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Immunobiotic Strains Modulate
Toll-Like Receptor 3 Agonist Induced
Innate Antiviral Immune Response in
Human Intestinal Epithelial Cells by
Modulating IFN Regulatory Factor 3
and NF- kB Signaling

Paulraj Kanmani and Hojun Kim *

Department of Rehabilitation Medicine of Korean Medicinddongguk University llsan Hospital, Gyeongj-si, South Korea

Many studies have demonstrated that immunobiotics with immnoregulatory functions
improve the outcomes of several bacterial and viral infectins by modulating the mucosal

immune system. However, the precise mechanisms underlyinghe immunoregulatory
and antiviral activities of immunobiotics have not yet beeslucidated in detail. The present
study was conducted to determine whether selected lactic a@ bacteria (LAB) modulate
toll-like receptor 3 (TLR3) agonist polyinosinic:polycigylic acid (Polyl:C) induced viral
response in human intestinal epithelial cells (IECs). Pbly increased the expression of
interferonb (IFNb), interleukin-6 (IL-6), interleukin-8 (IL-8), monocytehemoattractant

protein (MCP-1), and interleukin-b (IL-1b) in HCT116 cells, and these up-regulations
were signi cantly altered when cells were pre-stimulated wh LAB isolated from Korean
fermented foods. LAB strains were capable to up-regulate IN-b but down-regulated

IL-6, IL-8, MCP-1, and IL-1b mRNA levels as compared with Polyl: C. HCT-116 cell
treatment with LABs bene cially modulated the mRNA levels oC-X-C motif chemokine

10 (CXCL-10), 2-5A oligoadenylate synthetase 1 (OSA1), mgwirus resistance protein
(MxA), TLR3, and retinoic acid inducible gene-l (RIG-I), driTLR negative regulators.
In addition, LABs increased IFNs, IFN-a, and interleukin-10 (IL-10) and decreased
tumor necrosis factora (TNFa) and IL-1b protein/fmRNA levels in THP-1 cells. LABs
also protected the cells by maintaining tight-junction prteins (zonula occludens-1 and
occludin). The bene cial effects of these LABs were mediatg via modulation of the

interferon regulatory factor 3 (IRF3) and nuclear factopa B (NFkB) pathways.

Overall, the results of this study indicate that immunobiats have potent antiviral
and anti-in ammatory activities that may use as antiviral ubstitutes for human and

animal applications.

Keywords: probiotics, Polyl:C, in ammatory response, antiv
intestinal epithelial cells

iral immune response, immunoregulatory activity,
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INTRODUCTION viral and Polyl:C-mediated in ammatory response (6-19).

In addition, the extracellular polysaccharides (EPS) ofs¢he
The gastrointestinal tracts (GITs) of humans and animatstam  probiotic strains have also been reported to promote host defen
innate and adaptive immune cells that permit colonizationmechanism and to attenuate in ammatory responses induced
by trillions of commensal microorganisms, which enhancepy pathogens or Polyl:C3( 19, 20). Most studies used IECs
digestion, and host mucosal immunity. Of the immune cells{Human and Porcine IECs) as an vitro model to study innate
intestinal epithelial cells (IECs) are the potent innate inmeu  anti-viral immune response of LAB strains against rotavirus
cells lined as a monolayer in the lumen of the GII).(These (Rv) and Polyl:C 1-23). Human intestinal epithelial (HT-
cellsalso actas a rst line of defense against invading geehs,  29) cells potently respond to Polyl:C by up-regulating immune
including viruses such as rotaviruse ). IECs are able to gene proteins related to the TLR signaling pathwag),(and
sense and respond to various microbial stimuli from foreigng study using porcine jejunal cells (IPEC-J2) showed treatment
and commensal microbiota via specialized surface membrangith L. rhamnosus$sG reduced in ammatory response and RV
receptors such as toll-like receptors (TLRE}). TLRs are atype infection in vitro (22). Also, Polyl:C increased the mRNA level
of pattern recognition receptor (PRR), which have the ability taof in ammatory cytokines (IL-6, IL-8, MCP-1) and interfero
induce innate and adaptive immunity against invading pathtge (|FN-a and IFN-b) in porcine IECs (PIE cells)l(7, 23, whereas
by recognizing their molecular patterng)( Among the TLRs, PIE cells treated with immunobiotit.. caseiMEP221106 up-
toll-like receptor 3 (TLR3) is able to recognize double stethd regulated IFNa and IFN-b and down-regulated IL-6 and MCP-
RNA (dSRNA) and to triggers intracellular Signa| transduatio 1 in response to the TLR3 agonis[ P0|y|[BX These studies
pathways in response to dsRNA virusép @fter being ligated, also suggest that IECs are tire vitro useful model to select
TLR3 activates the transcription factors nuclear factor-kappand study of probiotic bacteria against viral or Polyl:C iced
B (NFkB) and interferon regulatory factor (IRF) via TLR immune responsén vitro. In addition, IECs would helpful to
adaptors molecules such as MyD88, Toll/interleukin-1 (IL-1)study molecular insight into mechanisms involved in theavir
domain containing adaptor inducing IFN (TRIF), and TIRF- and anti-viral response of Polyl:C and probiotic strains via
related adaptor molecule (TRAM), to produce in ammatory analysis of TLRs expression, activation, and modulation cdiien
cytokines and interferons (IFNsp(7). dsRNA is also recognized jmmune signaling pathways and negative regulatory proteins.
by cytosolic receptors such as retinoic acid inducible g§f86G- | the present study, we used human colon cell line (HCT116)
1) and melanoma di erentiation associated antigen 5 (MAD-5)to investigate the antiviral e ects of probiotic bacteria lated
(8, 9), which interact with IFNb promoter stimulator-1 (IPS-  from Korean foods. To induce viral response, HCT116 cells
1)/mitochondrial antiviral-signaling protein (MAVS) adapto \vere treated with Polyl:C and then examined for changes @ th
prOtemS and thus activate NEB and interferon regulatory factor expressions of in ammatory Cytokinesy IFNs, anti-viral m(]‘[s’
3 and 7 (IRF3, 7) to augment the expressions of in ammatoryand TLR negative regulators. In addition, modulations ght-
mediators and type I IFNs7( 8). Collectively, previous reports junction proteins (ZO-1 and occludin) and signaling molecile
suggest that IECs possess more than one receptor to sense dsRiN#F-3 and kB-a,) were also examined by western blotting after
and its analog, and that they respond via two separate signalireating cells with_actobacillus plantarupWeissella cibarjeor

pathways ). Lactobacillus sakei
Polyinosinic:polycytidylic acid (Polyl:C) is a syntheteRNA

analog that is often used to induce in ammatory responses th

mimic response induced by dsRNA virusé$.(TLR3 and RIG- aMATERIALS AND METHODS

I/MDA-5 receptors have been reported to be able to recogniz8acterial Strains

Polyl:C and to activate transcription factors responsible foThe strainsL. plantarumDU1, W. cibariaDU1, andL. sakei

the expressions of in ammatory cytokines/chemokines aneety pu2 used in this study were previously isolated from Korean
I'IFNs (7, 10). The production of IFNs, especially of type | fermented foods and maintained in MRS (deMan-Rogosa-
IFNs, plays a crucial role in protecting host immune systensharp) medium at 70 C. LABs were grown at 3T for 19h,
from viral invasion. In particular, IFNb has the ability to centrifuged, washed with distilled phosphate buered saline
inhibit viral replication (7). The absence of IFi-in mice was (PBS), and re-suspended in Roswell Park Memorial Institute
hlghly infected by ViI'USQSl(L). In addition, the activation of 1640 medium (RPN” 1640, Gyeongsagbuk_dol South Korea) at
type | IFN signaling induces the expression of several aativir desired concentrations, then stored a¢ C until required. The
genes, such as myxovirus resistance protein (MxA), ahd 2cytotoxicity of these strains on human cell line was deterin

5 oligoadenuylate dependent endoribonuclease (RNase-Lf), thgreviously using a cell viability assay kit (EZ-CYTOX, DOGEN
helps maintain antiviral states induced by IFNs in hosts viijo Co. Ltd) @4).

several mechanismsZ, 13).

Lactic acid bacteria (LAB), a group of commensal bacteaa th Cel|l Culture
are able to exert probiotic e ects by mutually interacting with The human colon and monocytic cells (HCT116 cells and THP-
host IECs {4). Lactobacilli and bi dobacteria are the members 1) were used in this study that were obtained from the Korean
of LAB, which are dominantly colonizing in the GIT and boost Cell Line Bank (Seoul). HCT116 cells were cultured in RPMI
the host immune system to combat viral infectiori$)(. Several medium supplemented with 10% fetal bovine serum (FBS), and
studies evaluated the bene cial actions of these strai@nay 1% penicillin/streptomycin (P/S) at 3€, under 5% C®. The
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medium was changed at 1-day interval for 5-6 days. Cells frolznzyme-Linked Immunosorbent
passages 20—40 were used in the present study. In additior, THRssay (ELISA)

1 cells were also cultured in RPMI-1640 medium containingrg determine whether LABs reduced TNFproduction in the
FBS (1%), P/S (1%), and mercaptoethanol (0.05mM) a€37 co-culture model, TNFa levels in THP-1 cell free supernatants
under 5% CQ for 5-6 days. To induce di erentiation, cells were from pasolateral sides were quanti ed using a commercially

incubated with PMA (phorbol-12-myristate-13-acetate) medi  5yailable ELISA kit (Human TNEQuantikine ELISA kit, R &
for 48 h and then in fresh RPMI medium for 24 h. PMA medium p system, MN, USA).

was prepared by adding PMA (50 ng/ml) to RPMI medium.

Analysis of Antiviral Activity of LABS in Proteins Extraction and Western

HCT116 Cells Blot Analysis

HCT116 cells (3 10* cells/ml) were placed in collagen coatedHCT116 cells (1.8 1P cells/dish) were seeded in dishes
plates (SPL Life Sciences Co. Ltd, Gyeonggi-do, Korea), agb mm)and incubated at 3T under 5% CQfor 5-6 days. Fully
incubated at 37C, under 5% CQ for 5-6 days. Cultured cells con uent cells were then stimulated as follows; cells stated
were then incubated with LAB strains (5 10’ cells/ml) for  with LAB strains alone (48h), cells stimulated with Polyl:C
48 h and post-incubated with Polyl:C (2@/ml) for 3 or 12h.  alone (2 h), cells pre-stimulated with LAB strains and conelnin
HCT116 cells stimulated with Polyl:C and medium alone wereyith Polyl:C for last 2h (Polyl:C combined 2h), cells pre-
used as positive and negative controls, respectively. The RNfimulated with LAB strains and post-stimulated with Polyl:C
was extracted from treated cells and the expressions of typetdr 2h (2h, Polyl:C post-treatment separately), and cells co-
interferon (IFN-a, IFN-b), antiviral proteins [(MxA, OAS1, C-X-  stimulated with LAB strainsCPolyl:C (48 h both combined).

C motif chemokine 10 (CXCL-10)], signaling receptors (RIG-I,Treated cells were washed three times with distilled PBS and
TLR3), in ammatory cytokines/chemokine (IL-6, IL-8, MCP1, lysed with 200r of CellLytic M cell lysis reagent (Sigma-Aldrich,
IL-1b), and TLR negative regulators such as A20, toll-interactingt. Louis, MO) containing phosphatase and protease inhibitors.
protein (Tollip), single Ig interleukin 1 —related receptor [ysed cells were scraped and transferred to fresh Eppenda@s$tub
(SIGIRR) and IL-1 receptor-associated kinase-M (IRAK-M) werg1.5 ml), sonicated at 50% for 3-55, and stored @0 C until

analyzed by qRT-PCR. required. Total protein in collected samples was estimatenigusi

. o bicinchoninic acid (BCA) assay kits (Thermo Scienti c, iRig,
RNA Extraction a_-nd Quantlta“ve Rockford, IL, USA) after heating samples at@5%or 5 min.
Polymerase Chain Reaction (QPCR) For western blotting, lysed samples were loaded in 10% SDS-

Total RNA was isolated from cells by adding TRIzol reagenpolyacrylamide gels, and separated proteins were transferred
(Invitrogen), and used to synthesize cDNA using a Thermato nitrocellulose membranes (Trans-Blot Turbh BioRad)
cycler (BioRad, Hercules, CA, USA). gPCR was performethat were incubated with blocking buer for 1-2h and
with a 7300 real-time PCR system (Roche Applied Sciencthen incubated with targeted proteins specic primary and
Indianapolis, IN, USA) using SYBR green and targeted primersecondary antibodies. Tight junction proteins (zonula odelns-
(24). PCR reaction mixtures (20/) contained Iml of cONAand 1, occludin), phosphorylation of interferon regulatory facto
19 m of master mix, which included SYBR green and forward3 (p-IRF3) and nuclear factor kappa B (kB-a) levels were
and reverse primers (1 pmahl). Ampli cations were performed evaluated by incubating membranes overnight with ZO-1
using the following procedure; 98 for 5min, followed by 40 (D7D12) antibody (ZO-1, Cat. #8193), phosphor-IRF3 (Ser396)
cycles of 95C for 155, 60-63 C for 30s, and 72 for 30s. antibody (p-IRF3, Cat. #29047), phosphdta antibody (p-kB-
b-actin was used as the internal control to normalize cDNAlsve a, Cat. #2859) (Cell Signaling Technology, Beverly, MA, USA),
occludin antibody (E-5: Cat.#SC-133256), dndctin antibody
Co-culture Study (C4, Cat. #SC-47778) (Santa Cruz Biotechnology Inc., Balla
HCT116 cells (3.5 10* cells/well) were cultured in apical Texas) at dilutions of 1,000:1. Membranes were then washed
transwell culture inserts (transparent PTFE membrane abateith TBS-T bu er and incubated with Goat anti-rabbit IgG-
collagen (0.4 pore size); Transwell-COL, Corning Inc., NY, HRP polyclonal antibody (AbFrontier, Cat. #LFSA8002, Seoul).
USA) at 37C under 5% CQ for 5-6 days. Then, HCT116 cells after 1-2 h of incubation, membranes were washed with TBS-
were co-cultured with THP-1 cells (1 10° cells/well) takenina T py er, and treated with western blot detection solution (B
basolateral culture chamber. To examine the anti-viral em®@  Ec| Star, Korea). The optical protein bands were detected and
response of LABs, HCT116 cells monolayer [Transepithelighe densitogram peaks were estimated using the Image J seftwar

electric resistance (TEER valuéb4l cm2)] was stimulated (National Institute of Health, Bethesda, MD, USA).
with LABs for 48 h, after which 1@g/ml of Polyl:C was added to

the THP-1 cells cultured chamber and incubated for an addil

12 h at 37C. Cell free supernatants from the basolateral chambebtatistical Analysis

was collected and stored a4 C to estimate the protein level of The data were expressed as the average (me&D) value
tumor necrosis factore (TNF-a). In addition, RNA from THP-1  of three repeated experiments. Signi cant di erences among
was used to analyze the expression of I&NFN-b, IL-10, and the groups were determined by one-way analysis of variance
IL-1b by gRT-PCR. (ANOVA) with Tukey multiple range test using SPSS ver.
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12.0 (SPSS Inc., Chicago, IL, USA). Statistical signi cavaee results indicates that LABs protect the cells against PolgiC
accepted fop values ok 0.05. maintaining the tight-junction proteins.

RESULTS LABs Modulated Polyl:C-Induced Cytokine

LABs Modi ed Polyl:C Induced IFN- b and Antiviral Protein Expressions in

o HCT116 Cells
Expression in HCT116 Cells ) HCT116 cells were treated with LABs and followed by post-
We rst evaluated whether the three LAB strairls plantarum

' T e stimulation with Polyl:C for 3 or 12 h. Relative mRNA levels
DU1, Weissella cibarieDU1, and L. sakéi induced IFND ¢ osokines, antiviral proteins, and signaling receptors aver

proo!uction in response to Polyl:C in HCT116 cells. .CeIIs WelRetermined by RT-PCR. CXCL-10 levels were signi cantly
pre-incubated with LABs and then post-stimulated with Pdlyl: i eased in HCT116 cells treated with Polyl:C for 3 or 12h

for di er_ent hours. The results (_)f RT-PCR §howgd that the(Figure 5). Pre-stimulation of cells with LABs modulated Polyl:C
expression of IFNs varied depending on the stimulation hours. induced cytokine mRNA levels. plantarum or W. cibaria
Stimulation of cells with PonI:Q alone increased 'Fhe.emmrs pretreatment increased CXCL-10 level after 3 h of Polyl:C post-
of IFN-b at thh 3 and 12hRigure 1). The Polyl:C induced treatment, whereals. sakepretreatment had no e ect. However,
_”:N'b EXpression was fu_rthe_r up-regulate_d Whe_n c_ells were pre‘p'retreatment with all three LABs up-regulated mRNA levels
mcubatt_ed with LABSW. mbanaaanL.sakewere signi cantly of the antiviral proteins (OAS1 and MxA) as compared with
<0.05) increased the Ieyel C,’f P 3_h’ wherea. plar.ltarum Polyl:C. The expression of RIG-I and TLR3 weren't signi cantly
showed level was no't signi cantly h|ghgr than Polyl:C. But &increased by LAB strains as compared with Polyl:C. In cogtrar
12 h, all LAB strains signi cantlyg< 0.05) increased the mRNA the expression of CXCL-10 was signi cantly{ 0.05) decreased

level of IFNb in response to P_o_IyI:C in_ I—_|CT11(_5 cells, indicatingWhen cells were pre-stimulated with LABs exdepgtakefor 12 h,
that LABs showed strong antiviral activity against Polydtdate whereas the expressions of OAS1 and MxA were increased by

stage of stimulation. LABs (excepW. cibariafor MxA) in HCT116 cells Figure 5). In

addition, L. plantarumand L. sakeiwere signi cantly increased
Effect of LABs on In ammatory the level of RIG-I in HCT116 cells. The mRNA level of TLR3
Cytokine/Chemokine Expressions in was signi cantly increased when cells were pre-treated With
HCT116 Cells cibaraias compared with Polyl:C.

To investigate whether LABs inhibit Polyl:C-induced

inammatory cytokine/chemokine expressions, HCT116Effect of LABsS on TNF- a Production in

cells were pretreated with LABs and then with Polyl:C, asHp-1 Cells

described above. As shown iRigure 2, Polyl:C treatment |, investigate the e ect of LABs on TN&-production, we

tended to increase the mRNA levels of IL-6, 1L-8, MCP-1 an,cbsed a co-culture model mimicking intestinal conditions by
IL-1b, but LABs pretreatment altered these expressions i o ing cell crosstalk via the secretions of soluble factoto

a time-dependent mannt_—&r. At 3h, ceI_Is pre-stimulated WIththe surrounding medium. HCT116 cells were co-cultured with
LABSs altered the expression of all cytokines, however theg Wep 1 celis and stimulated with LABs and followed by Polyl:C
relatively similar to the levels of Polyl:Gigure 2). In contrary, ¢, 12h. TNFa levels in medium were determined by ELISA.
all LAB strains had profound e ects on the reduction of IL-6, Results are shown ifFigure 6A. Polyl:C treatment tended to
IL-8, MCP-1, and IL-b at 12h, and these reductions wereinreage the production of TNB-in THP-1 cells; however, LABS
signi cantly (p < 0.05) lower than Poly!:C. pre-stimulation suppressed THP-1 cells to produce lower level of

. . TNF- d to Polyl:C treat tal .
LABs Altered TJ Proteins in HCT116 Cells & as compared o POy freatment afone

To analyze the e ect of LABs on alternation of TJ, we examine .

the level of ZO-1 and occludin proteins in HCT116 cells thateve ?‘ABS Modulated PO'YIJC_Induced IFNs and

pre or co-stimulated with LAB strains and Polyl:C or Polyl:c /N @mmatory and Anti-in ammatory

alone. HCT116 cells treated with Polyl:C decreased the téve Cytokines in THP-1 Cells

Z0-1, and this decrease was attenuated by pre or co-treatdt investigate whether LABs indirectly modulate Polyl:C
with LAB strains Figure 3). As compared to Polyl:C, all LABs induced type 1 IFNs and cytokines in THP-1 cells via HCT116
exceptL. plantarumand W. cibariashowed signi cantly higher cells, we extracted RNA from THP-1 cells that were stimulated
level of ZO-1 in HCT116 cells post-treated with Polyl:C forwith LABs and Polyl:C. The expression of interleukin-10 (IL-
2 h. In addition, higher level of ZO-1 was observed in HCT116L0), interleukin b (IL-1b), IFN-a, and IFN-b was analyzed by
cells co-stimulated with LABs and Polyl:C for 48 h. Relagivel gRT-PCR. The mRNA level of IL-10 was signi cantly increased
similar pattern of results were observed in the protein leviel oby all three LABs in THP-1 cells post-stimulated with Polyl:C
occludin Figure 4). LABs treatment increased occludin protein for 12h. On the other handW. cibaria exhibited signi cant

in HCT116 cells that were post-stimulated with Polyl:C for.2 h reduction in the level of IL-h in THP-1 cells Figures 8,C).

In addition, the occludin was found to be higher in cells thatL. plantarum and L. sakeidid not signi cantly diminish IL-
were co-stimulated with LABs and Polyl:C for 2 and 48 h. Theséb expression as compared to Polyl:C. Stimulation of THP-1
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FIGURE 1 | LAB strains up-regulate Polyl:C induced IFN3in IECs. After HCT116 were treated with LAB strains and Polyl;Ghe expression of IFNb was determined
by RT-PCR. Cells treated with either Polyl:C or medium aloneeare used as positive and negative controls, respectively.he positive control was used for comparison
of LAB strains treated groups. The mean differences among thdifferent superscript letters (a, b, ab, cd) were signi canat 0.05 level. LABs were able to up-regulate
IFN-b level in response to Polyl:C.
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FIGURE 2 | LAB strains attenuate the in ammatory response triggered byTLR3 in IECs. After HCT116 cells were treated with LAB strairend Polyl:C, the expression
of IL-6, IL-8, MCP-1, and IL-1b were analyzed by RT-PCR. Cells treated with either Polyl:C amedium alone were used as positive and negative controls, spectively.
The positive control was used for comparison of LAB strainsréated groups. The mean differences among the different swgrscript letters (a, b, ab) were signi cant at
0.05 level. LABs decreased the expression of Polyl:C inducesh ammatory cytokines in HCT116 cells.

cells with Polyl:C increased the expressions of Elhd IFN-  and Polyl:C. The expression of A20, Tollip, SIGIRR, and IRAKM
b and these expressions were further increased by LABs postas analyzed by gRT-PCR. Stimulation of cells with Polyl:C

stimulation (Figure 7). increased the mRNA levels of A20, while it didn't up-regulate
. the levels of Tollip, SIGIRR, and IRAKNFigure 8). The Polyl:C

LABs Modulated the Expressions of TLR mediated expressions levels were able to modulate by LABstra

Negative Regulators in HCT116 Cells in a time dependent manner. At 3t plantarumand L. sakei

To gain more insight into the mechanisms of LABs ontreated HCT116 cells showed increase in level of A20, wherea
modulation of innate antiviral immune responses of TLRthe level of Tollip was only increased bysakeiand this increase
signaling, we examined the expression of genes that netyativavas signi cantly higherg < 0.05) than that induced by Polyl:C
regulate TLR signaling in HCT116 that were treated with LABsind other strains. But, all LABs weren't signi cantly inased
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experiments. The mean differences among the different supscript letters (a, b, ab) were signi cant at 0.05 level. LABstimulation modulated ZO-1 level in response
Polyl:C.
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FIGURE 4 | LAB strains modulate TJ protein (Occludin) in HCT116 cell€ells were stimulated as follows: control, Polyl:C alone, LBs alone (48 h), LABEPolyl:C
(2h, Poly:C combined treatment), LABE Polyl:C (2 h, Polyl:C post-treatment separately), and or LABPolyl:C (48 h both combined). The level of TJ protein (ZO-1)
was analyzed by western blot. The loading control beta-aati was reused for illustrative purposes. The bar graphs repsent the results of three independent
experiments. The mean differences among the different supscript letters (a, b, ab, c, bc) were signi cant at 0.05 levelLABs alone or co-treated with Polyl:C
increased the level of occludin in HCT116 cells.
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FIGURE 6 | Effect of LABs on modulation of in ammatory and anti-in ammaory cytokines expression in THP-1 cells cultured with HCT18 cells. After HCT116 cells
were stimulated with LABs, and followed by THP-1 cells with 8lyl:C for 12 h, the production of TNFa in the basolateral medium and mRNA level of IL-10 and ILHLin
THP-1 cells was analyzed by ELISA and RT-PCR. Cells treated tieither Polyl:C or medium alone were used as positive and negive controls respectively The
positive control was used for comparison of LAB strains tre@d groups. The mean differences among the different supersipt letters (a, b, ab, c, bc) were signi cant
at 0.05 level. LABs stimulation decreased the level of TNE; IL-1b, while increased level of IL-10 in THP-1 cells, post-treatedith Polyl:C.

the level of SIGIRR as compared to Polyl:C. In addition, theravith Polyl:C. The level of p-IRF3 was increased when
was no signi cant alternation observed in the level of IRAKM.cells were treated with LABs in the presence of Polyl:C
In contrary, L. plantarum and W. cibaria reduced the level for 2 or 48h (igure 9. As compared to Polyl:C, LABs
of A20 on 12h, whereas all LABs showed signi cangty<{  were able to increase the level of p-IRF3 in HCT116 cells
0.05) increase in levels of Tollip and SIGIRR as compared faost-treated with Polyl:C for 2h. In contrary, Polyl:C
Polyl:C Figure 8). Furthermore, IRAKM mRNA expression was alone signi cantly increased the phosphorylation okBF

signi cantly increased by. plantarumandL. sakei a in HCT116 cells, but cells treated with LABs alone or
co-treated with LABs and Polyl:C for 48h signicantly

LABs Modulated the Phosphorylations of decreased the level ofkB-a (Figure10. In addition,

IRF3 and |kB-a in HCT116 Cells stimulation of cells with LABs in the presence of Polyl:C

Activation of TLR3 by Polyl:C recruits several intracellularfor 2h or post-stimulation with Polyl:C for 2h diminished
signaling molecules (TRAF3, IRF3, and KB) to induce Phosphorylation of kB-a in HCT 116 cells as compared with
expressions of type 1 IFNs and inammatory cytokines.Polyl:C alone. These results suggest LABs exhibits innate
Therefore, we examined whether LABs were able to modula@htiviral immune response by modulating the IRF3 and
phosphorylation of IRF3 anckB-a in HCT116 cells stimulated NF-kB pathways.
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FIGURE 7 | Effect of LABs on up-regulation of antiviral IFNs in THP-1 dslcultured with HCT116 cells. The expression of IFN-and IFN-b were analyzed by RT-PCR.
Cells treated with either Polyl:C or medium alone were used gsositive and negative controls, respectively. The positévcontrol was used for comparison of LAB
strains treated groups The mean differences among the diffent superscript letters (a, b, ab, ¢, bc) were signi cant at 005 level. LABs stimulation increased the level
of IL-1b and IFN-a in response to Polyl:C THP-1 cells.
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FIGURE 8 | Analysis of TLRs negative regulators expression in HCT11@&Hls. After HCT116 cells treated LAB strains and Polyl:C for&nd 12 h. The expression of
A20, Tollip, SIGIRR, and IRAK-M were evaluated by RT-PCR. Cettgeated with either Polyl:C or medium alone were used as posite and negative controls,
respectively. The positive control was used for comparisonf LAB strains treated groups The mean differences among thdifferent superscript letters (a, b, ab) were
signi cant at 0.05 level. LABs were able to modulate expressin of negative regulators of TLR signaling in HCT116 cellstimulated with Polyl:C.

DISCUSSION IECs play an important role on induction of mucosal immune
responses in the intestine by sensing antigens derived from

Intestinal epithelium contains IECs, which play importantesl pathogens during their infection. Several studies have tepor

in maintenance of the intestinal immune system. Upon meetingr_ Rs expressions and their vital roles on induction of host

pathogens, IECs capable to induce mucosal immune respons@sfense system against infectious diseage£7. Activation

by expressing soluble factors such as cytokines/chemokines of TLR3 by dsRNA induces production of several antiviral

recruit and activate immune cells including leukocytes ancproteins such as IFN regulatory factors, type | IFNs, and

neutrophil granulocytes to the infected area, and by prodgcin cytokines/chemokines to establish antiviral state agaiimases

type | IFNs, antiviral proteins, and e ector molecules to limit (28-30). Among the IFNs, IFNb is a key cytokine that positively

pathogens replications2f, 26). The expressions of TLRs in contributes to host innate immunity and defense against seve
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FIGURE 9 | The ability of LABs to increase Polyl;C induced regulatory d¢or in vitro. HCT116 cells were stimulated as follows: control, Polyl:Clane, LABs alone
(48 h), Polyl:C alone (2 h), LAB3Polyl:C (2 h, Poly:C combined treatment), LABSPolyl:C (2 h, Polyl:C post-treatment separately), and or LAB¥olyl:C (48 h both
combined). The phosphorylation of interferon regulatonattor 3 (IRF3) was analyzed by western blot. The loading comtrbeta-actin was reused for illustrative
purposes. The bar graphs are representative of three indepalent experiments. The mean differences among the differérsuperscript letters (a, b, ab, bc) were
signi cant at 0.05 level. LABs alone or co-treated with PolyC increased the phosphorylation of IRF3 in HCT116 cells.

FIGURE 10 | LABs inhibited Polyl;C induced activation of the N&B pathway in vitro. HCT116 cells were stimulated as follows: control, Polyl:Clane, LABs alone
(48h), Polyl:C alone (2 h), LAB3Polyl:C (2 h, Poly:C combined treatment), LABSPolyl:C (2 h, Polyl:C post-treatment separately), and or LABSolyl:C (48 h both
combined). The phosphorylation ofkB-a was analyzed by western blot. The loading control beta-aati was reused for illustrative purposes. The bar graphs are

representative of three independent experiments. The meadifferences among the different superscript letters (a, kg, d) were signi cant at 0.05 level. LABs alone or
co-treated with Polyl:C decreased the phosphorylation ofkB-a in HCT116 cells.
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viruses including rotavirus31). In addition, the up-regulation RVs has been shown to inhibit RNase L activity by cleaving 2-
of IFN-b induces transcription of other viral response genes$A (42). Previous studies reported that immunobiotics have the
involved in viral protection. IFNb de cient mice have been ability to improve expression of these IFN stimulated angVir
shown to be more susceptible to in uenza virus infectid®);,  proteins (MxA and OAS) along with higher level of IFDNE3, 43).
Broquet et al. §3) reported that IFNb showed protection against We also found that cells stimulated with LABs increased MxA
RVs by reducing their replication in IECs. Therefore, IBN- and OASL1 levels in response to Polyl:C. Simildrlydelbrueckii
is considered a potent antiviral chemokine, and thus, is use@UA4408L andB. infantisMCC12 increased the expression of
to screen or study the antiviral e ects of immunobiotic stmai  these antiviral proteins in bovine and porcine IEC29(43).
and their related compounds. In this regard, we have evafliateviruses have evolved mechanisms to eradicate host immune
whether LAB strains induce the expression of IBNR HCT116  system by interacting with PRR receptors that mediate siggali
cells. We found that LABs stimulation increased the expogssf  cascades to develop antiviral immunitlj. RIG-1 and TLR3 are
IFN-bin response to Polyl:C. Our ndings are in good agreementRRR receptors that can initiate signaling cascades forbkig-
with the results of others studies obtained fBrdobacterium  regulation ¢4) The pre-exposure of cells to LABs increased the
infantis MCC12 andB. breveMCC1274 ), Lactobacillus casei expressions of RIG-1 and TLR3, which con rmed the antiviral
MEP22110616), Lactobacillus delbrueckilUA4408L @9), and e ects of LAB strainsn vitro (3).
L. caseizhang (4). Probiotic L. acidophilusNCFM was able The intestinal barrier is a tight structure that provides
to increase the expression of IANin bone marrow derived protection against harmful environments, but it has been
dendritic cellsin vitro (35). Treatment of porcine IECs with. reported to be dysfunctional that associated with paracellula
rhamnosusCRL1505 induced expression of higher level of IFNpermeability in several diseases. Tight-Junction (TJ) proteins
b, in response to Polyl:C1{). Moreover, probioticB. longum are the responsible components that connect IECs with
SPM1206 andl. ruminisSPM0211 induced IFN-expression in  neighbor cells and control paracellular gut permeabilityf)(
mice and Caco? cells infected with R¥. Administration of Polyl:C has been shown to induce severe
In addition to the production of anti-viral cytokines, mucosal damage in the mouse small intestine of mice, which is
immunobiotics have been shown to improve protection againsprobably due to the activation of TLR3 signaling by PolyKE)(
in ammatory condition or viral infection by regulating the Our study showed that the presence of LAB strains increased
expression of pro-in ammatory cytokines/chemokine3, (L6). the level of TJ proteins (ZO-1 and occluding), indicating that
We also found that LABs were able to reduce expression @fABs have the ability to maintain gut-barrier integrity aretiuce
pro-in ammatory cytokines (IL-6, IL-8, MCP-1, and IL¥) in  gut dysfunction. Intestinal epithelium acts as a mucosatibar
HCCT116 cells stimulated with Polyl:C. Production of thesethat mediates signaling to underlying immune cells by sensing
cytokines has also been reported to play crucial roles in hosintigens and intestinal change$7). Cross-talk between these
innate response against virus infections. The expression oo cells is an important feature that helps maintain the mwatos
pro-in ammatory cytokines (IL-6 and IL-8) was up-regulated barrier and provides protection against infectious diseasek a
in epithelial cells infected with RVs3(, 38), and infection harmful environments. In a Transwell experiment, basolalter
of HT-29 cells with RVs increased the IL-8 level, which igreatment of RAW264.7 cells with lipopolysaccharide incrdase
dependent on protein kinase activity and NdB- activation the productions of TNFa and IL-8 in Caco2 cells that were taken
(37, 39. Clemente et al. 39 found that the infection of in apical side4{8). Anotherin vitro study, it was reported that in
epithelial cells with RVs induced production of IL-6 and IL- response to commensals, IECs were able to stimulate underlyi
8 via activation of the MAPK pathway. Porcine IECs celldendritic cells (DCs) by secreting several in ammatory @ios
treated with L. acidophilusand L. rhamnosusGG reduced (49. TNF-a is a pleiotropic pro-in ammatory cytokine, which
the level of IL-6 and mucin, and increased TLR2 level irhas been shown to play critical roles in the pathogeneses
response to RVA2). of several diseases, including viral infections. In respdose
During the host infected with virus, the activation of TLR Polyl:C, bone marrow derived macrophages, Raw264.7, and
signaling increases expression of type | IFNs, which induceBHP-1 cells increased TN&-production in vitro (50, 51). IL-
transcription of several IFN-stimulated genes (ISGs) timaioele 10 is a prime anti-in ammatory cytokine that plays key roles
proteins with potent antiviral e ector functions to block vira in the maintenance of gut hemostasis and innate immunity and
replication @0). MxA and RNase-L proteins are promising in the pathogenesis of IBD5¢). Through co-culture study, we
IFN-induced proteins with broad anti-viral activity agains found that LAB strains improved the cross-talk between IECs
several dierent DNA and RNA viruseslB, 41). Myxovirus and THP-1 cells, which resulted in decreased levels of pro-
resistance protein (MxA) mainly targets viral nucleoproteinsin ammatory cytokines (TNFa, IL-1b) and increased levels of
for its attachment, and reduces replication and intracetiula anti-in ammatory cytokine (IL-10) and INFs. These resulter
proliferation of viruses. RNase LY2°oligoadenylate dependent consistent with those of other studd), in which HT-29 cells
endoribonuclease) is believed to contribute role in thei-@ital  stimulated with three probiotics straing. ( helveticus0052 B.
activity of IFNs and the stability of IFN-induced genes suchongumsubsp.infantis R0033B. bi dum R0071) decreased the
as ISG (3. 2-5A oligoadenylate synthetase (OSA), especiallgvel of TNFa and IL-8 in response to Polyl:C.
OSAL, activates the latent form of RNase L, and thus, causesTLR activation is an important process that could be involved
the cleavage of viral RNA and inhibits viral replication andin the development of infectious diseases. Once it activated,
proliferation. Furthermore, viral protein (VP3) derived flo  several intracellular proteins actively participate in cohtro
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FIGURE 11 | Schematic model for the mechanisms involved in the antivitactivity ofL. plantarum, W. cibaria, and L. sakei in vitro

of hyper-activation of TLR signaling pathways by negatively.. delbrueckiOLL1073R-1 18), and L. delbrueckiTUA4408L
regulating the transcription of TLR genes. Tollip, SIGIRR, A20(29). During viral infections, PRRs of host cells activate IFN
and IRAK-M are the potent negative regulators that have beeregulatory factors (IRFs) that regulate the production of {FN
shown to attenuate over activation of TLR signaling in IEC% (44). In particular, NSP-1 (a non-structural protein of RVs)
(54). High levels of Tollip may prevent in ammatory cytokine has been reported to have high a nity for IRF3, which results
production by commensal bacteria in the gu5, and the in proteasome-dependent degradation of transcription fagtor
knockdown of Tollip increased the expression of in ammatory(59. In the present study, as we expected, challenging of
cytokines and activation of NkB in Caco-2 cells§6). SIGIRR HCT116 cells with LABs increased the phosphorylation of IRF3
is a transmembrane receptor that may be expressed by IE@sresponse to TLR3 agonist. Furthermore, MB-pathway is an
and immature DCs derived from gut. Polentarutti et ah7( important TLR signaling pathway and its activation increabses
reported that SIGIRR overexpression could inhibit IL-1 and IL-production of in ammatory cytokinedn vitro andin vivo (60).

18 mediated NFkB activation in DCs, and thus, it playing a Therefore, we also analyzed activation of the RB-pathway
role in the regulation of intestinal in ammatory responsen | in HCT116 cells. We found that LAB strains down-regulated
another study, the expression of SIGIRR in IECs attenuatep-lkB-a, indicating that LABs were able to attenuate Polyl:C
exaggerated in ammatory response and promoted commensahduced viral and in ammatory response by modulating IRF3
bacteria colonization against intestinal pathogens, iatiig a and NFkB pathwaysKigure 11) Similar results were obtained
close relationship exists between commensal bacterialE@d by Kim et al. 80), who reported that lipoteichoic acid df.

(4). A20 is a zinc- nger protein and its knockdown in mouse plantarum attenuated Polyl:C mediated NEB activation in
macrophage increased the in ammatory cytokine expressions iporcine IPEC-J2 cells.

response to TLR2 and TLR3 ligand$.(In addition, the presence In conclusion, our study demonstrated thiait vitro exposure

of A20 has been reported to suppress TLR3-mediated activatiaf di erent LAB strains bene cially modulates innate antigl

of IRF3 in transfected cell§§). In view of these observations, we immune responses induced by Polyl:C in HCT116 cells. LABs
evaluated the expressions of TLR negative regulators in HET1 signi cantly up-regulated the mRNA level of IFN-and down-
cells stimulated with Polyl:C. Exposure of cells to LABs vebte  regulated IL-6, IL-8, MCP-1, and ILkllevels by modulating the

to modulate expression of negative regulators of TLR siggali expressions of negative regulators of TLRs and the activatdn

in HCT116 cells, which indicate LAB mediated attenuation oflFR3 and NFkB pathways. Our results also show that cells co-
in ammatory responsen vitro. Similar results were observed in treated with LABs and Polyl:C improved the gut barrier intiéggr
other studies foB. infantisMCC12 andB. breveMICC1274 8), by maintaining of TJ proteingn vitro, suggesting LABs might
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protect IECs from harmful environment® vivo. Furthermore, wrote the manuscript. All authors read and approved the
our co-culture study showed that LABs indirectly modulated nal manuscript.

TLR3 triggered innate antiviral response in monocyte-deative
macrophages. Overall, LABs protected cells from Polyl@tro,
and an additional study will be performed to determine whethe
these ndings are duplicateih vivo.
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