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Exopolysaccharide from Lactobacillus plantarum LRCC5310 offers protection
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ABSTRACT

We aimed to determine the effects of Lactobacillus
strains against rotaviral infections. Rotaviruses are the
major causative agent of acute gastroenteritis in infants
and children worldwide. However, to date, no specific
antiviral drugs for the treatment of rotavirus infection
have been developed. We identified 263 Lactobacil-
lus strains from 35 samples of the traditional Korean
fermented vegetable food kimchi. Among them, Lac-
tobacillus plantarum LRCC5310, more specifically the
exopolysaccharides produced by these cells, were shown
to have an antiviral effect against human rotavirus
Wa strain in vitro. In vivo, the oral administration of
exopolysaccharides for 2 d before and 5 d after mouse
infection with the murine rotavirus epidemic diarrhea
of infant mice strain led to a decrease in the duration of
diarrhea and viral shedding and prevented the destruc-
tion of enteric epithelium integrity in the infected mice.
We demonstrated here that the exopolysaccharides
extracted from L. plantarum LRCC5310 can be used
for the effective control of rotavirus infection.

Key words: Lactobacillus plantarum, rotavirus,
diarrhea, exopolysaccharide
INTRODUCTION

Rotavirus is the leading cause of severe diarrhea in
newborns and young children worldwide, and it was
estimated to be responsible for approximately over
453,000 rotavirus deaths in children annually (Tate
et al., 2012). Two live, oral, attenuated rotavirus vac-
cines [Rotarix (GlaxoSmithKline, Brentford, UK) and
RotaTeq (Merck, Kenilworth, NJ)] were recommended
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by the World Health Organization in 2009 (Tate et al.,
2016); these vaccines were shown to be highly efficient
against severe rotavirus diarrhea, ranging from a 45 to
90% success rate (Veldzquez et al., 2017). However, un-
usual and vaccine-derived reassortant rotavirus strains
have recently been reported in the feces of vaccinated
infants, and these were cases of sibling transmission or
co-infection with human and animal rotavirus strains
(Hemming and Vesikari, 2014; Than et al., 2015; Jeong
et al., 2016). Therefore, novel approaches to the treat-
ment and prevention of the infectious diarrhea caused
by rotavirus are required.

Recently, exopolysaccharides (EPS) synthesized by
lactic acid bacteria (LAB) attracted much research
attention in the field of probiotics, as they are natural
biopolymers (Patel and Prajapat, 2013). Exopolysac-
charides are large, structurally diverse polysaccharides
that permeate the extracellular environment in the
form of capsules or biofilms (Kleerebezem et al., 2010),
and these molecules help bacteria to survive extreme
environmental conditions (Nichols et al., 2005). Fur-
thermore, they have potential health benefits, such as
pathogen growth inhibition (Patten and Laws, 2015),
antiviral activity (Gugliandolo et al., 2014), and im-
mune stimulation (Ciszek-Lenda et al., 2011; Hidalgo-
Cantabrana et al., 2012; Inturri et al., 2017), together
with the ability to adhere to the cell surface (Caggiani-
ello et al., 2016).

Lactobacillus plantarum is a bacterium with a gen-
erally-recognized-as-safe status, as determined by the
US Food and Drug Administration, found in various
habitats, such as vegetables, meat, sausages, and cheese
(Tanganurat et al., 2009). This bacterium is generally
used in food industry applications, including in yo-
gurt, fermented vegetables, and beverages (Brinques
and Ayub, 2011). Many potential health benefits of L.
plantarum have been reported, such as effects on cho-
lesterol, diarrhea, and irritable bowel syndrome (Bar-
reto et al., 2014). After growing in glucose or sucrose,
L. plantarum strains can produce EPS (Ismail and
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Nampoothiri, 2010), and the reported benefits include
antioxidant (Zhang et al., 2013), antitumor (Shin et
al., 2016), anti-inflammatory activity (Toshimitsu et
al., 2017), as well as antiviral activity against herpes
simplex virus (Matsusaki et al., 2016); however, no ef-
fects against rotavirus have been reported previously.

Kimchi is a Korean traditional fermented vegetable
food, known for its beneficial effects on human health,
including its antitumor (Kim et al., 2014b; Kwak et al.,
2014), antimicrobial (Chang and Chang, 2011), antioxi-
dative (Kim et al., 2014a; Xing et al., 2015), antiobesity
(Lee et al., 2015), and immune system-stimulating ac-
tivities (Lee et al., 2014). The fermentation of kimchi
is induced by using plant microflora under a variety of
conditions, including different bacteria, such as Lacto-
bacillus and Leuconostoc, as well as yeast (Chang et al.,
2010). Among them, L. plantarum is the predominantly
used bacterium at the middle and later stages of fer-
mentation due to the high acid production, resulting in
the acidification of kimchi (Lee et al., 2016).

To date, many studies discussing the processing of
kimchi have been conducted, but further analysis of the
beneficial functions of the kimchi-isolated LAB should
be performed (Khan and Kang, 2016). Therefore, we
investigated the antirotavirus activity using the bacte-
rial supernatant, lysate, and the EPS obtained from L.
plantarum LRCC5310 isolated from the Korean tradi-
tional fermented food kimchi in vitro and in vivo.

MATERIALS AND METHODS

Screening, Isolation, and Identification
of Lactobacillus plantarum LRCC5310

Thirty-five kimchi samples were obtained from vari-
ous local markets in Jecheon, Chungcheongbuk-do, Re-
public of Korea. The samples were cut into pieces and
blended with 10 mL of peptone water (0.85% mass/vol)
in a tube. After serial dilution, the samples were spread
on de Man, Rogosa, and Sharpe (MRS; Difco, Detroit,
MI) agar plates and incubated at 37°C for 2 to 3 d
in an aerobic incubator (Sanyo, Osaka, Japan). Repre-
sentative single colonies were streaked several times to
obtain pure cultures on MRS plates. The LAB isolates
were identified by 16S rRNA gene sequence analysis.
Amplification of the 16S rRNA was conducted by PCR
as per established procedures (Lane, 1991). The 16S
rRNA amplicon was sequenced using a 3730 automatic
DNA sequencer (Applied Biosystems, Foster City, CA)
and the obtained sequences were analyzed using the
NCBI BLAST program (https://blast.ncbi.nlm.nih
.gov/Blast.cgi). The biochemical characteristics were
determined using the API 50 CHL kit according to
the manufacturer’s instructions (bioMérieux, Marcy-
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'Etoile, France; https://apiweb.biomerieux.com). Fi-
nally, 263 LAB were identified, and 1 of the identified
LAB, L. plantarum LRCC5310, was selected for the
evaluation of antirotaviral activity.

Preparation of Supernatants, Lysates, and EPS

Lactobacillus plantarum LRCC5310 cells were cul-
tured in the MRS broth at 37°C for 2 d. The supernatant
was prepared after centrifugation at 10,000 x g for 20
min at 4°C and the bacterial lysates were obtained by
dissolving bacterial colonies in 1 mL of sterile distilled
water using a sonicator for 10 s. To prepare EPS, L.
plantarum LRCC5310 cells were cultured in the MRS
supplemented with 5% sucrose for 48 h at 37°C; after-
ward, the samples were centrifuged at 10,000 x g for
20 min at 4°C. Supernatants were separated and slowly
mixed with 2 volumes of cold 95% ethanol. Following
a 30-min incubation at 4°C, the polysaccharides were
separated by centrifugation at 10,000 x ¢ for 20 min at
4°C. The precipitated EPS samples were dried by using
the vacuum at 4°C. The purified EPS samples were
identified using field-emission scanning electron micros-
copy (SEM 515; Philips, Eindhoven, the Netherlands).

Antirotavirus Activity In Vitro

Human rotavirus (HRV) Wa strain and MA104
cells obtained from the Korean Cell Line Bank (Seoul,
Korea) were used for the infection and cultivation of ro-
tavirus. The MA104 cells were grown in the a-modified
minimum essential medium (a-MEM; Gibco BRL,
Grand Island, NY) containing 5% fetal bovine serum
(FBS; Gibco BRL) at 37°C in present of 5% CO,. The
HRV Wa strain (0.2 mL) at 0.01 multiplicity of infec-
tion was treated with the obtained supernatant, lysate,
and EPS samples or the a-MEM together with 10 pg/
mL of trypsin at 37°C for 1 h in a monolayer of MA104
cells. The MA104 cells were washed twice with PBS
and infected using the prepared solutions at 37°C for 1
h. We also included negative control samples containing
nontreated cells. The unbound viruses were removed
by 2 washes using fresh a-MEM and a-MEM supple-
mented with 5 pg/mL of trypsin. The samples were
incubated at 37°C for 24 h in a CO, incubator (Thermo
Fisher, Waltham, MA). Antiviral activity was assessed
by observing the cytopathic effect of the viruses us-
ing inverted light microscopy (DM IL; Leica, Wetzlar,
Germany). Finally, viruses were harvested by 3 cycles
of freezing and thawing, the samples were centrifuged
at 1,000 x g for 5 min at room temperature, and the
supernatants were stored at —80°C until further analy-
ses. The presence of rotaviruses in MA104 cells was
determined using quantitative real-time PCR (QPCR).
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Rotavirus Quantification Using qPCR

The rotavirus VP6 gene sequences of HRV Wa (VP6-
Wa-F, VP6-Wa-R, and VP6-Wa-Probe) and epidemic
diarrhea of infant mice (EDIM-816F, EDIM-1031R,
and EDIM-Probe) strains were used as the templates
for real-time reverse transcription PCR. Viral RNA
was extracted using a QIAamp Viral RNA Mini Kit
(Qiagen, Valencia, CA), according to the manufac-
turer’s instructions and stored at —80°C until gPCR
analysis. Reverse transcription PCR was performed for
obtaining ¢cDNA. The reaction mixture, containing 1
U of reverse transcriptase buffer, 0.2 pM of each VP6
primer, 400 pM of deoxynucleotide triphosphates, and
1x reverse transcriptase buffer, was added to 5 pL of
viral RNA. Complementary DNA (2 pL) was used for
qPCR together with 5 pL of the master mix (Applied
Biosystems), 0.2 pL each of the forward and reverse
primers (10 pM), 1.5 pL of probe (2 pM; Table 1),
and RNase-free water to reach a final volume of 10 pL.
Using the ABI 7500 real-time thermocycler (Applied
Biosystems), reverse transcription was performed for 2
min at 50°C, followed by polymerase activation for 10
min at 95°C. Forty cycles of denaturation for 15 s at
94°C and extension for 1 min at 60°C were performed.
We finally obtained cycle threshold (Ct) values and
performed at least 3 independent experiments. Relative
expression of the target gene was determined using the
standard curve:

Wa strain: X = (35.631 — Y)/4.4877, and

EDIM: X = (8.2797 — Y)/0.2424.

Antirotavirus Activity In Vivo

Rotavirus EDIM (RV-EDIM) strain was used for
the analysis of antirotavirus activity in BALB/c mouse
model. The EDIM virus was titrated to 4 x 10" tissue
culture infective dose 50%/mL in MA104 cells and to 2
x 10* focus-forming units (FFU) infective dose 50%/
mL in mice using diarrhea as an endpoint, calculated
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by using the Reed-Muench formula (Reed and Muench,
1938). Animal studies were conducted in accordance
with the Korean Food and Drug Administration
(KFDA, 2011) guidelines. Samples were collected from
mice in accordance with the animal ethical guidelines
of the Chung-Ang University Institutional Animal
Care and Use Committee of the Laboratory Animal
Research Center (IACUC No. 2017-00044). Mice were
housed in a cage under a 12-h light/dark cycle. The
temperature and humidity were maintained at 24 +
2°C and 55 + 10%, respectively. Pregnant BALB/c
mice were purchased from Samtako Inc. (Osan, Korea).
Four-day-old pups (each weighing approximately 2—4 g)
were used in the study. The mice were randomized into
the experimental, negative (PBS) and positive (EDIM-
infection) control groups (n = 8 each). The pups were
orally infected with the challenge dose (10 pL of 2 x
10" FFU as infective dose 50%/mL) of the virus mixed
with 10 pL (1 mg/mice) of EPS (EPS-treated EDIM
virus) for 5 consecutive days (Ward et al., 1990; Tam
and Roner, 2011; Kang et al., 2015). The mixtures were
incubated at 24°C for 1 h in sterile screw-capped vials.
Nontreated virus-infected control mice were infected
with the combination of 2 x 10* FFU of viral suspen-
sion in 10 pL of solution and 10 pL of PBS, whereas
the negative control mice received 20 pL of PBS (PBS
control). Stool consistency was evaluated using a five-
point scale, where 0 = normal, solid, and black; 1 =
soft brown; 2 = liquid brown; 3 = soft yellow; and
4 = liquid yellow (Shaw et al., 1995). Different stool
consistencies reflect the amount of water lost during
rotavirus infection. For this study, mice demonstrating
level 3 or 4 stools were considered positive for diarrhea.
Severity of diarrhea is reported as the diarrhea score
ranging from 3 to 4, where level 3 represents less severe
and level 4 the most severe case. Stool samples were
collected daily, and RV-EDIM shedding was confirmed
using real-time PCR with the primers listed in Table
1. After 8 d, these animals were anesthetized to obtain
blood samples from their hearts, and were then eutha-
nized by cervical dislocation; their small intestines were
removed for histopathological analysis.

Table 1. Oligonucleotide primers and probes used in this study

Gene Primer Sense Sequence (5" to 3')"
VP6-Wa VP6-Wa-F + AATGGAGTAGCGCCACAATC

VP6-Wa-R — TAAGCCACATGGTTCCCATT

VP6-Wa-Probe + 6FAM-GCACCGGATTTGTTTTTCAT-MGBNFQ
VP6-EDIM EDIM-816F + TTGAACGGTCAGGTCATCAA

EDIM-1031R — CGCGAGAACTGATTCACAAA

EDIM-Probe + 6FAM-AATTGATGAGACCGCCAAAC-MGBNFQ

'6FAM = 6-carboxyfluorescein; MGBNFQ = minor groove binder nonfluorescent quencher.
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Cytokine Level Determination In Vitro and In Vivo

To determine the immune modulatory effect of L.
plantarum LRCCb5310, cytokine concentrations in the
human colon adenocarcinoma cell line Caco-2, murine
macrophage-like RAW264.7 cells, and mouse blood
were examined using an ELISA kit (R&D systems,
Minneapolis, MN) according to the manufacturer’s
instructions (https://www.rndsystems.com/products/
elisas). Levels of the cytokines IL-6, IL-10, IL-1(3,
tumor necrosis factor (TINF)-a, and IFN-v were de-
termined in the LPS-stimulated RAW 264.7 cells and
Caco-2 cells; TNF-a levels were determined in mouse
serum samples as well. The RAW264.7 cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco
BRL) supplemented with 10% FBS and then seeded at
the density of 2 x 10” cells/well in 24-well plates and
incubated at 37°C in the presence of 5% CQO,. Caco-2
cells were cultured in the minimum essential medium
(Gibco BRL) supplemented with 10% FBS containing
100 U/mL of penicillin at 37°C in the presence of 5%
CO,. To achieve cell adherence, cells were incubated
for 24 h and stimulated with 0.1 pg/mL of LPS. The
LPS-stimulated RAW 264.7 cells were treated with 100
pg/mL of L. plantarum LRCC5310 EPS and incubated
for 24 h. The blood was kept at 37°C for 1 h and cen-
trifuged at 1,500 x g for 10 min at 4°C to obtain the
neonatal mouse serum samples.

Histopathological Analysis

Small intestine sections were excised and perfused
with formalin. The sections were kept immersed in for-
malin for 1 d, after which they were transferred to 70%
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ethanol. The samples were embedded in paraffin and
the sections were stained with hematoxylin and eosin
using standard protocols. We performed a blind analy-
sis of samples to identify rotavirus infection-associated
pathological changes (Boshuizen et al., 2003).

Statistical Analysis

The results were expressed as mean =+ standard error
of the means of 3 technical replicates. All experiments
were performed twice independently. Comparison be-
tween the control and different treatment groups was
performed by using one-way ANOVA with Dunnett’s
post-test or by Mann-Whitney U test as indicated, us-
ing GraphPad Prism (version 6.0; GraphPad Software,
San Diego, CA). P-values of <0.05 were considered
statistically significant.

RESULTS
EPS from Extraction from L. plantarum LRCC5310

We examined the cellular shape and EPS of L.
plantarum LRCCb5310 strain using scanning electron
microscopy and observed rod-shaped cells with EPS
components on the cell surface (Figure 1A). The EPS
was observed as smooth bulges attached to the bacte-
rial cell surface (Figure 1B), resulting in morphological
changes. The EPS extraction yielded 636 + 9.67 mg/L
(wt/vol) of the substance from 3.4—4.11 x 10° cfu/mL
of cultured L. plantarum LRCC5310 in MRS medium
with 5% sucrose. We dissolved the extracted EPS pel-
lets in double-distilled water.

Figure 1. Cellular shape and exopolysaccharides (EPS) production. (A) Cellular shape of Lactobacillus plantarum LRCC5310 strain; (B)
EPS observed on the surface of L. plantarum LRCC5310, where the arrows indicate EPS on the bacterial cell surface.

Journal of Dairy Science Vol. 101 No. 7, 2018
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Figure 2. Effect of Lactobacillus plantarum LRCC5310-produced supernatants, lysates, and exopolysaccharides (EPS) on viral replication.
(A) Cytopathic effects observed following the treatment of rotavirus-infected MA104 cells with supernatant, lysate, and EPS. (B) Quantitative
real-time PCR, analysis of the antiviral effects of L. plantarum strain-obtained supernatant and EPS. The PCR data are expressed as mean +
SEM; *P < 0.05, ¥****P < 0.0001. FFU = focus forming units. Color version available online.

Effects of L. plantarum LRCC5310 EPS
on Rotavirus Replication In Vitro

We used light microscopy to observe the morphologi-
cal changes in MA104 cells (Figure 2A), observing cyto-
pathic effects such as cell detachment, obscure borders,
rounding, and fusion in HRV Wa-infected cultures.
Furthermore, we determined that the supernatant
treatment had weak inhibitory effects on the infection,
whereas the EPS treatment strongly suppressed HRV-
Wa infection in MA104 cells compared with that in
the HRV Wa-infected group. No inhibitory effects were
observed in the lysate-treated MA104 cultures. To con-
firm these results, we examined the supernatants, ly-
sates, and EPS samples of the L. plantarum LRCC5310
strain by using real-time PCR (Figure 2B). The su-
pernatant (50 pL/mL) showed weak antiviral activity
(P < 0.001), reducing the viral RNA copy numbers to
8.09 log compared with those in the HRV Wa-infected
samples (8.13 log). However, the EPS at 1.95 mg/mL
showed strong antiviral activity (P < 0.001), reducing

Journal of Dairy Science Vol. 101 No. 7, 2018

the viral RNA copy numbers to 7.46 log compared with
those determined in the HRV Wa-infected group. The
lysate samples (8.12 log) did not show any antiviral
activity.

L. plantarum LRCC5310 EPS Effects
on the Infected Neonatal Mice

We administrated 1 mg of EPS to each mouse in-
fected with the rotavirus for 7 consecutive days. To ex-
plore the antirotavirus activity of EPS in vivo, newborn
mice were pretreated with EPS for 2 d, followed by the
inoculation of RV-EDIM together with EPS (1 mg/
mouse) for 5 d. At 20,000 FFU/mouse, the number of
newborn mice that developed RV-EDIM-induced diar-
rhea in the EPS-treated group was significantly lower
(50%; P < 0.01) after d 7 than that in the EDIM virus
only-infected group (100%; Figure 3A). Furthermore,
we showed that administration of EPS (1 mg/mouse for
5 d) to 8 mice (4-d-old) with acute diarrhea and severe
dehydration resulted in significantly decreased (P <



EFFECTS OF LACTOBACILLUS PLANTARUM EXOPOLYSACCHARIDE

(A)

100 -

[-2] =]
o o
L 1

Total diarrhea (%)
F
o

20 1

(B)

Diarrhea score

Days of treatment

Figure 3. Effects of exopolysaccharides (EPS) treatment in vivo.
(A) The percentage of infected mice and (B) diarrhea score alterations
in neonatal mice inoculated with rotavirus and treated or not with
EPS. The percentage of infected mice was calculated using the number
of diarrheic mice and the number of total samples collected each day.
The mean diarrheal score was determined by shape and color of stool
samples collected each day. Percentage and score data are expressed
as mean + SEM; *P < 0.05; **P < 0.01; ****P < 0.0001, compared
with the epidemic diarrhea of infant mice (EDIM)-infected group. ® =
PBS group; B = EDIM-infected group; A = EPS-treated group. Color
version available online.

0.01) mean diarrhea score after d 7 and 8, to 1.25 and
0.75, respectively, in the EPS-treated group, and 2.4
and 1.33, respectively, in the EDIM virus only-infected
group (Figure 3B).

Viral Shedding

To confirm the effects of the EPS on the viral load,
we isolated total cellular RNA from the feces of pups
treated with L. plantarum LRCC5310 EPS and analyzed
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it using real-time PCR to determine copy numbers of
the RV-EDIM VP6 gene. The highest fecal RV-EDIM
RNA shedding titer was obtained at d 4 to 7 following
the infection. No significant differences in shedding ti-
ter were observed between the EPS-treated and EDIM
virus only-infected groups from d 1 to 4. However, the
titer values obtained on d 8 were 2.86 log (0.73 + 0.002
x 10° FFU/mL; P < 0.0001) for the EPS-treated group
and 4.30 log (20 £ 0.15 x 10° FFU/mL) for the EDIM
virus only-infected group (Figure 4). We did not detect
any viruses in the PBS-treated group.
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RNA copies (Logo)

*kk Kk e e Kk

Days after treatment

Figure 4. Effects of the exopolysaccharides (EPS) on viral shed-
ding. The antirotaviral activity of EPS is expressed as the viral RNA
copies compared with epidemic diarrhea of infant mice (EDIM)-
infected group; the experiments were carried out for 8 d. (A) Viral
shedding determined using the stool samples of the neonatal mice
inoculated with PBS, rotavirus only, and EPS. (B) Quantification of
the obtained results at d 4 and 8. Data are represented as mean values
+ SEM; **P < 0.01; ****P < 0.0001, compared with the rotavirus-
infected group. @ (black) = PBS group; B (dark gray) = EDIM-
infected group; A (light gray) = EPS-treated group. Color version
available online.
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Figure 5. Cytokine levels following the rotavirus infection and exopolysaccharide (EPS) treatment in vitro and in vivo. (A) Interleukin-13,
(B) tumor necrosis factor (TNF)-a, and (C) IL-10 levels in the LPS-treated, EPS-treated, and untreated RAW 264.7 cells and Caco-2 cells.
Data are expressed as mean values = SEM, compared with the LPS-treated group. (D) The TNF-a level in rotavirus only-treated (EDIM =
epidemic diarrhea of infant mice) and EPS-treated mouse serum samples. Data are expressed as mean values + SEM; *P < 0.01, compared with

the rotavirus-infected group. Color version available online.

Inflammatory Response After Viral Infection

To confirm cytokine secretion in the LPS-stimulated
RAW264.7 cells and Caco-2 cells, we performed ELISA
to quantify the cytokine concentration (Figure 5A—5C).
Proinflammatory cytokine levels, including those of
IL-18 and TNF-a, and the level of IL-10, an anti-
inflammatory cytokine, decreased in the EPS-treated
cells (P < 0.01) compared with those in the LPS-
treated RAW 264.7 cells and Caco-2 cells. However,
we observed that I1-6 and IFN-~ levels did not change
between the groups. We further examined the levels of
TNF-a, due to its associations with the viral infection
and inflammation in the intestine, in vivo using mouse
serum samples and showed that its levels significantly
decreased following the EPS treatment (184.5 pg/mL;
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P < 0.01) compared with those in the EDIM-infected
cells (256.6 pg/mL; Figure 5D).

Pathological Changes in the Small Intestine

We performed an intragastric staining of intestines
using hematoxylin and eosin stains to determine the
pathological changes in the rotavirus-infected mice.
We observed considerable changes, including vacuolar
degeneration, edema and intestinal wall congestion,
and the destruction of enteric epithelium integrity
compared with those in the PBS-treated control group
(Figure 6). However, in the EPS-treated group, the
border of villi was clear, although some intestinal wall
edema was observed. Compared with the PBS-treated
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Figure 6. Hematoxylin and eosin staining of the infected and
exopolysaccharides (EPS)-treated mouse intestines; (A) PBS-treated
group, (B) rotavirus only-treated group. Typical vacuolation can be
observed in the (C) EPS-treated group. The arrows indicate vacuoles
and destruction of the barrier in the intestine. Color version available
online.

5709

control group, the EPS-treated group showed smaller
and fewer vacuoles in villi.

DISCUSSION

The World Health Organization recommends use of
rotavirus vaccine, but the cost of the 2 currently avail-
able rotavirus vaccines is relatively high (Muhsen et
al., 2010; Esposito et al., 2011). However, few specific
treatments for rotavirus diarrhea exist to date, oral
rehydration, breast feeding, and early refeeding among
the treatments recommended (Chow et al., 2010). Lac-
tobacillus was shown to reduce the risk for development
of diarrhea and rotavirus infection (Shornikova et al.,
1997a), and Lactobacillus rhamnosus GG, a representa-
tive probiotic strain, was shown to have a positive effect
on the rotavirus-induced gastroenteritis in hospitalized
infants and children (Sindhu et al., 2014). Recently,
many studies focused on L. plantarum, demonstrating
its antiviral effects against influenza virus and cutane-
ous herpes simplex virus by inducing a stronger im-
mune response (Yang et al., 2017). Moreover, L. planta-
rum has been known to reinforce the intestinal barrier
and to reduce intestinal permeability in animal studies
(Mujagic et al., 2017). Despite the indications that L.
plantarum has beneficial antiviral effects, the activity
of this bacterium against rotavirus has not been eluci-
dated completely.

Recently, EPS produced by LAB have attracted
research attention as a natural biopolymer for the
nutrition science applications. Exopolysaccharides are
carbohydrate polymers that form extracellular layers
on the surface of different bacterial strains (Dertli et
al., 2016), and those produced by LAB were shown to
have antitumor, immune system-activating, and serum
cholesterol-lowering effects; they may also function as
prebiotics (Patel et al., 2014). Exopolysaccharides ad-
ditionally induce T-lymphocyte activation (Ruas-Mad-
iedo et al., 2002), macrophage activation, and cytokine
activity (Kitazawa et al., 1996).

Generally, anti-rotaviral activity can be examined
using plaque and qPCR assays (Gautam et al., 2015);
however, plaque assay has limited usefulness in the
quantification of the virus levels (Edelman and Barletta,
2003), whereas qPCR is a sensitive method routinely
used to determine the viral load in human and animal
feces. Indeed, previous studies showed significant cor-
relations between rotaviral load determined by PCR
analysis in stool and disease severity in children with
acute gastroenteritis (Giinaydin et al., 2016), analyzing
the viral VP7 gene (Gautam et al., 2016). However, the
highest serum titers of human antibodies binding to
rotaviruses postinfection are typically directed against
VP6, which is highly immunogenic and contains con-
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served epitopes in rotavirus groups A and C (Kumar
et al., 2016).

We performed qPCR assay by targeting the VP6
gene, which showed that the applied treatment led to
the suppression of rotavirus infection. We investigated
the antiviral effects of the L. plantarum LRCC5310-
produced EPS against rotavirus using a rotavirus-
infected neonatal mouse model. Exopolysaccharide,
orally administrated to mice, reduced the duration of
acute rotavirus-induced diarrhea and significantly re-
duced rotavirus shedding in mice in comparison with
those in the control group at d 8 postinfection. These
results are in agreement with those reported in a previ-
ous study, which showed that L. reuteri SD2112 has a
positive effect on the rotavirus-associated diarrhea in
clinical trials (Shornikova et al., 1997b). Furthermore,
the L. plantarum EPS reduced the extent of damage to
the intestinal epithelium after rotavirus infection com-
pared with that in the controls. These results suggest
that EPS treatment may offer some protective effects
during rotavirus infection.

Murine macrophage-like RAW 264.7 cells are fre-
quently used to determine the cytokine response to vi-
rus, bacteria, and natural substances in immune studies
(Yamamoto et al., 2007; Kim et al., 2011; Pott et al.,
2011). Furthermore, rotavirus induces the activating
cytokine inflammation response in intestinal epithelial
cells (Rollo et al., 1999). In our study, the cytokine
response was determined in the RAW 264.7 and Caco-2
cell lines, and the 2 cell lines showed similar cytokine
response patterns in vitro; the levels of IL-13, TNF-a,
and IL-10 were decreased in the EPS-treated group
compared with the LPS-treated group. Moreover, EPS
effects, preventing rotavirus infection of cells and mice,
were demonstrated by using a cytokine assay (Bleau
et al., 2010). A probiotic may decrease the production
of TNF-« directly or indirectly by suppressing a va-
riety of proinflammatory cytokines, such as IL-6 and
IL-8 (Weninger and von Andrian, 2003). Our in vitro
analyses showed increased levels of anti-inflammatory
cytokine, IL-10, together with the decrease in the lev-
els of proinflammatory cytokines, I1L-13 and TNF-q,
following the treatment of cells with L. plantarum
LRCC5310 EPS. In particular, TNF-«, which plays an
important role in immune modulation for maintenance
of intestinal homeostasis, is associated with severe
diarrhea and the inflammatory state during rotaviral
infection in children (Jiang et al., 2003; Zhang et al.,
2016). The level of TNF-a in blood sera was deter-
mined after in vivo administration of EPS 2 d before
the rotavirus infection, and the results indicated the
suppression of TNF-a activity, which is in agreement
with previously published results (Zhang et al., 2005).
Taken together, our results demonstrate that the L.
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plantarum EPS may help preserve the intestinal mu-
cosa against rotavirus by suppressing the secretion and
activity of TNF-«; likewise, our results suggest that the
mechanisms underlying this process include the regula-
tion of the inflammatory responses.

We observed cellular vacuolation and degeneration
in the intestines of EDIM-infected mice, consistent
with previous studies (Guerin-Danan et al., 1998).
Lactobacillus can alleviate the diarrhea and inhibit the
replication of rotavirus by improving intestinal barrier
function (Mao et al., 2016). Our results suggest that L.
plantarum LRCC5310 EPS could help protect the in-
testinal mucosal barrier from viral shedding and other
damages caused by virus infection.

In summary, our study demonstrated that L. plan-
tarum LRCC5310 EPS exhibits potent antirotavirus
activity in vitro, especially against extracellular rota-
viruses. Furthermore, the EPS displayed high rate of
adhesion, thus interfering with the rotaviral attach-
ment to MA104 cells in vitro. Lactobacillus plantarum
LRCC5310 EPS in vivo reduced the duration of di-
arrhea, limited epithelial lesions, decreased rotavirus
replication in the intestine, and shortened the time to
recovery of suckling mice. Further investigations of the
underlying mechanisms are required, which may lead
to the development of L. plantarum LRCC5310 EPS
as a potential antirotavirus therapeutic agent or oral
adjuvant.
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