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In lactic acid bacteria, the synthesis of exopolysaccharides (EPS) has been associated

with some favorable technological properties as well as health-promoting benefits.

Research works have shown the potential of EPS produced by lactobacilli to

differentially modulate immune responses. However, most studies were performed in

immune cells and few works have concentrated in the immunomodulatory activities

of EPS in non-immune cells such as intestinal epithelial cells. In addition, the

cellular and molecular mechanisms involved in the immunoregulatory effects of EPS

have not been studied in detail. In this work, we have performed a genomic

characterization of Lactobacillus delbrueckii subsp. delbrueckii TUA4408L and evaluated

the immunomodulatory and antiviral properties of its acidic (APS) and neutral (NPS)

EPS in porcine intestinal epithelial (PIE) cells. Whole genome sequencing allowed

the analysis of the general features of L. delbrueckii TUA4408L genome as well

as the characterization of its EPS genes. A typical EPS gene cluster was found

in the TUA4408L genome consisting in five highly conserved genes epsA-E, and

a variable region, which includes the genes for the polymerase wzy, the flippase

wzx, and seven glycosyltransferases. In addition, we demonstrated here for the

first time that L. delbrueckii TUA4408L and its EPS are able to improve the

resistance of PIE cells against rotavirus infection by reducing viral replication and
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regulating inflammatory response. Moreover, studies in PIE cells demonstrated that the

TUA4408L strain and its EPS differentially modulate the antiviral innate immune response

triggered by the activation of Toll-like receptor 3 (TLR3). L. delbrueckii TUA4408L and its

EPS are capable of increasing the activation of interferon regulatory factor (IRF)-3 and

nuclear factor κB (NF-κB) signaling pathways leading to an improved expression of the

antiviral factors interferon (IFN)-β, Myxovirus resistance gene A (MxA) and RNaseL.

Keywords: porcine intestinal epithelial cells, immunobiotics, TLR3, Rotavirus, antiviral activity, genome sequence,

Lactobacillus delbrueckii TUA4408L

INTRODUCTION

Polysaccharides are widespread in nature, and their production
has been described in several species of pathogenic and
commensal bacteria. Variations in the sugar-building units,
glycosidic linkage, anomeric configuration, monosaccharide
decoration, andmolecular weight result in an enormous diversity
of polysaccharides. Because of this heterogeneity, bacterial
polysaccharides display diverse chemical, physical and biological
properties (1, 2). Bacteria are able to synthesize cytoplasmic
storage polysaccharides and exocellular polysaccharides
including the tightly linked capsular polysaccharides (CPS) and
the loosely associated with the cell surface exopolysaccharides
(EPS) (1, 2). It was established that exocellular polysaccharides
are involved in the interaction of bacteria with their environment.
CPS and EPS have been shown to participate in the formation of
bacterial biofilms, adhesion to abiotic and biotic surfaces as well
as in the interaction with the immune system (3–5).

In lactic acid bacteria (LAB), the synthesis of EPS has long
been associated with some favorable technological properties,
especially in food production where they act as viscosifying,
stabilizing, emulsifying, or gelling agents. In addition, functional
and health-promoting benefits have been attributed to the EPS
produced by some LAB strains (2, 5). In this regard, it was
reported that surface EPS produced by lactobacilli are able to
modulate the immune system. Studies by Yasuda et al. (6)
demonstrated that high molecular mass polysaccharides from
Lactobacillus casei strain Shirota have anti-inflammatory effects
while mutant types of this bacterium lacking EPS are potent
inducers of interleukin (IL)-12, tumor necrosis factor (TNF)-
α, and IL-6 in macrophages. It was also shown that EPS from
L. rhamnosusRW-9595M exerted immunosuppressive properties
in macrophages by inducing high levels of IL-10 (7). In addition
to the anti-inflammatory activities, some research works have
demonstrated that EPS from lactobacilli are also capable of
stimulating the immune system. It was shown that EPS produced
by L. paracasei DG is able to enhance the expression of TNF-α,
IL-6, IL-8, and macrophage inflammatory protein 3α (MIP-3α)
in the human monocytic cell line THP-1 (8). EPS derived from
L. rhamnosus KL37 was also capable of improving TNF-α, IL-6,
and IL-12 in macrophages in a mitogen-activated protein kinases
(MAPK)-dependent manner (9).

Research works clearly show the potential of EPS produced by
lactobacilli to favorably modulate the immune system. However,
there are several points that have not yet been studied in depth

in relation to the application of immunomodulatory EPS from
lactobacilli: (a) most studies were performed in immune cells
and few works have concentrated in the immunomodulatory
activities of EPS in non-immune cells such as intestinal epithelial
cells; (b) the cellular and molecular mechanisms involved in
the immunoregulatory effects have not been studied in detail;
(c) most research works evaluated the immunological effects
of EPS produced by L. casei and L. rhamnosus while other
species of Lactobacillus that are also capable of producing
important quantities of EPS such as L. delbrueckii has not been
investigated, and (d) very few studies have demonstrated that
EPS from lactobacilli can exert a real beneficial effect through
the modulation of the immune system such as increasing the
resistance to bacterial or viral infections.

We have conducted research aimed at deepening in the
knowledge of the points mentioned above. In previous studies,
we evaluated the immunomodulatory properties of several
lactobacilli strains according to their capacity to differentially
modulate the immune response of porcine intestinal epithelial
(PIE) cells triggered by the activation of Toll-like receptor
4 (TLR4). Our previous studies showed that the PIE cell
line preserves all the immunological characteristics of primary
epithelial cells and therefore, this cell line is a useful in vitro
tool to evaluate immune responses (10). In addition, this cell
line has been used by our group to evaluate immunomodulatory
microorganisms directed to pigs or humans taking into
consideration the anatomical, physiological, and immunological
similarities of the gastrointestinal tract of both hosts. Among the
strains evaluated in PIE cells, L. delbrueckii subsp. delbrueckii
TUA4408L, an strain isolated from a Japanese traditional
pickle fermented food, was able to reduce the expression
of proinflammatory cytokines after TLR4 activation. This
immunomodulatory activity was related to its ability to diminish
the activation of nuclear factor κB (NF-κB) and MAPK pathways
in a TLR2-dependent manner (11). Moreover, the EPS of the
TUA4408L strain was fractionated into acidic (APS) and neutral
(NPS) fractions and, it was demonstrated that both APS and
NPS differentially regulated the expression of IL-6, IL-8, and
monocyte chemoattractant protein-1 (MCP-1) in PIE cells after
the stimulation with the TLR4 agonist. Both APS and NPS
reduced the activation of NF-κB, ERK-MAPK, and p38-MAPK
pathways while NPS also decreased the activation of JNK-MAPK
pathway (11).

Recently, substantial progress has been achieved in genomic
sequencing of LAB and now several collections of lactobacilli
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genomes are available. Until the writing of this manuscript was
completed, fifty complete and draft genomes belonging to the
L. delbrueckii species were published in the NCBI database,
including L. delbrueckii subsp. bulgaricus, subsp. lactis, subsp.
delbruekii, subsp. jakobsenii, subsp. indicus, and subsp. sunkii.
Among them, two complete and two draft genomes are available
for different strains of L. delbrueckii subsp. delbruekii. Therefore,
few genomic analyzes have been performed with this species of
LAB.

In this work, we further advanced in the characterization of
the immunomodulatory properties of L. delbrueckii TUA4408L
and its EPSs. Whole genome sequencing allowed the analysis of
the general features of L. delbrueckiiTUA4408L genome as well as
the characterization of its EPS gene cluster. In addition, studies in
PIE cells demonstrated that the TUA4408L strain and its EPSs are
able to modulate the antiviral innate immune response triggered
by TLR3 activation. Moreover, we demonstrated here for the
first time that L. delbrueckii TUA4408L and its EPSs are capable
of improving the resistance of intestinal epithelial cells against
rotavirus infection by reducing viral replication and differentially
modulating antiviral response.

MATERIALS AND METHODS

Microorganisms
Lactobacillus delbrueckii subsp. delbrueckii TUA4408L was
isolated from sunki-zuke, a japanease traditional pickle
fermented in salt-free conditions. The TUA4408L strain was
maintained in deMan-Rogosa-Sharp (MRS) medium at 4◦C for
further usage. For experiments, TUA4408L strain was propagated
in soy milk at 43◦C for 16 h, washed with PBS and diluted in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen
corporation, Carlsbad, CA). The EPSs from L. delbrueckii
TUA4408L were extracted and fractionated by the method of
Kitazawa et al. (12). The acid (APS) and neutral (NPS) EPSs
were fractionated by ion-exchange chromatography as described
previously (11).

Rotavirus strain UK was used in challenge experiments
considering its ability to efficiently replicate in PIE cells, as
described previously (13). Rotavirus UK was treated with
10µg/ml of trypsin (Sigma, Type I) at 37◦C for 30min, and then
inoculated onto confluent MA104 cells. After 1 h of absorption,
the inoculum was removed and the cells were incubated with
serum-free MEM (1µg/ml of trypsin) at 37◦C. After the
cytopathic effect reached more than 80% of cells, three rounds
of freezing and thawing were performed to harvest the culture
supernatant. The virus stock was stored at −80◦C for further
experiments.

Bioinformatic Analysis
L. delbrueckii subsp. delbrueckii TUA4408L genome was
sequenced with the PacBio sequencing platform and genome
assembly was performed using HGAP 3.0 (14), with default
options and the Minimum Seed Read Length was adjusted to
2,000. L. delbrueckii TUA4408L genome annotation was carried
out using NCBI Prokaryotic Genome Annotation Pipeline (15).
Further annotation was obtained by using the SEED-based

automated annotation system provided by the RAST server (16).
Genome sequencing project was deposited in GenBank under
accession number CP021136.

Circular genome maps were generated using the CGView
Server (17) based on the information generated by the genome
annotation. Bioinformatics analyses of the TUA4408L genome
included the use of Antibiotic Resistance Genes Database
(ARDB) (18), and Comprehensive Antibiotic Resistance
Database (CARD) (19) to evaluate antibiotic resistance genes,
PHAge Search Tool (PHAST) and IslandViewer software were
used to identify prophages and genomics islands, respectively
(20, 21). Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR)-Cas arrays were identified in bacterial genome
using CRISPRfinder (22). The presence and type of bacteriocin
genes was evaluated using BAGEL4 software and BLASTx
algorithm.

Two phylogenetic trees were constructed based on multilocus
sequence typing (MLST), and the 16S rRNA gene, respectively.
Seven different housekeeping genes of L. delbrueckii were used
to construct the MLST phylogenetic tree: fusA, gyrB, hsp60, ileS,
pyrG, recA, and recG (23). The 16S rRNA gene sequences and the
corresponding nucleic acid sequences from the seven genes for
MLST were respectively aligned with those of the most closely
related species using the multiple alignment program MUltiple
Sequence Comparison by Log- Expectation (MUSCLE) (24), a
bioinformatic tool included in MEGA7 (25).

For comparative genomic analysis, the complete genomes of
Lactobacillus delbrueckii subsp. delbrueckii TUA4408L, KCTC
13731, DSN 20074, NBRC 3202, and KACC 13439 strains were
used. Nucleotide sequences were obtained from GenBank and
genomes were reannotated using Prokka (15). Roary 3.11.2,
is a high-speed stand-alone pan genome pipeline, which takes
annotated assemblies in GFF3 format produced by Prokka (26)
and calculates the pan genome was used.

Cell Culture
The PIE cell line was originally established at Tohoku University
from intestinal epithelia of unsuckled neonatal swine (10).
PIE cells were maintained in DMEM medium supplemented
with 10 % fetal calf serum (FCS), penicillin (100 mg/ml), and
streptomycin (100 U/ml) at 37◦C in a humidified atmosphere of
5% CO2. PIE cells grow rapidly without any transformation or
immortalization. Their proliferative capability diminishes after
50 passages in culture. Therefore, PIE cells in this study had
between 20th and 40th passages. The cultures were passaged
routinely after reaching confluence of 80–90%.

Analysis of Antiviral Immunity in PIE Cells
PIE cells were seeded at 3.0 × 104 cells in 12 well type I collagen
coated plates and incubated at 37◦C, 5% CO2. After 3 days of
culturing period, 1ml of DMEM containing either L. delbrueckii
(5 × 107 cells/ml), APS or NPS (100 ug/ml) was added. Cells
were incubated at 37◦C, 5% CO2 for 48 h. PIE cells were washed
three times with fresh medium to eliminate lactobacilli or EPSs
and subsequently stimulated with 10 ug/ml of poly(I:C) (Sigma
Aldrich, USA) for 12 h. The expressions of interferon (IFN)-β,
IL-6, IL-8, MCP-1, TNF-α, RNaseL, Myxovirus resistance gene A
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(MxA), retinoic acid-inducible gene I receptor (RIG-I), and TLR3
were quantified by qPCR as described below.

Analysis of TLR Negative Regulators in PIE
Cells
In order to analyze the expression of negative regulators of
TLR signaling, PIE cells were seeded at 3.0 × 104 cells/well
in 12 well type I collagen coated plates and cultured at 37◦C,
5% CO2 for 3 days. Then, 1ml of DMEM containing either
L. delbrueckii (5 × 107 cells/ml), APS or NPS (100 ug/ml) was
added. After 48 h of stimulation, PIE cell were stimulated with
poly(I:C) as described above, for 3, 6, and 12 h. The expression
of TLR negative regulators single immunoglobulin IL-1-related
receptor (SIGIRR), Toll interacting protein (Tollip), zinc finger
protein A20 (A20), B-cell lymphoma 3-encoded protein (Bcl-3),
mitogen-activated protein kinase-1 (MKP-1), and interleukin-
1 receptor-associated kinase M (IRAK-M) were quantified by
qPCR as described below.

RNA Extraction and qPCR
The total RNA was isolated by using TRIzol reagent (Invitrogen).
The purity and quantity of RNA was analyzed by Nano drop
spectrophotometer ND-1000 UV-Vis (NanoDrop Technologies,
USA). The quantified RNA (500 ng) was used to synthesize cDNA
by Thermal cycler (BIO-RAD, USA). The reaction mixtures
(10 µl) were prepared using Quantitect reverse transcription
(RT) kit (Qiagen, Tokyo, Japan) according to the manufacturer
instructions. The qPCR was performed in a 7300 real-time PCR
system (Applied Biosystems, Warrington, UK) with platinum
SYBR green (qPCR supermix uracil-DNA glycosylase with 6-
carboxyl-X-rhodamine, Invitrogen). The total volume of reaction
mixture was 10µl, which contained 2.5µl of cDNA, and 7.5µl of
master mix that included RT enzyme, SYBR green, forward and
reverse primers (1 pmol/µl). The reaction cycles were performed
first at 50◦C for 5min; followed by 95◦C for 5min; then 40 cycles
at 95◦C for 15 s, at 60◦C for 30 s and at 72◦C for 30 s. According to
the minimum information for publication of qPCR experiments
guidelines, β-actin was used as a housekeeping gene because of its
high stability across porcine various tissues (27, 28). Expression
of β-actin was used to normalize cDNA levels for differences
in total cDNA levels in the samples. Primers were described
previously (11, 13).

Western Blotting Analysis
PIE cells were seeded (1.8 × 105 cells/dish) in 60mm dishes
and incubated at 37◦C, 5% CO2 for 3 days. The confluent
PIE cells were stimulated with lactobacilli or EPSs as described
above. After stimulation, PIE cells were washed three times
with fresh DMEM medium, treated with 10 ug/ml of poly(I:C)
and studied in different time intervals (0, 30, 60, 120, 180,
and 240min). Then, PIE cells were washed three times with
PBS and the harvested cells were lysed by adding 200 ul
of CellLytic M cell lysis reagent (Sigma-Aldrich, St. Louis,
MO, USA), containing protease inhibitors (Complete mini,
PhosSTOP, Roche, Mannheim, Germany). Afterwards, the lysed
cells were transferred to fresh Eppendorf tubes (1.5ml), kept on
ice for 5–10min and sonicated three times at 50% for 3 sec and,

centrifuged at 150× 100 rpm for 5min. Then, the concentration
of protein in the resulting supernatants was estimated by using
bicinchoninic acid (BCA) assay kit (Thermo Scientific, Pierce,
Rockford, IL).

For western blot analysis, the protein samples (8 ug/sample)
were loaded on 10% SDS-polyacrylamide gels and the
electrophoretically separated proteins were transferred to a
nitrocellulose membrane (Trans-Blot TurboTM, BIO-RAD).
The membranes were cut and incubated with blocking buffer for
1–2 h before incubating with primary and secondary antibodies.
TNF receptor-associated factor (TRAF3), Interferon regulatory
factor 3 (IRF-3), p38 and the nuclear factor kappa B inhibitor
alpha (IkBα) were evaluated using TRAF3 antibody (Cat. #4729),
Phospho-IRF3 (Ser396) (4D4G, Cat. #4947) rabbit antibody,
Phospho-p38 mitogen-activated protein kinase (Thr180/Tyr182)
antibody (p-p38, Cat. #9211); and I kappaB-alpha antibody
(IkBa, Cat. #9242) from Cell Signaling Technology (Beverly,
MA, USA) at 1,000 times dilution of their original concentration,
overnight at room temperature. Then, membranes were washed
with TBS-T buffer and incubated with anti-rabbit IgG, AP-linked
antibody (Cat. #7054) for 1–2 h at room temperature. After
washing with TBS-T buffer, the membranes were spread with 200
ul of ECF substrate (GE Healthcare Japan Co., Tokyo, Japan) to
detect optical protein bands and photographed by blot analyzer
(Quantity One W409). The exhibited proteins bands were
estimated from the peak area of densitogram by using Image J
software (National Institute of Health, Bethesda, MD, USA). To
detect each total protein, the same membranes were incubated
in stripping solution for 10min (Western Blot Re-Probe Kit,
#JZ-008, Jacksun Easy Biotech, Inc., New York, USA), blocked
(1–2 h), and subsequently incubated with IRF3 (D83B9, Cat.
#4302) antibody, p38 MAPK antibody (p38, Cat. #9212), and
β-actin (13E5, Cat. #4970) rabbit antibody, from Cell Signaling
Technology.

Role of TLRs in the Immunomodulatory
Activities of L. delbrueckii TUA4408L
The role of TLR2 and TLR4 in the immunomodulatory activities
of L. delbrueckii TUA4408L and its EPSs were analyzed by using
blocking experiments. Unlabeled anti-porcine TLR2 and TLR4-
rabbit IgG antibodies (Biolegend, San Diego, CA) were used
to block TLRs expression in PIE cells as described previously
(11). Briefly, PIE cells were cultured (3.0 × 104 cells/ml) in
12 well type I collagen coated plates at 37◦C, 5% CO2. After
3 days, the confluent cells were incubated with unlabeled anti-
porcine TLR2 or TLR4 IgG antibodies (200 ng/ml) for 12 h.
After treatment with blocking antibodies, PIE cells were treated
with L. delbrueckii TUA4408L or its EPSs as described above.
Finally, PIE cells were washed three times with fresh medium
and subsequently stimulated with poly(I:C) (10 ug/ml) for 12 h
at 37◦C, 5% CO2. The expression of IFN-β, IL-6, IL-8, MCP-1,
and TNF-α were examined by qPCR as described before.

Rotavirus Infection
PIE cells were plated (5.0 × 103) in 96 well type I collagen
coated microplate (SUMILON, Tokyo, Japan) and incubated
at 37◦C, 5 % CO2. One ml of DMEM containing either
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L. delbrueckii (5 × 107 cells/ml), APS or NPS (100 ug/ml) was
added. After 48 h incubation, the cells were treated with trypsin-
activated rotavirus UK, and incubated at 37◦C, 5% CO2. At
hour 16 post-inoculation, PIE cells were fixed after removal
of the inoculums and the infected virus titer were analyzed
by immunofluorescence staining as described previously (13).
Infection rate of UK rotavirus in PIE cells is 4.6 log10 FFU/0.1ml
(13). In addition, the expression of IFN-β, MxA, RIG-I, TLR3,
IL-6, IL-8, and MCP-1 were quantified by qPCR.

Statistical Analysis
Statistical analyses were performed using the GLM and REG
procedures available in the SAS computer program (SAS, 1994).
Comparisons between mean values were carried out using one-
way analysis of variance and Fisher’s least-significant-difference
(LSD) test. For these analyses, P values of< 0.05 were considered
significant.

RESULTS

General Features of L. delbrueckii
TUA4408L Genome
The genome of L. delbrueckii TUA4408L was assembled into
a single circular chromosome composed of 2,012,440 bp with
49.9% G+C content (Figure 1A; Table 1). Genome sequencing
also revealed that TUA4408L strain is a plasmid-free bacterium.

A total of 2,029 genes (1,755 protein-coding genes), 27 rRNA
(including 5S, 16S, and 23S genes), 95 tRNA, 3 ncRNA, and
222 pseudo genes were found in the circular chromosome of
TUA4408L strain (Table 1).

By using the PHage Search Tool (PHAST), L. delbrueckii
TUA4408L genome was predicted to have two incomplete
prophage regions, located at positions 136643–147495 (10.8
Kbp) and 474436–498733 (24.2 Kbp). In addition, genomics
islands were found in different blocks of TUA4408L genome
(Figure 1B). The in silico analysis of the distribution, the presence
and type of bacteriocin genes was evaluated in L. delbrueckii
TUA4408L using BAGEL4 software and BLASTx algorithm.
Analysis of genome sequence of the TUA4408L strain revealed
the presence of two ORF encoding enterolysin A, a cell wall-
degrading bacteriocin widely distributed among Enterococcus

strains (29, 30). This gene is also detected among L. delbrueckii

genomes with high percentage of identity (data not shown).
Antibiotic resistance genes were not found in the TUA4408L
strain by using ARDB and CARD. The genome of L. delbrueckii
TUA4408L contains CRISPR loci and Cas proteins that provide
sequence-specific protection against foreign DNA (31). In the
TUA4408L genome we found a type IC CRISPR–Cas system
constituted by cas3, cas5, cas8c, cas7, cas4, cas1, cas2, and a
CRISPR array with 33 short direct repeats and 18 spacers.

RAST analysis indicated that L. delbrueckii TUA4408L has
a remarkable potential to metabolize sugars since its genome

FIGURE 1 | Genomic analysis of the exopolysaccharide (EPS) producing strain Lactobacillus delbrueckii subsp. delbrueckii TUA4408L. (A) Genome was sequenced

with the PacBio sequencing platform, assembled with HGAP 3.0, and annotated with NCBI Prokaryotic Genome Annotation Pipeline. Circular genome map of the

TUA4408 strain was generated with the CGView Server. Genome sequencing project was deposited in GenBank under accession number CP021136. (B) EPS gene

cluster and genomic islands are highlighted in the circular genome map of the TUA4408 strain was generated with the CGView Server. (C) Phylogenetic tree of

Lactobacillus delbrueckii subsp. delbrueckii constructed based on multilocus sequence typing (MLST) genes. Seven different housekeeping genes of L. delbrueckii

were used to construct the MLST phylogenetic tree including fusA, gyrB, hsp60, ileS, pyrG, recA, and recG. (D) Pangenome analysis of L. delbrueckii subsp.

delbrueckii. The complete genomes of TUA4408L, KCTC 13731, DSN 20074, NBRC 3202, and KACC 13439 strains were used. Nucleotide sequences were

obtained from GenBank and genomes were reannotated using Prokka. Roary 3.11.2 pangenome pipeline was used for analysis. (E) Analysis of the EPS gene cluster

of TUA4408L strain.Comparison of EPS gene cluster among L. delbrueckii subsp. delbrueckii TUA4408L and L. delbrueckii subsp. bulgaricus Lfi5. The predicted

functions of genes are indicated by colors as follow: assembly (green), modulation (yellow), and glycosyltransferase (blue).
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TABLE 1 | Comparison of the general genome features of sequenced Lactobacillus delbrueckii subsp. delbrueckii.

Attribute Lactobacillus

delbrueckii subsp.

delbrueckii TUA4408L

Lactobacillus

delbrueckii subsp.

delbrueckii KCTC 13731

Lactobacillus

delbrueckii subsp.

delbrueckii DSM 20074

Lactobacillus

delbrueckii subsp.

delbrueckii ACC 13439

Lactobacillus

delbrueckii subsp.

delbrueckii NBRC 3202

GenBank accession CP021136 CP018216 CP018615 LHPL00000000 BEWJ00000000

Genome size (bp) 2,012,440 1,910,506 1,953,716 1,766,190 1,787,093

DNA GC content (%) 49.9 50.0 49.6 50.1 50.3

Level Complete genome Complete genome Complete genome Conting Conting

Plasmid Not reported Not reported Not reported Not reported Not reported

rRNA genes (5S, 16S, 23S) 27 (9, 9, 9) 24 (8, 8, 8) 27 (9, 9, 9) 4 (0, 3, 1) 3 (1, 1, 1)

tRNA genes 95 84 95 65 50

Other ncRNA genes 3 3 3 Not reported 3

Proteins 1,755 1,617 1,587 1,521 1,599

Predicted genes 2,029 1,921 1,984 1,804 1,816

Pseudo genes 149 193 272 214 161

CRISPR Arrays 1 1 Not reported Not reported 1

contains several genes related to chitin, N-acetylglucosamine,
sucrose, maltose, maltodextrin, mannitol, and D-ribose
utilization. In addition, genes for trehalose, lactose and galactose
uptake and utilization, as well as trehalose biosynthesis were
found in the genome.

We also compared the genome of the TUA4408L strain
with the available genomes of other L. delbrueckii subsp.
delbrueckii strains including DSM 20074, NBRC 2302, KCTC
13731, and KACC 13439 (Figures 1C,D). Phylogenetic tree
constructed on multilocus sequence typing (MLST) showed
that L. delbrueckii TUA4408L clustered separated from the
other sequenced strains (Figure 1C). In order to obtain better
insight into the specific features of L. delbrueckii TUA4408L, we
performed a pangenome analysis with the TUA4408L genome
and the four genomes mentioned before. We found that 1,284
genes belong to the coregenome sheared by the five strains
evaluated while 1,573 genes belong to the accessory pangenome
(Figure 1D). A relative low number of unique genes were
found for NBR 2303 (15 genes), and KACC 13439 (72 genes)
strains, probably because they are not completely sequenced.
L. delbrueckii KCCT 13731 and DSM 20074 strains had 107
and 200 unique genes, respectively (Figure 1D). Interestingly,
L. delbrueckii TUA4408L had 338 unique genes including
136 proteins with known functions and 202 hypothetical
proteins.

Among the unique genes present in the L. delbrueckii
TUA4408L genome, we found glycosyltransferases involved in
EPS biosynthesis (discussed below). In addition, several genes
involved sugar metabolism were found in the TUA4408L strain
but not in the other L. delbrueckii subsp. delbrueckii strains
analyzed (Supplemental Table 1). The phosphoenolpyruvate-
dependent sugar phosphotransferase system (PTS), a
major carbohydrate active transport system, catalyzes the
phosphorylation of incoming sugar substrates concomitant
with their translocation across the cell membrane. Several
PTS genes were found in the group of unique genes from the
TUA4408L strain including those involved in the transport

of glucose (crr3), lactose (lacF), mannose (manX, manZ),
oligoglucomannans such as cellobiose (celA, celD, bglK) and
mannobiose (gmuC), lichenan (licA, licC), maltose (malP),
the chitin disaccharide N,N’-diacetylchitobiose (chbB), and
L-sorbose (sorA, sorB) (Supplemental Table 1). Transporters for
trehalose (sugC), ribose (rbsB), and L-arabinose (araQ), genes
involved in the utilization of different sugars including bglA
that plays a major role in the utilization of arbutin or salicin,
and levS that participates in starch and sucrose metabolism, as
well as genes involved in the biosynthesis of glycogen (glgA,
glgB, glgC, and glgD), galactofuranose glycoconjugates (glf ), and
sucrose (inuJ) were also found in the group of unique genes of
TUA4408L.

Characterization of EPS Gene Cluster of
L. delbrueckii TUA4408L
As expected, all the genes necessary for EPS production were
found in the genome of L. delbrueckii TUA4408L (Figure 1E).
In LAB, it has been described that a typical EPS gene
cluster consists of five highly conserved genes epsA, epsB,
epsC, epsD, and epsE, and a variable region, which includes
the genes for the polymerase wzy, the flippase wzx, and a
variable number of glycosyltransferases and other polymer-
modifying enzymes [reviewed in (2)]. This type of EPS gene
cluster structure has been described for L. delbrueckii subsp.
bulgaricus Lfi5 (32). An 18Kpb DNA region containing 14
genes, designated epsA to epsN, was isolated by genomic
DNA library screening and inverted PCR for the Lfi5 strain
(Figure 1E). Similarly, epsA to epsE genes are present in
the genome of L. delbrueckii TUA4408L (Figure 1E), which
show high percentages of identity with those described in
the Lfi5 strain (Supplemental Table 2). Therefore, putative
functions for these EPS gene products in L. delbrueckii
TUA4408L could be assigned by sequence similarities: epsA
would be a positive regulator of the eps operon, the epsBCD
would be a phosphoregulatory system, while epsE would
be the phosphoglucosyltransferase initiating the biosynthesis
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FIGURE 2 | Antiviral activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal epithelial (PIE) cells. EPS

was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS, or medium for

48 h and then infected with rotavirus. The virus titers were analyzed by immunofluorescence staining 16 h after challenge. The expression of interferon β (IFN-β), MxA,

Toll-like receptor (TLR)-3, retinoic acid-inducible gene I receptor (RIG-I), interleukin 6 (IL-6), IL-8, and monocyte chemoattractant protein-1 (MCP-1) was evaluated 16 h

after rotavirus challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks

indicate significant differences when compared to rotavirus-challenged control PIE cells (*P < 0.05 and **P < 0.01) .

of EPS. The polymerase wzy (epsK) and the flippase wzx
(epsN) are also found in the EPS cluster of L. delbrueckii
TUA4408L (Figure 1E). In addition, seven genes coding for
glycosyltransferases are present in the TUA4408L genome
including members of the glycosyltransferases superfamilies
GTB, glyco-transf-2-3, Caps-Shynth and Core-2/I-branching

enzyme (Supplemental Table 3). Most of the genes in the
EPS cluster of L. delbrueckii TUA4408L are tightly coupled
(Figure 1E); significant intergenic gaps only exist between gst3
and gst4 (3,989 bp) and between gst4 and epsN (5,754 bp).
However, predictable transcription terminators or consensus
promoter sequences were not found in these gaps.
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FIGURE 3 | Immunomodulatory activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal epithelial (PIE)

cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS or

medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The expression

of interferon β (IFN-β), interleukin 6 (IL-6), IL-8, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor (TNF-α) was evaluated at 3, 6, and 12 h after

poly(I:C) challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n=3 in each experiment). Asterisks indicate

significant differences when compared to poly(I:C)-challenged control PIE cells (*P < 0.05, **P < 0.01).

L. delbrueckii TUA4408L and its EPSs
Improve Resistance of PIE Cells to
Rotavirus Infection and Differentially
Modulate Antiviral Immune Response
We aimed to evaluate the capacity of EPSs from L. delbrueckii
TUA4408L to improve the resistance against rotavirus infection
in PIE cells that are susceptible to the infection with this
pathogen (27). PIE cells were stimulated with L. delbrueckii,
APS or NPS for 48 h and then challenged with rotavirus
strain UK. As we described previously, rotavirus UK efficiently
replicated in PIE cells (Figure 2). Of interest, the three treatments
L. delbrueckii, APS and NPS were able to significantly reduce
rotavirus replication in PIE cells (Figure 2).

The innate antiviral immune response triggered by rotavirus
infection was also evaluated. The challenge of PIE cells with
rotavirus significantly increased the expression of IFN-β, MxA,
IL-6, IL-8, and MCP-1 when compared to untreated control
cells, in line with our previous findings (27). Treatment of PIE
cells with L. delbrueckii TUA4408L, NPS or APS significantly
increased the expression of IFN-β and MxA when compared to
controls (Figure 2). However, APS and L. delbrueckii were more
efficient to improve the expression of both antiviral factors than
NPS. No significant differences were observed between control
and treated PIE cells when the expression levels of RIG-I or

TLR3 were evaluated after rotavirus infection (Figure 2). When
the inflammatory cytokines and chemokines were analyzed, it
was observed that each treatment induced a characteristic change
in IL-6, IL-8, and MCP-1 expression in PIE cells after rotavirus
infection (Figure 2). APS significantly enhanced the expression
of IL-6 and IL-8, while NPS reduced the expression of IL-8
and MCP-1 in infected PIE cells when compared to untreated
controls. In addition, L. delbrueckii TUA4408L diminished IL-8
expression in in PIE cells afterrotavirus infection (Figure 2).

L. delbrueckii TUA4408L and its EPSs
Differentially Modulate the TLR3-Triggered
Cytokine Response in PIE Cells
Considering the ability of EPSs from L. delbrueckii TUA4408L
to improve innate immune response against rotavirus, we next
evaluated their influence in the innate antiviral immune response
triggered by TLR3, which is known to be the main pattern
recognition receptor (PRR) activated by this pathogen (33).
For this purpose, PIE cells were stimulated with L. delbrueckii,
APS, or NPS for 48 h and then challenged with the TLR3
ligand poly(I:C). The expression of IFN-β, IL-6, IL-8, MCP-
1, and TNF-α were determined at different time points
after poly(I:C) stimulation as shown in Figure 3. Poly(I:C)
significantly increased the expression of all the inflammatory
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factors evaluated when compared to untreated control cells,
in line with our previous findings (34, 35). Treatment of PIE
cells with L. delbrueckii TUA4408L significantly increased the
expression of IFN-β at hours 6 and 12 post-poly(I:C) stimulation.
APS also increased the expression of IFN-β on hour 12 while
NPS did not induce changes in the expression of this type I IFN
(Figure 3).

L. delbrueckii TUA4408L significantly reduced the expression
of IL-6 and IL-8 early at hour 3 after poly(I:C) stimulation, and
TNF-α at hour 12 (Figure 3). No effect onMCP-1 expression was
observed in lactobacilli-treated cells. APS and NPS treatments
significantly reduced the expression of IL-6, IL-8, and MCP-1
at hour 12 after poly(I:C) stimulation, while the both treatments
enhanced the levels of TNF-α mRNA at hour 3 (Figure 3).

Taking into consideration the ability of L. delbrueckii and its
EPSs to differentially modulate the expression of IFN-β in PIE
cells after TLR3 activation, we next evaluated the expression of
factors involved in antiviral defenses that are induced by this type
I IFN including RNaseL, MxA, RIG-I, and TLR3 (Figure 4). The
three treatments improved the expression of TLR3 (Figure 4)
and MxA (data not shown) in poly(I:C)-treated PIE cells while
no changes were observed in RIG-I (Figure 4) and RNaseL (data
not shown) mRNA levels at hour 12 after poly(I:C) stimulation.
WhenMxA and RNaseL were evaluated at hour 24 after poly(I:C)
challenge, we found that treatments improved the expression of
MxA while L. delbrueckii TUA4408L and APS increased RNaseL
(Figure 4).

L. delbrueckii TUA4408L and its EPSs
Differentially Modulate TLR3 Signaling
Pathway in PIE Cells
The TLR3 signaling pathway in PIE cells was studied by
evaluating TRAF3, p-IRF3/IRF3, p-p38/p38, and IκBα bywestern
blot analysis for 120min after poly(I:C) stimulation (Figure 5).

Challenge of PIE cells with poly(I:C) significantly reduced
the levels of the IκBα between 10 and 60min, indicating the
activation of the NF-κB pathway (Figure 5). IκBα levels were also
reduced between minutes 10 and 30 in PIE cells prestimulated
with L. delbrueckii TUA4408L or NPS while APS-treated cells
showed no reduction in IκBα following poly(I:C) challenge. In
addition, the three treatments significantly increased IκBα in PIE
cells at minute 120 when compared with control cells (Figure 5).
No significant changes were observed in the p-p38/p38 ratio in
PIE cells after poly(I:C) challenge with the exception of NPS-
treated cells that showed increased p-p38/p38 ratios at minutes
30 and 120 (Figure 5).

Poly(I:C) stimulation reduced TRAF3 atminute 30 (Figure 5).
Similarly, diminished levels of TRAF3 were observed in APS–
treated PIE at minute 30. NPS significantly increased TRAF3
at minutes 10, 30, and 120 while no changes were observed
in TRAF3 levels in L. delbrueckii–treated PIE (Figure 5). In
addition, enhanced p-IRF3/IRF3 ratio was observed in PIE cells
120min after poly(I:C) challenge. However, in L. delbrueckii– and
NPS–treated PIE cells, the p-IRF3/IRF3 ratio was significantly
increased earlier at minute 10 while this increment was observed
for APS treatment at minute 30 (Figure 5).

FIGURE 4 | Immunomodulatory activity of exopolysaccharides (EPS) from

Lactobacillus delbrueckii subsp. delbrueckii TUA4408L in porcine intestinal

epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS)

EPS by standard chromatographic methods. PIE cells were treated with

lactobacilli, APS, NPS or medium for 48 h and then stimulated with the Toll-like

receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were

used as controls. The expression of the pattern recognition receptors TLR3

and RIG-I was evaluated 12 h after poly(I:C) challenge and the antiviral factors

RNAseL and MxA 24h after stimulation. The results are expressed as

mean ± SD and represent data from three independent experiments (n = 3 in

each experiment). Asterisks indicate significant differences when compared to

poly(I:C)-challenged control PIE cells (*P < 0.05).

L. delbrueckii TUA4408L and its EPSs
Modulate Negative Regulators of TLR
Signaling in PIE Cells
Several intracellular and transmembrane proteins are known to
modulate the activation of TLR3 acting as negative regulators.
Considering the effects of L. delbrueckii TUA4408L and its EPSs
on TLR3 signaling described above, we next aimed to evaluate
whether these treatments were able to induce changes in the
expression of several negative regulators of TLR3 in PIE cells after
poly(I:C) challenge. The expression of the negative regulators:
single immunoglobulin IL-1 related receptor (SIGIRR), toll
interacting protein (Tollip), A20, B-cell lymphoma 3- encoded
protein (Bcl-3), interleukin-1 receptor associated kinase M
(IRAKM-1), and mitogen activated protein kinase phosphate 1
(MKP-1) were evaluated as shown in Figure 6.

Activation of TLR3 in PIE cells induced an early and strong
up-regulation of A20 and Bcl-3 that was sustained during the
studied period. In addition, increased expression of SIGIRR,
Tollip, MKP-1, and IRAK-M was observed at hour 3 after
poly(I:C) challenge. However, the expression of these four
negative regulators returned to basal levels in hours 6 and 12
(Figure 6).

The three treatments L. delbrueckii, APS and NPS significantly
reduced the expression of SIGIRR and A20 in poly(I:C)-
challenged PIE cells early in hour 3 (Figure 6). Moreover,
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FIGURE 5 | Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L on signaling pathways in porcine intestinal epithelial (PIE)

cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods. PIE cells were treated with lactobacilli, APS, NPS or

medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The proteins

from lysed cells were extracted at the indicated time points and separated by SDS-PAGE. Western-blot was performed to quantify TRAF3, p-IRF3/IRF3/, p-p38/p38,

and IκBα levels. Intensities of proteins bands were calculated from peak area of densitogram by using image J software. Three independent experiments, one

representative experiment is shown. Asterisks indicate significant differences when compared to time 0 for each group (*P < 0.05).

the expression of A20 remained reduced when compared
to controls until hour 6 in L. delbrueckii- and NPS-treated
PIE cells. Interestingly, A20 expression was significantly

higher in L. delbrueckii TUA4408L-treated PIE cells at
hour 12 when compared to the other experimental groups
(Figure 6).
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FIGURE 6 | Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp. delbrueckii TUA4408L on the expression of negative regulators of the Toll-like

receptor (TLR) signaling in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic

methods. PIE cells were treated with lactobacilli, APS, NPS or medium for 48 h and then stimulated with the Toll-like receptor (TLR)-3 agonist poly(I:C). PIE cells

without poly(I:C) stimulation were used as controls. The expression of single immunoglobulin IL-1-related receptor (SIGIRR), Toll interacting protein (Tollip), zinc finger

protein A20 (A20), B-cell lymphoma 3-encoded protein (Bcl-3), mitogen-activated protein kinase-1 (MKP-1), and interleukin-1 receptor-associated kinase M (IRAK-M)

was evaluated at 3, 6, and 12 h after poly(I:C) challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in

each experiment). Asterisks indicate significant differences when compared to poly(I:C)-challenged control PIE cells (*P < 0.05).

APS treatment was able to enhance the expression of Tollip
and IRAK-M between hours 3 and 6 after poly(I:C) challenge
while NPS increased the expression of IRAK-M at hour 6. In
addition, L. delbrueckii TUA4408L-treated PIE cells showed an
improved expression of Tollip and Bcl-3 at hours 6 and 3 after
poly(I:C) challenge, respectively (Figure 6).

Role of TLR2 and TLR4 on the
Immunomodulatory Activities of
L. delbrueckii TUA4408L and its EPSs
Previously, we demonstrated that the ability of L. delbrueckii
TUA4408L and its EPSs to differentially modulate the immune
response triggered by TLR4 activation is partially dependent on
TLR2 and TLR4 (11). Then, we next aimed to find out whether
the immunoregulatory effects observed in the context of TLR3
activation were also dependent on both TLRs. For this purpose,
anti-TLR2 or anti-TLR4 blocking antibodies were used before the
stimulation with L. delbrueckii, APS, or NPS, and the subsequent
challenge with poly(I:C).

The treatment of PIE cells with anti-TLR2 antibodies
abolished the ability of L. delbrueckii to improve IFN-β and
reduce the expression of IL-6, IL-8, and TNF-α after TLR3
activation, while anti-TLR4 antibodies did not induce significant
changes in the immunomodulatory activity of the TUA4408L
strain (Figure 7). Similarly, the treatment of PIE cells with anti-
TLR2 antibodies abolished the ability of NPS to reduce the
expression of IL-6, IL-8, and MCP-1 after TLR3 activation,

while anti-TLR4 antibodies had no effect. On the contrary, anti-
TLR2 antibodies did not induce modifications in the expression
of inflammatory factors in APS-treated PIE cells. However,
anti-TLR4 antibodies abolished the ability of APS to improve
IFN-β and reduce inflammatory cytokines after TLR3 activation
(Figure 7).

DISCUSSION

In this work, we reported and analyzed, for the first time, the
complete genome of an industrial L. delbrueckii subsp. delbrueckii
strain that has remarkable immunomodulatory properties (11).
Genomic analysis revealed that the TUA4408L strain has an
interesting metabolic potential relating to sugar assimilation and
synthesis. This finding is in line with our results demonstrating
the ability of the TUA44008L strain to growth and ferment
several substrates such as pickles or soymilk, and to growth
in several simple mediums containing only one source of
sugars (unpublished data). In addition, we reported here the
identification and genomic characterization of a chromosomally
located EPS cluster from L. delbrueckii TUA4408L. The predicted
gene products in the EPS cluster are homologous to proteins
involved in the biosynthesis of other bacterial polysaccharides
and the genetic organization was found to be similar to the
EPS cluster from other species of lactobacilli (2, 32). In LAB,
a typical EPS gene cluster consists of five highly conserved
genes epsA-epsE, the polymerase wzy, the flippase wzx, and
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FIGURE 7 | Role of Toll-like receptor (TLR)-2 and TLR4 in the immunomodulatory activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii subsp.

delbrueckii TUA4408L in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral (NSP) and acidic (APS) EPS by standard chromatographic methods.

PIE cells were incubated with anti-TLR2 or anti-TLR4 antibodies, treated with lactobacilli, APS or NPS for 48 h and, then stimulated with the TLR3 agonist poly(I:C).

The expression of interferon β (IFN-β), interleukin 6 (IL-6), IL-8, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor (TNF-α) was evaluated 12 h

after poly(I:C) challenge. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Asterisks

indicate significant differences when compared to poly(I:C)-challenged control PIE cells non treated with blocking antibodies (*P < 0.05).

a variable number of glycosyltransferases and other polymer-
modifying enzymes (2). This EPS gene cluster structure has been
described and studied in L. delbrueckii subsp. bulgaricus Lfi5
(Figure 8A) (32). In L. delbrueckii TUA4408L genome, we found
the genes encoding for the polysaccharide assembly machinery
including those involved in the initiation of EPS biosynthesis
(epsE), export (wzx/epsN), attachment (epsA), polymerization
(wzy/epsK), as well as the phosphoregulatory module epsBCD
(2). In addition, a variable region containing genes for seven
putative glycosiltransferases was found in the TUA4408L EPS
cluster (Figure 8A). It was also described that EPS gene clusters
are highly diverse and their nucleotide sequences are among
the most variable sequences in LAB genomes. In fact, insertion
sequence elements flanking or within the operon are consistently
present in the architecture of EPS gene clusters (36).We also have
found this characteristic in the EPS cluster from L. delbrueckii
TUA4408L.

A region containing seven genes for glycosyltransferases
was found in L. bulgaricus Lfi5 EPS cluster (32), and the
work suggested that all these putative glycosyltransferases were
involved in the sequential biosynthesis of the EPS repeating
unit. In fact, their number (seven) corresponded to the number
of sugar residues present in the EPS repeating unit from Lfi5
strain (32). Preliminarily chemical evaluation of the EPS of
L. delbrueckii TUA4408L indicated that the monosaccharaides
glucose, mannose, galactose, arabinose and galacturonic acid
are present in the EPS (unpublished data). Moreover, a

branching glucose would be also present in the structure
of the EPS repeating unit in the TUA4408L strain. Taking
into consideration that glycosyltransferases constitute a large
family of diverse proteins that have a wide range of enzymatic
activities and functions, the prediction of the function of a
putative glycosyltransferase by analyzing sequence homology is
problematic because there are many examples of closely related
sequences having different catalytic activity (37). Therefore,
more detailed studies are necessary in order to characterize
the glycosyltransferases epsF to epsJ, and epsL present in the
L. delbrueckii TUA4408L EPS cluster as well as its chemical
structure.

In addition to its genomic characterization, we have further
advanced here in the study of the immunomodulatory properties
of L. delbrueckii TUA4408L and its EPS. We have demonstrated
that L. delbrueckii TUA4408L and its EPS are capable to regulate
the innate immune response induced by the activation of TLR3
and improve the resistance of PIE cells against rotavirus infection.

Rotavirus is a naked double-stranded RNA (dsRNA) virus
that infects mature intestinal epithelial cells. These cells sense
rotavirus dsRNA through PRRs such as TLR3 and activate
cellular signaling cascades to react to viral infection (33, 38). As a
result of TLR3 activation, IFNs, IFN-regulated factors, cytokines,
and chemokines are produced by infected cells in order to induce
the recruitment and activation of immune cells and establish
an antiviral state for virus clearance (33). Among the antiviral
factors produced by infected cells, IFN-β is a key cytokine
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FIGURE 8 | (A) Schematic genetic organization of the exopolysaccharides (EPS) gene cluster of Lactobacillus delbrueckii subsp. delbrueckii TUA4408L compared

with the EPS gene cluster of Lactobacillus delbrueckii subsp. bulgaricus Lfi5. Gene functional grouping is marked with different colors. The nomenclature currently

used for designating the genes in eps clusters encoding the Wzy-dependent pathway differs among organisms. For a generic LAB eps gene cluster, it was proposed

to designate the five first conserved genes epsABCDE, the polymerase wzy/epsK and the flippase wzx/epsN. This nomenclature was used to designate those genes

in the TUA4408L EPS cluster. In addition, the seven glycosiltransferases present in the TUA4408L EPS cluster were designated as epsF to epsJ, and epsL according

to their location in the cluster. It should be noted that these genes are different from those with the same designation in the L. bulgaricus Lfi5 EPS cluster. (B)

Proposed mechanisms for the antiviral activity of L. delbrueckii subsp. delbrueckii TUA4408L and its acidic extracellular polysaccharide (APS), and the EPS of

Lactobacillus delbrueckii subsp. bulgaricus OLL1073R-1 in porcine intestinal epithelial (PIE) cells after stimulation with the Toll-like receptor (TLR)-3 agonist poly(I:C) or

infection with rotavirus.

involved in the protection against rotavirus infection (39, 40), and
therefore the improvement of this antiviral cytokine by intestinal
epithelial cells have been used as a biomarker in the searching
of beneficial microbes able to protect against rotavirus infection
(reviewed in (33). In this regard, we have evaluated the suitability
of PIE cells to be used as an efficient in vitro system for the search
of beneficial microbes with antiviral capacities for humans and
pigs. Our studies have shown that PIE cells have functional TLR3
which signal via IRF3 and NF-κB, inducing the up-regulation
of IFN-β and the antiviral effectors MxA and RNaseL that are
able to inhibiting viral replication and proliferation (41, 42).
Furthermore, by studying IRF3 and NF-κB signaling pathway we
have been able to find and characterize beneficial microbes with
remarkable antiviral capacities including L. casei MEP221106
(43), B. infantis MCC12, B. breve MCC1274 (13), L. rhamnosus
CRL1505, and L. plantarum CRL1506 (34, 35). In this work,
by evaluating the innate antiviral immune response triggered

by TLR3 activation and rotavirus infection in PIE cells we
demonstrated that L. delbrueckii TUA4408L and its EPS are able
tomodulate IRF3 andNF-κB signaling pathways, improve IFN-β,
MxA, and RNaseL expression, and significantly reduce rotavirus
replication (Figure 8B).

In agreement with our previous studies (13, 34, 35, 43), we
found that L. delbrueckii TUA4408L and its EPS differentially
modulated the expression of several negative regulators of the
TLR signaling pathway. In particular, a significant reduction
in the expression of the zinc-finger protein A20 was observed
in PIE cells treated with the APS, NPS or the TUA4408L
strain. It was established that A20 is able to suppress IRF3
activation conducting to the reduction of the IFN-mediated
immune response (44). Then, the reduction of A20 expression
in EPS- or TUA4408L-treated PIE cells would be related
the improved IRF3 activation and IFN-β, MxA, and RNaseL
expression.
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In addition to their ability to enhance antiviral effectors,
microbes that improve protection against rotavirus infections
have also the capacity to differentially modulate the expression
of proinflammatory cytokines and chemokines (13, 34, 35, 43).
The efficient regulation of inflammatory response induced viral
attack is essential to achieve full protection against infection
since unregulated inflammatory responses have been linked to
cellular damage and severe mucosal injury in the gut during the
course of rotavirus infection (33, 45). L. delbrueckii TUA4408L
and its EPS have this characteristic since IL-6, IL-8, MCP-1, and
TNF-α in PIE cells after TLR3 activation or rotavirus challenge
were differentially expressed when compared to untreated PIE
cells. The effect of the TUA4408L strain and its EPS on
proinflammatory factors expression was probably coupled to
their ability to differentially modulate the expression of the
TLR negative regulators SIGIRR, Tollip, IRAK-M, and Bcl-3
(Figure 8B).

Besides epithelial cells, we have previously used porcine
intestinal antigen presenting cells primary cultures to
evaluate the effect of immunomodulatory probiotic strains
(46) and such studies can be expanded to the analysis of
the immunomodulatory capacities of L. delbrueckii subsp.
delbrueckii and their EPS in antigen presenting cells in the future.

We were also interested in investigating whether TLR2 and
TLR4 were involved in the antiviral activities of L. delbrueckii
TUA4408L and its EPS since our previous studies evaluating
their ability to influence immune responses in PIE cells
triggered by TLR4 activation demonstrated that both PRRs
were involved in their immunomodulatory effects (11). Our
experiments using blocking antibodies, knockdown PIE cells, and
calcium mobilization, demonstrated that the immunoregulatory
capacities of L. delbrueckii TUA4408L EPS was dependent on
TLR2 while APS exerted its immunomodulatory effect through
TLR4 (11). In this work, we obtained similar results since
the ability of the TUA4408L strain and its APS to modulate
TLR3-triggered antiviral immune response in PIE cells was
dependent on TLR2 and TLR4, respectively. It would be
interesting to evaluate in vivo the role of TLR2 and TLR4 in the
immunomodulatory effects of TUA4408L strain and its APS and
also the role of TLR9 as this importantly relates to the production
of immunosuppressive IL-10.

To the best of our knowledge, few studies have demonstrated
the beneficial effects of EPS produced by lactobacilli in the
improvement of innate antiviral immune response in general
and in epithelial cells in particular. In a recent study, we
evaluated the immunomodulatory activities of L. delbrueckii
subsp. bulgaricusOLL1037R-1 and demonstrated that its EPS was
able to induce a significant increase in the expression of IFN-
α, IFN-β, MxA, and RNaseL in PIE cells after the stimulation
of TLR3, in a TLR2 dependent manner (47). Interestingly,
although EPS improved IFN-β, MxA, and RNaseL expression
in PIE cells, this effect was not similar with purified APS or
NPS from the OLL1073R-1 strain. In fact, our results indicated
that the complete EPS molecule was necessary for obtaining
the highest immunomodulatory/antiviral activity in PIE cells
(47). On the other hand, the results presented here indicate
that the beneficial effect induced by the TUA4408L strain can

be reproduced completely by APS treatment, indicating that
this EPS fraction is involved in the modulation of antiviral
immunity. Then, our research works clearly demonstrated that
the immunomodulatory properties of the EPS produced by
lactobacilli are strain specific and therefore, the EPS of each
potential probiotic strain should be studied in depth since it
is not possible to make extrapolations even with strains of the
same species. One question that remains open is how the APS
from TUA4408L and the EPS from OLL1037R-1 acting through
different receptors, TLR4 and TLR2 respectively, are able to
induce almost identical effects on innate antiviral immunity
(Figure 8B): improvement of IFN-β, TRAF3/IRF3, MxA, and
RNaseL, reduction of A20 expression and NF-κB activation,
and differential modulation of inflammatory cytokines and
chemokines. The answer to this question is an important topic
for future research.

The functional and genomic comparative studies of the effect
of different EPS, APS, and NPS from L. delbrueckii subsp.
delbrueckii strains with and without antiviral capabilities could
be of great importance to deepen the knowledge of the molecular
mechanisms related to its beneficial effects and to find those
that are more efficient in the protection against viral infections.
Moreover, the study and characterization of the EPS gene
clusters of immunomodulatory lactobacilli, in particular of their
variable regions, could provide bacterial biomarkers that allow an
efficient screening in the search for EPS-producing strains with
antiviral capabilities for its application in immunomodulatory
functional foods and feeds. The genomic characterization of
L. delbrueckii subsp. delbrueckii TUA4408L and the evaluation of
the immunomodulatory/antiviral properties of its EPS reported
here is an important advance in this line of research.
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