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Of microbes and man
The term ‘microbe’ is used to describe organ-
isms that are too small to be seen with the 
naked eye. Microbes include a huge diversity 
of bacteria, archaea, fungi and viruses and 
can be found living in every part of the bio-
sphere including the atmosphere, ocean 
floor, soil, hot springs and deep inside the 
earth’s crust. Out of that vast diversity, only a 
tiny fraction is adapted to live in close asso-
ciation with people, such as within the gas-
trointestinal tract or on the skin. In the past 
researchers were limited in their analysis of 
microbial communities due to the fact that 
the vast majority of microbes could not be 
cultured and still cannot be cultured by 
current techniques [1]. Nowadays, molecu-
lar-based, culture-independent techniques, 
such as the small-subunit (16S) ribosomal 
RNA gene sequence profiling have allowed 
for the comprehensive characterization of 
microbial communities. The 16S ribosomal 
RNA gene is present in the chromosome of 
all bacteria and highly polymorphic which 
allows for the discrimination between bac-
terial species based on their nucleotide 
sequence [2]. Since then several major pro-
jects have started mapping microbial com-
munities across different human body sites 
of healthy people (Human Microbiome 
Project; HMP) and microbial communities of 
the human intestinal tract in health and 
disease (Metagenomics of the Human Intes-
tinal Tract; MetaHIT) [3-5]. 
Up to date, data indicates that the microbi-
ota outnumbers the cells in the human body 
by ten times and the collective genome of 
the intestinal microbiota has more than a 
hundred times the number of genes of the 
human genome. All these genes are essen-
tially from bacterial origin (99%), the remain-
der being mostly archaeal, with only a 
minute amount of viral and eukaryotic origin 
[4,6]. 

The aforementioned projects have contrib-
uted significantly to define “Who is there” 
and indicated that at least 1000 different 
bacterial species inhabit our intestinal tract 
but also have highlighted that there is a 
very high inter-individual variation with 
approximately only 75 bacterial species 
common to >50% of individuals and 57 
species common to >90% [4]. 
Despite considerable differences in bacterial 
species, the intestinal microbiota in humans 
consists mainly of bacteria belonging to two 
major phyla; Gram-positive Bacteriodetes 
and Gram-negative Firmicutes. Most likely 
this reflects evolutionary adaptations of 
these phyla to survive in the gut environ-
ment. Usually, we coexist with our microbi-
ota in a mutualistic relationship, the bacteria 
benefit from warmth and a stable habitat 
rich in energy source from the food we 
ingest; and we harvest energy from other-
wise indigestible compounds. Also, we 
depend on bacterial metabolites like short-
chain fatty acids (i.e. acetate, butyrate and 
propionate) and vitamins, which are neces-
sary compounds for host-anabolic pathways. 
Moreover, we depend on the commensal 
microbiota to protect us from incoming 
foreign microbes, possibly pathogenic, by 
competing for space and resources, thereby 
preventing pathogen establishment. In this 
context, to ensure maintenance of homeo-
stasis, the immune system has co-evolved 
with the microbiota to adjust its reactivity to 
commensals while at the same time protect-
ing us from microbial invasion [7]. 
The importance of the reciprocal interac-
tions between immune cells and microbes is 
exemplified by studies done on germ-free 
animals. Data from these studies have 
taught us that animals devoid of microbes 
have an underdeveloped and functionally 
immature immune system, indicating mam-
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malian dependency on microbes to ‘train’ or 
‘instruct’ the immune system [8]. 
Infants receive their first bacterial inoculum 
via vertical transmission of components of 
the mother’s microbiome at birth which  
is further reinforced by breastfeeding [9]. 
Human milk harbors abundant maternal 
sIgA, has an unique microbiota and contains 
oligosaccharides which cannot be digested 
by human enzymes, but rather serve as food 
for specific beneficial bacteria [10]. This 
mother-to-offspring transmission is an evo-
lutionary well-conserved process between 
mammalian species and potentially serves 
to provide the offspring with the important 
microbes rather than leave their acquisition 
to chance [10]. This colonization is an impor-
tant process and internal and external 
factors that perturb this process such as 
mode of delivery (C-section versus vaginal) 
type of feeding (formula versus breast) anti-
biotic use (maternal or infant) or gestational 
age are suggested to play a role in disease 
susceptibility throughout life [9,11,12].

Autobionts, pathobionts and 
probiotics
The human microbiota is established soon 
after birth and starts out as a dynamic eco-
system, subjected to large compositional 
shifts, that stabilizes and converges to a 
more ‘adult’-type of microbiota after 2-3 
years [9,13]. The adult microbiota is highly 
complex with several hundred species-level 
phylotypes dominated by the phyla of Bac-
teriodetes and Firmicutes [14]. 
To better understand and characterize adult 
human intestinal microbial communities, 
samples from individuals all over the world 
were compared and revealed the existence 
of 3 so-called enterotypes. These entero-

Glossary of terms
Gut microbiota. The community of microbes 
that inhabit an individual’s gastrointestinal 
tract. The term includes members of Bacteria, 
Archea, Fungi and Viruses.

Gut microbiome. The collective genomes  
of the microorganisms present in the gut 
microbiota.

Commensals. Those microbes that are 
characterized by having a symbiotic 
relationship with the host. 

Autobionts. Those commensals that are 
permanently associated with the host and 
have a direct influence on host immune  
cell homeostasis or function.

Pathobionts. Those commensals that are 
permanently associated with the host and 
only cause disease upon perturbation of  
the microbiota or host immunity

Probiotics. Those microbes that are 
transiently associated with the host and  
are perceived to provide an health benefit 
when administered in adequate amounts. 
Probiotic effects can be mediated either 
through direct interactions with host cells or 
indirectly through effects on the microbiota. 
Probiotics are not necessarily derived of,  
or part of the ‘normal microbiota’.

Dysbiosis. A term to describe a state  
of microbial imbalance in the gut.  
Refers to a disturbance in the homeostasis 
between the host and the microbiota.
Dysbiosis might be induced via environ- 
mental factors influencing the microbiota  
or via changes in host immunity, leading  
to a change in the structural and functional  
configuration of the microbiota.

General introduction
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types are species composition driven and 
could not be explained by differences in 
host properties such as body mass index, 
age, or gender or by geographical location 
[15]. However, this view has been recently 
challenged as an analysis of the gut micro-
biome from more than 1200 adult subjects 
suggest a continuum of communities rather 
than a discrete separation into 3 entero-
types [16]. 
Characterization of intestinal microbial com-
munities is necessary to define a healthy 
human gut microbiome and to better 
understand the relationship between 
microbiota composition and disease sus-
ceptibility or disease progression. However, 
to come to a consensus of defining a 
healthy human gut microbe, studies should 
not only address ‘Who is there’ but also 
‘What are they doing’ to link microbial 
community structure with function in heath 
and disease [17,18]. 

Non-pathogenic gut bacteria may be classi-
fied into species that inhabit the intestine in 
a transient or a permanent fashion. In con-
trast to transient bacteria, permanent bacte-
ria are long-term members of the microbial 
community. Their colonization is determined 
during ontogeny, depending on their evolu-
tionary adaptations to establish a perma-
nent relationship with the host, and are true 
commensals. 
Commensals are involved in the generation 

and maturation of gut-associated lymphoid 
tissue via their general effects on recruit-
ment of immune cells to the mucosa [6]. In 
addition, they are important in the induction 
of protective epithelial cell responses such 
as the production of antimicrobial peptides 
and mucus [6]. Commensals are further 
functionally involved in host-metabolism, as 
they affect energy balance by influencing 
the efficiency of extracting calories from 
diet, and how this energy is stored and used 
[19]. Moreover, commensal metabolites 
have profound effects on the immune 
system by driving the differentiation of 
specific immune cell subsets [20,21]. 
From an immune point of view, commensals 
can be further classified as autobionts or 
pathobionts [22]. Autobionts stimulate the 
immune system without inducing overt 
inflammation. Rather, they contribute to the 
maintenance of intestinal immune homeo-
stasis [22]. Typical autobionts are Bacteroides 
fragilis, B. thetaiotaomicron and cluster IV 
and XIVa Clostridia, which contribute to the 
function and induction of regulatory T-cells 
(Treg), and segmented filamentous bacteria 
(SFB), which induce T-helper 17 (Th17) cells 
[22]. Pathobionts are those commensals 
that, under specific circumstances can dem-
onstrate detrimental effects. In a healthy 
host, pathobionts are kept in check by the 
normal microbiota. However, upon pertur-
bation of the microbiota or host immune 
homeostasis (e.g. after antibiotic treatment, 

*  Note: in a strict sense of the definition, no bacteria can be classified as ‘probiotic’ until conferred 
health benefits on the host have been proven. Therefore, the term ‘potential probiotic’ could be used  
to indicate the intended but unproven use of the bacteria, i.e. to induce a health benefit in humans.  
In Europe, the European Food Safety Authority (EFSA) has not yet approved any health claim on 
products containing potential probiotic bacteria. By this reasoning, all bacteria with intended 
probiotic use should be indicated as ‘potential probiotics’. However, for reasons of brevity and 
readability, the term ‘probiotic’ is used throughout this thesis as an equivalent to the term ‘potential 
probiotic’, to indicate the intended use to induce human health benefits and the potential to be used  
as a bona fide ‘probiotic’ agent once sufficient scientific evidence has been generated.
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intestinal inflammation, radiation treatment, 
etc) they can expand and cause disease [22]. 
A typical example of an pathobiont is 
Clostridium difficile which causes severe 
diarrhea following long-term antibiotic 
treatment [23]. Interestingly, C. difficile 
induced diarrhea can be remedied by an 
fecal transplant without the need for addi-
tional antibiotic therapies, indicating that 
indeed C. difficile induced effects can be 
held in check by a normal microbiota [23]. 

Transient bacteria that inhabit our intestine 
are those microbes that are introduced from 
the external environment but do not colo-
nize for various reasons, such as inability to 
compete with the resident microbiota or the 
lack of appropriate adaptations necessary 
for colonization. Many food-associated 
microbes, including pathogens and com-
mercial probiotics, are part of this category. 
Probiotic* bacteria are defined as: ’live 
microorganisms which when administered 
in adequate amount confer a health benefit 
on the host’ [24] and their consumption has 
been associated with a variety of health 
benefits for the consumer [25,26]. 
Traditionally, potential probiotic bacteria are 
derived from microbes that are used to pre-
serve food products by fermentation [27]. 
Thus, microbes that are employed as probi-
otics may not necessarily be part of the 
normal human microbiota.
 

Host-probiotic interactions
Increasingly more data becomes available 
on the possible relationship between the 
intestinal microbiota and various diseases 
located in the intestine, such as ulcerative 
colitis [28], inflammatory bowel disease [29], 
necrotizing enterocolitis [30]and antibiotic 
associated diarrhea [31]. But also in systemic 
diseases, such as chronic liver disease [32], 
atopic dermatitis [33], type 1 and 2 diabetes 

[34,35], allergic disease [36] autoimmunity 
[37] and obesity [38]. Most of these diseases 
have been correlated with abnormal shifts in 
the microbiome compared to healthy indi-
viduals. This could relate to changes in 
microbial communities and/or alterations in 
metabolic activity all in all leading to a 
microbial imbalance also referred to as dys-
biosis. 
Probiotics can be employed as (part of ) a 
strategy to target dysbiosis. Three modes of 
action are proposed as to how probiotics or 
its metabolites are thought to contribute to 
human health. First, probiotics antagonize 
pathogens via the production of antimicro-
bial substances [39], through competition 
for mucosal binding sites [39] or through 
competition for nutrients [40]. Second, pro-
biotics strengthen epithelial barrier func-
tion via modulation of intestinal epithelial 
cell (IEC) signaling pathways leading to 
increased production of mucus [41] and 
antimicrobials [42], increased tight junction 
function [43, 44] and prevention of apopto-
sis [45]. The third mode of action is by influ-
encing the immune response of the host. 
Probiotics can directly interact with cells of 
the immune system leading to local and 
systemic effects [46-48] while indirect inter-
actions are mediated via the effects on the 
in-situ short-chain fatty acid (and other 
metabolites) milieu. Especially short-chain 
fatty acids have been recently shown to 
modulate Treg development and function 
[21,49] and host homeostasis by having 
effects on inflammatory and metabolic dis-
orders [50]. 
Although there is some evidence for each 
of these functional claims, the precise 
molecular mechanisms are still largely 
unknown. 

The first cells probiotics encounter, provided 
they can gain access through the mucus 
layer, are the IECs [51]. Directly underneath 
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IECs lie dendritic cells (DC) which play an 
important role in innate and adaptive immu-
nity. Both IEC and DCs rely on germ-line 
encoded pattern recognition receptors (PRR) 
to recognize specific conserved microbe-
associated molecular patterns (MAMP) to 
initiate immune responses. Some of the 
probiotic effects can be ascribed to PRR 
stimulation of IEC which promotes epithelial 
cell proliferation, expression of antimicrobial 
molecules and secretion of IgA into the gut 
lumen [52]. In addition, IEC-PRR stimulation 
induces the release of factors that drive DC 
induced tolerogenic responses under 
homeostatic conditions [53]. Moreover, pro-
biotic capture and transport to the mesen-
teric lymph nodes by DCs, in conjunction 
with PRR induced cytokines, is necessary for 
B-cell IgA production and the induction and 
polarization of T-cell subsets [54]. 
The best studied members of the family of 
PRRs are Toll-like receptors (TLR), NOD-like 
receptors (NLR) and C-type lectin receptors 
(CLR) which all recognize distinct types of 
MAMPs [55]. There are currently 11 known 
members of the TLR family. Of these, in the 
context of gram-positive probiotics such as 
strains from the Bifidobacterium and Lacto-
bacillus species, TLR1,2,6 and 9 play an 
important role [56]. TLR2 heterodimerizes 
with TLR1 or TLR6 to form a functional recep-
tor which is broadly expressed by different 
cell types (including IECs and cells from the 
innate and adative immune system) and 
recognizes bacterial cell envelope expressed 
MAMPs such as lipopeptides and lipotechoic 
acids [57]. In cells of the innate immune 
system, TLR2 heterodimers have been shown 
to signal from the surface of cells but also 
from endosomal compartments following 
phagocytosis [58]. Probiotic triggering of 
TLR2 on IECS may lead to an improved 
barrier- function [59], while on T-cells, TLR2 
activation has been shown to promote the 
survival and to modulate the suppressive 

capacity of Tregs [60]. TLR9 recognizes 
unmethylated CpG motifs which are specific 
for bacterial and viral DNA, and are also 
present in (potential) probiotic bacteria. In 
innate cells, TLR9 is predominantly expressed 
intracellularly and is recruited to endosomes 
upon phagocytosis. IECs express TLR9 on 
both the apical and basolateral surfaces. 
Apical triggering of TLR9 leads to regulatory 
or anti-inflammatory processes while baso-
lateral TLR9 triggering leads to inflammatory 
processes [61]. Interestingly, probiotic derived 
DNA ameliorated the severity of experimen-
tal colitis in a TLR9 dependent way [62]. 
The NLR family consists of 23 family members 
expressed in both IECs and immune cells and 
involved in the intracellular recognition of 
bacterial products, with NOD1 and NOD2 
known to recognize cell-wall peptidoglycan 
fragments derived from probiotics [63,64]. 
Activation of NOD2 by lactobacilli or bifido-
bacteria is associated with a reduced level of 
IL-10 and increased levels of the Th1-associ-
ated cytokine IL-12 [65].

The CLR family recognizes a range of differ-
ent carbohydrate ligands and has diverse 
functions including cell-cell adhesion, apop-
tosis and immune response to microbes 
[66]. To date, only the CLR Dendritic Cell-
Specific Intercellular adhesion molecule-
3-Grabbing Non-integrin (DC-SIGN) has 
been show to play a role in the immune 
response to probiotics by inducing Tregs, 
however, the exact MAMP recognized 
remains to be determined [67]. However, 
surface expressed s-layer proteins or capsu-
lar polysaccharides are potential ligands 
[68,69]. 

Aim and outline of this thesis
The aim of this thesis is to expand on current 
knowledge regarding the interaction of the 
host with probiotics by investigating differ-
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ent sides and aspects of this bidirectional 
interaction. Probiotic effects on cells of the 
host can be regarded as the combined sum 
of all the molecular interactions (i.e. the 
interactome) that are induced following 
activation of PRRs. The resulting signaling 
network defines cellular activation, prolifera-
tion and release of immunomodulatory 
compounds. Therefore, identification of all 
the players involved in shaping the interac-
tome following probiotic-host cell interaction, 
would help us to; (i) understand probiotic-
induced effects, (ii) accurately delineate 
strain-dependent effects, (iii) predict probiotic 
potential of bacterial strains. Moreover, the 
identification of the cell-probiotic interac-
tome contributes to shaping the signaling 
network between cells and between the cell 
and tissue. For example, exact description of 
the DC-probiotic interactome would greatly 
contribute to our understanding of how 
dendritic cells drive adaptive responses, 
such as the development of regulatory 
T-cells or the induction and release of pro-
tective secretory IgA by B-cells.

How exactly potential probiotic bacteria 
derived from the bacterial species bifidobac-
terium and lactobacillus interact with cells of 
the host is still largely unknown. In this thesis 
we recognize the role of TLRs and NLRs, but 
we also indicate that the presence and acti-
vation of non-TLR PRRs is very important in 
shaping the cellular response following 
activation. In addition, this thesis describes 
two additional factors that influence how 
probiotics are recognized by cells. 
Understanding how all the PRRs interact and 
which factors influence PRR-activation 
would help us understand how lactobacilli 
and bifidobacteria shape innate and adap-
tive immune responses. 

In the first part of the thesis, the complex 
interactions of PRRs are described focusing 

on their contribution to TLR2 function. 
Additionally, using in-vitro DC probiotic co-
cultures, contribution of CLRs, NLRs and 
TLRs to DC cytokine production in response 
to strains of bifidobacteria and lactobacilli 
was investigated. In the second part of the 
thesis potential probiotic mechanisms of 
action are highlighted. First, cross-tolerance 
effects of bifidobacteria and lactobacilli on 
the candida albicans induced cytokine 
response were investigated using in-vitro 
peripheral blood mononuclear cell experi-
ments. Second, bifidobacteria and lactoba-
cilli induced in-vitro T-cell responses were 
associated with in-vivo effects in a mouse 
model of inflammatory bowel disease.
In the last part of the thesis, host-derived 
factors were identified that modulate  
probiotic-host interactions. Host-derived 
extracellular vesicles were investigated for 
their capacity to alter bifidobacteria and 
lactobacilli induced TLR2 activity and DC 
cytokine response. Similarly, host-produced 
lipoproteins were investigated for their 
effect on bacterial and bacterial-ligand 
induced TLR responses.
The general introduction describes the evo-
lutionary conserved mutualistic relationship 
between host and microbes, indicating the 
difference between commensals and probi-
otics and generally describes probiotic 
modes of action. Chapter two highlights the 
complexity of microbe-host interactions by 
reviewing the contribution of TLR2 co-
receptors to TLR2 function and identifies a 
crucial role for non-TLR receptors in binding 
and phagocytosis of microbes. Chapter 
three provides experimental evidence for 
the involvement of DC-SIGN, TLR2, TLR9 and 
NOD2 in DC cytokine response following 
co-cultures with bifidobacteria and lacto-
bacilli, suggesting that TLR2 activity can 
discriminate between the two bacterial 
species. Additionally, signal transduction via 
the Raf-1 pathway was identified as a previ-
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ously unrecognized pathway involved in 
probiotic induced TNFα release. Using simul-
taneous or preincubations of Bifidobacte-
rium breve, Lactobacillus rhamnosus or 
Lactobacillus casei with Candida albicans, 
Chapter four identifies TLR-induced cross-
tolerance as a mechanism of action leading 
to a reduced inflammatory cytokine profile. 
Another mechanism of action is suggested 
in Chapter five. Here, B. breve induced Treg 
skewing in-vitro and in-vivo accompanied 
by an amelioration of symptoms in a mouse 
model of colitis. This effect was limited to  
B. breve as L. rhamnosus failed to do so. 
Overall, this indicates a strain-specific role 
for probiotics in Treg induction and sub-
sequent down modulation of intestinal 
inflammation. 
The following two chapters identify host-
produced factors that are generally not con-
sidered in the determination of probiotic 
functionality but might be important 
aspects in the translation between in-vitro 
and in-vivo results. 
Chapter six investigates the role of host-
produced extracellular vesicles (EV) on bifi-
dobacteria and lactobacilli induced TLR 
activity and DC responses. Presence of EVs 
was correlated with bacterial aggregation 
regardless of the probiotic strain used, sug-
gesting EV attachment to bacterial surfaces. 
EV-bacteria attachment was further hypoth-
esized to play a role in the inhibition of TLR2 
activity and the increase in DC phagocytosis, 
mechanisms that contribute to the mainte-
nance of intestinal homeostasis. 
Chapter seven shows that host-produced 
lipoproteins attenuate both bacterial ligand 
as well as intact bacteria induced TLR activ-
ity. Since bacteria, bacterial ligands and 
lipoproteins share the same intestinal 
compartment (e.g. the intestinal mucosa), 
lipoproteins may contribute to intestinal 

homeostasis via scavenging of bacterial 
ligands and prevention of bacterial induced 
TLR activity. 
Finally, the results are summarized and 
discussed in Chapter eight.
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Abstract
Toll like receptors (TLR) play a major role in microbe-host interactions and innate immunity. 
Of the ten functional TLRs described in humans, Toll like receptor 2 (TLR2) is unique in its 
requirement to form heterodimers with TLR1 or TLR6 for the initiation of signaling and cel-
lular activation. The ligand specificity of TLR2 heterodimers has been studied extensively, 
using specific bacterial and synthetic lipoproteins (LPs) to gain insight into the structure-
function relationship, the minimal active motifs and the critical dependence on TLR1 or TLR6 
for activation. 
Different from specific well-defined TLR2 agonists, recognition of more complex ligands like 
intact microbes or molecules from endogenous origin requires TLR2 to interact with addi-
tional co-receptors. A breadth of data has been published on ligand induced interactions of 
TLR2 with additional pattern recognition receptors like CD14, scavenger receptors, integrins 
and a range of other receptors, all of them important factors in TLR2 function.
This review summarizes the roles of TLR2 in vivo and in specific immune cell types, and 
integrates this information with a detailed review of our current understanding of the roles 
of specific co-receptors and ligands in regulating TLR2 functions. Understanding how these 
processes affect intracellular signaling and drive functional immune responses will lead to a 
better understanding of host-microbe interactions and will aid the design of new agents to 
target TLR2 function in health and disease.

Introduction 
TLRs play a central role in the innate immune 
system by recognizing microbe associated 
molecular patterns (MAMP) [1]. TLRs are 
critical for host defense, but are also associ-
ated with the pathogenesis of inflammatory 
and autoimmune diseases via their recogni-
tion of endogenous molecules [2,3]. TLRs 
can be viewed as critical surveillance recep-
tors for detection of infection, tissue damage 
and remodeling [4-6]. 
Over the past decade it has become clear 
that TLRs depend on additional pattern 
recognition receptors to form functional 
multi-receptor clusters in order to respond 
appropriately to microbes, bacterial and 
endogenous ligands [2,7,8]. Many of these 
PRRs have their own specific intracellular 
signaling pathways which intersect with 
TLR signaling [9]. 
Engagement of ligands with their corre-
sponding TLR results in the induction of 
intracellular signaling cascades, including 

MyD88-dependent phosphorylation of 
mitogen-activated protein kinase (MAPK), 
and the activation of NFκB and AP-1 signal-
ing [10]. Any additional PRRs can further 
invoke signal transduction cascades via 
spleen tyrosine kinase (Syk), phosphatidylin-
ositide 3-kinase (PI3K), protein kinase A and 
protein kinase C, all of them able to modu-
late TLR signaling [11-13]. Cellular activation 
following TLR triggering therefore depends 
on the ligand and the cell specific expression 
of TLRs and other PRRs, with all of the sepa-
rate signal cascades integrated in specific 
lipid membrane microdomains termed lipid 
rafts [14].
In this review we focus on TLR2, the most 
extensively studied receptor in innate 
immunity. The importance of TLR2 in inflam-
matory and infectious diseases has been 
highlighted by studies using TLR2 knockout 
mice. An overview of such studies, focusing 
on the variety of roles for TLR2 signaling 
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rather than providing a complete overview 
of all available data, is shown in Table 1. 
A beneficial role for TLR2 signaling is  
described in mucosal homeostasis and 
defense against specific pathogens, while 
TLR2 signaling via other pathogens or fol-
lowing endogenous triggering is correlated 
with a more severe phenotype in infectious 
and/or inflammatory disease. In addition, 
while there is a clear role for TLRs in microbe-
host interactions, gut flora studies in TLR2 
knockout mice indicate a reciprocal role for 
TLR2 in host-microbe and microbe-host 
interactions [15,16]. However, models based 
on TLR2 knockouts stress the importance of 
TLR2 but they do not provide insight into 
the interactions with actual ligands, and/or 
co-receptors. 
TLR2 expression has been found in human 
cells and tissues in a resting state or follow-
ing activation [17]. A comprehensive over-
view of all cells expressing TLR2 and the 
functional consequence of TLR2 activation  
is beyond the scope of this review.  
However, to highlight the differential effects 
of TLR2 activation, a selection of cells and 
their effects following ligation by MAMPs  
or endogenous ligands are presented in  
Table 2, focusing on different outcomes 
induced by ligands that differ greatly in 
molecular make-up. 
Much is still unknown regarding TLR2 func-
tion, but it is clear (see table 2) that, cellular 
activation following TLR2 ligation depends on 
two main factors: firstly, the cellular expres-
sion of additional TLR or PRR co-receptors 
and, secondly, on the type of TLR2 ligand. 
This review provides an update on the 
current knowledge regarding microbial and 
endogenous TLR2 agonists. Combined with 
a comprehensive overview of the existing 
data on TLR2-co-receptor interactions and 
the functional consequences thereof, this 
review aims to identify critical aspects gov-
erning TLR2 function from the many differ-

Abbreviations 
-/- = deficient
AP-1 = activating protein-1
DAP12 = DNAX-activating protein of 12 kD
FcRγ = FcR common γ-chain
ITAM =  immunoreceptor tyrosine-based 

activation motif
Mal = MyD88-adapter-like
MyD88 = Myeloid differentiation primary   
 response gene (88)
NFκB = nuclear factor kappa B
Src =  Proto-oncogene tyrosine-protein 

kinase Src
Syk = Spleen tyrosine kinase
TIR = Toll-IL-1 receptor
TIRAP =  TIR domain containing adaptor 

protein
TRIF =  TIR-domain-containing adapter-

inducing interferon-β

ent factors that have been highlighted 
separately in literature.

TLR2 and microbial agonists 
TLR2 recognizes microbe membrane con-
stituents like lipoteichoic acids (LTA), pepti-
doglycan (PG) and LPs which are present in a 
variety of microbes, predominantly found in 
Gram-positive, but also in Gram-negative 
bacteria [18]. PGs have long been used as 
TLR2 agonists. However, PG preparations are 
commonly found to be contaminated with 
LTAs and LPs and rigorous purification 
methods established that PG recognition is 
more likely to occur via intracellular NOD-
like receptors [19, 20]. 
TLR2 agonistic activity of purified LTA is a 
matter of controversy [20]. Activity guided 
fractionation of Staphylococcus aureus LTA 
preparations showed that LP contamination 
was the major determinant of TLR2 activa-
tion [21], further substantiated by the 100-
fold decrease in activity comparing LTA from 
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S. aureus to LTA from a LP S. aureus mutant 
[22]. However, both experimental setups still 
showed residual TLR2 activity, indicating 
that LTAs are TLR2 ligands. Indeed, synthetic 
LTA preparations followed by structure func-
tion analysis revealed a minimal TLR2-active 
LTA structure comprising an anchor of 2 fatty 
acids and a short backbone of at least three 
glycerophosphate subunits [23,24]. 
Bacterial LPs have no shared sequence 
homology but are characterized by lipid 
chains attached by ester bonds to a glycerol 
backbone that is in turn connected to the 
sulfur atom of the mandatory N-terminal 
cysteine. Depending on the microbe, an 
additional lipid chain is connected to the 
cysteine amino terminus via an amide bond 
(Figure 1) [25,26]. Variations in the polypep-
tide side chain attached to the cysteine were 
shown to have minimal impact on TLR2 
receptor activation [27]. On the other hand, 
variations in the peptide part do have a sig-
nificant effect on TLR2 mediated immuno-
logical activity [28-30]. The minimal structure 
for TLR2 receptor activity is the Cys-Ser/Thr/
Gly/Ala lipopeptide containing at least one 
ester bound fatty acid acyl group of optimal 
length (C16) [31-34]. Species related differ-
ences in receptor activity were observed 
upon varying the length of the O-linked 
fatty acids in contrast to variations in the 
N-linked fatty acids which had no discerni-
ble effect [33]. Well characterized TLR2 
ligands are di- and triacylated lipopeptides 
such as the synthetic lipopeptides 
Pam₂CSK₄, Pam₃CSK₄ (based on lipoproteins 
from Escherichia coli) and MALP-2, FSL-1 
(representing part of the lipoprotein from 
Mycoplasma fermentans and Mycoplasma 
salivarium respectively) [34]. 
Although TLR2 is able to recognize soluble 
lipoproteins, in the intact cell wall of 
microbes these ligands are anchored in the 
microbial membrane and therefore inac-
cessible to the receptor [35]. The precise 

mechanism of TLR activation following 
microbial encounter is still unknown. 
However, it is clear that TLRs depend on 
additional PRRs for microbe tethering, 
MAMP loading and subsequent activation 
(Table 3) [8, 35].

TLR2 and endogenous ligands 
Inflammation is crucial for host defense 
against invasive pathogens. Inflammation in 
response to trauma i.e. chemically induced, 
mechanically induced, induced by radiation 
or due to oxygen/nutrient withdrawal, typi-
cally occurs in the absence of microbes and 
therefore been termed ‘sterile inflammation’. 
Similar to the inflammatory response to 
infection, sterile inflammation is character-
ized by the release of inflammatory media-
tors and the recruitment of innate cells. 
Endogenous molecules that play a role as 
mediators of inflammation are called 
damage associated molecular patterns 
(DAMP) [36]. Since MAMPs and DAMPs have 
a similar functional role in inflammation, 
PRR recognition of DAMP is thought to drive 
the inflammatory response [6]. Research 
into the role of TLRs as DAMP receptors has 
been the subject of much debate [37-39]. 
Although TLR signaling is often found 
absent when highly purified endogenous 
molecules were used, they intrinsically 
contain motifs that promote interaction 
with MAMPs and subsequently lower the 
threshold of TLR activation [38]. Data repre-
sented in Table 1 signifies the importance of 
TLR2 in sterile inflammation, indicating that 
the absence of TLR2 is linked with a reduc-
tion of inflammatory cytokine levels and an 
impaired innate response. Endogenous 
ligands of TLR2 have been reviewed else-
where [37-39], but a selection of newly dis-
covered TLR2 ligands and ligands in which 
MAMP contamination is ruled out, are dis-
cussed here in more detail. 
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Pancreatic adenocarcinoma up- 
regulated factor (PAUF) 
PAUF was found to associate with TLR2, 
TLR4, TLR5, and TLR6, but not with TLR3, 
TLR8, TLR9, or TLR10. Next, using an inhibitor 
of glycosylation, it was determined that 
TLR2 and PAUF interacted at the amino acid 
level. However, PAUF was not able to induce 
NFκB activation in either TLR2 or TLR4 
transfectants or THP-1 monocytes. Moreo-
ver, depending on the TLR2 coreceptor 
CXCR4, PAUF signaling negatively regulates 
NFκB activation [40]. 

Amyloid β (Aβ)
Liu et al established that synthetic peptide 
aggregates of Aβ1-42, but not the control 
Aβ42-1, specifically associated with TLR2. 
They further indentified the TLR2 DD-loop 
amino acids EKKA (aa741-744) as being 
critical for Aβ-induced TLR2 activation. 
Based on this finding it was determined that 
TLR2 activation following Aβ ligation was 
enhanced by TLR2/1 but reduced by TLR2/6 
heterodimers [41]. 

α-synuclein
In an elegant set of experiments α-synuclein 
was implicated as an endogenous agonist of 
TLR2 [42]. Recombinant α-synuclein from 
cellular as well as bacterial origin activated 
TLR2. To do so, α-synuclein needs to form 
oligomers and adapt a β-sheet conforma-
tion. Additionally, conditioned medium 
from wild-type mouse primary cortical 
neurons activated TLR2 in contrast to condi-
tioned medium from α-synuclein null mice. 
Cytokine induction, but not uptake, could 
be inhibited using Tlr2-/- microglia or a TLR2 
blocking antibody, suggesting the involve-
ment of additional PRRs. 

Serum amyloid A (SAA)
Full length SAA expressed by a human cell 
line, but not SAA deletion mutants, was 

described to signal via TLR2. TLR2 activation 
was sensitive to proteinase K and heat treat-
ment, suggesting that activity is protein 
dependant [43].

SNAP – associated protein (Snapin)
Shi et al showed that human cell-expressed 
and purified full length Snapin as well as 
Snapin (aa60-136) associated with TLR2 but 
not TLR4. Snapin induced TLR2 activation 
was proteinase K and heat treatment sensi-
tive, and could be abrogated using TLR2 
antibodies [44]. 

β2-Glycoprotein I (β2-gpI)
TLR2 was identified as the receptor for 
human isolated β2-gpI. β2-gpI was found to 
interact with both TLR2 and TLR4. However, 
only association to TLR2 was shown using 
binding studies. Binding of β2-gpI to cells, 
or TLR2 activation, could be inhibited by 
either TLR2 antibodies or TLR2 knockdown 
[45]. 

The above listed endogenous molecules 
indeed suggest that TLR2 might be activated 
through other binding sites as suggested for 
bacterial LPs. However, with regard to the 
current knowledge on TLR2 activation and 
the possible microbial contaminants intro-
duced during purification steps or during 
recombinant production (both microbial 
and mammalian), additional experiments 
are needed to rule out MAMP contribution 
to the observed effects [38]. Experiments 
showing the affinity of these molecules for 
various MAMPs and subsequent impact on 
TLR-activation threshold are highly valuable 
to better understand the relation between 
specific DAMPs, TLR2 and sterile inflamma-
tion. 
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Table 1: Overview of studies using TLR2 knockout mice

Study on: Phenotype Mechanism of action Ref.

Mucosal  
homeo-
stasis

More susceptible to colonic inflammation (a) Regulating TJ-associated barrier integrity [73]
More susceptible to colonic inflammation Regulation goblet cell differentiation [182]
More susceptible to develop colitis-associated colon 
cancer

Dysregulated proliferation, altered  
immuneresponse [183]

Compared to WT, different in: colonic mucosal DNA 
methylation, immune response, and microbiome 
patterns

NR [184]

Obesity

Protected from diet-induced adiposity, insulin resist-
ance, hypercholesterolemia, and hepatic steatosis

Attenuated adipocyte hypertrophy, 
impaired innate response [185]

Leaner type of bacterial composition based on F/B 
ratio Altered gut microbiota [186]

Protected from diet-induced insulin resistance Altered gut microbiota [16]

Protected from diet-induced insulin resistance Reduced tissue inflammation,  
preferential usage of fat as energy [187]

Sterile  
inflam- 
mation

More resistant to T-cell or drug induced systemic 
inflammation

Impaired response to extracellular  
histones [188]

More resistant to develop autoimmune diabetes Impaired response to apoptotic and SN 
cells [189]

More resistant to atherosclerosis Impaired response in non-BM cells [190]

More resistant to ozone induced airway disease Impaired AHR and neutrophilic  
inflammation [191]

More resistant to lung injury following blunt chest 
trauma

Impaired release of CXCL-1, impaired  
neutrophilic response [192]

More resistant to systemic inflammation and 
reduced organ damage following I/R injury

Impaired release of pro-inflammatory 
cytokine, increased levels of IL10 [193]

Protected from oxidative stress induced tissue 
damage Impaired inflammatory response [194]

More resistant to brain damage following I/R NR [195]

Infection

Susceptible to parasite induced cysticercosis Th2 versus Th1 immunity [196]

More resistant to disseminated Candida infection Impaired IL-10 synthesis, diminished 
amount of Treg [197]

More resistant to Yersinia enterocolitica infection Impaired IL-10 synthesis [198]
Susceptible to Staphylococcus aureus infection Impaired TNFα synthesis [199]
Susceptible to Borrelia burgdorferi infection Impaired innate response [200]

Neuro- 
inflamma-
tion

More susceptible to neuroinflammation Impaired innate cellular and cytokine 
response [201]

More susceptible to CNS injury Impaired innate response and adaptive  
cell recruitment [202]

Increased preservation of synaptic inputs following 
peripheral nerve injury

Impaired pro-inflammatory cytokine 
expression, increased expression of BDNF 
and GDNF

[203]

Auto-
immune  
disease

Less susceptible to develop autoimmune diabetes Impaired immune response to secondary 
necrotic cells [189]

Less susceptible to develop systemic lupus erythe-
matosus Impaired production of autoantibodies [204]

Less susceptible to experimental autoimmune 
encephalomyelitis Impaired IL-6 response [205]
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Therapeutic potential of TLR2
TLR2 antagonists
Data represented in Table 1 suggests that 
interventions with the aim to suppress TLR2 
activity might be a beneficial approach in 
reducing inflammation following infection 
or disease specific sterile inflammation. 
Indeed, systemic application of the anti-
TLR2 antibody T2.5 showed beneficial and 
specific effects in both a sensitization-
dependent and a high-dose TLR2-specific 
animal model of toxemia [46]. Data obtained 
with the TLR2 antibody OPN-301 shows 
promise in patients suffering from rheuma-
toid arthritis as blockade of TLR2 prevents 
spontaneous release of inflammatory medi-
ators by ex-vivo synovial explants [47]. 
OPN-305, a humanized IgG4 monoclonal 
anti-TLR2 antibody, significantly reduces 
infarct size and preserves cardiac function in 
a pig model of ischemia/reperfusion injury 
[48]. OPN-305 is currently evaluated for 
clinical application in renal patients at high 
risk of delayed graft function. In addition to 
TLR2 antibodies, TLR2 antagonists based 
on oligonucleotides are developed [49].
However, efficacy has yet to be proven. 

TLR2 agonists
Synthetic TLR2 ligands have been under 
investigation with regard to their capacity 
to stimulate antigen presenting cells and 

function as adjuvants to improve the immu-
nogenicity of otherwise weak immunogens 
and additionally, show none of the harmful 
side-effects of other adjuvant formulations 
[50,51]. 
Already in 1989 it was discovered that cou-
pling of an antigenic determinant to a syn-
thetic LP induced a long-lasting protection 
without the use of additional adjuvants [52, 
53]. LPs are particularly suited because they 
provide a tool to modulate DC function 
without being mitogenic for T-cells [54]. 
Coupling antigen peptide sequences (B-cell 
epitopes as well as T-cell epitopes) directly 
to synthetic TLR2 ligands creates so-called 
lipid based self-adjuvanting synthetic pep-
tides and, used as vaccines, provides supe-
rior immunogenicity over co-administration 
of TLR2 ligands and antigens. Pre-clinical 
data on therapeutic administration of LPs 
further show promise in the management 
of allergic diseases [55-57], cancer [58, 59], 
autoimmune diabetes [60, 61], radiation 
exposure [62,63] and respiratory pathogens 
[64, 65]. However, in contrast to agonists 
targeting other TLRs, there is currently no 
clinical data on the use of TLR2 agonists [66, 
67].
Probiotics are derived from commensal 
Gram-positive bacteria commonly from the 
species Lactobacillus or Bifidobacterium 
and have been shown to induce immu-
nomodulation (alive, killed or fragmented) 

BDNF = brain-derived neurotrophic factor
BM = bone marrow
CNS = central nervous system
CXCL-1 =  circulating chemokine  

(CXC motif ) ligand 1
F/B = ratio Firmicutes to Bacteroidetes
GDNF = glial cell-derived neurotrophic factor
 I/R = Ischemia/reperfusion
NR = not reported
SN = secondary necrotic

TJ = tight-junction
Treg = regulatory T-cells
WT = wildtype
a =  TLR2 contribution to intestinal disease 

pathology is not without controversy.  
While there is a clear role for TLR2 in 
managing DSS induced acute colitis [73],  
TLR2 seems to have only a limited impact  
in a chronic model of intestinal inflammation 
[206].
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Table 2: Cellular TLR2 expression and function following TLR2 ligation.

Cell  
type Ligand Effect

Co- 
receptor Remarks Ref.

B-cells  
(a,b)

Pam₃CSK₄, Pam₂CSK₄
B-cell proliferation,  
activation and ASC  
differentiation

TLR1, TLR6 Similar outcome following TLR2/1 
or TLR2/6 ligation [207]

HMGB-1 IL-8 release CD36 Amplified IL-8 release when  
combined with Pam3CSK4 [208]

Dendritic 
cells

PGN, LTA TNFα release

DC-subset  
dependent 
TLR1/2/6  
expression

PGN, in contrast to LTA induced 
TNFα release [209]

Various lipopeptides 
derived from Mycobacte-
rium tuberculosis, 
Pam₃CSK₄

Inhibition of TLR9 induced 
IFNβ release NR Quantitative differences in  

effectiveness [210]

Various Lactobacilli, Bifi-
dobacteria, PGN, LTA, 
zymosan, Pam3CSK4, 
Pam2CSK4

DC maturation and 
cytokine release NR Quantitative and qualitative  

differences in effectiveness
[71,  
211]

Pam₃CSK4, PGN Cellular activation NR Qualitative difference in  
activation kinetics [212]

Zymosan, Pam3CSK4, 
Pam2CSK4, FSL-1

Induction of Raldh gene 
expression Dectin-1 Quantitative differences  

in effectiveness [213]

T-cells (c)

Pam3CSK4, FSL-1
Decreased Treg function, 
Treg to ‘Th17-like’  
differentiation

TLR1, TLR6 TLR2/6 ligation did not affect  
Treg function [214]

Pam3CSK4, Pam2CSK4, 
FSL-1 Decreased Treg function TLR1, TLR6

Donor dependant expression of 
TLR1/6, no difference in TLR2/1 
versus TLR2/6 ligation

[215]

PSA Enhanced Treg function NR
Critically dependent on TLR2 but 
independent on TLR1 or TLR6 
expression

[216]

HSP60, p277 Enhanced Treg function NR Critically dependent on TLR2 [217]

Microglia  
(d)

Aβ42 aggregates Pro-inflammatory 
cytokine release TLR1, TLR6 TLR1 enhances, TLR6 suppresses 

cytokine release [41]

oligomeric α-synuclein Pro-inflammatory 
cytokine release NR TLR2 activation is ligand  

conformation-sensitive [42]

Pam₃CSK₄, Pam₂CSK₄, 
PGN

Cell activation followed by 
cell death NR No difference in effects between 

ligands [218]

Gram-positive bacteria, 
Pam₃CSK₄ Cell activation NR Qualitative difference in cellular 

activation [219]

Astrocytes 
(d) Pam₃CSK₄, FSL-1, HKLM ROS production TLR1, TLR6 ROS production following TLR2/6 

ligation in contrast to TLR2/1 [220]
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by a variety of cell types and in various dis-
eases [68-70]. Prime receptor candidate for 
the direct interaction of intact probiotics 
with cells from the immune system is TLR2. 
Receptor candidates for fragmented probi-
otics are TLR2 (cell wall components), TLR9 
(bacterial DNA) and NOD-like receptors 
(PG fragments) [71, 72]. Oral treatment 
with either a TLR2 specific synthetic agonist 
or probiotics have both been proven benefi-
cial in animal models of inflammatory bowel 
disease, while clinical results in humans are 
promising [73-75]. Although much is still 
unknown with regard to the mechanism of 
action of probiotics and it is even more diffi-
cult to delineate the contribution of TLR2 
to the observed effects, it is clear however 
that probiotic administration impacts 
intestinal TLR signaling which contributes 
to the maintenance of tolerance and 
immunity [15, 72, 76].

TLR2 heterodimerization
Ozinsky et al were the first to determine that 
unlike other TLRs, TLR2 needed to form het-
erodimers with TLR1 or TLR6 to be able to 
initiate cell activation [77]. With the determi-
nation of the crystal structures of TLR2/1 and 
TLR2/6 much insight has been gained in the 
prerequisites for TLR2 heterodimerization 
and TLR2 ligand binding. Upon complexing 
TLR1/2 with the synthetic triacylated lipo-

peptides Pam₃CSK₄, it was determined that 
the two glycerol-bound lipid chains of 
Pam₃CSK₄ docked with the hydrophobic 
pocket of TLR2 and the third amide bound 
lipid chain docked upon TLR1 thereby 
stabilizing the TLR2/1 heterodimer [78]. 
Although TLR2 can also bind the diacylated 
LP Pam2CSK4, this does not lead to a stable 
TLR2/1 heterodimer due to the absence of 
the amide bound lipid chain. TLR6 does 
not contain a lipid binding groove, but 
instead has an approximately 80% increased 
exposed hydrophobic surface. Ligand medi-
ated stabilization of TLR2/6 heterodimeriza-
tion is therefore achieved by enforcement of 
the hydrophobic interaction via several 
strong hydrogen bond interactions between 
TLR2-TLR6 and the peptide backbone of the 
lipoprotein [24]. From the above it becomes 
clear that only TLR2/1 or TLR2/6 heterodi-
mers are functional, and for these heterodi-
mers to become stable they need to bind a 
specific ligand. Taking this into account the 
question arises what can be expected to be 
found on the surface of cells? 
Using immunoprecipitation (IP) techniques 
with transfected ‘tagged’ TLR constructs, 
TLR2 was associated with TLR1 [79] or TLR6 
[77] in cells that normally do not express 
TLRs. This association was not found to be 
increased upon ligand binding which 
suggest that TLR2 heterodimers pre-exist on 
the surface. Later, using sophisticated fluo-

Aβ42 = 42 amino acid form of human amyloid β
ASC = antibody secreting cell
HKLM = heat killed Listeria monocytogenes
HSP60 = heat shock protein 60
LTA = lipoteichoic acid
NR = not researched
PGN = peptidoglycan
PSA = polysaccharide A from Bacteroides fragilis
P277 = HSP60 peptide
Raldh = retinaldehyde dehydrogenase type 2
ROS = reactive oxygen species

a =  murine B-cells are TLR2 responsive human 
B-cells are TLR2 responsive after BCR cross 
linking

b =  B-cell TLR expression and function are 
reviewed in [221]

c =  T-cell TLR expression and function are 
reviewed in [222]

d =  brain cell TLR expression and function are 
reviewed in [223]
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rescence microscopy techniques (fluores-
cence resonance energy transfer, FRET) in 
human primary monocytes, Triantafilou et 
al showed that indeed a percentage of 
preformed TLR2 heterodimers preexist but 
in contrast to the previous, association 
between the TLR2 heterodimers ligand-
dependently increased [80]. In addition, it 
could be argued that TLR2/6 ligand binding 
reduced the percentage of preformed 
TLR2/1 heterodimers but not vice versa. 
From these findings it is tempting to 
suggest that, in relation to the weak TLR2/1-
TLR2/6 heterodimer stability in the absence 
of a ligand, the percentage of preformed 
TLR2 heterodimers might more reflect tem-
poral associations of TLR2 with TLR1 or TLR6 
molecules. 
A drawback of both of the above used tech-
niques is that cells are either fixated (FRET) 
or lysed (IP) reflecting the situation at the 

surface of the cells at a specific moment, but 
do not answer the dynamics of heterodi-
merization. Additional studies by Trianta-
filou et al, using a fluorescence microscopy 
technique on live cells termed fluorescence 
recovery after photobleaching (FRAP) 
established that TLR2 diffused freely over 
the plasma membrane [81]. In these experi-
ments only TLR2 was labeled, it therefore 
remains to be determined how much of 
TLR2 was in a heterodimeric association. 
However, it showed that upon ligand 
binding, TLR2 lateral diffusion was impaired 
suggesting lipid raft translocation. Indeed, 
using lipid raft disrupting agents [81, 82] or 
TLR association with lipid raft restricted 
GM1 ganglioside [80] it was established that 
TLR2 heterodimers translocate to lipid rafts 
depending on their interactions with spe-
cific ligands. 
It was previously suggested that TLR2 heter-

Figure 1. 
Summary of lipopeptide characteristics involved in TLR2 binding and heterodimerization. 
Adapted from Kang et al. [181]
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odimerization with TLR1 or TLR6 did not 
induce differences in cellular activation but 
only functions to broaden the ligand reper-
toire [83]. However, recent literature sug-
gests that intracellular signaling might differ 
depending on the type of TLR2 heterodimer. 
Firstly, strength of cellular activation follow-
ing LP ligation seems to depend on the 
intracellular domains (ICD) of the TLR1 and 
TLR6 co-receptors [41]. Replacing the ICD of 
TLR1 with the ICD of TLR6 reduced cytokine 
release following LP stimulation [41].  
Secondly, the TLR2 intracellular adaptor 
Mal/TIRAP directly connects TLR2/6 to 
PI3K following activation whereas TLR2/1 
depends on a currently unknown adaptor, 
ultimately leading to differences in phos-
phatidylinositol(3,4,5)P3 (PIP(3)) genera-
tion and macrophage polarization [84]. 
Thirdly, in apparent contrast to the previous, 
strategies to inhibit Mal/TIRAP and block 
cellular signaling were effective following 
TLR4 and TLR2/1 but not TLR2/6 activation 
[85]. 
In contrast to the efforts in delineating LPS-
TLR4 signal transduction, research address-
ing TLR2 signal transduction has been 
confounded by the use of cellular transfect-
ants that endogenously express TLR1 and/or 
TLR6 (HEK293 cells) [34,86,87], a wide 
variety of TLR2 ligands (MAMPs, DAMPs) and 
the finding that ligand dose might overcome 
TLR2 heterodimer specific signaling [88]. 
Additionally, Buwitt-Beckmann et al, deter-
mined that although activation by LP is criti-
cally dependent on the presence of TLR2, 
some LPs were found to initiate signal trans-
duction independent of TLR1 and/or TLR6 
[34]. These findings leave room to argue that 
TLR2 might partner up with another recep-
tor to induce TLR2 signaling. 
Moreover, as mentioned in the previous 
paragraph, TLR2 function but not receptor 
activity was dependent on the peptide 
moiety of the lipopeptide, again suggesting 

that one or more additional TLR2 co-recep-
tors are involved in TLR2 activity. 

One last aspect which is much less known  
is the role of TLR10. TLR10 is a member of  
the TLR1/2/6/10 cluster, and it has been 
hypothesized to have a function similar to 
TLR1 and TLR6, although little is known 
regarding the formation of heterodimers 
with other TLRs, and the recognition of  
specific ligands. Recently, using ligand-
induced TLR10 binding assays, binding to 
triacylated lipopeptides was observed, in 
contrast to diacylated lipopeptides [89]. 
However, TLR10 homodimers or any other 
TLR-TLR10 heterodimer were unable to 
activate NFκB [90]. In conclusion, while 
there is some data to suggest that TLR10 
may recognize bacterial products such as 
lipopeptides, the extent of its role in anti-
bacterial defense is yet unproven.
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Table 3: Overview of TLR2 co-receptors 

PRR Lipid 
raft 

Signal trans-
duction 
pathway

Endogenous ligand 
with reported TLR 
activity

Exogenous ligand with 
reported TLR activity

Experimental  
evidence func-
tional association 
PRR-TLR in 
response to ligand

TLR2 TLR4

TLR1, TLR6 recruited MyD88 [170], 
PI3K[84]

NR Bacterial LPs[31], 
microbes

[24, 78] TLR6 
[224]

CXCR4 recruited cAMP, PI3K PAUF (a) [40] LPS [140], PgFimbriae 
[143]

[40, 143] [40, 
140]

CD14 resident Src kinases (h) 
[163]

Versican (a) [225] 
Aß42 (b) [226, 227]

PgLPS [228], PgFimbriae 
[154], PAM₃CSK₄ [109], 
LPS [229], LTA [230]

[109, 154, 
228, 230]

[229]

Scavenger  
receptors

Class 
A

recruited Internalization 
motif [231] 

Modified LDL (b,g) [38, 
232]

Microbes (f ) [113]

Class 
B

resident Src kinases (h) 
[159]

Modified LDL, LDL, 
HDL, VLDL (b,g) [38, 
232] F-Aß42 (a) [41, 
233], SAA (a) [43, 234]

Microbes (f ) [113] LPS 
[235, 236] LTA, MALP-2 
[108]

[80]

other recruited Internalization 
motif [237]

Modified LDL (b,g) [38, 
232]

Microbes (f ) [113] 
OmpA [122]

LOX-1 
[122]

Dectin-1 recruited Src kinases 
[238]

NR Mycobacterium absces-
sus, zymosan [135]

[135]

Integrins recruited Rho family 
GTPases[239], 
Src kinases 
[240]

ECM (d) , vitronectin 
(b) [129]

Microbes (e), PgFim-
briae [154], HSV gH/gL 
[241], Pam3CSK4 [131], 
LPS [242]

ß2 [228], 
ß3 [129, 
241], α3 
[131]

ß2 
[243]

Aß42 = amyloid b peptide 42
ECM =  various extracellular matrix proteins 

reviewed in [244]
cAMP =  cyclic AMP-dependent protein kinase 

pathway
F-Aß42 = fibrillar amyloid b peptide 42
HDL =  high-density lipoprotein
HSV gH/gL =  herpes simplex virus glycoproteins  

gH/gL
 LDL = low-density lipoprotein
LTA =  lipoteichoic acid
MALP-2 = macrophage-activating lipopeptides
NR = non reported
OmpA =  Enterobacteriaceae outer membrane 

protein A
PgFimbriae =  Fimbriae from Porphyromonas  

gingivalis
PgLPS = LPS from Porphyromonas gingivalis

SAA = serum amyloid A
VLDL = very low-density lipoprotein
a =  TLR activity is reported in response to ligand, 

experimental evidence ligand binds TLR
b =  TLR activity is reported in response to ligand,  

no experimental evidence ligand binds TLR
c =  no TLR activity reported
d =  ECM molecules carrying TLR activity are 

reviewed in [38]
e =  ntegrins interacting with microbes are 

reviewed in [245]
f =  scavenger receptors interacting with microbes 

are reviewed in [113]
g =  endogenous ligands for scavenger receptors 

are reviewed in [232] concomitant TLR  
signaling is reviewed in [38]

h =  CD14 and CD36 are not direct targets of  
Src-kinases
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Single nucleotide polymorphisms 
affecting TLR2 heterodimerization
Studies that have investigated the func-
tional consequences of non-synonymous 
polymorphisms in the TLR2 gene, mainly 
comprising the amino acid substitutions 
R753Q (rs5743708) and P631H (rs5743704), 
have revealed an altered function of the 
protein in case of the mutant variants with 
minor frequency. 
For the P631H polymorphism defective 
membrane internalization and conse-
quently a gain-of-function of the receptor 
was observed, leading to increased immune 
activation and immunopathology [91,92]. 
sConversely, a loss-of-function effect of the 
R753Q polymorphism was detected for rec-
ognition of its ligand lipoteichoic acid (LTA), 
bacterial and viral components [93-96], 
which increases the susceptibility to bac-
terial and viral infections [97]. However, 
effects of these polymorphisms on pro- and 
anti-inflammatory cytokine production by 
peripheral blood mononuclear cells have 
turned out to be limited [98], which indicates 
that other mechanistic defects are responsi-
ble for the clinical associations of these poly-
morphisms with human disease. 
Studies investigating the consequences of 
TLR2 non-synonymous polymorphism on 
TLR2 heterodimerization are scarce but 
recently, the R753Q polymorphism has 
been linked with a reduced capacity to form 
TLR2/6 heterodimers, leading to an impaired 
response towards LPs and Mycobacterium 
cell wall components [99]. Additionally, 
using published crystallographic models of 
TLR2 heterodimers, non-synonymous poly-
morphisms in TLR1, TLR2, TLR6 and TLR10 
can be matched to critical amino acids at 
the interface of dimer formation. Conse-
quently, although there is no experimental 
data yet, amino acid alterations at position 
L443I, V542A and T565S in TLR1 might 
potentially impair TLR2/1 heterodimer for-

mation as has been determined for P315L 
[100,101].

CD14 as a co-receptor for TLR2
Although much of the research being done 
on CD14 is with regard to its role in endo-
toxin signaling, CD14 interacts also with 
TLR2 and TLR4 [102], TLR3 [103], TLR7 and 
TLR9 [104]. CD14 as well as the plasma/
serum resident soluble form of CD14 (sCD14) 
directly binds TLR2 and this binding can  
be prevented with anti-CD14 monoclonal 
antibodies that were also found to block 
CD14 mediated LPS loading [105,106]. 
Using surface plasmon resonance (SPR) 
techniques, it was demonstrated that both 
surface bound CD14 and sCD14 enhanced 
TLR2/1 surface recognition of triacylated  
but not diacylated lipopeptides [107]. 
An important difference, sCD14 can replace 
surface bound CD14 function in terms of 
ligand loading but it cannot do so with 
regard to TLR2 lipid raft recruitment [80,107-
109]. 
CD14 is one of the first proteins to be recog-
nized as a PRR, important in the recognition 
of cell wall structures of Gram-positive as 
well as Gram-negative microbes [110]. In 
myeloid cells CD14 is highly concentrated 
inside lipid rafts as a glycosylphosphati-
dylinositol (GPI)-anchored membrane 
protein. In the sequence of events, CD14 
significantly enhances TLR2 activation by 
facilitating lipopeptide binding and TLR2 
heterodimerization [109]. Using lipopeptide 
analoges that differ in the number of acyl 
chains and peptide sequence, CD14 func-
tion seems dependent on triacylated lipo-
peptides and independent of the peptide 
moiety [107]. Although CD14 associates 
with TLR2 upon ligation of both di- and tri-
acylated lipopeptides, the discrepancy in 
CD14 dependent TLR2/1 versus TLR2/6 acti-
vation can be explained by the additional 
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dependency of TLR2/6 on scavenger recep-
tor CD36 for ligation of specific diacylated 
lipopeptides (Figure 2) [80]. 

Scavenger receptors as co-receptors  
for TLR2
Several classes of scavenger receptors (SRs) 
are linked to TLR2 function. Class A (mac-
rophage receptor with collagenous structure 
(MARCO), SR-A), class B (SR-B1, CD36), class F 
(scavenger receptor expressed by endothe-
lial cells-I(SREC-I)) and class E (Lectin-like 
oxidized LDL receptor-1 (LOX-1)) SRs are 
associated with TLR2 with regard to uptake 
of either endogenous ligands, microbial 
ligands or intact microbes. 
Scavenger receptors belong to the family of 
PRRs and comprise a structurally diverse 
family of transmembrane receptors with a 
phagocytic function that are commonly 
found on macrophages and dendritic cells 
[111]. Foremost, they are implicated in the 
recognition of modified low-density lipo-
protein (LDL), but accumulating evidence 
exists with regard to their uptake of micro-
bial ligands or Gram-positive and Gram-
negative microbes [112, 113]. MARCO is the 
preferred receptor of the Mycobacterium 
tuberculosis cell wall lipid trehalose 
6,6’-dimycolate (TDM) and signaling to TDM 
coated beads was shown to be CD14 and 
either TLR2 or TLR4 dependent [114]. Class A 
SRs are further reported to bind Gram-
positive bacteria by binding their major cell 
wall lipid lipoteichoic acid (LTA) [114], and 
various cell wall ligands from Neisseria men-
ingitidis [115], Streptococcus species [116] 
Escherichia coli and Staphyloccocus aureus 
[117]. In most cases, cell signaling was 
dependent on MyD88, suggesting the 
involvement of TLRs, although specific TLR 
activation was not investigated. CD36 was 
discovered as a sensor for microbial lipopep-
tides in mice with a N-ethyl-N-nitrosourea 
nonsense mutation of CD36. These mice 

were hyporesponsive to some but not all 
diacylated lipopeptides (LTA and MALP-2 
versus Pam₂CSK₄). Responses to triacylated 
lipopeptides (Pam₃CSK₄) remained intact 
[108]. Using the ectodomain of mouse CD36 
(mCD36ED), binding to diacylated lipopro-
tein FSL-1 (similar in molecular makeup to 
MALP-2) and LTA but not diacylated 
Pam₂CSK₄ or triacylated Pam₃CSK₄ was sub-
sequently confirmed [118]. Signaling in 
response to ligand binding was CD14 
dependent. Since mCD36ED does not 
directly interact with TLR2 as was shown by 
immunoprecipitation, it was hypothesized 
that the function of CD36 is to capture 
ligands and transfer them to TLR2 in a CD14 
dependent fashion (Figure 2) [118]. 
CD36 as well as other class B SRs have also 
been found to mediate phagocytosis of 
various Gram-positive and Gram-negative 
bacteria, but direct involvement of TLRs has 
not been investigated [119-121]. The SRs 
SREC-1 and LOX-1 activate macrophages 
and dendritic cells in a TLR2-dependent way 
upon binding a major component of the 
outer membrane part of Klebsiella pneumo-
nia but only LOX-1 was found to co-localize 
and cooperate with TLR2 [122]. 
Overall, SRs offer interesting candidates as 
TLR2 co-receptors, but more research is 
needed to determine SR ligand specificity 
and TLR2 co-receptor mechanics. Interest-
ingly, with regard to the crucial role of CD36 
in TLR2 function, CD36 might also offer an 
explanation to the difference in TLR2 immu-
nological activity of diacyl lipopeptides with 
a different peptide moiety. Since the peptide 
part of FSL-1 or MALP-2 has a larger negative 
charge compared to the peptide part of 
Pam₂CSK₄, the discrepancy in diacylated 
lipopeptide binding by CD36 might be 
explained by the finding that CD36 binds 
negatively charged moieties more avidly 
[123].
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Integrins as co-receptors for TLR2
Current literature shows that integrin activa-
tion intersects with TLR signaling, however 
only few studies report the direct interaction 
of integrins and TLRs. 
On the one hand, integrin activation induced 
changes in membrane phosphoinositide 
composition enhancing TLR activation by 
attracting specific TLR adaptor molecules to 
lipid rafts. On the other hand, integrin medi-
ated phagocytosis is critically dependent on 
the activation of co-receptors (specifically, 
but not limited to TLRs) [124-126]. 
Integrins are heterodimeric receptors that 
mediate cell-cell and cell-extracellular 
matrix interactions. They are typically com-
prised of an α- and a ß-subunit. So far 18 α- 
and 8 ß-subunits have been indentified in 
humans, which combine to recognize a 
multitude of different ligands which play a 
role in cell adhesion, migration and tissue 
differentiation. 
The function of integrins is dependent on 

the type of activation. Integrins can be acti-
vated to receive extracellular ligands by 
‘inside-out’ signaling, mediated by activa-
tion of G-protein coupled membrane 
receptors. Integrins relay ligand binding 
activation via an ‘outside-in’ signal, through 
activation of intracellular Src and Syk 
kinases [127,128]. 
ß1, ß2 and ß3 subunit-integrins are associ-
ated with microbe phagocytosis [126]. The 
integrin subunit ß3 interacts directly with 
TLR2 on the surface of resting monocytes. 
Rapid dissociation of the TLR2-integrin ß3 
complex was found upon stimulation with a 
synthetic triacylated lipopeptide. Blocking 
ß3 function reduced monocyte TNFα release 
upon TLR2 stimulation. Knock-down of the 
ß3 gene (ITGB3) in monocytes further sub-
stantiated these findings and additionally 
showed that this effect was TLR2 specific 
[129]. The natural ligand of the integrin ß3 
is vitronectin, a soluble protein present in 
blood and extracellular matrix which func-

Figure 2. 
Role of CD14 and CD36 in ligand loading of TLR2 heterodimers. TLR2/1 activation depends on CD14  
or sCD14 delivery of triacylated LPs. Diacylated LPs or LTA loading of TLR2/6 requires initial binding by 
CD36, CD36 – ligand interaction might be based on the net charge of the ligand. CD14 is hypothesized  
to act as an intermediate facilitating TLR2/6 loading. Adapted from [118].
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tion is, among others, to opsonize microbes 
which facilitates microbe adhesion to host 
cells [130]. Due to its characteristics it was 
proposed that vitronectin concentrates TLR 
ligands, interacts with ß3 which subse-
quently tethers the complex to the mem-
brane and, by doing-so, facilitates TLR2 
loading [129]. 
A set of experiments performed by Marre et 
al, showed that although membrane integ-
rin α3ß1 does not directly bind the lipopep-
tide Pam₃CSK₄, blocking α3 function reduced 
the TLR2 mediated IL-6 release in U937 mac-
rophages, which was independent from the 
presence of serum proteins. For a complete 
IL-6 response and induction of a type-I IFN 
response following TLR2 activation, integrin 
α3 mediated uptake and subsequent endo-
somal TLR2 signaling is required [131]. There 
clearly is a role for integrins as co-receptors 
for TLR2 and vice-versa. The current litera-
ture, however, does not provide enough 
insight if these interactions are TLR specific 
or a more general function of the concerted 
interaction of integrins and TLRs in cellular 
activation and phagocytosis. Interestingly, 
integrin signaling in addition to TLR signal-
ing influences adjuvant activity. Synthetic 
Pam₂C-based lipopeptides engineered to 
contain a functional integrin motif (RGDS), 
were found to efficiently target and activate 
DCs. Compared to similar Pam₂C-based 
lipopeptides having no integrin motif, 
Pam₂CRGDS showed a stronger in-vivo anti-
tumor activity [132].

Dectin-1 as a co-receptor for TLR2
Cooperative interaction between Dectin-1 
and TLR2 was established in response to 
zymosan [133] and various Mycobacterium 
species [134]. Dectin-1 and TLR2 physically 
associate upon binding of either Mycobac-
terium abscessus or zymosan by mouse 
Raw264.7 macrophages and human THP-1 

monocytes as was shown by immuno-
precipitation. Blocking Dectin-1 function 
reduced M. abscessus uptake and reduced 
TLR2 and Syk-dependent cytokine release by 
bone marrow derived macrophages [135]. 
Dectin-1 is a member of the C-type lectin 
(CLR) family of pattern recognition recep-
tors. It is a glycosylated type II transmem-
brane receptor with a C-type lectin like 
domain, which mediates ligand binding, 
and a cytoplasmic immunoreceptor tyrosine 
activation (ITAM)-like signaling domain. 
Dectin-1 can predominantly be found on 
the surface of myeloid cells where it recog-
nizes fungal and plant cell wall components 
(e.g ß1,3-linked glucans) as well as unde-
fined mycobacterial ligands [136]. Although 
the simultaneous use of synthetic TLR 
ligands and ß-glucans have been shown to 
synergistically enhance cytokine responses 
(i.e. IL-6, TNFα, IL-10 and IL-23) and to reduce 
IL12p70 cytokine release, this was not 
exclusive to TLR2 agonists [137,138]. 

CXCR4 as a co-receptor for TLR2
The signaling pathway of CXCR4 intersects 
with TLR induced signaling and, depending 
on the TLR ligand dose, either suppresses 
[139] or enhances the TLR-induced cell acti-
vation [140]. 
CXCR4 is a 7-transmembrane G-protein 
coupled chemokine receptor for stromal 
derived factor-1 (SDF-1), found on leuko-
cytes, endothelial and epithelial cells. Next 
to its role in leukocyte trafficking, it has 
received a lot of attention concerning its 
function as a co-receptor for HIV [141]. 
The first suggestion that CXCR4 might also 
be regarded as a pattern recognition recep-
tor came from a publication by the group of 
Triantafilou et al, who found that CXCR4 was 
a functional part of a CD14 independent 
LPS receptor cluster [142]. Functional co-
association of CXCR4 and TLR2 inside lipid 
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rafts led to a down modulation of the sub-
sequent TLR2 response upon binding of 
fimbriae of Porphyromonas gingivalis. More-
over, unlike CXCR4 modulation of TLR4 sign-
aling, suppression of TLR2 induced NFκB 
signaling was functional over a broad dose 
range [143]. Intriguingly, a recently discov-
ered factor released by pancreatic cancers 
(PAUF) was found to be associated with TLR2 
and CXCR4. This association, analogous to 
the effects of fimbriae of P. gingivalis, 
reduced TLR2 mediated NF-κB activation 
and promoted metastasis [40]. 

Lipid rafts
A major property of TLR signaling is deter-
mined by the association of co-receptors, 
adaptor proteins and signaling kinases all 
participating in a receptor complex. The 
simple interaction of lipopeptides with TLR2 
is barely sufficient to induce downstream 
gene activation, but is greatly amplified by 
the presence of lipid raft resident co-recep-
tors [14]. Additionally, disrupting the func-
tion of lipid rafts has a significant effect on 

TLR2 induced immune responses [80,82, 
144, 145]. Co-receptor induced TLR2 translo-
cation can therefore be regarded as a crucial 
step in TLR2 immunological function. 
Lipid rafts are membrane islands comprised 
of highly ordered saturated lipids and cho-
lesterol within the more fluid membrane  
bi-layer of largely unsaturated lipids. In 
resting cells rafts are small and highly dis-
persed, but upon activation via clustering  
of membrane components, they coalesce 
into larger platforms [146]. Doing so, in 
resting cells they compartmentalize the 
plasma membrane and therefore segregate 
specific protein-lipid and protein-protein 
interactions. Upon activation, coalescence 
of smaller raft patches leads to accumula-
tion of receptors providing a scaffold to 
bring together and concentrate intracel-
lular adaptor molecules (i.e MyD88, TRIF,  
Src kinases and Rho GTPases) that are  
necessary for signaling [14, 147]. 
Molecules associated with lipid rafts func-
tion to read-out specific intracellular inter-
nalization motifs and sort transmembrane 
proteins to endosomes [148,149]. Scavenger 

Figure 3.
Schematic diagram of the  
intersection between PRR and  
TLR2 signaling pathways. 
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receptors are associated with lipid rafts, 
however, current data suggests that class A 
SRs functionally depend on additional co-
receptors to facilitate lipid raft recruitment, 
signaling and phagocytosis [87,150]. In 
contrast, Class B SRs have a palmitoylated 
N- and C-terminal cytoplasmic tail which 
targets them to lipid rafts [147,151]. Class F 
and E SRs both associate with lipid rafts 
upon ligand binding [152,153]. 
To initiate integrin-dependent phagocyto-
sis, integrins rely on the activity of co-
receptors [8, 126]. Inside-out activation of 
integrins can be achieved by TLR activa-
tion from within lipid rafts. For example, 
induction of the high-affinity state of the 
ß2 integrin CD11b/CD18 was mediated 
through CD14 facilitated TLR2 activation 
by fimbriae of Porphyromonas gingivalis 
[154,155]. A similar manner of inducing 
activation of the α3ß1 integrin was found by 
means of Pam₃CSK₄ or Borrelia burgdorferi 
induced TLR2 activation [131]. Outside-in 
activation of ß3 integrins by MAMP-loaded 
vitronectin leads to TLR loading and trans-
location to lipid rafts [129], similar to the 
role of ß2 integrin facilitated TLR4 activation 
[124]. 
Dectin-1 has also been found to translocate 
into lipid rafts in response to ligand binding 
as Dectin-1 engagement of either zymosan 
or curdlan lead to colocalization of Dectin-1 
and lipid raft marker cholera toxin B [156]. 
An overview of the different PRRs interact-
ing with TLR2 is presented in Table 3. 
Additionally, Table 3 reports on PRR lipid 
raft status, PRR signal transduction moie-
ties, PRR-endogenous or exogenous ligands 
with reported TLR2 activity and where pos-
sible, indicates if there is experimental evi-
dence for the functional association of 
PRR-TLR2 in response to TLR2 agonists.  
A schematic diagram representing the inter-
action of PRR and TLR2 signal transduction 
routes is depicted in Figure 3. 

Pivotal role of CD14 and CD36
CD14 and CD36 are PRRs for a broad range 
of ligands, which can be of endogenous 
origin (components of apoptotic cells, 
amyloid peptides, ceramids, ECMs, oxLDL) 
and microbial origin (LTA, LPS, LPs). CD14 as 
well as CD36 are lipid raft resident mole-
cules which both apparently lack cytoplas-
mic tails with a discernible signaling motif 
but are associated with cellular activation 
and/or ligand uptake [157,158]. 
Recently, in a very elegant study by Heit et 
al, CD36 was found to engage Src-family 
kinases. They elucidated that cross-linking of 
CD36 leads to recruitment of tetraspanins 
(CD9 and/or CD81) which facilitates subse-
quent functional interaction with β1 and β2 
integrins. This signaling complex was found 
to associate with the intracellular ITAM 
adapters FcRγ and DAP12, enabling CD36 
ligands to signal via Syk and its downstream 
effectors [159]. Although specific evidence is 
lacking, a similar mode of signaling can  
be hypothesized for CD14. Since CD14,  
tetraspanins and integrins are functionally 
associated in response to LPS [160-162].  
In addition, Src-family kinases are linked to 
cellular activation following LPS stimulation, 
independently of TLR4 but exclusively 
dependent on CD14 [163]. 
The above suggests that ligand binding  
by CD14 and/or CD36 initiates the proxi-
mal membrane event, leading to PRR/TLR 
accumulation, depicted in Figure 4. On the 
whole, since it now becomes clear that 
almost all TLR2 co-receptors engage Src-
kinase pathways, Src-kinase activity follow-
ing TLR2 activation is more the rule than the 
exception. 
In general, FcRγ and DAP12 mediated Src-
kinase signaling inhibits TLR activation as 
cells deficient in FcRγ and/or DAP12 are 
hyper responsive to TLR stimulation [164]. 
Indeed, DAP12-deficient macrophages 
secrete increased amounts of pro-inflam-
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matory cytokines following PGN, Pam₃CSK₄ 
and zymosan stimulation [165]. CLRs, having 
an intracellular ITAM motif, do not require 
recruitment of signaling adaptors to activate 
Src-kinase pathways [166]. However, Src-
kinase activation of Raf-1 following the 
combined stimulation of CLRs and TLR2 has 
been shown to additionally direct NFκB 
mediated cytokine expression [167]. Moreo-
ver, the differential requirement of Src-kinase 
pathways is thought to underlie neutrophil 
regulatory responses following MAMP as 
well as bacterial ligation by TLR2 [168]. 
The interaction with integrins further facili-
tates TLR activation by recruitment of 
phosphatidylinositol 4-phosphate 5-kinase 
(PIP5K) [169]. PIP5K phosphorylates phos-
phatidylinositol 4-phosphate (PIP) which 
results in the generation of phosphatidylino-
sitol 4,5 –biphosphate (PIP)2, which medi-
ates Mal/TIRAP recruitment to the plasma 

membrane. Mal/TIRAP then functions to 
facilitate MyD88 delivery to activated TLR2 
[124]. In addition, Mal/TIRAP recruits PI3K 
which phosphorylates (PIP)2 to (PIP)3 neces-
sary to invoke downstream Akt activation 
[84] (Figure 4).

Concluding remarks
It has become clear that, in contrast to TLR2 
receptor activity, TLR2 function and down-
stream signaling indispensably relies on the 
presence of co-receptors and lipid raft 
translocation. Suggesting that TLR2 interac-
tion with additional PRRs in TLR2 function is 
more the rule than the exception. Many 
reports suggest a similar relationship for 
TLR4 but, in contrast to TLR2, functional evi-
dence for the direct interaction of TLR4 with 
PRRs (other than CD14) is lacking (Table 3). 
This either suggests a research bias to inves-

Figure 4. 
Pivotal role of CD14/CD36 receptor complex in TLR2 activation. Ligand capture and subsequent 
ligand loading onto TLR2 and additional PRRs by CD14/CD36 initiates the formation of the receptor 
complex, which leads to the recruitment of the intracellular adaptor FcRγ and/or DAP12 and the 
enzyme PI5K. PI5K phosphorylates PIP to PIP2 necessary to recruit the TLR2 signal adaptor Mal/TIRAP. 
Mal/TIRAP subsequently recruits the signal adaptor MyD88, leading to activation of transcription 
factors AP-1 and NFκB. Furthermore, Mal/TIRAP recruits the enzyme PI3K. Next, Src-kinases 
phosphorylate the ITAM-motif on FcRγ/DAP12, recruiting and activating Syk kinases. PI3K further 
phophorylates PIP2 to PIP3, resulting in the recruitment and activation of Akt.
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tigate TLR2 function more in detail or, more 
likely, TLR2 has unique attributes that facili-
tate TLR2-PRR interaction. 
The central dogma of TLR activation dictates 
that TLRs must either heterodimerize (TLR2) 
or homodimerize (all other TLRs) to initiate 
signal transduction [170]. However, two 
lines of evidence support a view that TLR2 
might be able to initiate signal transduction 
as a homomer or homodimer. 
Firstly, as discussed in the paragraph on 
TLR2 heterodimerization, data on the 
surface expression of TLR2 are not conclu-
sive whether or not TLR2 heterodimers are 
pre-formed or reflect temporal associations, 
leaving room to argue that TLR2 is free to 
associate with other receptors. 
Secondly, some specific LPs can induce TLR2 
activation independent of TLR1 and TLR6 
[34]. These lines of evidence together with 
the breadth of data describing the func-
tional association of PRRs and TLR2 suggest 
that one or more specific PRRs might take 
on the role of TLR2 receptor partner in TLR2 
activation. 
Taking into account the wide variety of 
current reports on TLR2 co-receptors, the 
emerging picture shows two main roles of 
PRRs in TLR2 function: 
 •  To act as a transport/tether/capture 

receptor of microbial ligands or host 
components, potentially contaminated 
with microbial ligands, delivering 
ligands to TLR2 at the cell surface and/ 
or intracellular.

 •  To function as a signal modifier, assisting 
in matchmaking between TLR2 signaling 
adaptor molecules and co-receptor  
specific signal transduction pathways.

Although the above describes the essential 
contribution of PRRs to TLR2 function, analy-
sis of the data did not yield a potential candi-
date PRR that could replace either TLR1 or 
TLR6 in TLR2 receptor activation. Addition-

ally, whether or not TLR2 has additional 
ligand binding sites that allow for the inter-
action with protein- or sugar-residues 
remains obscured due to technical restric-
tions such as detection and removal of 
MAMP contaminations from TLR2 agonists 
[38] and the inherent nature of many endog-
enous proteins to interact with hydrophobic 
molecules [171]. To obtain more insight into 
the mechanism of action of TLR2, an over-
view of the critical aspects governing TLR2 
function are listed in Box 1. 

Following the initial description of the 
crucial involvement of TLR2 in infection and 
(sterile) inflammatory diseases, it has 
become clear that TLR2 activity plays a 
prominent role in the pathogenesis of a 
variety of acute and chronic inflammatory 
diseases. A further clue regarding the impor-
tance of controllingTLR2 activity might be 
derived from the production of a natural 
TLR2 agonist soluble TLR2 (sTLR2). 
sTLR2 is the result of post-processing proteo-
lytic cleavage, constitutively released by 
monocytes and can be detected in plasma, 
breast milk [172], saliva [173] and amniotic 
fluid [174]. sTLR2 has been found to be pro-
tective against HIV-1 infection [175] and to 
participate in regulating the inflammatory 
response to microbes or MAMPs [172-174, 
176]. 
From a therapeutic point of view, lipid based 
self-adjuvanting synthetic peptides might 
benefit by endowing vaccines with specific 
engineered lipopeptides containing motifs 
that additionally target non-TLR pattern rec-
ognition receptors in order to optimize 
delivery or fine-tune desired vaccination 
responses as been shown by Akazawa et al 
[132] and van Kooyk et al [177]. 
Current available synthetic TLR2 ligands are 
based on cell wall constituents of (potential) 
pathogens, adjuvant research would possi-
bly benefit from elucidating the variations in 
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LP make-up of probiotic strains. With regard 
to the indispensable role of PRRs in facilitat-
ing microbe induced TLR2 function, deter-
mination of specific PRRs involved in the 
recognition of probiotic strains would aid 
research on the mechanism of action of 
probiotics. Additionally, since microbial 
manipulation of PRR-TLR crosstalk is used by 
pathogens to subvert appropriate immune 
responses, determination of the specific 
PRRs involved could lead to new therapeutic 
approaches [178]. 
Interestingly, although many LP analogs 
have been designed and tested, none of 
them have shown antagonistic function. 

They either bind and induce a level of activ-
ity or they do not bind at all [30-32]. A series 
of novel synthetic phospholipids that are 
antagonists of TLR2 have been designed, 
but functional data on the use of these 
compounds is mostly lacking [179]. Recently 
an exoprotein of Staphylococcus aureus, 
super-antigen like protein 3, was found to 
function as a TLR2 specific antagonist, 
potentially offering interesting therapeutic 
applications [180]. 

TLR2 is a very interesting receptor highly 
involved in the field of adjuvant, pathogen 
and probiotic research. Although much 

Technical aspects:
•  Endogenous expression of TLR2 

co-receptors. To determine the precise 
interaction of agonists with the different 
TLR2 receptor forms, TLR2 transfected cells 
offer a valuable tool. However, endogenous 
expression of TLR2 co-receptors TLR1, TLR6, 
TLR10 should be controlled.

•  MAMP contamination. To determine 
whether or not a molecule is a genuine 
TLR2 agonist, it is important to consider  
the following factors:

 –  Recombinant microbial expression 
systems inherently produce MAMP  
contaminated molecules.

 –  Purification and/or modification 
methods might introduce MAMP 
contamination.

 –  Serum by its very nature contains 
MAMPs, therefore it is advisable to use 
serum-free formulations.

 –  With the current technology, it is 
impossible to separate MAMP 
contamination from your molecule of 
interest.

Box 1: critical aspects in the analysis of TLR2 function

Cell-intrinsic aspects:
•  Cellular expression of TLR and/or PRRs. 

TLR2 function depends on the availability of 
TLR2 co-receptors, therefore cellular activity 
following TLR2 ligation largely depends on 
its diversity of TLR and PRR expression.

•  Cell type and function. In addition to its 
surface expression of TLRs and PRRs,  
cell type and function determine cellular 
responses following TLR2 activation.

•  Non-synonymous polymorphisms.  
Changes in protein make-up potentially 
impact TLR2-TLR and TLR2-PRR interaction.

Cell-extrinsic aspects:
•  Soluble factors that participate in TLR2 

agonist- receptor interaction. Serum 
contains many factors that impact TLR2 
function (i.e. sTLR2, sCD14, LBP, vitronectin).

•  Soluble factors that impact cell activation. 
Factors that condition or activate cells  
(i.e cytokines, chemokines) alter cellular 
expression of TLRs, PRRs and molecules 
involved in intracellular signaling.
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effort has been put forward to determine 
TLR2 ligand requirements and TLR2 recep-
tor activity, many questions remain regard-
ing the regulation of the down-stream 
signaling and resulting effect on immuno-
logical responses, depending on the large 
family of reported co-receptors. Increasing 
the understanding of these mechanisms 
could offer attractive therapeutic targets 
and opportunities.
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Abstract
Probiotic lactobacilli and bifidobacteria strain-dependently induce dendritic cell (DC) 
cytokine responses via the recognition of specific microbe-associated molecular patterns by 
pattern recognition receptors such as Toll-like receptors (TLR), NOD-like receptors (NLR) and 
C-type lectin receptors (CLR). We and others have shown that TLR2 sensing of lipopeptides 
and lipotechoic acids, TLR9 activation by bacterial DNA and NOD2 recognition of peptido-
glycan moieties are all crucial to induce cytokine release by DC that is important for the 
initiation of immune responses. Additionally, exopolysaccharides and other cell wall poly-
saccharides can be recognized by members of the CLR family, further contributing to DC 
cytokine release. Here we delineate lactobacilli- and bifidobacteria-induced responses by 
examining the contribution of TLR2 and TLR9, NOD2 and DC-SIGN signaling to DC cytokine 
release. TLR2 and NOD2 activity were found to play a major role in bifidobacteria-induced 
responses, while induction of TLR9 and NOD2 were more linked to lactobacilli. Inhibition of 
DC-SIGN increased DC cytokine release strain-dependently. Since DC-SIGN modulates 
TLR-induced NFκB activation via activation of Raf-1, we analyzed the contribution of the 
Raf-MEK-ERK pathway to DC cytokine release induced by bifidobacteria and lactobacilli. 
Inhibition experiments identified Raf-1 and MEK1/2 as important molecules in the TNFα and 
IL12p70 response following DC ligation of both bifidobacteria and lactobacilli. 
The results presented here connect TLR, NLR and CLR signaling pathways in bifidobacteria- 
and lactobacilli-induced DC cytokine release and offer further insight into the mechanism of 
action of probiotic-induced immune responses. 

Introduction
The immune system depends on germ-line 
encoded pattern recognition receptors 
(PRR) that recognize microbial-associated 
molecular patterns (MAMP) to respond 
appropriately upon microbial encounters. 
The most well-known PRRs are the family of 
Toll-like receptors (TLR). To date, the family 
of TLRs consists of 13 members (TLR1-TLR13) 
and, except for TLR10, specific activating 
MAMPs have been described for all TLRs. For 
example TLR2, in cooperation with TLR1 or 
TLR6, recognizes di- and triacylated lipopep-
tides, TLR4 recognizes lipopolysaccharides 
(LPS) and TLR9 recognizes bacterial DNA [1]. 
The PRR family of NOD-like receptors (NLR) 
are expressed intracellularly and sense 
MAMPs and damage-associated molecular 
patterns present after breaches in cellular 
integrity, but are also shown to react to 
MAMPs that enter the cell via phagocytosis 

or via pores [2,3]. Especially NLRs NOD1 and 
NOD2 have received much attention due to 
their interaction with microbial products, in 
particular cell-wall derived peptidoglycan 
(PGN) motifs. NOD1 recognizes PGN break-
down products containing the D-gluta-
myl-meso-diaminopimelic acid (iE-DAP) 
moiety while NOD2 interacts with PGN frag-
ments containing the muramyl dipeptide 
(MDP) moiety. 
DC-SIGN and Dectin-1 are members of the 
family of C-type Lectins (CLR), which are 
PRRs highly involved in the immune 
response against microbes primarily 
through the recognition of mannose, 
fucose and glucan carbohydrate structures 
expressed by certain bacteria, viruses, fungi 
and mycobacteria [4]. However, only limited 
data is available on the interaction of CLRs 
with probiotics, with only DC-SIGN indicated 
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to play a role in the DC driven induction of 
regulatory T-cells by specific strains of lacto-
bacilli [5]. 
Encounter of microbes by innate immune 
cells typically triggers a phagocytic 
response mediated by the concerted inter-
actions of PRRs, leading to internalization, 
activation of microbial killing and recruit-
ment of intracellular PRRs to the endosome 
[6, 7]. Moreover, recognition of MAMPs, both 
at the cell surface as well as intracellularly, 
leads to the induction of molecules that 
have a signaling function (i.e cytokines), or 
of molecules that have chemoattractive 
function (i.e. chemokines) as a result of the 
activation of signaling pathways down-
stream of PRRs and their cross talk [8]. 
TLRs use MyD88 and TRIF intracellular sign-
aling molecules to propagate signal trans-
duction ultimately leading to induction of 
transcription factors CREB, AP-1, NFκB and 
interferon response factors (IRF) [9], while 
activation of NLRs leads to induction of the 
inflammasome and activation of the NFκB-
activating kinase RIP2 [2, 10]. 
Activation of CLRs trigger phagocytic pro-
cesses and specific CLRs have been shown to 
utilize the tyrosine kinase Syk and the small 
GTPase Ras for signal-transduction [4]. Acti-
vated Ras phosphorylates the serine/threo-
nine-protein kinase Raf-1 critically important 
for induction of the Raf-MEK-ERK mitogen-
activated protein kinase (MAPK) pathway 
ultimately leading to activation of pro-
inflammatory transcription factors such as 
NFκB and AP-1 [11]. 
Probiotics are most commonly derived from 
the gram-positive bacterial genera Bifido-
bacterium and Lactobacillus and their inter-
action with members of the TLR and 
NLR-family has been well documented. 
Much less known is whether bifidobacteria 
or lactobacilli also interact with other PRRs. 
To that end we investigated the contribution 
of specific TLRs, NLRs and DC-SIGN and the 

involvement of the Raf-MEK pathway in 
human dendritic cell (DC) cytokine produc-
tion after ligation by a selection of different 
strains of from the Bifidobacterium and Lac-
tobacillus genera. 
Using specific inhibitors, we have shown 
that TLR2 and NOD2 activation plays a 
central role in the bifidobacteria-induced 
DC cytokine response while TLR9 and NOD2 
are critical for lactobacilli-induced cytokine 
responses. The Raf-1 pathway is activated 
following ligation by both bifidobacteria 
and lactobacilli. Furthermore, inhibition of 
Raf-1 or MEK1/2 leads to modulation in DC 
cytokine responses with selective inhibition 
of Raf-1 or MEK, resulting in opposite effects 
on TNFα release regardless of the type of 
bacterial stimulation. Moreover, we identi-
fied MEK1/2 as an important regulator of 
TNFα and IL12p70 release following TLR2 
activation. 
Overall, these data contribute to knowledge 
on the mechanism of action of probiotics 
and indicate an important role for the Raf-1 
signaling pathway in the induction of TNFα 
following dendritic cell interaction with bifi-
dobacteria and lactobacilli.

Materials and Methods
Bacterial fermentation and enumeration
Lactobacillus rhamnosus NutRes 1, L. plan-
tarum NutRes 8, L. plantarum NutRes 288,  
L. casei NutRes 289 and Bifidobacteria breve 
NutRes 204, B. longum NutRes 266 and B. 
animalis NutRes 290 were grown at 37°C in a 
400ml reactor containing MRS broth (Oxoid, 
Badhoevedorp, The Netherlands) supple-
mented with 0.5 g/l L-cysteine for Bifidobac-
teria. The pH was maintained at 6.5 by 
addition of NaOH. To ensure anaerobic con-
ditions the headspace was flushed with N2 
or a gas mixture consisting of 5% H2, 5% 
CO2 and 90% N2 for Bifidobacteria. Bacteria 
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were harvested in the early stationary phase, 
washed in PBS and stored with glycerol 20% 
(w/v), in aliquots at -80°C. Cell counts were 
determined by plating serial dilutions (CFU) 
and fluorescent microscopy by staining with 
DAPI.

Cell lines and Reagents
InSolution Raf-1 kinase Inhibitor (GW5074) 
was purchased from Calbiochem, Merck 
Millipore, The Netherlands. PD 0325901 was 
from Axon Medchem, Groningen, The 
Netherlands. CD209 (DC-SIGN) blocking 
antibody AZN-D1 was from Beckman 
Coulter, Woerden, The Netherlands. The 
RIP2 inhibitor Gefitinib, TLR9 inhibitor ODN 
TTAGG and TLR2 blocking antibody (T2.5) 
were purchased from Invivogen, CAYLA 
SAS, Toulouse, France. The synthetic 
bacterial lipopeptide Pam₃CSK₄ was from 
EMC microcollections, Tübingen, Germany. 
Non-phagocytic HEK293 TLR2-TLR6 were 
purchased from Invivogen, Toulouse, 
France. HEK293 TLR2-TLR6 and HEK293 TLR 
null transfectants were stably transfected 
with the NFκB reporter plasmid pNiFty2-
Luc. Cells were maintained in DMEM 
(Invitrogen) supplemented 10% FBS, 4.5 g/L 
glucose and the appropriate antibiotics 
according to the manufacturer’s protocols. 

TLR2 experiments
To specifically address activation of TLR2 by 
bifidobacteria and lactobacilli, we used 
human embryonic kidney 293 cells (HEK293) 
stably transfected with TLR2, TLR6 and an 
NFκB luciferase-reporter construct. HEK293 
TLR2-TLR6 transfectants were seeded in 
culture medium (DMEM, 10% FBS) at 3 x 104 
cells/well in flat-bottom 96-wells plates and 
allowed to adhere overnight. Next day cells 
were washed and co-incubated with the 
different bacteria at the indicated ratios 
bacteria:cell in DMEM, 1%FBS, 150µg/ml 
gentamycin for 16 hours after which they 

were analyzed for luciferase content via 
addition of 1 volume of the luciferase sub-
strate: BriteLite (Perkin Elmer, Groningen, 
The Netherlands) after which Luminescence 
was measured.

Differentiation of dendritic cells
Human primary peripheral blood mononu-
clear cells (PBMCs) were isolated from buffy 
coats obtained from healthy blood donors 
at the Sanquin Bloodbank, Nijmegen, The 
Netherlands. The mononuclear cell fraction 
was obtained by density centrifugation of 
blood diluted 1:1 in PBS using Leucosep 
tubes (Greiner, Alphen a/d rijn, The Nether-
lands) according to the manufacturer’s 
instructions. CD14 MACS isolation beads 
were used to positively select monocytes. 
Monocytes were cultured in RPMI-1640 
medium supplemented with 10% FBS, 10 
ng/ml IL-4 and 5ng/ml GM-CSF (both 
cytokines and magnetic beads obtained 
from Miltenyi Biotec, Leiden, The Nether-
lands) to induce cell differentiation. Cells 
were seeded at 1.5 x 10⁶ cells/well in 6-wells 
plates and medium was refreshed every 
other day. After 6 days cells were harvested, 
washed and resuspended in culture 
medium. DC purity (CD209 positive, CD14 
negative) was checked by flow cytometry.

Dendritic cell experiments
A total of 2 x 10⁵ DCs were added to 24-wells 
plates and incubated in culture medium 
(RPMI-1640, 2% FBS, 150µg/ml gentamycin). 
Stimulations were done with the indicated 
bacterial strains (all 2 x 10⁶ microorganisms/
well) at a ratio of 10:1 (bacteria : DC) or the 
TLR2 ligand Pam₃CSK₄ at a concentration of 
10µg/ml for 16 hours at 37oC. In receptor 
blocking experiments cells were pre-incu-
bated for 1 hour with either anti-TLR2 (clone 
T2.5, 5µg/ml), anti-DC-SIGN (clone AZN-D1, 
10µg/ml) or TLR9 blocker ODN TTAGG 
(500nM) before addition of bacteria. Signal 
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transduction pathways were blocked by 
preincubating for 30 minutes with RIP2 
inhibitor (Geftinib, 1µM), MEK1/2 inhibitor 
(PD0325901, 1µM) or Raf-1 inhibitor (GW5074, 
1µM) before the addition of bacteria or 
ligands. Supernatants were analyzed for IL-6, 
TNFα, IL-10 and IL12p70 using Luminex 
xMAP Technology, Bio-Rad, Temse, België.

Statistics
All data was analyzed with GraphPad Prism 
6.02. All results are presented as means ± SD. 
Statistical analysis were performed with the 
use of One-Sample Students t-test. A value of 
p<0.05 was considered statistically significant.

Results
Bifidobacteria but not lactobacilli induce 
surface TLR2 activity
To assess whether or not our selection of 
bifidobacteria and lactobacilli are capable of 
inducing TLR2 activity, we performed a dose 
response of bacterial supplementation on 

TLR2 transfected NFκB-reporter HEK cells. In 
agreement with previous observations by 
our group and others [5,12,13], we show 
that only Bifidobacterium strains are capable 
of activating TLR2 (Figure 1). Data presented 
in Figure 1 suggest that lactobacilli do not 
express TLR2 ligands. However, since HEK293 
cells are non-phagocytic, any TLR2 activa-
tion from endosomal compartments would 
not be measured. Therefore, involvement of 
endosomal/intracellular TLR2 signaling was 
explored using human monocyte-derived 
DC that have the capacity to phagocytose. 
First, we investigated the capacity of four 
strains of lactobacilli and three strains of 
bifidobacteria to induce cytokine release by 
DCs. 
Compared to lactobacilli, bifidobacteria 
induced high levels of IL-6 and IL-10 release 
by DCs, while IL-12p70 and TNFα release was 
more similar (Figure 2A). Next, we assessed 
the effect of inhibiting TLR2. Apart from 
IL12p70 release, TLR2 blocking inhibited 
Bifidobacterium-induced DC cytokine release 

Figure 1. 
TLR2 activation by strains of lactobacilli and bifidobacterium. HEK293 TLR2/6 transfected cells  
were co-incubated with different ratios (bacteria:cell) of the indicated bacterial strains for 16 hours.  
NFκB activation was determined as described in materials and methods. 
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for all measured cytokines, regardless of the 
Bifidobacterium strain. In contrast, TLR2 
inhibition affected the lactobacilli-induced 
cytokine release more strain-dependently 
and was either not affected (IL-10; all lacto-
bacilli) or increased for IL-12p70 (L. plantarum 
NR8, L. plantarum NR 288, L. casei), TNFα (L. 
plantarum NR8, L. plantarum NR 288, L. casei) 
and IL-6 (L. plantarum NR8) (Figure 2b). 

Role of intracellular receptors TLR9 and 
NOD2
Cellular responses towards microbes are 
established by activation of membrane-
bound PRRs complemented by pattern 
recognition in the intracellular compart-

ments via TLRs and NLRs. Therefore, the 
roles of an intracellular TLR receptor (TLR9) 
and a NLR receptor (NOD2) in the recogni-
tion of Lactobacillus plantarum and a Bifi-
dobacterium breve were studied. Blocking 
TLR9 led to a profound decrease (>50%) in  
L. plantarum induced IL-6, TNFα, IL-10 and 
IL12p70 release. Cytokine release induced 
by B. breve, except for IL12p70, was not sig-
nificantly inhibited (Figure 3A). To assess the 
role of the intracellular NLR receptor NOD2, 
we used the small molecule Gefitinib [14]. 
Blocking NOD2 led to a profound decrease 
in both L. plantarum and B. breve induced 
cytokine IL-6, TNFα, IL-10 and IL12p70 
release (>50%) (Figure 3B). 

Figure 2. Effect of inhibiting TLR2 on bacterial induced den-
dritic cell cytokine response. (A) DC cytokine response after co-
incubation with the indicated bacterial strains at a ratio of 10:1 
(bacteria:cell). Cytokine release was determined in the supernatants 
collected after 16H of incubation. (B) DCs were preincubated for 60 
minutes with a TLR2 blocking antibody (T2.5) after which the indi-
cated bacterial strains were added at a ratio of 10:1 (bacteria: cell). 
DCs and bacteria were allowed to co-incubate for an additional 16 
hours after which supernatants were harvested and analyzed for IL-6, 
TNFα, IL10 and IL12p70 release. Each value represents mean ± SEM of 
two separate experiments. *:p < 0.05 determined by comparison with 
bacterial stimulations in the absence of the TLR2 inhibiting antibody.

A
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B

Role of DC-SIGN
Next we evaluated which other PRRs could 
interact with our selection of lactobacilli and 
bifidobacteria. The family of C-type lectins 
(CLR) is highly expressed by DCs and has 
been shown to bind microbial-expressed 
carbohydrate structures present on patho-
gens [15]. Additionally, DC-SIGN has been 
shown to interact with lactobacilli poten-
tially via their production of exopolysaccha-
rides (EPS) or surface layer proteins [5,16]. 
Since both lactobacilli and bifidobacteria are 
capable of EPS production [17], we studied 
the involvement of DC-SIGN in the recog-
nition of lactobacilli and bifidobacteria. 
Overall, we observed that blocking DC-SIGN 

did not result in a diminished but rather an 
increased cytokine release, which was 
depending on the both the specific cytokine 
and the bacterial strain. 
Blocking access to DC-SIGN significantly 
reduced IL-6 release in response to B. breve, 
while IL-6 release was increased following 
stimulation by L. plantarum NR8 and L. casei 
(Figure 4A). TNFα release, as well as IL-10 
release was increased following stimulation 
by L. rhamnosus, L. plantarum NR8 and  
B. breve upon blocking DC-SIGN (Figure 
4B+C). IL-12p70 release was increased fol-
lowing stimulation with L. plantarum NR8,  
L. casei, B. breve and B. animalis upon block-
ing DC-SIGN (Figure 4D). These observations 
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Figure 3. 
Effect of inhibiting TLR9, NOD2 or a combination thereof on bacterial induced dendritic cell cytokine 
response. DCs were preincubated for 60 minutes with the TLR9 inhibitor ODN TTAGG or 30 minutes with  
the NOD2 inhibitor Geftinib after which B. breve or L. plantarum was added in a ratio of 10:1 (bact:cell).  
DCs and bacteria were allowed to co-incubate for an additional 16 hours after which supernatants were  
harvested and analyzed for IL-6, TNFα, IL10 and IL12p70 release. Each value represents mean ± SD.  
*:p < 0.05 determined by comparison with stimulations in the absence of the inhibitors.

Figure 4. 
Effect of inhibiting DC-SIGN on 
bacterial induced dendritic cell 
cytokine response.  
Dendritic cells were preincubated 
for 60 minutes with a DC-SIGN 
blocking antibody (AZN-D1) after 
which bacteria were added at a 
ratio of 10:1 (bacteria: cell).  
DCs and bacteria were allowed  
to co-incubate for an additional  
16 hours after which supernatants 
were harvested and analyzed for 
IL-6, TNFα, IL10 and IL12p70 
release. Each value represents 
mean ± SD. 
*:p < 0.05 determined by compari-
son with stimulations in the 
absence of the DC-SIGN inhibiting 
antibody.
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suggest that DC-SIGN is involved in the 
recognition of both lactobacilli and bifido-
bacteria by DCs and that binding by DC-SIGN 
would induce predominantly inhibiting 
effects on DC cytokine release.

Role of the Raf-1 signaling pathway
Since DC-SIGN has been shown to utilize the 
Raf-1 signaling pathway to modulate TLR 
induced immune responses [18] we set out 
to investigate whether blocking of Raf-1 
would mimic the effects we observed by 
blocking DC-SIGN. In agreement with our 
observations on blocking DC-SIGN we found 
that inhibition Raf-1 primarily led to an 
increase in TNFα release following bacterial 
stimulation (Figure 5A). In contrast, IL-10, 
IL-12p70 and IL-6 release was either not 
affected or inhibited depending on the bac-
terial species. 
In order to explore the Raf-1 pathway more 
in detail we investigated the effects of 
MEK1/2 inhibition. Since MEK1 and MEK2 are 
the only commonly accepted Raf-1 sub-
strates [19] we expected to see similar 
cytokine profiles as we observed upon block-
ing Raf-1. However, in contrast to blocking 
Raf-1, we observed an almost complete 
inhibition of TNFα release for all bacterial 
strains tested (Figure 5B). Furthermore, 
MEK1/2 inhibition clearly affected bifidobac-
teria-induced cytokine release to a greater 
extent than cytokine release induced by 
lactobacilli. MEK1/2 inhibition profoundly 
inhibited bifidobacteria-induced IL-6, IL10 
and IL-12p70. MEK1/2 inhibition inhibited 
only lactobacilli-induced IL-12p70 release, 
showing only minimal effects on IL-6 and 
IL-10. 
To address the opposite effect of Raf-1 and 
MEK1/2 inhibition on TNFα release and to 
investigate their potential cross talk with 
TLR2 activation, we stimulated DCs with the 
TLR2 specific ligand Pam₃CSK₄. Again, 
MEK1/2 inhibition led to a reduced cytokine 

release with significant inhibition of TNFα 
and IL-6 (Figure 6A). Inhibition of Raf-1 
increased TNFα release while IL-6, IL-10 and 
IL12p70 release was not affected (Figure 
6B). These data strongly connect both Raf-1 
and MEK1/2 to TNFα release following TLR2 
activation, but with opposite effects.

Discussion
Probiotics have gained scientific interest 
due to their strain-dependent beneficial 
effects in pre-clinical research such as animal 
models of colitis, allergy and autoimmune 
disease. Furthermore, promising results 
have been obtained with probiotics in the 
treatment and prevention of atopic eczema 
in neonates and infants and in the treatment 
of human inflammatory diseases of the 
intestine [20,21]. Although many aspects of 
the mechanism of action are still unclear, 
probiotics are described to alter the micro-
biota, enhance epithelial barrier function 
and have effects on cells of the innate and 
adaptive immune system [22,23]. 
Probiotics interact with host-cells through 
PRRs that recognize specific MAMPs and 
much research has been focused on the role 
of the different TLRs and NLRs in the immu-
nomodulating effects. Here we focused on 
the contribution of TLR2, TLR9, NOD2 and 
DC-SIGN to DC cytokine release following 
stimulation with a selection of bifidobacteria 
and lactobacilli. 
The involvement of CLRs in probiotic host-
interactions has not been studied in great 
detail to date. However, since the best 
known CLR, DC-SIGN, utilizes the Ras- Raf-1 
pathway to modulate TLR signaling, we 
investigated the role of a signal transduction 
pathway not commonly associated with 
activation of TLRs and NLRs, the Raf-1-MEK-
ERK pathway. As a read-out system we 
measured changes in DC release of immune 
activating cytokines IL-6 and TNFα and the 
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immune regulatory cytokines IL-10 and 
IL12p70. 
We first established the role of TLR2, TLR9 
and NOD2 in the DC cytokine response 
towards lactobacilli and bifidobacteria. As 
previously reported by us and others, spe-
cific bifidobacteria but not lactobacilli 
induce surface TLR2 signaling [5, 12, 13] 
which is surprising since, similar as bifido-
bacteria, lactobacilli also harbor lipopep-
tides and lipotechoic acids, prototypical 
TLR2-ligands, in their cell-wall [24]. However, 
certain lactobacilli have been shown to 
produce surface-associated EPS and removal 
of the associated gene-cluster led to an 

increase in TLR2 activity, suggesting that 
surface-associated EPS might function to 
shield TLR2 ligands from interacting with 
TLR2 [25]. 
In agreement with TLR2 activation data, 
blocking TLR2 on DCs revealed a significant 
reduction of Bifidobacteria-induced release 
of IL-10, IL-6 and TNFα. In contrast, although 
Lactobacilli were shown to be unable to 
activate TLR2 in HEK cells, blocking TLR2 on 
DCs led to an increase of Lactobacilli-
induced TNFα and IL12p70 release. This 
suggests that TLR2 is involved in reducing 
the DC cytokine release following ligation by 
lactobacilli, potentially via endosomal TLR2 
activation by bacterial breakdown products 
following phagocytosis, as has been shown 
previously for the gram-positive bacterium 
Staphylococcus aureus and specific TLR2 
ligands [26,27]. However, it remains to be 
determined whether blocking TLR2, using a 
specific antibody, is capable of inhibiting 
endosomal TLR2 activation. 
In support of our data, previous work indi-
cated a role for TLR2 in DC cytokine produc-
tion following stimulation with different 
strains of lactobacilli [28]. Although it was 
not researched where TLR2 activity origi-
nated, stimulating TLR2-/- bone-marrow 
derived DCs (bmDC) with different strains of 
lactobacilli, led to a difference in cytokine 
profile compared to wild-type bmDCs. 
Overall, it would be tempting to speculate 
that those strains of lactobacilli not able to 
induce DC surface TLR2 signaling, do so via 
endosomal TLR2 signaling potentially 
explaining the differences in induction of 
IFN-β production between bifidobacteria 
and lactobacilli [29] as TLR2 activation in 
endosomal compartments has been linked 
with IFN-β production [30]. 
DCs are innate cells that express TLR9 and 
NOD2 intracellularly. Blocking TLR9 signifi-
cantly reduced IL12p70 release but not 
IL-6, TNFα or IL-10 release following DC 

Figure 5. 
Effect of inhibiting Raf-1 or MEK1/2 on 
bacterial induced dendritic cell cytokine 
response. Dendritic cells were preincubated for 30 
minutes with the Raf-1 inhibitor GW5074 or the 
MEK1/2 inhibitor PD 0325901 bacteria were added 
in a ratio of 10:1 (bact:cell). DCs and bacteria were 
allowed to co-incubate for an additional 16 hours 
after which supernatants were harvested and 
analyzed for IL-6, TNFα, IL10 and IL12p70 release. 
Relative cytokine release values were used to 
generate a heat-map were green values indicate 
increased release, red values indicate a decreased 
release and white values indicate similar cytokine 
levels as in the absence of the inhibitors. Each 
value represents a mean of biological duplicates.
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stimulation with B. breve. In contrast, block-
ing TLR9, while stimulating DCs with L. plan-
tarum, reduced the release of all measured 
cytokines. Moreover, inhibiting activation of 
the DC expressed NOD2 reduced the release 
of all measured cytokines after stimulation 
with either B. breve or L. plantarum. 
Evidence suggests that TLRs and NLRs work 
in cooperation to stimulate DC cytokine 
release. For example, cooperation between 
TLRs and NOD1 or NOD2 signaling leads to 
enhanced production of IL-8 and IFNγ, and 
had synergetic effects on IL12 release [31].
Moreover, corporation of different TLRs and 
TLR9 has also been shown to affect the 
release of cytokines IL10 and IL-6, and had 
synergetic effects on IL12 release [32]. 
Indeed, our observations suggest that 
inhibition of either TLR9 or NOD2 activity 
leads to a reduction in cytokine release, 
which was more pronounced in L. plantarum 
compared to B. breve. These differences 
might be explained by the lack of surface 
TLR-activation by L. plantarum. Indeed, we 
and others have shown that blocking DC 
phagocytosis of strains of lactobacilli abol-
ished cytokine release [12,33,34]. 
Overall, it can be hypothesized that for those 
strains of bifidobacteria or lactobacilli that 
do not induce surface TLR-activity, DC 
cytokine release is critically dependent on 
bacterial phagocytosis and the subsequent 
release of MAMPs able to activate intracellu-
lar PRRs. Additionally, when strains of bifido-
bacteria or lactobacilli do induce surface 
TLR-activity, inhibition of intracellular PRR-
activity leads to a loss of PRR corporation, or 
synergy, resulting in a attenuated release of 
cytokines, particularly IL12. 
The CLR DC-SIGN is reported to interact with 
lactobacilli [5,16], potentially via their pro-
duction of surface-associated exopolysac-
charides (EPS) [24] or cell wall associated 
surface layer protein A molecules [16]. 
Similar to lactobacilli, bifidobacteria also 

express EPS [35]. However, so far, interac-
tions with DC-SIGN have not been reported.
Therefore, we evaluated the contribution of 
DC-SIGN to DC cytokine responses following 
ligation by our selection of bifidobacteria 
and lactobacilli. Blocking DC-SIGN showed 
strain-dependent and cytokine-dependent 
effects. For instance, inhibiting DC-SIGN 
resulted in a significant higher release of 
all measured cytokines in response to  
L. plantarum NR8, while cytokine release in 
response to a similar lactobacillus-strain,  
L. plantarum NR288, or B. longum was not 
affected. Moreover, L. rhamnosus, L. casei,  
B. breve and B. animalis all showed an 
enhanced response, depending on the 
cytokine measured. 
The strain-dependent differences in cytokine 
release could potentially be explained by a 
difference in phagocytosis, since ligand-
binding by DC-SIGN is quickly followed  
by internalization of the ligand-DC-SIGN 
complex and the subsequent release of 
MAMPs for PRR-binding [36]. Alternatively, 
DC-SIGN-TLR signal transduction cross-talk 
effects might contribute to the observed 
differences in effect. For example, simulta-
neous incubation of TLR2 ligands with the 
DC-SIGN ligand ManLAM (mannosylated 
lipoarabinomannan derived from Mycobac-
terium tuberculosis) resulted in a reduced 
activation of NFκB as well as production of 
TNF-α, IL-6 and IL-12p40 [37]. 
Suppression could be partially recovered by 
knock-down of SIGNR1 (the mouse homo-
logue of DC-SIGN) in mouse bmDCs [37]. 
More research is needed to investigate 
whether or not DC-SIGN binding by strains 
of bifidobacteria or lactobacillus indeed 
leads to differences in phagocytosis and the 
subsequent enhanced cytokine release. 
Also, it would be interesting to investigate 
whether simultaneous ligation of DC-SIGN 
and TLRs could lead to enhanced cytokine 
release in analogy to the data observed on 
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the synergetic actions between the CLR 
dectin-1 and TLRs [38]. 
Activation of DC-SIGN leads to phosphoryla-
tion of the serine/threonine-protein kinase 
Raf-1 which subsequently modulates the 
activity of TLR-induced NFκB, leading to 
increased production of IL-10 [18]. There-
fore, we studied the involvement of Raf-1 
and its substrate MEK1/2 in the DC cytokine 
response to bifidobacteria and lactobacilli. 
The Raf-MEK1/2 pathway is not commonly 
associated with TLR signal transduction 
[19], and only one previously published 
paper suggest involvement of Raf-1 in the 
TNFα and IL1β release following LPS-CD14 
stimulation of macrophages [39]. Therefore, 
if DC-SIGN is activated by specific strains of 
lactobacilli or bifidobacteria, we expected 
to measure a significant reduction in IL-10 
release following the inhibition of Raf-1. 
However, Il-10 release was only slightly 
attenuated by Raf-1 inhibition in response 
to 3 of 4 strains of lactobacilli, while the 
other strain of lactobacillus and the 3 bifi-
dobacterial strains were not affected. 
Moreover, except for an increase in TNFα 
production for all strains, no parallels 

between blocking DC-SIGN or inhibition of 
Raf-1 could be observed upon examining 
DC cytokine release. 
Since MEK1/2 are the only widely accepted 
Raf-1 substrates [19], inhibition of MEK1/2 
was expected to parallel observations on 
Raf-1 inhibition. However, except for a 
MEK1/2 inhibition induced reduced IL12 
release observed for 3 out of 4 lactobacilli 
strains , no parallels in DC cytokine release 
upon Raf-1 and MEK1/2 inhibition could be 
detected. Most strikingly, in contrast to inhi-
bition of Raf-1, DC stimulation with all strains 
of lactobacilli and bifidobacteria in the pres-
ence of MEK1/2 inhibition led to an almost 
complete abolishment of TNFα release. Also, 
in contrast to stimulation by lactobacilli, 
MEK1/2 inhibition led to a reduction in all 
measured cytokines after stimulation with 
the different bifidobacterial strains. 
Since TLR2 activation could also discriminate 
between bifidobacteria and lactobacilli, this 
led us consider MEK1/2 as an important 
factor in TLR2 signal transduction. Indeed, 
using the TLR2-specific synthetic ligand 
Pam₃CSK₄, inhibition of MEK1/2 mirrored 
observations on DC cytokine release fol-

Figure 6. 
Effect of inhibiting Raf-1 or 
MEK1/2 on Pam₃CSK₄ induced 
dendritic cell cytokine response. 
Dendritic cells were preincubated for 
30 minutes with the Raf-1 inhibitor 
GW5074 or the MEK1/2 inhibitor PD 
0325901 the TLR2 ligand Pam₃CSK₄ 
(P₃CSK₄) was added. DCs and bacte-
ria were allowed to co-incubate for 
an additional 16 hours after which 
supernatants were harvested and 
analyzed for IL-6, TNFα, IL10 and 
IL12p70 release. The dashed line 
indicates a ratio of 1 between 
cytokine release in the presence and 
absence of inhibitors. Each value represents mean ± SD of biological duplicates. *:p < 0.05 determined by com-
parison with stimulations in the absence of the inhibitors.
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lowing stimulation with bifidobacteria. In 
agreement, MEK1/2 inhibition of Pam₃CSK₄ 
activated THP-1 monocytes or human 
peripheral blood mononuclear cells (PBMC) 
also led to a significant reduction of IL6 
release [40]. Taken together, these data still 
leave the question unanswered as to the 
different effects observed upon inhibition  
of Raf-1 and MEK1/2. Raf-1 effects have  
been previously uncoupled from MEK1/2 
effects e.g. the ManLam/DC-SIGN-induced 
signaling pathway which results in the  
Raf-1-dependent but MEK1/2-independent 
modulation of NFκB activity [18]. Moreover, 
many of the cellular components that link to 
Raf-1 or MEK1/2 remain to be identified [41]. 

Alternatively, Raf-1 independent effects on 
MEK1/2 activation can be explained by  
activation of TPL-2 (tumor progression locus 
2) through TLR signal transduction [42].  
TLR stimulation activates the IκB kinase (IKK) 
complex which leads to activation of NFκB 
and TPL-2, TPL-2 subsequently phosphoryl-
ates MEK1/2 ultimately leading to activation 
of ERK1/2 and transcription of cytokines in 
cooperation with NFκB [43]. Indeed, TLR2 
activation of the human bronchial epithelial 
cell line BEAS-2B leads to TPL-2 and MEK1/2 
dependent activation of ERK1/2 [44].  
Similar effects have been observed in DCs 
after TLR4 stimulation with LPS and CpG 
stimulation of TLR9, however, if this also 
applies to TLR2 activation needs to be deter-
mined [45].Taken together, these observa-
tions clearly link TLR2 activation and signal 
transduction to both Raf-1 and MEK1/2 
kinases, especially with regard to TNFα 
cytokine production. Previous data sug-
gests a cell type specific role for MEK1/2 
activation by TLR2. In corroboration with our 
data, inhibition of MEK1/2 led to a reduced 
cytokine release in monocytes and periph-
eral blood mononuclear cells. However, 
inhibition of MEK1/2 augments TLR2-activa-

tion of endothelial cells [40] suggesting that 
bifidobacteria and lactobacilli might have 
cell-type specific effects mediated via TLR2-
MEK1/2 crosstalk.

This study deepens the understanding  
of DC responses following ligation by 
bifidobacteria and lactobacilli by delineating 
pathways involved in TLR, NLR and CLR-
mediated signaling. We have identified 
novel aspects of bacterial-induced DC 
cytokine responses, including a role for Raf-1 
and MEK1/2 in the signal transduction 
pathway following TLR2 activation by 
specific ligands and intact bacteria. We have 
demonstrated that DC-SIGN is involved in 
downregulating the cytokine responses 
induced by lactobacilli and to a lesser extent 
by bifidobacteria. Finally, the identification 
of MEK1/2 as a crucial protein kinase in the 
TNFα response following TLR2 activation by 
bacteria and specific ligands could 
potentially be of relevance on delineating 
probiotic-induced responses on epithelial 
cells versus cells from the innate immune 
system. Furthermore, these results also 
highlight the complexity of the probiotic-DC 
response, which cannot solely be explained 
by signaling via TLRs and/or NLRs. Future 
studies should be aimed at identifying DC 
receptors and their function involved in 
probiotic-DC interactions, e.g. with the use 
of siRNA libraries [46,47]. Identification of 
PRRs and signal transduction pathways 
involved contributes to our understanding 
of the mechanism of action of probiotics 
and helps us in the translation between 
in-vitro and in-vivo results. 
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Abstract
Probiotics have been proposed as modulators of gut inflammation, especially in inflamma-
tory bowel disease (IBD). In order to be able to use them in these clinical conditions, their 
capacity to modulate immune responses towards other stimuli or microorganisms has to be 
thoroughly understood. In the present study, three different potentially probiotic strains, 
Bifidobacterium breve (NumRes 204), Lactobacillus rhamnosus (NumRes1) and Lactobacillus 
casei (DN-114 001), have been studied for their potential to modulate responses to stimula-
tion with pure pattern-recognition receptor (PRR) ligands or to the gut commensal fungus 
Candida albicans. Cytokine production induced by PRR ligands or C. albicans was assessed in 
conditions of simultaneous stimulation or preincubation of primary immune cells with 
Bifidobacterium or Lactobacillus spp. 
Results indicate that simultaneous stimulation leads to potentiation of IL-1β and IL-6 pro-
duction, while the TNFα and IFN-γ production was inhibited. In settings of pre-incubation 
with these potentially probiotic strains, lower production of TNFα was observed in the pres-
ence of B. breve. Moreover, C. albicans-induced IL-17 production was decreased after pre-
incubation with both Bifidobacterium or Lactobacillus probiotic strains. Whereas C. albicans 
induced cytokines are dampened by the tested probiotic strains, TNFα and IL-6 production 
by pure pattern-recognition receptor ligands are potentiated. Interestingly, an important 
role of Toll-like receptor 9 signalling that involves JNK kinase in the modulatory effects of 
these probiotic strains has been identified. In conclusion, specific probiotic strains exhibit 
cross-tolerance effects towards other inflammatory stimuli, especially C. albicans, which 
might have beneficial effects on gut inflammation.

Introduction 
The gastrointestinal tract harbours an exten-
sive array of different microorganisms, 
known as the gut microbiome. It is estimated 
that up to 500–1000 different microbial 
species colonize the gastrointestinal tract, 
especially the small and large intestines. This 
microbiome is required for gut homeostasis 
and regulates processes including nutrient 
digestion, as well as the uptake and preven-
tion of colonization with pathogenic micro-
organisms [1,2]. 
The complex architecture of the gut mucosa, 
comprising intestinal epithelial cells, Paneth 
cells and immune cells, together with the 
colonization with different species of micro-
organisms ranging from bacteria to fungi, 
raises the concept of a complex interplay 
between these components that results in a 
tightly controlled balance to insure gut 

homeostasis. However, in conditions of 
inflammatory bowel disease (IBD), this 
balance is disturbed, leading to chronic 
inflammation of the gut mucosa. 
One of the major features of the inflamma-
tion in Crohn’s disease is the occurrence of 
anti-Saccharomyces cerevisiae antibodies 
(ASCA) in the serum of these patients [3,4]. 
These antibodies, however, are not specific 
for S. cerevisiae, but display cross-reactivity 
with other fungi, i.e. Candida spp. of which 
Candida albicans is the most abundant [5]. 
The presence of ASCA in Crohn’s disease 
patients suggests therefore that C. albicans 
colonization of the gut contributes to 
disease pathogenesis, reinforced by the 
finding that the presence of ASCA is a risk 
factor for Crohn’s disease susceptibility and 
severity [6- 8], which is also correlated with 
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the degree of C. albicans gut colonization 
[9]. Consequently, dampening of C. albicans 
induced immune responses in the gut could 
be beneficial in the treatment of Crohn’s 
disease. 

An emerging and therapeutically promising 
area ofresearch is the application of specific 
probiotics to Crohn’s disease patients in 
order to restore gut homeostasis by modula-
tion of the inflammatory receptors leads to 
downstream intracellular signalling that 
results in the induction of cytokine responses 
[19]. For the specific probiotic strains investi-
gated in the present study, it was previously 
determined that especially TLR2 and TLR9 
are involved in their recognition [20]. 

However, little is known about the modula-
tory capacity of these bacteria on immune 
responses induced by other microbial 
stimuli, which is highly relevant in settings 
of tissues densely populated with microor-
ganisms such as the gut microenvironment. 
In the present study, we assessed the immu-
nomodulatory effect of specific probiotic 
strains on the cytokine production induced 
by TLR ligands or C. albicans in primary 
human peripheral blood mononuclear cells. 
These experiments revealed that the tested 
probiotics possess the potential to modulate 
cytokine responses induced by microbial 
components and the fungal pathogen  
C. albicans. 

Figure 1. 
The interaction between  
probiotics and TLR ligands  
for cytokine production. 
Cytokine production capacity  
of TNFα, IL-1β , IL-6, IL-10, IFN-γ 
and IL-17 by PBMCs obtained  
from healthy volunteers  
simultaneously stimulated with 
the bacterial probiotic strains 
together with pure ligands for 
TLR4 (LPS), TLR2 (Pam3CysSK4 ),  
or NOD2 (MDP). 
Values are means ± SEM,  
N = 4, *P < 0.05.
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Materials and methods 
Subjects 
Human primary peripheral blood mononu-
clear cells (PBMCs) were isolated from buffy 
coats obtained from healthy blood donors 
at the Bloodbank of Radboud University 
Nijmegen Medical Center, Nijmegen, The 
Netherlands. For the experiments with cells 
obtained from NOD2 deficient Crohn’s 
disease patients, blood was drawn into 10 
ml EDTA tubes. The study was approved by 
the Ethical Committee of the Radboud Uni-
versity Nijmegen Medical Center, and the 
volunteers have given written informed 
consent. At the time of donation, Crohn’s 
disease patients homozygous for the NOD2 
frameshift mutation were in a quiescent 

phase, i.e. a prolonged period of at least 
three months of mild disease without 
relapses or exacerbations in the absence of 
immunomodulatory therapy. 

Reagents 
Blocking monoclonal antibodies of the 
innate immune receptors TLR2 (clone T2.5), 
including the corresponding IgG1 isotype 
control antibody, were purchased from 
eBioscience and Coulter Beckman, respec-
tively, and were used in a concentration of 
10 µg/ml. Blocking reagents of the receptors 
TLR4 (B. quintana lipopolysaccharide [21], 1 
µg/ml), TLR9 (CpG ODN TTAGGG, Invivogen, 
25 µg/ml) were used. Kinase inhibitors for 
Mek/Erk (U0126, Promega, WI, USA), JNK 

Figure 2. 
Pre-incubation with probiotics 
modulates cytokine production. 
Cytokine production capacity of 
TNFα, IL-1β , IL-6, IL-10, IFN-γ and 
IL-17 by PBMCs obtained from 
healthy volunteers and pre- 
incubated with the bacterial 
strains. After 24 h pre-incubation, 
cells were restimulated for 24 h,  
48 h or 7 days with pure ligands  
for TLR4 (LPS), TLR2 (Pam3CysSK4), 
or NOD2 (MDP) or with heat-killed 
C. albicans. Values are means ± 
SEM, N = 10, *P < 0.05.
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(SP600125, A.G. Scientific Inc., CA, USA) or 
p38 kinase (SB 202190, Sigma-Aldrich, MO, 
USA) were applied in a concentration of 5 
µM, 20 µM and 1 µM, respectively. The PRR 
ligands Pam₃CysSK₄ (EMC Microcollections, 
Tübingen, Germany), LPS (lipopolysaccha-
ride, LPS, Sigma, MO, USA) and MDP 
(muramyl dipeptide, Sigma, MO, USA) were 
used in a concentration of 10 µg/ml, 10 ng/
ml and 10 µg/ml, respectively. 

Bacterial fermentation and  
enumeration 
Two Lactobacillus strains (NumRes1 and 
DN-114 001) and one Bifidobacterium breve 
strain (NumRes204) were grown at 37oC in a 
400 ml reactor containing MRS supple-
mented with 0.5 g/l Lcysteine for Bifidobac-
teria. The pH was maintained at 6.5 by 
addition of NaOH. To ensure anaerobic con-
ditions the headspace was flushed with N2 
or a gas mixture consisting of 5% H₂, 5% CO₂ 
and 90% N₂ for Bifidobacteria. Bacteria were 
harvested in the early stationary phase, 
washed in PBS and stored with glycerol 20% 
(w/v), in aliquots at -80oC. Cell counts were 
determined by plating serial dilutions  
(colony-forming units) and fluorescent 
microscopy by staining with 4,,6-diamid-
ino-2-phenylindole (DAPI). 

PBMC stimulation experiments 
The mononuclear cell fraction was obtained 
by density centrifugation of blood diluted 
1:1 in pyrogen-free saline over Ficoll–Paque 
(Pharmacia Biotech, PA, USA). Cells were 
washed twice in saline and suspended in 
culture medium (DMEM, Invitrogen, CA, 
USA) supplemented with gentamicin 50 µg/
ml, L-glutamine 10 mM and pyruvate 10 mM. 
Cells were counted in a Coulter counter 
(Coulter Electronics) and the number was 
adjusted to 5x106 cells/ml. A total of 5x105 
MNCs in a 100 µl volume were added to 
round-bottom 96-wells plates (Greiner) and 

incubated with either 100 ll of culture 
medium (negative control), or with B. breve, 
Lactobacillus rhamnosus or Lactobacillus 
casei (all 1x105 microorganisms/well) at a 
ratio of 1:5 bacterial cells:PBMCs for 24 h  
(TNFα, IL-1b, IL-6) and 48 h (IL-10, IFN-c) 
without serum or 7 days (IL-17) with 10% 
serum supplemented medium. 
Simultaneous stimulation assays were per-
formed with probiotic strains alone or in 
combination with either pure PRR ligands 
or with 1x105 heat-killed C. albicans (ATCC 
reference strain UC820). In settings of pre-
incubation with probiotic strains, PBMCs 
were preconditioned with 1x105 bacteria of 
each probiotic strain for 24 h. Subsequently, 
after removing the supernatant and washing 
of the cells, cells were restimulated with PRR 
ligands or with 1x106 C. albicans in the pres-
ence or absence of the above mentioned 
TLR blockers or kinase inhibitors. 

Cytokine measurements 
Cytokine production capacity was measured 
in culture supernatants at indicated time 
points by ELISA according to the manufac-
turer’s protocol. ELISA kits were purchased 
from R&D Systems (MN, USA) for TNFα, IL-1b 
and IL-17, and from Sanquin (Amsterdam, 
The Netherlands) for IL-6, IL-10 and IFN-γ. 

Statistics 
Differences in cytokine production capacity 
between groups were analyzed using the 
Wilcoxon signed-rank test.
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Results
Cytokine responses induced by specific pro-
biotic strains and modulation by PRR ligands 
To assess the effect of the specific probiotic 
strains on cytokine production induced by 
triggering pattern recognition receptors, 
PBMCs were stimulated with either B. breve, 
L. rhamnosus or L. casei with or without the 
simultaneous addition of ligands for TLR2 
(Pam₃CysSK₄), TLR4 (LPS) or NOD2 (MDP). 
Measurement of cytokine concentrations in 
the supernatant for TNFα, IL-1b, IL-6, IL- 10, 
IFN-γ and IL-17 revealed significant reduc-
tion of TNFα and IFN-γ release when cells 
were costimulated with either Lactobacillus 
strain and with the TLR2 ligand Pam₃CysSK₄, 
as compared to stimulation with these 
specific probiotic strains alone (Figure 1). 
In contrast, IL-1b and IL-6 production is sig-
nificantly increased by all three probiotic 
strains tested in combination with LPS for 
IL-1b and MDP for IL-6 (P < 0.05). Overall, 
IL-10 and IL-17 production was minimal in 
all conditions (Figure 1).

Induction of cross-tolerance by pre- 
incubation with probiotic strains
To study the immunomodulatory potential 
of specific probiotic strains in a precon-
ditioning fashion, PBMCs were preincubated 
with a suboptimal dose of either B. breve or 
L. rhamnosus alone for an initial 24 h, after 
which the cells were restimulated for 24 h, 
48 h or 7 days with either PRR ligands or 
heat-killed C. albicans. Cytokine production 
was assessed in the supernatants for TNFα, 
IL-1b, IL-6, IL-10, IFN-γ and IL-17. Production 
of IL-10, IFN-γ and IL-17 was undetectable in 
conditions of pre-incubation with probiotic 
strains and restimulation with pure PRR 
ligands (data not shown). The results indicate 
that pre-incubation with B. breve leads  
to diminished production of TNFα induced 
by C. albicans. Also a strong dampening 
effect of preincubation was observed for  

C. albicans induced IL-17, an effect that  
was observed for all the probiotic strains 
tested. Furthermore, potentiation of TNFα 
and IL-6 production was observed for  
LPS, Pam₃CysSK₄ and MDP stimulation  
after Lactobacillus spp. preincubation as 
compared to the combined cytokine 
production induced separately by either 
stimulation with these ligands or pre-
incubation with these probiotic strains  
(Figure 2).

Role of pattern-recognition receptors 
and downstream intracellular kinases  
on induction of cross-tolerance by  
probiotic strains 
PRR blockers and inhibitors of the most 
important intracellular kinases involved in 
pathways downstream of PRRs were applied 
to dissect the pathways responsible for the 
dampening effect induced by B. breve and  
L. rhamnosus. As TLRs such as TLR2, TLR4 and 
TLR9 have been previously suggested to 
mediate the effects induced by certain 
probiotics, we have assessed the role of TLR 
inhibitors on the modulatory effects of some 
specific probiotic strains. TLR9 blockade 
augmented the inhibitory effect on TNFα 
and IL-17 production in conditions of pre-
incubation with either B. breve or L. rhamno-
sus followed by C. albicans restimulation. 
IFN-γ production was low in all conditions, 
and no differences could be observed 
(Figure 3A). In order to study the role of the 
NOD-like receptor NOD2 in this context, 
similar experiments with cells obtained from 
NOD2 deficient Crohn’s disease patients 
were performed and revealed a significant 
effect of L. rhamnosus preincubation on  
C. albicans induced TNFα as compared to 
wild-type cells (Figure 3B). No significant 
differences were observed in cytokine pro-
duction for any other cytokine measured, i.e. 
IL-1b, IL-6, IL-8, IFNc and IL-10, as compared 
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to cells with functional NOD2 (data not 
shown).

Inhibition of the activity of the intracellular 
kinase JNK also augmented the inhibitory 
effect of the tested probiotics on TNFα pro-
duction, while Erk and p38 inhibition did not 
have a significant effect. IFN-γ and IL-17 
responses were not modulated by either of 
these kinase inhibitors (Figure 4).

Discussion
The gut is a complex environment in which 
the presence of commensal microorganisms 
together with intestinal epithelial cells 
enables the host to absorb nutrients from 
the gut lumen and to protect itself from 
pathogenic invaders. In this environment the 
microbiota interacts with host cells, includ-
ing epithelial cells, but also macrophages, 
dendritic cells and T-cells residing in the 

Figure 3. 
The effect of TLR inhibitors and NOD2 deficiency on the modulation of cytokines by probiotics. 
(A) Cytokine production capacity of TNFα, IFN-γ and IL-17 by PBMCs obtained from healthy volunteers.  
After 24 h preincubation with the probiotic strains, PBMCs were stimulated for 24 h, 48 h or 7 days with 
heat-killed C. albicans, with or without an isotype control, a TLR2 blocking antibody, a TLR4 inhibitor or  
a TLR9 inhibitor. Values are means ± SEM, N = 6, *P < 0.05.  
(B) Cytokine production capacity of TNFα by PBMCs obtained from healthy volunteers or NOD2 deficient 
Crohn’s disease patients. After 24 h pre-incubation with the probiotic strains, PBMCs were restimulated for 
24 h or 48 h with TLR ligands or Candida albicans. Values are means ± SEM, N = 4, *P < 0.05.

A

B
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mucosal layer. Probiotic strains are sug-
gested to have beneficial effects on gut 
homeostasis, but the exact mechanisms 
remain elusive.
We have hypothesized that one potential 
beneficial effect of some specific probiotic 
bacteria could be the modulation of the 
immune responses to other gut micro-
organisms that in certain conditions exhibit 
inflammatory effects, such as has been sug-
gested for C. albicans in Crohn’s disease 
[6, 9]. To investigate whether specific probi-
otic strains of the genera Bifidobacterium 
and Lactobacillus possess the capacity to 
influence immune responses by purified 
PRR ligands or whole microorganisms such 
as C. albicans, experiments were performed 

Figure 4.  
The effect of kinase inhibitors on the 
modulation of cytokines by probiotics. 
Cytokine production capacity of TNFαβ,  
IFN-γ and IL-17 by PBMCs obtained from 
healthy volunteers. After 24 h preincubation 
with the probiotic strains, PBMCs were 
stimulated for 24 h, 48 h or 7 days with  
heat-killed C. albicans, with or without a 
p38, JNK or Erk inhibitor.  
Values are means ± SEM, N = 8, *P < 0.05.

with these strains in settings of either 
simultaneous stimulation, or after prein-
cubation of human PBMCs followed by 
stimulation with PRR ligands or C. albicans. 
At first, cells were exposed to a low dose of 
either B. breve, L. rhamnosus or L. casei 
together with pure PRR ligands including 
Pam₃CysSK₄, LPS or MDP. Cytokine produc-
tion by PBMCs upon stimulation with only 
the probiotic strains was also observed, of 
which the responsible pathways have pre-
viously been thoroughly dissected by our 
group, as described elsewhere [20]. Syner-
gistic effects of these probiotics and LPS 
on IL-1b production have been observed, 
as well as between probiotics and MDP for 
IL-6 production. On the contrary, TNFα and  
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IFN-γ stimulation by Lactobacillus, but not  
B. breve, strains was decreased by co-incu-
bation with Pam₃CysSK₄, indicating an 
inhibitory effect of TLR2 signalling on the 
production of these cytokines. These find-
ings are in line with previous reports dem-
onstrating an inhibitory role for TLR2 on 
IFN-γ production induced by both probiot-
ics [20] as well as other bacterial stimuli 
[22‐25].
Preincubation of PBMCs with either B. breve, 
L. rhamnosus or L. casei resulted in decreased 
immune activation by C. albicans with 
regard to production of TNFα. This effect 
was stronger after preconditioning of cells 
with B. breve. IL-17 induction by C. albicans 
was significantly reduced after preincuba-
tion of PBMCs with either probiotic strain. 
These findings indicate that immune cells, 
when pretreated with specific probiotic 
strains, are less potent in their capacity to 
elicit TNFα and IL-17 responses upon other 
stimuli, which can be designated as induc-
tion of cross-tolerance. 
Suppression of TNFα and IL-17 could be of 
high therapeutic potential, since these 
cytokines are known to be involved in 
chronic gut inflammation [26,27]. This 
inhibitory effect could potentially be due to 
the modulation of cytokines crucial for Th17 
development, such as IL-23. Another 
cytokine important for Th17 activation is 
IL-1b. However, pre-incubation with the 
specific probiotic strains followed by PRR 
ligands or C. albicans leads to similar or a 
tendency of increased IL-1b production, 
which consequently cannot explain the 
decreased IL-17 response. 
In contrast to the effects of preincubation 
with probiotic strains for C. albicans induced 
cytokines, opposite findings were obtained 
when PBMCs were cultured with pure PRR 
ligands following preincubation with probi-
otic strains; TNFα and IL-6 responses were 
significantly potentiated in these conditions 

as compared to the single stimulations.  
In an attempt to unravel the molecular 
mechanisms that account for the observed 
capacity of cross-tolerance induction by 
probiotics on C. albicans induced cytokine 
release, specific Toll-like receptor and intra-
cellular kinase pathways were inhibited 
during cross-tolerance experiments. Inter-
estingly however, blocking TLR9 led to a 
further decrease in the secondary induction 
of TNFα and IL-17, which indicates that the 
function of TLR9-mediated signals is to 
counteract the cross-tolerance induction by 
B. breve and L. rhamnosus. A similar effect 
was observed when JNK kinase was inhib-
ited, indirectly suggesting that the TLR9 
signals induced by these specific probiotic 
strains may be mediated through JNK kinase. 
Indeed, previous studies have demonstrated 
the involvement of JNK in TLR9 signalling 
[28,29]. No effects were observed when 
TLR2/TLR4, or the p38 and Erk kinases, were 
inhibited. However, the cross-tolerance 
effect of B. breve and L. rhamnosus on  
C. albicans induced cytokines could not be 
reversed by any of the TLR or kinase inhibi-
tors, suggesting that other mechanisms are 
responsible for the inhibitory effect. 
Experiments with primary cells from NOD2 
deficient Crohn’s disease patients indicate 
that L. rhamnosus induced cross-tolerance 
towards C. albicans-induced TNFα might be 
partly NOD2 dependent. However, no 
effects of NOD2 deficiency could be 
observed in production capacity of other 
cytokines, indicating that cross-tolerance is 
elicited mainly through a NOD2 independ-
ent pathway. 
One potential other mechanisms that could 
be responsible for the cross-tolerance 
induced by Bifidobacterium and Lactobacil-
lus strains, especially regarding the modula-
tion of IL-17 production, is the apparent 
ability of these probiotic strains to induce 
hyporesponsiveness and even apoptosis of  
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T-cells [11,30]. It remains to be determined 
whether indeed the phenotype or fate of 
T-cells is modulated in our experimental set-
tings.
In conclusion, cytokine responses are 
modulated by the presence of Bifidobacterium 
and Lactobacillus probiotic strains. In 
simultaneous cocultures with PRR ligands, 
which has a direct clinical relevance in 
situations in which probiotics are added 
therapeutically to clinical conditions (e.g. 
colitis), probiotic strains have synergistic 
effects on IL-1β and IL-6 production,  
but inhibitory effects on TNFα and IFN-γ.  
On the other hand, upon pre-incubation  
of cells with a suboptimal dose of either 
Bifidobacterium or Lactobacillus spp., situation 
relevant to a prophylactic application of 
probiotics, C. albicans-induced TNFα and 
IL-17 production was significantly 
dampened, whereas PRR ligand induced 
TNFα and IL-6 release was elevated. All 
together, these findings indicate that 
probiotics can modulate the inflammatory 
response in vitro, and this biological effect 
may be harnessed for the design of novel 
therapeutic or prophylactic approaches to 
treatment. Future studies are warranted to 
confirm these findings in vivo.
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Abstract

While some probiotics have shown beneficial effects on preventing or treating colitis 
development, others have shown no effects. In this study, we have assessed the 
immunomodulating effects of two probiotic strains, Lactobacillus rhamnosus NutRes 1  
(L. rhamnosus) and Bifidobacterium breve NutRes 204 (B. breve) on T‐cell polarization in 
vitro, using human peripheral blood mononuclear cells (PBMC), and in vivo, using murine 
dextran sodium sulfate (DSS) colitis model. With respect to the latter, the mRNA expression 
of T‐cell subset-associated transcription factors and cytokines in the colon was measured 
and the T‐helper type (Th) 17 and regulatory T‐cell (Treg) subsets were determined in the 
Peyer’s patches. 
Both L. rhamnosus and B. breve incubations in vitro reduced Th17 and increased Th2 cell 
subsets in human PBMCs. In addition, B. breve incubation was also able to reduce Th1 and 
increase Treg cell subsets in contrast to L. rhamnosus. In vivo intervention with B. breve, but 
not L. rhamnosus, significantly attenuated the severity of DSS-induced colitis. In DSS-treated 
C57BL/6 mice, intervention with B. breve increased the expression of mRNA encoding for 
Th2- and Treg-associated cytokines in the distal colon. In addition, intervention with B. breve 
led to increases of Treg and decreases of Th17 cell subsets in Peyer’s patches of DSS-treated 
mice. B. breve modulates T‐cell polarization towards Th2 and Treg cell-associated responses 
in vitro and in vivo. In vivo B. breve intervention ameliorates DSS-induced colitis symptoms 
and this protective effect may mediated by its effects on the T-cell composition.

Introduction
Inflammatory bowel disease (IBD) is a 
chronic inflammatory disease that affects 
the gastrointestinal tract and consists of two 
major forms, Crohn’s disease (CD) and ulcera-
tive colitis (UC). Although the exact mecha-
nisms of IBD development still remain to  
be elucidated, a feature that is common to 
IBD pathogenesis is a dysregulated effector 
T‐cell response to the commensal microflora 
[1,2]. 
T‐cells are important components of the 
adaptive immune system. Upon activation,  
T‐cells expand and differentiate into various 
effector CD4+ T‐cells such as Th1, Th2, Th17 
cells, and Treg cells. The differentiation of 
these T‐cell subsets is induced by the spe-
cific transcription factors T-bet [3], GATA3 
[4], RORγt [5] and Foxp3 [6,7], respectively. 
Until recently, the classical T‐cell subsets 
(Th1 and Th2) have been considered the 

major players during the development of 
IBD. However, there is an increasing body of 
evidence showing the importance of the 
Th17 pathway in IBD [2]. Th17 cells are char-
acterized by RORγt expression and IL17 
production [5,8], and increased Th17 cells 
have been found in IBD patients [9,10]. 
Although the development of Th17 cells is 
independent of the Th1 and Th2 program, it 
shares the same requirement for TGFβ with 
Treg cells [11]. 
Treg cells have a unique regulatory func-
tion by suppressing the activity of other  
T‐cell subsets (Th1, Th2 and Th17 cells) 
and, thereby, helping control autoimmun-
ity [12]. In contrast to Th17 cells, decreased 
amounts of Treg cells have been found in 
the peripheral blood of IBD patients as 
compared to normal controls [13,14].  
In addition, increased apoptosis of Treg 
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cells was found in the inflamed mucosa of 
IBD patients compared to non-inflamed 
control colons [15]. 
Murine models of IBD have further illustrated 
the protective effects of Treg cells during 
colitis. Immunodeficient mice that are adop-
tively transferred with Treg-depleted naïve 
CD4+ T‐cells develop spontaneous colitis; in 
contrast, mice transferred naive CD4+ T‐cells 
combined with Treg cells do not develop 
colitis [16,17]. Additionally, mice lacking 
interleukin (IL)-10, an important anti-inflam-
matory cytokine needed for both the induc-
tion of Treg cells and their effector function, 
spontaneously develop colitis [18]. 
In the last decade, products supplemented 
with live bacteria, called probiotics, have 
become increasingly popular [19]. The use of 
probiotics has been proposed to be benefi-
cial for human health and there is increased 
interest for their use in IBD. This is due to the 
beneficial effect of probiotic treatment in 
other intestinal diseases such as traveler’s 
diarrhea and antibiotic-associated diarrhea 
[20]. However, the working mechanisms of 
probiotics still need to be elucidated. 
Gut-derived bacteria from the genera Lacto-
bacillus and Bifidobaterium are the most 
studied probiotics. Diverse effects of the 
probiotics have been demonstrated using 
human cell culture systems and animal 
models and one of the most important 
effects is their ability to modulate immune 
responses [21]. Studies using human periph-
eral blood mononuclear cells (PBMC) have 
demonstrated the abilities of gut-derived 
bacteria to modulate T‐cell polarization by 
inducing different T-cell subsets including 
Treg cells in a strain dependent manner 
[22,23]. Moreover, two independent clinical 
studies using two different Bifidobacteria 
strains have demonstrated their immune 
modulating capacities by both enhancing 
the TGFβ signaling and increasing peripheral 
Treg cells numbers [24,25]. 

Recently, Plantinga et al assessed the 
cytokine production of PBMC stimulated 
with two probiotic strains, L. rhamnosus and 
B. breve. Exposure to either bacterial strain 
led to increased IL-10 levels. In addition, 
exposure to B. breve led to a reduction of 
IFNγ production, a Th1-associated cytokine, 
as compared to the L. rhamnosus [26]. 
In this study, we further investigated the 
same probiotic strains by examining their 
effects on CD4+ T‐cell differentiation both in 
vitro and in vivo. We demonstrated that  
both strains had the ability to shift CD4+  
T‐cell polarization in stimulated PBMCs  
away from Th17 cell development towards 
Th2 differentiation. In addition, B. breve 
induced the development of Treg cells while 
decreasing the development of Th1 cells. 
Administering these bacterial strains in  
the DSS-induced colitis model showed  
that while L. rhamnosus had little effect  
on disease severity, B. breve ameliorated  
DSS-induced colitis, increased Treg- and 
Th2-associated responses and locally 
reduced CD4+RORγt+ Foxp3- T‐cells while 
simultaneously increasing CD4+ RORγ-
Foxp3+ T‐cells. 

Methods and Materials
Human peripheral blood mononuclear 
cell stimulations
Human PBMCs were isolated from buffy 
coats, which were obtained from the 
Sanquin blood bank (Utrecht, the Nether-
lands). The cell fraction containing PBMCs 
was obtained by density centrifugation  
of 1:3 diluted buffy coats on Ficoll-Paque 
TMPLUS (GE Healthcare, Eindhoven, the 
Netherlands). Subsequently, the obtained 
cells were washed with phosphate buffered 
saline (PBS; Lonza Verviers SPRL, Verviers, 
Belgium) and the erythrocytes were lysed 
using sterile lysis buffer (0.15M NH4Cl, 0.01 
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M KHCO3 and 0.1mM EDTA, pH 7.4). After 
lysis, the remaining cells (PBMCs) were 
washed again with PBS supplemented with 
2% heat-inactivated Fetal Calf Serum (FCS; 
Lonza Verviers SPRL, Verviers, Belgium) and 
resuspended in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Lonza Verviers 
SPRL, Verviers, Belgium) supplemented with 
2.5% FCS, 1% penicillin/streptomycin, 1 mM 
pyruvate and 50 µg/ml gentamicin. A total 
of 10⁵ PBMCs were incubated either with 
anti-CD3 (Sanquin, Amsterdam, the Nether-
lands) alone (at a final concentration of 
1:10.000) or in combination with L. rhamnosus 
or B. breve. Both L. rhamnosus (NutRes 1 for-
merly known as NumRes 1) and B. breve 
(NutRes 204 formerly known as NumRes 
204) were provided by Danone Research BV 
(Wageningen, the Netherlands) as live  
bacteria in a 20% glycerol stock. The 
bacteria:PBMC ratio was 20:1 and incubated 
in 96-well plates (Greiner bio-one, Stone-
house, UK) at 37°C for 48 hours or 7 days. 

Experimental colitis and administration 
of probiotics
Female C57BL/6 mice were purchased from 
Charles River Laboratories (Maastricht, the 
Netherlands). All mice were used at 8-12 
weeks of age and were housed under stand-
ard conditions in the animal facilities at 
Utrecht University. Experimental colitis was 
induced by adding 1.5% DSS to the drinking 
water for 5 days. 109/dose of L. rhamnosus  
or B. breve probiotics were administrated  
by oral gavage every two days, starting 9 
days prior to the DSS treatment and contin-
ued to the end of the experiment. Colitis 
development was monitored by measuring 
the weight and the fecal condition. The fecal 
condition was measured on day 0, 3 and 5. 
On day 6, the mice were sacrificed and the 
colons and Peyer’s patches were isolated for 
further analysis. The severity of the colitis 
was determined by calculating the body 

weight change, feces condition and the 
colon length. The body weight change was 
determined by calculating the percentage 
of weight change relative to the starting 
weight before DSS treatment on day 0. The 
fecal condition score was determined using 
two parameters: stool consistency (0 = 
normal, 1 = soft with normal form, 2 = loss of 
form/diarrhea) and fecal bleeding (0 = no 
blood, 1 = blood observation using Colo-
rectal Test kit (Axon Lab AG, Germany), 2 = 
blood observation without test). 

After sacrificing the mice, the colons were 
excised between the ileocaecal junction 
and rectum and were prepared for histo-
logical evaluation. The colon was opened 
longitudinally, placed on a piece of blot-
ting paper, and fixed in 10% formalin. After 
fixing, the colons were rolled, paraffin-
embedded, and sectioned (5 µm). Two 
researchers assessed general inflammatory 
features blindly after staining sections with 
hematoxylin and eosin according the assess-
ment system described below. 
Assessments included four pathological  
criteria: the extent of cellular infiltration  
(0: no infiltration, 1: infiltration between  
the crypts, 2: infiltration in the submucosa,  
3: infiltration in the muscularis externa,  
4: infiltration in entire tissue); cover area  
of cellular infiltration in the region (0: no 
infiltration, 1: < 25%, 2: 25%-50%, 3: 50%-
75%, 4: >75%); loss of crypts (0: no damage, 
1: 30% shortening of crypts, 2: 65% shorting 
of crypts, 3: total loss of crypts, 4: loss of 
entire epithelial layer); extent of crypts loss 
in the region (0: no crypt loss, 1: < 25%,  
2: 25% - 50%, 3: 50%-75%, 4: > 75%).

Ethics statement
All experiments were performed in accord-
ance with the guidelines issued by the Dutch 
ethics committee for animal studies. The 
protocol was specifically approved by the 
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ethics committee for animal studies of 
Utrecht University (DEC approval number 
2009.II.06.046). All efforts were made to 
minimize suffering.

Immunohistochemical staining
A subset of the mice from each group was 
examined using immunohistochemistry. 
After sacrificing the mice, the colons were 
opened longitudinally and half of each colon 
was fixed in 10% formalin, rolled, paraffin-
embedded, and sectioned (5µm). The sec-
tions were subjected to a heat-induced 
epitope retrieval step. Slides were washed 
with PBS and blocked with rabbit or goat 
serum before an overnight incubation (4°C) 
with primary antibodies against Ly-6B  
(AbD Serotec, Dusseldorf, Germany), RORγt 
(eBioscience San Diego, CA USA) or Foxp3 
(eBioscience San Diego, CA USA). For 
detection, biotinylated goat anti-rat (Dako, 
Glostrup, DK) secondary antibodies were 
administered followed by incubation with 
peroxidase-labeled streptavidin (Vectastain 
EliteABC kit, Vector, Burlingame, CA USA). 
The peroxidase activity was visualized using 
the substrate, DAB (Sigma, Gillingham, UK). 
The cell nuclei were visualized by a short 
incubation with Mayer’s hematoxylin (Klin-
ipath, Duiven, the Netherlands). Background 
staining was determined by substituting the 
primary antibody with a rat IgG isotype 
control (Abcam, Cambrige, UK). The number 

of Foxp3+ cells was quantified by counting 
positive cells within the lamina propria area 
excluding the induced and tertiary lymphoid 
follicle regions. The density of RORγt+ cell 
was determined as follows: RORγt+ cells 
were counted in colonic patches and quanti-
fied as a function of 0.01mm2 colonic patch 
area.

MPO measurement
A subset of the mice from each group was 
used to determine the MPO concentration  
in the colon. After sacrificing the mice,  
the colons were opened longitudinally  
and half of each colon was transferred into 
RIPA buffer (Thermo Scientific, Rockford,  
IL USA) and homogenized using a 
Precellys®24-Dual homogenizer (Precellys, 
Villeurbanne, France). The homogenates 
were centrifuged at 14000 rpm for 10 
minutes at 4°C and the MPO concentration 
in the supernatant was measured using an 
ELISA kit according to the manufacturer’s 
protocol (Hycult biotech, Uden, the Nether-
lands).

Real-time PCR
A subset of the mice from each group was 
used to determine the mRNA expression of a 
selection of genes in the colon. After sacrific-
ing the mice, Total RNA of 1 cm distal colon 
pieces was isolated using the RNAeasy kit 
(Qiagen, Germantown, MD USA) and, subse-

Table 1. qPCR primer sequences.

Primer Sequence 5’–.3’ Forward primer Reverse primer

Gata3 GCGGTACCTGTCTTTTTCGT CACACAGGGGCTAACAGTCA

Foxp3 CACTGGGCTTCTGGGTATGT AGACAGGCCAGGGGATAGTT

Rorc TGCAAGACTCATCGACAAGG AGGGGATTCAACATCAGTGC

Rps13 GTCCGAAAGCACCTTGAGAG AGCAGAGGCTGTGGATGACT

doi:10.1371/journal.pone.0095441.t001
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quently, reverse transcribed into cDNA using 
the iScript cDNA synthesis kit (BioRad, Her-
cules, CA USA). Real-time PCR quantification 
was performed using the iQ SYBR Green 
super mix kit (BioRad, Hercules, CA USA) 
with the CFX 96 Real-time system (BioRad, 
Hercules, CA USA) and the RNA expression 
was determined using built-in detection 
system of CFX 96 Real-time system (BioRad, 
Hercules, CA USA). The RNA expression value 
and normalized gene expression (∆∆CT) 
value was calculated using the built-in gene 
expression analysis module in CFX Man-
agerTM software version 1.6. The sequence 

of specific primers for T‐cell transcription 
factor genes and the gene for the household 
protein ribosomal protein S13 (Rps13) are 
listed in Table 1. The primers for the 
cytokines: interferon gamma (Ifnγ), Il12p35, 
Il4, Il5, Il13, Il23p19, Il17, Il6, Tgfβ and Il10 
were purchased from SABioscience (Freder-
ick, MD USA). The final data for the target 
samples were normalized against the inter-
nal control Rps13.

Intracellular staining for cytokines and 
transcription factors
The isolated human PBMCs were incubated 

Figure 1. 
L. rhamnosus and B. breve 
alter T cell differentiation in 
human PBMCs. PBMCs were 
stimulated with anti-CD3 alone 
(white bars), with a combination 
of anti-CD3 and L. rhamnosus 
(grey bar) or a combination  
of anti-CD3 and B. breve  
(black bar) for 48 hours or  
7 days. A–D The percentages  
of Th2 (GATA3+Tbet-), Th17 
(RORγ+FOXP3-), Treg (RORc-

FOXP3+) or Th1 (GATA-Tbet+) cells 
within the activated T-cells 
(CD4+CD69+) in the PBMCs were 
determined after 48 hours of 
incubation. Percentages within 
activated CD4+CD69+ T cell 
population are shown. E–H)  
The percentages of cytokines 
(IL10, IL17, IL4 or IFNγ) producing 
CD4+ T-cells in the PBMCs were 
determined after 7 days of 
incubation. Percentages within 
CD4+ T cell population are 
shown. The Results are expressed 
as mean + SEM, n = 3, 
* p,0.05. doi:10.1371/journal.
pone.0095441.g001
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for 48 hour or 7 days as described. The 
PBMCs, which were incubated for 48 hours, 
were stained first extracellularly with anti-
bodies for CD4 and CD69, followed by 
intracellular staining for GATA3, RORγt, 
FOXP3 and T-bet. The Fluorescent Minus 
One (FMO) control of each marker was 
determined by taking out the indicated 
marker antibody during the staining of 
control human PBMCs. In addition, the pos-
sible background of each marker antibody 
within CD4 cells was determined by substi-
tuting the indicated antibody with an 
appropriate isotype antibody with a match-
ing fluorescent label. The PBMCs, which 
were incubated for 7 days, were provided 
with fresh culture medium for 24 hours and 
then subsequently stimulated with PMA 
(50ng/ml) and ionomycin (750ng/ml) in the 
presence of Brefeldin A (eBioscience, San 
Diego, CA USA) for 4 hours. After stimula-
tion, PBMCs were first stained extracellularly 
with anti-CD4, followed by intracellular 
staining for IL-4, IL-17, IL-10 and IFNγ. The 
FMO controls and isotype controls of these 
marker antibodies were also assessed as 
described in the previous paragraph. Peyer’s 
patches isolated from the mice of experi-
mental colitis study were prepared as single-
cell suspensions by passing through a 
0.75µm cell strainer. Cells were first stained 
extracellularly with antibodies for CD4,  
followed by intracellular staining for Foxp3 
and RORγt. The FMO controls and isotype 
controls of these marker antibodies were 
examined in mLN cells obtained from non-
treated mice. 
All antibodies and intracellular staining 
buffers were obtained from eBioscience 
(San Diego, CA USA). All samples were read 
on a BD FACSCanto II (BD Biosciencse, 
Franklin Lakes, NJ USA) and the data were 
analyzed using BD FACSDiva software (BD 
Biosciences). The (activated) T‐cells were 
determined by gating on CD4+ (CD69+) 

cells. Subsequently, the different T‐cells 
subsets were defined on the found T‐cell 
subset associated transcription factors and 
the specific cytokine producing T‐cells were 
found by gating on appropriated cytokines. 

Statistical analysis
Means with SEM are represented in each 
graph. Statistical analysis was performed 
using GraphPad Prism version 5.0 for 
windows (GraphPad Software, San Diego, 
CA USA). P-values were calculated using 
either the 2-way ANOVA followed by Bon-
ferroni post-tests or a Mann-Whitney test. 
P-values considered as significant are indi-
cated as *** < 0.001, ** < 0.01, and * < 0.05.

Results
L. rhamnosus and B. breve reduce Th17 
differentiation in PBMCs 
To assess the immunomodulatory capacity 
of the bacterial strains, PBMCs were stimu-
lated with a combination of anti-CD3 
together with L. rhamnosus or B. breve, and 
the different T‐cells subsets were analyzed 
using flow cytometry. Differences were 
found in the T‐cell subtype composition 
within the activated CD4+CD69+ T‐cells 
(Figure S1 and Figure 1A-D). Both strains 
significantly increased Th2 (CD4+CD69+ 

GATA3+ Tbet-; Figure 1A) and decreased 
Th17 (CD4+CD69+RORγ+FOXP3-; Figure 1B) 
cell subsets. Incubation with B. breve, but not 
L. rhamnosus, led to a significantly increased 
Treg (CD4+CD69+RORγ-FOXP3+; Figure 1C) 
and decreased Th1 cell (CD4+CD69+ 
GATA3+Tbet-; Figure 1D) subsets. To further 
confirm the changes in T‐cell subsets, the 
IL-4, IL-17, IL-10 and IFNγ producing CD4+  
T‐cells within total PBMCs were analyzed 
after 7 days of stimulation (Figure S2 and 
Figure 1E-H). Cytokine expression of CD4+ 
T‐cells stimulated with anti-CD3 and the 



90 Chapter five

bacteria mirrored the results seen with the 
transcription factors. Both L. rhamnosus and 
B. breve significantly increased the popula-
tion of CD4+IL-4+ T‐cells and decreased the 
population of CD4+IL17+ T‐cells (Figure 1E 
and F).No changes were observed in the 
CD4+IL-10+ and CD4+IFNγ+ T‐cell popula-
tions for both bacteria (Figure 1G and H). 
The results of FMO controls and isotype 
controls indicate that the staining antibod-
ies were working sufficiently and that we 
used proper gate-settings (Figure S1 and S2).
These data indicate that L. rhamnosus as 

well as B. breve are able to limit the differen-
tiation of CD4+ T‐cells in vitro towards Th17 
cells. Additionally, B. breve induced de novo 
Treg induction and reduced Th1 cells.

Intervention with B. breve, but not  
L. rhamnosus, ameliorates DSS-induced 
colitis
To study the effect of the L. rhamnosus and  
B. breve strains in vivo, the murine DSS-
induced colitis model was used. Mice 
received L. rhamnosus or B. breve 9 days 
prior to colitis induction and the bacterial 

Figure 2. 
B. breve, but not L. rhamnosus, ameliorates 
DSS-induced colitis.
C57BL/6 mice with or without probiotics treat-
ment received either normal drinking water or 
drinking water with DSS for 5 days. A) The fecal 
condition was calculated on day 0, day 3 and day 
5 after DSS treatment. On day 6, the mice were 
sacrificed and B) the colon length of each mouse 
was measured. Results are expressed as mean ± 
SEM, n = 6 mice per group, pooled from two inde-
pendent experiments. Colons were collected and 
examined for histological score as described in 
materials and methods. C) The histological 
scoring graph and D) representative H&E staining 
photos are shown. Results are expressed as mean 
+ SEM, n = 3 mice per group, pooled from two 
independent experiments. E) The presence of 
Ly-6B+ cells was visualized in the proximal (p) 
and distal (d) colons using immunohistochemis-
try. The pictures are representative of 3 separate 
mice per group obtained from two experiments. 
F) The concentration of MPO was measured in 
colon homogenates of each group. Results are 
expressed as mean + SEM, n = 4 mice per group, 
pooled from two independent experiments.  
* p < 0.05; ** p < 0.01
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administration was continued until the end 
of the experiment. Control mice receiving 
bacteria did not display any clinical changes 
(data not shown). DSS treatment increased 
feces condition score, histology score and 
mildly reduced body weight and the colon 
length. Intervention with B. breve, but not  
L. rhamnosus led to improvement of feces 
condition and to a significant reduction  
of DSS-induced colon shortening, colon 
epithelial damage and cellular infiltration  
as compared to mice with DSS treatment 
alone (Figure 2A-D). 

In order to visualize changes in infiltrating 
inflammatory cells in the colon after DSS 
treatment, immunohistochemistry was 
employed to determine the number of cells 
expressing Ly-6B, which is expressed on the 
surface of neutrophils and inflammatory 
macrophages [27]. DSS treatment signifi-
cantly enhanced the infiltration of Ly-6B+ 
cells. Mice treated with DSS and B. breve 
intervention tended to have reduced 
amounts of Ly-6B+ cells in the colon (Figure 
2E). Consistent with the Ly-6B staining, 
quantification of MPO concentration (an 
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indicator for neutrophil influx) in the colon 
showed that DSS treatment significantly 
increased the MPO concentration in colon 
of colitis mice. Intervention with B. breve 
reduced the MPO expression by approxi-
mately 35%, although no significant differ-
ent was determined (Figure 2F). These data 
indicate that B. breve intervention leads to 
improvements in the outcome of DSS-
induced colitis in mice.

B. breve intervention enhances the mRNA 
expression of Th2- and Treg-associated 
cytokines in distal colon
As both L. rhamnosus and B. breve were able 
to alter T‐cell differentiation in vitro, we 

investigated if L. rhamnosus and B. breve 
induced similar changes in vivo during 
colitis. DSS-induced colitis, on its own, sig-
nificantly increased the mRNA expression of 
Ifnγ, Il6, Il17 and Tgfβ as compared to con-
trols. L. rhamnosus intervention did not 
modulate the transcription of cytokines in 
healthy control mice nor DSS-treated mice, 
except for a significant increase of Il5 in 
DSS-treated mice (data not shown). B. breve 
administration in healthy control mice, on 
the other hand, significantly increased 
mRNA transcription of Th2- (Il4, Il5 and Il13) 
and Treg- (Il10 and Tgfβ) associated cytokines 
as well as Il23 in the colon. In contrast, Th1- 
(Ifnγ and Il12) associated cytokines (Figure 

Figure 3. 
B. breve intervention changes 
mRNA expression of Th2-,  
Th17- and Treg- associated 
cytokines in the colon.
The mRNA expression of Th1- 
(Ifnγ and Il12), Th2- (Il4, Il5 and 
I13), Th17- (Il23 and Il17) and 
Treg- (Tgfβ and Il10) associated  
cytokines was quantified in the 
distal colons of both 
A) healthy and B) DSS-treated 
mice with or without B. breve 
intervention. Results are 
expressed as mean + SEM, n = 5 
mice per group, pooled from two 
independent experiments. 
* p < 0.05; 
** p < 0.01; 
*** p < 0.001.
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3A) were unaffected. B. breve intervention of 
DSS-treated mice induced a similar mRNA 
cytokine expression pattern in the colon as 
healthy control mice with B. breve interven-
tion. However, the expression was more 
pronounced and significantly increased Il6 
and Il17 mRNA expression levels were 
observed (Figure 3B). These results demon-
strate that B. breve intervention alters mRNA 
expression patterns in the colon and 
increased the mRNA expression of Il6 and 
Il17, and Th2 and Treg-associated cytokines.

B. breve intervention leads to increased 
numbers of Foxp3+ cells in the colon and 
altered Treg and Th17 cell populations in 
the Peyer’s patches during colitis
As intervention with B. breve led to signifi-
cant changes in cytokine transcription that 
were indicative for skewing in the T‐cell 
response towards a Th2 and Treg response 
combined with a Th17 response, we assessed 
the mRNA expression of Th17-, Th2- and 
Treg-associated transcription factors; Rorc, 
Gata3 and Foxp3, respectively, in the colon. 
Significantly increased Gata3 and Foxp3 
mRNA expression levels were detected in 
both healthy and DSS-treated mice receiv-
ing B. breve, while no different was detected 
for Rorc expression in both healthy and DSS-
treated mice receiving B. breve (Figure 4A). 
To determine whether increases in the 
regulatory T‐cell response caused by B. breve 
intervention were also reflected by an 
increased number of Foxp3+ cells in the 
colon, we visualized and quantified colon 
Foxp3+ cells using immunohistochemistry. 
Indeed, increased numbers of Foxp3+ cells 
were found in the colon of DSS-treated 
mice with B. breve intervention (Figure 4B). 
It has been shown that the conditions, which 
favor Treg development, naturally antago-
nize Th17 polarization [28]. Since Th17 cells 
express the transcription factor RORγt [5], 
we also examined the numbers of RORγt+ 

cells in the colon using immunohistochem-
istry. RORγt+ cells were found primarily in the 
lymphoid follicles and we analyzed the 
number of these cells per 0.01 mm2 colonic 
patch. When analyze the effect of B. breve 
intervention on the number of RORγt+ cells 
in colonic patches, taking the B. breve inter-
vention and exposure to water or DSS 
together, a trend of decreasing the amount 
of RORγt+ cells was observed in mice with  
B. breve (Two way ANOVA: F1,8=4,29 p=0.07, 
Figure 4 C). 
Although only a trend in reducing the 
number of RORγt+ cells by B. breve was 
observed in the colonic patches, analysis of 
CD4+ T‐cells within GALT, namely the Peyers 
patches of the small intestine, using flow 
cytometry revealed that B. breve interven-
tion significantly decreased the Th17 
(CD4+RORγt+Foxp3-) cell subset in Peyer’s 
patches and significantly increased the Treg 
(CD4+RORγt-Foxp3+) cell subset (Figure 4D 
and Figure S3). These results indicate that  
B. breve intervention is capable of increasing 
the Treg cell population and decreasing 
Th17 cells in the GALT during colitis.
 

Discussion
While the incidence rate of IBD has increased 
[29], there is still no curative therapy for IBD, 
and the treatments that do exist focus 
mainly on relieving symptoms and often 
lead to unwanted side-effects [30]. In the 
last decade, probiotics, defined as ‘live 
microorganisms that when administrated in 
adequate amounts, confer a health benefit 
on the host’, have been proposed as poten-
tial candidates for IBD treatment. The 
increased interest in the immunomodula-
tory properties of specific probiotic strains 
stems from the success of using probiotics 
to treat a varied number of intestinal dis-
eases [20]. 
Since a dysregulated T‐cell response is a 
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common feature in IBD [31], we assessed the 
capability of two probiotic strains, L. rham-
nosus NutRes 1 and B. breve NutRes 204 to 
modulate the development of different  
T‐cell subsets in vitro, using PBMCs isolated 
from healthy volunteers. In addition, the 
effect of these specific bacterial strains on 
the experimental colitis and the develop-
ment of different T‐cell subset in vivo have 
been assessed. We hypothesize that these 
specific gut-derived bacterial strains could 
have protective effects on experimental 
colitis via their capability to modulate the 
development of different T‐cell subsets. 
Our results were generally consistent with 
the results from previous study by Plantinga 
et al concerning the same bacteria [26].  

In our study, significantly decreased 
CD4+CD69+RORγt+FOXP3 and CD4+IL-17+  
T‐cell subsets were observed in PBMCs 
stimulated with both bacteria, however, 
only B. breve stimulation led to a reduction 
of the Th1 cell subset. In addition, we found 
B. breve stimulation significantly increased 
the FOXP3+ Treg cell subset, which is often 
associated with anti-inflammatory effects 
[12], suggesting an anti-inflammatory prop-
erty of this bacterial strain. The increased 
Th2 cell subset found in PBMCs stimulated 
with B. breve may contribute to the 
decreased Th1 cell subset due to the mutual 
antagonizing effects of Th1 and Th2 cells on 
each other [32]. Increased Th2 cells and 
CD4+IL4+ T‐cell subsets were also observed 

Figure 4. 
B. breve intervention leads to increased numbers of Foxp3+ cells in the colon and Peyer’s patches.
A)  The mRNA expression of Th2- (Gata3), Th17- (Rorc) and Treg- (Foxp3) associated transcription factors 

was quantified in the distal colons of both healthy and DSS-treated mice with or without B.breve  
intervention. Results are expressed as mean + SEM, n = 5 mice per group, pooled from two independent 
experiments.

B)  Foxp3+ cells cells were visualized in the colon of DSS-treated mice with or without B. breve intervention 
using immunohistochemistry. The number of Foxp3+ cells was determined as described in the materials 
& methods and shown in the graph, The pictures are representative of n = 3 mice per group obtained 
from two independent experiment. 

C)  RORγt+ cells were visualized in the colon of DSS-treated mice with or without B. breve intervention using 
immunohistochemistry. The number of RORγt+ cells was determined as described in the materials & 
methods and depicted in the graph. 

D)  The percentage of Th17 cells (CD4+RORγt+Foxp3-) and Treg cells (CD4+RORγt-Foxp3+) was determined 
in the Peyer’s patches obtained from both healthy and DSS-treated mice with or without B. breve inter-
vention. Percentages within CD4+ T cell population are shown. Results are expressed as mean + SEM,  
n = 6 mice per group, pooled from two independent experiments. * p < 0.05, ** p < 0.01; *** p < 0.001.
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in PBMCs stimulated with L. rhamnosus, 
but no change in the Th1 cell subset was 
seen suggesting that L. rhamnosus may have 
a different T‐cell modulating mechanism. 
The capability of B. breve to alter T‐cell dif-
ferentiation by inducing Treg cell and reduc-
ing Th17 cell development in vitro indicates 
that using this specific bacterial strain in vivo 
may have a protective function in IBD. 
Murine colitis models are a useful tool to 
examine the clinical efficacy and possible 
working mechanism of probiotics in the 
development of IBD. A multitude of Bifido-
bacteria strains have shown protective effect 
in colitis models. For example, a mixture of 
probiotics including Bifidobacterium longum 
induces Treg cell expansion and prevents 

trinitrobenzene sulfonic acid (TNBS)-
induced colitis in mice [33]. In addition, 
prior administration of a probiotic mixture, 
including four Bifidobacteria strains, to DSS-
treated mice also demonstrated protective 
effects [34, 35]. Here, we tested the effect of 
B. breve administration in a DSS-induced 
colitis model. 
For a long time, the DSS-induced acute 
colitis model was regarded by some as an 
erosive, self-limiting model of colonic 
injury and inflammation. A previous study 
has demonstrated that T‐cells are not neces-
sary in DSS-induced colitis [36]. However, 
recent studies show that bacteria penetrated 
the mucosa layer before inflammation in 
acute colitis model [37] and microflora is 
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necessary during the development of DSS 
colitis [38]. Penetration of bacteria in the 
mucosal layer will lead to the activation of 
resident innate immune cells that in turn can 
lead to an adaptive immune response where  
T‐cells are involved. Indeed, we have recently 
demonstrated that antigen-specific T‐cells 
develop during the acute stage of DSS-
induced colitis [39]. In addition, it has been 
shown that transient Treg depletion leads to 
increased severity of DSS colitis [40]. We 
hypothesized that the induction of Treg cells 
in the intestinal mucosa by intervention 
with B. breve could induce protective effect 
during DSS-induced colitis. The DSS colitis 
model is, thus, a valuable model to investi-
gate the rise of T‐cell associated responses 
during intestinal inflammation mimicking 
early IBD. Altogether, T‐cells can affect the 
development of acute colitis, although the 
specific mechanism still needs to be investi-
gated.
In this study, our data show that interven-
tion with B. breve is beneficial in DSS-induced 
colitis by improving the weight loss, fecal 
condition, colon histology score which 
includes epithelial damage and cellular 
infiltration and colon shortening. DSS-
induced colitis is often associated with 
increased MPO activity, which is indicative 
for an increased number of infiltrating 
neutrophils [41]. 
In line with this finding, increased numbers 
of LyB6+ cells and increased MPO levels 
were found in the colons of DSS-treated 
mice. DSS-induced enhancement of MPO  
expression was decreased by 35% due to  
B. breve intervention, although this did  
not reach significance. Intervention with  
L. rhamnosus did not affect the DSS-induced 
colitis, which is similar to results found in 
experiments using Lactobacillus rhamnosus 
GG performed by Mileti et al [42]. 
A possible explanation could be that  
L. rhamnosus is less able to modify the T‐cell 

composition as compared to B. breve. it has 
been postulated that it is essential to target 
both Th1 and Th17 cells for treatment for CD, 
the major form of IBD [43]. The fact that  
L. rhamnosus is not as protective for DSS-
induced colitis as B. breve could be explained 
by data from the in vitro experiments that 
show exposure to B. breve reduced both Th1 
and Th17 cell subsets, whereas exposure to 
L. rhamnosus only reduced the Th17 cell 
subset. In addition, B. breve increased the 
expression of Treg cell–associated cytokines 
and transcription factors in vivo, while  
L. rhamnosus did not induce any of these 
changes. 
Analysis of mRNA expression in the colon 
showed increased expression of Th2 (Il4,  
Il5 and Il13)- and Treg (Il10)-associated 
cytokines in both healthy and DSS-treated 
mice with B. breve intervention. An increased 
Th2 response often results in a decreased 
Th1 response due to the mutual antagoniz-
ing effects of Th1 and Th2 cells on each other 
[32]. Treg cells are able to repress the activity 
of other T‐cell subsets to induce an anti-
inflammatory effect [12]. There are two 
major regulatory T‐cell populations, namely 
Foxp3+ Treg and IL10-producing type 1 reg-
ulatory T (Tr1) cells that are know to main-
tain intestinal homeostasis [44]. Therefore,  
it can be concluded that besides Foxp3+ 
Treg cells, Tr1 cells could also be involved. 
Interestingly, the increased Il10 expression 
in the colon is in line with recent findings, 
which demonstrated an increased number 
of IL10 producing Tr1 cells in the colon after 
B. breve intervention [35]. 
Next to the increased Th2- and Treg-asso-
ciated cytokines, we also observed an 
increased mRNA expression of Th17 associ-
ated cytokines including the effector 
cytokine IL17 in DSS treated mice with  
B. breve intervention as compared to DSS 
treatment alone. It should be noted that 
Th17 cells are not the only source of IL17 
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production as it was demonstrated that also 
innate lymphoid cells can produce IL17 
upon activation by IL23 derived from mac-
rophages and dendritic cells [45] [46]. RORγt 
is the master transcription factor of Th17 
cells [5], but is also expressed in IL17-pro-
ducing innate lymphoid cells (ILC) [47]. 
We did not observe an effect of either DSS or 
treatment with B. breve on the expression of 
Rorc in the colon. The increased expression 
of Il17 in the colon observed after B. breve 
intervention might be the result of IL23 
mediated activation of resident ILC that are 
mainly found in the lamina propria in close 
proximity of epithelial cells. However, 
another possibility is that another, RORγt 
independent, IL17 producing source is 
present in the colon, such as B cells [48]. 
Although IL17 is often thought to promote 
the development of IBD [49], a recent study 
has demonstrated a protective function of 
IL17 in intestinal inflammation [50]. The 
exact role of IL17 during the IBD develop-
ment still needs to be elucidated in addi-
tional studies. 
Treg cells are associated with anti-inflamma-
tory and tolerance inducing mechanisms 
[12,51]. Although it is not totally clear how 
Treg cells effect the development of IBD, lack 
of Treg cells are often found in IBD patients 
[14,15]. Animal models of IBD have further 
demonstrated the importance of Treg cells 
during the development of colitis [17,33]. 
Foxp3 expression is associated with Treg cell 
development [6,7] and the anti-inflamma-
tory properties of Foxp3+ Treg cells have 
been demonstrated by a number of studies 
in both mice and humans [10,52]. 
In this study, B. breve stimulation induced 
Treg cell differentiation in vitro and in vivo. 
Moreover, B. breve intervention ameliorated 
DSS-induced colitis symptoms and increased 
Foxp3+ T‐cells in Peyer’s patches. Recent 
studies have demonstrated that the home 
of Peyer’s patches, the small intestine, is 

involved in DSS colitis [53,54]. Peyer’s 
patches, like other lymphoid organs, contain 
dendritic cells that taken up antigens and 
present them to T‐cells, leading to T‐cell 
activation and differentiation. The increased 
Foxp3+ T‐cells in Peyer’s patches indicate  
T‐cell differentiation that favors anti-
inflammatory response. 
The resulting activated and expanded T‐cells 
have the potential to travel to the colon 
and induce immune regulation [55, 56, 57]. 
In line with this hypothesis, an increased 
amount of Foxp3+ cells was found in the 
colon of mice with B. breve intervention. 
These data suggest that the protective 
effects of B. breve on DSS colitis might lie 
with its capability to induce Treg cells
In conclusion, B. breve NutRes 204 stimula-
tion in vitro leads to T‐cell skewing toward 
Treg cells in human PBMCs. Additionally; 
intervention with B. breve NutRes 204 ame-
liorated DSS-induced colitis symptoms in 
vivo with an increased amount of Treg cells 
and a reduced amount of Th17 cells in the 
GALT. This suggests that patients suffering 
from IBD could potentially benefit from  
B. breve intervention. 
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Supplemental figure legends

Figure S1. 
FACS dot plots of T cell composition in human PBMCs with or without bacteria intervention 
FACS dot plots of A) fluorescence minus one (FMO) controls and B) isotype controls of FOXP3, RORγ, GATA3 
and Tbet staining antibodies within CD4+ T‐cells are shown. Representative FACS dot plots of Th2 
(GATA3+Tbet-) and Th1 (GATA-Tbet+), Th17 (RORγ+FOXP3-) and Treg (RORγ-FOXP3+) cells in the PBMCs 
after 48 hours incubation with either C) anti-CD3 stimulation alone, D) a combination of anti-CD3 and  
L. rhamnosus, or E) a combination of anti-CD3 and B. breve are illustrated. The percentage of activated 
CD4+CD69+ T-cells is calculated within total live cells and the percentage of Th2, Th1, Th17 and Treg cells 
are shown within activated CD4+CD69+ T‐cell population. 

Bifidobacterium breve Attenuates Murine Dextran Sodium Sulfate-Induced Colitis and Increases Regulatory T-Cell Responses
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Figure S2. 
FACS dot plots of T‐cell – associ-
ated cytokine producing T‐cells 
in human PBMCs with or without 
bacteria intervention 
A) FACS dot plots of A) fluores-
cence minus one (FMO) controls 
and B) isotype controls of IL4, 
IL17, IL10 and IFNγ staining  
antibodies within CD4+ T‐cells are 
shown. Representative FACS dot 
plot of CD4+ T‐cells in the PBMCs 
after 7 days stimulation with anti-
CD3 alone, or a combination of 
anti-CD3 with either L. rhamnosus 
or B. breve are shown in C). Gated 
on the CD4+ T‐cells, the percent-
ages of D) IL4+, E) IL17+, F) IL10+ 
and G) IFNγ+ CD4+ T‐cells were 
determined. The percentage of 
CD4+ T‐cells is calculated within 
total live cells and the percentages 
of IL4+, IL17+, IL10+ and IFNγ+ 
CD4+ T‐cells are presented within 
CD4+ T‐cell population.
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Figure S3. 
A F CS dot plots of Treg cells and Th17 cells in the mice with or without B. breve intervention 
A) FACS dot plots of A) fluorescence minus one (FMO) controls and B) isotype controls of Foxp3 and RORγt 
staining antibodies within CD4+ T‐cells are shown. Representative FACS dot plots of CD4+ cells in the Peyer’s 
patches obtained from both healthy and DSS-treated mice, with or without B. breve intervention, are shown 
in C). Gated on CD4+ T-cells, the percentages of D) Th17 (CD4+RORγt+Foxp3-) and Treg (CD4+RORγt-

Foxp3+) cells were determined. The percentage of CD4+ T-cells is calculated within total live cells and the 
percentages of Th17 and Treg cells are determined within CD4+ T‐cell population.

Bifidobacterium breve Attenuates Murine Dextran Sodium Sulfate-Induced Colitis and Increases Regulatory T-Cell Responses
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Abstract
Oral delivery of Gram positive bacteria, often derived from the genera Lactobacillus or 
Bifidobacterium, can modulate immune function. Although the exact mechanisms remain 
unclear, immunomodulatory effects may be elicited through the direct interaction of these 
bacteria with the intestinal epithelium or resident dendritic cell (DC) populations. We 
analyzed the immune activation properties of Lactobacilli and Bifidobacterium species and 
made the surprising observation that cellular responses in vitro were differentially influenced 
by the presence of serum, specifically the extracellular vesicle (EV) fraction. In contrast to the 
tested Lactobacilli species, tested Bifidobacterium species induce TLR2/6 activity which is 
inhibited by the presence of EVs. Using specific TLR ligands, EVs were found to enhance 
cellular TLR2/1 and TLR4 responses while TLR2/6 responses were suppressed. No effect could 
be observed on cellular TLR5 responses. We determined that EVs play a role in bacterial 
aggregation, suggesting that EVs interact with bacterial surfaces. 

EVs were found to slightly enhance DC phagocytosis of Bifidobacterium breve whereas 
phagocytosis of Lactobacillus rhamnosus was virtually absent upon serum EV depletion. DC 
uptake of a non-microbial substance (dextran) was not affected by the different serum 
fractions suggesting that EVs do not interfere with DC phagocytic capacity but rather modify 
the DC-microbe interaction. Depending on the microbe, combined effects of EVs on TLR 
activity and phagocytosis result in a differential proinflammatory DC cytokine release. 
Overall, these data suggest that EVs play a yet unrecognized role in host-microbe responses, 
not by interfering in recipient cellular responses but via attachment to, or scavenging of, 
microbe-associated molecular patterns. EVs can be found in any tissue or bodily fluid, 
therefore insights into EV-microbe interactions are important in understanding the 
mechanism of action of potential probiotics and gut immune homeostasis.

Introduction
Mammals live in symbiosis with commensal 
bacteria and it has long been recognized 
that host-bacterial associations yield mutual 
benefits [1]. Over the last years it has become 
clear that the microbiota play a critical role 
in the maintenance of gut homeostasis and 
immunological tolerance [2]. Accumulating 
evidence suggests that changes in the gut 
microbiota composition occur and may be 
causally involved in an array of immuno-
pathologies such as inflammatory bowel 
diseases (IBD) and systemic immune dis-
eases such as rheumatoid arthritis, type 1 
diabetes and allergic diseases [3]. 
Strategies aimed at influencing dysbiosis via 

the oral administration of lactic acid bacteria 
(LAB), such as strains from the Bifidobacte-
rium and Lactobacillus genera, have been 
proven beneficial in IBD [4] and atopic dis-
eases [5]. Although their exact mechanism 
of action still remains obscure [6], LAB 
administration has been shown to enhance 
the barrier function of intestinal epithelial 
cells (IEC)[7] and to induce regulatory T-cells 
both systemically [8] and within the large 
intestine [9], most likely via ligation of spe-
cific Toll-like receptors (TLR) [10]. 
IEC form a barrier separating commensal 
bacteria and host connective tissue. Next to 
their barrier function, recognition of bacte-
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ria by IECs contributes to gut immune 
homeostasis via the release of soluble 
factors that regulate immune-cell function 
[11]. 
Dendritic cells (DC) residing in the lamina 
propria sample the microbiota by extend-
ing dendrites between IECs into the lumen 
[12] and interact directly with bacteria 
passing through M-cells, a special subset of 
IEC found within Peyer’s patches [13]. DCs 
express a full complement of pattern recog-
nition receptors (PRR) that allows for the 
direct recognition and activation by 
microbes. As DCs are potent stimulators of 
naïve T-cells, microbial induced DC activa-
tion in concert with IEC soluble factors shape 
T-cell polarization towards effector and reg-
ulatory populations [11,14]. 
TLRs are part of the larger family of PRRs and 
are best known for their involvement in the 
recognition of microbe-associated molecu-
lar patterns (MAMP) [15]. Depending on the 
type, species or strain of bacteria, it carries 
ligands for various TLRs on its surface [16]. 
LAB cell wall constituents typically include 
lipoteichoic acids (LTA), peptidoglycan (PG) 
and lipoproteins (LP), which are all able to 
interact with TLR2 [17]. 

Extracellular vesicles (EV) recently have 
gained scientists’ interest due to their role in 
cell to cell communication locally or at a 
distance. EVs typically range in diameter 
from 30nm to 1μm and can be regarded as 
cargo containers used to exchange biomol-
ecules and genetic information able to both 
activate or inhibit recipient cells [18,19].  
The term EVs encompasses all types of 
secreted vesicles including exosomes, 
microvesicles and ectosomes [20] which 
originate from a broad range of cell types, 
including IEC [21] and dendritic cells [22]. 
Currently, there is no information available 

on the half-life of EVs, but EVs originating 
from epithelial, tumor and hematopoietic 
cells have been isolated from bodily fluids 
such as human plasma [23], serum [24], 
bronchoalveolar lavage fluid [25] and milk 
[26]. This suggests that EV form stable 
structures able to convey their information 
over long distances, playing a role in normal 
physiology and disease pathogenesis [27]. 
Immunosuppressive effects of EVs collected 
from different body fluids have been 
reported. For instance, EVs isolated from 
breast milk have been found to inhibit IFNγ 
production by activated PBMCs and by 
increasing the number of regulatory T-cells 
[26]. Additionally, placenta-derived EVs and 
EVs isolated from the maternal peripheral 
circulation have been found to modulate 
T-cell function, possibly attenuating immune 
responses to the fetus [28]. EVs are also 
reported to play a role in immunological 
tolerance. IEC derived EVs, isolated from 
serum after antigen feeding, are capable of 
inducing antigen specific tolerance [21]. 
Moreover, EVs released from intestinal 
mucosal cells suppress activation of liver 
Nκ-T cells via transport of mucus-derived 
PGE2, potentially identifying a pathway for 
induction of immune tolerance towards 
intestinal-related antigens [29]. 

Based on the described immunosuppressive 
and tolerance inducing effects of EVs we 
hypothesize that EVs in intestinal tissue play 
a role in the maintenance of intestinal 
homeostasis by modulating host-microbe 
responses. Until now, EVs were thought to 
modify the cellular responses of the recipi-
ent cells. Our observations in this study 
suggest that EVs play a role in host-microbe 
responses mainly through their interaction 
with specific MAMPs or LAB preventing or 
enhancing subsequent cellular responses.
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Materials and Methods
Bacterial fermentation and enumeration
Lactobacillus strains (L. rhamnosus NutRes 1, 
L. plantarum NutRes 8 and L. caseï CNCM 
I-1518) and Bifidobacterium strains (B. longum 
NutRes 266, B. breve NutRes 200 and B. ani-
malis DN173010) were grown at 37°C in a 
400 ml reactor containing MRS broth (Oxoid, 
Badhoevedorp, The Netherlands) supple-
mented with 0.5 g/l L-cysteine for Bifidobac-
teria. The pH was maintained at 6.5 by 
addition of NaOH. To ensure anaerobic con-
ditions the headspace was flushed with N2 
or a gas mixture consisting of 5% H₂, 5% CO₂ 
and 90% N₂ for Bifidobacteria. Bacteria were 
harvested in the early stationary phase, 
washed in PBS and stored with glycerol 20% 
(w/v), in aliquots at -80°C. Cell counts were 
determined by plating serial dilutions (CFU) 
and fluorescent microscopy by staining 
with DAPI.

Cell lines and Reagents
Ultrapure lipopolysaccharide (LPS) derived 
from E. coli K12 and flagellin, FLA-ST (both 
from Invivogen, Toulouse, France) were 
used at the indicated concentrations. Syn-
thetic bacterial lipopeptides Pam₃CSK₄, 
Pam₂CKS₄, FSL-1 (all from EMC microcollec-
tions, Tübingen, Germany) and purified LTA 
from S. aureus (Invivogen, Toulouse, France) 
were used at the indicated concentrations. 
Monocyte cell line THP-1 Blue-CD14 contain-
ing the NFκB reporter pNiFty2-SEAP, HEK293 
TLR2-TLR6 stable transfectants and HEK293 
TLR null control cells were purchased from 
Invivogen, Toulouse, France. HEK293 TLR2-
TLR6 transfectants were stably transfected 
with the NFκB reporter plasmid pNiFty2-Luc 
(Invivogen, Toulouse, France). Cells were 
maintained in RPMI-1640 medium supple-
mented 10% FBS and the appropriate anti-
biotics according to the manufacturer’s 
protocols. 

Serum fractionation
Mouse sera collected from TLR2 knockout 
mice and wild types were generously  
provided by Shahla Abdollahi-Roodsaz 
(Radboud UMC, Nijmegen, The Netherlands). 
Human plasma was obtained after buffy 
coat separation using Leucosep tubes as 
described in the section on the differentia-
tion of dendritic cells. Heat-inactivated 
human serum AB and fetal bovine serum 
were purchased from Lonza, Verviers, 
Belgium and Fisher Scientific, Landsmeer, 
The Netherlands respectively. 0.22µm fil-
tered serum was mixed with ExoQuick 
Exosome Precipitation Solution (System 
Biosciences) at a ratio of 4:1 (serum: Exo-
Quick) and incubated at 4oC for 30mins and 
subsequently spun down. Depleted serum 
was transferred to a new tube. The EV-rich 
pellet was carefully rinsed with PBS and 
reconstituted in the original volume with 
the appropriate medium. Serum fractions 
were used 5% (v:v) or at the indicated con-
centrations.

Differentiation of dendritic cells
Human primary peripheral blood mononu-
clear cells (PBMCs) were isolated from buffy 
coats obtained from healthy blood donors 
at the Sanquin Bloodbank, Nijmegen, The 
Netherlands. The mononuclear cell fraction 
was obtained by density centrifugation of 
blood diluted 1:1 in PBS using Leucosep 
tubes (Greiner, Alphen a/d rijn, The Nether-
lands) according to the manufacturer’s 
instructions. CD14 MACS isolation beads 
were used to positively select monocytes. 
Monocytes were cultured in RPMI-1640 
medium supplemented with 10% FBS, 10 ng/
ml IL-4 and 5 ng/ml GM-CSF (both cytokines 
and magnetic beads obtained from Miltenyi 
Biotec, Leiden, The Netherlands). Cells were 
seeded at 1.5 x 106 cells/well in 6-wells 
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plates and medium was refreshed every 
other day. After 6 days cells were harvested, 
washed and resuspended in culture 
medium. DC purity (CD209 positive, CD14 
negative) was checked by flow cytometry. 

Bacterial co-culture and TLR transfectants, 
DC stimulation
A total of 2 x 10⁵ DCs were added to 24-wells 
plates and incubated with either culture 
medium (RPMI-1640, 2% FBS, 150µg/ml 
gentamycin) (negative control), or with  
B. breve or L. rhamnosus (all 2 x 10⁶ micro‐
organisms/well) at a ratio of 10:1 (bacteria: 
DC) for 16 hours at 37°C without serum  
or with the indicated serum fractions. DC 
phagocytosis was inhibited by first pre-
treating DCs with 10µg/ml cytochalasine D 
(Sigma Aldrich) for 30 mins at 37°C. In a sepa-

rate experiment, 1 x 10⁵ DCs were added to 
96 well flat-bottom plates and incubated 
with either culture medium (RPMI-1640, 1% 
FBS, 150µg/ml gentamycin) (negative 
control), or with B. breve or L. rhamnosus 
(all 1 x 10⁶ microorganisms/well) at a ratio 
of 10:1 (bacteria : DC) for 16 hours at 37°C 
without serum or with the indicated serum 
fractions. TLR2 activity was inhibited by 
preincubating cells with 5µg/ml TLR2 anti-
bodies (clone T2.5, Invivogen, Toulouse, 
France) or mouse IgG1 isotype control 
antibodies (clone PPV-06, Bio-Connect, 
Huissen, The Netherlands) for 30 minutes 
before the addition of bacteria. 3 x 10⁵ THP-1 
cells/well were seeded in a U-bottom 
96-wellsplate and stimulated with the dif-
ferent TLR2 ligands, at the indicated concen-
trations, in medium or the indicated serum 

Figure 1.  
Bacterial induced TLR2/6 activation. TLR2/6 expressing HEK transfectants were co-incubated with  
different strains of bifidobacteria or lactobacilli. 
(A)  Dose response experiment indicating the effects of the different supplements (FBS = fetal bovine serum, 

HS = human serum, plasma = human plasma, MS = mouse serum) on TLR2/6 activity. TLR2/6 expressing 
cells were stimulated with B. breve NutRes 200 in a ratio of 15:1 (bacteria:cell) for 16H. NFκB activity 
measured as Relative Light Units (RLU) was determined using a Luciferase reporting system as described 
in materials and methods. Relative NFκB activity was determined calculating the ratios between 
medium activity and the activity in the different serum fractions. 

(B)  TLR2/6 activity induced by 3 Bifidobacteria and 3 Lactobacilli strains. TLR2/6-expressing cells were  
stimulated at a ratio of 15:1 (bacteria: cell) in serum-free or 5% human serum (HS) containing medium. 
NFκB activity measured as RLU was determined as described above. 
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fractions for 16 hours at 37°C. HEK293 TLR2-
TLR6 transfectants were seeded in culture 
medium (DMEM, 10% FBS) at 3 x 10⁴ cells/
well in flat-bottom 96-wells plates and 
allowed to adhere overnight. Next day cells 
were washed and co-incubated with B. breve 
at a ratio of 15:1 (bacteria : cell) with serum-
free medium (DMEM, 150µg/ml gentamycin) 
or medium with sera at the indicated per-
centages. 

Bacterial aggregation and phagocytosis
To assess bacterial aggregation, 2.5 x 10⁶ 
microorganims/well were seeded in flat 
bottom black 96-wells clear-bottom plates 
(Corning, Amsterdam, The Netherlands) with 
serum-free medium (DMEM, 150µg/ml gen-
tamycin) or medium supplemented with 5% 
of the different serum fractions for 16 hours. 
Digital pictures of the wells were obtained 
using an Olympus SC30 CMOS camera 

(Olympus, Zoeterwoude, The Netherlands). 
Images were subsequently processed and 
analyzed using the public domain program 
ImageJ, calculating the area covered by 
objects. To assess bacterial phagocytosis,  
B. breve and L. rhamnosus were labeled with 
the amine-reactive dye pHrodo Red, SE (Life 
Technologies, Bleiswijk, The Netherlands) in 
900 µl of 0.1M sodium bicarbonate, pH 9.2 
for 1 hour at room temperature. Labeled 
bacteria were extensively washed and labe-
ling efficiency was checked using a flow 
cytometer at pH 4. 2.5 x 10⁶ Labeled bacteria 
were co-incubated with 1 x 10⁵ DCs seeded 
in U-bottom 96-wells plates in medium 
(RPMI1640, 150µg/ml gentamycin) supple-
mented with the different serum fractions. 
DCs were collected after 3 hours and ana-
lyzed for fluorescence using flow cytome-
tery. DC capacity for phagocytosis was 
measured using pHrodo Red Dextran 10Kd 

Figure 2. 
EVs inhibit Bifidobacterium breve induced TLR2/6 activation.TLR2/6-expressing HEK transfectants were 
stimulated with B. breve NutRes 200 in a ratio of 1:15 for 16H. 
(A)  Dose response experiment indicating the effects of the different human serum fractions on TLR2/6 activity 

(HS = intact human serum, HS-D = EV depleted human serum, HS-EV = human serum EVs in medium). 
NFκB activity was determined as described in Figure 1. 

(B)  Data presented in Figure 2a were used to calculate Area Under the Curve (AUC) values. HS and HS-EVs 
dose-dependently inhibited TLR2/6 activity. Hash-signs indicate a significant difference (##P<0.01)  
compared to medium. EV depletion dose dependently rescued TLR2/6 activity. Asterisks indicate a  
significant difference (**P<0.01) compared to HS-D. 
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(Life Technologies, Bleiswijk, The Nether-
lands). 1 x 10⁵ DCs were seeded in 96-well 
flat bottom plates with PBS or PBS supple-
mented with 5% of the different serum 
fractions. After 2 hours of incubation, DCs 
were supplemented with 30 µg/ml pHrodo 
Red Dextran and incubated for an addi-
tional hour after which cells were collected 
and measured using flow cytometry. 

Cytokine, Luciferase and SEAP  
measurements
DC supernatants were analyzed for IL-6 and 
TNFα (both from R&D Systems, Abingdon, 
UK) release using ELISA according to the 
manufacturer’s instructions. HEK293 TLR2-
TLR6 transfectants were analyzed for 
luciferase content via addition of 1 volume 
of the luciferase substrate: BriteLite (Perkin 
Elmer, Groningen, The Netherlands) after 
which Luminescence was measured. THP-1 
supernatants were analyzed for secreted 
embryonic alkaline phosphatase (SEAP) 
activity using QUANTI-Blue (Invivogen, 
Toulouse, France) after which OD was 
measured using a spectrophotometer.

Statistics
All data was analyzed with GraphPad Prism 
4.1. All results are presented as means ± SEM 
(DC experiments) or means ± SD. Statistical 
analysis were performed with the use of 
unpaired two-tailed Students t-test where 
p<0.05 was considered statistical significant.

Results
Serum Inhibits bacterial-induced TLR2/6 
activation
To assess the effect of sera on B. breve NutRes 
200 induced TLR2/6 activation, TLR2 - TLR6 
transfected HEK cells were stimulated over-
night in the presence or absence of fetal 
bovine serum (FBS), normal human serum 
(HS), human plasma (plasma) or mouse 

serum (MS). Relative to conditions without 
serum, sera from different species dose-
dependently inhibited TLR2/6 activation, 
with FBS being the least potent (Figure 1A). 
To study if this effect was species specific, 
the human serum capacity to inhibit TLR2/6 
activity of three additional Bifidobacterium 
species and three Lactobacillus species was 
determined. In agreement with previous 
findings [30], Bifidobacterium species 
induced TLR2/6 activity in contrast to Lacto-
bacillus species (Figure 1B). The presence  
of 5% human serum almost completely 
abolished TLR2/6 activity of Bifidobacteria 
regardless of species, indicating that 
human serum does not discriminate 
between species regarding its inhibitory 
effect on TLR2 activity. HEK293 TLR null 
control cells stimulated under similar con-
ditions remained negative for NFκB activa-
tion, showing that cellular activation is 
critically dependent on the presence of the 
transfected TLR2 – TLR6 construct (data not 
shown).

HS-EVs differentially modulate MAMP-
induced TLR2 responses
To specify the inhibitory effect of HS on  
B. breve NutRes 200 induced TLR2/6 activity, 
HS was depleted for extracellular vesicles 
(EV). The different fractions, HS, EV-depleted 
HS (HS-D) and the EV-enriched fraction 
(HS-EV) were tested for their relative capac-
ity to inhibit TLR2/6 activity (Figure 2A). 
Depletion of EVs from HS significantly 
improved TLR2/6 activity when compared 
to HS. Medium reconstituted with HS-EVs 
significantly reduced TLR2/6 activity when 
compared to HS-D or medium control, sug-
gesting that EVs are the principle factor 
contributing to the inhibitory capacity of HS 
(Figure 2B). Similar results were obtained 
upon using FBS serum fractions instead of 
HS (data not shown). TLR2 needs to form 
heterodimers with TLR1 or TLR6 in order to 
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Figure 3. 
EVs differentially affect synthetic ligand-induced TLR2  
activation. 
THP-1 reporter cells were incubated with synthetic TLR2 ligands 
addressing different TLR2 heterodimers in serum free medium, or 
medium supplemented with 5% of the indicated serum fractions 
(HS = intact human serum, HS-D = EV depleted human serum, 
HS-EV = human serum EVs in medium). (A, C, E, G) Dose response 
experiments indicating the effects of respectively Pam₃CSK₄ , 
Pam₂CSK₄, FSL-1 or LTA stimulation on THP-1 activation. NFκB 
activity measured as OD values was determined using an alkaline 
phosphatase reporting system as described in materials and 
methods. 
(B, D, F, H) Data presented in Figure 3A,C,E,G were used to c 
alculate Area Under the Curve (AUC) values. (B) Pam₃CSK₄ 
induced TLR2/1 activity was increased in medium supplemented 
with serum fractions compared to serum-free medium, depletion 
of EVs reduced TLR2/1 activation compared to HS ($$P<0.01) and 
HS-D ($P<0.05). (D) No modulatory effect by serum fractions 
were observed on Pam₂SK₄ stimulation. (E, F) HS and HS-EVs  
significantly inhibited FSL-1 and LTA induced TLR2/6 activity  
compared to medium 
(***P<0.001, **P<0.01, *P<0.05). 
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initiate signal transduction following activa-
tion. To research whether the inhibitory 
effect of HS and HS-EVs affects activation of 
TLR2/1 and TLR2/6 heterodimers similarly, 
THP-1 reporter cells were stimulated with the 
specific ligands Pam₃CSK₄ (TLR2/1), Pam₂CSK₄ 
(TLR2) or FSL-1 and LTA (TLR2/6) [31-33]. 
Unexpectedly, addition of HS, HS-D or HS-EV 
differently affected TLR2 ligand induced 
THP-1 activation (Figure 3A,C,E,G). Compared 
to medium, serum fractions HS, HS-D and 
HS-EV significantly enhanced THP-1 activa-
tion following Pam₃CSK₄  ligation. Moreover, 
depletion of EVs significantly reduced THP-1 
activation compared to HS and HS-EVs 
(Figure 3b). No differences between HS frac-
tions were measured upon Pam₂CSK₄ ligation 
(Figure 3d). Both HS and HS-EVs significantly 
reduced THP-1 activation following FSL-1 
and LTA ligation, which could be rescued 
upon EV depletion (Figure 3F,H). Addition-
ally, to investigate whether or not other 

surface TLRs were equally affected, THP-1 
reporter cells were stimulated with LPS 
(TLR4) or flagellin (TLR5). LPS induced NFκB 
activity was enhanced by all serum fractions 
in contrast to flagellin induced activity where 
intact serum but not the serum fractions 
showed a significant inhibition. Moreover, 
depletion of EVs significantly reduced LPS 
induced THP-1 activity compared to HS and 
HS-EVs (Figure S1). Overall the data show 
that, depending on the TLR-ligand, EVs 
display an enhancing effect (Pam₃CSK₄, LPS) 
or an inhibiting effect (FSL-1, LTA) or no effect 
(Pam₂CSK₄, flagellin). To test whether the 
effect of EVs is not generically suppressive or 
enhancive irrespective of TLR signaling, 
HEK293 TLR null control cells or TLR2/6 trans-
fectants were stimulated with TNFα in the 
presence of the different HS fractions (data 
not shown). No differences between TNFα 
induced NFκB activity could be observed 
when HS fractions were compared to 

Figure 4. 
EV-TLR2 expression is not required for the suppressive effect of EVs.
TLR2/6 expressing HEK transfectants were stimulated with B. breve NutRes 200 in a ratio of 1:15 for 16H. 
(A) Dose response experiment indicating the effects of the different mouse serum fractions on TLR2/6  
activity (WT = wild type, WT-D = EV depleted wild type serum, KO = TLR2 deficient mouse serum, KO-D =EVs 
depleted TLR2 deficient mouse serum in medium. NFκB activity was determined as described in Figure 1. 
Relative activity was determined calculating the ratios between medium activity and the activity in the  
different serum fractions. 
(B) Data presented in Figure 4a were used to calculate Area Under the Curve (AUC) values. EV depletion  
of both WT and KO sera significantly increased TLR2/6 activity (***P<0.001).
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medium, indicating that EVs selectively 
modulate TLR induced NFκB activity.

HS-EVs inhibition of TLR2/6 responses is 
independent of EV TLR2 expression
Proteomic analysis of breast milk derived 
EVs previously indicated the presence of 
TLR2 [26]. This finding led us to consider 
whether TLR2 expression on serum derived 
EVs might be responsible for the observed 
inhibitory effect. To that end, HEK TLR2/6 
cells were stimulated with B. breve NutRes 
200 in the presence of serum and EV 
depleted serum from TLR2 -/- deficient (KO) 
and wild type (WT) mice and their inhibitory 
effect compared to medium control (Figure 
4A). KO or WT serum was equally effective in 
inhibiting TLR2/6 activation indicating that 
EV-TLR2 expression does not play a role in 
the observed effects. EV depletion of WT as 
well as KO serum significantly increased 
TLR2/6 activity (Figure 4B).

HS-EVs are involved in bacterial  
aggregation
The reported presence of PRRs (including 
but not limited to TLRs) on EVs in combina-
tion with the important role of PRRs in host-

microbe interactions led us to consider that 
EVs might interact directly with bacteria 
which could lead to bacterial aggregation. 
To that end, pure cultures of B. breve NutRes 
200, and L. rhamnosus NutRes 1 were incu-
bated with serum fractions HS, HS-D, HS-EVs 
or medium without serum. After overnight 
incubation cultures were inspected by 
microscopy. Bacterial aggregation could be 
detected in cultures supplemented with HS 
or HS-EVs but not HS-D or plain medium. No 
differences could be observed in bacterial 
aggregation between B. breve or L. rhamno-
sus (Figure 5). Calculation of the relative area 
covered by objects (see materials and 
methods) confirms the initial observation, 
indicating an ~ 50% decrease in the area 
covered by bacteria due to bacterial aggre-
gation (Figure 6).

HS-EV are involved in bacterial  
phagocytosis
To gain further insight into the relevance of 
HS-EV interaction with bacteria, we exam-
ined whether or not HS-EVs would impact 
bacterial phagocytosis by DCs. Depletion of 
EVs from HS resulted in a significantly 
impaired phagocytosis of both B. breve 

Figure 5. 
EV mediated bacterial  
aggregation
Picture A and C respectively  
represent a typical example  
of L. rhamnosus NutRes 1 and  
B. breve Nutres 200 co-incubated 
with medium, medium with 
ExoQuick or medium depleted  
for EVs.  
Picture B and D respectively  
represent a typical example of  
L. rhamnosus NutRes 1 and  
B. breve Nutres 200 co-incubated 
with HS or HS-EVs.
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NutRes 200 and L. rhamnosus NutRes 1 
compared to intact HS. Reconstitution of 
HS-D with HS-EVs (HS-recon) normalized the 
phagocytic response when compared to 
intact HS (Figure 7A). Depletion of EVs from 
HS almost completely abolished L. rhamno-
sus NutRes 1 phagocytosis while having a 
minimal effect on B. breve NutRes 200 
phagocytosis. To help discriminate effects 
on DC phagocytic activity from effects on 
bacterial interactions, DC capacity to phago-
cytose labeled dextran was measured. 
No differences in phagocytic capacity could 
be measured upon supplementation with 
the different serum fractions indicating that 
EVs do not interfere with the capacity of DCs 
to take up particles (Figure 7B).

HS-EVs modulate DC cytokine responses  
strain-dependently
To further substantiate our findings of HS-EV 
induced inhibition of TLR2 activity and 
their contribution to DC phagocytosis, 
HS-EVs were examined for their effect on 
DC cytokine release after bacterial challenge. 
Additionally, to zoom in on the specific effect 
of HS-EVs on bacterial-induced DC signaling 
from surface receptors, we performed 

DC-bacteria co-culture experiments in the 
presence cytochalasine D (cytD), a known 
inhibitor of phagocytosis. To establish a role 
for TLR2 in the interaction of DCs with  
B. breve NutRes 200 and L. rhamnosus NutRes 
1, DCs were pre-treated with antibodies 
directed against TLR2 or an isotype control. 
Blocking TLR2 significantly inhibited B. breve 
induced IL-6 release, independent of the 
presence of the different serum fractions. 
TLR2 inhibition had no significant effect  
on L. rhamnosus induced IL-6 release (Figure 
8A). Blocking of TLR2 inhibited B. breve-
induced TNFα release in the presence of 
medium or HS-D but not intact serum or 
HS-EVs, indicating a minor role for TLR2 in 
the B. breve induced TNFα release when 
incubated in the presence of HS or HS-EVs. 
TLR2 inhibition had no significant effect on 
L. rhamnosus induced TNFα release (Figure 
8B). Next, the different serum fractions 
were analyzed for their potential to 
modulate bacterial induced DC IL-6 and 
TNFα release. Depletion of EVs from HS 
(HS-D) significantly increased IL-6, but not 
TNFα release. Treatment with cytD led to a 
reduction of both IL-6 and TNFα release, 
which could be rescued upon EV depletion 

Figure 6. 
EVs induce bacterial aggregation.  
B. breve NutRes 200 and L. rhamnosus NutRes 1 
were seeded in flat-bottom 96-wells plates at  
2.5 x 10⁶ bacteria/well in medium, medium with 
ExoQuick (EQ)(control), HS, HS-D or HS-EV and 
incubated at 37°C. After 16h cultures were 
analyzed for aggregation using microscopy  
and pictures were taken. Pictures were digitally 
processed and analyzed using ImageJ software, 
calculating the area covered by objects.  
Intact serum as well as HS-EVs induced bacterial 
aggregation, reducing the area covered by objects 
by approximately 50%. Aggregation was not 
observed upon EV depletion. No differences 
between strains could be observed.
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(Figure 9 A,B). L. rhamnosus NutRes 1 
exposed DCs release IL-6 and TNFα and 
depletion of EVs led to a significant 
reduction in both IL-6 and TNFα cytokines. 
Treatment with cytD completely abolished 
DC cytokine production (Figure 9 C,D). 
Taken together, the data suggests that DC 
proinflammatory cytokine release upon 
challenge by B. breve is dependent on the 
TLR2 inhibitory effect of HS-EV in contrast 
to cytokine release upon challenge by  
L. rhamnosus which is largely dependent 
on the HS-EV mediated increase in 
phagocytosis.

Discussion
Studies on the involvement of TLRs in 
immune recognition of microbes have 
helped us to understand how cells, espe-
cially DCs and IECs, sense and differentiate 
between harmless and harmful microbes. 
However, since microbes share MAMPs, how 
exactly immune cells differentiate between 
closely related bacteria is still largely 
unknown but important in the understand-
ing of immunostimulatory versus immuno-
suppressive effects of LAB. 
We and others have previously shown a 
divergent role for TLR2 in the sensing  
of bifidobacteria and lactobacilli [17, 30].  

Figure 7. 
EVs enhance DC phagocytosis of bacteria. 1 x 10⁵ DCs were co-incubated with 2.5 x 10⁶ pHrodo-labeled  
B. breve NutRes 200, L. rhamnosus NutRes 1 or pHrodo Red Dextran as a control for DC phagocytic capacity 
at 37°C. (A) Medium was supplemented with increasing concentrations of HS, HS-D or HS-D reconstituted 
with the serum EV fraction (HS-recon). After 3H, DCs were collected and analyzed for fluorescence using  
flow cytometery. Degree of phagocytosis is determined as an increase in mean fluorescence index (MFI).  
EV depletion significantly reduced B. breve phagocytosis at 1 and 5% supplementation compared to HS 
(*P<0.05). Phagocytosis of L. rhamnosus was reduced to background level (dotted line) upon EV depletion at 
1%, 5% and 10% supplementation compared to HS (**P<0.01, *P<0.05, *P<0.05, respectively). 
Reconstitution of HS-D with EVs normalized the phagocytic response compared to HS. Data are represented 
as mean ± SEM n = 2. Experiment was repeated at least twice with similar results. 
(B) Medium was supplemented with 5% of the indicated serum fractions and 30µg/ml pHrodo Red Dextran. 
After 1 hour DCs were harvested and MFI determined. Medium as well as all serum fractions increased 
dextran uptake compared to DCs alone (DC). No differences in dextran uptake could be measured between 
medium and the different serum fractions. Data are represented as mean ± SEM n=4.
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Here, we corroborate previous findings 
demonstrating that specific bifidobacteria, 
in contrast to lactobacilli, ligate TLR2 and 
additionally show that TLR2 activation is 
dependent on the presence of serum. We 
further show that specifically the EV fraction 
of serum inhibits TLR2 activation, and that 
TLR2 activation could be rescued upon EV 
depletion. Differential effects of the pres-
ence of EVs were seen upon analyzing 
LAB-induced DC proinflammatory cytokine 
release. Presence of serum enhanced Lacto-
bacillus rhamnosus, but not Bifidobacterium 
breve, induced DC proinflammatory cytokine 
release which was dependent on the pres-
ence of EVs. When DC phagocytosis was 

inhibited, B. breve -induced DC IL-6 and TNFα 
release were impaired in the presence  
of serum, attributable to the presence of EVs. 
Blocking L. rhamnosus phagocytosis com-
pletely inhibited DC cytokine release. This 
suggests that, in accordance with data on 
TLR2 inhibition, DC sense B. breve, but not  
L. rhamnosus, upon initial contact via mem-
brane-expressed TLR2. Moreover, analo-
gous to the data on HEK TLR2/6 cells, EVs 
inhibit subsequent B. breve induced TLR2 
activation. 
Several types of interaction between EVs 
and recipient cells are suggested, such as 
adhesion of EVs to cellular surfaces 
through ligand-receptor interactions [19].

Figure 8. 
B. breve but not L. rhamnosus ligate 
DC-expressed TLR2. 1 x 10⁵ DCs were 
co-incubated with 1 x 10⁶ B. breve 
NutRes 200 or L. rhamnosus NutRes 1 
at 37°C in medium, HS, HS-D or 
HS-EVs. TLR2 activity was inhibited by 
preincubating cells with a specific anti 
TLR2 antibody or isotype control.  
After 16H, supernatants were collected 
and analyzed for IL-6 and TNFα 
release. Relative cytokine levels were 
calculated according to the ratio 
between responses at serum-free 
medium and serum fraction supple-
mented medium. 
(A) Blocking TLR2 significantly inhib-
ited DC IL-6 release after ligation  
by B. breve but not L. rhamnosus  
irrespective of the serum fractions. 
(B) Blocking TLR2 significantly inhib-
ited DC TNFα release after ligation of  
B. breve in the presence of medium 
and HS-D but not intact HS or HS-EVs. 
DC TNFα release in response to ligation 
of L. rhamnosus was not affected.  
Data are represented as mean ± SEM 
n=4 (***P<0.001)(**P<0.01)(*P<0.05).
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For instance, blocking antibodies for various 
integrins, adhesion molecules or tetraspa-
nins significantly reduced DC EV capture 
[34]. Next to their function in cell-cell and 
cell-matrix interactions, integrins play a role 
in phagocytic processes including the clear-
ance of microbes [35]. Additionally, querying 
a database of molecular data identified in 
the different subclasses of EVs (Vesiclepedia 
[36]) indicated the presence of EV-expressed 
PRRs (i.e. LPS-binding protein, CD14, scaven-
ger receptors) associated with bacterial 
attachment to host-cells [37]. 
We therefore hypothesized that EV expres-
sion of PRRs (including but not limited to 
integrins) might mediate microbial attach-
ment. In support of this hypothesis, intesti-
nal epithelium luminal released EVs have 
been shown to directly bind the surface of 
Cryptosporidium parvum sporozoites which 
was mediated via unindentified specific 
molecules on the surface of both C. parvum 
sporozoites and epithelial cells [38]. Our 
observations on bacterial aggregation 
suggest that EV indeed interact with LAB 
and that this interaction results in LAB 
aggregation, since serum depleted for EVs 
was not able to do so. Interaction of EVs with 
bacterial surfaces might additionally expand 
the repertoire of microbial expressed mole-
cules with host PRR-ligands providing 
additional molecules for recipient cells to 
interact with and subsequently influence 
phagocytic processes. Indeed, our data indi-
cate that phagocytosis of both LAB strains 
was dependent on the presence of EVs. 
Interestingly, depletion of EVs only mildly 
reduced B. breve phagocytosis, in contrast to 
L. rhamnosus where phagocytosis was 
almost completely inhibited. 
TLRs are not phagocytic receptors by them-
selves, however, TLR-activation contributes 
to phagocytic processes [39]. Although 
we do not provide direct proof, we can 
hypothesize that the absence of surface TLR 

triggering by L. rhamnosus might be com-
pensated by the EV-interaction with the 
bacterial surface prompting phagocytic 
uptake. LAB phagocytosis leads to microbial 
breakdown and the subsequent intracellu-
lar PRR ligation by cell wall products and 
bacterial DNA which, together with surface 
TLR2 signaling, contribute to DC cytokine 
release [17]. The increased DC proinflamma-
tory cytokine response towards L. rhamno-
sus in the presence of EVs can therefore be 
explained by the EV-mediated increased 
phagocytosis. 
The biological relevance of these findings 
might be two-fold. On the one hand, EV 
modulation of LAB TLR2 activity and phago-
cytosis has an impact on the capacity of LAB 
to modulate subsequent immune responses. 
On the other hand, EVs in general might 
contribute to gut immune homeostasis by 
reducing TLR induced inflammatory 
responses and increasing microbial clear-
ance [40,41]. However, whether or not the 
serum-EV fraction is representative for the 
EVs present within the intestinal tissue 
remains to be determined. 

Another key point from this study is the 
differential actions of EVs on specific TLR 
ligands. Using ligands specifically address-
ing the different heterodimers of TLR2, TLR4 
or TLR5 we made the surprising observation 
that EVs specifically increase TLR2/1 and 
TLR4 activation, while having a suppressive 
effect on TLR2/6 activity or no effect on TLR5 
activity. 
EVs mediate the traffic of a wide variety of 
lipids, proteins, mRNAs and microRNAs that 
are important to its biological function [19]. 
Especially microRNAs have been show to 
specifically target TLR activity of recipient 
cells [42]. TLR2 is thought to heterodimerize 
with TLR1 or TLR6 to broaden the ligand 
repertoire but upon activation share a 
similar signal transduction pathway [43]. 
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Since serum and EVs inhibit TLR2/6 activity, 
while having a stimulatory effect on TLR2/1 
and TLR4 activity, it seems unlikely that EV 
mediated miRNA interference is responsible 
for the observed effects.
EVs reportedly express TLR2 which might 
function in analogy to soluble TLR2 (sTLR2) 
by binding to ligands or via interference on 
cellular TLR2 heterodimerization ultimately 
inhibiting subsequent TLR2 activation 
[26,44]. However, serum derived from TLR2 

knockout animals or wild types was equally 
effective in reducing TLR2 activation which 
could be rescued upon EV depletion, ruling 
out EV-TLR2 expression as a potential mech-
anism of action.
FSL-1 is similar in molecular make-up to 
Pam₂CSK₄ apart from having a different 
peptide chain [33], yet our data show that 
FSL-1 activity is inhibited in contrast to 
Pam₂CSK₄. Similar findings were previously 
published where activity of a bacterial-

Figure 9. 
EVs differentially modulate bacterial induced DC cytokine release.
2 x 10⁵ DCs were co-incubated with 2 x 10⁶ B. breve NutRes 200 or L. rhamnosus NutRes 1 at 37°C in 
medium, HS, HS-D or HS-EVs. After 16H, supernatants were collected and analyzed for IL-6 and TNFα 
release. In another set of similar experiments, DCs were first pretreated with 10 µg/ml cytochalasine D, 
blocking bacterial phagocytosis. Relative cytokine levels were calculated according to the ratio between 
responses at serum-free medium and serum fraction supplemented medium. 
(A) HS and HS-EVs significantly inhibit B. Breve NutRes 200 induced DC IL-6 release compared to HS-D 
(***P<0.001)(**P<0.01). TNFα release was not affected but upon blocking phagocytosis a significant  
different TNFα release between HS, HS-EVs and HS-D could be measured (B) (*P<0.05). L. rhamnosus NutRes 
1 stimulated DCs release significantly more IL-6 (C) and TNFα (D) in the presence of HS or HS-EVs compared 
to HS-D. Blocking L. rhamnosus NutRes 1 phagocytosis inhibited DC IL-6 and TNFα release below detection 
level (ND). Data are represented as mean ± SEM n = 4.
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derived LP from Mycobacterium tuberculosis 
was found to be suppressed by the presence 
of serum in contrast to Pam₃CSK₄ which is 
identical in molecular make-up apart from 
the peptide sequence [45]. In agreement 
with our data, the effectiveness of serum to 
inhibit TLR2 responses seems to be depend-
ent on the non-acyl part of the ligands. 
Although the lipid acyl chains of LPs are 
critically important for TLR2 heterodimer 
discrimination and activation [32], the 
molecular make-up of the peptide chain has 
been shown to impact TLR2 immunological 
function [46]. 
How exactly the peptide moiety of LPs con-
tributes to TLR2 activity is still unclear, but a 
clue might be derived from the reported 
interactions of TLR2 with additional PRRs 
[37]. For instance, CD14 as well as the scav-
enger receptor CD36 function as TLR2 co-
receptor and have been researched in more 
detail regarding their role in TLR2 biological 
activity [47, 48]. CD36 does not directly 
interact with TLR2, but has been reported 
to bind TLR2 ligands having a negative 
charge like LTA and FSL-1, in contrast to 
positively charged ligands like Pam₂CKS₄ 
and Pam₃CSK₄ [49]. In contrast to CD36, 
CD14 directly interacts with the fatty acid 
portion of triacylated ligands, independent 
of the peptide moiety [50]. 
Since EVs are reported to express such 
PRRs [19, 26], a possible explanation for the 
reported findings might be that EV-
expressed PRRs specifically scavenge LPs, 
possibly based on their acyl chain make-up 
or charge of their non-fatty acid part and 
thereby preventing interaction with 
surface expressed TLR2. This interdepend-
ency has not been researched in detail 
thus far but a systematically approach in 
synthesizing bacterial cell wall mimetics 
with different acyl chains and peptide 
moieties (LP) or carbohydrate moieties 
(LTA) would increase understanding of the 

principles of EV-LP interaction.
TLR activation can be viewed as a double-
edged sword. It is critical for host-defense 
against microbes, but is also linked to 
inflammatory and autoimmune diseases 
via their activation by endogenous mole-
cules [15, 51]. TLR responses need to be 
tightly controlled as prolonged and exces-
sive activation of TLRs can lead to delete-
rious inflammation and tissue injury 
detrimental to the host. TLR signaling can 
be regulated through modification of 
intracellular pathways following activation, 
or via interference of TLR ligation by soluble 
factors and decoy receptors [40,52]. 
Although we cannot rule out a possible 
contribution of miRNA species to the 
observed effects, our data suggests that the 
observed effects described are not on the 
level of host-cell transcription but rather on 
the level of EV-microbe or EV-specific MAMP 
interaction which subsequently prevents or 
enhances host cell surface TLR-activation 
while at the same time contributes to the 
clearance of microbes. The biological rele-
vance of EVs enhancing or inhibiting specific 
TLR responses needs to be addressed in 
future studies. Determination of the origin 
of these specific EVs and the receptors 
involved may lead to new therapeutics for 
the prevention and/or treatment of inflam-
matory diseases.

Lastly, potential probiotic strains can be 
pre-screened in-vitro for their immunological 
potential. Cytokine production following co-
culture of LABs with either peripheral blood 
mononuclear cells or DCs in the presence of 
FCS allows for ranking of LAB strains accord-
ing to their pro or anti-inflammatory profile 
[53-55]. However, the value of in-vitro immu-
noassays as selection criteria for the use of 
probiotics in human studies remains to be 
determined [56]. Our data indicate that the 
predictive value of these screening strate-
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gies could be improved by doing experi-
ments in the appropriate serum environment 
as LAB induced TLR2 activity was only 
slightly inhibited in the commonly used FCS 
as compared to mouse or human serum. 

In summary, we present experimental evi-
dence highlighting a previous unrecognized 
role of EVs in modulation of host-microbe 
responses. Using specific ligands, surface 
TLR responses were differentially influenced 
by the presence of EVs. We showed that TLR2 
responses were differentially modulated by 
serum-derived EVs critically important in the 
response to and recognition of LAB derived 
cell wall ligands. Additionally, we provide 
evidence that EVs interact with LAB surfaces 
and induce bacterial aggregation while at 
the same time contributing to LAB phagocy-
tosis, mechanisms known to be involved in 
host-defense responses by facilitation of 
bacterial clearance. Overall, as EVs can be 
found in any tissue or bodily fluid, our find-
ings contribute to a better understanding of 
host-microbe responses important in intes-
tinal homeostasis and unraveling the mech-
anism of action of probiotics.
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Supplemental figure S1. 
EVs differentially effect ligand induced TLR activation.
THP-1 reporter cells were incubated with specific ligands addressing TLR4 and TLR5 in serum free 
medium, or medium supplemented with 5% of the indicated serum fractions (HS = intact human 
serum, HS-D = EV depleted human serum, HS-EV = human serum EVs in medium). 
(A, C) Dose response experiments indicating the effects of respectively LPS or flagellin stimulation on 
THP-1 activation. NFκB activity measured as OD values was determined using an alkaline phosphatase 
reporting system as described in materials and methods. 
Data presented in Figure 3A, C were used to calculate Area Under the Curve (AUC) values. (B) LPS 
induced TLR4 activity was increased in medium supplemented with serum fractions compared to 
serum-free medium, depletion of EVs reduced TLR4 activation compared to HS ($$P<0.01) and HS-D 
($$$P<0.001). (D) HS significantly reduced flagellin induced TLR5 activation in contrast to HS-D or 
HS-EV which showed no effect. Data is represented as mean ± SD (***P<0.001, **P<0.01, *P<0.05). 

Extracellular vesicles modulate host-microbe responses by altering TLR2 activity and phagocytosis
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Abstract
Background
The small intestine is a specialized compartment were close interactions take place between 
host, microbes, food antigens and dietary fatty acids. Dietary fats get absorbed by epithelial 
cells and processed into a range of lipoprotein particles after which they are basolaterally 
secreted and collected in the lymphatics. In contrast to the colon, the small intestine is 
covered only by a thin mucus coat that allows for intimate interactions between host-cells 
and microbes. Lipoproteins have long been recognized as protective factors in infectious 
diseases via the neutralization of bacterial toxins like lipopolysaccharides. Much less 
attention has been given to the potential role of lipoproteins as factors contributing to the 
maintenance of small intestinal immune homeostasis. 

Results
Lipoproteins VLDL, LDL and HDL were found to neutralize TLR responses after ligation by 
specific TLR-ligands or a selection of gram-negative and gram-positive bacteria. Attenuation 
of TLR2 activity was acute and only slightly improved by longer pre-incubation times of 
ligands and lipoproteins with no differences between bacterial-lipopeptides or bacteria. In 
contrast, attenuation of TLR4 responses was only observed after extensive preincubation of 
lipoproteins and LPS. Preincubation of bacteria and lipoproteins led only to a modest 
attenuation of TLR4 activity. Moreover, compared to TLR2, TLR4 activity could only be 
attenuated by lipoproteins over a small ligand dose range. 

Conclusions
These results demonstrate the ability of lipoproteins VLDL, LDL and HDL to inhibit TLR 
responses towards bacterial-ligands and bacteria. Lipoproteins are suggested to sequester 
the acyl chains of the bacterial ligands rendering it immunologically inactive. In addition, 
apolipoproteins on lipoproteins are suggested to attach to ligands expressed in the bacterial 
membranes, leading to deposits of lipoproteins on the bacterial surface interfering with 
subsequent ligation by TLRs. These data establish a role for lipoproteins as immunoregulatory 
molecules, attenuating TLR-responses and thereby positively contributing to mucosal 
homeostasis. 

Background
Apart from regulating lipid metabolism, evi-
dence accumulates that lipoproteins are also 
involved in microbe-host interactions. It is 
well known that infection and inflammation 
induce an acute-phase response, leading to 
changes in plasma lipids and lipoprotein 
metabolism which in turn add to the inflam-
matory cycle potentially leading to athero-
sclerosis [1]. In addition, it has long been 

recognized that lipoproteins (i.e. chylomi-
crons, very low density lipoprotein (VLDL), 
low density lipoprotein (LDL) and high density 
lipoproteins (HDL)) interact with microbe 
associated molecular patterns (MAMP). 

Lipoproteins play an important role in the 
detoxification of MAMPs such as LPS and 
LTA, most likely via sequestration of MAMPs, 
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preventing Toll-like receptor (TLR) activation 
and the subsequent release of proinflamma-
tory cytokines [2-6]. However, only a few 
studies report on the direct interaction of 
lipoproteins with bacteria and how this 
would affect subsequent recognition by 
TLRs. 
Studies in low density receptor deficient 
mice (LDLR-/-) mice, which suffer from 
increased circulating levels of LDL-choles-

terol, showed that LDLR-/- mice survive 
longer and have lower levels of circulating 
proinflammatory cytokine concentrations 
after infection with the Gram-negative bac-
teria Salmonella typhimurium and Klebsiella 
pneumoniae [7,8]. Part of the protective 
effect of the increased circulating levels of 
LDL could be explained by the sequestration 
of LPS, but data indicated that the direct 
interaction of bacteria with lipoproteins might 

Figure 1. 
Effect of human serum and delipidated human serum on the ability of bacterial-ligands or bacteria to 
induce TLR2 or TLR4 activity. A concentration range of FSL-1 (A) or LPS (B) was preincubated with either  
HS or HSdelip. HS attenuated TLR2, but not TLR4, activity compared to HS. A concentration rage of LPS  
(C) was preincubated for 8 hours before assessment of TLR activity. HS attenuated TLR4 activity compared 
to HSdelip at a dose range of 0.4-11.7 ng/ml LPS. S. aureus, E. coli, S. thyphimurium, B. breve or L. salivarius 
(D) were preincubated with either HS or HSdelip before assessment of TLR2 activity. HS attenuated bacteria-
induced TLR2 activity compared to HSdelip. Each value represents mean ± SD of triplicates.  
The experiment shown is representative of three separate experiments. 
*: p < 0.05 **:P<0.01 ***:P<0.001 determined by comparison with HSdelip
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prevent attachment of bacteria to host cells, 
preventing dissemination into the organs 
[8]. On the other hand, lipoprotein binding 
to bacteria might promote infectivity of 
host cells as has been shown for the intra-
cellular human pathogens Chlamydial 
pneumoniae and C. trachomatis [9]. Overall, 
the data suggests that lipoprotein deposits 
on bacterial surfaces modulate host-
microbe interactions. 

Figure 2.
Effect of HSdelip or HSdelip supple-
mented with VLDL, LDL or HDL on 
TNFα, B. breve or FSL-1 induced TLR 
activity. TNFα, B. breve or FSL-1 were 
preincubated with HSdelip or HSdelip 
with a dose range of the separate lipo-
protein fractions VLDL, LDL or HDL. 
None of the separate lipid fractions 
reduced TNFα-induced 
(A) NFκB activity compared to HSdelip. 
TLR2 activity after ligation by B. breve 
(B) or FSL-1 (C) was attenuated by lipo-
proteins when compared to HSdelip 
alone. Each value represents mean ± 
SD of triplicates. The experiment shown 
is representative of three separate 
experiments. *: p < 0.05 **:P<0.01 
***:P<0.001 determined by comparison 
with HSdelip

In this study, we analyzed the effects of 
lipoproteins on TLR-induced cellular activa-
tion by bacteria. We show that VLDL, LDL 
and HDL attenuate TLR activity in response 
to Gram-positive and Gram-negative bacte-
ria. TLR2-activity was attenuated immedi-
ately and over a larger dose-range compared 
to TLR4-activity, indicating differences in 
affinity and kinetics between lipoproteins, 
bacteria and TLR-induced cellular responses. 
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Methods
Bacterial fermentation and enumeration
Lactobacillus salivarius NutRes 283 and  
Bifidobacteria breve NutRes 200 were grown 
at 37°C in a 400 ml reactor containing MRS 
broth (Oxoid, Badhoevedorp, The Nether-
lands) supplemented with 0.5 g/l L-cysteine 
for Bifidobacteria. The pH was maintained at 
6.5 by addition of NaOH. To ensure anaero-
bic conditions the headspace was flushed 
with N2 or a gas mixture consisting of 5% H₂, 
5% CO2 and 90% N2 for Bifidobacteria. Bac-
teria were harvested in the early stationary 
phase, washed in PBS and stored with glyc-
erol 20% (w/v), in aliquots at -80°C. Cell 
counts were determined by plating serial 
dilutions (CFU) and fluorescent microscopy 
by staining with DAPI.

Cell lines and Reagents
Cell viability reagent WST-1 was purchased 
from Roche Diagnostics, Almere, The Neth-
erlands. Human serum and human plasma 
purified lipoproteins (VLDL, LDL, HDL) and 
apolipoproteins (ApoA, ApoB, ApoC1, 
ApoC2, ApoC3) were all purchased from 
Sigma-Aldrich. Human lipoprotein deficient 
serum was from Merck, Amsterdam, the 
Netherlands. Heat-killed Staphylococcus 
aureus (HKSA), Escherichia coli (HKEB), Sal-
monella typhimurium (HKST) were all pur-
chased from Invivogen, Toulouse, France. 
Ultrapure lipopolysaccharide (LPS) derived 
from E. coli K12 and purified lipoteichoic 
acid (LTA) from Staphylococcus aureus (both 
from Invivogen, Toulouse, France) were used 
at the indicated concentrations. Synthetic 
bacterial lipopeptides Pam₃CSK₄, Pam₂CKS₄, 
FSL-1 (all from EMC microcollections, Tübin-
gen, Germany) were used at the indicated 
concentrations. Non-phagocytic HEK293 
TLR2-TLR6, HEK293 TLR4 stable transfectants 
and HEK293 TLR null control cells were pur-
chased from Invivogen, Toulouse, France. 

HEK293 TLR2-TLR6 and HEK293 TLR null 
transfectants were stably transfected with 
the NFκB reporter plasmid pNiFty2-Luc, 
HEK293 TLR4 cells contained the NFκB 
reporter pNiFty2-SEAP (Invivogen, Toulouse, 
France). Cells were maintained in DMEM 
(Invitrogen) supplemented 10% FBS, 4.5 g/L 
glucose and the appropriate antibiotics 
according to the manufacturer’s protocols. 

Stimulation assays
Bacteria or bacterial ligands were either 
directly seeded or pre-incubated, for 30 
minutes unless otherwise indicated, into 
individual wells of a 96-wells plate with 
DMEM supplemented with 4.5g/L glucose 
and 5% human serum (HS), 5% delipidated 
human serum (HSdelip) or 5% HSdelip  
supplemented with 100µg/ml of the lipo-
proteins (VLDL, LDL, HDL) or 5µg/ml apoli-
poproteins (ApoA, ApoB, ApoC1, ApoC2, 
ApoC3) where indicated. After preincuba-
tion, 1 x 10⁵ TLR transfected cells were added 
to a final volume of 100µl/well and incu-
bated for 16H. The following day, HEK293 
TLR2-TLR6 or HEK293 Null transfectants 
were analyzed for NFκB activation by meas-
uring luciferase content via addition of 1 
volume of the luciferase substrate: BriteLite 
(Perkin Elmer, Groningen, The Netherlands) 
after which Luminescence was measured. 
HEK293 TLR4 supernatants were analyzed 
for NFκB activity by measuring secreted 
embryonic alkaline phosphatase (SEAP) 
activity using QUANTI-Blue (Invivogen, Tou-
louse, France) after which OD was measured 
using a spectrophotometer. Bacteria were 
used at a ratio of 25:1 (bact:cell) unless oth-
erwise indicated. TNFα was used at a con-
centration of 5ng/ml. LPS was used at a 
concentration of 1 ng/ml and FSL-1 at 5 ng/
ml unless otherwise indicated. None of the 
tested bacteria or bacterial ligands induced 
NFκB expression in the HEK293 TLR null 
control cells (data not shown). Cell viability 
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was checked by adding WST-1 reagent to 
the cells, change in OD indicates cellular 
enzyme activity and functions as a measure 
for cell proliferation, viability or toxicity.

Statistical analysis
Statistical analyses were performed using 
the Student’s t test with the Graphpad Prism 
6.02 statistical software. Differences were 
considered significant at p <0.05.

Results
TLR stimulation by bacteria or TLR-specific 
ligands is attenuated in the presence of 
serum lipids 
Serum lipoproteins are known to bind and 
neutralize bacterial ligands. However, in 
contrast to available data on the kinetics of 
TLR4 neutralization, not much is known 
about the kinetics of TLR2 ligand neutraliza-
tion. To that end we investigated the neu-

Figure 3. 
Effect of HSdelip or HSdelip supplemented with VLDL, LDL or 
HDL on bacteria-induced TLR2 activity. S. typhimurium, E. coli, 
S. aureus, L. salivarius or B. breve at a ratio of 10:1 (black bars) 
and 25:1 (grey bars) (bact:cell) were preincubated with HSdelip 
or HSdelip with the separate lipoprotein fractions VLDL, LDL or 
HDL. All lipoprotein fractions attenuated TLR2 activity when 
compared to HSdelip alone. Each value represents mean ± SD 
of triplicates. The experiment shown is representative of three 
separate experiments. *:p < 0.05 **:P<0.01 ***:P<0.001 deter-
mined by comparison with HSdelip 10:1. $:p < 0.05 $$:P<0.01 
$$$:P<0.001 determined by comparison with HSdelip 25:1
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tralization of LPS, a TLR4 specific ligand, and 
a selection of TLR2 specific ligands (FSL-1, 
Pam₂CSK₄, Pam₃CSK₄ and LTA), by comparing 
the TLR activity in intact human serum (HS) 
and lipid depleted human serum (HSdelip) 
using TLR reporter cells. TLR2 activity in 
response to TLR2-specific ligands was sig-
nificantly inhibited over a wide dose-range 
in the presence of HS compared to HSdelip 
(Figure 1A & additional file 1). To rule out 
any effect of the presence or absence of 
serum lipoproteins on cell growth we tested 
for changes in cell proliferation and viability 
as described in materials and methods. No 
changes in cellular conditions could be 
observed upon culture in serum or delipi-
dated serum (additional file 1). TLR4 activity 
in response to LPS stimulation was not dif-
ferently affected by the presence of either 
HS or HSdelip (Figure 1B). Preincubating LPS 
for 8 hours with HS or HSdelip, before the 
addition of TLR4 reporter cells, led to a 
attenuation of TLR4 activity observed from a 
dose of 11.1 ng/ml and lower (Figure 1C). 
To investigate whether TLR2 activation fol-
lowing bacterial stimulation was similarly 
affected, we incubated TLR2 reporter cells 
with heat-killed S. aureus, E. coli, S. typhimu-
rium and live B. breve and L. salivarius. TLR2 
activity was strain-dependently attenuated 
by serum lipids after stimulation with all 
bacteria suggesting a non-specific effect of 
serum lipids on bacterial induced TLR2 acti-
vation (Figure 1D). 

VLDL, LDL and HDL serum lipid-fractions 
attenuate bacterial and ligand induced 
TLR activity
w with 8 hours of preincubation (Figure 4G). 
A minimum of 2 hours of preincubation of 
the separate lipoprotein fractions with E. coli 
was necessary to significantly reduce TLR4 
activity. Overall, these results suggest a role 
for VLDL, LDL and HDL in the inhibition of 
TLR-induced cellular activation observed in 

the presence of human serum. Moreover, 
since non-TLR induced cellular activity was 
not affected, VLDL, LDL and HDL seem to 
specifically inhibit TLR-activity in response 
to bacterial and ligand stimulation.

Apolipoproteins are not the main drivers 
of the TLR2 inhibitory effect
Lipoproteins VLDL, LDL, and HDL contain 
apolipoproteins as structural components. 
Several classes and sub-classes exist which 
provide additional functions as cofactors for 
enzymes and ligands for cell-surface recep-
tors [10,11]. Previous data suggest that 
apolipoproteins have a role in the attenua-
tion of TLR-signaling after ligation by bac-
terial lipoproteins [12]. To this end, we 
evaluated lipid-free apolipoprotein A, B, C1, 
C2 and C3 for their effect on bacterial 
induced TLR2 stimulation. Apolipoprotein A 
(ApoA) increased TLR2 activity against all 
strains tested accept for B. breve, in contrast 
to apolipoprotein B (ApoB) which inhibited 
TLR2 activity (Figure 5). However, we 
observed that the inhibitory effect of ApoB 
was due to cellular toxicity (data not shown). 
Lipid-free ApoB, as used in our studies, was 
previously recognized to be toxic after addi-
tion to cell-cultures [13]. 

Apolipoprotein C1 (ApoC1), C2 (ApoC2) and 
C3 (ApoC3), showed a more strain depend-
ent effect on TLR2 activity. ApoC1, but not 
ApoC2 nor ApoC3, slightly attenuated TLR2 
activity in response to S. typhimurium. 
ApoC2 slightly enhanced TLR2 activity fol-
lowing stimulation with S. typhimurium,  
E. coli or L. salivarius while having no effect 
on stimulation by B. breve. ApoC3 slightly 
enhanced TLR2 activity in response to  
S. typhimurium, E. coli or L. salivarius but this 
did not reach significance. Overall, apolipo-
proteins by themselves are not the main 
drivers of the observed attenuation of TLR-
activity due to serum lipids. However, our 
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Figure 4. 
Effect of HS, HSdelip or HSdelip supplemented with VLDL, LDL or HDL on the ability of bacterial-
ligands or bacteria to induce TLR2 or TLR4 activity. Bacteria or bacterial ligands were preincubated for 8 
hours, 4 hours, 2 hours or no preincubation with either HS, HSdelip or HSdelip supplemented the separate 
lipoprotein. TLR2 activity in response to ligation by B. breve (A) and L. salivarius (B) was attenuated by HS or 
HSdelip supplemented with VLDL, LDL or HDL when compared to HSdelip. No effect of the different 
preincubation times could be observed. TLR2 activity in response to ligation E. coli (C), S. thyphimurium (D) 
or FSL-1 (E) was attenuated by HS or HSdelip supplemented with VLDL, LDL or HDL when compared to 
HSdelip. A modest effect on attenuation of TLR2 activity could be observed due to the different 
preincubation times. TLR4 activity in response to ligation E. coli (F) was attenuated by HS, but not HSdelip 
supplemented with the different lipoprotein fractions, when compared to HSdelip. Preincubation of HS, 
VLDL or LDL for 8 hours was the most effective in attenuating TLR4 activity in response to ligation by LPS 
(G). Each value represents mean ± SD of triplicates. The experiment shown is representative of three 
separate experiments. *: p < 0.05 **:P<0.01 ***:P<0.001 determined by comparison with HSdelip

observations suggest that apolipoproteins 
play a role in bacterial induced TLR activity, 
but their contribution to the inhibitory 
actions of VLDL, LDL or HDL remains to be 
determined. 

Discussion
Cells of the small intestine perform many 
functions. For instance, small intestinal epi-
thelial cells are critically important in the 
absorbance and processing of dairy fatty 
acids and a specialized subset of epithelial 
cells (microfold or M-cells) line specific com-
partments (Peyer’s patches) that are involved 
in luminal sampling. After processing of 
dietary fats into lipoproteins they are baso-
laterally collected in lymph ducts and move 
via the mesenteric lymph into the circulation 
as chylomicrons, VLDL, LDL or HDL particles 
[14]. 
Antigens are taken up by Peyer’s patch resi-
dent antigen presenting cells and move via 
the lymphatics to the mesenteric lymph 
node (MLN) were, in a normal healthy and 
unchallenged condition, tolerance is estab-
lished [15,16]. Microbes, either sampled 
from Peyer’s patches or directly via dendritic 
cell capture, are similarly carried to the MLN 

which acts as a firewall and prevents further 
dissemination [15,17]. 

Moreover, compared to the colon, the small 
intestine is covered by a relatively thin 
mucus-layer that enables direct and fre-
quent interactions between commensals, 
probiotics and food-borne pathogens and 
mucosal immune cells [18]. Therefore the 
small intestine can be seen as a compart-
ment were constant interactions take place 
between antigens (food, bacterial) and lipo-
proteins. Although much is known about 
the interaction of lipoproteins with bacterial 
ligands, not much is known how lipopro-
teins interact with intact bacteria and how 
this would affect subsequent TLR responses. 
Here, we show that the presence of lipopro-
teins inhibit TLR-activation in response to 
both specific TLR-ligands as well as a broad 
selection of gram-negative as well as gram-
positive bacteria. We have shown that spe-
cific TLR-ligands interact with lipoproteins 
with differences in kinetics and affinity. 
For lipoproteins to inhibit TLR4 activation by 
LPS, extensive preincubation of LPS with 
lipoproteins before the addition of cells was 
needed. This is in agreement with previous 
data where preincubation for at least 4 hours 
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was necessary to neutralize LPS. Moreover, 
similar to our findings, neutralization of LPS 
was maximal at dosages below 10 ng/ml 
[19]. Previous published data demonstrated 
that serum lipoproteins are able to attenu-
ate TLR2-induced macrophage activation in 
response to both purified LTA from Staphylo-
coccus aureus and recombinant bacterial 
lipopeptides, mimicking cell wall fragments 

from Chlamydia trachomatis and Borrelia 
burgdorferi. In agreement with our observa-
tions, lipoprotein neutralization of the bac-
terial products was accomplished without 
extensive preincubation [2,12]. 
In the present study, we extended our 
observations to include intact bacteria. 
Bacteria-induced TLR2 activity was attenu-
ated in the presence of intact serum, in con-

Figure 5.
Effect of HSdelip or HSdelip supplemented with different apolipoproteins on the ability of bacteria to 
induce TLR2 activity. S. typhimurium, E. coli, L. salivarius or B. breve were preincubated with HSdelip or 
HSdelip supplemented the separate apolipoproteins. ApoA enhanced, while ApoB and ApoC1 slightly 
reduced, S. typhimurium (A) induced TLR2 activity, while ApoC2 and ApoC3 had no effect, when 
compared to HSdelip. ApoA and ApoC1-3, but not ApoB, were found to increase E.coli (B) or L. salivarius 
(C) induced TLR2 activity, when compared to HSdelip. No effect of ApoA and ApoC1-3 could be observed 
on B. breve (D) induced TLR2 activity, accept for ApoB which reduced TLR2 activity.  
Each value represents mean ± SD of triplicates. The experiment shown is representative of three separate 
experiments. . *:p < 0.05 **:P<0.01 ***:P<0.001 determined by comparison with HSdelip 10:1(black bars). 
$:p < 0.05 $$:P<0.01 $$$:P<0.001 determined by comparison with HSdelip 25:1(grey bars)
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trast to delipidated serum, suggesting a role 
for lipoproteins. The molecular mechanisms 
of this process remain largely unknown. 
Lipoproteins offer valuable substrates for 
cellular growth and therefore a lack of 
lipoproteins might impact cell proliferation 
or subsequent cellular responses. However, 
no changes in cell viability or activity upon 
culture of the TLR-transfectants in the pres-
ence or absence of lipoproteins could be 
observed (additional file 1). Moreover, non- 
TLR induced responses were not inhibited 
by the presence of lipoproteins suggesting 
the effects are limited to TLR-induced 
responses (Figure 3). Taken together, these 
observations suggest that lipoproteins 
affect cellular responses via interference 
with ligand-TLR binding. 
Lipoprotein particles bear no TLRs on their 
surface, so interactions between bacterial 
ligands and lipoproteins are not governed 
by ligand-receptor interactions. Rather, bac-
terial ligands are thought to simply dissolve 
into the phospholipid coat of the lipopro-
tein, sequestering the lipid part of the ligand 
from insertion into the ligand-binding 
portion of TLRs [3]. All lipoproteins are made 
up of protein, phospholipids, cholesterol 
and triglycerides. However, only the phos-
pholipid content correlates to the effective-
ness of ligand neutralization [20]. Bacterial 
lipopeptides, in contrast to LPS, share struc-
tural similarities with phospholipids. Lipo-
peptides have a cysteine group attached to 
a glycerol subunit, while phospholipids have 
a phosphate group attached to a glycerol 
subunit. In both cases two fatty acyl chains 
are coupled to the glycerol subunits. We 
presume that the differences in molecular 
make-up, with regard to the number and 
make-up of fatty-acyl chains, between LPS 
and LTA or lipopeptides might therefore 
explain the difference in neutralization 
kinetics by lipoproteins. However, we could 
find no data substantiating this hypothesis. 

It is known that the plasma proteins soluble 
CD14 and LPS-binding protein (LBP) greatly 
facilitate LPS and LTA neutralization by 
lipoproteins [2,21,22]. In addition to LPS, 
LBP is reported to bind LTA as well as di and 
tri-acylated lipopeptides [23]. Since our TLR-
transfected HEK cells constitutively express 
CD14, presence or absence of LBP does not 
explain the difference in kinetics between 
TLR2 and TLR4. However, since LBP in the 
circulation is found attached to lipoproteins 
[24], absence of LBP in delipidated HS or the 
different purified lipoprotein fractions might 
account for the differences between HS and 
HSdelip regarding their inhibitory effect on 
TLR4-activity in response to E. coli. Moreover, 
presence of LBP might be more crucial in 
neutralization of LPS compared to di or  
tri-acylated bacterial lipoproteins [12,21].
Potentially, to compensate for the lower 
kinetics in neutralization of TLR4 ligands, the 
small intestine also locally produces LBP and 
the apolipoprotein serum amyloid A (SAA) 
that is known to contribute to the neutrali-
zation of gram-negative bacteria [25,26]. 

Not much is known about how lipoproteins 
interact with intact bacteria. Bacterial cell-
wall constituents like LPS, LTA and lipopep-
tides are carbohydrates or proteins bound to 
a lipid tail which is buried into the cell wall. It 
is therefore unlikely that the same principles 
that govern the interaction between lipo-
proteins and bacterial fragments equally 
apply to the interaction with intact bacteria. 
Lipid-free apolipoproteins play a role in 
bacteria-TLR interactions with the presence 
of apolipoproteins increasing TLR activity 
(Figure 5). However, these findings are in 
apparent contrast to work done by Bas et al, 
where it was shown that apolipoproteins 
attenuate TLR-activity in response to bacte-
rial lipopeptides [12]. These two findings 
may, at first sight, seem contradictory. 
However, interactions between the hydro-
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phobic nature of apolipoproteins and the 
hydrophobic part of bacterial lipoproteins 
could be envisaged leading on the one hand 
to sequestering of bacterial products and 
inhibition of TLR-activity, while on the other 
hand to deposition on the bacterial cell wall, 
acting as ligands for scavenger receptors 
that recognize apolipoproteins subse-
quently facilitating interaction with TLRs 
[27-29]. In support of this hypothesis, lysine 
residues of apoA were found to interact with 
bacterial cell walls based on electrostatic 
forces leading to deposition of apoA on the 
bacterial surface [30]. Moreover, the silk-
worm apoB homologue, apolipophorin, 
specifically interacts with LTA expressed on 
the bacterial cell surface [31,32]. Overall, this 
indicates that lipoproteins interact with 
bacterial surfaces, through their apolipopro-
tein content, either via electrostatic interac-
tions or by binding to specific ligands. 

Conclusions
Although lipoproteins are recognized as 
factors that play a role in innate immunity, 
much of the research efforts so far have 
focused on the role of circulating lipids and 
infection [3,5]. We have provided data 
indicating that lipoproteins also play a role 
in the maintenance of intestinal homeostasis 
by neutralizing potential harmful bacterial-
derived ligands, as well as by modulating 
cellular responses towards bacteria. Using a 
broad selection of bacteria encompassing 
both gram-positive and gram-negative 
bacteria as a model for non-pathogenic 
encounter of host-cells with bacteria, 
lipoproteins were found to down modulate 
subsequent TLR responses to both gram-
negative as well as gram-positive bacteria, a 
process recognized to be important for 
intestinal tolerance [33,34]. These findings 
are relevant for our understanding of the 
immune response towards commensals and 

(potential) pathogens. Furthermore, these 
results may be important to consider when 
studying the effects of probiotic applications, 
e.g. in relation to the food matrix or dietary 
context in which the bacteria are supplied in 
or when translating effects from the in vitro 
to the in vivo situation.
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Additional file 1. 
Effect of HS or HSdelip on ligand induced TLR activity. A dose range of (A) Pam₃CSK₄, (B) Pam2CSK4 or 
(C) LTA were preincubated with HS or HSdelip. Preincubation with HS attenuated ligand induced TLR2 
activity when compared to HSdelip with the largest effect observed on LTA. 

Effect of HS or HSdelip on cellular activity. Cells (1 x 10⁵ TLR-transfected cells/well) were incubated in 
either HS or HSdelip. After overnight incubation 10µl of the WST-1 reagens was added. (D) Change in 
OD was recorded over the indicated time points. No difference in cellular activity could be observed 
between HS or HSdelip. 
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Discussion
In 2008, 36 million out of 57 million global deaths, or 63%, were due to non-communicable 
diseases (NCD). NCDs are non-infectious and non-transmissible diseases including autoim-
mune diseases, allergies and inflammatory diseases that are projected to continue to rise 
worldwide [1]. Although genome-wide association studies indicate that many NCDs exhibit 
a strong genetic component, genetic drift alone cannot account for this increase and that 
environmental factors must play a role [2]. Accumulating evidence suggest that intestinal 
microbial imbalance, or dysbiosis, and the associated changes in microbe-host interactions 
might contribute to the prevalence of NCDs [3-5]. 
The intestinal microbiota composition is influenced by host intrinsic and environmental 
factors. Given the reciprocal actions between microbes and host it would be logical to 
assume that intrinsic factors play a major role in shaping the microbiome. However, studies 
analyzing the microbiome of non-identical and identical twins and gnotobiotic mouse-
studies indicate that host genetics only have a limited effect on the composition of the 
microbiota [6]. 
This implies that environmental factors are the major factors in shaping the microbiome. 
Indeed, diet [7], antibiotic use [8], hygiene [9] and inheritance of maternal microbiota[10] 
have all been shown to have a significant impact on the microbiome. Dysbiosis is associated 
with a loss of beneficial bacteria and has triggered research into the therapeutic application 
of probiotics. 
Another area of probiotic research is focused on the potential preventive effects in healthy 
subjects. Supplementation with probiotics may enhance the functionality of the resident 
microbial communities and/or support the beneficial functions of the gastro-intestinal tract 
and their mechanism of action has been the subject of intense research [11-15]. 

Cellular recognition of probiotics
One of the mechanisms of action of probi-
otics is mediated through their direct inter-
action with host cells. Pattern recognition 
receptors (PRR) expressed by intestinal 
epithelial cells (IEC) and dendritic cells (DC) 
recognize probiotic microbe-associated 
molecular patterns (MAMP) and initiate 
downstream effects, ultimately contribut-
ing to intestinal and immunological homeo-
stasis. 
TLRs are the best studied members of the 
PRR family; however, TLRs rely on accessory 
PRRs for their function. For example, TLR2 
and TLR4 depend on CD14 and the acute-
phase factor, LPS-binding protein, to interact 
with bacteria or bacterial ligands. Absence 

of these accessory molecules severely 
hampers TLR activation [16-18]. Moreover, 
TLRs are not phagocytic receptors and, 
therefore, rely on accessory receptors to 
tether ligands to the surface of cells and to 
initiate phagocytic processes [19, 20].  
In Chapter 2, the contribution of accessory 
PRRs to TLR2 activity in response to specific 
TLR2 ligands and intact bacteria was 
reviewed. Coreceptors for TLR2 were found 
to act as capture receptors of microbial 
ligands and to deliver ligands to TLR2 heter-
odimers, which leads to receptor activation. 
In addition, PRRs function as signal modifi-
ers via the intersection of signal transduc-
tion pathways initiated by TLR2 and 
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coreceptors. Analysis of the literature on 
non-TLR PRR interactions with intact bacte-
ria highlighted that, compared to work 
relating to pathogens, a knowledge gap 
exists with regard to the interaction of 
these coreceptors with commensals and 
also with (potential) probiotics. 

An important part of the probiotic effector 
molecules reside in the bacterial cell wall 
envelope, which is the first part of the 
microbe that is in contact with host cells. 
The cell wall of gram-positive bacteria, such 
as lactobacilli and bifidobacteria, is made up 
of layers of peptidoglycan, teichoic acids, 
lipoproteins, capsular polysaccharides and 
glycosylated proteinaceous ligands [21-23]. 
However, the presence and composition  
of these effector molecules is highly bacte-
rial species- and strain-specific and are 
potentially important factors in the strain- 
and species probiotic effects that are 
observed [23]. Moreover, based on the 
review presented in Chapter 2 indicating 
that many non-TLR PRRs interact with these 
probiotic effector molecules, it would be 
logical to argue that the complement of 
host-cell PRRs that interacts with the benefi-
cial bacteria contributes to the perceived 
health benefits of probiotics. However, to 
date, detailed analysis such as gene-trait 
matching exercises, as currently being per-
formed on strains of lactobacilli to identify 
microbial genes related to host-microbe 
interaction [24], or intestinal colonization 
fitness [25] are lacking with regard to the 
PRRs that interact with probiotic effector 
molecules. 
Identification of all PRRs involved would 
greatly contribute to understanding the 
precise molecular mechanisms by which 
probiotic effector molecules contribute to 
host-immune responses. Moreover, such 
information would enable a more rational 
selection procedure of potential probiotic 

bacteria to induce specific effects in the 
host.

TLR2, inflammatory and  
regulatory responses in innate 
and adaptive immunity 
TLR2 is not only known to interact with a 
wide variety of coreceptors, TLR2 signaling 
has also been associated in literature with a 
wide variety of functional immunological 
responses, including more pro-inflammatory 
effects such as DC maturation, as well as 
more anti-inflammatory outcomes such as 
stimulating regulatory T-cell differentiation. 
The role of TLR2 signaling in cytokine pro-
duction by cells of the innate and adaptive 
immune cells may provide more insight into 
this wide variety of immunological out-
comes, especially by focusing on IL-10 and 
IL-12. 
Induction of cytokine production is one of 
the immunoregulatory functions of probiot-
ics. In particular, the release of IL-12 and 
IL-10 from immune cells induced by probiot-
ics has been researched in great detail, 
because the ratio between IL-10 and IL-12 
release is critical in the determination and 
the direction of the immune response. 
IL-10 is a cytokine with anti-inflammatory 
actions, and defective IL-10 production is 
linked with certain autoimmune and inflam-
matory diseases [26]. In contrast, IL-12 is a 
proinflammatory cytokine and plays an 
important role in cell-mediated immunity 
towards auto-immunity, cancer and micro-
bial infections [27]. To date, there have been 
only few reports describing the active probi-
otic-derived component that induces IL-10 
or IL-12 production. 
Due to the complexity in purification of the 
active microbial compounds and the bio-
logical variation in molecular make-up of 
the building blocks of probiotics, investiga-
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tors generally have resorted to the use of 
molecular mimetics of bacterial products, 
such as tri or diacylated lipopeptides mim-
icking cell wall lipopeptides (PAM₂CSK₄, 
PAM₃CSK₄, FSL-1, MALP-2; TLR2 ligands), 
N-acetylmuramyl-L-alanyl-D-isoglutamine 
(MDP; NOD2 ligand) and gamma-D-gluta-
myl-meso-diaminopimelic acid (iE-DAP; 
NOD1 ligand) as synthetic fragments of 
peptidoglycan and unmethylated CpG dinu-

cleotides (TLR9 ligands) mimicking bacterial 
DNA. These mimetics have helped to identify 
the different TLRs and their contribution to 
cytokine production following activation. 

Role of TLR2 in the induction of IL-10 and 
IL-12 by cells of the innate immune system
Innate immune cells (especially DCs) direct 
the adaptive immune system, not only by 
presenting antigens to T-cells, but also by 

Figure 1. 
TLR2 signaling. After ligand binding and TLR2 heterodimerization, the intracellular adaptors MyD88 and 
TIRAP/Mal are recruited which initiates signal transduction, leading to activation of MAPK pathways and 
NFκB. Activation of the MAPKs JNK and p38 results in AP-1 activation, while activation of the MAPK TLP2 
initiates the TPL2-MKK-ERK pathway. Internalized receptor complex can additionally activate by an 
unknown pathway IRF1 and IRF7. Translocation of NFκB, AP-1, ERK and IRF to the nucleus initiates gene 
transcription. AP-1 and NFκB regulate transcription of inflammatory cytokines. ERK regulates transcription 
of the anti-inflammatory IL-10 but also prevents activation of IRFs. IRFs regulate transcription of IL12p35 
and the interferons IFNα and IFNβ. Apart from the induction of cytokines, TLR2 signaling also induces 
transcription of molecules which regulate antigen presentation and co-stimulation.
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providing costimulation and cytokines [28]. 
Activation of TLR2 induces DC maturation 
and the production of cytokines that 
promote T-cell differentiation via distinct 
signaling pathways originating from both 
the cell surface and from intracellular com-
partments (Figure 1). 
Activation of TLR2 leads to activation of both 
mitogen-activated protein kinase (MAPK) 
and nuclear-factor-κB (NFκB) pathways 
[29,30]. Different from surface TLR2 activa-
tion, TLR2 activation from endosomes leads 
to the recruitment of the interferon-regula-
tory factor (IRF) family of transcription 
factors [31,32]. MAPK-pathway and NFκB 
activation leads to induction of pro-inflam-
matory cytokines such as, IL-6, IL-8, TNFα 
and IL12p40 but also the anti-inflammatory 
IL-10 [33] while activation of IRF leads to the 
production of type I interferons (IFN) IFNα 
and IFNβ but also IL12p35 [32,34]. It is 
important to note that biologically active 
IL-12 (also referred to as IL-12p70) is com-
posed of the IL-12p40 and IL-12p35 subunits. 
In contrast to IL-12p35, IL-12p40 subunits 
can be released as separate molecules but 
also as IL-12p40 dimers, which are thought 
to have an inhibiting effect on IL-12p70 
mediated functions [35].
TLR2 activation of innate immune cells, of 
both human and murine origin, generally 
leads to induction of IL-10 and IL-12p40 
while IL-12p35 or type I IFNs are not 
expressed [36-42]. Moreover, IL-10 release is 
significantly enhanced upon co-stimulation 
with other TLRs such as TLR4, TLR9, TLR7/8 
or NLRs such as NOD2 [37, 38, 42]. In con-
trast, IL-12 and IFNβ release following acti-
vation of TLRs such as TLR4, TLR9 and TLR7/8 
is abrogated upon simultaneous activation 
of TLR2 [37,38,41,43]. TLR2 control over IL12 
and IFNβ release is mediated through acti-
vation of a specific subset of the MAPK 
pathway i.e. the tumor progression locus 2 
(TPL2)-MEK-ERK pathway [41, 44].

Differentiation of T-cells into proinflamma-
tory IFNγ-producing Th1 cells or anti-inflam-
matory IL-10-producing T regulatory type 1 
(Tr1) cells and IL-4-producing Th2 cells is 
linked to the ratio between IL12 and IL10 
produced by DCs [45]. Due to their activa-
tion of TPL2 and ERK, many TLR2 ligands 
induce weak, or no IL-12 production and 
therefore preferentially mediate Th2 and 
Tr1 responses [46]. Interestingly, differential 
activation of TLR2 heterodimers by specific 
ligands (PAM₃CSK₄; TLR2/1 and FSL-1; 
TLR2/6) leads to a difference in capacity to 
induce Tr1 cells [36]. Compared to FSL-1 
activation of bmDCs, PAM₃CSK₄ activation 
of TLR2 led to reduced ratio of IL-10: IL12p40 
which was reflected in a reduced capacity 
to induce IL-10 producing T-cells and an 
increased capacity to induce IFNγ producing 
T-cells [36].
It is generally assumed that TLR2 activation 
takes place from the cell surface, however, 
several studies have identified the presence 
of TLR2 in endosomal compartments [47,48]. 
Therefore, the current signaling model for 
TLR2 [31,49], in analogy to the signaling 
model for TLR4 [50], suggest that TLR2 acti-
vation induces a biphasic response. TLR2 
activation at the cell surface induces the 
MyD88-MAPK-NFκB pathway which not only 
activates the transcription of genes, but also 
induces the uptake and trafficking of the 
TLR2 complex into endolysosomal compart-
ments where IRFs are recruited to MyD88 
[31, 32]. Indeed, both PAM₃CSK₄ as well as 
MALP-2, ligands for TLR2/1 and TLR2/6 
respectively, induce IFNβ release. This 
process was found depend on ligand uptake 
and the activation of IRF1 and IRF7. Blocking 
of ligand uptake abrogated IFNβ release, but 
not TNFα release, indicating the importance 
of endosomal TLR2 signaling for IFNβ release. 
This also indicates that TLR2 signals from 
the cell surface leading to the induction of 
proinflammatory cytokine release [31]. 
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Overall, researchers can use TLR mimetics as 
an alternative to the more complex collec-
tion of PRR-ligands, which are microbes. 
These tools enabled researchers to map out 
the contribution of TLR2 signaling to inflam-
matory and anti-inflammatory actions by 
cells of the innate immune system. However, 
it remains to be determined in how predic-
tive TLR-mimetics are for the interaction of 
probiotics with host-cells. For example, 
although TLR2 mimetics might be based on 
actual bacterial expressed lipopeptides, 
they provide only a very minute representa-
tion of the structural variety in bacterial 
expressed lipopeptides that are key to 
many functions that are important to the 
microbe [51]. 
Since the molecular make-up of the TLR2 
ligand determines its activity (reviewed in 
chapter 2), the diversity in microbial 
expressed TLR2 ligands and their additional 
activation of PRRs might therefore partly 
underlie the strain-dependent immunostim-
ulatory effects that are often observed [23]. 
Regardless, TLR2 offers an attractive recep-
tor candidate to target with probiotics in 
acute inflammatory diseases of the intes-
tines [52] but also in health. This is due to its 
supporting role in Treg differentiation and 
function [53] which is important in the 
maintenance of intestinal homeostasis [54].

Differential interaction of  
dendritic cells with bifido- 
bacteria or lactobacilli
Surface versus endosomal TLR2 
activation
How lactobacilli and bifidobacteria are rec-
ognized by DCs might depend on their dif-
ferent use of PRRs. Chapter 3 aimed to 
identify PRRs or intracellular pathways that 
are differentially activated upon interaction 

of human DCs with strains of bifidobacteria 
and lactobacilli (Figure 2). The strains of 
bifidobacteria tested, in contrast to the lac-
tobacillus strains, induced surface TLR2 
signaling, as measured via activation of the 
NFκB-reporter in non-phagocytic TLR2 and 
TLR6 transfected human embryonic kidney 
(HEK) cells. This suggests that surface TLR2 
activation might discriminate between 
lactobacilli and bifidobacteria. However, 
strains of lactobacilli were capable of induc-
ing DC cytokine release in a TLR2-dependent 
matter. Blocking TLR2 on these DCs led to an 
increase in cytokine production of TNFα and 
IL-12p70 after stimulation with lactobacilli. 
This is in agreement with previous findings 
showing that both a selection of lactobacilli 
and bifidobacteria induced TLR2-dependent 
cytokine production in murine bone-mar-
row-derived dendritic cells (bmDC) [55]. 
Moreover, using bmDCs from TLR2 knockout 
animals, differential effects were observed 
regarding the role of TLR2 signaling in 
responses to lactobacilli and bifidobacteria. 
For example, the absence of TLR2 in bmDCs 
led to a decrease in IL-12p70 release after 
stimulation with lactobacilli, in contrast to 
stimulation with bifidobacteria, where an 
absence of TLR2 led to an increase in 
IL-12p70 release [55]. 
Additionally, both L. acidophilus and  
B. bifidum were shown to induce TLR2-
dependent cytokine release in bmDCs, 
however, only L. acidophilus induced TLR2-
dependent production of IL-12 and IFNβ, 
while B. bifidum was not able to do so [56]. 
Importantly, L. acidophilius was only able to 
do so after phagocytosis, as inhibition of 
phagocytosis completely inhibited bmDC 
production of IL-12 and IFNβ [56]. Differ-
ence in induction of IL-12 and IFNβ was 
later confirmed in an experiment using a 
more elaborate selection of lactobacilli (27 
strains) and bifidobacteria (16 strains), 
showing that bifidobacteria induce low 
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levels of IL-12 and no IFNβ and specific 
strains of lactobacilli induce high levels of 
IL-12 which strongly correlated with IFNβ 
release [57]. A potential explanation for 
these differences might lie with the differ-
ences in activation of TLR2 at the cell-surface 
versus TLR2 activation from endosomal 
compartments. Surface TLR2 signaling 
dependson the intracellular signaling adap-
tors MyD88 and Toll-Interleukin 1 Receptor 
(TIR) Domain Containing Adaptor Protein 
(TIRAP/MAL). This leads to activation of the 
transcription factors NFκB and AP-1 and the 
production of inflammatory cytokines, but 
not type I interferons (IFNα or IFNβ). 
To induce IFNβ production, TLR2 ligands 
need to be phagocytosed, leading to recruit-
ment of MyD88 to endosomal TLR2 and to 
the activation of the interferon response 
transcription factors necessary for the pro-
duction of IFNβ [31]. This correlates with the 
prerequisite of phagocytosis of L. acidophilus 
in order to induce IFNβ release [56]. 
In conclusion, we can hypothesize that bifi-
dobacteria preferentially induce surface 
TLR2 activity. Additionally, specific strains of 
lactobacilli are limited to inducing endoso-
mal TLR2 activity, which is linked to IL-12 and 
IFNβ release. 
A possible explanation of why certain lac-
tobacilli strains do not display surface 
TLR2 activity might be found in the obser-
vation that lactobacilli strain-dependently 
produce cell surface-associated polysac-
charides which shield cell envelope 
embedded host receptor ligands. The 
removal of the associated gene cluster 
significantly enhanced TLR2 activity [58]. 
Moreover, the presence or absence of wall 
teichoic acids (WTA), or their molecular 
makeup, is associated with differences in 
lactobacilli-induced DC cytokine responses, 
most likely due to a shielding effect of TLR2 
ligands [59]. 

NOD and TLR9 signaling
Following phagocytosis, cell wall degrada-
tion products and bacterial DNA become 
available for ligation by the intracellular 
receptors NOD2 and TLR9, respectively.  
In agreement with data presented in 
Chapter 3, bifidobacteria and lactobacilli 
were previously shown to activate bmDCs in 
a NOD2-depedent matter [55]. Similar to our 
observations, bmDCs from NOD2 knockout 
mice released lower levels of IL-12 and TNFα 
after stimulation with bifidobacteria and 
lactobacilli. 
How bacterial DNA influences host cellular 
responses is not well understood. TLR9 has 
long been recognized as a receptor involved 
in the recognition of unmethylated CpG 
sequences in DNA molecules. These so-
called CpG motifs are more common in bac-
terial DNA compared to mammalian DNA. 
However, next to TLR9, at least six other 
intracellular sensors of DNA have been iden-
tified, each of them engaging distinct cel-
lular signaling complexes and impacting on 
cellular responses [60]. Moreover, bacterial 
DNA harbors both suppressive and stimu-
lating sequences [61]. In addition to inter-
fering with TLR9 binding, suppressive DNA 
sequences bind and inhibit the function 
of signal transducer and activator of tran-
scription (STAT) proteins which regulate 
many functions of cytokine-induced cellular 
responses [62]. 
Regardless, TLR9-transfected HEK cells 
respond to bacterial DNA in a GC-content 
dependent fashion and intracellular delivery 
of DNA significantly lowered the TLR9 
activation threshold [63]. It remains to be 
determined whether or not the difference in 
GC-content between lactobacilli and bifi-
dobacteria (<40% for lactobacilli; >55% for 
bifidobacteria [11]) leads to differences in 
TLR9-mediated intracellular responses, or 
leads to a different modulation of DNA-
induced host responses due to a different 
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Figure 2. 
Bifidobacterium and Lactobacilli induced signaling. PRR signaling is initiated following binding of  
TLR2 and CLRs depending on the probiotic expressed surface molecules. CPS, EPS or WTAs might  
function to shield TLR2 ligands but also act as ligands for DC expressed PRRs. PRR activation initiates 
signal transduction resulting in the translocation to the nucleus of ERK, NFκB and AP-1. 
Upon phagocytosis of the probiotic, bacterial breakdown products (LTA, LP, CpG and PG fragments) 
become available for binding to TLR2, TLR9 or non-TLR PRRs (CLR). PG fragments from the phagosome  
via an unknown mechanism, become available for intracellular recognition by NOD receptors. Signal 
transduction initiated from the phagosome and intracellular NOD leads to translocation to the nucleus  
of IRF, NFκB and AP-1.Translocation of NFκB, AP-1, ERK and IRF to the nucleus initiates gene transcription. 
AP-1 and NFκB regulate transcription of inflammatory cytokines. ERK regulates transcription of the  
anti-inflammatory IL-10 but also prevents activation of IRFs. IRFs regulate transcription of IL12p35  
and the interferons IFNα and IFNβ. Apart from the induction of cytokines, TLR2 signaling also induces 
transcription of molecules which regulate antigen presentation and costimulation.
CPS = capsular polysaccharide, EPS = exopolysaccharides, WTA = wall techoic acid, CLR = C-type  
lectin receptor, LTA = lipotechoic acid, LP = lipopeptides, CpG = bacterial DNA, PG = peptidoglycan
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ratio between suppressive and stimulating 
DNA sequences.

Role of DC-SIGN
The C-type lectin receptor DC-SIGN is 
expressed by DCs and binds specific strains 
of lactobacilli, potentially via the expression 
of surface layer protein A, leading to induc-
tion of regulatory T-cells [64, 65]. DC-SIGN 
is a phagocytic receptor and ligand binding 
is quickly followed by internalization of the 
ligand-DC-SIGN complex [66]. 
The role of DC-SIGN in DC cytokine produc-
tion following stimulation with bifidobacte-
ria and lactobacilli was studied in Chapter 3. 
Blocking DC-SIGN led to a strain-dependent 
increase in IL-10, IL-12, IL6 and TNFα, poten-
tially indicating DC-SIGN as a negative regu-
lator of DC activation. Our data are in 
apparent contrast to previous work where it 
was shown that activating DC-SIGN contrib-
utes to TLR-induced DC activation; however, 
activation via TLR2 was not researched [67]. 
In agreement with our data, TLR2 activation 
of a murine dendritic cell line was attenu-
ated by the simultaneous incubation of the 
DC-SIGN ligand ManLAM (mannosylated 
lipoarabinomannan derived from Mycobac-
terium tuberculosis). Also, siRNA mediated 
knockdown of SIGNR1 (the mouse homo-
logue of DC-SIGN) inhibited the suppressive 
effects of ManLAM on FSL-induced DC 
cytokine release [68]. This suggests that 
indeed DC-SIGN activation inhibits TLR2 
activity. Moreover, DC-SIGN binding of 
Salp15 (salivary protein of Ixodes scapularis, 
a tick associated with Lyme disease) similarly 
led to a reduction of TLR2 activation induced 
DC cytokine release of IL6, IL-12 and TNFα, 
indicating DC-SIGN (and SIGNR1) as a nega-
tive regulator of TLR2 signaling [69]. 
Overall, this might indicate that DC-SIGN is a 
negative regulator of DC activation follow-
ing stimulation by specific strains of lactoba-
cilli and bifidobacteria. This has not been 

described in literature so far due to; (i) the 
differential effects of DC-SIGN triggering on 
TLR activation and (ii) a lack of studies cor-
relating bacterial DC-SIGN binding with 
effects on DC cytokine release. 

Effect on cells of the innate 
immune system
Activation of TLRs initiates multi-component 
inflammatory responses that are necessary 
to combat pathogens by driving innate 
responses and enhancing adaptive immu-
nity against intruders [70]. Since the intes-
tine is continuously exposed to large 
numbers of microbes, TLR-activation needs 
to be tightly controlled, as aberrant inflam-
matory responses can cause development 
of inflammatory bowel disease (IBD) [71]. 
Several mechanisms contribute to tran-
siently regulate TLR-signaling. These include 
alterations of the TLR signaling complex, 
inhibition of TLR signal transduction by 
inducible negative regulators and the pro-
duction of anti-inflammatory cytokines [72]. 
Another mechanism of TLR-activation 
control might be more long-lasting and is 
regulated via epigenetic mechanisms; it is 
thought to underlie the phenomenon of 
LPS tolerance [73]. Interestingly, TLR-activa-
tion might not only induce homologues 
tolerance, but also cross-tolerance, depend-
ing on the dose and type of ligand used [74]. 

Receptor cross-talk
In Chapter 4, we investigated whether 
simultaneous stimulation or prestimulation 
with probiotics induces cross-tolerance 
effects towards PRR-ligands or the IBD-
associated pathogen Candida albicans. 
In the first part of the study, simultaneous 
incubations were performed using the pro-
biotic bacteria B. breve, L. rhamnosus and  
L. casei together with a TLR4 ligand (LPS), 
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TLR2 ligand (Pam₃CSK₄) and a NOD2 ligand 
(MDP). Stimulating PBMCs, synergistic 
effects on IL-1β release could be observed 
between probiotics and LPS, as well as 
between probiotics and MDP for IL-6 release. 
Inhibitory effects on TNFα and IFN-γ release 
were observed when the lactobacilli strains 
were coincubated with Pam₃CSK₄. These 
finding likely reflect receptor cross-talk or 
intracellular signaling crosstalk events. 
Simultaneous incubations would not allow 
enough time for epigenetic programming 
effects to become apparent, thus, these 
effects are not a likely explanation for the 
observations. PRR collaboration and the 
resulting signaling cross-talk is a well 
described phenomenon [75-77]. 
Underhill [76] has proposed several theories 
as to why PRR cross-talk has evolved; these 
include (i) triggering multiple PRRs adds to 
the robustness of the host response towards 
a potential pathogen, (ii) engagement of 
multiple PRRs circumvents host genetic 
diversity (iii) engagement of multiple PRRs 
allows the system to scale the inflammatory 
response in accordance to the threat (addi-
tive or synergistic increase), (iv) when multi-
ple PRRs are involved, the system can tailor 
the immune response appropriate to the 
type of microbe encountered. 
The capacity of probiotics or probiotic 
effector molecules to modulate immune 
responses upon the simultaneous incuba-
tion with potential pathogens or specific 
TLR-ligands is well documented [78-84]. 
However, similar to our observations, the 
observed effects differed between different 
cytokines that were analyzed and showed a 
high bacterial strain and species-depend-
ency. Moreover, the precise mechanisms of 
action, by which PRR is involved or which 
signaling pathways are modulated, are not 
often investigated. Regardless, modulation 
of inflammatory responses via PRR-activa-
tion and/or signaling cross-talk effects could 

be regarded as a probiotic mechanism of 
action (Figure 3). 

Epigenetic mechanisms
The second topic described in Chapter 4 
deals with the effects of preincubating cells 
with B. breve, L. rhamnosus and L. casei and 
the resulting cytokine profile induced by 
specific TLR-ligands and C. albicans. Pres-
timulation of PBMCs with suboptimal 
dosages of probiotics followed by a stimu-
lation with C. albicans led to a decreased 
release of IL-17 and TNFα. These findings 
indicate that when cells are pretreated with 
specific probiotic strains they become less 
responsive to other stimuli. This can be 
regarded as inducting cross-tolerance. 
Immune responses have been classically 
divided into innate and adaptive. Cells of 
the innate immune system, such as mac-
rophages, granulocytes and DCs, express 
the largest complement of PRRs and form 
the first line of defense by effectively phago-
cytizing and killing pathogens. However, 
unlike the adaptive immune system, the 
innate immune system is not thought to 
confer long-lasting or protective immunity 
to the host. 
This view has been challenged recently,  
suggesting that cells of the innate immune 
system bear immunological memory char-
acteristics [85]. Indeed, prestimulating 
monocytes with the CLR Dectin-1 ligand 
β-glucan or C. albicans, followed by a seven-
day wash-out period and restimulation with 
C. albicans or different TLR-ligands resulted 
in enhanced cytokine release compared to 
naive stimulated monocytes. This process 
could be inhibited by using histone meth-
yltransferases which indicates changes in 
epigenetic mechanisms [86]. 
It was further shown that this effect was not 
limited to in-vitro experiments. Non-lethal  
C. albicans infection in mice was found to 
confer protection following a second lethal 
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infection of C. albicans, a process which was 
independent of T and B-cells, but dependent 
on monocytes [86]. The enhanced innate 
host defense following a secondary infec-
tion was coined ‘trained immunity’ [87] and 
different from the previously established 
LPS induced tolerance [73] although both 
effects are mediated through epigenetic 
programming. 
This would suggest that stimulation through 
different PRRs might have the opposite 
result following a secondary stimulus. 
Indeed, prestimulating monocytes with 
ligands for TLR2 (Pam₃CSK₄), TLR4 (LPS), 
TLR5 (flagellin), TLR3 (poly(I:C)) or TLR7/8 
(R848) induced tolerance, as opposed to 
prestimulation with ligands for Dectin-1 

(β-glucan), NOD1 (TriDAP) or NOD2 (MDP) 
which induced an enhanced response. Pres-
timulation of TLR9 (ODN M362) had neither 
a tolerance nor enhancing effect [88]. 
These effects were found to be highly 
dependent on the dose of ligand used to 
prestimulate monocytes. High dosages of 
TLR ligands could induce tolerance, while 
lower dosages of the same ligand resulted in 
enhanced responses [88]. One might infer 
that probiotic-mediated epigenetic pro-
gramming contributes to the enhanced 
natural immunity observed in healthy vol-
unteers. Dietary consumption of probiotics, 
or taking probiotic supplements, increased 
phagocytic function and microbicidal 
capacity of innate cells, but also decreased 

Innate immunity
Mechanism: Receptor cross-talk

Effect: Probiotic mediated 
modulation of pathogen 
induced cytokine 
response

Duration: acute effect

Mechanism:  
Epigenetics

Effects: Probiotic 
induced ‘tolerance’  
or ‘trained’ innate 
response following  
secondary triggering 

Duration: long-lasting

Adaptive immunity
Mechanism: Indirect via probiotic 

induced IEC soluble factors; 
Indirect via probiotic induced 

changes in SCFA profile; 
Direct via probiotic 

induced tolerogenic DCs

Effect: Induction of Tregs

 Duration:  
 Long-lasting
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polarization?
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Figure 3. 
Effects of probiotics on innate and adaptive immunity. Probiotics mediate several different effects on 
cells of the innate and adaptive immune system. Probiotics may directly modulate patterns of innate cell 
cytokine release following pathogenic or commensal triggering. Probiotics may also infer a long-lasting  
effect on innate cells via epigentic programming leading to tolerance or ‘training’ effects. Probiotics may 
indirectly shape adaptive immunity via induction of tolerance-inducing factors from IECs, or via changing 
the composition of the microbiota and subsequent ratio between different SCFAs, or via induction of 
tolerogenic DCs. It is unclear whether probiotics directly interact with TLRs expressed by T-cells.  
IEC = intestinal epithelial cell, SCFA = short-chain fatty acid, DC = dendritic cell, Treg = regulatory T-cell
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inflammatory responses after ex-vivo TLR-
ligand stimulation of peripheral blood 
mononuclear cells [89-94]. However, formal 
evidence of probiotic induced epigenetic 
programming of innate cells resulting in 
either tolerance or training effects is lacking. 
In contrast, probiotic-induced epigenetic 
programming of IECs was shown to underlie 
an attenuated LPS-induced expression and 
release of IL-17 and IL-23 in a 3D co-culture 
of IECs and PBMCs [95]. 
The data presented in Chapter 4 and the 
above mentioned published data would 
warrant research into probiotics as modula-
tors of innate epigenetic programming, 
potentially contributing to the mechanism 
of action of probiotics.

Effects on cells of the adaptive 
immune system
PRR-induced signals control both innate and 
adaptive immunity. While some PRRs (e.g. 
TLRs) are able to induce both T and B-cell 
responses by themselves, others PRRs (e.g. 
scavenger receptors and C-type lectin recep-
tors) require additional stimuli to induce 
adaptive immunity [96-98]. PRR activation 
induces DC maturation which is accompa-
nied by the upregulation of co-stimulatory 
molecules, release of cytokines and upregu-
lation of major histocompatibility complex 
class II molecules required for the activation 
of adaptive immunity [99,100]. 
In Chapter 5 of this thesis, we examined the 
capacity of B. breve and L. rhamnosus to 
induce T-cell subsets in-vitro and investi-
gated whether this would translate to in-vivo 
effects using a mouse model of IBD, a disease 
linked with aberrant T-cell responses [101]. 

In-vitro effects of probiotics on T-cells
Stimulating PBMCs with both L. rhamnosus 
and B. breve increased the number of Th2 

cells and decreased the number of Th17 
cells. L. rhamnosus did not alter the amount 
of Treg cells and Th1 cells compared to 
control. In contrast, stimulation with B. breve 
led to an increased number of Treg cells and 
a reduced number of Th1 cells. 
Probiotics were previously researched for 
their capacity to direct T-cell polarization 
following in-vitro PBMC stimulations with a 
focus on the induction of Tregs, and, similar 
to our data, induction of the Treg subset 
was highly strain-dependent [65, 102, 103]. 
Nonetheless, specific probiotics induced de 
novo functional Treg differentiation which 
was stable for at least 10-days. This was 
independent of IL-10 production [103].  
The mechanism of Treg induction in the 
co-cultures remains unclear but could be 
mediated via IL-2 and TGFβ-release [102] 
cytokines which are critically important  
in the generation of Foxp3+CD4+ Tregs 
[104, 105]. Moreover, TLRs are also expressed 
on T-cells [106], and TLR stimulation has 
been shown to activate T-cells [107] and 
drive T-cell polarization [108]. This suggests 
that probiotics might induce T-cell polari-
zation and regulate T-cell function indirectly 
via innate cells, but also directly by activat-
ing TLRs on T-cells (Figure 3).

In-vitro effects of probiotics on T-cells
In agreement with the in-vitro data, supple-
menting mice in-vivo with B. breve but not  
L. rhamnosus induced a relative increase in 
Foxp3 gene-expression in the colon of both 
healthy and diseased mice. In parallel, upon 
histological analysis of the colon of both 
healthy and diseased B. breve supplemented 
mice, an increased number of Foxp3+ cells 
could be observed compared to control 
mice. This indicates an increased presence 
of Tregs. L. rhamnosus supplemented mice 
showed no such increase in Foxp3+ cells 
compared to control. Accordingly, only  
B. breve supplementation was found to 
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ameliorate IBD symptoms in diseased mice 
potentially via the induction of Tregs. 
Exactly how probiotics induce Tregs in-vivo 
is largely unknown. It is hypothesized that 
probiotics may influence adaptive intestinal 
immune responses through several different 
pathways: (i) probiotic-induced IEC release 
of soluble factors, driving the differentiation 
of non-inflammatory and tolerogenic DCs 
[109]; (ii) sampling of probiotics by CD103+ 
DCs resident in small intestine Peyer’s 
Patches, influencing resident T-cells or T-cells 
in the mesenteric lymph nodes [110]; (iii) 

probiotic capture by any of the subtypes of 
DCs which are resident in the intestinal 
lamina propria having differential influence 
on T-cells [111]; and finally (iv) through  
probiotic induced changes in fermentation 
leading to an altered short-chain fatty acid 
profile, influencing colon T-cell homeostasis 
[112]. Overall, specific strains of probiotics 
are linked with the in-vivo induction of Tregs 
(Chapter 5 and [113-118]) which is governed 
not only by their microbiological and immu-
nological characteristics, but also in which 
part of the intestine they interact with host 

Innate  
immunity

Adaptive 
immunity

Host factors
Effects on probiotic/commensal- 
host interaction
Mechanism: Scavenging probiotic 
MAMPs; Attachment to bacterial surface

Effect: Altered innate/adaptive response 
due to prevention of TLR-activation  
and/or effects on phagocytosis

Extracellular vesicles

Lipoproteins
Effects on microbiota?
Mechanism:  
Attachment to bacterial surface

Effects:  
Prevent host-bacteria interaction?  
Change in microbiota composition?

Discussion

Figure 4. 
Host factors modulate microbe-host interactions. Extracellular vesicles (EVs) and lipoproteins interact 
with probiotic and commensal-expressed MAMPs which subsequently affects host-microbe interactions. 
It is currently unclear whether EVs and lipoproteins also mediate effects on the microbiota composition. 
MAMP = microbe-associated molecular pattern.
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cells. Probiotics might induce Tregs in the 
small intestine, while simultaneously induc-
ing CD4 and CD8 T cell activation in the 
colon [118].

Host factors that modulate TLR 
activation
Role of extracellular vesicles
In a previous paragraph, the importance of 
controlling PRR activation to maintain 
intestinal homeostasis is discussed. Data 
presented in Chapters 6 & 7 suggest two 
additional host-derived factors that influ-
ence bacterial-induced TLR activation 
(Figure 4). 
Chapter 6 reports on extracellular vesicles 
(EV) and their effect on TLR activation by 
specific ligands and the bacterial strains  
B. breve and L. rhamnosus. It is also shown 
that EVs are involved in bacterial aggrega-
tion and DC phagocytosis. 
Almost all cells release membrane microves-
icles and nanovesicles of various types, col-
lectively termed extracellular vesicles [119]. 
Their role in the regulation of immune 
responses has been recently reviewed [120] 
and the implicated mechanisms of action 
include; (i) antigen presentation to T-cells; 
(ii) activation of immunity; and (iii) immuno-
suppression. 
All of these mechanisms involve modifying 
the cellular responses of the target cell. Data 
presented in Chapter 6 proposes an addi-
tional mechanism of immune regulation. 
EVs might primarily interact with bacteria 
and bacterial ligands and, as a consequence, 
affect host-immunity rather than specifically 
aimed to modify target cell responses. 
This hypothesis is supported by several lines 
of evidence; (I) EVs show differential immu-
nosuppressive effects on different TLR2 
ligands targeting the same TLR. It is gener-
ally accepted that TLR2/1 and TLR2/6 share 

the same signal transduction pathway. 
However, EVs attenuated TLR2 responses to 
FSL-1 and LTA (TLR2/6), but did not affect 
the response to Pam₂CSK₄ (TLR2) and an 
enhanced response to Pam₂CSK₄ (TLR2/1). 
These responses cannot easily be explained 
by EVs modulating intracellular responses. 
Rather, it suggests that EV scavenge TLR 
ligands based on their molecular make-up. 
(II) Co-culture of EVs with bacteria leads to 
bacterial aggregation. Although not for-
mally demonstrated, this strongly suggests 
that EVs interact with bacterial surfaces and 
do so by acting like a molecular glue sticking 
bacteria together. (III) EVs support bacterial 
phagocytosis. Building on the premise that 
EVs bind bacterial surfaces, this could lead 
on the one hand to blocking access to bacte-
rial expressed MAMPs. On the other hand, 
this could also enrich the ligand repertoire 
by providing EV expressed adhesion  
molecules for the recipient cell to interact 
with. Indeed, EVs were shown to increase 
phagocytic responses to both B. breve and  
L. rhamnosus. This was more obvious for  
L. rhamnosus, a bacterium that does not 
induce surface TLR responses and where 
phagocytosis was critically dependent on 
the presence of EVs. 
Although data presented in Chapter 6 were 
obtained with EVs derived from serum, EVs 
in the intestinal tract have been shown to 
play a part in the host-response against the 
microbiota such as regulation of the adap-
tive response to the microbiotia and luminal 
antigens [121]. Our hypothesis on EVs inter-
acting with the bacterial cell envelope at 
intestinal surfaces is supported by the find-
ings of Hu et al. [122]. Here it was shown 
that Infection by the parasite Cryptosporid-
ium parvum lead to an increased luminal 
release of EVs. Also, released EVs were for-
mally demonstrated to bind to C. parvum, 
necessary for their anti-C. parvum activity. 
Although C. parvum is a protozoan, which is 
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different from a bacterium, this nevertheless 
suggests a role for luminal released EVs in 
the host response to the microbiota medi-
ated by EV-microbe attachment. 

Role of (apo)lipoproteins
The small intestine is a specialized compart-
ment that is critically important in digestion 
and the subsequent absorption of break-
down products from proteins, lipids and 
carbohydrates. The breakdown products 
directly diffuse into the circulation or get 
processed and collected into the lymphatics 
before entering the circulation. 
IECs are protected from direct interaction 
with the microbiota by the mucus that 
physically separates the lumen from the 
epithelium. Moreover, Paneth cells release 
antimicrobial peptides to sanitize the mucus 
layer. In the context of inflammation, circu-
lating lipids have long been recognized as 
part of the innate immune system, playing 
an important role in host defense against 
infection [123,124]. For example, lipopro-
teins including LDL, VLDL, HDL and chylomi-
crons can bind and neutralize TLR ligands, 
such as LTA and LPS, and viruses. 
Data presented in Chapter 7 shows that 
lipoproteins not only neutralize bacterial 
ligands, but also attenuate TLR responses 
against bacteria. Therefore, at the mucosal 
surface, lipoprotein secretions may contrib-
ute to maintaining immune homeostasis. 
Exactly how lipoproteins interact with 
MAMPs is unknown. It could be mediated via 
electrostatic interactions between the apoli-
poprotein content of lipoproteins and the 
bacterial cell-envelope [125] but also via 
acute-phase proteins associated with lipo-
proteins [124]. 
Inflammation induces the hepatic produc-
tion and release of acute phase proteins 
such as LPS-binding protein (LBP) and serum 
amyloid A (SAA). In the circulation, they are 
associated with HDL and are recognized for 

their capacity to interact with MAMPs [126, 
127]. In parallel, inflammatory cytokines also 
induce the release of LBP and SAA from IECs 
[128] which are secreted basolaterally as 
well as apically [129]. Also, apolipoproteins 
are found to be secreted towards the luminal 
side. It remains to be determined whether 
these are ‘free’ apolipoproteins [130] or if 
they are associated with lipoproteins [131]. 
Overall, small intestine produced lipopro-
teins, due to their proximity to microbes, 
modulate microbe-host responses via TLR-
dependent mechanisms. It would be tempt-
ing to speculate that the described 
mechanism might underlie the differences 
in microbiota observed between the apoli-
poprotein ApoA1-knockout and wildtype 
mice, raised in the same room and fed the 
same diet [132]. 
Food is recognized as the most important 
factor in shaping the microbiota, which is 
logical considering it supplies the fuel for 
bacterial growth. However, changes in the 
dietary fatty acid content (i.e. a change from 
saturated to unsaturated fatty acids) of food 
determines the amount and content of cir-
culating lipoproteins [133]. Therefore, it 
could therefore also shape the microbiota 
from a host perspective. Moreover, when 
probiotics are supplied as part of a diet con-
taining fatty acids, it would be interesting 
to determine how a change in fatty acid 
content would affect the beneficial probi-
otic effect. In support of this hypothesis, a 
diet rich in flaxseed/fish oil significantly 
increased the intestinal populations of 
Bifidobacteriaceae and Bifidobacterium, at 
the family and genus level, respectively 
[134,135]. A similar effect was observed 
for specific strains of Lactobacilli and sug-
gested to improve the probiotic effect [136].
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Concluding remarks
Worldwide, food and dietary supplement 
companies are continuously developing 
new nutritional concepts that could improve 
digestion, boost immunity and confer other 
health benefits. Consumer awareness 
regarding gut health has played a key role in 
market growth for these products and, 
therefore, an important marketing strategy 
is the ability to label these foods with a 
health claim. However, to petition regula-
tory authorities for a health claim, compa-
nies will have to describe and name the 
active ingredients in the product and 
provide evidence of efficacy. 
Probiotics can be considered a beneficial 
food supplement because they are per-
ceived to provide a health benefit beyond 
traditional nutrition function [137]. 
To apply for a health claim it is therefore 
crucial to identify the precise mechanisms by 
which such probiotic microorganisms affect 
human health. Although it is a relatively 
straightforward procedure to sequence the 
entire genome of the probiotic microorgan-
ism, this reveals very little information 
regarding the probiotic effector molecules 
[138]. The quest for the identification of 
probiotic effector molecules and thereby 
revealing the molecular basis for their 
health-promoting activities has led to the 
development of new initiatives such as; (I) 
The identification of probiotic genes that 
allow for the adaptation for probiotics to the 
human gut niche [11]. (II) The identification 
of pathways that are important in the break-
down of prebiotics by human gut bacteria 
[139]. (III) The identification of probiotic 
expressed genes or commensal bacteria that 
have an immunomodulatory effect [24,140-
142]. (IV) Comparative genomics on probiotic 
strains to address gene-phenotype matching 
[25,143-145]. 
In contrast, literature describing gene-trait 

matching efforts aimed at identifying host 
receptors, other than TLRs, that play a role 
in the recognition of probiotics is lacking. 
Lessons could be learned from studies 
describing host-pathogen interactions 
which indicate how the use of non-PRR 
signaling modifies TLR-responses (Chapter 2 
and [146]). 
To move the field of probiotic research 
forward it is crucial to identify the precise 
mechanisms by which specific probiotic 
bacteria influence human health. This thesis 
aimed to highlight the different aspects that 
govern the cellular interactions between 
probiotic bacteria and the host which is part 
of the overall mechanism of action of probi-
otics. TLRs have been the focus of much 
research up-to-date and have provided a 
tremendous insight into how the host per-
ceives probiotics, commensals and patho-
gens. However, while it is clear that activation 
of TLRs drive inflammatory processes it is 
much less clear how other PRRs contribute 
to these effects. While TLRs function as 
sensors of ‘danger’, non-TLR PRRs might 
fulfill the more important role of recogniz-
ing the microbial cell envelop, inducing 
phagocytosis and assist in loading of 
MAMPs onto TLRs. Identification of non-TLR 
PRRs involved in the interaction with 
microbes (and more specifically; probiotic 
bacteria) and mapping out their associated 
signal-transduction pathways would greatly 
facilitate probiotic research. 
For example, current microarray analysis 
depends on ranking of differences in gene 
expression, but also upon identification of 
signaling-pathways that are differentially 
regulated [147]. These pathway analyses are 
driven by the knowledge that is gathered 
from the literature concerning receptor 
signaling pathways induced by specific trig-
gers. 
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Currently, one of the challenges of pathway 
analysis is the lack of condition and cell-
specific information [147]. Most pathways 
available in the databases are ‘generic’ and 
therefore lack information on the cell-types 
or tissues in which the activity takes place 
[148]. For example, the most recent compre-
hensive pathway of TLR4 [149] shows MAP-
kinases as important components in signal 
transduction. However, it does not mention 
that certain MAP-kinases can have funda-
mentally different roles in epithelial cells 
and myeloid cells [150]. Moreover, it also 
does not incorporate pathways induced 
via potential TLR4 co-receptors which are 
described to affect TLR4 signal transduction 
[151]. 
Therefore, analysis of host transcriptome 
responses following microbial triggering 
would be greatly facilitated by the use of a 
more precise model describing the detailed 
interactions of probiotic interactions with 
epithelial cells and immune cells. Models 
incorporating TLR and non-TLR PRR signal 
transduction components and their interac-
tions improve the strategy to select specific 
probiotics and would increase our under-
standing of the functional attributes of 
current probiotics in a more specific way.

Discussion



160

1.   WHO: Global status report on noncommunica-
ble diseases 2010; http://www.who.int/nmh/
publications/ncd_report2010/en/.

2.   Adeyemo A, Rotimi C (2010) Genetic variants 
associated with complex human diseases show 
wide variation across multiple populations. 
Public Health Genomics 13: 72-79.

3.   Karczewski J, Poniedzialek B, Adamski Z, Rzymski 
P (2014) The effects of the microbiota on the 
host immune system. Autoimmunity: 1-11.

4.   Jones ML, Ganopolsky JG, Martoni CJ, Labbe A, 
Prakash S (2014) Emerging science of the human 
microbiome. Gut Microbes 5.

5.   Macia L, Thorburn AN, Binge LC, Marino E, Rogers 
KE, et al. (2012) Microbial influences on epithelial 
integrity and immune function as a basis for 
inflammatory diseases. Immunol Rev 245: 164-176.

6.   Spor A, Koren O, Ley R (2011) Unravelling the 
effects of the environment and host genotype 
on the gut microbiome. Nat Rev Microbiol 9: 
279-290.

7.   Maslowski KM, Mackay CR (2011) Diet, gut 
microbiota and immune responses. Nat 
Immunol 12: 5-9.

8.   Blaser M (2011) Antibiotic overuse: Stop the 
killing of beneficial bacteria. Nature 476: 393-394.

9.   Hwang JS, Im CR, Im SH (2012) Immune disor-
ders and its correlation with gut microbiome. 
Immune Netw 12: 129-138.

10.   Dominguez-Bello MG, Costello EK, Contreras M, 
Magris M, Hidalgo G, et al. (2010) Delivery mode 
shapes the acquisition and structure of the 
initial microbiota across multiple body habitats 
in newborns. Proc Natl Acad Sci U S A 107: 
11971-11975.

11.   Ventura M, O’Flaherty S, Claesson MJ, Turroni F, 
Klaenhammer TR, et al. (2009) Genome-scale 
analyses of health-promoting bacteria: 
probiogenomics. Nat Rev Microbiol 7: 61-71.

12.   Bermudez-Brito M, Plaza-Diaz J, Munoz-Quezada 
S, Gomez-Llorente C, Gil A (2012) Probiotic 
mechanisms of action. Ann Nutr Metab 61:  
160-174.

13.   Ng SC, Hart AL, Kamm MA, Stagg AJ, Knight SC 
(2009) Mechanisms of action of probiotics: 
recent advances. Inflamm Bowel Dis 15: 300-310.

14.   Boirivant M, Strober W (2007) The mechanism of 
action of probiotics. Curr Opin Gastroenterol 23: 
679-692.

15.   Gogineni VK, Morrow LE, Malesker MA (2013) 
Probiotics: Mechanisms of Action and Clinical 
Applications. J Prob Health 1: 101-111.

16.   Fenton MJ, Golenbock DT (1998) LPS-binding 

proteins and receptors. J Leukoc Biol 64: 25-32.
17.   Manukyan M, Triantafilou K, Triantafilou M, 

Mackie A, Nilsen N, et al. (2005) Binding of lipo-
peptide to CD14 induces physical proximity of 
CD14, TLR2 and TLR1. Eur J Immunol 35: 911-921.

18.   Triantafilou M, Triantafilou K (2005) The dynamics 
of LPS recognition: complex orchestration of 
multiple receptors. J Endotoxin Res 11: 5-11.

19.   Triantafilou M, Brandenburg K, Gutsmann T, 
Seydel U, Triantafilou K (2002) Innate recognition 
of bacteria: engagement of multiple receptors. 
Crit Rev Immunol 22: 251-268.

20.   Underhill DM, Ozinsky A (2002) Phagocytosis  
of microbes: complexity in action. Annu Rev 
Immunol 20: 825-852.

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

22.   Kleerebezem M, Hols P, Bernard E, Rolain T, Zhou 
M, et al. (2010) The extracellular biology of the 
lactobacilli. FEMS Microbiol Rev 34: 199-230.

23.   Bron PA, Tomita S, Mercenier A, Kleerebezem M 
(2013) Cell surface-associated compounds  
of probiotic lactobacilli sustain the strain-
specificity dogma. Curr Opin Microbiol 16:  
262-269.

24.   Meijerink M, van Hemert S, Taverne N, Wels M, de 
Vos P, et al. (2010) Identification of genetic loci 
in Lactobacillus plantarum that modulate the 
immune response of dendritic cells using 
comparative genome hybridization. PLoS One 5: 
e10632.

25.   Kant R, Rintahaka J, Yu X, Sigvart-Mattila P, Paulin 
L, et al. (2014) A Comparative Pan-Genome 
Perspective of Niche-Adaptable Cell-Surface 
Protein Phenotypes in Lactobacillus 
rhamnosus. PLoS One 9: e102762.

26.   O’Garra A, Barrat FJ, Castro AG, Vicari A, 
Hawrylowicz C (2008) Strategies for use of IL-10 
or its antagonists in human disease. Immunol 
Rev 223: 114-131.

27.   Trinchieri G (2003) Interleukin-12 and the 
regulation of innate resistance and adaptive 
immunity. Nat Rev Immunol 3: 133-146.

28.   Janeway CA, Jr., Medzhitov R (2002)  
Innate immune recognition. Annu Rev Immunol 
20: 197-216.

29.   Kawai T, Akira S (2010) The role of pattern-
recognition receptors in innate immunity: 
update on Toll-like receptors. Nat Immunol 11: 
373-384.

References

Chapter eight



161

30.   Arthur JS, Ley SC (2013) Mitogen-activated 
protein kinases in innate immunity. Nat Rev 
Immunol 13: 679-692.

31.   Dietrich N, Lienenklaus S, Weiss S, Gekara NO 
(2010) Murine toll-like receptor 2 activation 
induces type I interferon responses from 
endolysosomal compartments. PLoS One 5: 
e10250.

32.   Honda K, Taniguchi T (2006) IRFs: master 
regulators of signalling by Toll-like receptors 
and cytosolic pattern-recognition receptors. 
Nat Rev Immunol 6: 644-658.

33.   Akira S, Uematsu S, Takeuchi O (2006)  
Pathogen recognition and innate immunity. 
Cell 124: 783-801.

34.   Liu J, Cao S, Herman LM, Ma X (2003) Differential 
regulation of interleukin (IL)-12 p35 and p40 
gene expression and interferon (IFN)-gamma-
primed IL-12 production by IFN regulatory 
factor 1. J Exp Med 198: 1265-1276.

35.   Lyakh L, Trinchieri G, Provezza L, Carra G, Gerosa F 
(2008) Regulation of interleukin-12/
interleukin-23 production and the T-helper 17 
response in humans. Immunol Rev 226: 112-131.

36.   Depaolo RW, Tang F, Kim I, Han M, Levin N, et al. 
(2008) Toll-like receptor 6 drives differentiation 
of tolerogenic dendritic cells and contributes to 
LcrV-mediated plague pathogenesis. Cell Host 
Microbe 4: 350-361.

37.   Gerosa F, Baldani-Guerra B, Lyakh LA, Batoni G, 
Esin S, et al. (2008) Differential regulation of 
interleukin 12 and interleukin 23 production in 
human dendritic cells. J Exp Med 205: 1447-1461.

38.   Re F, Strominger JL (2004) IL-10 released by 
concomitant TLR2 stimulation blocks the 
induction of a subset of Th1 cytokines that are 
specifically induced by TLR4 or TLR3 in human 
dendritic cells. J Immunol 173: 7548-7555.

39.   Re F, Strominger JL (2001) Toll-like receptor 2 
(TLR2) and TLR4 differentially activate human 
dendritic cells. J Biol Chem 276: 37692-37699.

40.   Redecke V, Hacker H, Datta SK, Fermin A, Pitha 
PM, et al. (2004) Cutting edge: activation of Toll-
like receptor 2 induces a Th2 immune response 
and promotes experimental asthma. J Immunol 
172: 2739-2743.

41.   Agrawal S, Agrawal A, Doughty B, Gerwitz A, 
Blenis J, et al. (2003) Cutting edge: different Toll-
like receptor agonists instruct dendritic cells to 
induce distinct Th responses via differential 
modulation of extracellular signal-regulated 
kinase-mitogen-activated protein kinase and 
c-Fos. J Immunol 171: 4984-4989.

42.   Hirata N, Yanagawa Y, Ebihara T, Seya T, Uematsu 
S, et al. (2008) Selective synergy in anti-
inflammatory cytokine production upon 

cooperated signaling via TLR4 and TLR2 in 
murine conventional dendritic cells. Mol 
Immunol 45: 2734-2742.

43.   Wenink MH, Santegoets KC, Broen JC, van Bon L, 
Abdollahi-Roodsaz S, et al. (2009) TLR2 promotes 
Th2/Th17 responses via TLR4 and TLR7/8 by 
abrogating the type I IFN amplification loop.  
J Immunol 183: 6960-6970.

44.   Kaiser F, Cook D, Papoutsopoulou S, Rajsbaum R, 
Wu X, et al. (2009) TPL-2 negatively regulates 
interferon-beta production in macrophages 
and myeloid dendritic cells. J Exp Med 206: 
1863-1871.

45.   Kalinski P, Hilkens CM, Wierenga EA, Kapsenberg 
ML (1999) T-cell priming by type-1 and type-2 
polarized dendritic cells: the concept of a third 
signal. Immunol Today 20: 561-567.

46.   Pulendran B, Tang H, Manicassamy S (2010)  
Programming dendritic cells to induce T(H)2 
and tolerogenic responses. Nat Immunol 11: 
647-655.

47.   Triantafilou M, Manukyan M, Mackie A, Morath S, 
Hartung T, et al. (2004) Lipoteichoic acid and 
toll-like receptor 2 internalization and targeting 
to the Golgi are lipid raft-dependent.  
J Biol Chem 279: 40882-40889.

48.   Underhill DM, Ozinsky A, Hajjar AM, Stevens A, 
Wilson CB, et al. (1999) The Toll-like receptor 2 i 
s recruited to macrophage phagosomes and 
discriminates between pathogens.  
Nature 401: 811-815.

49.   Brandt KJ, Fickentscher C, Kruithof EK, de Moer-
loose P (2013) TLR2 ligands induce NF-kappaB 
activation from endosomal compartments of 
human monocytes. PLoS One 8: e80743.

50.   Gangloff M (2012) Different dimerisation mode 
for TLR4 upon endosomal acidification?  
Trends Biochem Sci 37: 92-98.

51.   Babu MM, Priya ML, Selvan AT, Madera M, Gough 
J, et al. (2006) A database of bacterial lipopro-
teins (DOLOP) with functional assignments to 
predicted lipoproteins. J Bacteriol 188: 2761-
2773.

52.   Mowat AM (2010) Does TLR2 regulate intestinal 
inflammation? Eur J Immunol 40: 318-320.

53.   Manicassamy S, Pulendran B (2009) Modulation 
of adaptive immunity with Toll-like receptors. 
Semin Immunol 21: 185-193.

54.   Kayama H, Takeda K (2012) Regulation of 
intestinal homeostasis by innate and adaptive 
immunity. Int Immunol 24: 673-680.

55.   Zeuthen LH, Fink LN, Frokiaer H (2008)  
Toll-like receptor 2 and nucleotide-binding 
oligomerization domain-2 play divergent roles 
in the recognition of gut-derived lactobacilli 

Discussion



162

and bifidobacteria in dendritic cells. 
Immunology 124: 489-502.

56.   Weiss G, Rasmussen S, Zeuthen LH, Nielsen BN, 
Jarmer H, et al. (2010) Lactobacillus acidophilus 
induces virus immune defence genes in murine 
dendritic cells by a Toll-like receptor-2-dependent 
mechanism. Immunology 131: 268-281.

57.   Weiss G, Christensen HR, Zeuthen LH, Vogensen 
FK, Jakobsen M, et al. (2011) Lactobacilli and 
bifidobacteria induce differential interferon-
beta profiles in dendritic cells. Cytokine 56: 520-
530.

58.   Remus DM, van Kranenburg R, van S, II, Taverne 
N, Bongers RS, et al. (2012) Impact of 4 Lactoba-
cillus plantarum capsular polysaccharide  
clusters on surface glycan composition and 
host cell signaling. Microb Cell Fact 11: 149.

59.   Bron PA, Tomita S, van S, II, Remus DM, Meijerink 
M, et al. (2012) Lactobacillus plantarum 
possesses the capability for wall teichoic  
acid backbone alditol switching. Microb Cell 
Fact 11: 123.

60.   Sharma S, Fitzgerald KA (2011) Innate immune 
sensing of DNA. PLoS Pathog 7: e1001310.

61.   Bouladoux N, Hall JA, Grainger JR, dos Santos LM, 
Kann MG, et al. (2012) Regulatory role of 
suppressive motifs from commensal DNA. 
Mucosal Immunol 5: 623-634.

62.   Shirota H, Gursel M, Klinman DM (2004) 
Suppressive oligodeoxynucleotides inhibit 
Th1 differentiation by blocking IFN-gamma- 
and IL-12-mediated signaling. J Immunol 173: 
5002-5007.

63.   Dalpke A, Frank J, Peter M, Heeg K (2006) 
Activation of toll-like receptor 9 by DNA from 
different bacterial species. Infect Immun 74: 
940-946.

64.   Konstantinov SR, Smidt H, de Vos WM, Bruijns SC, 
Singh SK, et al. (2008) S layer protein A of 
Lactobacillus acidophilus NCFM regulates 
immature dendritic cell and T cell functions. 
Proc Natl Acad Sci U S A 105: 19474-19479.

65.   Smits HH, Engering A, van der Kleij D, de Jong EC, 
Schipper K, et al. (2005) Selective probiotic bac-
teria induce IL-10-producing regulatory T-cells 
in vitro by modulating dendritic cell function 
through dendritic cell-specific intercellular 
adhesion molecule 3-grabbing nonintegrin.  
J Allergy Clin Immunol 115: 1260-1267.

66.   Engering A, Geijtenbeek TB, van Vliet SJ, Wijers M, 
van Liempt E, et al. (2002) The dendritic cell-
specific adhesion receptor DC-SIGN internalizes 
antigen for presentation to T-cells. J Immunol 
168: 2118-2126.

67.   Gringhuis SI, den Dunnen J, Litjens M, van Het 
Hof B, van Kooyk Y, et al. (2007) C-type lectin 

DC-SIGN modulates Toll-like receptor signaling 
via Raf-1 kinase-dependent acetylation of 
transcription factor NF-kappaB. Immunity 26: 
605-616.

68.   Ohtani M, Iyori M, Saeki A, Tanizume N, Into T, et 
al. (2012) Involvement of suppressor of cytokine 
signalling-1-mediated degradation of MyD88-
adaptor-like protein in the suppression of  
Toll-like receptor 2-mediated signalling by the 
murine C-type lectin SIGNR1-mediated 
signalling. Cell Microbiol 14: 40-57.

69.   Hovius JW, de Jong MA, den Dunnen J, Litjens M, 
Fikrig E, et al. (2008) Salp15 binding to DC-SIGN 
inhibits cytokine expression by impairing both 
nucleosome remodeling and mRNA 
stabilization. PLoS Pathog 4: e31.

70.   Akira S, Takeda K, Kaisho T (2001) Toll-like 
receptors: critical proteins linking innate and 
acquired immunity. Nat Immunol 2: 675-680.

71.   Garrett WS, Gordon JI, Glimcher LH (2010) 
Homeostasis and inflammation in the intestine. 
Cell 140: 859-870.

72.   Liew FY, Xu D, Brint EK, O’Neill LA (2005)  
Negative regulation of toll-like receptor-
mediated immune responses. Nat Rev Immunol 
5: 446-458.

73.   Foster SL, Hargreaves DC, Medzhitov R (2007) 
Gene-specific control of inflammation by TLR-
induced chromatin modifications. Nature 447: 
972-978.

74.   Dalpke AH, Lehner MD, Hartung T, Heeg K (2005) 
Differential effects of CpG-DNA in Toll-like 
receptor-2/-4/-9 tolerance and cross-tolerance. 
Immunology 116: 203-212.

75.   Lee MS, Kim YJ (2007) Signaling pathways 
downstream of pattern-recognition receptors 
and their cross talk. Annu Rev Biochem 76:  
447-480.

76.   Underhill DM (2007) Collaboration between the 
innate immune receptors dectin-1, TLRs, and 
Nods. Immunol Rev 219: 75-87.

77.   Tan RS, Ho B, Leung BP, Ding JL (2014)  
TLR Cross-talk Confers Specificity to Innate 
Immunity. Int Rev Immunol.

78.   Gad M, Ravn P, Soborg DA, Lund-Jensen K, 
Ouwehand AC, et al. (2011) Regulation of the 
IL-10/IL-12 axis in human dendritic cells with 
probiotic bacteria. FEMS Immunol Med 
Microbiol 63: 93-107.

79.   Bermudez-Brito M, Munoz-Quezada S, Gomez-
Llorente C, Matencio E, Bernal MJ, et al. (2012) 
Human intestinal dendritic cells decrease 
cytokine release against Salmonella infection in 
the presence of Lactobacillus paracasei upon 
TLR activation. PLoS One 7: e43197.

Chapter eight



163

80.   Zeuthen LH, Christensen HR, Frokiaer H (2006) 
Lactic acid bacteria inducing a weak interleu-
kin-12 and tumor necrosis factor alpha response 
in human dendritic cells inhibit strongly stimu-
lating lactic acid bacteria but act synergistically 
with gram-negative bacteria. Clin Vaccine 
Immunol 13: 365-375.

81.   Bermudez-Brito M, Munoz-Quezada S, Gomez-
Llorente C, Matencio E, Bernal MJ, et al. (2013) 
Cell-free culture supernatant of Bifidobacte-
rium breve CNCM I-4035 decreases pro- 
inflammatory cytokines in human dendritic 
cells challenged with Salmonella typhi through 
TLR activation. PLoS One 8: e59370.

82.   Gorska S, Schwarzer M, Jachymek W, Srutkova D, 
Brzozowska E, et al. (2014) Distinct 
immunomodulation of bone marrow-derived 
dendritic cells responses to Lactobacillus 
plantarum WCSF1 by two different poly-
saccharides isolated from Lactobacillus 
rhamnosus LOCK 0900. Appl Environ Microbiol.

83.   Boonma P, Spinler JK, Venable SF, Versalovic J, 
Tumwasorn S (2014) Lactobacillus rhamnosus 
L34 and Lactobacillus casei L39 suppress 
Clostridium difficile-induced IL-8 production by 
colonic epithelial cells. BMC Microbiol 14: 177.

84.   Zhou C, Ma FZ, Deng XJ, Yuan H, Ma HS (2008) 
Lactobacilli inhibit interleukin-8 production 
induced by Helicobacter pylori lipopoly-
saccharide-activated Toll-like receptor 4.  
World J Gastroenterol 14: 5090-5095.

85.   Quintin J, Cheng SC, van der Meer JW, Netea MG 
(2014) Innate immune memory: towards a 
better understanding of host defense 
mechanisms. Curr Opin Immunol 29C: 1-7.

86.   Quintin J, Saeed S, Martens JH, Giamarellos-
Bourboulis EJ, Ifrim DC, et al. (2012) Candida 
albicans infection affords protection against 
reinfection via functional reprogramming of 
monocytes. Cell Host Microbe 12: 223-232.

87.   Netea MG, Quintin J, van der Meer JW (2011) 
Trained immunity: a memory for innate host 
defense. Cell Host Microbe 9: 355-361.

88.   Ifrim DC, Quintin J, Joosten LA, Jacobs C, Jansen 
T, et al. (2014) Trained immunity or tolerance: 
opposing functional programs induced in 
human monocytes after engagement of various 
pattern recognition receptors. Clin Vaccine 
Immunol 21: 534-545.

89.   Schiffrin EJ, Rochat F, Link-Amster H, Aeschlimann 
JM, Donnet-Hughes A (1995) Immunomodulation 
of human blood cells following the ingestion of 
lactic acid bacteria. J Dairy Sci 78: 491-497.

90.   Arunachalam K, Gill HS, Chandra RK (2000) 
Enhancement of natural immune function by 
dietary consumption of Bifidobacterium lactis 

(HN019). Eur J Clin Nutr 54: 263-267.
91.   Sheih YH, Chiang BL, Wang LH, Liao CK, Gill HS 

(2001) Systemic immunity-enhancing effects in 
healthy subjects following dietary consumption 
of the lactic acid bacterium Lactobacillus 
rhamnosus HN001. J Am Coll Nutr 20: 149-156.

92.   Donnet-Hughes A, Rochat F, Serrant P, 
Aeschlimann JM, Schiffrin EJ (1999) Modulation 
of nonspecific mechanisms of defense by lactic 
acid bacteria: effective dose. J Dairy Sci 82: 863-
869.

93.   Kekkonen RA, Lummela N, Karjalainen H, Latvala 
S, Tynkkynen S, et al. (2008) Probiotic interven-
tion has strain-specific anti-inflammatory 
effects in healthy adults. World J Gastroenterol 
14: 2029-2036.

94.   Hepburn NJ, Garaiova I, Williams EA, Michael DR, 
Plummer S (2013) Probiotic supplement 
consumption alters cytokine production from 
peripheral blood mononuclear cells: a 
preliminary study using healthy individuals. 
Benef Microbes 4: 313-317.

9.   Ghadimi D, Helwig U, Schrezenmeir J, Heller KJ, 
de Vrese M (2012) Epigenetic imprinting by com-
mensal probiotics inhibits the IL-23/IL-17 axis in 
an in vitro model of the intestinal mucosal 
immune system. J Leukoc Biol 92: 895-911.

96.   Lee HK, Iwasaki A (2007) Innate control of 
adaptive immunity: dendritic cells and beyond. 
Semin Immunol 19: 48-55.

97.   Iwasaki A, Medzhitov R (2004) Toll-like receptor 
control of the adaptive immune responses.  
Nat Immunol 5: 987-995.

98.   Abdelsadik A, Trad A (2011) Toll-like receptors on 
the fork roads between innate and adaptive 
immunity. Hum Immunol 72: 1188-1193.

99.   Pasare C, Medzhitov R (2004) Toll-like receptors: 
linking innate and adaptive immunity. Microbes 
Infect 6: 1382-1387.

100.   Reis e Sousa C (2006) Dendritic cells in a 
mature age. Nat Rev Immunol 6: 476-483.

101.   Monteleone G, Caprioli F (2010) T-cell-directed 
therapies in inflammatory bowel diseases.  
Clin Sci (Lond) 118: 707-715.

102.   Donkor ON, Ravikumar M, Proudfoot O, Day SL, 
Apostolopoulos V, et al. (2012) Cytokine profile 
and induction of T helper type 17 and regulatory 
T-cells by human peripheral mononuclear 
cells after microbial exposure. Clin Exp 
Immunol 167: 282-295.

103.   de Roock S, van Elk M, van Dijk ME, Timmerman 
HM, Rijkers GT, et al. (2010) Lactic acid bacteria 
differ in their ability to induce functional 
regulatory T-cells in humans. Clin Exp Allergy 
40: 103-110.

Discussion



164

104.   Zheng SG (2008) The Critical Role of TGF-beta1 
in the Development of Induced Foxp3+ Regu-
latory T-cells. Int J Clin Exp Med 1: 192-202.

105.   Horwitz DA, Zheng SG, Wang J, Gray JD (2008) 
Critical role of IL-2 and TGF-beta in 
generation, function and stabilization of 
Foxp3+CD4+ Treg. Eur J Immunol 38: 912-915.

106.   Gelman AE, Zhang J, Choi Y, Turka LA (2004) 
Toll-like receptor ligands directly promote 
activated CD4+ T cell survival. J Immunol 172: 
6065-6073.

107.   Imanishi T, Hara H, Suzuki S, Suzuki N, Akira S, et 
al. (2007) Cutting edge: TLR2 directly triggers 
Th1 effector functions. J Immunol 178: 6715-
6719.

108.   Nyirenda MH, Sanvito L, Darlington PJ, O’Brien 
K, Zhang GX, et al. (2011) TLR2 stimulation 
drives human naive and effector regulatory 
T-cells into a Th17-like phenotype with 
reduced suppressive function. J Immunol 187: 
2278-2290.

109.   Rescigno M (2014) Dendritic cell-epithelial cell 
crosstalk in the gut. Immunol Rev 260: 118-128.

110.   Siddiqui KR, Powrie F (2008) CD103+ GALT DCs 
promote Foxp3+ regulatory T-cells. Mucosal 
Immunol 1 Suppl 1: S34-38.

111.   Chang SY, Ko HJ, Kweon MN (2014)  
Mucosal dendritic cells shape mucosal 
immunity. Exp Mol Med 46: e84.

112.   Smith PM, Howitt MR, Panikov N, Michaud M, 
Gallini CA, et al. (2013) The microbial metabo-
lites, short-chain fatty acids, regulate colonic 
Treg cell homeostasis. Science 341: 569-573.

113.   Jeon SG, Kayama H, Ueda Y, Takahashi T, 
Asahara T, et al. (2012) Probiotic Bifidobacte-
rium breve induces IL-10-producing Tr1 cells 
in the colon. PLoS Pathog 8: e1002714.

114.   Lyons A, O’Mahony D, O’Brien F, MacSharry J, 
Sheil B, et al. (2010) Bacterial strain-specific 
induction of Foxp3+ T regulatory cells is 
protective in murine allergy models.  
Clin Exp Allergy 40: 811-819.

115.   Lavasani S, Dzhambazov B, Nouri M, Fak F, Buske 
S, et al. (2010) A novel probiotic mixture exerts 
a therapeutic effect on experimental 
autoimmune encephalomyelitis mediated by 
IL-10 producing regulatory T-cells. PLoS One 5: 
e9009.

116.   Karimi K, Inman MD, Bienenstock J, Forsythe P 
(2009) Lactobacillus reuteri-induced 
regulatory T-cells protect against an allergic 
airway response in mice. Am J Respir Crit Care 
Med 179: 186-193.

117.   Kim HJ, Kim YJ, Lee SH, Yu J, Jeong SK, et al. 
(2014) Effects of Lactobacillus rhamnosus on 

allergic march model by suppressing Th2, 
Th17, and TSLP responses via CD4(+)CD25(+)
Foxp3(+) Tregs. Clin Immunol 153: 178-186.

118.   Smelt MJ, de Haan BJ, Bron PA, van Swam I, 
Meijerink M, et al. (2013) Probiotics can 
generate FoxP3 T-cell responses in the small 
intestine and simultaneously inducing CD4 
and CD8 T cell activation in the large intestine. 
PLoS One 8: e68952.

119.   Gould SJ, Raposo G (2013) As we wait: coping 
with an imperfect nomenclature for 
extracellular vesicles. J Extracell Vesicles 2.

120.   Robbins PD, Morelli AE (2014) Regulation of 
immune responses by extracellular vesicles. 
Nat Rev Immunol 14: 195-208.

121.   Smythies LE, Smythies JR (2014) Exosomes in 
the gut. Front Immunol 5: 104.

122.   Hu G, Gong AY, Roth AL, Huang BQ, Ward HD,  
et al. (2013) Release of luminal exosomes con-
tributes to TLR4-mediated epithelial antimi-
crobial defense. PLoS Pathog 9: e1003261.

123.   Khovidhunkit W, Kim MS, Memon RA,  
Shigenaga JK, Moser AH, et al. (2004) Effects of 
infection and inflammation on lipid and lipo-
protein metabolism: mechanisms and conse-
quences to the host. J Lipid Res 45: 1169-1196.

124.   Barcia AM, Harris HW (2005) Triglyceride-rich 
lipoproteins as agents of innate immunity. 
Clin Infect Dis 41 Suppl 7: S498-503.

125.   Beck WH, Adams CP, Biglang-Awa IM, Patel AB, 
Vincent H, et al. (2013) Apolipoprotein A-I 
binding to anionic vesicles and lipopolysac-
charides: role for lysine residues in antimicro-
bial properties. Biochim Biophys Acta 1828: 
1503-1510.

126.   Hari-Dass R, Shah C, Meyer DJ, Raynes JG (2005) 
Serum amyloid A protein binds to outer 
membrane protein A of gram-negative 
bacteria. J Biol Chem 280: 18562-18567.

127.   Schroder NW, Schumann RR (2005) Non-LPS 
targets and actions of LPS binding protein 
(LBP). J Endotoxin Res 11: 237-242.

128.   Vreugdenhil AC, Dentener MA, Snoek AM, Greve 
JW, Buurman WA (1999) Lipopolysaccharide 
binding protein and serum amyloid A 
secretion by human intestinal epithelial cells 
during the acute phase response. J Immunol 
163: 2792-2798.

129.   Vreugdenhil AC, Snoek AM, Greve JW, Buurman 
WA (2000) Lipopolysaccharide-binding 
protein is vectorially secreted and transported 
by cultured intestinal epithelial cells and is 
present in the intestinal mucus of mice.  
J Immunol 165: 4561-4566.

130.   Danielsen EM, Hansen GH, Poulsen MD (1993) 

Chapter eight



165

Apical secretion of apolipoproteins from 
enterocytes. J Cell Biol 120: 1347-1356.

131.   Traber MG, Kayden HJ, Rindler MJ (1987) 
Polarized secretion of newly synthesized 
lipoproteins by the Caco-2 human intestinal 
cell line. J Lipid Res 28: 1350-1363.

132.   Zhang C, Zhang M, Wang S, Han R, Cao Y, et al. 
(2010) Interactions between gut microbiota, 
host genetics and diet relevant to develop-
ment of metabolic syndromes in mice.  
ISME J 4: 232-241.

133.   Mensink RP, Katan MB (1992) Effect of dietary 
fatty acids on serum lipids and lipoproteins.  
A meta-analysis of 27 trials. Arterioscler 
Thromb 12: 911-919.

134.   Huang EY, Leone VA, Devkota S, Wang Y, Brady 
MJ, et al. (2013) Composition of dietary fat 
source shapes gut microbiota architecture 
and alters host inflammatory mediators in 
mouse adipose tissue. JPEN J Parenter Enteral 
Nutr 37: 746-754.

135.   Patterson E, RM OD, Murphy EF, Wall R, O OS, et 
al. (2014) Impact of dietary fatty acids on 
metabolic activity and host intestinal 
microbiota composition in C57BL/6J mice.  
Br J Nutr: 1-13.

136.   Bomba A, Nemcova R, Gancarcikova S, Herich R, 
Guba P, et al. (2002) Improvement of the 
probiotic effect of micro-organisms by their 
combination with maltodextrins, fructo-
oligosaccharides and polyunsaturated fatty 
acids. Br J Nutr 88 Suppl 1: S95-99.

137.   Lin DC (2003) Probiotics as functional foods. 
Nutr Clin Pract 18: 497-506.

138.   Lee IC, Tomita S, Kleerebezem M, Bron PA (2013) 
The quest for probiotic effector molecules-
unraveling strain specificity at the molecular 
level. Pharmacol Res 69: 61-74.

139.   Cecchini DA, Laville E, Laguerre S, Robe P, 
Leclerc M, et al. (2013) Functional 
metagenomics reveals novel pathways of 
prebiotic breakdown by human gut bacteria. 
PLoS One 8: e72766.

140.   van Hemert S, Meijerink M, Molenaar D, Bron 
PA, de Vos P, et al. (2010) Identification of Lac-
tobacillus plantarum genes modulating the 
cytokine response of human peripheral blood 
mononuclear cells. BMC Microbiol 10: 293.

141.   Lakhdari O, Tap J, Beguet-Crespel F, Le Roux K, 
de Wouters T, et al. (2011) Identification of 
NF-kappaB modulation capabilities within 
human intestinal commensal bacteria.  
J Biomed Biotechnol 2011: 282356.

142.   Lakhdari O, Cultrone A, Tap J, Gloux K, Bernard F, 
et al. (2010) Functional metagenomics: a high 
throughput screening method to decipher 

microbiota-driven NF-kappaB modulation in 
the human gut. PLoS One 5.

143.   Bottacini F, O’Connell Motherway M, Kuczynski 
J, O’Connell KJ, Serafini F, et al. (2014) 
Comparative genomics of the Bifidobacterium 
breve taxon. BMC Genomics 15: 170.

144.   Bayjanov JR, Starrenburg MJ, van der Sijde MR, 
Siezen RJ, van Hijum SA (2013) Genotype-
phenotype matching analysis of 38 
Lactococcus lactis strains using random forest 
methods. BMC Microbiol 13: 68.

145.   Smokvina T, Wels M, Polka J, Chervaux C, Brisse 
S, et al. (2013) Lactobacillus paracasei 
comparative genomics: towards species pan-
genome definition and exploitation of 
diversity. PLoS One 8: e68731.

146.   Hajishengallis G, Lambris JD (2011) Microbial 
manipulation of receptor crosstalk in innate 
immunity. Nat Rev Immunol 11: 187-200.

147.   Khatri P, Sirota M, Butte AJ (2012) Ten years of 
pathway analysis: current approaches and 
outstanding challenges. PLoS Comput Biol 8: 
e1002375.

148.   Beltrame L, Calura E, Popovici RR, Rizzetto L, 
Guedez DR, et al. (2011) The Biological 
Connection Markup Language: a SBGN-
compliant format for visualization, filtering 
and analysis of biological pathways. 
Bioinformatics 27: 2127-2133.

149.   Padwal MK, Sarma U, Saha B (2014) 
Comprehensive logic based analyses of Toll-
like receptor 4 signal transduction pathway. 
PLoS One 9: e92481.

150.   Wilhelmsen K, Mesa KR, Lucero J, Xu F, Hellman 
J (2012) ERK5 protein promotes, whereas 
MEK1 protein differentially regulates, the Toll-
like receptor 2 protein-dependent activation 
of human endothelial cells and monocytes.  
J Biol Chem 287: 26478-26494.

151.   Kissick HT, Dunn LK, Ghosh S, Nechama M, 
Kobzik L, et al. (2014) The scavenger receptor 
MARCO modulates TLR-induced responses in 
dendritic cells. PLoS One 9: e104148.

Discussion



Nederlandse samenvatting

166



167

Wereldwijd zijn voedingsbedrijven en bedrijven die zich specialiseren in voedingssupple-
menten continu bezig met het ontwikkelen van nieuwe nutritionele concepten die een 
heilzame werking hebben. De groeiende bewustwording van de consument met betrekking 
tot darmgezondheid is een van de drijfveren voor een groeiend marktaandeel voor deze 
producten. Aan probiotica worden positieve effecten op de darmgezondheid toegeschreven 
met voor zover bekend geen ongewenste bijwerkingen. De gangbare definitie van pro-
biotica of probiotische bacteriën is: 
‘Levende micro-organismen, die wanneer in voldoende hoeveelheden toegediend, een 
gunstig effect hebben op de gastheer.’ 
Hoewel veel nog onduidelijk is, wijzen bevindingen in de literatuur erop dat er een duidelijk 
verschil in immuunrespons bestaat na contact met schadelijke bacteriën of probiotische 
bacteriën. Verder blijkt dat er grote verschillen bestaan in effectiviteit van probiotische 
bacteriën en dat de gevonden effecten veelal stam-specifiek zijn. Een van de oorzaken 
hiervan kan liggen in de manier waarop deze probiotische bacteriën met het immuun- 
systeem communiceren.

Het doel van dit proefschrift is om meer 
duidelijkheid te verschaffen hoe cellen van 
het immuunsysteem precies onderscheid 
maken tussen verschillende bacteriën.  
Met behulp van in-vitro en in-vivo experi-
menten zijn de verschillende aspecten van 
de interactie tussen probiotische bacteriën 
en gastheercellen onderzocht. Hierbij zijn 
voornamelijk de verschillen tussen de 
potentieel probiotische bacteriën van het 
geslacht Bifidobacterium en Lactobacillus 
belicht (deel I). Verder wordt er in dit proef-
schrift aandacht besteed aan gastheer-
factoren die de interactie tussen bacteriën 
en (immuun)cellen kunnen beïnvloeden 
(deel II). 

Hoofdstuk 1 beschrijft het belang van de 
relatie tussen mens en bacteriën. Er wordt 
onderscheid gemaakt tussen de verschil-
lende bacteriën die de mens bij zich draagt. 
Zo kunnen we onderscheid maken tussen 
permanente bewoners, de zogenaamde 
autobionten en pathobionten die collectief 
commensalen worden genoemd en tijde-
lijke bewoners. Tot deze laatste categorie 
behoren pathogene en probiotische bacte-

riën. In de literatuur wordt een scala aan 
mogelijke mechanismen beschreven hoe 
probiotica kunnen bijdragen aan de 
gezondheid van de gastheer. Deze kunnen 
grofweg ingedeeld worden in mechanismen 
die de microbiota kunnen modificeren en 
mechanismen die het immuunsysteem van 
de gastheer beïnvloeden. Mechanismen 
waar-bij (probiotische) bacteriën het 
immuunsysteem van de gastheer kunnen 
beïnvloeden staan zeer in de belangstelling 
met betrekking tot hun potentiele bijdrage 
aan de gezondheid van de gastheer.

In het eerste gedeelte van het proefschrift 
wordt met behulp van in-vitro en in-vivo 
experimenten onderzocht hoe probiotische 
bacteriën interacteren met (cellen van) de 
gastheer en welke mechanismen een moge-
lijke verklaring kunnen bieden voor de 
potentieel heilzame werking van probiotica.
Cellen van de gastheer kunnen bacteriën 
herkennen middels zogenaamde patroon-
herkennende receptoren (pattern recogni-
tion receptors, PRRs). De familie van PRRs  
is zeer uitgebreid en omvat o.a. Toll-like 
receptoren (TLRs), nucleotide-binding oli-
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gomerization domain receptoren (NOD-like 
receptors, NLRs) en C-type lectine recepto-
ren (CLRs). Deze PRRs herkennen structuren 
die tot expressie worden gebracht door 
bacteriën, zogenaamde microbe-geassoci-
eerde moleculaire patronen (microbe-asso-
ciated molecular patterns, MAMPs). Binding 
van een specifieke MAMP aan de desbetref-
fende PRR leidt tot activatie van de gast-
heercel en de productie en uitscheiding van 
signaal moleculen (chemokinen en interleu-
kinen) en, afhankelijk van het celtype, ook 
antimicrobiële verbindingen. 

Veel gebruikte potentieel probiotische bac-
teriën behoren tot de genera Bifidobacteria 
en Lactobacillus en zijn veelal geïsoleerd uit 
menselijk materiaal, maar ook uit dierlijk en 
plantaardig materiaal. Bifidobacteria en lac-
tobacilli zijn gram-positieve bacteriën en 
brengen MAMPs tot expressie die herkend 
worden door PRRs zoals TLRs, NLRs en CLRs. 
TLR2 is een van de TLRs en herkent MAMPs 
die zich bevinden in de celmembraan van 
de bacterie, zoals lipoteichoïnezuur (lipote-
choic acid, LTA) en lipopeptiden (lipopep-
tides, LPs). TLRs zijn receptoren met 
voornamelijk een signalerende functie en 
zijn voor hun activatie afhankelijk van de 
werking van andere PRRs. In hoofdstuk 2 
worden de verschillende PRRs beschreven 
die een rol spelen bij TLR2 functie (Tabel 3, 
hoofdstuk 2). Uit de verzamelde literatuur 
kan worden opgemaakt dat het zeer waar-
schijnlijk juist de niet-TLR PRRs zijn die het 
eerste contact maken met bacteriële mem-
branen. Vervolgens assisteren deze PRRs 
dan in het activeren van TLR2. Hieruit kan 
worden afgeleid dat het complement aan 
PRRs, zowel non-TLRs als TLRs, dat een cel tot 
expressie brengt bepalend is voor hoe de cel 
reageert op bacterieel contact. In tegenstel-
ling tot de kennis omtrent liganden voor 
TLRs, is er relatief weinig bekend over welke 
liganden worden herkend door non-TLRs. 

Uit het literatuur overzicht in hoofdstuk 2 
kan dan ook worden geconcludeerd dat er 
verder onderzoek nodig is naar de manier 
waarop de cel precies bacteriën herkent en 
vervolgens wordt geactiveerd. Omdat PRR 
activatie leidt tot intracellulaire signaaltrans-
ductieroutes die in staat zijn om TLR2 signa-
len te modificeren (Figuur 3, hoofdstuk 2), is 
het van belang om gedetailleerd in kaart te 
brengen welke PRRs betrokken zijn bij her-
kenning van (probiotische) bacteriën, en 
welke MAMPs ze herkennen. Naar verwach-
ting kan een beter inzicht in deze mechanis-
men tot verklaringen leiden waarom soms 
nauw gerelateerde bacteriële stammen 
uiterst verschillende immuunresponsen ini-
tiëren. 

Bifidobacteria en lactobacilli zijn beide 
gram-positieve bacteriën maar behoren tot 
verschillende fyla, namelijk tot de Actino-
bacteria en de Firmicutes, respectievelijk. 
Ondanks dat zij beide kunnen overleven in 
het darmstelsel van de mens en daar poten-
tieel een heilzame werking bewerkstelligen 
zijn zij genetisch gezien erg verschillend. In 
hoofdstuk 3 is onderzocht of dendritische 
cellen (een belangrijke cel van het aangebo-
ren immuunsysteem) onderscheid kan 
maken tussen een selectie van representa-
tieve bacteriële stammen van de genera 
Bifidobacterium en Lactobacillus. Bifidobac-
teria zowel als lactobacilli brengen liganden 
tot expressie die herkend kunnen worden 
door TLR2 (herkent membraangebonden 
moleculen), TLR9 (herkent bacterieel DNA), 
NLR, NOD2 (herkent bouwstenen van het 
bacterieel membraan) en de CLR, DC-SIGN 
(herkent celmembraangebonden suiker-
structuren). Data gepresenteerd in hoofd-
stuk 3 wijzen erop dat vooral activatie door 
TLR2 onderscheidend is tussen bifidobacte-
ria en lactobacilli. Het is onwaarschijnlijk 
dat lactobacilli geen membraangebonden 
structuren tot expressie brengt die TLR2 
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kunnen activeren, omdat deze cruciaal zijn 
voor het functioneren van de bacterie.  
Uit eigen onderzoek (niet in dit proefschrift) 
en uit de literatuur komt naar voren dat het 
meer waarschijnlijk is dat specifieke 
stammen van lactobacilli een extra mem-
braangebonden laag bevatten die herken-
ning van MAMPs door TLR2 aan de 
oppervlakte van de DC voorkomt. Het wel of 
niet activeren van DC-TLR2 leidt tot verschil-
len in DC activatie en daarmee tot een 
verschil in immuunrespons. Dit betekent 
overigens niet dat hiermee is gezegd dat 
bifidobacteria ‘beter’ zijn dan lactobacilli, 
maar het geeft aan dat er verschillen zijn te 
verwachten met betrekking tot hun effecten 
op de gastheer. 

Zowel bifidobacteria als lactobacilli produ-
ceren geglycosyleerde moleculen die poten-
tieel herkent kunnen worden door CLRs en 
data gepresenteerd in hoofdstuk 3 sugge-
reert dat sommige bifidobacteria en lacto-
bacilli inderdaad herkend worden door de 
CLR, DC-SIGN. Blokkeren van DC-SIGN acti-
vatie leidde in de meeste gevallen tot geen 
effect of een stimulerend effect op de cyto-
kine afgifte door DCs. Deze effecten waren 
niet zo zeer onderscheidend tussen bifido-
bacteria en lactobacilli, maar meer onder-
scheidend tussen de verschillende bacteriën. 
In overeenstemmingen met de bevindingen 
in hoofdstuk 2, geven deze data aan dat 
ook niet-TLR PRRs belangrijk kunnen zijn in 
de immuunrespons na activatie door poten-
tieel probiotische bacteriën. Verder onder-
zoek moet uitwijzen welke MAMPs en welke 
CLRs er betrokken zijn bij de interactie 
tussen DCs en bifidobacteria en lactobacilli.
Een van de eigenschappen van probiotische 
bacteriën is hun capaciteit een inflamma-
toire respons te verminderen of veranderen. 
Candida albicans is een pathogeen die word 
geassocieerd met inflammatoire darmziek-
ten. Om die reden is er onderzocht of bloot-

stelling aan probiotische bacteriën de  
C. albicans geïnduceerde cellulaire respons 
kan moduleren (Hoofdstuk 4). Voorbehan-
deling van cellen met een suboptimale dosis 
van zowel bifidobacteria of lactobacilli 
resulteerde in een verminderde afgifte van 
TNFα en IL-17 na restimulatie met C. albi-
cans. Deze resultaten suggereren dat pro-
biotische bacteriën tolerantie kunnen 
induceren voor een secundaire stimulatie. 
Een van de eigenschappen van stimulatie 
door TLRs is dat bij een herhaalde TLR stimu-
latie de cellen sterk verminderd responsief 
zijn, dit fenomeen heet TLR-tolerantie. 
Daarom is er onderzocht of TLR-tolerantie 
ten grondslag ligt aan de bevindingen. Er 
kon geen effect gevonden worden wanneer 
tijdens de pre-incubatie met probiotica 
blokkers voor TLR2-activatie werden toege-
voegd, terwijl blokkers voor TLR9-activatie 
het effect juist versterkte. Door gebruik te 
maken van cellen van donoren met een 
NOD2-deficientie kon worden afgeleid dat 
stimulatie door NOD2 geen verklaring biedt 
voor de gevonden resultaten. Hoewel de 
data wijzen op het induceren van tolerantie 
door pre-incubatie met zowel bifidobacteria 
als lactobacilli, kan dit niet worden verklaard 
door de geteste PRRs en verder onderzoek 
zal moeten uitwijzen welke andere PRRs 
hierbij mogelijk betrokken zijn.

Inflammatoire darmziekten zoals colitis 
worden gekenmerkt door een overmatige 
inflammatoire response gericht tegen de 
intestinale microbiota. In muizen kan colitis 
worden geïnduceerd door toevoeging van 
dextraan natrium sulfaat (DSS) aan het 
drinkwater. Behandeling met DSS verstoort 
de barrière functie van de darm waarna er 
een inflammatoir response gericht tegen de 
darmbacteriën ontstaat. In hoofdstuk 5 is er 
onderzocht of behandeling met bifidobac-
teria of lactobacilli de DSS-geïnduceerde 
inflammatie kunnen moduleren. Behande-
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ling met bifidobacteria - maar niet lactoba-
cilli - bleek in staat de DSS-geïnduceerde 
ontsteking te kunnen remmen, gemeten in 
een verbeterde feces conditie, verminderde 
reductie van de lengte van de colon en 
minder schade aan het darmweefsel ten 
opzichte van de controle DSS-behandelde 
dieren. Regulatoire T cellen (Treg) zijn cellen 
van het verworven immuunsysteem die 
geassocieerd worden met een anti-inflam-
matoire werking en het induceren van 
tolerantie. Behandeling met bifidobacteria 
-maar niet lactobacilli- verhoogde het aantal 
Tregs in de colon en de Peyerse platen.  
Na co-incubatie van humane witte bloed-
cellen met bifidobacteria of lactobacilli 
waren alleen bifidobacteria in staat het 
aantal Tregs te verhogen. Bovengenoemde 
suggereert dat de capaciteit van bifidobac-
teria om Tregs te induceren ten grondslag 
licht aan de beschermende werking in 
inflammatoire darmziekten. 

In het tweede gedeelte van dit proefschrift 
worden gastheer factoren beschreven die 
de interactie tussen bacteriën en gastheer-
cellen beïnvloeden. Extracellulaire vesicles 
(EVs) zijn blaasjes die gevormd en afgegeven 
worden door alle soorten cellen. Deze EVs 
vormen een afspiegeling van de donorcel 
met betrekking tot hun specifieke opper-
vlakte moleculen en zijn beladen met gene-
tisch en ander informatie-dragend materiaal. 
EVs kunnen gezien worden als complexe 
boodschappers die cellen in de directe 
omgeving kunnen beïnvloeden, maar die 
ook in de circulatie terecht kunnen komen 
en zodoende cellen op grote afstand kunnen 
beïnvloeden. De aanleiding om EVs en hun 
rol in bacterie-gastheer interacties te onder-
zoeken was de verrassende ontdekking dat 
humaan serum een differentieel effect had 
op de cellulaire responsen na blootstelling 
aan bifidobacteria of lactobacilli (hoofdstuk 
6). In hoofdstuk 3 was al vastgesteld dat 

bifidobacteria in tegenstelling tot lactoba-
cilli TLR2 activeerden. TLR2-activatie door 
bifidobacteria bleek in aanwezigheid van 
humaan serum sterk geremd. Na depletie 
van de EVs uit het serum was de TLR2 activi-
teit weer hersteld. Dit suggereert dat EVs in 
serum verantwoordelijk waren voor het 
remmende effect op TLR2 activatie. Vervol-
gens is onderzocht of EVs ook effect hadden 
op activatie van andere TLRs. EVs blijken een 
differentieel effect te hebben op TLR activa-
tie door specifieke TLR-liganden. Activatie 
van TLR2/1 en TLR4 werd gestimuleerd 
terwijl activatie door TLR2/6 juist sterk werd 
geremd door de aanwezigheid van EVs. 
Activatie van TLR5 bleef onveranderd. Een 
andere opvallende ontdekking was de 
observatie dat de aanwezigheid van EVs 
bifidobacteria zowel als lactobacilli deed 
aggregeren. Verder bleek dat de aanwezig-
heid van EVs de fagocytose van bifidobacte-
ria en lactobacilli te bevorderen. Deze 
vinding suggereert dat EVs aan bacteriën 
kunnen binden. Een van de verklaringen 
hiervoor kan zijn dat EVs PRRs tot expressie 
kunnen brengen die MAMPs op bacteriën 
binden. Deze hypothese kan dan ook 
gedeeltelijk de differentiële effecten op TLR 
activatie verklaren, doordat EV-gebonden 
PRRs TLR-liganden kunnen binden waardoor 
deze niet meer beschikbaar zijn voor binding 
aan cel gebonden PRRs. Ook zou dit een 
verklaring kunnen zijn voor de gevonden 
effecten op fagocytose. Het binden van EVs 
aan de oppervlak van bacteriën zou het 
complement aan liganden voor cellulaire 
receptoren kunnen verhogen waardoor 
bacteriën die hun MAMPs afschermen toch 
herkend en gefagocyteerd kunnen worden. 
Deze bevindingen zijn relevant omdat bij-
voorbeeld ook epitheelcellen in de darm 
deze EVs maken. Aangezien contact met 
epitheelcellen belangrijk is voor een deel 
van de effecten van probiotische bacteriën 
is het van belang om te onderzoeken wat de 
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rol van EVs is in de interactie tussen (probio-
tische) bacteriën en gastheercellen. De dunne 
darm is een gespecialiseerd compartiment 
waar nauwe interacties plaatvinden tussen 
gastheercellen, bacteriën, voedsel anti-
genen en vetten uit het dieet. Vetten uit 
het dieet worden opgenomen door epi-
theel cellen waarna deze worden afgebro-
ken en gekoppeld aan specifieke eiwitten 
(apolipoproteïnen), om als water oplosbare 
vetdeeltjes basolateraal te worden uitge-
scheiden. Deze vetdeeltjes heten dan 
lipoproteïnen en kunnen worden geschei-
den op dichtheid: chylomicronen (CM), 
very-low-density-lipoproteïne (VLDL), low-
density-lipoproteïne (LDL) en high-density-
lipoproteïne (HDL). Vervolgens worden deze 
lipoproteïnen verzameld in het lymfatisch 
systeem van de darm waarna ze de circulatie 
betreden via de mesenterische lymfeklieren. 
Het is al langer bekend dat lipoproteïnen 
bacteriële toxinen zoals LPS kunnen neutra-
liseren en zo beschermend kunnen werken 
tegen infectieziekten. In hoofdstuk 7 is er 
onderzocht of lipoproteïnen naast LPS ook 
de activiteit van TLR2-liganden kan neutra-
liseren. Verder is er onderzocht of lipopro-
teïnen ook de TLR-activiteit van intacte 
gram-negatieve en gram-positieve bacte-
riën kan neutraliseren. Er werden duidelijke 
verschillen gevonden tussen de activiteit 
van TLR2 versus de activiteit van TLR4 na 
toevoeging van intact humaan serum en 
humaan serum gedepleteerd voor lipopro-
teïne-fracties. Na supplementatie van het 
humaan lipoproteïne-vrije serum met de 
verschillende lipoproteïne fracties VLDL, LDL 
en HDL bleken alle fracties onafhankelijk 
van elkaar de TLR2 activiteit geïnduceerd 
door TLR2 liganden te kunnen neutraliseren. 
Deze effecten waren ook zichtbaar wanneer 
de TLR2 liganden werden vervangen door 
een selectie aan gram-positieve en gram-
negatieve bacteriën. TLR2 activiteit was 
acuut geneutraliseerd na incubatie met 

bacteriën terwijl voor neutralisatie van TLR4 
activiteit minimaal 4 uur pre-incubatie 
nodig was. Naast opname van dieet vetten 
door epitheel cellen in de dunne darm 
nemen gespecialiseerde epitheel cellen in 
de dunne darm ook bacteriën op, de zoge-
naamde M-cellen. De opgenomen bacteriën 
worden opgevangen door DCs die zich pal 
onder de M-cellen bevinden waarnaar deze 
bacterie-geladen DCs naar de mesenteri-
sche lymfeklieren migreren voor antigeen-
presentatie aan cellen van het verworven 
afweer systeem. Het is dus aannemelijk dat 
zowel lipoproteïnen, DCs en bacteriën in 
nauw contact staan. De hoeveelheid en 
samenstelling van lipoproteïnen kan dus 
bepalend zijn in hoe de DC geactiveerd 
word door bacteriën wat vervolgens de 
immuunrespons beïnvloedt.

Discussie
Volgens de Wereldgezondheidsorganisatie 
(World Health Organization, WHO) waren 
in 2008 36 miljoen doden wereldwijd te 
wijten aan niet-overdraagbare ziekten.  
Niet-overdraagbare ziekten zijn niet-infec-
tieuze ziekten zoals auto-immuun ziekten, 
kanker, hart- en vaatziekten, diabetes en 
chronische ademhalingsaandoeningen.  
De verwachting is dat het aantal doden ten 
gevolge van deze niet-overdraagbare 
ziekten zal toenemen tot 52 miljoen in 2030. 
Hoewel genoomwijde associatiestudies 
hebben aangetoond dat veel van deze niet-
overdraagbare ziekten een erfelijke compo-
nent hebben, kan op basis van genetische 
drift (i.e. toevallige veranderingen in de 
genetische samenstelling van een populatie 
organismen van dezelfde soort) alleen deze 
stijging niet worden verklaard wat sugge-
reert dat omgevingsfactoren een grote rol 
spelen. Toenemend bewijs in de literatuur 
duidt aan dat verstoringen in de balans van 
de microbiota (dysbiose), en de daarmee 
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samenhangende verandering in interacties 
tussen gastheer en microbiota, bijdraagt 
aan de pathogenese van niet-overdraag-
bare ziekten. Dysbiose is geassocieerd met 
een verlies aan heilzame bacteriën en een 
verschuiving van de balans in het voordeel 
van schadelijke bacteriën. De theorie is dat 
therapeutische toediening van probiotica 
de balans kan beïnvloeden en zo het her-
stellend vermogen van de darmen kan 
ondersteunen. Bovendien wordt onder-
zocht of toediening van probiotische bac-
teriën aan gezonde individuen een 
preventieve werking heeft op het ontstaan 
van zowel overdraagbare als niet-overdraag-
bare ziekten.

Probiotische bacteriën kunnen worden 
gezien als gezondheid bevorderende 
componenten van een complete voeding 
of als voedingssupplementen. Ze worden 
beschouwd een heilzame werking te 
bewerkstelligen additioneel tot de traditio-
nele functie van voeding. Om probiotische 
bacteriën te kunnen voorzien van een 
gezondheidsclaim is het daarom nodig om 
het precieze werkingsmechanisme te 
bepalen. Hoewel het vandaag de dag rela-
tief eenvoudig is om de sequentie van het 
genoom van een potentieel probiotische 
bacterie te bepalen, geeft dit maar weinig 
informatie met betrekking tot welke effec-
tieve moleculen deze bacterie tot expressie 
brengt. Huidig onderzoek naar deze effec-
tormoleculen wordt voornamelijk gedreven 
vanuit een microbiologisch perspectief en 
heeft geleid tot nieuwe initiatieven. Zo 
wordt er bijvoorbeeld veel onderzoek 
gedaan naar die genen en moleculen die 
een rol spelen in de aanpassing van probio-
tische bacteriën op het leven in het darm-
stelsel van het individu en het vermogen 
van deze bacteriën tot het fermenteren van 
onverteerbare voedingsvezels. Vanuit een 
immunologisch perspectief worden die 

bacteriële genen en moleculen in kaart 
gebracht die een immunologisch effect 
bewerkstelligen. Het ontbreekt op dit 
moment aan studies die precies die cellu-
laire receptoren identificeren die interacte-
ren met de probiotische bacterie. 

Dit proefschrift heeft als doel de verschil-
lende aspecten te belichten die een rol 
spelen in de interactie tussen cellen van de 
gastheer en bacteriën, met een focus op 
probiotische bacteriën. Huidig onderzoek 
richt zich voornamelijk op de rol van TLRs en 
NLRs in de interactie van bacteriën met 
gastheer cellen. Hoewel dit onderzoek heeft 
geleid tot inzicht in hoe deze interacties 
leiden tot een immuunrespons in de gast-
heer zijn deze bevindingen vrij algemeen 
en blijft er nog veel onduidelijk. Duidelijk is 
dat TLRs en NLRs functioneren als sensoren 
van ‘gevaar’ en inflammatoire responsen 
induceren. Hiervoor zijn zij afhankelijk van 
andere PRRs die de rol vervullen van het 
binden en fagocyteren van het micro-orga-
nisme en hun assisterende functie bij TLR/
NLR activatie. Identificatie van deze PRRs 
en hun signaaltransductieroutes kan signi-
ficant bijdragen aan het ontrafelen van 
het werkingsmechanisme van (probioti-
sche) bacteriën. Tevens zou het een verkla-
ring bieden voor de bevindingen dat sterk 
gerelateerde probiotische bacteriën ver-
schillende immuun responsen kunnen 
induceren. Modellen die zowel TLR/NLR als 
andere PRR signaaltransductie beschrijven 
en tevens rekening houden met relevante 
weefselfactoren die deze interacties modu-
leren zijn waardevol gereedschap (tools) 
voor onderzoek. Deze tools kunnen worden 
ingezet om toekomstige probiotische bacte-
riën te selecteren, maar ook om het wer-
kingsmechanisme van huidige probiotische 
bacteriën beter te begrijpen. 
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En dan nu misschien wel het moeilijkste 
gedeelte uit mijn proefschrift, het dank-
woord. Ik had eerst bedacht het mijzelf 
makkelijk te maken door gewoon BEDANKT! 
te schrijven. Maar gaandeweg bedacht ik 
mij dat dit toch echt geen recht zou doen 
aan een aantal mensen die essentieel zijn 
geweest in de totstandkoming van dit 
proefschrift en die dus enige credits ver 
dienen. 
Voor mij zijn niet alleen de mensen belang-
rijk die hebben bijgedragen aan de kennis 
zoals die is gerapporteerd in dit proefschrift, 
maar ook de collega’s die het de moeite 
waard maken om in de ochtend uit bed te 
komen om op het lab te gaan staan of 
achter mijn buro te gaan zitten. 
Jullie weten wie jullie zijn en hierbij bedank 
ik jullie.

Vooral die mensen die mijn passie delen 
voor het doen van onderzoek in teamver-
band, zowel binnen als buiten Nutricia, zou 
ik willen bedanken. Zij fungeren als mijn 
motor en hebben mij mede gevormd tot 
wie ik nu ben. 

Johan, team-player pur sang, bedankt! 
Zonder jou had ik niet kunnen promoveren 
binnen Nutricia, sterker nog, waarschijnlijk 
had ik niet eens meer gewerkt bij Nutricia. 
Jij hebt er altijd voor gestreden dat research 
binnen Nutrica niet alleen toegepast dient 
te zijn, maar dat er ook ruimte moet zijn 

voor fundamenteel onderzoek. Hierdoor is 
het ook prettig werken voor mensen zoals 
ik, iemand die persé wil weten hoe dingen 
nu eigenlijk precies werken. Ik deel jou 
passie voor het doen van onderzoek, maar 
ben niet jaloers op de hoeveelheid politiek 
die jij moet bedrijven om dat mogelijk te 
maken. 

Paul, kerel, bedankt voor al je hulp bij het 
vertalen van mijn veel te gedetailleerde 
geschreven stukken naar stukken met meer 
een helicopterview. Bedankt voor het 
opknippen van mijn veel te lange zinnen en 
het beter leesbaar maken van mijn verhaal. 
In al die jaren die wij met elkaar samen 
hebben gewerkt heb ik jou leren waarderen 
als iemand met wie je goed van gedachten 
kan wisselen over allerhande onderwerpen. 
Als collega waardeer ik vooral jouw vermo-
gen om ingewikkelde dingen simpel voor te 
stellen en jouw vermogen tot het zien van 
de ‘big-picture’. Wie moet mijn stukken ‘ver-
talen’ nu jij het immunologie platform hebt 
verlaten? 

Aletta, wij kenden elkaar al van voor ik bij 
Nutricia kwam werken. Ook toen had ik  
respect voor jou en de dingen die je doet.  
Je bent een sterke vrouw met een sterke wil 
en je laat je geen dingen voorschrijven. 
Precies de reden waarom ik juist jou als co-
promotor wilde, omdat ik het idee had dat 
jij wél streng voor mij kon zijn. Ik ben een 
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spons die alles opzuigt en het liefst aan 
honderd projecten tegelijk werkt, aan jou 
en Paul was de taak mij op het rechte pad te 
houden. Geen gemakkelijke taak, maar dat 
er hier nu een proefschrift ligt is mede jullie 
verdienste!

Lieke en Nienke, mijn meiden. Ik weet nog 
dat ik naar jullie refereerde als ‘mijn meiden’ 
tijdens een immunologie scientist meeting. 
Meteen werd ik daar op mijn vingers getikt 
dat ik vooral niet zo over jullie mocht praten 
buiten deze meeting om. Toch heb ik jullie 
altijd zo gezien, ik weigerde te denken aan 
jullie als N-1’s en heb ik er altijd naar 
gestreefd om alles wat we doen, samen te 
doen. 
Nienke, zonder jou had ik het TIPharma 
project nooit kunnen doen. Achteraf gezien 
hadden we alles anders moeten doen maar 
daardoor is dit project wel één van mijn 
grootste leermomenten geweest. Ik kan me 
voorstellen dat je wel eens moedeloos werd 
doordat ik van hot naar her sprong in het 
project, maar jij hebt nooit gezeurd en altijd 
gepresteerd, bedankt daarvoor!
Lieke, wat zou ik moeten zonder jou? Als er 
iemand is die ervoor zorgt dat ik met plezier 
doe wat ik doe dan ben jij het wel. Ook jij 
bent een team-player pur sang. Jouw tome-
loze energie en persoonlijkheid zijn voor 
mij als een frisse wind en helpen mij door 
moeilijke momenten, bedankt meid!

Het hele immunologie platform, bedankt! 
Ik ga niet iedereen bij naam noemen maar 
wel jullie allemaal bedanken. Ik ben er trots 
op met jullie samen te werken en hoop nog 
lang deel uit te mogen maken van dit team. 

Bijzondere vermeldingen: frenemy Karen, 
hoi-jeroen Tjalling, no-nonsense Anita, 
UIPS-maatje Prescilla, can-do Nicole, gabber 
Leon, dappere Laura, best-man Tiemen, 
strenge Rob, ff-kletsen Kees, altijd-gezellige 
UIPS groep (van ‘onder-de-trap‘ tot nu),  
ik-regel-het-wel Yvonne, ff-plagen studen-
ten (ja jullie), TIP-maatje Bea. 
Enne… dinges (ik ben even je naam ver-
geten maar ik bedoel jou!)… zonder jou had 
ik dit alles nooit kunnen doen! Bedankt!

En last but not least, Barbara mijn dekseltje! 
Zonder jou en je support had ik dit niet 
kunnen doen. Niet alleen heb jij de hele 
vormgeving van dit proefschrift verzorgd, 
maar je bent er vooral geweest als steun en 
toeverlaat. Ik ga niet zeggen dat je nooit 
zeurt, maar je klaagt in ieder geval nooit en 
daarom houd ik van je! (onder andere)

En Zola, voor als je mijn proefschrift ooit 
leest (en misschien een beetje begrijpt) 
hoop ik dat ook jij trots zal zijn, ik ben 
namelijk enorm trots op jou.

Dankwoord
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