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Abstract
The use of in vitro systems that allow efficient selection of probiotic candidates with immunomodulatory properties could
significantly minimize the use of experimental animals. In this work, we generated an in vitro immunoassay system based on
porcine intestinal epithelial (PIE) cells and dextran sodium sulfate (DSS) administration that could be useful for the selection and
characterization of potential probiotic strains to be used in inflammatory bowel disease (IBD) patients. Our strategy was based on
two fundamental pillars: on the one hand, the capacity of PIE cells to create a monolayer by attaching to neighboring cells and
efficiently mount inflammatory responses and, on the other hand, the use of two probiotic bifidobacteria strains that have been
characterized in terms of their immunomodulatory capacities, particularly in mouse IBD models and patients. Our results
demonstrated that DSS administration can alter the epithelial barrier created in vitro by PIE cells and induce a potent inflamma-
tory response, characterized by increases in the expression levels of several inflammatory factors including TNF-α, IL-1α,
CCL4, CCL8, CCL11, CXCL5, CXCL9, CXCL10, SELL, SELE, EPCAM, VCAM, NCF2, and SAA2. In addition, we
demonstrated that Bifidobacterium breve M-16V and B. longum BB536 are able to regulate the C-jun N-terminal kinase
(JNK) intracellular signalling pathway, reducing the DSS-induced alterations of the in vitro epithelial barrier and differentially
regulating the inflammatory response in a strain-dependent fashion. The good correlation between our in vitro findings in PIE
cells and previous studies in animal models and IBD patients shows the potential value of our system to select new probiotic
candidates in an efficient way.
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Introduction

Inflammatory bowel disease (IBD) is a complex chronic in-
flammatory disorder that is considered a major public health
concerns worldwide [1–3]. Crohn’s disease (CD) and ulcera-
tive colitis (UC) are the predominant forms of IBD and are
characterized by relapsing and remitting inflammation of the
intestine. In susceptible individuals, the interaction of genetics
with a wide range of environmental factors triggers a cascade
of excessive and chronic inflammation, tissue damage, and
impaired intestinal function. In this regard, two common fea-
tures of IBD include the excessive apoptosis of intestinal ep-
ithelial cells (IECs) and the increased production of pro-
inflammatory cytokines [4, 5]. In particular, tumor necrosis
factor-α (TNF-α) has been found to be a major cytokine in
the pathogenesis of IBD. TNF-α plays a central role in induc-
ing apoptotic death in IECs, resulting in the destruction of
intestinal epithelial layers [6]. The importance of TNF-α in
IBD pathogenesis has been further underlined by the pro-
nounced clinical improvement in mucosal healing that is
achieved when anti-TNF-α antibody treatment is given to
patients [7]. Moreover, in the last decade, it has been shown
that the imbalance in pro- and anti-inflammatory cytokines
and the alteration of all processes that are regulated by them
in the intestinal mucosa are of fundamental importance in the
generation and development of IBD [8].

The uncontrolled inflammatory response and the related in-
testinal damage have been objects of study of scientists seeking
therapies to reduce IBD morbidities. In this regard, evidence
indicates that probiotic strains with immunomodulatory capabil-
ities are a realistic alternative as co-adjuvants in the therapy and
prevention of IBD conditions [9, 10]. Several studies have indi-
cated that immunomodulatory probiotic bifidobacteria strains are
an interesting alternative for IBD treatment. Bifidobacterium
animalis subsp. lactis BB12 has been shown to alleviate the
intestinal alterations induced by dextran sodium sulfate (DSS)
administration [11, 12]. The BB12 strain attenuated the reduction
of colon length and the damage to the surface epithelium by
diminishing the disruption of the cryptal glands and the apoptosis
of IECs. Those beneficial effects were related to the control of the
infiltration of inflammatory cells and the regulation of pro-
inflammatory cytokine production [11, 12]. In a 2,4,6-
trinitrobenzenesulfonic acid (TNBS)–induced colitis model, it
was demonstrated that the administration of B. bifidum 231 to
animals was able to reduce the intestinal inflammatory damage
by reducing the levels of lipid peroxidation, nitric oxide (NO),
and interleukin (IL)-1β and increasing the levels of glutathione
and IL-10 [13]. It was also reported that B. animalis subsp. lactis
CNCM-I2494 restored barrier function by normalizing the ex-
pression levels of several tight junction proteins, goblet cell pop-
ulations, and intestinal cytokines in a model of dinitrobenzene
sulfonic acid (DNBS)–induced colitis [14]. Furthermore, the
CNCM-I2494 strain also restored the Th1/Th2 ratio within the

CD4+ T cell populations in both the spleen and the mesenteric
lymph nodeswith subsequent increased production of IL-4, IL-5,
and IL-10 that diminished Th1-mediated inflammation. These
examples clearly show the potential of probiotic bifidobacteria
to beneficially regulate both the innate and adaptive immune
responses in the IBD context.Moreover, as has been demonstrat-
ed for several probiotic properties, the ability of bifidobacteria to
positively influence the intestinal epithelial barrier and the im-
mune responses is a strain-dependent characteristic. For example,
while B. longum subsp. longum CCDM 372 confers no protec-
tion against acute DSS-induced colitis, its close relative
B. longum CCM 7952 improves epithelial barrier functioning
and prevents disease development [15]. Considering that the
beneficial effect of probiotics is a strain-dependent property, it
is necessary to search for strains that exert the optimal effect.

The efficacy of IBD treatments including probiotics has
been tested mainly in mouse models [9]. Although no single
murine model can fully represent all the complex features
involved in human IBD, scientists can choose their colitis
model based on the specific biological process they wish to
explore. For example, the colitis models based on the admin-
istration of DSS are useful for the study of epithelial barrier
function as well as barrier restoration following acute inflam-
mation [16, 17]. Other models are needed if immune cell
recruitment [18], Th1 or Th2 responses [9], or intestinal
dysbiosis [19] is the focus of research. The use of these murine
models has allowed selection and characterization in terms of
their mechanisms of action of various probiotic strains with
potential application in patients with IBD. However, the re-
duction in animal testing has become a central topic of debate
in the scientific community [20]. Therefore, strategies that will
result in fewer animals being used to obtain sufficient data to
answer a research question or in maximizing the information
obtained per animal and thus potentially limiting or avoiding
the subsequent use of additional animals, without compromis-
ing animal welfare, are urgently needed.

In vitro immunoassay systems that allow an efficient selec-
tion of probiotic candidates could significantly minimize the
use of murine models. Because of the anatomical and func-
tional similarities of human and porcine intestine, pig has been
considered an attractive model to study mechanisms involved
in intestinal diseases. In this regard, in vitro immunoassay
systems based on the use of an originally porcine intestinal
epithelial (PIE) cell line have been developed by our group
[21–23]. We reported that PIE cells show epithelial-like mor-
phology and create a monolayer attaching to neighboring cells
[21, 22, 24]. In addition, we demonstrated that PIE cells ex-
press active forms of several pattern recognition receptors
(PRRs) including Toll-like receptor (TLR)-3 [22] and TLR4
[23]. Therefore, these cells are able to mount innate immune
responses against beneficial and pathogenic microorganisms
as well as several microbial-associated molecular patterns
(MAMPs) [25–27]. In this work, we hypothesized that these
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characteristics of PIE cells can give us the possibility of
conducting in vitro studies to evaluate the epithelial barrier
function, the innate immune response, and the influence of
immunomodulatory bifidobacteria on those parameters, in
the context of DSS challenge. For this purpose, we selected
two bifidobacteria strains that were shown to exert immuno-
modulatory effects in the context of IBD. B. breveM-16Vwas
shown to reduce the intestinal inflammatory damage in DSS-
treated weaning rats [28], while B. longum BB536 was shown
to induce clinical remission in patients with UC by reducing
inflammatory factors [29, 30].

Materials and Methods

Porcine Intestinal Epithelial Cells

The PIE cell line was originally established by our group from
intestinal epithelia derived from an unsuckled neonatal piglet.
[21]. The PIE cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) enrichedwith 10% fetal calf serum,
100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco,
Thermo Fisher Scientific Co.) and plated into collagen
(Type III)-coated 250 ml flasks (Sumilon, Tokyo, Japan).
After reaching confluence, the plate was washed twice with
PBS and treated with buffer containing 0.1 M Na2HPO4·
12H2O, 0.45 M sucrose, 0.36% EDTA 4Na, and BSA at
37 °C for 5 min. Then, PIE cells were treated with a trypsin
solution containing 0.25% trypsin and 0.02%EDTA in PBS at
37 °C for 3 min, and the cells were collected by centrifugation
(1000×g for 5 min at 4 °C). After counting their numbers, PIE
cells were seeded in a new flask, and after overnight culture,
the supernatant was removed and fresh DMEMwas added for
subsequent culturing. At least three consecutive passages were
performed before the challenge experiments were conducted.

Immunomodulatory Effect of Bifidobacteria in PIE
Cells

Two bifidobacterial strains were used for the present study:
Bifidobacterium longum subsp. longum BB536 and
Bifidobacterium breve M-16V. Both bacteria were isolated
from the fecal samples of healthy babies [29, 31] and were
selected because of their immunomodulatory properties in the
context of IBD [28–30]. Cultures were kept freeze-dried and
then rehydrated using the following medium: tryptone, 10.0 g;
meat extract, 5.0 g; peptone, 15.0 g; and distilled water, 1 l,
pH 7. Bacteria were cultured for 12 h at 37 °C (final log phase)
inMan-Rogosa-Sharpe broth (MRS, Oxoid, Cambridge, UK).
Bifidobacteria were harvested through centrifugation at
3000×g for 10 min, washed 3 times with sterile 0.01 mol/l
phosphate buffer saline (PBS), pH 7.2, and suspended in ap-
propriate medium for further experiments.

PIE cells were seeded at 3 × 104 cells per well in 12-well
type I collagen-coated plates (Sumitomo Bakelite Co., Tokyo,
Japan) and cultured for 3 days as explained before. After
changing the medium, bifidobacteria (5 × 108 cells/ml) were
added, and 48 h later, each well was washed vigorously with
medium at least three times to eliminate all stimulants. Then,
cells were stimulated with 5000 Da of DSS dissolved in
DMEM and sterilized using DISMIC 25AS 0.45 μm
(ADVANTEC, Tokyo, Japan). DSS 0.01% was used for the
evaluation of transepithelial electrical resistance, flow cytom-
etry, Western blot, and qRT-PCR as described below. PIE cell
viability was measured by a commercially available kit (Cell
Titer 96™ AQueous, Promega, Madison, USA) based on the
physiologic reduction of MTS to formazan.

Assessment of Intestinal Epithelial Barrier Function

Transepithelial electrical resistance (TER) was used as a mea-
sure of barrier function in confluent PIE cell monolayers after
challenge with 5000 Da of DSS. For growth on porous filters,
PIE cells were grown in DMEM and plated at 1.0 × 106 cells
on 0.4-μm PTFE membranes (Corning, NY, USA). Cellular
TEERs were measured with an electrical resistance system, a
Millicell ERS-2 Voltohmmeter (MerckMillipore, MA, USA).
Cells with stable TER readings > 500 øcm were used (4–
5 weeks post plating). To evaluate the stimulus effect on the
epithelial barrier, TEER was measured at baseline and after
48 h of stimulation. The blank measurements (transwell with-
out a cell monolayer) were subtracted from TEER values of
each experimental condition and were adjusted for the filter
surface (0.3 cm2). The values were expressed as ohms per
square centimeter. The results represent the percentage of final
TER increases with respect to their basal TER value.

Apoptosis Evaluation

The GFP-CERTIFIED Apoptosis/Necrosis detection kit
(Enzo Life Sciences, Farmingdale, NY, USA) was used to
evaluate apoptosis in DSS-challenged PIE cells. The cells
(6.0 × 104 cells/2 ml) were seeded in Celtite C-1 collagen-
coated 6-well plates (SUMILON, Tokyo, Japan) and cultured
at 37 °C and 5% CO2. Apoptosis-positive controls were gen-
erated by the treatment of PIE cells with 1 mM staurosporine
for 4 h. After stimulation, 1 ml of epithelial buffer was added
to each well and incubated for 3 min. Cells were detached by
adding 500 μl of trypsin for 1 min and centrifugation at
800 rpm for 5 min. The cell pellets were washed with PBS,
mixed with Dual Detection Regent, and kept at room temper-
ature for 15 min in the dark. The measurement was performed
with BD Accuri C6 Plus (BD, NJ, USA) and analyzed with
FLOWJO (FLOWJO, OR, USA).

Caspase 3/7 was evaluated by using the CellEvent
Caspase-3/7 Green Flow Cytometry Assay Kit (Thermo
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Fisher Scientific, MA, USA). PIE cells (6.0 × 104 cells/2 ml)
were treated with 1 μl of CellEvent Caspase-3/7 Green
Detection Reagent and incubated at 37 °C for 25 min in the
dark. Then, 1 μl of SYTOX AADvanced reagent was added
and incubated at 37 °C for 5 min in the dark. Themeasurement
was performed with BD Accuri C6 Plus (BD, NJ, USA) and
analyzed with FLOWJO (FLOWJO, OR, USA).

Western Blot Analysis

PIE cells were stimulated with bifidobacteria (5.1 × 108 cells/
well) for 48 h. Then, the cells were washed three times with
DMEM to eliminate the bacteria and subsequently challenged
with 0.1% DSS for 0, 10, 20, 30, and 60 min. The PIE cells
were washed and re-suspended in 200 μl of Cell Lytic M cell
lysis reagent (Sigma-Aldrich, St. Louis, MO, USA) contain-
ing protease and inhibitors of phosphates (Complete mini,
PhosSTOP, Roche, Mannheim, Germany). Cells were trans-
ferred to 1.5 ml Eppendorf tubes and kept at 95 °C for 5 min in
a water bath. The concentration of protein was estimated using
a BCA assay kit (Pierce, Rockford, IL). The lysed samples
(8 μg/sample) were loaded on 10% SDS-polyacrylamide gels,
and separated proteins were transferred electrophoretically to
a nitrocellulose membrane. The cells were rinsed with PBS
and then lysed in RIPA buffer (PBS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% SDS) with protease inhibitor
cocktail (Sigma Chemical Co.) at 4 °C. Total cell lysates were
separated with 8% SDS-polyacrylamide gel electrophoresis
and transferred to PVDF membrane.

Jun N-terminal protein kinase (JNK) was evaluated using
anti-phosphorylated JNK antibodies (Santa Cruz Biotech).
Blots were developed using an ECL Western blotting detection
reagent kit (Amersham Pharmacia Biotech, Inc., Piscataway,
NJ). The optical protein bands were detected by ECF substrate
(GEHealthcare Japan Co., Tokyo, Japan) and estimated from the
peak area of a densitogram by using ImageJ software (National
Institute of Health, Bethesda, MD, USA).

Intracellular Ca2+ Flux in PIE Cells

Intracellular calcium mobilization was measured using the Fluo-
4 Direct™ Calcium Assay Kits from Invitrogen according to the
manufacturer’s instructions (Dojindo, Kumamoto, Japan) as de-
scribed previously [32]. Briefly, PIE cells were plated in 96-well
white-walled plates and grown to 90% confluence. Cells were
serum-starved overnight and loaded with cell-permeant Fluo-4-
AM diluted in calcium-free Hanks’ balanced salt solution sup-
plemented with 20 mmHEPES buffer provided by the manufac-
turer. Intracellular calcium flux was measured by fluorescence
spectroscopy every 5 s for a total of 220 s (Victor2 Wallac,
PerkinElmer Life Sciences). Background fluorescence was mea-
sured 30 s before addition of DSS, and the average background
was subtracted from each value.

Two-step qRT-PCR

Total RNA was isolated from each cell sample using TRIzol
reagent (Invitrogen). Briefly, 100 μl of chloroform was added
to samples and stirred. After 3 min standing, samples were
centrifuged at 15,000 rpm, 15 min, 4 °C. The upper layer
(water layer) was collected and mixed with the same amount
of isopropanol. After standing for 10 min, samples were cen-
trifuged at 15000 rpm, 15 min, and 20 °C. Supernatants were
eliminated, and pellets were washed with 75% ethanol. After
centrifugation (15,000 rpm, 15 min, 4 °C), the supernatants
were eliminated, and pellets were dried in a 50 °C block in-
cubator. Then, samples were diluted with DEPC water.
Concentration and purity were measured by a NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, NC, USA).

DNAs were synthesized using a Quantitect reverse tran-
scription (RT) kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s protocol. Real-time quantitative polymerase
chain reaction (PCR) was performed with an Applied
Biosystems Real-time PCR System 7300 (Applied
Biosystems, Warrington, UK) and the Platinum SYBR
Green qPCR SuperMix-UDG (uracil-DNA glycosylase) with
ROX (6-carboxyl-X-rhodamine) (Invitrogen). The primers for
immune factors and β-actin are provided in Supplementary
Table 1 or were described previously [25, 26]. The PCR cy-
cling conditions were 5 min at 50 °C, followed by 5 min at
95 °C, and then 40 cycles of 15 s at 95 °C, 30 s at 60 °C, and
30 s at 72 °C. The reaction mixtures contained 2.5 μl of sam-
ple cDNA and 7.5 μl of master mix, which included the sense
and antisense primers. According to the minimum information
for publication of quantitative real-time PCR experiment
guidelines, β-actin was used as a housekeeping gene because
of its high stability across various porcine tissues [25, 26]. The
expression of β-actin was used to normalize cDNA levels for
differences in total cDNA levels in the samples.

Statistical Analysis

Statistical analysis was performed using GLM procedures of
the SAS computer program. Mean values of relative mRNA
or protein expression or mean fluorescence were compared
using the Bonferroni correction and multicomparison tests.
Differences were considered significant at P < 0.05.

Results

Immunomodulatory Bifidobacteria Diminish the DSS-
Triggered Epithelial Barrier Alterations In vitro

In preliminary studies, we evaluated the response of PIE cell
monolayers to challenge with different concentrations of DSS
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for 1, 3, or 6 h in terms of their viability. A dose-dependent
effect was observed in the viability of PIE cells after the chal-
lenge with DSS, and no significant differences were found
when 1, 3, and 6 h of stimulation were compared within the
same dose of DSS (data not shown). Then, we selected 0.01%
DSS for 6 h for our studies.

To evaluate the effect of immunomodulatory bifidobacteria,
PIE cells were treated with the bacteria and stimulated with DSS,
and their viability and the TER index were evaluated (Fig. 1).
DSS stimulation significantly reduced the viability and the TER
index of PIE cells when compared with unchallenged controls.
However, PIE cells pre-stimulated with B. longum BB536 or
B. breveM-16V showed improved cell viability and significantly
higher values of the TER index than DSS controls (Fig. 1).
Moreover, bifidobacteria-treated PIE cells had normal values of
the TER index after the stimulation with DSS.

We also evaluated the effect of DSS in the induction of
apoptosis in PIE cells. We performed flow cytometry studies
using Annexin V as a probe for phosphatidylserine on the
outer membrane of apoptotic cells as well as caspase 3/7
(Fig. 1). It was observed that DSS administration significantly
increased apoptotic cells and the levels of caspase 3/7 when

comparedwith unchallenged controls. However, the apoptosis
induced by DSS was lower than that found in PIE cells treated
with the well-known apoptosis inductor staurosporine (Fig. 1).
Of note, the induction of apoptotic cells by DSS in
bifidobacteria-treated PIE cells was significantly lower than
that in DSS controls and resembled that found in unchallenged
PIE cells when Annexin V was used (Fig. 1). However, only
B. breveM-16V-treated PIE cells showed levels of caspase 3/
7 that were lower than those of DSS controls, while no differ-
ences were found between DSS controls and B. longum
BB536-treated PIE cells (Fig. 1).

Immunomodulatory Bifidobacteria Differentially
Regulate the JNK Pathway in DSS-Challenged PIE Cells

The activation of C-jun N-terminal kinase (JNK) (Fig. 2) and
intracellular Ca2+ mobilization (Fig. 3) were evaluated in PIE
cells challenged with DSS. It was observed that the phosphor-
ylated JNK (p-JNK) protein was increased in control PIE cells
between 10 and 20 min (relative index of 3.2 in the peak) after
DSS challenge (Fig. 2). The p-JNK returned to basal levels
after 30 min in control DSS-challenged PIE cells. An earlier
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Fig. 1 Effect of immunomodulatory bifidobacteria strains on the in vitro
epithelial barrier alterations induced by dextran sodium sulfate (DSS)
administration. Porcine intestinal epithelial (PIE) cells were stimulated
with Bifidobacterium breve M-16V and B. longum BB536 (5 ×
108 cells/ml) for 48 h and then challenged with 0.01% DSS for 6 h. PIE
cells challenged only with DSS were used as controls. Cell viability,
transepithelial electrical resistance (TER), apoptosis, and caspase 3/7

expression were determined in PIE cells after challenge with DSS. TER
index values before and after DSS challenge are indicated with white and
black bars, respectively. The results represent three independent experi-
ments. Significant differences when compared with the DSS control
group: *P < 0.05, **P < 0.01. Significant differences between the indi-
cated groups: †P < 0.05
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and lower increase (relative index of 1.7 in the peak) in p-JNK
levels was detected in B. breve M-16V-treated PIE cells after
DSS stimulation (Fig. 2). Moreover, in this experimental
group, a significant reduction in the level of p-JNK was ob-
served between 30 and 60 min. In B. longum BB536–treated
PIE cells, the DSS challenge only induced a modest increase
in the level of p-JNK after 60 min (Fig. 2).

The treatment of PIE cells with the immunomodulatory
bifidobacteria strains did not induce modifications in the in-
tracellular Ca2+ fluxes (Fig. 3). DSS stimulation significantly
increased the intracellular Ca2+ fluxes in PIE cells in all ex-
perimental groups. However, lower intracellular Ca2+ fluxes
were detected in bifidobacteria-treated PIE after DSS chal-
lenge when compared with controls (Fig. 3).

Immunomodulatory Bifidobacteria Differentially
Regulate the DSS-Triggered Inflammatory Response
in PIE Cells

Finally, we aimed to determine immune gene expression
changes induced by DSS in PIE cells. For this purpose,
qRT-PCR was performed to evaluate cytokines (TNF-α, IL-
1α, TGF-β), chemokines (CCL4, CCL8, CCL11, CXCL5,
CXCL9, CXCL10), and adhesion molecules (SELL, SELE,
EPCAM, VCAM), as well as NCF1, NCF2, PPARγc,
PPARα, and SAA2.

The challenge of PIE cells with DSS significantly increased
the expression of TNF-α, IL-1α, and all chemokines evaluat-
ed when compared with unchallenged cells (Fig. 4). In B.
longum BB536–treated PIE cells, the expression levels of
TNF-α, CCL4, CCL8, CCL11, CXCL9, and CXCL10 were
significantly lower than those in DSS controls. In addition,
BB536-treated PIE cells had IL-1α expression levels that
were higher than those in controls (Fig. 4). In B. breve
M-16V–treated PIE cells, the expression levels of TNF-α,
IL-1α, CCL4, CCL8, and CCL11 were significantly lower
than those in DSS controls. In contrast, M-16V-treated PIE
cells had CXCL5 and CXCL10 expression levels that were
higher than those in DSS controls (Fig. 4). No significant
variations in the expression of TGF-β were found when the
different experimental groups were compared with unchal-
lenged PIE cells (Fig. 4).

As shown in Fig. 5, significantly higher expression levels
of SELL, SELE, VCAM, and EPCAM were found when PIE
cells stimulated with DSS were compared with unchallenged
cells. The expression levels of SELL and EPCAM in
bifidobacteria-treated PIE cells were higher and lower than
the DSS controls, respectively. No significant variations in
the express ion of VCAM were found when the
bifidobacteria-treated cells were compared with DSS control
PIE cells (Fig. 5). In addition, in B. breveM-16V-treated PIE
cells, the expression levels of SELE were significantly lower
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than those in DSS controls, while B. longum BB536 induced
no modification of this parameter (Fig. 5).

DSS stimulation also induced increases in the expression
levels of NCF1, NCF2, PPARα, and SAA2 when compared
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with basal levels (Fig. 5). Lower expression levels of SAA2
andNCF2were found in bifidobacteria-treated PIE cells when
compared with DSS control cells. No significant variations in
the expression of PPARγc were found when the different
experimental groups were compared with unchallenged PIE
cells (Fig. 5). In addition, no significant differences in the
expression of NCF1 or PPARα were found when the
bifidobacteria-treated groups were compared with DSS con-
trol PIE cells (Fig. 5).

Discussion

Murine models have allowed a significant improvement in our
understanding of the cellular and molecular mechanisms in-
volved in the development and progression of IBD.Moreover,
these models have been key for finding therapies aimed at
alleviating the physiological alterations produced by the dis-
ease, including the selection and characterization of probiotic
candidates [9]. In this regard, one of the most important fea-
tures of IBD is the alteration of the epithelial barrier function
and the subsequent generation of uncontrolled inflammatory
responses that further damage the intestinal mucosa [4, 5].
DSS-induced colitis models have been successfully used to
reproduce those alterations and to evaluate therapeutic

alternatives aimed at reducing them, including probiotics
[16, 17]. However, because of the urgent need for strategies
to minimize the numbers of animals being used in biomedical
research, the development of highly efficient in vitro systems
for probiotic evaluation is mandatory.

In this work, we generated an in vitro immunoassay system
based on PIE cells and DSS administration that could be used
for the selection and characterization of probiotic strains to be
used in IBD patients. Our strategy was based on two previous
findings: on the one hand, the capacity of PIE cells to create a
monolayer by attaching to neighboring cells and efficiently
mount inflammatory responses and, on the other hand, the
use of two bifidobacteria strains that have been previously
characterized in terms of their immunomodulatory capacities,
particularly in IBD [28–30]. Our results clearly demonstrated
that DSS administration can alter the epithelial barrier created
in vitro by PIE cells and induce a potent inflammatory re-
sponse. In addition, we demonstrated that B. breve M-16V
and B. longum BB536 are able to reduce the DSS-induced
alterations of the in vitro epithelial barrier and to differentially
regulate the inflammatory response in a strain-dependent fash-
ion (Fig. 6).

B. breve M-16V is an immunomodulatory bacterial strain
that possesses a long tradition of use in neonatal intensive care
units in some countries [28, 31, 33]. Transcriptomic
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microarray–based studies in neonatal and weaning rats dem-
onstrated the anti-inflammatory effects of the M-16V strain
[34]. Interestingly, the study also reported an upregulation in
the expression of the claudin 1 gene, which is a major constit-
uent of the tight junction complexes, indicating the ability of
the M-16V strain to reinforce the epithelial barrier.
Furthermore, by using a model of DSS administration in
weaning rats, it was demonstrated that B. breve M-16V sig-
nificantly improved body weight, reduced the disease activity
index score, and repressed the intestinal inflammation severity
and inflammation extent [28]. In this model, DSS increased
the levels of intestinal TNF-α, IL-1α, IL-1β, MCP-1, and
CX3CL1, and M-16V treatment was able to significantly re-
duce the production of IL-1β and CX3CL1. On the other
hand, B. longum BB536 has been shown to be beneficial in
patients with UC [29, 30]. It was reported that a higher pro-
portion of patients with UC treated with the BB536 strain
experienced clinical remission when compared with those re-
ceiving a placebo [30]. In addition, reduced levels of mucosal
inducible inflammatorymarkers, including humanβ defensin,
TNF-α, and IL-1α, were found in patients treated with the
BB536 strain [29]. It was also reported that the administration
of B. longum BB536 to mice resulted in increased gene ex-
pression of tight junction molecules (claudin 1 and ZO-1)
[35]. In this work, we have advanced in the characterization
of the beneficial effects of both B. breve M-16V and B.
longum BB536 in the context of IBD by demonstrating
in vitro their ability to differentially modulate the response
of IECs to challenge with DSS.

Over the last few decades, studies on human intestinal tissue
and in vivo mouse models have established epithelial barrier
function, immune regulation, and tissue repair as key pillars of
intestinal homeostasis controlling the host-microbe dialogue.
Breakdown of these pathways and the cytokine networks by
which they are regulated are a characteristic of IBD [8].

Apoptosis of IECs is a tightly regulated process in the normal
intestinal epithelium, and increased cell death has been detected
at inflammatory sites in both patients with IBD and a mouse
model of colitis [4, 5]. Inflammatory cytokines play a central
role in inducing apoptotic death in IECs, resulting in the de-
struction of intestinal epithelial layers [6]. Here, wewere able to
reproduce in vitro those relevant characteristics of the intestinal
mucosa of IBD patients. In our hands, DSS administration to
PIE cells significantly increased the numbers of apoptotic cells
and diminished the TER index, indicating a clear alteration of
the epithelial barrier. Moreover, gene expression studies re-
vealed increased levels of TNF-α and IL-1α in DSS-
challenged PIE cells that could be involved in epithelial dam-
age. In this regard, earlier studies in T cell transfer colitis
models showed increased amounts of TNF-α on the intestine,
while TNF-α neutralization resulted in an attenuation of dis-
ease [36]. On the other hand, the deletion of the inflammasome
component caspase-1 prevents the release of IL-1β and IL-18
and ameliorates DSS-induced colitis in mice [37]. Both
B. breve M-16V and B. longum BB536 were able to suppress
the alterations of the TER index and reduce the apoptosis of
PIE cells. However, studies evaluating the expression of cas-
pase 3/7 indicated that B. breveM-16V could be more efficient
than the BB536 strain for reducing IEC apoptosis. This finding
could be related to the differential ability of bifidobacteria to
regulate TNF-α and IL-1α expression in DSS-challenged PIE
cells. While the M-16V strain reduced the expression of both
cytokines, B. longum BB536 only decreased TNF-α expres-
sion (Fig. 6). In line with our findings, it was shown that ex-
cessive TNF-α alters epithelial integrity and induces apoptosis
in IECs, thus weakening barrier function [38, 39]. In addition,
the IL-1 family cytokines IL-1β and IL-18 are produced by
IECs and can act in a paracrine manner, exerting major epithe-
lial barrier alterations through disruption of the maturation and
function of IECs [40].
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The ability of IECs to secrete chemokines in response to
injury allows them to play an active role in shaping the nature
of the local immune response. Following epithelial damage,
there is a shift in the local mucosal immune system away from
regulation and towards pro-inflammatory responses [41]. In
the pathogenesis of IBD, chronic inflammation is driven and
sustained in part by an increased production of chemokines
from inflamed epithelium [42]. In this work, the challenge of
PIE cells with DSS significantly increased their expression of
CCL4, CCL8, CCL11, CXCL5, CXCL9, and CXCL10 as
well as the adhesion molecules SELL, SELE, EPCAM, and
VCAM, highlighting the role of IECs in the recruitment and
activation of inflammatory leukocytes in IBD. Of note,
bifidobacteria treatments were able to differentially regulate
chemokines and adhesion molecule expression in DSS-
challenged PIE cells. Interestingly, our experiments indicated
that B. longum BB536 was more efficient than B. breve M-
16V in reducing chemokine expression in PIE cells. Our re-
sults are in line with previous studies in the DSS model that
revealed the ability of the M-16V strain to modulate the ex-
pression of only some chemokines [28]. It would be of value
to evaluate the effect of both immunomodulatory
bifidobacteria on the recruitment and activation of leukocytes
and the connection of this effect to protection against intestinal
damage in comparative studies in vivo. This is an interesting
line of research that would allow us to advance the knowledge
of the cellular mechanisms involved in the beneficial effects of
bifidobacteria in IBD.

We also found that DSS challenge increased the expression
of NCF2 and SAA2 and that both bifidobacteria strains were
able to reduce those factors in DSS-challenged PIE cells.
Genetic mutations in genes encoding components of the nic-
otinamide adenine dinucleotide phosphate (NADPH) oxidase
complex result in the development of chronic granulomatous
disease, which is often characterized by an intestinal inflam-
mation that is histologically similar to CD [43]. It was reported
that a missense variant in the NCF2 gene, which codes for a
cytosolic subunit of the multiprotein NADPH oxidase com-
plex, predisposes patients to very early onset of IBD [44].
Although the NADPH oxidase complex is particularly impor-
tant in phagocytes function, and alterations of the NCF2 gene
result in a defective neutrophil respiratory burst, it has also
been demonstrated that the epithelial NADPH system is in-
volved in the pathogenesis of IBD. Studies in primary cultures
of human colonic epithelial cells isolated from patients with
active CD showed increased NADPH oxidase activity and
overproduction of reactive oxygen species that contributed
to epithelial damage [45]. In addition, microarray and quanti-
tative PCR analyses performed in IECs isolated from mice
challenged with DSS demonstrated alterations in the levels
of miRNA directed to NCF2, indicating that the posttranscrip-
tional regulation of this gene is altered, contributing to inflam-
mation of the intestinal mucosa [46]. On the other hand, SAA

is a non-specific acute-phase protein secreted in response to
cytokines such as TNF-α, IL-6, and IL-1 [47]. The evaluation
of serum concentrations of SAA has been suggested as a bio-
marker of disease activity in CD since high circulating SAA
levels correlated with lack of mucosal healing [48]. Moreover,
it was demonstrated that SAA participates in the inflammatory
process in IBD by virtue of its ability to activate NF-κB sig-
nalling in IECs and improve the expression of pro-
inflammatory cytokines [49]. The good correlation between
these previous studies and our in vitro findings in PIE cells
shows the potential value of our system to select new probiotic
candidates in an efficient way.

JNK is an intracellular signalling factor that has been re-
ported to be activated in the intestine of human IBD patients
[50, 51]. The phosphorylation of JNK in the intestinal epithe-
lium has been linked to the reduction of tight junction strength
[52], the expression of pro-inflammatory cytokines such as
IL-6 and TNF-α [53], and the induction of apoptosis [54]. In
our in vitro model, a clear activation of the JNK pathway was
observed in PIE cells after challenge with DSS. Moreover, we
found that both B. longum BB536 and B. breve M-16V were
able to differentially modulate the activation of this pathway,
although strain-dependent differences were found. B. longum
BB536 was more efficient than the M-16V strain at inhibiting
the JNK pathway. Taking into consideration that both immu-
nomodulatory bifidobacteria were equally effective at modu-
lating TER alterations, and that the BB536 strain was more
and less efficient at regulating inflammatory chemokine ex-
pression and apoptosis, respectively; when compared with the
M-16V strain (Fig. 6), it can be concluded that other signalling
pathways should be involved in the beneficial effects of
bifidobacteria. In this sense, we previously evaluated the in-
teraction of B. breve M-16V and B. longum BB536 with PIE
cells and demonstrated that these bacteria are able to interact
with TLR2 and upregulate the expression of negative regula-
tors of the TLR signalling pathway. In this way, both strains
modulate the subsequent TLR4 activation by reducing the
activation of ERK and NF-κB pathways and the expression
of inflammatory cytokines and chemokines [55].
Interestingly, B. longum BB536 efficiently inhibited the
NF-κB pathway, while B. breve M-16V was more active in
the inhibition of the ERK pathway. It is tempting to speculate
that in the context of DSS stimulation, the regulation of the
JNK and NF-κB pathways induced by B. longum BB536
significantly impacts the expression of inflammatory
chemokines, while the regulation of the JNK and ERK path-
ways induced by B. breve M-16V efficiently modulates apo-
ptosis of PIE cells. Further molecular studies are needed to
clarify the strain-dependent effects. In addition, these results
raise the question of whether a combined treatment with both
immunomodulatory bifidobacteria strains would be much
more effective than individual treatments to exert a beneficial
effect in vivo.
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Conclusion

In this work, we demonstrated that DSS administration can
alter the epithelial barrier created in vitro by PIE cells and
induce a potent inflammatory response, characterized by acti-
vation of the JNK signalling pathway, the induction of apo-
ptosis, and increases in several inflammatory factors including
TNF-α, IL-1α, CCL4, CCL8, CCL11, CXCL5, CXCL9,
CXCL10, SELL, SELE, EPCAM, VCAM, NCF2, and
SAA2. In addition, we demonstrated that the immunomodu-
latory strains B. breveM-16V and B. longum BB536 are able
to regulate the JNK pathway in PIE cells, reducing the DSS-
induced alterations of the in vitro epithelial barrier and differ-
entially regulating the inflammatory response in a strain-
dependent fashion. The good correlation between our
in vitro findings in PIE cells and previous studies in animal
models and IBD patients shows the potential value of our
system to select new probiotic candidates. Further compara-
tive studies that involve the use of bifidobacteria of the same
species as those evaluated here and that do not have beneficial
effects on the inflammatory response and/or the epithelial bar-
rier in IBD models would be of great importance to position
our in vitro system as a useful tool in the selection of potential
probiotics for UC or CD.
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