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Abstract: The gut microbiota has diverse microbial components, including bacteria, viruses, and
fungi. The interaction between gut microbiome components and immune responses has been
studied extensively over the last decade. Several studies have reported the potential role of the
gut microbiome in maintaining gut homeostasis and the development of disease. The commensal
microbiome can preserve the integrity of the mucosal barrier by acting on the host immune system.
Contrastingly, dysbiosis-induced inflammation can lead to the initiation and progression of several
diseases through inflammatory processes and oxidative stress. In this review, we describe the
multifaceted effects of the gut microbiota on several diseases from the perspective of mucosal

immunological responses.

Keywords: gut microbiota; mucosal immunity; metabolites; inflammatory bowel disease; colon
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1. Introduction

The human gastrointestinal tract harbors innumerable bacteria, which constitute
the gut microbiota [1]. The gut microbiota has diverse microbial components, including
bacteria, viruses, and fungi. Research on gut microbiota began with studies conducted
by Leeuwenhoek in the 1680s. He observed human feces using a microscope and found
several small organisms, including bacteria. Numerous bacterial species have since been
cultured and identified in human feces. In recent years, next-generation sequencing
(NGS) has markedly facilitated our understanding of the intestinal microbiome. NGS
technology has revealed that most of the intestinal bacteria can be classified as Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia. Among
them, Firmicutes and Bacteroidetes constitute approximately 90% of the total intestinal
bacterial population [2]. The phylum Firmicutes is composed of genera such as Lactobacillus,
Bacillus, Clostridium, Enterococcus, and Ruminococcus. Bacteroidetes consists of genera such
as Bacteroides and Prevotella. The phylum Actinobacteria is mainly represented by the genus
Bifidobacterium [3].

The gastrointestinal tract plays a crucial role in the immune system. Intestinal epithe-
lial cells (IECs) and lamina propria are the effector sites of the intestinal immune system
and contain various immune cells. IECs act as crucial regulators of mucosal immunity by
serving as a barrier between enterocytes and the gut lumen [4]. For the intestinal mucosa,
gut microbiota could present an extrinsic factor that threatens the maintenance of immune
homeostasis. However, the gut microbiota lives in synergy with the host environment [5].
The commensal microbiome resides in a habitable niche in the gut lumen while regulating
various host physiological functions, which play a protective role in the mucosal immune
system against pathogens. In addition, the gut microbiota has beneficial effects on nutrition
and metabolism. The symbiotic relationship between the host and gut microbiota plays a
prominent role in the maintenance of gut homeostasis [6].
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Contrastingly, an imbalance in the microbial community, which is called dysbiosis, is
associated with multiple diseases. Dysbiosis-induced inflammation can lead to the initia-
tion and progression of various intestinal diseases, including inflammatory bowel disease
(IBD) and colon cancer. Additionally, a relationship between dysbiosis and extra-intestinal
diseases, such as asthma, diabetes, atherosclerosis, and autism spectrum disorders, has
been reported [7]. Recent reports show that gut dysbiosis could be a modifier in the
intestinal lesion of Coronavirus Disease 2019 (COVID-19) [8].

In this review, we describe the multifaceted effects of gut microbiota on the intesti-
nal mucosa as well as the accumulating evidence of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infections in the gastrointestinal tract.

2. Role of the Gut Microbiome in Host Intestinal Homeostasis

The gut microbiota plays a pivotal role in forming the intestinal environment of the
host through its involvement in metabolism, host defense, and the immune system [6].
These functions are essential for host energy acquisition and intestinal homeostasis [9,10].

2.1. Dietary Metabolism and Gut Microbiota

Dietary components (e.g., carbohydrates, lipids, and proteins) are digested into gut
metabolites through the activities of enzymes secreted from the digestive organs [4].

Monosaccharides, hydrolyzed products of carbohydrates, are metabolized to pyruvate
by glycolysis in the small intestine [11]. Firmicutes (Lachnospiraceae and Ruminococcaceae)
and Bacteroides convert indigestible carbohydrates, such as dietary fiber, into short-chain
fatty acids (SCFAs) [12]. In the intestinal environment, SCFAs consist mainly of acetate,
propionate, and butyrate, which are the major anions in the colon [13]. SCFAs are ab-
sorbed by colonocytes and become a major energy source for colonic epithelial cells [14].
Among SCFAs, butyric acid is known to play a protective role in the intestinal tract
through multiple mechanisms. Butyrate increases the mucosal barrier integrity through
mucin secretion [15,16], induces the differentiation of gut monocytes into anti-microbial
macrophages [17], and maintains the homeostasis of regulatory T-cells (Tregs) [18], which
provides a protective effect against colitis [19].

Dietary lipids are digested into fatty acids by lipases. Fatty acids act as energy sources
and form cell membrane components, such as phospholipids [20]. Polyunsaturated fatty
acids (PUFAs), such as linoleic acid and «-linolenic acid, have physiologically important
roles and are called essential fatty acids, because they are not synthesized in the human
body. Bifidobacterium strains and Propionibacterium freudenreichii are reported to produce
conjugated linoleic acids (CLAs). Firmicutes (Lactobacillus plantarum) also induce the
production of CLAs, hydroxy fatty acids, and oxo fatty acids through PUFA-saturating
enzymes. 10-Hydroxy-cis-12-octadeccenoid acid, a metabolite of linoleic acid, is pro-
duced by bacteria expressing the myosin cross-reactive antigen protein (e.g., Lactobacillus,
Bifidobacterium, Streptococcus, and Stenotrophomonas) [4].

Dietary proteins are digested into tripeptides, dipeptides, and amino acids by proteases
secreted in the stomach and pancreas. Proteins are primarily digested by host-derived
proteases, but some gut microbes also produce proteases. These bacteria-derived proteases
are mainly produced by amino acid-fermenting bacteria (Firmicutes and Proteobacteria) [1,21].
Thus, the role of the gut microbiome in the host metabolism is suitably documented.

2.2. Gut Microbiota and Defense from Pathogens

The intestinal epithelium plays a fundamental role as a barrier against pathogenic
infections. As a part of this barrier mechanism, the intestinal epithelium is lined with tight
junctions, which separate the commensal microbiome from the underlying tissues [22].
Along with the epithelium, the intestinal mucus plays a protective role against pathogenic
infections. Mucin regulates virulence factors and biofilm formation and contributes to the
coexistence of beneficial bacteria, such as Lactobacillus and Bifidobacterium, promoting the
reduction of pathogenic bacteria [23,24]. Johansson et al. reported the attenuation of the
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mucus barrier function in germ-free mice and demonstrated a gain-of-function following
the administration of a conventional mouse microbiome [25]. This indicates the role of the
microbiome-mucus interaction in mucosal layer maturation.

The commensal microbiome and pathogens are known to compete for physical and
nutritional niches in the gut, and this phenomenon is called colonization resistance [26,27].
Antibiotic use and dietary habits alter the microbiome composition and can reduce colo-
nization resistance, resulting in mild colitis and vulnerability to infection [22]. Quorum
sensing, a density monitoring and transcriptional regulation system in bacteria, is associ-
ated with this competition. In quorum sensing, bacteria detect a high microbial density
by sensing signaling substances particular to the bacterium and thereby regulate gene
transcription [28]. The quorum sensing system is used by pathogens to construct hostile
environments (Figure 1). However, Piewngam et al. demonstrated that treatment with
the probiotic Bacillus eliminated Staphylococcus aureus, implying an inhibitory role of the
commensal microbiome in the quorum sensing of pathogens [29].
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Figure 1. Role of the gut microbiota in dietary metabolism and defense from pathogens. The commensal microbiome shows

mucosal protective effects through dietary metabolism and colonization resistance. In addition, the commensal microbiome

inhibits quorum sensing, which has a protective effect on the gut mucosa.

2.3. Gut Microbiota as Activators of Host Mucosal Immunity

The development and composition of the gut microbiota are closely linked to the
development of the immune system. In germ-free conditions, mice exhibit immature
intestinal lymphoid tissues, which can cause immunodeficiency [30]. In addition, the
levels of antimicrobial peptides [31-33] and IgA [34,35] in the intestine are decreased
under germ-free conditions. These deficits and immune abnormalities are restored by the
reconstitution of the gut microbiota in these mice [36]. Segmented filamentous bacteria
(SFB) promote the maturation of the mucosal immune system. Colonization with SFB
increases the proportion of T helper (Th)17 cells in the mucosal lamina propria, upregulates
the expression of genes associated with inflammation and antimicrobial defense, and
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enhances resistance to intestinal pathogens [36-39]. The gut microbiota is also involved
in the regulation of Th cell proportions through the activity of bacterial metabolites. As
mentioned previously, Atarashi et al. reported the differentiation and expansion of colonic
Tregs by butyrate-producing bacterial strains (Clostridium clusters IV, XIVa, and XVIII) from
a healthy human fecal sample [19].

The interaction between gut fungi and mucosal immunity has also been extensively
studied. Pattern recognition receptor (PRR)-expressing immune cells, such as monocytes
and mononuclear phagocytes, are involved in this immune response. PRRs are cell-surface
receptors that recognize pathogen-associated molecular patterns (PAMPs) [40]. Toll-like
receptors (TLRs), C-type lectin receptors (CLRs), and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) are representative PRRs. PRR activation induces
the secretion of chemokines and cytokines, which are essential for a protective immune
response [41]. PRR expression is known to increase in the distal intestine and is thought
to be related to bacterial density [42]. Table 1 lists the major PRRs and their targets. The
pattern of TLR expression differs depending on the intestinal site. Price et al. demonstrated
that TLR expression was higher in colonic IECs than in small intestinal IECs and that
TLR5 expression was restricted to Paneth cells in the small intestine [43]. In the intestinal
epithelium, the expression and subcellular localization of each TLR is specifically regulated,
allowing the epithelium to be appropriately ligand-stimulated. The expression of TLR2,
which predominantly recognizes Gram-positive bacteria, and TLR4, which recognizes
Gram-negative bacteria, is reported to be low in normal intestinal epithelial cells [44,45],
but it is increased in IBD patients [46,47]. TLR5, which recognizes flagellin, is expressed on
the basolateral side of intestinal epithelial cells and is known to respond to the invasion of
flagellates, such as Salmonella [48].

Table 1. Representative pattern recognition receptors in the intestine and their targets.

. C Target Target Signal
Family Localization PAMPs Microorganisms Molecules Molecules
TLR2 Bacteria Peptidoglycan MyD88
TLR2 & TLR1 Mycobacteria  Triacyl MyD88
lipopeptides
Plasma Mycoplasma Diacetylated
Membrane TLR2 & TLR6 . . MyD88
Streptococcus lipopeptides
TLR TLR4 Gram negative bacteria ~ Lipopolysaccharide MyD88 TRIF
S TLR5 Bacteria Flagellin MyD88
TLR3 Viruses dsRNA TRIF
Internal TLR7 & TLR8 Viruses ssRNA MyD88
Membrane Bacteria .
TLR9 DNA viruses CpG motifs of DNA MyD88
Dectins Fungi Beta-1,3-glucans CARD9Y RAF1
CLRs Plasma Mannose
Membrane Candida Fungal mannans Unknown
receptor
NOD1 Gram negative bacteria ~ Diaminopimelic acid RIP2
. Muramyl
NLRs Cytoplasm NOD2 Bacteria dipeptide RIP2
Listeria . ASC/
NLRP3 Staphylococcus Peptidoglycan caspase-1

Among the PRRs listed in Table 1, Dectin-1 (a member of CLRs), has been reported
as one of the most important PRRs comprising the crosstalk between fungi and intestinal
mucosa. Dectin-1 recognizes the polysaccharide 3-1,3 glucan motif on fungal cell walls
and mediates host immune responses [41]. In a dextran sodium sulfate (DSS)-induced
colitis model, more severe colitis was observed in Dectin-1 knockout (KO) mice than
in wild-type (WT) mice, with a high abundance of opportunistic fungi (e.g., Candida
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and Trichosporon). Antifungal treatment with fluconazole reduced the severity of colitis
in Dectin-1 KO mice. In a previous study, the production of inflammatory cytokines,
interleukin (IL)-17, interferon (IFN)-y, and tumor necrosis factor (TNF)-« was increased
at the site of colitis in Dectin-1 KO mice [49]. Simultaneously, the researchers indicated
that a polymorphism in the Dectin-1-coding gene worsened the ulcerative colitis (UC)
disease severity in humans [49]. These studies suggest a protective role of Dectin-1 in
the interaction with commensal fungi. CLR signaling pathways have also been studied
in a caspase recruitment domain-containing protein 9 (CARD9)-deficient mouse model.
CARDS9 is a downstream molecule of various CLRs, including Dectin-1. CARD9 KO mice
had reduced IL-6 and IFN-y levels and Th17 cell count in the acute phase of DSS-induced
colitis, with a decreased expression of IL-17A and IL-22 in mesenteric lymph nodes in the
recovery phase [50]. A decrease in IL-22 levels in colonic epithelial cells was demonstrated
with a reduction in the abundance of Lactobacillus spp. in CARD9 KO mice. Lactobacilli
stimulate aryl hydrocarbon receptor expression, which induces the production of IL-22
from Th17 cells and Type-3 innate lymphoid cells [51].

3. Gut Microbiota in the Pathogenesis of Intestinal Diseases
3.1. Gut Microbiota and IBD

Dysbiosis may play a causative role in IBD. Under germ-free conditions, the disease
severity of the IBD model has been found to be attenuated in multiple animal exper-
iments [52]. IBD patients possess an increased proportion of members of the family
Enterobacteriaceae and a decreased number of members from the phylum Firmicutes [53].
The reduction of biodiversity in the gut microbiota results in an increase in the proportion
of pathogenic bacteria [54], which induces the loss of intestinal barrier integrity, consti-
tuting an aspect of IBD pathophysiology [55]. Similarly, the number of adherent invasive
Escherichia coli. (AIEC) is increased in patients with active Crohn’s disease [56]. AIEC di-
rectly disrupts epithelial barrier integrity by producing alpha-hemolysin, which leads to the
release of proinflammatory cytokines [57]. Sulfate-reducing bacteria, such as Desulfovibrio,
are also abundant in IBD patients, resulting in mucosal damage with the production of hy-
drogen sulfate [58]. In addition, the number of mucolytic bacteria (i.e., Ruminococcus gnavas
and Ruminococcus terques) is increased in IBD patients, leading to the degradation of the
mucus layer and pathogen penetration into colonocytes [59].

From the perspective of metabolites, Faecalibacterium prausnitzii (a bacterial species
belonging to Clostridium cluster IV) is reported to have anti-inflammatory effects owing
to butyrate production, which leads to the regulation of Tregs and Th17 cells [60]. In IBD
patients, the concentration of SCFAs decreases owing to the reduction of the abundance of
butyrate-producing bacteria [61,62]. Thus, dysbiosis is associated with IBD, but determin-
ing whether an imbalance in the gut microbiota is the cause of IBD or the result of colitis
is difficult.

In contrast, therapeutic agents for IBD reportedly affect the composition of the gut
microbiota. 5-aminosalicylic acid (5-ASA) inhibits the growth of sulfate-reducing bacteria
and reduces fecal sulfide levels in patients with IBD [63]. Another study has demonstrated
the potent effects of 5-ASA on bacterial gene expression involved in bacterial invasion and
cellular metabolism [64]. Faecalibacterium prausnitzii abundance increases in IBD patients
after the initiation of TNF-o antibody therapy [65]. In addition, thiopurine is reported to
affect the concentration and adherence of gut microbiota [66], and glucocorticoid treat-
ment affects the proportion of Clostridiales and Lactobacillaceae in the gut microbiota by
downregulating the expression of the Muc2 gene [67].

3.2. Gut Microbiota and Colon Carcinogenesis

Many studies have demonstrated that the gut microbiota plays an important role in the
development of colorectal cancer (CRC). In a previous study, in a germ-free environment,
intestinal tumor development was suppressed in genetically engineered mice, such as IL-10-
deficient and T-cell receptor 3 chain/p53 double-deficient mice [68,69]. Metagenomic and
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metabolomic analyses have revealed that the composition of the gut microbiota depends
on the CRC staging [70]. Richard et al. compared the composition of gut microbiota
among patients with colitis-associated cancer (CAC), sporadic cancer (SC), and healthy
populations. Their data demonstrated an increase in the proportion of the members of the
family Enterobacteriaceae and genus Sphingomonas and a decrease in the abundance of
members of the genera Fusobacterium and Ruminococcus in CAC patients compared with
SC patients [71].

Studies show that probiotics have both suppressive [72,73] and promotive [74] effects
on tumorigenesis. Bacterial stimulation of TLRs activates NF-«B, which triggers tumor
development and growth [75]. Azoxymethane (AOM)/DSS-induced colitic cancer was
suppressed in TLR-4-deficient mice [76]. MyD88, an adaptor protein in TLR signaling,
is also involved in tumorigenesis. In a mouse model of familial adenomatous polyposis
(APCMin/+ mice), which spontaneously develops CRC, MyD88 deficiency reduced both
CRC and benign polyp formation [77].

Studies on CAC models have shown that the gut microbiota can promote or sup-
press colitis and tumorigenesis. Bifidobacterium lactis inhibits NF-«kB in IECs, preventing the
development of acute colitis and CAC in mice [78]. Bacteroides fragilis causes enteritis and tu-
morigenesis by activating the signal transducer and activator of the transcription-3 pathway
and subsequent induction of Th17 cells [79]. Arthur et al. demonstrated that Escherichia coli
NC101 promoted invasive carcinoma in AOM-treated IL-10-deficient mice [80]. The attach-
ment and effacement of mucosa-associated Escherichia coli downregulates the expression of
mismatch repair proteins such as MSH2 and MLH1 [81].

Furthermore, metabolic products contribute to intestinal inflammation and carcino-
genesis. The metabolism and absorption of SCFAs play a protective role in patients with UC
and colon carcinogenesis. SCFAs and dietary fiber metabolites mitigate the clinical signs
of DSS-induced colitis [82]. SCFA transporters (MCT1 and SMCT1) are expressed in IECs,
while their expression is reduced in the DSS-induced CAC model [83]. Western-style diets,
which contain a high proportion of long chain fatty acids (LCFAs), promote DSS-induced
inflammation and accelerate the infiltration of macrophages, resulting in the development
and progression of CRC [84]. Butyric acid also plays a crucial role in the induction of Tregs
in the colon [85]. The number of Foxp3+ Tregs in the tumors of AOM/DSS-treated mice
with CAC has been found to be higher than that in WT mouse tumors [86]. The recruitment
of Treg plays a pivotal role in immune evasion in malignant tumors [87], and in colorectal
cancer, increased Treg levels have been shown to correlate with prognosis [88,89]. Treg
differentiation in the colonic mucosal lamina propria is gut microbiota-dependent, and
the peripherally-generated Treg in the intestine includes RORyt+ Treg [90]. A recent study
revealed that dysplasia related to IBD intestinal inflammation has been accompanied with a
high frequency of RORyt+ Treg cells with inflammatory properties. Furthermore, RORyt+
Treg cells with a similar phenotype have been present in the peripheral blood. This influx
of Treg into the peripheral blood is possibly modified by a mucosal barrier dysfunction
due to IBD [91].

4. Mucosal Inmunity and Gut Microbiota in COVID-19 Patients

COVID-19 is an infectious disease caused by SARS-CoV-2. COVID-19 is now a pan-
demic. According to the current World Health Organization release, more than 260 million
people have been infected and 5.2 million people have died to date due to this disease [92].

Although SARS-CoV-2 mostly affects the respiratory system, the gastrointestinal
tract is an extra-respiratory organ affected by SARS-CoV-2. Angiotensin-converting
enzyme(ACE)-2 receptors, which function as host receptors of SARS-CoV-2, are highly
expressed in the gastrointestinal tract [93]. ACE-2 mediates intestinal infection with SARS-
CoV-2, and viral replication occurs in enterocytes [94]. Gastrointestinal damage due to
the viral invasion of enterocytes is considered a cause of gastrointestinal symptoms [95].
Nausea, vomiting, diarrhea, and loss of appetite have been reported in more than 50%
of patients with COVID-19 [96-98]. A meta-analysis by Hayashi et al. indicated that the
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appearance of abdominal pain was significantly higher in patients with severe COVID-19
than in those with non-severe COVID-19 [99].

Generally, cytopathic effects occur after the SARS-CoV-2 invasion of enterocytes [100],
followed by the activation of the innate immune system, resulting in the activation of
inflammatory cytokines, such as TNF-«, IL-1, and IL-6. Among these cytokines, IL-6 is
considered the major proinflammatory cytokine in the intestinal lesions of COVID-19 [101].

However, SARS-CoV-2 infection is suggested to induce thrombotic microvascular
injury. The small intestine is also thought to be one of the targets of COVID-19-related
micro thrombotic disease, based on several endoscopic findings [102,103].

Several studies have reported dysbiosis in patients with COVID-19. Zuo et al. reported
dysbiosis in COVID-19 patients based on a fecal microbiome analysis in comparison with
healthy controls. The proportion of pathogens from the genera Candida and Aspergillus is
increased in COVID-19 patients [104]. Gu et al. also reported a distinct bacterial diversity
in COVID-19 patients, with a high abundance of opportunistic pathogens (Streptococcus,
Rothia, Veillonella, and Actinomyces) [105]. Yeoh et al. showed an altered gut microbiome
composition in COVID-19 patients, with a concordance of disease severity and concen-
trations of inflammatory cytokines and blood markers (i.e., C-reactive protein and lactate
dehydrogenase) [106]. Multiple factors could interact in COVID-19-related dysbiosis, such
as patient background (age and chronic diseases), gut infection with SARS-CoV-2, antibiotic
use, and stress. Dysbiosis contributes to the promotion of intestinal inflammation, which
leads to a hyper-inflammatory status in the gut resulting in severe COVID-19 symptoms [8].
Thus, intestinal dysbiosis can modify COVID-19 pathophysiology. The approach from the
perspective of dysbiosis improvement could be a therapeutic strategy for COVID-19.

5. Conclusions

The mutual relationship between gut microbiota and intestinal immunity has impli-
cations for both homeostasis and pathogenesis. In terms of maintaining homeostasis, the
commensal microbiome shows mucosal protective effects through dietary metabolism
(especially butyrate synthesis) and colonization resistance. In addition, the commensal
microbiome acts as a mucosal protector by inhibiting the cell-to-cell communication of
pathogens. However, once dysbiosis occurs, it can lead to the initiation and progression
of intestinal diseases such as IBD and colon cancer as well as multiple extra-intestinal
diseases. In COVID-19, gut dysbiosis could be a modifier of intestinal lesions. Thus, the
gut microbiota has multifaceted effects on host health.

The following issues are yet to be elucidated: (1) What is the ideal composition of the
gut microbiota? (2) What are the most effective therapeutic interventions for dysbiosis?
Besides, the type of dysbiosis that appears at clinically different phases of IBD and CRC
has not been shown (i.e., before onset, at onset, during exacerbation, and during recovery).
Therefore, the dilemma of causality remains unresolved. Further large-scale clinical and
translational research studies are required to understand these issues. We strongly hope
that a microbiome-based clinical approach could bring a paradigm shift in clinical medicine.
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