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Rotavirus is the leading cause of severe acute gastroenteritis among children worldwide. It is well known that
breast-feeding and vaccination afford infants protection. Since breast-feeding has drastically decreased in
developed countries, efforts have been focused on the potential use of probiotics as preventive agents. In this
study, a novel Bifidobacterium longum subsp. infantis strain was isolated from infant feces and selected, based
on its capacity to inhibit ir vitro rotavirus Wa replication (up to 36.05% infectious foci reduction) and also to
protect cells from virus infection (up to 48.50% infectious foci reduction) in both MA-104 and HT-29 cell
lines. Furthermore, studies using a BALB/c mouse model have proved that this strain provides prelimi-
nary in vivo protection against rotavirus infection. The strain has been deposited in the Spanish Type
Culture Collection under the accession number CECT 7210. This novel strain has the main properties
required of a probiotic, such as resistance to gastrointestinal juices, biliary salts, NaCl, and low pH, as
well as adhesion to intestinal mucus and sensitivity to antibiotics. The food safety status has been
confirmed by the absence of undesirable metabolite production and in acute ingestion studies of mice.
Overall, these results demonstrate that Bifidobacterium longum subsp. infantis CECT 7210 can be consid-

ered a probiotic able to inhibit rotavirus infection.

Rotavirus infections cause a considerable disease burden
throughout the world, in both developed and developing coun-
tries, with seasonal peaks according to latitude and climate.
Worldwide, rotavirus accounts for an estimated 2 million hos-
pitalizations per year (39). Specifically, in the European region
rotavirus infection causes an estimated 6,550 deaths and
146,287 hospital admissions each year in children under 5 years
of age. The average percentages of diarrheal disease admis-
sions attributable to rotavirus have been estimated at 26.4%
(low-income countries), 21.3% (lower-middle-income coun-
tries), 31.7% (upper-middle-income countries), and 39.5%
(high-income countries) (51).

The virus is transmitted by the fecal-oral route, with a low
infectious dose (<100 virus particles) (27). Rotavirus infects
mature enterocytes of the intestinal villus, and consequently
crypt cells are spared (22). Once the virus enters epithelial
cells, it produces the NSP4 enterotoxin, which mediates phos-
pholipase C-dependent cell signaling and increases intracellu-
lar calcium levels, leading to chloride secretion (13). Rotavirus
diarrhea has been attributed to different mechanisms, includ-
ing secondary malabsorption, destruction of enterocytes, villus
ischemia, and the enterotoxic role of NSP4, as well as the
activation of the enteric nervous system (32). The result is a
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profuse watery diarrhea lasting 2 to 7 days with loss of fluid
and electrolytes, which can cause fatal dehydration. Inten-
sive rehydration with oral or intravenous fluids can correct
these imbalances and sustain a child until the diarrhea stops
(20). Moreover, viremia has been reported in rotavirus in-
fections, although the clinical consequences of this remain
unclear (22).

It is well known that breast-feeding prevents disease in in-
fants, since a large proportion of immunoglobulins excreted in
maternal milk are IgA, which mainly protects against enteric
infections, such as rotavirus (2). In fact, immunoglobulins can
be detected in the stools of breast-fed but not bottle-fed
neonates (47). However, the lifestyle in developed countries
has led to a drastic decrease in breast-feeding; thus, vaccines
and other prevention strategies are becoming increasingly
necessary. Although several rotavirus vaccines have been
developed and have shown protection against rotavirus (10,
40, 48), a new generation of vaccines and complementary
preventive approaches are needed in order to decrease the
morbidity and mortality associated with rotavirus diarrhea
(9, 20).

Since there are no completely safe methods for preventing
diarrhea caused by rotavirus, over the last few years research-
ers have focused their efforts on the potential use of probiotic
agents. According to the expert consultation conducted by the
Food and Agriculture Organization (FAO) and the World
Health Organization (WHO), probiotics are “live microorgan-
isms which when administered in adequate amounts confer a
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health benefit on the host” (16). The known benefits of admin-
istering probiotic microorganisms include the prevention of
several infections, allergic disorders, diarrhea, and inflamma-
tory diseases, such as inflammatory bowel disease (35). Probi-
otics have been reported as very useful in the prevention and
treatment of urogenital and vaginal infections (41). Further-
more, it has been suggested that probiotics or their metabolites
play an important role in the formation or establishment of a
well-balanced, indigenous, intestinal microbiota in newborn
children and adults (25, 44).

Regarding the efficacy of probiotics in the treatment of di-
arrhea caused by rotavirus, a number of pediatric clinical trials
have been reported, with different degrees of success. These
studies included different probiotic strains, like Bifidobacte-
rium bifidum and Streptococcus thermophilus (43), Lactobacil-
lus paracasei (45), Lactobacillus rhamnosus GG (23, 36), and
the probiotic mixture VSL3 (11). Although direct effects have
been reported for the addition of different products, such as
isoflavones from soy (1), lactose-based sialyl mimetics (31),
and medicinal plants (21), on the inhibition of rotavirus repli-
cation, to our knowledge there are very few in vivo data that
clearly demonstrate the capacity of a probiotic or a probiotic
metabolite to inhibit rotavirus infection. In fact, for all the
previously reported cases, the protection mechanisms remain
unclear.

The aim of this study was to select a potential probiotic
strain that is able to inhibit human rotavirus replication in vitro.
Subsequently, an in vivo demonstration of its capacity was
performed in a murine model. Further toxicological assays
were carried out in order to ensure the harmlessness of the
selected strain.

MATERIALS AND METHODS

Cells and viruses. The rhesus monkey kidney cell line MA-104 was grown in
Eagle’s minimal essential medium (MEM) supplemented with 10% fetal bovine
serum (FBS; Gibco Invitrogen, Paisley, United Kingdom). The human colon
carcinoma cell line HT-29 was grown in Dulbecco’s modified minimal essential
medium (DMEM) supplemented with 10% FBS. Human rotavirus Wa strain
(TC adapted; ATCC VR-2018) was obtained from the American Type Culture
Collection, and the murine rotavirus McN strain was kindly provided by Richard
Ward (Children’s Hospital Medical Center, Cincinnati, OH) (33). Viral stocks of
this murine rotavirus strain were prepared by orally infecting 8-week-old BALB/c
mice. Stools were collected, pooled, homogenized in Earle’s balanced saline
solution (EBSS), and then aliquoted and stored at —80°C until use. The 50%
diarrhea-producing dose (DDs,) was determined by oral inoculation of neonatal
mice with serial 10-fold dilutions of the viral stock according to the method of
Reed and Muench (40a).

Isolation of Bifidobacterium strains. Thirty Gram-positive, catalase-negative
colonies with typical bifidobacterium or lactobacillus cell morphology were ob-
tained from infant feces following a previously described protocol (5) and stored
at —80°C in glycerol for further analysis. Of these, six Bifidobacterium spp. strains
(numbered OR1 to OR6) were randomly selected for studies of further activity
against human rotavirus.

Bacterial strains and growth conditions. Bifidobacteria isolates OR1 to OR6
were grown using MRS-C medium (de Man Rogosa Sharpe broth [MRS; Oxoid,
Basingstoke, United Kingdom] supplemented with 0.05% [wt/vol] cysteine
[Sigma-Aldrich, St. Louis, MO]) and incubated anaerobically by means of an
AnaeroGen system (Oxoid) at 37°C for 36 to 72 h. The strain L. rhamnosus GG
(ATCC 53103), used as a reference strain, was grown on MRS medium and
incubated anaerobically at 37°C for 17 to 24 h.

Identification and taxonomic characterization of isolates by sequencing. DNA
from pure culture was extracted using the High Pure PCR kit (Roche Diagnostics
GmbH, Mannheim, Germany), spectrophotometrically quantified, and adjusted
to a final concentration of 40 ng/pl in ultrapure water (Sigma-Aldrich). An
almost-full sequence of the 16S rRNA gene was amplified and sequenced using

ApPL. ENVIRON. MICROBIOL.

an ABI Prism BigDye Terminator cycle sequencing ready reaction kit (Applied
Biosystems Inc., Foster City, CA). The DNA was checked for purity, using
standard methods (50). DNA templates were amplified by PCR on a thermocy-
cler TC-5000 (Bibby Scientific, Stone, United Kingdom) using universal primers
that amplified a 1,000-bp region of the 16S rRNA gene: 616V, 5'-AGAGTTTG
ATYMTGGCTCAG-3', and 699R 5'-RGGGTTGCGCTCGTT-3". The ampli-
fication mixture (100 wl) comprised 2 pl (50 pmol/pl) of 616V and 699R primers
(Thermo Fisher Scientific, Waltham, MA), 0.5 pl (2 U/pl) of Tag DNA poly-
merase (Finnzymes, Espoo, Finland), 10 pl of 10X reaction buffer (Finnzymes),
10 ! of deoxynucleoside triphosphate mixture containing 1 mM (each) dATP,
dGTP, dCTP, and dTTP (Roche Diagnostics GmbH), 70 pl of sterile filtered
water (Milli-Q purification system; Millipore, Billerica, MA), and 5.5 pl of DNA
template. The DNA templates were amplified by initial denaturation at 94°C for
10 min, followed by 40 cycles of denaturation at 94°C for 1 min, annealing at 55°C
for 1 min, extension at 72°C for 1 min, and a final extension at 72°C for 10 min.
Negative controls without DNA were simultaneously included in the amplifica-
tion process. The integrity of the PCR products was confirmed by the presence
of single bands following electrophoresis for 1 h at 100 V in 2% (wt/vol) agarose
gels in Tris-borate-EDTA buffer. Amplicons were purified using the commercial
QIAquick PCR purification kit (Qiagen Inc., Valencia, CA), and subsequent
sequencing reactions were performed using the BigDye Terminator v3.1 cycle
sequencing kit (premixed format; Applied Biosystems). The resulting sequences
were automatically aligned and inspected visually and then compared with the
online tool BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The strain was iden-
tified on the basis of the highest scores.

Rotavirus propagation and in vitro inhibition assays. (i) Inmunoperoxidase
assays. In order to detect viral antigens in rotavirus-infected HT-29 cell
monolayers grown in microtiter plate wells, the cells were washed twice with
phosphate-buffered saline (PBS), fixed with methanol-acetone (1:1 [vol/vol])
for 15 min, and washed again with PBS. The anti-VP6 monoclonal antibody
2F3E7 diluted 1/200 in PBS containing 1% (vol/vol) bovine serum albumin
(PBS-BSA; 100 pl/well) was added, and the mixture was incubated at 37°C for
1 h. After two washings with PBS, 100 pl/well of a goat anti-mouse IgG
antibody conjugated with peroxidase (Sigma) diluted 1/2,000 in PBS-BSA was
added and incubated at 37°C for 1 h. After three washings with PBS, 100
pl/well of diamine-benzidine (DAB) substrate was added (6 mg DAB, 9 ml of
50 mM Tris-HCI [pH 7.6], and 0.1 ml H,O,). Infectious, peroxidase-stained
foci were counted with an inverted microscope using five defined fields per
well. The arithmetic mean was calculated to determine the number of foci per
microscopic field, and these values were compared with the number of infec-
tious foci of an untreated virus control to obtain the percentage reduction in
virus focus-forming units (FFU).

Rotavirus propagation and in vitro competition assays of bacteria against
cellular binding sites. The rhesus monkey kidney cell line MA-104 was used to
propagate the human rotavirus strain Wa in the presence of 1 pg/ml of trypsin
(type IX; Sigma). Competition assays were performed with rotavirus Wa in both
cell lines HT-29 and MA-104. The infectivities of the rotavirus stocks were
activated with 10 wg/ml trypsin for 30 min at 37°C. Cultures were obtained by
growing the bifidobacteria in MRS-C medium for 17 h at 37°C under anaer-
obiosis. Cells were washed with 0.09% (wt/vol) saline solution and standard-
ized in order to obtain a concentration of 10¥ CFU per milliliter. Monolayers
of HT-29 and MA-104 cells were grown in 96-well plates. The assays were
performed following two different strategies: (i) incubation of Bifidobacte-
rium cells with trypsin-treated rotavirus followed by infection of cell cultures
with this virus-bacteria mixture (strategy A) and (ii) incubation of the bac-
teria with the cell cultures followed by cellular infection with rotavirus (strat-
egy B).

For the first strategy, 30 pl of the bacterial suspension containing 3 X 10° CFU
was mixed with 70 wl of DMEM without serum, and 100 pl of trypsin-treated
human rotavirus Wa containing 1 X 107 FFU/well was added to the dilution in
DMEM. The virus-bacteria mixtures were incubated at 37°C for 1 h. The cell
monolayers were washed three times with PBS, inoculated with the virus-bacteria
mixture, and incubated for 18 h at 37°C. To evaluate the inhibitory activity on
viral replication, the rotavirus-infected cells were detected in an immunoperox-
idase assay as described above. In the second approach, 30 pl of the bacterial
suspension containing 3 X 10° CFU was mixed with 70 pl of DMEM without
serum. After removal of the maintenance medium, the cellular monolayers were
washed three times with PBS. An aliquot of 100 pl per well of the bacterial
suspension was added, and after 1 h of incubation at 37°C, 100 pl per well of a
viral inoculum in DMEM was added and incubated for 18 h under the same
conditions. Rotavirus-infected cells were also identified in the immunoperoxi-
dase assay.
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Resistance to gastrointestinal juices. The assay emulated conditions and ex-
posure times to which bacteria are subjected during their passage through the
stomach and intestinal tract in two stages and was performed as described
previously by Chenoll et al. (5). Briefly, bacteria were subjected to simulated
gastric and pancreatic juices by using pepsin of pig stomach mucous membrane
(3 g/liter; Sigma-Aldrich) and pancreatin of pig pancreas (1 g/liter; Sigma-Al-
drich), respectively. Samples were counted at 0, 90, and 120 min in the first stage
and at 0, 60, and 240 min in the second. As a viability control throughout the
process, the strain was inoculated in saline solution and incubated under the
same conditions.

Sensitivity to antibiotics. Strain sensitivities to antibiotics in terms of MICs
was determined as recommended by the European Food Safety Authority
(EFSA) (14), following the broth dilution test method for antimicrobial suscep-
tibility of the Clinical and Laboratory Standards Institute. The MIC values of 20
antimicrobial agents were determined using the standardized LAB susceptibility
test medium broth formulation (LSM), previously described, which is a mixture
(9:1 [vol/vol]) of IsoSensitest broth (IST) and MRS broth adjusted to pH 6.7 (28).
The antibiotics were tested in a concentration range of 0.125 to 256 mg/liter.

Resistance to biliary salts, NaCl, and low pH. The resistance levels of the
strains to different concentrations of biliary salts (0.5%, 1%, 2%, and 3% [wt/vol]
Oxgall; Sigma), NaCl (2%, 3%, 6%, 8%, and 10% [wt/vol] NaCl), and pH (3.0,
2.0, and 1.5) were evaluated by monitoring bacterial growth on 96-well plates
according to the methods of Chenoll and coworkers (5). Growth was analyzed at
655 nm in a Multiskan microplate reader (Thermo Fisher Scientific). The per-
centage resistance was calculated in each case by comparing the final optical
density at 655 nm (ODyss) results under different growth conditions with the
corresponding controls grown in MRS-C.

Adhesion to intestinal mucus. Bacterial adhesion to mucus was determined in
three independent experiments, and each assay was performed in quadruplicate.
Pig type III mucin (Sigma-Aldrich) was used at a concentration of 0.5 mg/ml.
Bifidobacteria were radioactively labeled by adding 10 wl/ml of tritiated thymi-
dine (5-[*H]thymidine; 120 Ci/mmol; Amersham Biosciences, GE Healthcare,
Bio-Sciences Corp.) to the culture medium and incubated at 37°C for 17 h under
anaerobiosis. The mucus was dissolved in HEPES buffer (N-2-hydroxyethyl pi-
perazine-N-2-ethanesulfonic acid; 10 mM)-Hanks buffered saline solution (HH;
pH 7.4) at the desired concentration and immobilized on polystyrene multiwell
plates (Maxisorp; Nunc, Roskilde, Denmark) by adding 100 .l of this solution to
each well and incubating at 4°C overnight. The nonimmobilized mucus was
removed by two successive washings with 200 ul of HH buffer. After the last
washing, 100 pl of HH buffer was added to each well. The radioactively labeled
bacteria were centrifuged at 12,000 X g for 7 min and washed twice with HH
buffer to eliminate the nonmetabolized thymidine. After this, the concentration
of bacteria was determined by measuring the absorbance at 600 nm and adjusting
to an OD of 0.25 * 0.05 (mean = standard deviation), in order to standardize the
number of bacteria to 107 to 10® CFU/ml. An aliquot of 100 pl of labeled cells
was added to each of the wells containing the immobilized mucus, and the
mixture was incubated for 1 h at 37°C. Nonadhered bacteria were eliminated
by two washings of 200 wl with HH buffer. Adhered bacteria were released by
scraping the immobilized mucus in each well and were later lysed with 1%
(wt/vol) SDS in 0.1 M NaOH (200 pl per well), followed by incubation of the
plates at 60°C for 1 h. Cell contents were transferred to Eppendorf tubes
containing scintillation liquid in order to measure the radioactivity with a
scintillation counter. Adhesion was expressed as the percentage of radioac-
tivity recovered after adhesion compared to the radioactivity of the bacterial
suspension added to the immobilized mucus. As controls, three commercial
strains (of L. casei, L. rhamnosus GG, and B. longum subsp. infantis) were
used.

Lactic acid production. Lactic acid production was determined using a 24-h
supernatant of each strain grown under optimal conditions. Supernatant was
obtained by centrifugation at 12,000 X g for 10 min. Lactic acid isomers were
quantified by using a commercial kit (p-lactic acid/L-lactic acid; Roche Diagnos-
tics) following the manufacturer’s instructions.

Deconjugation of biliary salts. A bile salt hydrolase activity assay was per-
formed using glycocholate and taurocholate substrates, according to the tech-
nique of Kumar and coworkers (29).

Formation of biogenic amines. The formation of biogenic amines (cadaverine,
histamine, putrescine, and tyramine) was determined in MRS-C (CECT 7210) or
MRS (LGG) cell-free supernatants from 24-h anaerobic cultures held at 37°C.
Formation of amines was determined using the chromatographic method de-
scribed by Eerola and coworkers (12).

In vivo studies to measure the capacity of bifidobacteria to colonize the mouse
intestinal tract and their influence on the immune system. All the experimental
procedures involving animals were conducted in accordance with the regulations
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established by the European Community Council for the protection of animals
with experimental and scientific applications (86/609/EEC).

Anaerobic cultures of the probiotic grown in the MRS-C medium for 17 h at
37°C were washed twice in saline solution. Cells were resuspended in sodium
bicarbonate buffer (0.2 M) to an inoculum of 1 X 10° CFU/ml and frozen at
—70°C in 20% (vol/vol) glycerol until use.

Two groups of nine 8-week-old BALB/c mice were assayed. In the control
group each mouse was treated with a dose of 100 pl of sodium bicarbonate
buffer (0.2 M). The experimental group received a dose of 10° CFU of the
bifidobacteria resuspended in 100 pl of sodium bicarbonate buffer. Before
administration, glycerol was removed from the bacterial suspensions by cen-
trifugation at 12,000 X g for 5 min, and the bacteria were resuspended in
sodium bicarbonate buffer. Then, 100-ul aliquots of the suspension were admin-
istered to each mouse orally. Fecal samples were collected at different times and
homogenized immediately in PBS. Then, they were shaken vigorously, centri-
fuged at 12,000 X g for 5 min, stored at 4°C, and processed in under 24 h.
The supernatants were frozen at —30°C. Inoculations were made on days 1, 2,
and 3. Stools were collected 4 and 10 h after the first dose and at days 2, 3, 5,
and 8.

Colonization of the intestinal tract by bifidobacteria was evaluated by plate
counts of feces in the selective medium for Bifidobacterium, BFM medium (38).
Ten-fold serial dilutions of the mixture were prepared in sterile saline solution up
to 107 1'% Aliquots of 100 pl were spread in triplicate on BFM agar plates and
incubated under anaerobic conditions at 37°C for 7 days. IgA antibodies in the
fecal samples were detected and measured by enzyme-linked immunosorbent
assay (ELISA), as previously described, but with some modifications (2). Poly-
styrene plate wells (Costar; Corning Inc., Lowell, MA) were coated with 100 pl
of a 1/250 dilution of sheep anti-mouse IgA serum (Sigma) diluted in carbonate-
bicarbonate buffer (pH 9.6) and incubated for 2.5 h at 37°C and overnight at 4°C
until use. After washing the wells three times with 200 pl of PBS containing 0.1%
(vol/vol) Tween 20 (PBS-T), 100 pl of the sample diluted in PBS-T buffer
containing 1% (wt/vol) bovine serum albumin BSA was added. In order to detect
the antibodies, anti-mouse IgA antibodies labeled with peroxidase were used at
a dilution of 1/2,000 in PBS-T-BSA. Finally, 100 pl/well of OPD (ortho-phenyl-
enediamine) substrate was added, and after 5 or 10 min of incubation at room
temperature the reaction was stopped with 50 wl of H,SO, (3 M). The absor-
bance at 492 nm was determined spectrophotometrically. To measure IgA con-
centrations, a standard curve was prepared with serial dilutions of known con-
centrations.

Antirotavirus capacities of probiotic cells in vivo. For evaluation of antirota-
virus capacities of probiotic cells, similar groups of mice were used as described
for the colonization study. After the first week, a booster dose of probiotic was
administered to each mouse orally and repeated over the next 4 days. One oral
inoculum of murine rotavirus strain McN containing 100 DDs in 50 wl of Earle’s
balanced saline solution (EBSS) was given 10 h after the first booster. Over the
following 9 days feces were collected daily, and the presence of bifidobacteria
was evaluated by plate counting and viral shedding by ELISA. For postin-
fection bacterial counts, samples were taken at 10, 33, 58, 106, and 168 h after
the first dose. Stools were resuspended in EBSS, homogenized, vortexed, and
centrifuged at 12,000 X g for 5 min. Pellets containing bacteria were collected
and stored at 4°C to be processed in under 24 h. Supernatants were frozen at
—30°C for the viral antigen assay. Bifidobacteria counts were obtained as
reported previously.

Quantification of McN rotavirus shedding was determined individually in the
group of BALB/c mice previously given the viral inoculum and the bifidobacteria,
and results were compared with amount of virus shed by rotavirus-infected
control mice. Shedding of the McN rotavirus in feces was assayed in an ELISA.
First, a polystyrene 96-well plate was coated with 100 wl of a 1/500 dilution of an
antirotavirus sheep serum (Chemicon International, Temecula, CA) in carbon-
ate-bicarbonate buffer (pH 9.6) and incubated for 2.5 h at 37°C and overnight at
4°C. The plates were washed three times with PBS-T, and 100 pl of supernatant
of fecal sample was added and treated as described previously to obtain a 1/2
dilution in PBS-T buffer with 1% (wt/vol) BSA. After 1.5 h of incubation at 37°C,
the supernatant was eliminated and washed four times with PBS-T buffer, and
100 pl/well of the monoclonal antibody anti-VP6 2F3E7 was added. The
mixture was incubated again for 1.5 h at 37°C, and after four washings with
PBS-T, 100 pl/well of a 1/2,000 dilution of peroxidase-conjugated anti-mouse
IgG antibody in PBS-T-BSA was added and the mixture incubated at 37°C for
1 h. Plates were washed four times with PBS-T, and a solution of OPD was
added. The reaction was stopped after 5 to 10 min with 50 pl of 3 M H,SO,
solution. Absorbance was determined at 492 nm. A standard curve was
constructed with serial dilutions of a titrated suspension in order to quantify
the virus concentration in the samples.
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TABLE 1. Distribution of experimental groups in the acute
ingestion experiment”

Dose
Group Immunosuppressed?
CFU/mouse Vol (ul)
A No Placebo 100
B No 1x10° 100
C Yes Placebo 100
D Yes 1x10° 100

“ See Materials and Methods for details.

Acute ingestion study of mice. The acute ingestion study was carried out as
previously described (5). Briefly, assays were performed with cells obtained from
an anaerobic culture of the bifidobacteria in 2 liters of MRS-C medium for 17 h
at 37°C and later freeze-dried. For inoculum preparations, lyophilized bacteria
were evaluated by MRS-C plate counts, and aliquots of 10° CFU per 100 ul of
Ringers solution were prepared. Assays were carried out with 7-week-old patho-
gen-free BALB/c males that were randomly assigned to one of the four estab-
lished groups 5 days before the study (Table 1). Immunosuppression was
achieved by intraperitoneal administration of cyclophosphamide (150 mg/kg of
body weight) 3 days before the first administration of bifidobacteria and 100
mg/kg 1 day before. Inoculum and placebo (lyophilized skim milk with 5%
[wt/vol] sucrose) were administered orally for 6 days. During the study, mortality
and morbidity were recorded twice a day. Body weight was registered daily. Feces
were collected 1 day before the first administration of bifidobacteria and 10 h
after each administration. Fresh feces were homogenized in Ringers solution.
Bifidobacteria counts were obtained using BFM as selective medium as described
before.

On day 7 of the study, right after the sacrifice, the carcasses were disinfected
and dried with gauze. Cardiac blood was obtained with a 25-gauge needle
coupled to a 1-ml syringe, and liver, spleen, and mesenteric lymph nodes and the
ileum, jejunum, cecum, and colon were extracted and weighed. The organs were
then homogenized in BFM medium, and bacteria counts were obtained by plate
counts on BFM medium as reported before. In order to perform a histopatho-
logical evaluation, on the day of sacrifice the jejunum, cecum, and colon were
collected and preserved in 4% (wt/wt) neutral buffered formaldehyde solution
(pH 7) for later analysis.

Statistical analysis. Results of rotavirus propagation and in vitro competition
assays of bacteria against cellular binding sites were statistically analyzed by using
the Mann-Whitney U test and the SPSS v12.0 software (SPSS Inc., Chicago, IL).
Results obtained in mouse assays were analyzed using Statgraphics Plus 5.1
software (Manugistiscs, Rockville, MD). In the latter case, data were subjected
to a one-way analysis of variance (ANOVA) using the strain as the variable.
Means were compared with a least significant difference test.

Nucleotide sequence accession number. The 16S rRNA gene sequence corre-
sponding to B. longum subsp. infantis CECT 7210 has been deposited in the
EMBL nucleotide database under the accession number HM118564.

RESULTS

In vitro evaluation of the antirotaviral activities of the bifido-
bacteria collection. Six randomly selected bifidobacteria strains
were evaluated for their antirotaviral activities in vitro. Table 2
shows the results obtained using both HT-29 and MA-104 cell
cultures infected with the Wa strain of rotavirus. The results
obtained with both infection strategies were very similar. On
average, HT-29 cells rendered a higher percent reduction than
MA-104 cells in both assays. However, inhibition was observed
to increase slightly when the assayed bacteria were incubated
with the cell cultures prior to infection with rotavirus. Consid-
ering the values obtained, the OR4 strain gave on average
higher reduction levels in both cell lines (P < 0.05) (data not
shown) and was therefore selected for further studies.

Taxonomical identification of the CECT 7210 strain. On the
basis of BLAST scores, strain OR4 was identified by the Span-
ish Type Culture Collection (Burjassot, Spain) as Bifidobacte-
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TABLE 2. Assay for in vitro activity against human rotavirus Wa in
HT-29 and MA-104 cell lines following in vitro competition assays
(strategies A and B)*

% focus reduction (mean * SD) in cell line

Strain HT-29 MA-104
Strategy A Strategy B Strategy A Strategy B

OR1 2945 *1.20 4520 £ 220 1350 =216  24.80 = 3.15
OR2 2615+ 1444 3880 =*=1.75 15.00 =1.73 23.80 = 2.11
OR3  40.27 =245 40.00 = 234 14.70 = 3.54  24.40 = 1.46
OR4  36.05 =4.23 48.50 = 1.64 18.20 = 4.41 31.80 =3.30
ORS5 49.83 =10.43  45.00 = 3.89 9.00 = 1.35  24.60 = 4.25
OR6 2256 = 1520 3940 =4.74 1640 = 1.66 30.20 = 2.84

“ Results are from three different experiments and are expressed as the per-
cent reduction in infectious foci.

rium longum subsp. infantis. The strain was deposited in the
Spanish Type Culture Collection under the accession number
CECT 7210 and its nucleotide sequence was deposited in the
EMBL nucleotide database (see above).

In vivo analysis of the potential influence of CECT 7210 on
the immune response and ability to colonize the murine intes-
tinal tract. The quantification of IgA antibodies in feces col-
lected at different times indicated that the oral administration
of the CECT 7210 strain induced a greater amount of IgA in
feces (data not shown). At 96 h after the first dose, stools from
those mice fed this strain reached an IgA concentration of 30
mg/g of body weight, compared with a value of 18 mg/g in the
nontreated control group. However, these differences between
the CECT 7210 strain and the control group at 96 h and 168 h
after bifidobacteria administration were not statistically signif-
icant. Bifidobacteria counts obtained in feces are shown in Fig.
1. The results showed that CECT 7210 reached maximum
viability 10 h after the inoculations, and differences in counts
between control and CECT 7210 groups were statistically sig-
nificant (P < 0.01) at close to 100% viability. Therefore, this
time period was chosen for rotavirus inoculation in later tests,
as it was considered sufficient to evaluate the possible effects of
probiotic activity.

In vivo protection afforded by CECT 7210 against experi-
mental infection of mice with the murine rotavirus McN
strain. The course of viral infection in mice was evaluated by
ELISA and based on the amount of rotavirus antigen shed in
feces (Fig. 2). A significant initial delay in rotavirus shedding
was detected during the first 48 h postinfection (10° FFU/ml, in
comparison with 4 X 107 FFU/ml in the nontreated control
group [P < 0.01]). This delay may have been due to an initial
reduction in the levels of viral replication in the mice fed
CECT 7210, although the virus finally infected all the groups of
mice. It is noteworthy that on day 7, antigen concentration was
statistically lower in those mice treated with the probiotic (P <
0.05).

Functional properties of probiotic relevance in the CECT
7210 strain. All experiments regarding probiotic relevance
were performed using the well-characterized commercial pro-
biotic strain L. rhamnosus GG as a control. Concerning resis-
tance to gastrointestinal juices, the percentage of viability was
calculated as the relationship between the number of viable
cells obtained at each stage of the assay and the number of
viable cells at time zero. Table 3 summarizes the results ob-
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FIG. 1. Data obtained by BFM medium plate counts from mouse feces at different times in the study. *, significantly different from control
group at 10 h (P < 0.01).

tained for the CECT 7210 strain, for which viability dropped with the exception of clarithromycin, erythromycin, and kan-

after exposure to juices, as also occurred in the control L. damycin, for which the CECT 7210 strain showed higher MIC

rhamnosus GG strain. values. In the case of metronidazole and vancomycin, higher
Results obtained for antibiotic sensitivities are shown in MIC values were obtained for the LGG strain.

Table 4. The data obtained were very similar for both strains, Table 5 shows results from cultures of CECT 7210 and L.
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FIG. 2. Rotavirus antigen shedding in feces of mice fed with the selected probiotic compared with a placebo (control group). Results are given
as the mean value = standard deviation of triplicate absorbance values at 492 nm, converted to FFU/mg with the aid of a standard curve, which
reflects the viral shedding for each mouse group. *, significantly different from control group (P < 0.01); *x, significantly different from control
group (P < 0.05).
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TABLE 3. In vitro surveillance of gastrointestinal juices in CECT
7210 and commercial probiotic LGG
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TABLE 4. CECT 7210 and commercial probiotic LGG resistance
to antibiotics

Gastric system Intestinal system

Strain Inoculum c C
CFU/ml ount . ount .
( ) (CFU/ml) % viable (CFU/ml) % viable
CECT 7210 1.6 X 10® 5.5 X 10° 34 3.1 % 10° 0.2
LGG 3.1 x10% 3.0 x 107 8.8 1.0 X 107 2.9%

rhamnosus GG strains grown on MRS-C or MRS broth, re-
spectively, with different concentrations of added Oxgall. The
data show that the CECT 7210 strain was able to grow in the
presence of different concentrations of biliary salts, similar to
the commercial probiotic strain LGG.

Table 5 shows the resistance obtained with CECT 7210, in
the media MRS-C and LGG in MRS, in the presence of dif-
ferent NaCl concentrations. The results showed that the CECT
7210 strain was able to grow on 2% NaCl medium. However,
once the concentration increased to 3 to 6%, final growth
inhibition was observed. At higher concentrations (8 to 10%
NacCl), growth seemed to be inhibited. The results were very
similar for the commercial strain LGG.

Results obtained by growing both strains in the respective
media at different pH values are represented in Table 5. The
results show that growth of CECT 7210 was inhibited at pHs
below 3.0. Results were almost identical in the L. rhamnosus
GG strain.

Finally, with respect to adhesion to intestinal mucus, the
CECT 7210 strain had an adhesion capacity of 9.9%, which was
very similar to that obtained with the L. rhamnosus LGG strain
(9.8% of adhesion).

Ex vivo toxicological studies: nondesirable metabolite pro-
duction. Lactic acid production was determined by using
24-h supernatants of the CECT 7210 and LGG strains grown
in MRS-C and MRS, respectively, at 37°C. Results are sum-
marized in Table 6 and show that in both strains p-lactic acid
production was much lower than L-lactic acid production.

Table 6 shows bile salt hydrolase (BSH) activity in superna-
tants obtained from 24 h-cultures of both strains. There was no
activity in L. rhamnosus GG supernatants when taurocholate
was used as substrate. When the reaction substrate was glyco-
cholate, the highest level of activity was obtained for the CECT
7210 strain.

Cadaverine, histamine, putrescine, and tyramine were quan-
tified in cell-free supernatants after 24 h of growth of strains
CECT 7210 and LGG. Table 6 summarizes the results ob-
tained. Putrescine was not detected in any case. Regarding
cadaverine, histamine, and tyramine, the L. rhamnosus GG
strain produced higher levels of these amines, while higher
levels of tyramine were obtained in CECT 7210.

In vivo toxicological studies. The acute ingestion study was
performed as described in Materials and Methods, after which
animals were sacrificed and examined. White spots were ob-
served in the liver, and an increase in the weight of the spleen
was detected in both groups of immunosuppressed mice,
although no mortality was recorded during the study period.
Regarding body weight gain (Table 7), no significant differ-
ences were detected between placebo and CECT 7210 in
either nonimmunosuppressed or immunosuppressed mice.

MIC (pg/ml)
Antibiotic

CECT 7210 LGG
Amoxicillin 8 4
Ampicillin 2 4
Carbenicillin 64 16
Clarithromycin >256 16
Clindamycin 1 1
Chloramphenicol 4 16
Erythromycin >256 2
Gentamicin 64 16
Kanamycin >256 64
Metronidazole 4 >256
Nalidixic acid >256 >256
Oxytetracycline 64 4
Penicillin 0.5 1
Polymyxin B 256 >256
Rifampin 0.5 1
Streptomycin 128 32
Sulfonamide >256 >256
Tetracycline 128 4
Trimethoprim >256 >256
Vancomycin 0.5 >256

These groups showed statistically significant differences with
both treatments, the placebo (P < 0.0001) and CECT 7210-
treated mice (P = 0.0022).

Regarding organ weight, differences were not statistically
significant between groups, except in the case of the spleen in
both groups of immunosuppressed mice, with a significant
increase due to immunosuppression. Figure 3 represents
bifidobacteria counts in feces of immunocompetent (Fig. 3a)
and immunosuppressed (Fig. 3b) mice. Results indicate that
counts were not dependent on immunosuppression. On day
1, an increase in fecal bifidobacteria content could already
be observed in mice treated with the CECT 7210 strain.
Levels of bifidobacteria remained stable during the study.
Regarding the detection of bifidobacteria in organs by plat-
ing, no bacterial load of bifidobacteria was found in blood,
liver, spleen, or mesenteric lymph nodes in the present
study. No intergroup difference considered to be biologically
significant was noted in histomorphology between immuno-
competent or immune-deficient mice, with or without
bifidobacteria administration.

DISCUSSION

It is widely accepted that probiotics stimulate the immune
system and exert an in vivo antimicrobial effect in humans and
other animals. In contrast, most studies of probiotics targeting
viruses have involved in vitro assays related to probiotic activ-
ities against viral replication. Labadie et al. (30) reported that
Bifidobacterium is able to reduce the in vitro growth rate of
human HT-29 cells, thus favoring the expression of markers
involved in their differentiation into enterocyte-like cells. This
effect can contribute to reinforcing epithelial cell resistance to
virus-induced lysis in vivo. Another study revealed that probi-
otics can also block viral attachment by competitive inhibition
if they are able to bind viral receptors at the surface of intes-
tinal cells (6). Furthermore, Freitas et al. (18) reported that L.
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TABLE 5. Resistance obtained in MRS-C and MRS media with different levels of biliary salts, NaCl, and pH in strains
CECT 7210 and LGG*

% viable bacteria at:

Strain Biliary salts (Oxgall) concn (%)

NaCl concn (%) pH

0.5 1 2 3 2

3 6 8 10 15 2.0 3.0

CECT 7210 493 +45 519+10 56.7*73 573+155
LGG 33231 34506 427x24 489=x3.0

1002 =05 81.1=*=56 771=0.1
99217 995x12 843x15 311x47 95=x0.1

182+12 93+08 11.8+03
20x02

125+0.1 128 =0.1
11.2+04 111 %02

@ Strain CECT 7210 was cultured in MRS-C medium, and strain LGG was cultured in MRS medium.

casei DN114 001 and also a strain of Bacteroides thetaiotaomi-
cron can produce a compound that modulates the apical gly-
cosylation pattern of cells and thus partially protect epithelial
cells in vitro from rotavirus infection. In our study, the abilities
of six Bifidobacterium strains to reduce rotaviral infectivity in a
model system were evaluated in vitro. The strain with the best
in vitro results was selected for evaluation in an in vivo murine
model. Prior to the in vivo studies using a murine model, in
vitro assays were carried out to evaluate to what extent Bifido-
bacterium isolates interfered with the Wa strain of human
rotavirus in both MA-104 and HT-29 cell lines. Results showed
different inhibition effects in both cell lines. Moreover, when
cell cultures were incubated with bifidobacteria prior to infec-
tion, the inhibition percentages obtained were higher than
when the probiotic was previously incubated with the human
rotavirus Wa. These results indicate that the interaction of the
probiotic with the mammalian cell surface plays an important
role in the inhibition mechanism. This could be related to
previously discussed mechanisms (4, 6, 18, 30) and is probably
dependent on the infected cells. However, these reasons can-
not explain all the mechanisms involved in diminished infec-
tion, since infection levels decreased even when the probiotics
were added directly to the viral suspension. This fact suggests
the existence of several mechanisms that may be involved in
the antiviral effect of the probiotic strains, as suggested by
Boti¢ and coworkers (4).

Once the in vitro assays demonstrated that several strains
were capable of reducing rotavirus infection, the B. longum
subsp. infantis CECT 7210 strain was selected based on its
ability to inhibit virus infection in both cell lines. Furthermore,
this species has been described as one of the most abundant
species isolated from breast-fed-infant feces (24). In vivo stud-
ies were carried out in order to evaluate its capacity to protect
mice against experimental rotavirus infection with the murine
rotavirus strain McN, using the adult mouse model, in which
the end point is infection rather than illness (49). The results
obtained indicated that the administration of the CECT 7210
strain provided preliminary protection against the rotavirus

McN infection in the mouse model. Viral shedding in stools
was detected later and decreased faster in probiotic-fed mice
challenged with viral inocula than in control mice. Under these
experimental conditions, the protection afforded by the probi-
otic was insufficient to completely protect the mice against a
highly infectious rotavirus strain, such as the McN strain (33);
however, the differences observed in viral shedding between
mice given the probiotic and the control group were statisti-
cally significant. A similar reduction of McN rotavirus infec-
tivity in the mouse model has been described in animals given
bovine macromolecular whey proteins (3). However, further in
vitro and in vivo studies are needed in order to clarify the exact
mechanisms involved in the antiviral effect of the B. longum
subsp. infantis CECT 7210 strain.

The effects of the CECT 7210 strain on the immune response
were also analyzed in the murine model. Results showed a pre-
liminary increase in IgA antibody levels after oral administra-
tion of the strain. However, IgA antibody levels decreased
afterwards and, after 168 h, were similar to control group
levels. Increased IgA in the feces of infants receiving bifido-
bacteria has been widely described (19, 37). This increase in
local IgA levels after receiving the probiotic formula may con-
tribute to enhancement of mucosal resistance to gastrointesti-
nal infections.

With a view to its potential use as a probiotic, the B. longum
subsp. infantis CECT 7210 strain was screened for several
properties directly related to probiotic functions. First, the
capacity of the strain to withstand and colonize the digestive
system was evaluated. For this purpose, in vitro assays of re-
sistance to gastrointestinal juices, biliary salts, NaCl, and low
pH were performed, as well as in vivo studies of the capacity of
CECT 7210 to colonize the mouse intestinal tract. Resistance
levels to gastrointestinal juices, biliary salts, and NaCl were
similar to those for the commercial probiotic L. rhamnosus
GG. Regarding pH, the CECT 7210 strain displayed in vitro
sensitivity to acidic pH values during long time periods (24 h),
similar to L. rhamnosus GG. Nevertheless, different in vivo
conditions should be considered. First, the transit time of the

TABLE 6. Undesired metabolite detection in supernatants

Undesired metabolite level in supernatant

BSH activity

Strain Lactic acid (g/liter) (IU/ml of supernatant) Biogenic amine (mg/ml of supernatant)
p-Lactic acid L-Lactic acid Taurine Glycine Cadaverine Histamine Tyramine
CECT 7210 0.06 = 0.00 2.64 = 0.01 2.10 = 0.15 333 £0.11 0.01 = 0.00 0.00 = 0.00 0.11 = 0.01
LGG 0.68 = 0.06 12.10 = 2.05 0.00 = 0.00 0.15 = 0.02 0.93 £ 0.12 0.56 = 0.05 2.90 = 0.24
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TABLE 7. Body weight gains of mice during the study”

Dos . .
Group Immunosuppressed (CFU /(:;zuse) Weight gain (g)”
A No Placebo —0.4 (A)
B No 1% 10° -0.8 (B)
C Yes Placebo 1.3 (A)
D Yes 1% 10° 1.2 (B)

“ Body weight gains are the differences between the final and initial weights.
Values sharing the letter A inside parentheses are significantly different at a P
value of <0.0001; those sharing the letter B are significantly different at a P value
of 0.0022.

probiotic through the stomach, where such a low pH is
reached, does not usually take longer than 2 h, after which it
passes quickly into the small intestine, where the pH is neutral,
thus allowing bacterial growth. Second, the probiotic is in-
gested together with other compounds that can buffer the
effects of the gastric pH (42).

The adherence capacity to the intestinal mucus was also
analyzed, as some authors consider this a critical property for
probiotics (26). In this study, the value obtained for the B.
longum subsp. infantis CECT 7210 strain was the same as for L.
rhamnosus GG. Moreover, values obtained in the adhesion
assays with the CECT 7210 strain were comparable with those
obtained for other Bifidobacterium strains, including the com-
mercial strain B. longum (26).

Although in vitro assays are fast and convenient methods to
test gastric resistance and the adherence capacity of potential
probiotic strains, in vivo trials are essential to obtain a realistic
view of their capacity to withstand and colonize the intestinal
tract. Thus, in vivo studies were carried out using a murine
model. Results revealed increased bifidobacterial counts in
feces 10 h after the oral administration of B. longum subsp.
infantis CECT 7210. This demonstrated both the resistance of
the CECT 7210 strain to the gastric environment in an in vivo
model and the absence of probiotic colonization of the gut at
the levels of intake assayed. Consequently, there is need for
continued intake of the strain in order to colonize the intestine
to the extent necessary to maintain characteristic functional
benefits.

B. longum is included in the list of taxonomic units proposed
for QPS status (Qualified Presumption of Safety [15]), and
several strains of this species have been approved for use in
infant formulae by the Food and Drug Administration. How-
ever, in order to ensure the safety of the B. longum subsp.
infantis CECT 7210 strain, a detailed toxicological study was
carried out following the FAO/WHO recommendations (17).
Sensitivity to antibiotics was evaluated, and results were similar
to those previously reported for other bifidobacteria (7, 8).
Regarding the production of undesired metabolites, such as
lactic acid isomers, products of BSH activity, and biogenic
amines, results showed that production of the p-lactic acid
isomer was very low in comparison with L-lactic acid. Regard-
ing BSH activity, values obtained were on the same order as
those reported for other probiotics (46). Putrescine and hista-
mine were not detected in any case, and cadaverine and
tyramine levels were negligible compared with the maximum lev-
els recommended by FAO OMS. Finally, the acute ingestion
study of mice showed neither mortality nor morbidity, even in
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immunosuppressed mice. Furthermore, differences in bifido-
bacterial loads in organs and differences in histomorphology
between groups with or without bifidobacteria administration
were not statistically different. These results, together with the
safe background of species of the genus Bifidobacterium (34),
indicate that the B. longum subsp. infantis CECT 7210 strain
can be considered safe for human consumption, indicating the
convenience of proceeding to clinical trials in humans.

In conclusion, strain B. longum subsp. infantis CECT 7210
has been demonstrated to exert a direct in vitro effect on
rotavirus infection of the MA-104 and HT-29 cell lines. Fur-
thermore, in vivo trials in an animal assay have shown both
antiviral effects and an immunological enhancement tendency.
Moreover, characterization as a potential probiotic according
to strain-specific traits, as well as results regarding safety con-
siderations, have demonstrated that B. longum subsp. infantis
CECT 7210 fulfills the main criteria required for consideration
as a probiotic. Further studies will be carried out in order to
investigate the molecular basis of its capacity to inhibit rotavi-
rus. Also, human clinical trials are under way.
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