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Abstract

probiotic strains.

Lactobacillus rhamnosus GG (LGG) is one of the most widely used probiotic strains. Various health effects are well
documented including the prevention and treatment of gastro-intestinal infections and diarrhea, and stimulation of
immune responses that promote vaccination or even prevent certain allergic symptoms. However, not all
intervention studies could show a clinical benefit and even for the same conditions, the results are not univocal.
Clearly, the host phenotype governed by age, genetics and environmental factors such as the endogenous
microbiota, plays a role in whether individuals are responders or non-responders. However, we believe that a
detailed knowledge of the bacterial physiology and the LGG molecules that play a key role in its host-interaction
capacity is crucial for a better understanding of its potential health benefits. Molecules that were yet identified as
important factors governing host interactions include its adhesive pili or fimbriae, its lipoteichoic acid molecules, its
major secreted proteins and its galactose-rich exopolysaccharides, as well as specific DNA motifs. Nevertheless,
future studies are needed to correlate specific health effects to these molecular effectors in LGG, and also in other

Introduction

Lactobacillus rhamnosus GG (LGG), ATCC 53103 was
originally isolated from fecal samples of a healthy
human adult by Sherwood Gorbach and Barry Goldwin,
explaining its typical surname letters GG. It was identi-
fied as a potential probiotic strain because of its resis-
tance to acid and bile, good growth characteristics and
adhesion capacity to the intestinal epithelial layer [1].
Ever since, it has been one of the most widely studied
probiotic strains, used in a variety of commercially avail-
able probiotic products. The beneficial effects of this
strain have been studied extensively in clinical trials and
human intervention studies.

Probiotic bacteria are proposed to benefit human
health mainly by three general mechanisms of action
[2,3]. Firstly, certain probiotics can clearly exclude or
inhibit pathogens, either through direct action or through
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influence on the commensal microbiota [2,4]. A second
mechanism is the capacity of certain probiotic strains to
enhance the epithelial barrier function by modulating
signaling pathways, such as nuclear factor-xB (NF-kB),
Akt and mitogen- activated protein kinase (MAPK)-
dependent pathways, which lead to for example the
induction of mucus [5], or increased tight junction func-
tioning [6]. Thirdly, most probiotic strains can also mod-
ulate host immune responses, exerting strain-specific
local and systemic effects [7]. Many of the interactions
between probiotic bacteria and intestinal epithelial and
immune cells are thought to be mediated by molecular
structures, known as microbe- associated molecular pat-
terns (MAMPs), which can be recognized through speci-
fic pattern recognition receptors (PRRs) such as Toll-like
receptors (TLRs) [8].

Even though many experimental in vitro data and
experiments in animal models validate these mechanisms
for probiotic strains in general and for LGG in specific,
most published in vivo data in humans pay less attention
to mechanisms of action. Nevertheless, we believe that for
an optimized and more tailored application of probiotics,
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it is imperative to understand the mechanisms of interaction
with the host in great detail. LGG is an interesting model
probiotic strain, because of its wide use, its available genome
sequence [9] and the availability of numerous knock-out
mutants that allow the study of gene-function relations
[10-15]. In this review we aim to give an overview of the
recent advances in the molecular knowledge on LGG-host
interactions and try to provide a molecular framework for a
better understanding of the health effects of LGG.

Pili-mediated adhesive capacity of LGG

In vivo and in vitro evidence

One of the widely studied key features of LGQG is its strong
adhesive capacity, which has been documented in vitro but
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also in vivo in humans. LGG has been shown to be a very
good mucus adhering Lactobacillus strain compared to
related strains such as the dairy strain L. rhamnosus Lc705
and other probiotic strains such as L. johnsonii LJ1 and
L. casei Shirota [16] (Figure 1A). In human intervention
studies, LGG was also reported to persist longer and in
higher concentrations compared to closely related strains
such as L. rhamnosus LC705 [9]. Orally administered LGG
can be recovered from the feces at least one week after
administration in adults [9,17]. Of note, the colonization
capacity of LGG appears to be significantly better in new-
borns [18], which is related to reduced colonization resis-
tance exerted by a less established microbiota of infants
and which is probably a general feature for many probiotic
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Figure 1 SpaCBA pili and the molecular mechanisms of adhesion. LGG is very good mucus adhering Lactobacillus strain compared to other
probiotic strains such as L. casei Shirota and L. johnsonii LJ1 and the closely related strain L. rhamnosus Lc705. Radioactively labeled bacteria
were allowed to adhere to isolated human intestinal mucus. The adhesion ratio (%) was determined by comparing radioactivity of bacteria
added to the radioactivity of bound bacteria after washing (A). Data were published before [16]. Presence of SpaCBA pili LGG cells based on a
TEM image of LGG labeled with SpaA antiserum and 10 nm protein A gold particles [26] (B) and on a AFM image of LGG in air [37] (C). The
predicted model of the pili shows a pilus backbone formed by the major subunit SpaA, as shown in the schematic figure. The minor subunit
SpaC is present on the tip and decorates the pilus over the length at ratio 1:2 with SpaA. The Spa B minor pilin serves as a molecular switch for
pilus termination and is bound to the peptidoglycan layer. However, it is suggested that leaky activity of the pilin-specific sortase can include
SpaB decorations on the pilus (D). Adapted from [26]. The SpaC pilin is thought to serve as a major adhesin of LGG. It can interact with other
SpaC molecules, inducing homophilic adhesion, and with intestinal epithelial cells or their extracellular matrix, in heterophilic adhesion. The exact
adhesion sites however remain unkown. Pili can have molecular spring properties which makes them capable to withstand shearing stress.
Moreover, the SpaC pilin decorated over the pilus length provide a molecular zipper mechanism that can facilitate a close interaction between
the host and the bacteria or bacteria with each other (E). Adapted from [35].
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strains. LGG can adhere to intestinal mucus [9,19] and
persist in the descending colon [20]. Colonic biopsies even
suggest that LGG colonization continues for longer than
indicated by fecal recovery [21]. LGG could also be recov-
ered from the tonsils [22], vagina [23] and oral cavity [24]
after probiotic therapy, but it does not seem as efficient as
other Lactobacillus strains in colonizing these niches.
LGG seems to show a preferential tissue tropism for the
intestinal mucus layer, although these findings could be
biased, as only limited studies have investigated the adher-
ence and colonization at other body sites.

Pili as key intestinal adhesins

A major breakthrough in our understanding of the
excellent adherence capacity of LGG was the discovery
of fimbria-like appendages [25], later named as pili [9].
Pili or fimbriae are long and thin proteinaceous protru-
sions of the cell surface present on specific Gram-
positive and Gram-negative bacteria. A genomic com-
parison with the closely related strain LC705 resulted in
identification of the spaCBA gene cluster involved in the
biosynthesis of the LGG-specific SpaCBA pili, and the
confirmation by Western blot and immunogold trans-
mission electron microscopy of structures of ca. 1 pm
that are around 5 nm thin (Figure 1B) [9]. Subsequently,
we found by mutational analysis of several predicted
adhesins that the SpaCBA pili play a key role in adhe-
sion to mucus, the Caco-2 intestinal epithelial cell line
and promote biofilm formation [14]. Of note, the LGG
genome also encodes another pili gene cluster, spaDEF,
but these pili do not seem to be expressed, at least not
under the tested conditions [9,14,26]. Interestingly, the
pili of Bifidobacterium breve UCC2003 appear to be
only expressed in the murine gastro-intestinal tract and
not in laboratory conditions [27], highlighting that con-
dition-dependent expression of the pili cannot be ruled
out. However, LGG remains piliated with SpaCBA pili
under different stress conditions such as bile salts and
low pH [28]. Recently pili were also found in various
other lactobacilli and lactococci [29-31]. Remarkably,
comparative genome and functional analysis of L. rham-
nosus species showed that functional SpaCBA pili are
significantly more prevalent in human isolates than in
dairy isolates. Moreover, the pili are most prevalent in
intestinal isolates, while none of the strains that origi-
nated from the oral and vaginal cavities were shown to
have functional pili [28]. Intriguingly, recent gut metage-
nomic studies also showed that pili genes form impor-
tant examples of highly abundant functions that could
be identified, even if mainly expressed by some low-
abundance microbes such as Echerichia coli, further
supporting a key role for mucus-binding pili in the
intestinal niche [32].
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Structural properties of the SpaCBA pili

The LGG pilus contains three distinct pilin monomers
which are covalently linked in a sortase-dependent man-
ner: the major pilin SpaA and the minor pilins SpaB
and SpaC (Figure 1.D). Mass spectrometry revealed a
SpaA/SpaC/SpaB ratio of 5:2:1 [26]. As observed in
other Gram-positive pili, the major pilin SpaA exerts
merely a structural function forming the pilus backbone,
while the accessory pilins play a functional role [33,34].
The larger minor pilin SpaC, located on the tip of the
pilus and covering the pilus length [26], is thought to
play a pivotal role in adhesion to mucus. This was
shown using whole bacteria with a isogenic spaCBA
mutation [9], competitive blocking experiments with
SpaC antiserum [9], experiments with recombinant
SpaC in a mucus binding assay [9] and single molecule
atomic force microscopy (AFM) [35]. The smaller minor
pilin SpaB is thought to act as a molecular switch
responsible for pilus termination and initiation of pepti-
doglycan binding by the housekeeping sortase [26].

Another interesting feature of pili expression is the
presence of numerous insertion sequence (IS) elements
flanking the spaCBA operon in the LGG genome. It was
even suggested that the iso-IS30 element actually
enhances pili expression in LGG, while not in L. casei
strains [30]. It is however also possible that spontaneous
removal of the IS element would stop expression of pili
in LGG, although Douillard et al. [30] showed that LGG
could be recovered from various commercial products
with a very limited amount of genomic changes (2-3
SNPs) and was still capable of producing pili, indicating
its robustness under fermentation conditions. Neverthe-
less, others showed in a comparative genome analysis of
three LGG dairy product isolates that in two of these
strains, major stretches of genomic DNA were deleted,
including the spaCBA operon [36]. Moreover, LGG pili
are susceptible to shearing stress. Our AFM study
showed that bacterial cells subjected to 8000 x g centri-
fugal forces are completely devoid of pili [37]. As pili
seem to play an important role for the probiotic func-
tion of LGG, it is important for industrial production of
LGG that detrimental shearing stresses are avoided. The
presence of pili should be a key question for future
intervention studies with LGG.

Based on single molecule AFM, we could also suggest
that the LGG pili have two important nanoscale proper-
ties mediating interactions with the host (Figure 1.E).
Firstly, pili appear to function as nanosprings capable of
withstanding forces such as shearing stress. Secondly,
pili can function as a mechanical zipper [35]. As SpaC is
distributed not only at the tip, but also over the pilus
length [26], it is thought that a zipper-like mechanism
can facilitate a close interaction with the host after the
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first interaction is initiated by a SpaC subunit, enabling
other SpaC subunits along the tip, but also other cell
surface adhesins on the LGG surface to adhere step by
step, resulting in a more stable interaction. For instance,
two other LPxTG-like surface adhesins were found in
LGG: MabA as modulator of biofilm formation and
adhesion [13] and the mucus-binding factor MBF [38].

Possible immunomodulatory role of the SpaCBA pili

As key adhesive components, the immunomodulatory
capacity of the pili is also of high interest, although cur-
rent data are very limited. In a first study, focusing on
the nonpiliated spaCBA mutant of LGG, we could show
a ca. twofold increased induction of interleukin-8 (IL-8)
and other pro-inflammatory markers in intestinal
epithelial Caco-2 cells compared to wild-type, while a
mutant lacking exopolysaccharide (EPS) and showing an
increased exposure of SpaCBA pili resulted in ca. two-
fold less IL-8 mRNA induction [14]. In a more recent
study, Lactococcus lactis was genetically engineered to
express the LGG SpaCBA pili. These constructs
appeared to promote interaction with TLR2 and expres-
sion of IL-8 [39]. Moreover, in a comparison between
LGG and other commercial probiotic L. rhamnosus and
L. casei strains, it was shown that certain closely related
strains lacking pili expression have a reduced interaction
with TLR2 compared to LGG [28]. As part of our
ongoing research, we are investigating whether the pili
have a direct effect as MAMP interacting with PRRs,
such as TLR2, like has been shown for the type I pilus
of Streptococcus pneumonia [40], or whether they mainly
act indirect by mediating a close interaction with the
host cells and other LGG exposing surface-bound
ligands. Recent data suggest that it is not specifically the
presence or absence of SpaCBA pili that mediate
immune status. Rather, the pili appear to play an indir-
ect modulating role by promoting close interactions
with host cells such as epithelial cells, probably by the
zipper-like mechanism discussed above, so that other
effector molecules can exert their immune modulating
activities [14]. It will be very interesting to substantiate
this indirect immunomodulatory role in human volun-
teers, e.g. by intervention studies with spontaneous pili
mutants of LGG.

Lipoteichoic acid (LTA) as key immune effector

of LGG

One of the first effector molecules of LGG that were
studied are its lipoteichoic acid (LTA) molecules,
because LTA is considered as the Gram-positive equiva-
lent of Gram-negative LPS in stimulating strong
immune responses. However, the bio-active concentra-
tion of LTA is typically in de micromolar range, while
LPS is active in nanomolar concentrations [41].
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Moreover, LPS and LTA interact with different PRRs.
The specific PRRs for LTA were shown to consist of
TLR2 in a heterodimer with TLR6 and co-receptors
CD14 and CD36 [42]. The structure of LTA of LGG
was shown by NMR to consist of a glycerolphosphate
backbone with D-alanyl esters (ca. 70%) as unique
detectable substituents and an average chain length
between n = 30 and n = 76. The glycolipid moiety con-
tains 2 fatty acid chains with an average length of C14,
with one double bound per fatty acid [12,43]. Analysis
of structure-activity relations showed the importance of
the lipid chains of LTA in LGG in interaction with
TLR2-6 and the induction of NF-xB signaling [43].

To investigate the in situ role of LTA in live bacteria,
a mutant of LGG that showed a modified LTA structure
lacking D-alanine residues and an altered glycolipid
anchor, was created by mutating the ditD gene. This
gene encodes a membrane protein that facilitates the
ligation of the D-alanyl carrier protein with D-alanine
[12]. This mutant showed a strongly reduced interaction
with TLR2-6 and a lower induction of IL-8 mRNA in
the Caco-2 cell line compared to wild type, further sub-
stantiating a key role for LGG LTA in promoting more
pro- inflammatory responses [43]. Furthermore, the
ditD mutant significantly improved DSS- induced colitis
in treated mice compared to buffer control, while the
wild type strain showed actually detrimental effects in
that model [44]. Interestingly, similar effects were
observed with LTA mutants in other lactobacilli [45].
Complete removal of LTA in Lactobacillus acidophilus
NCEM [46] or a shift from mainly D-alanine to glucosyl
substitutions in Lactobacillus plantarum NCIMB8826
[47] also resulted in strains capable of more efficiently
alleviating inflammation. This shows that LTA is not an
LGG-specific effector molecule, but that it is an impor-
tant molecule in understanding Lactobacillus-host inter-
actions and is a crucial factor to take into account when
investigating anti-inflammatory effects.

Secreted proteins as probiotic effectors

In 2002, Yan and Polk showed that LGG promotes the
survival of intestinal epithelial cells (IECs) by preventing
cytokine-induced apoptosis through blocking of p38
MAP kinase. They found that the survival-promoting
effect was also present in other probiotic strains such as
L. acidophilus ATCC393 and L. casei ATCC4356, but
the strongest in LGG [48]. The supernatant of LGG was
shown to prevent apoptosis in IECs [49] and induce
heat shock proteins [50]. Consequently, two proteins
from the LGG supernatans were found to cause the
antiapoptic effect [49]. These proteins p75 (~75 kDa)
and p40 (~40 kDa) were later renamed as Major
Secreted Protein Mspl and Msp2 respectively, because
of the discrepancy in molecular weight [15]. Each of the
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purified proteins was shown to activate the Akt signal-
ing peptide, inhibit cytokine-induced IEC apoptosis and
reduce tumor necrosis factor (TNF)- induced epithelial
damage. The proteins also promoted cell growth in
human and mouse colon IECs and cultured mouse
colon explants [51]. Moreover, they were shown to pro-
tect the intestinal epithelial barrier function from hydro-
gen peroxide-induced damage through blocking of MAP
kinases [52].

A subsequent in vivo mice study proved the efficacy of
recombinant Msp2/p40 delivered in a pectin/zein hydrogel
bead for the prevention and treatment of DSS- induced
intestinal injury and acute colitis and for ameliorating
colon epithelial cell apoptosis and chronic inflammation in
oxazolone-induced colitis [53]. Moreover, Msp2/p40 was
shown to cause phosphorylation of the epidermal growth
factor receptor (EGF-R) leading to activation of Akt. The
importance of EGF-R in the mechanism was confirmed in
the in vivo tests [53]. Nevertheless, the exact PRR could
not be identified. The activation of EGF-R is thought to be
indirect as Msp2/p40 was shown to stimulate the catalytic
activity of the metalloproteinase ADAM-17, which subse-
quently releases heparin-bound EGF in IECs, activating
EGE-R [54].

As mentioned before, Mspl/p75 and Msp2/p40 are
not unique for LGG. For instance, the homologous pro-
teins of L. casei BL23 can also cause EGF-R phosphory-
lation [55]. However, there exists some heterogeneity
between the homologues. Analysis of Msp1/p75 and
Msp2/p40 gene sequence showed homology with cell
wall hydrolases in LGG [51], but also in L. casei [55].
Mspl was characterized in LGG as a D-glutamyl-L-lysyl
endopeptidase with an important role in daughter cell
separation [15]. Intriguingly, we could also show that
the Mspl protein is glycosylated in LGG with Con-A
reactive residues [56], which could explain the apparent
discrepancy previously seen between the predicted mole-
cular weight and the molecular weight shown on Wes-
tern blot [51]. The serine-rich glycosylation site was not
found in homologues of Mspl in several L. casei strains,
which suggest a species-specific glycosylation. The gly-
cosylation does not impede enzyme activity and was
suggested not to interfere with activation of Akt,
although a the glycan chain appears to have a modulat-
ing role as shield. The glycosylation seems to play a role
in increasing protein stability and protein binding to the
cell wall [56]. Interestingly, the ConA reactive S-layer
protein SlpA of L. acidophilus is suggested to be recog-
nized by DC-SIGN [57], although this remains to be
further substantiated. The Msp2 protein, on the other
hand, appears not to be glycosylated. The exact function
of LGG Msp2 remains unclear since its hydrolytic pepti-
doglycan (PG) degrading activity is limited and an msp2
knock-out mutant could not be constructed, possibly
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because of its essential role in LGG. Immunofluores-
cence analysis suggests a possible role in early stage cell
septum formation [15].

Because of their action as PG hydrolases, it also
remains to be studied whether Mspl and Msp2 could
have immunomodulatory functions by release of PG frag-
ments. Intriguingly, a recent study showed that PG might
be a central mediator for the beneficial effect of certain
probiotic lactobacilli, such as Lactobacillus salivarius
Ls33 in inflammatory bowel disease with NOD-2 as a key
receptor [58]. Although the PG of most lactobacilli share
the same basic structure, the PG molecules of this Lacto-
bacillus strain was shown to contain an additional muro-
peptide, MurNAc-1-Ala-y-d-isoGln-1-Lys, which was
suggested to be the NOD2 ligand displaying anti-inflam-
matory properties [59]. The PG structure of LGG was
previously determined when analyzing the PG hydrolyz-
ing activity of Msp1/p75 [15]. It is at present not known
whether LGG PG contains such strong NOD2 ligands
and how this NOD?2 interaction could be influenced by
its collection of PG hydrolases.

Exopolysaccharides (EPS) as modulating
adaptation factors

An extracellular polysaccharide (EPS) layer is commonly
found in lactobacilli. Of interest, EPS molecules show a
large structural diversity [60], so that they are clearly
strain-specific molecules. The LGG cell surface appears
to contain two major types of polysaccharides: long
galactose-rich polysaccharides and shorter glucose/man-
nose-rich polysaccharides [61]. We could yet identify the
operon responsible for galactose-rich EPS synthesis [62].
A knock-out mutant of the welE gene, encoding the
priming glycosyltransferase, is completely devoid of the
long galactose-rich EPS but shows a higher concentration
of short glucose-rich EPS [62]. This mutant shows an
increased adhesion to Caco-2 IECs, linked to increased
exposure of the SpaCBA pili [14,62]. In addition, this
type of galactose-rich EPS appears to be an important
adaptation factor for LGG as the welE mutant shows a
reduced in vivo survival in the murine gastrointestinal
tract (GIT) [63]. More specifically, the long galactose-
rich EPS were shown to protect the cell against comple-
ment-mediated lysis and cathelicidins, specific cationic
antimicrobial peptides [63]. It thus seems important that
this type of EPS production is balanced between optimal
protection and optimal adhesion.

The role of EPS in the interaction between LGG and
the host remains largely unclear. Results obtained in our
lab indicate that isolated galactose-rich EPS are not
principal inducers of cytokines in the Caco-2 intestinal
epithelial cell line [14]. On the other hand, isolated EPS
from LGG appears to counteract the cytotoxicity of
Bacillus cereus on Caco-2 cells and of streptolysin-O on
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rabbit erythrocytes [64]. However, as low concentrations
of the major secreted proteins have an anti-apoptotic
effect in IECs [51], it remains to be ruled out that pro-
tein contaminants in the purified EPS are not interfering
with the results. In addition, the role of the other glu-
cose-rich type of EPS from LGG remains to be substan-
tiated. A recent network based in silico analysis of the
glycosyltranferase genes of LGG could identify the puta-
tive gene cluster involved in their biosynthesis [65],
which opens perspectives for functional analyses with
mutants.

Apart from EPS, other genes and molecules play a role
as factors that promote the adaptation of LGG to the
human host and gastro-intestinal tract in particular. For
instance, an elegant study combining transcriptomics
and proteomics in LGG identified putative adaptation
factors involved in the bile stress response of LGG.
Among the identified functions were general stress
responses as well as cell envelope-related functions,
including pathways affecting fatty acid composition, cell
surface charge, and thickness of the EPS layer [66]. Our
recent recombinase-based in vivo expression technology
(R-IVET) experiment, similar as in L. plantarum
WCFS1 [67], also indicated a remarkable metabolic flex-
ibility of LGG in the murine gastro-intestinal tract
(Sarah Lebeer et al., in preparation).

Secreted antimicrobials produced by LGG

Several in vitro studies have shown the efficacy of LGG
against the viability, adherence or infection of GIT patho-
gens. Indeed, LGG was shown to reduce the viability of
Salmonella enterica subsp. enterica serovar Typhimur-
ium [68-72], Shigella sonei [73], and Pseudomonas,
Staphylococcus and Streptococcus strains [70] in vitro. In
vivo mice experiments confirmed that LGG pretreatment
reduces S. Typhimurium infection parameters [74]. How-
ever, there is some controversy concerning the results
obtained with S. Typhimurium, as not all studies could
detect a reduction in viability [74,75] or reduced adher-
ence to human intestinal mucus [75,76]. Unfortunately,
to our knowledge no human trials have been carried out
focusing on Salmonella specifically.

There have been a number of studies trying to identify
the antibacterial compounds, mostly focusing on
S. Typhimurium. LGG grown in de Man-Rogosa-Sharpe
(MRS), a medium recommended for lactobacilli, was
shown to inhibit growth of S. Typhimurium SL1344 in a
pH-dependent manner [76]. Interestingly, lactic acid was
identified as the main antimicrobial compound in differ-
ent conditions [69,71,72], which is clearly not a specific
factor for LGG. As lactic acid permeabilizes the Gram-
negative outer membrane, it might facilitate antibacterial
action of other compounds, such as organic acids or
bacteriocins [77]. These compounds might indeed
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participate as a recent study showed that the antimicro-
bial effect appears not to be dependent on lactic acid
concentration alone [68]. Seven heat-stable peptides
with antibacterial activity against enteroaggregative
E. coli strain EAEC 042, Salmonella Typhi, and Staphy-
lococcus aureus were identified in LGG culture medium
[78]. Unfortunately, these peptides have not yet been
identified, to the best of our knowledge. Of note, the
genome sequence of LGG encodes several bacteriocin-
related genes [9]. Despite several attempts, we and
others were not yet able to shown bacteriocin produc-
tion under laboratory conditions and coculture with
possible inducing strains, although a bacteriocin locus
was found to be induced in the murine gastro-intestinal
tract after R-IVET (Sarah Lebeer et al., in preparation).

Bacterial cell-cell communication through quorum sen-
sing (QS) might also interfere with pathogen infection as
strains present in the gut microbiota are thought to com-
municate to coordinate adaptive processes such as com-
petition and cooperation for nutrients and adhesion sites
[2]. LGG was reported to produce autoinducer-2 (AI-2),
which is suggested to be an important interspecies QS
molecules, produced by both Gram-positive and Gram-
negative bacteria [79]. However, the role of QS in patho-
gen exclusion is difficult to investigate since the AI-2
synthase LuxS also interferes with the cell metabolism.
Indeed, a luxS knock-out mutant of LGG was shown to
have numerous pleiotropic effects, which could not be
complemented by exogenous addition of synthetic AI-2
molecules [10]. It remains to be investigated whether
AI-2 or other QS systems play a role as a probiotic
mechanism for LGG. For instance, McCormick and col-
leagues could nicely show that cyclic dipeptides of strain
Lactobacillus reuteri RC-14 quench agr-mediated expres-
sion of toxic shock syndrome toxin- 1 in staphylococci
[80], highlighting that QS could play a role in antipatho-
genic mechanisms of probiotics.

Unmethylated CpG-rich DNA motifs as
intracellular MAMPs

Other important bacterial MAMPs are derived from
bacterial DNA and become only available after cell lysis.
Bacterial DNA can be distinguished from eukaryotic
DNA in frequency of unmethylated cytosine-guanine
dinucleotides (CpG) motifs. These CpG motifs are rela-
tively widespread in viral and bacterial DNA, but are
not common in mammalian DNA. CpG motifs and syn-
thetic unmethylated CpG oligonucleotide mimics
(ODN) are generally recognized by TLR9 and can
induce a strong T-helper-1 (T"-1) like inflammatory
response [81]. Targeting TLR9 with CpG or ODN has
been a strategy for a number of clinical trials studying
the effect on cancer treatment, allergy and infection dis-
eases, reviewed in [82]. It is important to note that
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TLRY function in the intestinal epithelial layer is
thought to be polarized as IECs respond differently to
apical or basolateral exposure to CpG. As basolateral
TLRY activation signals activation of the NF-«xB path-
way, apical TLR9 stimulation seems to prevent NF-«<B
activation. This mechanism is thought to play an impor-
tant role in epithelial homeostasis [83].

A bioinformatic analysis of the frequency of CpG
motifs in the genomes of gut commensals demonstrated
a correlation with genomic GC content [84]. Indeed, in
vitro treatment of polarized IEC layers showed that
DNA form different probiotic strains have differential
effects on NF-xB activation [85] and in vivo studies
using a mouse model showed differential effects on
immune proliferation activity [86]. The genome of LGG,
but also of other lactobacilli such as L. plantarum
WCES1, appears to have a higher frequency of the opti-
mal motif for interaction with TLRY, i.e. GTCGTT, than
could be expected by their genomic GC content [84].
Moreover, a potent ODN, TTTCGTTT named ID35,
was identified in the LGG genome [86]. The effect of
chromosomal DNA of LGG was also tested in polarized
IECs, where it was shown to diminish TNF-induced NF-
kB activation and reduction of trans- epithelial resistance
thus protecting the epithelial layer [87]. The chromoso-
mal DNA of LGG and derived ODNs were also shown to
be strong in vivo inducers of murine B cell proliferation
and were able to stimulate Ty1 immunity in murine sple-
nocyte cells [86]. ID35 isolated form LGG genome even
seems to be beneficial in allergy prevention in an ovalbu-
min-sensitized mouse model, by inducing the Ty1-
response and suppressing ovalbumine-specific IgE pro-
duction [88]. Moreover, a study using peripheral blood
mononuclear cells (PBMCs) from allergic patients
showed that LGG as well as its genomic DNA can modu-
late the Ty1/TH2 response to specific allergens dose-
specifically. More than 50% of the effect of LGG could be
explained by the effect of the genomic DNA, as stated by
the authors [89].

Profiling of host responses against LGG

The above mentioned LGG molecules and their corre-
sponding mutants are studied one-by- one but it should
be highlighted that in situ the host interaction towards
LGG will be an integrated sum of different interactions.
A combination of all MAMP-PRR interactions decides
how the immune system is triggered, while also various
metabolites such as lactic acid can be envisaged to modu-
late host responses. Therefore, molecular profiling of the
host responses upon LGG application can reveal impor-
tant novel insights (Figure 2), especially if time course
studies are included. Until now, these host responses
towards LGG have been mainly characterized by tran-
scriptomics methods, but also other approaches such as
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proteomics and metabolomics show great potential, espe-
cially if methods are integrated and combined with net-
work biology approaches [90]. For instance, a gene
expression analysis of the small bowel mucosa from
patients treated with LGG compared with placebo treat-
ment, showed that LGG affected genes involved in
immune response and inflammation, apoptosis, cell-cell
signaling, cell growth and cell differentiation, cell adhe-
sion and signaling. It should be noted that these analyses
were done at a rather late time point, i.e. in biopsy sam-
ples of patients consuming LGG during one month
(1.2 x 10'° colony forming units, CFU, daily) [91]. A
more recent in vivo transcriptome analysis compared the
mucosal responses towards LGG (1.68 x 10*°) with two
other commercially available lactobacilli (i.e. L. acidophi-
lus Lafti-L10, L. casei CRL-431) in a placebo-controlled
randomized double-blind cross-over design in which the
volunteers consumed all three probiotic preparations and
a placebo control in a randomized order with each time a
2-week wash-out period. Interestingly, even after only
6 h, the mucosal response to LGG was also mainly char-
acterized by the induction of Ty1 development via the
IFN-STAT4 (signal transducer and activator of transcrip-
tion 4) axis and affected pathways include cellular growth
and proliferation pathways, wound healing, angiogenesis,
interferon mediated responses, calcium signaling and ion
homeostasis [92]. These pathways contain signatures of
the previously documented activity of Mspl/p75 and
Msp2/p40 to promote cell proliferation and epithelial
integrity [51,53,54], but clearly other factors play a role.
The same method was also used to investigate whether
humans respond differently to different growth stages of
L. plantarum WCEFS1 [93]. They indeed observed clear
differences in the transcriptional response to exponen-
tially growing or stationary phase bacteria, and
between viable and heat-killed stationary bacteria. It
will be very interesting to use the same analyses to
investigate the transcriptional responses towards LGG
wild type and spontaneous non-GMO food-grade
mutants, such as spontaneous pili mutants, to explore
their relative contribution to the human host response.
Alternatively, experiments with dedicated isogenic
mutants such as of Mspl/p75 [15] could be designed
for analyses in animal models, since Lin et al. [94]
have also nicely shown by transcriptomics that LGG
also upregulates cytoprotective gene expression and
MAPK-related expression in the developing murine
intestine. In addition, ex vivo and in vitro models such
as the porcine small intestinal epithelial cell line
(IPEC-J2) appear to be good models for the study of
innate immune responses to probiotics [95].
Nevertheless, and probably most importantly, the
abovementioned duodenal transcriptome studies of
Kleerebezem and coworkers showed a remarkable large
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LTA

-

oili ‘ ® Msp2/p40
Msp1/p75 \
HB-EGF
release

TLR2-6

\ Response genes\> e.g. T,1 cytokines

Figure 2 Molecular interactions of LGG with intestinal epithelial cells. LTA as a MAMP interacts with TLR2-6, activating NF-« signaling [43].
Secreted protein Msp2/p40 induces release of HB-EGF that causes phosphorylation of EGF-R, activating downstream protein kinase C (PKC) and
phosphoinositide 3-kinase (PI13K) -Akt signaling [51,53,54]. A recent human duodenal transcriptome study indicates that JUN and STAT4
transcription factors play a central role in downstream signaling after consumption of LGG, leading to mainly Ty1 cytokine production and
activating pathways involved in cellular growth and proliferation, wound healing, angiogenesis, interferon-mediated responses, calcium signaling
and ion homeostasis [92]. Adapted from [96]

distance of the transcriptome profiles between the
human participants. As all participants were healthy,
the large inter-person variation indicates that mucosal
tissues have multiple mucosal solutions to accomplish
healthy homeostasis, which is suggested to be a

molecular “bandwidth of human health” [96]. Clearly,
this complicates the selection of the most appropriate
biomarkers to monitor probiotic intervention in
human study subjects and the possibility for stratifica-
tion of responders and non-responders.
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Clinical benefits of LGG

In the next paragraphs, we tried to summarize some
well documented clinical benefits and explain some of
the findings with the molecular framework we provided
above, although this association should be taken with
caution.

Promotion of gastro-intestinal health in children and
adults

As mentioned before, LGG has been shown to colonize
the gut of newborns significantly better than adults [18].
Interestingly, prenatal supplementation with LGG
(1.8x10'° CFU in capsules, daily from 36" week of
gestation) has been reported to change the composition
of the neonates microbiota, promoting a beneficial pro-
file dominated by bifidobacteria [97,98], although the
overall microbial diversity did not seem to have changed
[99]. Others showed that postnatal application of LGG
(10° CFU daily, lyophilized powder mixed with breast
milk) appears to affect neonatal intestinal colonization
patterns causing a higher species diversity compared to
placebo [100], although the analysis was not done at
detailed level. How exactly LGG could promote the
colonization of bifidobacteria in vivo remains to be
further explored.

Given its excellent intestinal mucus adherence capaci-
ties, LGG has also been often selected as candidate pro-
biotic for the prevention and treatment of gastro-
intestinal infections and diarrhea, although the efficacy
is not uniformly proven. Three subsequent meta-analysis
studies have discussed the use of LGG for the treatment
of acute diarrhea in children [101-103]. Overall, the cur-
rent data suggest that LGG can reduce the duration of
diarrhea with 1.05 days, particularly in children from
geographical Europe, treated with a high dose of LGG
(210'° CFU/day). LGG (10° CFU daily in fermented
milk product) was also shown to reduce the risk of
acquiring nosocomial gastrointestinal infections when
administered daily in hospitalized children [104]. Under-
nourished Peruvian children showed a lower incidence
of diarrhea when treated with LGG (>1010 CFU daily,
lyophilized powder mixed with liquid cherry gelatin).
Effects were the largest in non-breastfed children [105].
However, long-term consumption of milk containing
LGG (10® CFU daily) in children attending day care cen-
ters in Finland could not show an effect on the inci-
dence of gastro-intestinal symptoms [106]. It is
important to note that the unsuccessful trial tested a
100-fold lower daily concentration, although other fac-
tors such as probiotic formulation and study subject
heterogeneity could of course also play a role. A recent
meta-analysis concluded that LGG treatment can also
reduce pain frequency and intensity in children with
abdominal pain-related disorders, particularly among
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irritable bowel syndrome (IBS) patients. However, it is
important to mention that the clinical effects were sig-
nificant but moderate [107], which is not unexpected if
you consider the large subject heterogeneity in IBS
patients.

In other conditions, LGG effects were better stratified.
For instance, oral supplementation with LGG (6 x 10°
CFU with human milk) has been shown to prevent
enteric colonization by Candida species in preterm neo-
nates in a randomized study [108], although the under-
lying mechanisms need to be explored. Two pilot
studies also showed promising results for LGG treat-
ment (respectively 10'® CFU in skim milk and 1.2 x 10°
CFU in lyophilized powder daily) of recurrent Clostri-
dium difficile induced colitis in children [109,110], but
this should be repeated in larger trials. Furthermore,
application of a commercial yoghurt with LGG to renal
patients during 8 weeks has been shown to succeed in
clearing vancomycin-resistant enterococci in all patients
in an double-blind, randomized, placebo-controlled trial
[111]. A larger single-blind, randomized, placebo-con-
trolled trial focused on children (3 x 10° CFU daily, dis-
solved in water or milk) and could show a significant
difference between the treated and the control groups
only after three weeks [112]. The mechanism of clearing
of this vancomycin-resistant enterococci remains to be
explored, but the SpaCBA pili of LGG share some
sequence identity (30-40%) with the pili of Enterococcus
faecalis and Enterococcus faecium [9]. Clearly, experi-
ments with non-GMO pili deficient variants of LGG
would be highly interesting to study their role in the
gastro-intestinal and pathogen exclusion effects of LGG.

Possible effects at other body niches
Although many intervention studies with LGG are tar-
geting the GIT, it is also interesting to investigate extra-
intestinal effects of LGG. For instance, LGG has been
shown to reduce oral counts of Streptococcus mutans, a
bacterium correlated with caries formation, respectively
in yogurt, milk and lozenges [113-115]. Especially long-
term consumption of LGG containing milk (5-10 x 10°
CFU) appears to be able to reduce caries development
in children [114]. Of note, there was no effect of short-
term consumption of LGG (4x10® CFU daily) on the
acidogenicity of plaque nor on caries formation in
adults, although it should be noted that LGG was admi-
nistered in a tablet, which might not be the best formu-
lation [116]. Importantly, LGG appears not to ferment
sucrose to a significant level [9], indicating that it is
itself not cariogenic, a property which is sometimes
attributed to lactobacilli due to lactic acid production.
Others have investigated the effect of LGG consump-
tion on respiratory health. For instance, Hojsak and col-
leagues [104] showed that fermented milk containing
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LGG was efficient in reducing the risk on respiratory
tract infections (RTIs) that lasted longer than three days
in hospitalized children. Also, preterm infants treated
daily with 10’ CFU LGG in capsules starting within one
week after birth, appear to have significantly lower inci-
dence of RTIs and rhinovirus-induced episodes in the
first 2 months [117]. Furthermore, capsulated LGG (10°
CFU) was shown to protect hospitalized patients against
ventilator-associated pneumonia, mainly when caused by
Gram-negative pathogens like Pseudomonas aeruginosa
[118]. Moreover, in cystic fibrosis patients colonized
with P. aeruginosa, long-term LGG treatment (6x10°
CFU daily, in oral rehydration solution) significantly
decreased the incidence of pulmonary exacerbations and
increased body weight [119]. Unfortunately, this study
did not evaluate P. aeruginosa colonization status after
LGG treatment. Clearly this area requires further
research, because probably a combination of LGG’s anti-
pathogenic and immune modulating capacities deter-
mines its potential in RTIs.

Immunomodulatory applications of LGG

Allergic diseases

The potential immunomodulatory effects of LGG that
have yet received most attention include its widely dis-
cussed effects against allergic disease. In a study pub-
lished in The Lancet, Kalliomdki and colleagues
[120-122] showed that the combination of prenatal
maternal (2-4 weeks) and postnatal pediatric (6 months)
LGG treatment (10'° CFU daily, capsules or in water) in
families with a history of atopic disease, significantly
lowered the risk of eczema at the age of 2, 4 and 7.
However, allergic rhinitis and asthma tended to be more
common in the LGG treated group and no significant
differences were found in incidence of cow milk allergy.
Moreover, Kopp and colleagues [123] could not repeat
the beneficial results against eczema using a similar pro-
tocol and concentration. The reason for these different
outcomes is unknown, however it is thought that the
different genetic background of the tested populations
(Finnish versus German) might play a role. Also, the
German trial had more infants with older siblings,
which could be a potential cofounder [120,123]. In addi-
tion, it seems that different probiotic products have
been used for these studies, so that also differences in
probiotic formulation, and for instance pili presence,
cannot be ruled out.

Atopic dermatitis in children could not be treated by
LGG in three independent trials, using a daily concen-
tration of 5x10” CFU/100 ml formula [124], 5x10° CFU
in milk [125] or 10'® CFU in milk [126]. However, in
these trails there was a consistent but not significant
effect of LGG in the IgE-sensitized subgroup. Two other

Page 10 of 16

trials also reported that treatment (5x10° CFU daily in
milk) was efficient in IgE-sensitized infants, but not in
non-IgE-sensitized infants [127,128]. This is probably a
good example that patient stratification is important to
identify potential responders, but more research is
necessary to determine the effect of LGG in IgE-sensi-
tized infants.

Related to food allergy, it was reported that adminis-
tration of capsulated LGG (5x10° CFU) in infants with
cow’s milk allergy augments IFN-y production in stimu-
lated PBMCs, thus possibly providing beneficial Tyl
immunomodulatory signals [128]. Indeed, infants
acquire more oral tolerance when hydrolyzed casein for-
mula was administered in combination with LGG (107
CFU/ 100 mL) than with the formula alone [129]. In
milk-hypersensitive adults, LGG (2.6x10° CFU daily in
milk) has been shown to reduce the immunoinflamma-
tory response by reducing the expression of specific
receptors such as the complement receptors CR1 and
CR3 [130].

LGG as a vaccine adjuvant

Another perhaps more elegant way to investigate the
immunomodulatory effects of LGG is by studying its
capacity to ameliorate humoral responses to vaccines
when applied as an adjuvant. One study showed that the
immunogenicity of an oral rotavirus vaccine was signifi-
cantly ameliorated when mixed with 5x10'° CFU of
LGG [131]. LGG in milk (10" CFU daily, 1 week before
vaccination, 4 weeks after) was also shown to increase
the poliovirus neutralizing antibody titer with a fourfold
increase in poliovirus-specific IgA in adults receiving an
oral vaccine against polio 1, 2 and 3 [132]. Moreover,
LGG treatment (10'° CFU in a capsule, daily, 28 days
starting at vaccination) increased protection rates after
an oral life attenuated influenza vaccine. The effect was
viral strain-dependent as antibody titers against HIN1
and B strains were low for placebo and LGG-treated
groups. For the H3N2 strain, LGG increased protection
significantly [133]. However, there was no influence on
the effect of an oral S. Typhi Ty21a oral vaccine (4x10°
CFU daily, 7 days) [134]. In addition, a recent study
even showed that maternal supplementation with LGG
(1.8 x 10" CFU daily) from 36 weeks gestation until
delivery reduces vaccine-specific immune responses for
tetanus, Haemophilus influenzae type b (Hib) and pneu-
mococcal conjugate (PCV7) vaccines in infants at high
risk of developing allergic disease [135], indicating that
the timing of administration is important if one desires
an adjuvant effect and that LGG might not always be
the best choice for these purposes. Moreover, van Baar-
len et al. [92,93] showed other lactobacilli such as L.
plantarum WCFS1 show a more clear modulating of
the NF-xB pathway.
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Conclusions

Is LGG a better probiotic strain than other probiotics on
the market? This question is difficult to answer, since
the answer largely depends on the host response that is
aimed for by the application. As mentioned before, the
host response is dependent on the combination of sev-
eral bacterial effectors, including MAMPs interacting
with PRRs. Even though these effectors might not be
unique for LGG, it seems that the sum of effectors in
LGG is often beneficial for the host, while strains with
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similar MAMPS might show different results. Small var-
iations in structure (pili, LTA, EPS, etc.), expression
level or ratio can also have a large effect on the host
response. However, it is also apparent that not all
reported health effects of LGG are univocal. Successful
administration appears to depend on the applied dose,
growth phase, formulation, time of administration, dura-
tion of treatment, age and genetic background of study
subjects, among other variables (Figure 3). Nevertheless,
one of the clear advantages of LGG is that this probiotic

LGG

e v )
Suitable probiotic?
* Previous clinical trials
|+ Known modes of action
* Probiotic effector molecules
+ Adaptation factors
\» Commercial availability )
(- N\

Formulation?

« Site of administration
— + Desired host response

* Pay attention to growth phase &
cell surface factors (pili, EPS,
\_ Mspl/Msp2 ..) Y,

r
Dosage?

||+ Site & time of administration
* Desired host response
& Formulation

.

RES)

rHeaIthy host?

| « Take broad 'bandwidth of human
| health" into account

Disease state? Safety check

« Integrity epithelial barrier

+ Immuno-compromised host
\

Generic background?

« Stratify for potential responders

| + PRR heterogeneity

* Genetics immune pathways

\* Other host response genes )

rMicrobiota?

Use of ‘omics’ & molecular tools to
substantiate effects

Figure 3 Pipeline for the design of intervention trials with LGG and related probiotics. In this schema, we have made an overview of
different steps that should ideally been taking when designing novel intervention studies with LGG or related probiotics, taking current
information into account. For more information, the reader is referred to the main text of this manuscript.

* Age
+ Dysbiosis
.

¥




Segers and Lebeer Microbial Cell Factories 2014, 13(Suppl 1):57
http://www.microbialcellfactories.com/content/13/51/57

is well characterized and so widely used that it has a
very good safety track record. LGG has been consumed
in over 40 countries worldwide and is especially popular
in Finland with a yearly per capita consumption rate of
6L in 2000 [136]. To support the safety of LGG, it was
shown that despite increasing LGG consumption in Fin-
land and Sweden respectively, the rate of Lactobacillus
bacteremia remained constant [137,138]. Moreover, the
use of LGG in a wide variety of clinical trials without
serious adverse events confirmed its safety. LGG has
been administered to, among others, low birth weight
infants [139,140], pregnant women [122,123,141], HIV-
infected patients [138] and patients with a mechanical
ventilator [118].

Nevertheless, case reports show that probiotic therapy
is to be discouraged in certain groups of patients. In a
review concerning the safety of probiotics, it was con-
cluded that adverse effects of probiotics were correlated
with (i) impaired intestinal barrier function, (ii) immune
compromised state and (iii) central venous catheter
[142]. Indeed, cases specifically reported for LGG show
that these risk factors might play a role. For instance, a
number of infants treated with LGG for short gut syn-
drome associated with intestinal friability seemed to
manifest sepsis with LGG-like bacteria [143,144] and an
ulcerative colitis patient was diagnosed with LGG bac-
teremia [145], although these identifications were not
done at a detailed genomic level. Nevertheless, in
patients with a seriously compromised integrity of the
barrier function of the intestine, the administration of
specific LGG molecules is probably a better strategy
than living LGG cells, because of the risk for transloca-
tion of the bacteria from the intestines into the blood.

Taken together, the various clinical trials that have yet
been published with LGG, notwithstanding their out-
come, will help the design of novel trials, while also the
recent molecular data on the genes and molecules of
LGG that could be important for its probiotic function
will lead to better clinical trials and better substantiation
of potential modes of actions. This will go hand in hand
with the ongoing developments of omics technologies
(metagenomics, transcriptomics, metabolomics, detailed
sequencing of spontaneous mutants of LGG) to monitor
the impact of LGG application and to go towards a bet-
ter understanding of responders and non-responders.

List of abbreviations used

AFM: Atomic Force Microscopy; CFU: Colony forming units; CpG: Cytosine-
guanine dinucleotide; DC: Dendritic cell; EGF-R: Epidermal growth factor
receptor; EPS: Exopolysaccharide; GIT: Gastrointestinal tract; IEC: Intestinal
epithelial cell; IS: Insertion sequence; LTA: Lipoteichoic acid; LGG:
Lactobacillus rhamnosus GG; MAMP: Microbe-associated molecular pattern;
PBMC: Peripheral Blood Mononuclear Cells; PG: Peptidoglycan; PRR: Pattern
recognition receptor; QS: Quorum sensing; VRE: vancomycin-resistant
enterococci.

Page 12 of 16

Competing interests
The authors declare that they have no competing interests.

Acknowledgements

We acknowledge all researchers that help to unravel aspects of the host
interaction of LGG. We especially acknowledge Prof. J. Vanderleyden and Dr.
S. De Keersmaecker (KU Leuven) to initiate the genetic research on LGG
more than 10 years ago and Prof. W. De Vos (University of Wageningen and
University of Finland) to strongly promote the research on LGG. In addition,
all other previous and current PhD students unravelling LGG's probiotic
properties are acknowledged, including Monica Perea Velez, Ingmar Claes,
Mariya Petrova, Prachi Tripathi, Hanne Tytgat, and Cynthia Vargas Garcia. The
current LGG research at the KU Leuven and UAntwerpen is funded by FWO-
Vlaanderen (including KaN 152011N) and by BOF financing KU Leuven (PF
financing, spokesman J. Balzarini) and UAntwerpen (DOC PRO and IOF-SBO
projects Sarah Lebeer).

Declarations

This article has been published as part of Microbial Cell Factories Volume 13
Supplement 1, 2014: Proceedings of the 11th International Symposium on
Lactic Acid Bacteria. The full contents of the supplement are available online
at http://www.microbialcellfactories.com/supplements/13/S1. Publication
charges for this supplement were funded by the Stichting Symposium on
Lactic Acid Bacteria. The articles have undergone the journal’s standard peer
review process for supplements. EJ is employed by Chr Hansen A/S, is a
shareholder in Chr Hansen A/S; and has applied for patents relating to the
content of an article which he did not edit but which forms part of this
supplement. MK is an employee of Nizo. The other Supplement Editors
declare that they have no competing interests.

Authors’ details

"University of Antwerp, Department of Bioscience Engineering, Research
Group Environmental Ecology and Applied Microbiology, Groenenborgerlaan
171, B-2020 Antwerp, Belgium. ’KU Leuven, Centre of Microbial and Plant
Genetics, Kasteelpark Arenberg 20, box 2460, B- 3001 Leuven, Belgium.

Published: 29 August 2014

References

1. Doron S, Snydman DR, Gorbach SL: Lactobacillus GG: Bacteriology and
clinical applications. Gastroenterology Clinics of North America 2005,
34:483-+.

2. Lebeer S, Vanderleyden J, De Keersmaecker SC: Genes and molecules of
lactobacilli supporting probiotic action. Microbiol Mol Biol Rev 2008,
72:728-764, Table of Contents.

3. Lebeer S, Vanderleyden J, De Keersmaecker SC: Host interactions of
probiotic bacterial surface molecules: comparison with commensals and
pathogens. Nat Rev Microbiol 2010, 8:171-184.

4. Corr SC, Hill C, Gahan CG: Understanding the mechanisms by which
probiotics inhibit gastrointestinal pathogens. Adv Food Nutr Res 2009,
56:1-15.

5. Mack DR, Ahrne S, Hyde L, Wei S, Hollingsworth MA: Extracellular MUC3
mucin secretion follows adherence of Lactobacillus strains to intestinal
epithelial cells in vitro. Gut 2003, 52:827-833.

6. Rao RK, Samak G: Protection and Restitution of Gut Barrier by Probiotics:
Nutritional and Clinical Implications. Curr Nutr Food Sci 2013, 9:99-107.

7. Wells JM: Immunomodulatory mechanisms of lactobacilli. Microb Cell Fact
2011, 10(Suppl 1):S17.

8. Abreu MT: Toll-like receptor signalling in the intestinal epithelium: how
bacterial recognition shapes intestinal function. Nature Reviews
Immunology 2010, 10:131-144.

9. Kankainen M, Paulin L, Tynkkynen S, von Ossowski |, Reunanen J,
Partanen P, Satokari R, Vesterlund S, Hendrickx APA, Lebeer S, et al:
Comparative genomic analysis of Lactobacillus rhamnosus GG reveals
pili containing a human- mucus binding protein. Proceedings of the
National Academy of Sciences 2009, 106:17193-17198.

10. Lebeer S, De Keersmaecker SC, Verhoeven TL, Fadda AA, Marchal K,
Vanderleyden J: Functional analysis of luxS in the probiotic strain
Lactobacillus rhamnosus GG reveals a central metabolic role
important for growth and biofilm formation. J Bacteriol 2007,
189:860-871.


http://www.microbialcellfactories.com/supplements/13/S1
http://www.ncbi.nlm.nih.gov/pubmed/16084309?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16084309?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19052326?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19052326?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20157338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20157338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20157338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19389605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19389605?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12740338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12740338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12740338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24353483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24353483?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21995674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20098461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20098461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19805152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19805152?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17098890?dopt=Abstract

Segers and Lebeer Microbial Cell Factories 2014, 13(Suppl 1):57
http://www.microbialcellfactories.com/content/13/51/57

20.

22.

23.

24

25.

26.

27.

28.

29.

Lebeer S, Verhoeven TL, Perea Velez M, Vanderleyden J, De

Keersmaecker SC: Impact of environmental and genetic factors on
biofilm formation by the probiotic strain Lactobacillus rhamnosus GG.
Appl Environ Microbiol 2007, 73:6768-6775.

Perea Velez M, Verhoeven TL, Draing C, Von Aulock S, Pfitzenmaier M,
Geyer A, Lambrichts |, Grangette C, Pot B, Vanderleyden J, De
Keersmaecker SC: Functional analysis of D-alanylation of lipoteichoic acid
in the probiotic strain Lactobacillus rhamnosus GG. Appl Environ Microbiol
2007, 73:3595-3604.

Velez MP, Petrova MI, Lebeer S, Verhoeven TL, Claes |, Lambrichts |,
Tynkkynen S, Vanderleyden J, De Keersmaecker SC: Characterization of
MabA, a modulator of Lactobacillus rhamnosus GG adhesion and biofilm
formation. FEMS Immunol Med Microbiol 2010, 59:386-398.

Lebeer S, Claes |, Tytgat HL, Verhoeven TL, Marien E, von Ossowski |,
Reunanen J, Palva A, Vos WM, Keersmaecker SC, Vanderleyden J: Functional
analysis of Lactobacillus rhamnosus GG pili in relation to adhesion and
immunomodulatory interactions with intestinal epithelial cells. App/
Environ Microbiol 2012, 78:185-193.

Claes 1J, Schoofs G, Regulski K, Courtin P, Chapot-Chartier MP, Rolain T, Hols P,
von Ossowski |, Reunanen J, de Vos WM, et al: Genetic and Biochemical
Characterization of the Cell Wall Hydrolase Activity of the Major Secreted
Protein of Lactobacillus rhamnosus GG. PLoS One 2012, 7:231588.

Tuomola EM, Ouwehand AC, Salminen SJ: The effect of probiotic bacteria
on the adhesion of pathogens to human intestinal mucus. FEMS
Immunol Med Microbiol 1999, 26:137-142.

Goldin BR, Gorbach SL, Saxelin M, Barakat S, Gualtieri L, Salminen S: Survival
of Lactobacillus species (strain GG) in human gastrointestinal tract. Dig
Dis Sci 1992, 37:121-128.

Sepp E, Mikelsaar M, Salminen S: Effect of Administration of Lactobacillus-
Casei Strain Gg on the Gastrointestinal Microbiota of Newborns.
Microbial Ecology in Health and Disease 1993, 6:309-314.

Van den Abbeele P, Roos S, Eeckhaut V, MacKenzie DA, Derde M,
Verstraete W, Marzorati M, Possemiers S, Vanhoecke B, Van Immerseel F,
Van de Wiele T: Incorporating a mucosal environment in a dynamic gut
model results in a more representative colonization by lactobacilli.
Microb Biotechnol 2012, 5:106-115.

Alander M, Korpela R, Saxelin M, Vilpponen-Salmela T, Mattila-Sandholm T,
von Wright A: Recovery of Lactobacillus rhamnosus GG from human
colonic biopsies. Lett Appl Microbiol 1997, 24:361-364.

Alander M, Satokari R, Korpela R, Saxelin M, Vilpponen-Salmela T, Mattila-
Sandholm T, von Wright A: Persistence of colonization of human colonic
mucosa by a probiotic strain, Lactobacillus rhamnosus GG, after oral
consumption. Appl Environ Microbiol 1999, 65:351-354.

Kumpu M, Swanljung E, Tynkkynen S, Hatakka K, Kekkonen RA, Jarvenpaa S,
Korpela R, Pitkaranta A: Recovery of probiotic Lactobacillus rhamnosus
GG in tonsil tissue after oral administration: randomised, placebo-
controlled, double- blind clinical trial. British Journal of Nutrition 2013,
109:2240-2246.

Colodner R, Edelstein H, Chazan B, Raz R: Vaginal colonization by orally
administered Lactobacillus rhamnosus GG. Isr Med Assoc J 2003, 5:767-769.
Yli-Knuuttila H, Snall J, Kari K, Meurman JH: Colonization of Lactobacillus
rhamnosus GG in the oral cavity. Oral Microbiol Immunol 2006, 21:129-131.
Lebeer S, Vanderleyden J, de Keersmaecker SC: Molecular study of
adaptation and probiotic factors in Lactobacillus rhamnosus GG. KU
Leuven, Faculty of Bio- engineering sciences; 2008.

Reunanen J, von Ossowski |, Hendrickx AP, Palva A, de Vos WM:
Characterization of the SpaCBA Pilus Fibers in the Probiotic Lactobacillus
rhamnosus GG. App! Environ Microbiol 2012.

Motherway MO, Zomer A, Leahy SC, Reunanen J, Bottacini F, Claesson MJ,
OBrien F, Flynn K, Casey PG, Munoz JAM, et al: Functional genome
analysis of Bifidobacterium breve UCC2003 reveals type IVb tight
adherence (Tad) pili as an essential and conserved host-colonization
factor. Proc Natl Acad Sci USA 2011, 108:11217-11222.

Douillard FP, Ribbera A, Kant R, Pietila TE, Jarvinen HM, Messing M,
Randazzo CL, Paulin L, Laine P, Ritari J, et al: Comparative Genomic and
Functional Analysis of 100 Lactobacillus rhamnosus Strains and Their
Comparison with Strain GG. PLoS Genet 2013, 9:21003683.

Smokvina T, Wels M, Polka J, Chervaux C, Brisse S, Boekhorst J, van
Hylckama Vlieg JE, Siezen RJ: Lactobacillus paracasei comparative
genomics: towards species pan-genome definition and exploitation of
diversity. PLoS One 2013, 8:e68731.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

Page 13 of 16

Douillard FP, Ribbera A, Jarvinen HM, Kant R, Pietila TE, Randazzo C,

Paulin L, Laine PK, Caggia C, von Ossowski |, et al: Comparative genomic
and functional analysis of Lactobacillus casei and Lactobacillus
rhamnosus strains marketed as probiotics. App/ Environ Microbiol 2013,
79:1923-1933.

Meyrand M, Guillot A, Goin M, Furlan S, Armalyte J, Kulakauskas S, Cortes-
Perez NG, Thomas G, Chat S, Pechoux C, et al: Surface proteome analysis of a
natural isolate of Lactococcus lactis reveals the presence of pili able to
bind human intestinal epithelial cells. Mo/ Cell Proteomics 2013, 12:3935-3947.
Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
Fernandes GR, Tap J, Bruls T, Batto JM, et al: Enterotypes of the human
gut microbiome. Nature 2011, 473:174-180.

Danne C, Dramsi S: Pili of Gram-positive bacteria: roles in host
colonization. Res Microbiol 2012, 163:645-658.

von Ossowski |, Reunanen J, Satokari R, Vesterlund S, Kankainen M,
Huhtinen H, Tynkkynen S, Salminen S, de Vos WM, Palva A: Mucosal
Adhesion Properties of the Probiotic Lactobacillus rhamnosus GG
SpaCBA and SpaFED Pilin Subunits. Appl Environ Microbiol 2010,
76:2049-2057.

Tripathi P, Beaussart A, Alsteens D, Dupres V, Claes |, von Ossowski |, de
Vos WM, Palva A, Lebeer S, Vanderleyden J, Dufrene YF: Adhesion and
Nanomechanics of Pili from the Probiotic Lactobacillus rhamnosus GG.
Acs Nano 2013, 7:3685-3697.

Sybesma W, Molenaar D, van IW, Venema K, Kort R: Genome instability in
Lactobacillus rhamnosus GG. Appl Environ Microbiol 2013, 79:2233-2239.
Tripathi P, Dupres V, Beaussart A, Lebeer S, Claes 1), Vanderleyden J,
Dufrene YF: Deciphering the nanometer-scale organization and assembly
of Lactobacillus rhamnosus GG pili using atomic force microscopy.
Langmuir 2012, 282211-2216.

von Ossowski |, Satokari R, Reunanen J, Lebeer S, De Keersmaecker SC,
Vanderleyden J, de Vos WM, Palva A: Functional characterization of a
mucus-specific LPXTG surface adhesin from probiotic Lactobacillus
rhamnosus GG. Appl Environ Microbiol 2011, 77:4465-4472.

von Ossowski |, Pietila TE, Rintahaka J, Nummenmaa E, Makinen VM,
Reunanen J, Satokari R, de Vos WM, Palva |, Palva A: Using Recombinant
Lactococci as an Approach to Dissect the Inmunomodulating Capacity
of Surface Piliation in Probiotic Lactobacillus rhamnosus GG. PLoS One
2013, 8.

Basset A, Zhang F, Benes C, Sayeed S, Herd M, Thompson C, Golenbock DT,
Camilli A, Malley R: Toll-like Receptor (TLR) 2 Mediates Inflammatory
Responses to Oligomerized RrgA Pneumococcal Pilus Type 1 Protein.
Journal of Biological Chemistry 2013, 288:2665-2675.

Ginsburg I: Role of lipoteichoic acid in infection and inflammation. Lancet
Infect Dis 2002, 2:171-179.

Nilsen NJ, Deininger S, Nonstad U, Skjeldal F, Husebye H, Rodionov D, von
Aulock S, Hartung T, Lien E, Bakke O, Espevik T: Cellular trafficking of
lipoteichoic acid and Toll-like receptor 2 in relation to signaling: role of
CD14 and CD36. J Leukoc Biol 2008, 84:280-291.

Claes 1J, Segers ME, Verhoeven TL, Dusselier M, Sels BF, De

Keersmaecker SC, Vanderleyden J, Lebeer S: Lipoteichoic acid is an
important microbe-associated molecular pattern of Lactobacillus
rhamnosus GG. Microb Cell Fact 2012, 11:161.

Claes 1)), Lebeer S, Shen C, Verhoeven TLA, Dilissen E, De Hertogh G,
Bullens DMA, Ceuppens JL, Van Assche G, Vermeire S, et al: Impact of
lipoteichoic acid modification on the performance of the probiotic
Lactobacillus rhamnosus GG in experimental colitis. Clinical &
Experimental Immunology 2010, 162:306-314.

Lebeer S, Claes 1J, Vanderleyden J: Anti-inflammatory potential of
probiotics: lipoteichoic acid makes a difference. Trends Microbiol 2012,
20:5-10.

Mohamadzadeh M, Pfeiler EA, Brown JB, Zadeh M, Gramarossa M,
Managlia E, Bere P, Sarraj B, Khan MW, Pakanati KC, et al- Regulation of
induced colonic inflammation by Lactobacillus acidophilus deficient in
lipoteichoic acid. Proc Natl Acad Sci USA 2011, 108(Suppl 1):4623-4630.
Grangette C, Nutten S, Palumbo E, Morath S, Hermann C, Dewulf J, Pot B,
Hartung T, Hols P, Mercenier A: Enhanced antiinflammatory capacity of a
Lactobacillus plantarum mutant synthesizing modified teichoic acids.
Proc Natl Acad Sci USA 2005, 102:10321-10326.

Yan F, Polk DB: Probiotic bacterium prevents cytokine-induced apoptosis
in intestinal epithelial cells. Journal of Biological Chemistry 2002,
277:50959-50965.


http://www.ncbi.nlm.nih.gov/pubmed/17827316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17827316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17434999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17434999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20482623?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20482623?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20482623?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22020518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22020518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22020518?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22359601?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22359601?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22359601?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10536300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10536300?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1728516?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1728516?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21989255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21989255?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9172443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9172443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9872808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9872808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9872808?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23092692?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23092692?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23092692?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14650098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14650098?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16476023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16476023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22247175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22247175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21690406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21690406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21690406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21690406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23966868?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23966868?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23966868?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23894338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23894338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23894338?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23315726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23315726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23315726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24002364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24002364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24002364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21508958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21508958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23116627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23116627?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20118368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20118368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20118368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23531039?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23531039?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23354703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23354703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22149133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22149133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21602388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21602388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21602388?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23691212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23691212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23691212?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23233677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23233677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11944187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18458151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18458151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18458151?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23241240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23241240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23241240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20731672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20731672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20731672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22030243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22030243?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21282652?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21282652?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21282652?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15985548?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15985548?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12393915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12393915?dopt=Abstract

Segers and Lebeer Microbial Cell Factories 2014, 13(Suppl 1):57
http://www.microbialcellfactories.com/content/13/51/57

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

Yan F, Polk DB: Probiotic bacterium prevents cytokine-induced apoptosis
in intestinal epithelial cells. J Biol Chem 2002, 277:50959-50965.

Tao Y, Drabik KA, Waypa TS, Musch MW, Alverdy JC, Schneewind O,
Chang EB, Petrof EO: Soluble factors from Lactobacillus GG activate
MAPKs and induce cytoprotective heat shock proteins in intestinal
epithelial cells. Am J Physiol Cell Physiol 2006, 290:C1018-1030.

Yan F, Cao H, Cover TL, Whitehead R, Washington MK, Polk DB: Soluble
Proteins Produced by Probiotic Bacteria Regulate Intestinal Epithelial
Cell Survival and Growth. Gastroenterology 2007, 132:562-575.

Seth A, Yan F, Polk DB, Rao RK: Probiotics ameliorate the hydrogen
peroxide- induced epithelial barrier disruption by a PKC- and MAP
kinase-dependent mechanism. American Journal of Physiology-
Gastrointestinal and Liver Physiology 2008, 294:G1060-G1069.

Yan F, Cao H, Cover TL, Washington MK, Shi Y, Liu L, Chaturvedi R,
Peek RM, Wilson KT, Polk DB: Colon-specific delivery of a probiotic-
derived soluble protein ameliorates intestinal inflammation in mice
through an EGFR-dependent mechanism. J Clin Invest 2011,
121:2242-2253.

Yan F, Liu L, Dempsey PJ, Tsai YH, Raines EW, Wilson CL, Cao H, Cao Z,
Polk DB: A Lactobacillus rhamnosus GG-derived soluble protein, p40,
stimulates ligand release from intestinal epithelial cells to transactivate
epidermal growth factor receptor. J Biol Chem 2013, 288:30742-30751.
Béuerl C, Pérez-Martinez G, Yan F, Polk DB, Monedero V: Functional
Analysis of the p40 and p75 Proteins from Lactobacillus casei BL23.
Journal of Molecular Microbiology and Biotechnology 2010, 19:231-241.

Lebeer S, Claes 1J, Balog Cl, Schoofs G, Verhoeven TL, Nys K, von Ossowski |,

de Vos WM, Tytgat HL, Agostinis P, et al: The major secreted protein
Msp1/p75 is O- glycosylated in Lactobacillus rhamnosus GG. Microb Cell
Fact 2012, 11:15.

Konstantinov SR, Smidt H, de Vos WM, Bruijns SC, Singh SK; Valence F,
Molle D, Lortal S, Altermann E, Klaenhammer TR, van Kooyk Y: S layer
protein A of Lactobacillus acidophilus NCFM regulates immature
dendritic cell and T cell functions. Proc Natl Acad Sci USA 2008,
105:19474-19479.

Macho Fernandez E, Valenti V, Rockel C, Hermann C, Pot B, Boneca IG,
Grangette C: Anti-inflammatory capacity of selected lactobacilli in
experimental colitis is driven by NOD2-mediated recognition of a
specific peptidoglycan-derived muropeptide. Gut 2011, 60:1050-1059.
Macho Fernandez E, Pot B, Grangette C: Beneficial effect of probiotics in
IBD: are peptidogycan and NOD2 the molecular key effectors? Gut
Microbes 2011, 2:280-286.

Kleerebezem M, Hols P, Bernard E, Rolain T, Zhou M, Siezen RJ, Bron PA:
The extracellular biology of the lactobacilli. FEMS Microbiology Reviews
2010, 34:199-230.

Francius G, Lebeer S, Alsteens D, Wilding L, Gruber HJ, Hols P, De
Keersmaecker SC, Vanderleyden J, Dufrene V: Detection, localization and
conformational analysis of single polysaccharide molecules on live
bacteria. ACS Nano 2008, 2:1921-1929.

Lebeer S, Verhoeven TL, Francius G, Schoofs G, Lambrichts |, Dufrene Y,
Vanderleyden J, De Keersmaecker SC: Identification of a Gene Cluster for
the Biosynthesis of a Long, Galactose-Rich Exopolysaccharide in
Lactobacillus rhamnosus GG and Functional Analysis of the Priming
Glycosyltransferase. Appl Environ Microbiol 2009, 75:3554-3563.

Lebeer S, Claes 1J, Verhoeven TL, Vanderleyden J, De Keersmaecker SC:
Exopolysaccharides of Lactobacillus rhamnosus GG form a protective
shield against innate immune factors in the intestine. Microb Biotechnol
2011, 4:368-374.

Ruas-Madiedo P, Medrano M, Salazar N, De Los Reyes-Gavilan CG, Perez PF,
Abraham AG: Exopolysaccharides produced by Lactobacillus and
Bifidobacterium strains abrogate in vitro the cytotoxic effect of bacterial
toxins on eukaryotic cells. J Appl Microbiol 2010, 109:2079-2086.
Sénchez-Rodriguez A, Tytgat HLP, Windericks J, Vanderleyden J, Lebeer S,
Marchal K: A network-based approach to identify substrate classes of
bacterial glycosyltransferases. BMC Genomics 2014, 15.

Koskenniemi K, Laakso K, Koponen J, Kankainen M, Greco D, Auvinen P,
Savijoki K, Nyman TA, Surakka A, Salusjarvi T, et al: Proteomics and
transcriptomics characterization of bile stress response in probiotic
Lactobacillus rhamnosus GG. Mol Cell Proteomics 2011, 10:M110 002741.
Bron PA, Grangette C, Mercenier A, de Vos WM, Kleerebezem M:
Identification of Lactobacillus plantarum genes that are induced in the
gastrointestinal tract of mice. J Bacteriol 2004, 186:5721-5729.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 14 of 16

Marianelli C, Cifani N, Pasquali P: Evaluation of antimicrobial activity of
probiotic bacteria against Salmonella enterica subsp. enterica serovar
typhimurium 1344 in a common medium under different environmental
conditions. Res Microbiol 2010, 161:673-680.

De Keersmaecker SC, Verhoeven TL, Desair J, Marchal K, Vanderleyden J,
Nagy I: Strong antimicrobial activity of Lactobacillus rhamnosus GG
against Salmonella typhimurium is due to accumulation of lactic acid.
FEMS Microbiol Lett 2006, 259:89-96.

Silva M, Jacobus NV, Deneke C, Gorbach SL: Antimicrobial substance from
a human Lactobacillus strain. Antimicrob Agents Chemother 1987,
31:1231-1233.

Makras L, Triantafyllou V, Fayol-Messaoudi D, Adriany T, Zoumpopoulou G,
Tsakalidou E, Servin A, De Vuyst L: Kinetic analysis of the antibacterial
activity of probiotic lactobacilli towards Salmonella enterica serovar
Typhimurium reveals a role for lactic acid and other inhibitory
compounds. Res Microbiol 2006, 157:241-247.

Hutt P, Shchepetova J, Loivukene K, Kullisaar T, Mikelsaar M: Antagonistic
activity of probiotic lactobacilli and bifidobacteria against entero- and
uropathogens. J Appl Microbiol 2006, 100:1324-1332.

Zhang Y, Zhang L, Du M, Yi H, Guo C, Tuo Y, Han X, Li J, Yang L:
Antimicrobial activity against Shigella sonnei and probiotic properties of
wild lactobacilli from fermented food. Microbiol Res 2011, 167:27-31.
Hudault S, Lievin V, Bernet-Camard MF, Servin AL: Antagonistic activity
exerted in vitro and in vivo by Lactobacillus casei (strain GG) against
Salmonella typhimurium C5 infection. Appl Environ Microbiol 1997,
63:513-518.

Vesterlund S, Paltta J, Karp M, Ouwehand AC: Adhesion of bacteria to
resected human colonic tissue: quantitative analysis of bacterial
adhesion and viability. Res Microbiol 2005, 156:238-244.

Lehto EM, Salminen SJ: Inhibition of Salmonella typhimurium adhesion to
Caco-2 cell cultures by Lactobacillus strain GG spent culture supernate:
only a pH effect? FEMS Immunol Med Microbiol 1997, 18:125-132.

Alakomi HL, Skytta E, Saarela M, Mattila-Sandholm T, Latva-Kala K,
Helander IM: Lactic acid permeabilizes gram-negative bacteria by
disrupting the outer membrane. App! Environ Microbiol 2000,
66:2001-2005.

Lu R, Fasano S, Madayiputhiya N, Morin NP, Nataro J, Fasano A: Isolation,
identification, and characterization of small bioactive peptides from
Lactobacillus GG conditional media that exert both anti-Gram-negative
and Gram-positive bactericidal activity. J Pediatr Gastroenterol Nutr 2009,
49:23-30.

De Keersmaecker SC, Sonck K, Vanderleyden J: Let LuxS speak up in Al-2
signaling. Trends Microbiol 2006, 14:114-119.

Li J, Wang W, Xu SX, Magarvey NA, McCormick JK: Lactobacillus reuteri-
produced cyclic dipeptides quench agr-mediated expression of toxic
shock syndrome toxin-1 in staphylococci. Proc Natl Acad Sci USA 2011,
108:3360-3365.

Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsumoto M,
Hoshino K, Wagner H, Takeda K, Akira S: A Toll-like receptor recognizes
bacterial DNA. Nature 2000, 408:740-745.

Gosu V, Basith S, Kwon OP, Choi S: Therapeutic applications of nucleic
acids and their analogues in Toll-like receptor signaling. Molecules 2012,
17:13503-13529.

Lee J, Mo JH, Katakura K, Alkalay I, Rucker AN, Liu YT, Lee HK, Shen C,
Cojocaru G, Shenouda S, et al: Maintenance of colonic homeostasis by
distinctive apical TLR9 signalling in intestinal epithelial cells. Nat Cell Biol
2006, 8:1327-1336.

Kant R, de Vos WM, Palva A, Satokari R: Immunostimulatory CpG motifs in
the genomes of gut bacteria and their role in human health and
disease. J Med Microbiol 2013.

Jijon H, Backer J, Diaz H, Yeung H, Thiel D, McKaigney C, De Simone C,
Madsen K: DNA from probiotic bacteria modulates murine and human
epithelial and immune function. Gastroenterology 2004, 126:1358-1373.
lliev ID, Kitazawa H, Shimosato T, Katoh S, Morita H, He F, Hosoda M,
Saito T: Strong immunostimulation in murine immune cells by
Lactobacillus rhamnosus GG DNA containing novel
oligodeoxynucleotide pattern. Cellular Microbiology 2005, 7:403-414.
Ghadimi D, Vrese M, Heller KJ, Schrezenmeir J: Effect of natural
commensal- origin DNA on toll-like receptor 9 (TLR9) signaling cascade,
chemokine IL-8 expression, and barrier integritiy of polarized intestinal
epithelial cells. Inflamm Bowel Dis 2010, 16:410-427.


http://www.ncbi.nlm.nih.gov/pubmed/12393915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12393915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16306130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16306130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16306130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17258729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17258729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17258729?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18292183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18292183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18292183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21606592?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21606592?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21606592?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24043629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24043629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24043629?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21178363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21178363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22297095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22297095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19047644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19047644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19047644?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21471573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21471573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21471573?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22067939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22067939?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20088967?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19206433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19206433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19206433?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19346339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19346339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19346339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19346339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21375696?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21375696?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20846331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20846331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20846331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24885406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24885406?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21078892?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21078892?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21078892?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15317777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15317777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20600855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20600855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20600855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20600855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16684107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16684107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3307619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3307619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16266797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16266797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16266797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16266797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16696680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16696680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16696680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21466951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21466951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9023930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9023930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9023930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15748990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15748990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15748990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9223617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9223617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9223617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10788373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10788373?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19465870?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19465870?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19465870?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19465870?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16459080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16459080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21282650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21282650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21282650?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11130078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11130078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23151919?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23151919?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17128265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17128265?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24255136?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24255136?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24255136?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15131797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15131797?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15679843?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19714766?dopt=Abstract

Segers and Lebeer Microbial Cell Factories 2014, 13(Suppl 1):57
http://www.microbialcellfactories.com/content/13/51/57

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

104.

105.

lliev ID, Tohno M, Kurosaki D, Shimosato T, He F, Hosoda M, Saito T,
Kitazawa H: Immunostimulatory oligodeoxynucleotide containing
TTTCGTTT motif from Lactobacillus rhamnosus GG DNA potentially
suppresses OVA-specific IgE production in mice. Scand J Immunol 2008,
67:370-376.

Ghadimi D, Folster-Holst R, de Vrese M, Winkler P, Heller KJ, Schrezenmeir J:
Effects of probiotic bacteria and their genomic DNA on TH1/TH2-
cytokine production by peripheral blood mononuclear cells (PBMCs) of
healthy and allergic subjects. Immunobiology 2008, 213:677-692.

van Baarlen P, Kleerebezem M, Wells JM: Omics approaches to study host-
microbiota interactions. Curr Opin Microbiol 2013, 16:270-277.

Di Caro S, Tao H, Grillo A, Elia C, Gasbarrini G, Sepulveda AR, Gasbarrini A:
Effects of Lactobacillus GG on genes expression pattern in small bowel
mucosa. Dig Liver Dis 2005, 37:320-329.

Van Baarlen P, Troost FJ, Van der Meer C, Hooiveld GJ, Boekschoten M,
Brummer RJ, Kleerebezem M: Human mucosal in vivo transcriptome
responses to three lactobacilli indicate how probiotics may modulate
human cellular pathways. PNAS 2011, 108:4562-4569.

van Baarlen P, Troost FJ, van Hemert S, van der Meer C, de Vos WM, de
Groot PJ, Hooiveld GJ, Brummer RJ, Kleerebezem M: Differential NF-kappaB
pathways induction by Lactobacillus plantarum in the duodenum of
healthy humans correlating with immune tolerance. Proc Natl Acad Sci
USA 2009, 106:2371-2376.

Lin PW, Nasr TR, Berardinelli AJ, Kumar A, Neish AS: The Probiotic
Lactobacillus GG may Augment Intestinal Host Defense by Regulating
Apoptosis and Promoting Cytoprotective Responses in the Developing
Murine Gut. Pediatric Research 2008, 64:511-516.

Liu FN, Li GH, Wen K, Bui T, Cao DJ, Zhang YM, Yuan LJ: Porcine Small
Intestinal Epithelial Cell Line (IPEC-J2) of Rotavirus Infection As a New
Model for the Study of Innate Immune Responses to Rotaviruses and
Probiotics. Viral Immunology 2010, 23:135-149.

Bron PA, van Baarlen P, Kleerebezem M: Emerging molecular insights into
the interaction between probiotics and the host intestinal mucosa. Nat
Rev Microbiol 2012, 10:66-78.

Lahtinen SJ, Boyle RJ, Kivivuori S, Oppedisano F, Smith KR, Robins-Browne R,
Salminen SJ, Tang ML: Prenatal probiotic administration can influence
Bifidobacterium microbiota development in infants at high risk of
allergy. J Allergy Clin Immunol 2009, 123:499-501.

Gueimonde M, Sakata S, Kalliomaki M, Isolauri E, Benno Y, Salminen S:
Effect of maternal consumption of lactobacillus GG on transfer and
establishment of fecal bifidobacterial microbiota in neonates. J Pediatr
Gastroenterol Nutr 2006, 42:166-170.

Ismail IH, Oppedisano F, Joseph SJ, Boyle RJ, Robins-Browne RM, Tang ML:
Prenatal administration of Lactobacillus rhamnosus has no effect on the
diversity of the early infant gut microbiota. Pediatr Allergy Immunol 2012,
23:255-258.

Agarwal R, Sharma N, Chaudhry R, Deorari A, Paul VK, Gewolb IH,

Panigrahi P: Effects of oral Lactobacillus GG on enteric microflora in low-
birth-weight neonates. J Pediatr Gastroenterol Nutr 2003, 36:397-402.
Szajewska H, Skorka A, Ruszczynski M, Gieruszczak-Bialek D: Meta-analysis:
Lactobacillus GG for treating acute diarrhoea in children. Aliment
Pharmacol Ther 2007, 25:871-881.

Szajewska H, Wanke M, Patro B: Meta-analysis: the effects of Lactobacillus
rhamnosus GG supplementation for the prevention of healthcare-
associated diarrhoea in children. Aliment Pharmacol Ther 2011,
34:1079-1087.

. Szajewska H, Skorka A, Ruszczynski M, Gieruszczak-Bialek D: Meta-analysis:

Lactobacillus GG for treating acute gastroenteritis in children - updated
analysis of randomised controlled trials. Aliment Pharmacol Ther 2013,
38:467-476.

Hojsak |, Abdovic S, Szajewska H, Milosevic M, Krznaric Z, Kolacek S:
Lactobacillus GG in the Prevention of Nosocomial Gastrointestinal and
Respiratory Tract Infections. Pediatrics 2010, 125:E1171-E1177.

Oberhelman RA, Gilman RH, Sheen P, Taylor DN, Black RE, Cabrera L,
Lescano AG, Meza R, Madico G: A placebo-controlled trial of Lactobacillus
GG to prevent diarrhea in undernourished Peruvian children. J Pediatr
1999, 134:15-20.

. Kumpu M, Kekkonen RA, Kautiainen H, Jarvenpaa S, Kristo A, Huovinen P,

Pitkaranta A, Korpela R, Hatakka K: Milk containing probiotic Lactobacillus
rhamnosus GG and respiratory illness in children: a randomized, double-
blind, placebo-controlled trial. Eur J Clin Nutr 2012, 66:1020-1023.

109.

o

N

113.

1

w

116.

118.

119.

120.

N

122.

123.

124.

Page 15 of 16

. Horvath A, Dziechciarz P, Szajewska H: Meta-analysis: Lactobacillus

rhamnosus GG for abdominal pain-related functional gastrointestinal
disorders in childhood. Aliment Pharmacol Ther 2011, 33:1302-1310.

. Manzoni P, Mostert M, Leonessa ML, Priolo C, Farina D, Monetti C,

Latino MA, Gomirato G: Oral supplementation with Lactobacillus casei
subspecies rhamnosus prevents enteric colonization by Candida species
in preterm neonates: a randomized study. Clin Infect Dis 2006,
42:1735-1742.

Gorbach SL, Chang TW, Goldin B: Successful Treatment of Relapsing
Clostridium Difficile Colitis with Lactobacillus Gg. Lancet 1987,
2:1519-1519.

. Biller JA, Katz AJ, Flores AF, Buie TM, Gorbach SL: Treatment of Recurrent

Clostridium-Difficile Colitis with Lactobacillus Gg. J Pediatr Gastroenterol
Nutr 1995, 21:224-226.

. Manley KJ, Fraenkel MB, Mayall BC, Power DA: Probiotic treatment of

vancomycin-resistant enterococci: A randomised controlled trial. Medical
Journal of Australia 2007, 186:454-457.

. Szachta P, Ignys |, Cichy W: An Evaluation of the Ability of the Probiotic

Strain Lactobacillus rhamnosus GG to Eliminate the Gastrointestinal
Carrier State of Vancomycin-resistant Enterococci in Colonized Children.
J Clin Gastroenterol 2011, 45:872-877.

Aminabadi NA, Erfanparast L, Ebrahimi A, Oskouei SG: Effect of
chlorhexidine pretreatment on the stability of salivary lactobacilli
probiotic in six- to twelve- year-old children: a randomized controlled
trial. Caries Res 2011, 45:148-154.

. Nase L, Hatakka K, Savilahti E, Saxelin M, Ponka A, Poussa T, Korpela R,

Meurman JH: Effect of long-term consumption of a probiotic bacterium,
Lactobacillus rhamnosus GG, in milk on dental caries and caries risk in
children. Caries Res 2001, 35:412-420.

. Toiviainen A, Jalasvuori H, Lahti E, Gursoy U, Salminen S, Fontana M,

Flannagan S, Eckert G, Kokaras A, Paster B, Soderling E: Impact of orally
administered lozenges with Lactobacillus rhamnosus GG and
Bifidobacterium animalis subsp. lactis BB-12 on the number of salivary
mutans streptococci, amount of plaque, gingival inflammation and the
oral microbiome in healthy adults. Clin Oral Investig 2014.

Marttinen A, Haukioja A, Karjalainen S, Nylund L, Satokari R, Ohman C,
Holgerson P, Twetman S, Soderling E: Short-term consumption of
probiotic lactobacilli has no effect on acid production of supragingival
plaque. Clin Oral Investig 2012, 16:797-803.

. Luoto R, Ruuskanen O, Waris M, Kalliomaki M, Salminen S, Isolauri E:

Prebiotic and probiotic supplementation prevents rhinovirus infections
in preterm infants: A randomized, placebo-controlled trial. J Allergy Clin
Immunol 2013.

Morrow LE, Kollef MH, Casale TB: Probiotic prophylaxis of ventilator-
associated pneumonia: a blinded, randomized, controlled trial. Am J
Respir Crit Care Med 2010, 182:1058-1064.

Bruzzese E, Raia V, Spagnuolo M, Volpicelli M, De Marco G, Maiuri L,
Guarino A: Effect of Lactobacillus GG supplementation on pulmonary
exacerbations in patients with cystic fibrosis: A pilot study. Clinical
Nutrition 2007, 26:322-328.

Kalliomaki M, Salminen S, Poussa T, Isolauri E: Probiotics during the first 7
years of life: a cumulative risk reduction of eczema in a randomized,
placebo- controlled trial. J Allergy Clin Immunol 2007, 119:1019-1021.

. Kalliomaki M, Salminen S, Poussa T, Arvilommi H, Isolauri E: Probiotics and

prevention of atopic disease: 4-year follow-up of a randomised placebo-
controlled trial. Lancet 2003, 361:1869-1871.

Kalliomaki M, Salminen S, Arvilommi H, Kero P, Koskinen P, Isolauri E:
Probiotics in primary prevention of atopic disease: a randomised
placebo-controlled trial. Lancet 2001, 357:1076-1079.

Kopp MV, Hennemuth I, Heinzmann A, Urbanek R: Randomized, double-
blind, placebo-controlled trial of probiotics for primary prevention: no
clinical effects of Lactobacillus GG supplementation. Pediatrics 2008, 121:
€850-856.

Brouwer ML, Wolt-Plompen SA, Dubois AE, van der Heide S, Jansen DF,
Hoijer MA, Kauffman HF, Duiverman EJ: No effects of probiotics on atopic
dermatitis in infancy: a randomized placebo-controlled trial. Clin Exp
Allergy 2006, 36:899-906.

. Gruber C, Wendt M, Sulser C, Lau S, Kulig M, Wahn U, Werfel T,

Niggemann B: Randomized, placebo-controlled trial of Lactobacillus
rhamnosus GG as treatment of atopic dermatitis in infancy. Allergy 2007,
62:1270-1276.


http://www.ncbi.nlm.nih.gov/pubmed/18248528?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18248528?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18248528?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950596?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23891019?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23891019?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15843081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15843081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20823239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20823239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20823239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19190178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19190178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19190178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18552706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18552706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18552706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18552706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20373994?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20373994?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20373994?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20373994?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22101918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22101918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19135234?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19135234?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19135234?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16456409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16456409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22136660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22136660?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12604982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12604982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17402990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17402990?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21899584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21899584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21899584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23841880?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23841880?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23841880?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20403940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20403940?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9880443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9880443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22692023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22692023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22692023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21507030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21507030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21507030?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16705580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16705580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16705580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2892070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2892070?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7472911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7472911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17484706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17484706?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21814146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21814146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21814146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21454978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21454978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21454978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21454978?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11799281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11799281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11799281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24638207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24638207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24638207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24638207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24638207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21732090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21732090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21732090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24131826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/24131826?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20522788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20522788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17360077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17360077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17289135?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17289135?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17289135?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12788576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12788576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12788576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11297958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11297958?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18332075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16839405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16839405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17919141?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17919141?dopt=Abstract

Segers and Lebeer Microbial Cell Factories 2014, 13(Suppl 1):57
http://www.microbialcellfactories.com/content/13/51/57

126.

127.

128.

129.

131.

132

134.

135.

139.

142.

Folster-Holst R, Muller F, Schnopp N, Abeck D, Kreiselmaier |, Lenz T, von
Ruden U, Schrezenmeir J, Christophers E, Weichenthal M: Prospective,
randomized controlled trial on Lactobacillus rhamnosus in infants with
moderate to severe atopic dermatitis. Br J Dermatol 2006, 155:1256-1261.
Vilianen M, Savilahti E, Haahtela T, Juntunen-Backman K, Korpela R,

Poussa T, Tuure T, Kuitunen M: Probiotics in the treatment of atopic
eczema/dermatitis syndrome in infants: a double-blind placebo-
controlled trial. Allergy 2005, 60:494-500.

Pohjavuori E, Viljanen M, Korpela R, Kuitunen M, Tiittanen M, Vaarala O,
Savilahti E: Lactobacillus GG effect in increasing IFN-gamma production
in infants with cow’s milk allergy. J Allergy Clin Immunol 2004,
114:131-136.

Berni Canani R, Nocerino R, Terrin G, Frediani T, Lucarelli S, Cosenza L,
Passariello A, Leone L, Granata V, Di Costanzo M, et al: Formula selection
for management of children with cow’s milk allergy influences the rate
of acquisition of tolerance: a prospective multicenter study. J Pediatr
2013, 163:771-777 €771.

. Pelto L, Isolauri E, Lilius EM, Nuutila J, Salminen S: Probiotic bacteria down-

regulate the milk-induced inflammatory response in milk-hypersensitive
subjects but have an immunostimulatory effect in healthy subjects. Clin
Exp Allergy 1998, 28:1474-1479.

Isolauri E, Joensuu J, Suomalainen H, Luomala M, Vesikari T: Improved
immunogenicity of oral D x RRV reassortant rotavirus vaccine by
Lactobacillus casei GG. Vaccine 1995, 13:310-312.

de Vrese M, Rautenberg P, Laue C, Koopmans M, Herremans T,
Schrezenmeir J: Probiotic bacteria stimulate virus-specific neutralizing
antibodies following a booster polio vaccination. European Journal of
Nutrition 2005, 44:406-413.

. Davidson LE, Fiorino AM, Snydman DR, Hibberd PL: Lactobacillus GG as an

immune adjuvant for live-attenuated influenza vaccine in healthy adults:
a randomized double-blind placebo-controlled trial. Eur J Clin Nutr 2011,
65:501-507.

Fang H, Elina T, Heikki A, Seppo S: Modulation of humoral immune
response through probiotic intake. FEMS Immunol Med Microbiol 2000,
29:47-52.

Boyle RJ, Ismail IH, Kivivuori S, Licciardi PV, Robins-Browne RM, Mah LJ,
Axelrad C, Moore S, Donath S, Carlin JB, et al: Lactobacillus GG treatment
during pregnancy for the prevention of eczema: a randomized
controlled trial. Allergy 2011, 66:509-516.

. Ouwehand AC, Saxelin M, Salminen S: Phenotypic differences between

commercial Lactobacillus rhamnosus GG and L. rhamnosus strains
recovered from blood. Clin Infect Dis 2004, 39:1858-1860.

. Sullivan A, Nord CE: Probiotic lactobacilli and bacteraemia in Stockholm.

Scand J Infect Dis 2006, 38:327-331.

. Salminen MK, Tynkkynen S, Rautelin H, Poussa T, Saxelin M, Ristola M,

Valtonen V, Jarvinen A: The efficacy and safety of probiotic Lactobacillus
rhamnosus GG on prolonged, noninfectious diarrhea in HIV Patients on
antiretroviral therapy: a randomized, placebo-controlled, crossover
study. HIV Clin Trials 2004, 5:183-191.

Luoto R, Isolauri E, Lehtonen L: Safety of Lactobacillus GG probiotic in
infants with very low birth weight: twelve years of experience. Clin Infect
Dis 2010, 50:1327-1328.

. Manzoni P, Lista G, Gallo E, Marangione P, Priolo C, Fontana P, Guardione R,

Farina D: Routine Lactobacillus rhamnosus GG administration in VLBW
infants: a retrospective, 6-year cohort study. Farly Human Development
2011, 87(Suppl 1):535-38.

. Boyle RJ, Mah LJ, Chen A, Kivivuori S, Robins-Browne RM, Tang ML: Effects

of Lactobacillus GG treatment during pregnancy on the development of
fetal antigen-specific immune responses. Clin Exp Allergy 2008,
38:1882-1890.

Sanders ME, Akkermans LMA, Haller D, Hammerman C, Heimbach J,
Hormannsperger G, Huys G, Levy DD, Lutgendorff F, Mack D, et al: Safety
assessment of probiotics for human use. Gut Microbes 2010, 1:164-185.

. Kunz AN, Noel JM, Fairchok MP: Two cases of Lactobacillus bacteremia

during probiotic treatment of short gut syndrome. J Pediatr Gastroenterol
Nutr 2004, 38:457-458.

. De Groote MA, Frank DN, Dowell E, Glode MP, Pace NR: Lactobacillus

rhamnosus GG bacteremia associated with probiotic use in a child with
short gut syndrome. Pediatr Infect Dis J 2005, 24:278-280.

Page 16 of 16

145. Farina C, Arosio M, Mangia M, Moioli F: Lactobacillus casei subsp.
rhamnosus sepsis in a patient with ulcerative colitis. J Clin Gastroenterol
2001, 33:251-252.

doi:10.1186/1475-2859-13-S1-S7

Cite this article as: Segers and Lebeer: Towards a better understanding
of Lactobacillus rhamnosus GG - host interactions. Microbial Cell Factories
2014 13(Suppl 1):57.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central



http://www.ncbi.nlm.nih.gov/pubmed/17107398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17107398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17107398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15727582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15727582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15727582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15241356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15241356?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23582142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23582142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23582142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10024217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10024217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10024217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7631519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7631519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7631519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15578195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15578195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21285968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21285968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21285968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10967260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10967260?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21121927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21121927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21121927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15578412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15578412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15578412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16709533?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15472792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20367236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20367236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21295418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21295418?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18823310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18823310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18823310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21327023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21327023?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15085028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15085028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15750472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15750472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15750472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11500620?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11500620?dopt=Abstract

	Abstract
	Introduction
	Pili-mediated adhesive capacity of LGG
	In vivo and in vitro evidence
	Pili as key intestinal adhesins
	Structural properties of the SpaCBA pili
	Possible immunomodulatory role of the SpaCBA pili

	Lipoteichoic acid (LTA) as key immune effector of LGG
	Secreted proteins as probiotic effectors
	Exopolysaccharides (EPS) as modulating adaptation factors
	Secreted antimicrobials produced by LGG
	Unmethylated CpG-rich DNA motifs as intracellular MAMPs
	Profiling of host responses against LGG
	Clinical benefits of LGG
	Promotion of gastro-intestinal health in children and adults
	Possible effects at other body niches
	Immunomodulatory applications of LGG
	Allergic diseases
	LGG as a vaccine adjuvant


	Conclusions
	List of abbreviations used
	Competing interests
	Acknowledgements
	Declarations
	Authors’ details
	References

