shown in Figure 4A, NK1.1+ cell depletion slightly delayed
mouse death after systemic infection but does not influence the
overall outcome of GBS infection at a dose of 1 × 107 CFU,
and almost all the mice died at 24 h post-infection. Moreover,
the absence of NK1.1+ cells had no effect on bacteremia levels
after 6 or 12 h post-infection (Figure 4A). Previous experiments
demonstrated that a lower dose (1 × 106 CFU) is not sufficient
to cause clinical signs (Figure S4) and mice rapidly clear GBS
(Lemire et al., 2013; Clarke et al., 2016). The depletion of NK1.1+

cells had no impact in the clearance of the infection at this dose
or at an intermediate dose (3× 106 CFU) either (Figure S5A).

On the other hand, depletion of NK1.1+ cells partially reduced
mortality in S. suis-infected mice, at least during the first 24 h
of infection with a dose of 5 × 107 CFU (Figure 4B). Due to
the possibility of renewal in the pool of NK1.1+ cells after 48 h
of the last dose of mAb treatment, we only focussed on the first
24 h of S. suis infection. Indeed, 30% of mock-treated mice died

after 24 h post-infection compared to 0% in the NK1.1+ cell-
depleted group (P < 0.005). Like GBS, the levels of bacteremia
after 6, 12, or 24 h post-infection were similar between the two
groups (Figure 4B). No significant differences were observed at
lower S. suis infectious doses (<5 × 107 CFU, Figure S5B), and
no or very low mortality was recorded for both groups at 24 h
post-infection. Higher doses (>5 × 107) were lethal early after
infection.

NK1.1+ Cells Participate in the
Amplification of the Inflammatory Loop
during S. suis Infection
It was previously demonstrated that an exaggerated
inflammatory response leads to pathological consequences
during the acute phase of S. suis infection (Dominguez-Punaro
Mde et al., 2008). Thus, to provide more insight into the possible
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FIGURE 3 | NK1.1+ population decreases after GBS or S. suis infection. Mice

were infected intraperitoneally with a dose of 1 × 107 of type III GBS wild-type

strain COH-1 or 5 × 107 CFU of type 2 S. suis wild-type strain P1/7 (n = 10

per group). Non-infected (placebo) animals served as controls (n = 12).

Spleens were harvested 6 h post-infection and stained for NK1.1+ cell

population. For analysis, 70,000 total events were acquired per sample and

data are expressed as individual mouse values. **P < 0.01, indicates

statistically significant difference compared to non-infected control mice.

deleterious role of NK1.1+ cells during S. suis infection, we
measured plasma levels of several cytokines and chemokines
following S. suis infection after 24 h post-infection. As shown in
Figure 5, after infection, NK1.1+ cell depleted-mice exhibited
significantly reduced levels of the cytokines IL-6, IL-12p40,
and G-CSF, and of the chemokines CCL2 and CCL5 compared
to mock-treated infected mice (P < 0.05). No significant
plasma levels of IFN-γ or TNF-α were observed under these
experimental conditions and evaluated time point (data not
shown), as previously reported (Dominguez-Punaro Mde et al.,
2008).

Altogether, despite NK cells are the main producer of IFN-
γ during early steps of GBS infection, these cells may have
a limited role in the pathogenesis of the acute phase of GBS
infection and/or other cells compensate for the absence of NK
cells (Berg et al., 2005). In contrast, NK cells seem to be involved
in the amplification of the inflammatory response during S. suis
infection and can contribute to the exaggerated response early
after infection.

DCs Are Required for IFN-γ Production by
NK Cells in Response to Encapsulated
Streptococci
The fact that TLRs have been discovered to be expressed by NK
cells has opened a new interest in their putative involvement
in the innate immune response to bacterial infections (Adib-
Conquy et al., 2014). Some studies reported a direct interaction
of bacteria or bacterial components with NK cells (Schmidt
et al., 2004; Yun et al., 2005; Esin et al., 2008; Marcenaro et al.,
2008; Mian et al., 2010; Adib-Conquy et al., 2014). To evaluate
the possibility that NK cells can be directly activated by live
encapsulated streptococci, we incubated freshly isolated-NK cells
from naïve mice with type III GBS or type 2 S. suis. As displayed
in Figure 6A, NK cells produced low amounts of IFN-γ after
direct contact with these two pathogenic streptococci. Freshly,

MACS-purified splenic NK cells might contain contamination
with other immune cells, such as APCs. Thus, to increase purity
and yield, we used an in vitro expanded culture of splenic NK cells
supplemented with IL-2 to confirm the obtained data. The purity
of expanded NK cells was higher than 93% of NK1.1+CD3– cells,
and more importantly, did not contain contaminating NK1.1–

APCs (Figure S1). Using this highly pure culture of NK cells,
production of IFN-γ after direct contact with either GBS or S.
suiswas not significantly different from non-infected control cells
(Figure 6B). Similar data were obtained when other cytokines
were tested or when different bacterial MOIs were used (data not
shown).

To assess the importance of accessory cells in the activation
of NK cells by type III GBS or type 2 S. suis, NK cells
were co-cultured with DCs, as a source of APCs. A marked
increase in IFN-γ production was observed in infected DC-
NK cell co-cultures compared to non-infected counterparts or
compared to infected-NK cell single cultures. This increase
was observed when using either freshly isolated- or expanded-
NK cells (Figures 6A,B), and was dependent on the number
of NK cells in the co-culture (Figure S2). It should be
noted that single cell cultures of DCs did not produce IFN-
γ upon infection (data not shown). These data indicate
that DCs are required to induce IFN-γ production by NK
cells in the context of encapsulated streptococcal infections.
In general, and similarly to that observed ex vivo, type
III GBS showed higher capacity to induce in vitro IFN-γ
production by NK cells in co-culture than type 2 S. suis (Figure
S2).

NK Cells Provide a Positive Feedback Loop
for DC Activation Which Differs between
GBS and S. suis
Because the crosstalk between DCs and NK cells is bidirectional
(Moretta et al., 2006; Barreira da Silva and Munz, 2011;
Souza-Fonseca-Guimaraes et al., 2012), it was important to
determine whether the production of IFN-γ influences the
magnitude and profile of cytokine secretion by DC-NK cell co-
cultures. Type III GBS induced a high production of TNF-α
by DCs and this production was unchanged in DC-NK cell
co-cultures (Figure 6C). Thus, and similarly to that observed
ex vivo (Figure 2A), NK cells did not produce TNF-α and
did not influence the production of this cytokine by infected
DCs. A similar pattern was observed for type 2 S. suis-
infected co-cultures; however, levels of TNF-α secretion by
DCs were markedly lower than those observed for type III
GBS (Figure 6C). Similar results were obtained when the pro-
inflammatory cytokine IL-6 was evaluated with either GBS or
S. suis (data not shown). In contrast, production of IL-12p70
in infected DC-NK cell co-cultures was significantly higher
than infected-DC single cultures for both pathogens (P < 0.01;
Figure 6D). Yet, type 2 S. suis induced lower levels of IL-12p70 by
either DCs or DC-NK cell co-cultures than those obtained upon
infection with type III GBS (P < 0.01; Figure 6D). Finally, the
production of CXCL9 in DC-NK cell co-cultures was evaluated
as it is a chemokine known to be induced by IFN-γ (Robertson,
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FIGURE 4 | Effect of in vivo NK1.1+ cell depletion on GBS or S. suis infection is dose-independent or –dependent, respectively. Mice were either mock-treated or

pre-treated with PK-136 monoclonal antibody (mAb) supernatant by 3 injections at days −4, −2, and −1 prior to infection. Twenty-four hours after the last injection

(day 0), mice were intraperitoneally infected with a dose of 1 × 107 CFU of type III GBS wild-type strain COH-1 or 5 × 107 CFU of type 2 S. suis wild-type strain P1/7.

Survival and levels of bacteremia of GBS-infected mice (A) or S. suis-infected mice (B) were monitored during 24 h (n = 20, results combined from two experiments).

Blood samples were collected from the tail at 6, 12, and 24 h post-infection, and plated onto THB agar plates. Colonies were counted and data expressed as CFU/ml

of blood. **P < 0.01, indicates statistically significant differences between mock-treated and mAb PK136-treated mice infected with S. suis (B) according to the

log-rank test (Mantel-Cox). For different doses of infection, refer to Supplementary Figure S5.

2002). Type III GBS failed to induce this CXCL9 production
by DCs in single cultures, but its production was markedly
increased in co-cultures (P < 0.01; Figure 6E), indicating an
important positive feedback loop of NK cells (probably via IFN-
γ) for this chemokine production. In contrast to GBS, neither DC
single cultures nor DC-NK cell co-cultures produced significant
levels of CXCL9 in contact with type 2 S. suis (Figure 6E),
suggesting that the synergistic effect between DCs and NK
cells differs in magnitude and/or profile upon the streptococcal
species.

Cell-Cell Contact and Soluble Factors Are
Important in the DC-NK Cell Crosstalk
To further characterize the interactions between DCs and
NK cells during encapsulated streptococcal infections, the
requirement of cell-cell contact was evaluated using a Transwell R©

system. As shown in Figure 7A, the absence of direct cell-cell
contact resulted in significant inhibition of IFN-γ production
by NK cells for either GBS or S. suis-infected co-cultures
(P < 0.01). Despite this strong inhibition, IFN-γ production
was still higher than that observed in respective non-infected
controls (P < 0.05), indicating that part of this production is
independent of cell-cell contact and thus probably mediated
by soluble factors. Cell-cell contact was also markedly required

for the synergistic effect on cytokine production observed
in infected DC-NK cell co-cultures (Figures 7B,C). Indeed,
the increased production of IL-12p70 and CXCL9 in type
III GBS-infected co-cultures was almost completely inhibited
(P < 0.01), indicating that this synergistic effect mostly
depends on cell-cell contact. Similarly, a marked but yet not
complete inhibition was observed in the IL-12p70 production
by S. suis-infected co-cultures when using a Transwell R© insert
(Figure 7B).

To confirm that soluble factors might play a minor,
but still significant, role in NK-derived IFN-γ production,
NK cells alone were incubated with supernatants from
either GBS or S. suis-infected DCs. Production of IFN-γ
by NK cells was significantly higher after incubation with
supernatants from infected DCs than that obtained with
supernatants from non-infected DCs (Figure 7D). This
production was similar to the observed residual IFN-γ
production in co-cultures containing a Transwell R© insert
(Figure 7A).

Thus, for both GBS and S. suis, the IFN-γ production by NK
cells and the synergistic effect on cytokine production by DC-
NK cell co-cultures are principally dependent on cell-cell contact,
yet a contribution of soluble factors to the IFN-γ production is
observed.
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FIGURE 5 | In vivo production of pro-inflammatory cytokines and chemokines is reduced in NK1.1+ cell depleted-mice infected with S. suis. Mice were either

mock-treated or pre-treated with PK-136 monoclonal antibody (mAb) supernatant by 3 injections at days -4, -2, and -1 prior to infection. Twenty-four hours after the

last injection (day 0), mice were intraperitoneally infected with a dose of 5 × 107 CFU of type 2 S. suis wild-type strain P1/7. Non-infected mice were used as negative

controls for basal cytokine expression. Plasma was collected 24 h post-infection and production of cytokines and chemokines was measured by ELISA. Data

represent mean values (in ng/ml) ± SEM (n = 20, results combined from two experiments). *P < 0.05 or **P < 0.01, indicates statistically significant differences

between mock-treated (−) and PK-136-treated (+) mice infected with S. suis.

The Molecular Components Involved in the
DC-NK Cell Crosstalk Differ upon the
Streptococcal Species
Because cell-cell contact is important in the IFN-γ production
by NK cells in the presence of DCs, we were interested
in characterizing the molecular components involved in this
interaction. We focused on the LFA-1 adhesion molecule and
on the NKG2D-activating receptor, as these two receptors have
been reported to play a role in the DC-NK crosstalk or during
bacterial infections (Binnerts and van Kooyk, 1999; Guan et al.,
2007; Wesselkamper et al., 2008; Jiao et al., 2011; Bouwer et al.,
2013). When DC-NK cell co-cultures were pre-treated with

neutralizing antibodies against LFA-1 or NKG2D, either alone

or in combination, IFN-γ production was unaltered after type

III GBS stimulation (Figure 7E). Similarly, neutralization of
NKG2D did not affect IFN-γ production by NK cells upon type 2

S. suis stimulation (Figure 7F). However, and in contrast to that

observed for GBS, neutralization of LFA-1 significantly reduced
IFN-γ secretion in S. suis-infected co-cultures (P < 0.01).

It has been shown that IL-12 is required for IFN-γ production,

and the effect of IL-12 is most eminent in combination with
IL-18, for both NK and T cells (Okamura et al., 1998). Since

IL-18 is not produced by GBS- or S. suis-infected DCs under

our culture conditions (data not shown), we investigated more
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FIGURE 6 | Cytokine profiles of DC-NK cell co-cultures in contact with GBS or S. suis. DCs and NK cells (at a ratio of 1:3) were stimulated with type III GBS wild-type

strain COH-1 or type 2 S. suis wild-type strain P1/7 (2.5 × 105 CFU, initial DC-bacteria MOI:1). After bacterium-cell contact, antibiotics were added to prevent cell

toxicity. Supernatants were collected at 14 h of incubation, and IFN-γ (A,B), TNF-α (C), IL-12p70 (D), and CXCL9 (E) levels were measured by ELISA. Non-stimulated

cells (medium alone) served as negative (C-) controls. In addition, single-DC or NK cell cultures were also included as controls. Data represent mean values (in ng/ml)

± SEM of eight distinct experiments. **P < 0.01, indicates statistically significant differences between single cell cultures vs co-cultures. §P < 0.01, indicates

statistically significant differences between GBS-infected cells vs. S. suis-infected cells. Unless otherwise indicated NKs states for culture-expanded splenic NK cells.

specifically the role of IL-12 in the IFN-γ production induced
by these two pathogens. Anti-IL-12 blocking mAb did not
affect IFN-γ production by NK cells in contact with type
III GBS-infected DCs, while its production was significantly
reduced in DC-NK cell co-cultures infected with type 2 S.
suis (Figures 7E,F). Combination of anti-LFA-1, anti-NKG2D or
anti-IL-12 neutralizing antibodies, either in pairs or altogether,

confirmed that LFA-1 and IL-12 have a synergistic effect on
S. suis-induced IFN-γ production by NK cells (Figure 7F).
Indeed a decrease of 70% in IFN-γ production was observed in
co-cultures treated with a combination of anti-LFA-1 and anti-
IL-12 neutralizing antibodies compared to non-treated controls
(P < 0.01). Absence of effect on IFN-γ production by the
isotype controls confirmed the specificity of the inhibition. In
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FIGURE 7 | Different mechanisms mediate DC-NK cell crosstalk during GBS or S. suis infections. DCs and culture-expanded splenic NK cells were co-cultured (at a

ratio 1:3) in the presence or not of a Transwell insert (A–C) or pre-incubated with neutralizing antibodies (anti-IL-12, 20 µg/ml; anti-NKG2D, 10 µg/ml; and/or

anti-LFA-1, 10 µg/ml) or with the isotype controls (CTRL) rat IgG2a and Armenian hamster IgG (E,F). Co-cultures were stimulated with type III GBS wild-type strain

COH-1 or type 2 S. suis wild-type strain P1/7 (2.5 × 105 CFU, initial DC-bacteria MOI:1). After bacterium-cell contact, antibiotics were added to prevent cell toxicity.

In (D) NK cells alone were incubated with supernatants from GBS or S. suis-infected DCs. After 14 h of incubation, IFN-γ (A, D–F), IL-12p70 (B) and CXCL9 (C) levels

were measured by ELISA. Non-stimulated cells (medium alone or supernatant from non-infected DCs) served as negative (C-) controls. Data represent mean values (in

ng/ml) ± SEM of eight distinct experiments. *P < 0.05 or **P < 0.01, indicates statistically significant differences compared to respective non-treated or mock-treated

controls in each graph.

contrast, the combination of neutralizing antibodies against the
three molecules did not affect IFN-γ production in GBS-infected
DC-NK cell co-cultures (Figure 7E).

S. suis CPS but Not GBS CPS Impairs NK
Cell Activation
The CPS is an important virulence factor contributing to the
pathogenesis of disease caused by GBS or S. suis. However,
the presence of CPS differently modulates the interactions of

these bacteria with immune cells (Maisey et al., 2008; Lecours
et al., 2011, 2012; Fittipaldi et al., 2012; Lemire et al., 2012a,b,
2014; Segura, 2012; Roy et al., 2015). To dissect the impact
of bacterial CPS on NK cell activation, two different serotypes
harboring distinct CPS structures and their respective non-
encapsulated mutants were evaluated for each bacterial species.
NK cell production of IFN-γ induced by encapsulated type V
GBS was slightly lower than that observed with type III GBS.
Nevertheless, the presence of CPS did not significantly affect NK
cell activation by either of GBS serotypes (Figure 8). In the case
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FIGURE 8 | Role of bacterial capsular polysaccharide in the modulation of

cytokine production by NK cells. DC and NK cell co-cultures (at a ratio 1:3)

were stimulated with type III or type V GBS wild-type strains type 2 or type 14

S. suis wild-type strains or their respective non-encapsulated mutant strains

(2.5 × 105 CFU, initial DC-bacteria MOI:1). After bacterium-cell contact,

antibiotics were added to prevent cell toxicity. Supernatants were collected at

14 h of incubation and IFN-γ levels were measured by ELISA. Non-stimulated

cells (medium alone) served as negative (C-) controls. Data represent mean

values (in ng/ml) ± SEM of five distinct experiments. *P < 0.05, indicates

statistically significant differences between wild-type strains and their

respective non-encapsulated mutants. §P < 0.01, indicates statistically

significant differences between type 2 S. suis and type 14 S. suis strains.

of S. suis, type 14 S. suis induced higher levels of IFN-γ secretion
by NK cells that type 2 S. suis (P < 0.01; Figure 8). When non-
encapsulated mutants were tested, both induced significantly
higher levels IFN-γ production than their respective wild-type
strains (P < 0.05). In agreement with their enhanced capacity to
stimulate IFN-γ release by NK cells, non-encapsulated mutants
of either type 2 or type 14 S. suis induced higher production
of several cytokines by single DC cultures that the wild-type
strains (Figure S6). Albeit differences in IFN-γ levels induced
by different serotypes, probably related to the intrinsic capacity
of each strain to activate cells, the bacterial CPS effect on NK
activation was species-dependent but serotype-independent.

DISCUSSION

Despite advances in understanding the pathogenesis of disease
caused by encapsulated bacteria, more specifically on the
interactions between these bacteria and cells of the innate
immunity, such as DCs, macrophages and neutrophils, few
studies had focused on the importance of NK cells during GBS or
S. suis infections. Furthermore, a convincing analysis at single cell
level of the source(s) of IFN-γ in the early immune response to an
acute infection with these bacterial pathogens is still missing. In
the present work, we addressed for the first time the involvement
of splenic NK cells in the innate immune response to GBS and S.
suis and the role of DCs in initiating NK cell activation.

A critical role for IFN-γ in the defense against a variety of
diseases, including extracellular bacterial infections, has been
evidenced (Bouwer et al., 2013; Adib-Conquy et al., 2014). Several
lymphocyte subsets, including NK cells, NKT cells, and T cells are
capable of producing IFN-γ. In this study, during the acute phase
of systemic GBS or S. suis infection, NK cells were identified as
the main producers of IFN-γ. However, comparatively to GBS,
this dominance disappears rapidly during S. suis infection. In
fact, GBS infection results in a stronger boost of early IFN-
γ production with concomitant higher activation of the innate
immune cascade than S. suis. Lachance et al. reported that
a hyper-virulent type 2 S. suis strain, responsible of a deadly
human outbreak in China, has evolved to massively activate IFN-
γ production leading to a rapid and lethal streptococcal toxic
shock-like syndrome. S. suis European strains (like the one used
in the present study) have been reported to be less virulent
than the Chinese epidemic strain, and microarray analyses
indicated lower induction of IFN-γ gene expression in European
strain-infected mice than Chinese-strain infected counterparts
(Lachance et al., 2013a). Our data confirm a weak IFN-γ response
induced by an European-origin type 2 S. suis strain. Yet, the strain
is able to induce clinical signs of sepsis, meningitis, and death,
suggesting that an inflammatory response is indeed induced,
probably involving other innate immune cells and cytokines. In
this regard, TNF-α and CD69 expression was observed in splenic
cells from S. suis-infected animals.

NK cells have been identified in several studies as the main
early source of IFN-γ during infection by several bacterial
pathogens, most of them intracellular organisms (Souza-
Fonseca-Guimaraes et al., 2012; Adib-Conquy et al., 2014). In
the case of extracellular pathogens fewer studies are available;
though, NK cells were reported to be the dominant source
of IFN-γ in brains or lungs during pneumococcal infections
(McNeela et al., 2010; Mitchell et al., 2012). Other innate
cellular sources of IFN-γ are NKT cells, which were shown
in this study to be the second source of IFN-γ during acute
systemic infections with GBS or, to a lesser extent, S. suis. In
agreement with these findings, a previous study reported that
NKT cells recognize diacylglycerol-containing glycolipids from
GBS. However, the same study reported that NKT cells fail
in responding to glycolipids from S. suis serotype 1 in vitro
(Kinjo et al., 2011). Albeit at very low levels, our in vivo work
shows that NKT cells might be activated during type 2 S. suis
infection. It has been proposed that NKT cells can be activated by
cytokines, particularly IL-12, even in the absence of CD1d antigen
presentation (Brigl et al., 2011). As S. suis-activated DCs produce
IL-12, a certain level of cytokine-driven activation of NKT cells
might occurs during S. suis infection. Another possibility is that
the strain used in this study, which belongs to serotype 2, does
contain CD1d binding antigens. Further studies are required to
address the role of NKT cells during these two streptococcal
infections and the contribution of CD1d-dependent vs. CD1d-
independent activation.

Interestingly, for both S. suis and GBS, NK cells do not
seem to contribute to TNF-α production. In contrast, TNF-α
production by NK cells was reported in response to Escherichia
coli infection (Gur et al., 2013), and in an influenza virus and
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Staphylococcus aureus co-infection mouse model (Small et al.,
2010). GBS and S. suis have been reported to induce high levels
of TNF-α by DCs, macrophages and other host cells, which
indicates that these bacteria possess the capacity to induce this
cytokine release (Maisey et al., 2008; Lecours et al., 2011, 2012;
Fittipaldi et al., 2012; Lemire et al., 2012b, 2014). Few studies
are available on CD69 expression by NK cells during in vivo
bacterial infections, but up-regulation of this molecule have been
shown on NK cells activated in vitro with purified bacterial
pathogen-associated molecular patterns (PAMPs) (Schmidt et al.,
2004; Tsujimoto et al., 2005; Mian et al., 2010). Studies using
non-infectious models suggest that CD69 up-regulation seems
to prepare NK cells for further responses, such as cytotoxicity
or cytokine production (Clausen et al., 2003; Sancho et al.,
2005). Interestingly, in our bacterial infection models, we also
observed a decrease in NK1.1+ cells in the spleens, which might
suggests NK cell trafficking upon activation toward the sites of
bacterial infection. On the other hand, NK cell death induced
by E. coli infection has been reported (Gur et al., 2013). More
investigations are necessary to understand NK1.1+ cell lifespan
and trafficking during GBS or S. suis infections.

NK cells display both beneficial and deleterious effects,
depending on the circumstances. Indeed, NK cells are closely
associated with both the fight against bacterial infection and the
damages associated with an excessive inflammatory response.
In different models, NK cells have been shown to be protective
by limiting bacteremia levels (Nilsson et al., 1999; Small et al.,
2008; Souza-Fonseca-Guimaraes et al., 2012). Deleterious effects
of NK cell activation were also reported after infection with
both gram-negative bacteria (Badgwell et al., 2002) and gram-
positive bacteria (Kerr et al., 2005; Christaki et al., 2015). In
this study, depletion of NK1.1+ cells did not alter the outcome
of GBS infection, suggesting a redundant role of other immune
cells. In contrast to GBS, but similarly to Streptococcus pyogenes
(Goldmann et al., 2005), NK1.1+ cells play a deleterious role
early during an infection with S. suis which is associated
with amplification of the inflammatory response rather than
the control of bacteremia levels (Goldmann et al., 2005). In
the case of Streptococcus pneumoniae, NK cells induce higher
bacteremia levels and concomitant increased inflammatory
response (Badgwell et al., 2002; Small et al., 2008). Thus, NK1.1+

cells seem to differently affect the pathogenesis of the infections
caused by distinct encapsulated streptococci.

Some studies have addressed the role of direct interaction
of pathogens or pathogen-derived ligands in NK cell activation.
For example, it has been demonstrated that NK cells directly
recognize bacterial PAMPs, such as TLR ligands, which triggers
IFN-γ and CD69 expression among other pathways (Tsujimoto
et al., 2005; Esin et al., 2008; Marcenaro et al., 2008; Souza-
Fonseca-Guimaraes et al., 2012). GBS and S. suis have been
shown to possess ligands for TLR2 and to activate innate immune
cells via several TLRs (Wennekamp and Henneke, 2008; Lecours
et al., 2012; Lemire et al., 2014). Yet, in our study, GBS or S.
suis failed to directly activate NK cells in vitro. In fact, indirect
activation of NK cells by bacteria is increasingly studied and the
requirement of accessory cells, such as DCs and macrophages, as
key partners for NK cell activation has been widely documented

mainly because they are a major source of IL-12, and they
can also produce IL-15, IL-18, and IFN-α (Newman and Riley,
2007; Humann and Lenz, 2010; Barreira da Silva and Munz,
2011; Adib-Conquy et al., 2014). Rosati et al. showed NK cell
activity in total spleen cells after type Ia GBS infection (Rosati
et al., 1998). It was indirectly suggested that IL-12 released by
macrophages could activate NK cells. An early study showed that
peritoneal macrophages and bone marrow-derived cells from
severe combined immunodeficiency mice cultured separately
with type III GBS fail to produce IFN-γ, whereas co-cultures
do produce IFN-γ. These cultures contained around 40% of
NK1.1+ cells (Derrico and Goodrum, 1996). By using a refined
co-culture system of DCs and NK cells, we demonstrated that
GBS or S. suis-infected DCs are important inducers of IFN-
γ production by NK cells. Only few studies have addressed
the modulation of the DC-NK cell crosstalk by streptococci. In
vitro studies showed that this crosstalk is primarily responsible
for IFN-γ release induced by S. pneumoniae (Elhaik-Goldman
et al., 2011) or Streptococcus salivarius (Bouwer et al., 2013).
Cell contact and cytokine release into the synapse between DCs
and NK cells may enhance their crosstalk (Borg et al., 2004).
The underlying mechanisms have been studied mainly in the
context of intracellular bacterial infections and seem to differ
upon the pathogen; being, for example, either NKG2D receptor-
dependent (Borchers et al., 2006) or -independent (Lapaque et al.,
2009). Data from this study demonstrated that cell-cell contact
between DCs and NK cells is critical for the IFN-γ production in
response to GBS or S. suis. Interestingly, in the context of S. suis
infection, the contact dependency was in part mediated by LFA-1.
Yet, this mechanism may not be generalized to all streptococcal
species as modulation of the DC-NK cell crosstalk by GBS or S.
salivarus (Bouwer et al., 2013) is not dependent on LFA-1. In
this study, a direct involvement of NKG2D was not evidenced
after infection with either GBS or S. suis, as likewise reported for
S. salivarus infection (Bouwer et al., 2013). On the other hand,
DCs, in contact with GBS or S. suis, produce several cytokines
and chemokines, notably IL-12 (Lecours et al., 2011, 2012; Lemire
et al., 2012a,b, 2014) and thus have the potential to activate NK
cells. Their contribution was minor, yet significant. IL-12 was
identified as one of the soluble mediators required for an optimal
IFN-γ production byNK cells in the context of S. suis infection, as
already reported for Listeria monocytogenes (Humann and Lenz,
2010) or Salmonella (Lapaque et al., 2009). Yet, unlike S. suis,
several cytokines or redundant pathways might be involved in
GBS modulation of the DC-NK cell interactions. Activation of
NK cells by cytokine trans-presentation, mainly IL-15, has been
previously reported (Lucas et al., 2007; Mortier et al., 2008; Bihl
et al., 2010; Zanoni et al., 2013) and cannot be ruled out as a
possible mechanism in the context of GBS or S. suis infection.

It was further showed that NK cell activation had a synergistic
effect in inducing cytokines and chemokines production by
DCs in response to GBS or S. suis, notably by the increasing
production of IL-12 mainly in a cell-cell contact dependent
manner. Interestingly, DC production of the chemokine CXCL9
in contact with type III GBS was completely dependent on a
synergistic effect between DCs and NK cells. Yet, this synergy
is not observed in S. suis-infected co-cultures, suggesting once
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again that modulation of the DC-NK cell crosstalk varies upon
the pathogen. Resting human NK cells have been found to
migrate in response to known ligands for CXC chemokine
receptor (CXCR) 3, like CXCL9 and CXCL10 (Robertson, 2002;
Maghazachi, 2010). It might be suggested that activated NK cells
can modulate DCs to produce specific chemokines to attract
other cells.

GBS and S. suis are the sole Gram-positive bacteria harboring
a side chain terminated by sialic acid in their CPS compositions.
In spite of this and other CPS biochemical and structural
similarities, GBS and S. suis pathogenic mechanisms and
interplay with components of the immune system, including
DCs, seem to radically differ (Lecours et al., 2011, 2012; Lemire
et al., 2012a,b, 2014; Roy et al., 2015). In agreement with these
previous studies, GBS CPS does not seem to impair DC-NK
cell crosstalk, and confirm the fact that this bacterial CPS is
not acting as a physical barrier impairing PAMP ligation to
activating receptors on DCs. In marked contrast, S. suis CPS
readily acts as a cloaking factor and impairs optimal activation
of the DC-NK cell interactions. This CPS immuno-modulatory
effect might explain, at least in part, the lower inflammatory
cascade induced in vivo by a S. suis infection when compared
to GBS-infected mice. In spite of biochemical differences in CPS
structures, similar behaviors were observed when other GBS or
S. suis serotypes were evaluated. Type III or type V GBS CPS
does not significantly impair DC activation and consequently
the DC-NK crosstalk, whereas both, type 2 and type 14 S. suis
CPSs hinder not only optimal DC functions (Lecours et al.,
2011, 2012; Lemire et al., 2014) but also the close interactions
between these cells and NK cells. These findings suggest that
the impact of bacterial CPSs on NK cell activation varies upon
the streptococcal species but does not seem to depend on the
serotype. It would have been interesting to study the role of
the CPS in the in vivo context. However, the non-encapsulated
mutants are rapidly cleared by the immune system and fail to
induce infection in mice. To the best of our knowledge, no
study has addressed the role of the streptococcal CPS in NK cell
activation.

Our results suggest that NK cells and IFN-γ play an active
role in the orchestration of the innate immune response during
the acute phase of encapsulated streptococcal infections. NK1.1+

cells, by amplifying the inflammatory response, contribute to the
progression of S. suis infection but seems to have a redundant
role during GBS infection. Based on our findings, we propose
a model where DCs first recognize GBS or S. suis and produce
several cytokines which promote IFN-γ induction inNK cells and
enhance the interactions and the synergistic effect between DCs
and NK cells. The close contact between these cells is essential for
a fully NK cell activation; however, GBS and S. suis differently
modulate this interaction. Overall this study suggests that the
molecular pathways governing the DC-NK cell crosstalk differ
upon the pathogen and should not be generalized when studying
bacterial infections.
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