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ScienceDirect
Comprehension of underlying mechanisms of probiotic action

will support rationale selection of probiotic strains and targeted

clinical study design with a higher likelihood of success. This

will consequently contribute to better substantiation of health

claims. Here, we aim to provide a perspective from a microbiology

point of view that such comprehensive understanding is not

straightforward. We show examples of well-documented

probiotic effector molecules in Lactobacillus and Bifidobacterium

strains, including surface-located molecules such as specific pili,

S-layer proteins, exopolysaccharides, muropeptides, as well as

more widely produced metabolites such as tryptophan-related

and histamine-related metabolites, CpG-rich DNA, and various

enzymes such as lactase and bile salt hydrolases. We also

present recent advances in genetic tool development,

microbiome analyses and model systems, as well as perspectives

on how the field could further progress. This opinion is based on a

discussion group organized at the annual meeting of the

International Scientific Association on Probiotics and Prebiotics

(ISAPP) in June 2017.
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Introduction
Recently, the International Scientific Association on Pro-

biotics and Prebiotics (ISAPP) reinforced the FAO/WHO

definition of probiotics, with minor changes: ‘live micro-

organisms that, when administered in adequate amounts,

confer a health benefit on the host’ [1]. Documentation of

health benefits is essential, but not a trivial task, because

the monitoring of targeted health benefits of the applied

probiotics is difficult to establish. Moreover, a plethora of

modes of action has been postulated behind these health

benefits from a host perspective (Box 1). Furthermore,

because of the limited knowledge of the underlying

mechanisms by which probiotics elicit their effects, repro-

ducibility and rational strain selection is challenging.

Here, we aim to provide a microbiological perspective

that comprehensive understanding of probiotic mecha-

nisms is not yet in our grasp, because the path there

requires rigorous and laborious scientific investigation.

We can however show examples of well-documented

probiotic molecules of action — also termed probiotic

effector molecules — in Lactobacillus and Bifidobacterium
strains. We also highlight recent advances in the genetic

tool development, microbiome analyses and model sys-

tems to unravel the molecular mechanisms that drive

probiotic effects. These examples are also relevant for

the increasing exploration of next-generation probiotics

based on the recent advances in gut microbiome

research [2].

Selected examples show that impactful
probiotic effector molecules have been
identified
Probiotic bacteria exert a variety of beneficial effects,

such as alteration of the microbiota composition, regula-

tion of the epithelial barrier function, modulation of

immune responses or interaction with the gut-brain bar-

rier (Box 1). Lactobacillus rhamnosus GG is one of the best

clinically documented and most commercialized probi-

otic micro-organisms, with documented health benefits

ranging from gastro-intestinal health [3] towards immune

modulatory effects such as prevention of upper respira-

tory tract diseases [4] and atopic eczema in children [5].

The knowledge on its mode of action has long been

lagging behind because genome editing technologies

were not readily available in this organism [6]. We now

know that transformation of this bacterium is difficult at

least partially due to the presence of long pili structures at
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Box 1 Probiotic mechanisms of action from a host perspective.

While the major part of the manuscript is focused on probiotic

mechanisms of action from a microbiological perspective, possible

molecular mechanisms of action of probiotics from a host perspec-

tive can be broadly divided into the following categories:

(1) Modulation of the composition and activity of the indigenous

microbiota — at least temporarily

Most probiotics applied to day are lactic acid bacteria, which all

have a broad antimicrobial activity, for example, against Sal-
monella through production of lactic acid [28]. More specific

microbiota-targeting mechanisms include pathogen inhibition by

bacteriocin production (e.g. [27]), competition for nutrients such

as between the probiotic E. coli Nissle 1917 and the pathogen

Salmonella [52] and alteration of the intestinal metabolome (e.g.

[53]). Also effects on digestive capacity (e.g. lactose digestion),

stool consistency and frequency could be classified here

because:

(2) Enhancement of epithelial barrier function

These mechanisms include decreasing permeability by promot-

ing tight junction functionality such as shown by [49], and

improving cell proliferation/inhibiting apoptosis of the epithelial

cells [14].

(3) Modulation of the immune system

All probiotics interact with pattern recognition receptors of the

immune system such as Toll-like receptors. They have effects on

cells of the innate and adaptive arm of the immune system,

mainly through interactions with monocytes, macrophages and

dendritic cells, which further modulate the balance of T-helper

and T-regulatory cells or antibody production by B-cells. How-

ever, the exact immunological outcome of each specific probiotic

strain applied is different because the sum of the interactions is

strain-specific (such as reviewed in [54]).

(4) Modulation of systemic metabolic responses

In addition to direct metabolic responses in the gut, systemic

metabolic responses can also be induced by probiotics, for

example, by bile salt hydrolase activity, impacting on satiety

hormones (e.g. [55]) and endocrine modulations (e.g. [56]). These

effects can be quite general, such as the bile salt hydrolase [57]

or more strain-specific.

(5) Signaling via the central nervous system

Various direct and indirect mechanisms of probiotic signaling

with the central nervous system have also been shown during the

past years, such as via tryptophan-derived products, g-amino-

butyric acid (GABA) [58], oxytocin production [59�]. Also antino-

ciceptive effects such as by L. reuteri DSM 17938 through the

TRPV1 channel [60] could be classified here. Effects on gut

motility could also be classified here.
its surface [7]. These SpaCBA pili were identified

through comparative genome analysis [7] and can best

be observed when the outer layer of surface exopolysac-

charides is removed [8]. Comparative analysis of isolated

pili (subunits) and L. rhamnosus GG wild-type and iso-

genic pili mutants have subsequently shown that SpaCBA

pili are key for adhesion to human mucus and intestinal

epithelium, modulate immunoregulatory interactions

with monocytes and dendritic cells [9,10], and even

promote pathogen exclusion such as of pilliated Entero-
coccus faecium [11]. In a human fetal ileal organ culture

model, L. rhamnosus GG also attenuated inflammatory

cytokine production in response to Salmonella, at least

partially through the SpaC subunit of the pili [12].
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Moreover, by comparison of wild-type and a SpaCBA

pilus mutant in mice, the pili were also demonstrated to

be involved in specific signaling mechanisms promoting

cell proliferation in intestinal crypts, as well as protection

against radiological insults [13]. Pili in LGG thus serve as

an example of the complexity of mechanisms of action

mediated by a single structure. Besides pili, various other

effector molecules have been identified and confirmed to

play a key role in some mechanisms of L. rhamnosus GG

supporting health, such as the major secreted proteins p40

and p75 (enzymes degrading peptidoglycan) that prevent

cytokine-induced apoptosis and colitis and protect against

TNF-induced epithelial damage [14], lipoteichoic acid

that negatively modulates colitis [15,16], CpG-rich DNA

that suppresses allergen-specific IgE [17] and exopoly-

saccharides that alleviate adipogenesis in high-fat-diet

fed mice [18].

The L. acidophilus species encompasses several strains

that are commercially employed as probiotics, with L.
acidophilus NCFM being the model probiotic strain. One

of the most prominent cell surface features of L. acidophi-
lus NCFM are its surface (S)-layer proteins. The S-layer

of L. acidophilus NCFM is encoded by three Slp-encoding

genes: slpA (LBA0169), slpB (LBA0175), and slpX
(LBA0512). For this species, a versatile genetic and

biochemical toolbox has been developed over the years.

This was employed to identify diverse functional roles for

Slps (and other surface molecules) of L. acidophilus
NCFM, including cell shape determinants, molecular

sieves, protective layers against viral infection, anchoring

sites for surface-associated enzymes, and facilitators of

cellular adhesion through immune receptors [19].

Recently, by comparing a purified SlpA subunit and a

mutant only expressing the major SlpA, SlpA was shown

to be a probiotic factor able to bind to the C-type lectin,

host immune receptor SIGNR3. This modulated regula-

tory signals, which resulted in mitigation of colitis, main-

tenance of healthy gastrointestinal microbiota, and pro-

tection of gut mucosal barrier function in mice [20��].
Similarly, a mutant deficient in lipoteichoic acid of L.
acidophilus NCFM was also able to mitigate colitis

through a mechanism that involved interleukin-10 and

CD4(+)FoxP3(+) T regulatory cells to dampen exagger-

ated mucosal inflammation [21].

Lactobacillus plantarum WCFS1 is another well-documen-

ted model strain of which the genome sequence was the

first published whole genome sequence of Lactobacillus
[22]. By host transcriptomics studies, L. plantarum
WCFS1 was shown to modulate various NF-kB-depen-
dent pathways in duodenal biopsy samples from healthy

human volunteers only when stationary phase-harvested

cells were employed [23]. These expression patterns were

distinct from the transcriptome responses observed in

humans that consumed other probiotics such as L. rham-
nosus GG and another — but related strain of L.
www.sciencedirect.com
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acidophilus than mentioned above [24]. Yet, also the

human transcriptomic responses were highly individual.

Comparing the transcriptome signatures induced by the

consumption of different probiotic strains and drugs

further revealed clues towards the optimal field of appli-

cation of specific probiotic products, although this is not

so easy to pinpoint. The growth phase-dependent capabil-

ity of L. plantarum to modulate NF-kB associated path-

ways in the mucosa of healthy human volunteers was

further explored by adding trypsin-treated L. plantarum
surface samples to a dedicated Caco-2 intestinal epithelial

cell line NF-kB reporter. A subsequent proteomics analy-

sis revealed that one of the surface proteins that was found

to be up-regulated in the late stationary phase was StsP, a

very large, serine/threonine rich, sortase-dependent pro-

tein that was previously shown to be induced in the

intestinal tract of mice and humans [25]. Increased StsP

expression was achieved by genome editing and was

shown to elicit strong NF-kB attenuation in the NF-kB
reporter assay, whereas this effect was completely abol-

ished in a StsP-negative derivative strain [26]. These

experiments provide evidence for the role of this cell

surface protein in host cell signaling. However, trypsina-

tion of the proteome did not lead to reduced attenuation

capacity, suggesting that specific peptides within StsP are

also sufficient to exert the NF-kB attenuation which might

enable a more pharmaceutical approach employing syn-

thesized peptides rather than probiotic cells, although acid

and bile resistance of these peptides will be an issue.

Probiotic effectors molecules have also been identified in

other strains. For example, using knock-out mutants of

Lactobacillus salivarius UCC118 unable to express the

bacteriocin Abp118, as well as genetically modified Lis-
teria mutants expressing the bacteriocin immunity genes,

Hill and colleagues demonstrated that Abp118 limited

Listeria monocytogenes infection in mice [27]. In this semi-

nal paper, the key mechanism of action was shown to be

direct antagonism and not immunomodulation or com-

petitive exclusion, at least not in this case of this patho-

gen. Of note, the same probiotic L. salivarius UCC118 was

also able to protect against Salmonella, but this effect was

independent of the Abp118 bacteriocin, and thus might

be a more generic mechanism such as immunomodula-

tion, competitive exclusion or lactic acid, to which Sal-
monella is quite sensitive in vitro [28]. In another L.
salivarius strain, Ls33, it was shown that the measurable

anti-inflammation potential of the strain was correlated

with a local IL-10 production and was abolished in Nod2-

deficient mice. The muropeptide fraction of peptidogly-

can, M-tri-Lys, whether purified from Ls33 or synthe-

sized, could rescue mice from colitis in an IL-10-depen-

dent manner and favored the development of CD103+

DCs and CD4+Foxp3+ regulatory T cells [29].

Many probiotic mechanisms have been linked to metab-

olites. For example, L. reuteri strains have been shown to
www.sciencedirect.com 
reduce inflammation via tryptophan-derived indole deri-

vatives that activate the aryl-hydrocarbon receptor and

induce regulatory T-cells [30��] or histamine-related

metabolites [31��]. Moreover, L. reuteri 6475 was recently

demonstrated to produce a soluble bacterial enzyme

known as diacylglycerol kinase (Dgk) that suppressed

intestinal type 1 histamine receptor-mediated proinflam-

matory responses, via diminished protein kinase C phos-

phorylation-mediated mammalian cell signaling. This

elegant study using a dgk mutant showed that this probi-

otic could act as a ‘microbial antihistamine’ [31��].

Compared to most lactobacilli, bifidobacteria are more

refractory to genetic engineering, but also major advances

have been made in the past decade [32]. Using these

methods, in the model probiotic strain Bifidobacterium
breve UCC2003, specific type IVb tight adherence

(Tad) pili were identified to be only expressed in
vivo. Moreover, these Tad pili promote colonization of

the gut [33]. In Bifidobacterium longum 35624, the surface

associated exopolysaccharides were shown to play an

essential role in dampening host pro-inflammatory

responses and in repressing local helper Th17 responses

[34�]. Other factors of bifidobacteria have also been

postulated in probiotic effects, such as serine protease

inhibitor (or serpins) of B. longum [35].

Recent advances in tools and model systems
enable further mechanistic research
Genetic engineering and genome editing

The Molecular Koch’s postulates encompass a paradigm

whereby the products of individual genes are confirmed

to be pivotal for establishing molecular cause-effect rela-

tionships of microorganisms to human health. Although

classically applied to identify virulence factors, this same

approach can be applied to identify health-benefiting

effector molecules made by probiotic bacteria and is

exemplified for the different probiotic model organisms

described above. Such molecular studies are of course

elegant to pinpoint active molecules of probiotics. This is

especially relevant in the context of live microorganisms,

because — ideally — a gene deletion mutant contains

still all other active molecules, except for the single

gene/molecule knocked out. However, such genome

editing strategies are extremely challenging and time-

consuming for non-model organisms, even for strains

within the same species. A major contributing factor to

the limited applicability of developed genome editing

tools is the extraordinary genetic diversity of the genus

Lactobacillus, a genus that is more diverse than a family

[36��]. Nevertheless, recent developments of genome

editing tools that can generate subtle genome edits with-

out the need for antibiotic selection, including single

stranded DNA recombineering and CRISPR-Cas

genome editing, show great promise [37,38]. These tech-

niques not only enable a better understanding of probiotic

gene-function relationships, but they can also be applied
Current Opinion in Biotechnology 2018, 49:217–223
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to promote the rational selection and even the develop-

ment of tailored probiotics with increased stress toler-

ance, or enhanced metabolic activity, for example, to

enhance probiotic function. Of note, these emerging

genome editing tools can be used to make user-defined

single-base changes and could therefore be considered as

non-GMO, although this is still under debate [39].

In vivo models and new insights in microbial ecology

The development of the human gut microbiota com-

mences at birth, with bifidobacteria being among the first

colonizers of the sterile newborn gastrointestinal tract.

Bifidobacteria have thus also a large potential as probio-

tics, especially in children [40]. Lactobacillus strains form

the largest part of commercial probiotic products on the

market, but some authors have questioned in the past

whether these microbes are ideal probiotics, because they

are often s allochthonous members or transient passen-

gers of the gut microbiota [41]. Yet, recent microbiome

studies underscore that lactobacilli form a pivotal part of

the human microbiota, in the gut up to 1–5% [42] and

more dominant in the vaginal microbiota up to 99%

relative abundance based on 16S rDNA amplicon

sequencing [43]. In addition, lactobacilli are dominant

members of the fermented foods we consume [44].

Moreover, colonization is not a requirement for a probi-

otic and several modes of action such as immune stimu-

lation might actually be promoted by more allochthonous

strains.

Niche-adaptation, niche-flexibility and biogeography of

lactobacilli [41] and bifidobacteria [45��], are receiving

renewed interest, stimulated by the recent advances in

comparative genomics approaches (e.g. [36��]) and

improved detection in human microbiomes, for example,

with tools such as DADA2 exemplified for Lactobacillus
crispatus detection in vaginal samples [46��]. In addition

to DNA-based high-throughput approaches, RNA, pro-

tein and metabolic approaches reveal many new insights.

Metabolically, lactobacilli and bifidobacteria probably

play a larger role than one could estimate based on

relative abundance data. For example, as yet mentioned,

L. reuteri was recently shown to be among the microbiota

members that produce tryptophan-derived ligands induc-

ing regulatory T-cells, and thus balancing mucosal reac-

tivity [30��]. Although this study, like many other mecha-

nistic microbiome and immunological studies, was carried

out in murine animal models, the metabolic activity of

lactobacilli, in this case L. plantarum WCFS1 colonic

transcriptomes, is rather well conserved between humans

and mice [25]. Recently, the L. plantarum transcriptome

in the ileum of rhesus macaques, who are more closely

related to humans than mice, was also explored [47�].
Genes required for tolerating oxidative stress, modifying

cell surface composition, and consumption of host glycans

were clearly expressed in the small intestine of these

macaques, again pointing to similar adaptation
Current Opinion in Biotechnology 2018, 49:217–223 
mechanisms and metabolic pathways active in the different

mammalian gut ecosystems. Moreover, in SIV-infected

macaques, L. plantarum was also shown to prevent gut

epithelium damage [48], in agreement with previous in vitro
and human clinical trials showing that L. plantarum can have

a positive effect on epithelial barrier function [49]. Thus,

macaques might form a non-human primate, alternative

animal model for mechanistic probiotic studies and might

be used to validate cause-effect relationships in studies that

cannot be carried out in humans.

Conclusions
In this review, we focused on the few established micro-

bial-produced effector molecules, responsible for specific

probiotic effects and emerging methods and findings in

microbial genetics and ecology that are being used to

accelerate our interpretation of probiotic mechanisms.

However, these advances are balanced by caveats that

are well-recognized in the probiotic field. One caveat is

that molecular mechanisms of action might be strain-

specific or they might be shared among most members

of a larger taxonomic group [1]. Several of the molecules

described above are not merely strain-specific, but also

have homologs in other strains and species or even

beyond, such as the Tad pili which appear to be a

genus-wide property of Bifidobacterium [33]. Secondly,

the presence or absence of a specific mechanism in a

probiotic might not be able to predict the translation of

that mechanism into a net health benefit. e Each probiotic

has a complex cell wall, DNA/RNA, proteins, amino

acids, sugar precursors, primary and secondary metabo-

lites, and produces enzymes such as lactase and bile salt

hydrolases (Figure 1). Totaled together, all these mole-

cules will result in the overall health benefit expressed.

The expression of those cell products also depends on the

environmental context to which probiotics are exposed in

prior to [50] or after [51] application. Nevertheless, this

complexity of live microorganisms with their hundreds or

thousands of probably bioactive molecules could be

embraced to elucidate multi-factorial interactions

between probiotics and their hosts. Probiotic efficacy

could be viewed as a continuum of complexity, with

some examples being quite complex, requiring the inter-

action of many different aspects of the probiotic, but

others being simpler, such as lactase expression to pro-

mote lactose digestion in the large intestine [1]. Such

complexity is already appreciated on a macroscale for the

gut microbiome and its enormous taxonomic and func-

tional diversity.

Presently, in most cases it is thus not yet confirmed

whether the known probiotic effector molecules are

the actual drivers of the clinical effects observed in

human trials. Hereto, properly designed clinical trials

with dedicated isogenic knock-out or knock-in mutants

of the probiotic microorganisms or with proper formulated

isolated bio-active compounds in human subjects are
www.sciencedirect.com
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Figure 1

PROB IOT ICS
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Various intracellular effector molecules

Various surface effector
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Lactate/SC FAs, tr yptophan , hista mine,  GABA,  bact eriocins

Spa CBA pili

EPS
Ser/Thr-rich
proteins

Tad piliS-layer
proteins

peptidoglycan

Lipoteich oic
acid
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Embrace the complexity of probiotics as live microorganisms applied in adequate amounts to confer a health benefit to the host. Although it is a

paradigm in molecular microbiology that key microbial effector molecules can be elegantly identified based on phenotypic comparisons of wild-

type and knock-out micro-organisms lacking a specific effector molecule or comparisons with the isolated microbial molecules, it is crucial for

probiotic applications that whole microbial cells, their cellular content and cell surface are taken into account when exploring modes of action.

This picture represents a progressive zooming in on probiotic structures. The left panel shows a dense culture of the model probiotic L.

rhamnosus GG — as visualized by scanning electron microscopy (SEM). The thin structures between the bacterial cell are the pili, key for mucus

adhesion and some immunomodulatory interactions, but they are not the only factors involved. In the middle panel, we aim to highlight that all

metabolites, enzymes, DNA/RNA and cell wall molecules could impact on host physiology and indigenous microbiome (Box 1). The last panel is a

more detailed overview of the cell wall architecture of typical Gram-positive probiotic bacteria, because many of the key probiotic effector

molecules so far are cell surface associated molecules.
needed. Such trials are very complex to perform, for a

variety of reasons, ethically, regulatory, technically, finan-

cially, logistically, among others. To succeed, evidently

the potency of the probiotic strain itself matters, but also

dose, viability, formulation, targeted pathogen, targeted

host response, targeted host site, prevention or treatment

set-up, difficulties of measuring certain biomarkers, com-

bination effects, time frames for the probiotic activities

(seconds, minutes, hours, weeks), are all aspects that need

to be taken into account, especially if more than one

effector molecule is involved.

Although detailed mechanistic trials could ultimately

extend the field from food to pharma, the benefits of

this reductionist approach provides a way to address

lingering questions such as predicting which probiotic

microorganism to administer and explaining inter-indi-

vidual variation in responses to probiotics. Just because

such identification of mechanisms is highly complex does

not mean that we should not try. Remember the famous

phrase of John F. Kennedy. ‘We choose to go to the Moon

in this decade and do the other things, not because they

are easy, but because they are hard’. This is the

‘moonshot’ for the probiotics field.
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Dufrêne Y, Vanderleyden J, De Keersmaecker SCJ: 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.

9. Lebeer S, Claes I, Tytgat HLP, Verhoeven TLA, Marien E, von
Ossowski I, Reunanen J, Palva A, de Vos WM, De
Keersmaecker SCJ et al.: Functional analysis of Lactobacillus
rhamnosus GG pili in relation to adhesion and
immunomodulatory interactions with intestinal epithelial cells.
Appl Environ Microbiol 2012, 78:185-193.

10. Vargas Garcı́a CE, Petrova M, Claes IJJ, De Boeck I,
Verhoeven TLA, Dilissen E, von Ossowski I, Palva A, Bullens DM,
Vanderleyden J et al.: Piliation of Lactobacillus rhamnosus GG
promotes adhesion, phagocytosis, and cytokine modulation
in macrophages. Appl Environ Microbiol 2015, 81.

11. Tytgat HLP, Douillard FP, Reunanen J, Rasinkangas P,
Hendrickx APA, Laine PK, Paulin L, Satokari R, de Vos WM:
Lactobacillus rhamnosus GG outcompetes Enterococcus
faecium via mucus-binding pili: evidence for a novel and
heterospecific probiotic mechanism. Appl Environ Microbiol
2016, 82:5756-5762.

12. Ganguli K, Collado MC, Rautava J, Lu L, Satokari R, von
Ossowski I, Reunanen J, de Vos WM, Palva A, Isolauri E et al.:
Lactobacillus rhamnosus GG and its SpaC pilus adhesin
modulate inflammatory responsiveness and TLR-related gene
expression in the fetal human gut. Pediatr Res 2015, 77:528-
535.

13. Ardita CS, Mercante JW, Kwon YM, Luo L, Crawford ME,
Powell DN, Jones RM, Neish AS: Epithelial adhesion mediated
by pilin SpaC is required for Lactobacillus rhamnosus GG-
induced cellular responses. Appl Environ Microbiol 2014,
80:5068-5077.

14. Yan F, Liu L, Dempsey PJ, Tsai YH, Raines EW, Wilson CL, Cao H,
Cao Z, Liu L, 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.

15. Claes IJJ, 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. Clin Exp Immunol 2010, 162.

16. Claes IJJ, Segers ME, Verhoeven TLA, Dusselier M, Sels BF,
De Keersmaecker SCJ, Vanderleyden J, Lebeer S:
Lipoteichoic acid is an important microbe-associated
molecular pattern of Lactobacillus  rhamnosus GG. Microb
Cell Fact 2012, 11.

17. Iliev 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.

18. Zhang Z, Zhou Z, Li Y, Zhou L, Ding Q, Xu L: Isolated
exopolysaccharides from Lactobacillus rhamnosus GG
alleviated adipogenesis mediated by TLR2 in mice. Sci Rep
2016, 6:36083.

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

20.
��

Lightfoot YL, Selle K, Yang T, Goh YJ, Sahay B, Zadeh M,
Owen JL, Colliou N, Li E, Johannssen T et al.: SIGNR3-dependent
immune regulation by Lactobacillus acidophilus surface layer
protein A in colitis. EMBO J 2015, 34:881-895.
Current Opinion in Biotechnology 2018, 49:217–223 
Using gene deletion mutants and purified S-layer protein SlpA, the
authors demonstrated that surface layers proteins of L. acidophilus form
a key probiotic effector molecule class against colitis.

21. 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 U S A 2011, 108
(Suppl.):4623-4630.

22. Kleerebezem M, Boekhorst J, van Kranenburg R, Molenaar D,
Kuipers OP, Leer R, Tarchini R, Peters SA, Sandbrink HM,
Fiers MWEJ et al.: Complete genome sequence of
Lactobacillus plantarum WCFS1. Proc Natl Acad Sci U S A 2003,
100:1990-1995.

23. van Baarlen P, Troost FJ, van Hemert S, van der Meer C, de
Vos WM, de Groot PJ, Hooiveld GJEJ, Brummer R-JM,
Kleerebezem M: Differential NF-kB pathways induction by
Lactobacillus plantarum in the duodenum of healthy humans
correlating with immune tolerance. Proc Natl Acad Sci U S A
2009 http://dx.doi.org/10.1073/pnas.0809919106.

24. van Baarlen P, Troost F, van der Meer C, Hooiveld G,
Boekschoten M, Brummer RJM, Kleerebezem M: Human
mucosal in vivo transcriptome responses to three lactobacilli
indicate how probiotics may modulate human cellular
pathways. Proc Natl Acad Sci U S A 2011, 108(Suppl.):4562-
4569.

25. Marco ML, de Vries MC, Wels M, Molenaar D, Mangell P, Ahrne S,
de Vos WM, Vaughan EE, Kleerebezem M: Convergence in
probiotic Lactobacillus gut-adaptive responses in humans
and mice. ISME J 2010, 4:1481-1484.

26. Remus DM, Kleerebezem M, Bron PA: Molecular Analysis of
Candidate Probiotic Effector Molecules of Lactobacillus
plantarum. PhD manuscript. Wageningen, The Netherlands:
Wageningen University; 2012.

27. Corr SC, Li Y, Riedel CU, O’Toole PW, Hill C, Gahan CGM:
Bacteriocin production as a mechanism for the antiinfective
activity of Lactobacillus salivarius UCC118. Proc Natl Acad Sci
U S A 2007, 104:7617-7621.

28. 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.

29. Fernandez EM, 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.

30.
��

Cervantes-Barragan L, Chai JN, Tianero MD, DiLuccia B,
Ahern PP, Merriman J, Cortez VS, Caparon MG, Donia MS,
Gilfillan S et al.: Lactobacillus reuteri induces gut intraepithelial
CD4(+)CD8aa(+) T cells. Science 2017, 5825:1-10.

Recent intriguing example of probiotic metabolites identified as effector
molecule. These lactobacilli were shown to generate indole derivatives of
tryptophan that activated the aryl-hydrocarbon receptor in CD4+ T cells,
allowing reprogramming of intraepithelial CD4+ T cells into immunore-
gulatory T cells.

31.
��

Ganesh B, Hall A, Ayyaswamy S, Nelson J, Fultz R, Major A,
Haag A, Esparza M, Lugo M, Venable S et al.: Diacylglycerol
kinase synthesized by commensal Lactobacillus reuteri
diminishes protein kinase C phosphorylation and histamine-
mediated signaling in the mammalian intestinal epithelium.
Mucosal Immunol 2017 http://dx.doi.org/10.1038/mi.2017.58.

Recent intriguing example of probiotic metabolites as effector molecules.
Via an integrated approach, including the use of a gene deletion mutant,
L. reuteri was shown to act as a ‘microbial antihistamine’ by suppressing
intestinal type 1 histamine receptor-mediated proinflammatory
responses.

32. Motherway MOC, O’Driscoll J, Fitzgerald GF, Van Sinderen D:
Overcoming the restriction barrier to plasmid transformation
and targeted mutagenesis in Bifidobacterium breve UCC2003.
Microb Biotechnol 2009, 2:321-332.
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0410
http://dx.doi.org/10.1073/pnas.0809919106
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0450
http://dx.doi.org/10.1038/mi.2017.58
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0460
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0460
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0460
http://refhub.elsevier.com/S0958-1669(17)30182-9/sbref0460


Probiotic effector molecules Lebeer et al. 223
33. O’Connell Motherway M, Zomer A, Leahy SC, Reunanen J,
Bottacini F, Claesson MJ, O’Brien F, Flynn K, Casey PG, Moreno
Munoz JA 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 U S A 2011, 108:11217-11222.

34.
�

Schiavi E, Gleinser M, Molloy E, Groeger D, Frei R, Ferstl R,
Rodriguez-Perez N, Ziegler M, Grant R, Moriarty TF et al.: The
surface associated exopolysaccharide of Bifidobacterium
longum 35624 plays an essential role in dampening host pro-
inflammatory responses and in repressing local TH17
responses. Appl Environ Microbiol 2016 http://dx.doi.org/
10.1128/AEM.02238-16.

Key example for a role for exopolysaccharides in anti-inflammatory
reponses of bifidobacteria.

35. Ivanov D, Emonet C, Foata F, Affolter M, Delley M, Fisseha M,
Blum-Sperisen S, Kochhar S, Arigoni F: A serpin from the gut
bacterium Bifidobacterium longum inhibits eukaryotic
elastase-like serine proteases. J Biol Chem 2006, 281:17246-
17252.

36.
��

Sun Z, Harris HMB, McCann A, Guo C, Argimón S, Zhang W,
Yang X, Jeffery IB, Cooney JC, Kagawa TF et al.: Expanding the
biotechnology potential of lactobacilli through comparative
genomics of 213 strains and associated genera. Nat Commun
2015, 6:8322.

Large scale comparative genome analysis of lactobacilli, including the
analysis of some probiotic effector molecules, such as lactocepin an
enzyme of certain lactobacillus claded that can degrade pro-inflamma-
tory cytokines.

37. Oh JH, Van Pijkeren JP: CRISPR-Cas9-assisted
recombineering in Lactobacillus reuteri. Nucleic Acids Res
2014, 42.

38. Van Pijkeren JP, Britton RA: High efficiency recombineering in
lactic acid bacteria. Nucleic Acids Res 2012, 40.

39. Kuzma J: Reboot the debate on genetic engineering. Nature
2016 http://dx.doi.org/10.1038/531165a.

40. Turroni F, Milani C, Duranti S, Mancabelli L, Mangifesta M,
Viappiani A, Lugli GA, Ferrario C, Gioiosa L, Ferrarini A et al.:
Deciphering bifidobacterial-mediated metabolic interactions
and their impact on gut microbiota by a multi-omics approach.
ISME J 2016, 10:1656-1668.

41. Duar RM, Lin XB, Zheng J, Martino ME, Grenier T, Pérez-
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