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Abstract: Inflammatory bowel diseases (IBDs) are immune-mediated, chronic relapsing diseases
with a rising prevalence worldwide in both adult and pediatric populations. Treatment options
for immune-mediated diseases, including IBDs, are traditional steroids, immunomodulators, and
biologics, none of which are capable of inducing long-lasting remission in all patients. Dendritic
cells (DCs) play a fundamental role in inducing tolerance and regulating T cells and their tolerogenic
functions. Hence, modulation of intestinal mucosal immunity by DCs could provide a novel,
additional tool for the treatment of IBD. Recent evidence indicates that probiotic bacteria might
impact immunomodulation both in vitro and in vivo by regulating DCs’ maturation and producing
tolerogenic DCs (tolDCs) which, in turn, might dampen inflammation. In this review, we will discuss
this evidence and the mechanisms of action of probiotics and their metabolites in inducing tolDCs in
IBDs and some conditions associated with them.

Keywords: inflammatory bowel diseases; ulcerative colitis; Crohn’s disease; probiotics; dendritic
cells; mucosal tolerance

1. Introduction

Inflammatory bowel diseases (IBDs)—ulcerative colitis (UC) and Crohn’s disease
(CD)—are increasing worldwide [1,2]. The causes of IBDs are still unknown, but—among
others—gut microbiota have been shown to play a critical role in the immune alter-
ation in IBD patients [3]. Therapies for IBD have evolved from relatively simple anti-
inflammatory medications (aminosalicylates and corticosteroids) to immunomodulators
to specific molecules targeting selected pro-inflammatory secretion pathways, e.g., tu-
mor necrosis factor (TNF-α), interleukins (IL) IL-12/IL-23, and Janus kinases [4,5]. In
addition, a number of different novel molecules targeting a variety of mechanisms are
currently being tested/developed. Among them, some capitalize on our knowledge of the
immunopathology of IBDs [6].
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Dendritic cells (DCs) are important for inducing both immunity and tolerance, and
they are also known as strong inducers of regulatory T cells (T-reg) [7,8]. Their capacity
to increase T-reg populations has been used for the treatment of a number of immune-
mediated diseases including IBDs, rheumatoid arthritis (RA), multiple sclerosis (MS), and
type 1 diabetes (T1D) [9].

Tolerogenic DCs (tolDCs) can be induced by antigen-dependent signals leading cells to
express semi-mature costimulatory molecules (CD80, CD86) and stimulate the production
of anti-inflammatory cytokines [7]. It has been demonstrated that tolDCs can be generated
by several immunosuppressive agents including some probiotics [10]. However, their
tolerogenic function must be focused on a causative antigen. At present, the antigen(s)
involved in IBD is(are) still unknown. Hence, finding suitable antigens to which tolerance
can be induced is one of the greatest challenges in DC therapy. In this review, we will
discuss how probiotics might react with pattern-recognition receptors (PRRs) on immature
DC, thereby inducing tolDCs and which target might be the most effective to impact the
mucosal immune homeostasis.

2. Immunopathogenesis of IBD: Main Players

The line between tolerance and inflammation of the gastro-intestinal immune system
is very narrow. When immune tolerance is disturbed, inflammation might ensue, as for
example, in IBDs [11]. IBDs are chronic intestinal inflammatory diseases characterized
by different profiles of inflammatory molecules and proinflammatory cytokines [12]. In
these diseases, initial damage to the mucosal barrier and the intestinal epithelium leads
to an increased intestinal permeability. This, in turn, facilitates the exposure of intestinal
bacteria, pathogens, and food antigens to immune cells, such as neutrophils, macrophages,
and DCs [13], a process that causes intestinal inflammation [14]. The critical role of the
innate immune system is to regulate the cellular PRRs’ expression to preserve tolerance
against commensal bacteria thus preventing inappropriate immune responses. By contrast,
the adaptive immune system consists of T and B cells [15] that play a well-known role in
the progression of chronic inflammation in IBD (Figure 1) [11].

A robust body of research has shown that an imbalance between Th1 and Th2 subsets
might play a crucial role in the etiology and pathogenesis of a number of diseases including
IBDs. While UC mostly displays a Th2 response (with its derived cytokines IL-4, IL-5,
and IL-13), CD is characterized by an atypical Th1 response involving cytokines (IL-12,
IFN-G, TNF-α, and IL-1) different from UC [16]. Programmed death-ligand 1 (PD-L1)—also
known as cluster of differentiation 274 (CD274) or as B7 homolog 1 (B7-H1)—is a protein
encoded by the CD274 gene and promotes the secretion of proinflammatory cytokines,
including TNF-α and IFN-γ, by DCs of IBD patients, which play an essential role in the
pathogenesis of these diseases. Moreover, PD-L1 is also involved in the progression of
CD [17].

Intestinal epithelial cells (IECs) are involved in digestion and absorption of food-
derived products and protect the organism from microbial infection. In addition, IECs
produce high levels of the IL-1, a family of cytokines that result in downregulation of the
retinoic acid signaling pathway and in the activation of the inflammation pathways [18,19].

Toll-like receptors (TLRs) are a class of proteins that play a significant role in the
innate immune system. They are membrane-spanning receptors usually expressed on
macrophages and DCs and are able to recognize structurally conserved molecules derived
from microbes. Several studies conducted in IBD patients have shown that an overexpres-
sion of TLRs, such as TLR2 and TLR4, and the upregulation of adhesion molecules in the
endothelium, might contribute to and promote inflammation by inducing the production
of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-8 [14,20].

Lymphocyte Th17 plays a critical role in suppressing the activity of T-reg cells [21].
For instance, in the mucosa and serum of CD and UC patients, a greater percentage of
Th17 cells (and its signature cytokine IL-17A) has been detected compared with healthy
subjects [21].
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Colonic mucus and anti-microbial peptides are altered during disease activity in IBD, 
possibly due to the abnormalities of tight junction proteins in epithelial cells; this allows 
bacteria to reach the epithelium, affecting the absorption of food and the handling of mi-
crobial products [22]. 

It has been suggested that the resolution of inflammation and the repair process of 
the intestinal mucosa in IBD involves an increase in the effector T-cells-to-T-regs ratio 
[23,24]. 

DCs play a vital role in the tolerance process. In the so-called central tolerance, they 
control the elimination (by a negative selection) of self-reactive T cells in the thymus and 
by inducing T-regs. In the peripheral tolerance, tolDCs induce maintenance of immune 
homeostasis and break the self-tolerance of CD4+ T cells, which might, otherwise, result 
in autoimmunity [25]. Homing markers on DCs in IBD patients play an important role in 
the regulation of inflammation in the gut [26]. The DCs in the gut reduce the expression 
of the skin homing markers CLA and CCR4 in UC patients while inducing the expression 
of the colon homing marker CCR9 and β7 integrin in the gut [27,28]. In CD, mucosal DCs 
express more CD40 with an increased production of IL-6 and IL-12 [26]. In both CD and 
UC, mucosal DCs overexpress TLR2 and TLR4 [28]. By contrast, conventional DCs (cDCs) 
are a group of DCs lying in the gastro-intestinal tract. These cells are also defined as 
sCD103+ mucosal dendritic cells—which are heterogeneous populations subdivided into 
CD11b+ and CD11b− subsets [29]. The CD103+ CD11b+ subset is more abundant in the 

Figure 1. Early events in inflammatory bowel disease (IBD). During the early stages of IBD, an imbalance between the
immune system response and the physiological gut inflammation results in breakage of the mucosal barrier. This leads
to increased intestinal permeability, antigen translocation to the lamina propria and into the circulatory system, and an
increased number of resident immune cells (dendritic cells, macrophages, Th1, Th2, Th17, and B cells) which encounter the
intestinal bacteria, leading to progression of inflammation.

Colonic mucus and anti-microbial peptides are altered during disease activity in IBD,
possibly due to the abnormalities of tight junction proteins in epithelial cells; this allows
bacteria to reach the epithelium, affecting the absorption of food and the handling of
microbial products [22].

It has been suggested that the resolution of inflammation and the repair process of the
intestinal mucosa in IBD involves an increase in the effector T-cells-to-T-regs ratio [23,24].

DCs play a vital role in the tolerance process. In the so-called central tolerance, they
control the elimination (by a negative selection) of self-reactive T cells in the thymus and
by inducing T-regs. In the peripheral tolerance, tolDCs induce maintenance of immune
homeostasis and break the self-tolerance of CD4+ T cells, which might, otherwise, result
in autoimmunity [25]. Homing markers on DCs in IBD patients play an important role in
the regulation of inflammation in the gut [26]. The DCs in the gut reduce the expression of
the skin homing markers CLA and CCR4 in UC patients while inducing the expression
of the colon homing marker CCR9 and β7 integrin in the gut [27,28]. In CD, mucosal
DCs express more CD40 with an increased production of IL-6 and IL-12 [26]. In both CD
and UC, mucosal DCs overexpress TLR2 and TLR4 [28]. By contrast, conventional DCs
(cDCs) are a group of DCs lying in the gastro-intestinal tract. These cells are also defined as
sCD103+ mucosal dendritic cells—which are heterogeneous populations subdivided into
CD11b+ and CD11b− subsets [29]. The CD103+ CD11b+ subset is more abundant in the
small intestine than in the colon. Such a subtype is decreased by over 75% in the inflamed
and uninflamed intestinal tissue in CD patients compared to controls [17].
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Plasmacytoid dendritic cells (PCDs) are another group of DCs—chemokine dependent—
present in the inflamed gut, although they do not appear to play a critical role in IBD
pathogenesis [30].

The activation of intestinal CD103+ of IBD patients results in the upregulation of
microbial recognition receptors. Hence, local changes in the gut microbiota may alter the
balance and regulation signals received by mucosal DCs. Finally, activated DCs—compared
to resting DCs—are able to produce inflammatory cytokines [31]. In summary, it is clear
that DCs play a fundamental role in CD and UC pathogenesis. Therefore, targeting their
regulation could provide a tool to reduce gut inflammation.

3. Tolerogenic DC Therapy

Tolerogenic DCs (tolDCs) have regulatory functions and play a fundamental role
in immune tolerance. They are characterized by a semi-mature phenotype expressing
costimulatory molecules (CD80/CD86) that can differentiate through TLR ligands or when
exposed to a specific cytokine environment [32]. In addition, they express immunomod-
ulatory molecules and produce immunosuppressive factors. The semi-mature, costim-
ulatory CD80/CD86 signals strongly influence the proliferation and differentiation of
T-regs acting through CD28 molecules on T cells, which, in turn, leads to the activation
of anergy-associated genes inducing immune tolerance [33,34]. Among immunomodu-
latory molecules and anti-inflammatory cytokines expressed by tolDCs able to inhibit
proinflammatory immune responses there are PD-L1, Ig-like inhibitory receptors IL-T3
and IL-T4, IDO, nitric oxide (NO), IL-10, and TGF-β [33]. It is crucial that DCs go through
the immature state to act as tolDCs [35]. Several antigens are capable of inducing DC
maturation that might trigger effector T cells or tolerance T cells (Figure 2).

Once they develop into tolDCs, these cells produce immunomodulatory factors that
result in the expansion of T-regs. For this reason, tolDCs have been used to restore
self-tolerance to achieve long-term remission in autoimmune and immune-mediated dis-
eases [36]. The treatment of most autoimmune and immune mediated diseases involves
anti-inflammatory therapies and systemic immunosuppressive, both often causing severe
systemic side effects. Targeted or tolerance-inducing antigen-specific therapy (“transtoler-
ance”) might represent an attractive alternative. In this regard, tolDCs have been shown
to suppress the autoreactive T cell response and induce immune tolerance in autoim-
mune diseases. For effective tolDC immunotherapy, a specific antigen must be targeted
to restore long-term antigen-specific tolerance, while avoiding generalized immunosup-
pression [37,38]. Most commonly, autologous tolDCs are generated from peripheral blood
monocytes following ex vivo generation in GM-CSF and IL-4 cell culture medium. tolDC
therapy has already been tested in a number of autoimmune and immune-mediated dis-
eases including rheumatoid arthritis (RA), CD, multiple sclerosis (MS), and type 1 diabetes
(DM1). Many factors influence tolDCs’ efficacy, including the route, dose, and duration
of administration. However, the choice of an antigen relevant in the control of DC mat-
uration is the single most important factor [39]. Such an antigen has been identified in
autoimmune diseases associated with autoantigens—for example, the basic protein trans-
genic myelin oligodendrocyte glycoprotein (MOG) in MS. In DM1, the immune system
recognizes glutamic acid decarboxylase 65 (GAD65) as a foreign antigen. A number of
clinical trials in phase 1 and 2 of tolDC therapy have already been conducted in these
conditions. Zubizarreta et al., in a clinical trial in phase I for MS, have shown that three
doses of tolDCs administered by IV every two weeks were well tolerated and led to high
production of IL-10 [40]. Other studies have shown that both intradermal and intranodal
tolDCs administration are safe and well tolerated in MS and other conditions [41,42].
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in the presence of a mixture of antisense DNA oligonucleotides targeting the primary 
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Figure 2. The maturation pathway of dendritic cells. The dendritic cell (middle) drives the develop-
ment of effector T cells or T-regs. The response against the microbiota-derived antigens regulates the
phenotypic expression of costimulatory (CD80/CD86) molecules through Toll-like receptor (TLR)
ligands and specific cytokine release from dendritic cells. Tolerogenic dendritic cells might shift
the balance to restore self-tolerance and reach long-term remission in autoimmune and immune-
mediated diseases.

Other authors generated tolDCs by treating human MoDCs with NF-kB with four
citrullinated peptide antigens, named “Rheumavax”. The treatment was well tolerated and
led to an increase in T-regs a month after a single injection [43,44].

In the healthy status, the phenotypic DC subsets found in the intestinal mucosa
maintain their tolerance, switching during infection or chronic IBD to a proinflammatory
phenotype [45]. However, in IBDs, the specific autoantigen remains unidentified despite
significant efforts. Hence, tolDC therapy in IBD has not significantly progressed compared
to other immune-mediated diseases, and human studies are scarce. For example, Jauregui-
Amezaga et al. have demonstrated that intraperitoneal administration of three doses
of autologous tolDCs in CD patients was safe, although it did not impact on clinical
outcomes [46]. A number of IBD animal models have been used to test tolDC therapy. The
two most commonly used models are the dextran sulfate sodium (DSS) model for colitis and
the 2,4,6-trinitrobenzene sulfonic acid (TNBS) model for CD [47]. In a TNBS-induced colitis
model, the transfer of tolDCs treated with Vasoactive Intestinal Peptide (VIP) significantly
improved the clinical and histopathology severity of colitis [48]. Additional studies have
focused on pre-clinical models. For example, it has been shown that the tolerogenic
phenotype of DCs is able to protect against TNBS-induced colitis in mice [46]. In another
study, Engman et al. showed that injection of bone marrow-derived DC generated in the
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presence of a mixture of antisense DNA oligonucleotides targeting the primary transcripts
of CD40, CD80, and CD86 prevented the progression of DSS-induced colitis. The mice also
exhibited a significant increase in Foxp3+ T-regs and IL-10+ B-reg in MLN and spleen [49].

Additional studies have also shown that tolDCs secrete anti-inflammatory cytokines
and modulate T-cells towards the development of Foxp3+ T-regs in the intestine of mice
and humans [50,51]. This very preliminary evidence suggests that tolDC therapy could
be very effective in IBD. However, finding suitable modulating antigens in IBD for DC
differentiation remains a formidable challenge. Globally, these data indicate that the DC/T-
reg/B regulatory axis plays a central role in the gut by (re)establishing tolerance and
regulating T-regs.

4. Generation of tolDCs Ex Vivo

There are different ways to generate tolDCs.

4.1. Pharmacologically Modified tolDCs

DCs can be generated ex vivo from monocytes, and a number of strategies have
been tested to induce tolDCs. These include modulation strategies by pharmacologic
agents, such as dexamethasone, rapamycin, aspirin, cyclosporine, rosiglitazone, cock-
tails of immunomodulatory cytokines including IL-10, TGF-β, IL-6, and TNF-α; natural
compounds [52–54]; short stimulation with microbial products, such as resveratrol, sul-
foraphanedihydroxy, vitamins, and lipopolysaccharide (LPS) [55,56]; by cell signaling
inhibitors such as protein kinase C inhibitors or the CTLA4–Ig fusion protein abatacept [57].
In these induction models, the tolDCs’ efficacy has not been tested in vivo, particularly in
inflammatory conditions such as IBD.

4.2. Probiotics as tolDCs Inducers

A number of probiotics have been used to produce tolDCs of clinical grade, potentially
useful for the treatment of IBD [58,59]. Probiotics are live microorganisms that might be
involved in the regulation, stimulation, and modulation of immune responses [60].

The immunomodulatory effect of probiotics occurs via interaction with enterocytes
and DCs leading to regulation of the innate and adaptive immune systems [61]. Studies
have shown that probiotic bacteria are capable of reacting with pattern recognition recep-
tors (PRRs) on DCs that detect distinct evolutionarily conserved structures on pathogens,
termed pathogen-associated molecular patterns (PAMPs), or by secreting soluble com-
pounds, which consequently induce tolDCs [62,63]. Different genera, species, and strains
of probiotics directly affect DCs’ maturation. Probiotics might regulate the levels of anti-
inflammatory cytokines, such as IL-10 and TGF-β, and induce Tregs (Table 1).

PRR’s, such as TLRs, C-type lectin receptors (CLRs), retinoic acid-inducible gene 1
(RIG-I), or nucleotide-binding oligomerization domain (NOD), determine the DC matura-
tion pathway towards the stimulation and polarization of naive T cells into T cell activation
or T cell anergy, respectively [64,65].

Available evidence shows that DCs can be directly controlled by probiotic antigens.
Two important strains of probiotics, which play a critical role in directing DCs’ differentia-
tion into tolDCs, belong to the Lactobacillus spp. and to the Bifidobacterium spp. [58,66].
Studies have shown significant differences in the ability of different Bifidobacterium strains
to activate tolerogenic DCs and induce naive differentiation of T cells [67]. Bifidobacterium
infantis is a strain living near human epithelial cells, and it has immune-regulatory effects
on epithelial cells, dendritic cells, and lymphocytes [63]. For example, B. infantis can
modulate adaptive immune responses by inducing vitamin A and tryptophan metabolic
pathways in DCs [68].

In a recent study, we showed that B. bifidum induces CD80 and CD86 expression in
CD patients, and also increases IL-10 and TGF-β secretion in a dose-independent manner.
By contrast, TLR expression was decreased by all probiotic bacteria with the exception of
B. bifidum in DCs of UC patients [69]. Two additional species of Bifidobacterium have also
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been studied in this context: B. longum and B. breve C50. B. breve has been shown to possess
various immunoregulatory effects on DCs and might play a key role in prolonging DCs’
survival through interaction with TLR2 and IL-10 secretion [70]. The B. breve demonstrated
a marked tendency to reduce inflammation and to induce an increase of IL-10 produc-
tion [58,71]. Moreover, the use of B. breve as probiotic supplementation in infants aged
0–27 days, was associated with a decreased risk of islet autoimmunity [72]. Overall, these
studies provide evidence that these probiotics might play a crucial role in the maturation of
DCs and could be used as target Ags in the treatment of inflammatory diseases. Other stud-
ies have shown that Bacteroides fragilis produces an immunomodulatory polysaccharide,
called polysaccharide A (PSA), that plays a vital role in the prevention of TNBS-induced
colitis in mice by inducing T-regs in a TLR2-dependent manner [73]. In addition, Shen et al.
have shown that the PSA of B. fragilis-derived outer membrane vesicles (OMVs) was
capable of preventing experimental colitis in mice by affecting DCs [74]. Yet, another
study has shown that PSA prevents experimental colitis by interacting with ATG16L1 and
NOD2 [75]. The OMVs of another Bacteroides species—Bacteroides thetaiotaomicron—
have been shown to impact the balance of pro- and anti-inflammatory cytokines and
ultimately ameliorate IBD [76]. Collectively, these studies show that OMVs released by
probiotics (so-called post-biotics) can interact with DCs and reduce inflammation by affect-
ing surface membrane molecules [77]. All these studies also demonstrate that delivered
autologous monocyte-derived tolDCs treated with a specific antigen, such as influenza
matrix peptides (MP), peptidoglycan, and glycoproteins with dexamethasone and vitD3,
were safe and well tolerated [44]. In all cases, they increased the T-reg population in the
patients’ peripheral blood [78,79].

In recent years, other approaches have been tested. Among them, the use of extracted
cell wall components or non-viable whole microorganisms and fragments of bacterial cells
(known as para-probiotics) has attracted attention as a potential inducer of tolerogenic
immune responses for the treatment of inflammatory diseases [80–82]. For example, the
treatment of L. salivarius Ls33 with peptidoglycan (PGN) appears capable of rescuing mice
from colitis via the transfer of PGN-induced regulatory DCs [83]. L. delbrueckii is another
species of Lactobacillus able to significantly decrease the expression of costimulatory
molecules and surface markers in probiotic-induced mature DCs (MDCs), in both healthy
subjects and in patients with systemic lupus erythematosus (SLE) [84]. In addition, Mazzeo
et al. reported that L. gasseri could impact the DC maturation pathway not only by the
production of tolDCs but also through changes in the protein secretome, reinforcing its anti-
inflammatory role [85]. Two studies including UC patients and healthy controls showed
that L. plantarum and L. casei were able to modulate DCs’ function and restoration and to
control the intestinal immune response [86–88].

Components of Faecalibacterium prausnitzii interact with CD103+ DCs in the lamina
propria, a process which, in turn, induces DC migration to mesenteric lymph nodes and
the induction of T-regs. This bacterium also plays a role in Foxp3 + T-reg suppression
by increasing IL-10 levels in APCs and subsequently inhibiting Th17 cells induced by
inflammatory stimuli. Interestingly, the abundance of F. prausnitzii correlated negatively
with the expression of TLR4 in intestinal DCs, an observation suggesting a close relationship
of intestinal DCs with this bacterium, which can induce tolDCs and maintain immune
homeostasis [89,90].

Probiotics are precursors of non-viable bacterial or metabolic products that also have
bioactivity known as post-biotics. Post-biotics include secreted soluble compounds such
as vitamins, SCFA, proteins, metabolites, and extracellular vesicles, among the others [91].
These compounds have immunomodulatory properties and, in some cases, they have
been shown to be more active than the bacterium itself [45,92,93]. For example, soluble
mediators derived from L. rhamnosus GG (LGG) appear capable of modulating DC function
and inducing both Th1 and T cell regulatory phenotypes (Table 1) [62]. A recent study
has shown that production of IL-10 is increased in monocytes/macrophages derived from
DC/PBMC cultures treated with LGG and its soluble factors [93]. Mikulic et al. studied
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the impact of commensal L. rhamnosus on the responsiveness of DCs freshly recovered
from mouse Peyer’s patches, mesenteric lymph nodes, and spleen. The probiotic led
to an increased expression of TLR2, TLR4, and retinaldehyde dehydrogenase 2 on the
mucosal DC, production of IL-10 and TGF-β, decreased surface expression of co-stimulatory
markers, decreased IL-12 production, and induction of T-regs [94]. In addition, Mileti et al.
have shown that L. paracasei, as a whole bacterium and as a supernatant of a centrifugate,
can stimulate tolDCs and suppress inflammation [95]. In another study, it was shown that
the surface (S) layer A protein (SlpA), a main antigen of L. acidophilus, attaches to DCs and
induces the production of IL-10 while decreasing the production of IL-12p70 [96].

Overall, probiotic-secreted metabolites appear capable of affecting the function of DCs
and could play a role in the treatment of a number of diseases [26,97].

OMVs (see above) are vesicles secreted by probiotics of nano-size and contain a wide
range of components. They are essential to bacteria to communicate with each other or with
the host [98]. A number of in vitro and in vivo studies have shown their anti-inflammatory
and immunomodulatory properties [77,99]. For example, treatment with OMVs derived
from Bacteroides fragilis induce tolDCs and T-regs and ameliorate colitis in mice [74]. In
addition, membrane vesicles derived from Escherichia coli Nissle 1917 can modulate the
function and maturation of DCs and induce a T-regs’ response in PBMC [100]. Overall, gut
microbiota/probiotics-derived OMVs could potentially represent a new tolerogenic Ag for
the treatment of inflammatory diseases, especially IBD. During the maturation process, DCs
lose their capacity to acquire a soluble antigen, but they gain T cell stimulatory capacity
to increase antigen processing and upregulation of MHC, costimulatory molecules, and
cytokines [101]. Once maturation is achieved, tolDCs induced pharmacologically without
an antigen might not be effective in controlling inflammation. As mentioned above, post-
biotics also affect DCs’ function; for instance, STp derived from L. plantarum displays
regulatory effects on colon DCs, stimulates T cells, and might play a role in controlling
intestinal homeostasis in UC [26].

Table 1. Probiotics, post-biotics, and para-probiotics: tolDC induction and other effects.

Probiotics Strain Type of
Treatment Source of DC Donor Main Results Reference

L. gasseri OLL28099 Bacteria Mouse BMDC WT mice
Modulation of

DCs’
maturation

Mazzeo et al.
[85]

L. delbrueckii subsp lactis Bacteria Human PBMC

Healthy
volunteers

and SLE
patients

Induction of
T-regs

Esmaili et al.
[84]

L. rhamnosus GG

Soluble
mediators

(LSM)
Human PBMC Healthy

volunteers

Modulation of
DCs’ functions,

induction of
Foxp3+ T cells

Ludwig et al.
[62]

Soluble factors Human PBMC Healthy
volunteers

Induction of
IL-10

production in
DCs; DCs’

immunomodu-
lation

Fong et al.
[93]

Bacteria Human PBMC Healthy
volunteers

Modulation of
DCs’ function,
induction of

IL-10
production and
T cell priming
capability of

DCs

You et al.
[58]
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Table 1. Cont.

Probiotics Strain Type of
Treatment Source of DC Donor Main Results Reference

L. crispatus SJ-3C-US Bacteria Human PBMC Healthy
volunteers

Modulation of
DCs’ function,
induction of

DCs’
maturation and

high IL-10
production in

DCs, induction
of T-regs

Eslami et al.
[87]

L. plantarum

- STp Human colonic
DCs UC patients

Modulation of
DCs’ function

and restoration
of tolDCs in

human gut DCs

Al-Hassi et al.
[26]

BMCM12 STp Human PBMC Healthy
volunteers

Modulation of
DCs’

phenotype and
function,

regulatory
effects on gut

DCs

Bernardo et al.
[86]

L. casei Shirota Bacteria Human PBMC UC patients

Restoration of
dysregulated
DCs’ function

in UC

Mann et al.
[87]

L. salivarius - Bacteria Human PBMC CD and UC
patients

Modulation of
Crohn’s DCs,

increased
production of

IL-10 and
TGF-β,

decreased
production of

IL-12

Ghavami et al.
[69]

L. paracasei B21060 Bacteria and its
supernatant Human PBMC -

Stimulation of
DCs and

suppression of
T cell

inflammatory
cytokine

production

Mileti et al.
[95]

L. acidophilus NCFM SlpA Human PBMC Healthy
volunteers

Modulation of
DCs’ and T

cells’ functions,
induction of

IL-10
production in

DCs

Konstantinov
et al.
[96]

L. reuteri - Bacteria Human PBMC Nd

Modulation of
DCs’ function,

DCs’
maturation, and

induction of
T-regs

Smits et al.
[66]
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Table 1. Cont.

Probiotics Strain Type of
Treatment Source of DC Donor Main Results Reference

B. bifidum - Bacteria Human PBMC CD and UC
patients

Induction of
CD80 and CD86

expression in
CD patients.
Induction of

IL-10 and
TGF-β

production in a
dose-

independent
manner

Ghavami et al.
[69]

B. longum infantis CCUG
52486 Bacteria Human PBMC Healthy

volunteers

Modulation of
DCs’ function,
induction of

IL-10
production and
T cell priming
capability of

DCs

You et al.
[58]

B. breve C50v Supernatant Human PBMC Healthy
volunteers

Induction of
maturation,

activation, and
survival of DCs

survival
through TLR2,
and increased

IL-10
production

Hoarau et al.
[70,71]

B. subtilis - Bacteria Human PBMC CD and UC
patients

Increased levels
of TGF-β in

DCs from UC
patients

Ghavami et al.
[69]

B. coagulans - Bacteria Human PBMC CD and UC
patients

Increased levels
of TGF-β in

DCs from CD
patients

Ghavami et al.
[69]

B. thetaio-
taomicron

VPI-5482

Freeze-killed
bacteria

Human Colonic
DC

Healthy
volunteers

Increased levels
of IL-10

compared to
UC and CD

patients

Durant et al.
[76]

PSA OMV Human PBMC

Healthy
volunteers
UC and CD

patients

Induction of
IL-10

production in
healthy colon

and blood DCs
and promotion
of regulatory
DC responses
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Table 1. Cont.

Probiotics Strain Type of
Treatment Source of DC Donor Main Results Reference

B. fragilis NCTC9343 PSA OMV Mouse BMDC WT and colitis
mice

Induction of
tolDCs’

function,
increased

T-regs and anti-
inflammatory

cytokine
production, and
protection from

colitis

Shen et al.
[74]

F. prausnitzii -

Bacteria Human PBMC Healthy
volunteers

Modulation of
DCs’ function,
induction of
tolDCs and

T-regs,
induction of

IL-10
production

Alameddine
et al.
[89]

Bacteria Human PBMC Healthy
volunteers

Induction of
IL-10

production and
DCs’

maturation

Rossi et al.
[90]

E. coli Nissle 1917 MV Human PBMC Healthy
volunteers

Modulation of
DCs’ function,

DCs’
maturation and

induction of
T-regs response

Diaz-Garrido
et al.
[100]

SLE: Systemic lupus erythematosus, BMDCs: bone marrow DCs, MLNDCs: mesenteric lymph nodes DCs, WT: wild type mice, STp:
serine–threonine peptide, PGN: peptidoglycan, Slp A: surface layer protein A, MV: membrane vesicles, OMV: outer membrane vesicles.

These substances might also change tolDCs into active DCs. Further studies are
needed to determine which commensal/probiotic bacteria or non-viable forms of them
are more effective in driving DCs’ differentiation into tolDCs and which ones are most
effective in an inflammatory environment.

5. Other Conditions Related to IBD
5.1. Non-Alcoholic Fatty Liver Disease

The alteration of gut microbiota metabolism and the concomitant increased intestinal
permeability in IBD might lead to hepatic infiltration of fat products and bacteria through
the portal system [102]. This pathway is known as the gut–liver axis, and it is at the basis
of the association of non-alcoholic fatty liver disease (NAFLD) and IBDs [103]. Lipids
(especially cholesterol and triglycerides) accumulated in hepatic cells play a critical role
in NAFLD [104]. As mentioned above, the alteration in gut microbiota might impact on
host metabolism, nutrient absorption, and immune function. Thus, treatments able to
manipulate the gut microbiota, such as probiotics or prebiotics, have been proposed to treat
NAFLD [105]. For example, Lactobacillus and Bifidobacterium have been shown to be able to
regulate lipid metabolism in NAFLD [106]. In addition, probiotics have been shown to de-
crease total cholesterol, low-density lipoprotein cholesterol, and triglycerides, all of which
are main risk factors of NAFLD [107]. Hence, theoretical and limited practical evidence
suggest that probiotics might be beneficial for hepatic cell protection. The mechanisms at
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the basis of these effects are multiple, the vast majority being related to the regulation of
liver function, lipid profiles, plasma glucose profiles, and degree of liver fat infiltration.

5.2. Arachidonic Acid and the Cyclooxygenase-2 Pathway

Arachidonic acid (AA) is selective tumoricidal agent and has potential antimicrobial
properties against a variety of bacteria. Cyclooxygenase-2 (COX2) metabolizes AA and
produces prostaglandins (PGs) and thromboxane A2 [108]. Hence, AA metabolism is a
double-edged sword, since it leads to both pro- and anti-inflammatory molecules. PGs
can active the NFK-β pathway and increase pro-inflammatory cytokines such as IL-1 and
TNF-α [109]. Because of this, overexpression of COX-2 can be associated with chronic
inflammation, cancer, and suppression of apoptosis [110]. On the other hand, regulation
of the COX2 pathway is very important for the conversion of AA to PGE2, which results
in control of inflammatory pathways, mitogens, growth factors, and pro inflammatory
cytokine secretion [111]. There is also evidence suggesting that COX-2 activity and PGE2
synthesis may be involved in the process of intestinal carcinogenesis. This seems to be
particularly important since it is well known that IBD-related carcinogenesis occurs as a
result of chronic inflammation [112]. Thus, a balanced expression of COX-2 is essential for
intestinal homeostasis. Some probiotics—such as Lactobacillus plantarum and Lactobacillus
rhamnosus GG—seem able to regulate COX2 expression leading to the inhibition of the
inflammatory cascade and reduction of pro-inflammatory cytokines [113,114]. Lactobacillus
casei has also been shown to downregulate COX-2 expression in a rodent trinitrobenzene-
sulphonic acid (TNBS) colitis model [115]. Interestingly, other studies have identified
microbial factors, such as butyrate and propionate, that might promote intestinal home-
ostasis and downregulate COX-2 expression [116]. In general, this is a field that might
provide an important contribution to our understanding of the mechanisms of intestinal
inflammation and cancer and their prevention in IBD and other conditions.

6. Conclusions

An imbalanced immune response to dysbiosis seems to play an important role in the
onset and progression of many inflammatory diseases, especially IBD. tolDC therapy or
transtolerance could affect such a balance and re-establish immune homeostasis. Data show
that ex vivo generation of tolDCs via exposure to a suitable antigen (intestinal self-antigen,
probiotics, post-biotics, and para-probiotics) could represent a potential therapeutic tool to
re-induce tolerance and ameliorate inflammation in a number of conditions.

Author Contributions: S.B.G.: initial draft of manuscript. S.B.G., F.A., S.S. and S.M.K.: contributed
substantially to the conception and design of the study. D.S., H.A.A., M.F., M.R.Z. and M.P.D.:
provided manuscript concept and revision and writing of the manuscript, S.B.G. and S.K.A.R.:
designed and drew the image. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to acknowledge the continuous support of the Research
Institute for Gastroenterology and Liver Diseases, Shahid Beheshti University of Medical Sciences.

Conflicts of Interest: There are no conflict of interest to declare.

References
1. Wei, S.C.; Chang, T.A.; Chao, T.H.; Chen, J.S.; Chou, J.W.; Chou, Y.H.; Chuang, C.H.; Hsu, W.H.; Huang, T.Y.; Hsu, T.C.; et al.

Management of ulcerative colitis in Taiwan: Consensus guideline of the Taiwan Society of Inflammatory Bowel Disease. Intest.
Res. 2017, 15, 266–284. [CrossRef]

2. Larsen, S.; Bendtzen, K.; Nielsen, O.H. Extraintestinal manifestations of inflammatory bowel disease: Epidemiology, diagnosis,
and management. Ann. Med. 2010, 42, 97–114. [CrossRef]

3. Khan, I.; Ullah, N.; Zha, L.; Bai, Y.; Khan, A.; Zhao, T.; Che, T.; Zhang, C. Alteration of Gut Microbiota in Inflammatory Bowel
Disease (IBD): Cause or Consequence? IBD Treatment Targeting the Gut Microbiome. Pathogens 2019, 8, 126. [CrossRef] [PubMed]

http://doi.org/10.5217/ir.2017.15.3.266
http://doi.org/10.3109/07853890903559724
http://doi.org/10.3390/pathogens8030126
http://www.ncbi.nlm.nih.gov/pubmed/31412603


Int. J. Mol. Sci. 2021, 22, 8274 13 of 17

4. Llopis, M.; Antolin, M.; Carol, M.; Borruel, N.; Casellas, F.; Martinez, C.; Espín-Basany, E.; Guarner, F.; Malagelada, J.R.
Lactobacillus casei downregulates commensals’ inflammatory signals in Crohn’s disease mucosa. Inflamm. Bowel Dis. 2009, 15,
275–283. [CrossRef] [PubMed]

5. Atarashi, K.; Tanoue, T.; Oshima, K.; Suda, W.; Nagano, Y.; Nishikawa, H.; Fukuda, S.; Saito, T.; Narushima, S.; Hase, K.; et al. Treg
induction by a rationally selected mixture of Clostridia strains from the human microbiota. Nature 2013, 500, 232–236. [CrossRef]
[PubMed]

6. Kelsen, J.R.; Sullivan, K.E. Inflammatory Bowel Disease in Primary Immunodeficiencies. Curr. Allergy Asthma Rep. 2017, 17, 57.
[CrossRef] [PubMed]

7. Pulendran, B.; Tang, H.; Manicassamy, S. Programming dendritic cells to induce T(H)2 and tolerogenic responses. Nat. Immunol.
2010, 11, 647–655. [CrossRef]

8. Denning, T.L.; Norris, B.A.; Medina-Contreras, O.; Manicassamy, S.; Geem, D.; Madan, R.; Karp, C.L.; Pulendran, B. Functional
specializations of intestinal dendritic cell and macrophage subsets that control Th17 and regulatory T cell responses are dependent
on the T cell/APC ratio, source of mouse strain, and regional localization. J. Immunol. 2011, 187, 733–747. [CrossRef]

9. García-González, P.; Ubilla-Olguín, G.; Catalán, D.; Schinnerling, K.; Aguillón, J.C. Tolerogenic dendritic cells for reprogramming
of lymphocyte responses in autoimmune diseases. Autoimmun. Rev. 2016, 15, 1071–1080. [CrossRef]

10. Švajger, U.; Rožman, P. Induction of Tolerogenic Dendritic Cells by Endogenous Biomolecules: An Update. Front. Immunol. 2018,
9, 2482. [CrossRef]

11. Ahluwalia, B.; Moraes, L.; Magnusson, M.K.; Öhman, L. Immunopathogenesis of inflammatory bowel disease and mechanisms
of biological therapies. Scand. J. Gastroenterol. 2018, 53, 379–389. [CrossRef]

12. Cassinotti, A.; Sarzi-Puttini, P.; Fichera, M.; Shoenfeld, Y.; de Franchis, R.; Ardizzone, S. Immunity, autoimmunity and inflamma-
tory bowel disease. Autoimmun. Rev. 2014, 13, 1–2. [CrossRef] [PubMed]

13. Peterson, L.W.; Artis, D. Intestinal epithelial cells: Regulators of barrier function and immune homeostasis. Nat. Rev. Immunol.
2014, 14, 141–153. [CrossRef] [PubMed]

14. Park, J.H.; Peyrin-Biroulet, L.; Eisenhut, M.; Shin, J.I. IBD immunopathogenesis: A comprehensive review of inflammatory
molecules. Autoimmun. Rev. 2017, 16, 416–426. [CrossRef] [PubMed]

15. Xavier, R.J.; Podolsky, D.K. Unravelling the pathogenesis of inflammatory bowel disease. Nature 2007, 448, 427–434. [CrossRef]
[PubMed]

16. Bamias, G.; Sugawara, K.; Pagnini, C.; Cominelli, F. The Th1 immune pathway as a therapeutic target in Crohn’s disease. Curr.
Opin. Investig. Drugs 2003, 4, 1279–1286. [PubMed]

17. Faleiro, R.; Liu, J.; Karunarathne, D.; Edmundson, A.; Winterford, C.; Nguyen, T.H.; Simms, L.A.; Radford-Smith, G.; Wykes, M.
Crohn’s disease is facilitated by a disturbance of programmed death-1 ligand 2 on blood dendritic cells. Clin. Transl. Immunol.
2019, 8, e01071. [CrossRef] [PubMed]

18. Mazzurana, L.; Rao, A.; Van Acker, A.; Mjösberg, J. The roles for innate lymphoid cells in the human immune system. Semin.
Immunopathol. 2018, 40, 407–419. [CrossRef]

19. Ahluwalia, B.; Magnusson, M.K.; Öhman, L. Mucosal immune system of the gastrointestinal tract: Maintaining balance between
the good and the bad. Scand. J. Gastroenterol. 2017, 52, 1185–1193. [CrossRef]

20. Neurath, M.F. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 2014, 14, 329–342. [CrossRef]
21. Rovedatti, L.; Kudo, T.; Biancheri, P.; Sarra, M.; Knowles, C.H.; Rampton, D.S.; Corazza, G.R.; Monteleone, G.; Di Sabatino, A.;

Macdonald, T.T. Differential regulation of interleukin 17 and interferon gamma production in inflammatory bowel disease. Gut
2009, 58, 1629–1636. [CrossRef] [PubMed]

22. Johansson, M.E.; Gustafsson, J.K.; Holmén-Larsson, J.; Jabbar, K.S.; Xia, L.; Xu, H.; Ghishan, F.K.; Carvalho, F.A.; Gewirtz, A.T.;
Sjövall, H.; et al. Bacteria penetrate the normally impenetrable inner colon mucus layer in both murine colitis models and patients
with ulcerative colitis. Gut 2014, 63, 281–291. [CrossRef]

23. Desreumaux, P.; Foussat, A.; Allez, M.; Beaugerie, L.; Hébuterne, X.; Bouhnik, Y.; Nachury, M.; Brun, V.; Bastian, H.;
Belmonte, N.; et al. Safety and efficacy of antigen-specific regulatory T-cell therapy for patients with refractory Crohn’s disease.
Gastroenterology 2012, 143, 1207–1217.e2. [CrossRef] [PubMed]

24. Goodnow, C.C.; Sprent, J.; Fazekas de St Groth, B.; Vinuesa, C.G. Cellular and genetic mechanisms of self tolerance and
autoimmunity. Nature 2005, 435, 590–597. [CrossRef]

25. Manicassamy, S.; Pulendran, B. Dendritic cell control of tolerogenic responses. Immunol. Rev. 2011, 241, 206–227. [CrossRef]
[PubMed]

26. Al-Hassi, H.O.; Mann, E.R.; Sanchez, B.; English, N.R.; Peake, S.T.; Landy, J.; Man, R.; Urdaci, M.; Hart, A.L.; Fernandez-Salazar, L.; et al.
Altered human gut dendritic cell properties in ulcerative colitis are reversed by Lactobacillus plantarum extracellular encrypted
peptide STp. Mol. Nutr. Food Res. 2014, 58, 1132–1143. [CrossRef]

27. Magnusson, M.K.; Brynjólfsson, S.F.; Dige, A.; Uronen-Hansson, H.; Börjesson, L.G.; Bengtsson, J.L.; Gudjonsson, S.; Öhman, L.;
Agnholt, J.; Sjövall, H.; et al. Macrophage and dendritic cell subsets in IBD: ALDH+ cells are reduced in colon tissue of patients
with ulcerative colitis regardless of inflammation. Mucosal Immunol. 2016, 9, 171–182. [CrossRef]

28. Hart, A.L.; Al-Hassi, H.O.; Rigby, R.J.; Bell, S.J.; Emmanuel, A.V.; Knight, S.C.; Kamm, M.A.; Stagg, A.J. Characteristics of
intestinal dendritic cells in inflammatory bowel diseases. Gastroenterology 2005, 129, 50–65. [CrossRef]

http://doi.org/10.1002/ibd.20736
http://www.ncbi.nlm.nih.gov/pubmed/18839424
http://doi.org/10.1038/nature12331
http://www.ncbi.nlm.nih.gov/pubmed/23842501
http://doi.org/10.1007/s11882-017-0724-z
http://www.ncbi.nlm.nih.gov/pubmed/28755025
http://doi.org/10.1038/ni.1894
http://doi.org/10.4049/jimmunol.1002701
http://doi.org/10.1016/j.autrev.2016.07.032
http://doi.org/10.3389/fimmu.2018.02482
http://doi.org/10.1080/00365521.2018.1447597
http://doi.org/10.1016/j.autrev.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23777820
http://doi.org/10.1038/nri3608
http://www.ncbi.nlm.nih.gov/pubmed/24566914
http://doi.org/10.1016/j.autrev.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28212924
http://doi.org/10.1038/nature06005
http://www.ncbi.nlm.nih.gov/pubmed/17653185
http://www.ncbi.nlm.nih.gov/pubmed/14758766
http://doi.org/10.1002/cti2.1071
http://www.ncbi.nlm.nih.gov/pubmed/31367378
http://doi.org/10.1007/s00281-018-0688-7
http://doi.org/10.1080/00365521.2017.1349173
http://doi.org/10.1038/nri3661
http://doi.org/10.1136/gut.2009.182170
http://www.ncbi.nlm.nih.gov/pubmed/19740775
http://doi.org/10.1136/gutjnl-2012-303207
http://doi.org/10.1053/j.gastro.2012.07.116
http://www.ncbi.nlm.nih.gov/pubmed/22885333
http://doi.org/10.1038/nature03724
http://doi.org/10.1111/j.1600-065X.2011.01015.x
http://www.ncbi.nlm.nih.gov/pubmed/21488899
http://doi.org/10.1002/mnfr.201300596
http://doi.org/10.1038/mi.2015.48
http://doi.org/10.1053/j.gastro.2005.05.013


Int. J. Mol. Sci. 2021, 22, 8274 14 of 17

29. Esterházy, D.; Loschko, J.; London, M.; Jove, V.; Oliveira, T.Y.; Mucida, D. Classical dendritic cells are required for dietary
antigen-mediated induction of peripheral T(reg) cells and tolerance. Nat. Immunol. 2016, 17, 545–555. [CrossRef]

30. Sawai, C.M.; Serpas, L.; Neto, A.G.; Jang, G.; Rashidfarrokhi, A.; Kolbeck, R.; Sanjuan, M.A.; Reizis, B.; Sisirak, V. Plasmacytoid
Dendritic Cells Are Largely Dispensable for the Pathogenesis of Experimental Inflammatory Bowel Disease. Front. Immunol. 2018,
9, 2475. [CrossRef] [PubMed]

31. Mishima, Y.; Sartor, R.B. Manipulating resident microbiota to enhance regulatory immune function to treat inflammatory bowel
diseases. J. Gastroenterol. 2020, 55, 4–14. [CrossRef] [PubMed]

32. Hasegawa, H.; Matsumoto, T. Mechanisms of Tolerance Induction by Dendritic Cells In Vivo. Front. Immunol. 2018, 9, 350.
[CrossRef]

33. Devi, K.S.; Anandasabapathy, N. The origin of DCs and capacity for immunologic tolerance in central and peripheral tissues.
Semin. Immunopathol. 2017, 39, 137–152. [CrossRef] [PubMed]

34. Bishop, K.D.; Harris, J.E.; Mordes, J.P.; Greiner, D.L.; Rossini, A.A.; Czech, M.P.; Phillips, N.E. Depletion of the programmed death-
1 receptor completely reverses established clonal anergy in CD4(+) T lymphocytes via an interleukin-2-dependent mechanism.
Cell. Immunol. 2009, 256, 86–91. [CrossRef] [PubMed]

35. Maldonado, R.A.; von Andrian, U.H. How tolerogenic dendritic cells induce regulatory T cells. Adv. Immunol. 2010, 108, 111–165.
[PubMed]

36. Rinaldi, M.; Perricone, R.; Blank, M.; Perricone, C.; Shoenfeld, Y. Anti-Saccharomyces cerevisiae autoantibodies in autoimmune
diseases: From bread baking to autoimmunity. Clin. Rev. Allergy Immunol. 2013, 45, 152–161. [CrossRef] [PubMed]

37. Ahmed, M.S.; Bae, Y.S. Dendritic Cell-based Immunotherapy for Rheumatoid Arthritis: From Bench to Bedside. Immune Netw.
2016, 16, 44–51. [CrossRef]

38. Fucikova, J.; Palova-Jelinkova, L.; Bartunkova, J.; Spisek, R. Induction of Tolerance and Immunity by Dendritic Cells: Mechanisms
and Clinical Applications. Front. Immunol. 2019, 10, 2393. [CrossRef] [PubMed]

39. Mansilla, M.J.; Contreras-Cardone, R.; Navarro-Barriuso, J.; Cools, N.; Berneman, Z.; Ramo-Tello, C.; Martínez-Cáceres, E.M.
Cryopreserved vitamin D3-tolerogenic dendritic cells pulsed with autoantigens as a potential therapy for multiple sclerosis
patients. J. Neuroinflammation 2016, 13, 113. [CrossRef]

40. Zubizarreta, I.; Flórez-Grau, G.; Vila, G.; Cabezón, R.; España, C.; Andorra, M.; Saiz, A.; Llufriu, S.; Sepulveda, M.;
Sola-Valls, N.; et al. Immune tolerance in multiple sclerosis and neuromyelitis optica with peptide-loaded tolerogenic dendritic
cells in a phase 1b trial. Proc. Natl. Acad. Sci. USA 2019, 116, 8463–8470. [CrossRef]

41. De Vries, I.J.; Krooshoop, D.J.; Scharenborg, N.M.; Lesterhuis, W.J.; Diepstra, J.H.; Van Muijen, G.N.; Strijk, S.P.; Ruers, T.J.;
Boerman, O.C.; Oyen, W.J.; et al. Effective migration of antigen-pulsed dendritic cells to lymph nodes in melanoma patients is
determined by their maturation state. Cancer Res. 2003, 63, 12–17.

42. Willekens, B.; Presas-Rodríguez, S.; Mansilla, M.J.; Derdelinckx, J.; Lee, W.P.; Nijs, G.; De Laere, M.; Wens, I.; Cras, P.;
Parizel, P.; et al. Tolerogenic dendritic cell-based treatment for multiple sclerosis (MS): A harmonised study protocol for two
phase I clinical trials comparing intradermal and intranodal cell administration. BMJ Open 2019, 9, e030309. [CrossRef]

43. Thomas, R.; Street, S.; Ramnoruth, N. Safety and preliminary evidence of efficacy in a phase I clinical trial of autologous tolerising
dendritic cells exposed to citrullinated peptides (Rheumavax) in patients with rheumatoid arthritis. Ann. Rheum. Dis. 2011, 70
(Suppl. S3), 169.

44. Benham, H.; Nel, H.J.; Law, S.C.; Mehdi, A.M.; Street, S.; Ramnoruth, N.; Pahau, H.; Lee, B.T.; Ng, J.; Brunck, M.E.; et al.
Citrullinated peptide dendritic cell immunotherapy in HLA risk genotype-positive rheumatoid arthritis patients. Sci. Transl. Med.
2015, 7, 290ra87. [CrossRef]

45. Ditu, L.M.; Chifiriuc, M.C.; Bezirtzoglou, E. Marutescu, L. Bleotu, C.; Pelinescu, D.; Mihaescu, G.; Lazar, V. Immunomodulatory
effect of non-viable components of probiotic culture stimulated with heat-inactivated Escherichia coli and Bacillus cereus on
holoxenic mice. Microb. Ecol. Health Dis. 2014, 25, 23239.

46. Jauregui-Amezaga, A.; Cabezón, R.; Ramírez-Morros, A.; España, C.; Rimola, J.; Bru, C.; Pinó-Donnay, S.; Gallego, M.; Masamunt,
M.C.; Ordás, I.; et al. Intraperitoneal Administration of Autologous Tolerogenic Dendritic Cells for Refractory Crohn’s Disease: A
Phase I Study. J. Crohns Colitis 2015, 9, 1071–1078. [CrossRef]

47. Kiesler, P.; Fuss, I.J.; Strober, W. Experimental Models of Inflammatory Bowel Diseases. Cell. Mol. Gastroenterol. Hepatol. 2015, 1,
154–170. [CrossRef] [PubMed]

48. Gonzalez-Rey, E.; Delgado, M. Therapeutic Treatment of Experimental Colitis with Regulatory Dendritic Cells Generated with
Vasoactive Intestinal Peptide. Gastroenterology 2006, 131, 1799–1811. [CrossRef] [PubMed]

49. Engman, C.; Garciafigueroa, Y.; Phillips, B.E.; Trucco, M.; Giannoukakis, N. Co-Stimulation-Impaired Bone Marrow-Derived
Dendritic Cells Prevent Dextran Sodium Sulfate-Induced Colitis in Mice. Front. Immunol. 2018, 9, 894. [CrossRef]

50. Coombes, J.L.; Siddiqui, K.R.; Arancibia-Cárcamo, C.V.; Hall, J.; Sun, C.M.; Belkaid, Y.; Powrie, F. A functionally specialized
population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-dependent mechanism.
J. Exp. Med. 2007, 204, 1757–1764. [CrossRef]

51. Matisz, C.E.; Geuking, M.B.; Lopes, F.; Petri, B.; Wang, A.; Sharkey, K.A.; McKay, D.M. Helminth Antigen-Conditioned Dendritic
Cells Generate Anti-Inflammatory Cd4 T Cells Independent of Antigen Presentation via Major Histocompatibility Complex Class
II. Am. J. Pathol. 2018, 188, 2589–2604. [CrossRef] [PubMed]

http://doi.org/10.1038/ni.3408
http://doi.org/10.3389/fimmu.2018.02475
http://www.ncbi.nlm.nih.gov/pubmed/30410494
http://doi.org/10.1007/s00535-019-01618-1
http://www.ncbi.nlm.nih.gov/pubmed/31482438
http://doi.org/10.3389/fimmu.2018.00350
http://doi.org/10.1007/s00281-016-0602-0
http://www.ncbi.nlm.nih.gov/pubmed/27888331
http://doi.org/10.1016/j.cellimm.2009.01.008
http://www.ncbi.nlm.nih.gov/pubmed/19230866
http://www.ncbi.nlm.nih.gov/pubmed/21056730
http://doi.org/10.1007/s12016-012-8344-9
http://www.ncbi.nlm.nih.gov/pubmed/23292495
http://doi.org/10.4110/in.2016.16.1.44
http://doi.org/10.3389/fimmu.2019.02393
http://www.ncbi.nlm.nih.gov/pubmed/31736936
http://doi.org/10.1186/s12974-016-0584-9
http://doi.org/10.1073/pnas.1820039116
http://doi.org/10.1136/bmjopen-2019-030309
http://doi.org/10.1126/scitranslmed.aaa9301
http://doi.org/10.1093/ecco-jcc/jjv144
http://doi.org/10.1016/j.jcmgh.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26000334
http://doi.org/10.1053/j.gastro.2006.10.023
http://www.ncbi.nlm.nih.gov/pubmed/17087944
http://doi.org/10.3389/fimmu.2018.00894
http://doi.org/10.1084/jem.20070590
http://doi.org/10.1016/j.ajpath.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30121255


Int. J. Mol. Sci. 2021, 22, 8274 15 of 17

52. Xia, C.Q.; Peng, R.; Beato, F.; Clare-Salzler, M.J. Dexamethasone induces IL-10-producing monocyte-derived dendritic cells with
durable immaturity. Scand. J. Immunol. 2005, 62, 45–54. [CrossRef] [PubMed]

53. Hackstein, H.; Taner, T.; Zahorchak, A.F.; Morelli, A.E.; Logar, A.J.; Gessner, A.; Thomson, A.W. Rapamycin inhibits IL-4–induced
dendritic cell maturation in vitro and dendritic cell mobilization and function in vivo. Blood 2003, 101, 4457–4463. [CrossRef]

54. Hackstein, H.; Thomson, A.W. Dendritic cells: Emerging pharmacological targets of immunosuppressive drugs. Nat. Rev.
Immunol. 2004, 4, 24–34. [CrossRef]

55. Gárate, D.; Rojas-Colonelli, N.; Peña, C.; Salazar, L.; Abello, P.; Pesce, B.; Aravena, O.; García-González, P.; Ribeiro, C.H.;
Molina, M.C.; et al. Blocking of p38 and transforming growth factor β receptor pathways impairs the ability of tolerogenic
dendritic cells to suppress murine arthritis. Arthritis Rheum. 2013, 65, 120–129. [CrossRef]

56. Salazar, L.; Aravena, O.; Abello, P.; Escobar, A.; Contreras-Levicoy, J.; Rojas-Colonelli, N.; Catalán, D.; Aguirre, A.;
Zúñiga, R.; Pesce, B.; et al. Modulation of established murine collagen-induced arthritis by a single inoculation of short-term
lipopolysaccharide-stimulated dendritic cells. Ann. Rheum. Dis. 2008, 67, 1235–1241. [CrossRef]

57. Ko, H.J.; Cho, M.L.; Lee, S.Y.; Oh, H.J.; Heo, Y.J.; Moon, Y.M.; Kang, C.M.; Kwok, S.K.; Ju, J.H.; Park, S.H.; et al. CTLA4-Ig
modifies dendritic cells from mice with collagen-induced arthritis to increase the CD4+CD25+Foxp3+ regulatory T cell population.
J. Autoimmun. 2010, 34, 111–120. [CrossRef]

58. You, J.; Dong, H.; Mann, E.R.; Knight, S.C.; Yaqoob, P. Probiotic modulation of dendritic cell function is influenced by ageing.
Immunobiology 2014, 219, 138–148. [CrossRef]

59. Ng, S.C.; Plamondon, S.; Kamm, M.A.; Hart, A.L.; Al-Hassi, H.O.; Guenther, T.; Stagg, A.J.; Knight, S.C. Immunosuppressive
effects via human intestinal dendritic cells of probiotic bacteria and steroids in the treatment of acute ulcerative colitis. Inflamm.
Bowel Dis. 2010, 16, 1286–1298. [CrossRef] [PubMed]

60. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J. Salminen, S.; et al. Expert
consensus document. The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef] [PubMed]

61. Foligné, B.; Dewulf, J.; Breton, J.; Claisse, O.; Lonvaud-Funel, A.; Pot, B. Probiotic properties of non-conventional lactic acid
bacteria: Immunomodulation by Oenococcus oeni. Int. J. Food Microbiol. 2010, 140, 136–145. [CrossRef] [PubMed]

62. Ludwig, I.S.; Broere, F.; Manurung, S.; Lambers, T.T.; van der Zee, R.; van Eden, W. Lactobacillus rhamnosus GG-Derived Soluble
Mediators Modulate Adaptive Immune Cells. Front. Immunol. 2018, 9, 1546. [CrossRef] [PubMed]

63. Konieczna, P.; Akdis, C.A.; Quigley, E.M.; Shanahan, F.; O’Mahony, L. Portrait of an immunoregulatory Bifidobacterium. Gut
Microbes 2012, 3, 261–266. [CrossRef] [PubMed]

64. Hawiger, D.; Inaba, K.; Dorsett, Y.; Guo, M.; Mahnke, K.; Rivera, M.; Ravetch, J.V.; Steinman, R.M.; Nussenzweig, M.C. Dendritic
cells induce peripheral T cell unresponsiveness under steady state conditions in vivo. J. Exp. Med. 2001, 194, 769–779. [CrossRef]

65. Banerjee, D.K.; Dhodapkar, M.V.; Matayeva, E.; Steinman, R.M.; Dhodapkar, K.M. Expansion of FOXP3high regulatory T cells by
human dendritic cells (DCs) in vitro and after injection of cytokine-matured DCs in myeloma patients. Blood 2006, 108, 2655–2661.
[CrossRef]

66. Smits, H.H.; Engering, A.; van der Kleij, D.; de Jong, E.C.; Schipper, K.; van Capel, T.M.; Zaat, B.A.; Yazdanbakhsh, M.;
Wierenga, E.A.; van Kooyk, Y.; et al. Selective probiotic bacteria induce IL-10-producing regulatory T cells in vitro by modulating
dendritic cell function through dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin. J. Allergy Clin.
Immunol. 2005, 115, 1260–1267. [CrossRef]

67. López, P.; González-Rodríguez, I.; Gueimonde, M.; Margolles, A.; Suárez, A. Immune response to Bifidobacterium bifidum strains
support Treg/Th17 plasticity. PLoS ONE 2011, 6, e24776. [CrossRef]

68. Konieczna, P.; Groeger, D.; Ziegler, M.; Frei, R.; Ferstl, R.; Shanahan, F.; Quigley, E.M.; Kiely, B.; Akdis, C.A.; O’Mahony, L.
Bifidobacterium infantis 35624 administration induces Foxp3 T regulatory cells in human peripheral blood: Potential role for
myeloid and plasmacytoid dendritic cells. Gut 2012, 61, 354–366. [CrossRef]

69. Ghavami, S.B.; Yadegar, A.; Aghdaei, H.A.; Sorrentino, D.; Farmani, M.; Mir, A.S.; Azimirad, M.; Balaii, H.; Shahrokh, S.; Zali, M.R.
Immunomodulation and Generation of Tolerogenic Dendritic Cells by Probiotic Bacteria in Patients with Inflammatory Bowel
Disease. Int. J. Mol. Sci. 2020, 21, 6266. [CrossRef] [PubMed]

70. Hoarau, C.; Lagaraine, C.; Martin, L.; Velge-Roussel, F.; Lebranchu, Y. Supernatant of Bifidobacterium breve induces dendritic
cell maturation, activation, and survival through a Toll-like receptor 2 pathway. J. Allergy Clin. Immunol. 2006, 117, 696–702.
[CrossRef] [PubMed]

71. Hoarau, C.; Martin, L.; Faugaret, D.; Baron, C.; Dauba, A.; Aubert-Jacquin, C.; Velge-Roussel, F.; Lebranchu, Y. Supernatant from
bifidobacterium differentially modulates transduction signaling pathways for biological functions of human dendritic cells. PLoS
ONE 2008, 3, e2753. [CrossRef]

72. Uusitalo, U.; Liu, X.; Yang, J.; Aronsson, C.A.; Hummel, S.; Butterworth, M.; Lernmark, Å.; Rewers, M.; Hagopian, W.;
She, J.-X.; et al. Association of Early Exposure of Probiotics and Islet Autoimmunity in the TEDDY Study. JAMA Pediatr. 2016,
170, 20–28. [CrossRef]

73. Round, J.L.; Mazmanian, S.K. Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal
microbiota. Proc. Natl. Acad. Sci. USA 2010, 107, 12204–12209. [CrossRef] [PubMed]

74. Shen, Y.; Giardino Torchia, M.L.; Lawson, G.W.; Karp, C.L.; Ashwell, J.D.; Mazmanian, S.K. Outer membrane vesicles of a human
commensal mediate immune regulation and disease protection. Cell Host Microbe 2012, 12, 509–520. [CrossRef]

http://doi.org/10.1111/j.1365-3083.2005.01640.x
http://www.ncbi.nlm.nih.gov/pubmed/16091124
http://doi.org/10.1182/blood-2002-11-3370
http://doi.org/10.1038/nri1256
http://doi.org/10.1002/art.37702
http://doi.org/10.1136/ard.2007.072199
http://doi.org/10.1016/j.jaut.2009.07.006
http://doi.org/10.1016/j.imbio.2013.08.012
http://doi.org/10.1002/ibd.21222
http://www.ncbi.nlm.nih.gov/pubmed/20155842
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.1016/j.ijfoodmicro.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20452078
http://doi.org/10.3389/fimmu.2018.01546
http://www.ncbi.nlm.nih.gov/pubmed/30042761
http://doi.org/10.4161/gmic.20358
http://www.ncbi.nlm.nih.gov/pubmed/22572827
http://doi.org/10.1084/jem.194.6.769
http://doi.org/10.1182/blood-2006-03-011353
http://doi.org/10.1016/j.jaci.2005.03.036
http://doi.org/10.1371/journal.pone.0024776
http://doi.org/10.1136/gutjnl-2011-300936
http://doi.org/10.3390/ijms21176266
http://www.ncbi.nlm.nih.gov/pubmed/32872480
http://doi.org/10.1016/j.jaci.2005.10.043
http://www.ncbi.nlm.nih.gov/pubmed/16522473
http://doi.org/10.1371/journal.pone.0002753
http://doi.org/10.1001/jamapediatrics.2015.2757
http://doi.org/10.1073/pnas.0909122107
http://www.ncbi.nlm.nih.gov/pubmed/20566854
http://doi.org/10.1016/j.chom.2012.08.004


Int. J. Mol. Sci. 2021, 22, 8274 16 of 17

75. Chu, H.; Khosravi, A.; Kusumawardhani, I.P.; Kwon, A.H.; Vasconcelos, A.C.; Cunha, L.D.; Mayer, A.E.; Shen, Y.; Wu, W.L.;
Kambal, A.; et al. Gene-microbiota interactions contribute to the pathogenesis of inflammatory bowel disease. Science 2016, 352,
1116–1120. [CrossRef] [PubMed]

76. Durant, L.; Stentz, R.; Noble, A.; Brooks, J.; Gicheva, N.; Reddi, D.; O’Connor, M.J.; Hoyles, L.; McCartney, A.L.; Man, R.; et al.
Bacteroides thetaiotaomicron-derived outer membrane vesicles promote regulatory dendritic cell responses in health but not in
inflammatory bowel disease. Microbiome 2020, 8, 88. [CrossRef] [PubMed]

77. Ashrafian, F.; Behrouzi, A.; Shahriary, A.; Ahmadi Badi, S.; Davari, M.; Khatami, S.; Rahimi Jamnani, F.; Fateh, A.; Vaziri, F.;
Siadat, S.D. Comparative study of effect of Akkermansia muciniphila and its extracellular vesicles on toll-like receptors and tight
junction. Gastroenterol. Hepatol. Bed Bench 2019, 12, 163–168. [PubMed]

78. Giannoukakis, N.; Phillips, B.; Finegold, D.; Harnaha, J.; Trucco, M. Phase I (safety) study of autologous tolerogenic dendritic
cells in type 1 diabetic patients. Diabetes Care 2011, 34, 2026–2032. [CrossRef]

79. Bell, G.M.; Anderson, A.E.; Diboll, J.; Reece, R.; Eltherington, O.; Harry, R.A.; Fouweather, T.; MacDonald, C.; Chadwick, T.;
McColl, E.; et al. Autologous tolerogenic dendritic cells for rheumatoid and inflammatory arthritis. Ann. Rheum. Dis. 2017, 76,
227–234. [CrossRef] [PubMed]

80. Nataraj, B.H.; Ali, S.A.; Behare, P.V.; Yadav, H. Postbiotics-parabiotics: The new horizons in microbial biotherapy and functional
foods. Microb. Cell Fact. 2020, 19, 168. [CrossRef]

81. Singh, A.; Vishwakarma, V.; Singhal, B. Metabiotics: The functional metabolic signatures of probiotics: Current state-of-art and
future research priorities—metabiotics: Probiotics effector molecules. Adv. Biosci. Biotechnol. 2018, 9, 147. [CrossRef]

82. Taverniti, V.; Guglielmetti, S. The immunomodulatory properties of probiotic microorganisms beyond their viability (ghost
probiotics: Proposal of paraprobiotic concept). Genes Nutr. 2011, 6, 261–274. [CrossRef]

83. Macho Fernandez, E.; Valenti, V.; Rockel, C.; Hermann, C.; Pot, B.; Boneca, I.G.; Grangette, C. Anti-inflammatory capacity
of selected lactobacilli in experimental colitis is driven by NOD2-mediated recognition of a specific peptidoglycan-derived
muropeptide. Gut 2011, 60, 1050–1059. [CrossRef]

84. Esmaeili, S.A.; Mahmoudi, M.; Rezaieyazdi, Z.; Sahebari, M.; Tabasi, N.; Sahebkar, A.; Rastin, M. Generation of tolerogenic
dendritic cells using Lactobacillus rhamnosus and Lactobacillus delbrueckii as tolerogenic probiotics. J. Cell. Biochem. 2018, 119,
7865–7872. [CrossRef]

85. Mazzeo, M.F.; Luongo, D.; Sashihara, T.; Rossi, M.; Siciliano, R.A. Secretome analysis of mouse dendritic cells interacting with a
probiotic strain of lactobacillus gasseri. Nutrients 2020, 12, 555. [CrossRef]

86. Bernardo, D.; Sánchez, B.; Al-Hassi, H.O.; Mann, E.R.; Urdaci, M.C.; Knight, S.C.; Margolles, A. Microbiota/host crosstalk
biomarkers: Regulatory response of human intestinal dendritic cells exposed to Lactobacillus extracellular encrypted peptide.
PLoS ONE 2012, 7, e36262. [CrossRef] [PubMed]

87. Eslami, S.; Hadjati, J.; Motevaseli, E.; Mirzaei, R.; Farashi Bonab, S.; Ansaripour, B.; Khoramizadeh, M.R. Lactobacillus crispatus
strain SJ-3C-US induces human dendritic cells (DCs) maturation and confers an anti-inflammatory phenotype to DCs. Apmis
2016, 124, 697–710. [CrossRef] [PubMed]

88. Mann, E.R.; You, J.; Horneffer-van der Sluis, V.; Bernardo, D.; Omar Al-Hassi, H.; Landy, J.; Peake, S.T.; Thomas, L.V.; Tee, C.T.;
Lee, G.H.; et al. Dysregulated circulating dendritic cell function in ulcerative colitis is partially restored by probiotic strain
Lactobacillus casei Shirota. Mediat. Inflamm. 2013, 2013, 573576. [CrossRef]

89. Alameddine, J.; Godefroy, E.; Papargyris, L.; Sarrabayrouse, G.; Tabiasco, J.; Bridonneau, C.; Yazdanbakhsh, K.; Sokol, H.;
Altare, F.; Jotereau, F. Faecalibacterium prausnitzii skews human DC to prime IL10-producing T cells through TLR2/6/JNK
signaling and IL-10, IL-27, CD39, and IDO-1 induction. Front. Immunol. 2019, 10, 143. [CrossRef] [PubMed]

90. Rossi, O.; Van Berkel, L.A.; Chain, F.; Khan, M.T.; Taverne, N.; Sokol, H.; Duncan, S.H.; Flint, H.J.; Harmsen, H.J.; Langella, P.
Faecalibacterium prausnitzii A2-165 has a high capacity to induce IL-10 in human and murine dendritic cells and modulates T
cell responses. Sci. Rep. 2016, 6, 1–12. [CrossRef]

91. Aguilar-Toalá, J.; Garcia-Varela, R.; Garcia, H.; Mata-Haro, V.; González-Córdova, A.; Vallejo-Cordoba, B.; Hernández-Mendoza,
A. Postbiotics: An evolving term within the functional foods field. Trends Food Sci. Technol. 2018, 75, 105–114. [CrossRef]

92. Bermudez-Brito, M.; Muñoz-Quezada, S.; Gomez-Llorente, C.; Matencio, E.; Bernal, M.J.; Romero, F.; Gil, A. Cell-free culture
supernatant of Bifidobacterium breve CNCM I-4035 decreases pro-inflammatory cytokines in human dendritic cells challenged
with Salmonella typhi through TLR activation. PLoS ONE 2013, 8, e59370. [CrossRef]

93. Fong, F.L.Y.; Kirjavainen, P.V.; El-Nezami, H. Immunomodulation of Lactobacillus rhamnosus GG (LGG)-derived soluble factors
on antigen-presenting cells of healthy blood donors. Sci. Rep. 2016, 6, 22845. [CrossRef]

94. Mikulic, J.; Longet, S.; Favre, L.; Benyacoub, J.; Corthesy, B. Secretory IgA in complex with Lactobacillus rhamnosus potentiates
mucosal dendritic cell-mediated Treg cell differentiation via TLR regulatory proteins, RALDH2 and secretion of IL-10 and TGF-β.
Cell. Mol. Immunol. 2017, 14, 546–556. [CrossRef]

95. Mileti, E.; Matteoli, G.; Iliev, I.D.; Rescigno, M. Comparison of the immunomodulatory properties of three probiotic strains of
Lactobacilli using complex culture systems: Prediction for in vivo efficacy. PloS ONE 2009, 4, e7056. [CrossRef]

96. Konstantinov, S.R.; Smidt, H.; de Vos, W.M.; Bruijns, S.C.; Singh, S.K.; Valence, F.; Molle, D.; Lortal, S.; Altermann, E.; Klaenham-
mer, T.R. S layer protein A of Lactobacillus acidophilus NCFM regulates immature dendritic cell and T cell functions. Proc. Natl.
Acad. Sci. USA 2008, 105, 19474–19479. [CrossRef]

97. Tsilingiri, K.; Rescigno, M. Postbiotics: What else? Benef. Microbes 2013, 4, 101–107. [CrossRef]

http://doi.org/10.1126/science.aad9948
http://www.ncbi.nlm.nih.gov/pubmed/27230380
http://doi.org/10.1186/s40168-020-00868-z
http://www.ncbi.nlm.nih.gov/pubmed/32513301
http://www.ncbi.nlm.nih.gov/pubmed/31191842
http://doi.org/10.2337/dc11-0472
http://doi.org/10.1136/annrheumdis-2015-208456
http://www.ncbi.nlm.nih.gov/pubmed/27117700
http://doi.org/10.1186/s12934-020-01426-w
http://doi.org/10.4236/abb.2018.94012
http://doi.org/10.1007/s12263-011-0218-x
http://doi.org/10.1136/gut.2010.232918
http://doi.org/10.1002/jcb.27203
http://doi.org/10.3390/nu12020555
http://doi.org/10.1371/journal.pone.0036262
http://www.ncbi.nlm.nih.gov/pubmed/22606249
http://doi.org/10.1111/apm.12556
http://www.ncbi.nlm.nih.gov/pubmed/27245496
http://doi.org/10.1155/2013/573576
http://doi.org/10.3389/fimmu.2019.00143
http://www.ncbi.nlm.nih.gov/pubmed/30787928
http://doi.org/10.1038/srep18507
http://doi.org/10.1016/j.tifs.2018.03.009
http://doi.org/10.1371/journal.pone.0059370
http://doi.org/10.1038/srep22845
http://doi.org/10.1038/cmi.2015.110
http://doi.org/10.1371/journal.pone.0007056
http://doi.org/10.1073/pnas.0810305105
http://doi.org/10.3920/BM2012.0046


Int. J. Mol. Sci. 2021, 22, 8274 17 of 17

98. Fábrega, M.J.; Aguilera, L.; Giménez, R.; Varela, E.; Alexandra Cañas, M.; Antolín, M.; Badía, J.; Baldomà, L. Activation of Immune
and Defense Responses in the Intestinal Mucosa by Outer Membrane Vesicles of Commensal and Probiotic Escherichia coli Strains.
Front Microbiol. 2016, 7, 705. [CrossRef] [PubMed]

99. Seo, M.K.; Park, E.J.; Ko, S.Y.; Choi, E.W.; Kim, S. Therapeutic effects of kefir grain Lactobacillus-derived extracellular vesicles in
mice with 2,4,6-trinitrobenzene sulfonic acid-induced inflammatory bowel disease. J. Dairy Sci. 2018, 101, 8662–8671. [CrossRef]

100. Diaz-Garrido, N.; Fábrega, M.-J.; Vera, R.; Giménez, R.; Badia, J.; Baldomà, L. Membrane vesicles from the probiotic Nissle 1917
and gut resident Escherichia coli strains distinctly modulate human dendritic cells and subsequent T cell responses. J. Funct. Foods
2019, 61, 103495. [CrossRef]

101. Banchereau, J.; Briere, F.; Caux, C.; Davoust, J.; Lebecque, S.; Liu, Y.-J.; Pulendran, B.; Palucka, K. Immunobiology of dendritic
cells. Annu. Rev. Immunol. 2000, 18, 767–811. [CrossRef]

102. Kim, S.H.; Lee, W.; Kwon, D.; Lee, S.; Son, S.W.; Seo, M.S.; Kim, K.S.; Lee, Y.H.; Kim, S.; Jung, Y.S. Metabolomic Analysis of the
Liver of a Dextran Sodium Sulfate-Induced Acute Colitis Mouse Model: Implications of the Gut-Liver Connection. Cells 2020,
9, 341. [CrossRef]

103. Chao, C.-Y.; Battat, R.; Al Khoury, A.; Restellini, S.; Sebastiani, G.; Bessissow, T. Co-existence of non-alcoholic fatty liver disease
and inflammatory bowel disease: A review article. World J. Gastroenterol. 2016, 22, 7727–7734. [CrossRef]

104. Tirosh, O. Hypoxic Signaling and Cholesterol Lipotoxicity in Fatty Liver Disease Progression. Oxidative Med. Cell. Longev. 2018,
2018, 2548154. [CrossRef] [PubMed]

105. Zhou, J.; Tripathi, M.; Sinha, R.A.; Singh, B.K.; Yen, P.M. Gut microbiota and their metabolites in the progression of non-alcoholic
fatty liver disease. Hepatoma Res. 2021, 7, 11.

106. Tarantino, G.; Citro, V.; Capone, D. Nonalcoholic Fatty Liver Disease: A Challenge from Mechanisms to Therapy. J. Clin. Med.
2020, 9, 15. [CrossRef] [PubMed]

107. Tang, Y.; Huang, J.; Zhang, W.Y.; Qin, S.; Yang, Y.X.; Ren, H.; Yang, Q.B.; Hu, H. Effects of probiotics on nonalcoholic fatty liver
disease: A systematic review and meta-analysis. Ther. Adv. Gastroenterol. 2019, 12, 1756284819878046. [CrossRef] [PubMed]

108. Das, U.N. Arachidonic acid and other unsaturated fatty acids and some of their metabolites function as endogenous antimicrobial
molecules: A review. J. Adv. Res. 2018, 11, 57–66. [CrossRef]

109. Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The Immunomodulatory and Anti-Inflammatory Role of Polyphenols. Nutrients
2018, 10, 1618. [CrossRef]

110. Hagihara, M.; Kuroki, Y.; Ariyoshi, T.; Higashi, S.; Fukuda, K.; Yamashita, R.; Matsumoto, A.; Mori, T.; Mimura, K.;
Yamaguchi, N.; et al. Clostridium butyricum Modulates the Microbiome to Protect Intestinal Barrier Function in Mice with
Antibiotic-Induced Dysbiosis. iScience 2020, 23, 100772. [CrossRef]

111. Cho, W.; Choe, J. Prostaglandin E2 stimulates COX-2 expression via mitogen-activated protein kinase p38 but not ERK in human
follicular dendritic cell-like cells. BMC Immunol. 2020, 21, 1–8. [CrossRef]

112. Otte, J.-M.; Mahjurian-Namari, R.; Brand, S.; Werner, I.; Schmidt, W.E.; Schmitz, F. Probiotics regulate the expression of COX-2 in
intestinal epithelial cells. Nutr. Cancer 2008, 61, 103–113. [CrossRef] [PubMed]

113. Yan, F.; Cao, H.; Cover, T.L.; Whitehead, R.; Washington, M.K.; Polk, D.B. Soluble proteins produced by probiotic bacteria regulate
intestinal epithelial cell survival and growth. Gastroenterology 2007, 132, 562–575. [CrossRef] [PubMed]

114. Devi, P.U.M.; DH, K.; Devi, P.U.M. Probiotic conjugated linoleic acid inhibits COX-2 inflammatory pathway. J. Pharm. Res. 2017,
11, 767–774.

115. Peran, L.; Camuesco, D.; Comalada, M.; Bailon, E.; Henriksson, A.; Xaus, J.; Zarzuelo, A.; Galvez, J. A comparative study of the
preventative effects exerted by three probiotics, Bifidobacterium lactis, Lactobacillus casei and Lactobacillus acidophilus, in the
TNBS model of rat colitis. J. Appl. Microbiol. 2007, 103, 836–844. [CrossRef]

116. Nurmi, J.T.; Puolakkainen, P.A.; Rautonen, N.E. Bifidobacterium Lactis sp. 420 up-regulates cyclooxygenase (Cox)-1 and
down-regulates Cox-2 gene expression in a Caco-2 cell culture model. Nutr. Cancer 2005, 51, 83–92. [CrossRef] [PubMed]

http://doi.org/10.3389/fmicb.2016.00705
http://www.ncbi.nlm.nih.gov/pubmed/27242727
http://doi.org/10.3168/jds.2018-15014
http://doi.org/10.1016/j.jff.2019.103495
http://doi.org/10.1146/annurev.immunol.18.1.767
http://doi.org/10.3390/cells9020341
http://doi.org/10.3748/wjg.v22.i34.7727
http://doi.org/10.1155/2018/2548154
http://www.ncbi.nlm.nih.gov/pubmed/29955245
http://doi.org/10.3390/jcm9010015
http://www.ncbi.nlm.nih.gov/pubmed/31861591
http://doi.org/10.1177/1756284819878046
http://www.ncbi.nlm.nih.gov/pubmed/31598135
http://doi.org/10.1016/j.jare.2018.01.001
http://doi.org/10.3390/nu10111618
http://doi.org/10.1016/j.isci.2019.100772
http://doi.org/10.1186/s12865-020-00347-y
http://doi.org/10.1080/01635580802372625
http://www.ncbi.nlm.nih.gov/pubmed/19116880
http://doi.org/10.1053/j.gastro.2006.11.022
http://www.ncbi.nlm.nih.gov/pubmed/17258729
http://doi.org/10.1111/j.1365-2672.2007.03302.x
http://doi.org/10.1207/s15327914nc5101_12
http://www.ncbi.nlm.nih.gov/pubmed/15749634

	Introduction 
	Immunopathogenesis of IBD: Main Players 
	Tolerogenic DC Therapy 
	Generation of tolDCs Ex Vivo 
	Pharmacologically Modified tolDCs 
	Probiotics as tolDCs Inducers 

	Other Conditions Related to IBD 
	Non-Alcoholic Fatty Liver Disease 
	Arachidonic Acid and the Cyclooxygenase-2 Pathway 

	Conclusions 
	References

