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Abstract: Background and aims: The gut microbiota is a complex ecosystem containing bacteria,
viruses, fungi, yeasts and other single-celled organisms. It is involved in the development and
maintenance of both innate and systemic immunity of the body. Emerging evidence has shown
its role in liver diseases through the immune system cross-talk. We review herein literature
data regarding the triangular interaction between gut microbiota, immune system and liver in
health and disease. Methods: We conducted a search on the main medical databases for original
articles, reviews, meta-analyses, randomized clinical trials and case series using the following
keywords and acronyms and their associations: gut microbiota, microbiome, gut virome, immunity,
gastrointestinal-associated lymphoid tissue (GALT), non-alcoholic fatty liver disease (NAFLD),
non-alcoholic steato-hepatitis (NASH), alcoholic liver disease, liver cirrhosis, hepatocellular carcinoma.
Results: The gut microbiota consists of microorganisms that educate our systemic immunity
through GALT and non-GALT interactions. The latter maintain health but are also involved
in the pathophysiology and in the outcome of several liver diseases, particularly those with metabolic,
toxic or immune-mediated etiology. In this context, gut virome has an emerging role in liver diseases
and needs to be further investigated, especially due to the link reported between severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2) infection and hepatic dysfunctions. Conclusions:
Changes in gut microbiota composition and alterations in the immune system response are involved
in the pathogenesis of metabolic and immune-mediated liver diseases.

Keywords: gut microbiota; gut virome; steatosis; cirrhosis; hepatocellular carcinoma

J. Clin. Med. 2020, 9, 2488; doi:10.3390/jcm9082488 www.mdpi.com/journal/jcm

http://www.mdpi.com/journal/jcm
http://www.mdpi.com
https://orcid.org/0000-0002-2101-1118
https://orcid.org/0000-0001-6070-6716
https://orcid.org/0000-0002-9165-2367
https://orcid.org/0000-0001-6998-8502
https://orcid.org/0000-0001-5120-1046
https://orcid.org/0000-0002-5922-1524
http://www.mdpi.com/2077-0383/9/8/2488?type=check_update&version=1
http://dx.doi.org/10.3390/jcm9082488
http://www.mdpi.com/journal/jcm


J. Clin. Med. 2020, 9, 2488 2 of 23

1. Introduction

The human microbiota, now considered as a functional organ in se, consists of a complex
community of microorganisms (bacteria, yeasts, fungi, archea, protozoa and virus), living on our skin
and mucosal tissues, hence forming an efficient ecosystem with the body [1,2].

Despite the apparent alliance between gut microbiota and its host, this intimate relationship poses
a permanent threat to the host’s health, requiring constant control. Thus, the role of the human immune
system in fine-tuning and shaping the microbiota is of paramount importance [3].

The function of microbiota can be further extrapolated and considered beneficial or pathological
beyond the gastrointestinal (GI) tract, for example in the liver. In fact, venous blood flow from the gut
reaches the liver via the portal vein, carrying microbial products and inducing the host’s immunological
responses to these. On the other hand, the liver produces bile that flows to the gut directly and
influences the resident microbial environment [4]. This circulatory loop between liver and gut is an
explicative tale of how changes in the gut flora can have both beneficial and/or harmful consequences
for the host [5].

This review summarizes the evidences on the triangular interaction between gut microbiota,
immune system and liver, in health and disease. Since the epidemiology of chronic liver diseases
is changing, due to the decreasing rate of viral hepatitis and the increasing new epidemic of a wide
spectrum of alcoholic and non-alcoholic fatty liver disease (NAFLD) [6,7], we focus our attention
on non-viral hepatitis. Furthermore, due to the link reported between severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2) infection and hepatic dysfunctions, we outline the emerging
role of the gut virome in liver diseases.

2. Methods

We conducted a PubMed and Medline search for original articles, reviews, meta-analyses and
case series using the following keywords, their acronyms and their associations: gut microbiota,
microbiome, gut virome, immunity, gastrointestinal associated lymphoid tissue (GALT), liver disease,
non-alcoholic fatty liver disease, non-alcoholic steato-hepatitis (NASH), alcoholic liver disease, liver
cirrhosis and hepatocellular carcinoma. When appropriate, preliminary evidences from abstracts
belonging to main national and international gastroenterological meetings (e.g., United European
Gastroenterology Week, Digestive Disease Week) were also included. The papers found from the
above mentioned sources were reviewed by two of the authors (L.A. and E.S.) according to PRISMA
guidelines [8]. The last MEDLINE search was performed on 30th April 2020.

3. Gut Microbiota, Immune System and Liver Diseases

3.1. Gut Microbiota Composition and Main Functions

The human GI tract hosts over 100 trillion microbes, predominantly bacteria. Intriguingly,
the total number of microbes outnumbers by about ten times that of the cells of the human body [3].
Taxonomically, bacteria harbouring human gut microbiota are divided in phyla, classes, orders, families,
genera, and species. A few phyla include more than 160 species [9]. The main gut microbial phyla
are: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia. The two
phyla Firmicutes and Bacteroidetes account for almost 90% of the entire gut microbiota with the former
being composed of more than 200 different genera (e.g., Lactobacillus, Bacillus, Clostridium, Enterococcus,
Ruminicoccus and Clostridium) and Bacteroidetes having two predominant genera (namely, Bacteroides
and Prevotella) [1,9].

The collective genome of the gut microbiota (called microbiome) tends to be 150-fold bigger
than that of human cells. This may explain the fact that gut microbiota composition variability
inter-subjects is almost infinite [10]. Around one-tenth of the total colonizing bacterial species per
individual constitute a plastic “microbial fingerprint” varying through life, starting from delivery
to ageing, and subject to dietary changes and exposure to antibiotics, prebiotics and probiotics [11].
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Indeed, a microbial ‘core’ intestinal microbiota includes 66 species conserved in over 50% of the
general population. Nevertheless, the majority of species are individual-specific [12]. The use of
culture-based methods has limited the study of gut microbiome. On the contrary, the use of new
metagenomic technologies has unravelled the limitless potential for inter/intra-individual variability
of gut microbiome [11].

Microbial life starts with a limited and unstable repertoire of microorganisms amenable to changes
to allow evolution of a stable ecosystem. Thus, caesarean-born neonates acquire the dominant bacterial
phyla, Firmicutes and Bacteroidetes, at a later stage than those born transvaginally. On the other hand,
infants born transvaginally have a more precocious skin and oral microbiota colonization [13].

The first year of neonatal life frames a critical window, shaping the composition of the microbiota,
influenced primarily by maternal-neonate interactions [14]. Changes in gut microbiota ensue through
adolescence until a stable asset is reached in adulthood. This setup is variably modulated by diet,
lifestyle, drugs/substances/food use and abuse until another shift in the elderly and very ultra-elderly
occurs [15].

Gut microbiota is crucial for nutrients absorption and fermentation, regulation of intestinal
permeability (IP), host metabolism (e.g., carbohydrates absorption and processing, proteins putrefaction,
bile acids formation, insulin sensitivity) and last but not least, modulation of intestinal and systemic
immunity, thus maintaining antigen tolerance and avoiding pathogen expansion [16].Thousands of
years of microbial and immune bidirectional evolution have created a harmonious co-existence that can
be disrupted and re-established in a continuous manner both in health and disease in humans [3,17].

3.2. GALT and Non-GALT Systems and Their Interactions with Gut Microbiota

The small intestine itself is a barrier towards the environment. In fact, it consists of one mucosal
layer with epithelial cell-derived antimicrobial peptides (RegIIIγ) that prevent bacterial penetration
through the mucus layer [18,19] (Figure 1).

Gut microbiota composition changes throughout the entire GI tract. This variation depends on
different environmental conditions of the diverse tracts. More specifically, one of these environmental
conditions is represented by changes in IP, resembled by alterations in the tight junctions (TJ). TJ are
plastic gates for the translocation of microbial antigens and drive systemic inflammation. In fact,
changes in the expression of claudin (one of the proteins constituting the TJ) have been associated
with the development of colitis in animal models [20,21]. On the other hand, tight junctions closing is
impaired by various inflammatory cytokines [22]. There is also a putative role for modified claudin
expression in mucosal immunity dysfunctions [22]. More recently, it has been shown that activation of
myosin light chain kinase (MLCK), by the cytokines tumor necrosis factor (TNF) and interferon (IFN)-γ,
may affect mucosal permeability through the endocytosis of occludin proteins belonging to TJ [23].
Furthermore, MLCK can also be activated by Escherichia coli (E. coli) bacterial lipopolysaccharide (LPS)
and interleukin (IL)-1β [22].

The role and behaviour of gut microbiota in the modulation of GALT has been clarified by
experiments on germ-free animals [24]. GALT is composed by Peyer’s patches and mesenteric lymph
nodes [25]. Although GALT tolerance is genetically programmed, its maturation and development
(e.g., isolated lymphoid follicles—ILFs) are dependent on the environment [26]. Indeed, germ-free
mice have hypoplastic Peyer’s patches/mesenteric lymph nodes but no ILFs in the small intestine [27].
Prenatal Peyer’s patches and mesenteric lymph nodes functioning is driven by pro-inflammatory
lymphoid tissue inducers (LTi), innate lymphoid cells able to recruit and send B and T lymphocytes
into B-cell follicles and T-cell zones, respectively, in the absence of microbiota [27]. Postnatally, ILFs
are also driven by LTi cells but only after microbiota colonization of the GI tract. Therefore, ILFs are
able to control gut homeostasis through microbes. In fact, mice with LTi cells dysfunction have an
overgrowth of anaerobic, Gram-negative bacteria in the gut [28].

GALT is able to inform and educate both the innate and adaptive immune system through
antigen-sampling of gut microbiota via specialized M cells [28,29]. Microbe-associated molecular
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patterns (MAMPs) (e.g., peptidoglycan, LPS) can be recognized by several pattern recognition receptors
present on enterocytes’ surface (namely, toll-like receptor (TLR) and cytosolic nucleotide-binding
oligomerization domain (NOD)-like receptor), resulting in ILFs development and production of
other antibacterial proteins [29]. On the other hand, gut microbiota is also able to modulate signal
transduction through interaction with enterocytes. This process helps in maintaining a microbial
balance, hence preserving host health [3].
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Figure 1. Example of microbial-immune interplay through intestine in hepatic diseases. M cells
“sense” gut microbiota and educate mucosal immunity. In particular; Toll Like receptors (TLRs) on the
enterocytes’ surface sense microbe associated molecular patterns (MAMPs) and pathogen associated
molecular patterns (PAMPs) are allowed to pass through tight juctions (TJ) among cells with production
of nuclear factor (NF)k-B via the MY-D88 pathway. This results in anti-microbial peptides production
(namely, RegIIIy) that regulate the resident gut microbiota.

3.3. The Immune System

3.3.1. Innate Immunity

TLRs activate downstream signals primarily facilitated by the adaptor protein MyD88. This process
seems to be crucial for survival as indicated by MyD88 deficient control animals [30]. This step helps
immune system to recognize commensal from pathogenic bacteria [3].

When commensal bacteria are recognized by TLRs, they induce a significant production of
cytoprotective cytokines, heat-shock and anti-microbial proteins. In fact, Biswas et al. showed that
TLR signalling downregulation by protein IRAK-M is able to protect from colitis development by
maintaining intestinal microbiota homeostasis [31].

Moreover, innate NOD-like receptors (NLRs) help in the maintenance of gut microbial homeostasis.
Similar to TLRs, these are intracellular proteins able to activate nuclear factor (NF)-κB and other
transcriptional factors, the mutations of which are implicated in the pathogenesis of inflammatory
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bowel diseases (IBD) [32–34]. Importantly, a subset of NLRs can activate caspase-1 through the
assembly of the inflammasome, a multiprotein complex associated with the production of interleukin
IL-1β and IL-1, which are protective against colitis development [35].

3.3.2. Adaptive Immunity

Adaptive immunity involves both T and B cells. T cells’ highly diverse receptors are able
to recognize distinct molecular sequences; B cells have other receptors generated by somatic
hypermutations. Altogether, these receptors allow a highly specific, direct immune response and
generate the well-known immunological memory that is the core of adaptive immunity [36].

T and B cells interact via a continuous crosstalk (Figure 1). Gut microbiota educate and stimulate
T lymphocyte subsets in the intestinal lamina propria. This has been shown in germ-free animals with
T cell deficiencies that are partially restored by gut microbiota reshuffling [37]. These features are
typical of immune-mediated allergies and hypersensitivities [38].

Gut colonization with single filamentous bacteria can lead to the induction of IL-17 and IL-22
secreting CD4+ lymphocytes (Th17 cells) [39], formerly associated with Helicobacter pylori-induced
gastritis [40]. However, the induction of these effector T cells is crucial in lowering the number of
pathogenic bacteria. Indeed, mice lacking single filamentous bacteria colonization cannot counteract
the growth of the pathogenic Citrobacter rodentium, a strain very similar to the human-associated
pathogen E. coli [39,40]. Not only the single filamentous bacteria but also typical dendritic resident
intestinal CD70highCD11clow antigen-presenting cells interacting with adenosine triphosphate (ATP)
are able to regulate Th17 differentiation [41].

Finally, the quick shift towards a pathogenetic immunological environment may affect gut
microbiota. For example, non-pathogenic E. coli and Enterococcus faecalis (E. faecalis) are capable of
inducing an aggressive Th1/Th17 pancolitis in IL-10 knockout mice, thus further altering the gut
microbiota [41].

Regulatory T cells (namely, Tregs) can suppress the intestinal inflammation and maintain commensal
microbiota tolerance through a mutual interaction [42]. These cells represent 1–3% of circulating
CD4+T cells and have a high expression of CD25 as well as of intracellular transcription factor forkhead
box P3 (FOXP3) [43,44]. Notably, their concentration is higher in the gut [45,46]. They inhibit the
effector T lymphocytes (Th1, Th2 and Th17) and antigen-presenting cells [46,47], mainly through the
production of IL-10 [47]. Indeed, germ-free mice show reduced levels of Tregs in the colon [48].

From an evolutionistic point of view, it is conceivable that gut microbiota has evolved enhancing
these natural anti-inflammatory T cells components (namely Tregs). DNA sequencing has unravelled
the microbial-immune system interactions. For instance, polysaccharide A, a bacterial component of
the commensal bug Bacteroides fragilis, is able to promote the differentiation of IL-10-producing Tregs

through an interaction with TLR2 expressed on T cells [49,50]. In addition, Gram-positive Clostridia
colonization prevents the development of dextran sulphate sodium (DSS)-induced colitis through
a T-reg-mediated mechanism [50,51]. Furthermore, fermentation of complex carbohydrates by the
microbiota leads to the production of short chain fatty acids (namely, acetic acid, propionic acid
and butyric acid) in the colon. These products also induce Treg proliferation [51]. On the contrary,
the recently recognized microbial TLR ligand, cytosine–guanine (CpG)-containing DNA, can have
both direct and indirect suppressive effects on Tregs [52].

A recent paper by Wesemann et al. has shown that the very first B cells can develop in the intestinal
mucosa with the production of modulating immunoglobulins (Ig) [53]. Germ-free mice colonization
with commensals gut bacteria are able to increase recombination activating gene (RAG) endonucleases,
involved in the production of both heavy and light Ig chains [53]. This microbial-dependent maturation
of B cells is crucial for removing autoreactive B cells responsible for autoimmunity. In fact, in systemic
lupus erythematosus, B cells are deficient in gut homing receptors [54,55].

All the evidences considered so far support the ability of the gut microbiota in educating our
GALT- and non-GALT-associated immune systems. Within this chain of events, gut microbiota helps
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GALT to produce B cells. In particular, the production of IgA involves CD40-CD40L interactions among
B and activated T cells. Thus, the strict and complex interplay between B cells and gut microbiota
supports the hypothesis that microbial diversity is responsible for regulatory B cells formation [56].

More in particular; commensal (e.g., single filamentous bacteria) and/or probiotic strains are
able to induce the development of T helper 17 cells (Th17); regulatory T cells (Tregs) can produce
immunoregulatory cytokines (e.g., IL-10 TGF-β and IL-35) balancing the mutual coexistence of the
microbial species. Th17 cells and lymphoid tissue inducers (LTi) through IL-22 production, and the
consequent step-down in RegIIIy production, further reshape the gut microbiota. Finally, B cells
produce secretory IgA (sIgA) following CD40-CD40L T cell interactions with another immuno-mediated
balancing effect on gut microbiota.

3.4. Gut Microbiota Derangements in Liver Diseases through Immune System Alterations

The gut microbiota has a clear role in the physiopathology of liver diseases. Small quantities
of intestinal bacterial antigens can, through increased IP, enter the portal venous blood flow and
trigger GALT- and non-GALT-based immune responses. Bacterial translocation is harmful for NAFLD
pathogenesis, hepatic encephalopathy and spontaneous bacterial peritonitis development in liver
cirrhosis patients [57]. The liver, however, can maintain a sensitive balance between protective immune
response against exogenous antigens and immune tolerance through the large number of immune cells
belonging to both innate and adaptive immune systems [58–60].

The strict association between gut microbiota imbalance or dysbiosis and hepatic encephalopathy
was first reported in humans in the 1950s by Phillips et al. They found that nitrogenous-compounds, such
as ammonia, produced by microbial-ingested proteins putrefaction, could escape hepatic detoxification,
resulting in accumulation of these across the blood-brain barrier until coma develops [61].

3.4.1. Alcoholic Liver Disease

Although the hepato-toxicity of alcohol is well-known, its disruptive effects cannot be attributed
to toxicity only. Increased bacterial endotoxin and DNA levels are found in the systemic circulation of
alcoholic liver disease patients. Bacterial LPS can activate both systemic and resident immune cells
through TLR4 signalling with the induction of pro-inflammatory cytokines, forming a positive feedback
loop [62]. Bacterial DNA is recognised by TLR9 that triggers the liver LPS-related inflammatory
cascade [63].

However, alcoholic liver disease natural history also regards another pathophysiological
mechanism involving gut microbiota. Chronic excessive alcohol consumption can lead to a significant
increase in the total number of Gram-negative anaerobic bacteria of faecal origin within the jejunum [64].
Another study reported that mice chronically exposed to alcohol showed increased presence of species
belonging to the Bacteroides versus Firmicutes phyla [65]. Finally, chronic excess alcohol intake can also
lead to deregulated intestinal mycobiosis (with reduced fungi diversity and richness) and hepatic
inflammation in mice [66]. In humans, marked intestinal fungal dysbiosis was also observed in
alcohol-dependent patients with a significant difference among alcoholic liver disease, alcoholic
steatohepatitis and liver cirrhosis [67] (Table 1).
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Table 1. Liver diseases and gut microbiota derangements.

Liver Disease Gut Microbial Derangement

ALD

↓Butyrate-producing Clostridiales spp.
↓Bacteroides and Lactobacillus
↓Lachnospiracea and Ruminococceae
↑pro-inflammatory Enterobacteriaceae
↑Fusobacteria

NAFLD/NASH

↓Prevotella
↑Firmicutes/Nacteroides ratio
↑Bacteroides and Ruminococcus
↑Escherichia coli, Bacteroides vulgatus (namely, in liver cirrhosis stage)

Autoimmune Hepatitis UC typical gut microbiota derangement (PSC) [68]
↑E.coli rough form (PBC)

Liver cirrhosis

↓Bacteroidetes and Firmicutes
↓Lachnospiraceae, Ruminococceae
↑Enterobacteriaceae
↑Streptococcus spp., Veilonella species
↑Veilonella, Megasphera, Dialister, Atobium, Prevotella

HCC
↓Lactobacillus spp. Bifidobacterium spp., Enterococcus spp.
↑Escherichia coli
↑Clostridium

Abbreviations: ALD: alcoholic liver disease; NAFLD: non-alcoholic liver disease; NASH: non-alcoholic
steato-hepatitis; UC: ulcerative colitis; PSC: primary sclerosing cholangitis; PBC: primary biliry cholangitis;
HCC: hepatocellular carcinoma; ↓: reduced; ↑: increased.

Chronic alcohol consumption also impairs barrier immunity as ethanol inhibits natural killer cell
responses with contemporary depletion of other types of lymphoid cells. Therefore, alcohol-related
dysbiosis increases the susceptibility to infections which is a very severe complication in alcoholic liver
disease patients with liver cirrhosis [69].

3.4.2. Non-Alcoholic Fatty Liver Disease

The rapid and even more consistent epidemic of obesity in the Westernized societies, has occurred
during the last 40 years and has recalled our attention on its terrible implications for health in terms of
morbidity and mortality [70]. NAFLD includes a spectrum of hepatic manifestations ranging from
steatosis to liver cirrhosis and, sometimes, leading directly from NASH to hepatocellular carcinoma
development [71]. NAFLD is a peculiar condition associated with obesity, type 2 diabetes and
insulin resistance, in the absence of significant alcohol consumption. Its histopathology is somehow
indistinguishable from the alcoholic steato-hepatitis [72]. More unexpectedly, NALFD pathogenesis is
similar to those of alcoholic liver disease. LPS triggering of systemic micro-inflammation is the hallmark
of the triangular relationship between obesity, insulin resistance and liver steatosis/hepatitis [73].
Another peculiarity of this physiopathology is represented by the bi-directional changes occurring
in obesity and gut microbiota [73]. In fact, obesity itself, with or without a high fat-diet intake,
can shape the gut microbiota. On the other hand, this “obese” microbiota can reprogram the gut
as well as the entire body to maximize nutrient absorption and an accumulative metabolism [74].
Furthermore, this shift in microbial populations has been associated with a metabolic endotoxaemia
due to higher LPS passage through an impaired IP [75]. Who is responsible for this altered IP remains
an open question in NAFLD physiopathology. An altered “dysmetabolic” gut microbiota could be the
answer [76–78]. This obesogenic intestinal microbiota has been linked to the development of insulin
resistance through the LPS/TLR4/CD14 systems [79]. Once again, the immune response is crucial to
close the physiopathologic ring between diet, microbiota and diabetes/insulin resistance [80] (Table 1).
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3.4.3. Autoimmune Diseases

Autoimmune hepatic diseases include several pathological entities, named autoimmune hepatitis
(AIH), primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC), characterized by
antibody formation to self-antigens. These diseases do not have a selective hepatic manifestation but
are systemic with phenotypic diversity and grading [81].

Recently, convincing data on the association between the influence of gut microbiota and the
diffusion of these diseases have been presented. In fact, almost 20% of chronic hepatitis in the Caucasian
population have hypergammaglobulinaemia and liver-directed autoantibodies. The consequent
histopathological feature is the hepatic lymphocytic infiltration and subsequent hepatocellular injury
as revealed in murine liver where significant TLR4 signalling correlates with the consequent trapping
of CD8+ T cells [82]. TLR9 was also shown to mediate the process of homing and activation of hepatic
natural killer (NK) T cells via the hepatic immune guardians, namely Kupffer cells [34]. IL-10 is another
cytokine crucial for autoimmune hepatic damage regulation according to data on animals. In fact, lack
of IL-10 abolishes the induction of Tregs and the consequent suppression of autoimmune colitis in mice
via TLR4 expression on intestinal CD4+ T cells [83]. These data suggest that gut-derived products such
as pathogen associated molecular patterns (PAMPs) are able to regulate T cell function within the liver.

PBC is an immune-mediated liver disease caused by immune cell activation with direct damage of
intrahepatic bile ducts; almost 95% of these patients present with anti-mitochondrial antibodies at the
biochemical check [84]. Hopf et al. showed a significant association between E. coli rough form and the
presence of lipid A, a lipid component of the endotoxin responsible for germ’s toxicity, within the liver
of PBC patients but not in healthy subjects. This association seems to be disease-specific [85]. Thus,
pharmacological modulation of E. coli subpopulations might be a treatment option in PBC patients.

PSC is a progressive autoimmune disease, characterized by the complete destruction of intrahepatic
and extrahepatic bile ducts, inhibition of bile acid secretion and chronic hepatocellular injury until liver
cirrhosis develops [68]. In PSC patients, the pathophysiological link between gut microbiota, bowel
and liver is more evident. Indeed, almost 75% of PSC patients show signs of IBD, mainly ulcerative
colitis (UC). In addition, experimental models of IBD bearing pathogenic gut microflora have shown
hepatic periportal inflammation [86]. These reports confirmed that intestinal microbial factors may
initiate the immune response which leads to liver damage, even in the absence of underlying immune
cell disease (Table 1).

3.4.4. Liver Cirrhosis

In patients with liver cirrhosis, the advanced stage of chronic hepatitis that may evolve to
hepatocellular carcinoma, an altered gut microbiota might play an important role [87,88] under
several aspects.

Delayed bowel motility, reported during cirrhosis and potentially responsible for small bowel
bacterial overgrowth, increases the time of contact of faeces with the enterocytes. Moreover, altered IP
allows bacterial translocation to the systemic venous blood circulation and finally to the liver [89,90].

Recently, impaired bile secretion has been shown to be another source of bacterial translocation.
In liver cirrhosis, the level of bile salts is significantly reduced, thus lowering the stability of the gut
microbiota. The load of bacteria belonging to the Clostridiales order and responsible for the metabolism
of bile salts, was found significantly reduced [91] while a higher number of the potentially pathogenic
Enterobacteriaceae were detected in liver cirrhosis patients versus controls [92].

Furthermore, urease-producing bacteria (e.g., Klebsiella and Proteus species) have been associated
with increased production of ammonia and LPS, both involved in the pathogenesis of hepatic
encephalopathy and spontaneous bacterial peritonitis [93,94].

Finally, Qin et al. reported a difference of 75,245 microbial genes between liver cirrhosis patients
and healthy subjects using the newest quantitative metagenomic methods; about 50% of the bacterial
species were of buccal origin thus justifying the hypothesis that oral bacteria could invade the gut of
liver cirrhosis patients [95] (Table 1).
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Hepatocellular carcinoma is a common complication of liver cirrhosis and, in some contexts
(as NASH), also of non-liver cirrhosis conditions. The pathogenesis of this malignancy involves
chronic liver inflammation, with continuous cell death and regeneration processes [96]. Genetic TLR4
inactivation, gut microbial deprivation or germ-free status decrease the development of hepatocellular
carcinoma hepatocellular carcinoma in almost 80% of cases [97]. However, pathogenic changes in
the immune system have been implicated in hepatocellular carcinoma development. These include
leucocyte dysfunction with reduced phagocytic activity of reticulo-endothelial cells (that is, Kupffer
cells) [98–100], reduced antibody- and complement-mediated bacterial killing [101] and reduced
proliferation of intraepithelial lymphocytes [102]. Altogether, these mechanisms explain the dysbiosis
occurring in the cirrhotic patients that, in turn, enhances hepatocellular carcinoma progression (Table 1).

Despite substantial improvements in short-term outcome, liver cirrhosis, in the very last stages,
continues to have a poor prognosis [103]. Thus, liver transplantation remains the only treatment option
for end-stage liver disease [103]. Immunosuppression and an altered entero-hepatic bile recirculation
due to anatomical changes, however, after transplant may both play a significant role in reshuffling
intestinal microbial populations. In fact, in cynologous monkeys, the immunosuppressant alemtuzumab
induced a complete alteration of gut microbiota with reduction of predominant Bacteroides species
and increase of Enterobacteriaceae [104].

In humans, fecal microbial diversity assessment in both the pre- and post-transplant period, by
immune profiling, revealed poor microbial diversity, with reduction in several commensal species
and increase in pathogenic ones, such as Enterobacteriaceae and Enterococcus species. Surprisingly,
this dysbiosis resolved overtime after transplantation, especially when bacterial prophylaxis was
stopped and immunosuppressive regimens were reduced [105] (Table 1).

3.5. Gut Virome and Liver Diseases at the Time of SARS-COV-2 Pandemic

The existence of a gut virome has been very recently recognised despite the fact that pathogens
(such as Norwalk virus, Rotavirus and Enterovirus) have been long-known to be found in the human
intestine [106–108]. With advances in metagenomic technologies, novel enteric eukaryotic viruses such
as Adenoviridae, Picornaviridae, Reoviridae families, were found to be responsible for acute diarrhoea in
children’s small bowel enteropathy in developing areas of Australia [109,110]. Giant DNA viruses that
infect human intestinal parasites (namely, amoebae) are mainly represented by Mimiviridae, Mamaviridae,
Marseilleviridae. Mimiviruses have been sometimes associated with pneumonitis and diarrhoea in
humans [111]. Plant-derived viruses are also present in human faeces. They are represented by pepper
mild mottle virus (PMMV), oat blue dwarf virus, grapevine asteroid mosaic associated virus, maize
chlorotic mottle virus, oat chlorotic stunt virus, panicum mosaic virus, and tobacco mosaic virus [112].

Intestinal bacteriophages account for around 90% of the entire gut virome [106,107]. They are
commonly described as viruses of bacteria or bacterial parasites due to the ability to inject their genome
into their host, integrating with its genetic material (prophage state) and inducing other phage particle
synthesis resulting in bacterial cell lysis (lytic state) [106,113]. Bacteriophages have double-stranded
DNA (dsDNA) [113], although single-stranded DNA (ssDNA) types are found amongst the Microviridae
family [112]. Microviridae are small icosahedral viruses with circular ssDNA genomes and their members
are divided into microviruses (genus Microvirus), gokushoviruses (subfamily Gokushovirinae) and
Alpavirinae [114].

The human gut virome maintains stability and generates diversity of the human gut microbiome
in dynamic equilibrium with the host via immune system tolerance [114]. Gut virome genes are also
implicated in human metabolism, inflammation and carcinogenesis modulation [114]. Recent evidence
points out to a new role of bacteriophages in liver metabolism and immune response regulation in
humans [115].

As previously mentioned, gut microbiota promotes ethanol- induced liver disease in mice but
little is known about the specific microbial factors that are responsible for this process. The presence of
E. faecalis correlates with the severity of liver disease and with mortality in patients with alcoholic liver
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disease. Duan et al. recently showed that bacteriophages were able to decrease cytolysin expression
in the liver and abolished ethanol-induced liver disease in humanized mice [116]. Cytolysin is a
bacterial exotoxin (or bacteriocin) that is produced by E. faecalis but also by eukaryotic cells [117,118].
Alcoholic liver disease can be transmitted via faecal microbiota. Duan et al. found no multi-collinearity
between the detection of faecal cytolysin-encoding genes and other cofactors in mice. This indicates
that cytolysin may be considered an independent predictor of mortality for alcoholic liver disease.
Moreover, cytolysin production is a transportable trait among E. faecalis isolates. Indeed, it includes
both chromosomally encoded pathogenicity islands and plasmids [119]. These results confirm that the
presence of cytolysin-producing E. faecalis, rather than the total number of bacteria, determines the
severity of alcoholic liver disease and associated mortality.

Ethanol-induced changes in the gut barrier are necessary for the translocation of cytolytic E. faecalis
from the intestine to the liver, suggesting that this bacterium may promote ethanol-induced liver
disease after abnormalities of IP, as reported in mice [116]. Cytolysin-induced hepatocyte cell death
may be mediated by pore formation resulting in cell lysis, independently of ethanol [116,119].

E. faecalis bacteriophages are highly strain-specific, can be easily isolated and, in the perspective of
future therapeutic implications, present a potential for direct editing of gut microbiota [120]. Duan et al.
isolated four distinct phages from sewage water. These phages can lyse the cytolytic E. faecalis strain
isolated from Atp4aSl/Sl mice. All four phages were podophages of the virulent Picovirinae group.
Importantly, administration of E. faecalis phages significantly reduced levels of hepatic cytolysin
and faecal concentration of Enterococcus. Furthermore, phages administration (with siphophage or
myophage morphology) did not affect the overall composition of the faecal microbiome, intestinal
absorption or hepatic metabolism of ethanol [116].

In mice, the phages against cytolytic E. faecalis abolished ethanol-induced liver injury and steatosis,
lowering the levels of transaminases (ALT), the percentages of hepatic cells positive for terminal
deoxynucleotide transferase-mediated dUTP nick-end labelling, and reducing the levels of hepatic
triglycerides and oil red O-staining, compared to control phages (namely, against C. crescentus) [116].
It can be hypothesized that treatment with lytic phages can attenuate the ethanol-induced liver disease
also in humans. However, since phages can induce a strong immune reaction, safety studies are
required [121]. Overall, these data are promising and suggest that cytolysin may be used as a predictive
biomarker of alcoholic liver disease shifting to alcoholic steatohepatitis.

In AIH, patients are typically treated with steroids and show a good response profile. In cases where
immunosuppressive therapy does not offer any benefit, and the side effects are seriousleading to the
development of malignancies, bacteriophage-based approaches have been considered. Bacteriophages
have been increasingly recognized as immunomodulators contributing to immune homeostasis
and curbing inflammation [122]. Phages have been shown to down-regulate the expression and/or
production and activity of factors associated with hepatic injury (e.g., reactive oxygen species, TLR-4
and NF-kB activation, pro-inflammatory and pro-coagulant activities of platelets) and up-regulate the
expression and/or production of protective factors (e.g., IL-10, IL-1 receptor antagonist) [121]. Phages
may modulate the immune response, contributing to maintenance of immune homeostasis in the
GI tract and, possibly, in other sites [123,124]. Furthermore, they can diminish T cell activation,
alloantigen-induced Ig production in vitro and extend the skin allograft survival in naive and
sensitized mice [123,124]. In addition, phages may reduce autoimmune reaction in a mouse model of
autoimmunity (namely collagen-induced arthritis) [125]. Skin and organ inflammatory infiltration
induced by alloantigens and endotoxin can also be reduced markedly by phage or a phage protein
administration [126]. More importantly, phages do not impair the ability of granulocytes and monocytes
to kill bacteria. Clinical phage therapy decreased inflammatory markers (e.g., C-reactive protein
[CRP], erythrocyte sedimentation rate, leukocytosis), even though eradication of pathogens was not
achieved [127].

Liver macrophages or Kupffer cells are of paramount importance for maintenance of liver and
immune systemic homeostasis [128]. In fact, deletion of Kupffer cells in experimentally-induced
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hepatitis suppresses liver damage and, also, collagen-induced autoimmune arthritis in mice [129,130].
Kupffer cells may modulate liver allograft tolerance implicating that transplanted subject survival may
be accomplished without concurrent immunosuppression [131]. Moreover, when liver and kidney are
transplanted simultaneously the liver becomes immunoprotective for the kidney [132].

Targeting pathogenic Kupffer cells may be a novel promising approach in acute and chronic liver
diseases. From seventy to ninety per cent of phages administered intravenously in mice are taken up
by liver [133]. Liver Kupffer cells are primarily responsible for this uptake and are unable to prime
lymphocytes for antibody responses against phages. In contrast, almost the entire humoral response to
phages is attributable to spleen [134].

If enhanced phagocytosis by Kupffer cells may translate into attenuation of autoimmune-mediated
hepatitis, it may be expected that phage uptake by Kuppfer cells may also mediate similar effects [133].
Specifically, phage-induced decrease of reactive oxygen species and enhancement of IL-10 production
by these cells may also contribute significantly to achieving immune homeostasis.

Phages induce IL-10 production by human mononuclear cells [135]. This cytokine, known for
its anti-inflammatory action, plays a protective role against hepatic injury. It also has anti-fibrotic
properties [136]. IL-10-producing T cells prevent liver damage in chronic hepatitis C virus infection [137].
Phages can have a moderate inhibitory effect on the activation of NF-kB, thus inhibiting liver
inflammation and injury [138].

Biliary epithelial cells express TLR-4. There is increasing evidence that this receptor plays a
key role in HCV infection and replication. TLR-4 has been identified as a factor associated with a
high risk of developing cirrhosis in patients with chronic hepatitis C. Moreover, TLR-4 activation
has been associated with the progression of other chronic liver diseases, such as AIH, PBC and PSC.
Inhibitors of TLR-4 are being tested in the hope that they might prevent the progression of chronic
hepatitis [139,140]. In addition, purified phages may down-regulate TLR-4, leading to lower hepatic
injury with subsequent lowered hepato-carcinogenesis [141]. Of note, antiplatelet therapy prevents
the development of hepatocellular carcinoma. Phages may also be part of this process, as they inhibit
platelet adhesion to fibrinogen [142]. Finally, phages could also be used for the development of vaccine
against hepatitis B virus and production of nanomolecules displaying peptides that could interfere
with attachment of pathogenic viruses and their entry into liver cells [143].

To date, SARS-CoV-2 is responsible for a tremendous pandemic that has changed clinical as well
as social behaviours. The relative collection of clinical manifestations, namely COVID-19, includes
not only pulmonary abnormalities but is a systemic disease, involving the heart, liver, pancreas
and kidneys. SARS-CoV-2 also affects circulating lymphocytes and the immune system [144–146].
Liver damage can occur during disease progression and/or as consequence of COVID-19 treatment in
patients with or without pre-existing liver diseases [146]. Overall, the incidence of elevated serum
transaminases in hospitalized COVID-19 patients, and, less frequently, bilirubin, ranges from 14% to
53% [147]. Moreover, liver derangement is observed more commonly in male patients and in those
with more severe disease [148].

Hitherto, there is no evidence of acute or acute on chronic liver failure in COVID-19
patients [147,148]. Retrospective studies, with large cohorts, have shown that a small percentage had
pre-existing hepatitis B [148]. Histopathologically, the liver of COVID-19-affected patients shows
moderate microvascular steatosis and mild lobular and portal activity, indicating that the injury could
have been caused by either SARS-CoV-2 infection or drugs [149]. Due to the novelty of COVID-19,
we can only report putative mechanisms leading to liver damage: immune-mediated injury due
to the dramatic inflammatory storm following the first week of SARS-CoV-2 infection [150]; direct
cytotoxic damage due to viral replication within hepatic cells through ACE-2 receptor binding [151];
viral-induced endothelial injury and/or microthrombotic events; anoxia due to respiratory failure;
drug-induced liver injury (DILI) (e.g., due to use of lopinavir/ritonavir, remdesivir, chloroquine,
tocilizumab, uminefovir, Chinese traditional medicine which are potentially hepatotoxic in some
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patients) [146,151]. It is also noteworthy that drugs like tocilizumab and baricitinib can cause HBV
reactivation, thus leading to liver failure.

It is not yet clear whether COVID-19 impairs cholestasis in patients with pre-existing cholestatic
liver diseases [152]. However, the outcome of patients with liver injury is generally favourable as
alterations of liver transaminases are transient and often without fatal exitus. Thus, COVID-19 liver
features and preliminary evidence reported in literature raise open issues: disease evolution history
will provide details about the exact pathogenesis of liver manifestations following COVID-19; the
putative role for biliary tract cells in shedding the infection to the intestinal cells (also expressing ACE2);
the real incidence of DILI during the treatment of COVID-19; the eventual susceptibility of patients with
pre-existing liver disease to COVID-19 disease (e.g., the possible protective role of immunosuppressant
versus disease severity); the prognostic weight of pre-existing liver disease on COVID-19 survival.

3.6. An Example of Gut Microbiota Modulation through Immune Interaction in Liver Disease: The Case
of Probiotics

Evidence on the efficacy of gut microbiota modulation in liver cirrhosis natural history comes from
studies on the use of prebiotics. Prebiotics, usually plant fibres and other non-digestible fermentable
carbohydrates that lead to preferential intestinal microbial growth, have been first used in liver
cirrhosis patients [153]. Lactulose is able to reverse and improve hepatic encephalopathy and the
add-on positive effect on the usage of rifaximin, an antibiotic poorly absorbed at the intestinal level,
support its enormous therapeutic potential in altering intestinal microbial communities to revert
disease progression [3]. Moreover, lactulose, as a non-absorbable disaccharide, lowers colonic pH,
improves excretion of ammonia, stimulates growth of Bifidobacterium and Lactobacillus [154].

Probiotics are defined as “live microorganisms beneficially affecting human health” [155].
Symbiotics are a combination of the prebiotics and probiotics [156]. alcoholic liver disease has
been linked to an over-population of Gram-negative microbial species in the gut [157]. Studies on
animal models showed the potential of Lactobacillus GG in reducing the severity of alcoholic hepatitis.
The latter is linked to the complex mechanism of action of this probiotic that causes a reduction in gut
leakiness, oxidative stress and liver inflammation [158].

In human studies, the add-on use of other probiotics, namely Bifidobacterium bifidum and
Lactobacillus plantarum, was able to reverse the intestinal microbial dysbiosis with a simultaneous
improvement in alcoholic liver disease features [159]. From an immunological point of view,
Stadlbauer et al. showed the immune-modulator effect of Lactobacillus casei Shirota that was able to
restore neutrophils’ phagocytic capacity, inversely correlated with an increased risk of mortality in
alcoholic liver disease patients [160].

NAFLD and NASH are the most studied models in which gut microbiota and immune system
dysfunction are strictly linked in determining liver damages until liver cirrhosis and hepatocellular
carcinoma development [161]. In fact, data from animal studies have provided indications on the
efficacy of prebiotics, probiotics and symbiotics in NAFLD treatment. Li et al. showed that 4 weeks
of treatment with VSL#3, containing lactobacillus, bifidobacterium species and a streptococcal strain,
was associated with improved NAFLD histology, with a reduction in hepatic total fatty acid content,
and reduced serum aminotransferases levels in ob/ob mice fed with a high fat diet. These effects
paralleled a significant reduction in Jun-Kinase (JNK) activity and DNA-binding activity of NF-kB [162].
In humans, a study by Loguercio et al. confirmed the capability of VSL#3 to reduce these parameters,
especially with a significant decrease in lipid peroxidation, in NAFLD patients [163]. In addition, recent
data supported the efficacy of gut microbiota modulation in changing not only the GALT-associated
immunity but also the systemic inflammatory response. Reduced levels of LPS were found after
probiotic administration in patients with NAFLD [164,165]. Malaguarnera et al. also showed that
probiotics and fructooligosaccharides administration was superior to lifestyle changes in NAFLD
subjects in reducing inflammatory marker levels. Levels of TNFα, endotoxin and the NASH activity
index were significantly reduced by probiotics add-on use [166]. However, evidence supporting a
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curative role for probiotics in NAFLD, NASH and its subsiding systemic micro-inflammation process
has not yet been confirmed by larger population-based studies [167].

Within the array of biliary tract liver diseases, PSC is one of the most studied autoimmune liver
diseases in terms of gut microbiota modulation. In a pilot study by Vleggaar et al., patients with PSC
and IBD received a multi-strain probiotic for three months without benefits in terms of symptoms relief
or improvement in both liver function indexes and bile salt levels [168–170].

As reported above, gut microbiota and its interaction with immune system have been implicated
in the pathophysiology of major complications of liver cirrhosis. Thus, research focused on microbial
re-modulation, in order to reverse liver cirrhosis natural course [171]. A symbiotic preparation was
used by Liu et al., who reported a significant improvement in Child-Pugh class (that is associated
with prognosis) staging in about half of the patients treated, accompanied by reduction in the levels of
circulating endotoxin [172].

Probiotics may have a potential as add-on treatments to prevent spontaneous bacterial peritonitis
occurrence, to promote the growth of protective anaerobic organisms, but also to reduce IP [172] and
GALT activation [59]. However, neither preliminary animal studies [173] nor clinical data support the
efficacy of probiotics add-on to antibiotics in preventing primary or secondary spontaneous bacterial
peritonitis [174]. On the contrary, the potential efficacy of probiotics in hepatic encephalopathy
treatment is supported by the evidence of the beneficial effect on colonic non-urease producing bacteria
that can reduce the total amount of ammonia reaching the portal system [175]. Thus, high oral doses of
Lactobacillus acidophilus have been shown to be beneficial in improving hepatic encephalopathy [176,177].
These findings were confirmed in patients refractory to neomicyn treatment [177]. Furthermore,
Malaguarnera [166] and Liu [172] confirmed these effects by using a combination of prebiotics and
probiotics (a symbiotic approach) in the treatment of minimal hepatic encephalopathy. Bacterial
translocation is also responsible for the increased portal pressure at the basis of hyperdynamic
circulatory state and increased hepatic vascular resistance [178]. Probiotics can decrease blood portal
pressure and bleeding risk [179]. These promising but not yet uniform results [180,181] were confirmed
by Rincon et al., who after 6 weeks VSL#3 administration, reported reduced hepatic venous pressure
gradient in liver cirrhosis patients [182].

The final and most dramatic stage of liver cirrhosis evolution can be hepatocellular carcinoma.
There are a few promising studies on the role of probiotics in reducing the carcinogenetic process
of hepatocellular carcinoma. An in vivo study reported that rats exposed to aflatoxin had a lower
expression of c-myc, bcl2, cyclin D1 and rasp21 after Lactobacillus rhamnosus GG administration [183].
On the other hand, administration of a multistrain probiotic (namely, Lactobacillus and Propionobacterium
species) did not change the urinary excretion of aflatoxin metabolite in healthy volunteers. These data
suggest that probiotics administration might reduce the effects of aflatoxin and have a chemopreventive
role in hepatocellular carcinoma [184]. However, further studies are required to clarify these limited data.

4. Conclusions

The increasing evidence of the role of gut microbiota in the development, maintenance and
disruption of the immune system comes from animal and human studies. The liver, as a key organ
in local and systemic immunity maintenance, is in strict contact with microbial antigens and gut
microbiota derangement has a direct or indirect causative role on the development and progression of
several liver diseases (Table 1). Thus, microbiota modulation consisting in the use of probiotics seems
an appealing instrument for a safe immunity re-shaping in liver diseases.

Gut virome modulation on liver and systemic immunity for the treatment of viral- and
immune-mediated hepatitis and hepatocellular carcinoma are more than promising. However,
randomized controlled trials are needed to confirm animal and preliminary human studies.
Understanding in depth the immunomodulatory role of the gut microbiota and virome in health
and disease is also of prime importance to counteract pandemics such as that caused by the ongoing
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SARS-CoV-2 infection, as COVID-19-affected patients show not only respiratory distress syndrome but
also multiorgan dysfunction including the liver.
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3. Preveden, T.; Scarpellini, E.; Milić, N.; Luzza, F.; Abenavoli, L. Gut microbiota changes and chronic hepatitis
C virus infection. Expert Rev. Gastroenterol. Hepatol. 2017, 11, 813–819. [CrossRef] [PubMed]

4. Maroni, L.; Ninfole, E.; Pinto, C.; Benedetti, A.; Marzioni, M. Gut-Liver Axis and Inflammasome Activation
in Cholangiocyte Pathophysiology. Cells 2020, 9, 736. [CrossRef]

5. Jia, W.; Xie, G.; Jia, W. Bile acid-microbiota crosstalk in gastrointestinal inflammation and carcinogenesis.
Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 111–128. [CrossRef]

6. Testino, G.; Bottaro, L.C.; Patussi, V.; Scafato, E.; Addolorato, G.; Leone, S.; Renzetti, D.; Balbinot, P.; Greco, G.;
Fanucchi, T.; et al. Study Committee of SIA (Società Italiana di Alcologia). Addiction disorders: A need for
change. Proposal for a new management. Position paper of SIA, Italian Society on Alcohol. Minerva. Med.
2018, 109, 369–385. [CrossRef]

7. Saracco, G.M.; Evangelista, A.; Fagoonee, S.; Ciccone, G.; Bugianesi, E.; Caviglia, G.P.; Abate, M.L.;
Rizzetto, M.; Pellicano, R.; Smedile, A. Etiology of chronic liver diseases in the Northwest of Italy, 1998
through 2014. World J. Gastroenterol. 2016, 22, 8187–8193. [CrossRef]

8. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.; Clarke, M.; Devereaux, P.J.;
Kleijnen, J.; Moher, D. The PRISMA statement for reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: Explanation and elaboration. J. Clin. Epidemiol. 2009, 62, e1–e34.
[CrossRef]

9. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.;
Bruls, T.; Batto, J.M.; et al. Enterotypes of the human gut microbiome. Nature 2011, 473, 174–180. [CrossRef]

10. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.;
Yamada, T.; et al. A human gut microbial gene catalogue established by metagenomic sequencing. Nature
2010, 464, 59–65. [CrossRef]

11. Tap, J.; Mondot, S.; Levenez, F.; Pelletier, E.; Caron, C.; Furet, J.P.; Ugarte, E.; Muñoz-Tamayo, R.; Paslier, D.L.;
Nalin, R.; et al. Towards the human intestinal microbiota phylogenetic core. Environ. Microbiol. 2009, 11,
2574–2584. [CrossRef] [PubMed]

12. Zhuang, L.; Chen, H.; Zhang, S.; Zhuang, J.; Li, Q.; Feng, Z. Intestinal Microbiota in Early Life and Its
Implications on Childhood Health. Genom. Proteom. Bioinform. 2019, 17, 13–25. [CrossRef]

13. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.;
Hidalgo, G.; Baldassano, R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and
geography. Nature 2012, 486, 222–227. [CrossRef] [PubMed]

14. Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.;
Scurti, M.; Monti, D.; et al. Gut Microbiota and Extreme Longevity. Curr. Biol. 2016, 26, 1480–1485. [CrossRef]
[PubMed]

15. Rooks, M.G.; Garrett, W.S. Gut microbiota; metabolites and host immunity. Nat. Rev. Immunol. 2016, 16,
341–352. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/microorganisms7010014
http://www.ncbi.nlm.nih.gov/pubmed/30634578
http://dx.doi.org/10.1017/S2040174418000119
http://www.ncbi.nlm.nih.gov/pubmed/29562949
http://dx.doi.org/10.1080/17474124.2017.1343663
http://www.ncbi.nlm.nih.gov/pubmed/28621554
http://dx.doi.org/10.3390/cells9030736
http://dx.doi.org/10.1038/nrgastro.2017.119
http://dx.doi.org/10.23736/S0026-4806.18.05741-5
http://dx.doi.org/10.3748/wjg.v22.i36.8187
http://dx.doi.org/10.1016/j.jclinepi.2009.06.006
http://dx.doi.org/10.1038/nature09944
http://dx.doi.org/10.1038/nature08821
http://dx.doi.org/10.1111/j.1462-2920.2009.01982.x
http://www.ncbi.nlm.nih.gov/pubmed/19601958
http://dx.doi.org/10.1016/j.gpb.2018.10.002
http://dx.doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://dx.doi.org/10.1016/j.cub.2016.04.016
http://www.ncbi.nlm.nih.gov/pubmed/27185560
http://dx.doi.org/10.1038/nri.2016.42
http://www.ncbi.nlm.nih.gov/pubmed/27231050


J. Clin. Med. 2020, 9, 2488 15 of 23

16. Maynard, C.L.; Elson, C.O.; Hatton, R.D.; Weaver, C.T. Reciprocal interactions of the intestinal microbiota
and immune system. Nature 2012, 489, 231–241. [CrossRef]

17. Brandl, K.; Plitas, G.; Schnabl, B.; DeMatteo, R.P.; Pamer, E.G. MyD88-mediated signals induce the bactericidal
lectin RegIII gamma and protect mice against intestinal Listeria monocytogenes infection. J. Exp. Med. 2007,
204, 1891–1900. [CrossRef]

18. Johansson, M.E.; Sjovall, H.; Hansson, G.C. The gastrointestinal mucus system in health and disease. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 352–361. [CrossRef]

19. Federico, A.; Dallio, M.; Caprio, G.G.; Ormando, V.M.; Loguercio, C. Gut microbiota and the liver.
Minerva. Gastroenterol. Dietol. 2017, 63, 385–398. [CrossRef]

20. Weber, C.R.; Nalle, S.C.; Tretiakova, M.; Rubin, D.T.; Turner, J.R. Claudin-1 and 6claudin-2 expression is
elevated in inflammatory bowel disease and may contribute to early neoplastic transformation. Lab. Investig.
2008, 88, 1110–1120. [CrossRef]

21. Ahmad, R.; Sorrell, M.F.; Batra, S.K.; Dhawan, P.; Singh, A.B. Gut permeability and mucosal inflammation:
Bad; good or context dependent. Mucosal. Immunol. 2017, 10, 307–317. [CrossRef] [PubMed]

22. Wang, F.; Graham, W.V.; Wang, Y.; Witkowski, E.D.; Schwarz, B.T.; Turner, J.R. Interferon-gamma and tumor
necrosis factor-alpha synergize to induce intestinal epithelial barrier dysfunction by up-regulating myosin
light chain kinase expression. Am. J. Pathol. 2005, 166, 409–419. [CrossRef]

23. Smith, K.; McCoy, K.D.; Macpherson, A.J. Use of axenic animals in studying the adaptation of mammals to
their commensal intestinal microbiota. Semin. Immunol. 2007, 19, 59–69. [CrossRef] [PubMed]

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

25. Eberl, G.; Lochner, M. The development of intestinal lymphoid tissues at the interface of self and microbiota.
Mucosal. Immunol. 2009, 2, 478–485. [CrossRef]

26. Sawa, S.; Cherrier, M.; Lochner, M.; Satoh-Takayama, N.; Fehling, H.J.; Langa, F.; Di Santo, J.P.; Eberl, G.
Lineage relationship analysis of RORgammat+ innate lymphoid cells. Science 2010, 330, 665–669. [CrossRef]

27. Fagarasan, S.; Muramatsu, M.; Suzuki, K.; Nagaoka, H.; Hiai, H.; Honjo, T. Critical Roles of Activation-Induced
Cytidine Deaminase in the Homeostasis of Gut Flora. Science 2002, 298, 1424–1427. [CrossRef]

28. Takahashi, K.; Yano, A.; Watanabe, S.; Langella, P.; Bermúdez-Humarán, L.G.; Inoue, N. M cell-targeting
strategy enhances systemic and mucosal immune responses induced by oral administration of
nuclease-producing L. lactis. Appl. Microbiol. Biotechnol. 2018, 102, 10703–10711. [CrossRef]

29. Bouskra, D.; Brézillon, C.; Bérard, M.; Werts, C.; Varona, R.; Boneca, I.G.; Eberl, G. Lymphoid tissue
genesis induced by commensals through NOD1 regulates intestinal homeostasis. Nature 2008, 456, 507–510.
[CrossRef]

30. Larsson, E.; Tremaroli, V.; Lee, Y.S.; Koren, O.; Nookaew, I.; Fricker, A.; Nielsen, J.; Ley, R.E.; Bäckhed, F.
Analysis of gut microbial regulation of host gene expression along the length of the gut and regulation of gut
microbial ecology through MyD88. Gut 2012, 61, 1124–1131. [CrossRef]

31. Biswas, A.; Wilmanski, J.; Forsman, H.; Hrncir, T.; Hao, L.; Tlaskalova-Hogenova, H.; Kobayashi, K.S.
Negative regulation of Toll-like receptor signaling plays an essential role in homeostasis of the intestine.
Eur. J. Immunol. 2011, 41, 182–194. [CrossRef] [PubMed]

32. Kanneganti, T.D.; Lamkanfi, M.; Nunez, G. Intracellular NOD-like receptors in host defense and disease.
Immunity 2007, 27, 549–559. [CrossRef] [PubMed]

33. Claes, A.K.; Zhou, J.Y.; Philpott, D.J. NOD-Like Receptors: Guardians of Intestinal Mucosal Barriers.
Physiology (Bethesda) 2015, 30, 241–250. [CrossRef] [PubMed]

34. Lebeis, S.L.; Powell, K.R.; Merlin, D.; Sherman, M.A.; Kalman, D. Interleukin-1 receptor signaling protects
mice from lethal intestinal damage caused by the attaching and effacing pathogen Citrobacter rodentium.
Infect. Immun. 2009, 77, 604–614. [CrossRef] [PubMed]

35. Li, X.V.; Leonardi, I.; Iliev, I.D. Gut Mycobiota in Immunity and Inflammatory Disease. Immunity 2019, 50,
1365–1379. [CrossRef] [PubMed]

36. Chung, H.; Pamp, S.J.; Hill, J.A.; Surana, N.K.; Edelman, S.M.; Troy, E.B.; Reading, N.C.; Villablanca, E.J.;
Wang, S.; Mora, J.R.; et al. Gut immune maturation depends on colonization with a host-specific microbiota.
Cell 2012, 149, 1578–1593. [CrossRef]

37. Okada, H.; Kuhn, C.; Feillet, H.; Bach, J.F. The ‘hygiene hypothesis’ for autoimmune and allergic diseases:
An update. Clin. Exp. Immunol. 2010, 160, 1–9. [CrossRef]

http://dx.doi.org/10.1038/nature11551
http://dx.doi.org/10.1084/jem.20070563
http://dx.doi.org/10.1038/nrgastro.2013.35
http://dx.doi.org/10.23736/S1121-421X.17.02375-3
http://dx.doi.org/10.1038/labinvest.2008.78
http://dx.doi.org/10.1038/mi.2016.128
http://www.ncbi.nlm.nih.gov/pubmed/28120842
http://dx.doi.org/10.1016/S0002-9440(10)62264-X
http://dx.doi.org/10.1016/j.smim.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17118672
http://dx.doi.org/10.1080/00365521.2017.1349173
http://dx.doi.org/10.1038/mi.2009.114
http://dx.doi.org/10.1126/science.1194597
http://dx.doi.org/10.1126/science.1077336
http://dx.doi.org/10.1007/s00253-018-9427-1
http://dx.doi.org/10.1038/nature07450
http://dx.doi.org/10.1136/gutjnl-2011-301104
http://dx.doi.org/10.1002/eji.201040479
http://www.ncbi.nlm.nih.gov/pubmed/21182089
http://dx.doi.org/10.1016/j.immuni.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17967410
http://dx.doi.org/10.1152/physiol.00025.2014
http://www.ncbi.nlm.nih.gov/pubmed/25933824
http://dx.doi.org/10.1128/IAI.00907-08
http://www.ncbi.nlm.nih.gov/pubmed/19075023
http://dx.doi.org/10.1016/j.immuni.2019.05.023
http://www.ncbi.nlm.nih.gov/pubmed/31216461
http://dx.doi.org/10.1016/j.cell.2012.04.037
http://dx.doi.org/10.1111/j.1365-2249.2010.04139.x


J. Clin. Med. 2020, 9, 2488 16 of 23

38. Ivanov, I.I.; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.C.; Santee, C.A.;
Lynch, S.V.; et al. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 2009, 139,
485–498. [CrossRef]

39. Shi, Y.; Liu, X.F.; Zhuang, Y.; Zhang, J.Y.; Liu, T.; Yin, Z.; Wu, C.; Mao, X.H.; Jia, K.R.; Wang, F.J.; et al.
Helicobacter pylori-induced Th17 responses modulate Th1 cell responses; benefit bacterial growth; and
contribute to pathology in mice. J. Immunol. 2010, 184, 5121–5129. [CrossRef]

40. Atarashi, K.; Nishimura, J.; Shima, T.; Umesaki, Y.; Yamamoto, M.; Onoue, M.; Yagita, H.; Ishii, N.; Evans, R.;
Honda, K.; et al. ATP drives lamina propria T(H)17 cell differentiation. Nature 2008, 455, 808–812. [CrossRef]

41. Kim, S.C.; Tonkonogy, S.L.; Karrasch, T.; Jobin, C.; Sartor, R.B. Dual-association of gnotobiotic IL-10-/- mice
with 2 nonpathogenic commensal bacteria induces aggressive pancolitis. Inflamm. Bowel. Dis. 2007, 13,
1457–1466. [CrossRef] [PubMed]

42. Barnes, M.J.; Powrie, F. Regulatory T cells reinforce intestinal homeostasis. Immunity 2009, 31, 401–411.
[CrossRef] [PubMed]

43. Safinia, N.; Sagoo, P.; Lechler, R.; Lombardi, G. Adoptive regulatory T cell therapy: Challenges in clinical
transplantation. Curr. Opin. Organ. Transplant. 2010, 15, 427–434. [CrossRef] [PubMed]

44. Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic self tolerance maintained by
activated T cells expressing IL-2 receptor alpha chains (CD25). Breakdown of a single mechanism of
self-tolerance causes various autoimmune diseases. J. Immunol. 1995, 155, 1151–1164. [PubMed]

45. Battaglia, M.; Gianfrani, C.; Gregori, S.; Roncarolo, M.G. IL-10-producing T regulatory type 1 cells and oral
tolerance. Ann. N. Y. Acad. Sci. 2004, 1029, 142–153. [CrossRef] [PubMed]

46. Walker, L.S. Treg and CTLA-4: Two intertwining pathways to immune tolerance. J. Autoimm. 2013, 45, 49–57.
[CrossRef]

47. Hara, M.; Kingsley, C.I.; Niimi, M.; Read, S.; Turvey, S.E.; Bushell, A.R.; Morris, P.J.; Powrie, F.; Wood, K.J.
IL-10 is required for regulatory T cells to mediate tolerance to alloantigens in vivo. J. Immunol. 2001, 166,
3789–3796. [CrossRef]

48. Atarashi, K.; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.;
Ohba, Y.; et al. Induction of colonic regulatory T cells by indigenous Clostridium species. Science 2011, 331,
337–341. [CrossRef]

49. Chinen, T.; Rudensky, A.Y. The effects of commensal microbiota on immune cell subsets and inflammatory
responses. Immunol. Rev. 2012, 245, 45–55. [CrossRef]

50. Narushima, S.; Sugiura, Y.; Oshima, K.; Atarashi, K.; Hattori, M.; Suematsu, M.; Honda, K. Characterization
of the 17 strains of regulatory T cell-inducing human-derived Clostridia. Gut Microbes 2014, 5, 333–339.
[CrossRef]

51. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.;
Garrett, W.S. The microbial metabolites; short-chain fatty acids; regulate colonic Treg cell homeostasis. Science
2013, 341, 569–573. [CrossRef] [PubMed]

52. Peng, G.; Guo, Z.; Kiniwa, Y.; Voo, K.S.; Peng, W.; Fu, T.; Wang, D.Y.; Li, Y.; Wang, H.Y.; Wang, R.F. Toll-like
receptor 8-mediated reversal of CD4+ regulatory T cell function. Science 2005, 309, 1380–1384. [CrossRef]

53. Wesemann, D.R.; Portuguese, A.J.; Meyers, R.M.; Gallagher, M.P.; Cluff-Jones, K.; Magee, J.M.;
Panchakshari, R.A.; Rodig, S.J.; Kepler, T.B.; Alt, F.W. Microbial colonization influences early B-lineage
development in the gut lamina propria. Nature 2013, 501, 112–115. [CrossRef] [PubMed]

54. Vossenkämper, A.; Blair, P.A.; Safinia, N.; Fraser, L.D.; Das, L.; Sanders, T.J.; Stagg, A.J.; Sanderson, J.D.;
Taylor, K.; Chang, F.; et al. A role for gut-associated lymphoid tissue in shaping the human B cell repertoire.
J. Exp. Med. 2013, 210, 1665–1674. [CrossRef] [PubMed]

55. Alhabbab, R.; Blair, P.; Elgueta, R.; Stolarczyk, E.; Marks, E.; Becker, P.D.; Ratnasothy, K.; Smyth, L.; Safinia, N.;
Sharif-Paghaleh, E.; et al. Diversity of gut microflora is required for the generation of B cell with regulatory
properties in a skin graft model. Sci. Rep. 2015, 5, 11554. [CrossRef] [PubMed]

56. Rosser, E.C.; Oleinika, K.; Tonon, S.; Doyle, R.; Bosma, A.; Carter, N.A.; Harris, K.A.; Jones, S.A.; Klein, N.;
Mauri, C. Regulatory B cells are induced by gut microbiota-driven interleukin-1β and interleukin-6 production.
Nat. Med. 2014, 20, 1334–1339. [CrossRef] [PubMed]

57. Wiest, R.; Albillos, A.; Trauner, M.; Bajaj, J.S.; Jalan, R. Targeting the gut-liver axis in liver disease. J. Hepatol.
2017, 67, 1084–1103. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2009.09.033
http://dx.doi.org/10.4049/jimmunol.0901115
http://dx.doi.org/10.1038/nature07240
http://dx.doi.org/10.1002/ibd.20246
http://www.ncbi.nlm.nih.gov/pubmed/17763473
http://dx.doi.org/10.1016/j.immuni.2009.08.011
http://www.ncbi.nlm.nih.gov/pubmed/19766083
http://dx.doi.org/10.1097/MOT.0b013e32833bfadc
http://www.ncbi.nlm.nih.gov/pubmed/20616725
http://www.ncbi.nlm.nih.gov/pubmed/7636184
http://dx.doi.org/10.1196/annals.1309.031
http://www.ncbi.nlm.nih.gov/pubmed/15681753
http://dx.doi.org/10.1016/j.jaut.2013.06.006
http://dx.doi.org/10.4049/jimmunol.166.6.3789
http://dx.doi.org/10.1126/science.1198469
http://dx.doi.org/10.1111/j.1600-065X.2011.01083.x
http://dx.doi.org/10.4161/gmic.28572
http://dx.doi.org/10.1126/science.1241165
http://www.ncbi.nlm.nih.gov/pubmed/23828891
http://dx.doi.org/10.1126/science.1113401
http://dx.doi.org/10.1038/nature12496
http://www.ncbi.nlm.nih.gov/pubmed/23965619
http://dx.doi.org/10.1084/jem.20122465
http://www.ncbi.nlm.nih.gov/pubmed/23940259
http://dx.doi.org/10.1038/srep11554
http://www.ncbi.nlm.nih.gov/pubmed/26109230
http://dx.doi.org/10.1038/nm.3680
http://www.ncbi.nlm.nih.gov/pubmed/25326801
http://dx.doi.org/10.1016/j.jhep.2017.05.007


J. Clin. Med. 2020, 9, 2488 17 of 23

58. Catala, M.; Anton, A.; Portoles, M.T. Characterization of the simultaneous binding of Escherichia coli
endotoxin to Kupffer and endothelial liver cells by flow cytometry. Cytometry 1999, 36, 123–130. [CrossRef]

59. Kobyliak, N.; Abenavoli, L.; Mykhalchyshyn, G.; Kononenko, L.; Boccuto, L.; Kyriienko, D.; Dynnyk, O. A
Multi-strain Probiotic Reduces the Fatty Liver Index; Cytokines and Aminotransferase levels in NAFLD
Patients: Evidence from a Randomized Clinical Trial. J. Gastrointest. Liver Dis. 2018, 27, 41–49. [CrossRef]

60. Ahlawat, S.; Sharma, K.K. Gut-organ axis: A microbial outreach and networking. Lett. Appl. Microbiol. 2020.
Epub ahead of print. [CrossRef] [PubMed]

61. Phillips, G.B.; Schwartz, R.; Gabuzda, G.J., Jr.; Davidson, C.S. The syndrome of impending hepatic coma in
patients with cirrhosis of the liver given certain nitrogenous substances. New Engl. J. Med. 1952, 247, 239–246.
[CrossRef] [PubMed]

62. Roh, Y.S.; Seki, E. Toll-like receptors in alcoholic liver disease; non-alcoholic steatohepatitis and carcinogenesis.
J. Gastroenterol. Hepatol. 2013, 28, 38–42. [CrossRef] [PubMed]

63. Scarpellini, E.; Forlino, M.; Lupo, M.; Rasetti, C.; Fava, G.; Abenavoli, L.; De Santis, A. Gut Microbiota and
Alcoholic Liver Disease. Rev. Recent Clin. Trials 2016, 11, 213–219. [CrossRef] [PubMed]

64. Abenavoli, L.; Masarone, M.; Federico, A.; Rosato, V.; Dallio, M.; Loguercio, C.; Persico, M. Alcoholic
Hepatitis: Pathogenesis; Diagnosis and Treatment. Rev. Recent Clin. Trials 2016, 11, 159–166. [CrossRef]

65. Yan, A.W.; Fouts, D.E.; Brandl, J.; Stärkel, P.; Torralba, M.; Schott, E.; Tsukamoto, H.; Nelson, K.E.; Brenner, D.A.;
Schnabl, B. Enteric dysbiosis associated with a mouse model of alcoholic liver disease. Hepatology 2011, 53,
96–105. [CrossRef]

66. Yang, A.M.; Inamine, T.; Hochrath, K.; Chen, P.; Wang, L.; Llorente, C.; Bluemel, S.; Hartmann, P.; Xu, J.;
Koyama, Y.; et al. Intestinal fungi contribute to development of alcoholic liver disease. J. Clin. Investig. 2017,
127, 2829–2841. [CrossRef]

67. Thomas, H. Gut microbiota: Intestinal fungi fuel the inflammatory fire in alcoholic liver disease. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 385. [CrossRef]

68. Dyson, J.K.; Beuers, U.; Jones, D.E.J.; Lohse, A.W.; Hudson, M. Primary sclerosing cholangitis. Lancet 2018,
391, 2547–2559. [CrossRef]

69. Sibley, D.; Jerrells, T.R. Alcohol consumption by C57BL/6 mice is associated with depletion of lymphoid
cells from the gut-associated lymphoid tissues and altered resistance to oral infections with Salmonella
typhimurium. J. Infect Dis. 2000, 182, 482–489. [CrossRef]

70. Kim, R.; Lee, D.H.; Subramanian, S.V. Understanding the obesity epidemic. BMJ 2019, 366, l4409. [CrossRef]
71. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development

and therapeutic strategies. Nat. Med. 2018, 24, 908–922.
72. Abenavoli, L.; Milic, N.; Di Renzo, L.; Preveden, T.; Medić-Stojanoska, M.; De Lorenzo, A. Metabolic aspects
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