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A B S T R A C T

Previous studies demonstrated that the extracellular polysaccharides (EPSs) produced by Lactobacillus delbrueckii
OLL1073R-1 (LDR-1) improve antiviral immunity, especially in the systemic and respiratory compartments.
However, it was not studied before whether those EPSs are able to beneficially modulate intestinal antiviral
immunity. In addition, LDR-1-host interaction has been evaluated mainly with immune cells while its interaction
with intestinal epithelial cells (IECs) was not addressed before. In this work, we investigated the capacity of EPSs
from LDR-1 to modulate the response of porcine IECs (PIE cells) to the stimulation with the Toll-like receptor
(TLR)-3 agonist poly(I:C) and the role of TLR2, TLR4, and TLR negative regulators in the immunoregulatory
effect. We showed that innate immune response triggered by TLR3 activation in porcine IECs was differentially
modulated by EPS from LDR-1. EPSs treatment induced an increment in the expression of interferon (IFN)-α and
IFN-β in PIE cells after the stimulation with poly(I:C) as well as the expression of the antiviral factors MxA and
RNase L. Those effects were related to the reduced expression of A20 in EPS-treated PIE cells. EPS from LDR-1
was also able to reduce the expression of IL-6 and proinflammatory chemokines. Although further in vivo studies
are needed, our results suggest that these EPSs or a yogurt fermented with LDR-1 have potential to improve
intestinal innate antiviral response and protect against intestinal viruses.

1. Introduction

Immunomodulatory lactic acid bacteria (LAB) strains (im-
munobiotics) are able to impact on human and animal health by
modulating antiviral immune responses (Villena et al., 2016). It was
demonstrated that immunobiotics, provide protection against viral in-
fection by improving innate and adaptive antiviral immunity that leads
to the reduction of the duration of disease, the number of episodes and
virus shedding (For recent reviews see Villena et al., 2016; Zelaya et al.,
2016). One of the most studied immunobiotic strain regarding its an-
tiviral activity is Lactobacillus delbrueckii OLL1073R-1 (LDR-1) that is
able to produce immunomodulatory extracellular polysaccharides

(EPSs) (Kitazawa et al., 1998; Makino et al., 2006; Makino et al., 2010;
Nagai et al., 2011; Makino et al., 2016). EPSs are also molecules that
allow the communication of immunobiotics with the host by interacting
with pattern recognition receptors (PRRs) expressed in non-immune
and immune cells (For a recent review see Laiño et al., 2016).

The EPSs produced by LDR-1 have been studied in detail before. The
crude EPS obtained from the culture supernatant of LDR-1 can be
fractionated into neutral EPS (NSP) and acidic EPS (APS) by standard
chromatographic methods (Kitazawa et al., 1998; Van Calsteren et al.,
2015). Earlier studies from Kitazawa et al. (1998) showed that APS
produced by LDR-1 induce a significant B-cell dependent mitogenic
action on murine lymphocytes and that this mitogenic activity was
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completely abolished by dephosphorylation. In vitro experiments also
revealed the mitogenic activity of APS produced by this strain was
mediated through macrophage activation (Nishimura-Uemura et al.,
2003). Later, it was reported that APS or EPS were able to significantly
increase IFN-γ production by murine splenocytes while no stimulatory
effect on IFN-γ production was found for NPS (Makino et al., 2006).

In vivo studies in mice showed that a yogurt fermented with LDR-1
or its purified NPS had the capacity to enhance NK cell activity and IFN-
γ production by splenocytes (Makino et al., 2006; Makino et al., 2016).
Moreover, the oral administration of yogurt fermented with LDR-1, or
its purified EPS or APS were shown to significantly increase the re-
sistance of mice to the respiratory challenge with influenza virus as
demonstrated by the improved survival and reduced viral titers in LDR-
1-treated animals when compared to controls (Nagai et al., 2011). In
addition, Makino et al. (2010) showed in two independent studies in
which elderly individuals consumed the immunobiotic LDR-1 yogurt
that this dietary treatment augmented NK cell activity and reduced the
risk of catching the common cold.

Those mentioned studies have clearly demonstrated that the EPSs
produced by LDR-1 are able to improve antiviral immunity, especially
in the systemic and respiratory compartments. However, it was not
studied before whether EPSs from LDR-1 were able to beneficially
modulate intestinal antiviral immunity. In addition, LDR-1-host inter-
action has been evaluated mainly with immune cells while its interac-
tion with intestinal epithelial cells (IECs) was not addressed before.

We have reported in different studies that the originally established
porcine intestinal epithelial cell line (PIE cells) is a useful tool for
studying immune responses triggered by different Toll-like receptors
(TLR) signaling pathways in IECs (Moue et al., 2008; Hosoya et al.,
2011; Villena et al., 2012; Albarracin et al., 2017). TLR3 is highly ex-
pressed in PIE cells and the response of these cells to poly(I:C) stimu-
lation resembles the response to rotavirus infection when the produc-
tion of antiviral factors and inflammatory cytokines and chemokines
are evaluated (Hosoya et al., 2011; Ishizuka et al., 2016). Moreover,
considering that the porcine gastrointestinal tract has many structural
aspects that are more similar to those of the human system than the
rodent system (Mair et al., 2014), we have used PIE cells not only for
the study of IECs immunobiology in the porcine host (Moue et al., 2008;
Hosoya et al., 2011;) but also as a human model (Villena et al., 2012;
Albarracin et al., 2017).

In this work, we investigated the capacity of EPS, NPS and APS from
LDR-1 to modulate the response of PIE cells to the challenge with the
TLR3 agonist poly(I:C). In addition, we evaluated the role of TLR2,
TLR4, and TLR negative regulators in the immunoregulatory effects of
EPSs produced by LDR-1. These studies could give the scientific basis
for the application of EPS, NPS or APS for the prevention of intestinal
viral infections in humans or animals.

2. Materials and methods

2.1. Intestinal epithelial cell culture

Porcine intestinal epithelial (PIE) cells were previously established
by our laboratory from the intestinal epithelia of unsuckled neonatal
swine (Moue et al., 2008). PIE cells were cultured in DMEM medium
supplemented with fetal calf serum (FCS 10%), penicillin (100 mg/ml),
and streptomycin (100 U/ml). The cultures were grown in 250 ml flask
at 37 °C in a humidified atmosphere of 5% CO2. The cultures were
passaged routinely after reaching confluence of 80–90%.

2.2. Extracellular polysaccharides

The EPS from LDR-1 was extracted and fractionated according to
the method of Kitazawa et al. (1998). Ion-exchange chromatography
was used to fractionate EPS into acidic polysaccharide (APS) and neu-
tral polysaccharide (NPS). The APS and NPS molecular masses and

sugar compositions were examined by performing high performance
liquid chromatography (Asahi Chemical Industry Co., Ltd., Japan).

2.3. Effect of EPSs on innate antiviral immune response in PIE cells

PIE cells were seeded in 12 well type I collagen-coated plates. Each
well contained 1 ml of cells (3.0 × 104 cells), and was cultured by
subsequent incubation at 37 °C, 5% CO2 for three days. PIE cells were
treated with EPS, APS, NPS or medium for 48 h. Stock solutions of EPS,
APS or NPS were prepared by mixing of 10 mg of each EPSs with 1 ml of
DMEM medium. Ten ul of these stock solutions (containing 100 ug of
EPS, APS or NPS) were mixed with 1 ml of DMEM medium to stimulate
PIE cells (final concentration 100 ug/ml). These doses were selected
previously as optimal for immunomodulatory activities (Wachi et al.,
2014). After washing three times with fresh medium, the four groups of
PIE cells were incubated with poly(I:C) (10 g/ml, Sigma Aldrich, USA)
for 3, 6 and 12 h. PIE cells without poly(I:C) stimulation were used as
controls. Poly(I:C) dose was previously selected according to its capa-
city to stimulate TLR3 signaling without producing excessive in-
flammatory cell damage (Hosoya et al., 2011). The total RNA was
isolated to analyze the expressions of type I interferons (IFN-α, IFN-β),
cytokines/chemokines (TNF-α, IL-6, CXCL8, CCL4, CXCL10), PRRs
(TLR3, RIG-I), and antiviral factors (MxA, RNase L) by quantitative real
time-polymerase chain reaction (qPCR).

2.4. 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 spectro-
photometer ND-1000 UV–vis (NanoDrop Technologies, USA). The
quantified RNA (500 ng) was used to synthesize cDNA by Thermal cy-
cler (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 10 μl, which contained 2.5 μl of cDNA and 7.5 μl 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 5 min;
followed by 95 °C for 5 min; then 40 cycles at 95 °C for 15s, 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 (Bustin et al., 2009; Nygard et al., 2007). In addition, the
NormFinder test with porcine rpl4, gapdh, tbp, and β-actin genes were
performed to demonstrate the suitability of porcine beta-actin as the
housekeeping gene for our experiments. Expression of β-actin was used
to normalize cDNA levels for differences in total cDNA levels in the
samples.

2.5. TLR negative regulators expression in PIE cells

In order to analyze the expression of TLR negative regulators, PIE
cells were cultured (3.0 × 104 cells/well) in 12 well type I collagen-
coated plates at 37 °C, 5% CO2. After 3 days, the confluent cells were
incubated with EPS, APS or NPS (100 ug/ml) at 37 °C, 5% CO2 for 48 h.
After stimulation, PIE cells were washed three times with fresh DMEM
medium and subsequently incubated with of poly(I:C) (10 ug/ml) for
12 h. The expression of TLR negative regulators (SIGIRR, Tollip, A20,
Bcl-3, MKP-1, and IRAK-M) was evaluated by qPCR as described pre-
viously (Hosoya et al., 2011).

2.6. Preparation of proteins and western blotting analysis

PIE cells were seeded (1.8 × 105 cells/dish) in 60 mm dishes and
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incubated at 37 °C, 5% CO2 for 3 days. The confluent PIE cells were
stimulated with EPS, APS or NPS (100 ug/ml) for 48 h at 37 °C, 5%
CO2. 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 240 min). Then, PIE
cells were washed three times with PBS and the harvested cells were
lysed by adding 200 μl 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 (1.5 ml), kept on ice for
5–10 min and sonicated three times at 50% for 3 s and, centrifuged at
150 × 100 rpm for 5 min. 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 μg/sample) were
loaded on 10% SDS-polyacrylamide gels and the electrophoretically
separated proteins were transferred to a nitrocellulose membrane
(Trans-Blot Turbo™, BIO-RAD). The membranes were cut and incubated

Fig. 1. Antiviral activity of exopolysaccharides (EPS) from Lactobacillus delbrueckii OLL1073R-1 (LDR-1) in porcine intestinal epithelial (PIE) cells. EPS was fractionated into neutral EPS
(NSP) and acidic EPS (APS) by standard chromatographic methods. PIE cells were treated with EPS, 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 IFN-α (A), IFN-β (B), MxA and RNaseL (C) were estimated by qPCR at the indicated time
points after poly(I:C) treatment. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment). Values with different
superscripts letters are significantly different within the level p < 0.05 (a < b < c).

P. Kanmani et al. Molecular Immunology 93 (2018) 253–265

255



with blocking buffer for 1–2 h before incubating with primary and
secondary antibodies. The phosphorylation of TRAF3 and IRF-3, and
the degradation of nuclear factor kappa B inhibitor alpha (IkBα) were
evaluated using TRAF3 antibody (Cat. #4729), Phospho-IRF3 (Ser396)
(4D4G, Cat. #4947) rabbit antibody, and I kappaB-alpha antibody
(IkBa, Cat. #9242) from Cell Signaling Technology (Beverly, MA, USA)

at 1000 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

Fig. 2. Immunomodulatory activity of exopolysaccharides
(EPS) from Lactobacillus delbrueckii OLL1073R-1 (LDR-1) in
porcine intestinal epithelial (PIE) cells. EPS was fractionated
into neutral EPS (NSP) and acidic EPS (APS) by standard
chromatographic methods. PIE cells were treated with EPS,
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
TNF-α, IL-6 (A), CXCL8, CCL4, and CXCL10 (B) were esti-
mated by qPCR at the indicated time points after poly(I:C)
treatment. The results are expressed as mean ± SD and re-
present data from three independent experiments (n = 3 in
each experiment). Values with different superscripts letters
are significantly different within the level p < 0.05 (a <
b < c < d).
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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 in-
cubated in stripping solution for 10 min (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,
and β-actin (13E5, Cat. #4970) rabbit antibody, from Cell Signaling
Technology.

2.7. Role of TLRs in the immunomodulatory activities of EPS

The role of TLR2 and TLR4 in the immunomodulatory activities of
EPS, APS, and NPS from LDR-1 were analyzed by using blocking ex-
periments. Unlabeled anti-porcine TLR2 and TLR4-rabbit IgG anti-
bodies (Biolegend, San Diego, CA) were used to block TLRs expression
in PIE cells. 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. The concentration and time
incubation of anti-porcine TLR2 or TLR4 blocking antibodies was se-
lected according to the production of inflammatory factors and in-
tracellular Ca2+ flux after stimulation of PIE cells with Pam3CSK4 or
LPS respectively (data not shown). Blocking experiments were suc-
cessfully used in previous works (Wachi et al., 2014). After treatment
with blocking antibodies, PIE cells were treated with EPS, APS and NPS
(100 ug/ml) for 48 h at 37 °C, 5% CO2. Finally, the pre-stimulated PIE
cells were washed three times with fresh medium and subsequently
incubated with Poly(I:C) (10 ug/ml) for 12 h at 37 °C, 5% CO2. The
expression of IFN-β, TNF-α, IL-6, CXCL8, and CCL4 were examined by
qPCR as described before.

2.8. Statistical analysis

Statistical analyses were performed using the GLM and REG pro-
cedures 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.

3. Results

3.1. Effect of LDR-1 EPSs on antiviral response in PIE cells

We first determined the effect of EPS, NPS and APS from LDR-1 on
the expression of type I IFNs in PIE cells after the treatment with poly
(I:C). The stimulation of PIE cells with the TLR3 ligand increased the
expression of IFN-α and IFN-β (Fig. 1). PIE cells treated with EPS, APS
or NPS before poly(I:C) stimulation showed a significantly lower ex-
pression of IFN-α on hour 3 when compared to control. Only the EPS-
treated PIE cells showed improved levels of IFN-α on hour 12 after poly
(I:C) stimulation (Fig. 1A). Moreover, the incubation of PIE cells with
EPS from LDR-1 resulted in a significant increase in the expression of
IFN-β in all the studied time points (Fig. 1B). The levels of IFN-β were
enhanced only on hour 12 after poly(I:C) stimulation in NPS- and APS-
treated PIE cells (Fig. 1B). It is well established that antiviral activity of
type I IFNs is associated to their ability to induce the expression of
antiviral proteins that can actively reduce the spread of virus by
blocking the transcription of the viral genome, and inducing the de-
gradation of viral RNA and DNA. Therefore, we also evaluated whether
EPS, APS or NPS were able to induce a differential expression of two
antiviral factors, MxA and RNase L, in poly(I:C)-treated PIE cells. As
expected, stimulation of PIE cells with poly(I:C) resulted in an increased
expression of both MxA and RNase L (Fig. 1C). Incubation of PIE cells
with NPS and APS did not induce changes in the expression of these
antiviral factors on hour 12 after poly(I:C) stimulation. On the contrary,
EPS-treated PIE cells showed a significant increase in the expression of

MxA and RNase L (Fig. 1C).

3.2. Effect of LDR-1 EPSs on cytokine/chemokine response in PIE cells

We also evaluated whether EPSs from LDR-1 modulated the ex-
pression of inflammatory cytokines and chemokines in PIE cells after
poly(I:C) treatment. The stimulation of PIE cells with the TLR3 agonist
enhanced the expression of TNF-α and IL-6 (Fig. 2A). PIE cells stimu-
lated with EPS, APS or NPS before poly(I:C) challenge showed a sig-
nificantly higher expression of TNF-α on hour 3. Only the EPS-treated
PIE cells showed reduced levels of TNF-α on hour 12 (Fig. 2A). In ad-
dition, EPS-, NPS- and APS-treated cells showed significantly reduced
levels of IL-6 on hour 12 (Fig. 2A). Poly(I:C) challenge increased the
expression of CXCL8, CCL4 and CXCL10 in PIE cells (Fig. 2B). EPS-
treated PIE cells showed significantly reduced levels of CXCL8 on hours
3 and 6 while this chemokine was diminished on hour 12 in NPS-
treated cells (Fig. 2B). It was also observed that CCL4 was enhanced on
hour 3 in EPS-treated PIE cells and, reduced on hour 6. Interestingly,
EPS-treated PIE cells showed a significant increase in the expression of
CXCL10 on hour 3 while cells stimulated with NPS or APS showed a
reduced expression of this chemokine in this time point (Fig. 2B).

3.3. Effect of LDR-1 EPSs on antiviral PRRs in PIE cells

The expression of the antiviral PRRs, TLR3 and RIG-I was also
evaluated in PIE cells after Poly(I:C) stimulation (Fig. 3). The challenge
of PIE cells with the TLR3 ligand increased the expression of both TLR3
and RIG-I. PIE cells incubated with EPS, APS or NPS from LDR-1
showed a significantly higher expression of TLR3 on hours 3 and 6 after
poly(I:C) stimulation; and a reduced expression of RIG-I on hour 12
when compared to control (Fig. 3).

3.4. Effect of LDR-1 EPSs on TLR negative regulators expressions in PIE
cells

We next determined the effect of EPS, NPS and APS from LDR-1 on
the expression of the negative regulators of TLRs signaling in PIE after
the stimulation with poly(I:C). The treatment of PIE cells with the TLR3
agonist enhanced the expression of A20 and Bcl-3, while it did not af-
fect the expression of SIGIRR, MKP-1, Tollip, or IRAK-M (Fig. 4). EPS-
and NPS-treated PIE cells showed significantly increased levels of A20
on hours 3 and 6, respectively. Cells treated with EPS, NPS or APS had a
diminished expression of A20 on hour 12 (Fig. 4A). Tollip expression
was significantly enhanced in NPS-treated PIE cells on hours 3 and 6
after poly(I:C) stimulation (Fig. 4A). APS- and NPS-treated cells showed
a reduced expression of Bcl-3 in the earlier time point studied while its
expression on hour 12 was enhanced (Fig. 4A). In addition, NPS-treated
PIE cells showed a decreased expression of SIGIRR on hour 3 and in-
creased levels of this TLR negative regulator on hour 6 (Fig. 4B). EPS-,
NPS- and APS-treated cells had enhanced levels of IRAK-M on hour 6
and decreased expression of MKP-1 on hours 3 and 12 (Fig. 4B).

3.5. Modulation of TRAF3, IRF3 and NF-κB activation in PIE cells by LDR-
1 EPSs

After TLR3 activation several intracellular signaling molecules in-
cluding TRAF3, IRF3, and NF-κB participate in the induction of type I
IFNs and inflammatory cytokines/chemokines. Then, we next evaluated
whether EPS, APS or NPS from LDR-1 were able to modulate the
phosphorylation of TRAF3 and IRF3, or the degradation of IκBα in PIE
cells stimulated with poly(I:C). TRAF3 was significantly increased at
minutes 30 and 120 after the challenge of PIE cells with poly(I:C)
(Fig. 5). The incubation of PIE cells with EPS and NPS significantly
enhanced TRAF3 between minutes 120 and 240 after the stimulation
with poly(I:C) while APS increased TRAF3 during all the studied period
(Fig. 5). In addition, phosphorylation of IRF3 was increased between
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minutes 120 and 240 after the challenge of PIE cells with poly(I:C)
(Fig. 6). APS-treated PIE cells showed a significantly increased IRF3
phosphorylation during all the studied period while no modification of
this parameter was observed in EPS- or NPS-treated PIE cells (Fig. 6).
Finally, we evaluated whether EPSs were able to modulate the NF-κB
pathway. The stimulation of PIE cells with poly(I:C) exhibited a re-
duction in IκBα levels at minute 60 indicating the activation of the NF-
κB pathway (Fig. 7). IκBα levels increased later between minutes 120
and 240. PIE cells stimulated with EPS or APS showed a similar kinetics
than control cells since IκBα levels were reduced at minute 60, and
increased later between minutes 120 and 240 (Fig. 7). On the other
hand, NPS-treated PIE cells showed increased levels of IκBα during all
the studied period (Fig. 7).

3.6. Role of TLRs on the modulatory activity of LDR-1 EPSs

In order to evaluate the role of TLR2 and TLR4 in the im-
munomodulatory effects of EPSs from LDR-1 we performed blocking
experiments in PIE cells with anti-TLR2 or anti-TLR4 antibodies prior to
EPS, APS or NPS treatments. The ability of EPS- and APS-treated PIE
cells to increase the expression of IFN-β in response to poly(I:C) sti-
mulation was abolished when cells were treated with anti-TLR2 and
anti-TLR4 antibodies, respectively (Fig. 8A). Similarly, the capacity of
EPS and APS to induce a reduction in the expression of IL-6 and CCL4
after poly(I:C) stimulation was abolished when PIE cells were treated

with anti-TLR2 and anti-TLR4, respectively (Fig. 8B, C). Neither TLR2
nor TLR4 seem to be involved in the capacity of NPS to modulate IFN-β
(Fig. 8A), IL-6 (Fig. 8B) or CXCL8 (Fig. 8C) in poly(I:C)-stimulated PIE
cells.

4. Discussion

Several research works reported the ability of immunobiotic bac-
teria to beneficially modulate antiviral response in IECs (For a recent
review see Villena et al., 2016). In this regard, we demonstrated in
different studies that the PIE cell line is a useful in vitro tool for studying
type I IFN response triggered by TLR3 activation (Hosoya et al., 2011;
Ishizuka et al., 2016; Albarracin et al., 2017). In a previous study, PIE
cells were successfully used to screen and select immunobiotic bifido-
bacteria strains with antiviral effect (Ishizuka et al., 2016). Bifido-
bacterium infantis MCC12 and Bifidobacterium breve MCC1274 were se-
lected because they were able to significantly increase IFN-β in
response to poly(I:C) challenge. During viral infections, the activation
of IFNs signaling increases the expression of a number of IFN-stimulated
genes (ISGs) that encode proteins able to counteract virus replication
(Sadler and Williams, 2008). Our studies showed that as a result of the
enhanced IFN-β levels, there was a concomitant upregulation of the
ISGs MxA and RNase L in bifidobacteria-treated PIE cells (Ishizuka
et al., 2016). Moreover, both MCC12 and MCC1274 strains significantly
enhanced the resistance of PIE cells to rotavirus infection. This and

Fig. 3. Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii OLL1073R-1 (LDR-1) in the expression of pattern recognition receptors in porcine intestinal epithelial (PIE) cells.
EPS was fractionated into neutral EPS (NSP) and acidic EPS (APS) by standard chromatographic methods. PIE cells were treated with EPS, 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 mRNA level of TLR3 and RIG-I were estimated by qPCR
at the indicated time points after poly(I:C) treatment. The results are expressed as mean ± SD and represent data from three independent experiments (n = 3 in each experiment).
Values with different superscripts letters are significantly different within the level p < 0.05 (a < b < c).
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other studies clearly demonstrated the capacity of immunobiotic bac-
teria to improve innate antiviral immunity in IECs (Hosoya et al., 2011;
MacPherson et al., 2014; Ishizuka et al., 2016; Albarracin et al., 2017).
However, there are no reports available describing the beneficial effects
of immunomodulatory EPSs from LAB on the antiviral immune re-
sponse of IECs.

In this study, we used PIE cells to analyze the immunomodulatory
capacity of EPSs from the immunomodulatory LDR-1 strain (Kitazawa
et al., 1998; Makino et al., 2006; Makino et al., 2010; Nagai et al., 2011;
Makino et al., 2016). Of interest, EPS from LDR-1 was able to induce a
significant increase in the expression of IFN-α and IFN-β in PIE cells
after the stimulation with poly(I:C) as well as the expression of the ISGs
MxA and RNase L (Fig. 9). Several studies reported that the inhibitory
activity of MxA proteins is able to protect against the infection with
several viruses (Sadler and Williams, 2008; Xiao et al., 2013). In ad-
dition, RNase L degrades viral RNA and activates cytoplasmic RIG-I/
MDA5 receptors inducing an amplification of type I IFN production and
increasing the apoptosis on virus-infected cells (Chakrabarti et al.,
2011; Sadler and Williams, 2008). Then, the upregulation of MxA,
RNase L, and probably other ISGs induced by EPS from LDR-1 through
IFN-β indicate that EPS is able to improve the antiviral state of IECs.
Interestingly, although EPS improved IFN-β, MxA, and RNase L ex-
pression in PIE cells, this effect was not similar with purified APS or
NPS from the OLL1073R-1 strain (Fig. 9). In fact, the increase of IFN-β
in APS- and NPS-treated PIE cells was detected later than in EPS-treated
cells while the ISGs MxA and RNase L showed no differences when
compared to controls during the studied period (12 h after poly(I:C)
stimulation). These results indicate that the complete EPS molecule
would be necessary for obtaining the highest immunomodulatory/ani-
viral activity in IECs. These findings contrast with previous studies
demonstrating that APS has the same immunomodulatory properties
observed for EPS when evaluated in murine splenocytes. In fact, both
APS and EPS were equally effective for inducing the improvement of
IFN-γ in immune cells from mouse spleen (Makino et al., 2006). These
differences could be related to the distinct cells used for experiments
(immune versus non-immune cells and mouse versus porcine cells).
Therefore, further studies evaluating the immunomodulatory activity of

EPS, NPS and APS in mouse intestine and porcine immune cells are
necessary in order to fully characterize the beneficial properties of LDR-
1 EPSs.

When we evaluated the expression of the zinc-finger protein A20 we
observed a significant downregulation after poly(I:C) stimulation in PIE
cells previously treated with EPS, APS or NPS from LDR-1. A20 termi-
nates TLR signaling that results in the inhibition of NF-κB activation
(Ning and Pagano, 2010). In addition, it was reported that IRF3 acti-
vation is suppressed by A20 leading to the reduction of the IFN-medi-
ated immune response (Saitoh et al., 2005). The increase of A20 in EPS-
treated PIE cells is in line with the improved IRF3 activation and IFN-β
production. In this regard, we reported previously that the im-
munobiotic strains B. infantis MCC12 and B. breve MCC1274 sig-
nificantly reduced the expression of A20 in rotavirus-infected PIE cells,
an effect that was related to the enhancement of the antiviral state
(Ishizuka et al., 2016). Moreover, it was shown that the stimulation of
HT29 cells with poly(I:C) alone increased the expression of A20, but the
co-stimulation of those cells with poly(I:C) and immunobiotics sig-
nificantly reduced A20 expression levels and improved innate im-
munity (MacPherson et al., 2014).

Activation of TLR3 triggers signaling that leads to not only the
production of type I IFNs in IECs but in addition to several and proin-
flammatory cytokines and chemokines, which alerts host to induce the
recruitment and activation of immune cells to combat the invading
pathogen (Kondo et al., 2012; Villena et al., 2016). Several cytokines/
chemokines are induced in IECs via NF-κB signaling as a result of TLR3
activation by poly(I:C) or viral infection, including the cytokines eval-
uated in this work: TNF-α, IL-6, CXCL8, CXCL10, and CCL4. Those
proinflammatory factors are important for the generation of protective
responses mediated by immune cells. However, over-activation of TLR3
signaling and deregulated production of cytokines/chemokines may
contribute to the pathogenesis of viral infection (Kondo et al., 2012). It
was reported that both purified rotavirus dsRNA and poly(I:C) induce
severe mucosal damage in the gut via TLR3 activation including mu-
cosal erosion, villous atrophy, and gut wall attenuation (Zhou et al.,
2007). In addition, we have reported that immunobiotic treatments are
able to beneficially regulate the inflammatory response induced by

Fig. 4. Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii OLL1073R-1 (LDR-1) in the expression of negative regulators of the Toll-like receptor (TLR) signaling in porcine
intestinal epithelial (PIE) cells. EPS was fractionated into neutral EPS (NSP) and acidic EPS (APS) by standard chromatographic methods. PIE cells were treated with EPS, APS, NPS or
medium for 48 h and then stimulated with the TLR3 agonist poly(I:C). PIE cells without poly(I:C) stimulation were used as controls. The expression of A20, Tollip, Bcl-3 (A), SIGIRR,
IRAK-M and MKP-1 (B) were estimated by qPCR at the indicated time points after poly(I:C) treatment. The results are expressed as mean ± SD and represent data from three independent
experiments (n = 3 in each experiment). Values with different superscripts letters are significantly different within the level p < 0.05 (a < b < c).
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rotavirus or poly(I:C) by modulating the expression of negative reg-
ulators of TLR signaling and cytokines/chemokines production (Hosoya
et al., 2011; Villena et al., 2014; Ishizuka et al., 2016; Tada et al.,
2016). In line with our previous findings, we demonstrated here that
EPS-, NPS- and APS-treated PIE cells were able to differentially mod-
ulate the expression of TLR negative regulators, TNF-α, IL-6, CXCL8,
CXCL10, and CCL4 after poly(I:C) stimulation. The most notable effect
was observed in PIE cells stimulated with NPS before poly(I:C) treat-
ment (Fig. 9). NPS-treated cells showed improved expression of TNF-α
while IL-6, CXCL8, and CXCL10 were reduced. This effect would be
related to the significant reduction in the activation of NF-κB pathway
and enhanced expression of four negative regulators of TLR signaling:
SIGIRR, Bcl-3, Tollip, and IRAK-M. Of interest, EPS- and APS-treated
PIE cells showed diminished levels of IL-6 and CCL4. The lower capa-
city of those treatments to reduce inflammatory cytokines/chemokines
would be explained by their ability to improve only two negative reg-
ulators: Bcl-3 and IRAK-M (Fig. 9).

We previously showed that NPS and APS from the immunobiotic
strains L. plantarum N14 and L. delbrueckii TUA4408L are able to acti-
vate PRRs expressed in PIE cells, upregulate negative regulators of TLRs
signaling and reduce the production of inflammatory mediators after

activation of TLR4 by LPS or heat-stable enterotoxigenic Escherichia coli
(Wachi et al., 2014; Murofushi et al., 2015). Additionally, we found that
three PRRs are involved in the activities of those EPSs: TLR2, TLR4 and
RP105. Therefore, we also aimed to investigate in this work the po-
tential role of TLR2 and TLR4 in the immunomodulatory effects of EPSs
from LDR-1. We observed that the capacity of EPS to modulate the
expression of type I IFNs and inflammatory cytokines in poly(I:C)-
treated PIE cells was dependent on TLR2.

TLR2 is among the PRRs that have been widely studied to explain
the modulatory effects of immunobiotic bacteria in both immune and
IECs. It was reported that L. amylovorus DSM 16698T regulated TLR4
activation in Caco-2 cells through modulation of Tollip and IRAK-M
and, that this effect was dependent on TLR2 signaling (Finamore et al.,
2014). In agreement, our previous studies in PIE cells also revealed that
TLR2 plays an important role in the immunoregulatory activity of the
immunobiotic strains L. jensenii TL2937, B. longum BB536, and B. breve
MCC-117. Our works demonstrated that those strains were able to in-
crease A20 expression and reduce the production of pro-inflammatory
cytokines in PIE cells after TLR4 activation in a TLR2-dependent
manner (Laiño et al., 2016). We also reported that NPS from L. plan-
tarum N14 or L. delbrueckii TUA4408L exert their immunomodulatory

Fig. 5. Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii OLL1073R-1 (LDR-1) in TRAF3 phosphorylation in porcine intestinal epithelial (PIE) cells. EPS was fractionated
into neutral EPS (NSP) and acidic EPS (APS) by standard chromatographic methods. PIE cells were treated with EPS, APS, NPS or medium for 48 h and then stimulated with the Toll-like
receptor (TLR)-3 agonist poly(I:C). The proteins from lysed cells were extracted and separated by SDS-PAGE, and western-blot was performed to quantify the phosphorylation of TRAF3 at
the indicated time points. Intensities of proteins bands were calculated from peak area of densitogram by using image J software. The results are expressed as mean ± SD and represent
data from three independent experiments (n = 2 in each experiment). Values with different superscripts letters are significantly different within the level p < 0.05 (a < b).
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effects of through TLR2. Both bacteria were able to diminish the ex-
pression of pro-inflammatory mediators triggered by TLR4 in PIE cells
in a TLR2-dependent manner (Wachi et al., 2014; Murofushi et al.,
2015). Here, we did not observe changes in the immunomodulatory
activity of NPS from LDR-1 when anti-TLR2 blocking antibodies were
used. However, the effect of the complete EPS molecule was abolished
by anti-TLR2 treatment. Therefore, EPS from LDR-1 was able to mod-
ulate TLR3-triggered antiviral immune response in PIE cells in a TLR2-
dependent manner. In line with our results, some works have demon-
strated an important role of TLR2 in the resistance against rotavirus
infection. The nonstructural protein 4 (NSP4) from rotavirus was
identify as a novel agonist of TLR2 since this viral protein triggered the
secretion of inflammatory cytokines and chemokines in wild-type im-
mune cells and IECs but not in TLR2−/− cells (Ge et al., 2013). These
results indicated that the activation of TLR2 by NSP4 may play an
important role in viral pathogenesis and innate immunity in the gut
and, therefore, the manipulation of TLR2 activation could offer an al-
ternative to improve antiviral defenses and/or regulate excessive in-
flammatory responses during infection. In this regard, Liu et al. (2010)
showed that TLR2 expression was upregulated in porcine IECs (IPEC-J2

cells) by L. rhamnosus GG or peptidoglycan treatments, and that the
upregulation of this PRR expression was associated to a protective ef-
fect against subsequent rotavirus infection. Further studies employing
TLR2 knockdown PIE cells or knockout mice may be valuable in re-
solving the role of this PRR in the immunomodulatory effect of EPS
from LDR-1. In addition, whether EPS from LDR-1 is able to differen-
tially modulate rotavirus induced immune response in IECs or in in-
testinal infections in vivo are opened question, which we propose to
address in the near future.

As mentioned before, previous studies evaluating the interaction of
NPS and APS from LDR-1 with immune cells demonstrated that the
main fraction of EPS with immunomodulatory activity was the APS
(Kitazawa et al., 1998; Makino et al., 2006; Makino et al., 2010; Nagai
et al., 2011; Makino et al., 2016). Moreover, it was shown that the
immunomodulatory activity of APS was completely abolished by de-
phosphorylation. In this work, we demonstrated that the phosphopo-
lysaccharide APS was able to modulate the response of PIE cells in a
TLR4-deppendent manner. APS increased the expression of IRAK-M and
Bcl-3, and decreased A20 in a similar way to EPS. However, its im-
munomodulatory effect was reduced when compared to the complete

Fig. 6. Effect of exopolysaccharides (EPS) from Lactobacillus delbrueckii OLL1073R-1 (LDR-1) in IRF3 phosphorylation in porcine intestinal epithelial (PIE) cells. EPS was fractionated into
neutral EPS (NSP) and acidic EPS (APS) by standard chromatographic methods. PIE cells were treated with EPS, APS, NPS or medium for 48 h and then stimulated with the Toll-like
receptor (TLR)-3 agonist poly(I:C). The proteins from lysed cells were extracted and separated by SDS-PAGE, and western-blot was performed to quantify the phosphorylation of IRF3 at
the indicated time points. Intensities of proteins bands were calculated from peak area of densitogram by using image J software. The results are expressed as mean ± SD and represent
data from three independent experiments (n = 2 in each experiment). Values with different superscripts letters are significantly different within the level p < 0.05 (a < b).
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molecule. Therefore, the results of this work indicate that for the
modulation of innate antiviral immune response in PIE cells both APS
and NPS are necessary. NPS has no effect on immune cells, however it
was able to significantly influence the expression of cytokines and
chemokines in poly(I:C)-stimulated PIE cells. Of interest, anti-TLR2 or
anti-TLR4 blocking antibodies were no able to affect NPS activity on
PIE cells indicating that other PRRs would be involved in its effect. One
possible PRRs involved in NPS recognition may be the dectin-1 receptor
since natural immunomodulatory polysaccharides such as (1,3)-(1,6)-β-
glucans have been shown to induce their regulatory effects through
their interaction with this receptor (Stier et al., 2014). Identification of
the unknown receptor or receptors involved in NSP recognition is an-
other interesting topic for future investigations.

5. Conclusion

In the last decades, EPS produced by beneficial bacteria have re-
ceived attention because of their contribution to health maintenance
(Laiño et al., 2016). Some recent studies demonstrated that EPS

produced by probiotic bacteria are able to modulate systemic and
mucosal immune responses, and in turn to provide direct health-pro-
moting benefits. In this study, we showed that innate immune response
triggered by TLR3 activation in IECs was differentially modulated by
EPS from LDR-1. Our results suggest that EPS from LDR-1 have po-
tential to be used for improving intestinal innate antiviral response and
protecting against intestinal viruses such as rotavirus. Of interest, the
results of this work indicate that for the modulation of innate antiviral
immune response in IECs both APS and NPS are necessary. In fact, the
most notable improvement of antiviral immunity was observed when
the complete molecule EPS was used. To evaluate the ability of EPS,
NPS and APS from LDR-1 to modulate the response to poly(I:C) in vivo
as well as their capacities to improve resistance against intestinal viral
infections are interesting topics for future near research.
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