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There is increasing interest in the 
administration of microbes or 

microbial metabolites for the prevention 
and treatment of aberrant inflammatory 
activity. The protective effects associ-
ated with these microbes are mediated 
by multiple mechanisms involving epi-
thelial cells, DCs and T cells, but most 
data are derived from animal models. 
In this addendum, we summarize our 
recent data, showing that oral consump-
tion of Bifidobacterium infantis 35624 
is associated with enhanced IL-10 secre-
tion and Foxp3 expression in human 
peripheral blood. In addition, we discuss 
the potential DC subset-specific mecha-
nisms, which could contribute to DC

REG
 

and T
REG

 programming by specific gut 
microbes.

Introduction

It is accepted that the microbiota is 
required for optimal host development 
and ongoing immune homeostasis.1-3 The 
microbiota aids in the digestion of foods, 
competes with pathogens, degrades mucin 
and promotes the differentiation of epi-
thelial cells and mucosa-associated lym-
phoid tissue. In addition, the composition 
and metabolic activity of the microbiota 
has profound effects on proinflammatory 
activity and the induction of immune 
tolerance. Accumulating evidence sug-
gests that certain bacterial strains may 
provide protective signals, while others 
stimulate damaging immune responses. 
Thus, the activity of the mammalian 
immune system seems to be governed by 
the balance between symbiotic and patho-
genic factors derived from our indigenous 
microbes.4-6 This raises the possibility that 
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an imbalance or “dysbiosis” might lead 
to inappropriate inflammatory responses 
and contribute to the increase in several 
immune-mediated disorders, including 
allergy and inflammatory bowel disease, 
in recent decades. However, whether dys-
biosis is a cause, epiphenomenon or conse-
quence of disease is uncertain.

Bifidobacterium infantis 35624

Bifidobacterium longum subsp infantis 
35624 (B. infantis) was originally isolated 
from resected human healthy gastroin-
testinal tissue about 15 years ago. At the 
time, it was hypothesized that the isola-
tion of probiotic candidates among those 
populations of lactic acid bacteria adher-
ing to surgically-removed specimens of 
healthy human gastrointestinal mucosa 
might result in the identification of strains 
capable of functioning effectively within 
the anatomically and physiochemically 
complex human gastrointestinal envi-
ronment. It was also hypothesized that 
bacterial strains, which existed in close 
proximity to human epithelial cells with-
out inducing an inflammatory reaction, 
might possess potent immunoregulatory 
properties. B. infantis was one of a number 
of isolates that were obtained and this bac-
terial strain has been extensively studied 
for its potential immunoregulatory effects 
on epithelial cells, dendritic cells, lympho-
cytes, murine models and human studies 
(Fig. 1).

Epithelial Cells

Within the gastrointestinal mucosa, epi-
thelial cells are the first cells to encoun-
ter microbes. B. infantis was shown to 
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involved in polarization. B. infantis has 
been shown to selectively induce DCs with 
regulatory activity. DCs isolated from 
human mesenteric lymph nodes (MLN), 
obtained following surgical resection of 
inflamed gut from patients with inflam-
matory bowel disease, secreted IL-10 and 
TGFβ in response to stimulation with 
B. infantis, while IL-12 and TNFα were 
not induced.12 In contrast Salmonella 
typhimurium induced both IL-12 and 
TNFα by the same MLN-derived DCs. 
Interestingly, peripheral blood-derived 
DCs secreted TNFα in response to both 
B. infantis and S. typhimurium suggesting 
that commensal-pathogen divergence in 
cytokine responses is more marked in cells 
isolated from the mucosal immune system 
than those derived from peripheral blood. 
However, IL-12 secretion in response to  
B. infantis was not observed for either 
mucosal or peripheral blood-derived DCs. 
This observation was confirmed in a more 
comprehensive analysis of monocyte-
derived DCs (MDDCs), directly isolated 
myeloid (MDC) and plasmacytoid DCs 

released from microorganisms, sentinel 
DCs undergo maturation into potent 
effector DCs and migrate toward the 
T-cell areas of draining lymphoid organs. 
There, effector DCs activate naive T

H
 

cells with pathogen-specific [MHC pep-
tide complexes, signal (1)] and costimu-
latory [B7 family molecules, signal (2)]
molecules.9 In addition to signals 1 and 
2, DCs are responsible for a third signal, 
which determines the polarization of 
naive T

H
 cells into T

H
1, T

H
2, T

H
9, T

H
17 

or T
REG

 cells.10 Signal 3 is heterogeneous 
and can be mediated by various soluble or 
membrane-bound molecules, including 
interleukin (IL)-6, IL-10, IL-12, IL-18, 
TGFβ, IFNα, OX40 ligand (OX40L) 
and retinoic acid.11 Importantly, in vitro 
studies suggest that the expression lev-
els of these T

H
 cell-polarizing molecules 

by mature effector DCs depends on the 
conditions prevailing during their initial 
activation as sentinel DCs. This implies 
that different microbes may promote the 
development of distinct DC phenotypes 
by provoking tissues to release mediators 

adhere to gastrointestinal epithelial cell 
lines, without inducing NFκB activation 
or the secretion of chemokines.7 This 
is in contrast to other microbes, which 
induced proinflammatory transcription 
factor expression and chemokine secre-
tion. In addition, exposure to B. infantis 
reduced epithelial cell secretion of IL-8 
and CCL-20 in response to pathogens 
and TLR ligands such as flagellin.7,8 
These studies suggest that, although the 
intestinal epithelium is immunologically 
quiescent when it encounters B. infantis, 
this microbe exerts immunomodulatory 
effects on intestinal cells that mediate 
host proinflammatory responses to enteric 
pathogens.

Dendritic Cells

Dendritic cells (DCs) are professional 
antigen presenting cells that are present 
as immature sentinel cells sampling their 
local environment for antigenic material 
particularly at sites vulnerable to patho-
genic entry. Upon activation by signals 

Figure 1. B. infantis immunoregulatory effects on epithelial cells, dendritic cells and lymphocytes are illustrated.
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elucidated), which blocks IL-12 gene 
expression. However, it is likely that many 
other Bifidobacterium strains also activate 
TLR-2/6, TLR-9 and DC-SIGN so these 
PRRs may not be entirely responsible for 
the observed selectivity in cytokine and 
metabolite induction by B. infantis stim-
ulated DCs. Thus, additional PRRs are 
currently being examined.

T Regulatory Cells (TREG)

A feature of immunoregulatory microbes, 
which is being increasingly recognized, 
is their ability to induce T

REG
 cells. T

REG
 

cells are required to maintain tolerance to 
self-antigens and their depletion results in 
autoimmune diseases. They are derived 
from the thymus but may also be induced 
in peripheral organs, including the gut 
mucosa, where T

REG
 cells play an impor-

tant role in maintaining tolerance to the 
gastrointestinal microbiota and food anti-
gens.19,20 CD103+ DCs within the mucosa 
are largely responsible for the conversion 
of T

REG
 cells via TGFβ and retinoic acid 

dependent processes.21,22 The conversion 
is probably driven by gastrointestinal-spe-
cific environmental factors associated with 
the presence of large numbers of commen-
sal organisms. Indeed, we have recently 
reported that retinoic acid metabolizing 
enzymes can be upregulated in myeloid, 
but not plasmacytoid, DCs following in 
vitro incubation with B. infantis.13 In vitro, 
human DCs stimulated with B. infantis 
selectively promoted the upregulation of 

specificity of these responses is achieved 
through the activation of a particular 
mosaic of PRRs, that is determined by the 
available PAMPs and the innate immune 
cells involved. For example, Toll-like 
receptor (TLR)-2 recognition of zymo-
san results in the secretion of retinoic acid 
and IL-10 leading to Foxp3 induction, 
while dectin-1 activation by zymosan 
leads to IL-23 secretion and T

H
17 induc-

tion.14 Recent findings on the role of PRR 
signaling in mucosal homeostasis have 
emphasized the delicate balance that exists 
between different PRR functions, and 
revealed that defective PRR signaling can 
result in inflammation and atopic sensi-
tization.15,16 TLR-2 knockout animals are 
more sensitive to dextran sodium sulfate-
induced colitis, while TLR-2 gene vari-
ants are associated with disease phenotype 
in inflammatory bowel disease patients. 
Indeed, TLR-2 has been demonstrated 
to promote Foxp3 expression in response 
to intestinal microbes in murine mod-
els.17,18 In addition, Konieczna et al. now 
describe that cross-talk between TLR-
2/6, DC-specific intercellular adhesion 
molecule-grabbing non-integrin receptor 
(DC-SIGN) and TLR-9 activation on 
human DCs, in response to B. infantis, 
are partially responsible for inducing high 
levels of IL-10 secretion and lymphocyte 
Foxp3 expression.13 TLR-2 blockade also 
resulted in increased secretion of IL-12 
and TNFα in response to B. infantis sug-
gesting that signaling via TLR-2 provides 
a negative intracellular signal (yet to be 

(PDCs).13 All of these DC subsets secreted 
IL-10, but not IL-12, in response to B. 
infantis. However, other bacterial strains 
induced both IL-10 and IL-12 secretion by 
DCs. In addition, PDCs did not upregu-
late IFNα gene expression upon B. infantis 
stimulation, while control stimulation of 
these cells with CpG DNA resulted in a 
potent upregulation of IFNα. These data 
suggest that human DCs respond to B. 
infantis in a specific manner, resulting in 
selective secretion of IL-10, but not IL-12 
or IFNα.

It was also demonstrated by Konieczna 
et al. that MDDCs, MDCs and PDCs 
directly bind and phagocytose B. infan-
tis. However, only a subset of DCs bound 
B. infantis (approximately 20–30%), 
even when B. infantis cells were added at 
100x saturating concentrations. Within 
MDDCs, there is a well-described subset 
that is CD1a+ or CD1a-. We repeated the 
binding experiments to determine if CD1a 
expression was associated with enhanced 
or diminished B. infantis binding (Fig. 2). 
Both CD1a+ and CD1a- MDDCs bound 
B. infantis, albeit more CD1a+ MDDCs 
bound B. infantis than CD1a- MDDCs. In 
conclusion, CD1a expression does not cor-
relate definitively with the ability to bind 
B. infantis and other, currently unknown, 
receptors are also involved.

Pattern Recognition Receptors 
and Mucosal Homeostasis

The selection of an appropriate cytokine 
secretion pattern by microbial stimulated 
DCs is dependent on a number of factors 
but is significantly influenced by the bind-
ing of microbial ligands, termed pathogen-
associated molecular patterns (PAMPs), to 
pattern recognition receptors (PRRs) such 
as Toll-like receptors (TLR) and C-type 
lectin receptors (CLR). The differential 
binding of specific PRRs activates a num-
ber of intracellular signaling pathways, 
which ultimately result in cytokine secre-
tion and/or cellular maturation. Certain 
intracellular pathways have been well 
described (e.g., the TLR-4 pathway) while 
others are still being explored. However, 
in vivo, multiple DC PRRs are simulta-
neously activated and the co-operation or 
competition between the resultant signal-
ing cascades is not well understood. The 

Figure 2. CD1a expression does not correlate with MDDC capture of B. infantis. Following gating 
of the B. infantis +ve and B. infantis -ve cells, CD1a is not exclusively associated with B. infantis bind-
ing to MDDCs. Unstimulated cells were not incubated with B. infantis.
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in murine studies is relevant to humans.13 
B. infantis administration to healthy 
human volunteers for 8 weeks resulted 
in significantly increased numbers of 
Foxp3+ T

REG
 cells in peripheral blood. 

This increase in T 
REG

 cells was accompa-
nied by increased secretion of IL-10 by in 
vitro anti-CD3/CD28 stimulated periph-
eral blood mononuclear cells (PBMCs). 
However, anti-CD3/CD28 stimulated 
PBMC secretion of TNFα, IFNγ, IL-2 
or IL-12 was unaffected, suggesting that 
B. infantis selectively induces a regulatory 
immune response in humans.

Role for Metabolic Factors in 
Probiotic-Mediated  
Immunoregulation

Konieczna et al. demonstrate that induc-
tion of vitamin A and tryptophan meta-
bolic pathways in DCs by B. infantis 
is important for adaptive immune cell 
responses.13 These metabolic pathways 
are recognized participants in immuno-
regulatory mechanisms. That food-grade 
microbes deploy these mechanisms raises 
the possibility of a new link between diet, 
microbiota, metabolism and immunoreg-
ulation. Simply put, B. infantis administra-
tion to an individual, with a diet deficient 
in vitamin A and/or tryptophan, may not 
be as effective as B. infantis administration 
to an individual with a diet incorporating 
sufficient quantities of these nutrients. 
At present this is a hypothesis, however 
recent findings regarding other dietary 
factors support that certain dietary fac-
tors may be important for microbiota and 
probiotic-associated immunoregulation.35 
For example, microbial fermentation of 
dietary oligosaccharides results in short 
chain fatty acid secretion and immuno-
regulation via GPCR41 and GPCR43.36

Conclusions  
and Unanswered Questions

While it is clear that the microbiota 
influences host immune maturation and 
immune activity, the molecular basis of 
these immunomodulatory mechanisms 
are still emerging. The report by Konieczna 
et al. supports the concept that the pres-
ence of certain bacterial strains, such as  
B. infantis, influence host 

innate and acquired cellular and humoral 
immune reactions, designed to limit 
spread of the offending organism and to 
restore organ homeostasis.28 However, 
to limit the aggressiveness of collateral 
damage to host tissues, a range of regu-
latory constraints may be activated, such 
as induction of T

REG
 cells.29 A successful 

immune response is characterized by the 
efficient elimination of the pathogenic 
organism with minimal inflammatory 
damage to the host and the associated 
inflammatory cascades which may pro-
mote inflammatory disease. Infection 
with Salmonella typhimurium results in 
a potent inflammatory response, char-
acterized by NFκB activation, release 
of pro-inflammatory cytokines and tis-
sue damage. The Salmonella associated 
inflammatory response was attenuated 
by B. infantis administration in a T

REG
-

dependent manner.23 Administration of 
B. infantis to the collagen-induced arthri-
tis model attenuated joint swelling and 
joint inflammation (unpublished data). 
Two unrelated Bifidobacterium strains 
were also examined and these strains had 
no impact on arthritis severity. Similarly, 
B. infantis reduced bronchoalveolar 
lavage eosinophil numbers and TNFα 
levels in the ovalbumin-induced respi-
ratory inflammation model, which was 
not observed with other Bifidobacterium 
strains (unpublished results).

The ability of B. infantis to modulate 
inflammatory activity, at intestinal and 
extra-intestinal sites, across a wide range 
of different models, suggests that this 
bacterium exploits a central tolerogenic 
mechanism, which subsequently influ-
ences pro-inflammatory activity.

Human Studies

B. infantis has been demonstrated to 
reduce symptom severity in patients 
with irritable bowel syndrome (IBS) in 
two placebo controlled human clinical 
studies.30,31 IBS has been associated with 
altered immunoregulatory function both 
within the mucosa and systemically and it 
is tempting to speculate that the protective 
effects of B. infantis in IBS patients could 
be related to its immunoregulatory activ-
ity.32-34 The report by Konieczna et al. sug-
gests that the immunoregulatory activity 

Foxp3 expression in naïve lymphocytes. 
Murine studies have demonstrated that 
B. infantis administration results in an 
increase in CD25+Foxp3+ lymphocytes, 
which are functional as they protect 
against LPS or pathogen-induced NFκB 
activation.23 Furthermore, administration 
to healthy human volunteers also results 
in increased frequency of Foxp3+ lympho-
cytes within peripheral blood.13 Thus, the 
induction of Foxp3+ T

REG
 by B. infantis 

seems to be a robust and reproducible phe-
nomenon, which is potentially mediated 
by the interaction with DCs. However, it 
is unlikely that all commensal microbes 
are equally effective at inducing T

REG
 cells 

in vivo. A comparison of three different 
commensal organisms (Bifidobacterium 
longum AH1206, Bifidobacterium breve 
AH1205 and Lactobacillus salivarius 
AH102), has shown that Bifidobacterium 
longum AH1206 induced T

REG
 cells and 

was also able to protect against respira-
tory allergic inflammation.24 The other 
bacterial strains did not effectively induce 
T

REG
 cells and were unable to protect 

against allergic inflammation. Therefore, 
the induction of T

REG
 cells may be a 

critical characteristic of a healthy micro-
biota, which is protective against the 
development of aberrant immunological 
reactivity.

Animal Models  
of Inflammatory Disease

B. infantis has been demonstrated to 
reduce the severity of colitis in the IL-10 
knockout, the SCID lymphocyte adop-
tive transfer and the DSS models.25-27 The 
induction of regulatory cell populations 
was not examined in these studies; how-
ever, the potential role for a tonic cho-
linergic anti-inflammatory efferent vagal 
effect was shown not to be required for the  
B. infantis protective effect. Interestingly, 
B. infantis retains anti-inflammatory 
activity in the IL-10 knockout mouse, 
suggesting that additional mechanisms, 
such as retinoic acid metabolism, are also 
important.

In addition to colitis models, B. infantis 
has been examined for anti-inflammatory 
effects in murine models of infection, 
arthritis and respiratory inflammation. 
The host response to infection requires 
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effect and to use these isolated factor(s) 
alone. Mining B. infantis and other micro-
biota for metabolites and ligands that 
modulate host immune function will 
likely lead to a new class of immunothera-
peutic agents for inflammatory states. The 
continued identification of new microbes 
and microbial compounds, which induce 
tolerogenic DCs and T

REG
 activity, prom-

ise to reveal novel therapeutic candidate 
molecules.

shown whether the B. infantis immuno-
regulatory responses described in healthy 
human volunteers will also be observed 
in patients with inflammatory disorders. 
The data are encouraging and call for 
the further evaluation of this microbe in 
patients.

In addition to using live microbes for 
the treatment of inflammation, another 
exciting approach is to identify the micro-
bial factor(s) responsible for the beneficial 

immunoregulatory mechanisms, either 
due to direct interactions with the host 
(e.g., via DC PRR activation) or by their 
metabolic activity in vivo. In addition, 
we suggest that studies focused on the 
impact of dietary factors and microbiota-
associated molecular pathways should 
be a priority, so that preventive and 
therapeutic strategies may be formulated 
by matching essential microbes with 
dietary components. It remains to be 
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