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ABSTRACT
Increasing evidence indicates that gut microorganisms impact multiple aspects of the innate and adaptive
mucosal immune system. Current research focuses on the potential of prebiotics (non-digestible fibres that nour-
ish beneficial bacteria) and probiotics (beneficial live bacteria) to promote health, prevent disease, and for use as
a treatment strategy for a variety of immune-mediated conditions. The immune modulatory effects of probiotics
and prebiotics are strain- or structure-specific and vary with disease state, age, and sex. Prebiotics and live ben-
eficial bacteria, including their metabolic products or soluble mediators, have the ability to affect the composition
of the intestinal microbiota. As well, they influence the integrity and functions of intestinal epithelial cells and anti-
gen presenting cells, including dendritic cells and macrophages, by both direct and indirect mechanisms of
action.

Statement of novelty: This review serves to highlight select advances related to the impact of prebiotics, probi-
otics, and gut microbe-derived metabolites on host immune function.

Introduction

The immune system includes a complex array of cells
and biomolecules, which interact to provide protection
from challenge by pathogenic microorganisms. The
immune system is divided into 2 major branches, com-
prised of innate (or non-specific) and adaptive (specific)
immune responses. The innate immune system is tasked
with rapidly distinguishing between self and non-self,
and facilitates activation of the adaptive immune system
during microbial challenges. Adaptive immunity is char-
acterized by highly specific responses as well as immuno-
logical memory, allowing the host to respond more
rapidly to subsequent challenge from a previously

encountered pathogen or antigen. While innate and
adaptive immunity differ in many aspects, there is exten-
sive communication and interaction between cell types
that participate in both types of responses. Some cell
types, such as macrophages, are active participants in
both arms of host immune function. Commensal gut
bacteria play an integral role in the development and
regulation of both innate and adaptive immunity
(Lathrop et al. 2011; Kabat et al. 2014).

Over the past decade, a wealth of research contribut-
ing to the Human Microbiome Project has catalogued
the variety of microorganisms that colonize various
body surfaces. These include the skin, the vagina, the
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lungs, the nasal and oral cavities, as well as various seg-
ments of the gastrointestinal tract (Marchesi et al. 2016).
Most studies to date have characterized bacterial com-
munities, particularly those that are difficult to culture,
using culture-independent approaches such as sequenc-
ing of various hyper-variable regions of the 16S ribosomal
RNA gene and shotgun metagenomic sequencing.
However, plenty of data are also available on the presence
and diversity of non-bacterial microorganisms present on
the human body, including Archaea, fungi (Wheeler et al.
2016), viruses, and phages (Monaco et al. 2016). These
studies, collectively, have developed an inventory of the
microbial diversities present across the lifespan, both in
healthy individuals living in various parts of the world,
and in various disease states.

Dysbiosis (defined as any change to the composition
of resident commensal communities relative to the
community found in healthy individuals) (Petersen
and Round 2014), is linked to a variety of chronic
inflammatory disease states, including Crohn’s disease
and ulcerative colitis, obesity, and type 1 and type 2 dia-
betes (Sonnenburg and Backhed 2016). However,
whether dysbiosis is the cause or the effect of chronic
inflammation remains the subject of ongoing debate.
Most human studies are cross-sectional, case-control
studies that, by design, are not able to distinguish
cause-and-effect from reverse causality. However, a
well-designed prospective clinical study demonstrated
the importance of microbial composition in the devel-
opment of allergy (Abrahamsson et al. 2014). This study
showed a strong correlation between low gut microbial
diversity during infancy and an increased incidence of
allergy later in childhood. In addition, animal models
and longitudinal studies in children at risk of develop-
ing type 1 diabetes support the concept that loss of
microbial diversity, rather than a specific microbial
pathogen, has crucial functional relevance to human
health and disease. This is mediated, at least in part, by
interactions between lumenal microorganisms and host
immune cells and epithelial cells lining the length of the
gut (Honda and Littman 2016; Thaiss et al. 2016).

Major environmental factors thought to influence the
development and stability of the gut microbiota include
exposure to dietary constituents, and the use of antibi-
otics (Falony et al. 2016). For instance, the microbiota
of a baby matures in a stepwise fashion that corre-
sponds to shifts in dietary exposures. Whereas breast-
feeding is characterized by a predominance of lactic

acid-producing bacteria and Bifidobacteria, introduc-
tion of weaning shifts the gut microbiota to an adult-
like community with a predominance of Bacteriodetes
and Firmicute species. Coinciding with this nutritional
shift, the host immune system develops and matures to
reflect the maturing gut lumenal microbiota. This cre-
ates an early “window of opportunity” to prime devel-
oping infants with lasting education of the immune
system and tolerance. Adults, on the other hand, despite
having stable gut microbial communities, can still
respond to changes in diets with rapid readjustments
in the microbiota. Microbial taxa can spike within hours
following a meal (David et al. 2014), but can also
become permanently lost over generations with selec-
tive dietary pressures such as the depletion of non-
digestible dietary fibers (Sonnenburg et al. 2016).
Therefore, long-term dietary habits are critical in deter-
mining the gut microbiota composition across the life-
span which, in turn, leaves lasting impressions on host
immunity and immune function.

Given the tri-partite interplay between host micro-
biota, immunity, and diet, growing interest now focuses
on defining the functional consequences of manipulat-
ing microbial consortia to promote health (Baumler
and Sperandio 2016; Gilbert et al. 2016). The gut micro-
biota is now widely accepted as a major factor at the
intersection of diet and immunity, but mechanisms
underlying these interactions and the bacterial metabo-
lites that are involved are complex and only just now
beginning to be unraveled. This literature review high-
lights selected advances related to the impact of gut
microorganism-derived therapeutics on host immune
functions. We have summarized previous studies and
provide an overview of current research in this field.

Dietary effects on host immune
function via impacts on the gut
microbiome

Although microbial communities in humans are
established early in life (Faith et al. 2013), dietary com-
ponents, such as fats and sugars, elicit rapid short-term
fluctuations in the microbial community. For example,
changing fiber and fat macronutrient contents alters
microbial diversity as early as the day after beginning
intake, and both are known to influence the production
of bacterial metabolites (David et al. 2014). Bacterial
metabolites, including short-chain fatty acids (SCFA),

Wu et al. – Impact of prebiotics, probiotics, and gut derived metabolites on host immunity

2 LymphoSign Journal • Vol. 4, 2017.

L
ym

ph
oS

ig
n 

Jo
ur

na
l D

ow
nl

oa
de

d 
fr

om
 ly

m
ph

os
ig

n.
co

m
 b

y 
13

.5
9.

15
4.

14
3 

on
 0

5/
21

/2
4



catabolites of tryptophan metabolism, and omega-3
fatty acids, can activate G-protein coupled receptors
present on gut epithelial and immune cells to mount
anti-inflammatory responses. Conversely, depletion of
select dietary substrates can, over time, result in a pro-
inflammatory state in the intestinal environment.
Besides altering microbial abundance, dietary exposures
influence bacterial gene expression. For example, in a
comparison between healthy human vegans and omni-
vores, while diet had a surprisingly modest impact on
gut microbiota composition, the production of bacterial
metabolites was divergent between the 2 groups and
constrained by the composition of the existing micro-
biota (Wu et al. 2016). Therefore, diet elicits changes
in both the composition and function of intestinal
microbiota, but its ability to promote health and man-
age disease is still highly variable due to interpersonal
differences in resident microbiota composition.

Prebiotics

Prebiotics are non-digestible dietary food ingredients
that resist absorption and digestion so that they are able
to transit to the distal small intestinal and colon mostly
intact. Prebiotics have been described as “selectively
fermented ingredients that allow specific changes, both in
the composition and (or) activity in the gastrointestinal
microflora that confers benefits upon host well-being and
health” (Roberfroid 2007). Specific bacteria (such as
Bifidobacteria and Lactobacillus species) possess degrada-
tion enzymes which enable prebiotic oligosaccharides to
be utilized as a carbon source, thereby releasing SCFA as
a by-product during bacterial fermentation. Common
examples of prebiotics include plant-derived oligosaccha-
rides, such as inulin and fructo-oligosaccharides (FOS).
More complex galacto-oligosaccharides and short-chain
trisaccharides (such as sialylactose or fucosyllactose) are
present in human milk oligosaccharides (HMO) in
maternal breast milk. The complexity of oligosaccharide
structures vary by their sources: whereas inulin and FOS
are linear β(1-2) fructan polymers, HMOs are more
branched, diverse, and abundant (roughly 4–5 g/L).
HMOs, normally the first prebiotics ingested by humans,
serve as substrates to promote the growth and activity of
Bifidobacteria and lactic acid-producing bacteria in
breastfed infants (Underwood et al. 2015).

Although the biological activities of prebiotics are
believed to be similar to HMOs, there are functional
differences. For example, HMO content in the breast

milk of Malawian mothers correlates with the linear
growth of the offspring. Mothers whose children exhib-
ited stunting have lower levels of fucosylated and sialy-
ated HMOs. When sialylated milk oligosaccharides are
supplemented into the diets of mice and piglets exhibit-
ing the phenotypes of severe malnutrition, gains in
lean-body mass, and improvements in metabolic activ-
ity and bone growth are observed. These effects are
absent with inulin-supplemented diets (Charbonneau
et al. 2016). Divergent effects observed between various
oligosaccharides are strongly linked to the structural
requirement for sialic acid side-chains (Bode and
Jantscher-Krenn 2012), which may yield variable
microbial effects on nutrient metabolism. These effects
are supported by differences observed in both circulat-
ing (serum) and liver metabolites. A recent study dem-
onstrated that sialyated HMOs, but not GOS, protect
against intestinal pathology in a neonatal rat model of
necrotizing enterocolitis (Autran et al. 2016). In addi-
tion, a recent review article highlights the multifactorial
effect of prebiotics and the diverse clinical outcomes
when used to prevent necrotizing enterocolitis in very
low birth weight infants (Johnson-Henry et al. 2016).

Direct and indirect immunomodulatory
effects of prebiotics
Aside from structural specificity, prebiotic-mediated

immune regulation is also influenced by the existing
intestinal microbiota (Figure 1). For instance, a recent
study by the DIABIMMUNE Study Group identified
that the difference in HMO-metabolizing bacteria from
children under 3 years of age results in completely dif-
ferent immune responses and endotoxin tolerance
(Musilova et al. 2014; Vatanen et al. 2016). Whereas
fecal samples from Finnish and Estonian children are
highly abundant in Bacteroides species, those of the
Russian children consist mostly of Bifidobacteria.
Although both phyla are able to metabolize HMOs, the
microorganisms lead to profound functional differences
in the dominant microbial lipopolysaccharide (LPS)
subtype being expressed by the gut microbiota. Finnish
and Estonian children are characterized by
Bacteroides-derived LPS, which lack immunogenicity
in vitro and do not reduce the development of type 1
diabetes in NOD mice. In contrast, Russian children
are characterized by Escherichia coli-derived LPS that
has been shown to reduce the development of type 1
diabetes in NOD mice. These findings demonstrate that
prebiotic-mediated immune regulation extends beyond
the mere provision of substrates, and indicate that the
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observed effects on immune function largely relate to
the nature and subtype of bacterial metabolites
expressed by the resident gut microbiota. This concept
could serve to explain why autoimmune diseases, like
type 1 diabetes and allergic conditions, are more
common in Finland than in Russia.

Apart from immune regulation via microbial inter-
actions, growing evidence also highlights the potential
for direct immune regulatory effects of prebiotic oligo-
saccharides. For instance, in vitro studies demonstrate
that prebiotic exposure directly triggers cytokine and
chemokine release in intestinal epithelial cells, mono-
cytes, and dendritic cells (Lehmann et al. 2015).
Similarly, our group observed that gut epithelial Caco2-
bbe cells cultured in the absence of microorganisms have
increased expression of the anti-inflammatory cytokines
interleukin (IL)-10 and transforming growth factor β
when exposed to prebiotic compounds (Johnson-Henry
et al. 2014). Moreover, expression of pro-inflammatory

cytokines tumor necrosis factor-alpha and CXCL8 (also
referred to as IL-8) are reduced in epithelia pre-treated
with prebiotics and then challenged with enterohemor-
rhagic Escherichia coli, serotype O157:H7, compared to
exposure to the enteric pathogen in the absence of
oligosaccharides.

Prebiotics have received considerable attention for
their potential as fermentation substrates for intestinal
bacteria, their ability to influence host health through
effects on probiotic bacteria, and their impact on intes-
tinal SCFA production (He et al. 2015; Vogt et al.
2015a; Correa-Oliveira et al. 2016). SCFA elaborated
by gut microorganisms is a route through which diet-
microbiota interactions influence host immune activity,
with effects demonstrated not only at the local mucosal
level (Arpaia et al. 2013; Kim et al. 2013b; Smith et al.
2013), but also at lung mucosal surfaces and systemi-
cally (Maslowski et al. 2009; Trompette et al. 2014;
Thorburn et al. 2015). Recent findings further reinforce
the role of fermentable dietary substrates and SCFA
produced by gut bacteria in regulating the immune sys-
tem. Mice fed low fiber diets, with subsequent low levels
of SCFA production, show defects in antibody produc-
tion against the pathogen Citrobacter rodentium. This
effect was reversed by elevating SCFA levels through
the consumption of a diet containing 5%–15% pectin:
inulin (Kim et al. 2016). SCFAs mediate their effects
by accelerating B cell metabolism and by enhancing
expression of genes involved in B cell differentiation to
antibody-producing plasma cells. These effects are
apparent in systemic as well as intestinal tissues, further
reinforcing earlier evidence for system-wide effects of
SCFAs produced by gut microorganisms. High-fiber
diets in mice also promote oral tolerance by providing
substrates for production of the SCFA acetate and
butyrate, which act through G-protein-coupled receptor
(GPR)43 and GPR109A to enhance retinaldehyde dehy-
drogenase (RALDH) activity in tolerogenic CD103+

dendritic cells (DC), in turn promoting Treg induction
in both the intestinal submucosa and in mesen-
teric lymph nodes (Tan et al. 2016). Increased
immunoglobulinA (IgA) production and protection
against food allergy is also associated with SCFA
production resulting from a high fiber diet. The
SCFA-mediated impact on DC and Treg induction
requires sufficient dietary vitamin A to support
RALDH activity, suggesting that interactions with other
dietary components are important to consider with
respect to microorganism- and diet-based therapeutics.

Figure 1: Mechanisms of action for prebiotic-mediated
immune regulation. (A) Both plant- and human-derived
oligosaccharides are metabolized by select gut communities
to (B) generate bacterial metabolites including SCFAs such
as propionate and butyrate. SCFAs and other bacterial
metabolites can activate GPCRs expressed on IECs to
dampen host inflammatory responses. (C) Intact prebiotics
may also directly activate Toll-like receptors expressed on
IECs and host immune cells to induce the expression of anti-
inflammatory cytokines IL-10 and TGFβ. (D) Bacterial
communities (e.g., Bacteroides dorei versus Escherichia
coli) metabolize HMOs to produce LPS subtypes with
different immunogenicity on the host (E). Human milk
oligosaccharides (HMOs); G-protein-coupled receptors
(GPCRs); interleukin 10 (IL-10); intestinal epithelial cells
(IECs); lipopolysaccharide (LPS); short chain fatty acids
(SCFAs); transforming growth factor beta (TGFβ).
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Increasing evidence points to roles for other gut
microbial metabolites in modulating immune measures
and influencing host defences in the mucosa and
systemically (Wikoff et al. 2009; Zelante et al. 2013;
Hubbard et al. 2015; Vogt et al. 2015b). While SCFAs
are the best characterized microbial metabolites, deter-
mining the ability of other gut microorganism-derived
metabolic mediators to influence host immune activity
will contribute to a better understanding their therapeu-
tic potential.

Several prebiotics such as FOS, GOS, β-1,4-
Mannobiose, and resistant starches act as ligands for spe-
cific Toll-like receptors (TLR), suggesting a mechanism
for direct interactions with cell types participating in
innate immune activity (Kovacs-Nolan et al. 2013;
Bermudez-Brito et al. 2014; Ortega-Gonzalez et al. 2014;
Lehmann et al. 2015), a mode of action distinct from
the effects traditionally associated with prebiotics. These
interactions include TLR-4-mediated effects of FOS and
GOS on IL-10 production by human monocyte-derived
dendritic cells (DC) (Lehmann et al. 2015), FOS on pro-
inflammatory cytokine production and NF-κB activation
in human intestinal epithelial cells (IEC) (Ortega-
Gonzalez et al. 2014) and in human and rat monocytes
(Capitan-Canadas et al. 2014), as well as TLR-2-
mediated impact of short chain β2→1 fructans on
human IEC barrier integrity (Vogt et al. 2014).
Involvement of peroxisome proliferator-activated recep-
tors (PPAR) has also been reported, including PPARγ
activation by FOS mediated through the peptidoglycan
recognition protein 3 (PGlyRP3) expressed on human
IEC (Zenhom et al. 2011). These interactions add further
complexity to the interpretation of the impact of prebiot-
ics on the immune system, in the context of gut micro-
organism-derived therapeutics.

Host specific factors influencing prebiotic
modulation of the immune system
While current evidence for direct and indirect

mechanisms of action for both prebiotics and probiotics
is rapidly accumulating, many questions remain to be
answered; factors such as health, age, and gender may
influence host responses. For example, the impact of
prebiotics in healthy human adults may differ from that
observed in disease states. Recent studies have detected
a relatively minor impact on immune measures in
healthy individuals in either the absence (Lomax et al.
2012; Clarke et al. 2016) or in the presence of an
immune challenge (Lomax et al. 2015).

Host sex may be another necessary factor to consider
in evaluating the potential applications of prebiotics.
For example, sex-associated differences in the impact
of oligofructose-supplemented diets on IgA production
and on fecal microbial community structure indicate
differences in metabolism of this prebiotic between
microbial communities of male and female rats
(Shastri et al. 2015). Use of a weaning diet high in
prebiotic fiber to mitigate effects of maternal protein
restriction in rats leads to reduced insulin resistance
in male offspring. However, increased plasma endotoxin
levels and decreased colonic tight junction protein expres-
sion in female offspring, indicates sex-specific effects of
a prebiotic-supplemented diet on intestinal epithelial
barrier integrity (Hallam and Reimer 2014). Overall, these
findings indicate that sex is also a factor to consider in
the potential efficacy of gut microorganism-based
therapeutics.

Compared to inulin, sialylated bovine milk oligosac-
charides promote larger weight gain in both mice and
piglets with humanized gut microbiota originally
obtained from an infant in Malawi, Africa suffering
from impaired linear growth due to nutritional depriva-
tion and environmental enteropathy (Charbonneau
et al. 2016). This effect was observed in animals fed a
Malawi-like diet and relates to variable gut microbial
effects on nutrient metabolism, as demonstrated
by changes in both circulating (serum) and liver
metabolites.

Probiotics

Probiotics are “live microorganisms that, when
administered in adequate amounts, confer health ben-
efits on the host” (Hill et al. 2014) by enhancing gut
epithelial barrier integrity, reversing pathogen-
induced signal transduction, and boosting the host
immune system (Figure 2) (Sanders et al. 2013). We
have shown that a commercial mixture of lactic-acid
producing bacteria (L. helveticus Rosell-52 and
L. rhamnosus Rosell-11) ameliorates the severity of
C. rodentium-induced colitis in both adult and new-
born mice (Johnson-Henry et al. 2005; Gareau et al.
2010). The results of these animal studies provide the
basis for a randomized clinical trial regarding the effi-
cacy of the probiotic mixture in children attending
hospital emergency departments with acute enteritis
that is now underway in centers across North
America (Freedman et al. 2014).
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More recently, we demonstrated that fecal pellets
from healthy adult mice cultured in de Man Rogosa
Sharpe (MRS) broth, to enrich for Lactobacilli, reduces
the severity of C. rodentium-induced colonic epithelial
injury. This reduction in infection was associated with
lower mRNA levels of IFN-γ and TNF-α in mucosal
homogenates, and with decreased production of neutro-
phil extracellular traps (mesh-like structures that func-
tion to contain and kill bacteria) (Vong et al. 2015).
These findings are entirely consistent with the emerging
concept that both beneficial microorganisms and
enteric pathogens have evolved strategies over time to
manipulate the host innate and adaptive immune sys-
tem (Coyte et al. 2015; Ayres 2016; Fischbach and
Segre 2016).

Interactions of probiotics with the immune
system
Most microorganisms characterized as probiotics are

Gram-positive bacteria belonging to the Bifidobacteria
and Lactobacilli genus. However, Gram-negative
Escherichia coli strain Nissle 1917, the yeast
Saccharomyces boulardii and a variety of other micro-
organisms also have been reported to have probiotic
properties. Probiotics generally transiently colonize the
gut of older children and adults only during the period
of when they are being regularly ingested, and disappear

from the colonic microbiota soon after ingestion is
stopped; likely via extrusion by competitive inhibition
from the normal commensal microbiota (Zhang et al.
2016). Although it appears as though probiotics are able
to mediate beneficial effects without a discernible
impact on the overall composition of the fecal micro-
biota (Kristensen et al. 2016), this may not be too sur-
prising since there is good evidence that simply
describing numbers of bacteria present in a microbial
community does not by itself predict biological impact
and functional outcomes (Rolig et al. 2015).

Probiotic strains mediate beneficial effects against the
risk of pathogenic infections by colonization resistance,
enhancing epithelial barrier integrity, and by impacting
on host adaptive and innate immunity (Hardy et al.
2013). To date, the impact of probiotic bacteria on innate
immunity has been demonstrated through effects on cell
signaling pathways, which are mediated through both
direct and indirect interactions (Table 1). Immunochip-
based microarray analysis reveals that signaling
responses to probiotic bacteria are strain-specific (Ho
et al. 2013). This study demonstrated that L. helveticus
strain Rosell-52 and L. rhamnosus strain GG induce very
different immune responses in cultured gut-derived
epithelia (Caco2-bbe cells), when used to prevent E. coli
enteric infection.

Figure 2: Mechanisms of action for probiotic-mediated immune regulation.
(A) Probiotics are transiently present in the host GI tract. (B) Existing commensals
can outcompete probiotics once consumption stops. Nevertheless, (C) probiotics
may induce distinct, species-specific inflammatory responses in host IECs.
(D–E) Host cells such as IECs secrete miRNAs into the lumen that can enter
bacterial cells to facilitate interspecies changes in microbial composition and
function. (F) Probiotic strains grown in select culture conditions such as MRS can
alter immune cell function such as the formation of neutrophil extracellular traps to
affect host inflammatory responses. De Man, Rogosa and Sharpe (MRS);
gastrointestinal tract (GI); intestinal epithelial cells (IECs); neutrophil extracellular
traps (NETs).
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While IEC and antigen-presenting cells (APC) are
key innate immune participants, their activity have
downstream effects on adaptive immunity. Moreover,
APC interactions with T cells are essential for a success-
ful adaptive immune response. Direct interaction of
bacteria and their products with IECs provide one
potential route for host-microorganism interaction at
the gut mucosal interface and in gut-associated lymph-
oid tissues (GALT). Commensal and probiotic bacteria
modulate IEC activity which, in turn, allows IEC to
influence key cells of the immune system, including
dendritic cells, macrophages, and intraepithelial lym-
phocytes (Lebeer et al. 2010; Peterson and Artis 2014).
Inhibition of NF-κB activation in IEC by commensal
gut bacteria was initially observed with specific com-
mensal enteric Salmonella strains (S. typhimurium
PhoPc and S. pulloram), which are able to inhibit
nuclear translocation of the DNA-binding protein
NF-κB, by inhibiting IkB-α ubiquitination, thus block-
ing IkB-α degradation and release of NF-κB from
this inhibitory complex (Neish et al. 2000). Inhibition
of NF-κB activation induced by a variety of pro-
inflammatory signals has since been reported for several
probiotic strains, including L. acidophilus, L. reuteri
ATCC PTA 6475, L. casei, L. rhamnosus strain GG,

and Bifidobacterium longum, (Bai et al. 2004; Tien
et al. 2006; Iyer et al. 2008; Kim et al. 2008;
Nandakumar et al. 2009) as well as several other species
of Bifidobacterium (Riedel et al. 2006). This mechanism
down-regulates expression of pro-inflammatory cyto-
kines and mediators, such as the chemokine IL-8, and
is postulated to play a role in the ability of the IEC to
cope with the high load of commensal bacteria present
in the distal portions of the human intestinal tract.
Disruption in the host gut microbiota would undermine
this balance. This concept is a driving theory behind tri-
als testing the role of gut microorganisms and the
potential for probiotic therapy in chronic inflammatory
bowel diseases.

Several strains of probiotics are reported to
down-regulate pro-inflammatory gene expression and
cytokine production by human IEC. The ability to
block NF-κB activation fits with this mode of action.
Down-regulation of IL-8 production has been used as
a marker for potential anti-inflammatory activity, and
several probiotic strains have been reported to have
this ability, including B. longum strain Rosell-175,
L. bulgaricus strain Rosell-52, L. rhamnosus strain
Rosell-11, L. reuteri, L. rhamnosus strain GG,

Table 1: Examples of various immunomodulatory mechanisms of probiotics.

Probiotic In vitro cell model Immunomodulatory activity Mechanism of action Reference

Lactobacillus reuteri
CRL1098

PBMC Down-regulation of TNF-α
production

Activation of ERK and
p38 MAPK pathways

Mechoud
et al. 2012

Bifidobacterium breve and
Steptococcus thermophiles

PBMC and THP-1
human monocytes

Down-regulation of LPS-induced
TNF-α production

Reduced LPS-FITC
binding and inhibition
of NF-κB

Menard et al.
2004

Lactobacillus plantarum THP-1 human
monocytes

Down-regulation of LPS-induced
TNF-α production

Inhibition of the
phosphorylation of
ERK, JNK, p38
kinase

Kim et al.
2008

Inhibition of the
degradation of Iκβα
and Iκββ

Lactobacillus helveticus
R0052, Bidifobacterium
longum subsp. infantis
R0033, and Bifidobacterium
bifidum R0071

HT-29 human IECs Attenuation of poly (I:C)-induced
pro-inflammatory gene
expression

Modulation of TRIF,
MAPK, and NF-κB
signaling pathways

Macpherson
et al. 2014

Lactobacillus acidophilus
NCFM

Human PBMC-derived
DCs and CD45RA+/
CD4+ T cells

Increased production of IL-10 by
DCs leading to an increase in T
cell polarization to Th2
phenotype

Interaction of S layer
protein A with DC-
SIGN on DCs

Konstantinov
et al. 2008

Bifidobacterium longum
BB536 and Bifidobacterium
breve M-16 V

Porcine intestinal
epithelial

Down-regulation of IL-8, MCP-1,
and IL-6 in response to challenge
with heat-killed enterotoxigenic
Escherichia coli

Modulation of NF-κB
and MAPK pathways
via increased
transcription of A20

Tomosada
et al. 2013
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L. plantarum, L. acidophilus Bar13, B. longum Bar33,
B. longumNCC2704, B. breve BbrY and B. bifidum strains
S17 and BbiY, B. infantis and L. salivarius (McCracken
et al. 2002; Bai et al. 2004; Ma et al. 2004; O’Hara et al.
2006; Riedel et al. 2006; Ko et al. 2007; Candela et al.
2008; Imaoka and Umesaki 2009; Nandakumar et al.
2009; Wagar et al. 2009). In addition, a blend of probiotic
strains (L. helveticus Rosell-52, B. longum subsp
infantis R033 and B. bifidum Rosell-71) attenuates
TLR3-mediated pro-inflammatory gene expression in
HT-29 human IEC by modulating mitogen-activated pro-
tein kinase (MAPK) and NF-κB signaling pathways
(Macpherson et al. 2014). Comparative transcription
profiling of the impact of IEC co-culture with a range of
individual probiotic strains to that of several pathogens
indicates differential regulation of MAPK signaling
(Audy et al. 2012), as well as modulation of immune-
associated genes by L. helveticus strain Rosell-52. In keep-
ing with these findings, we observed that soy
fermented with L. helveticus strain Rosell-52 down-
regulates NF-κB-mediated gene expression induced in
human IEC in response to TNF-α (Lin et al. 2016),
suggesting this substrate may provide a useful vehicle for
probiotic delivery in the diet.

Numerous studies have been conducted to further
delineate the mechanisms of action behind the ability
of certain probiotics to block NF-κB expression in
IEC. Many of these studies focus on negative regulators
of the innate immune system. For example,
L. crispatus M247 induces PPARγ activation in IEC
through H2O2 production (Voltan et al. 2008). PPARγ
is a nuclear receptor that inhibits NF-κB activation,
plays an anti-inflammatory role, and provides other
mechanistic routes for probiotics to act on IEC. A simi-
lar effect is reported for L. casei in the context of
LPS-induced gene expression, with upregulation
of PPARγ mRNA, and down-regulation of IL-8,
cyclooxygenase (COX)-2, and TLR-4 expression (Eun
et al. 2007). Orally administered probiotics also protect
against sepsis-induced liver and colonic damage in mice
through activation of PPARγ (Ewaschuk et al. 2007).

Recent evidence indicates that some probiotic strains
down-regulate pro-inflammatory biomarkers via
increased expression of the A20 protein (O’Callaghan
et al. 2012; O’Flaherty and Klaenhammer 2012; Villena
et al. 2012; Tomosada et al. 2013). A20 is responsible for
termination of the pro-inflammatory NF-κB signaling
pathway and TNF-α-induced apoptosis. Increased A20

expression effectively down-regulates subsequent
expression of pro-inflammatory biomarkers at the tran-
scriptome level by terminating the transcriptional activ-
ity of NF-κB. Impact on expression of other negative
regulators of pro-inflammatory signaling has also been
reported, including upregulation of Single immuno-
globulin interleukin-2 receptor-related (SIGIRR) and
Tollip in immature human enterocytes by a secreted
product of B. infantis (Ganguli et al. 2013).
Upregulation of A20, Bcl-3, Tollip, and SIGIRR in por-
cine IEC by B. breve MCC-117 has also been demon-
strated (Murata et al. 2014), suggesting this may be a
general mechanism by which multiple probiotic strains
modulate IEC gene expression.

Epigenetic and post-transcriptional effects
of probiotics on gene expression
Recently identified modes of action of probiotics on

IEC and other cells involve epigenetic and post-
transcriptional modifications, leading to changes in
expression of genes involved in the immune response.
One such mechanism involves the differential induction
of microRNAs (miRNAs). Demont et al. (2016) recently
demonstrated that L. paracasei NCC 2461 regulates
miRNA and increases anti-inflammatory effects in
peripheral blood mononuclear cells. This effect was
attributed to a decrease in the levels of miR-27a, a
miRNA involved in the regulation of IL-10 expression,
in response to treatment with heat-treated L. paracasei
NCC 2461. It is also clear that interactions between the
host immune system and lumenal microorganisms are
bidirectional in nature. For instance, a recent study
demonstrated that host mRNA secreted by intestinal
epithelial cells via exosomes is present in feces and acts
to mediate inter-species redistribution of the gut micro-
biota composition and function (Liu et al. 2016). These
investigators also showed that fecal miRNA can enter
viable bacteria, bind to bacterial DNA, and regulate
gene transcription to promote bacterial growth and rep-
lication. A recent study by Zhou et al. (2015) demon-
strated induction of miRNA by soluble mediators
produced by a probiotic. Rat IEC-6 IECs treated with
cell-free supernatant from Bifidobacterium infantis
showed an increase in the expression of miR-146a, a
miRNA involved in the post-translational modification
of genes involved in the inflammatory immune
response, following challenge with LPS.

Interactions of probiotics with IEC and APC medi-
ated through other epigenetic mechanisms have also
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been reported. For example, B. breve DSMZ 20213 and
L. rhamnosus strain GG reduce histone deacetylation
and enhance DNA methylation in LPS-challenged HT-
29 IEC, in concert with decreased nuclear translocation
of NF-κB and decreased expression of IL-17 and IL-23
(Ghadimi et al. 2012). Inhibition of histone deactylation
(Hdac) is a well-documented epigenetic mechanism
through which the SCFA butyrate mediates changes in
expression patterns of genes involved in immune
responses (Fusunyan et al. 1999; Thorburn et al. 2015;
Correa-Oliveira et al. 2016). While butyrate is mainly a
product of gut microorganisms other than Lactobacilli,
other metabolic products, including lactic acid, also
possess histone deacetylase inhibitor (HDAC) inhibi-
tory activity (Latham et al. 2012; Garrote et al. 2015),
suggesting this mechanism is another important route
through which probiotics modulate the activity of IEC
and APC.

Immunomodulation of monocytes and
macrophages by probiotics
Numerous studies have explored interactions

between probiotic bacteria and other cell types involved
in both innate and adaptive immunity. While many
recent studies focus on the role of probiotics in immune
homeostasis, some probiotic strains interact with
monocytes and macrophages to elicit an immunostimu-
latory effect. For example, the probiotic mixture VSL#3
activates NF-κB in macrophages resulting in increased
production of IL-6 and IL-12, an effect mediated by
TLR-9 recognition of DNA derived from these probiotic
strains (Rachmilewitz et al. 2004). L. rhamnosus strain
GG induces NF-κB activation and expression of
IL-6 in human peripheral blood mononuclear cells
(Miettinen et al. 2000) and decreases LPS Additionally,
LGG induces TNF-α production by human THP-1
macrophages by inducing STAT3 activation. This leads
to inhibition of c-Jun-N-terminal kinase (JNK) activa-
tion and induction of granulocyte-Colony Stimulating
Factor (G-CSF), which, in turn, inhibits TNF-α produc-
tion (Kim et al. 2006). This effect is also mediated by
culture supernatants from L. rhamnosus strain GG and
L. rhamnosus GR-1 (Kim et al. 2006). Supernatants
derived from L. rhamnosus strain GG also increase both
TNF-α and IL-10 production by RAW265.7 murine
macrophages, with effects mediated through TLR-2 and
NOD2 (Harb et al. 2013). Conditioned media from
L. rhamnosus strain GG upregulates TLR-1, -4, -5, -6,
-7, -8, and -9 expression by human blood-derived
macrophages and dendritic cells, as well as MHC class

II expression by macrophages, suggesting an impact on
both innate recognition and antigen presentation
efficiency by these APC (Fong et al. 2016).

Probiotics also modulate macrophage phenotype
and activity. Tissue macrophages exist as a hetero-
geneous population, broadly categorized into M1 and
M2 macrophages. M1, or classically activated macro-
phages, are closely associated with the development
of many inflammatory diseases, and secrete pro-
inflammatory cytokines such as IL-1β, IL-6, and
TNF-α. In contrast, M2 macrophages, or alternatively
activated macrophages, play a regulatory and anti-
inflammatory role through the secretion of the regula-
tory cytokines IL-10 and IL-1Ra. Macrophages exhibit
phenotype plasticity, as they are able to switch
between M1 and M2 depending upon external
stimuli (Martinez and Gordon 2014). Treatment of
non-differentiated macrophages with the probiotic
mixture VSL#3 results in an increase in the regulatory
cytokines IL-1Ra, IL-13, epidermal growth factor
(EGF), fibroblast growth factor-2 (FGF-2), transform-
ing growth factor (TGF)-α, vascular endothelial
growth factor (VEGF), as well as pro-inflammatory
cytokines, including IL-12 and TNF-α suggesting dif-
ferentiation into the immunoregulatory M2b macro-
phage phenotype (Isidro et al. 2014). Gram-negative
bacteria, such as species of Escherichia and
Salmonella, are more potent inducers of M1 activation
than Gram-positive bacteria, with strain-specific
effects observed (Christoffersen et al. 2014).
A fermented milk product containing L. paracasei
FT700 induces differentiation of monocytes into
immunoregulatory macrophages (Tulini et al. 2015),
suggesting a possible mechanism of action for a probi-
otic functional food. A comparison of the impact of 5
strains of heat-killed probiotics and their secreted pro-
teins on LPS-induced TNF-α and IL-6 production by
THP-1-derived M1 and M2 macrophages reveals
differential effects, depending on formulation and
on macrophage subtypes (Habil et al. 2011). For
example, secreted proteins and heat-killed strains of
Bifidobacterium and Lactobacillus suppress IL-6 produc-
tion by M2 macrophages, but differ in their impact on
M1 macrophages. Production of the pro-inflammatory
cytokine TNF-α is augmented by both formulations in
CD14hi M1 macrophages, reflecting the complexity of
probiotic-APC interactions in vivo, and demonstrating
the importance of considering probiotic formulations in
potential therapeutic applications.
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Dendritic cell and T cell responses
to probiotics
The effects of probiotic and commensal organisms on

dendritic cell (DC) differentiation and subsequent
interactions with T cells have garnered considerable
attention. Oral supplementation with L. rhamnosus
results in T cell hyporesponsiveness in cohorts of
healthy volunteers and in subjects with Crohn’s disease.
The effect is mediated via DC-T cell interactions result-
ing in decreased T cell proliferation and attenuation of
IL-2 and IL-4 production from CD3/CD28-stimulated
T cells, suggesting a probiotic-DC interaction inducing
hypo-responsive T cells as an approach to modulating
host immunity (Braat et al. 2004). Other studies indi-
cate a role for probiotics in DC conditioning to a regu-
latory phenotype. DC isolated from the mesenteric
lymph nodes of patients with colitis have increased
transcription and production of IL-10 following in vitro
culture with either L. salivarius UCC118 or B. infantis
3562 (O’Mahony et al. 2006). Comparison of cytokine
profiles induced in mesenteric lymph nodes and periph-
eral blood mononuclear cell (PBMC)-derived DC
by these probiotics and the pathogen Salmonella
typhimurium UK1 reveal differences in the responses
of DC from mucosal and systemic compartments, with
PBMC-derived DC producing the pro-inflammatory
cytokines IL-12 and TNF-α when cultured with
Lactobacilli or Salmonella. In contrast, only Salmonella
induces IL-12 production by MLN-derived DC, demon-
strating that the DC source and tissue compartment are
factors to consider in interactions of probiotics with
APC. In another study, increased circulating blood lev-
els of the immunoregulatory cytokine IL-10 were
observed following oral administration of B. infantis
35624 to human volunteers, resulting in an increase in
DC-mediated induction of Foxp3 expression in T cells
(Konieczna et al. 2012). Conditioning of DC to this
regulatory profile is linked to distinct effects of B. infantis
on different DC phenotypes. While B. infantis induces
both myeloid DC (mDC) and plasmacytoid DC (pDC)
to express indoleamine 2,3-dioxygenase (IDO) and the
regulatory cytokine IL-10, this effect is dependent on
TLR-9 in pDC, and TLR-2/6 in mDC, suggesting
differences in the mode of interaction of this probiotic
with distinct DC phenotypes.

Retinoic acid is also involved in Treg induction and
B. infantis induces RALDH expression in mDCs, requir-
ing the involvement of TLR-2 and DC-specific intercel-
lular adhesion molecule-3-grabbing non-integrin

(DC-SIGN), a C-type lectin. In contrast, IDO expression
is induced in pDCs by B. infantis via TLR-9, further
demonstrating differential interactions with these APC,
as well as a role for probiotic-mediated impact on cellu-
lar metabolic pathways involved in immune tolerance
and regulation. Interactions of Lactobacilli with
monocyte-derived human DC via DC-SIGN and their role
in DC conditioning to induce Treg differentiation and
IL-10-production have been demonstrated (Smits et al.
2005), in keeping with the ability of signaling through
DC-SIGN to induce DC to a tolerogenic phenotype
(Geijtenbeek and Gringhuis 2009; van Baarlen et al.
2013). This DC-SIGN-mediated effect on DC activity
is observed with L. reuteri and L. casei, but not
L. plantarum, suggesting that the involvement of
DC-SIGN for probiotic-DC interactions is bacterial
strain-specific. The involvement of varied PRRs in probi-
otic DC-interactions is further illustrated by the ability of
cell-free supernatants of L. rhamnosus CNCM I-4036 to
down-regulate pro-inflammatory cytokine production
by E. coli-challenged DC, in a process involving TLR-1,
TLR-9, and TLR-5-mediated signaling (Bermudez-Brito
et al. 2014).

In addition to differences in cell surface molecules
involved in probiotic-DC interactions, recent findings
indicate novel mechanisms for their impact and provide
further insight into species- and strain-based differences.
Comparison of interactions of L. rhamnosus JB-1
with human monocyte-derived DC with effects of
L. murinus, a strain lacking immunomodulatory activity,
reveal distinct differences in the kinetics of internaliza-
tion and intracellular processing, which may be involved
in determining the outcome of contact of these APC
with probiotics (Konieczna et al. 2015). The more slowly
processed L. rhamnosus JB-1 is less effective at inducing
co-stimulatory molecule expression and cytokine secre-
tion, and DC primed with these bacteria preferentially
induce Foxp3 expression in lymphocytes. This indicates
a DC phenotype associated with the promotion of regu-
latory immune activity.

Regulatory miRNA-mediated activity may be another
mechanism through which probiotics interact with host
cells, with distinct differences between strains. Heat-
inactivated L. rhamnosus strain GG and L. delbrueckii
subsp. bulgaricus down-regulate TLR-4 expression by
human monocyte-derived DCs, and both strains modify
regulatory miRNA expression, with differences appar-
ent in both miRNA expression patterns and cell
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signaling profiles (Giahi et al. 2012). L. rhamnosus strain
GG down-regulated expression of p38 and miR-146a but
up-regulated miR-155. This is a pattern that is in keeping
with the impact of this strain on TLR-4 and p38 expres-
sion. In contrast, L. delbrueckii subsp. bulgaricus decreases
IκB expression (which is unaffected by L. rhamnosus
strain GG), and does not influence miR-146a or miR-155
expression, indicating differences in mechanisms of action
of different probiotics at the epigenetic level. As miR155
also down-regulates DC-SIGN expression (Martinez-
Nunez et al. 2009), and DC-SIGN-mediated interactions
of certain probiotics and DC phenotypes have been dem-
onstrated, this suggests a novel route through which one
bacterial strain could modulate responsiveness to another.
This is a factor to consider in the design of probiotic-based
precision therapeutics and potentially for probiotic activity
in the context of the gut microbiota.

Probiotic-derived bioactive components
Although multi-strain probiotic formulations need

careful consideration in the development of therapeutic
approaches, given the diversity of mechanisms of
interaction of probiotics with cells of the immune system,
increasing evidence for roles of soluble, bioactive media-
tors produced by some strains warrants careful consider-
ation (Table 2). For example, both probiotic formulation
and host inflammatory state influence probiotic efficacy
in an acute colitis model comparing live and heat inacti-
vated Bifidobacterium breve NCC2950 and soluble medi-
ators from conditioned media administered at different
time points (Hayes et al. 2014). While direct interactions
of probiotics with IEC and other cell types of the immune

system have been intensively studied, there is a growing
body of literature suggesting that probiotics also secrete
or release an array of bioactive molecules with immuno-
modulatory activity (Hemarajata and Versalovic 2013;
Ruiz et al. 2014). These bioactive molecules include, but
are not limited to, cell structural components
(lipoteichoic acid (LTA) and exopolysaccharides (EPS)),
peptides (secreted or shed, including lactocepins), meta-
bolic products such as polyphosphates, lactic acid, trypto-
phan metabolites, histamine, and quorum sensing
molecules.

Immunomodulatory activity of structural
components, secreted proteins, and
peptides
LTA is a major constituent of the cell walls of Gram-

positive bacteria and regulates the activity of cell wall
hydrolases involved in bacterial cell replication. LTA is
liberated and secreted by certain Gram-positive bacteria
during replication, or bacteriolysis caused by β-lactam
antibiotics (Ginsburg 2002). Once liberated, LTA is rec-
ognised by members of the innate immune system
through TLR-2 with cluster of differentiation (CD)14
and CD36 acting as co-receptors. Usually LTA binds
to TLR-2 and induces an increase in the transcription
of the pro-inflammatory cytokines IL-1, IL-5, IL-6, and
IL-8 (Ginsburg 2002). However, recent findings indicate
that the immunogenic properties of LTA are species-
dependant, and vary depending on certain structural
features (Lebeer et al. 2012). For example, LTA isolated
from Staphylococcus aureus is highly immunostimula-
tory, resulting in increased transcription of many

Table 2: Lactobacilli produce a range of soluble mediators with immunomodulatory activity.

Probiotic Soluble mediator Model system Immunomodulatory activity Reference

Lactobacillus
plantarum

Lipoteichoic acid HT-29 Human IECs Down-regulation of TNF-α-induced
pro-inflammatory cytokine production

Kim et al. 2012

Lactobacillus
plantarum N14

Exopolysaccharide Porcine IECs Attenuation of the inflammatory response
to enterotoxigenic E. coli

Murofushi et al.
2015

Lactobacillus reuteri
and Lactobacillus
johnsonii

Indole-3-aldehyde Ido1−/− mice Resistance to colonization by Candida
albicans SC5314 via induction of IL-22

Zelante et al.
2013

Lactobacillus
paracasei

Lactocepin Mouse model of
colitis

Selective degradation of the
pro-inflammatory chemokine IP-10

von Schillde et al.
2012

Lactobacillus reuteri
ATCC PTA 6475

Histamine THP-1 Human
monocytes

Down-regulation of TLR-2-induced
TNF-α-production

Thomas et al.
2012

Lactobacillus
rhamnosus GG

N-formyl methionine SK-CO15 Human
IECs

Generation of reactive oxygen species Wentworth et al.
2011

Lactobacillus
rhamnosus GG

p75 and p40
secreted proteins

Young adult mouse
colon and mouse
colon epithelial cells

Inhibition of TNF-α-induced epithelial cell
apoptosis

Yan et al. 2007
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pro-inflammatory cytokines including TNF-α
(Schroder et al. 2003). In contrast, LTA isolated from
Lactobacillus plantarum down-regulates TNF-α
induced pro-inflammatory cytokine transcription
in vitro. Such inhibition is mediated through a
TLR-2-dependant mechanism, resulting in inactivation
of the NF-κB signaling pathway (Kim et al. 2012).
Furthermore, LTA isolated from L. plantarum has the
ability to down-regulate LPS-induced inflammation
in vitro and atherosclerotic plaque formation in vivo in
ApoE−/− mice by modulating the expression of pro-
inflammatory cytokines and cell surface receptors (Kim
et al. 2013a). These differences in the strain-specific
immunostimulatory capacities of different LTA mole-
cules are the result of sugar substitutions or replacement
of D-alanyl moieties with L-alanyl within the hydrophilic
tail (Lebeer et al. 2012).

Exopolysaccharides (EPS) produced and secreted into
the extracellular environment by lactic acid-producing
bacteria have been studied for their potential immuno-
modulatory activity. EPS produced by L. acidophilus
sp. 5e2 and L. helveticus sp. Rosyjski induce IL-8 expres-
sion in HT-29-19A IEC (Patten et al. 2014). In contrast,
EPS derived from L. plantarum N14 attenuate pro-
inflammatory gene expression in response to treatment
with enterotoxigenic Escherichia coli in porcine IEC,
an effect mediated through TLR-2, TLR-4, and RP105,
a Toll-like receptor protein (Murofushi et al. 2015).

Lactocepins are biologically active proteases that can
be either secreted or anchored to bacterial outer cell
membrane. They were first identified in Lactococci
and have since been identified in Lactobacilli. These
proteases have the ability to degrade casein to liberate
free amino acids required for growth of lactic acid bac-
teria during milk fermentation. Recently, a novel role
for some lactocepins has been identified: a lactocepin
produced by L. paracasei selectively degrades the pro-
inflammatory IP-10 chemokine produced by IEC in a
chemically induced mouse colitis model. This led to
abrogation of cecal tissue inflammation and reduced
infiltration of lymphocytes into inflamed tissues (von
Schillde et al. 2012; Hormannsperger et al. 2013), sug-
gesting a novel immunomodulatory mechanism of
action targeting particular host cytokines.

Peptides and proteins, such as p75 and p40, are cell
wall hydrolases with endopeptidase activity, which are
responsible for normal separation of L. rhamnosus

strain GG cells during replication (Claes et al. 2012). Both
p75 and p40 have been reported to reduce cytokine-
induced epithelial cell damage in human and mouse
colonic epithelial cells (Seth et al. 2008). These proteins
activate the Akt cellular pathway to prevent TNF-α
induced cell death (Yan et al. 2007), acting through the
epidermal growth factor receptor (EGFR) on IEC to
induce cytoprotective heat shock proteins (Tao et al.
2006, 2007), reduce apoptosis (Yan et al. 2013) and pro-
mote intestinal mucus production (Wang et al. 2014).
Recently, p40 has also been shown to up-regulate the pro-
duction of A proliferation-inducing ligand (APRIL) by
IEC and promote IgA production at the mucosal level in
mice (Wang et al. 2016).

Bacteria routinely produce N-formyl peptides
(fMLF), containing the N-formyl methionine amino
acid. fMLF are produced by both pathogenic and com-
mensal bacteria and bind to the formyl peptide receptor
(FPR) present on cells of the innate immune system.
Once bound, FPR induces pro-inflammatory cytokine
and chemokine production and reactive oxygen species
(ROS) generation (Migeotte et al. 2006). fMLF pro-
duced by L. rhamnosus strain GG up-regulates ROS
production in IEC (Wentworth et al. 2011), which, in
turn, down-regulates pro-inflammatory cytokine tran-
scription by inhibiting NF-κB activation, and also pro-
motes intestinal epithelial barrier integrity (Kumar
et al. 2007; Lin et al. 2009; Alam et al. 2014).

Immunomodulation by metabolic products
and soluble mediators
Lactic acid is a major metabolite produced during the

fermentation of dietary substrates by lactic acid-
producing bacteria. Lactic acid suppresses pro-
inflammatory cytokine production, as well as the
proliferation and cytotoxic activity of cytotoxic T cells
(Fischer et al. 2007), resulting in down-regulation of
TLR-4- and TLR-5-induced chemokine expression in
IEC. It has also been shown to modulate TLR-induced
cytokine production by murine bone marrow-derived
macrophages, and down-regulate TLR-induced expres-
sion of the co-stimulatory molecule CD40 on bone mar-
row derived DC (Iraporda et al. 2014, 2015). While
lactic acid is well known as a metabolic product of
Lactobacilli, its role as a bioactive mediator has received
relatively little attention, and only recently has been
linked to immunomodulatory activity (Garrote et al.
2015; Pearce and Everts 2015).
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Dietary tryptophan can be metabolized in the gut
lumen by Lactobacilli which convert tryptophan into
indole and other tryptophan metabolites. Indoles have
garnered attention as they are implicated in modulating
host immune responses. Bacterially-derived indoles
bind to aryl hydrocarbon receptors (AHR) present in
immune cells within the GALT (Esser et al. 2009).
AHR are intracellular receptors predominantly found
within cells lining the skin, lungs, and gastrointestinal
tract which are responsible for recognizing and binding
small molecular weight endogenous and exogenous
molecules such as serotonin and tryptophan metabo-
lites (Hubbard et al. 2015). Once bound, AHR translo-
cate to the nucleus where they act as a transcription
factor to upregulate genes involved in xenobiotic
metabolism and interact with other signaling pathways,
such as the NF-κB signal transduction cascade, sug-
gesting a role for the AHR in inflammation (Vogel
et al. 2014). Indoles produced by Lactobacilli induce
the production of IL-22 by innate lymphoid cells. The
induction of IL-22 is mediated by the binding of
indole-3-aldehyde to AHR (Zelante et al. 2013).

Endogenous tryptophan metabolites also activate
AHR leading to modulation of pro-inflammatory
activity at the cellular level. Tryptophan is primarily
metabolised through the kynurenine pathway via the
enzyme indoleamine 2,3-dioxygenase (IDO) (Noakes
and Mellick 2013). Interestingly, some Lactobacilli
strains modulate IDO expression and subsequent tryp-
tophan metabolism in vitro. H2O2 produced by
L. johnsonii significantly inhibits the activity of IDO in
HT-29 IEC in vitro (Valladares et al. 2013), reflecting
the complexity of tryptophan metabolism in the immu-
nomodulatory activity of certain probiotics and gut
microorganisms.

Lactobacilli produce biogenic amines, and histamine
production by certain strains has been demonstrated as
another immunomodulatory bioactive product of amino
acid metabolism in probiotics (Thomas et al. 2012;
Hemarajata et al. 2013). Histamine production by
L. reuteri 6475 induces elevated cAMP levels in human
monocytes, inhibiting MAPK signaling and suppresses
TNF-α production. Other novel bioactive molecules
produced by probiotics include quorum-sensing mole-
cules (QSM) that allow for interbacterial communication,
environmental sampling, stimulation of innate immune
responses and activation of gene transcription by both
host and bacteria (Hancock et al. 2012). For instance,

QSM derived from the probiotic Bacillus subtilis induce
the expression of genes involved in the p38 MAP kinase
and Akt survival pathways in IEC (Fujiya et al. 2007).
Autoinducer-2 (AI-2), a QSM produced by L. acidophilus
NCFM, enhances the adherence capability of the
bacterium to Caco-2 human IEC (Buck et al. 2009).
Furthermore, a secreted product of L. acidophilus La-5
inhibits the expression of virulence factors and produc-
tion of AI-2 by enterohemorrhagic Escherichia coli
O157:H7 (Medellin-Pena et al. 2007).

Overall, current evidence indicates that there is a
diverse range of mediators and molecules involved in
the interactions between probiotic bacteria and host
cells. Such diversity contributes to variation between
strains and species of microorganisms and their effects
on the immune system. While accumulating evidence
indicates that the actions of structural components and
soluble mediators on IEC is in keeping with findings
regarding microbial communication mechanisms,
much remains to be determined about the extent of
these effects in vivo and resulting outcomes in the con-
text of immune activity.

Perspectives

The emerging potential beneficial effects of prebiotics
and probiotics are likely to have a wide variety of thera-
peutic implications in various disease states. Currently,
there is growing interest in the use of combination
therapy for treating cancer, with much attention on
immune regulation and programmed cell death (Zou
et al. 2016). Current studies provide promising evidence
for the use of probiotics as adjunct therapy to immuno-
therapy in the setting of cancer. For example, an elegant
study employed a murine model of melanoma to show
that administration of Bifidobacteria combined with
an antibody directed against the programmed cell death
(PD)-1 ligand resulted in more effective cancer
immunotherapy than either intervention provided
alone (Sivan et al. 2015). The effects were mediated by
increased numbers of active tumor-specific CD8-positive
T cells in the tumor microenvironment. Since PD-1
checkpoint inhibitor blockade is more effective in the
subset of patients with colorectal cancers featuring muta-
tions in DNA mismatch repair genes (Le et al. 2015),
probiotic bacteria should now be evaluated as an adjunct
to enhance the effectiveness of immune checkpoint
blockade, and as precision therapy for these affected
individuals.
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The innate and adaptive immune system plays an
integral role in preserving a delicate balance between
health and disease. Therefore, future studies should
provide a more comprehensive understanding of how
prebiotics and probiotics, and their metabolic products,
can be used as adjunct immunomodulatory therapy to
either prevent or manage a wide variety of chronic dis-
ease conditions in humans.
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