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ABSTRACT

Allergic diseases, derived from the dysregulation of immune tolerance mechanisms, have been
rising in the last two decades. Recently, increasing evidence has shown that probiotic-derived
polysaccharide capsules exhibit a protective effect against allergic diseases, involving regulation
of Th1/Th2 balance, induction of differentiation of T regulatory cells and activation of dendritic
cells (DCs). DCs have a central role in controlling the immune response through their interaction
with gut microbiota via their pattern recognition receptors, including Toll-like receptors and C-type-
lectin receptors. This review discusses the effects and critical mechanism of probiotic-derived
polysaccharide capsules in regulating the immune system to alleviate allergic diseases. We first
describe the development of immune response in allergic diseases and recent relevant findings.
Particular emphasis is placed on the effects of probiotic-derived polysaccharide capsules on allergic
immune response. Then, we discuss the underlying mechanism of the impact of probiotic-derived
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polysaccharide capsules on DCs-mediated immune tolerance induction.

Introduction

The prevalence of allergic diseases, including atopic derma-
titis, allergic rhinitis, food allergies, and asthma, has been
rising worldwide. These allergic diseases seriously affect the
health and quality of life of individuals, and have become
a common public health problem. Indeed, it is reported that
20-30% population of western countries are suffering from
at least one type of allergic diseases (Eslami et al. 2020).
Allergic diseases are difficult to be studied and fully
understand due to their complex clinical symptoms and
pathogenesis. Allergic diseases are related to an adverse
reaction by the immune system to allergenic source mate-
rials, including pollen, nuts, grains, milk, and salivary pro-
teins from insects. The allergen-specific immunotherapy
(SIT) is the most widely used selective and effective method
for allergic diseases in clinical practice (Sicherer and
Sampson 2018). The mechanism of SIT is mainly to induce
the T regulatory (Treg) cell-mediated immune tolerance to
allergens (Bacher and Scheffold 2018; Schmiechen, Weissler,
and Frischmeyer-Guerrerio 2019). However, not all patients
reach persistent clinical tolerance (Hayen et al. 2014;
Willemsen 2018). Thus, current research focuses on new
therapies to enhance the immune tolerance to allergens with
long-lasting effects and minimize the risk of adverse reac-
tions (Reisacher and Davison 2017). Gut microbial commu-
nity imbalances have been associated with the development
of allergic diseases (Aitoro et al. 2017; Kuitunen et al. 2009;

Lee et al. 2020). Even though some negative or controversial
evidence has also been observed (Kuitunen et al. 2009;
Morisset et al. 2011; Tan-Lim and Esteban-Ipac 2018), the
administration of probiotics (mainly Lactobacillus and
Bifidobacteria) has been proposed as a potential approach
to promote immune tolerance and alleviate allergic response
through the regulation of gut microbiota composition and
immune function (Basturk et al. 2020; Shu et al. 2019; B.
Yang et al. 2017). Polysaccharide capsules, high molecular
weight carbohydrates presented outside of the bacterial cell
wall, are considered one of the important biologically active
components of probiotics. The nutritional and immunolog-
ical effects of polysaccharide capsules produced by
Lactobacillus and Bifidobacteria have been widely investi-
gated, including attenuating inflammation and cell apoptosis
(Fanning et al. 2012; Hughes et al. 2017; Piingel et al. 2020).
Recently, the administration of probiotic-derived polysac-
charide capsules has been proposed as one of the potential
therapeutic approaches to regulate immune response of
allergic diseases. In particular, polysaccharide capsules from
Lactobacillus and Bifidobacteria reduce the serum levels of
allergen-specific antibodies and relieve allergic responses
(e.g., atopic dermatitis, food allergy, and allergic asthma) in
mice (Gorska et al. 2017; Luo et al. 2020; Noda et al. 2019).
These anti-allergy effects produced by probiotic-polysaccharide
capsules are involved in enhancing specific mucosal immune
response, improving intestinal immune barrier function,
inhibiting Th2 cell polarization, and promoting Thl cell
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differentiation (Gorska et al. 2017; Johnson, Jones, and Cobb
2015; Luo et al. 2020; Schiavi et al. 2018). However, there
are limited reviews to highlight the effects and mechanisms
of probiotic-derived polysaccharide capsules on the immune
response in allergic diseases.

In this review, we described the recent developments and
understanding of the immune response in allergic diseases,
and discussed the critical role of probiotic-derived polysac-
charide capsules as a therapeutic agent in regulating immune
response of allergic diseases.

Cellular immunity in allergic diseases

The differentiation and function of T cells in allergic
diseases

In the majority of allergic diseases, the allergic symptoms
are characterized as IgE-mediated reactions, which are
known as immediate type I hypersensitivity and usually
develop clinical symptoms quickly after allergen exposure
(Rindsjo and Scheynius 2010). CD4'T cells, which play a
critical role in type I hypersensitivity, can be categorized
into various subsets based on the different cytokines they
secrete, namely T helper 1 (Th1), Th2, Th17 and Treg cells.
Th1 cells mainly secrete cytokines such as IFN-y, IL-12 and
TNF-a, while Th2 cells mostly produce cytokines including
IL-4, IL-5 and IL-9. Importantly, polarized Th2 immune
response is the main feature of the immune response in
allergic diseases. The first stage of allergy (allergens are
encountered for the first time through the epithelial barrier
of the skin, airway, or gut) is the sensitization to the aller-
gen. It causes a polarized Th2-mediated immune response,
which produces a high level of IL-4. Coupled with signals
from IL-4, B cells interact with Th2 cells and subsequentially
secrete a high level of IgE antibody. This large amount of
IgE is released into the peripheral blood and binds to mast
cells or basophils through the IgE-specific receptor on their
surface. In the second stage of allergy (the same allergen is
reencountered later), the allergen causes degranulation of
mast cells, inducing the release of histamine and other
inflammatory mediators through the binding with the IgE
antibody on mast cells. This process will result in rhinor-
rhea, itchiness, dyspnea, and anaphylaxis. Clinically, patients
with allergic diseases display imbalanced Th1/Th2 immune
response, which is characterized as allergen-induced
Th2-skewed immune reactions in the bloodstream (a sig-
nificant amount of IL-4, IL-5, and IL-13), but low level of
Thl-cytokine IFN-y (Kumar et al. 2012; Nakata et al. 2019).
Similarly, allergen-specific Th2-immune response or the high
level of Th2-cytokine profiles are observed in murine models
of allergy (Shin et al. 2015; Jing Yang, Ren, et al. 2015).
However, Treg cells, another crucial CD4*T cell, block
such allergens-promoting Th2-immune reactions. Their sup-
pressive functions are mediated by the secretion of inhibitory
cytokines, such as IL-10 and TGF-f. The balance of Treg
cells and Th2 cells has played a vital role in developing the
allergy. Treg cells can be classified into two main subsets
according to their source: the CD4*Foxp3* natural Treg
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(nTreg) cells, which are differentiated from the thymus; and
the induced Treg (iTreg) cells, which are differentiated from
naive conventional CD4*Foxp3T cells after exposure to anti-
gens under certain appropriate conditions, such as T-cell
receptor (TCR) stimulation, regulator cytokines (e.g., TGF-f
or IL-10) (Rivas and Chatila 2016). Besides, CD4*type 1
regulatory T (Trl) cells are another subset of iTreg cells
characterized by the high secretion of IL-10 and expression
of lymphocyte activation gene 3 (LAG-3) and CD49b on
the surface without Foxp3 expression. Clinical studies have
also revealed that the decreased number and functional loss
of Foxp3*Treg cells in the blood of children is directly
related to severe allergic reactions, and increased Foxp3*Treg
cells induce lower atopic sensitization and asthma (Lluis
et al. 2014; Tiemessen et al. 2004). The SIT, the most effec-
tive method to treat allergies, leads to the generation of
Foxp3*Treg and Trl cells in peripheral blood mononuclear
cells (PBMCs) of children suffering from an allergic disease
(Lou et al. 2012). Patients with a higher frequency of cir-
culating Foxp3*Treg cells show fewer allergic symptoms, and
the level of Foxp3*Treg cells and the gene expression of
TGF-p and IL-10 in allergen-tolerant patients are higher
than those in the allergy group (Krogulska et al. 2011; Noh
et al. 2012). Also, the transfer of Treg cells from healthy
mice to OVA-induced allergy mice reduces the serum level
of OVA-specific IgE (Yamashita et al. 2012). In summary,
allergic diseases apparently occur due to the allergens-induced
Th2-skewed immune reactions and loss of Treg cells.

The differentiation and function of dendritic cells in
allergic diseases

In the pathogenesis of allergy, the immune response is first
stimulated by antigen-presenting cells, which capture and
process antigens and then transfer their information to lym-
phocytes. Dendritic cells (DCs) are the most functional
antigen-presenting cells. During antigen capture and pro-
cessing, immature dendritic DCs will become mature char-
acterized by the increased expression of surface MHC class
I/II molecules and co-stimulators, such as clusters of dif-
ferentiation (CD) 40, CD80, and CD86. These mature DCs
eventually deliver antigen-specific information to T cells,
thereby stimulating their activation. DCs isolated from
PBMCs of children with milk allergy secrete more inflam-
matory cytokines than those from healthy children and
promote the secretion of Th2 cytokines in CD4'T cells in
vitro (Frischmeyer-Guerrerio et al. 2011). Besides the induc-
tion of CD4*'T cell activation, DCs also play an essential
regulatory role in developing immune tolerance. The regu-
latory DCs (regDCs), which produce a large number of
regulatory cytokines including IL-10, TGF-p, retinoic acid
(a vitamin A metabolite), and indoleamine-2,3-dioxygenase,
directly promote the generation of Foxp3*Treg cells from
naive CD4'T cells and induce immune tolerance (Jeon et al.
2012; Xie et al. 2015). Two subsets of regDCs have been
extensively studied. The ones called immature DCs or
semi-mature DCs are characterized by the lower expression
of MHCII and co-stimulatory molecules. The other ones,
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called CD11c*CD103*DCs, specifically express CD103 mol-
ecules on their surface and high levels of the RALDH
enzyme, leading to high levels of retinoic acid through
RALDH enzyme-mediated vitamin A metabolism. Studies
in murine models (peanut and cow milk allergies) indicate
that oral sensitization with food allergens causes a significant
change in the subsets of DCs in the gut toward a much
lower percentage of CD103*DCs (Smit et al. 2011; J Yang,
Ren, et al. 2015). However, these allergen-induced allergic
responses are attenuated by an increase in the number of
CD103*DCs and Foxp3* Treg cells in gut lymph nodes
(Meulenbroek et al. 2013; Smit et al. 2011). Overall, the
studies of allergic diseases mainly focus on the regulation
of DCs functions, including the induction of Treg cells dif-
ferentiation and regulation of the Th1/Th2 balance, to pro-
mote immune tolerance to allergens (Figure 1). Based on
the critical role of regDCs in regulating the immune
response, the differentiation and function of intestinal
CD103*DCs have become an essential target for the study
of the mechanism of allergic diseases and the design of new
therapies.

The immunoregulatory effects of probiotic-
polysaccharide capsules on allergic diseases

Composition and biosynthesis of probiotic-
polysaccharide capsules

Polysaccharide capsules, high-molecular-weight compounds
produced by various intestinal bacteria, are the main

immunomodulatory components of prebiotics. Polysaccharide
capsules are generally related to all polysaccharides present
outside the bacterial cell wall. They can be categorized as
capsular form (capsular polysaccharides, CPSs) and secreted
form (exopolysaccharides, EPSs). CPSs are closely connected
with microbial cell surface as a capsule, while EPSs are
loosely on the microbial cell surface and secreted into the
fermentable environment of microbial cells (Rajoka et al.
2020; Whitfield, Wear, and Sande 2020). In general, about
17% of Lactobacillus and Bifidobacterium strains in the
human gut are EPSs producing factories (Ruas-Madiedo
et al. 2007). The composition of EPSs/CPSs is primarily
characterized by several repeating subunits of sugars, such
as xylose, fructose, rhamnose, arabinose, mannose, glucose,
galactose, and some sugar derivatives, including
N-acetylglucosamine and N-acetylgalactosamine in various
ratios (Hsieh and Allen 2020; Rajoka et al. 2020). The ratio
of monosaccharide subunits in EPSs/CPSs differs signifi-
cantly among different probiotic strains (Pyclik et al. 2020).
Besides, the composition and biological activities of EPSs/
CPSs are closely related to the growing condition (i.e., pH,
temperature, fermentation time, and medium composition)
(Ciszek-Lenda et al. 2011; Gorska et al. 2017; Rajoka et al.
2020). It is reported that cultivation media with peptone/
yeast extract at pH 5.0 promote EPSs production from B.
longum ATCC 15707, and affect the ratio of sugar subunits
in EPSs (galactose, glucose, and uronic acid) (Schmid,
Sieber, and Rehm 2015). Similarly, cultivation medium with
lactose in the absence of pH control induces production of
EPSs from B. longum CRC 002, compared to medium added

Figure 1. The immune response processes in allergen-induced allergic sensitization and challenging stage in the gut.

The exposure of allergens to DCs activates DCs to process and present allergen-specific peptides to naive CD4*T cells through interaction of the MHC-II and
TCR, then CD4'T cells differentiate into proallergic Th2 cells. Subsequently, Th2 cells drive B cells to promote IgE class switching via cell contact and IL-4. IgE
then binds to mast cells, causing sensitization. Following the subsequent exposure to an allergen (challenging stage), the cross-linking of the surface-bound
IgE leads to mast cell degranulation with the release of primary mediators, such as histamine and inflammatory mediators, contributing to further inflammation.
Additionally, another essential subset of DCs, called regDCs, secrete high levels of TGF-B, IL-10, and retinoic acid, directly mediate the conversion of T cells into
Treg cells and induce the suppression of allergen-specific Th2-skewed immune responses. MHC-II, Major histocompatibility complex class II; TCR, T cell receptor;

regDCs, regulatory dendritic cells.



glucose, galactose, or fructose, and the repeating unit com-
position of this EPSs is 2 galactose to 3 glucose (Audy et al.
2010). In this study, the expression of genes coding for
EPSs is upregulated by this lactose-added cultivation
medium, indicating that genes involved in EPSs biosynthesis
are expressed differentially under different growing
conditions.

According to their composition and biosynthesis path-
ways, EPSs/CPSs are classified into two groups: homopoly-
saccharides (HoPSs) and heteropolysaccharides (HePSs)
(Zeidan et al. 2017). Lactobacillus and Bifidobacterium
HoPS are composed by repeating units of a single type
of monosaccharide including D-glucose or D-fructose,
consist mainly in a-glucans and P-fructans, with molec-
ular mass generally between 10° and 10%Da; HePS
consist of several repeated monosaccharides subunits
(D-glucose, D-galactose and L-rhamnose) and monosac-
charide derivatives (N-acetyl-D-glucosamine and
N-acetyl-D-galactosamine), or their phosphate/other moi-
eties in some cases, with molecular weights ranging from
10* and 10°Da (Caggianiello, Kleerebezem, and Spano
2016; Ryan et al. 2015; Zdorovenko et al. 2009). Generally,
the extracellular biosynthesis pathway and Wzx/
Wzy-dependent biosynthesis pathway are two essential
mechanisms for EPSs/CPSs biosynthesis in Lactobacilli
and Bifidobacteria (Rajoka et al. 2020). Extracellular EPSs/
CPSs biosynthesis pathway is used to synthesize HoPSs.
In the beginning, a monosaccharide is added directly to
an emergent sugar polymer in the cytoplasm. This elon-
gation of the polysaccharide chain is mediated by enzymes
(i.e., glucansucrase or fructansucrase). Then, the polym-
erized HoPSs chain is released straightly into the extra-
cellular environment (Rajoka et al. 2020; Zannini et al.
2016). On the other hand, HePSs, a more complicated
structure than HoPSs, are synthesized by Wazx/
Wzy-dependent EPSs/CPSs biosynthesis pathways which
require more enzymes and more significant interaction
sites. The sugar units are synthesized in the cytoplasm,
including phosphorylation and transportation of mono-
saccharides/disaccharides and the process of sugar nucle-
otides formation. Then, these repeating subunits are
moved in the extracellular membrane from the cytoplas-
mic membrane facilitated by Wzx pathway. Lastly, Wzy
mediated-polymerization of repeating subunits occurs,
and long polymer chains are released into extracellular
space (Cuthbertson et al. 2009; Schmid, Sieber, and
Rehm 2015).

Both HoPSs and HePSs produced by the bacteria increase
tolerance to stress environmental conditions in the host
(Hsieh and Allen 2020). Besides, probiotic-polysaccharide
capsules, as bio-thickeners, emulsifiers and stabilizers, con-
tribute to the stability and progress of food products and
enhance food texture and mouth-feel properties (Angelin
and Kavitha 2020). In the last few years, the nutritional and
immunological effects of EPSs/CPSs on human diseases have
been extensively studied, such as the prevention of inflam-
mation, inhibition of tumor growth, and attenuation of
allergic responses (Gorska et al. 2017; Rajoka et al. 2020;
Verma et al. 2018).
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Effects of probiotic-polysaccharide capsules on T cell
balance

Even though the definition of probiotics is related to the
live cells, it is reported that oral administration of dead
cells of Lactobacillus and Bifidobacteria can also alleviate
allergic diseases (atopic dermatitis and allergic airway) in
children and mice (Casaro et al. 2018; Ishida et al. 2005;
Rather et al. 2021). The term postbiotic, related to non-viable
cells or cell fractions, is a novel strategy that can be applied
for the treatment of allergy to induce immune tolerance
with less undesirable side-effects (Adams 2010; Aguilar-Toala
et al. 2018). Cell wall polysaccharide capsules are considered
one of the important biological components of probiotics.
Recent evidence has shown that probiotic-polysaccharide
capsules reduce the serum levels of allergen-specific anti-
bodies (IgE and IgG), suppress allergy development, and
relieve atopic dermatitis, food allergy, and allergic asthma
in mice (Gorska et al. 2017; Luo et al. 2020; Noda et al.
2019). EPSs/CPSs suppress allergy development through
their regulatory effects on T cell responses, especially
the Th1/Th2 balance. The immunological effects of
Bifidobacteria-derived EPSs on anaphylaxis have been inves-
tigated in a murine model. In this study, EPSs from B. breve
WBBRO04 and B. longum WBLOOI1 considerably reduce the
serum levels of IgE and IL-4, and relieve OVA-induced
allergic responses (Luo et al. 2020). In addition, EPSs pro-
duced by L. paracasei IJH-SONE68 have been found to
reduce the gene expression of the Th2-associated cytokine
IL-4 in the ear tissue and decrease total IgE in serum in
mice with allergic dermatitis (Noda et al. 2019). EPSs iso-
lated from L. rhamnosus LOCK 0900 also significantly sup-
press the OVA-induced Th2 response polarization in spleen
cells and mesenteric lymph nodes (MLNs), reduce the levels
of OVA-specific IgE, and prevent OVA sensitization in mice
(Gorska et al. 2017). Importantly, Treg cell-mediated immune
responses are also regulated by probiotic-polysaccharide
capsules (Neff et al. 2016; Speciale et al. 2019; Verma et al.
2018). The EPSs derived from the commensal bacterium
Bacteroides fragilis have been reported to increase the per-
centage of Trl cells in lymph nodes of the lung, significantly
inhibit both Thl and Th2 responses, and limit allergic sen-
sitization to OVA in mice (Johnson, Jones, and Cobb 2015).
B. longum 35624 is shown to promote Foxp3*Treg
cell-mediated immune responses in healthy volunteers, and
EPSs from B. longum 35624 have been found to suppress
allergic responses in OVA-sensitized mice, significantly
reduce IL-4 expression and eosinophil levels in the lung
tissue, and increase IL-10 level (Schiavi et al. 2018). The
characterization of the structural details of EPSs from B.
longum 35624 has revealed that this EPSs are characterized
by a branched hexasaccharide repeating unit containing two
galactose and two glucose moieties, galacturonic acid and
the unusual sugar 6-deoxy-L-talose (Altmann et al. 2016).
Besides EPSs, CPSs from Bacteroides cellulosilyticus DSM
14838 promote the proportion of Tregs in human mononu-
clear cells (Neff et al. 2016). Administration of the B. bifi-
dum strain PRII is found to increase the number of both
Foxp3*Treg cells and Trl cells in colonic lamina propria
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(cLP). Furthermore, the characterization of the CPSs derived
from the B. bifidum strain PRIl reveals that they are a
complex mixture of polysaccharides, including two main
groups: a phospho-glycero-p-galactofuranan, PGPG, and a
mixture with four neutral polysaccharides, namely CSGG,
composed of B-1,6-glucan, B-1,4-galactan, B-1,6-galactan,
B-galactofuranan and starch. These two groups of CPSs
display different immune responses: CSGG is responsible
for induction of Treg cells, since intraperitoneal injections
of CSGG into germ-free mice for 3 weeks induces differen-
tiation into Foxp3*Treg cells in the cLP and MLN, and
CSGG-treated DCs significantly increase the percentage of
Foxp3*Treg cells and production of IL-10 in naive CD4*T
cells in vitro. However, PGPG only enhances pro-inflammatory
immune response by increasing the INF-y level (Speciale
et al. 2019; Verma et al. 2018). These data suggest that
probiotic-polysaccharide capsules have different effects in
regulating T cell immune responses depending on their
chemical structures.

Effects of probiotic-polysaccharide capsules on DC
activation

DCs have been identified as essential regulators in immu-
nological response through their effects on T cell response.
The impacts of EPSs/CPSs on DCs include promoting DCs
maturation (increased expression of MHCII, CD40, CD80,
and CD86), enhancing the cytokine secretion of IL-10 and
IL-12, and increasing gene expression and activity of RALDH
(Matsuzaki et al. 2018; Tang et al. 2015; Xiu et al. 2018).
EPSs from B. longum 35624 have been shown to enhance
the DC-mediated immune responses by inducing maturation

of DCs (increasing the expression of CD80 and CD86) and
regulatory cytokine IL-10 production (Schiavi et al. 2018).
Co-culture of DCs with EPSs derived from L. johnsonii 142
induces the level of IL-10 and Thl-cytokine IL-12 in the
supernatant, and promote expression of CD80 and CD86
on DCs. This L. johnsonii 142-derived EPSs are composed
of 5-substituted galactofuranose, 3-substituted galactopyra-
nose, and 3-substituted glucopyranose residues at a molar
ratio of 1:3:1 (Gorska, Sandstrém, et al. 2016). EPSs isolated
from L. plantarum increase the level of IL-12 and IL-10 in
serum and intestinal fluid of BALB/c mice, and induce DCs
to express more MHC II and CD86, which promote the
proliferation of T cells. This EPSs are a complex mixture
of ribose, rhamnose, arabinose, xylose, mannose, glucose,
and galactose with a molar ratio of 2:1:1:10:4:205:215,
respectively (Tang et al. 2015). CSGG, the component of
CPSs isolated from the B. bifidum strain PRI, significantly
enhances the gene expression of TGF-B1, IL-10, and IL-27
in DCs, and promotes the number of Foxp3*Treg cells and
IL-10 level in a co-culture of CSGG-treated DCs and naive
CD4'T cells. Among the CSGG, the cell surface B-1-6-glucan
(CSPG) has been identified as the most effective one, as
1,6-glucanase abolishes the increase in the number of Treg
cells induced by CSGG in CD4'T cells, but other enzymes,
such as B-1,4-galactanase and (-1,6-galactanase displays little
reducing activity (Speciale et al. 2019; Verma et al. 2018).
The effects of different probiotic-EPSs/CPSs, capsule com-
position, and immune action on DC activation and T cell
response are summarized in Table 1. All these results indi-
cate that EPSs/CPSs derived from probiotics control allergic
immune responses, possibly through the regulation of DC
maturation and cytokine production (Figure 2).

Figure 2. The effects of probiotic-polysaccharide capsules on the different populations of T cells and DCs, involved in the allergic immune response.

DCs can interact with probiotics or EPSs/CPSs through their pattern recognition receptors (PRRs), including toll-like receptors (TLRs) and C-type-lectin receptors
(CLRs). This interaction results in the induction of regDC, such as CD103*DC and semi-mature DC, which produce high levels of TGF-B, IL-10, and retinoic acid,
directly mediating the conversion of T cells into Foxp3* Treg cells and Tr1 cells. These Treg cells reverse the allergen-specific Th2-skewed immune responses
through the secretion of regulatory cytokines TGF-B, IL-10. EPSs, Exopolysaccharides; CPSs, Capsular polysaccharides; DCs, Dendritic cells; Tr1 cells, Type 1 reg-

ulatory cells; regDCs, regulatory dendritic cells.
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The mechanisms of probiotic-polysaccharide
capsule-mediated immune regulation against
allergic diseases

The host and intestinal microbiota interactions involve com-
plex crosstalk between various microbial molecules and host
receptors. The pattern recognition receptors (PRRs) on DCs,
which detect microorganisms-associated molecular patterns
(MAMPs), are crucial for the interaction between DCs and
intestinal microbiota. This interaction between MAMPs and
PRRs causes the activation of various downstream signaling
pathways, which determine different immune responses (pro-
duction of cytokines and chemokines) (Caggianiello,
Kleerebezem, and Spano 2016). Several classes of PRRs that
recognize intestinal bacteria have been reported, such as
toll-like receptors (TLRs) and C-type-lectin receptors (CLRs)
(Castro-Bravo et al. 2018). Some bioactive compounds
derived from bacterial cell wall, including polysaccharide
capsules, are involved in the mechanisms of the interaction
between bacteria and host receptors. The binding of poly-
saccharide capsules to host receptors results in the stable
adherence of bacteria to cells, thereby inducing immuno-
logical regulation (Caggianiello, Kleerebezem, and Spano
2016). To date, polysaccharide capsules have been associated
with the functions of DCs, activation of natural killer cells
and macrophage, induction of cytokines production and
polarization of T cell response following interaction with
TLRs and/or other PRRs.

Regulation of TLRs signaling by probiotic-
polysaccharide capsules

TLRs, an ancient family of PRRs, are recognized as homo-
logues of Drosophila Toll proteins and play a key role in
detecting various substances and then initiating and acti-
vating the immune system (Trebichavsky et al. 2009). Each
TLR interacts with different MAMPs, such as polysaccharide
capsules, lipopolysaccharide (LPS), CpG DNA. Their inter-
action triggers different signaling pathways that result in
the production of various cytokines (K. Chen et al. 2007;
Palazzo et al. 2008; Trebichavsky et al. 2009). Among these
receptors, TLR2 and TLR4 are the most widely investigated
and have a fundamental role in mediating the immunoreg-
ulatory effects of probiotic bacteria. Upon interaction with
their ligands, TLR2/4 activates a series of signaling pathways
that trigger immune response (Albuquerque-Souza
et al. 2019; Wachi et al. 2014). There are two possible path-
ways of ligand binding-mediated signaling, the myeloid dif-
ferentiation primary response gene 88 (MyD88)-dependent
signaling pathway and MyD88-independent TIR-
domain-containing adapter-inducing interferon-p (TRIF)
pathway. Most TLRs-mediated signaling pathways are
MyD88-dependent, while TRIF is unique to TLR3 and
TLR4-mediated signaling pathways (T. Yang et al. 2020).
Both MyD88-dependent and MyD88 independent signaling
pathways induce IxB kinase (IKK)-p phosphorylation, which
leads to degradation of I-kB, and promotes the translocation
of nuclear factor kappa B (NF-«kB) from the cytoplasm to
the nucleus (Bagchi et al. 2007; Mitchell 2016). In addition,

the MyD88-dependent signaling pathway also mediates the
activation of mitogen-activated protein kinase (MAPK),
including p38, ERK, and JNK, which results in the produc-
tion of immune cytokines. Both NF-kB and MAPK signaling
pathways are activated in DCs, macrophages, and IECs after
activation of TLR2 (Murofushi et al. 2015; Nocerino et al.
2019; Xiu et al. 2018). On the other hand, TLR2-deficient
DCs have been found to secrete lower IL-10 and TGF-p,
and CD11c¢*DCs isolated from TLR2 knockout mice show
a significant loss of Treg cell-inducing activity compared
with wild-type (WT) DCs (Verma et al. 2018). Notably,
TLR4 knockout mice are susceptible to allergy, as indicated
by the findings that challenge with peanut allergen induces
much higher levels of both allergen-specific IgE and hista-
mine in plasma of TLR4 knockout mice than those in
plasma of TLR4AWT mice (Bashir et al. 2004). Stimulation
of the TLR4-TRIF pathway (MyD88 independent signaling
pathway) can protect against the development of allergic
airways in mice (Shalaby et al. 2017).

The effects of probiotics and EPSs/CPSs on the func-
tions of DCs are mainly mediated by TLRs and their down-
stream signaling pathways. In vitro studies show that L.
acidophilus X37 induces the expression of CD40 and CD86
and the production of TNF-a and IL-6 in bone
marrow-derived dendritic cells (BMDCs) through interac-
tion with TLR2. TLR2 knockout blocks B. longum
Q46-increased secretion of IL-10 in BMDCs compared with
WT DCs (Zeuthen, Fink, and Frekiaer 2008). L. casei Lbs2
treatment enhances the proportion of CD103*DCs and
FoxP3*Treg cells in MLNs of mice, and these Lbs2
induced-regulatory responses are found to be dependent
on TLR2 signaling in DCs (Thakur et al. 2016). The gene
expression of TLR2 and TLR4 in splenocytes of mice are
upregulated by L. casei Zhang, and the increase of the
number of CD103*DCs and Treg cells by L. casei Zhang
is found to be dependent on the activation of the NF-kB
signaling pathway (Fu et al. 2020). In addition, the
microbiota-activated TLR2/4 is reported to be responsible
for IgA production in B cells, which are associated with
the development of immune tolerance (Mezouar et al.
2018). Moreover, neonatal mono-colonization with B.
longum in germ-free mice prevents allergic sensitization
through the induction of immune tolerance mediated by
TLR2/MyD88 signaling pathways. In vitro, B. longum
induces low maturation status of BMDCs and production
of IL-10 in a TLR2/MyD88/MAPK-dependent manner
(Schwarzer et al. 2013). CSGG, an CPSs derived from the
B. bifidum strain PRI, increases TLR2 expression in DCs.
Compared with WT DCs, CSGG-treated CD11c¢*DCs iso-
lated from TLR2 knockout mice show a significant reduc-
tion in Treg-inducing activity (Verma et al. 2018). CPSs
(polysaccharide A), produced by the intestinal commensal
Bacteroides fragilis, induce IL-12 production in BMDCs,
but not in TLR27~ and MyD887/~ BMDCs (Wang et al.
2006). Moreover, this CPSs induced-conversion of Foxp3*
Treg from CD4'T cells are also dependent on the TLR-2
mechanism. The administration of polysaccharide A from
Bacteroides fragilis increases the population of Foxp3* Treg
induction and IL-10 production in C57BL/6 WT, but not



in TLR2 deficient mice (Round and Mazmanian 2010).
Besides, the cytokines production and mRNA expression
of TLR4 in RAW 264.7 macrophages are increased by EPSs
from Bifidobacterium animalis RH, which are suppressed
when TLR4 is blocked by its antibody (Liu et al. 2017).
These experiments reveal strain-specific immunomodula-
tory properties of CPSs/EPSs in host interaction, suggesting
that the activity of whole bacteria and CPSs/EPSs induce
the development of DCs and Treg cells through the
TLR2/4-mediated mechanism (Figure 3). Interestingly, L.
plantarum WCEFS1 upregulates TLR2-mediated NF-kB acti-
vation in HEK-293 cell lines stably expressing TLR2.
Moreover, EPSs (L919/A or L919/B) produced by L.casei
LOCK 0919 promote the L. plantarum WCEFS1 induced-IL-10
production in BMDCs, but TLR2 and TLR4 are not
involved in the immunomodulatory effect of L919/A and
L919/B (Goérska, Hermanova, et al. 2016; Gorska et al.
2014). These findings indicate that other family of PRRs,
not only TLR2/4, would interact probiotic-EPSs to activate
intracellular signaling pathways in DCs.
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Modulation of DC-SIGN signaling by probiotic-
polysaccharide capsules

The CLRs are another family of PRRs, which have a critical
role in the binding and uptake of microbial components in
DCs. DC-specific intracellular adhesion molecule-grabbing
non-integrin (DC-SIGN) is one of the crucial CLRs, mainly
expressed in myeloid and monocyte-derived DCs, and pri-
marily interacts with unique structures with high mannose
or fucose-terminated glycan. DC-SIGN has been reported as
a central player in regulating DC adhesion, migration, and
activation of T cell-mediated immune response. Activation
of DC-SIGN-mediated signaling on DCs promotes IL-10 pro-
duction in DCs, the generation of Treg cells, and Thl cell
response in co-culture of DCs and CD4'T cells (Bergman
et al. 2004). The blocking of DC-SIGN, TLR2, and TLR4 has
been shown to decrease the expression of maturation markers
in DCs and their production of IL-10 and TGF-B, which
reduces the capacity of DCs to induce the expansion of
Foxp3*Treg cells (Cvetkovic et al. 2020). Additionally, E

Figure 3. Proposed mechanisms of the probiotic-polysaccharide capsules’ effects on DC-mediated allergic immune responses.

The effects of EPSs/CPSs on DC-regulated Th1 and Treg cell responses are mediated by TLR2/4 and their downstream signaling pathways. TLR2 and TLR4 can
induce the activation of MAPK or NF-kB in DCs through the MyD88-mediated pathways, leading to the production of various cytokines and triggering Th1 or
Treg responses. TLR4 initiates the MyD88-mediated pathway at the plasma membrane, and its endocytosis activates the TRIF-signaling pathway. These regulatory
effects of TLR4 can be amplified by DC-SIGN. EPSs, Exopolysaccharides; DC, dendritic cell; DC-SIGN, DC-specific intracellular adhesion molecule-grabbing
non-integrin; TLR, Toll-like receptor; MAPK, Mitogen-activated protein kinase; NF-kB, Nuclear factor kappa B.
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hepatica glycoconjugates are shown to suppress T cells prolif-
eration and drive the development of Treg cells via their
interaction with DC-SIGN on DCs (Rodriguez et al. 2017).
It has been reported that L reuteri and L casei bind the
DC-SIGN to increase the generation of Treg cells in vitro,
and blocking antibodies to DC-SIGN inhibits the increase of
the number of Treg cells induced by these probiotic bacteria
(Smits et al. 2005). All these findings suggest that DC-SIGN
activation can prime DCs to induce the Treg cell-mediated
immune response.

EPSs from L. plantarum WCEFSI could modulate the DCs
mediated-immune response through binding to DC-SIGN
(Meijerink et al. 2010). Bacterial EPSs bind to DC-SIGN and
induce IL-10 production in DCs, and these effects are blocked
by the DC-SIGN specific inhibitor (Geurtsen et al. 2009).
Capsular polysaccharide A (PSA), the CPSs of Bacteroides
fragilis, is a ligand for the DC-SIGN. PSA-incubated DCs
increase in CD4'T cell proliferation, which is inhibited by
blocking DC-SIGN on DCs (Bloem et al. 2013). Recent stud-
ies revealed possible crosstalk between DC-SIGN and TLRs.
DC-SIGN has been identified as an essential receptor in
regulating immune response by assisting TLR-induced acti-
vation (Y. Chen, Huang, and Xu 2020; Feng et al. 2018). The
cooperation of TLR2/4 and DC-SIGN receptors is critical for
the production of IL-10 and TGF-P in DCs and DC-induced
expansion of Foxp3* Treg cells (Cvetkovic et al. 2020; Xiao
et al. 2019). Thus, the crosstalk between DC-SIGN and TLRs
in the probiotic-EPSs/CPSs-modulated immune response
needs to be further investigated.

Conclusion and perspectives

According to the available clinical and animal studies,
DC-mediated T cells differentiation is an essential process
in the pathogenesis of allergic diseases. Recently, several
therapeutic strategies have been developed to prevent and
treat allergies. Among the exciting strategies, probiotic-derived
EPSs/CPSs are important immune regulators with potential
anti-allergic effects. Recent evidence reveals the protective
effects of probiotic-EPSs/CPSs on allergic diseases, including
regulation of Th1/Th2 balance, induction of Treg cells, DCs
activation. However, the detailed understanding of the
underlying mechanism by which probiotic-derived EPSs/
CPSs regulate DCs (especially CD103*DCs) differentiation
and function in allergy is lacking. Therefore, a detailed
understanding of how the biological activities of
probiotic-derived EPSs/CPSs affect PPRs on DCs and their
downstream signaling pathways need to be achieved through
further studies.
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