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Lactobacilli are probiotic commensal bacteria and potent modulators of immunity. When
present in the gut or supplemented as probiotics, they beneficially modulate ex vivo
immune responsiveness. Further, factors derived from several lactobacilli strains act
immune regulatory in vitro. In contrast, Staphylococcus aureus (S. aureus) is known to
induce excessive T cell activation. In this study, we aimed to investigate S. aureus-induced
activation of human mucosal-associated invariant T cells (MAIT cells), γδ T cells, NK
cells, as well as of conventional CD4+ and CD8+ T cells in vitro. Further, we investigated
if lactobacilli-derived factors could modulate their activation. PBMC were cultured with
S. aureus 161:2 cell-free supernatants (CFS), staphylococcal enterotoxin A or CD3/CD28beads alone, or in combination with Lactobacillus rhamnosus GG-CFS or Lactobacillus
reuteri DSM 17938-CFS and activation of T and NK cells was evaluated. S. aureus-CFS
induced IFN-γ and CD107a expression as well as proliferation. Costimulation with lactobacilli-CFS dampened lymphocyte-activation in all cell types analyzed. Preincubation with
lactobacilli-CFS was enough to reduce subsequent activation, and the absence of APC
or APC-derived IL-10 did not prevent lactobacilli-mediated dampening. Finally, lactate
selectively dampened activation of unconventional T cells and NK cells. In summary, we
show that molecules present in the lactobacilli-CFS are able to directly dampen in vitro
activation of conventional and unconventional T cells and of NK cells. This study provides
novel insights on the immune-modulatory nature of probiotic lactobacilli and suggests a
role for lactobacilli in the modulation of induced T and NK cell activation.
Keywords: cell-free supernatant, immune modulation, lactobacilli, NK cells, probiotic, T cells, Staphylococcus
aureus, superantigens

INTRODUCTION
Lactobacilli are commensal, lactic acid-producing bacteria with proven beneficial effects when used
as dietary supplements or when present in the early neonatal gut. Lactobacilli appear to protect
against certain immune-mediated diseases (1, 2) and have been suggested to act as important immune
modulators, especially during early life. Indeed, different lactobacilli strains can modulate stimulated
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responses in vitro (3, 4) and supplementation with different
strains of lactobacilli is associated with dampened ex vivo PBMC
responsiveness (5). In contrast, Staphylococcus aureus (S. aureus)
is a pathobiont and a common colonizer of the infant gut (1, 6).
S. aureus is a potent immune activator as superantigenic staphylococcal enterotoxins (SE) are able to engage large numbers of
conventional T cells via MHC-mediated binding to the variable
domain of the T cell receptor (TCR) β-chain (7) or α-chain
(8). It thereby efficiently avoids immune clearance by inducing
T cell exhaustion and anergy (9). Despite obvious effects on the
lymphocyte compartment as a whole, the effect of S. aureus and
its enterotoxins on unconventional T cells and NK cells has not
been extensively studied (10).
We have previously shown that colonization with S. aureus in
early life is associated with increased PBMC cytokine-secretion
at the age of two, while co-colonization with lactobacilli results in
dampened immune reactivity in vitro (11), findings that together
further support the hypothesis that lactobacilli are involved in
immune regulation in vivo. In addition, we reported that soluble
factors derived from lactobacilli dampen S. aureus-induced
activation of CD4+ T cells on a cellular level and also reduce the
release of T cell-associated pro-inflammatory cytokines (12),
showing that lactobacilli can exert immune dampening effects
on selected compartments of the immune system.
Lactobacilli mediate their immune-modulatory effects
through the induction of regulatory cytokines, such as IL-10
(13, 14), induction of T regulatory cells (15–17), modulation of
APC (18–20), promotion of epithelial function and development
(21), and by inhibition of pro-inflammatory cytokines (22, 23).
Extracted cell surface components of lactic acid bacteria induce a
more pro-inflammatory cytokine profile, whereas cell-free supernatants (CFS) are more prone to induce an anti-inflammatory
response by PBMC (24). The induction of pro-inflammatory
responses seen with whole lactobacilli in vitro might not appropriately reflect peripheral immune cell modulation in vivo, as
whole bacteria will most likely not enter the blood stream in
large numbers. Instead, bacterial metabolites have been shown
to cross the epithelial barrier, retain their bioactive properties,
and affect peripheral immunity in vitro and in vivo (24–26).
Secreted factors produced by lactobacilli have been extensively
examined and factors, such as p40 and histamine, are discussed
as potential effector molecules (27, 28). However, if, and by
which mechanisms, lactobacilli-derived molecules are able to
mediate immune-modulatory effects on lymphocytes, is largely
unknown.
Here, we investigated S. aureus and enterotoxin-mediated
activation of T cells and NK cells, and how lactobacilli-derived
factors dampen S. aureus-induced activation in vitro. We show
that soluble factors, including enterotoxins, derived from S. aureus
161:2 potently induce several effector functions in unconventional T cells and NK cells, in addition to conventional T cells.
Soluble factors derived from two common probiotic lactobacilli
strains, Lactobacillus rhamnosus (L. rhamnosus) GG (LGG) and
Lactobacillus reuteri DSM 17938 (L. reuteri), were able to directly
dampen S. aureus-induced lymphocyte-activation in vitro,
without the involvement of APC or APC-derived IL-10. This
in vitro study provides a possible link to the immune-modulatory
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capacity of lactobacilli in vivo and suggests that lactobacilli can
modulate pathogen-induced immune activation.

MATERIALS AND METHODS
Subjects, Ethics Statement, and Isolation
of Peripheral Blood Mononuclear Cells

A total of 18 healthy, anonymous, adult volunteers (age 18–65,
both genders) were included in this study, which was approved
by the Regional Ethic’s Committee at the Karolinska Institute,
Stockholm, Sweden [Dnr 04-106/1 and 2014/2052-32]. All study
subjects gave their informed written consent. Venous blood
was collected in heparinized vacutainer tubes (BD Biosciences
Pharmingen) and diluted with RPMI-1640 supplemented with
20 mM HEPES (HyClone Laboratories, Inc.). PBMC were
isolated by Ficoll-Hypaque (GE Healthcare Bio-Sciences AB)
gradient separation. The cells were washed and resuspended in
freezing medium containing 40% RPMI-1640, 50% FCS (Life
Technologies), and 10% DMSO, gradually frozen in a freezing
container (Mr. Frosty, Nalgene Cryo 1°C; Nalge Co.) and stored
in liquid nitrogen.

Strains of Bacteria and Generation of
Bacterial Cell-Free Supernatants

L. rhamnosus GG (ATCC 53103; isolated from the probiotic product Culturelle), L. reuteri (DSM 17938, a gift from Biogaia AB),
and S. aureus 161:2 (carrying the genes for SE A and H) were the
species used in this study. The S. aureus strain was a kind gift from
Åsa Rosengren, The National Food Agency, Uppsala, Sweden, who
screened the strain for toxin genes by using PCR. The lactobacilli
were cultured in MRS broth (Oxoid) at 37°C for 20 h and S. aureus
in BHI broth (Merck) at 37°C for 72 h still culture. The bacteria
were pelleted by centrifugation at 3400 g, and the CFS were sterile
filtered (0.2 μm) and frozen at −20°C until used. All bacterial
supernatants were diluted 1:1 (50%) with HEPES to neutralize the
pH. The final CFS concentration used for cell stimulations was
2.5%, unless stated otherwise. To investigate heat stability, the
LGG-CFS was heat-treated for 10 min by boiling at 100°C.

In Vitro Stimulation of PBMC

PBMC were thawed and washed before being counted and
viability assessed by Trypan blue staining. Cells were resuspended to a final concentration of 1 × 106 cells/ml in cell culture
medium (RPMI-1640 supplemented with 20 mM HEPES),
penicillin (100 U/ml), streptomycin (100 μg/ml), l-glutamine
(2 mM) (all from HyClone Laboratories Inc.), and 10% FCS (Life
Technologies). The cells were seeded in flat-bottomed 48-well
plates (Costar) for 24 h at 37°C in 5% CO2 atmosphere with cell
culture medium alone as negative control or with Dynabeads
Human T-Activator CD3/CD28 (Life Technologies) at 2:1
(cell:bead) ratio, 20 ng/ml of SEA (Sigma–Aldrich), or with S.
aureus 161:2-CFS. As control, 50 ng/ml of PMA + 1 μg/ml of
Ionomycin (IO) (both from Sigma–Aldrich) was used during the
last 4 h of incubation. When indicated, LGG-CFS or L. reuteriCFS was added together with the abovementioned stimuli during
the entire incubation. Brefeldin A (BD Biosciences) was present
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ELISA

during the last 4 h of incubation. For the preincubation experiments, PBMC were incubated with LGG-CFS or L. reuteri-CFS
for 6 h and extensively washed with complete medium before
being stimulated for 15 h.

Levels of IL-6, IL-10, IL-17A, and IFN-γ in cell culture supernatants were determined by using sandwich ELISA (MabTech AB)
according to the instructions from the manufacturer. The optical
density was determined using a microplate reader (Molecular
Devices Corp.) set at 405 nm. Results were analyzed using
SoftMax Pro 5.2 rev C (Molecular Devices Corp.).

L(+)-Lactate Measurement
and In Vitro Assay

The concentrations of L(+)-lactate in bacteria-CFS were
quantified in four batches of CFS from each lactobacilli and in
two batches of S. aureus-CFS using a colorimetric Lactate assay
kit II (Sigma–Aldrich), according to the manufacturer’s instructions. In brief, samples were mixed with a reaction master mix
and incubated for 30 min at room temperature after which
absorbance was measured at 450 nm. Results were analyzed
using SoftMax Pro 5.2 rev C (Molecular Devices Corp.). Neither
the cell culture medium nor the bacterial growth medium
interfered with the absorbance. To investigate the effect of
l-lactate on S. aureus-mediated lymphocyte-activation, l-lactate
(Sigma–Aldrich) was added to PBMC cultures at concentrations
0.75, 3.25, 7.5, or 38 mM (physiologically, levels in blood vary
between 2 and 20 mM).

Flow Cytometry

After incubation, cells were harvested to V-shaped staining plates
and washed in PBS. The cells were stained with the LIVE/DEAD
Fixable Dead Cell Stain Kit-Aqua (Life Technologies) according
to instructions from the manufacturer. Blocking of cell surface
Fc receptors was done using 10% human serum in FACS wash
buffer (PBS, 2 mM EDTA, and 0.1% BSA), and staining of cell
surface markers was performed using the following antibodies:
CD3 (clone: UCHT1, SK7), CD4 (clone: RPA-T4), CD8 (clone:
SK1), CD25 (clone: M-A251), CD56 (clone: B159), CD127
(clone: HIL-7R-M21), CD161 (clone: HP-3G10), Vα7.2 (clone:
3C10) (BD Biosciences or Biolegend), and pan γδ TCR (clone:
IMMU510) (Beckman Coulter). After surface staining, cells
were washed with FACS wash buffer and fixed/permeabilized
with the transcription factor buffer set (BD Biosciences) according to the manufacturer’s instructions. Intracellular blocking
was done using 10% human serum, and cells were then stained
for intracellular IFN-γ (clone: B27) or FoxP3 (clone: 2590/C7)
(BD Biosciences). Stained cells were washed, resuspended,
and acquired using a FACSVerse instrument and the FACS
Suite software (both BD Biosciences). Lymphocytes were gated
based on forward and side scatter properties. After gating on
live cells, NK cells were gated as CD3−CD56+, T helper cells
as CD3+CD4+, and T cytotoxic cells as CD3+CD8+. γδ T cells
were classified as CD3+γδ TCR+, and MAIT cells were gated
as CD3+CD161+Vα7.2+. Regulatory T cells were identified as
CD4+CD25+FoxP3+CD127low. Unstimulated cells or corresponding isotype-matched antibodies were used as negative controls.
Analyses were done with FlowJo Software (TreeStar).

Functional Assays

For measuring proliferation, PBMC were labeled at 37°C with
5 μM CellTrace™ Violet (Molecular Probes, Life Technologies),
stimulated as described above, and cultured in complete
medium at a concentration of 1 × 106 cells/ml for 5 days. For
assessing cytotoxic potential, PBMC were stimulated for 18 h
in the presence of α-CD107a antibodies (clone: H4A39, BD
Biosciences).

IL-10 and IL-12 Neutralization

PBMC were seeded with an IL-10 neutralizing monoclonal antibody (clone: JES3-9D7, Biolegend) or matched isotype control
(clone: RTK2071, Biolegend) at a concentration of 2.5 μg/ml
for 2 h. PBMC were then stimulated and incubated overnight.
Alternatively, PBMC were seeded with an IL-12 neutralizing
monoclonal antibody (clone: MT3279H, Mabtech) or matched
isotype control (clone: MPC-11, Biolegend) at 1 μg/ml for 5 h.
PBMC were then stimulated, together with an additional dose of
αIL-12/isotype control, for 24 h.

Statistics

GraphPad Prism software (GraphPad Software) was used for
statistical analysis. For all analyses, the non-parametric, paired
Wilcoxon matched pairs test was applied. Differences were considered significant if p < 0.05. The significance levels used were
*p < 0.05, **p < 0.01, and ***p < 0.001.

CD14+ Monocyte Isolation and Depletion

The human CD14 positive selection kit (StemCell Technologies)
was used to isolate or deplete CD14+ monocytes from PBMC
according to the instructions of the manufacturer. CD14-depleted
PBMC were cultured with 2.5% S. aureus-CFS in the presence or
absence of LGG-CFS for 24 h with brefeldin A present during the
last 4 h of incubation. Whole PBMC served as control. Isolated
CD14+ monocytes were cultured at a concentration 0.5 × 106/
ml with 2.5% L. reuteri-CFS, 2.5% S. aureus-CFS, 100 ng/ml
ultrapure LPS, or 10 μg/ml Pam3Cys (both Invivogen) for 14 h
before culture supernatants were collected. Purity was assessed
for all donors by staining with CD3 (clone: SK7) (Biolegend) and
CD14 (clone: B159) (BD Biosciences). The mean percentage of
CD14+ cells was 0.49 ± 0.28% in the monocyte-depleted PBMC
and 97.4 ± 1.67% after purification.
Frontiers in Immunology | www.frontiersin.org

RESULTS
S. aureus 161:2-Induced IFN-γ
Expression in T and NK Cells
Is Partly IL-12-Dependent

We have previously shown that S. aureus 161:2 induce potent
activation of TH-cells and Tregs (12, 29). Here, we investigated
if CFS derived from S. aureus 161:2 could also activate innate
T cells like γδ T cells and MAIT cells as well as NK cells in addition to CD4+ and CD8+ T cells (gating strategies for the identification of T and NK cell populations are displayed in Figure 1).
3
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S. aureus-CFS readily induced IFN-γ expression in the γδ T cell-,
MAIT cell-, and NK cell populations, in addition to the CD4+
and CD8+ T cell populations (Figures 2A,B). Enterotoxins produced by S. aureus are classically thought to polyclonally activate
a large number of adaptive T cells. However, we could show that
purified SEA also induces IFN-γ expression in unconventional
T cells and NK cells (Figure 2A). Considering that IL-12 is
involved in the differentiation on naive T cells into TH1-cells
and stimulates the production of IFN-γ from T cells and NK
cells (30), we further investigated whether IL-12 was involved
in S. aureus- and SEA-mediated IFN-γ induction. Indeed, there

was a reduction, but not complete abrogation, in the percentage
of IFN-γ+ cells in all investigated populations when IL-12 was
neutralized (Figure 3).

Lactobacilli-CFS Dampens Stimulated
IFN-γ Responses in CD4+ and CD8+
T Cells, γδ T Cells, MAIT Cells, and
NK Cells

We previously observed that several species of lactobacilli can
dampen S. aureus-induced IFN-γ expression by PBMC (12), and

FIGURE 1 | Gating strategy used to identify T cells and NK cells by flow cytometry. Lymphocytes were gated based on side scatter (SSC) and forward
scatter (FSC) properties. Live cells (negatively stained for the Live/Dead-marker) were gated either as CD3−CD56+ cells (NK cells) or as CD3+CD56− cells, which
were further divided as CD4+ T cells, CD8+ T cells, pan γδ TCR+ cells (γδ T cells), or CD161+Vα7.2+ cells (MAIT cells). For all figures, gating strategies are described
in the section “Materials and Methods.”
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FIGURE 2 | S. aureus 161:2 induces IFN-γ expression in T cells and NK cells. PBMC were stimulated as indicated and analyzed by flow cytometry. (A) The
percentage of IFN-γ+ cells among the CD4+ (n = 12–17), CD8+ (n = 12–18), γδ TCR+ (n = 7–15), CD161+Vα7.2+ (n = 6–7), and CD3−CD56+ (n = 8–17) lymphocyte
populations is shown. (B) Examples of IFN-γ stainings of the cell populations described in (A). Boxes cover data values between the 25th and 75th percentiles, with
the central line as median and error bars showing minimal and maximal values.
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FIGURE 3 | S. aureus and SEA-induced IFN-γ responses are partly IL-12-dependent. PBMC were cultured in the presence of an IL-12 neutralizing or isotype
antibody, stimulated as indicated, and analyzed by flow cytometry. The relative percentage of IFN-γ+ cells among the CD4+ (n = 7), CD8+ (n = 7), γδ TCR+ (n = 7),
CD161+Vα7.2+ (n = 4), and CD3−CD56+ (n = 7) lymphocyte populations is shown. The percentage of IFN-γ+ cells in isotype-treated PBMC stimulated with S. aureus
or SEA is set to 1, and the percentage of IFN-γ+ cells in α-IL-12-treated cultures is relative to the isotype. Bars show medians with interquartile range.

that children who are co-colonized by lactobacilli and S. aureus
have a dampened cytokine response in vitro compared to children
who are colonized with S. aureus in the absence of lactobacilli
(11). We therefore investigated whether two different lactobacilli
strains, LGG and L. reuteri DSM 17938, both commonly used
as probiotics (31–33), could modulate S. aureus-induced IFN-γ
responses by both conventional and unconventional T cells as
well as NK cells. Both LGG-CFS and L. reuteri-CFS dampened
the S. aureus-induced IFN-γ response in all cell types investigated
(Figures 4A,B). Interestingly, lactobacilli-CFS was also able to
reduce the percentage of IFN-γ expressing cells induced by SEA
and CD3/CD28-beads (Figure 4A). Lactobacilli-CFS alone did not
induce expression of IFN-γ (Figure S1 in Supplementary Material).

lymphocyte activation. S. aureus-CFS induced both notable
proliferation of CD4+ and CD8+ T cells (Figures 5A,B) and
cytotoxic potential in CD8+ T cells, γδ T cells, and NK cells,
measured as expression of CD107a, which is exposed at the
surface of cytotoxic cells during the release of granular contents (Figure 6). In accordance with the IFN-γ expression,
lactobacilli-CFS could dampen or tended to dampen both
proliferation and degranulation induced by S. aureus-CFS
(Figures 5A,B and 6).

Lactobacilli-Mediated Dampening of IFN-γ
Responses Is IL-10-Independent

To investigate whether lactobacilli-CFS was required to be present
continuously in the cultures in order to dampen IFN-γ responses,
we preincubated PBMC cultures with LGG-CFS or L. reuteriCFS, which was followed by extensive washing prior to stimulation with S. aureus-CFS. Interestingly, preincubation dampened
IFN-γ expression in all cell types (Figure 7A). As lactobacilli are
known to induce the production of IL-10, an important immune

Lactobacilli-CFS Reduces S. aureusInduced Proliferation and Cytotoxic
Potential

Based on these results, we further investigated the modulatory
effect of LGG-CFS and L. reuteri-CFS on S. aureus-induced

Frontiers in Immunology | www.frontiersin.org
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FIGURE 4 | Lactobacilli-CFS dampens S. aureus, SEA, and CD3/CD28-induced IFN-γ responses. PBMC were stimulated as indicated in combination with
either LGG-CFS or L. reuteri-CFS and analyzed by flow cytometry. (A) The relative percentage of IFN-γ+ cells among the CD4+ (n = 6–14), CD8+ (n = 6–15), γδ TCR+
(n = 5–15), CD161+Vα7.2+ (n = 4–7), and CD3−CD56+ (n = 6–15) lymphocyte populations is shown. The percentage of IFN-γ+ cells in the presence of lactobacilliCFS is relative to the percentage of IFN-γ+ cells in the absence of lactobacilli-CFS, which is set to 1. (B) Examples of IFN-γ stainings of the cell populations
described in (A). Bars show medians with interquartile range.
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FIGURE 5 | S. aureus-induced proliferation of CD4+ and CD8+ T cells is modulated by lactobacilli-CFS. Proliferation was assessed with CellTrace™ Violet
after 5 days of stimulation with S. aureus 161:2-CFS and/or lactobacilli-CFS and analyzed by flow cytometry. (A) The percentage of proliferating cells among the
CD4+ (n = 7) and CD8+ (n = 7) T cell populations. (B) Representative stainings of proliferating CD4+ or CD8+ T cells are shown. Boxes cover data values between
the 25th and 75th percentiles, with the central line as median and error bars showing minimal and maximal values.

regulatory cytokine, we speculated that lactobacilli-induced
monocyte-derived IL-10 was responsible for the reduction in
IFN-γ. Lactobacilli-CFS induced IL-10 secretion in cultures of
purified CD14+ monocytes (Figure 7B) and in PBMC cultures
(Figure 7C). Neutralization of IL-10 tended to result in increased
IFN-γ secretion from S. aureus-stimulated PBMC cultures but
did not influence lactobacilli-mediated dampening (Figure 7D),
indicating that the effect was IL-10 independent. Further, depletion of monocytes from PBMC cultures did not seem to prevent
dampening of S. aureus-induced intracellular IFN-γ expression
(Figure 7E).
Expression of the transcription factor FoxP3 is a hallmark
feature of T regulatory cells. L. reuteri-CFS neither altered the
percentage of CD25+Foxp3+CD127low cells among the CD4 T cells
nor affected the magnitude of FoxP3 expression (Figure 7F),

Frontiers in Immunology | www.frontiersin.org

indicating that T regulatory cells were not involved in lactobacillimediated dampening.

Lactate Selectively Inhibits the IFN-γ
Response of Unconventional T Cells
and NK Cells

To further characterize the dampening effect, we heat-treated the
lactobacilli-CFS. The heat-treated LGG and regular LGG seemed
to similarly reduce IFN-γ expression (Figure 8), suggesting that
the effect is mediated by a heat-stable component. Lactobacilli
produce heat-stable lactic acid, which is known to modulate
lymphocyte-activation through acidification. Considering that
the CFS used in this study were pH-neutral and that lactobacilli
metabolize glucose into lactate, we hypothesized that lactate

8

July 2016 | Volume 7 | Article 273

Johansson et al.

Lactobacilli-Factors Dampen Lymphocyte-Activation In Vitro

IFN-γ and IL-17A responses, although the responding cell types
were not identified (12). In this study, we show that unconventional T cells and NK cells, in addition to conventional T cells,
are strongly activated by S. aureus-CFS and SEA, and that CFS
derived from lactobacilli is able to dampen in vitro activation
of these cell types. Our data suggest that molecules present in
the lactobacilli-CFS act directly on lymphocytes to reduce the
activation since a shorter pre-stimulation of PBMC was enough
to reduce subsequent activation, and because the absence of APC
or APC-derived IL-10 did not prevent lactobacilli-mediated
dampening. Finally, we show that lactate is a possible modulator
of unconventional T cell and NK cell activation.
It is well established that SE are superantigens that activate
large numbers of T cells through cross-linking of the TCR variable α or β-chains with MHC class II molecules (7–9). However,
bovine CD4+ T cells recognize a limited number of additional
S. aureus-antigens, implying that the mode of S. aureus-induced
activation extends beyond enterotoxins (34). Despite the obvious
impact on T cells, S. aureus-induced activation of T cells is understudied and mostly conducted in mice (9). Recently, we could
show that S. aureus 161:2-CFS induced human CD4+FoxP3+
cells and promoted a diverse phenotype with the production of
regulatory and pro-inflammatory cytokines (29), illustrating the
complex interrelationship between S. aureus and the immune
system. We now extend these findings and show that S. aureus
161:2-CFS and SEA activate and induce IFN-γ expression in
human γδ T cells, MAIT cells, and NK cells, in addition to CD4+
and CD8+ T cells. Further, S. aureus-CFS induced both proliferation and degranulation.
To the best of our knowledge, MAIT cell responsiveness
toward SE has not yet been evaluated. In normal settings, MAIT
cells respond to bacteria-derived organic compounds originating
from the riboflavin biosynthetic pathway in an MR1 and APCdependent manner (35, 36). Like many bacteria, S. aureus uses
the riboflavin pathway and promotes the activation of MAIT cells
(37, 38). However, MAIT cells were not activated by CFS derived
from the enterotoxin-negative S. aureus strain 139:3 (unpublished
observation), indicating that enterotoxins are the main factors
in S. aureus 161:2-mediated activation of the MAIT cells in our
setting. Indeed, pure SEA induced activation of MAIT cells.
The activation of γδ T cells and NK cells involves antigenpresenting or accessory cells. Monocyte-derived IL-12 is a key
cytokine in S. aureus-mediated NK cell activation (39, 40).
NK cells also respond to SEA in an IL-12-dependent manner
(41). Indeed, when neutralizing IL-12, the IFN-γ response toward
both S. aureus-CFS and SEA was clearly reduced, in particular
for the γδ T cells and NK cells, but also for the MAIT cells (not
significant).
The main subpopulation of γδ T cells in peripheral blood
primarily responds to bacterial species capable of producing
the isoprenoid precursor (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMB-PP). This metabolite is not produced by
S. aureus (38), and therefore it is interesting to note that γδ T cells
respond to both S. aureus-CFS and SEA. Upon SEA inhalation,
αβ T cell responses are crucial for subsequent activation of innate
cells, including γδ T cells and NK cells, in mice (42). This could
suggest that the activation of unconventional T cells and NK cells

FIGURE 6 | S. aureus-induced cytotoxic potential in CD8+ T cells,
γδ T cells, and NK cells is reduced by lactobacilli-CFS. PBMC were
stimulated for 18 h in the presence of α-CD107a antibodies and the
percentage CD107a+ cells among the CD8+ (n = 7), γδ TCR+ (n = 5), and
CD3−CD56+ (n = 7) lymphocyte populations was analyzed by flow cytometry.
Boxes cover data values between the 25th and 75th percentiles, with the
central line as median and error bars showing minimal and maximal values.

could be responsible for the observed immune modulation. First,
we confirmed the presence of lactate in the CFS (Table 1). We
then investigated whether commercial lactate at physiologically
relevant concentrations could mimic the modulatory capacity
of lactobacilli-CFS. Notably, lactate dampened the percentage
of IFN-γ expressing MAIT cells, γδ T cells, and NK cells, after
stimulation with S. aureus-CFS, in a dose-dependent manner
(Figure 9A). Interestingly, CD4+ and CD8+ T cell IFN-γ expression was not affected (Figure 9B). Lactate at concentrations of
7.5 mM or below did not affect cell viability.

DISCUSSION
We previously demonstrated an inverse association between early
life colonization with lactobacilli and S. aureus, and cytokine
production in infancy (11). This was further evaluated by in vitro
studies, where lactobacilli-CFS dampened S. aureus-induced
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FIGURE 7 | Lactobacilli-mediated inhibition of IFN-γ responses is not dependent on monocyte-derived IL-10. (A) The percentage of IFN-γ+ cells among
the CD4+ (n = 9–14), CD8+ (n = 9–14), γδ TCR+ (n = 4–9), CD161+Vα7.2+ (n = 4), and CD3−CD56+ (n = 6–13) lymphocyte populations. Briefly, PBMC were
preincubated with lactobacilli-CFS for 5 h and thereafter washed and stimulated with S. aureus-CFS. The percentage of IFN-γ+ cells in the presence of lactobacilliCFS is relative to the percentage of IFN-γ+ cells in the absence of lactobacilli-CFS, which is set to 1. (B) Secreted levels (picogram per milliliter) of IL-10 from
stimulated CD14+ cell cultures measured by ELISA (n = 3). (C) Secreted levels of IL-6, IL-10, IFN-γ, and IL-17A in PBMC cultures (n = 3) measured by ELISA. ND,
not detected. (D) The relative IFN-γ secretion in PBMC cultures stimulated in the presence or absence of an α-IL-10 antibody. Left: levels of IFN-γ secretion in
PBMC cultures stimulated with S. aureus is set to 1, and the levels of IFN-γ secretion in α-IL-10-treated PBMC cultures stimulated with S. aureus-CFS are shown as
relatives to 1. Right: levels of IFN-γ secretion in PBMC cultures stimulated with S. aureus in the absence of lactobacilli-CFS is set to 1, and the levels of IFN-γ
secretion in α-IL-10-treated PBMC cultures stimulated with S. aureus-CFS in the presence of lactobacilli-CFS are shown as relatives to 1. (E) The percentage of
IFN-γ+ cells among the CD4+ (n = 5), CD8+ (n = 4), γδ TCR+ (n = 5), CD161+Vα7.2+ (n = 3), and CD3−CD56+ (n = 5) lymphocyte populations in monocyte-depleted
PBMC cultures after stimulation with S. aureus-CFS in the absence or presence of LGG-CFS. (F) The percentage of CD25+FoxP3+CD127low cells and the MFI of
FoxP3 in CD4+ T cells after stimulation with L. reuteri-CFS. Bars show medians with interquartile range. Boxes cover data values between the 25th and 75th
percentiles, with the central line as median and error bars showing minimal and maximal values.
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are secondary when stimulating PBMC with S. aureus-CFS or
SEA. However, purified bovine γδ T cells are directly activated
by SEA and SEB (43). Finally, SE have been shown to interact
with additional receptors, including CD28, which confers
co-stimulatory signals upon binding to CD80/CD86 on APC
(44), indicating additional modes of enterotoxin-induced T cell
activation.
Whole lactobacilli are described to induce both immune
activation and regulation in a species-specific manner (17, 39,
45–47). Also, live and heat-treated cells of the same lactobacilli
strain may differently affect immune cells (48). In addition, the
capacity to activate and modulate human blood APC was similar
for LGG soluble factors and whole bacteria (49). However, we
have previously shown that lactobacilli-CFS from several different species all acted immune regulatory without activating the
lymphocyte compartment (12). Here, we studied how CFS from
two strains (LGG and L. reuteri DSM 17938) influenced activation of the T and NK cell compartments. Indeed, stimulation of
PBMC with lactobacilli-CFS did not induce any T or NK cell
activation, in terms of proliferation, degranulation, or IFN-γ production. Instead, the percentage of IFN-γ+ cells was dampened
by lactobacilli-CFS upon activation regardless of the stimulus
used. Furthermore, CD4+ and CD8+ T cell proliferation, induced
by S. aureus, was dampened by both LGG and L. reuteri. Whole
lactobacilli and lactobacilli-CFS have been shown to suppress
proliferation of human CD4+ and CD8+ T cells without altering
T cell cytokine production. This was mediated by lactobacilliinduced inhibition of the monocarboxylate transporter MCT-1
(50), through which compounds can mediate changes in T cell
growth without affecting cytokine expression (51). However,
the prominent dampening of IFN-γ observed in the present
study suggests other modes of regulation. Mouse CD4+ T cell
proliferation was shown to be reduced by L. gasseri-RNA in a
MyD88-dependent manner (52), and L. helveticus inhibits the
proliferation of LPS-stimulated murine T cells through the reduction of phosphorylation of c-Jun N-terminal kinase (JNK), which
halters the cell cycle at the G2/M phase and thereby prevents cell
cycle progression (53).
The lactobacilli-CFS also hampered cytotoxic potential in
CD8+ T cells, γδ T cells, and NK cells. To our knowledge, this is
the first time lactobacilli have been shown to influence CD107a
expression in cytotoxic lymphocytes.
To investigate whether dampening of lymphocyte activation
required a continuous presence of lactobacilli-derived factors,
we preincubated PBMC with the lactobacilli-CFS, followed by
extensive washing before stimulation with S. aureus-CFS or SEA.
Also, in this setup, both LGG-CFS and L. reuteri-CFS were able
to suppress the IFN-γ response to the same extent as if continuously present, showing that factors present in the lactobacilli-CFS
alter the capacity of the cells to respond toward later microbial
stimulation. Lactobacilli have been shown to induce suppressor
of cytokine signaling (SOCS), a negative regulator of pro-inflammatory cytokines, in human primary macrophages (54) and in
hepatocellular carcinoma cells, which were then desensitized
to subsequent LPS-stimulation (55). If lactobacilli are able to
induce SOCS-expression also in human T cells remains to be
investigated.

FIGURE 8 | The dampening capacity of lactobacilli-CFS is not
affected by heat treatment. The relative percentage of IFN-γ+ cells among
the CD4+, CD8+, γδ TCR+, and CD3−CD56+ lymphocytes populations
(n = 3–4) after stimulation with S. aureus-CFS alone or in combination with
regular or heat-treated (HT) LGG-CFS. The percentage of IFN-γ+ cells in the
presence of LGG-CFS is relative to the percentage of IFN-γ+ cells in the
absence of lactobacilli-CFS, which is set to 1. Bars show medians with
interquartile range.

TABLE 1 | Concentrations of L(+)-lactate (mM).

L. rhamnosus GG (LGG)
L. reuteri DSM 17938
S. aureus 161:2

CFSa

Start of cell cultureb

154.8 ± 7.4
93 ± 2.5
ND

3.9
2.3
–

a
Concentrations are shown as mean ± SEM and are adjusted for the background level
of the lactobacilli growth medium.
b
Calculated values after dilution of CFS at the start of cell culture.
ND: not detected.
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FIGURE 9 | L(+)-lactate dampens the S. aureus-induced IFN-γ response of γδ T cells, MAIT cells, and NK cells. PBMC were stimulated with
S. aureus-CFS alone or in combination with lactate (LA 38, 7.5, 3.25, or 0.75 mM). (A) The relative percentage of IFN-γ+ cells among the CD161+Vα7.2+, γδ TCR+,
and CD3−CD56+ lymphocyte populations (n = 6–8). (B) The relative percentage of IFN-γ+ cells among the CD4+ and CD8+ lymphocyte populations (n = 6). The
percentage of IFN-γ+ cells in the presence of lactate are relative to the percentage of IFN-γ+ cells in cultures stimulated with S. aureus-CFS alone, which is set to 1.
Bars show medians with interquartile range.

Lactobacilli species are known lactic acid-producing bacteria.
Fisher et al. reported that lactic acid inhibits antigen-specific
CD8 T cell cytotoxicity and that this effect was connected to
acidification (59), while others reported increased CTL activation in vitro, but the opposite pattern in vivo (60). Still, the
dampening nature of the lactobacilli-CFS used in this study
was not due to the acidification of the cell medium, as the
CFS were pH-neutralized before added to cell cultures. We
therefore investigated whether lactate, which does not acidify
the cell medium, could be a possible factor contributing to the
suppression of IFN-γ responses. Indeed, lactate was present in
the lactobacilli-CFS at physiological concentrations in the cell
cultures, and commercial lactate suppressed the IFN-γ response
of MAIT cells, γδ T cells, and NK cells in a dose-dependent manner. Intriguingly, tumor-derived lactate has been shown to inhibit
NK cell activation and cytotoxicity (61). The responses exerted by
activated T cells depend on alterations in the metabolic status, for
example, in the glycolysis with lactic acid as an end product (62).
This could, in part, explain why lactate acts differently on distinct

Several studies have attributed the immune-modulatory
potential of lactobacilli to their induction of IL-10 production
by immune cells (13, 14, 24). Niers et al. showed that lactobacilli
inhibit PHA-induced type 2 cytokines, partially via IL-10 induction (56). However, the lactobacilli-mediated dampening of
IFN-γ responses observed in this study was IL-10-independent.
In fact, the capacity of several lactobacilli strains to induce IL-10
in PBMC cultures varies to a high degree, yet all seem to have
the ability to similarly dampen IFN-γ (our unpublished data).
Further, strains of L. plantarum have been shown to ameliorate
colitis also in IL-10-deficient mice (57, 58).
The sensing of, and signaling induced by, lactobacilli require
further investigation. As reviewed by Yan and Polk, a LGG-derived
protein, p40, has been attributed immune-modulatory functions,
through the inhibition of epithelial cell apoptosis and inhibition
of innate cytokine production (27). Heat treatment of LGG-CFS
did not alter the capacity to dampen the IFN-γ response, implying
that a heat-sensitive peptide/protein did not mediate dampening
in our setting.

Frontiers in Immunology | www.frontiersin.org

12

July 2016 | Volume 7 | Article 273

Johansson et al.

Lactobacilli-Factors Dampen Lymphocyte-Activation In Vitro

types of T cells. Also, the metabolic activity of naive and memory
T cells differs, indicating that the composition, for example,
memory:naive ratio of the individual lymphocyte populations
examined, could influence kinetics and subsequent activation
(62, 63). Even though our data are limited to IFN-γ expression,
they suggest that lactate could contribute to lactobacilli-mediated
modulation of immune activation. However, as lactate did not
affect conventional T cell activation in our setting, other factors
must be responsible for the lactobacilli-mediated dampening
in these cell types. We conclude that lactobacilli-CFS contain
unidentified factors capable of dampening T cell and NK cell
activation, and that lactate additionally dampens the activation of
unconventional T cells and NK cells, which are supported by the
more pronounced dampening of IFN-γ in these cell populations
compared to conventional T cells.
Even though whole lactobacilli induce pro-inflammatory
responses in certain settings, in vivo administration of lactobacilli reduces inflammatory phenotypes. Pre- and postnatal
lactobacilli supplementation is associated with reduced TLR2
responsiveness during childhood (64) and protection against
allergic inflammatory responses (2), indicating that lactobacilli
can modulate peripheral immunity. Further, lactobacilli administration reduces viral infections in preterm infants (65). Live
lactic acid-producing bacteria and their bacterial DNA reduce
SEA- and allergen-induced IL-4 and IL-5 PBMC responses from
both healthy and allergic individuals (3, 4). An aberrant microbiota has been associated with immune-mediated diseases, such
as inflammatory bowel disease and allergy (66–68). An inverse
association between lactobacilli-colonization and development
of allergic disease has been reported (1, 69, 70), suggesting
that lactobacilli species are important modulators of immunity.
The observed dampening of pro-inflammatory responses by
lactobacilli-derived factors might contribute to the protective
effect of lactobacilli when present as a gut commensal or used
as supplement.

In this study we extend the in vitro characterization of PBMC
responses to S. aureus 161:2 and SEA, showing that in addition to
potent activation of CD4+ and CD8+ T cells, also unconventional
T cells and NK cells are activated. Further, we show that all
responses induced by S. aureus-CFS were dampened by soluble
factors derived from probiotic LGG and L. reuteri DSM 17938.
The immune-modulatory effect of lactobacilli-derived factors
in vitro provides not only a link to the beneficial effects of lactobacilli supplementation and early life colonization on immune
dysregulation and immune-mediated diseases but also suggests
that lactobacilli could modulate microbe-induced immune
responsiveness in vivo.

AUTHOR CONTRIBUTIONS
MJ, SB, MMF, and ES-E conceived and designed the study and
also wrote the paper. MJ, SB, MMF, KQ, MSC, JB, ME, and ES-E
designed or/and performed laboratory experiments. MJ, SB, MMF,
and KQ analyzed and/or finalized the data. MJ and SB performed
statistical analysis. MJ and SB contributed equally to this work.

FUNDING
This work was supported by the Swedish Research Council (grant
57X-15160-10-4), the Swedish Heart- and Lung Foundation, the
Cancer and Allergy Foundation, The Olle Engkvist Foundation,
The Torsten Söderberg Foundation, and the Mjölkdroppen- Carl
Trygger-, Hesselman-, Golden Jubilee-, and Crownprincess
Lovisa Foundations.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00273

REFERENCES
1. Johansson MA, Sjögren YM, Persson J-O, Nilsson C, Sverremark-Ekström
ES. Early colonization with a group of Lactobacilli decreases the risk for
allergy at five years of age despite allergic heredity. PLoS One (2011) 6:e23031.
doi:10.1371/journal.pone.0023031
2. Harb H, van Tol EAF, Heine H, Braaksma M, Gross G, Overkamp K, et al.
Neonatal supplementation of processed supernatant from Lactobacillus
rhamnosus GG improves allergic airway inflammation in mice later in life.
Clin Exp Allergy (2013) 43:353–64. doi:10.1111/cea.12047
3. Pochard P, Gosset P, Grangette C, Andre C, Tonnel AB, Pestel J, et al. Lactic
acid bacteria inhibit TH2 cytokine production by mononuclear cells from
allergic patients. J Allergy Clin Immunol (2002) 110:617–23. doi:10.1067/
mai.2002.128528
4. Ghadimi D, Fölster-Holst R, de Vrese M, Winkler P, Heller KJ, Schrezenmeir
J. Effects of probiotic bacteria and their genomic DNA on TH1/TH2-cytokine
production by peripheral blood mononuclear cells (PBMCs) of healthy
and allergic subjects. Immunobiology (2008) 213:677–92. doi:10.1016/j.
imbio.2008.02.001
5. Ivory K, Chambers SJ, Pin C, Prieto E, Arqués JL, Nicoletti C. Oral delivery
of Lactobacillus casei Shirota modifies allergen-induced immune responses
in allergic rhinitis. Clin Exp Allergy (2008) 38:1282–9. doi:10.1111/j.13652222.2008.03025.x
6. Adlerberth I, Lindberg E, Aberg N, Hesselmar B, Saalman R, Strannegård I-L,
et al. Reduced enterobacterial and increased staphylococcal colonization of the

Frontiers in Immunology | www.frontiersin.org

7.
8.
9.
10.
11.

12.

13.

13

infantile bowel: an effect of hygienic lifestyle? Pediatr Res (2006) 59:96–101.
doi:10.1203/01.pdr.0000191137.12774.b2
Marrack P, Kappler J. The staphylococcal enterotoxins and their relatives.
Science (1990) 248:705–11. doi:10.1126/science.2185544
Petersson K, Pettersson H, Skartved NJ, Walse B, Forsberg G. Staphylococcal
enterotoxin H induces V alpha-specific expansion of T cells. J Immunol (2003)
170:4148–54. doi:10.1126/science.2185544
Xu SX, McCormick JK. Staphylococcal superantigens in colonization
and disease. Front Cell Infect Microbiol (2012) 2:52. doi:10.3389/fcimb.
2012.00052
Brown AF, Leech JM, Rogers TR, McLoughlin RM. Staphylococcus aureus
colonization: modulation of host immune response and impact on human
vaccine design. Front Immunol (2014) 4:507. doi:10.3389/fimmu.2013.00507
Johansson MA, Saghafian-Hedengren S, Haileselassie Y, Roos S, TroyeBlomberg M, Nilsson C, et al. Early-life gut bacteria associate with IL-4-,
IL-10- and IFN-γ production at two years of age. PLoS One (2012) 7:e49315.
doi:10.1371/journal.pone.0049315
Haileselassie Y, Johansson MA, Zimmer CL, Björkander S, Petursdottir DH,
Dicksved J, et al. Lactobacilli regulate Staphylococcus aureus 161:2-induced
pro-inflammatory T-cell responses in vitro. PLoS One (2013) 8:e77893.
doi:10.1371/journal.pone.0077893
Di Giacinto C, Marinaro M, Sanchez M, Strober W, Boirivant M. Probiotics
ameliorate recurrent Th1-mediated murine colitis by inducing IL-10 and
IL-10-dependent TGF-beta-bearing regulatory cells. J Immunol (2005)
174:3237–46. doi:10.4049/jimmunol.174.6.3237

July 2016 | Volume 7 | Article 273

Johansson et al.

Lactobacilli-Factors Dampen Lymphocyte-Activation In Vitro

14. de Moreno de Leblanc A, Del Carmen S, Zurita-Turk M, Santos Rocha C, van
de Guchte M, Azevedo V, et al. Importance of IL-10 modulation by probiotic
microorganisms in gastrointestinal inflammatory diseases. ISRN Gastroenterol
(2011) 2011:892971. doi:10.5402/2011/892971
15. de Roock S, van Elk M, van Dijk MEA, Timmerman HM, Rijkers GT,
Prakken BJ, et al. Lactic acid bacteria differ in their ability to induce functional regulatory T cells in humans. Clin Exp Allergy (2010) 40:103–10.
doi:10.1111/j.1365-2222.2009.03344.x
16. Smelt MJ, de Haan BJ, Bron PA, van Swam I, Meijerink M, Wells JM, et al.
L. plantarum, L. salivarius, and L. lactis attenuate Th2 responses and increase
Treg frequencies in healthy mice in a strain dependent manner. PLoS One
(2012) 7:e47244. doi:10.1371/journal.pone.0047244
17. Liu Y, Fatheree NY, Dingle BM, Tran DQ, Rhoads JM. Lactobacillus reuteri
DSM 17938 changes the frequency of Foxp3+ regulatory T cells in the intestine and mesenteric lymph node in experimental necrotizing enterocolitis.
PLoS One (2013) 8:e56547. doi:10.1371/journal.pone.0056547
18. Braat H, van den Brande J, van Tol E, Hommes D, Peppelenbosch M, van
Deventer S. Lactobacillus rhamnosus induces peripheral hyporesponsiveness
in stimulated CD4+ T cells via modulation of dendritic cell function. Am
J Clin Nutr (2004) 80:1618–25.
19. Foligne B, Zoumpopoulou G, Dewulf J, Ben Younes A, Chareyre F, Sirard JC,
et al. A key role of dendritic cells in probiotic functionality. PLoS One (2007)
2:e313. doi:10.1371/journal.pone.0000313
20. Haileselassie Y, Navis M, Vu N, Qazi KR, Rethi B, Sverremark-Ekström ES.
Postbiotic modulation of retinoic acid imprinted mucosal-like dendritic cells
by probiotic Lactobacillus reuteri 17938 in vitro. Front Immunol (2016) 7:96.
doi:10.3389/fimmu.2016.00096
21. Yan F, Liu L, Cao H, Moore DJ, Washington MK, Wang B, et al. Neonatal colonization of mice with LGG promotes intestinal development and decreases
susceptibility to colitis in adulthood. Mucosal Immunol (2016). doi:10.1038/
mi.2016.43
22. Kim SO, Sheikh HI, Ha S-D, Martins A, Reid G. G-CSF-mediated inhibition
of JNK is a key mechanism for Lactobacillus rhamnosus-induced suppression of TNF production in macrophages. Cell Microbiol (2006) 8:1958–71.
doi:10.1111/j.1462-5822.2006.00763.x
23. Lin YP, Thibodeaux CH, Peña JA, Ferry GD, Versalovic J. Probiotic
Lactobacillus reuteri suppress proinflammatory cytokines via c-Jun. Inflamm
Bowel Dis (2008) 14:1068–83. doi:10.1002/ibd.20448
24. Ashraf R, Vasiljevic T, Smith SC, Donkor ON. Effect of cell-surface components and metabolites of lactic acid bacteria and probiotic organisms
on cytokine production and induction of CD25 expression in human
peripheral mononuclear cells. J Dairy Sci (2014) 97:2542–58. doi:10.3168/jds.
2013-7459
25. Ménard S, Candalh C, Bambou JC, Terpend K, Cerf-Bensussan N, Heyman M.
Lactic acid bacteria secrete metabolites retaining anti-inflammatory properties
after intestinal transport. Gut (2004) 53:821–8. doi:10.1136/gut.2003.026252
26. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al.
Metabolites produced by commensal bacteria promote peripheral regulatory
T-cell generation. Nature (2013) 504:451–5. doi:10.1038/nature12726
27. Yan F, Polk DB. Characterization of a probiotic-derived soluble protein which
reveals a mechanism of preventive and treatment effects of probiotics on
intestinal inflammatory diseases. Gut Microbes (2012) 3:25–8. doi:10.4161/
gmic.19245
28. Thomas CM, Hong T, van Pijkeren JP, Hemarajata P, Trinh DV, Hu W, et al.
Histamine derived from probiotic Lactobacillus reuteri suppresses TNF
via modulation of PKA and ERK signaling. PLoS One (2012) 7:e31951.
doi:10.1371/journal.pone.0031951
29. Björkander S, Hell L, Johansson MA, Forsberg MM, Lasaviciute G, Roos S,
et al. Staphylococcus aureus-derived factors induce IL-10, IFN-γ and IL-17Aexpressing FOXP3+CD161+ T-helper cells in a partly monocyte-dependent
manner. Sci Rep (2016) 6:22083. doi:10.1038/srep22083
30. Trinchieri G. Interleukin-12 and the regulation of innate resistance and
adaptive immunity. Nat Rev Immunol (2003) 3:133–46. doi:10.1038/nri1001
31. Segers ME, Lebeer S. Towards a better understanding of Lactobacillus
rhamnosus GG – host interactions. Microb Cell Fact (2014) 13(Suppl 1):S7.
doi:10.1186/1475-2859-13-S1-S7
32. Athalye-Jape G, Rao S, Patole S. Lactobacillus reuteri DSM 17938 as a probiotic
for preterm neonates: a strain-specific systematic review. JPEN J Parenter
Enteral Nutr (2015). doi:10.1177/0148607115588113

Frontiers in Immunology | www.frontiersin.org

33. Cruchet S, Furnes R, Maruy A, Hebel E, Palacios J, Medina F, et al. The use of
probiotics in pediatric gastroenterology: a review of the literature and recommendations by Latin-American experts. Paediatr Drugs (2015) 17:199–216.
doi:10.1007/s40272-015-0124-6
34. Lawrence PK, Rokbi B, Arnaud-Barbe N, Sutten EL, Norimine J, Lahmers
KK, et al. CD4 T cell antigens from Staphylococcus aureus Newman strain
identified following immunization with heat-killed bacteria. Clin Vaccine
Immunol (2012) 19:477–89. doi:10.1128/CVI.05642-11
35. Le Bourhis L, Martin E, Péguillet I, Guihot A, Froux N, Coré M, et al.
Antimicrobial activity of mucosal-associated invariant T cells. Nat Immunol
(2010) 11:701–8. doi:10.1038/ni.1890
36. Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, et al. MR1
presents microbial vitamin B metabolites to MAIT cells. Nature (2012)
491:717–23. doi:10.1038/nature11605
37. Gold MC, Cerri S, Smyk-Pearson S, Cansler ME, Vogt TM, Delepine J, et al.
Human mucosal associated invariant T cells detect bacterially infected cells.
PLoS Biol (2010) 8:e1000407. doi:10.1371/journal.pbio.1000407
38. Davey MS, Morgan MP, Liuzzi AR, Tyler CJ, Khan MWA, Szakmany T, et
al. Microbe-specific unconventional T cells induce human neutrophil differentiation into antigen cross-presenting cells. J Immunol (2014) 193:3704–16.
doi:10.4049/jimmunol.1401018
39. Haller D, Serrant P, Granato D, Schiffrin EJ, Blum S. Activation of human
NK cells by staphylococci and lactobacilli requires cell contact-dependent
costimulation by autologous monocytes. Clin Diagn Lab Immunol (2002)
9:649–57. doi:10.1128/CDLI.9.3.649-647.2002
40. Reinhardt R, Pohlmann S, Kleinertz H, Hepner-Schefczyk M, Paul A,
Flohé SB. Invasive surgery impairs the regulatory function of human CD56
bright natural killer cells in response to Staphylococcus aureus. Suppression
of interferon-γ synthesis. PLoS One (2015) 10:e0130155. doi:10.1371/journal.
pone.0130155
41. Ami K, Ohkawa T, Koike Y, Sato K, Habu Y, Iwai T, et al. Activation of human
T cells with NK cell markers by staphylococcal enterotoxin A via IL-12 but
not via IL-18. Clin Exp Immunol (2002) 128:453–9. doi:10.1046/j.1365-2249.
2002.01854.x
42. Kumar S, Colpitts SL, Ménoret A, Budelsky AL, Lefrancois L, Vella AT. Rapid
αβ T-cell responses orchestrate innate immunity in response to Staphylococcal
enterotoxin A. Mucosal Immunol (2013) 6:1006–15. doi:10.1038/mi.2012.138
43. Fikri Y, Denis O, Pastoret P, Nyabenda J. Purified bovine WC1+ gamma delta
T lymphocytes are activated by staphylococcal enterotoxins and toxic shock
syndrome toxin-1 superantigens: proliferation response, TCR V gamma
profile and cytokines expression. Immunol Lett (2001) 77:87–95. doi:10.1016/
S0165-2478(01)00182-1
44. Arad G, Levy R, Nasie I, Hillman D, Rotfogel Z, Barash U, et al. Binding of
superantigen toxins into the CD28 homodimer interface is essential for induction of cytokine genes that mediate lethal shock. PLoS Biol (2011) 9:e1001149.
doi:10.1371/journal.pbio.1001149
45. Ashraf R, Vasiljevic T, Day SL, Smith SC, Donkor ON. Lactic acid bacteria and
probiotic organisms induce different cytokine profile and regulatory T cells
mechanisms. J Funct Foods (2014) 6:395–409. doi:10.1016/j.jff.2013.11.006
46. Fink LN, Zeuthen LH, Christensen HR, Morandi B, Frøkiaer H, Ferlazzo G.
Distinct gut-derived lactic acid bacteria elicit divergent dendritic cell-mediated NK cell responses. Int Immunol (2007) 19:1319–27. doi:10.1093/intimm/
dxm103
47. Hsieh PS, An Y, Tsai YC, Chen YC, Chuang CJ, Zeng CT, et al. Potential of
probiotic strains to modulate the inflammatory responses of epithelial and
immune cells in vitro. New Microbiol (2013) 36:167–79.
48. Demont A, Hacini-Rachinel F, Doucet-Ladevèze R, Ngom-Bru C, Mercenier
A, Prioult G, et al. Live and heat-treated probiotics differently modulate IL10
mRNA stabilization and microRNA expression. J Allergy Clin Immunol (2016)
137:1264.e–7.e. doi:10.1016/j.jaci.2015.08.033
49. Fong FLY, Kirjavainen PV, El-Nezami H. Immunomodulation of Lactobacillus
rhamnosus GG (LGG)-derived soluble factors on antigen-presenting cells of
healthy blood donors. Sci Rep (2016) 6:22845. doi:10.1038/srep22845
50. Peluso I, Fina D, Caruso R, Stolfi C, Caprioli F, Fantini MC, et al. Lactobacillus
paracasei subsp. paracasei B21060 suppresses human T-cell proliferation.
Infect Immun (2007) 75:1730–7. doi:10.1128/IAI.01172-06
51. Murray CM, Hutchinson R, Bantick JR, Belfield GP, Benjamin AD, Brazma D,
et al. Monocarboxylate transporter MCT1 is a target for immunosuppression.
Nat Chem Biol (2005) 1:371–6. doi:10.1038/nchembio744

14

July 2016 | Volume 7 | Article 273

Johansson et al.

Lactobacilli-Factors Dampen Lymphocyte-Activation In Vitro

52. Yoshida A, Yamada K, Yamazaki Y, Sashihara T, Ikegami S, Shimizu M, et al.
Lactobacillus gasseri OLL2809 and its RNA suppress proliferation of CD4(+)
T cells through a MyD88-dependent signalling pathway. Immunology (2011)
133:442–51. doi:10.1111/j.1365-2567.2011.03455.x
53. Hosoya T, Sakai F, Yamashita M, Shiozaki T, Endo T, Ukibe K, et al. Lactobacillus
helveticus SBT2171 inhibits lymphocyte proliferation by regulation of the
JNK signaling pathway. PLoS One (2014) 9:e108360. doi:10.1371/journal.
pone.0108360
54. Latvala S, Miettinen M, Kekkonen RA, Korpela R, Julkunen I. Lactobacillus
rhamnosus GG and Streptococcus thermophilus induce suppressor of cytokine
signalling 3 (SOCS3) gene expression directly and indirectly via interleukin-10
in human primary macrophages. Clin Exp Immunol (2011) 165:94–103.
doi:10.1111/j.1365-2249.2011.04408.x
55. Chiu YH, Lin SL, Ou CC, Lu YC, Huang HY, Lin MY. Anti-inflammatory
effect of lactobacilli bacteria on HepG2 cells is through cross-regulation of
TLR4 and NOD2 signalling. J Funct Foods (2013) 5:820–8. doi:10.1016/j.
jff.2013.01.028
56. Niers LEM, Timmerman HM, Rijkers GT, van Bleek GM, van Uden NOP,
Knol EF, et al. Identification of strong interleukin-10 inducing lactic acid
bacteria which down-regulate T helper type 2 cytokines. Clin Exp Allergy
(2005) 35:1481–9. doi:10.1111/j.1365-2222.2005.02375.x
57. Schultz M, Veltkamp C, Dieleman LA, Grenther WB, Wyrick PB, Tonkonogy
SL, et al. Lactobacillus plantarum 299V in the treatment and prevention of
spontaneous colitis in interleukin-10-deficient mice. Inflamm Bowel Dis
(2002) 8:71–80. doi:10.1097/00054725-200203000-00001
58. Xia Y, Chen H-Q, Zhang M, Jiang Y-Q, Hang X-M, Qin H-L. Effect of
Lactobacillus plantarum LP-Onlly on gut flora and colitis in interleukin-10
knockout mice. J Gastroenterol Hepatol (2011) 26:405–11. doi:10.1111/j.14401746.2010.06498.x
59. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, et al.
Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood
(2007) 109:3812–9. doi:10.1182/blood-2006-07-035972
60. Mihm S, Dröge W. Regulation of cytotoxic T-lymphocyte activation by
l-lactate and pyruvate. Cell Immunol (1985) 96:235–40.
61. Husain Z, Huang Y, Seth P, Sukhatme VP. Tumor-derived lactate modifies
antitumor immune response: effect on myeloid-derived suppressor cells and
NK cells. J Immunol (2013) 191:1486–95. doi:10.4049/jimmunol.1202702
62. Buck MD, O’Sullivan D, Pearce EL. T cell metabolism drives immunity. J Exp
Med (2015) 212:1345–60. doi:10.1084/jem.20151159

Frontiers in Immunology | www.frontiersin.org

63. Frauwirth KA, Thompson CB. Regulation of T lymphocyte metabolism.
J Immunol (2004) 172:4661–5. doi:10.4049/jimmunol.172.8.4661
64. Forsberg A, Abrahamsson TR, Björkstén B, Jenmalm MC. Pre- and postnatal
administration of Lactobacillus reuteri decreases TLR2 responses in infants.
Clin Transl Allergy (2014) 4:21. doi:10.1186/2045-7022-4-21
65. Luoto R, Ruuskanen O, Waris M, Kalliomäki M, Salminen S, Isolauri E.
Prebiotic and probiotic supplementation prevents rhinovirus infections
in preterm infants: a randomized, placebo-controlled trial. J Allergy Clin
Immunol (2014) 133:405–13. doi:10.1016/j.jaci.2013.08.020
66. Fava F, Danese S. Intestinal microbiota in inflammatory bowel disease:
friend of foe? World J Gastroenterol (2011) 17:557–66. doi:10.3748/wjg.v17.
i5.557
67. Abrahamsson TR, Jakobsson HE, Andersson AF, Björkstén B, Engstrand L,
Jenmalm MC. Low gut microbiota diversity in early infancy precedes asthma
at school age. Clin Exp Allergy (2014) 44:842–50. doi:10.1111/cea.12253
68. Björkstén B, Sepp E, Julge K, Voor T, Mikelsaar M. Allergy development and
the intestinal microflora during the first year of life. J Allergy Clin Immunol
(2001) 108:516–20. doi:10.1067/mai.2001.118130
69. Sjögren YM, Jenmalm MC, Böttcher MF, Björkstén B, Sverremark-Ekström E.
Altered early infant gut microbiota in children developing allergy up to 5
years of age. Clin Exp Allergy (2009) 39:518–26. doi:10.1111/j.1365-2222.2008.
03156.x
70. Penders J, Thijs C, Mommers M, Stobberingh EE, Dompeling E, Reijmerink NE,
et al. Intestinal lactobacilli and the DC-SIGN gene for their recognition
by dendritic cells play a role in the aetiology of allergic manifestations.
Microbiology (2010) 156:3298–305. doi:10.1099/mic.0.042069-0
Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2016 Johansson, Björkander, Mata Forsberg, Qazi, Salvany Celades,
Bittmann, Eberl and Sverremark-Ekström. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

15

July 2016 | Volume 7 | Article 273

