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Abstract

Inflammatory bowel disease (IBD) is an intestinal inflammatory disease with a poorly understood
multifactorial pathogenesis. The two main types of IBD, Crohn’s disease (CD) and ulcerative colitis (UC),
are distinct disease forms with differences in genetic risk factors, involved immune cells, and affected
parts of the gastrointestinal (GI) tract. Additionally, environmental factors and the intestinal microbiome
also contribute to CD and UC pathogenesis. CD and UC are both characterized by chronic, relapsing
inflammation of the Gl tract. Currently, treatment consists of untargeted immunomodulatory therapies,
targeted biologic therapies, and surgery. Despite the variety of treatment options available, curative
treatment of IBD is not (yet) possible. Because the intestinal microbiome and immunological factors
contribute to IBD pathogenesis, probiotics are being investigated for their therapeutic potential.
Probiotics are live microorganisms that, upon administration, can provide a health benefit to the host.
One of the mechanisms of action of probiotics is immunomodulation. In this literature review, the
mechanisms of immunomodulation by probiotics in IBD patients and disease models are discussed. The
immunomodulatory effects of probiotics on immune cells involved in IBD pathogenesis are reviewed
individually, which includes the effects on intestinal epithelial cells (IECs), neutrophils, macrophages,
dendritic cells (DCs), T cells, and B cells. It is discussed that probiotics can affect cytokine production, cell
signaling, gene expression, cell differentiation, immune cell infiltration, number of pro-inflammatory and
immunoregulatory cells, and/or the production of immunoglobulins in IBD patients and disease models.
Furthermore, recommendations for future studies on probiotics in IBD treatment are discussed.

Plain Language Summary

Inflammatory bowel disease (IBD) is an intestinal inflammatory disease with a poorly understood
pathogenesis. The two major types of IBD, Crohn’s disease (CD) and ulcerative colitis (UC), are distinct
disease forms with differences in genetic risk factors, involved immune cells, and affected parts of the
gastrointestinal (Gl) tract. The precise disease mechanisms are unknown, but it has been noted that
genetic, immunological and environmental factors, and intestinal microbiome are all involved in CD and
in UC pathogenesis. In IBD patients, these factors contribute to chronic, relapsing inflammation of the Gl
tract, a defective and leaky intestinal barrier, an altered intestinal microbiome, and defects in the immune
system. Currently, there is a variety of treatment options available, which includes untargeted and
targeted therapies that suppress the immune system, and surgery. Curative treatment of IBD is, however
not (yet) possible. Because the intestinal microbiome and immunological factors are involved in IBD
pathogenesis, numerous studies have investigated the therapeutic potential of probiotics. Probiotics are
live microorganisms that, upon administration, can provide a health benefit to the host. In general,
probiotics have four different mechanisms of action: antimicrobial activity, interaction with the host
microbiome, enhancement of the gut barrier function, and modulation of the immune system
(immunomodulation). Every probiotic strain has one or multiple mechanisms of action to potentially
provide a health benefit to the consumer. In studies assessing the therapeutic potential of probiotics in
IBD treatment, mixed results were obtained. Several clinical studies have shown positive effects of the
administration of probiotics on remission in IBD patients. In contrast, numerous others did not show
positive effects of probiotics administration. These contrasting results in IBD patients are likely caused by




human heterogeneity, differences in used probiotic strain(s), differences in factors underlying CD or UC,
and quality of the clinical studies. In this literature review, immunomodulation by probiotics (one the four
probiotics mechanisms of action) in IBD patients and IBD disease models is discussed, which contributes
to the better understanding of the therapeutic potential of probiotics in the treatment of IBD. The
immunomodulatory effects of probiotics on different immune cells involved in IBD pathogenesis are
reviewed individually, which includes the effects on intestinal epithelial cells (IECs), neutrophils,
macrophages, dendritic cells (DCs), T cells, and B cells. In this review, it is discussed that the administration
of probiotics in IBD patients and IBD disease models can affect the production of pro-inflammatory and
immunoregulatory proteins, gut barrier function, gene expression, immune cell infiltration into the gut
and associated tissues, number of pro-inflammatory and immunoregulatory immune cells, and/or cell
signaling. These probiotics-induced immune system alterations could potentially help IBD treatment.
Besides, recommendations for future studies on probiotics in IBD treatment are discussed. This includes
the recommendation that future studies on probiotics should focus more on patient-, disease-, and target-
oriented research instead of only determining clinical outcomes in patients. Additionally, the use of new
probiotic strains and techniques could also contribute to better understanding of the therapeutic
potential of probiotics in the treatment of IBD and other diseases.

Introduction

Inflammatory bowel disease (IBD), which is comprised of Crohn’s disease (CD), ulcerative colitis (UC), and
IBD unclassified (IBDU), is an intestinal inflammatory disease with a poorly understood multifactorial
pathogenesis (1-3). CD and UC, the two major types of IBD, are distinct disease forms with differences in
genetic risk factors, involved immune cells, and affected parts of the gastrointestinal (GlI) tract (3). Despite
the differences, it is known that genetic, immunological and environmental factors, and the intestinal
microbiome all contribute to CD and to UC pathogenesis, however the precise disease mechanisms are
unknown (4,5).

CD is characterized by chronic, relapsing transmural inflammation (affecting all layers of the intestinal
wall) and by patchy intestinal lesions that are scattered along the Gl tract (4,5). In CD patients, the
transmural inflammation contributes to intestinal fibrosis, strictures, and perforations, which causes
abdominal pain, obstruction, and non-bloody diarrhea (4,5). In contrast, UC is characterized by chronic,
relapsing superficial inflammation (affecting the mucosal layer) and by continuous intestinal lesions that
are only present in the colon (4,5). The superficial inflammation causes intestinal perforations, ulcers,
abdominal pain, and bloody diarrhea in UC patients (4,5). Furthermore, extraintestinal manifestations,
which includes musculoskeletal and dermatological complications, also occur in CD and UC patients (4—6).
Additionally, IBD patients have an increased risk of developing different types of gastrointestinal cancer
(4,5).

The onset and progression of CD and UC is mediated by genetic, immunological, and environmental
factors, and by the intestinal microbiome, however the mechanisms are not completely understood (4,5).
Examples of environmental factors that increase the risk of CD and/or UC development include smoking
(CD), antibiotics exposure (CD and UC), use of oral contraceptives (CD and UC), urban living (CD and UC),
and certain dietary products (e.g. sucrose consumption increases the risk of UC and CD) (4,7). There are




also environmental factors that decrease the risk of developing CD and/or UC, which includes
breastfeeding (CD and UC), physical activity (CD), presence of gastric Helicobacter pylori (CD and UC), and
certain dietary products (e.g. tea consumption decreases UC risk) (7). Besides, genome-wide association
studies have identified more than 350 IBD risk loci, and many of these are associated with immune cells
and intestinal barrier function (8-11). Most of the IBD risk loci only increase the risk of CD or UC
development, whereas some other loci are shared between CD and UC (10). For example, genetic variants
of IL23R (encoding the IL-23 receptor, which is involved in a pro-inflammatory signaling pathway) are
associated with an increased risk of CD and UC development, and genetic variants in NOD2 (encoding for
a intracellular pattern recognition receptor) are only associated with an increased risk of CD development
(4). The presence of one or multiple IBD risk loci is not enough for the development of CD and UC, as
studies have shown that concordance rates in monozygotic twins are ~50% for CD and ~15% for UC, which
indicates that genetics are more important in the development of CD, and that other factors also
contribute to CD and UC pathogenesis (4-6). Furthermore, it has been determined that IBD risk loci only
explain 13.1% (CD) and 8.2% (UC) of the variance in disease liability, which indicates that other factors,
such as environmental risk factors, contribute more to the development of CD and UC (8,12).

The pathogenesis of CD and of UC are not completely understood (4,5). Nevertheless, it is has been
established that CD and UC are chronic, relapsing inflammatory diseases of the Gl tract, and that both are
characterized by an impaired intestinal barrier, dysregulated immune system, and altered microbiome
(4,5,13). In brief, early in the pathogenesis of CD and UC, an impaired intestinal barrier can be observed
(4,5,12). The intestinal barrier, which includes the mucus layer and intestinal epithelium, provides a
physical and chemical barrier separating the intestinal lumen from the host tissue, thereby acting as a first
line of defense (14-16). Impairment of the intestinal barrier can lead to invasion of microbiota into the
host tissue, which can cause intestinal inflammation (4,5). Furthermore, the impairment of the intestinal
barrier can also directly affect the intestinal immune system through altered signaling and altered
production of (immune) proteins (e.g. production of the chemokine CCL20) (17,18). However, it is not
known whether a defective intestinal barrier is a cause or consequence of inflammation in IBD (15).
Environmental and genetic factors can contribute to the impairment of the intestinal barrier (4,5). For
example, smoking and alcohol consumption can increase intestinal permeability, which potentially
contributes to impairment of the intestinal barrier (12). Additionally, IBD risk loci are associated with the
intestinal barrier, which includes genes encoding tight-junctions proteins (e.g. Cadherin 1, TJP1) and
proteins involved in the immune function of intestinal epithelial cells (IECs) (e.g. NOD2) (4,5).

Besides the impaired intestinal barrier, dysregulation of the innate and adaptive immune system is also
observed in CD and UC (4,5,13). It has been noted that in CD and UC, there is an increase in number of
pro-inflammatory cytokines and (pro-inflammatory) innate immune cells (4,5,19). This includes an
increase in number of neutrophils, pro-inflammatory macrophages, and pro-inflammatory DCs (4,5,19).
The increase in number of innate immune cells in IBD leads to a more pro-inflammatory state in the Gl
tract, which contributes to IBD pathogenesis (4,5,20). To illustrate this, neutrophil infiltration into the
intestinal barrier is one of the first signs of intestinal inflammation, and infiltrated neutrophils are
observed throughout the course of active IBD (4,5,20). The accumulation of neutrophils leads to increased
production of pro-inflammatory cytokines, which subsequently results in the recruitment and pro-




inflammatory polarization of other immune cells (4,5,20). Additionally, the adaptive immune system is
also dysregulated in the CD and UC (4,5,20). In the inflamed Gl tract of CD patients, an increase in number
of pro-inflammatory T helper 1 (Th1) cells and Th17 cells is observed (16,21-23). In contrast, increased
levels of the pro-inflammatory Th2 cells, Th9 cells and Th17 cells are observed in the inflamed colon of UC
patients (16,20-23). This increase in number of pro-inflammatory T helper cells is likely mediated by the
increase in pro-inflammatory cytokines levels, which are produced by the increased number of (pro-
inflammatory) innate immune cells in CD and UC (4). The increased number of T helper cells potentially
contributes to IBD pathogenesis by producing pro-inflammatory cytokines, thereby affecting other
immune cells (21). Furthermore, in the inflamed mucosa of IBD patients, there is an increase in number
of regulatory T (Treg) cells (20,24,25). This could indicate that Treg cells are functionally deficient in IBD
patients, however this is not known (16). Additionally, a change in the ratio of Treg cells and pro-
inflammatory T cells could also contribute to IBD pathogenesis (16,26). Furthermore, effector CD8*T cells
are likely also involved in IBD pathogenesis (27,28). Besides, the role of B cells in CD and UC pathogenesis
is less studied, however in inflamed IBD tissue there is a IgG predominance, whereas IgA predominance is
observed in healthy tissue (16). IgG can contribute to IBD pathogenesis by activating immune cells via the
interaction with Fc-gamma receptors (29). Additionally, environmental and genetic risk factors can
contribute to the dysregulated immune system in IBD (4,5). For example, certain variants in IBD risk genes
(e.g. IL23A and IL12B, encoding the heterodimer IL-23, which is a pro-inflammatory cytokine) are
associated with the stabilization and promotion of Th17 cell differentiation (11). In addition, smoking,
which increases the risk of CD and UC, is associated with immunosuppression (7).

CD and UC are also both characterized by an altered microbiome (4,5,13). The altered microbiome likely
contributes to CD and UC pathogenesis, however the precise mechanisms are unknown (4,5,13). One of
the proposed mechanisms is that the loss of commensals in the microbiome benefits the colonization of
pathobionts in the Gl tract, which can cause intestinal inflammation (30). Furthermore, bacteria from the
microbiome could activate the intestinal immune system after impairment of the intestinal barrier, which
can also contribute to intestinal inflammation (31). Moreover, the microbiome is also able to regulate the
intestinal immune system, and an altered microbiome could lead to a dysregulated immune system (31).
Additionally, alterations in the intestinal microbiome can also result in a changed intestinal metabolome,
which is observed in IBD patients, and this altered intestinal metabolome can contribute to IBD
pathogenesis (32). To illustrate this, short-chain fatty acids, which are able to regulate the number of
intestinal Treg cells, show reduced levels in IBD patients, and a subsequent reduction in Treg cells can
potentially contribute to the pathogenesis of CD and UC (32). Besides, the composition of the altered
microbiome in CD and UC patients has been investigated in numerous studies (33—-38). In brief, a decrease
in microbiome diversity, which is called dysbiosis, is observed in CD and in UC patients (5,6,37). The altered
intestinal microbiome of CD and UC patients show similarities, however certain alterations in the
microbiome are only observed in CD or only in UC patients (37). For example, the abundances of some
species from the Enterobacteriaceae family (e.g. Escherichia fergusonii and Shigella flexneri) is increased
in CD patients only (37). Escherichia and Shigella species are known to invade the intestinal barrier, cause
ulceration of the colon, and cause bloody diarrhea (37). In contrast, in both CD and UC patients, the
abundance of the phylum Firmicutes is reduced (6,19,37). A reduction in Firmicutes abundance is also
associated with other diseases, including asthma and type 2 diabetes mellitus (39). Additionally, the




abundance of Faecalibacterium prausnitzii is also reduced in CD and UC patients (6,19,37). F. prausnitzii,
which is one of the most abundant bacterial species in the healthy microbiome, is involved in promoting
gut health through the production of short-chain fatty-acids (6,19,40). In addition, the abundance of
Bacteroides is increased in CD and UC patients, and these commensal bacteria are known to be
opportunistic pathogens (37). The increase of specific strains of Bacteroides (e.g. Bacteroides fragilis and
Bacteroides vulgatus) are linked to the genetic variations in NOD2, a CD risk loci (37). Despite the identified
alterations in the microbiome, a particular microbiome composition or marker microorganism that is
specific for CD or for UC has not (yet) been identified (4,5). Besides, the composition of the microbiome is
associated with the impaired intestinal barrier and dysregulated immune system in CD and UC patients
(4,5,30). However, it is not known whether the altered microbiome causes the impaired intestinal barrier
and/or dysregulation of the immune system, or whether the observed dysbiosis of the intestinal
microbiome is a consequence of the dysregulated immune system and/or impaired intestinal barrier
(20,30). Additionally, the identified IBD environmental risk factors can also influence the microbiome
composition, which includes antibiotics exposure, drug use, and diet (e.g. low-fiber diet can result in
microbiome dysbiosis (20,30). IBD risk loci can also contribute to an altered microbiome (31). For example,
the genetic variants in NOD2, a pattern recognition receptor, can affect the production of anti-microbial
peptides, which subsequently can alter the composition of the intestinal microbiome (31).

Currently, there is variety of treatment options available for CD and UC, however complete treatment of
IBD is not (yet) possible, and management of disease is therefore based on individual disease
characteristics (4,5). The treatment options for CD and UC can be divided into untargeted therapies,
targeted biologic therapies, and surgery (4,5,16). Untargeted therapies have been used for many decades
in the management of CD and UC, and include corticosteroids, 5-aminosalicylicates (mesalazine), and
immunomodulators (4,5,16). Corticosteroids, which are broadly active anti-inflammatory and
immunosuppressive drugs, are used in CD and UC to induce remission in mildly, moderately and severely
active CD and UC (4,5,41,42). Corticosteroids are not used to maintain remission as adverse events and
disease remission are observed after long-term use (4,5,41,42). 5-aminosalicylicates, which have an
unknown mechanisms of action, are given to mildly-to-moderately active CD and UC patients to induce
and/or maintain remission, and long-term usage is common (4,5,41,42). Broadly active
immunomodulators are used in the maintenance of mildly-to-moderately active CD and UC (4,5,41,42).
These untargeted therapies can be used in combination or as monotherapies (4,5,41,42). For the
treatment of moderate-to-severe CD and UC, targeted biologic therapies are commonly used (4,5,41,42).
Several biologic therapies for the treatment of CD and UC are available, and their mechanisms of action
include: neutralization of pro-inflammatory cytokines (e.g. anti-TNF antibodies and anti-IL-12 antibodies),
blocking of pro-inflammatory signaling pathways (e.g. JAK inhibitors), and modulation of immune cell
trafficking (e.g. anti—a4B7 integrin antibodies) (16). These biologic therapies specifically target immune
cells orimmune cell products that are involved in CD and/or UC pathogenesis (4,5). Biologic therapies are
used to induce and/or maintain remission in moderate-to-severe CD and UC, and have been very
successful (4,5,41,42). Furthermore, biologic therapies are used in combination with untargeted therapies
to increase effectiveness (4,5). However, despite the success of biologic therapies in the treatment of CD
and UC, 30% of patients do not have an initial response to biologic therapies, and up to 50% of patients
lose responsiveness to the biologic therapies over time (16,43). Additionally, CD and UC patients can also




experience side effects and drug intolerance from biologic therapies (44,45). Furthermore, biologic
therapies are way more expensive than untargeted therapies (8 times more expensive than 5-
aminosalicylicates and 36 times more expensive than immunomodulators) (46). Lastly, surgery is
performed in CD and UC patients in case of severe active disease and/or medically refractory disease
(6,19). In total, 50-80% of CD patients and 10-30% of UC patients undergo surgery during their lifetime
(47). Nevertheless, the number of CD and UC patients requiring surgery is decreasing, which is
contributable to the use of biologic therapies in treatment CD and UC treatment (47,48). Because
complete treatment of IBD is not (yet) possible, new treatment options are being investigated, which
includes the development of new biologic therapies (49). Additionally, because the microbiome and
intestinal immune system play a role in IBD pathogenesis, therapies that target and/or use the
microbiome or specific microorganisms are tested for their therapeutic potential in the treatment of CD
and/UC, with mixed success (50,51). This includes fecal microbiota transplantation (FMT) and probiotics
(50,51).

Probiotics, which are studied for their therapeutic potential in the treatment of CD and/or UC, are “live
microorganisms that, when administered in adequate amounts, confer a health benefit on the host” (52).
The Food and Agriculture Organization of the United Nations and the World Health Organization
(FAO/WHO) established this consensus definition in 2001, which was grammatically corrected in 2014 (52).
Probiotics can be consumed and/or are administered in different forms, which includes probiotic drugs,
fresh fermentation products, and probiotic dietary supplements (52). Research on probiotics has been
performed for over 100 years (53). One of the first scientific reports on probiotic bacteria dates back to
1907 (53,54). Elie Metchnikoff described in his report a correlation between the consumption of lactic
microbes and enhanced longevity (53,54). Since then, numerous probiotics have been identified. The most
commonly used probiotic strains belong to the Bifidobacterium, Lactobacillus and Saccharomyces genera
(55). Additionally, microbial strains that belong to the Bacillus, Escherichia, Propionibacterium and
Streptococcus genera are also used as probiotics (55). Besides, probiotic strains isolated from healthy
human individuals are used as ‘next generation’ probiotics (55). Furthermore, genome engineering is used
to enhance probiotic efficacy of known probiotics, and to identify new probiotic strains (56-58). The
different probiotic strains are experimentally tested for their therapeutic effects in different diseases and
disease models, including in IBD, with mixed success (2,51,53). Some clinical studies have shown a positive
effect of the administration of a single probiotic strain or a mixture of probiotics on remission in IBD
patients, especially in UC patients (2,59). However, in other clinical studies no positive effects of the
probiotics administration on IBD symptoms were observed (2,59). Contrasting results were also obtained
in clinical studies investigating the potential of probiotics in the treatment of other diseases, including in
different forms of diarrhea and respiratory infections (51).

In general, probiotics have four different mechanisms of action: 1) antimicrobial activity, 2) interaction
with the microbiome, 3) enhancement of barrier function, and 4) immunomodulation (51,60,61). These
mechanisms of action do not exist in every probiotic strain, and the mechanisms are not always shared
between probiotic strains from the same genus (62). Besides, the mechanisms of action of a specific
probiotic strain will also depend on the context (62). For example, some probiotic strains require the
presence of other strains or environmental factors to execute their mechanisms of action (62).




Nevertheless, every probiotic strain requires a mechanism of action to provide a health benefit to the
consumer. 1) Antimicrobial activity or protection against pathogens by probiotics has been shown in cell
culture and in animal models (51,60,63). Probiotics are able to antagonize pathogenic bacteria by
inhibiting bacterial adherence, the production of a physiologically restrictive gut (e.g. lower luminal pH),
and the production of antimicrobial molecules (60,64). 2) Interaction with the microbiome is another
proposed mechanism of action of probiotics (51). First of all, probiotics can prevent the colonization of
pathogenic bacteria and enhance the colonization of beneficial intestinal bacteria by competitive
exclusion and nutritional competition (61,65). However, it is also possible that probiotics can inhibit
beneficial intestinal bacteria (66). Compared to spontaneous recovery after antibiotics-treatment, it was
observed that the administration of a mixture of probiotics delayed the reconstitution of the microbiome
and transcriptome in mice and humans (66). In contrast, the transfer of autologous fecal microbiome
resulted in faster reconstitution of the microbiome and transcriptome (66). Besides, probiotics can also
regulate the intestinal microbiome through metabolite secretion (61). Probiotics can increase levels of
short-chain fatty acids (e.g. butyrate) in the gut, either directly or via cross-feeding of other bacteria in
the microbiome, leading to a beneficial environment in the Gl tract (62). Moreover, probiotics can also
modulate the intestinal microbiome (61). However, this mechanism is controversial, as it has been shown
that administration of probiotics in healthy individuals does, in most cases, not result in an altered
microbiome (67,68). Furthermore, most studies investigating the effect of probiotics on the composition
of the microbiome used fecal stool samples, whereas in recent years it has been shown that these fecal
samples are not representative for the gut microbiome (51,68,69). 3) Probiotics can improve the gut
barrier function through different mechanisms (70,71). Firstly, probiotics can enhance the epithelial
barrier function via signaling in intestinal epithelial cells (IECs) (70,71). The interaction between probiotics
and pattern recognition receptors (PRRs) on the cell surface of IECs can result in the activation of signaling
pathways involved in the suppression of apoptosis, proliferation of IECs, secretion of cytokines, and
upregulation of tight junction proteins (61,70,71). Besides, probiotics can also enhance the epithelial
barrier function by improving the intestinal chemical barrier (71). It has been shown that probiotics can
increase the expression of mucins in the gut (51,61,71). 4) Immunomodulation, the last mechanism of
action, will be discussed in more detail in the main part of this literature review, with a focus on the
mechanisms of immunomodulation by probiotics in IBD patients and disease models.

Several different experimental models are used to investigate the mechanisms of action of probiotics,
with each model having its advantages and limitations (71). First of all, epithelial cell lines such as Caco-2,
HT-29, IPEC-1/IPEC-J2 and T84 are commonly used in probiotic research, with the major advantage being
ease of use (2,71). These cell lines are used to study the effect of probiotics on the epithelial barrier
function, tight junctions, and signaling (71). Furthermore, specific interactions between structural
components of probiotics or secreted molecules by probiotics with the host can be studied in detail in
vitro with these immortalized cell lines (72). Major limitations of cell lines for the study of probiotics
include the many non-physiological characteristics, the influence of culture medium, the lack of the
microbiome, limited interaction with the host, and difficulty to mimic different diseases (2,71). Studies
improving the quality of in vitro models for the study of probiotics are ongoing (2). These newly developed
in vitro models include organoids, gut-on-a-chip, primary intestinal cells, and coculture models (2,73,74).
Besides, animal models are also used to study the mechanisms of action of probiotics (2). Especially mouse




model are frequently used (2). Among other factors, this is because mouse models are relatively cheap
and they have great experimental flexibility (2). Furthermore, there are numerous different mouse models
available, including different healthy and disease-mimicking models (75). The major limitation of all mouse
models for the study of probiotics is that the mouse gut is not representative for the human gut (2). This
is because there are structural differences (e.g. the lack of mucosal folds in mice) and differences in the
microbiome (2). The most commonly used mouse models include healthy mice and germ-free mice for
the general study of probiotics (60,75). To study the potential of probiotics in IBD treatment, mainly
dextran sodium sulfate (DSS)-, and trinitrobenzene sulfonic acid (TNBS)-induced colitis mice are used, with
DSS-induced colitis mice being used more frequently (60,75). DSS is a sulfated polysaccharide that induces
colitis in the gut of mice by affecting the epithelial barrier integrity, resulting in inflammation in the gut
(75). One of the advantages of using DSS to induce colitis in mice is that different dosages and
concentrations can be used to induce acute, chronic, or relapsing models of IBD (75). In contrast, the
major limitation is that the adaptive immune system is not required for the induction of DSS-induced
colitis, whereas in humans, there is an important role of T and B cells in the pathogenesis of CD and UC
(75). Furthermore, the induction of colitis in mice by DSS or another chemical can also affect the
microbiome in the gut (76). Lastly, humans are also used to study probiotics (72). In humans,
transcriptomics, proteomics, metabolomics, and metagenomics are commonly used to study the effect of
probiotics on a systemic or organ level (77). Therefore, the outcomes of probiotics studies in humans tend
to be more clinical, and focus less on understanding the mechanisms of action of probiotics (77,78).
Besides, ex vivo studies investigating the effects of probiotics on isolated immune cells are also performed
(79-81). New techniques to study the human Gl tract are being developed (82). These techniques can
potentially be used in the future to study the mechanisms of action of probiotics in humans in vivo.

In this literature review, the research question, What are the mechanisms of immunomodulation by
probiotics in IBD patients and disease models? is investigated. Inmunomodulation by probiotics, one of
the mechanisms of action of probiotics, holds the potential to contribute to the treatment of different
diseases. By discussing the mechanisms of immunomodulation by probiotics in IBD patients and disease
models, the therapeutic potential of probiotics in the treatment of CD and/or UC is explored. The
immunomodulatory effects of probiotics on the different immune cells involved in IBD pathogenesis are
reviewed individually, which includes the immunomodulatory effects on IECs, neutrophils, macrophages,
DCs, T cells, and B cells. In this review, it is discussed that probiotics can affect cytokine production, cell
signaling, gene expression, cell differentiation, immune cell infiltration, number of pro-inflammatory and
immunoregulatory cells, and/or the production of immunoglobulins in IBD patients and disease models.
Toillustrate this, articles are highlighted that studied the mechanisms of immunomodulation by probiotics
in detail. Furthermore, recommendations for future studies on probiotics in IBD treatment are discussed.

Mechanisms of Immunomodulation of IECs by Probiotics in IBD

The intestinal epithelium, which is comprised of a single layer of IECs intercalated with immune cells,
provides a physical and chemical barrier separating the intestinal lumen from the host tissue, thereby
acting as a first line of defense (14-16). The cellular and architectural structure of the single layer intestinal
epithelium varies along the gut (14). There are different subtypes of IECs, with each cell having a different




function (14). This includes enterocytes, which form the physical barrier, and the mucus-secreting goblet

cells (14). In IBD patients, it has been noted that early in the pathogenesis, a defect in the epithelial barrier

can be observed (Fig. 1a) (5). The loss of barrier function can lead to the failure of immune tolerance and

the infiltration of microbiota,

resulting in the activation of immune cells, and production of pro-

inflammatory cytokines and chemokines, leading to (enhanced) inflammation (5). However, it is not
known whether a defective epithelial barrier is a cause or consequence of inflammation in IBD (15). The
breakdown of the epithelial barrier could also lead to dysbiosis (loss of microbiome diversity), which is
observed in CD and UC patients, and this potentially contributes to IBD pathogenesis (70). Besides, IECs
can also contribute to CD and UC pathogenesis through some of the IBD risk loci that have been identified
(4,5,8,10). These include genes encoding proteins involved in epithelial polarity (e.g. TTC7A), proteins
involved in tight-junctions (e.g. MAGI2, MAGI3, and CDH1), and proteins involved in the mucosal immune
response, such as NOD2 (a intracellular pattern recognition receptor) (3,11,83). Additionally, IECs can

contribute to IBD pathogenesis through antigen presentation (4,14,84). By acting as antigen presenting

cells, IECs can affect other immune cells that are involved in IBD pathogenesis (4,14,84).
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Fig. 1. Overview of immunopathogenesis of IBD, and of mechanisms of immunomodulation by probiotics in IBD.

a) Numerous immune system alterations are observed in IBD patients. This includes the breakdown of the intestinal

barrier, altered microbiome, increase in pro-inflammatory cytokines and decrease in anti-inflammatory cytokines,

increased infiltration and proliferation of pro-inflammatory immune cells,

increased pro-inflammatory cell-

polarization, disbalance in ratio of pro-inflammatory and immunoregulatory cells, IgG predominance in the gut, and

immune cell-related IBD risk loci. However, the precise mechanisms of immunopathogenesis of IBD are unknown.
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b) The administration of probiotics can have immunomodulatory effects on IECs, neutrophils, macrophages, DCs, T
cells, and/or B cells in IBD patients and disease models. It has been observed that probiotics can affect cytokine
production, cell signaling, gene expression, cell differentiation, immune cell infiltration, number of pro-inflammatory
and immunoregulatory cells, and/or the production of immunoglobulins. Some of these probiotic-induced
alterations are likely connected to each other. However, the precise mechanisms of immunomodulation by
probiotics in IBD are unknown. Figure inspired by Abraham and Cho, 2009 (85), and by Liu et al., 2020 (70). Created
with BioRender.com.

Because IECs play a role in the pathogenesis of IBD, numerous studies have investigated the potential of
probiotics to target IECs in IBD patients and disease models, with the goal to enhance the intestinal
epithelial barrier and/or improve (immune) functions of IECs. To study this, mainly colitis-induced mouse
models are used, despite the earlier discussed limitations of these animal models. This is because, in
immortalized cell lines it is difficult to mimic the intestinal epithelium with the right cellular composition,
microbiome and chemical barrier, and IBD pathogenesis (86). Furthermore, IECs are also difficult to study
in humans in vivo. Overall, it was observed that the administration of probiotics in colitis-induced mouse
models had an effect on cytokine and chemokine production, signaling, tight junctions and/or mucus
production in/by IECs (Fig. 1b). In most studies, it has been observed that probiotic strains or a mixture of
probiotics could reduce the production of pro-inflammatory cytokines and increase anti-inflammatory
cytokine production (Fig. 1b) (76,87-104). Cytokine and chemokine production in the Gl tract is not
exclusively performed by IECs, and the observed effects of administration of probiotics on cytokine and
chemokine production are therefore not only contributable to an altered production in IECs. Nevertheless,
in a DSS-induced colitis model it was shown that the administration of Lactobacillus jensenii TL2937
reduced the production of the proinflammatory cytokines CXCL1, IL-1, IL-15, IL-17, MCP-1 and TNF-a and
increased the production of IL-10 and IL-27, which are immunoregulatory cytokines, in the colon (89). This
resulted in lower disease activity and alterations in the colon (89). Furthermore, in the same study it was
observed that the addition of L. jensenii TL2937 to DSS-treated porcine intestinal epithelial cells or DSS-
treated Caco-2 cells also reduced the production of pro-inflammatory cytokines and chemokines (89). The
proposed mechanism involves reduced levels of phosphorylated JNK, which is a kinase involved in
apoptosis, tight junctions, and the production of pro-inflammatory cytokines (89). In another study it was
noted that the probiotic Lactobacillus casei strain Shirota increased the expression of the anti-
inflammatory cytokine /L-10 and reduced the expression of the pro-inflammatory IFN-y and iNOS (92). In
the same study it was observed that signaling in IECs of colitis-induced mouse models can also be affected
by the administration of probiotics (92). It was shown that the NF-kB signaling pathway was activated in
DSS-induced colitis mice, and that the addition of the probiotic L. casei strain Shirota downregulated the
NF-kB pathway, leading to a reduction in active NF-kB in the nuclei of colon cells (92). The NF-kB pathway
is involved in the immune response, and, among other functions, regulates the expression of a variety of
proinflammatory cytokines and chemokines (105). Downregulation of the NF-kB signaling pathway could

therefore contribute to the anti-inflammatory effects of probiotics in the colon of DSS-induced colitis mice.

Altered signaling in IECs after administration of probiotics in IBD disease models has also been observed
in other studies (Fig. 1b) (87-89,92,94,96,97,101,102,104,106—109). This includes numerous studies in
which increased expression and production of tight junction proteins was observed (Fig. 1b) (76,91,92,95—
98,100,102,104,109-112). For example, the administration of the probiotic Bacteroides uniformis
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JCM5828 resulted in increased gene expression and protein levels of Claudin-1, Occludin, and ZO-1 in DSS-
induced colitis mice, which was associated with alleviation of colitis (104). Another study showed that the
administration of Lactobacillus reuteri resulted in upregulation of the tight junction protein encoding
genes Tjp1 and Ocln in DSS-induced colitis mice (76). In the same study it was noted that the treatment of
L. reuteri resulted in normalized mucus morphology in DSS-induced colitis mice (76). Other studies have
shown that the administration of probiotics in DSS-induced colitis mice can result in increased expression
and production of mucus (Fig. 1b) (92,96,98,100,102,104). For example, in DSS-induced colitis mice it was
shown that the administration of Lactobacillus plantarum KLDS 1.0386 and tryptophan resulted in
increased expression of Mucl and Muc2, improving the epithelial barrier function (102). Besides, in
another study it was shown that the administration of probiotic strains Bifidobacterium breve M1 and B.
breve M2 each protected DSS-induced colitis mice from the destruction of goblet cells and mucus layer
(98). In conclusion, studies investigating the mechanisms of action of probiotics in IBD disease models and
patients showed that probiotics can affect cytokine and chemokine production, signaling, tight junctions
and/or mucus production in IECs (Fig. 1b). However, the exact mechanisms are unknown, and the causes
and consequences of the observed alterations are not clear. Furthermore, since most of these results are
obtained from in vitro studies, ex vivo studies and animal models, it is not known how probiotics
potentially can influence IECs and the epithelial barrier in IBD patients.

Mechanisms of Immunomodulation of Neutrophils by Probiotics in IBD

Neutrophils, which are the most abundant immune cells in the blood, are innate immune cells with
antimicrobial activities (10,113). One of the hallmarks of active IBD is the infiltration of neutrophils into
the intestinal barrier (Fig. 1a) (10). Additionally, fecal biomarkers for IBD disease activity include
neutrophil proteins (10). Despite the potential role of neutrophils in IBD pathogenesis, research on
neutrophils is limited, and IBD research has focused more on other immune cells (10). It has been
suggested that neutrophils have a dual function in IBD pathogenesis, as they can have both protective and
harmful effects (10). Neutrophils are responsible for the maintenance of the epithelial barrier, host
defense and resolving inflammation, but they can also cause tissue injury and chronic inflammation (10).
Besides, the interaction between neutrophils and the microbiome is likely also important for IBD
pathogenesis, as neutrophils are able to modulate the microbiome composition through phagocytosis,
reactive oxygen species production, production of anti-microbial peptides, and the production of pro-
inflammatory cytokines (10). Additionally, many of the IBD risk loci are associated with neutrophils and
their anti-microbial activity (10). This includes IBD risk loci involved in reactive oxygen species production
(e.g. CYBA, NCF4), neutrophil autophagy (e.g. PTAFR), and neutrophil recruitment and migration (e.g. LSP1
and MMP9) (10).

Despite the suggested roles of neutrophils in IBD pathogenesis, research on the effect of the
administration of probiotics on neutrophils in IBD patients and disease models is limited. Studies that
looked at the effect of the administration of probiotics on neutrophils in IBD patients and disease models
all looked at neutrophil infiltration and/or recruitment (Fig. 1b) (76,91,94,99,100,114-121). For this, most
studies looked at the levels of myeloperoxidase, which is commonly used as a marker for neutrophil
infiltration (99). For example, the administration of the probiotic Escherichia coli strain Nissle 1917
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reduced the number of neutrophils in the colon of DSS-induced colitis mice (118). In the same study,
reduced levels of the neutrophil-recruiting chemokine CXCL1/KC were observed in the colon (118). In
another study it was noted that the administration of Bacillus smithii XY1 reduced neutrophil mobilization
in a DSS-induced colitis zebrafish model as shown by live imaging, and the effect was comparable to
treatment with prednisolone (a corticosteroid), which is a commercial drug for IBD treatment (116). This
effect on neutrophil mobilization was not observed when Lactobacillus rhamnosus GG, another probiotic
strain, was administered (116). Besides, in a non-IBD cell culture model, consisting of murine bone-
marrow derived neutrophils or differentiated HL-60 cells stimulated with PMA or S. aureus to induce
neutrophil extracellular trap (NET) formation, it was observed that the administration of L. rhamnosus GG
inhibited NET formation, reduced the production of reactive oxygen species by neutrophils, and
dampened the phagocytic capacity (122). NETs are present in the inflamed tissue and may contribute to
IBD pathogenesis (122,123). Thus, studies investigating the effect of administration of probiotics in IBD
disease models and patients have shown that probiotics can affect neutrophil infiltration and recruitment
(Fig. 1b). However, the number of studies is limited, and the mechanisms are unknown. Since it has been
shown that neutrophils play a role in IBD pathogenesis, more research on the therapeutic potential of
probiotics on neutrophils in IBD disease models and patients is required.

Mechanisms of Immunomodulation of Macrophages by Probiotics in IBD

Macrophages can be found along the Gl tract, and they are involved in intestinal homeostasis (124,125).
Dysregulation of macrophages is commonly observed in inflammatory diseases, including in IBD (124).
Macrophages are known to adapt to their tissue of residence, and large heterogeneity is therefore
observed among macrophages, which includes the presence of different kinds of macrophages in the Gl
tract (124,125). In healthy situations, macrophages are involved in phagocytosis of bacteria, clearing of
apoptotic cells, production of immunoregulatory and pro-inflammatory cytokines to maintain gut
homeostasis, interaction with T cells, and interaction with the nervous system (124). On the contrary,
macrophages are also involved in IBD pathogenesis (Fig. 1a) (124). Macrophages contribute to IBD
pathogenesis through different mechanisms, which includes differentiation into pro-inflammatory
macrophages, production of pro-inflammatory cytokines, and an increased response against commensal
bacteria (124). Furthermore, it has been noted that certain IBD risk loci are related to macrophage
function, which includes the earlier discussed NOD2 mutations that are also involved the function of other
(immune) cells (e.g. IECs and neutrophils) (10,124). For macrophages specifically, it has been shown that
NOD2 mutations can lead to aberrant macrophage function, as NOD2 variants result in increased
activation and polarization of pro-inflammatory macrophages (124,126). Additionally, clinical remission in
IBD post-treatment has been associated with a reduction in activity of pro-inflammatory macrophages
and reduced recruitment of macrophages to the gut (124).

Since macrophages are involved in IBD pathogenesis, numerous studies have investigated the therapeutic
potential of probiotics to target macrophages in IBD patients and disease models. Again, to study this,
mainly colitis-induced mouse models were used. In general, it was observed that the administration of
probiotics had an effect on macrophage polarization, cytokine production, signaling, and/or infiltration
(Fig. 1b). First of all, most studies investigating the therapeutic potential of probiotics looked at the effect
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of probiotics on macrophage polarization (Fig. 1b) (127-133). Classically, there are two types of
macrophages, which are the pro-inflammatory and bactericidal M1 macrophages, and the M2
macrophages, which are associated with tissue repair and immunosuppression (124,134). It was shown
that TNBS-induction of colitis increased the expression of M1 macrophage markers (arginase-2, IL-18, and
TNF-a) in mice, whereas the expression of M2 markers (arginase-1, IL-10, and CD206) was reduced (135).
In the same study it was noted that treatment with Lactococcus lactis EJ-1 suppressed the expression of
the same M1 macrophage markers and restored the expression of the same M2 macrophage markers
(135). The effect of L. lactis EJ-1 treatment on macrophages polarization was similar to the effect of
treatment with sulfasalazine (a drug that is metabolized into 5-aminosalicylic acid in the colon), a
commonly used medicine in IBD treatment (135). The observed differences in macrophage polarization
after administration of probiotics could potentially be mediated by probiotics-induced alterations in
signaling pathways (130). However, since it is difficult to correlate probiotics-induced alterations in
signaling pathway to macrophage polarization in IBD disease models, no study has yet shown a direct
association between them. In general, pathways associated with macrophage polarization include NF-kB,
PI13K/Akt, MAPK, AP-1, and STAT (130). Several studies have shown that certain probiotic strains or a
mixture of probiotics could alter signaling and influence macrophage polarization, and these changes
could potentially be related to each other (Fig. 1b) (127,130,132,133,135-137). For example, in one study
it was shown that a purified protein (GroEL) from L. reuteri was able to inhibit M1 macrophage markers
(HLA-DR) and promote M2 macrophage polarization (CD206) ex vivo, and at the same time affect the TLR4
non-canonical pathway, which is involved in the production of the anti-inflammatory cytokine IL-10 (127).
Besides, another observed effect of administration of probiotics on macrophages in IBD disease models is
areduction in macrophage infiltration (128,136,138). In one study it was shown that the probiotic mixture
VSL#3, which is a popular commercially available probiotics mixture consisting of B. breve, Bifidobacterium
infantis, Bifidobacterium longum, Lactobacillus acidophilus, Lactobacillus delbrueckii, Lactobacillus
paracasei, L. plantarum, and Streptococcus salivarius, reduced the number of infiltrated macrophages in
the mucosa and submucosa in the active colitis model, but not in the chronic colitis model (128,139).
Lastly, cytokine production by macrophages could also be affected by the treatment with probiotics (Fig.
1b) (127-129,132,133,140,141). However, again this is difficult to prove in IBD disease models, as
macrophages are not the only cells producing cytokines. In one study, peritoneal macrophages were
isolated from healthy mice, before they were stimulated with LPS and treated with probiotics to
determine the effect of probiotics on cytokine production by macrophages in vitro (132). It was shown
that L. plantarum CLP-0611 inhibited the expression of pro-inflammatory cytokines (TNF-a, IL-18, and IL-
6) and activation of the pro-inflammatory signaling pathways NF-kB and AP1 (132). In the same study it
was determined that treatment of TNBS-induced colitis mice with L. plantarum CLP-0611 resulted in
inhibition of TNBS-induced M1 macrophage markers (arginase-2, IL-18, and TNF-a) expression and
increased expression of a M2 macrophage markers (arginase-1, IL-10, and CD206) (132). Thus, studies
investigating the therapeutic potential of probiotics in IBD disease models and patients showed that
probiotics can affect macrophage polarization and infiltration, which could lead to reduced inflammation
(Fig. 1b). In addition, studies have also suggested that probiotics could affect macrophage signaling and
cytokines production (Fig. 1b). Further research is required to investigate the potential of probiotics to
target macrophages in IBD patients in vivo.
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Mechanisms of Immunomodulation of DCs by Probiotics in IBD

DCs are APCs that connect the innate immune system with the adaptive immune system (142). DCs
regulate immunity or immune tolerance by cytokine production, cell-cell interactions, and the
presentation of sampled antigens to T cells (143). Through the presentation of antigens, DCs are able to
initiate naive T cell differentiation towards inflammatory or regulatory phenotypes (144,145). There are
different types of DCs with distinct features and functions (142,143,146). In the gut, DCs sample antigens
from the intestinal lumen, and subsequently present these antigens to naive T cells (144). Thereby, DCs
are able to regulate T cell polarization in the gut, and mediate the balance between immune tolerance
and immunity (144). Besides, the exact mechanisms are unknown, but it seems that DCs play an role in
IBD pathogenesis (Fig. 1a) (145-147). Regulation of T cells by DCs is one of the proposed mechanisms of
how DCs can contribute to IBD pathogenesis (148). Moreover, in some IBD patients it has been noted that
the mucosa was enriched with (activated) DCs (146,149-151). Furthermore, in UC patients a reduction in
CD83* DCs was observed, and the loss of CD83* DCs led to increased inflammation in a colitis mice model
in a separate study (145,147). Moreover, it has been observed that the number of regulatory DCs in UC
patients is reduced (152). Additionally, some of the IBD risk loci are associated with the function of DCs
(10,153). For example, IBD risk loci have been identified that are associated with microbiota sensing (e.g.
CARD?9), and chemokine receptors (e.g. CCR7) (10,154).

Studies investigating the therapeutic potential of probiotics to target DCs in IBD patients and disease
models either looked at DCs in colitis-induced mice models or studied the effects of probiotics on DCs ex
vivo. In some of these ex vivo studies, probiotics-stimulated DCs were transferred into colitis-induced
mouse models. First of all, a few studies looked at the effect of the administration of probiotics on the
number of pro-inflammatory and/or immunoregulatory DCs in colitis-induced mice (Fig. 1b) (76,120,155—
157). For example, the administration of L. reuteri to DSS-induced colitis mice reduced the number of pro-
inflammatory CD11b*CD11* DCs in mesenteric lymph nodes (76). In the same study it was shown that the
induction of colitis by DSS treatment increased the number of bacterial antigens in mesenteric lymph
nodes, whereas the administration of L. reuteri resulted in similar bacterial loads in the mesenteric lymph
nodes to the control group (76). This is likely the result from altered DC functioning, as DCs are responsible
for the transfer of bacterial antigens from the intestine to the mesenteric lymph nodes (76). Besides, in
two other studies it was shown that the administration of probiotics in DSS-induced colitis mice could
increase the number of immunoregulatory CD103* DCs (156,157). In the first study, it was noted that
administration of the probiotic L. plantarum 22A-3 increased the number of CD103* DCs in the ileum of
DSS-induced colitis mice (156). In the other study it was shown that the administration of Enterobacter
ludwigii, which was isolated from the feces of mice treated with metronidazole (an antibiotic), resulted in
increased numbers of CD103* DCs in the mesenteric lymph nodes and colonic lamina propria in DSS-
induced colitis mice (157). In this study, the proposed mechanism for the increase in immunoregulatory
activity and number of CD103* DCs was that choline, a metabolite produced by E. ludwigii, could bind to
a7nAChR on the cell surface of CD103* DCs, which increased the expression of immunoregulatory genes,
increasing the immunomodulatory activity of CD103*DCs (157). Besides, in both studies an increase in the
number of Treg cells was observed, and this is likely related to the immunoregulatory function of CD103*
DCs (156,157). Other studies investigating the therapeutic potential of probiotics to target DCs in IBD
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patients and disease models, performed ex vivo studies of DCs, in which the expression of co-stimulatory
molecules, DC markers and/or receptors, and cytokine production was investigated (80,81,158-161). For
example, DCs from UC patients treated with the probiotic mixture VSL#3, corticosteroids, or placebo were
analyzed for the expression of cytokines and activation markers (160). It was shown that VSL#3 treatment
increased the production of the anti-inflammatory cytokine IL-10, and in addition a decrease in the
production of IL-12p40 was observed (160). IL-12p40 is a subunit of the T cell stimulating cytokine IL-12
(160). Treatment with corticosteroids also resulted in increased production of IL-10 and reduced
production of 1L-12p40 (160). Besides, other studies have investigated the therapeutic potential of
probiotics to induce tolerogenic DCs (tol-DCs) ex vivo (80,120,161). For example, in one study, mouse-
derived DCs were incubated with different probiotic strains (120). It was noted that the probiotic strains
L. rhamnosus Lr32 and Lactobacillus salivarius Ls33 were able to induce tol-DCs (120). When these
probiotics-treated tol-DCs were intra-peritoneal administered to TNBS-induced colitis mice, alleviation of
colitis and a reduction in inflammation scores were observed (120). The observed effects of probiotics-
induced tol-DCs were similar to treatment with the anti-inflammatory drug prednisone (a corticosteroid)
(120). Furthermore, the administration of the tol-DCs reduced the expression of pro-inflammatory
cytokines (e.g. TNF-qa, IL-6, and IL-1R) (120). Moreover, an increase in number of Treg cells was observed
(120). In conclusion, the administration of probiotics can affect the number of pro-inflammatory and
immunoregulatory DCs in IBD disease models and patients (Fig. 1b). Additionally, the induction of tol-DCs
by probiotics could potentially help IBD treatment in the future (148). Further research is needed to test
the therapeutic potential of probiotics that target DCs in the treatment of IBD.

Mechanisms of Immunomodulation of T cells by Probiotics in IBD

Naive T cells are activated after interaction with antigen-presenting DCs (162). In the gut, this process
takes place in the gut-associated lymphoid tissue (GALT) and mesenteric lymph nodes (16). After
activation, naive T cell undergo proliferation and differentiation into CD4* or CD8" effector, memory, or
regulatory T cells, with each T cell type having a distinct function (16,162). For example, intestinal Treg
cells regulate T cells and B cells, thereby controlling the responses against pathogenic bacteria,
commensal bacteria from the microbiome, and food antigens in the gut (163). T cells, in addition to other
immune cells, are also involved in the IBD pathogenesis, however the exact mechanisms are not known
(Fig. 1a) (21,24). It has been noted that in the inflamed intestine of CD patients, an increase in T helper 1
(Th1) cells and Th17 cells are observed (16,21-23). In contrast, increased levels of Th2 cells, Th9 cells and
Th17 cells are observed in the inflamed colon of UC patients (16,20-23). The produced cytokines by all of
these CD4* Th cells potentially contribute to IBD pathogenesis (21). Furthermore, in the inflamed mucosa
of IBD patients, an increase in number of Treg cells has been shown (20,24,25). This could mean that these
Treg cells are functionally deficient in the intestine of IBD patients, however this is unknown (16).
Additionally, a relative increase in more pro-inflammatory Treg cells could also contribute to IBD
pathogenesis, as well as a change in ratio of Treg cells and pro-inflammatory T cells (16,26). Moreover, it
is not known whether the increase in Treg cells is a cause or consequence of inflammation in IBD (16).
Memory T cells population may also contribute to IBD pathogenesis, especially to the chronicity of IBD
(16). Furthermore, effector CD8* T cells are likely also involved in IBD pathogenesis (27,28). Additionally,
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some of the IBD risk loci are T cells, including RORC, which encodes for the Th17 cell transcription factor
RORyt, and /L23A and IL12B, which encode the heterodimer IL-23 (induces RORyt expression) (11).

Numerous studies have investigated the potential of targeting different types of T cells in IBD patients and
disease models, including studies that used probiotics, with mixed success (164). The notion that bacteria
can influence T cell proliferation and differentiation has been shown in non-IBD and IBD studies. For
example, it has been shown that short-chain fatty acids, which are produced by commensal bacteria (e.g.
F. prausnitzii), can boost the number of Treg cells (40,165). In another study, it was shown that the transfer
of the microbiome of IBD patients into germ-free mice resulted in a more pro-inflammatory T cell
population in the mice (166) Furthermore, it was shown that the administration of B. infantis EVC001 to
breastfed infants beneficially altered T cell polarization (Th1-skewing) (167). Studies that investigated the
therapeutic potential of probiotics to target T cells in IBD patients and disease models mainly looked at
the number and/or ratio of different types of T cells, including Treg cells and Th17 cells (Fig. 1b)
(76,99,104,120,121,129,155-157,168-189). In addition, some studies looked at T cell infiltration and/or
T cell apoptosis (190-192). One of the earlier studies investigating the effect of the administration of
probiotics on T cells showed that treatment with the probiotic mixture VSL#3 increased the number of
CD4* Treg cells in TNBS-induced colitis mice (168). The transfer of these CD4* Treg cells to other TNBS-
induced colitis mice prevented the development of colitis (168). In another study it was shown that the
administration of cell surface B-glucan/galactan (CSGG) polysaccharides obtained from the probiotic
Bifidobacterium bifidum could prevent colitis formation in mice, reduce the number of pro-inflammatory
cytokine-producing effector T cells, and increase the number of immunomodulatory Treg cells (177).
These immunomodulatory Treg cells had a diverse specificity to commensal bacteria, B. bifidum, and food
antigens (177). The suggested mechanism of action involved the conversion of standard DCs into
regulatory DCs by CSGG polysaccharides, which was mediated by TLR2 signaling (177). These regulatory
DCs subsequently produce anti-inflammatory cytokines, thereby regulating the number of Treg cells (177).
The ratio of pro-inflammatory T cells and Treg cells in IBD patients can also be affected by inhibiting Th17
proliferation and differentiation (104,171,173,178,180,185). For example, it was shown that the
administration of B. uniformis JCM5828 inhibited Th17 differentiation in DSS-induced colitis mice (104).
The proposed mechanism is that B. uniformis JCM5828 increased the production of bile acids in the gut,
which resulted in inhibition of Th17 cell differentiation (104). Administration of probiotics in IBD disease
models can also affect T cell infiltration (190). It was observed that the administration of L. paracasei to a
colitis mouse model reduced intestinal inflammation and reduced the number of infiltrated T cells (190).
This reduction in infiltrated T cells was associated with reduced levels of IP-10, which is a pro-
inflammatory chemokine (190). In the article it is shown that lactocepin, a protein from L. paracasei, was
able to degrade IP-10, and as a consequence reduced intestinal inflammation in the colitis mouse model
was observed (190). In conclusion, the administration of probiotics to IBD disease models and patients
can influence T cell infiltration and/or the ratio of pro-inflammatory T cells and Treg cells, which
potentially could help IBD patients (Fig. 1b). Further research is needed to study the therapeutic potential
of probiotics on T cells in IBD patients in vivo.
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Mechanisms of Immunomodulation of B cells by Probiotics in IBD

Along the gut, B cells can be found in the GALT and in the gut lamina propria (193). In the GALT, antigens
sampled from the gut lumen are presented to B cells, either T-cell dependent or independent, which leads
to immune induction and differentiation (193). After immune induction, B cells are transported via the
blood into the gut lamina propria (193). Here, B cells undergo terminal differentiation into plasma cells
(193). These plasma cells mainly produce IgA antibodies, which are then secreted into the gut lumen
(193,194). The secreted IgA antibodies bind to antigens in the gut lumen, and thereby IgA antibodies can
mediate the immune response, clearing of antigens, and regulation of the microbiome (193,195). In IBD
patients it has been observed that the immune cell composition of the GALT and the gut lamina propria
is altered (193,196). Furthermore, in the inflamed mucosa of IBD patients, there is a predominance of I1gG
antibodies, which is in contrast to the IgA predominance observed in the healthy gut (Fig. 1a) (16,193).
The reduction in IgA antibodies, the dominance of IgG antibodies in the gut, or both could contribute to
IBD pathogenesis (16). In mice, it has been noted that a decrease in IgA can lead to a reduction in
microbiome diversity, and can result in intestinal inflammation (16,197). Besides, in another study it was
shown that the induction of IgG antibodies against commensal bacteria resulted in intestinal inflammation
(16,198). The proposed mechanism of how IgG predominance in the gut could lead to intestinal
inflammation includes the infiltration of neutrophils, activation of macrophages, activation of the
complement system, and increased production of pro-inflammatory cytokines (16,193,198). This is likely
mediated by the interaction between IgG and the Fc-gamma receptors on the cell surface of neutrophils
and macrophages (29). Additionally, several IBD risk loci are associated with B cell function, including a
FCGR2A variant (encoding an antibody receptor), which changes the binding affinity for IgG (10,198,199).
Besides, therapeutic studies targeting B cells in IBD patients are limited and have been unsuccessful (200).
For example, treatment with rituximab, an anti-CD20 B cell-depleting antibody, did not result in remission
of UC (16,200,201). Moreover, it has been noted that rituximab can even induce CD (200,202).

The number of studies investigating the potential of probiotics to target B cells in IBD disease is small
(172,189,203,204). All studies at the minimum looked at the effect of administration of probiotics on IgA
antibody production (Fig. 1b). In one of the studies, it was shown that the levels of secretory IgA were
increased in the feces of DSS-induced colitis mice, and that the administration of L. lactis NCDO 2118 did
not affect secretory IgA production (172). In contrast, in two other studies it was shown that IgA
production was altered by administration of probiotics (189,203). The administration of Coprococcus
eutactus resulted in increased IgA levels in the feces, colon tissue, and serum of DSS-induced colitis mice
compared to untreated DSS-induced colitis mice (203). Furthermore, the number of IgA-producing plasma
cells in the colon was increased after administration of C. eutactus (203). In contrast, in the other study it
was shown that DSS treatment resulted in increased levels of IgA, 1gG, and IgM in the gut mucosa, and
that the administration of the probiotic mixture VSL#3 reduced the levels of these immunoglobulins (189).
Besides, only one study extensively investigated the effect of probiotics administration on B cells in a IBD
disease model (204). It was shown that DSS treatment resulted in reduced numbers of B cells in the GALT,
smaller GALT size, increased accumulation of B cells in the mesenteric lymph nodes, increased infiltration
of IgA* plasma cells into the gut, and the level of IgA antibodies bound per bacteria was increased (204).
The administration of L. reuteri prevented gut disruption, and reduced colitis symptoms (204).
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Furthermore, treatment with L. reuteri preserved the number of B cells in the GALT and GALT size, reduced
IgA* plasma cell infiltration, reduced B cell accumulation in the mesenteric lymph nodes, and the level of
IgA antibodies bound per bacteria was comparable to control mice (204). The suggested mechanism of
action is that treatment with L. reuteri maintains the functions of GALT by interacting with immune cells
in the GALT, and as a result, B cell functions and intestinal IgA production are controlled, leading to the
prevention of intestinal inflammation (204). Thus, the administration of probiotics in IBD disease models
can positively affect B cell function (Fig. 1b). However, the number of studies is limited, and the
mechanisms are unknown. Further research is required to determine the mechanisms of action and the
therapeutic potential of probiotics on B cells in IBD disease models and patients.

Conclusion

Overall, numerous studies have shown that probiotics can have immunomodulatory effects on IECs,
neutrophils, macrophages, DCs, T cells, and/or B cells in IBD patients and disease models (Fig. 1b). It has
been observed that the administration of probiotics can affect cytokine production, cell signaling, gene
expression, cell differentiation, immune cell infiltration, number of pro-inflammatory and
immunoregulatory cells, and/or the production of immunoglobulins (Fig. 1b). Some of these probiotic-
induced alterations are likely connected to each other. However, the precise molecular mechanisms of
immunomodulation are unknown for most of the studied probiotics in IBD patients and disease models.

The majority of the studies discussed in this literature review solely looked at the (clinical) outcomes of
the administration of probiotics on immune cells, and did not investigate the molecular mechanisms of
immunomodulation by probiotics. The discussed (clinical) outcomes of these studies include clinical
symptoms, the production of immune cell-related products (e.g. cytokine production), and the presence
or number of immune cells. Despite not discussing the molecular mechanisms, these studies can still
contribute to the understanding of the immunomodulatory effects of probiotics. This is because the
(clinical) outcomes can demonstrate which immune cells are affected by probiotics. Moreover, the
observed (clinical) outcomes on immune cells could help direct research on the molecular mechanisms of
immunomodulation by probiotics. Accordingly, investigating the (clinical) outcomes of the administration
of probiotics in humans in vivo before studying the molecular mechanisms of immunomodulation by
probiotics in IBD animal models and in in vitro studies, is likely the most effective and fastest way to
identify beneficial immunomodulatory probiotics (51).

In contrast to the studies that looked at (clinical) outcomes, there are a few studies that have extensively
investigated the molecular mechanisms of immunomodulation by probiotics, and how the observed
effects on the different immune cells are related. Most of these studies are highlighted in this literature
review. The studies investigating the molecular mechanisms of immunomodulation by probiotics in detail,
commonly used a combination of in vitro and in vivo experiments. In these studies, it was shown that
specific components or secreted molecules from probiotics were able to interact with a specific part of
the immune system of the recipient. For example, choline secreted by E. Ludwigii was able to interact
with a7nAChR on the cell surface of DCs, which resulted in the production of immunoregulatory molecules
by the DCs, leading to Treg cell-mediated immune tolerance (157). Besides, in another study it was shown
that B. bifidum—derived CSGG interacted with TLR2 of DCs, which resulted in the differentiation of DCs
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into regulatory DCs (177). The increase in regulatory DCs led to an increased production of the inhibitory
cytokines TGF-R1 and IL-10, and subsequent induction of Treg cells (177). These two articles are good
examples of studies that have investigated the molecular mechanisms of immunomodulation by
probiotics in detail. More of these in-depth studies are needed to better understand the molecular
mechanisms of immunomodulation by probiotics.

The need of in-depth studies on the molecular mechanisms of immunomodulation by probiotics is
confirmed by the notion that probiotics have shown therapeutic potential in vitro, in animal disease
models, and in some human in vivo studies, but not consistently in (large) studies investigating the
potential of probiotics in the treatment of IBD patients. Several clinical studies have shown positive effects
of the administration of probiotics on remission in IBD patients (2). However, numerous others did not
show positive effects of probiotics administration (2). Therefore, future studies should, besides studying
the molecular mechanisms of action of probiotics in detail, also investigate why certain health benefits of
probiotics that are observed in in vitro studies and animal model studies are not translatable to IBD
patients. Possible explanations for the lack of translatability and the contrasting results in clinical studies
include human heterogeneity, disease heterogeneity, differences in used probiotic strain(s), differences
in factors underlying CD or UC, and quality of the clinical studies (2,51). However, research is needed to
investigate and establish this.

Besides, in future studies researchers should investigate the immunomodulatory effects of probiotics on
all of the immune cells involved in IBD pathogenesis, and not focus on only a fraction of the immune cells.
In the majority of studies included in this literature review, the immunomodulatory effects of
administration of probiotics were only determined for some of the immune cells involved in IBD

pathogenesis. As a consequence, the complete therapeutic potential of most probiotics remains unknown.

In addition, investigating the immunomodulatory effect of a probiotic strain or mixture of probiotics for
all immune cells involved in IBD pathogenesis may help contribute to the understanding of IBD
pathogenesis and the role of specificimmune cells in the pathogenesis of IBD.

Additionally, studies investigating the therapeutic potential of probiotics in (IBD) patients should focus
more on patient-, disease-, and target-oriented research instead of only determining the clinical outcomes
(51). In these future studies, specific probiotic strains or mixtures of probiotics should be devised
beforehand instead of administering ‘random’ probiotics in the hope of obtaining beneficial health effects
(51). The design of the specific probiotic strains or specific mixtures of probiotics should be based on the
molecular target, disease of the recipient, and patient characteristics (51,68,77). Relevant patient
characteristics include microbiota composition, host genetics and immune composition (51,68,77).
Moreover, determining these patient characteristics before treatment can also help prevent probiotic
colonization resistance, as it has been shown that probiotic colonization can be predicted based on patient
characteristics (68). In addition to studying the effects of probiotics administration on clinical symptoms,
also the effects on cytokine production, different immune cells, metabolites, and the microbiome should
be investigated in future (large) clinical studies in humans, in order to completely understand the
(immunomodulatory) effect of probiotics in (IBD) patients (51).
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With the development of new techniques, the quality of studies investigating the therapeutic potential of
probiotics will likely increase (77). One of the new techniques that could contribute to better
understanding of the therapeutic potential of probiotics in IBD treatment, is a sampling capsule that
collects luminal contents at different locations in the gut of humans in vivo (82,205). The obtained luminal
liquid can be used for multi-omics analyses (82,205). With this sampling capsule, researchers were able
to investigate the microbiome composition, host proteome, bile acids, and the metabolome in time and
space, in humans (82,205). In addition to using new techniques, studies should also consider investigating
the therapeutic potential of new probiotics (51). This includes the engineering or editing of existing
probiotics to increase effectivity, or the identification of new microorganisms that can be used as
probiotics (51,56,58,206). Furthermore, short-term and long-term safety of probiotics should also be
investigated in more detail (51,207). This is especially important for the administration of probiotics in
vulnerable target populations, which includes IBD patients (207). Additionally, treatment with probiotics
can enhance antibiotic-resistance in the gut, and this should also be considered in future studies (69).
Besides, similar to other medical treatments, medical regulation of probiotics is required to ensure
effectiveness and safety of probiotics (51,55).

Altogether, the therapeutic potential of probiotics in the treatment of IBD is limited at the moment. Up
to now, clinical studies have not shown clear and consistent, positive effects of the administration of
probiotics in the treatment of IBD. Nevertheless, as discussed in this literature review, probiotics can have
immunomodulatory effects in IBD disease models and patients. The immunomodulatory effects of specific
probiotics may contribute to the treatment of CD and/or UC in the future, however more research is
needed. The molecular mechanisms of immunomodulation by probiotics in IBD treatment should be
investigated in-depth in future studies.
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