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A B S T R A C T

As a person ages, physiological, immunological and gut microbiome changes collectively result in an array of
chronic conditions. According to the ‘hygiene hypothesis’ the increasing prevalence of immune-mediated dis-
orders may be related to intestinal dysbiosis, leading to immune dysfunction and associated conditions such as
eczema, asthma, allergies and autoimmune diseases. Beneficial probiotic bacteria can be utilized by increasing
their abundance within the gastrointestinal lumen, which in turn will modulate immune cells, such as, T helper
(Th)-1, Th2, Th17, regulatory T (Treg) cells and B cells, which have direct relevance to human health and the
pathogenesis of immune disorders. Here, we describe the cross-talk between probiotics and the gastrointestinal
immune system, and their effects in relation to inflammatory bowel disease, multiple sclerosis, allergies and
atopic dermatitis.

1. Introduction

Regular ingestion of probiotic bacteria, has been used for tapping
into the health benefits exerted by microbiota of the gastrointestinal
tract (GIT) within a healthy subject. Use of probiotics in the form of
fermented milk dates back to ancient times and in Middle Eastern tra-
ditions, with claims that Abraham’s longevity was due to the con-
sumption of fermented milk [1,2]. The physiological changes of the GIT
and alterations in the gut microbiome associated with age, along with
changes in life style and dietary behaviors, leads to changes to the
immune system [3]. Crosstalk between gut microflora and the immune
system enables a balanced gut homeostasis in healthy individuals,
however, alterations in the gut ecosystem due to the aged gut or dis-
eases, causes changes in GIT microflora homeostatic equilibrium, re-
sulting in a number of chronic diseases [3]. In fact, there are decreased
anaerobic and Bifidobacteria populations, and increased Enterobacter
species in the intestine of ageing individuals [4]. Advances in the gut
microbiota probiotics and its synbiotics may be beneficial to the ageing
population [5]. Probiotics consumed by humans must be non-patho-
genic and survive GI transit to render their health benefits [6]. Whether
or not probiotic strains should be of human origin is a matter of debate;
although, it is accepted that if a strain can survive and colonize the
human large intestine, its origin is not important [6,7]. The survival of
probiotics is crucial within the gastric acid environment, and as such,

new genes are activated to encode a number of stress proteins for their
survival. Once in the lower small intestine and colon, probiotics confer
health benefits (Tables 1 and 2), although there is evidence that dead
cells can also induce beneficial outcomes [7].

Probiotic bacteria, mainly belong to the lactic acid bacteria (LAB)
family, which are commonly found in decomposing milk products and
secrete lactic acid, fermentating carbohydrates. In fact, LAB have been
used in fermentation and storage of certain foods (milk, vegetables,
meat) for thousands of years [8]. LAB have also been shown to con-
tribute to the healthy microflora of the human gut [7,9]. As such, the
genera Lactobacilli (L.) (L. rhamnosus, L. helveticus), Bifidobacterium (B.),
Streptococcus (S.) and Enterococcus species have been used as probiotic
strains, i.e. supplementing foods with live microorganisms, and sub-
sequent improvements in a number of human health conditions [9,10].
The basis for these benefits include, the detoxification of xenobiotics
[11], microbial toxins, host metabolites i.e. bile salts and food com-
ponents [12], biosynthesis of vitamin K1, folic acid, biotin, vitamin B12,
an increase in the absorption of calcium, iron and magnesium, fer-
mentation of lactose, modulation of intestinal gas production [13,14]
and production of short-chain fatty acids (SCFAs; acetate, propionate,
butyrate, lactate) [15–17]. SCFAs are used as a source of energy to
favour the growth and differentiation of GI epithelial cells, in addition
to, modulating the immune system by regulating proliferation and cy-
tokines of T cells, T helper (Th)-17 cells and T regulatory (Treg) cells of
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peripheral blood [12,15–17]. A non-pathogenic (probiotic) strain of
Escherichia coli (G3/10) has been shown to suppress pathogenic bac-
terial growth, and secrete potent antimicrobial peptides (bacteriocin,
microsin S) which are harmful to gastroenteric pathogens (i.e. Helico-
bacter pylori, Campylobacter jejuni, Clostridium difficile and rotavirus)
[18] (Fig. 1). LAB compete with enteric pathogenic bacteria for binding
to mucin (primarily MUC2) sites on the surface of epithelial cells, which
may be a mechanism for inhibiting pathogenic bacteria translocating
from the gut to different organs including the liver; identified as one of
the benefits of some probiotic strains [19]. The impact of LAB on the

immune system has also drawn much attention in the last decade
leading to their use in several pre-clinical and clinical studies in allergic
and autoimmune disorders [7,20]. In 2001, the first randomized pla-
cebo controlled clinical study was published on the use of L. rhamnosus,
to modulate immune responses in late stages of pregnancy or to new-
borns, (Table 3) and showed a significant decrease in the prevalence of
atopic eczema [21]. In addition, using probiotic supplements alone, or
in combination with vitamins and minerals have been recommended for
the prevention and treatment of multiple sclerosis (MS) (Table 3) [20];
in particular, L. plantarum and Bifidobacterium B94 (BB94) were shown

Table 1
Effects of probiotics in health and disease.

Probiotic/ probiotic strain Beneficial applications

Probiotics in general • Stimulate secretion of IFN-gamma and IL-10

• Promote effective immune responses against pathogens

• Modulate host immunity
Bifidobacterium (B.) Saccharomyces (S.) boulardii • Detoxify xenobiotics

• Produce mmicrobial products, toxins, host metabolites, bile salts and food components

• Improves intestinal defense against enterohaemorrhagic E. coli

• Regulates intestinal epithelial barrier function
Lactobacilli (L.) species • Biosynthesize vitamin K1, folic acid, biotin, B12.

• Absorption of calcium, magnesium, iron, fermentation of lactose

• Modulation of intestinal gas production

• Produce short chain fatty acids -acetate, propionate, butyrate, lactate

• Ferment indigestible dietary fibres

• Modulation of the immune responses

• Protect against cancer and allergy development
Lactobacillus recombinants • Inhibits experimental autoimmune encephalomyelitis (EAE) in animal models of multiple sclerosis (MS)
L. Plantarum

B. B94
• Prevention and treatment of MS

L. acidophilus
L. bulgaricus
B. bifidum

• Stimulate the innate immune system (via phagocytosis, NK cell activity)

L. plantarum A
L. acidophilus ATCC 4356
L. rhamnosus ATCC 53,103

• Increase expression of CD11c+ DCs and Treg cells and protection against colitis

L. plantarum WCFS1
L. fermentum AGR1485

• Upregulate CD83 and CD86 cell surface expression of antigen presenting cells (APC)

• Increase IL-12p70, TNF-alpha and IL-1beta
L. bulgaricus subsp. delbrueckii 11842, Lactococcus lactis

R704
B. lactis BB12
L. acidophilus
L. bulgaricus
B. bifidum

• Beneficial in allergic rhinitis and asthma

L. casei Shirota • Enhances innate immunity
Bacteroides fragilis

Bacillus subtilis
• Induce the development of gut-associated lymphoid tissues (GALT)

• Induce pre-immune antibody repertoire
Clostridium species

L. rhamnosus GG
B. infantis

• Reduces the risk of respiratory tract infections

• Reduces the incidence and severity of atopic dermatitis in pregnant mothers and infants

• Reduces the risk of atopic eczema and allergic sensitization in children

• Protects host against development of colitis
B. infantis • Prevents Salmonella typhimurium infection
Escherichia (E.) coli

C. subterminale
Staphylococcus epidermidis
Bacteroides fragilis
Bacillus subtilis

• Promotes GALT development

F. prausnitzii • Reduces the severity of experimental colitis in mice
S. thermophilus

L. fermentum
• Stimulates immune responses

Seven strains of Bifidobacteria and LAB (G17) • Release symptoms of skin lesions in atopic dermatitis mouse model by increasing Tregs and reducing Th1/Th2
cells and associated cytokines

E. coli • Suppress pathogen growth

• Secrete bacteriocin and microsin S

• Reduce eczema

• Promotes GALT development
Candida utilis yeast • When fused with MOG35-55 peptide, protects mice against EAE
L. delbruekii, sub bulgaricus

S. thermophilus
L. acidophilus
Bifidobacterium

• Improves or prevents allergic recurrences in allergic rhinitis

B. bifidum
B. lactis
L. lactis

• Reduce eczema
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Table 2
Effects of probiotics on the immune response.

Probiotic / probiotic strain Immune stimulation outcome

Microbiota, ingested probiotics • Maintain immune tolerance

• Activate tolerogenic DCs

• Drive regulatory T (Treg) cell differentiation

• Stimulate differential Th1, Th2, Th17, Treg cells

• Improves atopic dermatitis

• Improves allergies, inflammatory bowel disease and autoimmune disorders including
multiple sclerosis

Lactobacillu (L.). rhamnosus
L. delbrueckii

• Induction of tolerogenic DCs

• Reduce cell surface molecules, CD80, CD83, CD86

• Reduce IL-12 and NF-kB

• Increase indoleamine 2,3-dioxygense (IDO)

• Increase IL-10

• Stimulate Treg cells
Combination of

L. rhamnosus and B. lactis
• Injestion during pregnancy and during breast feeding reduces risk of atopic eczema

• Increased IL-10
A mixture of probiotics (L. GG, L. rhamnosus LC705, B. breve, and Propionibacterium

freudenreichii ssp. Shermanii JS)
• Fails to reduce the risk of atopic eczema

L. s193
L. s292

• Increase beta-8 integrin on mesenchymal DCs

• Activate differentiation of CD4+T cells into Treg cells
L. reuteri • Activates Th1 and Treg cells
L. casei Shirota • Activates Th1 and Treg cells

• Decreases IgE antibody responses

• Activate splenic NK cells

• Boost innate immune system

• Stimulates TNF-alpha and IL-12 on human peripheral blood mononuclear cells
Combination of

L. reuteri, L. casei and TNF-alpha
• Activate only Treg cells

L. lactis • Do not activate Treg cells
L. acidophilus • Suppresses IgE allergic responses

• Downregulates IFN-gamma, IL-4 cytokines

• Upregulates IgA antibody responses

• Upregulates TGF-beta and Treg cells
Combination of

L. acidophilus and B. longum
• Improves allergic rhinitis

L. plantarum WCFS1 • Upregulates CD103+ DCs in the intestine

• Increases Th2 cytokines

• Upregulates Treg cells
LAVR1-A1

L. rhamnosus GG
L. acidophilus

• Induce anti-inflammatory IL-4, IL-10 and TGF-beta cytokines

• Inhibit IL-12 and IFN-gamma

• Increase expression of co-stimulatory cell surface markers, CD14, IL-2R, HLA-DR,
ICAM-1 and CD80 on monocytes

Combination of
a mixture of probiotics, zinc and the coenzyme Q10

• Down regulates IgG in serum

• Decreases TNF-alpha, IL-1, IL-6 and IL-17

• Decreases vascular endothelial growth factor (VEGF)
L. gasseri • Induces IFN-alpha of monocytes
L. paracasei DG • Increases TNF-alpha, IL-6, IL-8, CCL20 by human monocyte cell line THP-1
L. helveticus • Reduces IL-17 cytokine and Th-17 cells

• Reduces IL-6

• Increases IL-10, TGF-beta and Treg cells
Bifidobacterium (B.) infantis • Matures DCs

• Induces CD103+ tolerogenic DCs

• Induces Treg cells

• Suppresses Th2

• Stimulates high levels of IL-10 which neutralizes IL-12

• Stimulates high levels of TGF-beta
B. animalis • Reduces IL-6, IL-17, TNF-alpha and monocyte chemoattactant protein-1

• Increases IL-10

• Stimulates Treg cells
B. clausii • Increases IL-10

• Increases TGF-beta

• Improves allergic responses
B. bifidum

B. lactis
• In vivo, lower number of CD4+ and CD8+ T cells. Higher Treg cells

• Mediated by short chain fatty acids
B. breve

B. longum
L. acidophilus
L. gasseri
Streptococcus (S.) thermophilus

• Downregulate IL-17A

• Downregulate IL-23

• Relieves colitis in mice

• Suppress CD40, CD80

Short chain fatty acids • Expand and differentiate Treg cells
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to positively impact the spatial memory and learning of rats [20].
Herein, we describe the effects of probiotics to immune cells and their
use in allergic and autoimmune disorders.

2. Methodology

Searches were conducted using PubMed, Google Scholar and
Medline using the following key terms: Probiotics OR lactic acid bac-
teria AND human health, probiotics OR lactic acid bacteria AND im-
mune disorders OR allergies AND therapy, probiotics OR lactic acid
bacteria AND immune cells, probiotics OR lactic acid bacteria AND
immune cells differentiation, probiotics OR lactic acid bacteria AND
inflammation, probiotics AND inflammatory diseases, probiotics AND
Inflammatory bowel disease, probiotics OR lactic acid bacteria AND
multiple sclerosis, probiotics AND atopic dermatitis. Studies from all
years were included, specifically those published within the last 10
years. Additionally, terms such as therapeutic, health benefits, and
specific immune cells (i.i. monocytes, T cells, natural killer cells, and
dendritic cells) were searched in the context of probiotic effects and
gastrointestinal microflora. Some review articles and their reference
lists were also searched to identify related articles. Over 1000 papers
were retrieved and the most relevant were included in this article.

3. Cross talk between probiotics, intestinal epithelium and
immune development

The beneficial effects of probiotics was first explained by the

‘hygiene hypothesis’, suggesting a lack of exposure to microbial stimuli
early in childhood was the major factor behind allergic reactions
[22,23]. Probiotics and intestinal microflora interact and confer an
array of positive effects on the epithelial layer to maintain gastro-
intestinal and systemic health, by interacting with the gut-associated
lymphoid tissues (GALT) which mediate oral tolerance and mucosal
immunity [24]. Within the GALT are Peyer’s patches, specialized areas
of the intestinal immune system consisting of numerous lymphoid fol-
licles surrounded by specialized epithelial cells of the mucosa-asso-
ciated lymphoid tissues (M-cells), which are involved in the transloca-
tion of most antigens and bacteria, including probiotics, from the
intestinal lumen into the patches [25] (Fig. 1, Table 1). Interestingly,
specific bacteria in the intestinal microflora, such as combination of
Bacteroides fragilis and Bacillus subtilis, can induce the development of
GALT and pre-immune antibody repertoire [24]. Germ-free mice, that
lack intestinal bacteria, display major immune deficiencies, such as,
structural lymphoid deficiencies in the spleen and Peyer’s patches and
lymph nodes, with no germinal zones [26]. Yet, after exposure to mi-
crobial antigenic stimuli such as, Salmonella paratyphi, germinal zones
are developed, and antibodies are present in the circulation [26]. In
addition, germ-free mice show abnormal T cells, intraepithelial lym-
phocytes, macrophages and dendritic cells (DCs). However, coloniza-
tion with commensal flora early in life allows proper development of
immune cells [27–29]. Thus, establishing a balanced gut microflora and
maintaining it by adequate exposure to commensal bacteria at birth and
early in childhood provides challenges to the immune system by in-
fections or other immune insults resulting in impacts on the

Fig. 1. The immunological complexity of the gut associated lymphoid tissue (GALT) and its interaction and activation with probiotics and gut microbiota.
Probiotic and commensal microflora (1) collaboratively perform barrier function and compete with microbial pathogens (2) for nutrients and adhesion to the
epithelial surface (3). Probiotics stimulate mucin secretion by goblet cells which protects the mucosal barrier. Antimicrobial peptides (4) such as, bacteriocin and
microsin S by probiotics have antagonistic effects against pathogens. Probiotics can also induce mucosal epithelial cells (5) to secrete defensins. Dendritic cells (DCs)
(6) endocytose bacterial products either via extending into the enteric lumen throughout epithelial tight junctions (7), or via bacterial transit through microfold M
cells (8), or via pinocytosis of probiotics/microflora by epithelial cells (5). The innate immune response (natural killer (NK) cells), are triggered by IL-12 secreted by
macrophage/DCs and IL-15 by epithelial cells (9). Immune response to extracellular pathogens via B cells are activated by macrophage/DC and secrete IgE (10)
which stimulate mast cells (11) contributing to innate immunity. Adaptive immune responses are triggered by DCs, macrophages, and epithelial cells which process
and present probiotics that stimulate regulatory T (Treg) cells (12) and tolerogenic TGFβ, IL-10 cytokines leading to suppression of IgA secretion and effector T helper
(Th)-1, Th2, Th17 and cytotoxic T (Tc) cell responses (13). If pathogens bypass the epithelial barrier, pathogenic peptides presented by DC/macrophages trigger a
series of immune responses; Th1 and Th17 pro-inflammatory and Th2 anti-inflammatory responses which can lead to pathogenicity of the immune system such as
inflammation, allergic reactions, autoimmune disorders, and cancer. Such disorders can be modulated with probiotics supplementation. Thus, probiotics confer an
array of benefits on epithelial barrier activities and the ensuing responses of the underlying mucosal immune and GALT systems.
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microbiome population, colonization, and host health.
Both probiotics and commensal bacteria enforce the functions of the

mucosal barrier of the GIT epithelia, induce mucus secretion, and sti-
mulate secretion of IgA which neutralizes pathogens inside the lumen
(Fig. 1) [13]. Correspondingly, cross talk between epithelial cells and
residing epithelial immune cells are mediated and enforced by pro-
biotics, and contribute to their effector functions [6]. Probiotics are also
able to induce expression of adhesion molecules, similarly important for
regulatory function of residing immune cells. Probiotics stimulate the
innate immune system, antigen presenting cells (APC) and natural killer
(NK) cells in both mice and humans [30]. Adaptive immunity is sti-
mulated by probiotics, such that IgG and IgA antibodies are produced in
response to probiotic consumption, as demonstrated with L. acidophilus,
L. bulgaricus and B. bifidum (Fig. 1) [31,32]. In addition, macrophages,
CD8+ T cells, Treg cells and cytokines (i.e. interferon (IFN)-gamma and
interleukin (IL)-10) are stimulated by probiotics [33]. APCs exposed to
probiotics or commensal bacteria, present harmless peptides to T cells
and subsequently induce Treg cells, to produce anti-inflammatory cy-
tokines including, transforming growth factor beta (TGF-beta), IL-10
and retinoic acid. In addition, Treg cells suppress effector Th1, Th17
and cytotoxic T (Tc) cells and IgA secretion [34]. However, if APCs
present invasive pathogenic peptides, it leads to the initiation of ef-
fector, pro-inflammatory Th1/Th17 responses. Thus, probiotic bacteria
can control the ‘on/off switch’ of immune responses in a strain-de-
pendant manner, modulating the host immune system at the mucosal
level. Lack of sufficient probiotic bacteria and their subsequent stimu-
latory impact on the immune system, leads to inadequate or in-
appropriate immune modulation. Insufficient probiotic bacteria alone,
or inadequacy, together with stimulation of immune system by invasive
pathogens (which bypass the mucosal barrier), mediate a range of im-
munopathogenic disorders such as, allergies, asthma, atopic disorders,
inflammatory bowel diseases (IBD), cancer, type-2 diabetes and auto-
immune disorders (Table 1) [6,35–37].

4. Probiotic organisms and immune cells

Probiotic bacteria have numerous beneficial immune and health
effects. They not only enhance the bioavailability of nutrients and
moderate health, they also aid in regulating the gastrointestinal eco-
system and stimulate immunomodulatory properties to a number of
immune cells (Table 1, Figs. 1 and 2).

4.1. Dendritic cells

DCs play a key role in directing immune responses to self and non-
self antigens. Upon endocytosis of antigens, DCs mature functionally
and phenotypically. As mature cells, they prime T cells towards Th1 or
Th2 phenotypes, however, in their immature state (tolerogenic DCs)
they cause the deletion of T cells or stimulation of Treg cells (Fig. 2,
Table 2) [38]. The intestinal microbiota and ingested probiotics can
interact with the host’s innate and adaptive immune system, regulating
cell differentiation in the gut which is involved in sustaining immune
tolerance. In particular, microbiota are able to activate distinct tol-
erogenic DCs in the gut and consequently drive Treg cell differentiation
[39]. DCs also endocytose probiotics and present short antigenic pep-
tides to T cells, stimulating Th1, Th2, Th17 and/or Treg cells. Due to
these roles, in recent years considerable focus has been directed to-
wards the anti-inflammatory properties of probiotics e.g. L. rhamnosus
and L. delbrueckii and the induction of tolerogenic DCs and their effect
on the stimulation of Treg cells [40]. In particular, significantly reduced
co-stimulatory cell surface molecules (CD80, CD83, CD86), IL-12 and
NF-kappa B were noted and increased expression of indoleamine 2,3-
dioxygenase (IDO) and IL-10, suggesting that probiotics are able to
modify properties of DCs to modulatory cells, which may contribute to
immune tolerance and immune balance [41]. Recently, two novel
Lactobacillus probiotics strains (s193 and s292) isolated from Funazushi

(a traditional Japanese fermented food) were shown to increase beta-8
integrin on mesenchymal DCs which strongly activated CD4+ T cell
differentiation into Treg cells; monoclonal antibodies against beta-8
integrin are able to block the differentiation of Treg cells [42]. DCs co-
cultured with L. reuteri and L. casei, although displaying different cy-
tokine profiles (IFN-gamma production), activate both Th1 and Treg
cells. However, DCs stimulated with L. reuteri and L. casei and combined
with TNF-alpha stimulate only Treg cells [9]. On the other hand, DCs
exposed to L. lactis do not stimulate Treg cells, showing the importance
of the Lactobacilli strain used in the ensuing immune response. Oral
administration of B. infantis in mice stimulates DCs to a maturation
state and CD103+ tolerogenic DCs accumulate in the GALT, induce
Treg cells and suppress Th2-biased responses [43]. Given the roles of
DCs and the intestinal residing DCs in endocytosing bacteria, it is clear
that DCs play a central part in immune homeostasis in the healthy in-
testine and in the pathology of IBD [44,45]. Thus, understanding the
effect of stromal cells and microbial signals on DC function are im-
portant as the manipulating regime of DCs through probiotics, nutrition
and microbiota, leading to therapeutic modalities against inflammatory
diseases, which still require further research

4.2. Monocytes and macrophages

Monocytes are present in the peripheral blood which then differ-
entiate to tissue macrophages and myeloid lineage DCs. Intestinal mi-
crobiota and ingested probiotics can interact with macrophages for
beneficial immune effects [44]. In fact, IL-12 secreted by macrophages
stimulates CD4+ T cells and NK cells to secrete IFN-gamma, resulting in
the generation of pro-inflammatory Th1 cells. Interestingly, IFN-gamma
and IL-12 production seem to be controlled in a positive feedback loop,
as IFN-gamma in turn, stimulates production of IL-12. This loop of IFN-
gamma and IL-12 production can be deleterious, as it may result in
uncontrollable expression of cytokines and possible shock. However,
co-culturing peripheral blood mononuclear cells (PBMCs) with selected
bacteria (LAVRI-A1, L. rhamnosus GG, Bifidobacteria and L. acidophilus)
induces anti-inflammatory cytokines IL-4, IL-10 and TGF-beta [46,47].
These cytokines inhibit the production of IL-12, IFN-gamma and other
pro-inflammatory cytokines which are beneficial for autoimmune and
allergic responses. In addition, probiotics from dairy source such as LAB
L. gasseri strains could induce IFN-alpha production by monocytes with
L. gasseri DSM20243 T [48], and 3 strains of LAB (L. delbrueckii ssp.
bulgaricus, B. bifidum, L. acidophilus, trilac) being the most potent [49].
In addition, CD4+ T cell proliferative responses, high levels of IL-10
and TNF-alpha (not IL-12 and IFN-gamma) are induced, as well as in-
creased expression of cell surface markers (CD14, CD80, HLA-DR,
ICAM-1, IL-2 receptor) [49]. The probiotic L. paracasei DG commonly
used in commercial probiotic products, shows immunostimulatory
properties by increasing the expression of TNF-alpha, IL-6, IL-8 and
CCL20 by human monocyte cell line, THP-1 [50]. Similarly, it has re-
cently been demonstrated that S. thermophilus induced differential cy-
tokine secretion of human monocyte U937 cell line; IL-4 and IL-10 se-
cretion important for anti-inflammatory responses, TNF-alpha and IL-6
necessary for stimulation of the innate immune response, as well as
CXCL8 (IL-8) and GM-CSF required for cell recruitement at sites of in-
flammation [Ref.]. Hence, the use of commensal LAB results in an anti-
inflammatory profile and activation of monocytes, which is beneficial
in suppressing pathogenic-induced pro-inflammatory responses in mi-
crobiota (via IL-10 production) and simultaneous induction of anti-
microbial effects (via TNF-alpha stimulation and monocyte induction).

4.3. NK cells

NK cells play a keyrole in innate immunity and are cytotoxic to
tumors. NK cells have a regulatory role in the development of allergic
respiratory disease. L. casei subspecies Shirota (S) administered in mice
intraperitoneally, or intravenously leads to activated splenic NK cells,
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peritoneal exudate cells and thoracic exudate cells, respectively, but not
via oral administration. In contrast, L. casei S administered orally to
newborn mice is able to activate splenic NK cells [51]. Thus, oral
consumption of probiotics, such as L. casei, early in life boosts the in-
nate immune system [27]. In human PBMCs, L. casei S stimulates pro-
inflammatory cytokines IL-12 and TNF-alpha; the type of immune re-
sponse required for a DC-NK cell interaction and defence mechanism
[52]. Another study showed that Lactobacillus strains were able to sti-
mulate IL-12 secretion by DCs, resulting in activation of NK cells and
subsequent secretion of IFN-gamma, which not only leads to innate
immune responses, but also activation of the adaptive immune re-
sponses [9]. Upon stimulation by Bifidobacterium, high levels of IL-10 is
produced which neutralizes IL-12 induced by Lactobacillus strains [9].
This suggests that co-administration of probiotics might not be favor-
able when used for immunomodulatory therapeutic methods for NK-DC
mediated type of immune responses. Results from such studies suggest
that Lactobacillus strains may initiate cellular immune responses whilst
Bifidobacterium strains can induce polarization towards anti-in-
flammatory and Treg cells. Thus, Bifidobacterium might be the probiotic
of choice to be used to manage or prevent inflammatory immune dis-
orders such as, allergies and autoimmune conditions, although, Lacto-
bacillus strains may be beneficial for anti-tumor immunity. In addition,
LAB have been shown to stimulate T/NK cells via induction of IL-12/
IFN-gamma, whereas, other strains can either suppress or boost Treg/

Th2 responses via IL-4, IL-5 and IL-10 [53]. Understanding the cytokine
profiles induced following probiotic exposure and their immune mod-
ulating properties can provide a clear path for managing im-
munopathologies [6,54]. These studies infer that host innate immune
responses are important in relation to the development of some diseases
and inducing it by probiotic bacteria can help to enhance immunity and
health. Therefore, L. casei strains have established safety and functional
characteristics and are extensively used in probiotic dairy products, and
have long been used as staple food ingredients in many countries in-
cluding Japan and Europe.

4.4. Regulatory T cells

Evidence that Treg cells play an active role in immune tolerance was
established in the 1970s [55], at the time they were referred to as
suppressor T cells. During the late 1980’s research into the role of these
cells in immune tolerance dwindled, however the identification of cell-
surface markers in the mid-1990s led to a resurgence in interest [56]. In
1994, Tregs were described as key cells in the establishment of oral
tolerance [57], and were proposed as a potential target for the treat-
ment/prevention of diseases that are caused by over reaction of the
immune system (i.e. autoimmunity, inflammatory metabolic diseases,
asthma and allergy) all of which have exhibited a global increase,
especially in western countries [58,59]. Tregs are responsible for the

Fig. 2. Immunomodulatory effects of probiotics stimulating T helper (Th)-1, Th2, Th17 cells or T regulatory (Treg) cells. Imature dendritic cells (DC) either
mature following pro-inflammatory stimuli (IL-1, IL-6, lipopolysacharride (LPS), TNF-alpha or pathogens) or become tolerogenic DCs in the presence of anti-
inflammatory stimuli TGF-beta and IL-10. The differentiation of immature DCs into mature or tolerogenic DCs is also regulated in the presence of probiotics. Mature
DCs confer an array of stimulatory functions whereby they stimulate Th or Treg cells depending on the cytokine produced. Mature DCs interact with naïve CD4+T
cells and depending on the resulting cytokine produced by the CD4+T cells they differentiated into either, (i) inflammatory Th1 (secrete IL-1, IL-6, IL-12, IFN-
gamma, TNF-alpha) or Th17 (secrete IL-17 A, IL-17 F, IL-21, IL-22) cells; (ii) anti-inflammatory Th2 (secrete IL-4, IL-5, IL-9, IL-10, IL-13, IL-33) or Th9 (secrete IL-9)
cells; (iii) regulatory Treg (secrete IL-10, TGF-beta), Th3 (secrete TGF-beta) or Tr1 (secrete IL-10) cells or (iv) Th22 cells which secrete IL-22. In addition, Th17 cells
can be further divided into dual secreting cells of either IL-17, IFN-gamma or IL-17, TGF-beta. Probiotics have been shown to regulate Treg cells and/or Th2 cells
depending on the strain and disease. Tolerogenic DCs interact with T cells and can directly stimulate Treg cells in the presence of IL-2 and TGF-beta (or probiotics).
Furthermore, mature DCs stimulate CD8+T cells into Tc1, Tc2, Tc9 or Tc17 cells however, it is not clear whether probiotics are involved in their differentiation /
stimulation.
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state of unresponsiveness of the immune system to specific antigens
(self-peptides); a process known as immune tolerance, which is critical
for the maintenance of immune homeostasis [60].

There is accumulating evidence which suggests probiotics are not
only beneficial for the treatment of Th1 or Th2 mediated inflammatory
disorders, but are also able to induce beneficial Treg cells to modulate
immune balance (Fig. 2).`For instance, L. acidophilus strain L-92 sup-
presses IgE allergic responses to an antigen model in mice, as well as
downregulating the secretion of IFN-gamma, IL-4 and IL-10, and sig-
nificantly increase the levels of IgA, TGF-beta and Treg cells [61]. L.
plantarum WCFS1 is also associated with CD103+ DC infiltration in the
intestine, increases Th2 cytokines and is involved in the generation of
Treg cells in mice [62]. More recently, the combination of probiotics,
zinc, and coenzyme Q10 synergistically reduced rheumatoid in-
flammation in mice by significantly downregulating IgG in serum, de-
creased the expression of pro-inflammatory cytokines (IL-1, IL-6, IL-17,
TNF-alpha) and vascular endothelial growth factor in the joint syno-
vium and upregulated Treg cells [63]. L. casei administration in mice
with E. coli induced intestinal inflammation is associated with
CD4+CD25+Foxp3+ Treg cells in the spleen and mesenteric lymph
nodes with corresponding decreased CD4+IL-17+ Th17 cells and
RORγt mRNA levels [64]. Thus, L. casei could have possible therapeutic
implications against intestinal inflammation by modulating the Treg/
Th17 balance. However, intragastric administration of L. casei BL23
stimulates the expression of CD4+Foxp3+ Treg cells and RORγt+ Th17
cells, termed type-3 Treg cells which are believed to control luminal
inflammatory disorders by suppressing inflammation [65].

LAB from Bifidobacteria strains, can also prime expression of TGF-
beta and IL-10, and increase the number of Treg cells, which is asso-
ciated with suppressive function/tolerance [66]. Similarly, adminis-
tration of B. animalis subsp. lactis 420 (B420) or L. salivarius-33 (Ls-33)
to mice shows reduced levels of pro-inflammatory cytokines TNF-alpha,
IL-6, IL-17 and monocyte chemoattractant protein-1 (MCP-1) and skews
towards IL-10 anti-inflammatory cytokine profile and generation of
Treg cells [67]. Likewise, B. infantis 14.518 fed with shrimp allergies,
show DC-dependent stimulation of Treg cells [43]. It is clear that an
array of probiotics exert their beneficial effects and mediate an immune
balance by their stimulation of Treg cells.

SCFAs produced by commensal microbiota following fermentation
of dietary fibers, have also been shown to expand and differentiate
intestinal Treg cells [68]. In particular, butyrate initiates the differ-
entiation of Tregs [69] as well as suppressing the onset of colon cancer
and reducing allergic responses in the lung of mice [69,70]. In mouse
models of asthma and colitis (newborn and mature) which were orally
subjected to a mixture L. casei, L. lactis, L. acidophilus, B. bifidum and B.
lactis daily, showed a lower proportion of CD4+ and CD8+ T cells and
higher Treg cells; these effects were shown to be mediated by SCFAs
(acetate, propionate and butyrate) [71]. However, in other studies it
was noted that butyrate induces the expression of the transcription
factor T-bet resulting in IFN-gamma secreting T cells and not Treg cells.
Thus, butyrate may exert either beneficial or detrimental effects on the
mucosal immune system. Further studies are required to determine the
dose of butyrate and its mechanism by which it induces beneficial Treg
cells.

4.5. Th17 cells

Th17 cells secrete IL-17 (IL-17 A), IL-17 F, and IL-22 and eliminate
external pathogens mainly at epithelial mucosal sites [72,73]. At mu-
cosal sites, secretion of anti-microbial defensins is dependent on the
stimulatory activities of IL-17, IL-22 and differentiation and stimulation
of neutrophils which is dependent on these cytokines. However, it is
believed that excessive or persistent responses of Th17 cells can drive
the onset of inflammatory diseases, and as such, Th17 cells together
with Th1 cells, are generally responsible for the pathophysiology of
autoimmune diseases, asthma, allergy and the development and

progression of tumors [74,75]. Similar to human Th17 cells, murine
Th17 cells also play a critical role in numerous mouse autoimmune
disease models such as, experimental autoimmune encephalomyelitis
(EAE) [76,77].

Intestinal microflora are shown to regulate and maintain the
quantity and function of DCs, through which they are able to differ-
entially modulate naïve CD4+ T cell responses towards specific Th cell
populations (Fig. 2). Studies in germ free mice show that the number of
CX3CR1+ DCs is reduced which favorably induces naïve CD4+ T cell
differentiation towards Th1 and Th17 [78]. In addition, filamentous
bacteria affect the whole microflora of the GIT immune system which
subsequently stimulate Th17 cells residing in lamina propria [79]. The
number of Th17 cells in the GIT lamina propria is associated with the
presence of microbiota, thus, in germ free mice, the percentage of Th17
cells is very low [80]. As such, the severity of EAE symptoms and au-
toimmune arthritis are reduced due to lower levels of Th17 cells and
lower IL-17 and IFN-gamma [81,82]. On the contrary, colonization of
segmented filamentous bacteria which induce high levels of local Th17
cells in the lamina propria, prevents diabetes in non-obese diabetic
mice [83]. Thus, Th17 cells and IL-17 play differential roles depending
on the disease model. Commensal microbiota are also able to stimulate
secretion of IL-25 (IL-17E) in the GIT that prevents expression of IL-23;
without IL-23, pathogenic Th17 cells cannot survive [84].

Numerous animal models as well as clinical trials have established
beneficial effects of probiotics in IBD due to anti-inflammatory prop-
erties as a result of down-regulating the expression of IL-17 [85,86].
Several studies with colitis-induced mouse models have shown that the
probiotics B. longum subsp. infantis, B. breve, L. acidophilus, L. gasseri A5,
B. longum and S. thermophilus ST28, are able to down-regulate the
production of IL-17 leading to relief of colitis symptoms [87–90]. Two
individual studies determined the effect of blocking IL-17 by using
novel immunosuppressive drugs 4SC-101 [91] and vidofludimus [92]
to compare with probiotic effects; drugs similarly alleviated severe
colitis in mice by targeting IL-17 and confirmed the suppressive me-
chanisms of probiotics. IL-23 which is also associated with develop-
ment, maintenance and polarization of Th17, is another activator for
inflammatory conditions [93]; in fact, suppressing the IL-23/IL-17 axis,
is now a promising target for probiotic treatments in the prevention and
management of IBD [90]. Studies on the effects of B. breve and L.
rhamnosus GG on colitis-induced mouse models revealed that LPS-in-
duced IL-23 expression by intestinal cells, was reduced by these pro-
biotics [87,90].

In in vitro studies using intestinal epithelial cell lines, B. longum
subsp. infantis JCM 1222 was shown to suppress the expression of co-
stimulatory cell surface molecules, CD40 and CD80 as well as IL-17 A at
mRNA and protein levels [88]. In another comparative study on the
effect of B. breve and L. rhamnosus GG, in human intestinal HT-29/B6 or
T84 cells and PBMCs, reduced CD40 and IL-17 A mRNA expression
induced by LPS stimulation [87]. Similarly, B. longum subsp. infantis
[88] is able to reduce the expression of RORγt and simultaneously
suppress IL-17 A production following oral administration in a mouse
model of colitis. Due to the vital role of RORγt as a specific transcription
factor for differentiation of Th17 cells, it can be a promising candidate
to target for probiotic therapeutics in inhibiting Th17 cells and sub-
sequent alleviation of inflammatory conditions. Furthermore, feeding of
L. acidophilus or B. clausii in ovariectomized mice for 6 weeks was able
to skew Th17 cells towards a Treg phenotype by reducing pro-in-
flammatory IL-6, IL-17 and TNF-alpha and increasing expression of IL-
10 [94,95]. Hence, there is an increasing value of the use of probiotics
as a driver of treating many inflammatory disorders by skewing Treg/
Th17 balance.

5. Probiotics, allergy and autoimmune diseases

Studies in animal and in human clinical trials suggest that probiotics
have the potential to prevent or treat allergies (atopic dermatitis and
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allergic rhinitis) and autoimmune diseases (IBD and MS). Based on the
‘hygiene hypothesis’, it is believed that any change to the human GIT
and microflora results in increased risk of such diseases. Regulation of
gut microbiota by the consumption of probiotics has been shown to
influence the development of the mucosal and systemic immune re-
sponse (Figs. 1 and 2) that alter immune homeostasis and immune
profile and positively affect allergies and autoimmune disorders.

5.1. Probiotics and allergies

Food allergy is described as the activation of mast cells or basophils
and production of IgE in response to specific food proteins [96]. This
can be in the fomr of life-threatening food hypersensitivity reactions
with symptoms usually appearing within minutes of exposure; a con-
dition quite distinct from food intolerances, such as Coeliac disease
[97,98]. Around 1–2% of adults and 5–7% of children suffer from some
type of food allergy, which its prevalence has significantly increased
over the last 20 years [99]. Although allergy symptoms are manageable
with medications, no cure is available for food allergy except for strictly
avoiding allergy triggering food. Interestingly, it is now widely ac-
cepted that early life exposure to bacteria such as probiotics, results in
activation of APCs that leads toimmune homeostasis and subsequent
reduction in allergies. Probiotics are able to differentially stimulate the
immune system to express pro- and anti-inflammatory cytokines in a
strain-dependent manner. As previously discussed, probiotics have been
shown to modulate immune responses in vitro and in vivo to skew im-
mune responses towards Th1/Th2 and Treg phenotypes, which is es-
sential in managing and preventing immune-mediated pathologies, in-
cluding allergies [100]. Oral consumption of killed L. casei Shirota has
been reported to stimulate the production of Th1 cytokines, resulting in
decreased stimulation of allergic IgE antibodies against ovalbumin
(OVA) in experimental allergic mouse models with allergy to OVA [51].
Thus, the use of probiotic bacteria to shift mucosal immunity towards
Th1 responses supports their use as a viable approach for the treatment
of allergic disorders [51]. Oral feeding of S. thermophilus, L. fermentum
and yeast (such as zymosan and Saccharomyces cerevisiae) [101,102],
also, differentially stimulate immune responses. In one study for ex-
ample, mice were fed with yeast or L. fermentum, then fed with OVA,
and vaccinated with OVA [51]. The probiotic-exposed mice responded
more efficiently to vaccination with OVA than mice with no pre-feeding
of either probiotics or OVA, or the mice which were only given OVA.
Nevertheless, vaccination in mice that were given either yeast or L.
fermentum followed by yeast and OVA or L. fermentum and OVA showed
significantly suppressed antibody responses as a result of vaccination
with OVA. This suggests that, although feeding the antigen alone ap-
pears to prime the onset of immune responses, co-feeding the same
antigen with probiotics can repress allergic responses due to suppres-
sing both cellular and humoral immunity [51]. Similarly, studies
showing the effects of probiotic treatment (L. casei, L. lactis, L. acid-
ophilus, B. bifidum and B. lactis) on the suppression in mice of experi-
mental OVA-induced asthma, an allergic airway disease model, either
at the time of birth or at later developmental stages, resulted in de-
creased numbers of Th1,Th2 and CD8+T cells in the airways compared
to control mice [103]. This data may provide insights into an effective
treatment approach for controlling allergic reactions.

In humans, B. longum and L. acidophilus in milk or yogurt, if used as
probiotics powder, capsules, or even heat-killed bacteria, can alleviate
the severity of the clinical scales of allergic rhinitis and asthma symp-
toms compared to placebo [104]. In children with allergies and re-
current respiratory infections, B. clausii was shown to beneficially
modulate cytokine profiles, and induce Treg cells in parallel with in-
creased levels of IL-10 and TGF-beta [105]. Similarly, PBMC from
subjects with allergic rhinitis who consumed yogurt or skimmed milk
(containing L. delbruekii, sub bulgaricusand, S. thermophilus, L. acid-
ophilus and Bifidobacterium) showed higher IFN-gamma responses and
improved symptom score [106]. All thes suggest the use of probiotics as

a novel approach in allergic conditions due to their great potency in
polarizing T cells in the gut towards Treg cells.

5.2. Probiotics and atopic dermatitis

Atopic dermatitis is a chronic inflammatory skin disorder which is
predominantly noted in infants and toddlers. Although the acute phase
of atopic dermatitis is dominated by Th2 (IL-4, IL-5, IL-13) and Th22
cells, during the chronic phase, Th1 cells (IFN-gamma and IL-12) take
the lead, resulting in atopic dermatitis [107,108]. In a mouse model of
atopic dermatitis, consumption of a mixed of 7 strains of Bifidobacterium
and LAB for 8 weeks resulted in reduced atopic skin irritation and in-
creased Treg cells [108]. In another study, Treg cells were increased
locally in the skin of mice following supplementation of L. casei [109].
Similarly, an increase in Treg cells were noted in the spleen after L.
reuteri supplementation in mouse models with asthma [110]. In addi-
tion, Tregs have been shown to be induced from human PBMCs fol-
lowing exposure to probiotic species (L. acidophilus, B. lactis, and L.
plantarum) with L. acidophilus being the most potent [9,111].

In humans, a randomized controlled study of probiotic consumption
(B. animalis subsp. lactis Bb-12, L. rhamnosus GG, and L. acidophilus La-
5) in pregnant women and their children, showed reduced incidence of
atopic dermatitis and reduced Th22 cells [107]. Additionally, ingestion
of L. rhamnosus GG alone in pregnant women with strong family history
of allergic rhinitis, eczema or asthma, showed significant delay in de-
veloping atopic dermatitis in their infants during the first six months of
delivery, which correlated to increased levels of IL-10 [112]. Likewise,
the combination of L. rhamnosus GG and B. lactis throughout pregnancy
and breastfeeding reduces the risk of atopic eczema and allergic sen-
sitization in children [21], whereas a mixture of probiotics (Lactoba-
cillus GG, B. breve, L. rhamnosus LC705, and Propionibacterium freu-
denreichii ssp. Shermanii JS) failed to reduce the risk of atopic eczema,
due to the strain dependency of probiotic bacteria [21]. In a systematic
review and meta-analysis studies of pediatric atopic dermatitis it was
noted that probiotics are effective in preventing this condition [113].
Furthermore, cutaneous exposure to a lysate of probiotics (Vetreoscilla
filiformis) alleviates skin inflammation and induces IL-10 secreting tol-
erogenic DCs and Treg cells and reduces Th1 pro-inflammatory cells
and their cytokines [114].

5.3. Probiotics and inflammatory bowel disease

IBD, including Crohn's disease (CD) and ulcerative colitis (UC), is a
major human health problem [115]. IBD is a group of chronic in-
flammatory disorders of the GIT, which is currently incurable and re-
sults in intestinal inflammation, severe diarrhoea, fatigue, pain and
subsequent weight loss. A link has been established between in-
sufficient intestinal probiotics (dysbiosis) and the development of CD
and UC [116]. In fact, mucosal-associated microbiota of twin in-
dividuals with CD has been shown to have lower abundance of Faeca-
libacterium prausnitzii and significantly higher levels of E. coli, compared
to corresponding healthy twin siblings [117]. Such dysbiosis of in-
testinal microbiota is believed to contribute to pathophysiology of CD
and UC through an imbalance between intestinal microbiota and mu-
cosal immunity, leading to inflammation in the intestine. Interestingly,
experimental colitis, in mice, caused by dysbiosis, is corrected by con-
suming F. prausnitzii orally, which leads to anti-inflammatory effects
and reduction of severity of colitis [118]. Consumption of probiotics in
general has been increasingly used as a means of preventing and/or
managing CD and UC by restoring damaged intestinal mucosal barrier
[119]. In fact, suppression of effector responses and induction of Treg
cells has been shown in mice, following consumption of Clostridium
strains, and their consumption in early life is also beneficial in the
protection against colitis [79,120]. Consumption of B. infantis by mice
results in increased number of Treg cells and leads to prevention of
Salmonella typhimurium infection. Furthermore, Bifidobacteria increases
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gastrointestinal defense against enterohaemorrhagic pathogenic E. coli
by generating acetate [121]. Recently it was shown that SCFAs pro-
duced through the fermentation of indigestible dietary fibers by Bifi-
dobacteria and other anaerobic bacteria [103] resulted in the differ-
entiation of colonic Treg cells. L. rhamnosus and B. infantis protected the
host against the development of colitis via the effect of their SCFAs
products on the immune system [122]. Additionally, L. casei, L. lactis, L.
acidophilus, B. bifidum and B. lactis also generate SCFAs (acetate, pro-
pionate and butyrate) which induce the differentiation of Treg cells in
the colon, subsequently suppressing the development of DSS-induced
experimental colitis in mice [88].

Interestingly, while Citrobacter rodentium can cause colitis and sub-
sequently IBD, commensal microflora of the gut can provide protection
against invasive pathogens like C. rodentium through colonization of the
host gut [123]. In a mouse model of C. rodentium-induced colitis, ad-
ministration of L. plantarum A, L. acidophilus ATCC 4356 and L. rham-
nosus ATCC 53103 increased expression of CD11c+ DCs and Treg cells,
whilst down-regulating pro-inflammatory cytokines (IL-17, IFN-gamma
and TNF-alpha) and protection against colitis [124]. Hence, for in-
dividuals experiencing gut dysbiosis, probiotics and gut microbiome are
therapeutic interventions for restoring gut microbial equilibrium and
balancing the immune system for better health [125]. To this end, fecal
microbiota transplantation has shown to be effective in colitis patients
through rapid restoration of intestinal microbiota composition. The
specific mechanisms are not clear, however, the intestinal microbiota is
restored to be similar to that of the donor [126].

Bifidobacteria have also been shown to contribute to intestinal
homeostasis and help to diminish inflammation. Bifidobacteria mixture
was tested on DC functionality from different sources; children with
IBD, DCs from PBMCs of patients with CD, UC, and healthy controls.
DCs were pre-treated with probiotics and incubated with E. coli fluor-
ochrome-conjugated particles or DQ-ovalbumin (DQ-OVA) [127]. Fol-
lowing incubation with probiotics, DCs from CD children had a higher
uptake of bacterial particles and DQ-OVA processing; whereas DCs from
the other 2 groups showed no significant changes. DCs from CD chil-
dren also showed higher TNF-alpha and no effect on IFN-gamma and IL-
17 [127]. This shows that Bifidobacteria can significantly increase an-
tigen uptake and processing of DCs which are from patients with CD, in
whome DCs demonstrate a decreased autophagic function. Probiotics
had a lesser effect on antigen uptake or autophagy by DCs sourced from
CD/UC and healthy people. Enhanced antigen sampling and processing
could be a viable approach to solving innate immunity deficiency in GIT
and a method to reducing uncontrolled bacterial growth in the intestine
of IBD children.

Probiotics have also shown to be effective against specific infections
in infants and children, including infectious diarrhoea, traveller’s
diarrhoea, and infants necrotizing enterocolitis and Helicobacter pylori
[54]. Neonates with extremely low birth weight due to necrotizing
enterocolitis have marked reduced incidence and severity following
probiotics consumption, in particular combinations of, B. infantis, S.
thermophilus, B. bifidus and L. acidophilus [27]. Caveolin-1 regulates
nitric oxide (NO) signaling which is responsible for the pathogenesis of
necrotizing enterocolitis, and in formula-fed neonatal rats, the in-
testinal caveolin-1 and NO signalling are deficient [27]. Probiotics fed
to babies, improves the survival of the microorganism in the intestine
and beneficially improves caveloin-1 and NO signalling and growth
factors in the terminal ileum.

5.4. Probiotics and multiple sclerosis

Chronic inflammation has been generally accepted as a common
hallmark of neuro-degenerative diseases, such as, MS, Alzheimer’s
disease and Parkinson’s disease [76,128,129]. Gut microbiota associate
with central nervous system (CNS) [130], as there is cross-talk between
the GIT, the CNS and the immune system, known as the gut-brain axis.
Any dysfunction in the gut-brain axis is associated with the

pathogenesis of a number of diseases inside and outside the GIT.
EAE, an animal model of human MS has been used to study the

effects of probiotic microorganisms on CNS. One of the safe and ap-
propriate ways to induce tolerance towards peripheral T-cell in auto-
immune diseases like MS, is the oral administration of specific auto-
antigens [131,132]. A food based probiotic yeast, Candida utilis, fused
with an immunodominant myelin epitope (MOG35-55)-peptide as car-
rier, when administered in mice, protects mice against the development
and clinical symptoms of EAE [131]. In addition, administration of
heat-inactivated C. utilis also resulted in reduction of disease severity in
animals which indicated that tolerance effect is independent of viability
of the yeast. Rechallenge with MOG35-55 resulted in decreased disease
severity associated with reduced cellular inflammation in the spinal
cord, demyelination, lower T cell proliferation and higher Treg cells in
the lymph nodes. These results showed that using a food-grade fungus,
C. utilis, with surface-infused immunogenic MOG35-55 peptide is effec-
tive in modulating immune responses and can successfully stimulate
oral tolerance against this epitope in EAE [131]. Similarly, oral and
intranasal administration of recombinant Lactobacilli expressing myelin
antigens also showed reduced EAE [132]. Furthermore, a panel of re-
combinant Lactobacilli were constructed to produce some of human and
guinea pig myelin proteins and peptides, such as proteolipid protein
peptide 139–151 (PLP139–151) and myelin basic protein (MBP) and. The
effect of these Lactobacillus recombinants on inducing intranasal and
oral tolerance in EAE animal models were studied. Soluble cell extracts
of Lactobacillus transformants were given to Lewis rats intranasally
three times prior to induction of EAE. In order to induce oral tolerance,
animals were given live recombinant Lactobacilli for 20 days. Within 10
days of first oral consumption, rats were induced for EAE induction.
Using extracts containing guinea pig MBP72–85 peptide epitope in-
tranasally inhibited EAE in Lewis rats significantly. It seems that Lac-
tobacilli with myelin infused-antigens are able to reduce EAE if in-
tranasally and orally administered [131,132]. This and other studies
offer novel approaches for mucosal tolerance induction by mucosal
administration of recombinant yeast or Lactobacilli expressing relevant
autoantigens, which may be applicable in autoimmune disease such as
MS.

In mice, administration of Lactobacillus or Bifidobacterium strains
result in less severe EAE clinical scores, recovery of myelin content in
the spinal cord, increased levels of TGF-beta and Treg cells compared to
control mice [133]. Administration of a mixture of the two strains in-
duced a more significant delay in EAE onset and clinical score, along
with significant decreased mononuclear infiltration into the central
nervous system, as well as elevated CD4+CD25+Foxp3+ expressing
Treg cells in the spleen and lymph nodes of mice [134]. Likewise, in-
traperitoneal injection of L. helveticus in mice significantly reduced the
incidence and clinical score of EAE, which correlated with reduced
Th17 cells and IL-6 (an essential cytokine for Th17 differentiation)
[135]. L. casei Shirota, L. casei 393, L. reuteri, L. paracasei, B. breve and
B. animalis also reduce disease activity by increasing IL-10, TGF-beta
and Treg cells. [71].

Oral administration of probiotics (Lactobacillus, Bifidobacterium and
Steptococcus) in 9 MS patients and 13 control subjects, twice a day for 8
weeks, resulted in decreased abundance of Akkermansia and Blautia,
known to be associated with dysbiosis in MS patients, and increased
abundance of Lactobacillus and Bifidobacterium [136]. In addition, de-
creased number of inflammatory monocytes, and decreased expression
of MHC-II and co-stimulatory molecule CD80 were noted. In a rando-
mized, placebo-controlled study, 60 patients with MS were also given a
probiotic capsule containing L. acidophilus, L. casei, B. bifidum and L.
fermentum for 12 weeks. Subsequently, expanded disability status scale,
as well as depression and anxiety symptoms were improved, c-reactive
protein (inflammatory marker), plasma oxidative metabolites and
malondialdehyde (markers of oxidative stress) were reduced [137].
Thus, probiotics have been shown to modulate symptoms of disease in
mice (EAE model) and in MS patients, and warrants further research
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into the use of probiotics as an adjunct treatment in humans with MS,
however, there is a need for further animal and human studies to un-
derstand the effects of probiotics to human health.

6. Conclusion

Probiotics have been shown to alter immune responses, and induce
tolerance in both animal models and humans. The rapidly growing
knowledge of microbiome-host interactions has revealed new avenues
for understanding the immunopathological basis of many diseases.
Evidence is slowly emerging, that one of the approaches for main-
taining or restoring immune balance and, thereby preventing or
treating diseases, is through the use of probiotics in the form of fer-
mented foods or probiotic supplements. The mechanism by which
probiotics affect individual’s health is multidimensional and has been
the focus of many studies. The prevailing evidence suggests that pro-
biotics keep the immune system in check, by differentially modulating
cellular (Th1, Th2, Th17, Treg, Tc) and humoral (B cells) immune re-
sponses specific to the probiotic strain(s) and disease pathophysiology.
However, current knowledge still lacks most pieces of the puzzle for a
complete picture that explains the mechanisms by which probiotics
improve general health and diseases, specifically in regards to treating
or preventing allergies, gastrointestinal and immune disorders. There
seems to be a lack of adequate research on the effects of probiotics on
the central nervous system, such as autoimmune diseases, specifically
MS, and additional in vivo and in vitro research on MS is required to
provide sound evidence and detailed information for the beneficial ef-
fects of probiotics.
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