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Abstract Significant health benefits have been demonstrated for certain probiotic strains through intervention
studies; however, there is a shortage of experimental evidence relative to the mechanisms of action. Here, noninvasive experimental procedure based on a colon organ
culture system has been used that, in contrast to most
experimental in vitro models reported, can preserve natural
immunohistochemical features of the human mucosa. This
system has been used to test whether commensal lactobacilli (Lactobacillus paracasei BL23, Lactobacillus plantarum 299v and L. plantarum 299v (A-)) were able to
hinder inflammation-like signals induced by phorbol
12-myristate 13-acetate (PMA)/ionomycin (IO). Whole
genome microarrays have been applied to analyze expression differences, from which mRNA markers could be
inferred to monitor the effect of putative probiotic strains
under such conditions. Regarding the gene expression,
PMA/IO treatment induced not only interleukin (IL)-2 and
interferon gamma (IFN-c), as expected, but also other
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relevant genes related to immune response and inflammation, such as IL-17A, chemokine (C-X-C motif) ligand
(CXCL) 9 and CXCL11. The ex vivo culturing did not
modify the pattern of expression of those genes or others
related to inflammation. Interestingly, this study demonstrated that lactobacilli downregulated those genes and
triggered a global change of the transcriptional profile that
indicated a clear homeostasis restoring effect and a
decrease in signals produced by activated T cells.
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Introduction
Some commensal bacteria isolated from body fluids or
feces with beneficial effects for the host are used as probiotics in food or nutritional supplements preparation.
Their effect on human health has been frequently demonstrated through properly designed intervention studies that
made them clinically reliable for the prevention or symptom attenuation of specific diseases (Gill and Guarner
2004). However, their mechanisms of action are largely
unknown and a great amount of experimental work is
currently devoted to this aim through the application of
powerful molecular techniques in different experimental
models. Human intervention trials and studies using animal
models could show that certain probiotic strains exert
protective effects in chronic intestinal inflammation
(reviewed in Hormannsperger and Haller 2010; Mileti et al.
2009). Different strains may have different forms of
interaction with immune and nonimmune cells (Latvala
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et al. 2008; Mileti et al. 2009), and therefore, their appropriateness has to be specifically determined. Some probiotic strains maintain or restore the epithelial barrier
function after pathogen challenge (Otte and Podolsky
2004) or proinflammatory cytokine stimulus (Resta-Lenert
and Barrett 2006), and others alter the capacity of intestinal
epithelial cells (IEC) to release proinflammatory mediators
or directly modify immune cell activity. Studies using IEC
cultures have shown the downregulation of the secretion of
the proinflammatory chemokine IL-8 (Frick et al. 2007;
Kamada et al. 2008; Ma et al. 2004; O’Hara et al. 2006)
and other NF-jB regulated chemokines, such as MCP-1
(Petrof et al. 2009) or CCL-20 (Sibartie et al. 2009), as well
as a mechanism for the inhibition of IP-10 secretion. Also,
a number of works demonstrated that probiotic bacteria
directly interacting with immune cells elicit a differential
cytokine production, thereby driving the polarization of T
cells toward Th1, Th2, Th17 or regulatory T cells (Foligne
et al. 2007a, b; Kekkonen et al. 2008; Latvala et al. 2008).
With the aim of disclosing underlying in vivo mechanisms, transcriptomic approaches have been recently
applied to study signaling pathways stimulated in the gut
mucosa by probiotics in animal models (reviewed in
Hormannsperger and Haller 2010). Important information
has also been obtained in studies that used human biopsies
after probiotic administration for transcriptomic analyses.
The administration of Lactobacillus rhamnosus GG
affected mainly the expression of genes involved in the
immune and inflammatory response, as well as genes
related to apoptosis, cell growth and differentiation, signaling and adhesion (di Caro et al. 2005). In a different
study, volunteers received Lactobacillus plantarum
WCFS1 through an intraduodenal cannula from where
biopsies were taken after 6 h. Authors found differences
in the modulation of NF-jB-related pathways (Troost
et al. 2008; van Baarlen et al. 2009). In a similar experiment performed with other probiotic species (Lactobacillus casei, Lactobacillus acidophilus and L. rhamnosus),
the same authors suggested that mucosal responses related
to immune response, homeostasis, cell proliferation, Th1–
Th2 balance, wound healing and TNF response are differentially induced by the different probiotic strains (van
Baarlen et al. 2011). Doubtlessly, experiments carried out
in humans provided a lot of information about the
mechanisms of action of intestinal probiotics; however,
the difficulties in the experimental setups and the need to
obtain biopsies from volunteers are major drawbacks. This
prompts to the implementation of new experimental
models. The implementation of a human colonic organ
culture system allows the use of human material obtained
from diagnostic biopsies or after surgery. This system has
favorable features for laboratory assays: the tissue preserves histological and immunohistochemical features for
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up to 2 days, and histiotypic relationships and interactions
between different cell types remain intact (Dame et al.
2010; Resau et al. 1991). In fact, previous works demonstrated the responsiveness of cultured ileal fragments in
coculture with probiotic and commensal bacteria (Borruel
et al. 2002; Llopis et al. 2009). Here, in order to get a
controlled stimulus that would reproduce proinflammatory
responses, human colon explants were incubated with
phorbol 12-myristate 13-acetate (PMA)/ionomycin (IO).
PMA/IO stimulation has been for long time a standard
protocol for general activation of T cells through protein
kinase C (PKC) (Kemp and Bruunsgaard 2001), as it has
shown to be a potent stimulator of interleukin-2 (IL-2) and
interferon gamma (IFN-c), hence inducing proinflammatory Th1 cytokine profiles (Baran et al. 2001; Heckford
et al. 1986; Rostaing et al. 1999; Takahama and Nakauchi
1996).
In this study, colon fragments were incubated with
Lactobacillus strains, L. paracasei BL23 (BL23) and
L. plantarum 299v (LP) after PMA/IO stimulation. These
strains were selected because they displayed in vivo
immunomodulatory activity and showed high adhesion
ability to extracellular matrix proteins and intestinal tissue
(Mangell et al. 2006; Muñoz-Provencio et al. 2009; Rochat
et al. 2007; Schultz et al. 2002). Also a nonadherent
spontaneous mutant of L. plantarum 299v (LP(A-)) has
been included in this study, which had lost the ability to
agglutinate Saccharomyces cerevisiae cells in a mannosesensitive manner and showed reduced adherence to intestinal epithelial cells. In a rat model, LP strain prevented
bacterial translocation through the intestinal gut barrier,
whereas the mutant strain LP(A-) could not do it (Mangell
et al. 2006). Results reported here will show that these
probiotic strains restore homeostasis after PMA/IO stimulation and decrease signaling events occurring during T cell
activation.

Materials and methods
Bacterial strains and culture conditions
Lactobacillus paracasei BL23, Lactobacillus plantarum
299v and Lactobacillus plantarum 299v (A-) were cultured O/N at 37 °C in de Man-Rogosa-Sharpe liquid
medium (Oxoid) under static conditions. Bacteria were
harvested after 15-h incubation at early stationary phase
(OD600 = 1.0–1.2), and bacterial cell counts were estimated by linear regression to a standard curve correlating
colony forming unit (cfu) counts to optical density
(600 nm) for each strain. Then, bacteria were added to the
tissue culture wells at the appropriate dilution to reach a
final concentration of 106 cfu/ml of incubation medium.
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Organ culture of human colonic mucosa
Macroscopically normal colonic tissue from a distal
region of resected intestine was obtained after adenocarcinoma surgery from 6 patients. Full-thickness colonic
wall specimens distant from the tumor and without
macroscopic or microscopic lesions were collected.
Preparation for surgery was similar for all patients and
included gut washes with electrolyte–polyethylene glycol
solution and broad-spectrum antibiotic therapy. Specimens were rinsed under a jet of saline and gently washed
twice in sterile saline. Multiple mucosal samples,
weighing 25–35 mg each, were separated from the
underlying tissue. Some of the samples were directly
frozen at -80 °C (DF group) and the rest were placed on
culture filter plates (15-mm-diameter wells with 500-lm
bottom-mesh, Netwell culture systems, Costar, Cambridge, MA) with the epithelial surface uppermost. Filters
were placed into wells containing 1,500 ll medium,
consisting of RPMI 1640 (CanSera, Rexdale, Ontario,
Canada) supplemented with 10 % fetal calf serum (Gibco
BRL, Eggenstein, Germany), 100 U/ml penicillin, 100 lg/
ml streptomycin, and 50 lg/ml gentamycin. Samples were
preincubated with antibiotics for 1 h at 37 °C in
humidified 5 % CO2 atmosphere to eradicate indigenous
flora—total endogenous bacterial counts are always below
102—and equilibrate the tissue to the culture conditions.
Thereafter, tissues were stimulated for 3 h by the addition of phorbol 12-myristate 13-acetate (PMA) (10 ng/mL,
Sigma, Saint Louis, MO) and ionomycin (100 ng/mL,
Sigma, Saint Louis, MO). Then, the medium was replaced
with fresh medium (Inflamed group) or fresh medium
containing L. paracasei BL23 (iBL23 group), L. plantarum
299v (iLP group) or L. plantarum 299v (A-) (iLP(A-)
group) (106 cfu/ml), and incubation was continued for 4 h.
In addition to these samples, tissue fragments were incubated for the same periods without stimulation by PMA/IO
or probiotic bacteria (Control group). Three technical
replicates per patient were used for each experimental
condition. The supernatant pH was monitored showing
small changes during the process (7.4 ± 0.1 pH units). A
scheme of the experimental procedure is reproduced in
Fig. 1.
LDH activity assessment
Tissue viability was assessed by measuring the release of
lactate dehydrogenase into the supernatant according to
Llopis et al. (2009). Briefly, tissue samples were homogenized in Tris/HCl (100 mmol/L, pH 7.4) and LDH activity
was analyzed by the spectrophotometric method (Pyruvate–Lactate) recommended by the Scandinavian Society
of Enzymes. The ratio of LDH activity in the culture

Fig. 1 Experimental design. Macroscopically normal colonic tissue
was obtained at surgery from 6 patients with neoplasm. Some tissue
fragments were directly frozen (DF) at -80 °C to monitor gene
expression changes due to the culture conditions. Colonic tissue
fragments were preincubated for 1 h with antibiotics to eradicate
indigenous microbiota. Subsequently, the culture medium was
replaced with fresh medium containing phorbol 12-myristate 13-acetate (PMA)/ionomycin (IO) to induce inflammation or without PMA/
IO (Control sample). Then, the samples were incubated with plain
culture medium (Inflamed sample) or culture medium containing
1 9 106 cfu/ml of L. paracasei BL23 (iBL23), L. plantarum 299v
(iLP) or the mutant of L. plantarum 299v (iLP(A-)), respectively.
During the procedure, bacterial counts (106 cfu/ml) of all three strains
had no significant variation and only a small proportion of cell lysis
occurred in the tissue fragments, as determined by LDH released to
the supernatant in each sample (RSL-1, 30 %; RSL-2, 10.2 %; RSL6, 9.9 %; RSL-7, 10.0 %; RSL-10, 24.4 %; RSL-21, 10.4 %). Tissues
were harvested and stored at -80 °C until total RNA was isolated

supernatant over total LDH activity in tissue homogenates
was used to estimate the percentage of viable tissue.
RNA isolation
After incubation, tissues of six different volunteers were
harvested in RNAlater (Ambion) and stored at -80 °C for
later RNA isolation. Total RNA was isolated using RNeasy
mini kit (Qiagen GmbH, Hilden) following the manufacturer’s instructions. Total RNA quantity and integrity were
evaluated using RNA 6000 Nano Chip in a Bioanalyzer
2100 (Agilent Technologies). Total RNA was judged to be
acceptable if the ribosomal fragments were present in a
28S/18S ratio over 1.5 and RNA integrity number (RIN) to
be over 6 (Fleige et al. 2006). RNA samples were stored at
-80 °C until use for microarray hybridizations and qPCR
analysis.
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Microarray analysis
A search for potential candidate genes involved in the
modulation of an inflammatory response by probiotic bacteria was performed using Affymetrix microarrays (GeneChip Human Genome U133A Plus 2.0). From three
individuals chosen at random (RSL-6, RSL-10 and RSL-21),
total RNA of the three replicated samples of each experimental treatment was pooled, and 100 ng was amplified and
labeled according to the manufacturer’s two-cycle protocol.
The concentration of biotinylated and fragmented cRNA was
measured using the 2100 Bioanalyzer (Agilent Technologies), and twenty micrograms were used in the hybridization
cocktail. cRNA was hybridized for 16 h to GeneChip arrays.
Then, chips were washed, stained with streptavidin/phycoerythrin and scanned with a GeneChip scanner 3,000
(Affymetrix). Affymetrix’s GeneChip Operating Software
(GCOS, Affymetrix) was used to obtain and analyze images.
After scanning, the obtained files were used to analyze significant changes in gene expression profiles using the dCHIP
analysis software (Li and Hung Wong 2001; Li and Wong
2001). Data were normalized using the invariant set method
and modeled using the PM/MM model. Global differences
between samples were determined by principal component
analysis (PCA). To identify significant changes between
directly frozen tissue (DF group) and the Control group,
dChip software was used to compute 90 % confidence
intervals around estimates of the fold change. Genes were
selected as differentially expressed if the lower bound of fold
change was greater than 1.5. Next, two-sample t test statistics
(p \ 0.01) was applied to filter significant differences
between DF and Control group. All data discussed in this
publication was MIAME compliant and the raw data have
been deposited in NCBI’s Gene Expression Omnibus and
are accessible through GEO Series accession number
GSE23630.
Analysis of variance (ANOVA) (p \ 0.01) was applied
to find significant changes among the experimental groups:
Control, PMA/IO treated (Inflamed) and the three groups
incubated with probiotics after PMA/IO treatment (BL23,
LP and LP(A-)). Genes exceeding fold changes of ±1.5
were considered for hierarchical cluster analysis. Given the
small changes in gene expression expected from probiotic
action and the variability of gene expression between
individuals (van Baarlen et al. 2009), restrictive statistical
criteria, such as very low p values or FDR filtering, were
omitted to avoid the loss of important biological
information.
Functional annotation analysis
Gene lists corresponding to the different clusters or to
significantly up- and downregulated genes (p \ 0.01 and
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fold change exceeding ± 1.5) in each experimental condition were analyzed using D.A.V.I.D. (Database for
Annotation, Visualization and Integrated Discovery (http://
david.abcc.ncifcrf.gov/)). D.A.V.I.D. is based on the
established biomedical literature and uses specific approaches to estimate significance (p values) (Huang et al. 2009).
We focused our analysis on annotations and pathways
derived from the Gene Ontology (GO) database and
KEGG, respectively. Gene Ontology data are represented
according to the categories of ‘‘biological process,’’ ‘‘cell
component’’ and ‘‘molecular function.’’ The p values for a
given category and term provide an estimate of the likelihood that a given annotation is enriched in a given gene list
by chance alone when compared to the human genome. All
of the p values presented in the D.A.V.I.D.-based analyses
have been corrected for multiple comparisons using false
discovery rate (FDR) value B5 %.
qRT-PCR
Total RNA (1 lg) used for reverse transcription was
obtained from the six individuals: three samples used in
microarray hybridizations (RSL-6, RSL-10 and RSL-21),
plus three additional ones (RSL-1, RSL-2 and RSL-7)
which were used for additional qPCR validation of selected
genes. The reactions were performed using the Transcriptor
First Strand cDNA Synthesis Kit (Roche) according to the
instructions of the manufacturer. Then, quantitative realtime PCR was performed using 96-well plates with the
LightCycler 480 SYBR Green I Master Mix (Roche) and a
LightCycler 480 apparatus (Roche). PCR cycling conditions comprised an initial polymerase activation step at
95 °C for 10 min followed by 40 cycles of 10 s at 95 °C,
10 s at 59 °C and 12 s at 72 °C with a single fluorescence
measurement. For the commercial primer pair for granzyme B (GZMB) (SA Biosciences), an annealing temperature of 60 °C was used according to the manufacturer’s
instructions. After each run, a dissociation curve was performed to further confirm specificity of the product and the
absence of primer-dimers. Agarose gel electrophoresis was
run to demonstrate that qPCR yielded a unique band. The
primer sequences were as follows (sense and antisense,
respectively): interleukin 2 (IL2): 5-TCCCAAACTCACC
AGGATGCTCACA-3, 5-GCACTTCCTCCAGAGGTTTG
AGTTCT-3; interleukin 17A (IL17A): 5-TTCCCCCG
GACTGTGATGGT-3,
5-CGGCACTTTGCCTCCCAG
AT-3; guanylate-binding protein 1, interferon-inducible
(GBP1): 5-TCCCAGCCCTACAACTTCGG-3, 5-TGCCA
TGTCCAGGCTGTTCC-3. The primer sequences for
interleukin 2 receptor a (IL2RA), chemokine (C-X-C
motif) ligand (CXCL) 11, ubiquitin D (UBD), tumor
necrosis factor receptor superfamily member 9
(TNFRSF9), interferon c (IFN-c) and CXCL9 have been

Genes Nutr (2013) 8:165–180

previously described (Nishioka et al. 2007; Pattyn et al.
2003; Spandidos et al. 2008; Wang and Seed 2003).
After validation of seven housekeeping genes (b-actin
(ACTB), b-2 microglobulin (B2M), glyceraldehyde-3P
dehydrogenase (GAPDH), hypoxanthine phosphoribosyltransferase 1 (HPRT1), ribosomal protein L13a (RPL13A),
succinate dehydrogenase complex, subunit A (SDHA) and
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide (YWHAZ)) using the
GeNorm application (Vandesompele et al. 2002), B2M was
chosen due its high expression stability and the absence of
pseudogenes in the human genome. Reactions were performed in triplicate, and relative quantification of gene
expression was achieved using the efficiency-corrected
method according to Pfaffl (2001). Primer sequences of the
housekeeping genes ACTB, GAPDH, HPRT1, RPL13A,
SDHA, B2M and YWHAZ were used as reported elsewhere
(Chiu et al. 2005; Pattyn et al. 2003).
Derivation of gene networks
Gene lists of differentially expressed genes (p \ 0.01 and
fold change exceeding ±1.5) were also analyzed for the
presence of gene networks using the Ingenuity Pathways
Analysis (IPA) application (http://www.ingenuity.com)
(Ingenuity Systems, Redwood City, CA). The IPA application provides a tool for the discovery of gene networks
within the uploaded gene lists. It is a database integrating
this information with other relevant databases such as
EntrezGene and Gene Ontology. IPA computes a score for
each network according to the fit of the set of uploaded
focus genes. The score is used to rank networks according
to their relevance to the genes in the input dataset. These
scores, derived from p values, indicate the likelihood of
focus genes to belong to a network versus those obtained
by chance. A high number of focus genes within a dataset
leads to a higher network score. Mathematically, the score
is simply the negative exponent of the p-value calculation.
For example, a score of three indicates that there is a
1/1,000 chance that the focus genes are in a network due to
random chance. Genes or gene products are represented as
nodes, and the biological relationship between two nodes is
represented as an edge. In our gene network analysis, we
focused on direct relationships between proteins. The
intensity of the node color indicates the degree of up- (red)
or down- (green) regulation.
Ethical considerations
The project was approved by the local ethics committee
(Comité Ético de Investigación Clı́nica, Hospital Vall
d0 Hebron), and a written informed consent approved by the
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ethics committee was obtained from all participants
involved in the study.

Results
Principal component analysis (PCA)
The suitability of a model system to study a given biological process relies on its reproducible responses to
stimuli, but most important, it must be as close as possible
to the in vivo conditions. In this work, a colon organ culture system has been used as model to study gene
expression changes in response to probiotic bacteria after
an inflammation-like stimulus. An amount of fresh tissue
was preserved frozen (DF) before starting all the incubations to monitor alterations caused by the experimental
protocol. Then, colon fragments treated with PMA/IO were
incubated with plain culture medium (Inflamed sample), or
with lactobacilli, L. paracasei BL23 (sample iBL23) and
L. plantarum 299v (sample iLP) and with a nonadherent
mutant of L. plantarum 299v (sample iLP(A-)). To study
the global differences and correlations between the samples, PCA was performed using all probe sets on the
microarray. Figure 2 shows a PCA with the five experimental groups of samples (Control, Inflamed, iLP, iLP(A-)
and iBL23), as well as the fresh directly frozen tissue (DF),
each one consisting of three biological replicates. Samples
treated with probiotics grouped together and were separated from both Control and PMA/IO-treated tissue. PCA
demonstrates that the set of directly frozen explants is
different to the rest of the samples. This difference is
observed in the main principal component analysis
(explaining 23.7 % of variability) and it is due to the set of
genes differentially expressed (see below) as consequence
of the experimental setup.
Gene expression changes due to the organ
culture system
In order to certify the usefulness of the model, it was first
necessary to evaluate whether the complete experimental
procedure severely affected gene expression. Therefore,
differences in gene expression were determined between
fresh human mucosa directly frozen after extirpation (DF)
and the Control sample in the organ culture model system
without any treatment. Using the filtering criteria described
in the Materials and Methods section, we identified 283
genes differentially expressed between the two groups; 229
genes were upregulated and only 54 genes were downregulated due to the experimental setup. In order to infer
the biological meaning of up- and downregulated genes,
gene ontology and pathway analysis (KEGG) were
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Fig. 2 Supervised principal
component analysis (PCA). The
gene expression profiles of DF,
Control, stimulated with PMA/
IO (Inflamed), iBL23, iLP and
iLP(A-) samples from 3
different patients (RSL-6, RSL10 and RSL-21) were compared
using PCA. The threedimensional (3D) plot view of
gene expression data (including
all probe sets on U133 Plus 2.0
GeneChip) is shown with
respect to their correlation to the
first three principal components

performed (Table 1). Incubation of intestinal colon fragments induced not only genes that predominantly corresponded to apoptosis and cell death, but also response to
stress, wound healing and blood coagulation. A significant
portion of downregulated genes were located to the mitochondrion or mitochondrion membrane and contained
genes like cytochrome c oxidase subunit Va (COX5A) and
cytochrome c oxidase assembly protein (yeast) COX15
homolog, both involved as terminal components of the
mitochondrial respiratory chain. In summary, these gene
expression patterns indicate that the incubation of tissue
fragments have triggered wound response mechanisms.
Only a few genes related to inflammation and immune
response were found among upregulated genes, such as
IL-8 and tumor necrosis factor alpha-induced protein 6
(TNFAIP6) (complete information Online Resource 1).
They are two relevant mediators of the inflammatory
response (Milner et al. 2006), which together with the
aforementioned genes related to apoptosis and cell death
situate the cultured tissue fragments in a surgical stress
frame (Chachkhiani et al. 2005).
Since genes related to inflammation were not significantly enriched by the experimental processing of the
explants, differential gene expression will be investigated
in the following experiments, to determine the effect of
different commensal probiotic strains on colonic explants
subjected to a PMA/IO treatment that mimics some
inflammatory conditions which involves T cell activation.
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Identification of gene expression changes
in PMA/IO-treated explants and PMA/IO-treated
explants after incubation with Lactobacillus strains
After ANOVA analysis (p B 0.01 and fold change C ±1.5), 199 differentially expressed genes were
identified among the five experimental groups. Then,
cluster analysis was performed to classify those genes
according to their expression profiles, giving rise to 11
subclusters that differed in their size ranging from 2 to 52
genes (Fig. 3). Mean expression levels were mostly
between ±1.5-fold and ±3-fold, although some genes
exhibited inductions of 40-fold and downregulations of
almost 10-fold. Genes related to inflammation and other
relevant processes were found in clusters 1, 3, 4 and 6.
Analysis of clusters containing less than 5 genes will not be
described. A list of all genes belonging to the eleven
clusters is provided in Online Resource 2.
Cluster 1 includes genes slightly upregulated (average
1.28-fold change) in response to PMA/IO (Inflamed group)
and repressed after treatment with the three probiotic
strains (iLP, iLP(A-) and iBL23 groups). This cluster
contains genes important in inflammatory processes such as
signal transducer and activator of transcription 4 (STAT4),
interleukin 7 receptor (IL7R), interferon-stimulated transcription factor 3 c (ISGF3G) or genes that are implicated
in nuclear factor j-light-chain-gene enhancer of activated
B cells (NF-jB) signaling, like receptor-interacting serine/

Genes Nutr (2013) 8:165–180

171

Table 1 Functional annotation analysis (DAVID) for up- and
downregulated genes in the comparison of Control sample to directly
frozen human mucosa (DF)
Category

Annotation term

Significance
(FDR)

Molecules

Upregulated genes
Biological processes
(top ten regulated
terms)

Cellular
components
Molecular functions
KEGG pathway

Apoptosis

1.53E-07

30

Death

1.54E-07

31

Cell death

1.54E-07

31

Programmed cell
death

1.86E-07

30

Biological
regulation
Cell development

3.21E-07

94

3.71E-06

36

Developmental
process

4.20E-06

66

Cell
differentiation

6.70E-06

45

Cellular
developmental
process

6.75E-06

45

Negative
regulation of
biological
process

1.02E-05

34

Intracellular part

3.29E-02

130

Protein binding

1.27E-07

113

Binding

1.18E-02

153

Complement and
coagulation
cascades

4.83E-03

7

Organelle
membrane

2.36E-04

14

Mitochondrial
inner membrane

9.46E-03

6

Organelle inner
membrane

1.28E-02

6

Cytoplasmic part

2.34E-02

19

Mitochondrial
part

2.48E-02

7

Mitochondrial
membrane

2.84E-02

6

Mitochondrion

3.13E-02

9

Organelle
envelope

3.45E-02

7

Mitochondrial
envelope

3.50E-02

6

Envelope

3.52E-02

7

Integral to
organelle
membrane

3.97E-02

4

Membrane

4.01E-02

28

Downregulated genes
Cellular
components

Fig. 3 Supervised hierarchical cluster analysis. Significantly regulated genes (p \ 0.01) were used for 2D hierarchical clustering of
Control, stimulated with PMA/IO (Inflamed), iLP, iLP(A-) and
iBL23 samples from 3 different patients ((1)RSL-6, (2) RSL-21 and
(3) RSL-10)). Each row displays expression of an individual probe set
and each column of a biological replicate. The red color represents an
expression level above the mean expression of a gene across all
samples, and the blue color represents an expression level lower than
the mean. The brighter the color, the stronger the factor of gene
regulation. White indicates no changes

threonine-protein kinase 1 (RIPK1). Cluster 3 includes
genes that were downregulated after PMA/IO treatment
when compared to Control tissue, but on which probiotics
did not show any influence. Members of this cluster are
genes relevant to signal transduction, such as mitogenactivated protein kinase kinase kinase 12 (MAP3K12)
and phosphoinositide-3-kinase, catalytic, b polypeptide
(PIK3CB), or which are related to major histocompatibility
complexes (MHC) I and II, like MHC-related protein 1
(MR1) and class II MHC transactivator (CIITA). Cluster 4
contains genes that were slightly downregulated (average
1.56-fold change) after PMA/IO treatment and on which
subsequent probiotic incubations provoked a more pronounced downregulation. Some genes of this cluster are
relevant due to their importance in inflammatory processes,
such as serpin peptidase inhibitor 2, clade B (SERPINB2),
interleukin 13 receptor alpha (IL13RA), chemokine (C-XC motif) ligand (CXCL)5, CXCL6 and protein inhibitor of
activated STAT2 (PIAS2), which is a transcriptional
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Table 2 Differentially expressed genes in Cluster 6
Symbol

Fold changea

Gene

Inflamed

iLP

iLP(A-)

iBL23

IL17A

Interleukin 17A

14.3

6.9

5.6

CXCL11

Chemokine (C-X-C motif) ligand 11

10.9

4.2

6.6

5.9
3.1

IFNG

Interferon, gamma

10.5

5.9

4.8

4.4

CXCL9

Chemokine (C-X-C motif) ligand 9

9.9

3.0

3.5

2.4

IL2

Interleukin 2

9.5

2.2

2.2

2.8

XCL1

Chemokine (C motif) ligand 1

7.7

4.3

3.3

4.1

GZMB
TNFRSF9

Granzyme B (granzyme 2, cytotoxic T-lymphocyte-associated serine esterase 1)
Tumor necrosis factor receptor superfamily, member 9

6.5
4.5

2.3
1.9

3.2
2.3

2.6
1.6

INDO

Indoleamine-pyrrole 2,3 dioxygenase

4.5

1.8

1.3

1.6

XIRP1

Xin actin-binding repeat containing 1

4.4

2.8

2.7

2.2

RNF19B

Ring finger protein 19B

4.2

1.3

2.2

1.6

ZBED2

Zinc finger, BED-type containing 2

3.7

2.4

1.7

1.9

GBP1

Guanylate-binding protein 1, interferon-inducible, 67 kDa

3.5

2.0

1.6

2.0

IRF1

Interferon regulatory factor 1

3.2

2.5

2.9

2.4

CRTAM

Cytotoxic and regulatory T cell molecule

3.2

2.3

1.7

2.1

CD226

CD226 molecule

3.0

1.4

1.6

1.5

ENPP3

Ectonucleotide pyrophosphatase/phosphodiesterase 3

3.0

1.4

1.9

1.6

GBP4

Guanylate-binding protein 4

2.9

1.6

1.6

1.3

UBD

Ubiquitin D

2.9

2.2

2.4

1.9

MYC

v-myc myelocytomatosis viral oncogene homolog (avian)

2.9

1.8

1.3

2.2

IL2RA

Interleukin 2 receptor, alpha

2.7

2.1

1.7

2.0

TNFRSF4
ETS1

Tumor necrosis factor receptor superfamily, member 4
v-ets erythroblastosis virus E26 oncogene homolog 1 (avian)

2.7
2.7

1.8
1.6

1.5
-1.1

1.6
1.6

EGR2

Early growth response 2

2.6

2.1

2.3

2.0

GBP2

Guanylate-binding protein 2, interferon-inducible

2.1

1.9

2.0

1.8

IRF1

Interferon regulatory factor 1

2.4

2.3

2.6

2.3

GJA4

Gap junction protein, alpha 4, 37 kDa

2.3

2.0

2.7

2.1

DUOX1

Dual oxidase 1

2.1

1.3

1.4

1.8

STK19

Serine/threonine kinase 19

2.1

1.3

1.2

1.4

CPN1

Carboxypeptidase N, polypeptide 1

2

1.5

1.3

1.7

CTSS

Cathepsin S

2.0

1.3

1.3

1.1

CYB561

Cytochrome b-561

1.9

1.3

1.9

1.4

PPP1R11

Protein phosphatase 1, regulatory (inhibitor) subunit 11

1.8

1.0

1.2

1.1

a

Fold changes are expressed relative to Control

regulator of STAT4, and other transcription factors
involved in MAP kinase signaling.
Cluster 6 encompassed genes known to be specifically
induced by PMA/IO (IFN-c and IL-2), as well as other
proinflammatory cytokines and chemokines, such as IL17A, CXCL9, CXCL11 and chemokine (C motif) ligand 1
(XCL1). These genes were highly upregulated (fold change
from 7.7 to 14.3) after PMA/IO treatment (Inflamed group)
(Table 2). Most notably, their expression after treatment
with the three probiotic strains (iLP, iLP(A-) and iBL23
groups) was significantly downregulated with respect to
PMA/IO-stimulated samples. Besides, 2 genes of the tumor
necrosis factor receptor superfamily (TNFRSF), TNFRSF9
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and TNFRSF4, as well as members of the family of
guanylate-binding proteins (GBP) also belong to this
cluster. Due to their biological interest and to the relevance
for the objectives of this work, differential expression of
some of these genes (IL-2, IL2RA, IFN-c, IL-17A, GBP1,
CXCL11, CXCL9, GZMB, UBD and TNFRSF9) was used
for the validation of the microarray data (see below).
Gene expression of the genes in Clusters 8, 9 and 10
remained unchanged after PMA/IO treatment, but signal
intensities were higher in the probiotic groups: Cluster 8
represents genes upregulated in iLP explants, Cluster 10 in
the iLP(A-) samples and Cluster 9 encompasses genes
which, compared to Control samples, were upregulated in
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iLP, iLP(A-) and iBL23 samples. Cluster 8 contains genes
that were highly upregulated in the iLP group: thyroid
adenoma associated (THADA) (fold change (FC) ?41.7),
beta-1,3-glucuronyltransferase 1 (glucuronosyltransferase
P) (B3GAT1) (FC ?23.2) and PHD finger protein 8
(PHF8) (FC ?20.8). B3GAT1 codes for a glucuronosyltransferase, a key enzyme in the biosynthesis of the carbohydrate epitope CD57, present in natural killer (NK)
cells and subsets of B cells, T cells and monocytes.
Another gene related to carbohydrate interaction is sialic
acid-binding Ig-like lectin 8 (SIGLEC8), also upregulated
in the iLP samples. Interestingly, in the iLP group two
enzymes known to be involved in epigenetic modifications
were upregulated: PHF8 (FC ?20.8) and euchromatic
histone–lysine N-methyltransferase 2 (EHMT2) (FC ?1.9).
EHMT2 was downregulated by PMA/IO (FC-1.9), and
expression levels in iBL23 (FC ?1.1) and iLP(A-) (FC
?1.1) groups were similar to Control tissue, indicating that
all 3 strains were able to reverse the effect of PMA/IO
treatment on that gene to a different extent. Cluster 10
contains genes specifically upregulated in the iLP(A-)
group, such as low-density lipoprotein receptor-related
protein 6 (LRP6), a co-receptor involved in Wnt/beta
catenin signaling; B cell CLL/lymphoma 10 (BCL10),
which is known to activate NF-jB and induce apoptosis,
and trinucleotide repeat containing 6C protein (TNRC6C),
implicated in the modulation of gene expression by
repression of miRNAs.
Microarray validation and characterization
of likely markers
In order to test the results obtained from the microarrays,
differential expression of 10 relevant genes was checked by
real-time qPCR from the mRNA samples used for the
microarray assays. Random distribution of the probe sets
on the Affymetrix GeneChips Ò allowed to assay genes of
particular relevance for the objectives of this work (Fig. 4,
Online Resource 3). The trend perfectly reproduced fold
change differences found in microarrays. The group of
selected genes (IL-2, IL2RA, IFN-c, IL-17A, GBP1,
CXCL11, CXCL9, GZMB, UBD and TNFRSF9) are
directly related to inflammatory response pathways, they
were induced by the PMA/IO treatment and all of them
were downregulated to different degrees after treatment
with lactobacilli. Therefore, they could constitute appropriate indicators of probiotic effect in this model system if
data were confirmed in additional biological samples.
Hence, expression of those 10 genes was tested on samples
from three additional volunteers subject to PMA/IO
induction and followed by the incubation with the same
Lactobacillus strains (Fig. 5, Online Resource 4). The
pattern of expression was remarkably reproduced, showing
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that all the genes tested were downregulated by lactobacilli
after PMA/IO treatment. As in previous data (Fig. 4,
Online Resource 3), differences in relative expression was
more pronounced in IL-2, IFN-c, CXCL9, CXCL11 and
IL17A, which suggested that expression of those genes
could be used to monitor the probiotic modulation of
inflammatory pathways after the PMA/IO stimulus in cultured mucosal fragments.
Identification of significant pathways and gene
ontology annotations
Gene lists of each of the eleven clusters were uploaded to
the D.A.V.I.D. database and analyzed for the presence of
significant signaling pathways and gene ontology annotation terms grouped into the categories signaling pathway,
biological process, cellular component and molecular
function. For genes in clusters 1, 4 and 6, at least one
significant annotation term was identified (Online Resource
5). Cluster 1 was only enriched in genes belonging to the
annotation term regulation of primary metabolic process.
Interestingly, cluster 4, representing genes particularly
downregulated in iLP, iLP(A-) and iBL23 explants, is
enriched in genes belonging to the annotation terms heparin, glycosaminoglycan, polysaccharide, pattern and carbohydrate binding (CXCL6, FGF2, FGFR1, SERPINE2,
PRG2). Cluster 6 shows significant enrichment in genes
related to immune response, regulation of the immune
system, regulation of different subtypes of immune cells
and was significantly overrepresented in genes involved in
cytokine–cytokine receptor interaction. Cluster 6 is of
particular interest for our study, since it includes proinflammatory key genes that were upregulated in the
Inflamed explants and whose expression was downregulated after incubation with probiotics.
In addition to the functional annotation analysis of the
eleven subclusters, the lists of up- and downregulated
genes, in Inflamed versus Control samples and probiotic
(iLP, iLP(A-) and iBL23) versus Inflamed samples, were
uploaded to D.A.V.I.D. database. This analysis showed that
genes upregulated in Inflamed samples were significantly
related to immune response, immune system process and
cytokine–cytokine receptor interaction (Table 3, complete
information Online Resource 6). The same annotation
terms could be retrieved in the lists of downregulated genes
in each probiotic group when compared to the Inflamed
samples, thereby confirming the results of the D.A.V.I.D.
analysis for cluster 6. This indicates again that the three
tested strains selectively modulate the expression of genes
related to the immune system in the intestinal mucosa.
Although probiotic treatment of the Inflamed explants
provoked mainly a downregulation of genes, upregulated
genes were found in the three strains tested that could not
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Fig. 5 Expression ratios of validated genes in additional samples.
Data obtained by real-time qPCR from RNA of colonic explants of 3
additional individuals (RSL-1, RSL-2 and RSL-7). Expression ratios
of ten relevant marker genes in the samples treated with PMA/IO, and
LP (black bars), LP(A-) (gray bars) and BL23 (hatched bars) are
represented relative to PMA/IO-stimulated explants (expression ratio
1.0) and normalized to B2M expression. Expression values of each
individual patient are shown in Online Resource 4

Fig. 4 Validation of microarray data. qPCR results (black bars) of
selected genes using total RNA from colonic explants (pooled data of
samples from 3 patients used in microarray hybridizations (RSL-6,
RSL-10 and RSL-21)) and comparison with microarray data (gray
bars). Fold changes are calculated relative to Control tissue and
normalized to B2M expression. Expression values of each individual
patient obtained by qPCR and microarray hybridization are shown in
Online Resource 3

be significantly related to any annotation term (iLP samples: 30 genes up-/86 downregulated; iLP(A-) samples: 32
genes up-/78 downregulated; and iBL23 samples: 23 genes
up-/79 downregulated).
Comparison of gene networks of PMA/IO-treated
explants and PMA/IO-treated explants after incubation
with Lactobacillus strains
Gene networks were derived by introducing gene lists of
Inflamed compared to Control samples and iLP, iLP(A-),
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iBL23 samples compared to Inflamed explants into the IPA
database as focus molecules. Several high-scoring networks were identified (Online Resource 7). The networks
with the highest scores are represented in Fig. 6. The top
functions of all networks include either cell-to-cell signaling and interaction, inflammatory response or both.
Consequently, in all of the four networks cytokines IL-2
and IFN-c are target of several transcription factors (activator protein 1 (AP1), cAMP response element-binding
(Creb), nuclear factor of activated T cells (NFAT), NF-jB,
STAT4) and are highly upregulated in Inflamed tissue and
downregulated when Inflamed tissue is incubated with the
three Lactobacillus strains, evidencing the downregulation
of proinflammatory gene expression by probiotic bacteria.

Discussion
Several in vitro or ex vivo model systems have been used
to study the interactions between commensal bacteria and
the host. They are particularly relevant to the study of
likely probiotic effects, which, as other healthy foods and
ingredients, have been commercially successful during the
last years (Perez Martinez et al. 2012). In general, some
evidence obtained by intervention or observational studies
needs to be supported by the description of their mechanism of action and the discovery of biomarkers, in order
to comply with the regulations of governmental and
supranational organizations, as occurs in Japan (Yamada
et al. 2008), U.S. FDA (Office of Nutrition 2009), EU
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Table 3 Functional annotations analysis corresponding to up- and downregulated genes in Inflamed compared to Control and to downregulated
genes in iBL23, iLP and iLP(A-) compared to Inflamed sample (The analysis is based on the default parameters in D.A.V.I.D. and uses FDR
correction for multiple testing)
Inflamed versus CTRL

iLP versus Inflamed

iLP(A-) versus
Inflamed

iBL23 versus Inflamed

Category

: Regulated genes

; Regulated genes

; Regulated genes

; Regulated genes

; Regulated genes

Biological
Processes

Immune response

Response to
wounding

Immune response

Immune response

Immune response

Immune system process

Wound healing

Taxis

Immune system
process

Immune system process

Positive regulation of
immune system
process

Regulation of
localization

Chemotaxis

Response to
external stimulus

Regulation of adaptive immune
response based on somatic
recombination of immune
receptors built from
immunoglobulin superfamily
domains

Regulation of
lymphocyte
proliferation

Regulation of
transport

Response to
external stimulus

Response to
wounding

Regulation of adaptive immune
response

Regulation of leukocyte
proliferation

Response to external
stimulus

Immune system
process

Response to
stimulus

Response to external stimulus

ns

ns

Extracellular space

Extracellular space

Extracellular space

Extracellular region
part

Extracellular region
part

Extracellular region part

Cellular
components

Molecular
functions

KEGG
pathways

Cytokine activity

Cytokine–cytokine
receptor interaction

Extracellular region

Extracellular region

Heparin binding

Cytokine activity

Cytokine activity

Cytokine activity

Glycosaminoglycan
binding

Chemokine activity

Receptor binding

Receptor binding

Pattern binding

Chemokine receptor
binding

Chemokine activity

Chemokine activity

Polysaccharide
binding

G-protein-coupled
receptor binding

Chemokine receptor
binding

G-protein-coupled receptor
binding

Receptor binding

G-protein-coupled
receptor binding

Chemokine receptor binding

Cytokine–cytokine
receptor
interaction

Cytokine–cytokine
receptor
interaction

Cytokine–cytokine receptor
interaction

Jak-STAT signaling
pathway

Jak-STAT signaling pathway

ns

KEGG Kyoto encyclopedia of genes and genomes; ns none significant

(Regulation 1924/2006) and FAO report on Functional
Foods (Food Quality and Standards Service 2007). During
the past twenty years, cultured intestinal fragments from
patients suffering inflammatory bowel disease (IBD) were
used to determine their cytokine profile or the effects of
several drugs, through the detection of inflammatory
mediators (Borruel et al. 2002; Mahida et al. 1991), yet
transcriptomic studies on cultured intestinal explants are
scarce. Here, our main aim was to determine whether
strains of the genus Lactobacillus could attenuate inflammatory processes in a colon organ culture model. The
comparison of gene expression of colonic mucosa

subjected to the experimental process (untreated Control)
with directly frozen fresh mucosa suggested a certain
degree of tissue decay. Nevertheless, the experimental
procedure did not enhance the expression of proinflammatory or immune system–related genes, which let us
consider the colon organ culture model suitable for the
purpose of this study. In this approximation, we tested a
combination of phorbol 12-myristate 13-acetate and ionomycin (PMA/IO). PMA/IO exposure is a commonly used
procedure for the activation of T cells and for the simulation of inflammatory conditions in human colonic explants,
since PMA/IO act as potent inducers of Th1-type cytokines
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Fig. 6 Ingenuity protein–protein interaction networks. The topscoring network of genes induced in Inflamed compared to Control
includes 21 focus molecules and has an assigned score of 39. This
network correlates with the following functions: cell-to-cell signaling
and interaction, inflammatory response, hematological system development and function (a). The top-scoring network of genes induced in
iLP compared to Inflamed includes 18 focus molecules and has an
assigned score of 31. This network correlates with the following
functions: cell-to-cell interaction and signaling, hematological system
development and function, immune cell trafficking (b). The topscoring network of genes induced in iLP(A-) compared to Inflamed

123

Genes Nutr (2013) 8:165–180

includes 22 focus molecules and has an assigned score of 41. This
network correlates with the following functions: cellular development, cellular growth and proliferation, and inflammatory response
(c). The top-scoring network of genes induced in iBL23 compared to
Inflamed includes 18 focus molecules and has an assigned score of 32.
This network correlates with the following functions: cell-to-cell
signaling and interaction, inflammatory response, hematological
system development and function (d). The intensity of the node
color indicates the degree of up-(red) or down-(green) regulation. See
Online Resource 8 for network legend
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IL-2 and IFN-c, which are found upregulated in inflammatory bowel diseases (Niedel et al. 1983; Silva et al.
2005).
The analysis of the data in our experiments confirmed
that PMA/IO provoked an inflammation-like pattern. A set
of important genes related to inflammation (mostly
grouped in cluster 6, Fig. 3) were upregulated after PMA/
IO treatment and, interestingly, all the Lactobacillus strains
used reduced their expression level, supporting the concept
that probiotics can influence immune homeostasis (Hill and
Artis 2010). Cluster 6 grouped a significant number of
genes coding for proinflammatory cytokines, chemokines
and other inflammatory mediators, including IL-2, IFN-c,
IRF-1, IL-17A, CXCL9, CXCL11, TNFRSF4 or GZMB,
that were upregulated by PMA/IO, but markedly reduced
by all the lactobacilli, LP, LP(A-) and BL23. Among
them, a number of cytokine genes were upregulated by
PMA/IO, which suggested T cell proliferation (IL-2, IFN-c
and IL-17A) (Murphy et al. 2007) and T cell activation
(IL2RA) (Gao et al. 2010; Ledger et al. 2004). The
reduction in the expression of those genes after treatment
with the lactobacilli suggests that all three strains probably
counteract the molecular events leading to T cell activation, as shown before for the probiotic strain L. casei DN
114-001 (Carol et al. 2006). Reduction of IFN-c could be a
very interesting probiotic feature since, besides its crucial
role for innate and adaptive immunity against intracellular
pathogens, prolonged high levels of IFN-c lead to chronic
autoimmune and inflammatory diseases, such as multiple
sclerosis and IBD (Bouma and Strober 2003; Rovedatti
et al. 2009; Schoenborn and Wilson 2007). High levels of
IL-17A are found in IBD; it is secreted by Th17 cells,
CD8? T cells, natural killer cells and neutrophils and acts
on both immune and nonimmune cells inducing a number
of cytokines, chemokines, inflammatory effector molecules
and antimicrobial proteins (Onishi and Gaffen 2010). Other
genes of this cluster known to be overexpressed in IBD
were the chemokines CXCL9 and CXCL11 (Egesten et al.
2007; Singh et al. 2007). Both are chemotactic for leukocytes as well as activated T cells that are expressing chemokine (C-X-C motif) receptor 3 (CXCR3), hence playing
an essential role in the recruitment of immune cells to sites
of inflammation. Furthermore, a strong downregulation by
probiotic strains of Th1 cytokines, such as IL-2, IFN-c and
the proinflammatory IL-17, has been reported in other
studies using different model systems (Lee et al. 2009;
Llopis et al. 2009; Reiff et al. 2009; Schultz et al. 2002).
Two other genes relevant to IBD that followed this pattern
were TNFRSF9 (also referred to as 4-1BB) and TNFRSF4
(Ox-40) (Lee et al. 2005; Stuber et al. 2000; Totsuka et al.
2003). They are members of the tumor necrosis factor
receptor (TNFR) family that sustain T cell numbers and
responses after initial CD28-dependent T cell activation

177

(Croft 2009). Differences in expression of the genes studied in detail here reached fold changes greater than 2, and
even higher than or close to 10 (PMA/IO-stimulated versus
control sample), and repression imposed by lactobacilli
was two to fourfold. Ten genes were selected for qPCR
validation of the microarray results and the reproducibility
of the model system. Further testing of additional biological replicates rendered very reproducible results, and lactobacilli showed a remarkable downregulation, particularly
of IL-2, IFNG, CXCL9, CXCL11 and IL-17A. Those were
also the five genes most highly induced by PMA/IO with
respect to the control, for which they are suitable to be used
as markers for the antiinflammatory properties of lactobacilli in such organ culture system. Other members of
cluster 6 that follow the same expression pattern have also
relevance. Lymphotactin, encoded by XCL1/XCL2, is a
chemotactic molecule related to the attraction of CD8?
T and CD4? T cells (Hedrick and Zlotnik 1998). Ubiquitin
D (UBD), also referred to as FAT10, is a cytokine-inducible ubiquitin-like protein that modifies proteins for proteosomal degradation and it is essential for TNF-a-induced
NF-jB activation (Gong et al. 2010; Kalveram et al. 2008).
Granzyme B (GZMB) is one of five granzymes expressed
in humans; it is a serine protease expressed by CD8?
T cells that plays an important role in T cell mediated
cytotoxicity. Granzymes, once delivered into the cytosol of
an infected cell, rapidly induce apoptosis (Bots and Medema 2006).
Of note, some of the genes described above can be
induced by IFN-c, for example, CXCL9, CXCL11, IRF1
and each of the GBPs. It is thus possible that downregulation of these important inflammatory mediators was due
to a primary reduction of IFN-c. Moreover, functional
annotation analysis revealed the implication of the Janus
kinase (JAK)/STAT signaling pathway in downregulated
genes in Lactobacillus-treated samples. Some regulated
genes related to JAK/STAT signaling, for example IFN-c,
IL-13RA, IL-2, IL-11 and STAT4, showed a clear downregulation when compared to PMA/IO-treated samples.
Downregulation of STAT4 is of particular interest, since it
mediates most biological actions of IL-12 and is therefore
required for the normal differentiation in Th1 cells and
expression of Th1-specific genes such as IFN-c (Kaplan
2005). Therefore, STAT4 represents a candidate gene
possibly responsible for the inhibition of IFN-c and IFN-c
inducible genes and should be further investigated.
Cluster 8 and cluster 10 illustrate genes that remained
unchanged after PMA/IO treatment, but were upregulated
after LP and LP(A-) treatment, respectively, evidencing
that the putatively different surface characteristics of both
strains had a differential impact on tissue gene expression.
However, genes of both clusters were not significantly
enriched in any signaling pathway or GO annotation term.
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Interestingly, LP strongly upregulated the gene expression
of two chromatin modifying enzymes: EHMT2, a histone–
lysine N-methyltransferase, and PHF8, a histone demethylase, which were shown to act on histone 3 (Fortschegger
et al. 2010; Fritsch et al. 2010). Upregulation of EHMT2
could be observed after treatment with all three strains
compared to Inflamed tissue. This upregulation was most
pronounced in LP, whereas the induction of PHF8 was LP
specific. In iLP(A-)-treated mucosa, the gene TNRC6C
was upregulated, while it was downregulated in iLP. The
protein encoded by TNRC6C regulates gene expression
post-transcriptionally by repression of microRNAs (Zipprich et al. 2009). Although there was an important number
of genes in clusters 8 and 10, no great differences could be
found in the gene expression profile of key inflammatory
effector molecules nor clear pathways indicating likely
receptors involved that could be related to the different
adhesion properties of LP and LP(A-). Also, as mentioned
above, all three strains were able to downregulate proinflammatory cytokines and chemokines to a similar extent in
our model system. Therefore, we could not evidence
putative strain-specific immunomodulatory mechanisms.
In conclusion, the analysis of gene expression changes
that occurred during the culture of intestinal mucosal
fragments treated with PMA/IO showed activation of T
cells and the upregulation of numerous proinflammatory
effector molecules, such as IL-17A, IFN-c, CXCL9 and
CXCL11, GZMB, as well as TNRFSF4 and TNRFSF9,
partially resembling gene expression patterns found in IBD
patients. A general downregulation of genes encoding
those factors could be observed after probiotic treatment
and likely markers could be identified to monitor it. Some
of the changes in gene expression could be explained by
primary downregulation of IFN-c and the JAK/STAT signaling pathway by the probiotic lactobacilli. Reduction in
gene expression in IL-2 and IL-2RA suggests that these
lactobacilli are also counteracting the molecular events
leading to T cell activation and proliferation.
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