
Lactobacillus acidophilus induces virus immune defence genes in
murine dendritic cells by a Toll-like receptor-2-dependent mechanism

Introduction

Lactic acid bacteria are inhabitants of the gastrointestinal

tract, and some species are considered to have probiotic

properties offering a number of benefits to health and well-

being.1–3 Some probiotics have been shown to reduce the

risk of virus infections such as the common cold and influ-

enza.4–6 So far, the mechanisms causing the reductions in

respiratory tract infections and other symptoms are

unknown. It is likely that these positive effects are due to

the ability of probiotics to modulate immune stimulatory

responses upon interaction with dendritic cells (DCs).

Dendritic cells are central gatekeepers and regulators of

the immune response, interacting with mucosally encoun-

tered antigens including the gut microbiota and viruses.

The innate immune cell activation occurs predominantly

through the interaction of Toll-like receptors (TLRs) and

other pathogen recognition receptors on the surfaces of

antigen-presenting cells.7 Exposure to micro-organisms

induces up-regulation of surface markers and the produc-

tion of the several cytokines that modulate the function of

DCs.8 Probiotics exert differential stimulatory effects on

DCs in vitro, giving rise to varying production of different

cytokines and accordingly different effector functions.9,10

Members of the Lactobacillus and Bifidobacterium genera

are well-recognized for their probiotic properties, but cer-

tain other bacteria, including some Escherichia coli strains,

have also been shown to exert probiotic features.
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Summary

Lactobacilli are probiotics that, among other health-promoting effects,

have been ascribed immunostimulating and virus-preventive properties.

Certain Lactobacillus spp. have been shown to possess strong interleukin-

12 (IL-12) -inducing properties. As IL-12 production depends on the up-

regulation of type I interferons (IFNs), we hypothesized that the strong

IL-12-inducing capacity of Lactobacillus acidophilus NCFM in murine

bone-marrow-derived dendritic cells (DCs) is caused by an up-regulation

of IFN-b, which subsequently induces IL-12 and the double-stranded RNA

binding Toll-like receptor-3 (TLR-3). The expression of the genes encoding

IFN-b, TLR-3, IL-12 and IL-10 in DCs upon stimulation with L. acidophi-

lus NCFM was determined. Lactobacillus acidophilus NCFM induced a

much stronger expression of Ifn-b, Il-12 and Il-10 compared with the syn-

thetic double-stranded RNA ligand Poly I:C, whereas the levels of

expressed Tlr-3 were similar. Whole genome microarray gene expression

analysis revealed that other genes related to viral defence were significantly

up-regulated and among the strongest induced genes in DCs stimulated

with L. acidophilus NCFM. The ability to induce IFN-b was also detected

in another L. acidophilus strain (X37), but was not a property of other

probiotic strains tested, i.e. Bifidobacterium bifidum Z9 and Escherichia coli

Nissle 1917. The IFN-b expression was markedly reduced in TLR-2)/)

DCs, dependent on endocytosis, and the major cause of the induction of

Il-12 and Tlr-3 in DCs stimulated with L. acidophilus NCFM. Collectively,

our results reveal that certain lactobacilli trigger the expression of viral

defence genes in DCs in a TLR-2 manner dependent on IFN-b.

Keywords: dendritic cells; gene regulation; innate immune response;

Lactobacillus acidophilus; Toll-like receptor-2; virus
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Upon virus infection type I interferons (IFNs), cyto-

kines with anti-viral and immune-regulatory functions,

are produced. The TLRs of DCs have emerged as key

transducers of type I IFNs during viral infections.11 Toll-

like receptor-3, a receptor localized in the endosomal

compartment, recognizes double-stranded (ds) RNA

motifs of viruses and Poly I:C (a synthetic dsRNA) and

induces the transcription of type I IFNs (IFN-a and IFN-

b).12,13 Recently, TLR-2, normally associated with Gram-

positive bacteria, was shown to induce type I IFN in

response to viral ligands but not in response to the bacte-

rial ligand Pam3CSK4.14 Type I IFNs exert their antiviral

function by binding specifically to a unique receptor

(IFNAR), thereby initiating a signalling cascade that con-

trols the expression of hundreds of IFN-stimulated genes

(ISGs) and other genes involved in an innate host

response against viruses.15 Type I IFNs, although best

known for their antiviral properties, are potent regulators

of cell growth and can modulate both innate and adaptive

immune responses. Synthesis of type I IFNs was originally

associated with viral infections; however, many patho-

genic bacteria are equally able to induce the up-regulation

of type I IFN, leading to modulation of the innate anti-

bacterial response. Several Gram-negative bacteria, such as

Salmonella enterica Serovar Typhimurium, Shigella flexneri

and Escherichia spp., stimulate type I IFN synthesis in

phagocytosing cells.16 Recently, pathogenic Gram-positive

bacteria, such as group A and B Streptococcus spp.,17–19

Listeria monocytogenes,20,21 and the spirochaete bacterium

Borrelia burgdorferi22 were likewise reported to induce the

production of high quantities of type I IFN during infec-

tion. Mancuso et al.19 reported that the production of

type I IFNs was critical for the clearance of infection by

the host. In relation to intracellular bacteria in particular

TLR-3, TLR-7 and TLR-9 have been shown to be

involved in the type I IFN induction,23 whereas in con-

nection with other bacteria TLRs and other pathogen

recognition receptors on the cell surface seem of particu-

lar importance. However, no clear picture of which recep-

tors are involved exists or of which role these receptors

play in the bacterially induced IFN-b production. For

Streptococcus spp. and Listeria spp., the intracellular TLR-

9 was essential for the induction of IFN-b in monocytes

or DCs stimulated in vitro.18,20 In Borrelia burgdorferi, the

induction of IFN-b was independent of TLR-2.22 Only for

the Gram-negative Pseudomonas aeruginosa a role of

TLR-2 has been suggested in the induction of a pro-

inflammatory response in human monocytes.24 It was

demonstrated that a TLR-2 and mannose receptor syner-

gistically were involved in the induction of the cytokines

tumour necrosis factor-a (TNF-a), interleukin-6 (IL-6)

and IL-1b. However, IFN-b was not included in the

study. To our knowledge, neither lactic acid bacteria nor

commensal bacteria have been shown to possess the capa-

bility to induce IFN-b in DCs upon stimulation.

It has been reported that TLR-mediated IL-12p70 syn-

thesis is strongly reduced in the absence of type I IFN,25

demonstrating a critical role of type I IFN in controlling

the production of the pro-inflammatory cytokine

IL-12p70. We have previously reported that certain mem-

bers of the Lactobacillus genus, including L. acidophilus,

demonstrated remarkable IL-12-inducing properties.26 On

account of these observations, we hypothesized that

L. acidophilus, despite its non-pathogenic phenotype and

health-promoting properties, is able to induce IFN-b pro-

duction in DCs and consequently matures DCs into anti-

virus phenotype cells.

The aim of this study was to investigate whether L. aci-

dophilus has the ability to induce anti-viral defence gene

expression in DC. We analysed the gene expression pro-

file of TLR-3 and IFN-b, key players involved in viral

defence, in murine bone-marrow-derived DCs stimulated

in vitro with L. acidophilus NCFM. Genome-wide micro-

array analysis confirmed our hypothesis showing a gen-

eral, significant up-regulation of anti-viral defence genes.

The IFN-b-inducing property was likewise detected in

another L. acidophilus strain, but not in a probiotic Bifi-

dobacterium sp. or E. coli strain. This ability to induce

IFN-b was dependent on TLR-2 recognition and required

phagocytic activity in the DCs. Our results reveal that, in

contrast to Poly I:C stimulation, the expression of Tlr-3

in L. acidophilus-stimulated DCs was dependent on the

production of IFN-b. This study is the first to report that

L. acidophilus NCFM, a widely used probiotic bacterium,

is able to induce viral defence in murine bone-marrow-

derived DC and that TLR-2 plays a pivotal role in IFN-b
induction in DCs stimulated with this bacterium.

Materials and methods

Bacterial strains, growth conditions and preparation of
UV-killed bacteria

Lactobacillus acidophilus NCFM (Danisco, Copenhagen,

Denmark), L. acidophilus X37 (Copenhagen University,

Department of Food Microbiology, Faculty of Life Sci-

ences, Denmark), Bifidobacterium bifidum Z9 (Copenha-

gen University, Department of Food Microbiology,

Faculty of Life Sciences, Denmark), which are all consid-

ered to have probiotic properties, were grown anaerobi-

cally overnight at 37� in de Man Rogosa Sharp (MRS)

broth (Merck, Darmstadt, Germany) and sub-cultured

twice. Cells were harvested by centrifugation at 2000 g for

15 min, washed twice in phosphate-buffered saline (PBS;

Bio Whittaker, East Rutherford, NJ) and resuspended in

1/10 the growth volume of PBS. The bacteria were killed

by a 20-min exposure to UV light. Escherichia coli Nissle

1917 O6:K5:H1 (Statens Serum Institut, Copenhagen,

Denmark), a Gram-negative probiotic bacterium, was

grown aerobically overnight at 37� in Luria–Bertani (LB)
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broth (Merck) and killed by a 45-min exposure to UV

light. In all experimental set-ups, UV-killed bacteria were

used. The bacteria were stored at ) 80�, the concentration

was determined as the content of dry matter per ml upon

lyophilization, and the dry weight was corrected for buffer

salt content. Absence of viable cells was verified by plating

the UV-exposed bacteria on MRS and LB agar.

Generation of murine dendritic cells

Bone-marrow-derived DCs were prepared as previously

described.9 Briefly, bone marrow from wild-type (WT) or

TLR-2)/) knock out C57BL/6 mice was flushed out from

the femur and tibia and washed twice in sterile PBS. Then,

3 · 105 bone marrow cells were seeded into Petri dishes in

10 ml RPMI-1640 (Sigma-Aldrich, St Louis, MO) contain-

ing 10% (volume/volume) heat-inactivated fetal calf serum

supplemented with penicillin (100 U/ml), streptomycin

(100 lg/ml), glutamine (4 mM), 50 lm 2-mercaptoethanol

(all purchased from Cambrex Bio Whittaker, Charles City,

IA) and 15 ng/ml murine granulocyte–macrophage

colony-stimulating factor (GM-CSF; harvested from a

GM-CSF-transfected Ag8.653 myeloma cell line). The cells

were incubated for 8 days at 37� in 5% CO2 humidified

atmosphere. On day 3, 10 ml of complete medium con-

taining 15 ng/ml GM-CSF was added. On day 6, 10 ml

were removed and replaced by fresh medium. Non-adher-

ent immature DC were harvested on day 8.

Stimulation of murine dendritic cells with bacteria

Immature DCs (2 · 106 cells/ml) were resuspended in

fresh medium supplemented with 10 ng/ml GM-CSF, and

500 ll/well were seeded in 48-well tissue culture plates

(Nunc, Roskilde, Denmark). The stimuli were suspended

in medium and added (100 ll/well) in a final concentra-

tion of 10 lg/ml (L. acidophilus NCFM, L. acidophilus

X37 and E. coli Nissle 1917) and 40 lg/ml (B. bifidum

Z9). Optimal bacterial concentrations were determined in

a previous study.26 The TLR-2 ligands Pam2CSK4 and

Pam3CSK4 (InvivoGen, San Diego, CA), which in previ-

ous experiments induced only minor amounts of IL-12

and IL-10 when added in the concentrations 0�03–3 lg/

ml, were used in final concentrations of 0�1 lg/ml and

1 lg/ml, respectively. As a positive control, Poly I:C

(InvivoGen), a synthetic analogue of dsRNA, was added

in a final concentration of 10 lg/ml. The cell cultures

were incubated at 37� in 5% CO2.

Effect of endocytic activity during stimulation

The DCs were pre-treated with cytochalasin D (0�5 lg/

ml), chlorpromazine (25 lg/ml), methyl-b-cyclodextrin

(1 mM) (Sigma-Aldrich) or medium alone for 1 hr at 37�
in 5% CO2 before addition of L. acidophilus NCFM

(10 lg/ml) or Poly I:C (10 lg/ml) as previously desc-

ribed.27 The cells were harvested after 3 hr of incubation

at 37� in 5% CO2, and RNA was extracted.

Interferon-b inhibition assay

Mouse IFN-b polyclonal antibody (R&D Systems, Minne-

apolis, MN) was added in two different concentrations

(10 and 50 lg/ml) immediately after addition of L. aci-

dophilus NCFM (10 lg/ml) to the DCs. The cells were

harvested after 10 hr of stimulation at 37� in 5% CO2,

and RNA was extracted.

RNA extraction

Murine DCs were harvested at various stimulation time-

points, homogenized by QIAshredder (Qiagen, Ballerup,

Denmark), and RNA was extracted using the RNeasy Plus

Mini Kit (Qiagen). RNA quality was verified by Bioanalyz-

er (Agilent, Santa Clara, CA), and the concentration was

determined by Nanodrop (Thermo, Wilmington, DE).

Microarray analysis

Immature DCs from three C57BL/6 mice were stimulated

with L. acidophilus NCFM, and DCs were harvested after 4,

10 and 18 hr. RNA was extracted, 1 lg RNA per stimula-

tion was converted to complementary DNA (cDNA), and

biotin-labelled amplified RNA (aRNA) was synthesized

using the MessageAmp� II-Biotin Enhanced kit (Ambion,

Austin, TX) according to the manufacturer’s instructions.

The aRNA samples were hybridized to Gene Chip Mouse

genome 430 2.0 Array (Affymetrix, Santa Clara, CA), com-

prising 45 000 probe sets representing over 34 000 mouse

genes. The arrays were stained, washed and scanned

according to the manufacturer’s instructions. The micro-

array data were analysed using R AND BIOCONDUCTOR (Gen-

tleman et al, 2004; Workman et al, 2002; Irizarry et al,

2003) from the three independent stimulations of DC from

three individual mice (in total 12 arrays).28 Raw probe

intensities were normalized using QSPLINE and expression

index calculations were performed using RMA.29,30 For sta-

tistical testing, analysis of variance (ANOVA) was performed

using stimulation time as factor where all untreated sam-

ples were treated as one group. The false discovery rate

(FDR) was estimated using a Monte Carlo approach, and

statistical significance was set at an FDR of 0 yielding 4947

highly significant probe sets corresponding to 3319 unique

genes annotated by Mouse Genome Informatics (MGI).31

Quantitative real-time polymerase chain reaction
analysis

Dendritic cells were harvested after 2, 4 and 10 hr of

stimulation. RNA was extracted, and 1 lg of total RNA
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was reverse transcribed by the TaqMan Reverse Transcrip-

tion Reagent kit (Applied Biosystems, Foster City, CA)

using random hexamer primers according to the manu-

facturer’s instructions. The cDNA obtained was stored in

aliquots at )80�. For the selection of primer and

probe sequences, the regions coding for the genes

investigated were retrieved from the GenBank EMBL

databases. The following gene sequences were applied:

TLR-3 (NM_126166), IFN-b (NM_010510), IL-12 p40

(NM_008352), IL-10 (NM_010548) and b-actin

(NM_007393). Primers and probes were designed using

the software PRIMER EXPRESS 3.0 (Applied Biosystems) and

tested for specificity by the basic alignment search tool

BLAST. HPLC-purified forward and reverse primers were

manufactured by DNA Technology (Aarhus, Denmark).

The probes were labelled with the 50 reporter dye 6-car-

boxy-fluorescein (FAM) and the 30 quencher dye NFQ-

MGB (Applied Biosystems). Sequences of primers and

probes are listed in Table 1. Primer and probe concentra-

tions were optimized and to determine the efficiency of

the amplification dilutions, standard curves were made

for each set of primers and probe (data not shown). The

amplifications were carried out in a total volume of 20 ll

containing 1· TaqMan Universal PCR Master Mix

(Applied Biosystems), forward and reverse primer (con-

centration 900 nM each), 200 nM TaqMan MGB probe,

and purified target cDNA. The cycling parameters were

initiated by 20 seconds at 95�, followed by 40 cycles of

3 seconds at 95� and 30 seconds at 60� using the ABI

Prism 7500 (Applied Biosystems). Amplification reactions

were performed in triplicates, and DNA contamination

controls were included. The amplifications were normal-

ized to the expression of b-actin. Relative transcript levels

were calculated applying the equation described by

Pfaffl.32

Cytokine quantification by enzyme-linked
immunosorbent assay

After 24 hr of stimulation, culture supernatants were col-

lected and stored at )80� for later cytokine analysis. The

production of murine IL-12(p70), IL-10, IL-6, TNF-a and

IFN-b was analysed using commercially available enzyme-

linked immunosorbent assay (ELISA) kits (R&D Sys-

tems).

Statistical analysis

Statistical calculations were performed using the software

program GRAPHPAD PRISM 5 (San Diego, CA). For each

experiment, results were analysed by ANOVA with Bonfer-

roni as post test, and P-values of < 0�05 were considered

significant.

Results

Lactobacillus acidophilus NCFM induces IFN-b and
TLR-3 up-regulation in murine dendritic cells

Stimulation with L. acidophilus NCFM, Poly I:C, and the

TLR-2 ligands Pam2CSK4 and Pam3CSK4 gave rise to

highly distinct protein concentrations of IFN-b and IL-12

(Fig. 1a). By far the strongest production of IFN-b was

detected after stimulation with L. acidophilus NCFM, as

the concentration of IFN-b was more than five-fold

higher in comparison to induction by Poly I:C.

Pam2CSK4 and Pam3CSK4 did not induce any detectable

levels of IFN-b. A similar picture was seen for IL-12, as

the production induced by Poly I:C was more than seven-

fold less relative to cells stimulated with L. acidophilus

NCFM. The two TLR-2 ligands gave rise to low amounts

of IL-12. In contrast, even though L. acidophilus NCFM

triggered the highest production of TNF-a, the two TLR-

2 ligands also induced higher amounts of TNF-a com-

pared with stimulation with Poly I:C. The cytokine IL-10

was exclusively produced by DCs stimulated with L. aci-

dophilus NCFM; stimulation with Poly I:C or the two

TLR-2 ligands did not induce IL-10. Flow cytometry

showed an up-regulation of CD80, CD86, CD40 and

MHC class II upon stimulation with both Pam3CSK4 and

L. acidophilus NCFM, indicating that the stimulation with

the TLR-2 ligand and the whole bacteria induced a state

of maturation (data not shown).

The expression of the genes encoding IFN-b and TLR-3

was determined after 2, 4 and 10 hr of stimulation with

L. acidophilus NCFM or the synthetic dsRNA analogue

Poly I:C (Fig. 1b). The strongest up-regulation of Ifn-b
was detected after stimulation with L. acidophilus NCFM;

Table 1. Primers and probes used for real-time polymerase chain

reaction analysis

Target Sequence (50–30)

Interferon-b
(NM_010510)

Forward CGGACTTCAAGATCCCTATGGA

Reverse TGGCAAAGGCAGTGTAACTCTTC

Probe ATGACGGAGAAGATGC

Toll-like

receptor-3

(NM_126166)

Forward GATTCTTCTGGTGTCTTCCACAAA

Reverse AATGGCTGCAGTCAGCTACGT

Probe CAATGCACTGTGAGATAC

Interleukin-12 p40

(NM_008352)

Forward TGGAGCACTCCCCATTCCT

Reverse TGCGCTGGATTCGAACAA

Probe CTTCTCCCTCAAGTTC

Interleukin-10

(NM_010548)

Forward GATGCCCCAGGCAGAGAA

Reverse CACCCAGGGAATTCAAATGC

Probe CATGGCCCAGAAAT

b-Actin

(NM_007393)

Forward CGATGCCCTGAGGCTCTTT

Reverse TGGATGCCACAGGATTCCA

Probe CCAGCCTTCCTTCTT
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it was only slightly up-regulated after 2 hr (38-fold) but

reached a significant maximum after 4 hr (589-fold) that

declined to a gene expression of 100-fold after 10 hr. In

contrast to L. acidophilus NCFM, Poly I:C induced strong

expression of Ifn-b after 2 hr (180-fold). However, this

induction decreased to 20-fold after 4 hr and was raised

to 220-fold again after 10 hr. In contrast to Ifn-b, both

L. acidophilus NCFM and Poly I:C strongly induced the

gene encoding TLR-3 after 4 hr. As this induction was

sustained after 10 hr stimulation in both treatments, we

were able to show that L. acidophilus NCFM is capable of

triggering up-regulation of TLR-3 to the same extent as

the synthetic TLR-3 ligand Poly I:C.

Identification of multiple virus-defence-related genes
by genome-wide expression analysis in dendritic cells
stimulated with L. acidophilus NCFM

Genome-wide microarray analysis was performed to fur-

ther investigate the up-regulation of virus-related genes

during stimulation of DCs with L. acidophilus NCFM. To

generate a comprehensive view of the expression profile,

samples were harvested at different time-points (4, 10 and

18 hr). Differential expression was assessed using ANOVA

resulting in 3319 significant regulated genes at an FDR of

0 (P-value < 1e)4). These findings point to a very strong

response of DC upon stimulation, which is in good agree-

ment with the phenotypic changes (e.g. production of

cytokines and up-regulation of various surface markers)

observed. The data generated were deposited in NCBI’s

Gene Expression Omnibus33 and are accessible through

GEO Series accession number GSE18460.

Focusing on genes that are virus-defence-related, we

used the GENE ONTOLOGY (GO) term GO:0009615 ‘Response

to virus’ to test whether the distribution of their expres-

sions was different from the entire distribution. The Wil-

coxon rank sum test (Mann–Whitney test) with a P-value

of 3e11 revealed a strong, significant up-regulation of these

genes (Fig. 2). The induction of virus-related genes was

most prominent for the gene encoding Rsad2 (700-fold).

Rsad2 (radical S-adenosyl methionine domain containing

2), also known as viperin, encodes a cytoplasmic antiviral

protein induced by IFNs. This protein impairs virus bud-

ding by disrupting lipid rafts at the plasma membrane, a

feature which is essential for the budding process of many

viruses.34 The genes encoding IFN-induced T-cell specific

GTPase (TGTP2), IFN-stimulated gene 15 (ISG15), IFN-

regulatory factor (IRF-7) and TLR-3, all involved in viral

immune defence and induced by IFN-b, were likewise

among the highest significantly up-regulated genes.
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Figure 1. Lactobacillus acidophilus NCFM induces gene expression of interferon-b (IFN-b) and toll-like receptor 3 (TLR-3). Bone-marrow-derived

dendritic cells (DCs) were stimulated with L. acidophilus NCFM (10 lg/ml), the synthetic double-stranded RNA ligand Poly I:C (10 lg/ml) and

the TLR-2 ligands Pam2CSK4 (0.1 lg/ml) and Pam3CSK4 (1 lg/ml). Protein concentrations of IFN-b, IL-12, tumour necrosis factor-a (TNF-a)

and IL-10 in the supernatants after 24 hr were measured by enzyme-linked immunosorbent assay (a). Two hours, 4 hr and 10 hr after stimula-

tion RNA was extracted, and the induction of the genes encoding IFN-b and TLR-3 was determined by reverse transcription–polymerase chain

reaction (b). The messenger RNA levels were normalized to the relative expression of b-actin. The error bars depict the mean value ± standard

deviation of three individual measurements from one experiment. The data represent one of at least seven independent experiments, *P < 0.05

versus non-stimulated DC.
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In addition to the genes in the ‘Response to virus’ GO

term, microarray data analysis revealed a significant

induction of numerous genes related to virus infection

(Table 2). The majority of these genes are classical IFN-

sensitive genes (ISG) induced upon stimulation with IFN-

b, e.g. members of the IFN-stimulated gene 56 family

(ISG56), which are known to be strongly induced in

response to virus infection, type I IFNs and dsRNA. In

mouse, this family comprises three members (ISG56,

ISG54 and ISG49) that associate with large protein com-

plexes and block the translation pathway at different

steps.35,36 Another strongly induced gene belonging to the

classical family of ISGs codes for the well-studied antiviral

enzyme dsRNA-dependent protein kinase (EIF2AK2, also

termed PKR), which phosphorylates various substrates

including the protein synthesis initiation factor eIF2a and

acts by blocking the translation of viral RNA.37 The 20,50-

oligoadenylate synthetases (OAS), a family of enzymes

activated by dsRNA, were likewise strongly induced.

These enzymes produce 20,50-linked oligoadenylates
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Figure 2. Lactobacillus acidophilus NCFM induces expression of multiple genes related to viral immune defence. Bone-marrow-derived dendritic

cells (DCs) from three mice were individually stimulated with L. acidophilus NCFM (10 lg/ml) for 4 hr, 10 hr and 18 hr, RNA was extracted,

and microarray analysis was performed. Heatmap of log2-fold changes versus no stimulation for all probes on the array. Probe sets are sorted

according to maximal log2-fold change at any time-point. Green and red represent up-regulation and down-regulation, respectively. In column

‘V’ the position of genes in the gene ontology term GO:0009615 ‘Response to virus’ is presented as black lines together with the significance of

this distribution in a two-sided Wilcoxon Rank sum test (Mann–Whitney). Detailed expression of the genes is shown rightmost.
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activating the latent ribonuclease RNAse L, which

degrades viral messenger RNA.38 The myxovirus-resis-

tance (Mx) proteins, IFN-inducible GTPases, were

up-regulated in a similar manner. These proteins have a

wide antiviral spectrum against different types of viruses

and form complexes with dynamin, which disrupts intra-

cellular transport or interferes with the activity of viral

polymerases.39

Table 2. Significant up-regulation of interferon-induced genes in murine dendritic cells stimulated with Lactobacillus acidophilus NCFM

Gene number Annotation 4 hr 10 hr 18 hr Name

NM_126166 TLR3 3�1 4�2 2�6 Toll-like receptor 3

NM_010510 IFNB1 4�1 1�9 1�2 Interferon-b
NM_021384 RSAD2 5�9 6 6�6 Interferon-induced protein Viperin

NM_020583 ISG20 3�9 5�5 5�4 Interferon-stimulated exonuclease

NM_011163 PKR 2�7 2�2 1�5 dsRNA-activated protein kinase

NM_008331 ISG56 5�8 5�1 5�2
P56 family

Interferon-stimulated gene 56

NM_008332 ISG54 5�9 5�9 5�4 Interferon-stimulated gene 54

NM_010501 ISG49 5�3 5�7 4�9 Interferon-stimulated gene 49

NM_145209 OASL1 4�1 4�7 4�6
OAS family

Oligoadenylate synthetase-like 1

NM_011854 OASL2 3�7 3�3 3 Oligoadenylate synthetase-like 2

NM_145227 OAS2 2�2 2�3 1�6 Oligoadenylate synthetase 2

NM_145226 OAS3 2�4 2�6 2�4 Oligoadenylate synthetase 3

NM_011852 OAS1G 1�9 2 1�7 Oligoadenylate synthetase 1G

NM_033541 OAS1C 1�1 1�2 1�2 Oligoadenylate synthetase 1C

NM_013606 MX2 3�3 3�1 2�6
Mx proteins

Myxovirus resistance 2

NM_010846 MX1 2�7 2�7 1�9 Myxovirus resistance 1

NM_001045481 IFI203 3�4 2�9 2�5
p200 gene family

Interferon-activated gene 203

NM_008329 IFI204 2�5 3�4 2�7 Interferon-activated gene 204

NM_172648 IFI205 3�1 3�2 3 Interferon-activated gene 205

LOC623121 XM_001477431 4�4 5�1 4�6 Novel interferon-b induced gene similar to

IFN-inducible protein 203

NM_027320 IFI35 1�9 1�5 0�89 Interferon-induced protein 35

NM_133871 IFI44 3�5 4�8 4�6 Interferon-induced protein 44

NM_021792 IIGP1 4�7 5�2 4�9
Interferon-induced GTPases

Interferon-inducible GTPase 1

NM_019440 IIGP2 3�1 2�3 1�8 Interferon-inducible GTPase 2

NM_001039160 GVIN1 1�8 1�4 1�3 Interferon-inducible GTPase

NM_172689 DDX58 2�9 2�7 2�3
Interferon-induced helicases

RNA helicase DDX58

NM_030150 DHX58 3�2 3 2�2 RNA helicase DHX58

NM_027835 IFIH1 3�6 3�5 2�6 Interferon-induced with helicase C domain 1

NM_022329 ISG15 1�9 1�7 2

Protein ubiquitination

Interferon-stimulated gene 15

XM_001478484 HERC5 3 3�4 3�3 IFN-induced E3 protein ligase

NM_019949 UBE2L6 1�9 2�7 2�1 ISG-15-conjugating enzyme

NM_011909 USP18 3�7 3�6 3�3 Protease specifically removing ISG15

NM_023738 UBE1l 1�6 2�3 2 Ubiquitin-activating enzyme E1-like

NM_019949 UBE2l6 1�9 2�7 2�1 Ubiquitin-conjugating enzyme E2L 6

LOC677168 XR_005074 4�2 4�8 4�8 Novel interferon-b induced gene similar to ISG15

ubiquitin-like modifier

NM_028864 Zc3hav1 1�6 1�2 0�76 Antiviral zinc and RNA binding protein

NM_001038587 Adar 1�9 1�7 1�8 Adenosine deaminase (binds dsRNA)

NM_175397 Sp110 1�5 1�1 0�43 Sp110 nuclear body protein (inhibits virus replication)

NM_011636 Plscr1 1�1 0�35 0�2 Phospholipid scramblase 1(enhances IFN response)

NM_016850 IRF7 4�1 4�5 4�2
Interferon regulatory factors (IRF)

Interferon regulatory factor 7
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Induction of anti-viral mechanisms in dendritic cells
is confined to certain probiotic strains

To elucidate whether the induction of the antiviral

response is unique for L. acidophilus NCFM, universal for

L. acidophilus strains, or a common property of probio-

tics, we further stimulated DCs with another L. acidophi-

lus (X37), a B. bifidum strain (Z9), and the Gram-

negative probiotic E. coli Nissle 1917. Gene expression

analysis by reverse trasncription–polymerase chain

reaction (RT-PCR) revealed that L. acidophilus X37 was

similarly able to trigger expression of the genes encoding

IFN-b and TLR-3 (Fig. 3a). In contrast, neither

B. bifidum Z9 nor E. coli Nissle 1917 gave rise to a strong

up-regulation. Both strains resulted in a small peak of

Ifn-b expression after 2 hr of stimulation, followed by a

rapid decrease to almost background level and a lower

and less sustained up-regulation of Tlr-3 transcription

compared with the L. acidophilus strains. The rapid but

low up-regulation of Ifn-b transcription upon stimulation

with B. bifidum Z9 and E. coli Nissle 1917 corresponded

to the peak observed upon stimulation with Poly I:C.

However, stimulation with Poly I:C showed a re-emerging

rise in the transcription after 10 hr. The results obtained

for Ifn-b were verified on a protein level by ELISA

(Fig. 3b). The highest production of IFN-b was measured

upon stimulation of DCs with L. acidophilus X37, which

induced 18 times more IFN-b compared with E. coli Nis-

sle 1917. Lactobacillus acidophilus NCFM induced more

than 14 times the production of IFN-b compared with

E. coli Nissle 1917, whereas DCs stimulated with B. bifi-

dum Z9 did not produce detectable levels of IFN-b.

Induction of IFN-b and TLR-3 is dependent
on TLR-2

The bacterial strains investigated in this study, capable of

inducing strong Ifn-b and Tlr-3 expression levels, were

also the strains that gave rise to a high IL-12 production.

As we have previously found that the IL-12 production is

to a great extent dependent on TLR-2 stimulation,26 we

hypothesized that TLR-2 might likewise be involved in

the stimulation of DCs with L. acidophilus, leading to the

transcription of Ifn-b and Tlr-3 (along with other virus-

related genes).

To investigate whether TLR-2 is required for the induc-

tion of IFN-b, we generated bone-marrow-derived DCs

from WT and TLR-2)/) mice. The expression of the gene

encoding IFN-b was determined in DCs upon stimulation

with L. acidophilus NCFM, Poly I:C, E. coli Nissle 1917,

and B. bifidum Z9 after 2, 4 and 10 hr. As depicted in

Fig. 4(a), the lack of TLR-2 resulted in a dramatic
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Figure 3. Lactobacillus acidophilus strains, but not Bifidobacterium bifidum and Escherichia coli, induce interferon-b (IFN-b) expression in dendritic

cells (DCs). (a) Bone-marrow-derived DCs were stimulated with L. acidophilus NCFM (10 lg/ml), L. acidophilus X37 (10 lg/ml), E. coli Nissle

1917 (10 lg/ml) and B. bifidum Z9 (40 lg/ml) for 2 hr, 4 hr and 10 hr. RNA was extracted, and the induction of the gene encoding IFN-b and

toll-like receptor 3 (TLR-3) was determined by reverse transcription–polymerase chain reaction analysis. The messenger RNA levels were normal-

ized to the relative expression of b-actin. (b) Bone-marrow-derived DCs were stimulated with L. acidophilus NCFM (10 lg/ml), L. acidophilus X37

(10 lg/ml), E. coli Nissle 1917 (10 lg/ml) and B. bifidum Z9 (40 lg/ml) for 24 hr. The supernatant was harvested and protein concentrations were

measured by enzyme-linked immunosorbent assay. The error bars depict the mean value ± standard deviation of three individual measurements

from one experiment. The data represent one of at least three independent experiments,*P < 0.05 versus non-stimulated DC.
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decrease in the Ifn-b expression peak after 4 hr induced

by L. acidophilus NCFM. The Ifn-b expression profile was

only moderately affected upon Poly I:C stimulation, with

a slight increase in Ifn-b expression after 2 hr and a

decrease after 10 hr. In contrast, when the DCs were

stimulated with either B. bifidum Z9 or E. coli Nissle

1917, the weak expression peaks observed after 2 hr in

WT DCs were markedly increased in TLR-2)/) cells. As a

consequence, whereas the absence of TLR-2 was central

for the IFN-b production upon stimulation with L. aci-

dophilus NCFM, TLR-2 seemingly exhibited the opposite

role upon stimulation with E. coli Nissle 1917 and B. bifi-

dum Z9, as the Ifn-b induction was higher in TLR-2)/)

DCs. Our gene expression results were confirmed by the

presence of IFN-b in culture supernatants measured by

ELISA after 24 hr of stimulation (Fig. 4b).

Figure 5(a) illustrates the expression of Tlr-3 upon

stimulation of WT DCs and TLR-2)/) DCs with L. aci-

dophilus NCFM, Poly I:C, E. coli Nissle 1917 and B. bifi-

dum Z9 for 2, 4 and 10 hr. In the case of L. acidophilus

NCFM and Poly I:C, the expression of Tlr-3 was not

affected by the absence of TLR-2 after 2 and 4 hr. How-

ever, after 10 hr Tlr-3 was significantly reduced in TLR-

2)/) DCs compared with WT DCs. In TLR-2)/) DCs

stimulated with E. coli Nissle 1917, the expression of Tlr-

3 was, in contrast to WT DC, only slightly lower (one-

fold after 2, 4 and 10 hr). Upon incubation of DC with

B. bifidum Z9, the up-regulation of Tlr-3 was increased in

TLR-2)/) DCs compared with WT DCs at all time-points.

To further investigate the dependency of IL-12 on IFN-

b, and hence indirectly on TLR-2, we measured the pro-

tein production of IL-12 and three other cytokines

(IL-10, IL-6 and TNF-a) in WT and TLR-2)/) DCs upon

stimulation with L. acidophilus NCFM, Poly I:C, B. bifi-

dum Z9, and E. coli Nissle 1917 in the supernatants by

ELISA after 24 hr of stimulation (Fig. 5b). The protein

concentration of IL-12 corresponded largely to the con-

centration of IFN-b measured. Both the production of

IL-12 and IL-10 was significantly reduced in TLR-2)/)

DCs stimulated with L. acidophilus NCFM and B. bifidum

Z9 compared with WT DCs. For all four stimulation

regimes, the TNF-a protein concentration was slightly

reduced in the supernatants of TLR-2)/) DCs, whereas

IL-6 concentration was increased upon E. coli Nissle 1917
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Figure 4. Interferon-b (IFN-b) stimulating

activity of Lactobacillus acidophilus NCFM is

dependent on toll-like receptor 2 (TLR-2). (a)

Bone-marrow-derived dendritic cells (DCs)

from both wild-type (WT) and TLR-2)/) mice

were stimulated with L. acidophilus NCFM

(10 lg/ml), Poly I:C (10 lg/ml), Escherichia

coli Nissle 1917 (10 lg/ml), and Bifidobacteri-

um bifidum Z9 (40 lg/ml) for 2 hr, 4 hr and

10 hr. RNA was extracted, and the induction

of the gene coding for IFN-b was determined

by reverse transcription–polymerase chain reac-

tion analysis. The messenger RNA levels were

normalized to the relative expression of

b-actin. (b) Bone-marrow-derived DCs from

both WT and TLR-2)/) were stimulated with

L. acidophilus NCFM (10 lg/ml), Poly I:C

(10 lg/ml), E. coli Nissle 1917 (10 lg/ml), and

B. bifidum Z9 (40 lg/ml) for 24 hr. The super-

natant was harvested and protein concentra-

tions of IFN-b were measured by ELISA. The

error bars depict the mean value ± standard

deviation of three individual measurements

from one experiment. The data represent one

of at least two independent experiments.

*P < 0.05 values (WT versus TLR-2)/)) are

indicated.
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stimulation and decreased upon L. acidophilus NCFM

stimulation.

Taken together, these results show that TLR-2 plays an

important role in the strong induction of IFN-b in DCs

upon stimulation with L. acidophilus NCFM. This obser-

vation is also reflected in the expression of the genes

encoding IL-12 and TLR-3. In contrast, the same genes

were largely unaffected when DCs were stimulated with

Poly I:C. In case of E. coli Nissle 1917 and B. bifidum Z9,

TLR-2 seems to hold a suppressive role.

The clathrin-mediated endocytic pathway is required
for the induction of IFN-b and TLR-3 upon
stimulation with L. acidophilus

Poly I:C-stimulated IFN-b induction in DC has recently

been shown to depend on clathrin-mediated endocyto-

sis.27 We have observed in previous studies that a prere-

quisite for a strong IL-12 response upon stimulation with

L. acidophilus is that the bacterium is intact.26 As a conse-

quence, we speculated that the IFN-b and strong IL-12-

inducing mechanism could involve phagocytosis- or

endocytosis-triggering events. Accordingly, we used phar-

macological inhibitors to investigate whether bacterial

uptake of L. acidophilus NCFM is required for the induc-

tion of IFN-b, and, in turn, IL-12 and TLR-3. The effect

of cytochalasin D (phagocytosis inhibitor), methyl-b-

cyclodextrin (calveolae-mediated endocytosis inhibitor)

and chlorpromazine (clathrin-mediated endocytosis inhib-

itor) on the stimulation profile of DCs after incubation

with either L. acidophilus NCFM or Poly I:C was investi-

gated (Fig. 6). Upon stimulation with L. acidophilus

NCFM, the expression of the genes encoding IFN-b,

TLR-3 and IL-12 was significantly inhibited when the

DCs were pre-treated with cytochalasin D and chlorprom-

azine. This inhibition was absent when the DCs were pre-

treated with methyl-b-cyclodextrin. The pharmacological

inhibitors did not have the same impact on the expres-

sion of the gene encoding IL-10, as only a slight reduc-

tion was observed. We obtained similar results when DCs

were stimulated with Poly I:C. Pre-treatment with cyto-

chalasin D and chlorpromazine of DCs had a significant

inhibitory effect on the expression of the genes coding for

IFN-b and TLR-3, whereas pre-treatment with methyl-b-

cyclodextrin did not have an impact. Our results indicate

that the clathrin-mediated endocytic pathway participates

in uptake of L. acidophilus NCFM as an important step in

the stimulation of the transcription of IFN-b and TLR-3

and, in turn, IL-12.

Induction of IL-12 and TLR-3 by L. acidophilus
NCFM is dependent on IFN-b

Despite the vast difference in the Ifn-b expression profiles

of DCs stimulated with L. acidophilus NCFM and Poly

I:C, the Tlr-3 expression profiles obtained were highly
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Figure 5. The toll-like receptor-3 (TLR-3) stimulating activity of Lactobacillus acidophilus NCFM is dependent on TLR-2. (a) Bone-marrow-

derived dendritic cells (DCs) from both wild-type (WT) and TLR-2)/) were stimulated with L. acidophilus NCFM (10 lg/ml), Poly I:C (10 lg/

ml), Escherichia coli Nissle 1917 (10 lg/ml), and Bifidobacterium bifidum Z9 (40 lg/ml) for 2 hr, 4 hr and 10 hr. RNA was extracted, and the

induction of the gene coding for TLR-3 was determined by reverse transcription–polymerase chain reaction. The messenger RNA levels were nor-

malized to the relative expression of b-actin. *P < 0.05 values (WT versus TLR-2)/)) are indicated. (b) Cytokine concentration [interleukin-12

(IL-12), IL-10, IL-6 and tumour necrosis factor-a (TNF-a)] measured in supernatants from DCs stimulated for 24 hr with L. acidophilus NCFM

(10 lg/ml), Poly I:C (10 lg/ml), E. coli Nissle (10 lg/ml) and B. bifidum Z9 (40 lg/ml), respectively, as indicated. The data represent one of at

least two independent experiments.

� 2010 The Authors. Immunology � 2010 Blackwell Publishing Ltd, Immunology, 131, 268–281 277

Induction of virus defence in dendritic cells by Lactobacillus acidophilus



similar (Fig. 1b). We therefore speculated that the Tlr-3

expression was caused by distinct mechanisms, i.e. that

L. acidophilus NCFM Tlr-3 expression was induced

through the action of IFM-b and that the Poly I:C-

induced Tlr-3 expression was the result of another mech-

anism induced by direct binding of Poly I:C to TLR-3.

To investigate the role of IFN-b in expressing Tlr-3, we

added polyclonal anti-IFN-b antibodies to the cell cul-

tures simultaneously with L. acidophilus NCFM, and

measured the expression profiles of Tlr-3 and Il-12

(Fig. 7). The expression of Tlr-3 was almost completely

inhibited upon addition of 10 lg/ml and 50 lg/ml poly-

clonal anti-IFN-b antibodies. By contrast, the expression

of Il-12 was down-regulated by 20% and 46%, respec-

tively. These results were confirmed by ELISA in the

supernatant harvested after 24 hr (data not shown).

Discussion

In this study we have shown that the probiotic bacterium

L. acidophilus possesses the capability to induce a viral

defence phenotype in bone-marrow-derived murine DCs.

Such properties have been demonstrated earlier using

pathogenic bacteria,18,40 but to our knowledge this has
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Figure 6. A clathrin-dependent endocytic path-

way participates in Lactobacillus acidophilus

NCFM-induced interferon-b (IFN-b) produc-

tion. Bone-marrow-derived dendritic cells

(DCs) were pre-treated with cytochalasin D

(CytD, 0.5 lg/ml), chlorpromazine (CLP,

25 lg/ml), methyl-b-cyclodextrin (MBCD,

1 mm) or medium alone for 1 hr. Subse-

quently, the cells were stimulated with L. aci-

dophilus NCFM (10 lg/ml) and Poly I:C,

(10 lg/ml) for 3 hrs, RNA was extracted, and

the induction of the gene coding for IFN-b,

toll-like receptor-3 (TLR-3), interleukin-12

(IL-12) and IL-10 was determined by reverse

transcription–polymerase chain reaction analy-

sis. The messenger RNA levels were normalized

to the relative expression of b-actin, *P < 0.05

values (control versus inhibitors). The data

represent one of at least four independent

experiments.
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Figure 7. Induction of Il-12 and Tlr-3 in Lactobacillus acidophilus-stimulated dendritic cells (DCs) is dependent on interferon-b (IFN-b) Simulta-

neously with addition of L. acidophilus NCFM (10 lg/ml) to DCs, polyclonal IFN-b antibody was added in various concentrations (0 lg/ml,

10 lg/ml and 50 lg/ml). Cells were harvested after 10 hr, RNA was extracted and the gene expression of Il-12 and Tlr-3 was analysed by reverse

transcription–polymerase chain reaction. The messenger RNA levels were normalized to the relative expression of b-actin, *P < 0.05 values (con-

trol versus L. acidophilus NCFM + IFN-b Ab). The data represent one of at least two independent experiments.
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not been demonstrated for bacteria regarded as non-path-

ogenic or even beneficial for the immune system. The

induction of viral defence mechanisms may explain

the ability of some probiotic bacteria to stimulate the

immune system as demonstrated in a number of clinical

trials, including their ability to protect against viral infec-

tion.4–6

The up-regulation of viral response genes seems to a

great extent to be caused by a rapid and strong transient

up-regulation of Ifn-b, which in turn stimulates transcrip-

tion of a high number of other genes involved in viral

defence. This was demonstrated in our microarray-based

kinetics study, as the gene encoding IFN-b appeared to

belong to a minor group of genes with a rapid transient

profile. By this approach we showed that virtually all

genes related to viral defence were among the most up-

regulated genes and that a high number of these genes

are known to be directly regulated through the action of

type I IFNs.13,15 Strikingly, only the whole bacteria and

not the TLR-2 ligands were able to induce detectable

amounts of IFN-b and IL-12. This corresponds to our

earlier findings26 that only intact bacteria are able to

induce appreciable amounts of IL-12.

The up-regulation of Ifn-b in DCs was much stronger

upon stimulation with L. acidophilus NCFM compared

with cells stimulated with Poly I:C, E. coli Nissle 1917

and B. bifidum Z9. The up-regulation of Ifn-b correlated

with an increased expression of Tlr-3 as well as Il-12, sup-

porting the connection between IFN-b and IL-12 that was

found by others.25 In contrast, the up-regulation of Tlr-3

was similar after stimulation of DCs with L. acidophilus

NCFM and Poly I:C. This indicates that up-regulation of

Tlr-3 does not exclusively depend on IFN-b, but may be

affected by other mechanisms induced by virus recogni-

tion. Poly I:C has recently been shown to up-regulate

IFN-b in a TLR-3-dependent manner in HEK293 cells

and DCs,41 hence there is evidence that ligand binding to

TLR-3 induces IFN-b and, conversely, that IFN-b is able

to induce Tlr-3 expression. This may explain our observa-

tion that Tlr-3 is up-regulated to the same extent upon

Poly I:C stimulation as upon L. acidophilus NCFM stimu-

lation despite the considerable difference in the produced

IFN-b. Conversely, the marked difference in IFN-b pro-

duction by L. acidophilus NCFM and Poly I:C, respec-

tively, may reflect two different mechanisms of induction

which are likely to involve different receptors.

Not all probiotic bacteria were able to induce an up-

regulation of Ifn-b and Tlr-3 in DCs, as demonstrated

here with B. bifidum Z9, whereas another Lactobacillus

strain, L. acidophilus X37, induced an IFN-b and TLR-3

response in a similar manner to L. acidophilus NCFM.

The Gram-negative E. coli Nissle 1917, also considered

probiotic, was not capable of inducing a significant

expression of the genes coding for IFN-b or TLR-3. This

is in accordance with the lack of capability of these bacte-

ria to induce an extensive IL-12 production in DCs.26 To

which extent other probiotic bacteria are capable of

inducing IFN-b and viral defence genes is currently under

investigation.

As the IL-12 response was shown to be dependent on

TLR-2 in a previous study,26 we investigated the IFN-b
response in DC from TLR-2)/) mice and found that

TLR-2, as for IL-12 expression, is mandatory for an

induction of IFN-b upon L. acidophilus NCFM stimula-

tion. In contrast, lack of TLR-2 resulted in an increase of

IFN-b upon stimulation with B. bifidum Z9 and E. coli

Nissle 1917, although the IFN-b response was much lower

compared with the level induced by L. acidophilus NCFM

in WT mice. Hence, TLR-2 is not only playing a major

role in the strong IL-12 and IFN-b response induced by

L. acidophilus NCFM, it is simultaneously important for

the suppression of the same response upon stimulation of

DCs with other bacteria such as B. bifidum Z9 and E. coli

Nissle 1917 investigated in the present study. This dual-

ism in TLR-2’s role is not well described, but confirms

our previous studies on TLR-2’s role for IL-12 induc-

tion.26 Whereas the response to the TLR-2 ligand

Pam3CSK4 is generally reported to be weak,26,42 stimula-

tion with whole bacteria through TLR-2 is reported to

give rise to a strong pro-inflammatory response.22,26 Fur-

thermore, Barbalat et al.14 have demonstrated that virus

in contrast to Pam3CSK4 induces type I IFNs in bone-

marrow-derived cells and other cells. Hence, as in our

data, this points towards the importance of recognition of

whole micro-organisms containing TLR-2 ligands for the

induction of a strong Th1-promoting response in contrast

to the effect of stimulation with TLR-2 ligands. The fact

that certain Gram-negative bacteria are equally capable of

inducing IFN-b15 further indicates that either other

mechanisms involving other TLRs give rise to the same

response or that TLR-2 is involved as well. A common

mechanism involving distinct TLRs might be required for

cellular uptake of the whole bacterium. Our results and

the study by Barbalat et al.14 may point towards an IFN-

b-inducing mechanism that is common to virus and cer-

tain bacteria.

In human DCs, IFN-b was found to be induced

through a clathrin-dependent endocytotic mechanism.27

We also found that the induction of Ifn-b was dependend

on phagocytosis, possibly through a clathrin-mediated

mechanism, as addition of both the actin inhibitor cyto-

chalasin and the clathrin inhibitor chlorpromazine abol-

ished the induction of the gene coding for IFN-b in DC

stimulated with L. acidophilus NCFM. We have previously

shown that UV-killed, but intact, bacteria, in particular

L. acidophilus, induce a response corresponding to live

bacteria, which leads to much stronger IL-12 and TNF-a
production compared with fragments or isolated cell walls

of the bacteria.26 Taken together, this indicates that active

uptake of the bacteria by endocytosis is important for the
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IFN-b induction. As TLR-2 was shown to be involved,

our study suggests that TLR-2 plays an active role in the

endocytosis-dependent IFN-b up-regulation, a phenome-

non that to our knowledge has not been described before.

However, whether there is a connection between the

dependency of TLR-2 and endocytosis cannot be firmly

established from the presented results. Maturation of DCs

is generally considered to abolish endocytosis in these

cells, but a number of studies reports that some degree of

maturation may take place in DCs without abolishment

of endocytosis. Weck et al.42 found that, in contrast to

activation through TLR-3 and TLR-4, activation through

TLR-2 with the synthetic TLR-2 agonist Pam3CSK4 did

not abolish endocytosis. However, in contrast to

Pam3CSK4, ligands like peptidoglycan and lipopeptides

present in close proximity and in high numbers in an

intact micro-organism may stimulate several TLRs – or

other receptors – simultaneously and hence work through

a distinct mechanism. Such receptor collaboration is well

established for TLR-2 together with TLR-1 or TLR-6.43

Moreover, P. aeruginosa was shown to induce a strong

pro-inflammatory response by a TLR-2 and mannose-

receptor-dependent mechanism.24 The mannose receptor

and TLR-2 form complexes on the cell surface during

early phagocytosis and are found co-localized in endo-

somes for up to 1 hr after addition of the bacteria to the

cells. From the present data, we cannot obtain further

information about which receptors other than TLR-2 are

important for the induction of IFN-b. Hence, we can nei-

ther exclude that TLR-3 or other TLRs play a role, nor

that carbohydrate receptors, such as dectin-1 or scavenger

receptors, are involved in the IFN-b induction. We did

not investigate the involvement of the mannose receptor

in the present study but it is conceivable that the man-

nose receptor, or another receptor, collaborates with

TLR-2 in the activation of a pro-inflammatory response.

Charrel-Dennis et al.18 found that only live bacteria

(streptococci) stimulated a strong induction of IFN-b;

however, they compared with heat-killed bacteria while

we stimulated with UV-killed bacteria. This indicates that

some protein-containing or heat-vulnerable compound

may be involved. Our previous studies showed that lipo-

teichoic acid, a major immunostimulatory component of

Gram-positive bacteria, but not Pam2CSK4 or Pam3CSK4

was involved in the TLR-2-dependent stimulation of

IL-12 production in DCs.26 Hence, other proteins or mol-

ecules important for the intact bacterium may be a prere-

quisite for triggering an appropriate immune response,

perhaps in collaboration with a TLR-2 ligand. Salazar

et al.22 stimulated monocytes with Borrelia burgdorferi,

which responded through both a TLR-2-dependent and

TLR-2-independent pathway, but only the TLR-2-inde-

pendent response lead to an induction of IFN-b. This is

in contrast to our finding, as we observed a dramatic

effect in TLR-2)/) DCs. Consequently, different micro-

organisms may stimulate antigen-presenting cells by dis-

tinct mechanisms giving rise to various cellular pheno-

types or the specific cell may play an important role for

the type of response to a given stimulus.

Taken together, these results add to the picture of

TLR-2 as an important receptor for both pro-inflamma-

tory and regulatory responses in antigen-presenting cells.

Our study reveals that L. acidophilus is capable of stimu-

lating a pro-inflammatory and antiviral response by a

TLR-2-dependent mechanism, which suggests that TLR-2

acts a receptor, playing a central role in endocytosis-

dependent stimulation of a pro-inflammatory response in

DCs.
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