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Introduction

Summary

Modulation of host immunity is an important potential mechanism by which
probiotics confer health benefits. This study was designed to investigate the
effects of a probiotic strain, Lactobacillus casei Shirota (LcS), on immune
function using human peripheral blood mononuclear cells (PBMC) in vitro.
In addition, the role of monocytes in LcS-induced immunity was also
explored. LcS promoted natural killer (NK) cell activity and preferentially
induced expression of CD69 and CD25 on CD8* and CD56" subsets in the
absence of any other stimulus. LcS also induced production of interleukin
(IL)-1B, IL-6, tumour necrosis factor (TNF)-at, [L-12 and IL-10 in the absence
of lipopolysaccharide (LPS). In the presence of LPS, LcS enhanced IL-1B
production but inhibited LPS-induced IL-10 and IL-6 production, and had no
further effect on TNF-o and IL-12 production. Monocyte depletion reduced
significantly the impact of LcS on lymphocyte activation, cytokine production
and natural killer (NK) cell activity. In conclusion, LcS activated cytotoxic
lymphocytes preferentially in both the innate and specific immune systems,
which suggests that LcS could potentiate the destruction of infected cells in
the body. LcS also induced both proinflammatory and anti-inflammatory
cytokine production in the absence of LPS, but in some cases inhibited LPS-
induced cytokine production. Monocytes play an important role in LcS-
induced immunological responses.
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‘live microorganisms, that when included in foods can influ-
ence the composition and activity of the gut microbiota,

One of the most promising areas of development in the
human nutritional field over the last two decades has been
the use of probiotics and recognition of their role in human
health and disease. Lactic acid-producing bacteria are the
most commonly used probiotics in foods and supplements.
The means by which probiotic bacteria elicit their health
effects are not understood fully, but may include competitive
exclusion of enteric pathogens, neutralization of dietary car-
cinogens, production of anti-microbial metabolites and
modulation of mucosal and systemic immune function [1].
According to the currently adopted definition by the Food
and Agriculture Organization/World Health Organization
(FAO/WHO), probiotics are defined as ‘live microorganisms
which when administered in adequate amounts confer a
health benefit on the host. However, in recognition of the
increasing evidence for effects of probiotics on immune
function, this definition has sometimes been extended to

modulate the inflammatory response, improve the nonspe-
cific intestinal barrier, and reinforce or modulate the
mucosal and the systemic immune responses’ [1]. It has also
been suggested that the selection of an appropriate probiotic
strain for its inclusion in a probiotic preparation should be
made on the basis of its capacity to induce an improved gut
immune response [2].

Probiotics have been shown to reduce the duration and
total symptom score of the common cold in healthy volun-
teers [3], to decrease the duration of infection in older
in-patients [4] and to reduce the incidence of influenza-like
illness in healthy subjects [5]. Human intervention studies
have shown that probiotics enhance innate immunity,
including natural killer (NK) cell activity, phagocytic activity
and respiratory burst [5-11]. However, the reported effects
of probiotics on cytokine production are complex and
inconsistent. Some probiotic strains, such as Lactobacillus
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rhamnosus GG, and a mixture of probiotic strains of L.
gasseri CECT 5714 and L. coryniformis CECT 5711, appear to
enhance production of the anti-inflammatory cytokine,
interleukin (IL)-10, while having no effect or slightly
decreasing production of the proinflammatory cytokines,
IL-6, interferon (IFN)-y and tumour necrosis factor
(TNF)-0.. However, a number of human studies report no
effect of probiotics on the ex vivo production of cytokines
[5,7,12,13]. Furthermore, there are few data on the effects of
probiotics on cellular immunity, either from human studies
or from in vitro experiments.

It is becoming clear that the immunomodulatory effects of
probiotics are strain-dependent. L. casei Shirota (LcS), a
commercial probiotic strain, increases the number of ben-
eficial intestinal bacteria and improves the balance between
beneficial and potentially harmful intestinal bacteria [14],
prevents the recurrence of superficial bladder cancer and of
colorectal polyps with moderate atypia [15,16], improves
chronic constipation [17], enhances NK cell activity [18] and
modifies allergen-induced immune responses in allergic
rhinitis [19]. However, the effects of LcS on immune func-
tion are still poorly understood, particularly with respect to
acquired immunity. In an in vitro study using human periph-
eral blood mononuclear cells (PBMCs), LcS was reported to
enhance NK cell activity and induce IL-12 production [20].
In another in vitro study, heat-killed LcS stimulated IL-10,
IL-12, TNF-o and IFN-y production, promoted NK cell
activity and activated CD69 expression on NK cells. The
study also indicated that monocytes are important for these
effects [21].

The aim of the current study was to characterize the
immunomodulatory properties of LcS in an in vitro system
using PBMCs, particularly with respect to T lymphocyte
activation, and to determine the role of monocytes in these
effects.

Materials and methods

LcS preparation

Stock cultures of LcS, isolated from the fermented milk
product Yakult (Yakult Europe B.V., Almere, the Nether-
lands), were grown on de Man, Rogosa and Sharpe (MRS)
agar (Oxoid, Hampshire, UK) for 48 hat 37°C in an anaerobic
cabinet (MACS MG 1000; Don Whitley Scientific, West York-
shire, UK) with a gas mixture of 10% H,, 10% CO, and 80%
N, by volume, subsequently preserved in Microbank® mixed
vials (ProLab Diagnostics, Neston, UK) at —80°C and kept as
a stock for future use. For liquid culture, one pure colony was
taken from an MRS nutrient agar plate and grown overnight
in 10 ml of pre-reduced MRS broth (Oxoid) with 0-05%
L-cysteine hydrochloride (Sigma, Dorset, UK) in a shaking
incubator (cooled orbital incubator; Gallenkamp, Loughbor-
ough, UK) at 37°C, and 0-5 ml of the overnight culture was
inoculated into another 10 ml MRS broth. The bacteria were
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harvested in the exponential phase, resuspended in
phosphate-buffered saline (PBS; Oxoid), centrifuged twice at
1960 g (Sanyo/MSE Micro Centaur, Haverhill, USA) for
5min and resuspended at the required concentration in
RPMI-1640 (Autogen Bioclear, Wiltshire, UK) containing
0-75 mM glutamine (Autogen Bioclear).

Preparation of PBMC and monocyte-depleted PBMC
(MD-PBMC)

Fasted blood samples were taken from 19 healthy adult
donors aged 28—44 years in sodium heparin vacutainer tubes
(Greiner Bio-One Ltd, Gloucestershire, UK). Blood was
layered over an equal volume of Lympholyte (Cedarlane
Laboratories Ltd, Tyne & Wear, UK) and centrifuged at 930 g
for 15 min at room temperature. The plasma was removed
into a sterile 15 ml tube for later use. Cells were harvested
from the interface, washed once, resuspended in RPMI-1640
medium (containing glutamine) and the above steps were
then repeated to achieve a lower degree of erythrocyte
contamination. The pellet was finally resuspended in RPMI-
1640 and the cell number was adjusted to 2 x 10° cells/ml.

For monocyte depletion experiments, monocytes were
removed from PBMC using anti-CD14 magnetic beads (BD
Biosciences, Oxford, UK) and the efficiency of depletion
(<1-5% monocytes) was verified by flow cytometry. The
MD-PBMCs were washed twice with PBS before being
adjusted to 2 x 10° cells/ml.

In vitro culture conditions

PBMC were incubated in 24-well plates in the presence of
10°, 10° or 107 colony-forming units (CFU)/ml LcS and 2-5%
autologous plasma for 24h at 37°C in an air/CO, (19:1)
atmosphere. The ratios of PBMC and LcS were 10: 1, 1:1
and 1: 10, respectively. For lymphocyte activation experi-
ments, PBMC were incubated in the presence or absence of
2:5 ug/ml concanavalin A (ConA; Sigma) and for cytokine
production they were incubated in the presence or absence
of 1 ug/ml lipopolysaccharide (LPS; Sigma). At the end of
the incubation, cells were stained for activation marker mea-
surement, and supernatants were collected and stored at
—20°C for later analysis of cytokine production. Non-
stimulated cultures were used as negative controls. For
monocyte depletion experiments, PBMCs or MD-PBMCs
were incubated with LcS at 10° CFU/ml for 24 h in the pres-
ence or absence of ConA or LPS.

Lymphocyte activation analysis

Cells were removed gently from wells using cell scrapers and
plastic pipettes, stained with appropriate combinations of
fluorescently labelled monoclonal antibodies, including
fluorescein isothiocyanate (FITC)-labelled anti-CD69 or
anti-CD25 and phycoerythrin (PE)-labelled anti-CD3, anti-
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CD4, anti-CD8 or anti-CD56, and fixed with Cell Fix (all
from BD Biosciences). The fixed cells were analysed on a
Becton Dickinson FACSCalibur flow cytometer (BD Bio-
sciences) within 24 h. The lymphocytes were gated and fluo-
rescence data for 10 000 events were collected and analysed
using Becton Dickinson CellQuest software.

Cytokine analysis

The concentrations of IL-1f, IL-6, IL-10, IL-12 (p70) and
TNF-o in the supernatants of PBMC or MD-PBMC cultures
were measured by commercially available enzyme-linked
immunosorbent assay (ELISA) kits (BD Biosciences),
according to the manufacturer’s instructions.

NK cell activity

Freshly prepared PBMC and MD-PBMC or 24 h-incubated
PBMC or MD-PBMC with medium or LcS at 10° CFU/ml
were adjusted to a concentration of 5 X 10° cells/ml. Viable
target cells (K562) were enumerated by microscopy of
Trypan blue-stained cell preparations and 5 x 10° cells were
collected and washed twice with PBS before incubation with
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE)
(1 ug/ml; Sigma, Dorset, UK) for 45 min at 37°C in an air/
CO; (19:1) atmosphere. After incubation, the target cells
were washed twice and resuspended in 1 ml of complete
medium composed of RPMI-1640 medium, 0-75 mM
glutamine and 10% newborn calf serum (Sigma, Dorset,
UK). PBMC or MD-PBMC were incubated with CFDA-SE-
labelled target cells for 2 h at 37°C in an air/CO, (19:1)
atmosphere at effector to target cell ratios of 100:1, 50 : 1,
25:1 and 12-5: 1. Twenty microlitres of propidium iodide
(PI) (Sigma) at 1 mg/ml were added to the samples prior to
analysis on the flow cytometer. The results were expressed as
the percentage lysis of the target cells.

Statistics

All the values are presented as mean and standard deviation.
All data were analysed using spss version 15-0. Significant
differences among treatments were evaluated by two-way
analysis of variance (aNova) or Student’s t-test when
applicable. The criterion for statistical significance was
defined as P < 0-05.

Results

LcS induces CD69 expression on CD4* and CD8*
lymphocytes and CD25 expression on CD8*
lymphocytes

Approximately 2-5% of unstimulated lymphocytes expressed
CD69 (Fig. 1a). In the absence of ConA, LcS increased CD69
expression by lymphocytes, with a maximal effect at

10° CFU/ml, representing a ratio of PBMC and LcS 1:1
(P<0-001) compared with unstimulated cultures (Fig. 1a).
LcS-induced CD69 expression by CD8" lymphocytes was
particularly marked, although CD4" cells were also stimu-
lated by LcS (Fig. 1b). LcS alone also stimulated expression
of CD25 (Fig. 1c). In this case, however, LcS increased
expression of CD25 by CD8" cells significantly, but not by
CD4" cells (Fig. 1d), suggesting preferential activation of the
CD8" subset.

In the presence of ConA, LcS had no further effect on
expression of CD69 or CD25 compared with those cultures
stimulated by ConA alone (Fig. 1). At suboptimal ConA con-
centrations (1-25 and 0-625 pg/ml), there was a tendency for
LcS to enhance mitogen-stimulated CD69 and CD25 expres-
sion compared with ConA alone, but the effects did not
reach statistical significance (data not shown).

LcS induces cytokine production by PBMC and whole
blood cultures

PBMC were exposed to LcS at 10°, 10° or 10’ CFU/ml in the
presence or absence of LPS, and the results showed that LcS
at 10° CFU/ml had the maximum effect on induction of the
cytokine production (data not shown). Figure 2 shows
cytokine production induced by LcS at 10° CFU/ml, in the
presence or absence of LPS. In the absence of LPS, LcS
strongly induced production of IL-18 by PBMC (P < 0-001)
compared with non-stimulated cultures. Stimulation with
LPS also induced IL-1B production, but to a significantly
lesser degree than LcS (P < 0-05). When PBMC were exposed
to both LPS and LcS the IL-1B-inducing effects were addi-
tive, in that LcS enhanced IL-1B production by LPS-
stimulated cells significantly (P < 0-05).

In the absence of LPS, LcS induced production of IL-6
by PBMC significantly (P <0-001) compared with non-
stimulated cultures. However, induction of IL-6 by LPS was
greater than that by LcS (P = 0-09; Fig. 2). When PBMC were
exposed to both LcS and LPS, IL-6 production was reduced
significantly compared with LPS alone, suggesting that
although LcS itself induced IL-6 production, it inhibited
LPS-induced IL-6 production.

The effects of LcS on TNF-a production were similar to
those on production of IL-1p. LcS alone strongly induced
production of TNF-o. by PBMC, and also induced greater
TNEF-o. production by LPS-stimulated PBMC cultures than
LPS alone (P < 0-05). LPS alone had no effect on induction
of TNEF-ou.

LcS induced IL-12 production by PBMC (P < 0-01) com-
pared with unstimulated cultures, but had no further effect
on LPS-treated cultures. The results also suggested that LPS
was unable to induce IL-12.

LcS alone induced IL-10 production significantly in
PBMC cultures (P < 0-001) compared with non-stimulated
cultures, but to a lesser extent than LPS (P < 0-05). Similar to
IL-6 production, LcS modulated the effect of LPS-induced
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Fig. 1. Effect of Lactobacillus casei Shirota (LcS) on expression of
CD69 and CD25 by lymphocytes. Peripheral blood mononuclear cells
(PBMCs) were cultured with live L. casei Shirota at 10°, 10° or 107
colony-forming units (CFU)/ml in the presence or absence of
concanavalin A (ConA) (2-5 ug/ml). Non-stimulated cultures were
shown as negative control. Each bar represents the mean of 6 to 19
blood donors and the error bars represent standard deviation [49].
*P < 0:05, **P < 0-01, ***P < 0-001 compared with non-stimulated
cultures.

o
-

IL-10 production. Although not significant at 10° CFU/ml,
LcS at 107 CFU/ml reduced IL-10 production significantly by
LPS-stimulated PMBC compared with LPS alone (data not
shown).

In summary, production of IL-1f, IL-6, IL-10, IL-12 and
TNEF-o by unstimulated PBMC was very low. When stimu-
lated by LcS alone, production of all cytokines analysed was
induced, but to different extents. Conversely, LPS induced
production of IL-1B, IL-6 and IL-10, but not TNF-o. or
IL-12. When PBMC were exposed to both LcS and LPS,
production of IL-13 and TNF-o was enhanced, but that of
IL-6 and IL-10 was inhibited, and there was no effect on
IL-12 production compared with cytokines induced by LPS
alone.

In addition to assessing the effects of LcS on cytokine
production, a secondary aim of the study was to verify
whether PBMC samples can be replaced by whole blood
samples for cytokine measurement. Table 1 shows the effects
of LcS on cytokine production measured in the supernatants
of both PBMC and whole blood cultures. Whole blood cul-
tures produced very similar results, and levels of cytokines
produced by PBMC and whole blood were correlated highly
(P <0-01, r=0-69-0-83, data not shown), suggesting that
whole blood cultures could be employed for these types of
experiments.

Role of monocytes in LcS-induced immunomodulation

To study the role of monocytes in LcS-induced immuno-
modulation, the effects of LcS at 10° CFU/ml on expres-
sion of activation markers and cytokine production of
PBMC and monocyte-depleted PBMC (MD-PBMC) were
compared. In this experiment, activation markers were
examined on CD3*, CD4", CD8" and CD56" subsets of lym-
phocytes in PBMC and MD-PBMC. LcS stimulated a signifi-
cant increase in CD69 expression on all the above subsets in
PBMC (P < 0-05). Following depletion of monocytes, LcS
still increased the expression of CD69 on CD3*, CD8* and
CD56" subsets relative to no stimulus, but did not increase
expression on CD4" T cells (Fig. 3a). However, the degree of
induction of CD69 by LcS on MD-PBMC was significantly
lower than that on PBMC (Fig. 3a). LcS induced CD25
expression only on CD8" and CD56" subsets in PBMC, and
also MD-PBMC, but expression of this activation marker
was reduced significantly by monocyte depletion (Fig. 3b).
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Fig. 3. Effect of monocyte depletion on Lactobacillus casei Shirota
(LcS)-induced CD69 and CD25 expression by peripheral blood
mononuclear cells (PBMCs) and monocyte-depleted (MD)-PBMCs.
(a) CD69 expression; (b) CD25 expression. PBMCs or MD-PBMCs
were incubated with medium or live LcS at 10° colony-forming units
(CFU)/ml for 24 h. Data are shown as mean * standard deviation of
6 to 19 subjects. *P < 0-05, **P < 0-01, ***P < 0-001 compared between
PBMC and MD-PBMC cultures.

However, when PBMC were exposed to LcS at 10° CFU/ml
for 24 h, NK cell activity was increased greatly compared
with that in the medium-only control (Fig. 5b). NK cell
activity in 24 h incubated MD-PBMC with medium was
greater than that in fresh PBMC or PBMC incubated for 24 h
with medium (P < 0-01). When MD-PBMC were stimulated
with LcS for 24 h, NK cell activity was increased compared
with MD-PBMC cultured with medium alone (P<0-01,
Fig. 5¢). However, the magnitude of the increase of NK cell
activity stimulated by LcS was reduced significantly by
monocyte depletion. For example, at a 50 : 1 ratio of effector
to target cells, the magnitude of the increase of NK cell
activity by LcS was 3-14-fold in PBMC and 1-65-fold in
MD-PBMC. Thus, monocyte depletion reduced NK cell
activity induced by LcS.

Discussion

Evidence has accumulated to suggest that probiotics confer
health benefits via modulation of immune function. The

Probiotics and immune function

present study demonstrates that the probiotic strain, LcS,
promotes T cell activation, as evidenced by induction of
CD69 and CD25 expression by T lymphocytes. Importantly,
there was evidence of preferential activation of CD8" T cells.
LcS also enhanced CD69 and CD25 expression on the CD56*
subset, increased NK cell activity and induced cytokine pro-
duction by human PBMC in vitro.

Effects of LcS on lymphocyte activation

After T cell activation via CD3/T cell receptor (TCR) or via
CD2 (the alternate T cell activation pathway), the first mea-
surable surface marker that is induced is CD69 [22]. It has
been reported that quantitative flow cytometric determina-
tion of CD69 expression on T lymphocytes has several
advantages over traditional lymphocyte proliferation assays
and is a useful diagnostic tool for detailed assessment of T
lymphocyte and subset activation [23].

CD25, the o chain of the IL-2 receptor, is a late activation
marker induced during lymphoid cell activation, reaching a
peak at 96 h after stimulation by phytohaemagglutinin
(PHA) [24]. CD25 is expressed on activated T cells, B cells
and monocytes. Formation of the high-affinity IL-2 receptor
allows T cell proliferation and differentiation to be driven by
IL-2 [25]. Previous studies have shown overall agreement
with CD25 or CD69 and proliferation assays when a recall
specific antigen was used [24].

CD25 and CD69 have been regarded generally as activa-
tion markers without discrimination of their significance for
proliferation. However, Clausen [26] reported that there was
discrimination between CD25 and CD69 as activation
markers on cytotoxic CD56" lymphocytes and that CD25
should be viewed as an indicator for proliferative potential,
whereas CD69 is a marker for cytotoxic activity. However,
further evidence is required to justify this.

Studies on the effect of LcS on cellular immunity are very
limited. Our data demonstrate that LcS stimulated CD69
expression by CD3", CD4, CD8" and CD56" lymphocytes in
the absence of mitogen. It also stimulated expression of
CD25, but only by CD8" and CD56" lymphocytes. This is the
first time that such an effect of LcS on T lymphocytes, and in
particular CD8" subsets, has been shown. Similar effects of
other probiotic strains have been reported in a few cases. For
example, Castellazzi ef al. [27] demonstrated that L. para-
casei 1 1688, L. salivarius I 1794 and a mixture of the two
strains increased the percentage of CD4"/CD25" cells
(T helper-activated regulatory T cells), CD8"/CD25" (T
suppressor/cytotoxic-activated cells) and CD16*/CD56* (NK
cells) (P <0-05). Another in vitro experiment showed that
two Lactobacillus strains, L. johnsonii La 1 and L. sakei LTH
681, increased expression of CD69 by CD8" cells [28]. In a
human trial by Meyer [29], the expression of CD69 by T
lymphocytes was increased by consumption of both conven-
tional yogurt and a probiotic product, and this activation
was especially significant in the CD8" subset, with a lesser
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Fig. 4. Effect of monocyte depletion on Lactobacillus casei Shirota
(LcS)- and lipopolysaccharide (LPS)-induced cytokine production.
Peripheral blood mononuclear cells (PBMCs) or monocyte-depleted
(MD)-PBMCs were incubated with live LcS at 10° colony-forming
units (CFU)/ml or LPS at 1 pg/ml for 24 h. Increase of cytokine
productions of interleukin (IL)-1f, IL-6, tumour necrosis factor
(TNF)-a, IL-12 and IL-10 in the supernatants of the cultures were
measured by enzyme-linked immunosorbent assay. Data are shown as
mean =+ standard deviation of 6 to 14 subjects. *P < 0-05, **P < 0-01,
***P < 0-001 compared between PBMC and MD-PBMC cultures.

<

effect on CD4" lymphocytes. In a randomized placebo-
controlled human trial [12], the effect of Saccharomyces bou-
lardii administration was studied in healthy children aged
between 6 months and 10 years who were admitted for acute
diarrhoea. The patients who were supplemented with S. bou-
lardii for 7 days showed a significant decrease in daily stool
frequency and a significant increase in the percentage of CD8
lymphocytes and serum immunoglobulin A (IgA) compared
with the placebo group. In a randomized, double-blind,
placebo-controlled intervention study by de Vrese [3], L.
gasseri PA 16/8, Bifidobacterium longum SP 07/3 and B.
bifidum MF 20/5 were supplemented for 3 months in 479
healthy adults. Cellular immune parameters were evaluated
in a randomly drawn subgroup of 122 volunteers before and
after 14 days of supplementation. The results showed that
the total symptom score, the duration of common cold epi-
sodes and days with fever during an episode were signifi-
cantly lower in the probiotic group. There was also a
significant increase in the percentage of cytotoxic/T suppres-
sor cells (CD8") after probiotic supplement. Our data are
thus consistent with these studies, indicating that probiotics
enhance the numbers/activation of cytotoxic lymphocytes
and may enhance cytotoxic activity. It remains to be deter-
mined whether these effects are strain-dependent, or a
general feature of lactobacillus and bifidobacterium species.

Several human studies have shown that probiotics, includ-
ing LcS, enhance NK cell activity [5,7,8,10,13,18,30-32]. The
results in the current study showed a direct enhancement of
NK cell activity in human PBMC stimulated by LcS in vitro,
which is in agreement with another in vitro study [21]
employing heat-killed LcS and showing that both NK cell
activation and activity were enhanced by LcS stimulation.
These data suggest that LcS could potentiate the destruction
of infected cells in the body and enhance host defence.
Further research to investigate mechanisms is required and
human trials are needed to confirm these immunomodula-
tory effects of LcS in vivo.

Effects of LcS on cytokine production by PBMC

Probiotics clearly modulate cytokine production and the
effects appear to be strain-specific [33]. Data on the effects of
LcS on cytokine production, however, are limited. The
current study demonstrates that live LcS greatly induces pro-
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Fig. 5. Effect of Lactobacillus casei Shirota (LcS) on natural killer
(NK) cell activity in peripheral blood mononuclear cells (PBMCs)
and monocyte-depleted (MD)-PBMCs. PBMCs or MD-PBMCs were
incubated with medium or live LcS at 10° colony-forming units
(CFU)/ml for 24 h. NK cell activity represented by percentage of
specific lysis of target cells was assessed in freshly prepared PBMCs
(a), in PBMCs cultured with medium or LcS (b) and in MD-PBMCs
cultured with medium or LcS (c) for 24 h. Data are shown as

mean * standard deviation of five subjects. *P < 0-05, **P < 0-01,
%P < 0-001 compared with non-stimulated cultures of PBMC or
MD-PBMC.

duction of IL-1fB, IL-6 and TNF-o0,, and also significantly
induces production of IL-12 and IL-10. These results are
consistent with an in vitro study, which showed that heat-
killed LcS stimulated human PBMC to secrete IL-12, IFN-y,
TNF-o and IL-10 [21]. In another in vitro study using
murine monocyte/macrophage cell line J774A.1, LcS was
shown to stimulate markedly secretion of IL-12 and TNF-a,
but had no effect on IL-10 production [34]. This study also
showed that live bacteria stimulated higher levels of IL-12
and TNF-a than heat-killed preparations.

Probiotics and immune function

In the current study, LPS (the main component of the cell
wall of Gram-negative bacteria) induced greater production
of IL-10 and IL-6, lower production of IL-1f than LcS, but
had no significant effect on production of IL-12 or TNF-o..
According to other studies employing human PBMC, Escheri-
chia coli and LPS are weaker inducers of IL-12, TNF-a. and
IFN-y, but far more potent inducers of the anti-inflammatory
cytokine, IL-10, than lactic acid bacteria [34-37].In an in vitro
study, LPS was a more potent inducer of IL-10 than several
live B. longum strains, but a weak inducer of TNF-o produc-
tion [38,39]. In another in vitro study, LPS induced produc-
tion of IL-1f3,1L-10,1L-12 and, in particular, alarge amount of
IL-6, by human myeloid dendritic cells, but did not induce
production of TNF-c [38]. On the other hand, Lactobacillus
strains have been reported to induce production of IL-12,
TNF-o and IFN-vy, as well as IL-10 [40,41]. In addition, our
results also confirmed that PBMC samples can be replaced by
whole blood samples for cytokine measurement [42].

The current study showed that LcS enhanced LPS-induced
IL-1B, but inhibited LPS-induced IL-10 and IL-6 production
and had no further effect on production of IL-12 or TNF-aL.
Interestingly, Mohamadzadeh et al. [38] showed that pro-
duction of IL-12 by myeloid dendritic cells was sustained
in response to three Lactobacillus species in the presence of
LPS, whereas LPS-induced IL-10 production was greatly
inhibited. These results indicate that the effects of probiotics
on inflammatory responses might be strain-dependent, and
also dependent upon host immune status. The interpreta-
tion of these effects of lactobacilli is clearly complex, but it is
suggested that the literature to date supports evidence for an
augmentation of innate immune defences by probiotics,
coupled with an ability to regulate inflammation under some
conditions [21].

It is suggested that cell-surface components of the bacteria
play a central role in inducing immune responses [35,39]. An
in vitro study showed that the effects of cell-surface compo-
nents obtained by sonication of B. longum strains replicated
the stimulation of PBMCs with live cells, indicating that
these components are important determinants of the immu-
nomodulatory activity of B. longum. On the other hand,
cell-free culture supernatants of the studied strains do not
tend to induce production of TNF-q, indicating that surface
structures are important in determining the immunomodu-
latory activity of probiotic bacteria [39].

These surface structures are generally called pathogen-
associated molecular patterns (PAMPs), and are recognized
by pattern recognition receptors (PRRs), which include
TLRs [43]. Activation of different TLRs results in induction
of different cytokines. For example, TLR-4 is the key target
for LPS-induced signalling which results in IL-10 produc-
tion, while TLR-2 recognizes lipoprotein/lipopeptide, lipote-
ichoic acid, glycoinositol-phospholipids and peptidoglycan,
which are present in Gram-positive and/or Gram-negative
bacteria cell walls, which results in secretion of proinflam-
matory cytokines and anti-inflammatory IL-10 [44].
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Role of monocytes on LcS-induced
immunomodulation

In the current study, LcS induced preferential activation of
cytotoxic cells (both CD8" and CD567). It has been reported
that early production of IL-12 by macrophages contributes
to the maturation of both NK cells and CD8" T cells, leading
toa T helper type 1 (Th1)-biased response [45]. In an in vitro
study, LcS was shown to be phagocytosed by monocytes and
stimulated them directly to secrete not only proinflamma-
tory cytokines, such as IL-12 and TNF-o,, but also the anti-
inflammatory cytokine, IL-10 [21]. It was therefore proposed
that monocytes play an important role in LcS-induced
immunomodulation. The current study demonstrates that
monocyte depletion reduced significantly the activation of T
cells and NK cells, as well as the production of IL-1f, IL-6,
TNF-o and IL-12, and totally blocked the secretion of IL-10.
This suggests that monocytes are critical for the induction of
IL-10 by LcS, which is supported by another study in which
removal of the monocytes abrogated IL-10 production upon
interaction with lactic acid bacteria [28] or LPS [46], and are
important (but not critical) for the production of other
cytokines and induction of activation markers. Other studies
have reported that L. johnsonii induces CD25 expression
directly on purified NK cells [45], and mRNA for the p35
and p40 subunits of IL-12 was still induced in monocyte-
depleted cultures [46], which indicates that LcS could
modify immune function via pathways not involving
monocytes.

Our results show that the magnitude of the increase of NK
cell activity in PBMC was greater than that in MD-PBMC
after 24 h incubation with LcS, suggesting that monocytes
potentiate the effect of the LcS-induced increase in NK cell
activity. This is consistent with the study of Shida et al. [21],
which reported that monocytes play a role in LcS-induced NK
cell activity. In the current study, the greater NK cell activity in
MD-PBMC than in PBMC after 24 h incubation may be due
partly to a relatively higher proportion of NK cells in
MD-PBMC than in PBMC (as monocyte depletion by nature
will result in a higher proportion of NK cells). Moreover,
some other studies support the observation that monocytes
might suppress NK cell activity [46—48]. It is possible that
increased NK cell activity in monocyte-depleted cultures is a
consequence of the reduced/inhibited IL-10 secretion, as
there is evidence that IL-10 plays a part in the regulation of
NK cell function. For example, Goodier [46] found that
cytolytic activity, IEN-y production, proliferation and expan-
sion of human peripheral blood CD3~ CD56" cells (NK cells)
induced by LPS were enhanced in the presence of anti-IL-10
receptor-blocking antibodies or on the removal of CD14*
cells (monocytes) from the cultures. IL-10 was lost from the
culture supernatants of CD14-depleted PBMC and rIL-10
reversed the effect of this depletion.

In conclusion, in the absence of mitogenic stimulation,
LcS enhances immune function, particularly that of cyto-

toxic T lymphocytes (CD8" T cells), possibly via induction of
proinflammatory cytokines. This is the first time such an
effect of LcS has been shown, and suggests that LcS could
potentiate the destruction of infected cells in the body.
Further research to investigate mechanisms is required and
human trials are needed to confirm these immunomodula-
tory effects of LcS in vivo.
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