NEW MICROBIOLOGICA, 36, 167-179, 2013

Potential of probiotic strains to modulate
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SUMMARY
Lactobacilli are important human commensal microbiota that are considered to be probiotic as they have been shown
to reduce pathogenic infections and chronic inflammation. This study compared 4 strains of lactobacilli for their probiotic potential. These 4 strains showed varying capacities for adhesion and cytokine induction (interleukin [IL]-8
and IL-10) in different human epithelial cells, such as primary cultures of buccal cavity cells, and established cell lines
derived from epithelia of the pharynx, intestine and cervix. After exposure to lactobacilli, secretion of cytokines (IL10, IL-12p70, interferon-γ, and tumor necrosis factor-α) was induced at varying levels in different cultures of human
immune cells, including dendritic cells, monocyte-depleted peripheral blood mononuclear cells, CD14+ cells, CD4+CD25T cells, and regulatory T-cells. Growth inhibition of pathogenic strains was detectable in the presence of lactobacilli
in vitro. Moreover, among the 4 strains tested, Lactobacillus salivarius sp. salicinius AP-32 was found to have the highest probiotic potential. This study highlights the complex host-pathogen-microbiota interactions and indicates that a
combination of strains may have to be used to provide all the desirable probiotic benefits.
KEY WORDS: Adhesion assay, Epithelial cells, Inflammation, Probiotics.
Received August 13, 2012

INTRODUCTION
The immune system performs a range of functions, from providing protection to the host from
pathogens to surveillance for deviations from normal development. An adaptive immune response
is induced when an infection overwhelms the first
line innate defense mechanisms (Lan et al., 2007).
The pathway of pathogen invasion is often closely associated with mucosal tissue. Additionally,
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the adaptive immune response often mounts an
inflammatory response to microbial invasion,
which presents as symptoms such as stomatitis,
pharyngitis, gastroenteritis, vaginitis, etc.
Oral administration of probiotics is known to
modify immune responses (Michail, 2005).
Accumulating evidence has indicated that probiotic strains have the ability to prevent or attenuate allergic diseases by altering T helper 1 (Th1)
responses (Chuang et al., 2007). Moreover, certain probiotic strains may promote the production of cytokines, including interferon (IFN)-γ, interleukin (IL)-12, IL-2, tumor necrosis factor
(TNF)-α, and IL-6, (Boirivant & Strober, 2007),
from Th1/Th17 cells, while some of other probiotic strains may promote the production of cytokines, including IL-10 and transforming growth
factor (TGF)-β (Zhang et al., 2010) from regula-

168

P.-S. Hsieh, Y. An, Y.-C. Tsai, Y.-C. Chen, C.-J. Chuang, C.-T. Zeng, C.-T. Wang, V.A.-E. King

tory T-cells (Tregs). Most probiotic strains appear
to cause a decrease in the production of Th2 cytokines, i.e., IL-4, IL-5, and IL-13 (Mastrangeli et
al., 2009), and some probiotic strains may induce
an all-or-none immune response (Van Overtvelt
et al., 2010).
Recently, CD4+CD25+ Tregs and Th17 cells have
been described as 2 distinct subsets of Th1 and
Th2 cells (Cheng et al., 2008). Tregs are important contributors to the maintenance and balance
of immune tolerance in the peripheral and mucosal tissues. Tregs expressing IL-10, TGF-β, and
Foxp3 have an anti-inflammatory role in the immune response. Mucosal inflammatory symptoms are associated with Th1/Th17 immune responses. Th17 cells expressing retinoic-acid receptor-related orphan receptor (ROR) γt, IL-17,
TNF-α, and IL-6 play critical roles in inflammation, autoimmunity, and allergic reactions
(Afzaliet et al., 2007; Bettelli et al., 2007).
An earlier study showed that prevention or treatment of allergic symptoms using probiotics depends on skewing the Th1 pathway (Ou et al.,
2011). Additionally, besides the Th1 response, probiotics have been shown to trigger Treg immune
response functions (Hacini-Rachinel et al., 2009;
Pérez-Cano et al., 2010). While probiotics are
known to have immunomodulatory capabilities,
the mechanisms of these functions have not yet
been determined. The anti-inflammatory effects
of probiotics may rely on several mechanisms,
such as adhesion to the epithelial barrier and antimicrobial effects (Boirivant & Strober, 2007).
The present study assessed 4 strains of
Lactobacillus sp. for their probiotic capacity in
terms of various parameters that were tested in
vitro: the ability to:
1) promote the growth;
2) secretion of pro- and anti-inflammatory cytokines by immune cells in culture;
3) adhere to various epithelial cells in culture;
4) inhibit the growth of pathogenic bacterial
strains;
5) interfere with the host-pathogen interaction.
These 4 strains of lactobacillus exhibited different qualitative and quantitative potential as probiotics. The results of this study highlight the
complex interactions between the host and microbiota and also demonstrate that the success
of a probiotic species in application to human
health will depend on several parameters.

MATERIALS AND METHODS
Bacterial strains and culture conditions
Lactobacillus strains used in this study were from
the laboratory collections maintained at Glac
Biotech Co. Ltd., Tainan, Taiwan, and pathogenic strains were from commercial sources at the
Bioresource Collection and Research Center,
Hsinchu, Taiwan. Lactobacillus salivarius sp.
salicinius AP-32, L. gasseri AI-88, L. rhamnosus
CT-53, and L. acidophilus F-1 strains had been
isolated from samples of feces, breast milk, or the
female vagina from healthy donors from Taiwan
(unpublished data). Strain identity was validated at the species level using the API 50CHL kit
(BioMerieux, France) and 16s rRNA sequencing.
For in vitro experiments, Lactobacillus strains
were cultured at 37°C for 16 h in MRS broth and
collected by centrifugation at 1800 × g for 10 min.
Gardnerella vaginalis (BCRC 17040) was grown
in brain heart infusion broth (Difco; Becton
Dickinson, Franklin Lakes, NJ, USA) at 37°C, for
48 h. Escherichia coli HB101(BCRC 51534) was
grown in Luria-Bertani broth (Difco; Becton
Dickinson) at 37°C, with shaking at 200-300 rpm,
for 16 h. Streptococcus pneumoniae (BCRC
17627) was grown in tryptic soy broth (Difco;
Becton Dickinson) at 37°C, for 20 h. Candida albicans (BCRC 21538) was grown in YM broth
(Difco; Becton Dickinson) at 37°C, for 20 h. For
use in different experiments, all cultures were
rinsed twice in sterile phosphate-buffered saline
(PBS), and the cells were resuspended at a concentration of 1×107 cells/mL in sterile PBS.
Isolation of human dendritic cells (DCs),
CD14+ monocytes, CD4+ T cells, and
CD4+CD25+ T cells
Human DCs were generated from peripheral
blood mononuclear cells (PBMCs). PBMCs were
obtained from blood samples of healthy donors
(Tainan Blood Center, Taiwan Blood Services
Foundation) by centrifugation through a FicollHypaque gradient (Pharmacia, Sweden), and the
light-density fraction from the 42.5%-50% interface was recovered. CD14+ and CD4+CD25+ cells
were purified by positive and negative selection
using anti-CD14+, a mixture of biotinylated antibodies, anti-biotin microbeads for depletion of
non-CD4+ T cells, and anti-CD25+ microbeads in
conjunction with the MiniMACS system accord-
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ing to the manufacturer’s instructions (Miltenyi
Biotec., Auburn, CA,USA). CD14+ cells were cultured at a density of 1×106 cells/mL in 24-well
plates (BD Falcon; Becton Dickinson) in RPMI1640 medium containing 10% fetal bovine serum
(FBS), human granulocyte macrophage-colony
stimulating factor (hGM-CSF; 800 U/mL; Sigma
Chemical Co., St. Louis, MO,USA), and human
IL-4 (500 U/mL; Sigma Chemical Co.). Fresh
medium containing hGM-CSF and IL-4 was
added every 2 or 3 days. Human monocyte-derived DCs were used routinely at day 6 of culture
(Lin et al., 2005). CD14+ monocytes and
CD4+CD25+ T cells were cultured at a density of
2×106 cells/mL in RPMI-1640 containing 10%
heat-inactivated FBS (Hyclone Laboratories Inc.,
USA) and 5% human AB type serum (Valley
Biomedical, USA) in 96-well plates (BD Falcon;
Becton Dickinson).
Assays for cytokines and proliferation
of CD4+ T cells, CD14+ monocytes,
and monocyte-depleted (MD)-PBMCs
(i.e., CD14 cells)
Cytokines, i.e., IL-12 p70, IFN-γ, TNF-α, IL-5, IL10, and TGF-β, were assayed in culture supernatants from cocultures of DCs and Lactobacillus
sp. cells. DCs (1×106) and Lactobacillus cells were
mixed at a ratio of 1:10 and incubated at 37°C for
2 days. Growth of DCs was then arrested by the
addition of mitomycin C (25 µg/mL). After 1 h,
IL-10 and TGF-β from the supernatant of
CD4+CD25+ T cell or CD4+CD25- T cell cultures
were added to cultures of arrested DCs. T cells
(1×105) and arrested DCs were incubated at a ratio of 10:1 at 37°C for 2 days. IL-12p70, IFN-γ,
TNF-α, IL-5, and IL-10 from the culture supernatants of CD14+ monocytes and MD-PBMCs
were added to Lactobacillus cultures. Culture supernatants were obtained from 2-day cultures. As
a positive control, cells were treated with phytohemagglutinin (PHA, 1 µg/mL, Sigma-Aldrich) to
induce cytokines, while untreated cells were treated as the negative control. MTT assay (CGD-1,
Sigma-Aldrich) was performed on 5-day-old cultures to determine CD4+, CD14+, and MD-PBMC
cell proliferation rates, following the manufacturer’s instructions (Lin et al., 2005). Cytokines
were assayed with an enzyme-linked immunosorbent assay (ELISA) kit by following the
manufacturer’s instructions (R&D Systems,
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Minneapolis, MN, USA; eBioscience, San Diego,
CA, USA).
Assay of mucosal epithelial cell lines
for probiotic-regulated inflammation
of pathogenic infections
Cells were seeded on standard 96-well plates
(Nalge Nunc International, Naperville, IL, USA)
at an initial density of 3×104 cells/cm2. Confluent
monolayers differentiated by contact inhibition
for 3 days were cultured in medium without antibiotics for 24 h before each experiment. HeLa,
Detroit 562, and Caco-2 cells were rinsed twice
with sterile PBS before the experiments, and lactobacillus and pathogenic cell cultures were
added at a suitable concentration (107 cfu/mL).
The cells, pathogens, and lactobacilli were cultured together for 48 h. After an additional 48 h
of incubation, the supernatants were harvested
(Shmuely et al., 2004; Rokka et al., 2008) and were
then assayed for IL-8 and IL-10 using ELISA kits
(eBioscience) according to the manufacturer’s
protocols. Absorbance values at 450 nm were
measured with a µQuant microplate spectrophotometer (BioTek, Vermont, USA).
In vitro assay for adherence of Lactobacillus
to mucosal cells
Buccal epithelial cell adherence assay
A previously described method (Choo et al., 1982)
was followed to obtain primary cultures of human epithelial cells from the buccal cavity.
Epithelial cells were collected from 3 donors by
buccal scraping with a sterile cotton-tipped swab,
and the 3 samples were processed independently. Cells were resuspended in 5 mL PBS, centrifuged at 200 × g for 10 min, and rinsed 3 times
with PBS. For the adhesion assay, 0.5 mL each
of epithelial cell suspension (1×105 cells/mL) and
Lactobacillus suspension (1×108 cfu/mL) were
mixed and incubated at 37°C for 1 h with shaking at 170 rpm. The mixtures were washed thoroughly with PBS and centrifuged at 200 × g for 5
min to remove unattached lactobacilli. Aliquots
of the mixture were taken to make smears on microscopy slides for staining with Gram-crystal violet. The number of adherent lactobacilli was determined by direct counting of 25 epithelial cells
at 1000× magnification under a light microscope
(CX41; Olympus America Inc., Center Valley, PA,
USA).
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Pharyngeal epithelial cell adherence assay
A previously described method (Bootsma et al.,
2007) was followed with some modifications. The
human pharyngeal epithelial cell line Detroit 562
(BCRC 60119) was grown and maintained at 37°C
in 5% CO2 in minimum essential medium (MEM;
Hyclone Laboratories Inc.) supplemented with 1
mM sodium pyruvate (Sigma-Aldrich), 1 mg/mL
lactalbumin hydrolysate (Sigma-Aldrich), 81.4
µg/mL non-essential amino acids (SigmaAldrich), and 10% FBS (Hyclone Laboratories,
Inc.). Monolayers of Detroit 562 cells in 6-well
plates were rinsed twice with PBS, and
Lactobacillus cells were then added and cocultured (cells:lactobacillus =1:10) at 37°C for 2 h.
Nonadherent Lactobacillus cells were removed by
3 rinses with PBS. For quantification of the adherence, epithelial cells were detached by treatment with 0.025% trypsin with 0.1 mg/mL EDTA
in PBS. Serial 10-fold dilutions were plated on
MRS agar and cultured to count the number of
adherent Lactobacillus cells.
Intestinal epithelial cell adherence assay
Enterocyte-like Caco-2 cells (BCRC 67001) were
routinely grown in Eagle’s MEM supplemented
with 10% FBS (Hyclone Laboratories Inc.) and
incubated at 37°C with 5% CO2. Aliquots (3 mL)
containing 1.5×105 cells/mL were transferred to
35-mm-diameter dishes (BD Falcon; Becton
Dickinson) and incubated until a complete monolayer was obtained. Medium was replaced every
48 h (Jacobsen et al., 1999). Caco-2 cells in a
monolayer were rinsed twice with PBS, 1.5 mL of
MEM was added to each dish, and the dishes
were incubated for 1 h before coculture with
Lactobacillus. Overnight cultures of Lactobacillus
were appropriately diluted (10-fold) with MEM
to obtain a concentration of approximately 108
cells/mL, and 1.5 mL MEM was added to Caco-2
cell cultures. After incubation for 2 h at 37°C, all
of the dishes were rinsed 4 times with 1× PBS to
remove nonadherent Lactobacillus cells. The cells
were then fixed with 3 mL of cold methanol and
incubated for 5-10 min at room temperature.
After the removal of methanol, cells were subjected to Gram staining by following the manufacturer’s instructions (Merck, Darmstadt,
Germany) and examined microscopically (CX41;
Olympus America, Inc.) under oil immersion.
Each adhesion assay was performed in duplicate

using cells from passages 8-13. Adherent
Lactobacillus cells in 20 random microscopic
fields were counted for each test. Lactobacillus
strains were scored as nonadhesive when fewer
than 40 bacteria were present in 20 fields, adhesive when there were 41 to 100 bacteria in 20
fields, and strongly adhesive when there were
more than 100 bacteria in 20 fields.
Vaginal epithelial cells adherence assay
Human cervical HeLa cells (BCRC 60005) were
cultured at 37°C in a 5% CO2 atmosphere in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS (Hyclone
Laboratories Inc.). The culture medium was
changed daily. To investigate the adhesion of
Lactobacillus strains, postconfluent HeLa cells
were rinsed twice with 1× PBS, as previously described (Atassi et al., 2006). For each adhesion assay, 500 µL of the Lactobacillus suspension
(108 cells/mL) was mixed with DMEM (500 µL)
and then added to each well of the 24-well tissue
culture plate (BD Falcon; Becton Dickinson),
which was then incubated at 37°C for 3 h. For
each assay, after incubating, monolayers were
rinsed 5 times with PBS, cells were lysed with
sterile water, and appropriate dilutions were then
plated on MRS agar to determine the number of
viable cell-associated Lactobacillus by bacterial
colony counts. Each cell association assay was
performed at least in triplicate, with 3 successive
cell passages. Results were expressed as cfu/well
of cell-associated Lactobacillus.
In vitro assay for antagonistic action against
a pathogen
The modified agar overlay method proposed by
Strus et al. (Strus et al., 2005) was followed with
a few modifications to investigate the antagonistic action of the lactobacilli cultures against those
of S. pneumoniae, E. coli HB101, C. albicans, and
G. vaginalis. The probiotic strains were inoculated on agar plates containing 10 mL MRS (Difco;
Becton Dickinson) in the form of strips that were
2 cm wide across the plate and incubated at 37°C
for 24 h. The plate was then overlaid with soft
agar. The pathogenic strain was cultured in an
appropriate broth, concentrated by centrifugation at 3000 × g for 10 min, and resuspended in
fresh broth at 109 cfu/mL. The pathogen suspension was streaked with a cotton swab over the

Probiotic modulation of cellular inflammation

soft agar on the plate containing the lactobacilli
culture. The plates were incubated at 37°C for 48
h, and the inhibition zones were measured. The
inhibition zones observed over Lactobacillus cultures were expressed semiquantitatively as follows: (-), no detectable zone of inhibition; (+/-),
<1 cm growth inhibition; (+), <2 cm growth inhibition; (++), < 3 cm growth inhibition; and
(+++), ≥4 cm growth inhibition (Strus et al., 2005).
Statistical analysis
The measured parameters in the in vitro assays
were analyzed by one-way ANOVA and Tukey’s
multiple comparison tests between groups. Only
data for CD4+CD25+ and CD4+CD25- T cells were
analyzed by one-way ANOVA and Dunnett’s multiple comparison tests between groups. Results
were considered statistically significant when pvalues were less than 0.05. Statistical analysis was
performed using Prism version 5.0 (GraphPad
Software Inc., San Diego, CA, USA).

RESULTS
Proliferation of CD4+ cells, CD14+ cells,
and MD-PBMCs cocultured with probiotic
strains
Proliferation of cultures of CD4+ cells, CD14+
cells, and MD-PBMCs was monitored by MTT assay (Figure 1). Cells were harvested after 5 days
of coculture with probiotic strains. AP-32 induced
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a higher rate (1.5-fold) of proliferation of CD4+
cells, but not of CD14+ cells or MD-PBMCs. AI-88
had the opposite effect to AP-32. CT-53 induced
proliferation of CD4+ and CD14+ cells, but not of
MD-PBMCs. Additionally, the F-1 strain induced
a high level of proliferation in CD4+ cells and MDPBMCs. The proliferation rate of CD14+ cells was
the same as that with PHA induction after stimulation by the 4 strains. These data suggested that
AI-88 and CT-53 may induce differentiation but
not proliferation of immune cells, AP-32 may induce differentiation of CD14+ cells and MDPBMCs and stimulated proliferation of CD4+
cells, while F-1 may stimulate proliferation of immune cells.
Immune response of Th1, Th1/Th17, and
Th2 cytokines from DCs, CD14+ monocytes,
and MD-PBMCs cocultured with probiotic
strains
This study used 4 strains of lactic acid bacteria:
L. salivarius ssp. salicinius AP-32 (AP-32), L.
gasseri AI-88 (AI-88), L. rhamnosus CT-53 (CT53), and Lactobacillus acidophilus F-1 (F-1). Cells
treated with PHA (1 µg/mL) served as a positive
control, while untreated cells served as a reference for comparison. The effect of coculturing
with probiotic strains on the production of cytokines by cell cultures of DCs, CD14+ monocytes,
and MD-PBMCs were monitored (Figures 2 and
3). The cytokines assayed were Th1, IL-12p70,
IFN-γ, Th1/Th17, TNF-α, Th2, IL-5, Th2/Treg, ILFIGURE 1 - Immunomodulatory activity
of different Lactobacillus spp. (as indicated, x-axis) on cultures of human CD4+ T
cells, CD14+ monocytes, and monocytedepleted peripheral blood mononuclear
cells (MD-PBMCs, CD14-) evaluated by
MTT assay. Values given are the percent
growth of control cultures without exposure to Lactobacillus spp. Values plotted
are the mean ± SEM of triplicate readings.
Columns with different letters are significantly different (p<0.05).
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10, Treg/Th17, and TGF-β (Figures 2 and 3). In
human DCs, IL-12p70 secretion was induced by
the strains AP-32, AI-88, and F-1. In CD14+ cells,
IL-12p70 secretion was induced by AP-32, and in
MD-PBMCs, IL-12p70 secretion was induced by
the strains AP-32 and F-1 (Figure 2a). AP-32 stimulated these 3 type cells to secrete IFN-γ. F-1 induced high levels of IFN-γ in MD-PBMCs and only low levels of this cytokine in DCs, but not in
CD14+ cells. CT-53 only induced MD-PBMCs to
secrete IFN-γ, and AI-88 did not induce these 3
cell types to secrete IFN-γ (Fig. 2b). Only AI-88
was able to induce DCs to secrete TNF-α, while
AP-32 and F-1 induced MD-PBMCs to secrete
TNF-α. In CD14+ cells, the strongest to weakest

inductions were seen after coculture with AP-32,
F-1, AI-88, and CT-53, respectively (Figure 2c).
IL-5 expression was not induced by any of the
probiotic strains in any of the immune cell cultures tested. Only CT-53 stimulated MD-PBMCs
to secrete of low levels of IL-5 (Figure 2d).
Immune responses of Th2/Treg and
Treg/Th17 cytokines from human
monocytes, CD4+CD25+ Tregs, and CD4+
CD25- T cells to cytokines secreted by
human DCs cocultured with probiotic
strains
In human DC cultures, we found that coculturing
with probiotic strains caused increased secretion

FIGURE 2 - IL-12p70, IFN-γ, TNF-α, and IL-5 secretion in human dendritic cells (DCs), CD14+ monocytes, and monocyte-depleted peripheral blood mononuclear cells (MD-PBMCs) after exposure to cultures of Lactobacillus spp. (as
indicated) or to phytohemagglutinin (PHA). Values for cytokines (pg/mL) are presented as the mean ± SEM from triplicate experiments. ANOVA and Tukey’s multiple comparison tests were used to compare each group. Columns with
different letters are significantly different (p<0.05) for each cytokine under different probiotic treatments. ND, not detectable.
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of IL-12p70, IFN-γ, TNF-α, IL-10, and TGF-β, but
not IL-5. Next, we tested whether arrested DCs
cocultured with probiotic strains would be able to
promote activation of CD4 +CD25+ Tregs and
CD4+CD25- T cells (Figure 3). All 4 strains were
able to stimulate different monocytes to secrete
high levels of IL-10, except for AI-88 cocultured
with MD-PBMCs (Figure 3a). In T cells, arrested
DCs cocultured with AP-32 or AI-88 were able to
stimulate CD4+CD25+ T cells or CD4+CD25- T
cells, respectively, to secrete IL-10 (Figure 3b).
Only AP-32 was able to induce DCs and arrested
DCs cocultured with CD4+CD25+ T cells to secrete
TGF-β; other strains did not have this ability
(Figure 3c-d). Differential effects were seen on
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these cells depending on the probiotic strain with
which the DC cells were cocultured. Our data
showed that the strain AP-32 was better able to
modulate immune responses, especially the inflammatory balance, since Tregs exposed to arrested DCs cocultured with AP-32 induced high
levels of IL-10 and TGF-β.
Chemokine and cytokine secretion in
Detroit 562, Caco-2, and HeLa cells exposed
to pathogens in the presence of probiotic
strains
Epithelial cell cultures were exposed to pathogenic strains in the presence or absence of probiotic strains, and the culture supernatants were

FIGURE 3 - IL-10 and TGF-β secretion in different human monocytes, regulatory T-cells (Tregs), and CD4+CD25- T
cells after treatment with arrested dendritic cells (DCs) cocultured with different Lactobacillus spp. (as indicated) or
treated with phytohemagglutinin (PHA). Values for cytokines (pg/mL) are presented as the mean ± SEM from triplicate measurements. ANOVA and Tukey’s (monocytes) or Dunnett’s (T cells) multiple comparison tests were used to
compare each group. Columns with different letters are significantly different (p<0.05) for each cytokine under different probiotic treatments. ND, not detectable.
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FIGURE 4 - Cytokine secretion in epithelial cells exposed to cells of a pathogenic strain (as indicated) in the presence of cells of a Lactobacillus strain (as indicated). Appropriate pathogenic strains were used for the different epithelial cell lines: Streptococcus pneumonia (S.p.) was used for Detroit 562 cells, Escherichia coli (E.c.) was used for
Caco-2 cells, and Gardnerella vaginalis (G.v.) was used for HeLa cells. The Lactobacillus strains were L. salivarius
ssp. salicinus AP-32 (AP-32), L. gasseri AI-88 (AI-88), L. rhamosus CT-53 (CT-53), and L. acidophilus F-1 (F-1). As
controls, phosphate buffered saline (PBS) was added to the epithelial cell cultures or cells were left untreated (Cell only). Values are presented as the mean ± SEM from triplicate experiments. ANOVA and Tukey’s multiple comparison
tests were used to compare each group. Columns with different letters are significantly different (p<0.05) for each cytokine under different probiotic treatments.

assayed for levels of secreted IL-8 and IL-10.
Detroit 562 cultures were treated with S. pneumoniae, Caco-2 cultures were treated with E. coli,
and HeLa cultures were treated with G. vaginalis
(Figure 4). In the presence of AP-32 and the corresponding pathogen, there was a decrease in
pathogen-induced IL-8 secretion (Figure 4a) and,
conversely, an increase in IL-10 production,
which was previously downregulated by the
pathogen (Figure 4b). However, in the case of
Detroit 562 cells, production of IL-10 was not significantly different after treatment with S. pneumoniae alone or in combination with probiotic
strains. Performance of F-1 was almost the same
as that of AP-32, except that IL-10 secretion was
relatively higher in Detroit 562 cells and HeLa
cells treated with S. pneumoniae and G. vaginalis,
respectively. Strains CT-53 and AI-88 caused a decrease in S. pneumoniae-induced IL-8 secretion
in Detroit 562 cells.
In vitro assay for adherence of probiotic
strains to different types of epithelial cells
or cell lines
The strength of adhesion of probiotic cells to epithelial cells is critical for the probiotics effect
against pathogenic bacteria. The adhesion ca-

pacity of the probiotic strains was determined in
cultures of different epithelial cells (Figure 5). In
primary cultures of human buccal cells, AP-32
had the highest adhesion capacity among the
strains tested, followed by strain CT-53 (Figure
5a). In the pharyngeal epithelial cell line Detroit
562, strains AI-88 and CT-53 had higher levels of
adhesion than AP-32 (Figure 5b). In the intestinal cell line Caco-2, all 4 strains had similar levels
of adhesion (Figure 5c). Finally, in the cervical
epithelial cell line HeLa, the adhesion capacities
of AP-32, CT-53, and F-1 strains were not significantly different from each other (Figure 5d).
Growth inhibition of pathogenic strains
by probiotics
Cultures of pathogenic strains of S. pneumoniae,
E. coli, C. albicans and G. vaginalis were streaked
individually on agar overlaid on plates carrying
cultures of probiotic strains in order to test the
antagonistic activities between the 2 strains
(Figure 6). The results indicated that the probiotic
strains used here were able to inhibit growth of
all the above pathogenic strains, except for the
probiotic strain AI-88 (Figure 6). The strain F-1
exerted the highest growth inhibitory effects in
this study (Figure 6).

Probiotic modulation of cellular inflammation

175

FIGURE 5 - The adhesion of Lactobacillus spp. (as indicated, x-axis) to (a) primary cultures of buccal cells, (b)
Detroit 562 cells (pharyngeal epithelial cell line), (c) Caco-2 cells (intestinal cell line), and (d) HeLa cells (cervical epithelial cell line). The number of adherent cells was determined as described in the Methods section. Values plotted
are the mean ± SEM of triplicate readings. Columns with different letters are significantly different (p<0.05).

DISCUSSION
Immune cells are located below the mucosal epithelial cells, where they act as the first line of defense. The gastrointestinal tract is the largest tissue under immune surveillance in the human
body. Transfer of CD4+ T cells to immune-deficient mice in the absence of the CD25+ subset
leads to the development of colitis (Singh et al.,
2001). The various T cell subsets include Th1/Th2
cells, CD4+ and CD25+ Tregs, and the newly reported Th17 cells (Lina et al., 2011). An imbalance in Th1 and Th2 cells can lead to Th2-related allergic disease, such as allergic asthma and
atopic dermatitis, or Th1-related autoimmune

symptoms, such as type 1 diabetes and rheumatoid arthritis. Other regulatory mechanisms play
a critical role in inhibiting the development of inappropriate Th2 and Th1 responses (Venuprasad
et al., 2010). Th17 and CD4+CD25+ regulatory T
cells were recently described as 2 distinct T cell
subsets from Th1 and Th2 cells and have opposite
effects on autoimmunity and inflammation.
Disturbance in the Th17/Treg balance has been
found to affect several inflammatory and autoimmune diseases. Indeed, Th17 cells are critical for immune responses and play key roles in
the development of autoimmunity through the
production of IL-17, TNF-α, and IL-6, while Tregs
modulate the overall immune response and play
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FIGURE 6 - Inhibition of the in vitro growth of pathogenic strains of (a) Streptococcus pneumoniae, (b) Escherichia
coli HB101, (c) Candida albicans, and (d) Gardnerella vaginalis in the presence of different strains of Lactobacillus
spp. (as indicated): L. salivarius ssp. salicinus AP-32 (AP-32), L. gasseri AI-88 (AI-88), L. rhamosus CT-53 (CT-53),
and L. acidophilus F-1 (F-1). Cell suspensions of Lactobacillus cultures were streaked across the plate inoculated with
cultures of a pathogenic strain, and the zones of growth inhibition were measured. “-”, “+”, “++”, and “+++” indicate
increasing inhibitory effects of Lactobacillus cells.

a role in maintaining peripheral immune tolerance through regulation of the activity of the effector T cells (Chen et al., 1995; Gütgemann et al.,
1998; Niu et al., 2011; Wang et al., 2011). Based on
the above studies, the cytokines IL-12p70, IFN-γ,
IL-5, IL-10, TGF-β, TNF-α, and IL-8 were studied here in relation to the effects of probiotic lactobacillus strains.
Many probiotic strains can influence immune re-

sponses, but the mechanisms and pathways of
these responses are still not clear. Recently, it was
demonstrated that gram-positive bacteria influence the immune response through Toll-like receptor 2, while CpG-rich bacteria also influence
the immune response through Toll-like receptor
9. Probiotics may modulate immune responses
through this pathway. Michail reported that the
mechanisms of action of probiotics include an-
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timicrobial effects; effects on intestinal epithelium, mucus production, and barrier function; and
immune effects (Michail, 2005). A probiotic strain
of L. acidophilus was shown to help in the maintenance of cytoskeletal and tight junction protein
structures in epithelial cell lines (Ng et al., 2009).
Through such bacterial-epithelial cell cross-talk,
probiotic strains influence both the innate and
adaptive arms of the host immune system. For
example, some probiotic strains promote the differentiation of B cells into plasma cells and the
production of secretory immunoglobulin A
(Philip et al., 2009). In IL-10-knockout mice, different strains of L. salivarius, L. plantarum, L.
reuteri, and B. infantis were found to reduce inflammation (Madsen et al., 1999; Schultz et al.,
2002; McCarthy et al., 2003; Sheil et al., 2004;
Grangette, 2010). But the same species maybe
have different functions. As shown by our study,
the modulation of the immune response by probiotics is strain-dependent. Different strains of
the same species have different levels of immune
modulation-strong, weak, or no effect. These different abilities may be associated with bacterial
cell wall structure, protein components in the cytosome, or CpG content in the cell nucleus, etc.
In this study, AP-32 was able to induce the proliferation of CD4+ monocytes, but not CD14+ cells
or MD-PBMCs. Moreover, this strain stimulated
different monocytes to secrete Th1 cytokines (i.e.,
IL-12p70 and IFN-γ), a Th1/Th17 cytokine (i.e.,
TNF-α, although this effect was not seen in DCs),
a Th2/Treg cytokine (i.e., IL-10, not seen in
CD4+CD25- T cells), and a Treg/Th17 cytokine
(i.e., TGF-β, not seen in CD4+CD25- T cells).
Exposure of epithelial cells cocultured with
pathogens to the strain AP-32 resulted in increased secretion of IL-10 and downregulation of
IL-8. Therefore, AP-32 may modulate the immune
response of Th1/Tregs or Th17 cells, especially
since the Treg pathway is the key mechanism
through which this strain modulates immunity.
Accordingly, AP-32 was chosen for larger scale
cultivation and its cells were obtained in powder
form for testing its probiotic capacity after oral
administration in an animal model of inflammation. Different oral doses of AP-32 cells were administered daily for 1 month to rats in 4 treatment groups, and then carrageenan-induced
swelling of the foot pad was measured. Only the
group that received a 1× dose of AP-32 showed
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better reduction in the swelling rate and thickness (data not show). It is possible that beneficial probiotic effects may take longer to manifest;
a longer period of oral feeding, perhaps 6–8
weeks, may be more appropriate to test for beneficial effects on pharyngitis, gastroenteritis,
vaginitis, or osteoarthritis.
AI-88 induced low levels of proliferation in CD14+
cells and MD-PBMCs, but not in CD4+ cells.
Additionally, AI-88 induced DCs to secrete IL12p70; different monocytes to secrete TNF-α; and
DCs, CD14+ monocytes, and CD4+CD25- T cells to
secrete IL-10 and downregulate IL-8 in Detroit
562 cells. In contrast, upregulation of IL-10 expression was not induced by AI-88 in epithelial
cells. Therefore, AI-88 may promote the Th1/Th17
immune response. The probiotic strain CT-53 induced proliferation in MD-PBMCs. Furthermore,
CT-53 induced MD-PBMCs to secrete low levels of
IL-5. Other strains did not induce IL-5 secretion.
CT-53 also stimulated different monocytes, but
not Tregs, to secrete IL-10. In Detroit 562 cells,
CT-53 induced downregulation of IL-8 expression, but not upregulation of IL-10 expression.
Therefore, CT-53 may modulate the Th1 or Th2
immune response, especially since the Th2 pathway is involved in monocyte differentiation. F-1
was the only strain that was able to stimulate the
proliferation of CD4+ cells, CD14+ cells, and MDPBMCs. IL-12p70 and IFN-γ were secreted from
DCs and MD-PBMCs in response to F-1 stimulation. Moreover, F-1 was able to stimulate CD14+
cells and MD-PBMCs to secrete TNF-α, and stimulate different monocytes, but not Tregs, to secrete IL-10. In Caco-2 cells, F-1 induced downregulation IL-8 expression and upregulation IL-10
expression. Thus, the results obtained here suggest that F-1 may not attenuate inflammation,
but may instead serve to balance Th1/Th2 or
Th17/Treg immune responses.
Interestingly, the probiotics strains examined in
this study exhibited differential adhesion to the
epithelial cell lines tested. Strain AP-32 showed
the strongest adhesion to primary cultures of buccal cells and HeLa cells, comparatively lower adhesion to Detroit 562 cells, and poorest adhesion
to Caco-2 cells. In contrast, F-1 exhibited the
strongest adhesion to Caco-2 and HeLa cells, lower adhesion to Detroit 562 cells, and poorest adhesion to buccal cells. CT-53 cells showed the
highest adhesive capacity among the 4 probiotic
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strains tested here, with the highest adhesion to
Detroit 562 cells and HeLa cells. Similarly, AI-88
also showed strong adhesion to Detroit 562 cells,
followed by HeLa cells. In terms of inhibiting the
growth of pathogenic strains in vitro, F-1 and CT53 cells were ranked first, followed by AP-32; all
3 of these strains were able to inhibit the growth
of all 4 pathogens tested. AI-88, however, did not
show any growth inhibitory effects on any of the
pathogenic strains examined. The ability to inhibit pathogen growth is important for barrier
function against pathogens and may influence
the inflammatory response against the pathogen.
Taken together, these data suggested that, in
terms of the capacities of the probiotic strains to
induce immune responses, their barrier functions, and their abilities to inhibit the growth of
pathogens in vitro, the performance of AP-32 was
judged as the best among the 4 strains tested.
In conclusion, different probiotic strains have the
potential to induce a range of modulatory effects
and immune responses. Among the 4 strains tested, L. salivarus AP-32 showed the highest overall
capacity for immunomodulation in immune cell
cultures. An ideal probiotic strain is one that, in
addition to anti-inflammatory capacity, also has
good barrier function (adhered strongly to epithelial cells) and the ability to inhibit the growth
of pathogens. Based on the results of this study,
all of these desirable probiotic features may be
obtained by mixing cultures of strains AP-32, F1 and CT-53, thereby exerting beneficial effects
on human health.
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