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Abstract: Ulcerative colitis (UC) is a chronic inflammatory bowel disease affecting the colon and
rectum. UC’s pathogenesis involves colonic epithelial cell abnormalities and mucosal barrier dysfunc-
tion, leading to recurrent mucosal inflammation. The purpose of the article is to show the complex
interplay between ulcerative colitis and the microbiome. The literature search was conducted using
the PubMed database. After a screening process of studies published before October 2023, a total of
136 articles were selected. It has been discovered that there is a fundamental correlation of a robust
intestinal microbiota and the preservation of gastrointestinal health. Dysbiosis poses a grave risk to
the host organism. It renders the host susceptible to infections and has been linked to the pathogen-
esis of chronic diseases, with particular relevance to conditions such as ulcerative colitis. Current
therapeutic strategies for UC involve medications such as aminosalicylic acids, glucocorticoids, and
immunosuppressive agents, although recent breakthroughs in monoclonal antibody therapies have
significantly improved UC treatment. Furthermore, modulating the gut microbiome with specific
compounds and probiotics holds potential for inflammation reduction, while fecal microbiota trans-
plantation shows promise for alleviating UC symptoms. This review provides an overview of the gut
microbiome’s role in UC pathogenesis and treatment, emphasizing areas for further research.
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1. Introduction

Ulcerative colitis (UC) is a chronic, idiopathic, non-specific inflammatory disorder
affecting the colon and rectum, categorized as an inflammatory bowel disease (IBD) [1]. Its
clinical manifestations encompass symptoms such as diarrhea, abdominal discomfort and
presence of blood in stool [2]. The pathogenesis of UC is associated with abnormalities in
colonic epithelial cells, the mucus barrier, and the epithelial barrier [3–6] with a recurring
pattern of mucosal inflammation spreading from the rectal region to the upper parts of
the colon [7,8]. UC does not exhibit a sex-based prevalence. The disease onset typically
falls within the age range of 30 to 40 years [9,10]. Most UC patients experience a mild to
moderate disease course, characterized by periods of heightened activity upon diagnosis
and subsequent intervals of remission [11]. Hospitalization due to UC is common, with
nearly half of all patients requiring UC-related hospitalization at some point during their
ailment [12]. UC severely affects the quality of life of afflicted individuals and unfortunately
it is associated with an elevated risk of colorectal cancer, as well.

Factors found to impact the development of UC include genetic predisposition, gut
microbiota dysbiosis, and environmental factors [13–15]. Approximately one in ten indi-
viduals diagnosed with UC has a relative suffering from IBD [16]. Genetic loci linked to
a higher susceptibility to UC include the human leukocyte antigen and genes related to
barrier function—HNF4A and CDH1 [17,18]. Notably, cigarette smoking is a strong risk
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factor for developing UC [19–21]. Certain medications, especially hormonal therapy and
NSAIDs, increase the risk of UC onset [22–24], while breastfeeding reduces it [25].

Intestinal microbiota imbalance can result in a decline of the pivotal functions of the
gut, subsequently elevating the risk of UC onset, among many other diseases [26–28].
Dysbiosis of the gut microbiota is a critical contributor to UC development, typically
featuring diminished bacterial diversity in the intestines [29]. Patients suffering from
UC exhibit reduced gut microbiota diversity, a decreased prevalence of Firmicutes, and
elevated rates of Gamma-proteobacteria and Enterobacteriaceae [30–32], which is what
fecal microbiota transplantation (FMT) is aiming at [33–35].

The goal of UC management is to induce and maintain remission with the prevention
of colectomy and colorectal cancer in mind [36–38]. Treatment choices are based mainly on
case severity, while watchfully observing the patient’s response [39,40]. UC can be man-
aged through pharmacological interventions, including aminosalicylates, glucocorticoids,
biological agents, and immunosuppressants [4,14,41–45]. Nevertheless, even with this
extensive array of therapeutic options, there are instances where patients fail to respond to
treatment or experience suboptimal therapeutic effects. Alternative, novel therapies for
such cases include dietary changes, adding a probiotic, prebiotic or a synbiotic to current
medication regimes, or FMT.

In this review we aimed to summarize recent findings on the impact of the gut micro-
biome in ulcerative colitis pathogenesis and treatment, underlining the areas that require
further research. Our review presents a comprehensive approach to the microbiota in UC,
incorporating insights from the latest scientific literature. Our objective was to address
both the pathogenesis and alterations in the microbiome, along with factors influencing its
composition, as well as therapeutic aspects.

2. Intestinal Microbiota in the Context of Ulcerative Colitis

Each human body is inhabited by a large amount of commensal microbiota, consisting
of bacteria, viruses, and fungi, with its primary location and highest density in the gastroin-
testinal tract (increasing from duodenum to distal colon) [46]. Recent data reveals a diverse
assemblage exceeding 1000 distinct microbial species inhabiting the gastrointestinal tract
with its microbial genetic composition more than a hundredfold of the human genome. It
is a significant argument for the theory that microbiota warrants consideration as a vital
organ within the human body [47]. Intestinal bacteria can be divided into three groups,
depending on aerobiosis or anaerobiosis: aerobic, facultatively anaerobic, and anaerobic
bacteria—dominant microbiota of the intestine. Anaerobic bacteria, such as Bifidobacterium,
Bacterioides, and Peptococcus, play key roles in nutrition and immune regulation. These
bacterial strains act as a barrier to impede the intrusion of pathogens into the lamina propria
layer. They elicit a controlled inflammatory response, thereby stimulating the intestinal
mucosa and fostering the development and enhancement of the intestinal immune system.
Moreover, certain bacterial species exhibit the capacity to modulate physiological metabolic
activities; for instance, Propionibacterium freudenreichii ET-3 demonstrates the capability to
synthesize substantial quantities of vitamin K2 precursor which not only holds potential in
activating aromatic receptors but also participates in substance metabolism [27]. Certain
commensal bacteria exert a direct inhibitory influence on intestinal pathogens through
competitive mechanisms for nutrient resources or by inducing the synthesis of inhibitory
compounds. Bacteroides thetaiotaomicron, an abundant anaerobic resident of the colonic
environment, consumes carbohydrates essential for the growth of Citrobacter rodentium,
thereby facilitating competitive exclusion of the pathogen from the intestinal lumen. Ad-
ditionally, B. thuringiensis secretes bacteriocins with specific antagonistic activity against
spore-forming bacteria of the Bacilli and Clostridia classes, including notable targets such as
Clostridium difficile [48] (Figure 1).
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Figure 1. Beneficial role of gut microbiota—development of immune system, host defense and
providing energy and nutrients.

Facultative anaerobic bacteria and intestinal nondominant bacteria (e.g., Enterococ-
cus, Enterobacter) inhabit the host; they are harmless when the microecological balance is
maintained and potentially harmful in a disturbed gut environment. Pathogens, such as
Pseudomonas and Proteus, in a balanced microecology, are nonpathogenic, usually inhabit
the host organism for short periods, and appear in small populations. However, in the
situation of diminution of intestinal-dominant microbiota and microbiome dysbiosis, they
might have a detrimental effect on the immune system, expose the host to other conditional
pathogens, or allow other diseases to develop [27].

Bacteria occur mostly on the surface of intestinal mucosa, forming a layer of biofilm
that produces nutrients, and affects tissue permeability as well as the intestinal immune
system [27,49]

A principal role of intestinal microbiota is to synthesize vitamins, metabolize proteins
and carbohydrates and contribute to the development of GALT—gut-associated lymphoid
tissue—by producing an enormous number of metabolites that regulate interactions be-
tween epithelium and immune cells [50,51]. The microbiota residing in the distal gastroin-
testinal tract demonstrates the capacity for endogenous biosynthesis of vitamin K as well as
the majority of water-soluble B vitamins, including biotin, cobalamin, folates, nicotinic acid,
pantothenic acid, pyridoxine, riboflavin, and thiamine [52]. The microbial fermentation of
dietary non-digestible carbohydrates gives rise to the production of beneficial short-chain
fatty acids, notably acetate, propionate, and butyrate, which serve as principal anions in the
colon. Butyrate, in particular, functions as a primary energy substrate for colonic epithelial
cells and exhibits anticarcinogenic and anti-inflammatory properties [48,53]. In the intesti-
nal mucosal surface, a first-line defense of mucosa-associated lymphoid tissue (MALT),
and immune tolerance towards microorganisms is established. Gut microbiota is recog-
nized, which starts with pattern recognition receptor systems (PRRs): nucleotide-binding
oligomerization domain receptors (NODs) and toll-like receptors (TLRs). These receptors
appear on the surface of intestinal epithelial cells, macrophages, and intestinal dendritic
cells and distinguish microbe- or pathogen-associated molecular patterns (MAMPs or
PAMPs) on pathogens and commensals; if the microbe passaged through the epithelium,
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immunologic response would be targeted against it [51]. Host microbial bacteria decrease
the migration of phagocytes transferring bacterial antigens to local lymphoid tissues, re-
sulting in a lack of activation of T-cells and B-cells. Commensal microbes also accelerate
goblet cell differentiation and epithelial mucosa manufacture [54].

Gut microbiota also regulates permeability within the distinct lamina of intestinal
mucus. The mucosal epithelium of the intestine comprises enterocytes (absorptive cells),
goblet cells, and Paneth cells. Goblet cells secrete hyperglycosylated mucin MUC2 [55].
Mucin provides static shielding protection as well as immunogenicity of intestinal antigens
by imprinting DCs towards anti-inflammatory reactions in the intestine. Gut microbial
signals (e.g., metabolite indole) promote the strengthening of the epithelial barrier by
increasing the amount of tight junctions and cytoskeletal proteins in the epithelium [56].

In the context of enteric colonization by pathogenic microorganisms, there is a potential
outcome characterized by heightened intestinal permeability, facilitating the translocation
of bacterial antigens from the gastrointestinal tract into the bloodstream, thereby precip-
itating the genesis of immune-mediated pathological conditions. Dysbiosis of the gut
microbiota, denoting a perturbation in the equilibrium of the bacterial microflora, emerges
as a potent causative determinant in the pathogenesis of chronic diseases, such as metabolic
diseases (diabetes mellitus, obesity, cardiovascular diseases), autoimmune diseases, necro-
tizing enterocolitis, skin diseases, Crohn’s disease and ulcerative colitis [27,46]. It has
been discerned that individuals afflicted with Inflammatory Bowel Disease (IBD) manifest
more pronounced variations in the composition of their gut microbiota [57]. A significant
decrease in beneficial intestinal bacteria (Bifidobacterium longum, Eubacterium rectale, Fae-
calibacterium prausnitzii, Roseburia intestinalis), as well as enrichment in several harmful
bacteria, connected to intestinal inflammation and alterations of epithelial cells permeability
(e.g., Escherichia-Shigella, Bacteroides spp., Mycobacterium avium paratuberculosis, Clostridium
difficile, Helicobacter spp., Campylobacter spp., Salmonella spp., Yersinia spp. or Listeria spp.),
has been recognized in patients with ulcerative colitis. Since it has been shown that stimula-
tion of human peripheral blood mononuclear cells with F. prausnitzii induces the production
of anti-inflammatory IL-10 and inhibits the production of inflammatory cytokines, such
as IL-12 and IFN-γ, a decreased amount of this species exposed patients to a higher risk
of intra-intestinal inflammatory processes. In UC patients, the recovery of colonization
with the F. prausnitzii population after relapse was associated with maintenance of clinical
remission [48]. Fusobacterium nucleatum (F. nucleatum) is commonly found in the oral cavity
and intestinal mucosa of humans. A strong association between F. nucleatum and intestinal
conditions like inflammatory bowel disease (IBD) and colorectal cancer (CRC) has been
indicated by researchers [58]. It has been discovered that the bacterium contributes to these
diseases by fostering intestinal inflammation and triggering the release of inflammatory
substances. In the case of ulcerative colitis (UC), F. nucleatum exacerbates the condition by
influencing the polarization of M1 macrophages. This bacterium has been demonstrated
to worsen UC by promoting damage to intestinal epithelial cells and increasing the secre-
tion of inflammatory cytokines such as IL-1β, IL-6, IL-17F, and TNF-α. What is more, it
specifically targets caspase activation and recruitment domain 3 (CARD3) through NOD2,
activating the IL-17F/NF-κB pathway. Consequently, F. nucleatum coordinates a molecular
network involving CARD3 and IL-17F to regulate the progression of ulcerative colitis [59].
In pediatric patients with IBD, there has also been a significant increase in populations
of Veillonella parvula, Streptococcus parasanguinis, Haemophilus parainfluenzae, Granulicatella
paradiacens, Ruminococcus flavefaciens, and Dorea massiliensis. Within the identical cohort, a
significant reduction in the abundance of Ruminococcus flavefaciens and Alistipes massiliensis
populations has been documented [60]. At the onset of the disease, a higher population
of gut Ruminococcus torques and Ruminococcus as well as higher transcriptional activity
correlated with an abundance of Clostridium hathewayi, Clostridium bolteae, and Ruminococ-
cus gnavus has been noted in UC patients [61]. Furthermore, it has come to attention that
there is an augmentation in the population of Eubacterium rectum and Intestinibacter spp.,
concomitant with a diminishment in the abundance of Akkermansia municiphila within the
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same context [62]. Patients diagnosed with Ulcerative Colitis (UC) also exhibit notable
alterations in their mycobiome composition. Specifically, during disease exacerbation, there
is a discernible elevation in the ratio of fungal diversity to bacterial diversity, alongside
an augmented prevalence of Candida albicans and the yeast Malassezia restricta, contrasting
with both a healthy control cohort and UC patients in a state of remission [63]. It has
been discovered that the glycoprotein cell wall elements found in fungi, namely chitin,
β-glucans, and mannans, have the ability to initiate the innate immune response. This
activation occurs through various receptors, including dectin-1 (a C-type lectin receptor),
TLRs, components of the complement system, and members of the scavenger receptor
family (specifically CD5, SCARF1, and CD36). The activation of these receptors sets off a
series of immune reactions involving molecules such as CARD9, IL-17, IL-22, ITAM, NFAT,
and NF-κB [64] (Figure 2).
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Figure 2. Most common bacterial microbiota alterations in ulcerative colitis patients; decrease in
the population of the beneficial microbiota (participating in the development of immune system,
host defense and providing energy and nutrients) and an increase in the population of the detri-
mental microbiota (causing damage to intestinal cells, promoting inflammatory cytokines, initiating
immune response).

3. The Molecular Role of the Gut Microbiome in the Pathogenesis of Ulcerative Colitis

Ulcerative colitis is associated with alterations in gut microbiota diversity, leading to
changes in gut metabolomic and metagenomic profiles [65]. The gut microbiome plays an
essential role in the progression of inflammation. Dysfunction in interactions between gut
microbiota and epithelial cells have a significant role in UC pathogenesis. Patients with UC
show an increased correlation between gut dysbiosis and the expression of inflammatory
genes in epithelial cells, leading to dysregulation in immune response [66,67].

Maintaining gut homeostasis relies on mutual interactions between microbes and host
immune cells. While microbiota is influenced by immunological factors such as defensins,
IgA, or antibacterial lectin RegIIIγ [68–71], microbes also have an impact on the host’s
mucosal immunity. The gut microbiota contributes to inducing the expansion of regulatory
T cells that reduce inflammation, regulating activation of NF-kB, and favoring the differen-
tiation of naive T cells into T helper 17 (Th17) and T helper 1 (Th1) cell subsets. Moreover,
it stimulates the anti-inflammatory cytokine IL-10 and reduces pro-inflammatory cytokines.
Such processes can be promoted by genera like Clostridia, Bacteroides, Bifidobacterium, Lac-
tobacillus, and Faecalibacterium [71,72]. The respective contributions of commensal-driven
regulatory T cells exhibit variations depending on the experimental models employed to
investigate inflammatory processes. While in murine models exposed to mucosal dam-
age, Th17 cells promote tissue healing, in models with diminished regulatory T (Treg)
cell populations, both Th1 and Th17 cells, along with IL-23-dependent innate lymphoid
cells, exacerbate colitis. It is plausible that inflammatory bowel diseases in humans may
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similarly arise due to a commensal-mediated imbalance of lymphoid cell subsets that leads
to abnormal inflammatory response [71].

The mucus barrier overlying the epithelium is a crucial element in providing an
environment for commensal microbes’ colonization. Abnormalities in its structure play
a significant role in inflammation onset. Typically, in active UC, the upper crypt goblet
cells are depleted, human IgGFc binding protein (FCGBP), zymogen granule protein 16
(ZG16), and calcium-activated chloride channel regulator 1 (CLCA1) are decreased and
MUC2 protein is significantly reduced. This results in the weakening of the colonic mucus
barrier, contributing to UC development [73,74].

The mutual impact between the host’s immune system and microbes is possible due to
pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs), NOD-like receptors
(NLRs), mannose-binding receptors, complement receptors and C-type lectin receptors
(CLRs) expressed on the intestinal epithelial cells and innate immune cells (Figure 3).
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Figure 3. Pattern-recognition receptors’ classes.

Microbial molecules, called microbe- or pathogen-associated molecular patterns
(MAMPs or PAMPs), of both commensal and pathogenic microbes, are recognized by
PRRs. These receptors detect bacteria and facilitate the transmission of signals to the host,
initiating the recruitment of additional immune cells. That leads to the elimination of
the bacteria from the system [75]. PRRs’ responses to MAMPs result in the induction of
signaling pathways that initiate a molecular defense against the detected microorganisms.
The MAMP-PRR-triggered signaling cascades include the activation of NF-κB–inhibitor
of NF-κB kinase (IκBK) and mitogen-activated protein kinase (MAPK) systems, mediated
by transient posttranslational protein modifications, transmitting signals from the cell’s
surface to its nucleus. The ultimate outcome of these interactions and the ensuing signaling
pathways rely on the specific microorganism involved and the responsiveness of the host
cell [76]. Activation and translocation of NF-κB mediated by MAMPs/PAMPs promote the
expression of inflammatory genes but also genes involved in tissue repair, regeneration, and
angiogenesis [77]. Bacteria use several mechanisms to alter PRR function. Strategies such as
structural modification of MAMPs, releasing virulence substances, degradation of signaling
components, mimicry of adaptors, and epigenetic regulation allow bacteria to manipulate
the PRR signaling [78]. Appropriate responses to commensals and pathogens are crucial
for maintaining intestinal homeostasis. Abnormal activation of PRRs against commensal
bacteria plays a major role in IBD etiology [79,80]. TLRs and CLRs can be activated by
dendritic cells (DCs) mediating the destruction of the intestinal barrier. Lamina propria
DCs engage with the gut environment to sustain a homeostatic state by producing protec-
tive substances, decreasing proinflammatory processes, and inducing the development of
adaptive immune tolerance. They induce class switching of B lymphocytes into IgA which
is involved in controlling the growth and composition of the enteric microbiota [81]. DCs
are one of the significant sources of pro-inflammatory mediators such as cytokines, reactive
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oxygen species (ROS), and nitrogen intermediates. Increased activation and maturation of
dendritic cells contributes to the initiation of inflammation in UC [46,82]. Also, inflamma-
tion leads to loss of immunological tolerance maintained by a low expression of CD80 and
CD86. In the presence of the microbial environment, immature DCs mature, producing
the pro-inflammatory cytokines IL-6, IL-12 and IL-18, and influencing T cell differentiation
towards Th1, Th2, and Treg. Intestinal DCs in IBD patients present increased amounts of
CD80 and CD40. What is more, recent findings suggest that alterations in the cell surface
components of Lactobacilli can influence the immunoregulatory responses of DCs which
might pave the way for a targeted therapeutic approach in IBD [83,84].

Macrophages also contribute to UC pathogenesis as they mediate microbial defense
and are involved in interactions between IBD and the microbiome, though the mechanism
is not yet well understood [85]. Studies reveal the role of IL-23 in macrophage bacterial
clearance by regulating PRR levels [86]. Macrophages can be divided into two groups
according to their functions and phenotypes—M1 and M2 types. Bacterial lipopolysaccha-
ride (LPS) alone or with interferon-γ (IFN-γ), granulocyte–macrophage colony-stimulating
factor (GM-CSF), and other cytokines of Th1 lymphocytes induce differentiation into pro-
inflammatory M1 macrophages. M1 macrophages promote inflammation through releasing
the pro-inflammatory cytokines, NO, and ROS. Conversely, M2 macrophages repair dam-
aged tissue, restore the intestinal barrier, and release anti-inflammatory factors. Studies
indicate that dysfunction and imbalance in macrophage polarization can induce inflam-
matory disorders [85]. Microbes’ effects on macrophage polarization varies. Fusobacterium
and Enterococcus faecalis promote M1 macrophage induction. On the contrary, Lactobacillus
has a suppressive effect on M1 macrophage activity, Bacteroides fragilis, and Clostridia, and
indirectly Helicobacter hepaticus induce M2 polarization [87].

Another important aspect of UC pathogenesis is bacteriophages. The gut virome
in UC is altered in comparison to healthy controls [88,89]. The presence of Caudovirales
phages in rectal mucosa is linked to gut inflammation in UC, as phages are one of the key
players in microbiome shaping in IBD. Bacteriophages, including Escherichia, Enterobacteria,
Lactobacillus, and Bacteroides phages, are more abundant in UC mucosa than healthy controls,
modulating the inflammatory response. They can stimulate IFN-γ through the TLR9
receptor [90,91]. Bacterial lysis caused by bacteriophages can lead to the triggering of an
inflammatory response through the activation of PRR by nucleic acids, proteins, and lipids
that are released from damaged bacterial cells [92].

The intestinal barrier of patients with UC presents reduced mucus layer and goblet
cells compared to the healthy gut, resulting in increased intestinal permeability [93,94].
This condition leads to molecular changes in intestinal epithelial cells. G protein-coupled
receptors (GPR) and Toll-like receptors (TLR) are activated by bacterial molecules such
as short-chain fatty acids (SCFA). Alteration in the epithelial barrier promotes gut inflam-
mation by increasing stimulation of the IL-17 receptor A (IL-17RA) and accumulating
granulocytes in the mucosa [95]. IL-17 is a cytokine produced by T helper (Th17) cells.
Subsets of IL-17—IL-17A and IL-17F can trigger the expression of various proinflammatory
cytokines and chemokines in different cells thanks to the widespread expression of their
corresponding receptor, IL-17RA [96]. Patients with IBD show mucosal secretion of IgG
antibodies and mucosal T-cell responses against commensal microbiota [72].

Studies on biopsies obtained from the colons of patients with a diagnosis of UC have
revealed that the pro-inflammatory environment in UC gut mucosa is linked to increased
gene regulation and expression of cytokines such as IL1A, IL1B, IL4, IL6, IL8, IL17, CSF2,
and CSF3, chemokines like CXCL11 and CCL19, secreted factors such as NOS2A, and
molecules related to cellular migration- SELE and SELP. Expression of anti-inflammatory
factors such as cytokines IL13, CSF1, chemokines CCL3 and CCL5, and molecules SMAD7,
BCL2, CYP7AI, AGTR1, and FASLG which are involved in intracellular signaling and
apoptosis, is decreased [97].

These immunological processes alter responses to bacterial DNA. However, in UC
patients, some probiotic bacteria stimulate anti-inflammatory processes, while pathogenic
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bacteria stimulate pro-inflammatory responses. This suggests that the ability to distin-
guish bacterial DNA is not completely lost, enabling the use of probiotics to modulate
inflammation among UC patients [97,98].

4. The Microbiome as a Moderator in Ulcerative Colitis Development

Epidemiological observations have linked factors that can influence the microbiota
such as breastfeeding, hygiene hypothesis, antibiotic use, diet, cigarette smoking, and
episodes of infectious gastroenteritis, to the development of IBD [99].

There is some evidence that breastfeeding plays a protective role against ulcerative
colitis development. Breast milk is a complex biofluid comprising numerous antimicrobial
and immunomodulatory components, prebiotics and probiotics [100]. It contains bacteria
species such as Lactobacillus gasseri, Lactobacillus rhamnosus, Lactobacillus plantarum, Lacto-
bacillus fermentum and Bifidobacteria [101]. Human milk probiotics impact the development
of the immune system, promote gut health by strengthening the gastrointestinal mucosa
and enhancing the production of protective antibodies (sIgA). Lactobacillus reuteri has been
found to stimulate type 3 innate lymphoid cells (ILCs) in the small intestinal lamina pro-
pria to enhance IgA production [102]. ILC3s are the first line of defense against various
pathogens and have the ability to secrete IL-17 and/or IL-22 [103]. There is accumulating
evidence that probiotic bacteria generate FoxP3 T-cell responses in the small intestine [104].
They also play a crucial role in the formation of the lymphoid tissue associated with the
gut (GALT) [105]. Additionally, probiotics help prevent gastrointestinal infections by coun-
tering a pathogenic microbiome through modifying intestinal conditions and competing
with pathogens for resources and adhesion sites on intestinal surfaces. Lactobacilli were
also found to demonstrate increased mucin expression [106]. Furthermore, Lactobacillus
fermentum enhances IFNγ and Th1 cytokines secretion [107,108], as well as CD56+CD8+ NK
cells’ activation [109]. Breastfeeding significantly reduces the number of gastrointestinal
infections in infants [110]. Systematic reviews by Barclay et al. and Klement et al. demon-
strate a protective effect of breastfeeding in the development of IBD, but highlight the need
of more large, well-designed studies [25,111]. A 2018 meta-analysis proves the protective
impact of breastfeeding on ulcerative colitis development [112]. Breastfeeding duration
showed a dose-dependent correlation, with the most significant reduction in risk when
breastfed for at least 12 months as compared to shorter period.

According to the hygiene hypothesis, people raised in a sanitary environment have
increased incidence of immune-related diseases, but its role in IBD pathogenesis is still un-
clear [113]. Improved hygiene is thought to result in a limited exposure to microorganisms
and that exposure is necessary for the development of the immune system and establishing
the balance between pro-inflammatory and regulatory cells [114]. The meta-analysis by
Cholapranee et al. showed strong protective correlation between IBD and lower environ-
mental hygiene—bedroom sharing, exposure to farm animals and pets, and multiplicity of
siblings [115]. The possible mechanisms involve childhood exposure to infectious antigens,
which can influence the type of immune response, antigenic competition and the impact on
regulatory T-cell function or modifications in the gut microbiome. A number of studies
confirmed the role of environmental hygiene in IBD development, but the susceptibility of
subjects is influenced by ethnicity [115–117].

Antibiotic use prior to diagnosis has been connected to the development of IBD and
is thought to be linked to the impact on the gut microbiota and immune regulation in
genetically susceptible patients. The study by Shaw et al. showed odds for developing
IBD in childhood increased by 2.9 in subjects who have used antibiotics in the first year of
life [118]. Another study demonstrated that patients with IBD were more likely to have
received antibiotics 2–5 years before their diagnosis [119]. However, in a meta-analysis
by Ungaro et al., antibiotics appear to increase the odds of being diagnosed with Crohn’s
disease but not ulcerative colitis [120]. The background of this correlation is still unclear, but
studies have suggested a difference in the microbiota between CD and UC patients [121]. It
is possible that antibiotics are more likely to alter the microbiome in a way that predisposes
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to CD as opposed to UC or that changes in the microbiota play a more significant role in
the development of CD than in UC [120].

Given the substantial impact of food and nutrients on the gut microbiome, there is a
growing interest in examining the link between diet and UC development. The composition
and diversity of the gut microbiota can be influenced by diet [122]. A diet with high meat in-
take increases Bacteroides spp., Alistipes spp., and Bilophila spp. and decreases the beneficial
bacteria Lactobacillus spp., Roseburia spp., and E. rectale [123,124]. Diets rich in fats reduce
the amount of Bacteroidetes and increase the abundance of Firmicutes [125,126]. A number
of studies have shown an altered SCFAs profile in subjects with IBD [127,128]. The SCFAs
level is mainly regulated by the gut microbiome, with Firmicutes mainly producing butyrate
and Bacteroides mainly producing acetate and propionate [129]. SCFAs’ mechanisms of
action include local, immune, endocrine effects, and alteration of the microbiome–gut–brain
axis [130]. The major SCFA signaling pathways are inhibition of histone deacetylases and ac-
tivation of G-protein-coupled receptors [131]. Fermentation of fiber to SCFAs decreases pH
levels, increases fecal acidification, and increases the growth and diversity of the gut micro-
biome [132]. SCFAs have been shown to alter chemotaxis and phagocytosis, induce reactive
oxygen species, change cell proliferation and have anti-inflammatory and antimicrobial
effects [131]. A systematic review showed an association between high dietary intake of
total fats, PUFAs, omega-6 fatty acids, and meat, with an increased risk of ulcerative colitis
development. On the contrary, a high vegetable intake was associated with decreased UC
risk [133], which was also confirmed in another study [134]. A high intake of long-chain
n-3 PUFAs seemed to be correlated with a reduced risk of UC [135], as well as high caffeine
intake [134]. N-3 PUFA supplementation results in a decrease in Faecalibacterium, often
associated with an increase in the Bacteroidetes and butyrate-producing Lachnospiraceae [136].
In another study, it resulted in an increased abundance of Bifidobacterium and Oscillospira
genera, associated with a reduction in Coprococcus [137]. A study by Balfegó et al. revealed
a significant decrease in Firmicutes species and the Firmicutes/Bacteroidetes ratio and an
increase in E. coli concentrations [138]. A Japanese study suggested that the number of pa-
tients with IBD started to increase more than 20 years after an increased daily consumption
of meat, fats, and dairy products, and after a decreased consumption of rice [139]. A study
by Geerling et al. concluded that high intake of mono- and polyunsaturated fat and vitamin
B6 may enhance the risk of developing UC [140]. An association between unhealthy dietary
patterns and an increased risk of UC was found in a study by Rashvand et al. [141]. Two
meta-analyses found that soft drink consumption and sucrose intake were correlated with
increased risk of UC development, and tea consumption with a decreased risk [142,143].
Another meta-analysis indicated that consumption of vegetables and fruit may play a
protective role against UC [144]. The meta-analysis of nine studies showed a significantly
greater risk of IBD among meat consumers [145]. However, a study by Ananthakrishnan
et al. found that diet is associated with risk of CD, but not UC [146]. Dietary patterns or
nutrient groups were not associated with ulcerative colitis.

Cigarette smoking has a complex interaction with IBD, currently being widely accepted
as a protective factor against UC [147–150]. This protective effect is temporary, since the risk
of UC development increases after smoking cessation, compared with never-smokers [151].
Studies are ambiguous whether it may have a beneficial influence on the course of the
disease [21]. According to the study by Lunney et al., current smokers with UC are more
likely to have a less severe disease course than nonsmokers [152]. However, a study by
Blackwell et al. and meta-analysis by To et al. showed that smokers and non-smokers
have similar outcomes regarding flares of disease activity, thiopurine use, development
of pouchitis, corticosteroid dependency, hospitalization and colectomy [153,154]. What is
more, there is a link between active smoking and extra-intestinal manifestations of UC,
such as skin disorders or joint manifestations [155]. The underlying protective mechanism
potentially includes changing the humoral and cellular immunity, cytokine levels, gut
motility, and oxygen free radicals [156]. It has been shown that cigarette smokers have a
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lower amount of Bifidobacterium bacteria compared with non-smokers, and it increases after
smoking cessation [157].

Infectious gastroenteritis is a recognized factor that can exacerbate the clinical course
of IBD. In a study by Porter et al. the episode of infectious gastroenteritis has been shown
to increase the risk for the development of IBD by 40% [158]. Another study showed a two-
to four-fold increased risk of IBD after an episode of gastroenteritis [159].

In summary, there is evidence suggesting that environmental factors can impact the
gut microbiota and trigger immune responses in individuals genetically predisposed to
IBD. While research has explored these effects in animal models, human studies are limited.
Future studies in humans, particularly those with known IBD genetic risk factors, will
provide a clearer understanding of these relationships (Figure 4).

Biomedicines 2023, 11, x FOR PEER REVIEW 10 of 19 
 

smokers have similar outcomes regarding flares of disease activity, thiopurine use, devel-

opment of pouchitis, corticosteroid dependency, hospitalization and colectomy [153,154]. 

What is more, there is a link between active smoking and extra-intestinal manifestations 

of UC, such as skin disorders or joint manifestations [155]. The underlying protective 

mechanism potentially includes changing the humoral and cellular immunity, cytokine 

levels, gut motility, and oxygen free radicals [156]. It has been shown that cigarette smok-

ers have a lower amount of Bifidobacterium bacteria compared with non-smokers, and it 

increases after smoking cessation [157]. 

Infectious gastroenteritis is a recognized factor that can exacerbate the clinical course 

of IBD. In a study by Porter et al. the episode of infectious gastroenteritis has been shown 

to increase the risk for the development of IBD by 40% [158]. Another study showed a 

two- to four-fold increased risk of IBD after an episode of gastroenteritis [159]. 

In summary, there is evidence suggesting that environmental factors can impact the 

gut microbiota and trigger immune responses in individuals genetically predisposed to 

IBD. While research has explored these effects in animal models, human studies are lim-

ited. Future studies in humans, particularly those with known IBD genetic risk factors, 

will provide a clearer understanding of these relationships (Figure 4). 

 

Figure 4. Summary of the factors influencing gut microbiota, linked with ulcerative colitis develop-

ment. 

5. Treatment 

The current treatment for UC focuses on achieving and sustaining symptom remis-

sion, minimizing complications, and improving patients’ quality of life [38]. The primary 

drug classes employed include aminosalicylic acid agents, glucocorticoids, and immuno-

suppressive agents [4,14]. Aminosalicylic acid agents can help control UC symptoms but 

may lead to gastrointestinal side effects [160]. Glucocorticoids are effective in inducing 

remission but come with potential side effects such as osteoporosis and muscle weakness 

[41,42]. Immunosuppressants are reserved for cases where other treatments fail but can 

result in serious adverse effects if used long-term [43]. Notably, recent advancements in 

the development of monoclonal antibodies and recombinant proteins targeting cytokines 

Figure 4. Summary of the factors influencing gut microbiota, linked with ulcerative colitis development.

5. Treatment

The current treatment for UC focuses on achieving and sustaining symptom remission,
minimizing complications, and improving patients’ quality of life [38]. The primary drug
classes employed include aminosalicylic acid agents, glucocorticoids, and immunosuppres-
sive agents [4,14]. Aminosalicylic acid agents can help control UC symptoms but may lead
to gastrointestinal side effects [160]. Glucocorticoids are effective in inducing remission
but come with potential side effects such as osteoporosis and muscle weakness [41,42].
Immunosuppressants are reserved for cases where other treatments fail but can result in
serious adverse effects if used long-term [43]. Notably, recent advancements in the develop-
ment of monoclonal antibodies and recombinant proteins targeting cytokines represent a
significant breakthrough in UC treatment [44]. Targeted drugs for UC include anti-TNF-α
monoclonal antibodies, integrin antagonists, IL-12/IL-23 antagonists, JAK inhibitors, and
SIP receptor agonists. The American Gastroenterology Association (AGA) recommends
using infliximab, adalimumab, golimumab, vedolizumab, tofacitinib or ustekinumab to
induce or maintain remission in adult patients with moderate or severe UC [45]

Modulating the gut microbiome via dietary components represents a promising av-
enue for enhancing therapeutic interventions in UC. Ester compounds, formed by combin-
ing fructooligosaccharides (FOS) with short-chain fatty acids (SCFAs), were examined in
terms of their impact on gut microbiota in UC patients [161]. Butyrylated fructooligosaccha-
rides (B-FOS) and propionylated fructooligosaccharides (P-FOS), in particular, significantly
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promoted Bifidobacterium growth while inhibiting Clostridium and Klebsiella. This research
underscores the potential therapeutic utility of B-FOS and P-FOS in mitigating UC-related
inflammation and restoring the gut microbiome.

A review on the efficacy of probiotics for the induction of remission in active UC
suggested that incorporating a probiotic into standard therapy can enhance overall remis-
sion rates in UC patients [162]. The effect of synbiotic therapy on the disease activity in
UC patients was evaluated and statistically significant improvement was observed in the
clinical and endoscopic activity levels after 8 weeks of treatment [163], which is in line with
further studies [164].

The clinical efficacy of fecal microbiota transplantation (FMT) in UC patients was
examined in a prospective study [165]. FMT led to a significant reduction in UC patients’
symptoms, including diarrhea and abdominal pain. Male patients showed dominant
Clostridiales and Desulfovibrionaceae in their gut microbiota, which decreased following FMT.
In contrast, the abundance of Prevotella, Lactobacillus, and Bifidobacterium increased in the
male group. Female patients had higher levels of Escherichia-Shigella, Desulfovibrionaceae,
and Staphylococcaceae in their gut microbiota before FMT, which decreased after the proce-
dure. The abundance of Porphyromonadaceae, Prevotella, Lactobacillus, and Bifidobacterium
increased in the female group. These findings suggest that FMT improved UC symptoms in
both male and female patients, and these improvements may be linked to changes in their
gut microbiota, which corresponds with other studies [27,166]. A recent meta-analysis also
showed FMT for treating patients with active UC as a promising therapy, with a high rate
of clinical remission [167]. Results of an open-labelled randomized controlled trial showed
that a combination of FMT and anti-inflammatory diet effectively induced UC remission
and further sustained with an anti-inflammatory diet [168].

The influence of FMT on the immune response in individuals with UC and the po-
tential underlying mechanisms are not currently well understood. One study aimed to
evaluate alterations in serum cytokine levels and their association with disease activity
following FMT in patients with active UC [169]. Sixteen individuals with active UC under-
went three FMT sessions from a single donor, with significant reductions in IL-1Ra, IL-6,
IP-10, ENA-78, MEC, VCAM-1, and G-CSF observed after the second FMT. This finding
is in line with previous research [170]. IL-6, IL-1Ra, IP-10, VCAM-1, and G-CSF exhibited
positive correlations with inflammatory markers, suggesting that FMT may influence the
host immune response. The study suggests a biomarker potential of IL-6, IL-1Ra, IP-10,
VCAM-1, and G-CSF for evaluating the effectiveness of FMT in treating UC. On the other
hand, a study on short-term cytokine changes in UC patients undergoing FMT revealed
no significant differences in cytokines IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ, TNF, TNFR-1,
TNFR-2, MCP-1 nor G-CSF levels, at three days post-FMT, irrespective of response or
non-response groups [171]. The inconsistency in research findings underscores the need
for further investigations in this field.

The diversity of drug classes for UC management highlights the need for identifying
biomarkers to predict treatment response. Existing evidence on the utility of combining
biologics and immunomodulators in UC patients, particularly with newer agents, and the
optimal treatment targets for UC, remains limited (Figure 5).
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6. Conclusions

The meticulous maintenance of a healthy and equitably balanced microbiota repre-
sents an elemental imperative in the preservation of an optimal gut milieu. A suitable
intestinal microbiome composition, characterized by an elevated presence of advantageous
anaerobic microorganisms juxtaposed with a residual contingent of pathogenic and intesti-
nal non-dominant bacteria, endows the organism with the capacity to fine-tune immune
responses, govern the integrity of the intestinal mucosal barrier, and serve as a bulwark
against the onslaught of infectious agents and the inception of systemic diseases, including
ulcerative colitis.

Observational studies have associated factors like breastfeeding, hygiene, antibiotic
use, diet, smoking, and infectious gastroenteritis with the development of IBD. There
is evidence indicating that these factors can affect the gut microbiota and alter immune
responses in individuals with a genetic predisposition to ulcerative colitis, but future
research is needed to provide a clearer understanding.

Current therapeutic approaches primarily focus on achieving symptom remission and
minimizing complications. Notably, recent advancements in monoclonal antibody therapy
have opened promising avenues for managing UC. Additionally, the modulation of the
gut microbiome through dietary components, probiotics, and FMT shows considerable
potential for enhancing UC treatment strategies, particularly in cases where first-line
therapies prove ineffective. Nonetheless, there is an ongoing need for the identification of
biomarkers to predict treatment response and the optimization of treatment strategies, both
of which remain critical areas of research in UC management.
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A.S.; supervision, K.G.; funding acquisition, K.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Figures were created with BioRender.com (accessed on 4 April 2023). Retrieved
from https://app.biorender.com/biorender-templates (accessed on 4 April 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ordás, I.; Eckmann, L.; Talamini, M.; Baumgart, D.C.; Sandborn, W.J. Ulcerative Colitis. Lancet 2012, 380, 1606–1619. [CrossRef]

[PubMed]
2. Dignass, A.; Eliakim, R.; Magro, F.; Maaser, C.; Chowers, Y.; Geboes, K.; Mantzaris, G.; Reinisch, W.; Colombel, J.F.; Vermeire, S.;

et al. Second European Evidence-Based Consensus on the Diagnosis and Management of Ulcerative Colitis Part 1: Definitions
and Diagnosis. J. Crohns. Colitis 2012, 6, 965–990. [CrossRef] [PubMed]

3. Ungaro, R.; Mehandru, S.; Allen, P.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative Colitis. Lancet 2017, 389, 1756–1770. [CrossRef]
[PubMed]

4. Du, L.; Ha, C. Epidemiology and Pathogenesis of Ulcerative Colitis. Gastroenterol. Clin. N. Am. 2020, 49, 643–654. [CrossRef]
[PubMed]

5. Wang, K.; Wu, L.Y.; Dou, C.Z.; Guan, X.; Wu, H.G.; Liu, H.R. Research Advance in Intestinal Mucosal Barrier and Pathogenesis of
Crohn’s Disease. Gastroenterol. Res. Pract. 2016, 2016, 9686238. [CrossRef] [PubMed]

6. Antoni, L.; Nuding, S.; Wehkamp, J.; Stange, E.F. Intestinal Barrier in Inflammatory Bowel Disease. World J. Gastroenterol. 2014, 20,
1165–1179. [CrossRef] [PubMed]

7. Torres, J.; Billioud, V.; Sachar, D.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative Colitis as a Progressive Disease: The Forgotten
Evidence. Inflamm. Bowel Dis. 2012, 18, 1356–1363. [CrossRef]

8. Roda, G.; Narula, N.; Pinotti, R.; Skamnelos, A.; Katsanos, K.H.; Ungaro, R.; Burisch, J.; Torres, J.; Colombel, J.F. Systematic Review
with Meta-Analysis: Proximal Disease Extension in Limited Ulcerative Colitis. Aliment. Pharmacol. Ther. 2017, 45, 1481–1492.
[CrossRef]

9. Cosnes, J.; Gowerrousseau, C.; Seksik, P.; Cortot, A. Epidemiology and Natural History of Inflammatory Bowel Diseases.
Gastroenterology 2011, 140, 1785–1794. [CrossRef]

10. Loftus, E.V. Clinical Epidemiology of Inflammatory Bowel Disease: Incidence, Prevalence, and Environmental Influences.
Gastroenterology 2004, 126, 1504–1517. [CrossRef]

BioRender.com
https://app.biorender.com/biorender-templates
https://doi.org/10.1016/S0140-6736(12)60150-0
https://www.ncbi.nlm.nih.gov/pubmed/22914296
https://doi.org/10.1016/j.crohns.2012.09.003
https://www.ncbi.nlm.nih.gov/pubmed/23040452
https://doi.org/10.1016/S0140-6736(16)32126-2
https://www.ncbi.nlm.nih.gov/pubmed/27914657
https://doi.org/10.1016/j.gtc.2020.07.005
https://www.ncbi.nlm.nih.gov/pubmed/33121686
https://doi.org/10.1155/2016/9686238
https://www.ncbi.nlm.nih.gov/pubmed/27651792
https://doi.org/10.3748/wjg.v20.i5.1165
https://www.ncbi.nlm.nih.gov/pubmed/24574793
https://doi.org/10.1002/ibd.22839
https://doi.org/10.1111/apt.14063
https://doi.org/10.1053/j.gastro.2011.01.055
https://doi.org/10.1053/j.gastro.2004.01.063


Biomedicines 2023, 11, 3144 13 of 19

11. Solberg, I.C.; Lygren, I.; Jahnsen, J.; Aadland, E.; Høie, O.; Cvancarova, M.; Bernklev, T.; Henriksen, M.; Sauar, J.; Vatn, M.H.; et al.
Clinical Course during the First 10 Years of Ulcerative Colitis: Results from a Population-Based Inception Cohort (IBSEN Study).
Scand. J. Gastroenterol. 2009, 44, 431–440. [CrossRef]

12. Fumery, M.; Singh, S.; Dulai, P.S.; Gower-Rousseau, C.; Peyrin-Biroulet, L.; Sandborn, W.J. Natural History of Adult Ulcerative
Colitis in Population-Based Cohorts: A Systematic Review. Clin. Gastroenterol. Hepatol. 2018, 16, 343–356. [CrossRef] [PubMed]

13. Tatiya-Aphiradee, N.; Chatuphonprasert, W.; Jarukamjorn, K. Immune Response and Inflammatory Pathway of Ulcerative Colitis.
J. Basic Clin. Physiol. Pharmacol. 2018, 30, 1–10. [CrossRef] [PubMed]

14. Hodson, R. Inflammatory Bowel Disease. Nature 2016, 540, S97. [CrossRef] [PubMed]
15. Annese, V. Genetics and Epigenetics of IBD. Pharmacol. Res. 2020, 159, 104892. [CrossRef] [PubMed]
16. Moller, F.T.; Andersen, V.; Wohlfahrt, J.; Jess, T. Familial Risk of Inflammatory Bowel Disease: A Population-Based Cohort Study

1977–2011. Am. J. Gastroenterol. 2015, 110, 564–571. [CrossRef] [PubMed]
17. Jostins, L.; Ripke, S.; Weersma, R.K.; Duerr, R.H.; McGovern, D.P.; Hui, K.Y.; Lee, J.C.; Schumm, L.P.; Sharma, Y.; Anderson, C.A.;

et al. Host-Microbe Interactions Have Shaped the Genetic Architecture of Inflammatory Bowel Disease. Nature 2012, 491, 119–124.
[CrossRef]

18. Barrett, J.C.; Lee, J.C.; Lees, C.W.; Prescott, N.J.; Anderson, C.A.; Phillips, A.; Wesley, E.; Parnell, K.; Zhang, H.; Drummond,
H.; et al. Genome-Wide Association Study of Ulcerative Colitis Identifies Three New Susceptibility Loci, Including the HNF4A
Region. Nat. Genet. 2009, 41, 1330–1334. [CrossRef]

19. Ananthakrishnan, A.N. Epidemiology and Risk Factors for IBD. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 205–217. [CrossRef]
20. Mahid, S.S.; Minor, K.S.; Soto, R.E.; Hornung, C.A.; Galandiuk, S. Smoking and Inflammatory Bowel Disease: A Meta-Analysis.

Mayo Clin. Proc. 2006, 81, 1462–1471. [CrossRef] [PubMed]
21. Birrenbach, T.; Böcker, U. Inflammatory Bowel Disease and Smoking: A Review of Epidemiology, Pathophysiology, and

Therapeutic Implications. Inflamm. Bowel Dis. 2004, 10, 848–859. [CrossRef]
22. Cornish, J.A.; Tan, E.; Simillis, C.; Clark, S.K.; Teare, J.; Tekkis, P.P. The Risk of Oral Contraceptives in the Etiology of Inflammatory

Bowel Disease: A Meta-Analysis. Am. J. Gastroenterol. 2008, 103, 2394–2400. [CrossRef] [PubMed]
23. Ananthakrishnan, A.N.; Higuchi, L.M.; Huang, E.S.; Khalili, H.; Richter, J.M.; Fuchs, C.S.; Chan, A.T. Aspirin, Nonsteroidal

Anti-Inflammatory Drug Use, and Risk for Crohn Disease and Ulcerative Colitis: A Cohort Study. Ann. Intern. Med. 2012, 156,
350–359. [CrossRef] [PubMed]

24. Khalili, H.; Higuchi, L.M.; Ananthakrishnan, A.N.; Manson, J.E.; Feskanich, D.; Richter, J.M.; Fuchs, C.S.; Chan, A.T. Hormone
Therapy Increases Risk of Ulcerative Colitis but Not Crohn’s Disease. Gastroenterology 2012, 143, 1199–1206. [CrossRef] [PubMed]

25. Klement, E.; Cohen, R.V.; Boxman, J.; Joseph, A.; Reif, S. Breastfeeding and Risk of Inflammatory Bowel Disease: A Systematic
Review with Meta-Analysis. Am. J. Clin. Nutr. 2004, 80, 1342–1352. [CrossRef] [PubMed]

26. Guo, X.Y.; Liu, X.J.; Hao, J.Y. Gut Microbiota in Ulcerative Colitis: Insights on Pathogenesis and Treatment. J. Dig. Dis. 2020, 21,
147–159. [CrossRef] [PubMed]

27. Shen, Z.H.; Zhu, C.X.; Quan, Y.S.; Yang, Z.Y.; Wu, S.; Luo, W.W.; Tan, B.; Wang, X.Y. Relationship between Intestinal Microbiota and
Ulcerative Colitis: Mechanisms and Clinical Application of Probiotics and Fecal Microbiota Transplantation. World J. Gastroenterol.
2018, 24, 5. [CrossRef]

28. Zheng, D.; Liwinski, T.; Elinav, E. Interaction between Microbiota and Immunity in Health and Disease. Cell Res. 2020, 30, 492–506.
[CrossRef]

29. Morgan, X.C.; Tickle, T.L.; Sokol, H.; Gevers, D.; Devaney, K.L.; Ward, D.V.; Reyes, J.A.; Shah, S.A.; LeLeiko, N.; Snapper, S.B.; et al.
Dysfunction of the Intestinal Microbiome in Inflammatory Bowel Disease and Treatment. Genome Biol. 2012, 13, R79. [CrossRef]

30. Andoh, A.; Imaeda, H.; Aomatsu, T.; Inatomi, O.; Bamba, S.; Sasaki, M.; Saito, Y.; Tsujikawa, T.; Fujiyama, Y. Comparison
of the Fecal Microbiota Profiles between Ulcerative Colitis and Crohn’s Disease Using Terminal Restriction Fragment Length
Polymorphism Analysis. J. Gastroenterol. 2011, 46, 479–486. [CrossRef]

31. Frank, D.N.; St. Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-Phylogenetic Characterization of
Microbial Community Imbalances in Human Inflammatory Bowel Diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780–13785.
[CrossRef] [PubMed]

32. Nagalingam, N.A.; Lynch, S.V. Role of the Microbiota in Inflammatory Bowel Diseases. Inflamm. Bowel Dis. 2012, 18, 968–984.
[CrossRef]

33. Rossen, N.G.; Fuentes, S.; Van Der Spek, M.J.; Tijssen, J.G.; Hartman, J.H.A.; Duflou, A.; Löwenberg, M.; Van Den Brink, G.R.;
Mathus-Vliegen, E.M.H.; De Vos, W.M.; et al. Findings From a Randomized Controlled Trial of Fecal Transplantation for Patients
With Ulcerative Colitis. Gastroenterology 2015, 149, 110–118. [CrossRef]

34. Paramsothy, S.; Kamm, M.A.; Kaakoush, N.O.; Walsh, A.J.; van den Bogaerde, J.; Samuel, D.; Leong, R.W.L.; Connor, S.; Ng,
W.; Paramsothy, R.; et al. Multidonor Intensive Faecal Microbiota Transplantation for Active Ulcerative Colitis: A Randomised
Placebo-Controlled Trial. Lancet 2017, 389, 1218–1228. [CrossRef] [PubMed]

35. Moayyedi, P.; Surette, M.G.; Kim, P.T.; Libertucci, J.; Wolfe, M.; Onischi, C.; Armstrong, D.; Marshall, J.K.; Kassam, Z.; Reinisch, W.;
et al. Fecal Microbiota Transplantation Induces Remission in Patients With Active Ulcerative Colitis in a Randomized Controlled
Trial. Gastroenterology 2015, 149, 102–109. [CrossRef] [PubMed]

https://doi.org/10.1080/00365520802600961
https://doi.org/10.1016/j.cgh.2017.06.016
https://www.ncbi.nlm.nih.gov/pubmed/28625817
https://doi.org/10.1515/jbcpp-2018-0036
https://www.ncbi.nlm.nih.gov/pubmed/30063466
https://doi.org/10.1038/540S97a
https://www.ncbi.nlm.nih.gov/pubmed/28002398
https://doi.org/10.1016/j.phrs.2020.104892
https://www.ncbi.nlm.nih.gov/pubmed/32464322
https://doi.org/10.1038/ajg.2015.50
https://www.ncbi.nlm.nih.gov/pubmed/25803400
https://doi.org/10.1038/nature11582
https://doi.org/10.1038/NG.483
https://doi.org/10.1038/nrgastro.2015.34
https://doi.org/10.4065/81.11.1462
https://www.ncbi.nlm.nih.gov/pubmed/17120402
https://doi.org/10.1097/00054725-200411000-00019
https://doi.org/10.1111/j.1572-0241.2008.02064.x
https://www.ncbi.nlm.nih.gov/pubmed/18684177
https://doi.org/10.7326/0003-4819-156-5-201203060-00007
https://www.ncbi.nlm.nih.gov/pubmed/22393130
https://doi.org/10.1053/j.gastro.2012.07.096
https://www.ncbi.nlm.nih.gov/pubmed/22841783
https://doi.org/10.1093/ajcn/80.5.1342
https://www.ncbi.nlm.nih.gov/pubmed/15531685
https://doi.org/10.1111/1751-2980.12849
https://www.ncbi.nlm.nih.gov/pubmed/32040250
https://doi.org/10.3748/wjg.v24.i1.5
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1007/s00535-010-0368-4
https://doi.org/10.1073/pnas.0706625104
https://www.ncbi.nlm.nih.gov/pubmed/17699621
https://doi.org/10.1002/ibd.21866
https://doi.org/10.1053/j.gastro.2015.03.045
https://doi.org/10.1016/S0140-6736(17)30182-4
https://www.ncbi.nlm.nih.gov/pubmed/28214091
https://doi.org/10.1053/j.gastro.2015.04.001
https://www.ncbi.nlm.nih.gov/pubmed/25857665


Biomedicines 2023, 11, 3144 14 of 19

36. Bressler, B.; Marshall, J.K.; Bernstein, C.N.; Bitton, A.; Jones, J.; Leontiadis, G.I.; Panaccione, R.; Steinhart, A.H.; Tse, F.; Feagan,
B. Clinical Practice Guidelines for the Medical Management of Nonhospitalized Ulcerative Colitis: The Toronto Consensus.
Gastroenterology 2015, 148, 1035–1058. [CrossRef] [PubMed]

37. Ko, C.W.; Singh, S.; Feuerstein, J.D.; Falck-Ytter, C.; Falck-Ytter, Y.; Cross, R.K.; Crockett, S.; Feuerstein, J.; Flamm, S.; Inadomi, J.;
et al. AGA Clinical Practice Guidelines on the Management of Mild-to-Moderate Ulcerative Colitis. Gastroenterology 2019, 156,
748–764. [CrossRef]

38. Feuerstein, J.D.; Cheifetz, A.S. Ulcerative Colitis: Epidemiology, Diagnosis, and Management. Mayo Clin. Proc. 2014, 89, 1553–1563.
[CrossRef]

39. Dassopoulos, T.; Cohen, R.D.; Scherl, E.J.; Schwartz, R.M.; Kosinski, L.; Regueiro, M.D. Ulcerative Colitis Care Pathway.
Gastroenterology 2015, 149, 238–245. [CrossRef]

40. Eisenstein, M. Ulcerative Colitis: Towards Remission. Nature 2018, 563, S33. [CrossRef] [PubMed]
41. Kucharzik, T.; Koletzko, S.; Kannengießer, K.; Dignaß, A. Ulcerative Colitis-Diagnostic and Therapeutic Algorithms. Dtsch.

Arztebl. Int. 2020, 117, 564–573. [CrossRef]
42. Bruscoli, S.; Febo, M.; Riccardi, C.; Migliorati, G. Glucocorticoid Therapy in Inflammatory Bowel Disease: Mechanisms and

Clinical Practice. Front. Immunol. 2021, 12, 691480. [CrossRef]
43. Nielsen, O.H.; Ainsworth, M.A.; Steenholdt, C. Methotrexate for Inflammatory Bowel Disease: Time for Reconsideration. Expert

Rev. Gastroenterol. Hepatol. 2019, 13, 407–409. [CrossRef]
44. Nielsen, O.H.; Coskun, M.; Steenholdt, C.; Rogler, G. The Role and Advances of Immunomodulator Therapy for Inflammatory

Bowel Disease. Expert Rev. Gastroenterol. Hepatol. 2015, 9, 177–189. [CrossRef] [PubMed]
45. Feuerstein, J.D.; Isaacs, K.L.; Schneider, Y.; Siddique, S.M.; Falck-Ytter, Y.; Singh, S.; Chachu, K.; Day, L.; Lebwohl, B.; Muniraj, T.;

et al. AGA Clinical Practice Guidelines on the Management of Moderate to Severe Ulcerative Colitis. Gastroenterology 2020, 158,
1450–1461. [CrossRef] [PubMed]

46. Zou, J.; Liu, C.; Jiang, S.; Qian, D.; Duan, J. Cross Talk between Gut Microbiota and Intestinal Mucosal Immunity in the
Development of Ulcerative Colitis. Infect. Immun. 2021, 89, e00014-21. [CrossRef] [PubMed]

47. Kåhrström, C.T.; Pariente, N.; Weiss, U. Intestinal Microbiota in Health and Disease. Nature 2016, 535, 47. [CrossRef] [PubMed]
48. Nishida, A.; Inoue, R.; Inatomi, O.; Bamba, S.; Naito, Y.; Andoh, A. Gut Microbiota in the Pathogenesis of Inflammatory Bowel

Disease. Clin. J. Gastroenterol. 2018, 11, 1–10. [CrossRef]
49. Pei, L.Y.; Ke, Y.S.; Zhao, H.H.; Wang, L.; Jia, C.; Liu, W.Z.; Fu, Q.H.; Shi, M.N.; Cui, J.; Li, S.C. chun Role of Colonic Microbiota in

the Pathogenesis of Ulcerative Colitis. BMC Gastroenterol. 2019, 19, 10. [CrossRef] [PubMed]
50. Kamada, N.; Seo, S.U.; Chen, G.Y.; Núñez, G. Role of the Gut Microbiota in Immunity and Inflammatory Disease. Nat. Rev.

Immunol. 2013, 13, 321–335. [CrossRef]
51. Yoo, J.Y.; Groer, M.; Dutra, S.V.O.; Sarkar, A.; McSkimming, D.I. Gut Microbiota and Immune System Interactions. Microorganisms

2020, 8, 1587. [CrossRef]
52. LeBlanc, J.G.; Milani, C.; de Giori, G.S.; Sesma, F.; van Sinderen, D.; Ventura, M. Bacteria as Vitamin Suppliers to Their Host:

A Gut Microbiota Perspective. Curr. Opin. Biotechnol. 2013, 24, 160–168. [CrossRef]
53. Soto-Martin, E.C.; Warnke, I.; Farquharson, F.M.; Christodoulou, M.; Horgan, G.; Derrien, M.; Faurie, J.M.; Flint, H.J.; Duncan,

S.H.; Louis, P. Vitamin Biosynthesis by Human Gut Butyrate-Producing Bacteria and Cross-Feeding in Synthetic Microbial
Communities. MBio 2020, 11, 10–1128. [CrossRef]

54. Tanoue, T.; Umesaki, Y.; Honda, K. Immune Responses to Gut Microbiota-Commensals and Pathogens. Gut Microbes 2010, 1, 224.
[CrossRef]

55. Pelaseyed, T.; Bergström, J.H.; Gustafsson, J.K.; Ermund, A.; Birchenough, G.M.H.; Schütte, A.; van der Post, S.; Svensson, F.;
Rodríguez-Piñeiro, A.M.; Nyström, E.E.L.; et al. The Mucus and Mucins of the Goblet Cells and Enterocytes Provide the First
Defense Line of the Gastrointestinal Tract and Interact with the Immune System. Immunol. Rev. 2014, 260, 8–20. [CrossRef]

56. Bansal, T.; Alaniz, R.C.; Wood, T.K.; Jayaraman, A. The Bacterial Signal Indole Increases Epithelial-Cell Tight-Junction Resistance
and Attenuates Indicators of Inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 228–233. [CrossRef]

57. Qiu, P.; Ishimoto, T.; Fu, L.; Zhang, J.; Zhang, Z.; Liu, Y. The Gut Microbiota in Inflammatory Bowel Disease. Front. Cell. Infect.
Microbiol. 2022, 12, 733992. [CrossRef] [PubMed]

58. Su, W.; Chen, Y.; Cao, P.; Chen, Y.; Guo, Y.; Wang, S.; Dong, W. Fusobacterium Nucleatum Promotes the Development of Ulcerative
Colitis by Inducing the Autophagic Cell Death of Intestinal Epithelial. Front. Cell. Infect. Microbiol. 2020, 10, 594806. [CrossRef]
[PubMed]

59. Chen, Y.; Chen, Y.; Cao, P.; Su, W.; Zhan, N.; Dong, W. Fusobacterium Nucleatum Facilitates Ulcerative Colitis through Activating
IL-17F Signaling to NF-KB via the Upregulation of CARD3 Expression. J. Pathol. 2020, 250, 170–182. [CrossRef] [PubMed]

60. Dovrolis, N.; Moschoviti, A.; Fessatou, S.; Karamanolis, G.; Kolios, G.; Gazouli, M. Identifying Microbiome Dynamics in Pediatric
IBD: More than a Family Matter. Biomedicine 2023, 11, 1979. [CrossRef]

61. Lloyd-Price, J.; Arze, C.; Ananthakrishnan, A.N.; Schirmer, M.; Avila-Pacheco, J.; Poon, T.W.; Andrews, E.; Ajami, N.J.; Bonham,
K.S.; Brislawn, C.J.; et al. Multi-Omics of the Gut Microbial Ecosystem in Inflammatory Bowel Diseases. Nature 2019, 569, 655–662.
[CrossRef] [PubMed]

62. Pittayanon, R.; Lau, J.T.; Leontiadis, G.I.; Tse, F.; Yuan, Y.; Surette, M.; Moayyedi, P. Differences in Gut Microbiota in Patients With
vs Without Inflammatory Bowel Diseases: A Systematic Review. Gastroenterology 2020, 158, 930–946. [CrossRef] [PubMed]

https://doi.org/10.1053/j.gastro.2015.03.001
https://www.ncbi.nlm.nih.gov/pubmed/25747596
https://doi.org/10.1053/j.gastro.2018.12.009
https://doi.org/10.1016/j.mayocp.2014.07.002
https://doi.org/10.1053/j.gastro.2015.05.036
https://doi.org/10.1038/d41586-018-07276-2
https://www.ncbi.nlm.nih.gov/pubmed/30405234
https://doi.org/10.3238/arztebl.2020.0564
https://doi.org/10.3389/fimmu.2021.691480
https://doi.org/10.1080/17474124.2019.1596797
https://doi.org/10.1586/17474124.2014.945914
https://www.ncbi.nlm.nih.gov/pubmed/25101818
https://doi.org/10.1053/j.gastro.2020.01.006
https://www.ncbi.nlm.nih.gov/pubmed/31945371
https://doi.org/10.1128/IAI.00014-21
https://www.ncbi.nlm.nih.gov/pubmed/33526559
https://doi.org/10.1038/535047a
https://www.ncbi.nlm.nih.gov/pubmed/27383978
https://doi.org/10.1007/s12328-017-0813-5
https://doi.org/10.1186/s12876-019-0930-3
https://www.ncbi.nlm.nih.gov/pubmed/30642266
https://doi.org/10.1038/nri3430
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.1016/j.copbio.2012.08.005
https://doi.org/10.1128/mBio.00886-20
https://doi.org/10.4161/gmic.1.4.12613
https://doi.org/10.1111/imr.12182
https://doi.org/10.1073/pnas.0906112107
https://doi.org/10.3389/fcimb.2022.733992
https://www.ncbi.nlm.nih.gov/pubmed/35273921
https://doi.org/10.3389/fcimb.2020.594806
https://www.ncbi.nlm.nih.gov/pubmed/33330137
https://doi.org/10.1002/path.5358
https://www.ncbi.nlm.nih.gov/pubmed/31610014
https://doi.org/10.3390/biomedicines11071979
https://doi.org/10.1038/s41586-019-1237-9
https://www.ncbi.nlm.nih.gov/pubmed/31142855
https://doi.org/10.1053/j.gastro.2019.11.294
https://www.ncbi.nlm.nih.gov/pubmed/31812509


Biomedicines 2023, 11, 3144 15 of 19

63. van Tilburg Bernardes, E.; Pettersen, V.K.; Gutierrez, M.W.; Laforest-Lapointe, I.; Jendzjowsky, N.G.; Cavin, J.B.; Vicentini, F.A.;
Keenan, C.M.; Ramay, H.R.; Samara, J.; et al. Intestinal Fungi Are Causally Implicated in Microbiome Assembly and Immune
Development in Mice. Nat. Commun. 2020, 11, 2577. [CrossRef] [PubMed]

64. Zuo, T.; Ng, S.C. The Gut Microbiota in the Pathogenesis and Therapeutics of Inflammatory Bowel Disease. Front. Microbiol. 2018,
9, 2247. [CrossRef] [PubMed]

65. Franzosa, E.A.; Sirota-Madi, A.; Avila-Pacheco, J.; Fornelos, N.; Haiser, H.J.; Reinker, S.; Vatanen, T.; Hall, A.B.; Mallick, H.;
McIver, L.J.; et al. Gut Microbiome Structure and Metabolic Activity in Inflammatory Bowel Disease. Nat. Microbiol. 2018, 4,
293–305. [CrossRef] [PubMed]

66. De Souza, H.S.P.; Fiocchi, C. Immunopathogenesis of IBD: Current State of the Art. Nat. Rev. Gastroenterol. Hepatol. 2016, 13,
13–27. [CrossRef]

67. Michail, S.; Durbin, M.; Turner, D.; Griffiths, A.M.; Mack, D.R.; Hyams, J.; Leleiko, N.; Kenche, H.; Stolfi, A.; Wine, E. Alterations
in the Gut Microbiome of Children with Severe Ulcerative Colitis. Inflamm. Bowel Dis. 2012, 18, 1799–1808. [CrossRef]

68. Coretti, L.; Natale, A.; Cuomo, M.; Florio, E.; Keller, S.; Lembo, F.; Chiariotti, L.; Pero, R. The Interplay between Defensins and
Microbiota in Crohn’s Disease. Mediators Inflamm. 2017, 2017, 8392523. [CrossRef]

69. Pabst, O.; Slack, E. IgA and the Intestinal Microbiota: The Importance of Being Specific. Mucosal Immunol. 2020, 13, 12. [CrossRef]
70. Vaishnava, S.; Yamamoto, M.; Severson, K.M.; Ruhn, K.A.; Yu, X.; Koren, O.; Ley, R.; Wakeland, E.K.; Hooper, L.V. The

Antibacterial Lectin RegIIIγ Promotes the Spatial Segregation of Microbiota and Host in the Intestine. Science 2011, 334, 255.
[CrossRef]

71. Hooper, L.V.; Littman, D.R.; Macpherson, A.J. Interactions between the Microbiota and the Immune System. Science 2012,
336, 1268. [CrossRef] [PubMed]

72. Kostic, A.D.; Xavier, R.J.; Gevers, D. The Microbiome in Inflammatory Bowel Disease: Current Status and the Future Ahead.
Gastroenterology 2014, 146, 1489–1499. [CrossRef]

73. Stange, E.F.; Schroeder, B.O. Microbiota and Mucosal Defense in IBD: An Update. Expert Rev. Gastroenterol. Hepatol. 2019, 13,
963–976. [CrossRef] [PubMed]

74. Fang, J.; Wang, H.; Zhou, Y.; Zhang, H.; Zhou, H.; Zhang, X. Slimy Partners: The Mucus Barrier and Gut Microbiome in Ulcerative
Colitis. Exp. Mol. Med. 2021, 53, 772–787. [CrossRef] [PubMed]

75. Gulati, A.; Kaur, D.; Krishna Prasad, G.V.R.; Mukhopadhaya, A. PRR Function of Innate Immune Receptors in Recognition of
Bacteria or Bacterial Ligands. Adv. Exp. Med. Biol. 2018, 1112, 255–280. [CrossRef] [PubMed]

76. Lebeer, S.; Vanderleyden, J.; De Keersmaecker, S.C.J. Host Interactions of Probiotic Bacterial Surface Molecules: Comparison with
Commensals and Pathogens. Nat. Rev. Microbiol. 2010, 8, 171–184. [CrossRef] [PubMed]

77. Mueller, C. Danger-Associated Molecular Patterns and Inflammatory Bowel Disease: Is There a Connection? Dig. Dis. 2013, 30,
40–46. [CrossRef]

78. Sellge, G.; Kufer, T.A. PRR-Signaling Pathways: Learning from Microbial Tactics. Semin. Immunol. 2015, 27, 75–84. [CrossRef]
79. Muñoz-Wolf, N.; Lavelle, E.C. Innate Immune Receptors. Methods Mol. Biol. 2016, 1417, 1–43. [CrossRef]
80. Honda, K.; Atarashi, K.; Nishio, J. Microbial Recognition and Pathogen-Associated Molecular Pattern Receptors in Inflammatory

Bowel Disease. In Crohn’s Disease and Ulcerative Colitis; Baumgart, D., Ed.; Springer: Boston, MA, USA, 2012. [CrossRef]
81. Steinbach, E.C.; Plevy, S.E. The Role of Macrophages and Dendritic Cells in the Initiation of Inflammation in IBD. Inflamm. Bowel

Dis. 2014, 20, 166–175. [CrossRef]
82. Pergolizzi, S.; Rizzo, G.; Favaloro, A.; Alesci, A.; Pallio, S.; Melita, G.; Cutroneo, G.; Lauriano, E.R. Expression of VAChT and

5-HT in Ulcerative Colitis Dendritic Cells. Acta Histochem. 2021, 123, 151715. [CrossRef]
83. Sun, D.; Li, C.; Chen, S.; Zhang, X. Emerging Role of Dendritic Cell Intervention in the Treatment of Inflammatory Bowel Disease.

Biomed Res. Int. 2022, 2022, 7025634. [CrossRef]
84. Mann, E.R.; Landy, J.D.; Bernardo, D.; Peake, S.T.C.; Hart, A.L.; Al-Hassi, H.O.; Knight, S.C. Intestinal Dendritic Cells: Their Role

in Intestinal Inflammation, Manipulation by the Gut Microbiota and Differences between Mice and Men. Immunol. Lett. 2013, 150,
30–40. [CrossRef] [PubMed]

85. Liang, L.; Yang, C.; Liu, L.; Mai, G.; Li, H.; Wu, L.; Jin, M.; Chen, Y. Commensal Bacteria-Derived Extracellular Vesicles Suppress
Ulcerative Colitis through Regulating the Macrophages Polarization and Remodeling the Gut Microbiota. Microb. Cell Fact. 2022,
21, 88. [CrossRef]

86. Sun, R.; Abraham, C. IL23 Promotes Antimicrobial Pathways in Human Macrophages, Which Are Reduced With the IBD-
Protective IL23R R381Q Variant. Cell. Mol. Gastroenterol. Hepatol. 2020, 10, 673. [CrossRef] [PubMed]

87. Mezouar, S.; Chantran, Y.; Michel, J.; Fabre, A.; Dubus, J.C.; Leone, M.; Sereme, Y.; Mège, J.L.; Ranque, S.; Desnues, B.; et al.
Microbiome and the Immune System: From a Healthy Steady-State to Allergy Associated Disruption. Hum. Microbiome J. 2018,
10, 11–20. [CrossRef]

88. Sinha, A.; Li, Y.; Mirzaei, M.K.; Shamash, M.; Samadfam, R.; King, I.L.; Maurice, C.F. Transplantation of Bacteriophages from
Ulcerative Colitis Patients Shifts the Gut Bacteriome and Exacerbates the Severity of DSS Colitis. Microbiome 2022, 10, 105.
[CrossRef]

89. Gogokhia, L.; Round, J.L. Immune-Bacteriophage Interactions in Inflammatory Bowel Diseases. Curr. Opin. Virol. 2021, 49, 30–35.
[CrossRef]

https://doi.org/10.1038/s41467-020-16431-1
https://www.ncbi.nlm.nih.gov/pubmed/32444671
https://doi.org/10.3389/fmicb.2018.02247
https://www.ncbi.nlm.nih.gov/pubmed/30319571
https://doi.org/10.1038/s41564-018-0306-4
https://www.ncbi.nlm.nih.gov/pubmed/30531976
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1002/ibd.22860
https://doi.org/10.1155/2017/8392523
https://doi.org/10.1038/s41385-019-0227-4
https://doi.org/10.1126/science.1209791
https://doi.org/10.1126/science.1223490
https://www.ncbi.nlm.nih.gov/pubmed/22674334
https://doi.org/10.1053/j.gastro.2014.02.009
https://doi.org/10.1080/17474124.2019.1671822
https://www.ncbi.nlm.nih.gov/pubmed/31603356
https://doi.org/10.1038/s12276-021-00617-8
https://www.ncbi.nlm.nih.gov/pubmed/34002011
https://doi.org/10.1007/978-981-13-3065-0_18
https://www.ncbi.nlm.nih.gov/pubmed/30637703
https://doi.org/10.1038/nrmicro2297
https://www.ncbi.nlm.nih.gov/pubmed/20157338
https://doi.org/10.1159/000342600
https://doi.org/10.1016/j.smim.2015.03.009
https://doi.org/10.1007/978-1-4939-3566-6_1
https://doi.org/10.1007/978-1-4614-0998-4_6
https://doi.org/10.1097/MIB.0b013e3182a69dca
https://doi.org/10.1016/j.acthis.2021.151715
https://doi.org/10.1155/2022/7025634
https://doi.org/10.1016/j.imlet.2013.01.007
https://www.ncbi.nlm.nih.gov/pubmed/23352670
https://doi.org/10.1186/s12934-022-01812-6
https://doi.org/10.1016/j.jcmgh.2020.05.007
https://www.ncbi.nlm.nih.gov/pubmed/32474165
https://doi.org/10.1016/j.humic.2018.10.001
https://doi.org/10.1186/s40168-022-01275-2
https://doi.org/10.1016/j.coviro.2021.04.010


Biomedicines 2023, 11, 3144 16 of 19
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