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Abstract: The human gastrointestinal microbiota (GIM) is a complex and diverse ecosystem that
consists of community of fungi, viruses, protists and majorly bacteria. The association of several
human illnesses, such as inflammatory bowel disease, allergy, metabolic syndrome and cancers,
have been linked directly or indirectly to compromise in the integrity of the GIM, for which some
medical interventions have been proposed or attempted. This review highlights and gives update
on various technologies, including microfluidics, high-through-put sequencing, metabolomics,
metatranscriptomics and culture in GIM research and their applications in gastrointestinal microbiota
therapy, with a view to raise interest in the evaluation, validation and eventual use of these technologies
in diagnosis and the incorporation of therapies in routine clinical practice.

Keywords: gastrointestinal; microbiota; technology; therapy; high-throughput

1. Introduction

The human gastrointestinal tract is one of the most complex and diverse ecosystem known, with a
plethora of fungi, viruses, bacteria and protists. This community of commensals usually dominated
by bacteria is often referred to as microbiota, and their collective genome is termed the microbiome.
The gut microbiota play critical role in the health of the host, which include but is not limited to the
maturation of the immune system, the prevention of pathogenic infection, the alteration of intestinal
morphology and angiogenesis, the fermentation of undigested polysaccharides and the synthesis and
conversion of bioactive compounds [1–4].

Perturbations or dysbiosis of the gut microbiota as a result of diet, drug intake or environmental
changes can result in severe health challenges with fatal outcomes. Diseases such as irritable bowel
syndrome (IBS); obesity; inflammatory bowel disease (IBD), which includes ulcerative colitis (UC)
and Crohn’s disease; cancer; and inflammatory disorders (diseases associated with abnormal function
of the immune system and chronic inflammation) are associated with the perturbation of the gut
microbiota [5,6]. An array of other diseases, such as neurodegenerative disorders (Alzheimer’s disease
and the autism spectrum disorder), chronic kidney disease, diabetes and atherosclerotic cardiovascular
disease, as summarized in Table 1, have been linked to the dysbiosis of the gut [7–9]. The focus of this
review is centered on gastrointestinal diseases associated with the alteration of the gut microbiota, and
recent technologies used in the study of gastrointestinal microbiota, with the view to identifying their
potential applications in clinical practice.

J. Clin. Med. 2020, 9, 2565; doi:10.3390/jcm9082565 www.mdpi.com/journal/jcm1
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2. Methods

The literature on gut microbiota, diseases associated with perturbation of the gut microbiota
and technologies used in gut microbiome research were searched through Google Scholar and
PubMed/MEDLINE. The final search date was 29 February, 2020. Search strings such as “gut
microbiome”, “gastrointestinal microbiota”, “microbiota dysbiosis and metabolic syndrome” and
“technologies in microbiota research” were used. The search comprised original and review
articles written in English. Retrieved articles were reviewed and sorted to eliminate duplicates
and unwanted articles.

3. Results and Discussion

From the early start scientists used traditional culture and isolation techniques to study the flora of
the body but today, improved methods including high-throughput culturing methods, high-throughput
sequencing, microfluidics, human fecal transplant (Figure 1) approaches are being used in the study
and treatment of the human microbiome ecosystem, so as to examine their role in inducing disease and
to map out remedy against infective bacteria [16–19].

Figure 1. Various technologies used in the study of gastrointestinal microbiome. HTTP:
high-throughput, FMT: fecal microbiota transplantation.

3.1. The Human Gut and Its Microbiota

Prior to its birth, it is presumed that the unborn is free of microbial flora, and that at birth, the
infant first comes in contact with the resident microbial flora of the mothers’ vagina if birth was
through the natural birth canal, or the microbial flora of the mothers’ skin if birth was through cesarean
section [20–22]. Although some studies [23–25] have suggested the early inoculation of the fetus with
bacteria and bacteria DNA through the placenta. The study by de Goffau et al. [26] reported that the
human placenta has no microbiome. Detected bacteria were acquired during labor and delivery. After
birth, according to the findings of Koenig et al. [27], there were apparent chaotic shifts of microbiome
from that endowed with genes facilitating lactate utilization and plant polysaccharide metabolism
mediated by milk-based diet to increase in Bacteroidetes initiated by introduction of solid food that
prepares the infant gut for adult diet. However, in the findings of Differding et al. [28], the early
introduction of infants to complementary food was associated with altered gut microbiota composition
and butyric acid concentration, which have been previously identified as precursors to oxidative stress,
immune disorder and obesity in childhood.

The microbiome of the adult gut accommodates various communities of phylotypes belonging
to the phyla Actinobacteria, Proteobacteria, Bacteroidetes, Fusobacteria, Firmicutes and Verrucomicrobia [2].
Most of these phyla are present in the stomach, small intestine and colon. However, the colon is more
populated with several genera belonging to the afore mentioned phyla, including the genus Akkemansia

3
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that belongs to the phylum Verrucomicrobia, which has been found to be limited in patients with obesity,
inflammatory bowel disease and other metabolic syndromes, while it is in abundance in the biopsies
of healthy individuals [2,29]. As has been reported in several studies, dietary types and pattern shapes
and determines the diversity of the gut microbiome. In the submission of Amabebe et al. [30], high fat
and carbohydrate diet builds a gut microbiota that is predominated by Methanobrevibacter, Firmicutes
(Clostridium) and Prevotella and deficient in bacteria such as Bacteroides, Lactobacillus, Akkermansia and
Bifidobacterium. Barone et al. [31], in their study brought to the fore the impact of modern Paleolithic
diet (MPD) that consist of vegetables, seeds, lean meat, fruits, eggs, nuts and fish on the gut microbiome.
They observed that the gut microbiome of urban Italians adhering to MPD showed an ample degree of
biodiversity with high relative abundance of fat-loving and bile tolerant microorganisms. As have
been mentioned earlier, perturbations or dysbiosis in combination with altered permeability are crucial
mechanisms that mediate disease manifestation [32]. Fecal microbiota transplantation (FMT) has
gained relevance in recent times in the treatment and correction of gut infections or disorders that
might have resulted from the depletion of resident microbiota and infection by pathogenic bacteria.
Huge successes have been recorded in FMT therapy, with about 92% efficacy reported in the treatment
of recurrent Clostridium difficile infection [33]. In a recent study by Zou et al. [34], it was shown that
patients with Crohn’s disease and ulcerative colitis that had FMT were in remission after three days
of transplant with notable bacterial colonization of the gut. FMT therapy has been extended to the
treatment of lifestyle and other diseases, such as diabetes, metabolic syndrome, Parkinson’s disease,
obesity and cancer. FMT entails transfer of gut microbiota in feces of a healthy donor to recipient
patient to correct/treat a disorder or gastrointestinal disease [35–37]. Although the level of success of
this procedure, is yet to be wide spread due to some constraints identified by Cammarota et al. [38],
including difficulties with donor recruitment, lack of dedicated centers and issues pertaining to safety
monitoring and regulation, hence, the proposal for the provision of stool banks to bridge the gap of
FMT in clinical practice.

The afore mentioned technique offers a natural option to routine medical treatments of chronic
ailments by providing direct and effective remedy preventing dysbiosis in the host, thereby improving
health conditions [39,40].

3.2. Technologies in Gastrointestinal Microbiome Study

Since the structure, composition and diversity of the human gut microbiota has been correlated with
the health status of humans, it could be presumed that the future of combating certain ailments is through
exploring individualized gastrointestinal microbiome as the gastrointestinal microbiome era heralds.
In the past, scientists have used culture independent techniques such as electrophoresis based methods,
including denaturing gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis
(TGGE) and PCR based methods, such as terminal restriction fragment length polymorphism (T-RFLP)
and random amplified polymorphic DNA (RAPD), to study the community structure, diversity
and genetic relatedness of bacteria in communities. Fluorescence in situ hybridization (FISH) is a
cytogenetic technique that has been used in the study of individual microbes within gut microbiota,
such as Listeria monocytogenes, Salmonella species, Helicobacter pylori and Yersinia enterocoliticai, which
are gut pathogens [41–44]. Russmann et al. [45] used FISH in the diagnosis of Helicobacter pylori
cultured isolates, and the same technique was used to proffer antibiotic treatment options. These
methods had a lot of drawbacks, including the need for specific probes, low resolution, specificity
and sensitivity. However, advances in sequencing and culture technologies have paved the way to
analyzing big data arising from exploration of the rich microbiome ecosystem of the gut, which is
evident in several studies, as shown in Table 2. Such technologies are high-throughput sequencing,
microfluidics, high-throughput metabolomics, assays engineered organoids derived from human
stem cells and high-throughput culturing [46]. They have far reaching advantages over the older or
traditional technology already mentioned, but with some limitations as well (summary in Table 3).
The pros and cons of these technologies are described below.
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3.3. 16S rRNA Gene Amplicon Sequencing

The in-depth study of the gut microbiome has been made possible through metagenomic
approaches employing high-throughput sequencing technologies. Metagenomics entails the sequencing
of total community DNA, which provides information on the richness, community structure and
function of microbial species to be evaluated [54]. Sequencing of the hypervariable region of the
16S rRNA gene in combination with bioinformatics has been widely used to decipher the microbial
composition of a community in an ecosystem like the gut. Using 16S rDNA illumina sequencing, Pires
et al. [4] were able to characterize the gut microbiome of individuals living in the Amazon, which
revealed huge variation in composition, compared to people living in industrialized settings. Similarly,
Barone et al. [31] used information from 16S rRNA gene sequencing to explain gut microbiome response
to a modern Paleolithic diet in a Western lifestyle context. Previous studies have also accessed and
studied pediatric gut microbiome using 454 pyrosequencing of 16S rRNA genes [27,55]. The use of 16S
rRNA sequencing in evaluating the microbial composition of a microbiota has its various imperfections
which whole genome shotgun sequencing (WGSS) has taken care of. WGSS has been used in several
gastrointestinal microbiome studies. Vogtmann et al. [56] reported the reproducibility using WGSS in
the study of the association of colorectal cancer and the human gut microbiome. Several bioinformatics
platforms and tools, including Quantitative Insight Into Microbial Ecology (QIIME), Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States (PICRUSt), STatistical Analyses
of Metagenomic Profiles (STAMP) [51], Linear Discriminant Analysis with Effect Size (LEfSe) [12]
CLAssifier based on Reduced k-mers (CLARK), Mothur, Kraken [57] to mention a few that exist
for analyzing the enormous genetic data that is generated from gastrointestinal microbiome studies.
These tools help in predicting/assigning microbial taxonomy and give insight into the diversity,
richness and composition of microbial species in a microbiota [58]. The enormous data obtained
from metagenomic study of gut microbiota can be employed by clinicians for proper diagnosis or
prediction of gastrointestinal diseases and guide antibiotic therapy in clinical settings. Vila et al. [6],
demonstrated through analyzing metagenomic data of the gut microbiota of patients that IBD could
be differentiated from IBS with microbial taxonomic makers, since both conditions have overlapping
clinical manifestation that requires colonoscopy (an invasive procedure) for an accurate diagnosis by a
clinician. Furthermore, in the same study, they were able to capture, from the same data, the resistome
of the patients. A major limitation of this approach is the bias in the composition of databases to which
comparisons are made.

3.4. Microfluidics

A major challenge in gastrointestinal microbiome research is the existence of the microbiota as a
community in which most members are yet to be cultivated thus making it difficult to identify what
species is doing what within the ecosystem. Microfluidics technology is providing a platform where
single microbial cells within the gastrointestinal microbiota can be tracked, studied and manipulated.
Liu and Walther-Antonio [58] identified two powerful microfluidics that have the potential applications
in cell sorting, cell culture, cell screening, genome application, metabolic screening/analyses and gene
expression. A recent study by Chijiwa et al. [52] used single cell sequencing based on an SAG-gel
platform that employed microfluidic droplet generator to unravel the metabolic function of uncultivated
bacterial species in intestinal microbiome, in which the fermentation of dietary fiber resulting in the
production of short-chain fatty acid from ingested fibers was evaluated. This technique enabled the
thorough study of specific bacterial species and deciphering their specific function that contributes to
the health of the gastrointestinal tract. Another interesting innovation in the area of microfluidics in
microbiome research is the development of organs on chip. This has allowed the design of experiments
that captures minute complexities of microenvironment with extraordinary resolution, giving details
of the microbial diversity, structure and functions of the microbiota of specific organs of the human
system [59]. The development of a primary human small intestine on a chip using biopsy derived
organoids by Kasendra et al. [60] (as shown in Figure 2), in which they suggested that its potential use
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in the study of infection, metabolism, drug pharmacokinetics and nutrition can be a viable and efficient
tool in studying human gastrointestinal microbiota. Another principal application of microfluidics is
in the study of antibiotic susceptibility of bacterial cells in real time. Cama et al. [61] in their study
demonstrated the rapid quantification of antibiotic accumulation in Gram negative bacteria.

Figure 2. Primary human intestine chip manufacturing outline. (a) A cross-sectional view from the top
of the chip and a phase contrast micrograph of the chip viewed from the bottom showing the upper
(epithelial; blue) and lower (microvascular; pink) cell culture microchannels separated by a porous,
Extracellular Matrix (ECM)-coated, Polydimethylsiloxane (PDMS) membrane sandwiched in-between.
(b) An outline in developing microfuidic co-cultures of primary human intestinal epithelium and
intestinal microvascular endothelium in the intestine chip. Source: Kasendra et al. [60] (Scientific Reports,
Springer Nature) Licensed under CC BY 4.0.

By employing a combination of time-lapse auto-fluorescence microscopy and single-cell
microfluidics, this technology could help reduce the overprescription of antibiotics, which is known to
drive resistance. Beyond the aforementioned potential application of microfluidics, it also has clinical
application in understanding the pathogenesis of gastrointestinal diseases, diagnosis, drug delivery
and personalized or individualized medicine.

3.5. High-Throughput Metabolomics

High-throughput metabolomics (HTM) is becoming a popular method for studying various
metabolites resulting from activities of bacterial populations in microbiota. Metabolomics is the
process of assessing the metabolite profile in any given sample or ecosystem [62]. This has been made
possible by using methods such as high throughput mass spectrometry. Koening et al. [27] used gas
chromatography-mass spectrometry (GC-MS) to measure the concentration of short chain fatty acids
(acetate, butyrate and propionate) in fecal samples, which was then correlated with bacterial diversity
of the gut microbiota of infants. Similarly, Pires et al. [4] used mass spectrometry with direct infusion
(DI-MS) on a Fourier transform ion cyclotron resonance instrument, to evaluate the chemical ecology
of the gut environment of urban and rural dwellers of the Amazon. The use of HTM in gastrointestinal
microbiome study has been used to demystify the role of short chain fatty acid (propionic acid)
in ameliorating multiple sclerosis disease in humans. Duscha et al. [63] investigated variations in
microbiota and their associated short chain fatty acid metabolites and the effect of dietary propionic
acid on immune-regulatory elements using high-performance liquid chromatography-tandem mass
spectrometry (LC-MS/MS). It was revealed that propionic acid was greatly reduced in the serum and
feces of multiple sclerosis patients compared with healthy controls. Conversely, the accumulation
of specific short chain fatty acids has been associated with obesity, because they become additional
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source of energy, thereby altering the balance of energy regulation [64]. Other metabolites, including
polyunsaturated fatty acids linked with regulating several processes within the brain, bile acids, such as
lithocholic acid, ursodeoxycholic acid and tauroursodeoxycholic acid and amino acid neurotransmitters
such as glycine, aspartic acid, glutamic acid and gamma-aminobutyric acid (GABA), are metabolic
products of the activities of gut microbiota, which have been profiled by mass spectrometry based
metabolomics [65]. Wilson and Forse [66] also developed an electronic-nose technology for early disease
detection in microbial dysbiosis. These electronic-nose technologies have multi-sensor arrays and are
able to analyze chemicals. Their invention could detect new groups of volatile organic compounds that
are biomarkers metabolites also known as dysbiosis-associated disease markers, thereby providing
a link between human ailments and resident microbes. The technology is noninvasive as it uses
breath as sampling method. Gut metabolome is undoubtedly a peculiar candidate for the clinical
diagnosis and management of gastrointestinal diseases. However, it comes with attendant limitations.
Smirnov et al. [67] identified some limitations of metabolomics in gut microbiota research, including
problems with sample handling, resulting in the loss of some metabolites due to freezing and thawing;
drawbacks in personalized medicine/nutrition, due to the existence of variability in human microbiota
and their metabolites; choice of adequate animal model and equipment. Improvement in sample
handling and processing will prevent the loss of vital metabolites that otherwise would have not been
accounted for. Furthermore, creating a database of metabolites associated with various members of the
gut microbiota will enhance the use of gut metabolome in assigning biomarkers for the purpose of
diagnosis, treatment and management of gastrointestinal diseases by physicians.

3.6. Metatranscriptomics

Metatranscriptomics is another technique that has been employed in gut microbiota studies
leveraging the technological advances in RNA sequencing (RNA-seq) [68]. Metatranscriptomics entails
retrieving, sequencing and analyzing total messenger RNA (mRNA) or microRNA (from a microbial
ecosystem), to ascertain what genes are expressed within that community [69]. In practice, the retrieved
or extracted RNA is converted into a complimentary DNA (cDNA) using a reverse transcriptase
and oligo (dT) primers or random hexamers, after which libraries are constructed and sequenced.
However, semi direct RNA sequencing, bypassing the conversion of RNA to cDNA, has also been
developed. Metatranscriptomics is apt in human gut microbiota exploration, as it shows the real-time
functional activities of microbiomes and is better positioned in associating gut microorganisms with
host performance [70]. Furthermore, it provides a window through which active pathways are
identified, and shows how expressed functions have a role in disease severity and progression [71].
This technology also gives insight into the interaction of the gut microbiota and mucosal immune
system, which can help physicians track malfunctions in the host’s physiology [68].

3.7. High-Throughput Culturing

Several bacterial culture techniques have been developed overtime making it possible to culture a
reasonable number of gut bacteria that had not been cultivated in the past. One such culture technique
is culturomics. Culturomics, according to Lagier et al. [72], is a culturing technique that employs
multiple culture conditions and matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
and 16S rRNA gene amplification/sequencing for identification, as shown in Figure 3. Traore et al. [73]
isolated 1162 bacteria strains by culturomics in a study that compared the gastrointestinal microbiota
of Africans to the West. Goodman et al. [74] reported the use of gut microbiota medium (GMM) with
high-throughput anaerobic culturing techniques in combination with metagenomics in characterizing
extensive personal human gut microbiota culture collection and manipulation in gnotobiotic mice.
Similarly, Lau et al. [49] revealed that using culture-enriched molecular profiling consisting of 66
culture conditions in conjunction with 16S rRNA gene sequencing was able to yield a robust data
on the diversity of the microbiota that were present in sampled human feces. High-throughput
culture methods have obvious advantages of enhancing the culturability of otherwise ‘non-culturable’
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bacterial population, hence, giving room for the in-depth study of identified species. This technique
is quite elaborate requiring specialized laboratories and it is space and time consuming. Harnessing
the enormous potentials of high-throughput culturing techniques will provide clinicians with the
platform for precise treatment of gut associated diseases resulting from perturbation, since implicated
microbiota members can be cultured. Additionally, in the formulation and administration of probiotics,
this technique can be useful. Furthermore, the morphology, physiology and biochemistry of individual
microorganism can be studied and their response/interaction with drugs easily evaluated, thereby
enabling the proper treatment of gut diseases.

Figure 3. A stepwise outline of culturomics, enabling the culture of previously uncultured bacterial
species in the human gut. Source: Lagier et al. [72] (Nature Microbiology, Macmillan Publishers Limited)
Licensed under CC BY 4.0.

4. Future Perspectives and Conclusions

Although research in gut microbiota is still evolving, already available data and methods of
exploring this complex ecosystem has helped to sharpen our knowledge and understanding of the
microbiome and how it affects human health. Several studies and technologies that have focused
on interactions between the gut microbiome and diet have revealed how the introduction of new
micro-organisms and their change over time have opened up opportunities for their future intervention,
as well as diagnostic tools based on the microbiome. These methods have been used to identify the
yet-to-be cultured microbes of the gut microbiota, using the activity of various microbial metabolites
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for the purpose of pathogen identification. In addition, gut microbiome studies have been used in fecal
microbial transplant for the treatment and correction of gut infections/disorders.

These techniques have therefore been proven to provide efficient information on the gut microbiome
and how it evolves over time, thereby generating rich data sets that have been useful for treatment of yet
to be identified pathogens, while enabling faster and more accurate diagnosis even from non-invasive
sampling. Finally, the gut microbiome research has upped the ante on genomic technologies, because
genomes of the gut microbiomes are sequenced to give us a better understanding of the gut microbiome.
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Abstract: We examined the expression profile of transient receptor potential (TRP) channels in
peripheral blood mononuclear cells (PBMCs) from patients with inflammatory bowel disease (IBD).
PBMCs were obtained from 41 ulcerative colitis (UC) patients, 34 Crohn’s disease (CD) patients, and
30 normal subjects. mRNA levels of TRP channels were measured using the quantitative real-time
polymerase chain reaction, and correlation tests with disease ranking, as well as laboratory parameters,
were performed. Compared with controls, TRPV2 and TRPC1 mRNA expression was lower, while
that of TRPM2, was higher in PBMCs of UC and CD patients. Moreover, TRPV3 mRNA expression
was lower, while that of TRPV4 was higher in CD patients. TRPC6 mRNA expression was higher in
patients with CD than in patients with UC. There was also a tendency for the expression of TRPV2
mRNA to be negatively correlated with disease activity in patients with UC and CD, while that of
TRPM4 mRNA was negatively correlated with disease activity only in patients with UC. PBMCs from
patients with IBD exhibited varying mRNA expression levels of TRP channel members, which may
play an important role in the progression of IBD.

Keywords: crohn’s disease; mononuclear cells; transient receptor potential channel; ulcerative colitis

1. Introduction

Inflammatory bowel disease (IBD), consisting primarily of ulcerative colitis (UC) and Crohn’s
disease (CD), represents a group of chronic inflammatory disorders involving the gastrointestinal tract.
Its pathogenesis is complex; however, current research suggests that an intricate network of multiple
interacting mechanisms in genetically susceptible individuals may orchestrate the dysregulation of
immune and inflammatory responses [1,2].

The transient receptor potential (TRP) channel family, a diverse family of proteins that are
reportedly expressed throughout the human body, have emerged as a novel and interrelated system
to detect and respond to various environmental stimuli including mechanical, thermal, or chemical
stimuli. With this function, they are likely to be sensors for monitoring specific responses to different
exogenous and endogenous chemical and physical stimuli [3–6]. Members of the TRP superfamily are
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classified according to their amino acid sequences and structural similarities into canonical (TRPC),
vanilloid (TRPV), melastatin (TRPM), ankyrin (TRPA), polycystin (TRPP), and mucolipin (TRPML)
subfamilies [3–5]. It was recently revealed that the role of TRP channels reaches beyond the control of
neuropeptide release from sensory nerves as they are also expressed in immune and resident tissue
cells, such as epithelial cells, where they modulate many functions including cytokine production and
migration. Therefore, a vital interplay between these cells appears to maintain homeostasis in the
intestine, while the disruption of this interplay may be involved in the development and maintenance
of IBD [7–10].

In the gut wall of IBD patients, immune cells migrating from systemic circulation release various
inflammatory and immunoregulatory molecules, such as cytokines and free radicals, that modulate
intestinal inflammation and tissue damage [11]. Therefore, peripheral blood mononuclear cells
(PBMCs) are of particular interest due to their involvement in inflammatory and immune cell function.
PBMCs may be in contact with multiple stimuli within the blood that have the potential to release TRP
channels, resulting in modulation of intestinal inflammation. Therefore, an evaluation of TRP channel
expression in PBMCs from IBD patients may provide insights regarding the disease pathogenesis;
while changes in their expression level may mirror intestinal inflammation. Recently, the expression
of these TRP channel members in PBMCs have been reported in healthy subjects and patients with
various diseases [12–15]. However, to date no data regarding their expression in PBMCs from patients
with IBD has been reported.

TRPV1–TRPV4; TRPM2, TRPM4, and TRPM5; and TRPC1 as well as TRPC3–TRPC7, are the
most relevant TRP channels in immune cells under normal and specific disease conditions [12–15].
Therefore, this study focused on the expression profiles of these TRP channel members in PBMCs
obtained from patients with IBD. Furthermore, the relationships between TRP channel levels and the
disease activity index, as well as other laboratory parameters were investigated.

2. Materials and Methods

2.1. Ethical Considerations

This study was approved by the Ethical Committee of Kurume University (14253, 25 March 2015).
Written informed consent was obtained from each subject before enrollment in the study.

2.2. Patients

This study was conducted at Kurume University Hospital between September 2011 and May
2016. A total of 105 subjects, including 41 patients with UC, 34 with CD, and 30 healthy subjects were
enrolled. Prior to commencing the study, 19 subjects were excluded due to an insufficient sample
volume. The patient diagnosis was based on characteristic clinical, endoscopic, radiological, and
histological features. The patient characteristics and the medical therapy they received are summarized
in Table 1.

2.3. Clinical Evaluations

For the evaluation of disease activity, clinical activity in patients with UC was graded using the
partial Mayo score (PMS), with the inactive disease defined as a score ≤2, with no individual sub-score
>1 point [16]. Patients with CD were graded according to the CD activity index (CDAI) comprised of
eight factors, each added after adjustment with a weighted factor, with the inactive disease defined as
a score <150 points [17].

16



J. Clin. Med. 2020, 9, 2643

Table 1. Patient characteristics.

Healthy Volunteers Ulcerative Colitis Crohn’s Disease
p-Value

(n = 30) (n = 41) (n = 34)

Sex, male/female 13/17 19/22 12/12 0.61
Age, years 39 41 35

0.17(median, IQR) (32–44) (29–58) (27–47)

Area involved
total colitis/ ileitis/

left-side colitis/ ileocolitis/
proctitis colitis

26/8/7 4/23/7
Disease duration, months 81 106

0.19(median, IQR) (60.5–171.5) (60.9–274.2)
Treatments

No medication 2 (4.9) 0 (0.0) 0.19
5-aminosalicylic acid (%) 36 (87.8) 25 (73.5) 0.11

Prednisolone (%) 7 (17.1) 3 (8.8) 0.3
Immunomodulator (%) 7 (17.1) 9 (26.5) 0.32
Leukocytapheresis (%) 2 (4.9) 0 (0.0) 0.19
Nutrition therapy (%) 0 (0.0) 21 (61.8) <0.01

Anti-tumor necrosis factor (%) 3 (7.3) 24 (70.6) <0.01
Surgery (%) 0 (0.0) 15 (44.1) <0.01

IQR: Interquartile range.

2.4. Determination of Laboratory Parameters

Blood samples were collected from all patients and were used to measure the following laboratory
parameters: Total leukocyte count, serum levels of hemoglobin, albumin, and C-reactive protein (CRP).

2.5. Separation of PBMCs and RNA Extraction

Blood samples (10 mL) were obtained by cubital venous puncture and collected in standard sterile
polystyrene vacuum tubes with heparin. First, freshly drawn blood was diluted at a ratio of 1:2.5
with a phosphate buffered saline. PBMCs were isolated from the diluted blood by a Ficoll-Paque
(GE Healthcare, Uppsala, Sweden) density gradient centrifugation according to the manufacturer’s
instructions. PBMCs were pelleted, snap-frozen on dry ice, and stored at −80 ◦C until use [18]. RNA
was extracted from PBMC samples following the protocol described for the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The quantity and purity of the RNA were determined for all samples on a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The average yield
was 23,000 ng. The purity, as measured by the A260/280 ratio, was between 1.91 and 1.95 [18].

2.6. Measurement of TRP Channel mRNA Expression Using Real-Time Quantitative Polymerase Chain
Reaction (Real-Time qPCR)

Total RNA was converted into cDNA using the ReverTra Ace qPCR RT kit (Toyobo, Osaka,
Japan). The generated cDNAs (25 ng) were stored at −20 ◦C. cDNA was added to the TaqMan Gene
Expression Master Mix (Applied Biosystems, Foster City, CA, USA). qPCR reactions (20 μL) composed
of 2 μL cDNA template, TaqMan Universal PCR Master Mix (2×, Thermo Fisher Scientific, Foster City,
CA, USA), TaqMan assay (20×, Thermo Fisher Scientific), and H2O. RT-PCR was performed using the
StepOne Real-Time PCR System (Applied Biosystems). Reactions, run in triplicate, were incubated
at 50 ◦C for 2 min and 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min.
The TaqMan probe and primer sets for the target genes used in this study are shown in Table 2.
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Table 2. Details of TaqMan probes and primers used in this study.

Gene Accession Number Assay

GAPDH NM_001256799.2 Hs02786624_g1
NM_001289745.1
NM_001289746.1
NM_002046.5

TRPV1 NM_018727.5 Hs00218912_m1
NM_080704.3
NM_080705.3
NM_080706.3

TRPV2 NM_016113.4 Hs00901648_m1
TRPV3 NM_001258205.1 Hs00376854_m1

NM_145068.3
TRPV4 NM_001177428.1 Hs01099348_m1

NM_001177431.1
NM_001177433.1
NM_021625.4
NM_147204.2

TRPM2 NM_001320350.1 Hs01066091_m1
NM_001320351.1
NM_001320352.1
NM_003307.3

TRPM4 NM_001195227.1 Hs00214167_m1
NM_001321281.1
NM_001321282.1
NM_001321283.1
NM_001321285.1
NM_017636.3

TRPM5 NM_014555.3 Hs00175822_m1
TRPC1 NM_001251845.1 Hs00608195_m1

NM_003304.4
TRPC3 NM_001130698.1 Hs00162985_m1

NM_003305.2
TRPC4 NM_001135955.1 Hs01077392_m1

NM_001135956.1
NM_001135957.1
NM_001135958.1
NM_003306.1

TRPC5 NM_012471.2 Hs00202960_m1
TRPC6 NM_004621.5 Hs00988479_m1
TRPC7 NM_001167576.1 Hs00220638_m1

NM_001167577.2
NM_020389.2

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; TRP: Transient receptor potential.

GAPDH was used as the reference gene. Ct values for GAPDH mRNA of an individual PBMC per
sample were calculated. The mean was calculated from experiments performed in duplicate. For data
analysis, the StepOne software v2.1 was used. Data representing the relative expression of detected
mRNA normalized to GAPDH mRNA was used as a calibrator for comparative analysis. RT-qPCR was
performed in accordance with the Minimum Information for Publication of Quantitative Real-Time
PCR Experiments (MIQE) guidelines [19,20]. The relative expression data was calculated according to
the 2-ΔΔCt method.

2.7. Statistical Analyses

Results were analyzed using the JMP v12 statistical package (SAS Institute, Cary, NC, USA).
The normality of distribution was assessed using the Shapiro–Wilk test. As mRNA levels of each TRP
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channel were all not normally distributed, statistical analyses were performed using Mann–Whitney U
and Kruskal–Wallis H tests and correlation analysis was performed using Spearman’s rank correlation
test. The Bonferroni-corrected Mann–Whitney U test was used to evaluate inter-group comparisons of
the mean differences according to their distribution. Data are shown as the mean ± standard deviation
(SD) or as correlation coefficients.

3. Results

3.1. TRP Channel Levels in IBD

The expression of TRP channels in PBMCs from the IBD and control groups are summarized
in Figure 1. The observed fold changes in all TRP channel members were very small. However,
when compared with mRNA expression levels in PBMCs from healthy controls (TRPV2, 1.54 ± 0.44;
TRPV3, 0.15 ± 0.08; TRPV4, 0.95 ± 0.39; TRPM2, 1.54 ± 0.63; TRPC1, 1.73 ± 0.64), those of TRPV2
and TRPC1 were lower in both UC (1.11 ± 0.39 (0.72-fold), p < 0.0001 and 1.15 ± 0.65 (0.66-fold),
p = 0.0002, respectively) and CD (1.18± 0.34 (0.77-fold), p= 0.0014 and 1.24± 0.65 (0.72-fold), p = 0.0021,
respectively) groups, those of TRPM2 were higher in both UC (2.20 ± 0.76 (1.43-fold), p < 0.0001) and
CD (2.28 ± 0.86 (1.47-fold), p < 0.0001) groups, those of TRPV3 were lower only in the CD group
(0.09 ± 0.06 (0.58-fold), p= 0.001), and those of TRPV4 were higher only in the CD (1.40± 0.72 (1.48-fold),
p = 0.0067) group.

Figure 1. Expression of transient receptor potential (TRP) channels in healthy subjects, patients with
ulcerative colitis (UC) and Crohn’s disease (CD). Bars represent mean ± SD. N: Number of subjects.
Inter-group significance, Bonferroni-corrected Mann–Whitney U test, p < 0.01.

Further, TRPC6 mRNA expression was higher in the CD group (1.68 ± 1.41 (1.79-fold), p = 0.0008)
than in the UC group (0.94 ± 0.55).

In addition, the mRNA expression levels of each TRP channel in PBMCs from healthy controls
were variable. We found that TRPV3 had the lowest (0.15-fold relative to GAPDH) and TRPC1 had the
highest (1.73-fold relative to GAPDH) expression.
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3.2. Relationship between TRP Channel Levels and Disease Activity

Figure 2 shows the relationship between the expression of each TRP channel member and the
clinical disease progression, assessed using PMS for UC patients, and CDAI for CD patients. There was
a tendency observed for the mRNA expression of TRPV2 to negatively correlate with disease activity
in both UC and CD groups, while that of TRPM4 was negatively correlated with disease activity in
only the UC group. However, the significance of these correlations is questionable since the R2 values
were <0.1.

Figure 2. Correlation between TRP channel expression and clinical disease progression in patients with
ulcerative colitis (UC) and Crohn’s disease (CD). Clinical disease progression was assessed using the
partial Mayo score (PMS) for patients with UC and the CD activity index (CDAI) for patients with CD.
N: Number of patients.

3.3. Correlation between Expression of TRP Channels and Clinical Parameters

Table 3 summarizes the correlation coefficients and significance values for comparisons between
the expression of each TRP channel member and the indicated laboratory parameters. In the UC group,
mRNA expression of TRPV2 and TRPV3 negatively correlated with the leukocyte count, while that of
TRPV4 and TRPM5 positively correlated with the serum albumin and hemoglobin levels, respectively.
In the CD group, the expression of TRPV4 positively correlated with the CRP level.

3.4. Relationship between TRP Channel Expression and Medical Treatment

We also assessed the relationship between each TRP channel member and medical treatment
received by the patient. Since the number of patients in each group was fairly small, no significant
association was found between individual TRP channel members and specific medical treatments
(Supplementary Figure S1).
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Table 3. Correlation coefficients and significance of differences between each transient receptor potential
(TRP) channel expression and laboratory parameters in patients with ulcerative colitis (UC) or Crohn’s
disease (CD).

UC CD

CRP Alb WBC Hb CRP Alb WBC Hb

TRPV1 0.011 0.009 −0.206 0.116 −0.174 0.224 −0.275 0.0461
TRPV2 −0.111 −0.01 −0.500 ** −0.151 −0.275 0.039 −0.205 −0.199
TRPV3 0.089 0.079 −0.399 * 0.129 −0.216 0.346 −0.146 0.1235
TRPV4 0.105 0.432 * −0.027 0.341 0.355 * −0.229 0.167 0.1165
TRPM2 −0.282 −0.095 0.285 −0.213 0.315 −0.064 0.032 0.0448
TRPM4 −0.011 −0.03 0.161 −0.196 −0.125 0.004 −0.193 0.0211
TRPM5 −0.07 0.24 −0.013 0.378 * −0.268 0.283 −0.344 −0.128
TRPC1 −0.125 0.031 0.033 −0.062 0.327 −0.295 0.262 −0.132
TRPC3 −0.177 −0.044 0.296 0.11 −0.182 −0.009 0.197 −0.196
TRPC6 0.038 −0.106 0.052 −0.121 −0.057 0.347 0.056 0.515 **

Alb: Albumin; CRP: C-reactive protein; Hb: Hemoglobin; WBC: White blood cell. * p < 0.05, ** p < 0.005.

4. Discussion

Recently, it was revealed that TRP channels are expressed throughout the human body, including
in immune cells, sensory nerves, and resident tissue cells [4–7]. Saunders et al. examined the expression
of TRPV1 and TRPV2 in PBMCs from healthy subjects and speculated that as they have a role in the
detection of noxious stimuli in the blood or under pathological conditions, their upregulation acts
as an indicator of inflammation [13,21]. However, to the best of our knowledge, the current study is
the first to explore the relationships among the gene expression profiles of TRP channel members in
PBMCs from patients with IBD.

TRPV1, a polymodal receptor involved in inflammation and nociception, plays an important role
in visceral hypersensitivity [22]. Reportedly, TRPV1-immunoreactivity in colonic tissue is increased,
and is correlated with the severity of abdominal pain in patients with IBD [22,23]. More recently, TRPV1
was shown to be expressed in CD4+ T cells, where it regulates cell activation and proinflammatory
properties in IBD [24]. Meanwhile, a TRPV1 antagonist suppressed colitis and colorectal distension
in animal models [25]. In a study, two-fold upregulation of the TRPV1 gene was found in PBMCs of
patients hyposensitive to capsaicin, pain, and thermal stimuli [14]. However, in the present study, we
did not observe any significant differences in TRPV1 expression in PBMCs from patients with IBD
compared to healthy controls. Hence, further studies are needed to determine the role of the TRPV1
pathway in PBMCs from IBD patients using protein or functional data.

TRPV2 triggers a wide range of physiological actions including changes in the innate and adaptive
immune system. It is expressed in granulocytes and monocytes/macrophages and contributes to
phagocytosis, migration, and inflammatory cytokine production [26]. In PBMCs, the increased
expression of TRPV2 was closely correlated with childhood asthma [15]. In TRPV2-knockout mice,
colitis was less severe due to the reduced infiltration of macrophages [27], suggesting that the TRPV2
pathway plays a key role in the development of colitis. Our study showed that TRPV2 expression
in PBMCs decreased in patients with UC and CD and was inversely correlated with disease activity.
Based on these findings, a reduction in TRPV2 expression in PBMCs may hypothetically dampen the
proinflammatory response and could possibly reduce the severity of intestinal inflammation. However,
further investigations are required to confirm this hypothesis.

TRPV3 is broadly expressed in intestinal epithelial cells, possibly for nutrient sensing and
digestion [28,29]; however, its precise function is not well understood. With the exception of one study
reporting its association with a higher risk of colorectal cancer, none others have investigated the role
of TRPV3 in gut disease [30]. Interestingly, a recent study demonstrated a decrease in the proliferation
rate of oral epithelial cells in TRPV3-knockout mice [31], suggesting that TRPV3 may contribute to oral
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wound repair. Our data revealed that TRPV3 expression was only decreased in PBMCs of patients
with CD, however, its function in PBMCs requires further investigation.

TRPV4 is expressed and is functional in intestinal epithelial cells, glial cells, and CD45+ leukocytes;
its activation in the gut causes increased intracellular calcium concentrations and chemokine release [28].
Studies have indicated a strong role for TRPV4 in IBD with elevated expression of TRPV4 observed in
the intestinal tissue of patients with UC and CD [32]. In animal models of colitis, TRPV4 activation
causes inflammation [32], and its blockade alleviates inflammation [33]. In this study, we found that
the expression of TRPV4 was also upregulated in PBMCs and was correlated with the CRP level in
patients with CD. Although the correlations were quite weak, and conclusions cannot be drawn based
on mRNA levels without protein and modulation data, our data suggests a potential role for leukocyte
TRPV4 in the pathophysiology of CD.

Recent studies have also revealed the involvement of TRPM2 in various aspects of immunity [34].
In a colitis model, TRPM2 has been implicated in inflammatory pathways, specifically as a key
participant in chemokine production [35]. Contrary to this proinflammatory action, TRPM2-knockout
mice exhibited decreased survival after liver infection with Listeria monocytogenes [36]. Thus, TRPM2
may be detrimental or beneficial depending on the underlying disease. Although no information is
available on TRPM2 expression in the intestinal tissue, its upregulation in PBMCs of patients with UC
and CD is of particular interest as a participant in disease pathogenesis and as a promising marker for
disease activity.

TRPM4 plays a predominant role as a negative feedback mechanism during calcium oscillations,
which may be important for differential gene expression in T cells [37]. A recent study showed that
TRPM4 plays an important role in the immune surveillance processes. It is essential for the proper
functioning of monocytes/macrophages and the efficiency of the subsequent response to infection [38],
as well as the migration of dendritic cells [39]. At present, no information is available on the role of
TRPM4 in gut disease. Our study showed no alteration in TRPM4 expression in PBMCs from either
UC or CD patients, however, further investigation is needed.

Knowledge of the role of TRPM5, predominantly expressed by tuft cells that are an intestinal
epithelial subset [40], in gut disease is limited [41]. A recent report showed that the disruption
of chemosensory signaling through the loss of TRPM5 abrogates the expansion of tuft cells [42].
Interestingly, the ablation of doublecortin-like kinase 1 (DCLK1), a marker of tuft cells, in the colonic
epithelium exacerbates colitis in mice [43,44]. This finding suggests that TRPM5 plays an important role
in regulating the intestinal inflammatory response and epithelial integrity. Another study showed that
the number of DCLK1-positive cells decreased in intestinal tissue from patients with celiac disease [45].
Meanwhile, our study found no alteration in TRPM5 expression in PBMCs from either UC or CD
patients, warranting further investigation.

The TRPC subfamily comprises six members (TRPC1, TRPC3–7) in humans, many of which are
ubiquitously expressed in tissues and modulate a multitude of cellular responses [46]. Of these, TRPC1,
TRPC3, and TRPC6 were detectable in this study. As TRPC1 controls the release of interleukin-1 from
macrophages [47] and that of tumor necrosis factor-α from mast cells [48], its decreased expression in
PBMCs from patients with UC and CD seen in our study may enhance disease development. Moreover,
the expression of TRPC6 was upregulated in PBMCs from patients with CD but not those with UC in
this study. These results, together with those of a previous study reporting increased TRPC6 mRNA
levels in stenotic areas of patients with CD [49], suggest that TRPC6 may be associated with excessive
CD fibrosis.

To date, the mechanisms of TRP channel expression in PBMCs from patients with IBD remain
elusive. TRP channels in PBMCs may respond to multiple stimuli present in the peripheral circulation
of these patients. The different expression levels of these TRP channels may suggest a possible role
as an indicator of inflammation at secondary sites, as well as involvement in IBD pathophysiology.
Additionally, the difference in expression of TRPV channels in UC and CD patients may result from
differences in the disease pathogenesis. Recent studies have also shown that lipopolysaccharide (LPS)
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activates several members of the TRP channel family, such as TRPV4 and TRPA1, as well as the Toll-like
receptor 4 (TLR4), suggesting the role of TRP channels as sensors of bacterial endotoxins, and therefore,
as crucial players in innate immunity. Moreover, since TRP channel and TLR expression overlap in many
cell types, including immune cells and epithelial cells, it would be of interest to explore the crosstalk
between intracellular signaling pathways initiated by TLR activation and TRP channel activation in
patients with IBD [50]. Understanding the involvement of TRP channel members in IBD will be crucial
to evaluate the potential for manipulating TRP activity as a therapeutic intervention [51,52].

As the majority of our patients were receiving medications, we assessed whether medical treatment
may affect the expression of TRP channel family in PBMCs. A subgroup analysis among patients with
untreated and treated IBD showed that the use of medications had no significant effect on mRNA
levels of any TRP. Future studies sequentially assessing mRNA levels of TRPs in the same patient are
required to confirm this lack of association.

This study had certain limitations. First, it was conducted at a single center and involved a limited
number of patients, which could cause a β-error, particularly for the analysis of the medical treatment.
Second, as this study analyzed the gene expression of all PBMCs, the PBMC subsets that actually express
TRP channels remain to be determined. Third, this study characterized the TRP expression at the mRNA
level only. To support any conclusion on the role of TRP channels in PBMCs in IBD, the evaluation of
TRP channel protein levels (enzyme-linked immunosorbent assay or immunocytochemistry), as well as
modulation experiments (specific activation/inhibition, knockdown/knockout in vitro, and/or in animal
models) are required. Fourth, the changes in expression levels and correlation strengths observed
were very small, hence, careful attention should be paid in interpreting the data. Fifth, correlations
between each TRP channel and laboratory parameters did not clearly implicate functional relationships,
particularly in TRPV3, TRPV4, and TRPM5 in UC, therefore, follow up studies are needed. Finally,
this study analyzed leukocytes obtained from the peripheral circulation, and not from the diseased
intestine. A comparison of gene expression at these two sites could help advance our understanding of
the pathophysiology of IBD.

The present results indicate, for the first time, that PBMCs from patients with IBD express different
mRNA levels of TRP channel members, which may play an important role in the progression of IBD.
Furthermore, their expression levels in PBMCs are a promising marker for IBD. Further studies are
needed to determine the clinical and pathogenic role of TRP channels in IBD.
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TNF: Tumor necrosis factor.
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Abstract: The intestinal microbiota is one of the most rapidly evolving areas in biology and medicine.
Extensive research in the last decade has escalated our understanding of the role of the microbiota
in the pathogenesis of several intestinal and extra-intestinal disorders. Marked by high prevalence,
substantial morbidity, and enormous costs, irritable bowel syndrome (IBS) is an important chronic
gastrointestinal disorder that is widely encountered by gastroenterologists. Despite advances in our
understanding of its pathophysiology, curative interventions have yet to be discovered, and therapeutic
approaches remain symptom-driven. Recently, accumulating evidence has enlightened the possible
impact of an imbalanced gut microbiome in the pathogenesis of IBS. In fact, several studies have
documented altered microbiota in patients, while others have shown that IBS severity was associated
with a distinct microbiota signature. These findings may pave the way for the use of microbiota
manipulation strategies as an attractive option for IBS management, and may have an essential role
in efforts to reduce the societal and economic effects of this ever-growing disorder. In this review,
we have outlined the results of the latest research on the association between microbiota and IBS and
their implications for the clinical management of affected patients.

Keywords: gut; microbiome; IBS

1. Introduction

Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder characterized by
chronic recurrent abdominal pain, changes in bowel habits, and other symptoms such as bloating and
flatulence. Based on the Rome IV criteria, four subtypes of IBS exist depending on the predominant
stool pattern, including IBS with constipation (IBS-C), IBS with diarrhea (IBS-D), IBS with mixed bowel
habits (IBS-M), and unclassified IBS [1,2]. IBS has a global prevalence of approximately 11% and is
associated with several comorbidities, such as anxiety, depression, fibromyalgia, migraines, chronic
pelvic pain, and others [3,4]. IBS is a major socioeconomic burden because affected patients utilize more
healthcare resources with reduced work productivity when compared to the healthy population [5]. IBS is
a complex heterogeneous condition with a multifactorial pathogenesis. Proposed mechanisms involved
in the pathogenesis of IBS include visceral hypersensitivity, gut–brain axis alterations, disorders in the
epithelial barrier integrity leading to abnormal mucosal intestinal permeability, changed intestinal motility,
immune system activation, food intolerance, low-grade inflammation, altered enteroendocrine pathways
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signaling, genetic basis (e.g., mutation in the SC5NA gene encoding a sodium channel ion; a number of
single-nucleotide polymorphism studies have also identified polymorphisms in genes associated with IBS
pathogenesis including genes coding for serotonin signaling, immune regulation, and epithelial barrier
function), and the evolving concept of dysbiosis in the gut microbiota (Figure 1) [6–15].

Figure 1. Role of the microbiome in irritable bowel syndrome (IBS).

Gastrointestinal (GI) microbiota are the most relevant microbial community in the body and
belong to the so-called microbiota which includes all microorganisms living in the human body.
The intestinal microbiota includes bacteria, archaea, fungi, eukaryotes, and viruses. Most of the bacteria
in the GI tract are represented in four main bacterial phyla: Firmicutes, Bacteroidetes, Proteobacteria,
and Actinobacteria [16,17]. Trillions of microorganisms reside in the GI tract, with the highest density
in the colon. However, most of them remain uncharacterized. Since this number is approximately
equal to 10 times the total number of body cells, the interest in microbiota study for intestinal
and extra-intestinal diseases is not surprising [18–22]. Advances in molecular biology techniques
have significantly contributed to microbiome research. The most common technique to analyze the
composition of the gut bacteria is marker gene sequencing, generally using the 16S rRNA gene [23–25].
Advantages of this method are related to its simplicity and low cost.

The aim of this review is to overview the most up-to-date literature about the evolving role of
gut microbiome manipulation in IBS management, with a focus on probiotics, prebiotics, antibiotics,
and fecal transplantation.

2. Methods

A search for studies published before January 2020 was performed in the PubMed and
Embase databases. All authors participated in the search process. We looked for the terms
“irritable bowel syndrome”, “microbiota”, “treatment”, “prebiotic”, “probiotic”, “synbiotic”,
“FODMAP”, “meta-analysis”, “randomized”, “clinical”, “bifidobacteria”, “lactobacillus”, “firmicutes”,
“bacteroidetes”, “methane”, “methanogen”, “diet”, “fecal transplantation”, “bacteriophage”,
and “fungi”, mainly focusing on the literature that describes effects on microbiota, clinical studies,
and therapeutic effects in IBS. The search was restricted to articles in the English language.
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3. The Microbiome in IBS

A rash of research activity in this field from the last decade has led to the evidence that a disruption
in the biodiversity, richness, and composition of the gut microbiota—a process named dysbiosis—plays
a key function in the pathogenesis of IBS [26]. Dysbiosis can take place through several mechanisms:
the overgrowth or vanishing of specific bacteria species, alterations in the relative richness of bacteria,
and lastly, by mutation or gene transfer [27].

In IBS patients, GI dysbiosis has been associated with a visceral increased perception of pain and
enhanced mucosal permeability that is provoked by the defective mucosal epithelial barrier, interfering
with gut immune homeostasis and subsequently promoting gut inflammation and enhancing cellular
and mucosal immune activation [28,29]. Moreover, it has also been associated with changing gut motility,
low-grade chronic inflammation, alterations of the enteric nervous system, and vagal afferents neurons
as well as brain functions [30–32]. In opposition, gut microbiota can be affected by the brain activity on
intestinal motility, secretion, and immune function, generating the microbiota–gut–brain axis [12,33].

Microbiological and infectious bases of IBS pathogenesis have been previously established by
several groups. Halvorson et al. reported a seven-fold increased risk of post-infectious IBS after
acute infectious gastroenteritis [34]. Moreover, therapeutic interventions that manipulate the gut
microbiota such as antibiotics, prebiotics, probiotics, and fecal microbial transplantation have been
linked to improvements in IBS symptoms [35–37]. Several studies aiming to characterize and map
the microbiome signature of IBS have shown divergent results. Nonetheless, data suggest that there
is a relative richness of proinflammatory bacterial species containing Enterobacteriaceae, with a
parallel decline in Lactobacillus and Bifidobacterium [38,39]. A decreased percentage of Lactobacillus
and Bifidobacterium species has also been described in the IBS microbiota, leading to disturbances in
short-chain fatty acid production and in immunologic and bactericidal activity, with a negative effect on
microbiota function and stability [40–46]. Interestingly, the Firmicutes/Bacteroidetes ratio is a possible
indicator of bacterial population shifts, and both high and low ratios of Firmicutes/Bacteroidetes have
been reported in IBS patients [47–50]. These contrasts may be explained by differences in technical
methods and subtypes of IBS, as well as the severity of IBS [38]. Several groups examined gut microbiota
in different subtypes of IBS and compared the microbiota texture between different IBS subtypes as
well as different IBS symptoms [48,51,52]. A study by Ringel-Kulka et al. using fecal samples from
60 patients with IBS and 20 healthy controls revealed major variances in the microbiota between the
different subtypes of IBS based on clinical symptoms of abdominal bloating and bowel habits (IBS-D,
IBS-C, or IBS-M type) [53]. A study examining both fecal and colonic mucosal microbiota in patients
with chronic constipation found that their mucosal microbiota differed from those of the controls, with
a higher abundance of Bacteroidetes species in the patients than in the controls. However, although the
profile of the colonic mucosal microbiota discriminated between these two cohorts with a high level
of accuracy, this finding was independent of colonic transit time. In contrast, the profile of the fecal
microbiota was associated with colonic transit, but not with the clinical diagnosis of constipation [54].
Putting all of this together, numerous evidence is emerging regarding the link between microbiota and
IBS pathogenesis, making microbiota manipulation strategies an attractive option for IBS management.

4. Therapeutic Interventions for Microbiome Manipulation in IBS

4.1. Probiotics

Historically, the theory of probiotics was described by Elie Metchnikoff in 1908, who observed
that fermented foods—principally those fermented by lactic acid bacteria—had favorable effects on
human wellbeing and longevity. According to the most updated definition based on the Food and
Agriculture Organization as well as the World Health Organization, probiotics are defined as “live
microorganisms that, when administered in adequate amounts, confer a health benefit on the host” [55].
Probiotics related to IBS pathogenesis are mainly those containing Lactobacillus and Bifidobacterium
species [56]. Tentatively, probiotics may promote a favorable modulation of altered gut microbiota
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by several mechanisms: reducing the number of competing pathogens by both the production
of antimicrobial substances and interfering in intestinal mucosal adhesion [57,58], modulating the
metabolism of biliary salts [59], reducing low-grade inflammation [60], and regulating immune
activation as well as gut motility [61]. Several meta-analyses of randomized controlled trials (RCTs)
that assessed the effects of single probiotic strains, compared to a placebo in relieving IBS related
symptoms [35,59,62], have concluded that probiotics are more efficient when compared to placebos
in relieving global IBS symptoms including bloating abdominal pain. In safety terms, all studies
have reported comparable rates of adverse events to the placebo arms. In an Iranian IBS cohort,
Jafari and colleagues observed the effects of combinations of strains of Bifidobacterium, Lactobacillus,
and Streptococcus genera [63]. The main finding was that 85% of patients in the probiotic group reported
satisfactory relief of general symptoms compared with 47% in the control group (p < 0.01). In general
terms, probiotics seem to have favorable effects on improving IBS symptoms, with an excellent safety
profile. Nonetheless, more randomized controlled trials are warranted to better define some concerns
such as treatment duration and optimal strain, and to better study personalized treatment.

4.2. Prebiotics

Since 2007, prebiotics have been defined as a “nonviable food component that confers a health
benefit on the host associated with modulation of the microbiota” [64]. Prebiotics are basically classified
as disaccharides or oligosaccharides and are resistant to enzymatic and chemical breakdown until they
reach the colon, where they are fermented by colonic bacteria, stimulating the generation of microbial
metabolic products such as short-chain fatty acids (acetate, butyrate, and propionate) [65]. Short-chain
fatty acids give several benefits to the colonocytes, such as an energy source, regulation of electrolytes
and water absorption, enhanced blood flow, and oxygenation [66]. Moreover, probiotics may promote
host health and modulation of GI motility, reduction in visceral hypersensitivity, downregulation
of low-grade mucosal immune activation, improvement of epithelial permeability, enhancement
of gut–brain communication, and restoration of intestinal dysbiosis. Thus, these data provide a
mechanistic rationale for a role of prebiotics in managing IBS symptoms. Indeed, several clinical studies
have examined prebiotics’ performance in ameliorating symptoms of functional bowel disorders.
A handful of RCTs evaluating the efficacy and safety of prebiotics in IBS [67,68] have been performed.
In 1999, a small, double-blind crossover trial of oligofructose published by Hunter and colleagues [69]
showed no therapeutic value in IBS patients. One year later, a randomized double-blind trial on
almost 100 patients with IBS receiving either fructo-oligosaccharide or placebo for 12 weeks reported
no statistically significant improvement in symptoms [70]. The first study to report a beneficial
effect was a cross-over, single-blinded trial including 60 Rome II-defined IBS patients. Patients were
randomized for four weeks to receive a low or high dose of trans-galacto-oligosaccharide or placebo.
Both the low and high-dose arms experienced a significant improvement in stool consistency (p < 0.05),
flatulence (p < 0.05), and bloating (p < 0.05) as well as a reduction in mean subjective global assessment
(The subjective global assessment of relief was recorded at weekly intervals during the course of the
study scored from 1–5. 1 = completely relieved, 2 = considerably relieved, 3 = somewhat relieved,
4 = unchanged, and 5 =worse) [71].

Interestingly, the prebiotic but not the placebo significantly enhanced fecal bifidobacteria [71].
A 12-week administration of partially hydrolyzed guar gum in a randomized, double-blind,
placebo-controlled study led to a significant improvement in bloating and gasses scores with no
effect on other reported IBS symptoms or quality of life scores, leading the authors to support its
administration for IBS patients with an expected clinical effect on bloating and gasses [72]. In safety
terms, all studies reported comparable rates of adverse events to the placebo arms. In conclusion,
prebiotic use in IBS patients have yielded mixed to positive results, but further studies to address the
combination, duration, and different aspects of effects on IBS are still warranted.
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4.3. Non-Absorbable Antibiotics

Non-absorbable antibiotics, mainly rifaximin, have been shown to be safe and effective for the
treatment of IBS with the diarrhea predominant type. Rifaximin, a rifamycin derivative, is a broad-spectrum,
non-absorbable antibiotic which targets aerobic and anaerobic bacteria residing in the GI tract. Less than
1% of rifaximin is absorbed in the systemic circulation, making it very safe with extremely low toxicity and
adverse events rates [73]. The proposed mechanisms of action of the non-absorbable antibiotics are the
reduction of the amount of inhabitant GI bacteria, changes in bacterial structure, reduction of low-grade
inflammation, and amelioration in gut permeability [74]. Rifaximin is the best-studied non-absorbable
antibiotic for symptoms relief in IBS. The TARGET 1 and TARGET 2 trials, both designed as double-blinded,
placebo-controlled, multi-center studies, have shown good efficacy of rifaximin for IBS symptoms relief [75].
In TARGET 1 and TARGET 2, a total number of 1258 patients with mild to moderate symptoms of IBS
were randomized either to receive rifaximin 550 mg three times a day for 14 days or a placebo. Relief of IBS
symptoms, after one month from the end of treatment, was reported more significantly among patients
in the rifaximin group compared with those in the placebo group (40.7% vs. 31.7%, p < 0.001), with a
comparable adverse events occurrence in both groups [75]. TARGET 3, a randomized, placebo-controlled
study including 2579 patients with IBS, revealed that the durability of symptoms relief among patients
with IBS-D responding to a 14-day course of rifaximin was reduced by 50% after 70 days from the end of
treatment [76]. With a second treatment course, the most significant benefit was the relief of stool urgency
and abdominal bloating [76].

4.4. Fecal Microbiota Transplantation

Fecal microbiota transplant (FMT), also known as a stool transplant, is the process of transplantation
of fecal bacteria from a healthy individual into a recipient. FMT involves the restoration of the colonic
microflora by introducing healthy bacterial flora through the infusion of stool (e.g., via colonoscopy,
enema, rogastric tubeor by mouth in the form of a capsule containing freeze-dried material) obtained
from a healthy donor. To date, FMT has been approved for the treatment of resistant Clostridium
difficile infections [77,78], and in this context, it has been shown to be an effective therapy [79].
However, its therapeutic effect among IBS patients is still emerging. As reported above, in the last
few years, several studies have underlined the role of dysbiosis among patients with IBS, with lower
Lactobacillus spp. in IBS-D and increased loads of Veillonella spp., and genera Coprococcus, Collinsella,
and Coprobacillus [42,80]. Other data revealed a decrease in the biodiversity of microbiota in the
fecal composition of IBS-D patients [51]. Therefore, targeting the gut microbiota composition might
be a promising therapy in IBS. However, among IBS patients, FMT has shown conflicting results.
A previous randomized controlled study showed beneficial effects of FMT on IBS symptoms. In this
study, 55 patients with IBS-D or IBS-M received 50–80 g of feces mixed with 200 mL of isotonic
saline and 50 mL of 85% glycerol, administered to the cecum by colonoscopy, and were compared to
28 patients who received a placebo. Patients treated with FMT showed a significant clinical response at
three months compared to those in the placebo group (65% vs. 43%, p = 0.049) [39]. These findings
were further confirmed by other recent studies showing a positive effect on IBS symptoms after
transplant, as 70–85% and 45–60% of patients reported symptomatic relief in the first three months
and six months after FMT, respectively [81,82]. On the contrary, a recent study including 52 IBS adult
patients who were randomized to either active FMT or placebo capsules administered for 12 months
did not show beneficial effects favoring FMT at three months. In fact, a significant improvement in
IBS symptom scores was observed at three months favoring the placebo (p = 0.012), and after three
months, the results obtained by an IBS quality of life questionnaire were in favor of the placebo
(p = 0.003) [83]. Moreover, a recent meta-analysis including eight single-arm trials (SATs) and 5 RCTs
did not report beneficial effects of FMT among patients with IBS (relative risk = 0.93, 95%, confidence
interval (CI (confidence interval) 0.50–1.75, p = 0.83 for RCT), while in the SAT 59.5% of patients (95%
CI 49.1–69.3) showed a significant improvement [84]. Given the controversies regarding the published
data, FMT-based treatments for IBS are still not widely accepted among gastroenterologists, as they are
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concerned about effectiveness and safety profile [85]. Therefore, the role of FMT must be further addressed
by randomized, double-blind, placebo-controlled studies. Recent international consensus of stool banking
for FMT have involved experts from Europe, North America, and Australia who proposed consensus
guideline statements regarding several issues in stool banking, including the selection of donors and
screening objectives, collection and processing of stool samples, monitoring of outcomes, ethical issues,
and the evolving role of FMT in Clostridioides difficile infection and other diseases encountered in daily
clinical practice [86]. Figure 2 demonstrates the established and evolving therapeutic options for IBS.

Figure 2. Treatments of irritable bowel syndrome (IBS) by targeting the gut microbiome.

4.5. Dietary Intervention

Dietary modifications constitute one of the first choices of treatment for IBS patients [87].
Indeed, a careful history may reveal patterns of symptoms linked to specific food consumption.
Although debatable, a high-fiber diet has traditionally been encouraged particularly in IBS-C patients,
given the absence of serious side effects and its potential benefit [88,89]. In recent years, there has
been a growing clinical and scientific interest in the use of a diet low in FODMAPs (fermentable
oligosaccharides, disaccharides, monosaccharides, and polyols) in IBS patients. Since its introduction,
reports in the literature including several RCTs have reported the efficacy of a low-FODMAP diet in
improving global IBS symptoms, visceral pain, bloating, and quality of life [90–96]. However, large and
long-term RCTs are still lacking, and various concerns have been raised including diet complexity and
cost, risk of nutritional deficiencies, and importantly, an unclear impact on gut microbiome [97–99].

A focus on the role of a gluten-free diet (GFD) in IBS has grown recently, with studies demonstrating
the induction of symptoms following gluten consumption in IBS patients [100]. However, evidence to
support gluten avoidance in IBS has been conflicting. Moreover, a recent report has suggested that
fructans rather than gluten protein are responsible for the symptomatic improvement reported in a
gluten-free diet [101]. Further studies are required to evaluate the effect of a GFD on nutritional status,
gut microbiota, and long-term outcomes.

5. Conclusions

In conclusion, in the current review we have provided a focused summary of the latest literature
on the potential role of gut dysbiosis in the pathogenesis of IBS and discussed the translation of
microbiota-modifying strategies as a novel therapeutic option for this disorder (Figure 1). There is strong
growing evidence supporting microbiome-based therapeutic approaches with dietary intervention,
probiotics, prebiotics, non-absorbable antibiotics, and FMTs for the treatment of IBS (Table 1).
Nonetheless, more knowledge is needed to better address the role of microbiome-based therapeutic
interventions in the clinical management of IBS. Several future microbiome-based therapeutic options
are being explored and investigated, including genetic engineering of bacteria, personalized microbiota
manipulation, postbiotics, and bacteriophage therapy.
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Abstract: Bifidobacterium longum (B. longum) ES1 is a probiotic strain capable of modulating microbiome
composition, anti-inflammatory activity and intestinal barrier function. We investigated the use of
B. Longum ES1 in the treatment of patients with diarrhoea-predominant irritable bowel syndrome
(IBS-D). Sixteen patients were treated for 8 or 12 weeks with B. Longum ES1 (1 × 109 CFU/day).
Serum zonulin and cytokines were measured at baseline (T0) and at the end of therapy (T1). Clinical
response to therapy was assessed by IBS Severity Scoring System. Interleukin (IL)-6, IL-8, IL-12p70
and tumor necrosis factor (TNF) α levels decreased from T0 to T1, irrespective of treatment duration
(p < 0.05), while zonulin levels diminished only in patients treated for 12 weeks (p = 0.036). Clinical
response was observed in 5/16 patients (31%): 4/8 (50%) treated for 12 weeks and 1/8 (13%) treated for
8 weeks. Abdominal pain improved only in patients treated for 12 weeks (5/8 vs. 0/8, p = 0.025), while
stool consistency improved regardless of therapy duration (p < 0.001). In conclusion, the results of
this pilot study showed, in IBS-D patients treated for 12 weeks with B. longum ES1, a reduction in
the levels of pro-inflammatory cytokines, and intestinal permeability as well as an improvement in
gastrointestinal symptoms, but further studies including a placebo-control group are necessary to
prove a causal link.

Keywords: IBS; IL-6; IL-8; IL-12p70; intestinal permeability; zonulin

1. Introduction

Irritable bowel syndrome (IBS) is a functional gastrointestinal (GI) disorder affecting approximately
15–25% of the population, with higher prevalence in the female gender [1]. The pathophysiological
mechanisms underlying IBS are not completely known. Different factors may participate in disease
onset and perpetuation, including genetics, intestinal microbiota and low-grade inflammation [2]. In
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addition, the role of the intestinal barrier in the pathogenesis of IBS is being increasingly recognised [3].
The loss of barrier integrity allows an increased passage of luminal antigens into the intestinal mucosa,
hence stimulating the immune response and sensitizing the afferent nerve fibres [4].

Zonulin is a 47-kDa protein involved in the regulation of tight junctions (TJs), the primary
determinants of paracellular permeability [5]. Serum zonulin is increased in various diseases in which
alteration of intestinal permeability is central, including coeliac disease (CD), inflammatory bowel
diseases (IBDs) and type 1 diabetes mellitus [6–8]. Moreover, higher serum zonulin levels were seen in
patients with IBS compared to controls. Importantly, zonulin levels were directly correlated with the
severity of bowel habits in patients with diarrhoea-predominant irritable bowel syndrome (IBS-D) [9].

Many studies have reported the presence of moderate immuno-inflammatory activity in both
large and small intestine of patients with IBS [10]. Accordingly, patients with IBS showed increased
levels of pro-inflammatory cytokines including interleukin (IL)-1b, tumour necrosis factor-alpha
(TNFα), IL-6 and IL-8, and reduced levels of anti-inflammatory cytokines such as IL-10 [11], IL-5 and
IL-13 [10]. Through the release of inflammatory cytokines such as TNFα and interferon-gamma (IFNγ),
T lymphocytes contribute to TJ dysfunction [12,13].

Emerging literature data support a pathophysiological role of microbiome in IBS. The dysbiosis
observed in subjects with IBS is characterized by reduced biodiversity, an increase in Bacteroides and
Clostridia, and a reduction in Bifidobacteria [14,15]. There is also evidence of the ability of microbiome
to regulate the intestinal barrier. The alteration of the commensal microbiota entails the presence of a
morphologically aberrant intestinal mucosa, characterized by shorter ileal villi and smaller intestinal
crypts, as demonstrated in germ-free mice [16]. In vitro studies showed that eubiotic microbiome
favoured cell renewal process and expression of junctional proteins and mucins [17]. The reduced
concentration in Bifidobacteria was associated with the severity of abdominal pain and number of
bowel movements. Thus, targeting Bifidobacteria in the intestinal tract may alleviate microbiota-related
diseases [18].

The rationale for the use of Bifidobacterium longum (B. longum) ES1 [19] in patients with IBS-D lies
in its ability to modulate the microbiome improving intestinal dysbiosis [20], exert anti-inflammatory
activity through the down-regulation of TNF-alpha and the up-regulation of IL-10 [21], and restore the
integrity of the intestinal barrier, inducing the synthesis of TJ proteins [22,23].

Several meta-analyses have reported on the effectiveness and safety of probiotics in patients with
IBS, especially for products containing Bifidobacteria and Lactobacilli. However, there was significant
inter-study heterogeneity, warranting cautious interpretation of the findings. The heterogeneity mainly
regarded differences in subgroup analyses of probiotics type, combination and dose, IBS subtype,
symptomatic assessment scores and treatment duration [24,25]. Finally, not only probiotics but also
prebiotics, such as inositol and beta-glucan, have been shown to improve symptoms in patients with
IBS and in patients with concurrent IBD and IBS [26,27].

The aim of this pilot study was (1) to assess the use of B. longum ES1 treatment in a homogeneous
group of patients with IBS-D, by evaluating clinical response, through the use of validated questionnaires
for IBS, and serological response, by the determination of serum levels of inflammatory cytokines
and zonulin, in order to analyse potential effects on immune modulation and restoration of the
intestinal barrier, respectively, and (2) to evaluate differences in response depending on the treatment
duration. The results of this pilot study will allow us to define the optimal duration of probiotic
therapy and to calculate the necessary sample size to conduct a subsequent randomized, double-blind,
placebo-controlled clinical trial.

2. Materials and Methods

2.1. Patients

We carried out a prospective study at the Gastroenterology Unit of “A.O.U. Città della Salute e
della Scienza di Torino” hospital, Italy from April 2019 to October 2019.
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Patients affected by IBS-D were recruited and treated with a strain-specific probiotic therapy for
8 or 12 weeks. Probiotic therapy consisted of daily administration of 1 × 109 colony-forming unit
(CFU) of B. longum ES1 away from meals. Inclusion criteria were: age between 16 and 65 years old,
diagnosis of IBS-D according to the Rome IV criteria and Bristol stool scale [28], body mass index
(BMI) < 30 kg/m2, willingness to sign the informed consent to participate to the study. Exclusion
criteria were: history of GI surgery, diagnosis of IBD or CD, thyroid diseases, diverticular disease, small
intestine bacterial overgrowth (SIBO), colorectal cancer, other clinically relevant diseases, treatment
with drugs that alter intestinal function (e.g., opiates, anticholinergics and laxatives), treatment with
antibiotics (any previous antibiotic therapy should have been discontinued at least 4 weeks before the
start of probiotic therapy) and other pre/probiotics (other pre/probiotics therapy should have been
discontinued at least 2 weeks before starting therapy), pregnancy/breastfeeding.

Clinical history, data on physical examination, recent biochemical examinations and signed
informed consent were collected. Disease severity was assessed at baseline with the Functional Bowel
Disorder Severity Index (FBDSI) questionnaire [29]. At baseline (T0) and after 8 or 12 weeks of probiotic
therapy (T1), patients were evaluated with Irritable Bowel Syndrome Severity Scoring System (IBS-SSS)
questionnaire for the clinical evaluation of disease [30] and Irritable Bowel Syndrome Quality of Life
(IBS-QoL) questionnaire for life quality assessment [31]. IBS-QoL consists of 34 items and 8 domains;
for the purpose of analysis, we considered the overall questionnaire score. The final raw scores of
IBS-QoL were presented on a scale between 0 (poor quality of life) and 100 (maximum quality of life).

All patients underwent baseline venous sampling (T0) and after 8 or 12 weeks of therapy (T1);
serum was collected in polypropylene 2 mL tubes labelled with the study participant identification
code and stored at −80 ◦C until analysis.

The study followed the principles of the Declaration of Helsinki and was approved by the
local ethics committee (Comitato Etico Interaziendale A.O.U. Città della Salute e della Scienza di
Torino—A.O. Ordine Mauriziano—A.S.L. Città di Torino) (approval code 0056924).

2.2. Measurement of Serum Zonulin and Cytokines

Serum zonulin was assessed by competitive enzyme-linked immunosorbent assay (ELISA) (IDK®

Zonulin ELISA Kit, Immunodiagnostik AG, Bensheim, Germany) according to the manufacturer’s
instructions. Concentrations were calculated using a four-parameter algorithm, and the results were
given in ng/mL, as previously reported [8]. The cytokine panel, including IL-6, IL-8, IL-10, IL-12p70,
IL-23, IL-33, IFNγ and TNFα, was measured in serum samples by Bio-Plex® Multiplex Immunoassay
(Bio-rad Laboratories, Hercules, CA, USA) on a Luminex® 200 system (Luminex Corporation, Austin,
TX, USA). Individual standard curves were generated for each cytokine; the results are given in
pg/mL [32]. Personnel performing laboratory investigations were blind to all the characteristics of the
patients included in the study.

2.3. Outcomes

Clinical and serological outcomes were considered in the study. The clinical outcomes included an
IBS-SSS score decrease of ≥50 points, reduction of at least 30% in abdominal pain [33] and bloating by a
visual analogic scale (VAS), normalization of stool shape by Bristol Stool Scale and IBS-QoL overall score
increase ≥14 points [34,35]. The serological outcomes included the variation in inflammatory cytokines
and zonulin levels during the follow-up period to assess potential changing of immune-inflammatory
activity and of intestinal permeability, respectively. Both clinical and serological outcomes were
evaluated in the overall study population and according to treatment duration.

2.4. Statistical Analysis

Continuous variables were expressed as median and 95% confidence interval (CI) or as
mean ± standard deviation (SD). The normality of data distribution was tested by D’Agostino-Pearson
test. The comparison between quantitative variables was carried out using the Student t-test; for the
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comparison between values at T0 and at T1, the Student t-test for paired measurements was used.
The comparison between qualitative variables was carried out by Fisher exact test or chi-squared
test for trend where appropriate. Nonparametric variables were analysed with the Wilcoxon test for
paired samples and with the Mann-Whitney test for independent samples. The correlation between
quantitative variables was carried out by non-parametric Spearman test. The results of all analyses
were considered significant for p values < 0.05. All statistical analyses were performed using MedCalc
software version 18.9.1 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2018).

3. Results

Sixteen patients aged between 16 and 59 years were enrolled. Basal characteristics of the included
cohort are reported in Table 1. Most patients were female (n = 10/16, 38%). Patients mainly had normal
weight (BMI < 25 kg/m2) and all of them consumed a Mediterranean diet [36]. No dietary changes
were made prior to study initiation. According to FBDSI score, severity of IBS was mild in 1 patient
(6%), moderate in 8 patients (50%), and severe in 7 patients (44%). Anamnestic collection showed that
4 of the 16 enrolled patients (25%) had lactose intolerance confirmed by hydrogen breath test (HBT).
All affected patients had reported little or no benefit after the elimination of lactose from diet in the
previous years, and no changes in the diet were performed during the study period.

Table 1. Baseline characteristics of the included patients.

Characteristics n (%)

Patients, n 16
Female gender, n (%) 10 (62)

Age (mean years ± SD) 37.6 ± 15.6
BMI (mean kg/m2 ± SD) 21.3 ± 3.4

Married/in a relationship, n (%) 4 (25)
Caesarean childbirth, n (%) 5 (31)

History of breastfeeding, n (%) 7 (44)
Current smokers, n (%) 0, (0)

Lactose intolerance, n (%) 4 (25)
Atopy, n (%) 5 (31)

FBDSI (mean ± SD) 101 ± 52
IBS-SSS (mean ± SD) 289 ± 91

Abdominal pain (mean ± SD) 57 ± 28
IBS-QoL overall score (mean ± SD) 71 ± 16

Bristol Stool Scale (mean ± SD) 6 ± 1
Zonulin (ng/mL, mean ± SD) 42.5 ± 9.3
IL-6 (pg/mL, median, 95% CI) 4.22, 2.87–7.06
IL-8 (pg/mL, median, 95% CI) 3.47, 1.96–5.32

IL-12p70 (pg/mL, median, 95% CI) 1.77, 0.57–2.16
TNFα (pg/mL, median, 95% CI) 5.69, 2.23–11.09

Abbreviations: body mass index (BMI), confidence interval (CI), Functional Bowel Disorder Severity Index (FBDSI),
interleukin (IL), Irritable Bowel Syndrome Quality of Life (IBS-QoL), Irritable Bowel Syndrome Severity Scoring
System (IBS-SSS), n (number), standard deviation (SD), tumour necrosis factor-alpha (TNFα).

As expected, we observed a positive correlation between FBDSI and IBS-SSS (rs = 0.658, 95%
CI 0.241–0.870, p = 0.006) and an inverse correlation between IBS-SSS and overall IBS-QoL score
(rs = −0.550, 95% CI −0.822–−0.074, p = 0.027). Age positively correlated with serum zonulin levels
(rs = 0.558, 95% CI 0.086–0.825, p = 0.025) and negatively correlated with FBDSI (rs = −0.570, 95% CI
−0.831–−0.104, p = 0.021). A significant positive correlation was also observed between abdominal pain
intensity and TNFα levels (rs = 0.585, 95% CI 0.126–0.838, p = 0.017). Only a slight positive trend was
observed regarding the correlation between serum zonulin and BMI (rs = 0.459, 95% CI −0.047–0.778,
p = 0.074), between serum zonulin and IL-6 values (rs = 0.453, 95% CI −0.055–0.775, p = 0.078) and
between IL-8 and TNFα values (rs = 0.439, 95% CI −0.072–0.768, p = 0.089). No other significant
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correlations were observed between serum zonulin or cytokines levels and other demographic and
clinical characteristics of the study population (Figure 1).

Figure 1. Correlation between age and serum zonulin levels (A), age and FBDSI (B), abdominal pain
intensity and TNFα values (C), serum zonulin levels and BMI (D), serum zonulin and IL-6 values (E)
and IL-8 and TNFα values (F). Abbreviations: Body Mass Index (BMI), Functional Bowel Disorder
Severity Index (FBDSI), interleukin (IL), tumour necrosis factor-alpha (TNFα).

At baseline, no significant difference was observed between patients undergoing 8 weeks and
12 weeks of treatment regarding severity of disease, serum zonulin levels and cytokines values (Table 2).

Table 2. Comparison of disease severity, IBS-QoL overall score, Bristol Stool Chart, serum zonulin
levels and cytokines values, assessed at baseline (T0), between the two groups of patients treated with
B. Longum ES1 for 8 or 12 weeks.

Parameters T0 (8w) T0 (12w) p Values

Patients (n) 8 8
Disease severity

(mild/moderate/severe) 1/2/5 0/6/2 0.248

IBS-QoL overall score (mean ± SD) 65 ± 17 78 ± 13 0.118
Bristol Stool Scale (mean ± SD) 6 ± 1 7 ± 1 0.150
Zonulin (ng/mL, mean ± SD) 41.1 ± 11.60 43.8 ± 6.8 0.570
IL-6 (pg/mL, median, 95% CI) 3.26, 2.58–5.01 6.77, 3.50–10.09 0.060
IL-8 (pg/mL, median, 95% CI) 3.46, 1.55–5.77 3.78, 1.55–5.99 0.670

IL-12p70 (pg/mL, median, 95% CI) 1.37, 0.57–3.68 1.77, 0.57–2.16 0.830
TNFα (pg/mL, median, 95% CI) 5.69, 0.47–10.70 7.99, 0.38–15.06 0.460

Abbreviations: interleukin (IL), confidence interval (CI), number (n), non-responder (NR), responder (R), standard
deviation (SD), tumour necrosis factor-alpha (TNFα), week (w).

The changes of clinical parameters, serum zonulin and cytokines levels from baseline to end of
therapy in the overall population of patients with IBS-D treated with B. longum ES1 are reported in
Table 3.

45



J. Clin. Med. 2020, 9, 2353

Table 3. Changes of questionnaires scores, serum zonulin levels and cytokines values from T0 to T1 in
the overall study population.

Parameters T0 T1 p Values

Patients (n) 16 16
IBS-SSS (mean ± SD) 289 ± 91 263 ± 118 0.103

Pain intensity (mean ± SD) 57 ± 28 47 ± 31 0.216
Bloating (mean ± SD) 39 ± 30 44 ± 32 0.340

IBS-QoL overall score (mean ± SD) 71 ± 16 73 ± 17 0.299
Bristol Stool Scale (mean ± SD) 6 ± 1 4 ± 1 <0.001 *
Zonulin (ng/mL, mean ± SD) 42.5 ± 9.3 40.5 ± 6.8 0.179
IL-6 (pg/mL, median, 95% CI) 4.22, 2.87–7.06 0.01, 0.01–3.65 <0.001 *
IL-8 (pg/mL, median, 95% CI) 3.47, 1.96–5.32 0.01, 0.01–1.12 0.011 *

IL-12p70 (pg/mL, median, 95% CI) 1.77, 0.57–2.16 0.01, 0.01–0.21 0.001 *
TNFα (pg/mL, median, 95% CI) 5.69, 2.23–11.09 0.01, 0.01–5.69 0.034 *

Abbreviations: confidence interval (CI), interleukin (IL), Irritable Bowel Syndrome Quality of Life (IBS-QoL),
Irritable Bowel Syndrome Severity Scoring System (IBS-SSS), number (n), standard deviation (SD), tumour necrosis
factor-alpha (TNFα), statistically significant (*).

The clinical response to probiotic therapy, in terms of IBS-SSS score decrease of ≥50 points, was
observed in 5/16 patients (31%), of whom 4/8 (50%) were treated for 12 weeks and 1/8 (13%) was treated
for 8 weeks (p = 0.282); indeed, a trend towards IBS-SSS score reduction from T0 to T1 was found
only in patients treated for 12 weeks (236 ± 67 vs. 189 ± 80, p = 0.072). An improvement ≥30% of the
abdominal pain intensity was found in 5/16 (31%) patients, all of them treated for 12 weeks (5/8; 63%);
consistently, patients treated for 12 weeks showed a significant reduction in the intensity of abdominal
pain compared to those treated for 8 weeks (from 63 ± 28 to 34 ± 28, p = 0.020 and from 52 ± 30 to
62 ± 24, p = 0.132, respectively). Conversely, no significant improvement in bloating was reported
(p = 0.340), independent of therapy duration. An overall IBS-QoL score increase of ≥14 points was
obtained only in 1/16 (6%), who was treated for 12 weeks. Stool consistency improved regardless of the
duration of therapy (p < 0.001). Nine out of 16 (56%) patients normalized stool consistency (type 3 or 4
according to Bristol Stool Scale): 5/8 (63%) were treated for 12 weeks, whereas 4/8 (50%) were treated
for 8 weeks (p = 0.626). None of the patients reported adverse events during or after treatment.

Finally, we observed a significant decrease in IL-6, IL-8, IL-12 and TNFα values from baseline to
end of therapy, irrespective of treatment duration. Conversely, no significant reduction was found
in serum zonulin levels in the overall study population; however, in patients treated for 12 weeks,
serum zonulin decreased significantly from 43.8 ± 6.8 ng/mL at T0 to 40.8 ± 5.0 ng/mL at T1 (p = 0.036)
(Figure 2).

Figure 2. Variation of serum zonulin levels from baseline (T0) to end of therapy (T1) in patients with
IBS-D treated with B. longum ES1 for 8 weeks or 12 weeks.
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4. Discussion

In this pilot study, we found an improvement in overall symptoms of IBS and an improvement
in the immune-inflammatory state and integrity of intestinal barrier. These aspects were especially
significant in patients treated with B. longum ES1 for 12 weeks versus 8 weeks.

Accumulating evidence suggests that commensal bacteria may play a role in IBS and that specific
probiotic therapy is able to improve GI symptoms in such patients [37]. Indeed, a recent systematic
review showed that patients with IBS had lower microbial α-diversity in both stool and intestinal
mucosal samples, with an overall microbial profile characterized by increased levels of Firmicutes
and decreased levels of Bacteroidetes compared to healthy subjects [38]. On the other hand, there is a
lack of consistency among the gut microbiota fingerprints reported in different studies, probably due
to different study designs, different methods used for bacterial profiling (including samples storage,
DNA extraction and sequencing) and different statistical approaches [39]. In 48% of patients with
IBS-D, it has been shown that probiotic therapy provided adequate relief of overall IBS symptoms,
amelioration of stool consistency and a trend towards improved quality of life [40]. More recently,
Giannetti et al. reported that the administration of a probiotic mixture of Bifidobacterium infantis M-63,
breve M-16V, and longum BB536 in patients with IBS decreased abdominal pain frequency and improved
QoL in a significantly higher proportion of patients, when compared with placebo [41]. Moreover,
Pinto-Sanchez et al. showed that probiotic therapy (B. longum NCC3001) improved psychiatric
comorbidities and increased quality of life in patients with IBS [42]. Consistently, we observed an
improvement in IBS symptoms especially after 12 weeks of therapy with B. longum ES1. However,
compared to previous studies, we did not observe an amelioration in the quality of life of our population.
Likely, the probiotic mixture or specific strain beneficial for each patient remains to be determined.

Human and animal studies support the concept that a low-grade inflammation may perturb
GI reflexes and activate the visceral sensory system contributing to the altered GI physiology and
hypersensitivity underlying IBS [43,44]. Moreover, a recent study on murine model demonstrated
the important role of neuron-glial communication mediated by TNFα and glial activation in
visceral inflammatory hypersensitivity [45]. Consistently, we found a significant positive correlation
between abdominal pain intensity and TNFα levels. Several studies have reported an imbalance
in pro-inflammatory cytokines, such as IL-6, IL-8 and TNFα, in patients with IBS compared to
controls [46–49]. Unfortunately, in the present study, we were not able to substantiate this data due to
the lack of a healthy control population. Lastly, we found a positive correlation between IL-8 and TNFα,
in accordance with the chemotactic and activation function performed by IL-8 against neutrophils,
which in turn produce TNFα. Treatment with B. longum ES1 led to a significant reduction in cytokine
levels from baseline to the end of therapy, contributing to the clinical improvement observed in our
population. Taken together, these results confirm both the low-grade inflammation described in
patients with IBS [36] and the anti-inflammatory effect of B. longum ES1 and, overall, support probiotic
therapy as a valid treatment option in patients with IBS.

Finally, in the intricate puzzle of IBS pathophysiology, it has been shown that altered intestinal
permeability plays an essential role, particularly in its diarrhoea-predominant variant. Indeed, several
case-control studies showed that intestinal permeability measured by multi-sugar absorption test
increased in patients with IBS-D compared to healthy controls [50,51]. Moreover, Linsalata et al.
identified two different IBS-D subtypes that showed different inflammatory status according to
intestinal permeability function, further supporting the concept that an impaired GI barrier may allow
easier passage of luminal antigens that, in turn, may elicit an inflammatory response influencing
the course of the disease [52]. In support of this issue, we found a positive correlation between
serum zonulin, a marker of intestinal permeability, and IL-6, secreted by macrophages as a result of
the Pathogen Associated Molecular Patterns (PAMPs) binding to the Toll-like receptors. Moreover,
we observed a positive correlation between age and zonulin levels. A likely explanation for these
findings could lie in a prolonged period of exposure to PAMPs. More recently, it has been reported
that treatment with B. longum BB536 and Lactobacillus rhamnosus HN001 with vitamin B6, compared to
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placebo, significantly improved GI symptoms and restored intestinal permeability in patients with IBS,
as deduced by the improved percentage of sucralose recovery [53]. To date, very few studies have
investigated serum zonulin concentration in patients with IBS. Singh et al. showed that serum zonulin
levels in patients with IBS were higher compared with healthy controls and comparable to those with
active coeliac disease [9]. Taking into account the results on serum zonulin concentration from previous
studies conducted at our Center on IBD patients, we observed that serum zonulin concentration in
patients with IBS-D was comparable to that found in patients with IBD (43.3 (95% CI 37.3–46.4) vs. 45.3
(95% CI 43.5–47.8) ng/mL, respectively) [30] and higher than those found in healthy controls (8.6 (95%
CI 7.2–10.5) ng/mL) [8]. In the present study, a significant reduction in serum zonulin concentration
was observed in patients who received probiotic therapy for 12 weeks and not in those treated for
8 weeks. These findings suggest the presence of an altered intestinal permeability in IBS-D patients,
and we observed an improvement of the barrier integrity in patients treated for 12 weeks.

The main limitations of the current study are the limited sample size and the lack of a
placebo-treated control group, to provide definitive conclusions on the real efficacy of B. longum
ES1 treatment in our population. We observed a significant improvement of inflammatory status and
stool consistency, irrespective of the treatment duration. None of the clinical outcomes allow any
inference on the effect on IBS natural history in view of duration of therapy, nature of IBS symptoms
(waxing and waning), and marginal differences. Since this was a pilot study, its aim was to evaluate
whether our hypothesis could be sufficiently supported to justify a detailed investigation. Such data
are promising and set the basis for controlled clinical trials with broader case studies.

5. Conclusions

In conclusion, our preliminary results showed a reduction in the levels of pro-inflammatory
cytokines in the overall study cohort and possibly an improvement in intestinal permeability and
gastrointestinal symptoms in a subgroup of patients with IBS-D. Further randomized, double-blind,
placebo-controlled studies are fundamental to validating the results of this pilot study on larger groups
of patients with IBS-D.
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Abstract: Background: Necrotizing enterocolitis (NEC) is a devastating condition in preterm infants
due to multiple factors, including gut microbiota dysbiosis. NEC development is poorly understood,
due to the focus on severe NEC (NEC-2/3). Methods: We studied the gut microbiota, microbiome
and metabolome of children with suspected NEC (NEC-1). Results: NEC-1 gut microbiota had a
higher abundance of the Streptococcus (second 10-days of life) and Staphylococcus (third 10-days of
life) species. NEC-1 children showed a microbiome evolution in the third 10-days of life being the
most divergent, and were associated with a different metabolomic signature than in healthy children.
The NEC-1 microbiome had increased glycosaminoglycan degradation and lysosome activity by
the first 10-days of life, and was more sensitive to childbirth, low birth weight and gestational age,
than healthy microbiome. NEC-1 fecal metabolome was more divergent by the second month of life.
Conclusions: NEC-1 gut microbiota and microbiome modifications appear more distinguishable by
the third 10-days of life, compared to healthy children. These data identify a precise window of time
(i.e., the third 10-days of life) and provide microbial targets to fight/blunt NEC-1 progression.

Keywords: necrotizing enterocolitis; intestinal microbiology; microbiome; infant gut; metabolomics

1. Introduction

Necrotizing enterocolitis (NEC), defined by the Bell classification [1–3], is the most severe intestinal
disease in preterm infants, with a mortality score of 25% and long-term neurological morbidity [4]. Yet,
a precise initiating factor of this pathology is missing. In the last decade, gut microbiota was identified
and recognized as a specific organ with functions widely beyond digestion [5]. Both its taxonomic
(relative abundance) and functional (microbial pathway) alterations, named dysbiosis, were described
in several pathologies, in particular, metabolic diseases such as type 2 diabetes and obesity [6–8], and
intestinal inflammatory diseases [9,10]. Importantly, a dysbiotic gut microbiota associated with a very
high inflammatory status of the gut [11,12] may trigger NEC development, since germ-free mice do
not develop NEC [13].

From a clinical and microbiological point of view, studies of NEC were focused only on established
and severe phenotypes, such as NEC-2 and NEC-3. Based on the French study Etude épidémiologique
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sur les petits âges gestationnels (EPIPAGE 2), the incidence of proved NEC-2 and NEC-3 is 1–5% in
preterm infants born at less than 32 weeks of gestation [14].

By contrast, NEC suspicions such as lethargy, bradycardia, thermic instability associated with
biliary gastric residues, vomiting, abdominal distension with or without rectal bleeding, with a normal
abdominal x-ray image or a simple dilatation, which identifies suspected NEC (NEC-1), have not been
studied yet. In fact, enteropathies are frequent in the first weeks of life in preterm infants, though
no data are available about NEC-1 incidence. This induces the end of alimentation, a prolonged
(sometime life-lasting) parenteral nutrition, with a delayed gut maturation and failure to thrive [15].
Therefore, to study the evolution of gut microbiota and microbiome during the early onset of NEC, we
focused on NEC-1 children within the first two months of life. We studied the fecal metabolome, to
understand how a change in gut microbiota may drive alterations in intestinal metabolites. To further
understand which factor of mother and child may affect the evolution of gut microbiota, microbiome
and fecal metabolome during NEC-1, we analyzed: the presence of neonatal antibiotherapy (ABx),
ABx treatment on the mother, childbirth (Cesarean-section (C-sec) vs. vaginal birth (VB)), very low
birth weight (VLBW), extreme low birth weight (ELBW) and gestational age (GA) > or ≤ 28 weeks.

2. Research Design and Methods

2.1. Cohort Constitution

We conducted a prospective monocentric case-control cohort study. This study was approved
(number of the approval: DC 2016-2804) by Neonatal and Pediatric Intensive Care Unit and Neonatology
Department of Purpan Hospital in Toulouse, France. The parents of the children involved in this
study gave their approval by written consent. The inclusion criteria regarding all of the children
hospitalized into the Neonatal and Pediatric Intensive Care Unit or Neonatology Departments of the
Purpan Hospital, were:

− Newborn of gestational age under 34 weeks of gestation;
− Diagnosis of suspected necrotizing enterocolitis (NEC-1) made by a neonatologist;
− Obtainment of the non-opposition from parents or their legal representative.

Following the inclusion of every case, we conducted in parallel a search for two controls, according
to the following matching criteria, listed in decreasing priority:

− Gestational age (±1 week of gestation, priority to matched age);
− Body weight;
− Neonatal antibiotherapy;
− Childbirth (C-section vs. vaginal);
−Maternal antibiotherapy.

Inclusion criteria for controls were:

− Newborn of gestational age under 34 weeks of gestation;
− Respect of the matching according to the priority order of the established criteria;
− Obtainment of the oral non-opposition from parents or their legal representative.

Children with complex congenital cardiopathy or with spontaneous intestinal perforation without
a radiological evidence of NEC were excluded from the study.

Based on these criteria, we included 11 NEC-1 children, with 27 feces collection (4 fecal samples
for time-point 1–10 days (d); 10 fecal samples for time-point 11–20 d; 7 fecal samples for time-point
21–30 d; 6 fecal samples for time-point > 30 d) and 21 healthy children, with 53 feces collection (15 fecal
samples for time-point 1–10 d; 14 fecal samples for time-point 11–20 d; 13 fecal samples for time-point
21–30 d; 11 fecal samples for time-point > 30 d). Hence, a total of 80 fecal samples was analyzed in our
study. The period of collection was day 1 to day 68 of life of the newborn.
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2.2. Taxonomic and Functional Analysis of Gut Microbiota

Feces analyzed in this study were collected by nurses in the related department in the first
week of life and once a week till the end of the hospitalization. Feces were firstly kept at 4 ◦C in
a 5 mL Eppendorf tube with 20% glycerol/Lysogeny Broth and then stored at −80 ◦C. Total DNA
was extracted from feces as previously described [16], with a modification: a thermic shock of 30
seconds was performed between each bead-shaking step (3 bead-shaking steps of 30 seconds each
at maximum speed). The 16S bacterial DNA V3–V4 regions were targeted by 357wf-785R primers
and analyzed by MiSeq (RTLGenomics, Texas, USA). An average of 68,669 sequences was generated
per sample. Bioinformatic filters applied as already described [17]. Cladogram and LDA scores were
drawn via the LEfSe algorithm [18]. Diversity indices were calculated using the software Past 4.02
(Hammer, Ø., Harper, D.A.T., and P. D. Ryan, 2001. PAST: Paleontological Statistics Software Package
for Education and Data Analysis. Palaeontologia Electronica 4(1): 9pp). The predictive functional
analysis of the gut microbiota was performed via PICRUSt [19]. Diseases and host genetic variation
linked to NEC-1_21–30 d-associated gut microbiota were identified via MicrobiomeAnalyst [20], with
the Taxon Set Enrichment Analysis module.

2.3. Fecal Metabolome Analysis

The metabolome (total metabolites) analysis of the feces was performed as previously described [17].
Fecal samples have been prepared as it follows: 50 mg of feces were homogenized for 30 seconds in
500 μL of a pH 7.0 phosphate buffer, prepared in D2O. Then, the homogenate was chilled into ice for 1
minute and centrifuged at 12,000 RPM for 10 minutes at 4 ◦C. The supernatant was then recovered,
and the pellet was re-homogenized again at the same conditions of 12,000 RPM for 10 minutes at 4
◦C. All the supernatants were then pooled and centrifuged at 18,000 RPM for 30 minutes at 4 ◦C. The
supernatant was recovered and centrifuged again at the same conditions of 18,000 RPM for 30 minutes
at 4 ◦C. A total of 600 μL of the final supernatant was then analyzed into nuclear magnetic resonance
(NMR) tubes of 5 mm of diameter. The conformity criterium to validate the final sample was the aspect,
to be crystal clear.

Pathway-associated metabolite sets and SNP-associated metabolite sets (Supplementary Figure S3
C,D, Supplementary Figure S4 B,C and Supplementary Figure S6 G) were analyzed via MetaboAnalyst
4.0 [21], with the enrichment analysis module.

2.4. Statistical Analysis

The results are presented as mean ± SEM for histograms and box and whiskers graphs. Statistical
analyses were performed by two-way analysis of variance (ANOVA) followed by a two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli to correct for multiple comparisons by controlling
the false discovery rate (<0.05) (for histograms) or the Mann-Whitney test (for box and whiskers), as
indicated in the figure legend, by using GraphPad Prism version 7.05 for Windows Vista (GraphPad
Software, San Diego, CA, USA). For Table 1, results are presented as median or as indicated and P value
was calculated using Fisher’s exact test. Significant values were considered starting at P < 0.05. For the
taxonomical and predictive functional analysis of gut microbiota, significant values were considered,
starting at P < 0.05 or P < 0.01 when indicated. Principal component analysis (PCA) graphs were
drawn by using Past 4.02.
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Table 1. Cohorts characteristics.

Variables, Description
NEC-1
n = 11

Healthy
n = 21

P (Fisher’s Exact Test)

Birth weight, median, inter-quartile (IQ) 1150 (845–1815) 1360 (700–2105) Not significant (ns) (> 0.05)
Gestational age, median (weeks) (IQ) 28.4 (26–31) 30 (26, 4–32) ns

Gender
Girls, number (%)

Boys, number
2 (18)

9
8 (38)

13
ns

Patent Ductus arteriosus, number (%) 3 (27) 6 (28) ns
Parity, number (%) 3 (27) 3 (10) ns

Antenatal corticosteroids, number (%) 11 (100) 19 (90) ns
Hypertension, eclampsia, number (%) 2 (18) 3 (14) ns

Multiple births, number (%) 2 (18) 4 (19) ns
Antenatal antibiotics, number (%) 4 (36) 5 (24) ns

Chorioamniotitis, number (%) 2 (18) 1 (5) ns
Apgar Score, 1 min (IQ)

5 min (IQ)
8 (1–10)

10 (4–10)
7 (1–10)
8 (1–10)

ns
ns

Cordon pH (IQ) 7.23 (6.8–7.4) 7.31 (7.04–7.43) ns

Cordon lactates (IQ) 5.7 (2.9–9.6) 3 (1–7.2) 0.04 *
(<0.05)

Mean arterial pressure at hospital
admission (IQ) 29 (20–47) 29.5 (17–43) ns

Hospital Admission T (◦C) (IQ) 36.5 (35.1–37.8) 36.8 (35.8–37.5) ns
Antibiotics in the first week of life (%) 10 (90) 18 (85) ns

Days under antibiotics (IQ) 7.5 (2–17) 3 (0–18) ns
Days under antibiotics

(Third-Generation-Cephalosporin (3GC) ±
Penicillin A, ±aminoglycoside) in the first

week of life (IQ)

3 (0–7) 3 (0–7) ns

Children under glycopeptides number (%) 8 (72) 3 (14) 0.0018 **
(<0.01)

Bacteremia, number (%) 5 (45) 1 (5) 0.01 *
(<0.05)

Exposition to mother milk, number (%) 11 (100) 21 (100) ns
Age of enteropathy (days) (IQ) 12 (4–60) - -

Exposition to inotropes, number (%) 1 (9) 0 (0) ns
Blood transfusion, number (%) 2 (18) 4 (19) ns

Full enteral feeding (days) (IQ) 23 (14–39) 11 (3–29) 0.0002 ***
(<0.001)

Median fasting time (median in days) (IQ) 1 (1–4) - -

3. Results

3.1. Analysis of Gut Microbiota, Microbiome and Fecal Metabolome During NEC-1

To understand the microbial and metabolomic evolution during the early onset of necrotizing
enterocolitis (NEC), we studied clinical profile suspected NEC (NEC-1) preterm infants. NEC-1 children
underwent more glycopeptides treatment, showed significantly higher cordon lactates, bacteremia
and a longer full enteral feeding, when compared to age-matched healthy children (Table 1). NEC-1
children also displayed a lower plasma pH and enteral milk volume at day 7 (Supplementary Figure
S1A,B) and a higher abundance of Streptoccoccus species (Supplementary Figure S2A) compared to
healthy children. Both populations of children showed a high intragroup variance in terms of gut
microbiota (Supplementary Figure S2B) and overall microbial diversity (Supplementary Figure S2C).
NEC-1 microbiome showed increased activity for pathway related to transcription, glycosaminoglycan
degradation and lysosome, compared to healthy children (Supplementary Figure S2D). Then, we
analyzed the fecal metabolome to appreciate NEC-1-induced changes in gut microbial metabolic
activity. NEC-1 children displayed a reduced intragroup variation and significantly lower levels of
ethanol (Supplementary Figure S2E). Overall, these data show that NEC-1 is characterized by a precise
gut microbiota, microbiome and gut microbial metabolites profile.
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3.2. Analysis of Gut Microbiota, Microbiome and Fecal Metabolome During the Evolution of NEC-1 over the
First Two Months of Life

Given the presence of a NEC-1-specific gut microbiota and microbiome profile, we aimed to
identify at what time these profiles establish. We divided both NEC-1 and healthy children populations
in subgroups according to periods of ten days of life as it follows: 1–10 d (d stands for “days”), 11–20 d,
21–30 d for the first month of life and > 30 d for the second one. In the first 10 days, NEC-1 children
displayed a divergent and more homogenous gut microbiota compared to healthy children, with the
latter characterized by a higher abundance of Klebsiella species (Figure 1A,B). At this stage of life, gut
microbiota in NEC-1 had a lower diversity based on Chao-1 index (Figure 1C) and a different microbial
activity related to replication, recombination and repair proteins, lysosome and glycosaminoglycan
degradation (Figure 1D). No significant changes were observed in fecal metabolites (Figure 1E). Overall,
these data show that gut microbiome starts to diverge at the early onset of NEC-1.

Figure 1. Analysis of gut microbiota, microbiome and metabolome in the first 10-days of life in healthy
vs. necrotizing enterocolitis (NEC)-1 children. (A) Gut microbiota analysis via linear discriminant
analysis (LDA) score between healthy (H) vs. NEC-1 children, in the first 10-days of life, 1 to 10 days;
(B) principal component analysis (PCA) of the gut microbiota; (C) indices of gut microbiota diversity;
(D) LDA score for microbial pathways; (E) histogram of the overall fecal metabolites and PCA as inset.
**P < 0.01. Two-way ANOVA, followed by a two-stage linear step-up procedure of Benjamini, Krieger
and Yekutieli to correct for multiple comparisons, by controlling the false discovery rate (<0.05); N = 15
for H and N = 4 for NEC-1.

In the second 10-days of life, NEC-1 gut microbiota was characterized again by a higher abundance
of Streptococcus species and bacteria from the Micrococcales order (Figure 2A), with a high intragroup
variance (Figure 2B). At this stage of life, NEC-1 gut microbiota also showed a higher diversity based
on Chao-1 index (Figure 2C), but no microbial pathway differently regulated (Figure 2D). As for the
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fecal metabolome, NEC-1 children displayed significant lower levels of serine (Figure 2E). Overall,
these data show a stronger evolution of gut microbiota than gut microbiome in the second 10-days of
life, between NEC-1 and healthy children.

Figure 2. Analysis of gut microbiota, microbiome and metabolome in the second 10-days of life in
healthy vs. NEC-1 children. (A) Gut microbiota analysis via LDA score between healthy (H) vs. NEC-1
children, in the second 10-days of life, 11 to 20 days (d) (the LDA score is only shown for NEC-1
children meaning that no bacteria are significantly higher in the H group vs. NEC-1); (B) PCA of the
gut microbiota; (C) indices of gut microbiota diversity; (D) null cladogram for microbial pathways; (E)
histogram of the overall fecal metabolites and PCA as inset. **P < 0.01. ***P < 0.001. Two-way ANOVA,
followed by a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for
multiple comparisons by controlling the false discovery rate (<0.05); N = 14 for H and N = 10 for NEC-1.

In the third 10-days of life, changes in NEC-1 gut microbiota compared to healthy children
occurred to a bigger extent and were related to increased Staphylococcus and Streptococcus species
(Figure 3A,B), together with a high intragroup variance (Figure 3C) and no change in the overall
diversity indices (Figure 3D). We also observed a NEC-1 microbiome profile, mainly based on thiamine
and seleno-compound metabolism (Figure 3E). The NEC-1 gut microbiota profile of the third 10-days
of life was associated with: (i) multiple diseases and found significantly increased in ulcerative colitis
(Figure 4A); (ii) host genetic variation and significantly related to ANP32E, a gene involved in ulcerative
colitis [22], in line with previous reports. In terms of fecal metabolome, we observed no significant
changes in NEC-1 vs. healthy children (Figure 4C). Then, we studied feces collected in the second
month of life. In this period of life, the taxonomical differences in the gut microbiota of NEC-1 vs.
healthy children were related to the increase in Raoultella species in NEC-1 gut microbiota (Figure 5A),
with a still high intragroup variance (Figure 5B), and no change in the overall microbial diversity
indices (Figure 5C). We also observed microbial functions related to DNA repair increased in the NEC-1
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gut microbiome (Figure 5D). This period of life was characterized by the highest separation in terms of
fecal metabolome, with significant lower levels of ethanol and leucine in NEC-1 children (Figure 5E).

Figure 3. A specific gut microbiota and microbiome exist in the third 10-days of life in healthy vs.
NEC-1 children. (A) Comparative analysis of the gut microbiota by LDA effect size (LEfSe): the
cladogram shows bacterial taxa significantly higher in the group of children of the same color, in the
fecal microbiota between healthy (H) vs. NEC-1 children, in the third 10-days of life, 21 to 30 days
(D) (the cladogram shows the taxonomic levels represented by rings with phyla at the innermost and
genera at the outermost ring and each circle is a bacterial member within that level); (B) LDA score used
to build the cladogram in (A); (C) PCA of the gut microbiota; (D) indices of gut microbiota diversity;
(E) LDA score for microbial pathways. N = 13 for H and N = 7 for NEC-1.
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Figure 4. Diseases, host genetic variation and metabolome analysis in the third 10-days of life during
NEC-1. (A) Diseases and (B) host genetic variation linked to NEC-1_21–30d associated gut microbiota;
(C) histogram of the overall fecal metabolites and PCA, as inset. N = 13 for H and N = 7 for NEC-1.
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Figure 5. Analysis of gut microbiota, microbiome and metabolome in the second month of life in
healthy vs. NEC-1 children. (A) Gut microbiota analysis via LDA score between healthy (H) vs. NEC-1
children, in the second month of life > 30 days (d); (B) principal component analysis (PCA) of the gut
microbiota; (C) indices of gut microbiota diversity; (D) LDA score for predictive microbial pathways (P
< 0.01); (E) histogram of the overall fecal metabolites and PCA, as inset. ***P < 0.001. Two-way ANOVA,
followed by a two-stage linear step-up procedure of Benjamini, Krieger and Yekutiel,i to correct for
multiple comparisons by controlling the false discovery rate (<0.05); N = 11 for H and N = 6 for NEC-1.

3.3. Specific Impact of NEC-1 on the Evolution of Gut Microbiota. Microbiome and Fecal Metabolome over the
First Two Months of Life, Compared to Healthy Children

To investigate the evolution of gut microbiota, microbiome and fecal metabolome over the first two
months of life, we conducted an intra-group study in both NEC-1 and healthy children, according to
the four groups reported above: 1–10 d, 11–20 d, 21–30 d and > 30 d. We did not observe any taxonomic
significant change in the gut microbiota of NEC-1 children. However, the group NEC-1_21–30 d had a
specific gut microbiome with an increased restriction enzyme activity, among others (Supplementary
Figure S3A). The four NEC-1 groups also differed in terms of fecal metabolome, with regard to leucine,
ethanol and serine amounts (Supplementary Figure S3B). Based on these results, we performed a
metabolomic enrichment analysis on two levels: (i) pathway-associated metabolite sets (Supplementary
Figure S3C) and (ii) single nucleotide polymorphism (SNP)-associated metabolite sets (Supplementary
Figure S3D). NEC-1 metabolomic profile (increased ethanol and serine) was significantly associated
with both homocysteine degradation and phosphatidylethanolamine biosynthesis (Supplementary
Figure S3C), with serine being the metabolite the most linked to NEC-1-associated SNP (Supplementary
Figure S3D). By contrast, in healthy children, the four groups reported above did not differ in terms
of both gut microbiota and microbiome, but only with regard to fecal metabolome (Supplementary
Figure S4A). Healthy metabolomic profile (increased leucine, ethanol and dihydroxyacetone) was
significantly associated with valine, leucine and isoleucine degradation and to ketone body metabolism
(Supplementary Figure S4B), with leucine being the metabolite the most linked to healthy-associated
SNP (Supplementary Figure S4C). Overall, these data suggest that: (i) a different intragroup evolution
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exists between NEC-1 and healthy children, with regard to gut microbiota and microbiome; and (ii) the
NEC-1 microbiome appears to be more sensitive to mother-related factors.

3.4. Maternal and Child Factors Influencing the Gut Microbiota, Microbiome and Fecal Metabolome During
NEC-1

Next, we asked which factor related to both mother and child may affect the most the above
reported parameters. We analyzed six conditions: neonatal antibiotherapy (ABx), ABx treatment on
mother, childbirth (C-section (C-sec) vs. vaginal birth (VB)), very low birth weight (VLBW), extreme
low birth weight (ELBW) and gestational age (GA) > or ≤ 28 weeks.

Only neonatal ABx treatment affected the gut microbiota in both NEC-1 and healthy children
(Supplementary Figure S5A). By contrast, all the above factors, except the VLBW, affected the gut
microbiome (Supplementary Figure S5B–F). Note that childbirth modality, ELBW and GA affected
the gut microbiome only in NEC-1 children (Supplementary Figure S5D–F). Moreover, all the above
factors, except the neonatal ABx treatment and ELBW, affected the fecal metabolome between NEC-1
and healthy children (Supplementary Figure S6A–F). Then, we performed a metabolomic enrichment
analysis on the pathway-associated metabolite sets, based on Supplementary Figure S6F, in which there
is an increase in ethanol and succinate within in the NEC-1_GA ≤ 28 w. Ketone body and butyrate
metabolism were the most significantly associated with this metabolomic set (Supplementary Figure
S6G).

4. Discussion

In this prospective study, we focused on suspected necrotizing enterocolitis NEC-1 preterm
infants. NEC-1 phenotype has been poorly clinically investigated, with no data available on gut
microbiota, microbiome and fecal metabolome. By contrast, NEC-2 and NEC-3, more severe and
established phenotypes, have been more characterized. As for clinical parameters, the increased
cordon lactate levels we found in NEC-1 has been recently positively correlated to the development
of enteropathy [23]. Hence, the hypothesis of hypoxic lesions in utero or during birth may not be
excluded, and could even be predictive of neonatal morbidity. Importantly, the observed reduced
enteral nutrition volume in NEC-1 is not a protective factor during the development of severe NEC
(NEC-2 and NEC-3), but rather, it may lengthen hospitalization and infections risk [24]. Moreover, a
recent multicentric study showed that a slow rate enteral feeding is associated with an increased risk
of developing NEC-2 and NEC-3 [14].

NEC-1 children showed a high general variance for gut microbiota and fecal metabolome, which
is in line with a personalized microbiota and fecal metabolome profiles of preterm infant [25]. This is
evident from PCA analyses in Figure 4 C and Figure 5 E, where the metabolome profiles of the healthy
vs. NEC-1 children appear to diverge, but are still presenting some overlap, due to high intragroup
variance. Both this evidence and the delayed intestinal colonization of preterm infants [26,27] may
explain the lack of NEC-1-specific microbial group in the first 10-days of life. The analysis by periods
of ten days of life revealed a divergence for both gut microbiota and microbiome in NEC-1 by the third
10-days of life. In particular, the higher abundance of Staphylococcus in NEC-1 is in accordance with the
early colonization by Staphylococcus bacteria of the intestine of preterm infants [28]. This datum suggests
the third 10-days as an optimal time window to be targeted by antibiotics directed against bacterial
species higher in NEC-1, such as Staphylococcus. However, in our study NEC-1 children who underwent
glycopeptide and aminoglycoside therapy were more numerous than healthy children. Therefore, this
evidence suggests that NEC-1 may be associated with glycopeptide and/or aminoglycoside-resistance,
since NEC-1 gut microbiota was characterized by an increase, and not a decrease, of Staphylococcus.
Since aminoglycosides are active antibiotics against enterobacteria, their administration could delay
intestinal colonization by Proteobacteria, and thus promote the implantation of resistant genera,
such as Staphylococcus and Streptococcus. Based on this evidence, our data suggest not to prolong
antibiotic therapy beyond the first week of life in preterm infants, if inflammatory parameters have
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been normalized. Furthermore, NEC-1 gut microbiota profile was associated with ulcerative colitis
and host genetic variation in the ANP32E gene, encoding a protein implicated in cortico-resistance
during ulcerative colitis [22]. NEC-1 children showed increased exposition to antenatal corticosteroids
compared to healthy children, even though a study has not identified antenatal corticosteroids as a
NEC-inducing factor [29]. Despite Anp32e-deficient mice display no sign of disease [30], it has not to
be excluded the role of Anp32e in a model of gut inflammation mimicking ulcerative colitis. Hence,
further studies are warranted on genetic factors of NEC. In terms of microbial functions, the intragroup
analysis showed in the third 10-days of life a higher restriction enzyme activity in the NEC-1 gut
microbiome. This bacterial activity, directed against bacteriophages and enriched in the newborn
intestine [31], suggests an increased virus activity and, hence, a virome dysbiosis, beyond a microbiota
dysbiosis, during NEC-1 evolution. Notably, with regard to the time-point > 30 days, microbiota and
microbiome changes are still present and, most importantly, different from those observed at earlier
time-points. This suggests that NEC-1 onset may have influenced the evolution of gut microbiota. All
these microbial data are associated with our observation about a change in fecal amino-acids, such
as leucine and serine, confirming the association between gut microbiota dysbiosis and a change in
amino-acids metabolism [32].

Finally, several factors may affect the gut microbiota of preterm infants, e.g., hospital regimens, even
with regard to the putative use of probiotics to blunt NEC. In a very recent publication, Kurath-Koller
et al. showed the efficacy of some probiotics in improving the gut microbiome of very low birth weight
infants during the first two weeks of age, in a triple-center cohort study [33]. In our mono-centric study,
the very low birth weight had an impact on the fecal metabolome of both healthy and NEC-1 children,
but not on their gut microbiota nor on their microbiome. This evidence underlines the importance of
the hospital environment for the evolution of both an eubiotic and a dysbiotic, e.g., during NEC-1,
gut microbiota.

5. Conclusions

The small cohort represents a limitation of our work, due to the difficulty to investigate NEC at
its early onset. However, our data may provide neonatal departments with immediate indications to
blunt NEC-1 evolution such as: i) increasing the enteral volume of nutrition, especially in the first days
of life; ii) revising and reducing antibiotic therapy up to the first week of life in preterm infants.
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Abstract: The response to treatment with biologic drugs, in patients with Crohn’s disease, could be
associated with changes in gut microbiota composition. The aim of our study was to analyse
the modification of microbiota during adalimumab therapy in patients with Crohn’s disease.
We performed a prospective study in patients with Crohn’s disease analysing gut microbiota
before start of adalimumab therapy (T0) and after six months of therapy (T1). Among the 20 included
patients, the phylum Proteobacteria fell from 15.7 ± 3.5% at T0 to 10.3 ± 3.4% at T1 (p = 0.038).
Furthermore, the trend in relation to therapeutic success was analysed. Regarding bacterial phyla,
Proteobacteria decreased in patients in whom therapeutic success was obtained, passing from a value of
15.8% (± 4.6%) to 6.8 ± 3.1% (p = 0.049), while in non-responder patients, percentages did not change
(T0 = 15.6 ± 5.7%, T1 = 16.8 ± 7.6%, p = 0.890). Regarding the Lachnospiraceae family, in patients with
normalization of C reactive protein six 6 months of adalimumab therapy, it increased from 16.6 ± 3.1%
at T0 to 23.9 ± 2.6% at T1 (p = 0.049). In conclusion, in patients who respond to Adalimumab therapy
by decreasing inflammation, there is a trend of intestinal eubiosis being restored.

Keywords: Bacteroides ovatus; Bifidobacterium adolescentis; Dysbiosis; Faecalibacterium prausnitzii;
Ruminococcus gnavus

1. Introduction

Inflammatory bowel diseases (IBD) are chronic diseases that share immune-mediated pathogenesis
and relapsing course [1]. Crohn's disease (CD) and ulcerative colitis (UC) are the two main IBD types.
The exact pathogenesis of IBD remains unknown. The most recent studies agree in identifying an
individual genetic susceptibility strongly conditioned by environmental factors and by the interaction
between intestinal microbiota and the body's immune response [2,3]. Changes in the epidemiology
of IBD over time and in different geographical areas suggest that environmental factors play an
important role in inducing or modifying the expression of the disease [4]. Considering that IBD
emerged in Western countries around the middle of the 20th century and the increased incidence of
IBD in developing countries over the last 25 years, this epidemiological evolution is supposed to be
linked to both the Westernization of the lifestyle and industrialization. Urbanization is associated with
dietary changes, antibiotic use, hygienic status, microbial exposure and pollution, all implicated as
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potential environmental risk factors for IBD [5]. A consequence of Westernization of the lifestyle seems
to be dysbiosis, defined as a loss of diversity of composition of microbiome in an individual. Microbial
diversity decreases in patients with CD compared to subjects without CD [6].

Biological drugs, first of all anti-tumor necrosis factor (TNF), are able to modify the natural history
of numerous inflammatory diseases [7], in part by acting directly on inflammation and partly indirectly
with mechanisms not yet fully understood. Few studies have analysed the effect of adalimumab
therapy on specific bacteria of intestinal microbiota in adult IBD patients [8].

The aim of our study was to analyse microbiome modifications and the association of microbiome
characteristics with inflammatory parameters during the first six months of adalimumab therapy in
adult patients with CD.

2. Materials and Methods

We performed a prospective study at the Gastroenterology Unit of “City of Health and Science of
Turin”, Italy. From May 2018 to March 2019 we recruited patients: (1) affected by CD with indications
to treatment with adalimumab; (2) naive to anti-TNF drugs or other biological drugs; (3) older than or
equal to 18 years; (4) on a typical Mediterranean diet; (5) who agreed to sign the informed consent to
participate in the study. Exclusion criteria were: (1) recent (in the last month) use of probiotic therapy;
(2) recent (in the last month) use of antibiotic therapy.

2.1. Screening Procedures

The selected patients underwent an infectious screening (HBsAg, HBcAb, HBsAb; HCV-Ab;
quantiferon-TB gold assay, chest X-ray, HIV-Ab, HPV test, VZV-Ab, EBV-Ab) before starting
adalimumab therapy. Clinical history, data on physical examination, instrumental examinations, recent
biochemical examinations and signed informed consent for the purpose of enrolment in the study were
collected. Before starting adalimumab therapy, a faecal sample from the patients was taken, collected
in the previous 24 h, in a sterile container, with the caution to reduce as much as possible contaminating
contacts of the sample. The faecal samples were associated with a numerical identification code and
stored frozen at −80 ◦C. Two faecal samples were collected from each CD patient; the first before the
start of adalimumab therapy and the second after six months of treatment. The samples underwent
metagenomic NGS (next generation sequencing or sequencing in parallel) sequencing with the use of
the Illumina MiSeq platform (San Diego, CA, USA) following the amplification of the V3-V4 regions of
the 16s-rRNA gene (ribosomal 16-S gene) using a 2 × 300 bp-end approach [9–11].

2.2. Outcomes

The primary outcome was to evaluate a possible modification of the microbiota at six months of
therapy. The secondary outcomes were to evaluate: (1) the possible association of the microbiome
characteristics with C-reactive protein (CRP) levels at six months of therapy; (2) the possible predictive
role of the microbiome on the response to anti-TNF therapy. Response to adalimumab therapy was
defined as a decrease in the Harvey-Bradshaw index (HBI) score greater than or equal to 2 (or HBI ≤ 4 at
six months), in the absence of corticosteroid therapy and with adalimumab still in therapy, in agreement
with the literature [12]. The study followed the principles of the Declaration of Helsinki and was
approved by the local ethical committee (Comitato Etico Interaziendale A.O.U. Città della Salute e
della Scienza di Torino-A.O. Ordine Mauriziano-A.S.L. Città di Torino) (approval code 0056924).

2.3. Statistical Analysis

Continuous variables were reported as mean ± standard error of the mean (SEM) or as median
(range) depending on data distribution. The normality of the data was evaluated by D’Agostino-Pearson
test. The comparison of continuous variables between independent groups was done by employing
the Mann-Whitney test. The comparison of paired measurements was carried out by t-student test for
paired measurements or by Wilcoxon test, depending on the distribution of the data. For dichotomous

68



J. Clin. Med. 2019, 8, 1646

qualitative variables, the Chi-square test was performed. A logistic regression was performed in
order to derive the odds ratio (OR), with its 95% confidence interval, as a measure of the strength of
association of the two variables. A p value of less than 0.05 was considered significant. The statistical
analysis was performed with MedCalc Statistical Software version 18.9.1 (MedCalc Software bvba,
Ostend, Belgium; http://www.medcalc.org; 2018).

3. Results

The cohort included 20 patients. The epidemiological characteristics of the recruited patients are
reported in Table 1.

Table 1. Features of the study population.

General Characteristics (n = 20)

Sex (M/F), n (%) 12/8 (60%)
Age (years), median (range) 52.5 (26–69)

Prior ileocecal resection (yes/no), n (%) 9/11 (45%)
Smoke (current/no), n (%) 4/16 (20%)

Localization (colon/ileum only), n (%) 12/8 (60%)
Years of illness (years), median (range) 14.5 (1–38)

Abbreviations: female (F), male (M).

Upon initiation of adalimumab therapy, 90% of patients received in combination mesalazine,
60% of patients took systemic corticosteroids and 20% took an immunosuppressant (azathioprine).
Clinical, biochemical and endoscopic activity, before starting adalimumab therapy, is reported in
Table 2.

Table 2. Activity according to Harvey-Bradshaw index (HBI) score, biochemical activity and endoscopic
activity according to simple endoscopic score for Crohn’s disease (SES-CD) at baseline.

Total Patients (n = 20)

Clinical activity

Remission or mild, n (%) 14 (70%)
Moderate or severe, n (%) 6 (30%)

Biochemical activity

CRP (mg/L), median (range) 6.5 (0.7–45.5)
ESR (mm/h), median (range)

FC (μg/g), median (range)
22 (1–94)

262 (35–726)

Endoscopic activity

Mild, n (%) 2 (10%)
Moderate, n (%) 13 (65%)

Severe, n (%) 5 (25%)

Abbreviations: C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), faecal calprotectin (FC).

3.1. Clinical Outcomes

After six months of therapy, no patient discontinued adalimumab due to adverse effects and 100%
of the patients achieved clinical remission, but the success of the therapy was only achieved in 65% of
patients (13 out of 20), namely the remaining seven on corticosteroid therapy. CRP decreased from
a median value of 6.5 mg/L (0.7–45.5 mg/L) at T0 to a median value of 2.9 mg/L (0.1–16.5 mg/L) at
T1 (p = 0.010). Similarly, erythrocyte sedimentation rate (ESR) decreased from the median value of
22 mm/h (1–94 mm/h) at T0 to 9 mm/h (4–60 mm/h) at T1 (p = 0.020). Calprotectin decreased from a
median value of 262 ug/g (35–726 ug/g) at T0 to a median value of 80 ug/g (39–969 ug/g) at T1 (p = 0.035)
(Figure 1).
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Figure 1. Serum and faecal inflammatory biomarkers trend after six months of adalimumab therapy.

3.2. Trend of Microbiota During Therapy

Focusing on the temporal trend, regarding the phyla, Firmicutes rose from 45.5 ± 5.1% at T0 to
48.9 ± 3.0% at T1 (p = 0.523), Bacteroidetes from 33.5 ± 4.7% at T0 to 37.1 ± 4.0% at T1 (p = 0.411),
Proteobacteria fell from 15.7% ± 3.5% at T0 to 10.3 ± 3.4% at T1 (p = 0.038). Finally, the Actinobacteria
increased from 2.6% ± 0.7% at T0 to 3.0% ± 0.7% at T1 (p = 0.928) (Figure 2).

Figure 2. Per cent composition of phyla of bacterial microbiome at baseline and six months after
starting adalimumab therapy.

Regarding the bacterial families, that of Lachnospiraceae was the most represented both at T0
(18.2 ± 2.6%), and at T1 (23.6 ± 2.2%), without statistical difference between these two periods
(p = 0.100). Regarding the species, Ruminococcus gnavus decreased from 3.3 ± 1.8% at T0 to 1.6 ± 0.3%
at T1 (p = 0.350); Bacteroides ovatus rose from 2.9 ± 0.9% to 2.4 ± 0.6% (p = 0.540); Faecalibacterium
prausnitzii rose from 3.7 ± 1.2% to 2.2 ± 0.8% (p = 0.130), Bifidobacterium adolescentis decreased from
1.3 ± 0.5% to 1.2 ± 0.5% (p = 0.260); Escherichia coli did not change (11.4%, p = 0.998).

Baseline microbiota changes in relation to success or therapeutic failure are reported in Table 3.
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Table 3. Relationship between bacterial populations of phyla, family and species and therapeutic success.

Success = Yes (%) Success =No (%) p Value

Phyla

Firmicutes 45.6 ± 6.7 45.2 ± 8.4 0.960
Bacteroidetes 34.7± 5.3 31.1 ± 9.6 0.320
Proteobacteria 15.8 ± 4.6 15.6 ± 5.7 0.980
Actinobacteria 2.6 ± 0.8 2.6 ± 1.4 0.980

Family

Lachnospiraceae 17.8 ± 3.3 18.8 ± 4.8 0.860

Species

Bifidobacterium adolescentis 1.1 ± 0.5 1.6 ± 1.2 0.650
Ruminococcus gnavus 2.2 ± 1.0 5.5 ± 4.9 0.390

Bacteroides ovatus 3.9 ± 1.4 1.0 ± 0.5 0.150
Faecalibacterium prausnitzii

Escherichia coli
3.6 ± 1.6

11.4 ± 4.5
3.8 ± 2.0

11.4 ± 4.9
0.940
0.998

We also analysed the trend in composition of microbiome in relation to therapeutic success.
Regarding bacterial phyla, Proteobacteria decreased in patients in whom therapeutic success was
obtained, passing from a value of 15.8 ± 4.6% to 6.8 ± 3.1% (p = 0.049), while in non-responders,
their percentage did not change (T0 = 15.6 ± 5.7% vs. T1 = 16.8 ± 7.6%, p = 0.890). The data regarding
changes in composition of the microbiome in responders and in non-responders to adalimumab therapy
are shown in Table 4.

Table 4. Trend in phyla, family and bacterial species according to pharmacological success or failure.

Pharmacological Success Pharmacological Failure

T0 (%) T1 (%) p Value T0 (%) T1 (%) p Value

Phyla

Firmicutes 45.6 ± 6.7 51.4 ± 3.4 0.470 45.2 ± 8.4 44.4 ± 5.8 0.900
Bacteroidetes 34.7 ± 5.3 38.2 ± 3.7 0.510 31.1 ± 9.6 35.2 ± 9.5 0.650

Actinobacteria 2.6 ± 0.8 3.2 ± 0.9 0.540 2.6 ± 1.4 2.6 ± 1.3 0.980
Proteobacteria 15.8 ± 4.6 6.8 ± 3.1 0.049 15.6 ± 5.7 16.8 ± 7.6 0.890

Family

Lachnospiraceae 17.8 ± 3.3 25.4 ± 3.2 0.100 18.8 ± 4.8 20.4 ± 1.8 0.730

Species

Bifidobacterium adolescentis 1.1 ± 0.5 1.4 ± 0.6 0.700 1.6 ± 1.2 0.7 ± 0.7 0.150
Ruminococcus gnavus 2.2 ± 1.0 1.8 ± 0.4 0.710 5.5 ± 4.9 1.3 ± 0.5 0.420

Bacteroides ovatus 3.9 ± 1.4 2.6 ± 0.6 0.240 1.0 ± 0.5 1.9 ± 1.4 0.470
Faecalibacterium prausnitzii

Escherichia coli
3.6 ± 1.6

11.4 ± 4.5
2.1 ± 1.2
4.3 ± 3.1

0.080
0.078

3.8 ± 2.0
11.4 ± 4.9

2.2 ± 1.2
13.1 ± 7.7

0.540
0.812

In Table 5, the microbiome trend is reported according to CRP values after six months of
adalimumab therapy.

With regards to the Lachnospiraceae family in patients with normalization of CRP levels after six
months of adalimumab therapy, at T0 it showed a mean value of 16.6 ± 3.1% and at T1 this increased
to 23.9 ± 2.6% among bacterial families (p = 0.049).

According to disease localization, the phylum Actinobacteria was more represented if the colon
was inflamed (3.9 ± 1.0%) compared to an ileal CD (0.7 ± 0.5%); the differences among the other phyla
were not statistically significant (Table S1). The changes in phyla according to disease localization were
not statistically significant (Table S2).
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Table 5. Trend of the intestinal microbiome between T0 and T1 according to C-reactive protein levels at
six months.

Normalization of CRP Positive CRP
T0 (%) T1 (%) p Value T0 (%) T1 (%) p Value

Phyla

Firmicutes 43.7 ± 4.7 48.4 ± 3.2 0.290 42.2 ± 14.8 41.6 ± 8.1 0.970
Bacteroidetes 34.8 ± 5.9 36.9 ± 4.7 0.700 39.3 ± 10.6 48.8 ± 6.3 0.460

Actinobacteria 3.1 ± 1.0 3.2 ± 1.0 0.940 2.4 ± 1.4 2.4 ± 1.0 0.990
Proteobacteria 14.5 ± 4.4 11.4 ± 4.9 0.510 16.1 ± 7.3 2.5 ± 4.9 0.250

Family

Lachnospiraceae 16.6 ± 3.1 23.9 ± 2.6 0.049 15.1 ± 1.9 16.6 ± 4.0 0.810

Species

Bifidobacterium adolescentis 1.5 ± 0.7 1.0 ± 0.6 0.560 1.5 ± 0.8 0.9 ± 0.5 0.610
Ruminococcus gnavus 1.7 ± 0.9 1.3 ± 0.4 0.660 1.0 ± 0.5 1.9 ± 0.4 0.320

Bacteroides ovatus 3.2 ± 1.4 2.3 ± 0.7 0.290 1.6 ± 0.6 4.2 ± 1.9 0.260
Faecalibacterium prausnitzii

Escherichia coli
3.6 ± 1.4

12.2 ± 4.3
3.0 ± 1.2
8.0 ± 4.4

0.520
0.349

6.9 ± 3.7
9.0 ± 4.0

1.0 ± 1.0
5.4 ± 4.0

0.170
0.490

According to disease severity, the phylum Bacteroidetes was much more represented in patients
with mild or moderate endoscopic activity (41.4 ± 4.5%), compared to patients with severe endoscopic
activity (15.0 ± 7.5%) (p = 0.006); the phylum Proteobacteria was more represented in patients with
severe endoscopic activity (25.2 ± 8.6%) compared to patients with mild or moderate endoscopic
activity (11.7 ± 3.0%) (p = 0.076) (Table S3). The changes in phyla according to endoscopic disease
activity were not statistically significant (Table S4).

4. Discussion

It is now known that intestinal microbiota is one of the main elements capable of influencing
immunity, health status, susceptibility to various diseases including chronic and autoimmune
inflammatory diseases [13].

In literature, it has been reported that 25% fewer bacterial genes are detected in faecal samples of
patients with IBD compared to the control groups. Furthermore, this reduction in diversity has been
shown to occur early in the course of CD in a paediatric population, suggesting that dysbiosis may not
only be an effect of CD, but also can contribute to the pathogenesis [14]. Further studies have shown
that patients with IBD have fewer bacteria with anti-inflammatory properties and more bacteria with
pro-inflammatory properties. Joossens et al. have identified stool samples containing microbiota from
patients with CD with a reduced abundance of Faecalibacterium prausnitzii, Bifidobacterium adolescentis
and Dialister invisus and a greater abundance of Ruminococcus gnavus, a potentially inflammatory
bacterium [15]. The decrease in both biodiversity and in phyla Bacteroidetes and Firmicutes was observed
in faecal and bioptic samples of patients with CD. Furthermore, many kinds of potentially protective
bacteria, such as Bacteroides, Eubacterium and Lactobacillus, were significantly reduced in patients with
active or inactive CD. Roseburia, a genus producing butyrate and Phascolarctobacterium faecium that
produces propionate, have been found to be significantly reduced in patients with CD [16]. A study
analysed faecal samples from a prospective cohort of patients with paediatric CD that underwent
anti-TNF therapy. Regarding the dynamics of the microbiome (including viroma and micoma) with
respect to therapy and diet, the dysbiosis decreased in concomitance with the reduction of the
intestinal inflammation [17]. To characterise the intestinal microbiota associated with paediatric CD,
Wang et al. recruited 11 children diagnosed with CD and healthy control subjects. A total of 32 samples
of patients with CD were included: eight at baseline (before treatment with infliximab) and 24 at
various times during therapy. Analysis of alpha diversity revealed that both wealth and diversity
were lower in paediatric patients with CD before infliximab therapy compared to healthy controls.
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In particular, in the pre-infliximab samples a lower relative abundance of Bacteroidetes and a greater
abundance of Proteobacteria were observed in patients compared to controls. After treatment, both
the richness and the diversity of the intestinal microbiota improved in patients with paediatric CD.
The community of bacteria in the post-infliximab samples was more similar to the control group,
suggesting that the diversity between CD cases and healthy controls was reduced after treatment [18].

Changes in the composition of the faecal microbial community could therefore prove useful as
biomarkers, in particular for monitoring disease activity, assessing the response to treatments [19] and
as predictor of response to therapy [20,21].

In our study, we examined the relative percentage abundances of the four main bacterial phyla,
namely Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes, of the family Lachnospiraceae and of
the species Bifidobacterium adolescentis, Faecalibacterium prausnitzii, Bacteroides Ovatus, Escherichia coli
and Ruminococcus gnavus. We focused on these taxa because each of them seems to have an interesting
role in the pathophysiology of IBD: the Lachnospiraceae family (including several genera of Clostridia
cluster XIVa, XIVb, IV and Faecalibacterium prausnitzii) is composed mainly of anti-inflammatory
butyrogenic species and is reduced in patients with IBD, increasing proportionally to the remission of
the disease [22]. Ruminococcus gnavus is a mucolytic bacterium found increased in IBD compared to
healthy controls and is considered a possible biomarker of mucosal damage [19]. Bifidobacteria play a
positive role in preserving intestinal barrier functions [23] and in the production of short-chain fatty
acids (SCFA) [24]; of note, the analysis of the faecal microbiome of patients with IBD has shown an
attenuation of Bifidobacterium adolescentis [25]. High antibody titres have been found targeting the
antigens of Bacteroides ovatus [26], a bacterium that appears to be involved in the pathogenesis of
IBD [27].

We assessed whether the taxa examined between the first faecal sampling and the second after six
months of adalimumab therapy showed changes in terms of percentage abundance. It is interesting to
note the course of the phylum Proteobacteria and of the family Lachnospiraceae. The former decreased
significantly (p= 0.038), from 15.7± 3.5% to 10.3± 3.4%, while Lachnospiraceae increased from 18.2± 2.6%
to 23.6 ± 2.2% (p = 0.100).

Bacterial concentrations before starting adalimumab therapy were considered in relation to
achievement of therapeutic response. Although a predictive value of Firmicutes on response to
therapy has been highlighted in the literature [28], and in particular of anti-inflammatory bacteria
such as Faecalibacterium prausnitzii [20,28–31], this trend was not found in our study. Responder and
non-responder patients had non-significant concentration differences of all taxa.

Then, we compared the trend of bacterial populations between T0 and T1 in those who responded
versus those in whom the therapy failed. We found interesting modifications of both the phylum
Proteobacteria and the family Lachnospiraceae: in those who responded to the therapy, the former
decreased from T0 (15.8 ± 4.6%) to T1 (6.8 ± 3.1%) in a significant manner (p = 0.049). In those who did
not respond to therapy, the trend was T0 = 15.6 ± 5.7%, T1 = 16.8 ± 7.6% (p = 0.890). With regards to the
bacteria belonging to the Lachnospiraceae family, they increased more in responders (from 17.8 ± 3.3%
to 25.4 ± 3.2%, p = 0.100) compared to those who did not respond (T0 = 18.8 ± 4.8%, T1 = 20.4 ± 1.8%,
p = 0.730). With regards to the bacteria belonging to Proteobacteria phylum, Escherichia coli decreased
from 11.4% to 4.3% (p = 0.078) in responders, while it remained substantially stable in those who did
not respond (from 11.4% to 13.1, p = 0.81). Considering the trend of the intestinal microbiota during
biologic therapy and the CRP values at the sixth month, there was an increase in the Lachnospiraceae
family from T0 (16.6 ± 11%) to T1 (23.9 ± 9.6%) in patients who showed a normalization of CRP
(significant: p = 0.049), while in those with persistent high CRP, it remained stable. The increasing
trend of phylum Firmicutes and Lachnospiraceae family in patients with normalization of CRP is
coherent (from 43.7–48.4% and from 16.6–23.9%, respectively): our explanation of the fact that in
Lachnospiraceae family this trend is more evident is that, probably, Lachnospiraceae family, among
the families belonging to phylum Firmicutes, is a species more represented in an “eubiotic” microbiota.
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The decrease of Proteobacteria and the increase of Lachnospiraceae is consistent with the hypothesis that
adalimumab therapy, by decreasing inflammation, tends to restore the intestinal eubiosis [8,18,32].

The higher prevalence of the phylum Bacteroidetes in patients with mild or moderate endoscopic
activity and the higher prevalence of the phylum Proteobacteria in patients with severe endoscopic
activity confirm the potential role as protective bacteria of the former and as bacteria correlated to the
inflammation of the latter.

Some limitations of our study must be discussed. The sample size of our population is not very
large, although the prospective design contributes to reducing the possible biases. In all patients,
diagnosis, treatment and follow-up of CD followed International Guidelines [33]. Another limit is that
we focused only on some components of the human intestinal microbiota (according to literature data),
even though viroma and micoma should add precious information on this topic.

5. Conclusions

In conclusion, in patients with CD who respond to adalimumab therapy, there is a shift of
intestinal microbiome from dysbiosis closer to eubiosis. Further studies about the products of
microbiota (metabolomic), and about micoma and viroma, should be performed to better understand
the relationship between CD and microbiota.
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Abstract: Methods of stool assessment are mostly focused on next-generation sequencing (NGS) or
classical culturing, but only rarely both. We conducted a series of experiments using a multi-method
approach to trace the stability of gut microbiota in various donors over time, to find the best method
for the proper selection of fecal donors and to find “super-donor” indicators. Ten consecutive stools
donated by each of three donors were used for the experiments (30 stools in total). The experiments
assessed bacterial viability measured by flow cytometry, stool culturing on different media and in
various conditions, and NGS (90 samples in total). There were no statistically significant differences
between live and dead cell numbers; however, we found a group of cells classified as not-dead-not-alive,
which may be possibly important in selection of “good” donors. Donor C, being a regular stool
donor, was characterized by the largest number of cultivable species (64). Cultivable core microbiota
(shared by all donors) was composed of only 16 species. ANCOM analysis of NGS data highlighted
particular genera to be more abundant in one donor vs. the others. There was a correlation between
the not-dead-not-alive group found in flow cytometry and Anaeroplasma found by NGS, and we could
distinguish a regular stool donor from the others. In this work, we showed that combining various
methods of microbiota assessment gives more information than each method separately.

Keywords: fecal microbiota transplantation; feces donor; fecal microbiota; flow cytometry;
viability of bacteria; next-generation sequencing; culturing of fecal microbiota

1. Introduction

Stool suspension is commonly used as a straightforward, cheap and non-invasive material for
treating several conditions and diseases. Outcomes of fecal microbiota transplantation (FMT) are
encouraging in many diseases (e.g., inflammatory bowel diseases [1]) and excellent in others (e.g.,
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Clostridioides difficile infection, especially as a life-saving therapy [2,3]). Not surprisingly, there are more
than 250 FMT clinical trials completed or ongoing worldwide [4].

Despite the thriving of the FMT trials, our knowledge on the real composition of “healthy
microbiota” is still scarce. We do not exactly know how the transplanted bacteria survive, colonize,
and function in the recipient’s gut or, most importantly, which methods may, or should, be used to
diagnose and monitor transplanted feces to assess whether the fecal microbiota solution is appropriate
for transplantation and consists of a “healthy microbiota”. We also acknowledge that a healthy gut
microbiota requires proper virus and fungi composition [5,6].

Analyses of human intestinal microorganisms were, until recently, mostly performed by
culture-dependent methodologies, limiting the screened biodiversity only to the cultivable species,
although it is known that only about 15–20% of microbes living in the human gut are cultivable as
of now. The availability of novel tools, primarily next-generation sequencing (NGS), has enabled
the assessment of marker taxonomical genes and even whole genomes retrieved from the complex
microbial communities. The most widely used NGS method for the taxonomic and phylogenetic
evaluation of bacterial community composition relies on 16S rRNA gene PCR amplicon analysis [7–9].

Currently, it can be observed that the market offering fecal microbiota suspensions and tools for
FMT suspensions assessments is growing rapidly. Companies provide material from different donors,
using various methodologies for testing the donors and stool processing. However, each of these
methods is usually applied separately, and on these distinct analyses far-reaching conclusions are built.
There are very few reports comparing different methods for the assessment of gut microbiota [10–13]
and indicating how to assess the stability of fecal microbiota in the donors. There is also a need
to identify “super-donor” units, i.e., persons whose microbiota contains all relevant microbes and
potentially can cure the vast majority of microbiota-related diseases and conditions [14].

There is also a need for defining “super-donors” for FMT. It is postulated that there are individuals
whose gut microbiome possesses certain characteristics, such as the presence or absence of specific
(unfortunately not fully recognized) bacteria, phages and metabolites, which protect the donor from
the vast majority of gut-related dysbiosis [14]. Furthermore, it is postulated that these individuals are
the most desired donors (namely “super-donors”), and that their fecal microbiota is highly suitable for
transplantation. Theoretically, such donors should be adequate for every FMT intervention. However,
recent studies prove that there are some (still unknown) specific features making these (super) donors
not so universal [15,16]. Therefore, an algorithm for finding perfectly matching donor–recipient couples
still needs elucidation. We believe that this coupling of donor and recipient may be possible, but this
requires more data and more diagnostic/analytical tools. To define what exactly “super-donor” means,
we need to have more well-designed comparable clinical trials for dysbiosis-related diseases [17].
Only then will we be able to conduct a general investigation, looking for features common to all
donors. Our study is in line with this general quest in medicine. Summarizing, for the purpose of
this study, the term “super-donor” was used with its complex definition, including an indication that
the microbiota of the “super-donor” has all the necessary beneficial components to maintain human
welfare and that it will most probably cure the majority of dysbiosis. Besides, the most important
conclusion must be the statement that the donor can be defined as a “super-donor” only when the
majority (ideally all) clinical outcomes of FMT (from this donor) are good.

In this study, we conducted a series of experiments using a multi-method approach to trace the
stability of the composition of the gut microbiota in various donors over time and to find the most
suitable method for assessing the quality of the gut microbiota for the proper selection of fecal donors
and to pave the way to find “super-donors”. Moreover, we were looking for bacterial indicators
of “good” and/or “bad” donors to simplify and parametrize the selection of suitable givers of stool
samples for FMTs. We hypothesized that various methodologies of microbiota assessment to evaluate
donors gives more data than each method separately.

78



J. Clin. Med. 2020, 9, 2036

2. Material and Methods

2.1. Stool Donors

Ten consecutive stools donated by each of three donors were used for the experiments (30 stools in
total). The donors of stool were randomly selected males (donors named A and B) and an intentionally
chosen male (donor C, that is, a regular stool donor registered in the Polish stool bank). They were
selected according to our protocol published previously [18]. Donor C was selected with respect to
criteria described by Cammarota et al. [19]. All donors were screened by a questionnaire based on
international guidelines that was presented in our previous publication [18]. Briefly, one of them
(donor C; male, 28 years old, healthy, with normal BMI) was a regular donor of feces, for the purpose
of producing a preparation for fecal microbiota transplantation (chosen from the stool donor bank)
and the other two were randomly selected males (donor A—male, 16 years old with food allergy,
recurrent aphthous stomatitis and normal BMI, and donor B—male, 55 years old, a medical worker
with inhaled allergy and a BMI of 27). A medical questionnaire with basic data was received from each
person. Each feces sample was prepared in the same time frame and in the same way by homogenizing,
diluting in normal saline, and sieving through sterile gauze or sieves to obtain a clear, homogeneous
fluid being a suspension of feces. This is the regular way of producing feces for use as FMT [18]).
The material prepared in this way was divided into three parts—one for assessment by flow cytometry
in the LIVE/DEAD method (Molecular Probes, Eugene, OR, USA), the other for performing classical
culturing, and the third for immediate isolation of DNA for V3V4 16S rDNA variable region sequencing
(90 samples in total).

2.2. Flow Cytometry

Bacterial viability in samples was measured by flow cytometry using the LIVE/DEAD BacLight™
Bacterial Viability and Counting Kit (L34856, Molecular Probes) according to manufacturer instructions
(Molecular Probes) [20]. Briefly, 977 μL of 0.9% NaCl, 1.5 μL of SYTO9, 1.5 μL of propidium iodide
(PI) and 10 μL of diluted sample were added to a flow cytometry analysis tube. Samples were 10-fold
diluted in 0.9% NaCl. The tube was incubated for 15 min in a dark at room temperature. A quantity of
10 μL of the microsphere suspension (beads) was added to the stained sample. The total volume of the
sample in the flow cytometry analysis tube was 1000 μL. The samples were analyzed on a LSR Fortessa
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with FACS Diva v8 software (Becton
Dickinson). The gating strategy is shown in Figure 1 and shows three main cell populations—alive,
dead and unknown (probably alive, probably dead) with a special “double negative” group of cells
(SYTO9−PI−). The number of bacteria per mL in each analyzed gate was counted according to the
following formula taken from the manufacturer materials:

((# o f events ∈ gatedbacteriaregion) × (dillution f actors))
[(# o f events ∈ beadregion) × 10−6]

= bacteria/mL
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Figure 1. Gating strategy shown on one of the samples. SYTO9-positive PI-negative cells were
considered alive, SYTO9-negative PI-positive cells were considered dead, other cells were considered
as unknown, with special gating on SYTO9-negative PI-negative cells, which were called “double
negative” cells.

2.3. Cultivation of Stool Microbiota

Samples were plated on six different agar media and incubated under conditions as follows. (i) CNA
medium (colistin nalidixic acid agar; Oxoid, Basingstoke, UK) for cultivation of Gram-positive aerobes,
an enriched agar medium containing sheep's blood, colistin and nalidixic acid (to inhibit the growth of
Gram-negative bacteria). Culture conditions: aerobic with 5% CO2, 37 ◦C, 48 h. (ii) MacConkey medium
(bioMérieux, Marcy l’Etoile, France) for the isolation of Gram-negative rods, containing bile salts and
crystal violet (to inhibit the growth of Gram-positive bacteria). Culture conditions: aerobic, 37 ◦C, 48 h.
(iii) Bile and esculin (CC) medium (Oxoid)—a medium intended for the isolation and identification
of bacteria belonging to the genus Enterococcus, which grow well in the presence of bile and have
the ability to break down esculin. Culture conditions: aerobic, 37 ◦C, 48 h. (iv) Schaedler Anaerobe
KV Selective Agar with freeze-dried horse blood and the addition of kanamycin and vancomycin
(bioMérieux)—a highly nutritious medium for the selective growth and isolation of anaerobic bacteria,
especially of the genus Bacteroides and Prevotella. Culture conditions: anaerobic, 37 ◦C, 4 days.
(v) Schaedler Anaerobe KV Selective Agar with freeze-dried horse blood (bioMérieux)—a highly
nutritious medium for the isolation of absolute and relative anaerobes. Culture conditions: anaerobic,
37 ◦C, 4 days. (vi) Sabouraud agar with gentamicin and chloramphenicol (Oxoid)—selective medium for
cultivation of mold and yeast, high glucose concentration. The presence of antibiotics (chloramphenicol
and gentamicin) and acidic pH inhibits bacterial growth; the presence of antibiotics is another selection
factor. Culture conditions: aerobic, 37 ◦C, 10 days. The anaerobic incubations were carried out in
anaerobic jars and atmosphere generators (Oxoid).

After the initial sample processing, colonies were selected (at least one colony per morphology)
for identification using a Microflex LT mass and MBT Compass IVD Biotyper software (Bruker
Daltonics, Bremen, Germany). The colonies were deposited on a MALDI-TOF (Bruker Daltonics) target
microflex and extracted with 5% formic acid, air dried and then overlaid with 1 μL matrix solution of
α-cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid. Two spots were
examined for each colony. The Biotyper software was used to compare the protein profile of the
cultured bacteria from a database of Bruker consisting of 2750 of protein profiles. A score >1.9 was
considered a high-level identification of a species, a score >1.7 indicated the identification of a genus.
Strains of bacteria with scores lower than 1.7 were considered unidentified.

To enumerate the number of colony-forming units (CFU) in the stool samples, 0.2 g of stool was
diluted in 1 mL of phosphate-buffered saline (PBS), and 1–5 μL of watery sample was spread on each
media. Bacterial counts were recorded as CFU per gram of feces for each isolated species.

2.4. DNA Sequencing

Total bacterial DNA was extracted using a Qiagen DNeasy Power Soil kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions and stored at −20 ◦C. Using isolated
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DNA as a matrix, PCR reactions were performed in triplicate (to reduce PCR bias) using a Bakt_341F
5′-CCTACGGGNGGCWGCAG-3′ and Bakt_805R 5′-GACTACHVGGGTATCTAATCC-3′ primer pair
amplifying the variable V3 and V4 regions of the 16S rRNA genes [21,22]. Electrophoretic analysis
was performed for each of three replicates for qualitative and quantitative evaluation of the PCR
products. Then, products of three independent PCR reactions for each sample were mixed and used
for the DNA sequencing as one amplicon to minimize the error due to the selectivity of the PCR
reactions. The amplified PCR products were sequenced using an Illumina MiSeq instrument (Illumina,
San Diego, CA, USA) in paired-end mode using a v3 chemistry kit (Illumina) at BIOBANK LAB (Chair
and Department of Molecular Biophysics, University of Lodz, Łódź, Poland).

2.5. Bioinformatic Analysis

Sequencing data were subjected to NonPareil 3 [23] for sequencing depth assessment and later
processed with Qiime2 (version 2018.11) package [24]. The reads were imported into Qiime2 and run
through the dada2 plugin to obtain amplicon sequence variants (ASV) [25]. Taxonomy was assigned
for each of the ASVs using a pre-trained naive Bayes classifier, based on the Silva 132 99% database [26],
which was trimmed to include only the V3 and V4 regions of the 16S rRNA gene, bound by the
Bakt_341F and Bakt_805R primer sequences. Alfa and beta diversity metrics were generated using
the following Qiime2 plugins: phylogeny (including mafft aligner and FastTree tool), diversity and
emperor [27–29].

2.6. Statistical Analysis

In order to identify genera that differ in abundance between samples from different donors,
ANCOM analysis was used [30]. All additional statistics were generated using R (version 3.5.1)
in the RStudio environment. Libraries such as ggplot2, cowplot and ggpubr were used for data
visualization [31–33]. Except when otherwise stated, p-values of less than 0.05 were considered
statistically significant.

2.7. Sequencing Data Availability

Next-generation sequencing data has been deposited and is available under the number
PRJEB36368 and link www.ebi.ac.uk/ena/data/view/PRJEB36368.

2.8. Ethics

All subjects gave their informed consent for inclusion before they participated in the study.
The investigations were carried out following the rules of the Declaration of Helsinki. According to
local bioethics committee rules for non-intervention studies, no approval was needed to conduct
this study.

3. Results

3.1. Analyses Applying the Flow Cytometry

The flow cytometry analysis allowed evaluation of the total number of cells in each sample as
well as live versus dead cells. This analysis was used to answer the question whether the number of
bacterial cells is important in the evaluation of fecal microbiota and can be used as an estimator of
a “good” or “bad” donor. The performed analysis showed that there were no statistically significant
differences between cell numbers in the fecal microbiota suspensions prepared from the donors’ stools
(see Figure 2a). The summarized average cell count of all samples was equal to 1.664 × 1010 cells/mL,
(±0.913 × 1010 cells/mL). Looking at numbers of live, dead and unknown cells each day for each donor,
we noted discrete differences in the number of cells per mL of stool suspension; however, this was
not statistically significant (donor A: mean 1.627 × 1010, ±1.015 × 1010; donor B: mean 1.632 × 1010,
±0.852 × 1010; donor C: mean 1.732 × 1010, ±0.96 ×1010). As shown in Figure 2b (right column),
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the percentages of all fractions of cells, i.e., alive, dead, unknown (not stained with one of the
reagents) and SYTO9-PI- (subgroup of “unknown”, not stained by both reagents considered as “double
negative”) showed relatively stable numbers in each stool sample per day and per donor. The noticeable
domination of the alive cells was observed (Figure 2b).

Figure 2. Cytometry cell count charts. (a) Total cell count per donor summed over all samples.
(b) Charts depicting variability in collected samples per day per donor. The first column shows
absolute counts of cells classified as alive, dead or unknown. The second column shows cell counts
as a percentage of the total number of cells counted in a given sample. (c) Two charts showing the
variability of cells classified as a subgroup of unknown clusters: SYTO9-, PI-. The percentage was
calculated versus the unknown group cell count.

In the next step, we specifically focused on alive cells, searching for if the number of this group
of bacterial cells is important for the evaluation of fecal microbiota. As we observed, there were no
significant differences in the viability of cells for each donor, and alive cells accounted for similar
average percentages (Table S1).

3.2. Cultivation of Stool Microbiota—Classical Microbiological Evaluation

A complex cultivation experiment was performed to evaluate whether this technique can reveal
culturable bacterial indicators for “good” versus “bad” stool donors. In total, 104 species representing
36 genera were found. The summarized bacterial species composition for each donor is indicated
(Figure 3). Presentation of data in the form of a Venn diagram enabled us to indicate bacterial species
that were characteristic of each donor, species that were shared by two donors and, finally, species that
created a core microbiota and were found in all analyzed donors (Figure 3). Clearly, we can see that
donor C, being a regular stool donor, is characterized by the largest number of cultivable species (64)
obtained from his stool. Samples from other donors had lower numbers of cultivable species (48 and
56, respectively). Moreover, in the stool samples collected from donor C, the largest number of unique
species (29) was found. Interestingly, the cultivable core microbiota was composed of only 16 species.
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Figure 3. A three-set Venn diagram constructed based on the data from a classical microbiology
approach. Identified genera are as follows: Acidaminococcus (A. intestini), Arthrobacter (A. histidinolovorans,
A. kerguelensis), Azoarcus (A. indigens), Bacillus (B. cereus, B. flexus, B. fordii, B. licheniformis, B. pumilus,
B. safensis), Bacteroides (B. caccae, B. cellulosilyticus, B. coprocola, B. coprophilus, B. eggerthii, B. faecis, B. fragilis,
B. massiliensis, B. nordi, B. ovatus, B. plebeius, B. uniformis, B. vulgatus), Bifidobacterium (B. adolescentis,
B. bifidum, B. longum, B. pseudocatenulatum, B. ruminantium), Brevibacterium (B. casei), Brevundimonas
(B. diminuta, B. vesicularis), Clostridium (C. beijerinckii, C. citroniae, C. innocuum, C. perfringens, C. symbiosum,
C. tertium, C. thermopalmarium), Collinsella (C. aerofaciens), Coprobacillus (C. cateniformis), Corynebacterium
(C. amycolatum, C. aurimucosum, C. minutissimum), Enterobacter (E. cloacae, E. kobei), Enterococcus
(E. avium, E. casseliflavus, E. durans, E. faecalis, E. faecium, E. mundtii, E. thailandica), Escherichia
(E. coli), Exiguobacterium (E. auranticum), Gordonia (G. rubripertincta), Klebsiella (K. oxytoca, K. pneumoniae,
K. variicola), Kocuria (K. marina, K. varians), Lactobacillus (L. acidophilus, L. coleohominis, L. delbrueckii,
L. fermentum, L. gasseri, L. jensenii, L. kefiri, L. paracasei, L. plantarum, L. salivarius), Lactococcus
(L. garvieae, L. lactis), Lysinibacillus (L. boronitolerans, L. fusiformis), Microbacterium (M. aurum, M. lacticum,
M. paraoxydans), Myroides (M. odoratimimus), Parabacteroides (P. distasonis), Penicillium (P. brevicompactum),
Pseudomonas (P. alcaligenes, P. monteilii, P. putida, P. stutzerii), Rothia (R. dentocariosa, R. mucilaginosa),
Slackia (S. heliotrinireducens), Sphingobacterium (S. mizutaii), Staphylococcus (S. epidermidis, S. hominis),
Streptococcus (S. agalactiae, S. anginosus, S. constelatus, S. gallolyticus, S. mitis, S. oralis, S. parasanguinis,
S. salivarius, S. vestibularis), Stretococcus (S. sanguinis), Sutterella (S. wadsworthensis), Veillonella (V. parvula),
Weissella (W. confusa, W. viridescens).
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In the next step, we evaluated the presence of identified species over time, i.e., throughout
10 sampling days (Figure 4). It was shown that the most persistent species was Escherichia coli,
being detected in all samples. Other species, such as Enterococcus faecalis, Streprococcus parasanguinis,
Bifidobacterium adolescentis, Enterococcus faecium and Streptococcus salivarius were also detected in the
majority of samples, yet their persistence varied greatly between donors (Figure 4). It is noticeable that
a plethora of bacterial species occurred only on individual days. This may be a consequence of the
bias of this method or of a simple one-time variation depending on the food consumed. Therefore,
when using conventional culturing as an evaluation strategy for the assessment of the quality of stool
samples, it is important to repeat sampling from particular donors for several days. Single sampling
can deliver non-representative and possibly false results.

3.3. Next-Generation Sequencing

A total of 5,694,140 reads were obtained from Illumina MiSeq sequencing, with reads per sample
ranging from 111,656 to 291,029. Quality control and merging of paired-end reads using the dada2
software package resulted in the retention of, on average, 47.74% (σ = 2.21) reads per sample (Table S2).
Both the Nonpareil 3 and alpha rarefaction analysis (Qiime2 diversity plugin) showed sequencing
depths close to 100%.

Merged reads subjected to further analyses were dereplicated into 9868 amplicon sequence
variants (ASV), with the number of reads for ASV ranging from 1 to 10,098. Taxonomy assignment
based on the Silva database (release 132), showed 97.75% of ASVs classified down to the genus level.
Overall classification showed that 99.98% of all reads were bacterial, 0.01% archeal and less than 0.01%
were unclassified. The bacterial ASVs represent 18 classes, with Bacteroidia and Clostridia in relative
abundance, constituting averages of 49.9% and 40.0%, respectively. At a genus level, the most dominant
taxa were Bacteroides and Faecalibacterium, with relative abundance in each sample no less than 35%
and 11%, respectively. The data was not analyzed on species level because a single marker region
does not allow this kind of resolution [34]. Figure 5 shows the abundances of each taxon identified in
stool samples.

The Shannon diversity index along with Pielou’s evenness index have been calculated for all of
the samples, and the Kruskal–Wallis test was used to determine if there were any statistical differences
between them. The Pielous evenness index for all of the samples was relatively high, ranging from 0.94
to 0.95, and no statistical differences between donors were detected. Interestingly, the Shannon index
was similar for donors A and B, with its mean values equal to 10.11 and 10.02, while it was slightly,
but significantly, higher for donor C—10.39 (p = 0.0191 for donor A versus C and p = 0.0005 for donor
B versus C according to Kruskal–Wallis test, H value = 12.18; see Figure 6).

Given that the above statistical test for significant differences yielded two pairs, donor A versus C
and donor B versus C, these pairs were subjected to ANCOM analysis. In the first case, ANCOM analysis
highlighted two Gram-negative, obligatory anaerobe genera to be more abundant in samples from
donor C; these were Acidaminococcus and Paraprevotella. The same analysis showed Anaeroplasmatales
and Gastranaerophilales orders to be more abundant in samples from donor A.

An ANCOM analysis of the second pair (donor B versus C) highlighted Anaeroplasma as
more abundant in donor B, along with Holdermanella genera and two, not well described, bacterial
families—Muribaculaceae and Puniceicoccaceae, members of the Bacteroidetes and Verrucomicrobia phyla,
respectively. As for taxa more abundant in the donor C microbiota, two members of the Firmucutes
phylum were detected: Lachnospiraceae and Dialister.
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Figure 4. Diagram showing the daily presence of the particular cultivable bacterial species in
stool samples.
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Figure 5. Heat map showing bacterial genera detected using amplicon sequencing (V3–V4 region
of 16S rDNA). The summarized data for each donor are presented. The “others” group summarizes
genera with individual abundances lower than 0.5% in any sample. Sequences unassigned at the
genera taxonomy level were grouped and named “unassigned”.

Figure 6. Boxplots showing selected biodiversity indices calculated for the data from the metabarcoding
analysis. Kruskal-Wallis test was used to detect statistically significant differences. *—p-value less than
0.01; ***—p-value less than 0.001.

As was done for classical culturing experiments, the stability of the intestinal microbiota over time
was assessed. Although no statistically significant differences were detected, principal coordinates
analysis (PCoA) on the Bray–Curtis dissimilarity index shows that the overall internal similarity of
time-resolved samples from donor C was much higher than for other donors. Clustering the bacterial
composition of feces in donor C indicates the most stable composition of intestinal microbiota over
time (Figure 7).

Pearson correlation coefficients between the double negative group of cells (SYTO9-, PI-) and
genera-level taxonomy data showed that relative abundance of Anaeroplasma is positively correlated
with the double negative group per sample percentage (ρ = 0.6312), followed by Sanguibacteroides
(ρ = 0.4592).
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Figure 7. Principal coordinates analysis (PCoA) visualization. The PCoA was built using the Bray–Curtis
dissimilarity index with day of sample collection as one axis.

4. Discussion

In this study, we used a multi-method approach to (i) test a hypothesis that each method separately
may be useful in donor characterization and to (ii) try to distinguish a regular donor of feces from the
stool bank (as we know his stool is beneficial for patients and he is generally healthy and meets all
inclusion criteria for being a stool donor) from randomly chosen persons.

Although very complex, our analysis should be still considered as a preliminary one with several
limitations. First of all, we tested only three donors in total in our study; however, our goal was to
perform complex analysis with screening of multiple samples per patient in a time-resolved manner.
Additionally, a relatively weak point of our analysis could also be using a limited number of media for
the cultivation experiment; however, we carefully chose them to cover both aerobic and anaerobic taxa.

Taking into account all limitations, our work showed that assessment of the intestinal microbiota
is very complex. Each of the applied methods separately had significant limitations, however, enabled
some significant observations. Classic bacterial culturing showed that single intestinal microbiota
sampling can give false, and surely not representative, results, because many bacteria are found in
the feces irregularly, and the composition of fecal microbiota may, to some extent, change daily [35].
For a complete picture of the composition of the intestinal microbiota, multiple culturing should
be performed, and obtained results should be analyzed together. The next applied procedure, i.e.,
flow cytometry, showed that live bacteria dominated the samples. However, discussion on the active
component of the intestinal microbiota preparation continues. It is said that live bacteria are not
necessarily responsible for the beneficial properties of intestinal microbiota, and metabolites or even
individual genes should be taken into consideration [36]. Nevertheless, the prevalence of living
bacteria is a positive aspect in the argument that live bacteria are the factor that restores intestinal
homeostasis [37]. The last of the applied methods, i.e., next-generation sequencing, definitely brings
the most abundant data, considering the bacterial diversity of the intestinal microbiota. The weakness
of this method, however, is that the results are relative; we do not have absolute numbers of individual
genera and the bacteria represented in a very low titer may be underrepresented in the sample [38].
Keeping in mind that this is a semi-quantitative method, not a quantitative one, and inferences based on
the indicated percentages must be careful, we can see the differences that we observed between donor C
and donors A and B may point to unique combinations of individual species. Possibly, the key species
for health processes are present in donor C, who is a regular donor of feces. Such conclusions will
always be arbitrary, but the “beneficial” species described in the literature, such as Blautia, Barnesiella,
Butiricimonas [18] and Roseburia, are significantly more abundant in donor C than in others; however,
other strains considered beneficial, such as Bacteroides and Faecalibacterium, occur in comparable
percentages (Figure 5).

More definite conclusions can be drawn when looking collectively at the results obtained with
the application of all these methods. In general, the metabarcoding analysis revealed that Shannon’s
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biodiversity index was significantly higher for donor C than others. This is in agreement with previous
results, indicating that biodiversity is one of the most important markers of a healthy microbiome [39,40].
There are no specific values of diversity indexes that particular samples of intestinal microbiota should
achieve in order to be recognized as more valuable than others. However, high biodiversity indicates
a richer intestinal flora and is associated, according to current knowledge, with health [14].

Regarding a microbiota composition assessed by classical culturing and NGS, we found some
species and genera being unique for donor C, and it was also found that abundances of particular
species may play a role. The donor C microbiota was most stable in time, which may also be an indicator
of a super-donor. However, even in donor C’s stool samples, we observed some day-to-day diversity.
A possible lack of influence of this variability on overall microbiotal homeostasis may be explained by
the hypothesis that a healthy “functional core” of the microbiome is maintained by a complement of
metabolic and other molecular functions that are performed by the microbiome within a particular
habitat but are not necessarily provided by the same organisms in different individuals [41]. Therefore,
according this hypothesis, the microbiome as a pool of genes remains stable.

In this study, we identified genera (Roseburia, Barnesiella, Blautia, Butiricimonas) considered
beneficial as more abundant in donor C than in the others. ANCOM analysis on samples from donor A
versus C highlighted Acidaminococcus and Paraprevotella to be more abundant in samples from donor
C. Both of these genera are common human gut microbiota, with the former shown to be able to
use glutamic acid as the only source of energy and produce hydrogen and hydrogen sulfide from
citrate [42,43]. Paraprevotella, on the other hand, is an opportunistic human pathogen, associated
with non-alcoholic fatty liver disease [44,45]. The same analysis has shown Anaeroplasmatales and
Gastranaerophilales orders to be more abundant in samples from donor A than from donor C. While not
much is known about the Gastranaerophilales order, Anaeroplasmatales is a Gram-negative obligatory
anaerobe, a member of Mollicutes class, which also harbors some human pathogens such as Mycoplasma
and Ureaplasma.

The same analysis of the second pair (donor B versus C) also highlighted Anaeroplasma in this
setting to be more abundant in donor B, along with the Holdermanella genera, a Gram-positive member
of the Firmicutes phylum associated with chronic kidney disease [46]. As for taxa more abundant
in the donor C microbiota, two members of the Firmucutes phylum were detected: Lachnospiraceae
and Dialister. Members of the Lachnospiraceae family are common human gut microbiota and have
been linked to protection from colon cancer (and obesity from the other side), due to their ability
to produce butyric acid, which is an important factor for both microbial and host epithelial cell
growth [47]. Dialister is a Gram-negative member of the Negativicutes class, usually associated with
human dental infections [48,49]. We found that Anaeroplasma is more abundant in donors A and B,
and positively correlates with SYTO9-, PI- cell counts (double negative, which may be considered as
not-alive-not-dead). Could those be markers of “good” and “bad” donors? To answer this question,
numerous population studies should be performed correlating, e.g., C. difficile infection remission with
particular donors and particular core microbiota as well as unique bacteria present in their stool.

By comparing flow cytometry with amplicon analysis results, we found a positive correlation
between the double negative cell group and Anaeroplasma genera. It is possible that, due to their
unusual, rich in sterols, cell membrane, members of Mollicutes class, such as Anaeroplasma, can be
attributed to high numbers of SYTO9-, PI- cells. However, they are definitely not the only ones that
built this group, because the relative abundance of Mollicutes was very small in samples from donor C,
while SYTO9-, PI- cells per sample percentage in this donor was comparable to others. Nonetheless,
there is a possible pattern that high relative abundance of Anaeroplasma is more characteristic of donors
A and B, being “non-donors” than of donor C, a regular stool donor. It is also possible that double
negative cells are bacterial spores.

The selection of an appropriate stool donor is a key step in FMT [50]. Donors are thoroughly
screened to ensure they do not harbor any transmittable pathogens or disease. Comparing the gut
microbiota profiles of different donors, it is known that microbial diversity is a reliable predictor of
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FMT success; however, a variety of additional factors, both genetic and environmental, are also known
to influence FMT results [51]. As we showed in this work, a regular clinical questionnaire should
be coupled with multiple tests results, as only together can they give reliable results, and they will
definitely give more data than each method separately.

5. Conclusions

Each of the methods described in this study has its pros and cons when applied in the laboratory
to characterize the gut microbiota. Classical culturing is relatively cheap and widely available, but it
has been shown that culture-based methods can only detect up to 20% of all the bacterial taxa present
in a given sample. Methods based on next-generation sequencing are more precise, non-dependent on
the cultivation step and can describe every bacterial community with more detail. However, they are
also much more expensive, laborious, may introduce PCR biases and do not discriminate between live
and dead microorganisms. To tackle this problem, methods such as flow cytometry with fluorochromes
(FCM) can be used, as they enable discriminating between live and dead bacteria. Based on this study
and the literature searches, it is clear that there is no universal method for the assessment of human
gut microbiota, and especially that some methods, such as FCM, may produce only limited results.
However, when combined, the methods presented in this study may generate a detailed picture of the
fecal microbiota solution for FMT.

In this study, we showed that fecal cultures are characterized by very high variability. By creating
a Venn diagram, a “core cultivable microbiota” was identified, and it was composed of only 16
species. The largest number of species, mainly anaerobic, were obtained from donor C, who is
a regular donor of stool for FMT. Donor C was characterized by a statistically significantly higher
content of species considered beneficial (Faecalibacterium, Bacteroides, Barnesiella, Blautia, Roseburia,
Butyricimonas). The general biodiversity of the stool microbiota of donor C was statistically significantly
higher than from donors A and B. Microbiota stability over time was also transparent for donor C.
In assessing the viability of bacterial cells, three groups of cells were distinguished: alive, dead and
unknown. A population of “unknown” cells contained a group of double negative cells (SYTO9-, PI-).
The presence of the double negative cell population correlates with the relative amount of Anaeroplasma,
which appear more frequently in gut microbiota of “non-donors” (donors unsuitable for FMT).

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/7/2036/s1,
Table S1: Table depicting raw values obtained from the flow cytometry experiment for all of the investigated
samples; Table S2: Table depicting numbers of amplicon sequences remaining after each step of pre-analysis
quality filtering.

Author Contributions: Conceptualization, J.B.; methodology, J.B., G.W.B., L.D., M.D., A.S.-E., E.P., T.D. and
P.G.; formal analysis, M.D., L.D. and J.B.; investigation A.S.-E., E.P., J.B., L.D. and M.D.; writing—original draft
preparation, J.B., M.D. and L.D.; writing—review and editing G.W.B., A.S.-E., E.P., T.D., and P.G.; funding
acquisition, J.B. and G.W.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Incubator of Innovation + program financed by the Ministry of Science
and Higher Education, Poland, and financed under EU funds (SG OP), grant number 1WP/FS200/ZW2/17.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1. Costello, S.P.; Soo, W.; Bryant, R.V.; Jairath, V.; Hart, A.L.; Andrews, J.M. Systematic review with
meta-analysis: Faecal microbiota transplantation for the induction of remission for active ulcerative
colitis. Aliment. Pharmacol. Ther. 2017, 46, 213–224. [CrossRef] [PubMed]

2. Ianiro, G.; Murri, R.; Sciumè, G.D.; Impagnatiello, M.; Masucci, L.; Ford, A.C.; Law, G.R.; Tilg, H.;
Sanguinetti, M.; Cauda, R.; et al. Incidence of Bloodstream Infections, Length of Hospital Stay, and Survival
in Patients With Recurrent Clostridioides difficile Infection Treated With Fecal Microbiota Transplantation or
Antibiotics: A Prospective Cohort Study. Ann. Intern. Med. 2019, 171, 695–702. [CrossRef] [PubMed]

89



J. Clin. Med. 2020, 9, 2036

3. Hocquart, M.; Lagier, J.-C.; Cassir, N.; Saidani, N.; Eldin, C.; Kerbaj, J.; Delord, M.; Valles, C.; Brouqui, P.;
Raoult, D.; et al. Early Fecal Microbiota Transplantation Improves Survival in Severe Clostridium difficile
Infections. Clin. Infect. Dis. 2018, 66, 645–650. [CrossRef] [PubMed]

4. Map of Clinical Trials Involving Fecal Microbiota Transplantation. Available online: https://www.clinicaltrials.
gov/ct2/results/map?term=fecal+microbiota+transplantation&map (accessed on 9 January 2020).

5. Mukhopadhya, I.; Segal, J.P.; Carding, S.R.; Hart, A.L.; Hold, G.L. The gut virome: The missing link between
gut bacteria and host immunity? Therap. Adv. Gastroenterol. 2019, 12. [CrossRef] [PubMed]

6. Ianiro, G.; Bruno, G.; Lopetuso, L.; Beghella, F.; Laterza, L.; D’Aversa, F.; Gigante, G.; Cammarota, G.;
Gasbarrini, A. Role of Yeasts in Healthy and Impaired Gut Microbiota: The Gut Mycome. Curr. Pharm. Des.
2014, 20, 4565–4569. [CrossRef]

7. Human Microbiome Project Consortium. Structure, function and diversity of the healthy human microbiome.
Nature 2012, 486, 207–214. [CrossRef]

8. Claesson, M.J.; O’Toole, P.W. Evaluating the latest high-throughput molecular techniques for the exploration
of microbial gut communities. Gut Microbes 2010, 1, 277–278. [CrossRef]

9. D’Amore, R.; Ijaz, U.Z.; Schirmer, M.; Kenny, J.G.; Gregory, R.; Darby, A.C.; Shakya, M.; Podar, M.; Quince, C.;
Hall, N. A comprehensive benchmarking study of protocols and sequencing platforms for 16S rRNA
community profiling. BMC Genomics 2016, 17, 55. [CrossRef]

10. Lau, J.T.; Whelan, F.J.; Herath, I.; Lee, C.H.; Collins, S.M.; Bercik, P.; Surette, M.G. Capturing the diversity of
the human gut microbiota through culture-enriched molecular profiling. Genome Med. 2016, 8, 72. [CrossRef]

11. Hiergeist, A.; Glasner, J.; Reischl, U.; Gessner, A. Analyses of Intestinal Microbiota: Culture versus Sequencing.
ILAR J. 2015, 56, 228–240. [CrossRef]

12. Fraher, M.H.; O’Toole, P.W.; Quigley, E.M.M. Techniques used to characterize the gut microbiota: A guide for
the clinician. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 312–322. [CrossRef] [PubMed]

13. Gupta, S.; Mortensen, M.S.; Schjorring, S.; Trivedi, U.; Vestergaard, G.; Stokholm, J.; Bisgaard, H.;
Krogfelt, K.A.; Sorensen, S.J. Amplicon sequencing provides more accurate microbiome information
in healthy children compared to culturing. Commun. Biol. 2019, 2, 291. [CrossRef]

14. Wilson, B.C.; Vatanen, T.; Cutfield, W.S.; O’Sullivan, J.M. The Super-Donor Phenomenon in Fecal Microbiota
Transplantation. Front. Cell. Infect. Microbiol. 2019, 9, 2. [CrossRef] [PubMed]

15. Olesen, S.W.; Gerardin, Y. Re-evaluating the evidence for fecal microbiota transplantation “super-donors” in
inflammatory bowel disease. medRxiv 2020, 19011635. [CrossRef]

16. Ng, S.C.; Kamm, M.A.; Yeoh, Y.K.; Chan, P.K.S.; Zuo, T.; Tang, W.; Sood, A.; Andoh, A.; Ohmiya, N.; Zhou, Y.;
et al. Scientific frontiers in faecal microbiota transplantation: Joint document of Asia-Pacific Association of
Gastroenterology (APAGE) and Asia-Pacific Society for Digestive Endoscopy (APSDE). Gut 2020, 69, 83–91.
[CrossRef]

17. El-Salhy, M.; Hatlebakk, J.G.; Gilja, O.H.; Bråthen Kristoffersen, A.; Hausken, T. Efficacy of faecal microbiota
transplantation for patients with irritable bowel syndrome in a randomised, double-blind, placebo-controlled
study. Gut 2020, 69, 859–867. [CrossRef]

18. Bilinski, J.; Grzesiowski, P.; Sorensen, N.; Madry, K.; Muszynski, J.; Robak, K.; Wroblewska, M.;
Dzieciatkowski, T.; Dulny, G.; Dwilewicz-Trojaczek, J.; et al. Microbiota Transplantation in Patients
With Blood Disorders Inhibits Gut Colonization With Antibiotic-Resistant Bacteria: Results of a Prospective,
Single-Center Study. Clin. Infect. Dis. 2017, 65, 364–370. [CrossRef]

19. Cammarota, G.; Ianiro, G.; Kelly, C.R.; Mullish, B.H.; Allegretti, J.R.; Kassam, Z.; Putignani, L.; Fischer, M.;
Keller, J.J.; Costello, S.P.; et al. International consensus conference on stool banking for faecal microbiota
transplantation in clinical practice. Gut 2019, 68, 2111–2121. [CrossRef]

20. Molecular Probes LIVE/DEAD BacLight Bacterial Viability and Counting Kit (L34856)—Protocol.
Available online: https://assets.thermofisher.com/TFS-Assets/LSG/manuals/mp34856.pdf (accessed on
31 May 2020).

21. Herlemann, D.P.; Labrenz, M.; Jurgens, K.; Bertilsson, S.; Waniek, J.J.; Andersson, A.F. Transitions in bacterial
communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 2011, 5, 1571–1579. [CrossRef]

22. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general
16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies.
Nucleic Acids Res. 2013, 41, e1. [CrossRef]

90



J. Clin. Med. 2020, 9, 2036

23. Rodriguez-R, L.M.; Gunturu, S.; Tiedje, J.M.; Cole, J.R.; Konstantinidis, K.T. Nonpareil 3: Fast Estimation of
Metagenomic Coverage and Sequence Diversity. mSystems 2018, 3. [CrossRef]

24. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.;
Arumugam, M.; Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science
usin QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [CrossRef]

25. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution
sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]

26. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA
ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res.
2012, 41, D590–D596. [CrossRef] [PubMed]

27. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

28. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately Maximum-Likelihood Trees for Large
Alignments. PLoS ONE 2010, 5. [CrossRef] [PubMed]

29. Vazquez-Baeza, Y.; Pirrung, M.; Gonzalez, A.; Knight, R. EMPeror: A tool for visualizing high-throughput
microbial community data. Gigascience 2013, 2, 16. [CrossRef]

30. Mandal, S.; Van Treuren, W.; White, R.A.; Eggesbo, M.; Knight, R.; Peddada, S.D. Analysis of composition of
microbiomes: A novel method for studying microbial composition. Microb. Ecol. Health Dis. 2015, 26, 27663.
[CrossRef]

31. Wickham, H. ggplot2, 2nd ed.; Use R! Springer International Publishing: Berlin/Heidelberg, Germany, 2016;
ISBN 978-3-319-24275-0.

32. Wilke, C. Cowplot—Streamlined Plot Theme and Plot Annotations for Ggplot2. Available online: https:
//github.com/wilkelab/cowplot (accessed on 7 January 2020).

33. Kassambara, A. Ggpubr: ‘Ggplot2’ Based Publication Ready Plots. Available online: https://github.com/
kassambara/ggpubr (accessed on 7 January 2020).

34. Barb, J.J.; Oler, A.J.; Kim, H.-S.; Chalmers, N.; Wallen, G.R.; Cashion, A.; Munson, P.J.; Ames, N.J.
Development of an Analysis Pipeline Characterizing Multiple Hypervariable Regions of 16S rRNA Using
Mock Samples. PLoS ONE 2016, 11, e0148047. [CrossRef]

35. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.;
Varma, Y.; Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature
2014, 505, 559–563. [CrossRef]

36. Ott, S.J.; Waetzig, G.H.; Rehman, A.; Moltzau-Anderson, J.; Bharti, R.; Grasis, J.A.; Cassidy, L.; Tholey, A.;
Fickenscher, H.; Seegert, D.; et al. Efficacy of Sterile Fecal Filtrate Transfer for Treating Patients with
Clostridium difficile Infection. Gastroenterology 2017, 152, 799–811.e7. [CrossRef] [PubMed]

37. Papanicolas, L.E.; Choo, J.M.; Wang, Y.; Leong, L.E.X.; Costello, S.P.; Gordon, D.L.; Wesselingh, S.L.;
Rogers, G.B. Bacterial viability in faecal transplants: Which bacteria survive? EBioMedicine 2019, 41, 509–516.
[CrossRef] [PubMed]

38. Rajan, S.K.; Lindqvist, M.; Brummer, R.J.; Schoultz, I.; Repsilber, D. Phylogenetic microbiota profiling in fecal
samples depends on combination of sequencing depth and choice of NGS analysis method. PLoS ONE 2019,
14, e0222171. [CrossRef]

39. Lloyd-Price, J.; Abu-Ali, G.; Huttenhower, C. The healthy human microbiome. Genome Med. 2016, 8, 51.
[CrossRef] [PubMed]

40. Peled, J.U.; Gomes, A.L.C.; Devlin, S.M.; Littmann, E.R.; Taur, Y.; Sung, A.D.; Weber, D.; Hashimoto, D.;
Slingerland, A.E.; Slingerland, J.B.; et al. Microbiota as Predictor of Mortality in Allogeneic Hematopoietic-Cell
Transplantation. N. Engl. J. Med. 2020, 382, 822–834. [CrossRef]

41. Shafquat, A.; Joice, R.; Simmons, S.L.; Huttenhower, C. Functional and phylogenetic assembly of microbial
communities in the human microbiome. Trends Microbiol. 2014, 22, 261–266. [CrossRef]

42. Jumas-Bilak, E.; Carlier, J.-P.; Jean-Pierre, H.; Mory, F.; Teyssier, C.; Gay, B.; Campos, J.; Marchandin, H.
Acidaminococcus intestini sp. nov., isolated from human clinical samples. Int. J. Syst. Evol. Microbiol. 2007,
57, 2314–2319. [CrossRef]

43. Cook, G.M.; Rainey, F.A.; Chen, G.; Stackebrandt, E.; Russell, J.B. Emendation of the description of
Acidaminococcus fermentans, a trans-aconitate- and citrate-oxidizing bacterium. Int. J. Syst. Bacteriol. 1994,
44, 576–578. [CrossRef]

91



J. Clin. Med. 2020, 9, 2036

44. Rajilic-Stojanovic, M.; Smidt, H.; de Vos, W.M. Diversity of the human gastrointestinal tract microbiota
revisited. Environ. Microbiol. 2007, 9, 2125–2136. [CrossRef]

45. Stanislawski, M.A.; Lozupone, C.A.; Wagner, B.D.; Eggesbo, M.; Sontag, M.K.; Nusbacher, N.M.; Martinez, M.;
Dabelea, D. Gut microbiota in adolescents and the association with fatty liver: The EPOCH study. Pediatr. Res.
2018, 84, 219–227. [CrossRef]

46. Lun, H.; Yang, W.; Zhao, S.; Jiang, M.; Xu, M.; Liu, F.; Wang, Y. Altered gut microbiota and microbial
biomarkers associated with chronic kidney disease. Microbiologyopen 2019, 8, e00678. [CrossRef] [PubMed]

47. Meehan, C.J.; Beiko, R.G. A phylogenomic view of ecological specialization in the Lachnospiraceae, a family
of digestive tract-associated bacteria. Genome Biol. Evol. 2014, 6, 703–713. [CrossRef] [PubMed]

48. Rocas, I.N.; Siqueira, J.F.J. Characterization of Dialister species in infected root canals. J. Endod. 2006,
32, 1057–1061. [CrossRef] [PubMed]

49. Hiranmayi, K.V.; Sirisha, K.; Ramoji Rao, M.V.; Sudhakar, P. Novel Pathogens in Periodontal Microbiology.
J. Pharm. Bioallied Sci. 2017, 9, 155–163. [CrossRef]

50. Vermeire, S.; Joossens, M.; Verbeke, K.; Wang, J.; Machiels, K.; Sabino, J.; Ferrante, M.; Van Assche, G.;
Rutgeerts, P.; Raes, J. Donor Species Richness Determines Faecal Microbiota Transplantation Success in
Inflammatory Bowel Disease. J. Crohns. Colitis 2016, 10, 387–394. [CrossRef]

51. Kump, P.; Wurm, P.; Grochenig, H.P.; Wenzl, H.; Petritsch, W.; Halwachs, B.; Wagner, M.; Stadlbauer, V.;
Eherer, A.; Hoffmann, K.M.; et al. The taxonomic composition of the donor intestinal microbiota is a major
factor influencing the efficacy of faecal microbiota transplantation in therapy refractory ulcerative colitis.
Aliment. Pharmacol. Ther. 2018, 47, 67–77. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

92



Journal of

Clinical Medicine

Review

Fecal Microbiota Transplantation: Screening and
Selection to Choose the Optimal Donor

Stefano Bibbò 1,2, Carlo Romano Settanni 1,2, Serena Porcari 1,2, Enrico Bocchino 2,

Gianluca Ianiro 1,2, Giovanni Cammarota 1,2 and Antonio Gasbarrini 1,2,*

1 UOC Medicina Interna e Gastroenterologia, Dipartimento di Scienze Mediche e Chirurgiche, Fondazione
Policlinico Universitario “A. Gemelli” IRCCS, 00168 Roma, Italy; stefano.bibbo@policlinicogemelli.it (S.B.);
carlosettanni@hotmail.it (C.R.S.); porcariserena89@gmail.com (S.P.); gianluca.ianiro@hotmail.it (G.I.);
giovanni.cammarota@unicatt.it (G.C.)

2 Istituto di Patologia Speciale Medica, Università Cattolica del Sacro Cuore, 00168 Roma, Italy;
enrico.bocchino01@gmail.com

* Correspondence: antonio.gasbarrini@unicatt.it

Received: 28 April 2020; Accepted: 2 June 2020; Published: 5 June 2020

Abstract: In the past decade, fecal microbiota transplantation (FMT) has rapidly spread worldwide in
clinical practice as a highly effective treatment option against recurrent Clostridioides difficile infection.
Moreover, new evidence also supports a role for FMT in other conditions, such as inflammatory bowel
disease, functional gastrointestinal disorders, or metabolic disorders. Recently, some studies have
identified specific microbial characteristics associated with clinical improvement after FMT, in different
disorders, paving the way for a microbiota-based precision medicine approach. Moreover, donor
screening has become increasingly more complex over years, along with standardization of FMT and
the increasing number of stool banks. In this narrative review, we discuss most recent evidence on
the screening and selection of the stool donor, with reference to recent studies that have identified
specific microbiological features for clinical conditions such as Clostridioides difficile infection, irritable
bowel syndrome, inflammatory bowel disease, and metabolic disorders.
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1. Fecal Microbiota Transplantation: A New Old Therapy

In the last decade, multiple studies have expanded knowledge in the field of gut microbiota,
including pathogenesis, diagnosis, and therapeutics [1]. To date, the therapeutic modulation of the
intestinal microbiota is performed with traditional approaches such as antibiotics and probiotics,
or increasingly through fecal microbiota transplantation (FMT), which is defined as the transfer of
fecal material from a healthy donor into the gastrointestinal tract of a recipient [2].

Fecal material has been used in medicine since almost two thousand years. The first description of
the use of fecal material for medical purposes dates back to about 1700 years ago; traditional Chinese
medicine in particular had perceived the potential role of this biological material and used it for several
clinical indications such as gastrointestinal, nervous system, skin, and gynecological diseases [3].
In Western countries, the first description of ancestral FMT dates to the 17th century, when Fabricius
Acquapendente reported the transplantation of feces for the cure of animals unable to ruminate [4].
More recently, anecdotal use has been reported during the Second World War. German soldiers
residing in North Africa suffered from recurrent episodes of diarrhea that they treated by eating camel
stool, being inspired from the local practice of the Bedouins [5]. Western medicine began to study the
potential role of FMT only in the second half of the 20th century. Firstly in 1958, Ben Eiseman reported
the successfully treatment of four patients with pseudomembranous colitis using fecal enemas [6],
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and over 20 year later, Schwan et al. reported new evidence supporting the efficacy of FMT in C. difficile
infection (CDI) [7]. In the following years, several other reports came out, and a growing body of
evidence showed the efficacy of FMT in the treatment of recurrent CDI, and, furthermore, the feasibility
of FMT was gradually suggested for other clinical indications.

The first randomized controlled trial that investigated the role of FMT for recurrent CDI was
published by van Nood et al. in 2013. They reported that a single infusion of fecal material by
nasoduodenal route was superior to standard therapy with vancomycin [8]. In further years, other
routes of administration were successfully tested in clinical trials, demonstrating the efficacy of FMT by
lower route through colonoscopy [9] or upper administration with capsule [10]. Therefore, the growing
interest of the scientific community towards FMT has meant that a large amount of data has been
published in the last decade; for this reason, a panel of European experts met in Rome in 2017 to release
the first evidence-based consensus report for the use of FMT in clinical practice [11].

Over the years, further issues have emerged, which are still not clarified to date. In particular,
in view of the growing number of patients who could benefit from FMT, it is necessary to identify
innovative ways to storing fecal material to be used if necessary. Indeed, in the early experiences,
FMT was performed only with fresh material from occasional healthy donors, but this approach is
not feasible for large-scale use of FMT. To solve this problem, the possibility to create structures to
bank the feces after manipulation was suggested, and this approach is supported by the evidence
of the effectiveness of FMT performed with frozen material [12]. In consideration of the increasing
interest of the scientific community on this topic, a panel of international experts met in Rome in
2019 to define the general guidelines for the creation of stool banks [13]. Despite these efforts, many
problems remain to be solved. Above all, the identification of the optimal donor is a fundamental
clinical issue of rising relevance. Indeed, the increasing number of clinical indications suggests the
need to identify the ideal donor for each disease or patient that cannot be treated indiscriminately
with the same fecal biomass. The fascinating idea of identifying the “perfect” intestinal microbiota
has motivated the scientific community for at least one century—ever since in the early 20 century
Elie Metchnikoff suggested the role of intestinal bacteria in the development of many pathological
conditions and health in the homeostasis of the microbial species [14], generating the concepts of
“eubiosis” and “dysbiosis,” which for years were considered only fascinating hypotheses without
strong scientific bases. However, in recent years, the molecular techniques of genomic sequencing
have allowed to understand the link between gut microbiota and several diseases [15], giving evidence
to this old intuition. In particular, we refer to “eubiosis” as considering a status characterized by a
preponderance of potentially beneficial species, while “dysbiosis” is a condition characterized by the
loss of homeostasis and by the proliferation of microbial species considered potentially pathogenic
and, moreover, favor a “milieu” triggering the hyper-inflammatory state [16]. To date, an increasing
number of studies confirm these hypotheses, in particular the reduced diversity of gut microbiota,
simply defined as the variety and abundance of species in a defined microbial ecosystem [17,18], which
is known to characterize several chronic diseases compared to a control group [19,20]. Therefore, in this
narrative review, we report the most recent evidences on the screening and selection of the stool donor,
with special efforts to describe findings that may lead to the optimal donor in several disease looking
for an “optimal microbiota” to be transplanted (CDI, inflammatory bowel disease (IBD), irritable bowel
syndrome (IBS), and other emerging pathological conditions).

2. Fecal Microbiota Transplantation in Clinical Practice

To date, the only recommendation for FMT in clinical practice is the treatment of recurrent CDI,
although a large number of emerging indications are being experienced in several studies [21].

CDI is a burdensome clinical issue and represent the most relevant cause of antibiotic-associated
diarrhea; its incidence has evolved in recent years and the risk of recurrence after standard antibiotic
therapy has widely increased [22,23]. The standard treatment for the first occurrence of CDI is still
represented by antibiotic therapy, mainly with metronidazole or vancomycin [24]. However, the clinical
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success rate of antibiotics in the recurrence of CDI is dramatically decreased, consequently, more
effective therapies have been proposed, including FMT [25,26]. The clinical success of FMT, in contrast to
the loss of efficacy of standard antibiotic therapy, could be explained by understanding the mechanism
of action. In fact, FMT is a restorative treatment of gut microbiota alterations, unlike antibiotics, which
is a disruptive treatment; accordingly, the administration of FMT results in a prompt and sustained
normalization of microbial community structure and then metabolic activity of gut microbiota [27].
Indeed, CDI develops only in subjects with disruption of gut microbiota [28]; supporting this idea,
it was demonstrated that the feces of patients with recurrent CDI have a higher relative abundance
of several bacterial family as Enterobacteriaceae, Veillonellaceae, and Lactobacillaceae, and lower relative
abundance of Ruminococcaceae, Bacteroidaceae, and Lachnospiraceae [29]. Furthermore, FMT recipients
have shown changes in microbial profiles and shifts in the gut microbiota composition towards a
profile similar to that of the healthy donor; this finding is obtained in a few days and is observed for at
least six months [30].

To date, several systematic review and meta-analyses have shown an overall cure rate of FMT of
up to 90% in preventing further CDI recurrence [31,32]. Moreover, a recent meta-analysis has shown
that both the upper and the lower route are effective, with a slight advantage of colonoscopy over
other techniques [32]. Based on these positive evidences, scientific societies have included FMT among
the recommended treatment for recurrent CDI. Already in 2014, FMT was strongly recommended in
recurrent CDI by the European Society of Clinical Microbiology and Infectious Disease (ESCMID) [33],
while the American College of Gastroenterology (ACG) stated that FMT can be considered after the
third recurrence [34]; more recently, the Infectious Disease Society of America (IDSA) confirmed the
indication in the treatment of recurrent CDI with FMT [24].

Alongside well-established indications such as CDI, several studies have found emerging clinical
conditions for which FMT may represent a promising alternative to standard therapies. Most evidence
comes from inflammatory bowel disease (IBD) studies. Several alterations of gut microbiota has
been proposed as factors contributing to the development of the aberrant immunological response
in IBD [35], but it is still unclear if the perturbations of microbiota are the cause or consequence of
the mucosal inflammation associated to IBD [36]. In particular, ulcerative colitis (UC) is the most
suitable IBD model for the study of FMT, considering the characteristics of inflammation of the
mucosa and the established role of the microbiota in pathogenesis [37]. To date, a little number of
clinical trials have reported promising results, but several concerns suggest to better investigate this
potential clinical application [38]. According to a Cochrane systematic review of four clinical trials,
the overall remission rate at week 8 was 37% (52/140 UC patients) in patients receiving FMT, compared
with 18% (24/137 patients) in those receiving placebo; additionally, clinical response and endoscopic
remission improved in patients treated with FMT [39]. However, several factors appear to influence
the clinical response in UC patients, as the condition during the manipulation of the feces or the
donor selection. For instance, anaerobic conditions during the manipulation of stool were associated
with better performance considering clinical remission or steroid free response [40]. Donor selection
might be a relevant factor considering that a study reported higher success rates with one particular
donor compared with other donors [41]. Furthermore, an emerging relevant indication for FMT was
represented by the flare of UC associated with concurrent C. difficile over infection. A recent clinical
trial, including patients affected by UC or Crohn disease with recurrent CDI, reported that FMT has a
curative effect on the recurrence of CDI, but has no apparent beneficial effect on the IBD course [42].

Gut microbiota disturbance was also involved in other gastrointestinal diseases such as irritable
bowel syndrome (IBS). A systematic reviews with meta-analysis showed that FMT may be beneficial
in IBS [43], but this finding is limited by the small number of patients included and by the
relevant differences in the design of the studies. In particular, IBS is triggered by multiple factors,
and furthermore, is a heterogeneous condition that may require a selection of the donor in each case.
For instance, El-Salhy et al. have recently reported that FMT administered through gastroscope was
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highly effective in IBS if a well-defined donor was chosen with a normal disbyosis index and favorable
specific microbial signature [44].

Furthermore, metabolic and hepatic diseases are also considered emerging indications for
FMT. There is great interest towards the modulation of the gut microbiota in metabolic syndrome,
as two studies reported promising results in improving peripheral insulin sensitivity [45,46].
Unfortunately, the improvement of metabolic profile was not maintained in the long term, and a recent
systematic review including three studies reported the absence of significant benefits from FMT in
metabolic syndrome [47]. Thus, further studies to clarify the feasibility of this approach in metabolic
disorders are needed. Furthermore, FMT was able to reverse encephalopathy derived from disturbed
gut-brain axis in patients with liver chronic disease, two clinical studies shown promising results in
this field of application [48,49].

FMT was also proposed in the treatment of several other clinical conditions, but evidence is
limited and results were reported by small studies; thus, the application is limited to clinical studies
and selected cases. For instance, FMT was reported as effective in the decolonization of patients
carrier of multi-drug resistant organism [50], in reducing symptoms in autism spectrum disorders [51],
or in reliving symptoms and increasing progression free survival in graft versus host disease after
hematopoietic stem cell transplant [52].

3. Selection and Screening of Stool Donors

Donor selection represents a fundamental challenge in view of the implementation of FMT
programs worldwide. To date, there is a broad debate regarding the preference of donor selection,
whether the stool donor should be known to the patient or whether it is preferable to use feces
from unrelated donor. Moreover, in the case of non-related donor, fecal material could be banked at
dedicated structures that provide support to the hospital that will perform FMT [53].

In particular, the ideal stool donor should be a healthy volunteer, without risk factors for infectious
or other chronic diseases, and who is willing to “donate” frequently if needed. Unfortunately, although
the conditions do not seem too selective, it is not always easy to identify an adequate number of
donors to meet the needs of the FMT program. Indeed, data from large stool bank suggest high rates
of donor drop out due to high commitment required [54]; furthermore, physicians often give up FMT
because of the complexity and costs of screening [55]. Consequently, to solve these problems, it would
be appropriate to implement the undirected donor selection program. Hence, the related donors
should be only limited in cases of patient preference. Indeed, undirected donors reduced the likelihood
of confidentiality concerns, and then, they are essential for the implementation of stool banking in
consideration of easy availability, traceability, and reduction of screening expenses [56].

The screening of potential donors consist in two key landmarks, the preliminary interview and
the laboratory testing [13]. A preliminary interview is usually performed by a structured questionnaire
that investigated several risk factors to minimize the risk of transferring infections or adverse gut
microbiota profile. In particular, the medical interview screen potential donors inquiring about the use
of drugs that can alter gut microbiota, known history or risk behaviors for infectious disease, and for
disorders potentially associated with the disruption of gut microbiota. The schedule of questions
reported in this review (Table 1) includes the most frequently investigated features in leading FMT
centers. Obviously, this draft of interview is not mandatory, but can be adapted to the socio-cultural
context of potential donors. For example, it would be advisable to carefully investigate the eating
habits of potential donors from country where the consumption of raw meat and fish is widespread,
thereby increasing the risk of transmission of enteric pathogens, or who eat exotic animals that are
potential carriers of unknown pathogens; or seasonal habits that increase the risk to get infected with
intestinal pathogens (e.g., summer holidays and risk of sea food of poor quality). These examples
allow to understand how the aim of the interview is to early intercept potential risks of pathogen
transmission; thus, each center should adapt the medical interview to its socio-cultural context to make
it more efficient.
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Table 1. Preliminary interview to select donors.

Preliminary Interview – Medical History

Drugs that can alter gut microbiota

Use in the last three months of:

� Antimicrobial drugs� Immunosuppressant agents� Chemotherapy

Daily use for over three months:

� Proton pump inhibitors

Disorders potentially associated with the disruption of gut microbiota:

� Personal history of chronic gastrointestinal disease, including functional gastrointestinal disorders;
inflammatory bowel disease; celiac disease; other chronic gastroenterological diseases or recent abnormal
gastrointestinal symptoms (e.g., diarrhea, hematochezia, etc.)� Personal history of cancer, including gastrointestinal cancers or polyposis syndrome, and first-degree
family history of premature colon cancer� Personal history of systemic autoimmune disorders� Obesity (body mass index > 30) and/or metabolic syndrome/diabetes� Personal history of neurological/neurodegenerative disorders� Personal history of psychiatric/neurodevelopmental conditions

Know history or risk behaviors for infectious disease

� History of HIV, hepatitis B or C viruses, syphilis, human T-lymphotropic virus I and II� Current systemic infection� Use of illegal drugs� High-risk sexual behavior� Previous tissue/organ transplant� Recent hospitalization or discharge from long-term care facilities� High-risk travel� Needle stick accident in the last six months� Body tattoo, piercing, earring, acupuncture in the last six months� Enteric pathogen infection in the last two months� Acute gastroenteritis with or without confirmatory test in the last two months� History of vaccination with a live attenuated virus in the last two months

The optimal donor correspond at young individual (preferably < 50 years, as suggested by a
panel of experts [13] taking into account that increasing age has been associated with altered gut
microbiota composition [57]; moreover, aged microbiota could have a negative effect contributing
to the inflammatory state of the recipient [58]), although is important to exclude candidates with
personal history of malignancies or autoimmune disease [13]. Moreover, there are concerns regarding
the exclusion of healthcare workers considering the supposed increased risk of colonization by
antibiotic-resistant bacteria; however, available data suggest a low prevalence in this population [59].

Potential donors who have a permissive medical history must undergo to blood and fecal
examination to exclude infective disease transmittable trough fecal transfer [13]. The tests may change
between the various protocols, but there are some mandatory examinations (Table 2).
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Table 2. Donor blood and stool testing.

Blood testing

� Complete blood cell count� Liver enzyme (Aminotransferases)� Bilirubin� Creatinine� C-reactive protein� Serology for Hepatitis virus (HAV, HBV, HCV, HEV) and Human immunodeficiency virus (HIV)

Stool testing

� Clostridium difficile� Giardia lamblia, Cryptosporidium spp, Isospora and Microsporidia� Protozoa and helminths and parasites (including Blastocystis hominis and Dientamoeba fragilis)� Antibiotic-resistant bacteria� Common enteric pathogens, including Salmonella, Shigella, Campylobacter, shiga toxin-producing
Escherichia coli, Yersinia, and Vibrio cholerae� Norovirus, rotavirus, adenovirus� Helicobacter pylori fecal antigen

In fact, blood testing should include complete blood cell count, liver enzyme, creatinine,
and C-reactive protein to check overall clinical condition, serology for Hepatitis virus, and Human
immunodeficiency virus (HIV). Furthermore, blood tests can be considered in case of anomalies of the
first round of laboratory tests, endemic spread of some pathogens, emergence of new pathogens or
selected cases of recipients (e.g., immunosuppressed). In particular, there is debate about the usefulness
of serology for EBV and CMV, as the high prevalence of prior exposure among adult individuals
weakens the diagnostic power of this approach, limiting the clinical utility to IgM CMV in donors
dedicated to immunosuppressed recipients. Of course, it is not appropriate to exclude subjects with
prior exposure to EBV or CMV from the donation because of the unlikely risk of transmission, unless
clinical or laboratory suspicion of reactivation. Finally, the candidates could be considered for testing
the serology for nematodes, based on social and geographical features and tests availability [13].

Stool testing should include common enteric pathogens, Clostridium difficile, fecal parasites,
and Helicobacter pylori antigen (this last exam only for upper route of FMT delivery). Enteric pathogens,
which must also be investigated in asymptomatic subjects, should be detected with conventional
methods (culture, microscopy, or antigen test) and/or with molecular diagnosis (PCR-based panels) that
have shown a high specificity and sensitivity compared to conventional methods in rapid detection
of pathogens [60]. Furthermore, it is mandatory to test all fecal samples for antibiotic-resistant
bacteria (including meticillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococci
(VRE), extended-spectrum β-lactamase-producing Enterobacteriaceae, and carbapenem-resistant
Enterobacteriaceae/carbapenemase-producing Enterobacteriaceae), considering the burden of the
gastrointestinal carriage in asymptomatic subjects [61,62] and the reporting of some serious adverse
events associated to sepsis after FMT [13]. Nowadays, due to the emerging Covid-19 pandemic, a panel
of international experts has suggested to include in the tests for Sars-CoV-2 a thorough nasopharyngeal
swab and/or RNA detection in stool [63].

Finally, if all blood and fecal tests are negative, the candidate is accepted to become a stool donor.
Especially in the fecal bank program, the donor should be available to donate on many occasions over
time. For this reason, it is advisable to repeat the screening tests every 8–12 weeks and administer a
short questionnaire on the same day of the donation to check for any recent-onset harmful events.

In this paragraph we have reported the general rules to select and to screen potential donor for
FMT, mainly to treat CDI that is cured by the restorative effect of fecal transfer on gut microbiota.
However, for other clinical indications, which find their rationale in the modification of metabolic and
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inflammatory pathways mediated by gut microbiota, it would be appropriate to identify a specific
donor for each case. This issue will be discussed later.

4. Selection of the Optimal Donor for FMT to Treat Specific Disorders

The correct recruitment of healthy donors is essential for a standardized and safe FMT
procedure [11,13]. FMT is considered a safe procedure; however, mild adverse effects attributable to
FMT are reported in about one third of the recipients, such as self-limiting abdominal discomfort or
changes of bowel habits, and unfortunately, about 2–6% of patients experienced serious adverse events,
such as infection, relapse of pre-existing disease, or death [64]. Moreover, the difficulty of selecting the
appropriate candidates is increasing due to emerging concerns, as the possibility of transmission of
putative procarcinogenic bacteria [65] or the potential risk of serious life threatening infections with
multi-drug resistant organisms after FMT [66]. Moreover, recent evidences showed that the efficacy of
FMT in recurrent CDI treatment, in clinical trials and in other healthcare settings seems to be linked to
different variables, such as the delivery methods of fecal infusate, the bowel preparation, the number
of infusion, the disease severity, and in particular to the microbial diversity and composition of the
transplanted stools [32,44,67]. Since the idea that the success rate of FMT could be related to the gut
microbiota or other features of the donor, the term “super-donors” has been introduced to indicate the
ideal individuals whose stools could ensure a better outcome for recipients compared to others fecal
donations [68]. Therefore, assuming that dysbiosis-related disorders have been associated to different
imbalanced microbial signatures [15], in order to restore the eubiosis, it is reasonable to assume that
reaching the correct donor-recipient match with targeted FMT based on specific microbial disturbances
might be the key to improve FMT response. Accumulating evidence strengthens this hypothesis,
leading to discard the concept of “one stool fits all” and to search an optimal donor [68], as in other
organ transplantation procedures [69].

4.1. Clostridium Difficile Infection

The research of the ideal donor in recurrent CDI is obviously a widely debated topic of study.
For example, one study identified the optimal donor among nine healthy vegetarian or vegan candidates,
selecting the candidate who had a balanced Bacteroidetes/Firmicutes ratio, the highest alpha diversity
among screened individuals, and high butyrate concentration. After 10 weeks from a single or multiple
FMT, none of the 10 patients experienced CDI recurrence [70]. Of interest, the gut virome may also play
a role in CDI treatment [71]. Indeed, enteric virome alterations marked by an increase in the abundance
of Caudovirales, together with a decreased Caudovirales diversity, richness, and evenness, have been
reported in patients with CDI. Moreover, CD eradication was associated with the colonization of a
higher abundance of donor-derived Caudovirales contigs detected during follow up. These findings
could possibly explain why bacterial fecal filtrate infusion resulted in effective treatment of CDI [72],
and shifted the attention on the importance of the bacteriophages and on the potential role of selecting
donors on the basis of their gut virome. Finally, some authors reported that selecting specific enteric
bacterial strains with bacterial cultures from healthy donors to prepare a stool substitute blend might
be a winning strategy to cure recurrent and antibiotic-resistant C. difficile colitis [73,74]. However, it is
likely that the relevant impact on FMT success in CDI depends on the transfer of a complete fecal
microbiome rather than specific bacterial strains; moreover, the promising results reported by the
study that transfer the fecal filtrate alone suggest a predominant role for bacteriophages rather than for
the specific relative abundance pattern of the gut microbiota of donor, shifting the central role from
bacteria to viruses in the therapeutic challenge of FMT in CDI; however, these data are still preliminary
and need to be confirmed by further studies.

4.2. Inflammatory Bowel Disease

Many studies analyzed the microbial profile of donors and tried to relate it with clinical and
laboratory outcomes in patients with IBD. Clinical outcomes and immunological changes after FMT in
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patients with IBD were significantly related to the variations of several specific strains in recipients
of fecal microbiota [75]. For instance, intensive FMT in UC patients were associated with negative
outcomes in case of abundance of Fusobacterium spp and Sutterella spp in recipients’ fecal microbiota after
the FMT [76]. Furthermore, a study that involved refractory UC patients reported that pre-treatment
with antibiotic plus repeated FMTs using fecal material from donor with a high bacterial richness and
high relative abundance of Akkermansia muciniphila, unclassified Ruminococcaceae, and Ruminococcus
spp. was more likely to induce remission compared to antibiotics alone [67]. As also described in
other studies [41,77,78], it is plausible that choosing donors based on their taxonomic composition,
in particular low or high abundance of specific strains, might reflect the possibility for future trials
in IBD. For this purpose, methods aimed at preventing an inflammatory response of the recipient’s
intestinal immune system by selecting compatible donors on their microbial profiles are under
study [79]. Furthermore, the gut virome could represent a potential marker for FMT response in UC
patients. In particular, results from a small case series reported that FMT responders already presented,
before undergoing to FMT, a significantly lower eukaryotic viral richness than non-responders.
Moreover, the richness of donor virome was not associated with the FMT outcome, as instead proposed
for bacteria [80].

4.3. Other Emerging Indications

Several preclinical and clinical studies supported the rationale for donor selection based
on gut microbial profile in other disorders associated to gut dysbiosis. Indeed, in the field of
anti-cancer treatment, it has been reported that microbiota can influence chemotherapy response [81].
Preclinical studies found a clinical improvement in mouse models of melanoma on anti-PD-1 therapy
that received FMT from donors with a melanoma “responder-like” microbial signature (with
high alpha diversity and abundance of Ruminococcaceae, Faecalibacterium, Bifidobacterium longum,
Collinsella aerofaciens, and Enterococcus faecium) when compared to mice that received “non
responder-like” microbiome (characterized by low microbial diversity and high relative abundance
of Bacteroidales) [82,83]. Nevertheless, trials on humans, testing the effect of FMT in increasing the
response to cancer therapies, are still in progress [84].

Recently, a randomized placebo-controlled trial of FMT in IBS reported that the abundance of
Streptococcus, Dorea, Lactobacillus, and Ruminococcaceae spp in the donor microbiota was associated
with efficacy in relieving IBS symptoms [44]. Interestingly, a small open-label clinical trial evaluated
the impact of prolonged FMT with antibiotic pre-treatment in children with autism; authors reported
a decrease of gastrointestinal symptoms and an improvement of behavior, together with specific
genera increase in recipients (Bifidobacterium, Prevotella, and Desulfovibrio). Conversely, Prevotella,
and Desulfovibrio were more represented in recipients after FMT than in the donor samples, suggesting
that unknown factors changed the intestinal ecosystem, making it more hospitable to these strains [85].

Within the context of metabolic diseases, the effect of allogenic FMT post-Roux-en-Y gastric bypass
donors was compared with metabolic syndrome donors on glucose metabolism and other parameters
in treatment-naïve patients with metabolic syndrome. The authors assessed a decrease of insulin
sensitivity in recipients who received FMT from donors with metabolic syndrome compared with
using post-surgical donors. Moreover, they identified several microbial OTUs possibly predictive of
metabolic response, suggesting a microbiota-related transmissible mechanism of insulin resistance [86].
Similarly, another study reported a significant increase in insulin sensitivity, together with altered
microbiota composition, in patients with metabolic syndrome who received allogenic FMT from lean
donors compared to those who underwent autologous FMT [46].

To date, these results appear promising but partially controversial; thus, findings need to be
confirmed with stronger evidence and by standardized clinical trial. Further research is needed to
identify the favorable microbial signature of donor or other ideal features in disease-specific settings.
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5. Conclusions and Future Perspectives

In this review, the stool donor screening process has been described, and recent evidence has been
reported that try to identify the optimal donor for each clinical condition (Figure S1).

To date, the clinical characteristics of the donor are well defined; in particular, they are
recommended to be a healthy volunteer with a balanced lifestyle, without chronic diseases or
family history of metabolic diseases or cancer, and defined laboratory exams must certify the current
absence of disease. However, identification of the ideal donor through the microbiological typing of
the stool is currently not suitable. First of all, understanding the role of the intestinal microbiota in each
chronic disease is an indispensable condition before hypothesizing a personalized approach through
FMT. In fact, while the restorative mechanism of FMT in recurrent CDI is now understood, many aspects
still need to be understood regarding the treatment of other chronic conditions. Interesting evidence
has been reported regarding dysbiosis in IBD or in other chronic conditions, but the contrasting results
reported in clinical trials of FMT could be justified by the choice of unsuitable donors. The identification
of the microbiological characteristics of the ideal donor for each disease appears to be an achievable
goal but still far from being accomplished due to the lack of clinical studies. The current evidence is
still limited and insufficient for explaining and resolving the complexity of the interaction between
the intestinal barrier and its role in gut-related chronic diseases. However, further studies need to be
designed to confirm the encouraging results that have been reported in recent years. In particular,
it will be necessary to type the fecal microbiota of the donor and the recipient, and to understand how
environmental factors, such as diet, or individual features may benefit (or not) the clinical response
to FMT. Understanding the microbial characteristics of the optimal donor, in particular if they are
modifiable through lifestyle changes or pharmacological measures, could increase the therapeutic
potential of FMT.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/6/1757/s1,
Figure S1: Optimal Stool Donor to Treat Specific Disorders.
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Abstract: Background: Growing evidence suggests that an altered microbiota composition contributes
to the pathogenesis and clinical features in celiac disease (CD). We performed a comparative analysis
of the gut microbiota in adulthood CD to evaluate whether: (i) dysbiosis anticipates mucosal lesions,
(ii) gluten-free diet restores eubiosis, (iii) refractory CD has a peculiar microbial signature, and
(iv) salivary and fecal communities overlap the mucosal one. Methods: This is a cross-sectional
study where a total of 52 CD patients, including 13 active CD, 29 treated CD, 4 refractory CD, and
6 potential CD, were enrolled in a tertiary center together with 31 controls. A 16S rRNA-based
amplicon metagenomics approach was applied to determine the microbiota structure and composition
of salivary, duodenal mucosa, and stool samples, followed by appropriate bioinformatic analyses.
Results: A reduction of both α- and β-diversity in CD, already evident in the potential form and
achieving nadir in refractory CD, was evident. Taxonomically, mucosa displayed a significant
abundance of Proteobacteria and an expansion of Neisseria, especially in active patients, while treated
celiacs showed an intermediate profile between active disease and controls. The saliva community
mirrored the mucosal one better than stool. Conclusion: Expansion of pathobiontic species anticipates
villous atrophy and achieves the maximal divergence from controls in refractory CD. Gluten-free
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diet results in incomplete recovery. The overlapping results between mucosal and salivary samples
indicate the use of saliva as a diagnostic fluid.

Keywords: celiac disease; enteropathy; microbiota; gluten; therapy

1. Introduction

The discovery of the gut microbiota universe and the growing understanding of its role in health
and disease have radically changed the current point of view on the pathogenesis of noncommunicable
diseases [1]. Among these, celiac disease (CD) represents a privileged situation since both the external
(gluten) and internal (tissue transglutaminase) antigens as well as the predisposing human leukocyte
antigen haplotypes have been identified [2]. However, although gluten is widely ingested, tissue
transglutaminase is a ubiquitous enzyme, and the frequency of at-risk alleles in the general population
approaches 40%, only a small proportion of subjects eventually develop enteropathy [3]. Additional
factors have therefore been invoked to explain the onset and maintenance of loss of gluten tolerance
and mucosal damage. Recently, evidence has been accumulated on the presence of perturbations of
the microbiota composition [4] not only in active CD (ACD) [5] but also in a consistent proportion of
treated patients (TCD) [6]. Whether dysbiosis represents an epiphenomenon of the enteropathy or,
conversely, it contributes to the development of mucosal damage still remains unknown.

On this basis, we firstly aimed to characterize the mucosal microbiota of an adult CD population,
including ACD, TCD, refractory CD (RCD), and potential CD (PCD), and compare it to non-CD controls
by using the amplicon metagenomics approach. Secondly, since it is unlikely that the most studied
bacterial consortium, i.e., fecal microbiota, represents the composition at the level of duodenal mucosa,
we also collected and analysed salivary samples to assess whether they mirror the profile at mucosal
level better than feces.

2. Patients and Methods

2.1. Study Population

A total of 83 cases were recruited at the Department of Internal Medicine, Fondazione I.R.C.C.S.
Policlinico San Matteo (Pavia, Italy) from November 1st, 2015 to June 30th, 2018. They included 52 CD
patients, comprehensive of all the possible combinations of diet and villous atrophy (Table 1), i.e., 13
ACD, 29 TCD, 4 RCD, 6 PCD, and 31 patients with functional dyspepsia [7] who served as controls
(C). The demographic and clinical features of all recruited cases are shown in Table 2. No significant
differences regarding age and comorbidities were found among the groups, albeit the statistical analysis
was not performed with the potential and refractory ones due to the small sample size. Diagnoses of
PCD, ACD, TCD, and RCD were made on the basis of widely accepted criteria [8] and histological
examination of mucosal lesions [9]. The adherence to gluten-free diet (GFD) was evaluated by means
of a five-level score, with scores ranging 0 to 2 meaning absence or poor adherence and scores ranging
3 to 4 being indicative of good adherence [10]. Moreover, all enrolled cases followed a Mediterranean
diet, and there were no vegan/vegetarian patients.

Table 1. Variables in the celiac population.

Variable With Villous Atrophy Without Villous Atrophy

Gluten-containing diet Active celiac disease Potential celiac disease
Gluten-free diet Refractory celiac disease Treated celiac disease
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Table 2. Demographic and clinical features of study cohort.

Celiac Patients Controls

Potential Active Treated Refractory
Functional
Dyspepsia

Number of cases
female:male ratio

6
3:3

13
11:2

29
20:9

4
4:0

31
24:7

Mean age at enrolment
in years

(± standard deviation)
41 ± 14 35 ± 6 37 ± 6 53 ± 15 44 ± 17

Median body mass index
as kg/h2

(25th–75th)

22.4
(19.1–25.6)

21.3
(19.8–22.7)

20.5
(19.9–26.1)

16.9
(15.4–17.0)

22.1
(20.0–24.2)

Median time on a GFD
in years
(range)

5 cases no GFD
1 case on GFD
since one year

No GFD 3.0
(2–7)

17
(11.2–22) No GFD

Good adherence to GFD
(score 3–4) 1 Not applicable 27 4 Not applicable

Poor adherence to GFD
(score 0–2) 0 Not applicable 2 0 Not applicable

Autoimmunity 1 4 10 1 8

HLA-DQ2 +ve 6 8 17 3 10

HLA-DQ8 +ve 0 0 1 1 3

HLA-DQ2/DQ8 +ve 0 3 2 0 1

HLA-DQ2/DQ8 −ve 0 0 0 0 8

Unknown 0 2 10 0 9

Abbreviations: GFD: gluten-free diet; HLA: Human Leukocyte Antigen; +ve: positive; −ve: negative.

Patients were excluded if they had recent (within 4 weeks) or current use of medications
that could affect bowel function and/or microbiota composition, such as antibiotics, prebiotics,
probiotics, opioids, nonsteroidal anti-inflammatory drugs, proton pump inhibitors, laxatives, steroids,
or antidiarrheal drugs.

The protocol was approved by the local Ethics Committee (protocol number 20150003822), and
each enrolled case gave written informed consent.

2.2. Biological Samples

Saliva

Saliva samples were collected by direct spitting into a sterile plastic tube at least two hours after
tooth brushing and before endoscopy. Smoking, and food and drink intake were forbidden since
midnight. After collection, salivary samples were kept at −80 ◦C till analysis.

Mucosa

In all cases, four perendoscopic specimens from duodenal mucosa were formalin-fixed and
paraffin-embedded for traditional histology and immunohistochemistry, while two samples were
snap-frozen and stored at −80 ◦C until use. In RCD patients, four additional biopsies were collected
for intraepithelial lymphocyte phenotyping.

Stool

Samples were collected at home by patients within 24 h before the endoscopy and kept at −20 ◦C
till delivery in the hospital where they were frozen at −80 ◦C.
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2.3. Extraction and Quantification of DNA

DNA was extracted from each biological sample by using commercial kits (all from Qiagen;
Hilden, Germany) and following the manufacturer’s instructions according to the suggested procedure
for bacteria (DNeasy® Blood & Tissue Handbook). Specifically, the QIAamp DNA Stool Mini kit was
used for feces; the QIAamp DNA Blood Mini Kit was used for saliva; and the DNeasy Blood and Tissue
Kit was used for duodenal biopsies. More in depth, stool samples were first solubilized in a buffer
provided in the kit in order to remove polymerase chain reaction inhibitors contained in feces; then,
the DNA extraction was performed applying the same procedures used for the other sample biotypes.
The DNA concentration of each sample was assessed fluorometrically.

2.4. Production of 16S rRNA Amplicons (V3–V4 Regions) and Sequencing

For amplicon production, the V3–V4 hypervariable regions of the prokariotic 16S rRNA gene were
targeted [11]. Polymerase chain reaction was performed in a 50-μL volume containing template DNA,
1× HiFi HotStart Ready Mix (Kapa Biosystems; Wilmington, MA, USA) and 0.5 μM of each primer.
The cycling program, performed on a MJ Mini thermal cycler (Promega corp.; Madison, WI), included
an initial denaturation cycle (95 ◦C for 3 min), followed by a variable number of cycles (25 for saliva; 30
for feces and mucosa) at 94 ◦C for 30 sec, at 55 ◦C for 30 sec, at 72 ◦C for 30 sec, and at a final extension
(72 ◦C for 5 min) [12,13]. Cleanup of amplicons was performed using Agencourt AMPure XP SPRI
magnetic beads (ThermoFisher Scientific; Waltham, MA, USA). Illumina sequencing libraries were
finally constructed through the link of indices (Nextera XT Index Kit, Illumina; San Diego, CA, USA),
quantified using a Qubit 2.0 Fluorometer (ThermoFisher Scientific), normalized, and pooled. Libraries
underwent paired-end sequencing on an Illumina MiSeq platform at BMR Genomics (Padua, Italy).

2.5. Power Calculation

In this cross-sectional observational study, a convenience sample of 80 cases will be enrolled,
possibly distributed as follows: 10 potential CD patients, 10 complicated CD patients, 20 active CD
patients, 20 treated CD patients, and 20 non-CD patients. The effect size (mean difference/standard
deviation) that can be elicited, given the sample size and 80% power, was computed based on the
primary endpoint, i.e., the comparison of the microbiota composition between CD groups (potential,
active, treated, and refractory) and non-CD patients (controls). A conservative alpha of 0.001 was used,
given the multiple endpoints and comparisons planned. The effect size that can be discovered on the
basis of these hypotheses will be 1.8 when comparing potential and treated patients to controls and 1.4
when comparing active and treated patients to controls.

2.6. Bioinformatics Analysis

An ad hoc bioinformatics pipeline was built up under the R environment [14] Raw sequences
were processed using USEARCH (version 10.0.240). Paired reads were merged, and low-quality reads
were discarded. Filtered reads were assigned to different taxonomic levels (from phylum to species)
and organised into operational taxonomic units (OTUs). Sequences were clustered at 97% nucleotide
similarity, and chimeric ones were filtered out; their taxonomy was assessed through the Greengenes
16S rRNA bacterial database (version 13.8) [15]. Data were normalized with the Total Sum Scaling
method, and normalized OTUs were used to investigate community diversity in each sample biotype.
The observed richness and the Chao1 [16] and Shannon [17] indices were calculated to analyse the
within-sample species richness (α-diversity). The β-diversity analysis was conducted to estimate the
between-sample diversity, using the generalized UniFrac index as a distance metric [18]. The resulting
phylogenetic matrices were represented by multidimensional scaling. Permutational Multivariate
Analysis of Variance (PERMANOVA) was performed for β-diversity analysis to statistically assess
the grouping of samples by diagnosis. Microbial profiles obtained for each taxonomic level and for
each sample biotype were compared among patient groups using the Mann–Whitney U-test, the
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Kruskal–Wallis Rank Sum test, and a 20% cutoff for prevalence. For all the statistical analyses, the
significance threshold (p-value) was set to 0.05, and all the obtained p values were corrected for multiple
testing with the Benjamini–Hochberg method.

3. Results

3.1. Overall Structure of Salivary, Mucosal, and Fecal Bacterial Communities

To investigate the shift in structure and composition of the mucosal, salivary, and fecal bacterial
communities across patient groups, 209 out of 249 expected samples (77 mucosal, 76 salivary, and
56 fecal) underwent sequencing and processing, since in some cases (one ACD, two C, and three TCD)
the samples displayed degradation of the nucleic acid due to poor conservation. A total of 3.5 million
high-quality reads were obtained, of which 5,327,971 were for mucosal, 4,993,425 were for salivary,
and 3,208,768 were for fecal samples. All the obtained sequences were classified into 5556 OTUs,
representing 26 phyla, 52 classes, 89 orders, 156 familiae, 315 genera, and 186 species (spp.) (see Table S1:
Taxonomic assignment across sample biotypes in the study cohort). The relative distribution of the
phyla is shown in Figure 1, where a critical decrease of Firmicutes and Actinobacteria and an expansion
of Proteobacteria at mucosal and salivary levels appear evident in all CD groups, mostly in ACD and
RCD, in comparison with the C group that does not normalize in TCD. By contrast, no clear differences
are evident at the stool level probably due to the high variability among samples. As regards the
relative distribution of genera, as in Figure 2, an expansion of Neisseria and a reduction of Streptococcus
in CD groups with respect to the C group emerge in both mucosal and salivary communities, whereas
Bacteroides is the predominant one in the stool consortium.

 
Figure 1. Phylum-level classification of bacteria identified in individual mucosal, salivary, and
fecal samples belonging to the five study groups: Each bar represents the relative contribution of
phylum-level profiles of each subject enrolled in the study as indicated on the top of each panel (ACD:
active celiac disease, C: control subjects, PCD: potential celiac disease, RCD: refractory celiac disease,
and TCD: treated celiac disease). Twenty-six different phyla were identified across the three biotypes
and are represented by different colors as indicated in the legend. The relative distribution of phyla
among study groups indicates a critical decrease of Firmicutes and Actinobacteria and an expansion of
Proteobacteria at mucosal and salivary levels in all celiac groups, mostly in ACD and RCD, in comparison
with the C group that does not normalize in TCD. By contrast, no clear differences are evident in
the stools.

111



J. Clin. Med. 2020, 9, 1109

 

Figure 2. Genus-level classification of bacteria identified in individual mucosal, salivary, and fecal
samples belonging to the five study groups: Each bar represents the relative contribution of genus-level
profiles with an abundance of at least 1% in each considered sample as indicated on the top of each
panel. Sixty-nine different genera were identified across the three biotypes and are represented by
different colors as indicated in the legend. An expansion of Neisseria and a reduction of Streptococcus
in celiac groups with respect to controls emerge in both mucosal and salivary communities, whereas
Bacteroides is the predominant one in the stool consortium.

The within-sample diversity (α-diversity) was evaluated by computing observed richness and
the Chao1 and Shannon indices, of which the single values are shown in Table S2: α-diversity indices
for each sample. Figure 3 shows a critical reduction of both observed richness and Shannon index
in all CD groups in comparison to the C group at the mucosal level, while the Chao1 index yields
significant differences when comparing ACD and PCD with C. The group that fails to be significantly
discriminated despite the apparent reduction is the RCD one, possibly because of the small sample
size. The salivary community shows the highest richness and Chao1 index in ACD and the lowest in
RCD, while PCD and TCD display values similar to the C group. At variance with salivary samples at
the fecal level, only the Shannon index produces significant differences between groups, with ACD
and TCD showing higher values than C.

The comparison of β-diversity reveals significant differences only in mucosal bacterial community
distribution, when considering all groups of patients (Figure 4A) and the following pairwise
comparisons: TCD versus ACD (Figure 4B), and ACD versus C (Figure 4C).
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Figure 4. Beta-diversity comparison for the mucosal microbiota: Multidimensional Scaling (MDS)
plots of mucosal samples for which the Permutational Multivariate Analysis of Variance test detected a
significant separation of study groups in terms of bacterial community composition. The microbiota
phylogenetic distances were evaluated through the generalized UniFrac distance. Each point represents
the microbiota composition of one sample. Panel (A): all patient groups were compared. Panel (B): TCD
versus ACD comparison. Panel (C): ACD versus C comparison. Each point represents the microbiota
composition of one sample.

3.2. Taxonomy-Based Analyses of Mucosal Community

As shown in Table 3, the phylum distribution is indicative of a decrease in Actinobacteria and
an increase in Proteobacteria in all celiac groups, with ACD being that with the greatest deviation
with respect to C. A different pattern is observed for Bacteroidetes that are decreased in ACD and
increased in the other CD groups in comparison to C. Although Firmicutes are the most abundant
phylum, accounting for a portion of bacterial diversity ranging from a maximum of 43.6% in C to
a minimum of 34.8% in ACD, with the other CD groups displaying intermediate values (39.5% in
PCD, 37.5% in TCD, and 40.16% in RCD), no significant differences are seen. Moving on to bacterial
families within the last phylum, the Streptococcaceae show the lowest value in TCD, the Veillonellaceae
are the lowest in ACD, and the Lachnospiraceace are the lowest in both ACD and RCD, whereas a critical
decrease of Gemellaceae in PCD, ACD, and TCD in comparison to C and RCD is clearly evident. Within
Bacteroidetes, only the Prevotellaceae show differences, with ACD displaying a decrease and the other CD
groups displaying an increase in comparison to C. Concerning Actinobacteria, the Micrococcaceae show a
critical reduction in CD groups, achieving the nadir in ACD, whilst RCD mirrors C. Finally, within the
Proteobacteria, Neisseriaceae show a robust increase in all CD groups, mostly in ACD, in comparison
with C. This situation is perfectly overlapped by the profile observed for the genus Neisseria. Among
the other genera, Streptococcus spp. presents an opposite trend, since it is reduced in CD, especially in
ACD and, to a lesser extent, in TCD, while the relative abundance found in PCD and RCD was closer
to the profile detected in C. Within the same phylum of Firmicutes (Peptoniphilaceae family), Parvimonas
spp. shows a particular profile, with a value in PCD double the level found in C, while it is the half
of the C group in the other CD groups. At the species level, it is interesting to note that Prevotellae
increase in all CD groups with respect to C, except in ACD. By contrast, Rothia aerea displays values in
CD groups similar to C, except in PCD, where its relative abundance is decreased, and in RCD, where
it appears increased.
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Table 3. Taxa displaying significantly different relative abundances in mucosal biopsies.

Taxon
Relative Abundance (%) Comparisons * in Which

Statistical Analysis
Produced p-Values < 0.05

C PCD TCD ACD RCD

Phyla

Bacteroidetes 20.76 25.19 28.08 18.20 24.60
C versus TCD (0.021)

C versus TCD versus ACD (0.017)
TCD versus ACD (0.019)

Actinobacteria 11.1 7.57 7.94 4.15 7.56

C versus TCD versus ACD (0.030)
C versus ACD (0.012)

C versus PCD versus ACD (0.035)
TCD versus ACD (0.038)

Proteobacteria 17.89 20.92 19.21 35.48 20.71
C versus TCD versus ACD (0.045)

C versus ACD (0.016)
TCD versus ACD (0.036)

Families

Phylum: Firmicutes

Streptococcaceae 25.77 23.39 18.34 22.77 23.10 C versus TCD (0.041)

Gemellaceae 2.17 0.91 1.51 0.83 2.30
C versus TCD versus ACD (0.027)

C versus ACD (0.011)
C versus PCD versus ACD (0.022)

Veillonellaceae 7.37 6.54 8.95 4.50 9.39
C versus TCD versus ACD (0.035)

T versus ACD (0.0090)
ACD versus RCD (0.035)

Lachnospiraceae 2.71 2.50 3.26 2.00 1.67 TCD versus ACD (0.023)

Phylum: Bacteroidetes

Prevotellaceae 12.1 17.95 17.80 6.80 15.93

C versus TCD versus ACD (0.0030)
PCD versus ACD (0.045)

TCD versus ACD (0.00040)
ACD versus RCD (0.020)

Phylum: Actinobacteria

Micrococcaceae 7.51 4.44 4.98 2.27 6.26 C versus ACD (0.029)
ACD versus RCD (0.0061)

Phylum: Proteobacteria

Neisseriaceae 3.95 10.46 7.91 16.14 14.90 C versus ACD (0.034)

Genera

Phylum: Firmicutes; Family: Streptococcaceae

Streptococcus spp. 28.17 25.52 19.76 15.60 24.42

C versus TCD (0.023)
C versus TCD versus ACD (0.013)
C versus PCD versus ACD (0.048)

C versus ACD (0.016)

Phylum: Firmicutes; Family: Peptoniphilaceae

Parvimonas spp. 0.74 1.39 0.45 0.32 0.34 PCD versus ACD (0.020)
C versus PCD versus ACD (0.038)

Phylum: Firmicutes; Family: Veillonellaceae

Veillonella spp. 7.2 5.49 8.57 4.44 8.65 C versus TCD versus ACD (0.038)
TCD versus ACD (0.009)

Phylum: Proteobacteria; Family: Neisseriaceae

Neisseria spp. 4.07 11.16 8.10 17.02 14.74
C versus PCD versus ACD (0.038)

C versus ACD (0.034)
C versus TCD versus ACD (0.049)
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Table 3. Cont.

Taxon
Relative Abundance (%) Comparisons * in Which

Statistical Analysis
Produced p-Values < 0.05

C PCD TCD ACD RCD

Phylum: Bacteroidetes; Family: Prevotellaceae

Prevotella spp. 13.18 18.90 18.82 7.55 16.92
ACD versus RCD (0.020)
PCD versus ACD (0.026)

TCD versus ACD (0.0004)

Phylum: Actinobacteria; Family: Actinomycetaceae

Actinomyces spp. 1.66 1.71 1.42 0.66 0.82 TCD versus ACD (0.044)

Phylum: Actinobacteria; Family: Micrococcaceae

Rothia spp. 8.10 4.60 5.35 2.47 6.72 ACD versus RCD (0.0061)
C versus ACD (0.027)

Species

Phylum: Bacteroidetes; Family: Prevotellaceae

Prevotella
melaninogenica 23.1 35.71 32.5 14.36 29.67

C versus TCD (0.035)
C versus TCD versus ACD (0.0052)

PCD versus ACD (0.015)
TCD versus ACD (0.0019)

Prevotella copri 0.73 1.32 1.07 1.59 2.58 TCD versus ACD (0.027)

Prevotella pallens 3.24 2.84 4.85 1.40 1.58 TCD versus ACD (0.034)

Prevotella nigrescens 0.26 2.45 0.46 0.38 1.42
C versus PCD versus ACD (0.003)

PCDversus ACD (0.003)
C versus PCD (0.002)

Phylum: Actinobacteria; Family: Micrococcaceae

Rothia aerea 0.45 0.080 0.47 0.040 1.13

RCD versus TCD (0.026)
TCD versus ACD (0.025)

C versus ACD (0.034)
ACD versus RCD (0.0009)

Rothia mucilaginosa 19.17 12.47 13.13 10.00 17.74 ACD versus RCD (0.045)

Abbreviations: C = controls; PCD = potential celiac disease, ACD = active celiac disease; TCD = treated celiac
disease; RCD = refractory celiac disease. * The following comparisons were performed: C versus PCD; C versus
TCD; C versus ACD; C versus TCD versus ACD; C versus ACD; PCD versus ACD; PCD versus ACD versus C; TCD
versus RCD; ACD versus TCD; and ACD versus RCD.

3.3. Taxonomy-Based Analyses of Salivary Community

Also, in this ecosystem, Firmicutes is the most represented phylum, accounting for 33% of the
bacterial diversity in C and falling to around 25% in TCD, ACD, and PCD and to 17% in RCD.
Bacteroidetes, on the other hand, show more homogeneous values, ranging from 30.04% in RCD to
36.6% in TCD, with the other groups being around 33%. Interestingly, the SR1 phylum displays a
relative abundance <1% in both C (0.96%) and RCD (0.78%), whilst it rises to almost 5% in the other CD
groups (4.68% in PCD and TCD and 4.23% in ACD). The comparisons between the relative abundances
of taxa that yielded statistically significant differences are presented in Table 4. Within the phyla,
Proteobacteria are increased in CD, especially in RCD, with respect to C. At the family level, again, the
RCD condition differs from the other CD groups since it displays a marked reduction of Fusobacteriaceae
and Lachnospiraceace. Noteworthily, within genera, Neisseria spp. presents a trend overlapping what
was observed at the mucosal level, being critically increased in PCD, ACD, and RCD and close to C
in TCD.
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Table 4. Taxa displaying significantly different relative abundances in saliva samples.

Taxon
Relative Abundance (%) Comparisons * in Which

Statistical Analysis
Produced p-Values < 0.05

C PCD TCD ACD RCD

Phyla

Proteobacteria 20.51 27.71 24.03 26.35 45.11 TCD versus RCD (0.024)

Families

Phylum: Fusobacteria

Fusobacteriaceae 4.50 2.95 5.43 4.16 1.66 ACD versus RCD (0.025)
TCD versus RCD (0.0088)

Phylum: Firmicutes

Lachnospiraceae 1.11 0.66 0.97 0.82 0.22 TCD versus RCD (0.0038)
ACD versus RCD (0.033)

Genera

Phylum: Proteobacteria; Family: Neisseriaceae

Neisseria spp. 10.08 18.66 15.10 20.44 21.69 C versus ACD (0.049)

Phylum: Proteobacteria; Family: Moraxellaceae

Acinetobacter spp 2.08 0.0099 0.068 0.016 0.069 C versus ACD (0.032)

Phylum: Fusobacteria; Family: Fusobacteriaceae

Fusobacterium spp. 4.62 2.99 5.54 4.27 2.44 TCD versus RCD (0.032)

Phylum: Firmicutes; Family: Lachnospiraceae

Oribacterium spp. 0.40 0.21 0.38 0.26 0.09 TCD versus ACD (0.038)
TCD versus RCD (0.037)

Species

Phylum: Bacteroidetes; Family: Porphyromonadaceae

Porphyromonas
endodontalis 1.35 0.65 0.76 4.07 1.66 C versus T versus A (0.039)

3.4. Taxonomy-Based Analyses of Fecal Community

From Table 5, it emerges that TCD and RCD display values of relative abundances of phyla
similar to C whereas ACD invariably shows a profile significantly different from TCD, except for
Proteobacteria. At the family level, all CD groups are characterised by an increase of Ruminococcaceae,
while Veillonellaceae appear decreased in ACD. Moreover, PCD displays an increased abundance in
Erysipelitrichaceae, while RCD has an increase in Pasteurellaceae, which are suppressed in the other CD
groups in comparison to C. Within genera, Blautia, Coprococcus, and Roseburia spp. show a strong
increase in ACD in comparison to all the other groups, together with Ruminococcus spp. that appears
increased even in PCD. Interestingly, Veillonella spp. and Haemophilus spp strongly increase in RCD
while Bifidobacterium spp. and Parabacteriodes spp. abundance is negligible with respect to all the other
groups. Finally, at the species level, the great increase of Faecalibacterium prausnitzii and Veillonella
dispar emerges in RCD, whilst Bifodobacterium longum, that is increased in both PCD and ACD, appears
suppressed. Also, Roseburia faecis appeares increased in ACD in comparison with other groups, at
variance with Bacteroides eggerthii that displays negligible levels in both ACD and RCD, whilst it is
increased in TCD.
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Table 5. Taxa displaying significantly different relative abundances in stool samples.

Taxon
Relative Abundance (%) Comparisons * in Which

Statistical Analysis
Produced p Values < 0.05

C PCD TCD ACD RCD

Phyla

Bacteroidetes 51.97 49.23 59.99 44.27 54.5 TCD versus ACD (0.0027)
C versus TCD versus ACD (0.025)

Firmicutes 36.39 42.3 34.21 47.83 36.10 TCD versus ACD (0.020)

Actinobacteria 1.96 4.6 0.82 2.93 0.098 TCD versus ACD (0.029)

Proteobacteria 6.90 0.78 3.96 3.12 9.27 ACD versus RCD (0.044)

Coriobacteriaceae 0.14 0.67 0.12 1.39 0.0093

C versus TCD versus ACD (0.0066)
C versus PCD versus ACD (0.015)

TCD versus ACD (0.0063)
ACD versus RCD (0.044)

Families

Philum: Firmicutes

Clostridiaceae 0.18 0.23 0.57 0.63 0.11
C versus TCD versus ACD (0.020)
C versus PCD versus ACD (0.029)

C versus TCD (0.037)

Veillonellaceae 6.35 4.66 6.35 2.40 8.85 C versus ACD (0.046)

Erysipelitrichaceae 0.30 2.21 0.44 1.14 0.12

C versus TCD versus ACD (0.0090)
C versus PCD versus ACD (0.012)

TCD versus ACD (0.0070)
C versus ACD (0.0050)

Ruminococcaceae 23.52 23.81 13.94 23.52 18.47 TCD versus ACD (0.016)

Philum: Actinobacteria

Coriobacteriaceae 0.14 0.67 0.12 1.39 0.009 C versus PCD versus ACD (0.015)

Philum: Proteobacteria

Enterobacteriaceae 0.46 0.27 2.13 1.84 0.01 TCD versus RCD (0.038)
ACD versus RCD (0.028)

Pasteurellaceae 2.32 0.17 0.41 0.56 5.86 TCD versus RCD (0.028)
ACD versus RCD (0.044)

Genera

Philum: Firmicutes; Family: Lachnospiraceae

Blautia spp. 0.53 0.94 0.88 3.12 0.46
C versus TCD versus ACD (0.016)

C versus ACD (0.0059)
C versus PCD versus ACD (0.022)

Coprococcus spp. 0.31 0.57 0.47 1.10 0.094

C versus TCD versus ACD (0.008)
C versus ACD (0.0030)

C versus PCD versus ACD (0.011)
TCD versus ACD (0.017)

Roseburia spp. 0.81 0.17 1.50 1.72 0.39 PCD versus ACD (0.043)

Philum: Firmicutes; Family: Ruminococcaceae

Ruminococcus spp. 3.62 14.22 2.22 8.75 0.12

ACD versus RCD (0.044)
TCD versus ACD (0.047)

PCD versus ACD versus C (0.037)
TCD versus RCD (0.030)

118



J. Clin. Med. 2020, 9, 1109

Table 5. Cont.

Taxon
Relative Abundance (%) Comparisons * in Which

Statistical Analysis
Produced p Values < 0.05

C PCD TCD ACD RCD

Philum: Firmicutes; Family: Clostridiaceae

Dorea spp. 0.88 0.36 0.3 1.03 0.19

C versus TCD versus ACD (0.008)
C versus ACD (0.012)

C versus PCD versus ACD (0.027)
TCD versus ACD (0.0031)

Philum: Firmicutes; Family: Veillonellaceae

Veillonella spp. 0.095 0.021 0.32 0.16 8.67 RCD versus TCD (0.029)
ACD versus RCD (0.028)

Philum: Firmicutes; Family: Acidaminococcaceae

Megasphaera spp. 0.079 0.0037 1.20 0.02 0.08 RCD versus TCD (0.044)

Philum: Proteobacteria; Family: Pasteurellaceae

Haemophilus spp. 0.96 0.19 0.50 0.80 7.69 TCD versus RCD (0.038)
ACD versus RCD (0.043)

Philum: Actinobacteria; Family: Bifidobacteriaceae

Bifidobacterium spp. 1.65 1.15 0.89 2.62 0.11 TCD versus ACD (0.045)

Philum: Bacteroidetes; Family: Porphyromonadaceae

Parabacteriodes spp. 6.89 2.77 4.23 3.11 1.41 TCD versus ACD (0.029)

Species

Philum: Firmicutes; Family: Lachnospiraceae

Roseburia fecis 0.99 0.19 0.93 2.76 0.74
C versus TCD versus ACD (0.049)
C versus PCD versus ACD (0.044)

C versus ACD (0.022)

Philum: Firmicutes; Family: Ruminococcaceae

Faecalibacterium
prausnitzii 13.90 11.05 9.49 15.42 27.48 TCD versus RCD (0.049)

Philum: Firmicutes; Family: Veillonellaceae

Veillonella dispar 0.45 0.15 1.77 0.80 22.44 TCD versus RCD (0.029)
ACD versus RCD (0.027)

Philum: Actinobacteria; Family: Bifidobacteriaceae

Bifodobacterium
longum 1.40 2.07 0.80 4.99 0.008

C versus TCD versus ACD (0.011)
C versus ACD (0.016)

TCD versus ACD (0.004)
C versus PCD versus ACD (0.045)

Philum: Bacteroidetes; Family: Bacteroidaceae

Bacteroides eggerthii 2.49 11.07 6.68 0.46 0 TCD versus ACD (0.046)

In summary, the relative distribution of the most abundant phyla and genera in the study cohort
is represented in Figures 5 and 6, respectively. It becomes evident that the salivary profiles mirror the
condition at the mucosal level better than the fecal ones. The distribution of the five most abundant
families is shown in Figure S1: Plot of relative abundances of the five most abundant families retrieved
in each sample biotype, where, again, Neisseriaceae represents the most abundant one in both ACD and
RCD mucosal and salivary samples.
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Figure 5. Plot of relative abundances of the five most abundant phyla retrieved in each sample biotype:
At mucosal level (upper panel), although Firmicutes is the most abundant phylum, it is reduced in
the ACD group as Actinobacteria. A parallel increase of the Proteobacteria is found in this group, while
an expansion of Bacteroidetes in the RCD group and a reduction of Fusobacteria in the PCD one are
evident. In the salivary samples (central panel), the most abundant phylum is Bacteroidetes. Again,
Firmicutes is reduced in the ACD group as Actinobacteria in comparison to the C group. Interestingly,
the RCD group shows a decrease of all phyla but Proteobacteria. In the stool samples (lower panel),
the two most abundant phyla are Bacteroidetes and Firmicutes, with the other phyla showing negligible
values. Noteworthily, the former is decreased in the ACD group and increased in the TCD group in
comparison to C, while the latter is increased in the ACD and PCD groups.
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Figure 6. Plot of relative abundances of the five most abundant genera retrieved in each sample
biotype: At the mucosal level (upper panel), all the most abundant genera are decreased in the ACD
group but Neisseria as in all the other celiac groups with respect to the C one. Interestingly, Prevotella
abundance is increased in the PCD, RCD, and TCD groups. In the salivary samples (central panel),
again, Neisseria abundance is critically increased in all celiac groups with respect to the C one while
Prevotella is increased only in the PCD, RCD, and TCD groups. Finally, in the stool samples (lower
panel), the most abundant genus is Bacteroides that is increased in all celiac groups, with the other genera
showing negligible values. Notably, the Haemophilus and Veillonella genera are critically increased only
in the RCD group while the Prevotella is absent in the PCD group that displays a robust increase of the
Ruminococcus as in the ACD group.
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4. Discussion

In spite of the considerable understanding of the mechanisms leading to mucosal injury [19], the
role of environmental factors in CD pathogenesis remains elusive and, consequently, the treatment is far
from optimal. Perturbations of the gut microbiota (dysbiosis) and viral infections have been suggested
to trigger the first hit of mucosal inflammation [20,21]. In this regard, a series of elegant experiments has
provided some mechanistic insights showing that both gluten- and amylase-trypsin inhibitor-derived
peptides generated by pathobiont species, such as Pseudomonas aeriginosa, are able to disrupt the
epithelial barrier, to activate protease-activated receptors-2 signalling, and to recruit intraepithelial
lymphocytes in sensitized mice with a susceptible genetic background [22,23]. Nonetheless, gut
mucosa may also harbour gluten-degrading bacteria, such as Rothia spp. [24] and Lactobacillus spp. [25],
with the potential to dampen the harmful effects of gluten peptides. When considering studies carried
out in adulthood CD, the few performed on duodenal mucosa invariably found a decrease in the
relative abundance of Firmicutes and an increase of Proteobacteria, together with changes of microbiota
structure and composition [6,26,27]. However, the small sample size and the lack of a control group do
not allow any firm conclusions to be drawn. On the other side, in the vast majority of studies carried
out in paediatric CD, the analyses were carried out on stool samples [28]. Since this analysis may
miss changes associated with duodenal inflammation or may find others not causally related to the
disease process, we sought to investigate the structure and composition of gut microbiota directly at
the duodenal level, the main site of tissue injury. We found marked alterations of the ecological indices
in CD in terms of reduction of bacterial richness and diversity with respect to dyspeptic patients used
as controls. Worthy of note, those suffering from PCD displayed mucosal indices similar to those with
active enteropathy (ACD and RCD). This evidence reinforces the hypothesis that a significant shift of
the microbiota composition anticipates the development of mucosal lesions [20]. When considering
the data obtained in the groups with active enteropathy, we found the lowest values of α-diversity
indices in the three bacterial communities of the RCD group. ACD also showed a reduced microbial
richness that, together with a Proteobacteria-rich microbiota, has been repeatedly associated with chronic
inflammatory conditions [29], including CD [6,26,27]. The TCD group shows intermediate values of
both α- and β-diversity comprised between those of ACD and C ones, thus confirming that the GFD
does not completely restore a healthy microbiota [6,27].

Moving on to the taxonomic analysis, our results definitely confirm the decrease of Firmicutes and
increase of Proteobacteria in the duodenal mucosa of ACD patients, whereas Bacteroidetes displayed
a mixed pattern, being decreased in ACD and increased in all the other CD groups, mostly in RCD.
Remarkably, Wacklin and coworkers identified Proteobacteria as the most abundant phylum in biopsies
of TCD patients who suffered from persistent abdominal symptoms [6,27]. It is known that a balanced
gut microbiota is capable of inhibiting uncontrolled expansion of Proteobacteria, while a bloom of
this phylum has been proposed as reflecting an unstable structure [28,29]. Noteworthily, the profiles
of the phyla distribution in salivary samples almost completely mirror those found at the mucosal
level, except for Proteobacteria that were found predominantly increased in RCD, whilst no substantial
correspondence with the other consortia was found in fecal samples.

A further interesting point is the enrichment of the genus Neisseria (phylum Proteobacteria) and
the corresponding family Neisseriaceae in duodenal biopsies of ACD patients, in agreement with
previous evidence [26]. Our study enlarges the picture since an increased abundance of Neisseria
spp. is already evident in PCD, reaches its maximum in ACD and RCD, and then lowers in TCD,
although without reaching control levels. This evidence reinforces the hypothesis that it represents a
disease-triggering factor instead of a pure consequence of intestinal damage. Moreover, the behaviour
of the gluten-degradator species Rothia [30] in RCD mucosa should be pointed out since its abundance
was similar to controls and significantly higher than in the other CD groups. The reason remains
elusive, although it is conceivable that a long-lasting presence of undigested gluten peptides in the
gut lumen may select those species with a high capability of degrading them. On the other hand,
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the depletion of this species in PCD might contribute to loss of gluten tolerance since an incomplete
digestion generates oligopeptides with high immunogenicity [2].

Finally, in the salivary ecosystem, it emerges that the SR1 phylum rises from a rate of less than 1%
in controls and refractory patients to about 5% in PCD, ACD, and TCD. This is a relatively recently
described phylum [31], of which the abundance increases in the oral cavity of subjects with periodontal
disease [32]. Another particular trend observed was the critical decrease of both Lechnospiraceae and
Fusobacteriaceae in RCD, whereas they were increased in mucosal samples of noncomplicated CD
patients. The taxonomic composition of the fecal community also suggests the existence of a pattern
specific for RCD if considering the strong increase of Pasteurellaceae and, within this family, of the
genus Haemophilus spp., in accordance with Cheng et al. [33]. Other taxa generally thought to be
protective against inflammation, such as Faecalibacterium prausnitzii [34], display a boom in RCD.
Therefore, despite the obvious limited number of RCD cases, the presence of particular changes to the
microbiota composition in both saliva and fecal samples offers important opportunities for screening
those cases transitioning to RCD. In addition, the recent finding of full recovery of duodenal architecture
and clinical picture in a patient suffering from RCD following fecal microbiota transplantation for
Clostridium difficilie infection strengthens the relevance of our data [35].

Certainly, our work has some limitations, including the limited sample size. However, it should
be pointed out that only those patients who agreed to collect all biological samples were enrolled
and that PCD and RCD are rare conditions. Furthermore, despite the oral cavity hardly representing
the environment at the duodenal level, we found that saliva displays a microbiota structure and
composition more similar to mucosal ones than feces. We also aknowledge that dyspepsia does not
represent a real control condition; nonetheless a peculiar dysbiosis, largely dominated by the phylum
Proteobacteria, genus Neisseria, clearly emerged in CD, even before the development of enteropathy.
Moreover, the presence of an altered community structure not only in ACD but also in TCD clearly
points to the need for additional non-dietary therapies. Since these findings are largely retrievable in
the oral cavity, salivary analysis seems a useful tool to capture CD specific signatures. Taken together,
our data pave the way for larger studies and support the utility of gut microbiota manipulation for
preventive and therapeutic purposes in adulthood CD.
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Abbreviations

ACD active celiac disease
C control
CD celiac disease
GFD gluten-free diet
OTU operational taxonomic unit
PCD potential celiac disease
RCD refractory celiac disease
spp species
TCD treated celiac disease
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Abstract: Helicobacter pylori is a common colonizer of the human stomach, and long-term colonization
has been related to development of atrophic gastritis, peptic ulcers and gastric cancer. The increased
gastric pH caused by H. pylori colonization, treatment with antibiotics or proton pump inhibitors
(PPI) may allow growth of other bacteria. Previous studies have detected non-Helicobacter bacteria
in stomach biopsies, but no conclusion has been made of whether these represent a transient
contamination or a persistent microbiota. The aim of this study was to evaluate the transient and
persistent bacterial communities of gastric biopsies. The washed or unwashed gastric biopsies were
investigated by cultivation and microbiota analysis (16S rRNA gene-targeted amplicon sequencing)
for the distribution of H. pylori and other non-Helicobacter bacteria. The number of cultured
non-Helicobacter bacteria decreased in the washed biopsies, suggesting that they might be a transient
contamination. No significant differences in the bacterial diversity were observed in the microbiome
analysis between unwashed and washed biopsies. However, the bacterial diversity in biopsies shown
H. pylori-positive and H. pylori-negative were significantly different, implying that H. pylori is the
major modulator of the gastric microbiome. Further large-scale studies are required to investigate the
transient and persistent gastric microbiota.

Keywords: gastric microbiota; transient; persistent; culture; microbiome; sequencing;
Helicobacter pylori

1. Introduction

1.1. Helicobacter Pylori Colonization of the Stomach

Helicobacter is a group of Gram-negative, curved or spiral-shaped bacteria, of which
Helicobacter pylori is the most commonly known species [1]. H. pylori is able to colonize the human
stomach by moving through the gastric mucin layer, and long-term colonization may increase
the risk for development of atrophic gastritis, peptic ulcers and ultimately gastric cancer [2–5].
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Approximately 30% of adults in developed countries and 80% of adults in developing countries are
colonized with H. pylori, and of these, 1–3% further develop gastric cancer [6,7].

H. pylori has only been shown as a natural colonizer in humans, but another Helicobacter species
capable of gastric colonization in humans is Helicobacter heilmanii [8,9]. The prevalence of infection
with H. heilmanii is much lower than of H. pylori and it has been described less than 0.5% of patients
undergoing upper gastric endoscopy [10].

Due to gastric peristalsis, mucus thickness, low pH and secretion of bile and acid, it was initially
believed that no bacteria could survive in the inhospitable stomach environment [2,3,11]. Later,
studies detected H. pylori as the only bacterium in stomachs with a healthy low pH, while more bacteria
were detected at higher pH [12]. The mucus thickness and viscosity are pH-dependent, and a decreased
acidity caused by H. pylori colonization, atrophic gastritis, treatment with antibiotics or proton pump
inhibitors (PPI) may reduce the acidic protection of the stomach, leading to bacterial overgrowth and a
higher diversity [13–16]. An alteration of the gastric bacterial composition has also been reported in
cases of gastric cancer, with an increase of both oral and intestinal bacterial groups [16]. Recent studies
have described the presence of a non-Helicobacter gastric microbiota, suggesting that other bacteria are
able to live in the strict environment of the stomach [13].

1.2. Previous Studies of the Gastric Microbiota

Initial studies on gastric bacterial communities were reported in the 1980s [17]. Since then,
several studies have investigated the presence of H. pylori and non-Helicobacter bacteria by cultivation
methods and DNA-based methods [16,17]. Zilberstein et al. cultured gastric biopsies in aerobic
and anaerobic conditions and found Veillonella, Lactobacillus and Clostridium to be the predominant
bacterial groups [18]. They concluded that species of these bacterial groups may be transiently
present [18]. Li et al. performed 16S rRNA gene amplicon sequencing on gastric biopsies from healthy
people and patients with gastritis and observed a community dominated by species of Prevotella,
Streptococcus, Veillonella, Rothia and Haemophilus [14]. Similar results were obtained by Bik et al. by
16S rRNA gene amplicon sequencing, where the dominating genera were found to be Streptococcus,
Prevotella, Rothia, Fusobacterium and Veillonella [2]. A study by Delgado et al. on healthy patients
identified Lactobacillus as one of the most abundant genera in the stomach as well as Streptococcus and
Propionibacterium by 16S rRNA gene amplicon pyrosequencing [19]. A study by Dicksved et al. detected
a bacterial community of Streptococcus, Lactobacillus, Veillonella and Prevotella, with a low abundance of
Helicobacter [20]. The study found no significant differences in the gastric bacterial communities of
patients with gastric cancer or dyspepsia [8]. Maldonado-Contreras et al. investigated the microbial
composition by 16S rRNA gene amplicon hybridization and found non-Helicobacter bacteria such as
Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes to be dominating [21]. Yu et al. identified
similar phyla in the gastric stomach area and other body sites [22]. The authors performed a functional
profiling of the stomach microbiota and concluded that though similar phyla were present in these
areas, the microbiota of the different areas presented different functions [22]. A systematic review
by Rajilic-Stojanovic et al. compared the results of papers investigating the gastric microbiota by
next-generation sequencing (NGS) [16]. Approximately 2/3 of the described papers detected species of
Prevotella, Streptococcus, Veillonella, Neisseria, Fusobacterium and Haemophilus and have described that the
microbiota is subject-specific and differ between individuals [16]. More than 65% of the bacterial groups
found in the stomach have also been identified in the human oral cavity, and many bacteria identified
in the stomach may originate from the oral cavity or as reflux from the intestine [3]. Previous studies
have not been conclusive about whether the detected non-Helicobacter bacteria represent a transient
contamination of the stomach or if they belong to the persistent gastric microbiota.

1.3. H. pylori and the Non-Helicobacter Microbial Community

The human stomach has been described to contain a core microbiome mainly consisting of
Prevotella, Streptococcus, Veillonella, Rothia and Haemophilus spp., influenced by diet, inflammation
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and medication [3]. However, the effect of H. pylori colonization on the bacterial diversity has not
been established yet. Andersson et al. investigated the bacterial composition with 16S rRNA gene
amplicon pyrosequencing and found complex microbial communities with a great diversity in the
absence of H. pylori [23]. When present, H. pylori accounted for 90% of the bacteria, and diversity
was decreased [23]. This agrees with other findings of a large variation in the bacterial community
depending on the presence or absence of H. pylori [4,12,16,21]. The study by Maldonado-Contreras
associated H. pylori colonization with an increase of Proteobacteria, Spirochetes and Acidobacteria and
decrease of Actinobacteria, Bacteroidetes and Firmicutes [21]. Other studies have opposed the suggestion
that the diversity of bacteria in the stomach is negatively affected by the presence of H. pylori [2,22,24].
As such, the significance of H. pylori on the presence of other bacteria in the gastric environment
remains unknown. In a study by Sanduleanu et al., the non-Helicobacter bacteria in the stomach
were found to contaminate both the gastric juices and the mucosa during gastric acid inhibition [15].
A study by Li et al. investigated the effect of washing on the bacterial content of gastric biopsies [14].
The majority of bacteria remained in the biopsies even after several washing steps, and in particular,
Streptococcus were not removed [14]. Colonization with H. pylori has been associated with increased
inflammation and development of gastric atrophy, which may cause overgrowth of other bacteria as
the environment turns less acidic [25]. The presence of a complex microbial community in an atrophic
stomach may further promote inflammation, malignancies and cancer development [25].

1.4. Microbial Effects on the Development of Gastric Cancer

H. pylori is classified as a class I carcinogen, and colonization with this species is associated
with an increased risk for gastric cancer [26]. The precise mechanism for this development is not
known in detail, but it may be affected by diet and interactions with the gastric microbiota [27]. It has
been hypothesized that the presence of a specific microbiota promotes inflammation and that other
bacteria in addition to H. pylori may further promote cancer development [26]. The pH is usually
increased in the stomachs of gastric cancer patients, resulting in atrophic gastritis and subsequent
loss of H. pylori, as the environment becomes less acidic [28]. Several studies of the gastric microbiota
in the settings of gastric cancer have been performed. A study by Dicksved et al. compared the
microbiota of biopsies from patients with gastric cancer and dyspepsia by terminal restriction fragment
length polymorphism [20]. They identified complex compositions of bacteria in gastric cancer biopsies
but with no significant differences in the microbial compositions compared to dyspepsia patient
biopsies [20]. A low abundance of H. pylori and a dominance of species from Streptococcus, Lactobacillus,
Veillonella and Prevotella were observed in biopsies from gastric cancer patients [20]. Another study by
Ferreira et al. investigated the bacterial composition in biopsies from patients with atrophic gastritis
and gastric cancer [29]. They detected a reduced microbial diversity in gastric cancer patients and
found an abundance of less than 5% H. pylori in most gastric cancer patients [29]. Based on calculations
of a microbial dysbiosis index, the presence of a dysbiotic microbiota in the gastric cancer patients
was suggested, compared to the microbiota of individuals with atrophic gastritis [29]. In particular,
the microbiota of gastric cancer biopsies showed increased abundances of the groups Actinobacteria
and Firmicutes, while the presence of the groups Bacteroidetes and Fusobacteria were decreased [29].
Yu et al. analyzed the microbiota of gastric cancer biopsies and identified H. pylori as the most
abundant bacterial species present, followed by bacteria associated with the oral environment [22].
A decrease in Proteobacteria and increase in Bacteroidetes, Firmicutes and Spirochetes were observed in
gastric cancer tissue, but comparisons of microbiota in the corpus and antrum areas of the stomach
showed no differences [22]. An altered bacterial composition has also been reported in cases of gastric
cancer, with an increase of both oral and intestinal bacterial groups [16].

1.5. Definition of Persistent and Transient Microbiota and Microbiome

In this study, the gastric microbiota is defined as the persistent bacteria that adhere to the gastric
mucosa. The gastric microbiome is defined as the collection of microbial genes in the stomach,
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which also include the community of non-adherent, transient bacteria [30]. Previous studies have
not been able to agree on whether the bacteria identified in the stomach represent a true microbiota
or are contamination from the oral cavity. It is therefore not clear which bacteria belong to the true
gastric microbiota.

The main aim of this study was to investigate the presence of persistent and transient bacterial
communities by comparing the changes in bacterial composition of washed and unwashed gastric
biopsies. It is the first comprehensive attempt to distinguish between the transient and resident bacteria
of the stomach using 16S rRNA gene sequencing.

The second aim of this study was to investigate and compare the gastric microbiota of gastric
cancer patients and dyspepsia patients. The results will contribute to the ongoing debate about whether
the process of gastric carcinogenesis is mediated through a microbial shift caused by H. pylori. Biopsies
from both cancerous and non-cancerous tissue were included, and dyspepsia patients were involved
as controls of a healthy microbiota.

The hypothesis of our experimental setup is that H. pylori is the only true gastric microbiota of
the stomach and will be the predominant bacterium that is able to remain in the washed biopsies.
Although other studies have shown the presence of non-Helicobacter bacteria in the stomach, these will
be expected to be present at least in the unwashed biopsies, as transient contamination from other
niches [3].

2. Experimental Section/Materials and Methods

2.1. Sampling of Gastric Biopsies

Twenty-two patients with dyspepsia and twelve patients with gastric cancer were included in the
study. The distribution was 68% female (n = 23 patients), 32% male (n = 11 patients) and an age range of
22–91 years (median 53 years). Clinical information about the patients is listed in Table 1. The exclusion
criteria for the patients were age below 18 years, a previous history of H. pylori eradication, use of
PPI within the last 3 months, use of antibiotics within the last 3 months, and previous treatment of
gastric cancer. Three antral biopsies were taken about 4 cm from pylorus from patients with dyspepsia
(n = 22 patients) by gastroscopy. From patients with gastric cancer (n = 12 patients), three antrum
biopsies were taken about 4 cm from pylorus, and three biopsies were taken from the cancer area in
the corpus. The biopsies were obtained between November 2017 and June 2019. The first biopsy was
immediately used for histology to examine the presence of H. pylori. Histological slides were stained
with haematoxylin/eosin, and a Giemsa stain was used to confirm the presence or absence of H. pylori.
Figure 1 shows a histological sample positive for H. pylori infection.

Table 1. Clinical data of patients included in the study.

Diagnosis
Mean Age

(years)
Gender

H. pylori Status
(Histology)

Lauren
Classification

G Stage
Proximal/Distal

Part

Gastric adenocarcinoma
(n = 12) 62.2 Female

(n = 5)
Negative

(n = 9)
Diffuse
(n = 6)

2
(n = 5)

Proximal
(n = 3)

Male
(n = 7)

Positive
(n = 3)

Intestinal
(n = 4)

3
(n = 7)

Distal
(n = 9)

Mixed (n = 2)

Dyspepsia (n = 22) 48.1 Female
(n = 18)

Negative
(n = 11) NA NA NA

Male
(n = 4)

Positive
(n = 11)

NA: Not applicable.
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Figure 1. The positive results of Helicobacter pylori infection by Giemsa stain. Black circles indicate
stained H. pylori (blue) that are attached to the gastric epithelial cells.

All patients participating in the study have signed an informed consent form. The study protocol
has been approved by Kaunas Regional Bioethics Committee (Protocol No: BE-2-10; P1-BE-2-31).

The second biopsy was immediately transferred to the transport medium Portagerm pylori
(bioMérieux, Marcy L’Etoile, France) and stored at −80 ◦C. The third biopsy was placed in a tube
with sterile 4 ◦C PBS, collected by sterile forceps and washed for 15 s in 4 ◦C PBS and transferred
to a new sterile tube containing 4 ◦C PBS. This step was repeated twice, after which the biopsy was
placed in the transport medium Portagerm pylori (bioMérieux, Marcy L’Etoile, France) and stored
at−80 ◦C. These biopsies were then transported to the Copenhagen University Hospital (Rigshospitalet)
for culture.

2.2. Culture of Gastric Biopsies and Identification of Single Colonies

Biopsies were cultured on 7% defibrinated horse blood agar plates (SSI Diagnostica A/S,
Hillerød, Denmark), placed in serum bouillon with 10% glycerol (SSI Diagnostica, Hillerød, Denmark),
and frozen at −80 ◦C. The agar plates were incubated 6 days at 37 ◦C in microaerobic conditions
(10% CO2, 5% O2); the observed growth was noted, and single colonies of each morphology were
isolated on new 5% horse blood agar plates (SSI Diagnostica A/S, Hillerød, Denmark). The plates
with the isolated cultures were incubated at 37 ◦C in microaerobic conditions until visible growth was
seen (1–3 days). Each isolate was transferred to a MALDI-TOF target plate, treated with 1μL HCAA
matrix (Bruker Daltonics, Billerica, MA, USA), analyzed with MALDI-TOF Mass Spectrometry (Bruker
Daltonics, Billerica, MA, USA), and the protein profile was compared to the database Compass (Bruker
Daltonics, Billerica, MA, USA) to identify the species. The biopsies were then transported to Statens
Serum Institute for microbiome analysis (16S rRNA gene amplicon sequencing).

2.3. Microbiome Analysis (16S rRNA Gene Amplicon Sequencing)

DNA was extracted from the biopsies using a QIAamp DNA mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instruction for tissues. For each batch of DNA extraction, a negative
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control without sample material was included for downstream analysis. DNA was amplified using
a two-step PCR using a modified version of the published universal prokaryotic primers 341F
(ACTCCTAYGGGRBGCASCAG) and 806R (ACTCCTAYGGGRBGCASCAG) targeting the V3-V4
regions of the 16S rRNA gene. Amplicons were sequenced on the Illumina MiSeq desktop sequencer
(Illumina Inc., San Diego, CA, USA), using the V2 Reagent Kit.

2.3.1. Library Preparation

Purified genomic DNA from each sample was initially amplified in a 25 μL reaction, using
the REDExtract-N-Amp PCR ReadyMix (Sigma-Aldrich, St Louis, MO, USA) with 0.4 μM of each
16S rRNA gene primer and 2 μL template. The 16S PCR conditions were the following: an initial
denaturation at 95 ◦C for 2 min, 20 cycles of 95 ◦C for 30 s, 60 ◦C for 1 min and 72 ◦C for 30 s and
final elongation at 72 ◦C for 7 min. This PCR run is referred to as PCR1. The product from PCR1
was prepared for sequencing by a second PCR (referred to as PCR2), using the same PCR protocol
as described above. PCR2 attached an adaptor A, an index i5 and a forward sequencing primer site
(FSP) in the 5’ end of the amplicons and an adaptor B, an index i7 and a reverse sequencing primer
site (RSP) to the 3’ end of the amplicons. DNA was quantified using the Quant-ITTM dsDNA High
Sensitive Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and PCR2 products were pooled in
equimolar amounts between samples. Agencourt AMPure XP bead (Beckman Coulter, Brea, CA, USA)
purification was performed to remove undesirable DNA amplicons from the pooled amplicon library
(PAL) in a two-step process. First, DNA fragments below 300 nucleotides length were removed by
a PAL AMPure beads 10:24 ratio, following the manufacturer’s instructions, and eluted in 40 μL TE
buffer (AM1). Secondly, large DNA fragments above 1kbp were removed by AM1 to AMPure beads
10:16 ratio as previously described. The resulting AMPure beads purified PAL (bPAL) was diluted to a
final concentration of 11.5 pM DNA in a 0.001 N NaOH and used for sequencing on the Illumina MiSeq
desktop sequencer (Illumina Inc., San Diego, CA, USA). The library was sequenced with the 500-cycle
MiSeq Reagent Kit V2 in a 2 × 250 nt setup (Illumina Inc., San Diego, CA, USA). The sequencing was
performed at Statens Serum Institute (SSI).

2.3.2. Bioinformatics

BION-META (http://box.com/bion), a newly developed analytical semi-commercial open-source
package for 16S rRNA gene and other reference gene analysis classifying mostly species was used, and the
data were processed following the previously described automated steps [31,32]. After BION-META
analysis, taxonomy tables were made with the identified phylum, class, order, family, genus, species and
number of reads. The data from the sequencing were submitted to European Nucleotide Archive with
the accession number PRJEB38558.

2.3.3. Statistics of Microbiome Analysis Results

The ten most abundant genera across all samples are shown in staggered bar plots in which samples
are ordered according to a hierarchical clustering based on Bray Curtis dissimilarities and ward-linkage.
The difference in the distribution of bacterial groups between biopsies was analyzed with an unpaired
t-test using the graphing and statistics program GraphPad Prism version 5.01 (San Diego, CA, USA).

Analysis of the microbiome diversity was performed in the statistical computing program R,
version 3.5.0 (R Foundation for Statistical Computing, Vienna, Austria) using the packages phyloseq
v.1.24.3 and vegan v. 2.5-2. Figures were created using the packages ggplot2 v.3.2.0 and plotly v. 4.8.0.
Alpha-diversity of samples as well as relative abundance of individual genera were compared
pairwise between groups with Mann–Whitney rank sum tests and adjusted for multiple testing using
Bonferroni correction. Principal coordinate analysis (PCoA) of samples was performed based BIONs
species-level classification on Bray Curtis dissimilarity. Within-group similarities were compared to
between-group similarities with analysis of similarities (ANOSIM test) using 1000 random permutations
to estimate p-value.
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3. Results

3.1. Comparison of Bacterial Composition in Unwashed Biopsies and Washed Biopsies

3.1.1. A Decrease in Cultured Bacteria was Observed for the Washed Biopsies

The overall number of cultured non-Helicobacter species decreased in the washed biopsies
compared to the unwashed biopsies, suggesting that many bacteria do not adhere to the tissue.
A total of 27 biopsy pairs showed reduced or no growth in the washed biopsy compared to the growth
observed in the unwashed biopsy (Table 2). Only 5 biopsy pairs showed unchanged growth, while 3
showed increased growth.

Table 2. Change in growth of bacterial species cultured from the biopsy pairs.

Growth Result Dyspepsia Patients Gastric Cancer Patients

No bacterial growth in either biopsy 8 biopsy pairs 3 biopsy pairs

Growth in unwashed but not in washed biopsy 4 biopsy pairs 5 biopsy pairs

Reduced growth in the washed biopsy 9 biopsy pairs 9 biopsy pairs

Unchanged growth 1 biopsy pairs 4 biopsy pairs

Increased growth in the washed biopsy 0 biopsy pairs 3 biopsy pairs

The total number of colonies of cultured Streptococcus spp. decreased, but its relative abundance was
higher in the washed biopsies compared to the unwashed biopsies (Figure 2, Table 3). The cultured bacteria
in the biopsies were dominated by Streptococcus spp., followed by Rothia spp. and Actinomyces spp. (Table 3).

Actinomyces spp. Gemella spp. Granulicatella spp.

Lactobacillus spp. Rothia spp. Staphylococcus spp.

Streptococcus spp. Others

Figure 2. The number of bacterial species isolated from culture of gastric cancer and dyspepsia patient
biopsies. “Others” include Bacillus spp., Corynebacterium spp., Enterobacter spp., Enterococcus spp.,
Haemophilus spp, Micrococcus spp., Neisseria spp., and Stenotrophomonas spp.
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Table 3. Distribution of total cultured bacterial groups.

Dyspepsia Gastric Cancer

Unwashed Washed Unwashed Washed

Streptococcus spp. 40% 43% 47% 49%

Rothia spp. 16% 14% 15% 14%

Actinomyces spp. 16% 9% 9% 6%

Staphylococcus spp. 8% 6% 4% 6%

Granulicatella spp. 7% 6% 6% 4%

Lactobacillus spp. 4% 3% 7% 8%

Gemella spp. 2% 9% 5% 3%

Enterococcus spp. 1% 3% 6% 8%

Micrococcus spp. 2% 3% 2% 0%

Corynebacterium spp. 2% 3% - -

Stenotrophomonas spp. 1% 0% - -

Neisseria spp. 1% 0% - -

Enterobacter spp. 0% 3% - -

Bacillus spp. - - 1% 0%

Haemophilus spp. - - 0% 3%

3.1.2. Microbiome Analysis

Bacterial DNA was detected in all biopsies, even in those were no growth was observed.
The ten most prevalent groups in the microbiome analysis were Helicobacter spp., Streptococcus spp.,
Prevotella spp., Escherichia spp., Veillonella spp., Fusobacterium spp., Haemophilus spp., Rothia spp.,
Neisseria spp., and Alloprevotella spp. (Figure 3). The average relative abundance of H. pylori increased
in some of the washed biopsies compared to the unwashed, but this was not always observed in
the individual samples (Table 4). The increase in H. pylori was therefore not significant. The “other
bacteria” belong to over 100 different bacterial groups, of which some species were only present in
few biopsies. The bacterial groups that were found in several of the biopsies are among the genera:
Abiotrophia, Aggregatibacter, Atopobium, Campylobacter, Capnocytophaga, Catonella, Corynebaccterium,
Dialister, Eubacterium, Filifacter, Flavobacterium, Gemella, Granulicatella, Lachnoanaerobaculum, Lactobacillus,
Leptotrichia, Megasphaera, Oribacterium, Parvimonas, Peptostreptococcus, Porphyromonas, Propionibacterium,
Selenomonas, Solobacterium, Staphylococcus, Stenotrophomonas, Stomatobaculum and Treponema (Table 5).
The relative abundance of other non-H. pylori bacteria was similar between unwashed and
washed samples, and none of the listed groups showed a significant change in relative abundance in
either dyspepsia patients (Figure 3a) or gastric cancer patients (Figure 3b). No significant differences
were observed in the bacterial distribution between the patient groups. Comparison of the bacterial
diversity within the samples showed no significant differences between the unwashed and washed
biopsies (Figure 3c), and similar bacterial species were clustered in both groups (Figure 3d).
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Table 4. Mean and standard error of the 10 most common bacterial groups as percentage of total
bacterial reads in the microbiome analysis.

Dyspepsia Biopsiy Pairs (n = 22) Gastric Cancer Biopsy Pairs (n = 24)

Unwashed (% ± SEM) Washed (% ± SEM) Unwashed (% ± SEM) Washed (% ± SEM)

Helicobacter spp. 28.3 ± 7.9 31.2 ± 8.4 11.8 ± 4.4 12.7 ± 5.0

Streptococcus spp. 12.6 ± 1.8 9.6 ± 1.8 21.3 ± 4.3 20.1 ± 4.3

Prevotella spp. 13.9 ± 2.7 11.0 ± 2.5 6.4 ± 1.1 6.1 ± 1.3

Escherichia spp. 7.0 ± 2.9 10.4 ± 3.8 9.5 ± 3.6 11.9 ± 3.6

Veillonella spp. 5.3 ± 0.9 3.4 ± 0.9 3.5 ± 1.0 3.7 ± 0.7

Fusobacterium spp. 4.8 ± 1.0 4.3 ± 1.5 4.2 ± 1.4 3.7 ± 1.2

Haemophilus spp. 4.6 ± 1.3 3.2 ± 0.9 2.4 ± 0.5 2.0 ± 0.5

Rothia spp. 3.5 ± 0.8 1.9 ± 0.6 2.2 ± 0.4 2.0 ± 0.7

Neisseria spp. 2.2 ± 0.7 1.5 ± 0.6 6.5 ± 2.7 6.8 ± 2.5

Alloprevotella spp. 1.5 ± 0.5 1.4 ± 0.4 1.7 ± 0.7 1.8 ± 0.7

Other bacteria 17.4 ± 2.7 17.0 ± 3.1 30.57 ± 5.8 29.3 ± 5.2

Table 5. Mean and standard error of the most common bacterial groups belonging to “other bacteria”
as percentage of total bacterial reads in the microbiome analysis.

Dyspepsia Biopsy Pairs (n = 22) Gastric Cancer Biopsy Pairs (n = 24)

Unwashed (% ± SEM) Washed (% ± SEM) Unwashed (% ± SEM) Washed (% ± SEM)

Abiotrophia spp. 0.013 ± 0.007 0.007 ± 0.009 0.104 ± 0.055 0.128 ± 0.047

Aggregatibacter spp. 0.139 ± 0.043 0.134 ± 0.044 0.103 ± 0.038 0.187 ± 0.086

Atopobium spp. 0.359 ± 0.113 0.31 ± 0.128 0.328 ± 0.064 0.335 ± 0.086

Campylobacter spp. 0.507 ± 0.141 0.452 ± 0.104 0.423 ± 0.121 0.314 ± 0.116

Capnocytophaga spp. 0.455 ± 0.19 0.308 ± 0.123 0.329 ± 0.087 0.274 ± 0.079

Catonella spp. 0.311 ± 0.098 0.212 ± 0.056 0.093 ± 0.027 0.119 ± 0.061

Corynebacterium spp. 0.214 ± 0.112 0.257 ± 0.175 0.047 ± 0.017 0.08 ± 0.033

Dialister spp. 0.304 ± 0.089 0.199 ± 0.083 0.31 ± 0.132 0.242 ± 0.101

Eubacterium spp. 0.123 ± 0.03 0.181 ± 0.059 0.186 ± 0.07 0.277 ± 0.147

Filifactor spp. 0.172 ± 0.076 0.262 ± 0.139 0.043 ± 0.012 0.08 ± 0.044

Flavobcaterium spp. 1.235 ± 0.975 1.27 ± 0.927 0.164 ± 0.063 0.575 ± 0.375

Gemella spp. 0.827 ± 0.228 0.82 ± 0.313 0.861 ± 0.211 1.446 ± 0.433

Granulicatella spp. 1.046 ± 0.219 1.093 ± 0.206 1.333 ± 0.405 1.603 ± 0.431

Lachnoanaerobaculum spp. 0.296 ± 0.066 0.271 ± 0.106 0.457 ± 0.156 0.435 ± 0.137

Lactobacillus spp. 0.013 ± 0.007 0.012 ± 0.006 1.925 ± 1.245 10.5 ± 8.878

Leptotrichia spp. 0.459 ± 0.196 0.967 ± 0.516 0.728 ± 0.362 0.42 ± 0.177

Megasphaera spp. 0.554 ± 0.188 0.448 ± 0.143 0.219 ± 0.062 0.196 ± 0.059

Oribacterium spp. 0.432 ± 0.09 0.336 ± 0.11 0.329 ± 0.113 0.632 ± 0.327

Parvimonas spp. 0.229 ± 0.076 0.31 ± 0.188 1.478 ± 0.833 2.508 ± 1.555

Peptostreptococcus spp. 0.135 ± 0.045 0.13 ± 0.066 2.517 ± 1.448 3.319 ± 1.892

Porphyromonas spp. 1.765 ± 0.52 1.607 ± 0.653 0.666 ± 0.198 1.241 ± 0.566

Propionibacterium spp. 0.058 ± 0.031 0.082 ± 0.026 0.141 ± 0.056 0.256 ± 0.107

Selenomonas spp. 0.167 ± 0.059 0.231 ± 0.082 0.087 ± 0.022 0.088 ± 0.031

Solobacterium spp. 0.281 ± 0.062 0.282 ± 0.103 0.674 ± 0.29 0.603 ± 0.217

Staphylococcus spp. 0.403 ± 0.168 0.627 ± 0.153 0.292 ± 0.077 0.728 ± 0.351

Stenotrophomonas spp. 0.679 ± 0.54 1.128 ± 0.769 0.156 ± 0.052 0.495 ± 0.325

Stomatobaculum spp. 0.328 ± 0.12 0.365 ± 0.115 0.561 ± 0.332 0.775 ± 0.483

Treponema spp. 0.211 ± 0.076 0.391 ± 0.218 0.067 ± 0.031 0.056 ± 0.019
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Figure 3. Comparison of the bacterial reads from microbiome analysis of unwashed and washed
biopsies from (a) dyspepsia patients and (b) gastric cancer patients (percentages are listed in Table 4).
Comparison of (c) the alpha-diversity shown by a Shannon Index, p = 0.22581 and (d) the beta-diversity
between the two groups shown by PCoA plot, p = 0.801199, in unwashed biopsies (red) and washed
biopsies (blue).

3.2. Comparison of Biopsies from Gastric Cancer Patients and Dyspepsia Patients

3.2.1. Cultured Bacteria were Dominated by Streptococcus spp.

The biopsies from dyspepsia patients and gastric cancer patients were dominated by similar
cultured bacteria (Figure 4). Species of Lactobacillus were cultured from several cancer patient biopsies
but only from one dyspepsia patient biopsy (Table 2). The distribution of cultured bacteria in biopsies
from gastric cancer patients and dyspepsia patients showed an increase in the relative abundance of
Streptococcus and a decrease in Actinomyces spp. (Table 3, Figure 4).
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Figure 4. The relative distribution of non-Helicobacter bacteria cultured from the unwashed
biopsies showed that Streptococcus spp. were predominant in both dyspepsia patients and gastric
cancer patients. The percentages can be found in Table 3. “Others” include Bacillus spp.,
Corynebacterium spp., Enterobacter spp., Enterococcus spp., Haemophilus spp, Micrococcus spp.,
Neisseria spp., and Stenotrophomonas spp.

3.2.2. Microbiome Analysis Revealed Similar Distributions of Bacteria in Dyspepsia Patients and
Gastric Cancer Patients

The average relative abundance of H. pylori was not significantly different in untreated biopsies
untreated dyspepsia patients and gastric cancer patients (Figure 5a). For most bacterial groups,
no significant difference was observed in the distribution of bacteria between dyspepsia patient and
gastric cancer patient biopsies. However, a significant increase in the presence of Prevotella spp.
was observed in dyspepsia patients (p = 0.0109) and of “other bacteria” in gastric cancer patients
(p = 0.0349). This increase in other bacteria may be explained by the dominance of Enterococcus spp.
in one biopsy pair, where more than 95% of the bacterial reads were identified as this. If this biopsy
pair was removed from the data, the difference in “other bacteria” between the patient groups was
not significant. The bacterial diversity in biopsies from dyspepsia patients and gastric cancer patients
showed no significant differences within the groups (Figure 5b) or between the distribution of species
in the groups (Figure 5c).
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(c) 

Figure 5. (a) The average relative abundance of the ten most common bacterial genera of untreated
biopsies from dyspepsia patients and gastric cancer patients. Comparison of (b) the alpha-diversity
shown by a Shannon Index, p = 0.556831 and (c) the beta-diversity between the two groups shown by
PCoA plot, p = 0.052947, in biopsies from dyspepsia patients (red) and gastric cancer patients (blue).

A low percentage of the bacterial reads in biopsies from dyspepsia patients were identified
as Lactobacillus spp. (<0.1% of total bacterial reads). Most biopsy pairs from gastric cancer
patients (30 pairs) did not show presence of Lactobacillus spp.; 6 biopsy pairs showed a relative
abundance of 0–0.5% of total bacterial reads, and 7 biopsy pairs showed a relative abundance of 0.5–2%
Lactobacillus spp., while three biopsy pairs showed a high relative abundance of Lactobacillus spp.,
which both increased (from 11 to 27%) and decreased (from 23% to 0.4% and from 29% to 5%) between
the unwashed and washed biopsies. This difference in Lactobacillus spp. abundance was not significant
between dyspepsia and gastric cancer patients.

The biopsies from antrum and cancer area of gastric cancer patients showed no significant
differences in the distribution of bacterial groups (Figure 6a, Table 6).

The diversity of bacteria in biopsies from antrum and corpus did not show differences in the
bacterial diversity within the sample areas (Figure 6b) or between the two sample areas (Figure 6c).
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Table 6. Mean and standard error as percentage of the 10 most common bacteria as percentage of total
bacterial reads in the microbiome analysis of biopsies from gastric cancer patients (n = 12).

Antrum Area (% ± SEM) Cancer Area (% ± SEM)

Helicobacter spp. 14.5 ± 7.3 9.1 ± 4.9

Streptococcus spp. 17.6 ± 5.1 25.1 ± 6.9

Prevotella spp. 7.4 ± 1.6 5.3 ± 1.5

Escherichia spp. 6.1 ± 2.7 12.9 ± 6.6

Veillonella spp. 4.3 ± 1.8 2.7 ± 2.0

Fusobacterium spp. 6.2 ± 2.6 2.1 ± 0.8

Haemophilus spp. 2.2 ± 0.7 2.6 ± 0.9

Rothia spp. 2.8 ± 0.8 1.6 ± 0.5

Neisseria spp. 7.3 ± 4.4 5.6 ± 3.2

Alloprevotella spp. 1.9 ± 1.0 1.5 ± 0.9

Other bacteria 29.6 ± 7.6 34.1 ± 8.8
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Figure 6. (a) The relative abundance of bacteria in untreated biopsies from the antrum and corpus area
of gastric cancer patients. No significant differences were observed in the distributions of bacteria
between the two groups. (Percentages are listed in Table 6). Comparison of (b) the alpha-diversity
shown by a Shannon Index, p = 0.960995 and (c) the beta-diversity between shown by PCoA plot,
p = 0.111888, in biopsies from antrum area (red) and corpus area (blue) in the stomach.

3.3. Presence of H. pylori

H. pylori was detected in 14 of 34 patients (41%) by histology. Culture of H. pylori was only
successful for 4 biopsies from 2 patients, despite incubation for additional days. Microbiome analysis
identified DNA from H. pylori in 16 of 34 patients (47%), and H. pylori was identified as the only species
of Helicobacter in the biopsies. The difference between culture and 16S rRNA gene amplicon sequencing
may be explained by the fastidious nature of H. pylori, which may be difficult to culture after storage.

Three different distribution types of H. pylori and non-Helicobacter were observed; 4 biopsy pairs
showed almost complete dominance of H. pylori (>90% of total bacterial reads in at least one of the
biopsies) (Figure 7a), 16 biopsy pairs showed a mixed relative abundance of H. pylori and other bacteria
(Figure 7b), and 26 biopsy pairs showed none or less than 1% of total bacterial reads identified as
H. pylori (Figure 7c).

The biopsies determined positive or negative for H. pylori by histology showed significant
differences in the bacterial diversity. The H. pylori-negative biopsies showed a significantly higher
diversity than H. pylori-positive biopsies (p-value = 0.004353) (Figure 8a). In addition, a significant
difference in the bacterial diversity was observed between biopsies determined positive or negative
for H. pylori (p-value = 0.0009999), indicating that the presence of H. pylori may change the bacterial
community to allow for a unique composition (Figure 8b).
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Figure 7. The average relative abundance divided into three groups based on their distribution
of H. pylori and other bacteria by (a) dominance of H. pylori, (b) mixed presence of non-Helicobacter and
H. pylori, and (c) absence of H. pylori.

4. Discussion

4.1. Washed Biopsies vs. Unwashed Biopsies

We observed a decreased bacterial growth from the washed biopsies compared to the unwashed
biopsies in this study (Figure 2, Table 2). Based on our hypothesis, this might suggest that the bacteria
removed by washing were not adhering to the biopsy and should not be considered a part of the
gastric microbiota. Streptococcus spp. was the most dominant non-Helicobacter bacterial group in
the biopsies, which may either be attributed to a higher starting concentration in the unwashed biopsy
or an increased ability to adhere to the tissue, compared to the other bacteria in the biopsies.

The non-Helicobacter species identified in this study have previously been described as commensals
of the oral cavity, upper airways and intestinal tract, including species of the dominant groups
Streptococcus, Rothia and Actinomyces [11,16,20,21,25]. Intestinal bacteria such as Enterococcus spp. and
Escherichia spp. were also identified with both culture and microbiome analysis and may be a sign
of overgrowth from the intestines. Species of Staphylococcus were cultured from several biopsies,
but the group was not among the 10 most common in the microbiome analysis, where between 0%
and 4% of the reads were identified as Staphylococcus spp. The high detection in culture compared
to microbiome analysis may be explained by selection of growth of Staphylococcus, as species of this
group are facultative aerobic with a fast growth rate.

Our expectation was that only H. pylori would remain in the washed biopsies. This was not
the case, as we observed the presence of many bacteria, of which the average relative abundance and
diversity within the biopsies did not significantly change in the washed biopsies (Figure 3). This may
suggest that some bacterial groups may remain in the biopsies and should be further investigated.
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Figure 8. Comparison of the bacterial diversity from biopsies of patients shown negative for H. pylori
(red) or positive for H. pylori (blue). (a) The alpha-diversity shown by a Shannon Index, p = 0.004353.
(b) The beta-diversity between the two groups shown by PCoA plot, p = 0.000999.4.

4.2. Gastric Cancer Patients vs. Dyspepsia Patients

Comparison of the bacterial composition did not reveal significant differences in the bacterial
diversity between biopsies from dyspepsia patients or gastric cancer patients. Lactobacillus was cultured,
and DNA was detected in a higher abundance in biopsies from gastric cancer patients than in biopsies
from dyspepsia patients, although not significantly. Development of gastric cancer has been described
as a result of dysbiosis, and it is believed that a change in the gastric bacteria towards oral and
intestinal bacteria may contribute to this process [19]. However, previous studies have not detected
specific bacterial genera in only one of the patient groups [8,19]. It may be discussed if the presence
of cancer cells causes alterations in the environment, which leads to changed microbial growth, or if
the development is inversed. The increased presence of cultured Lactobacillus spp. in gastric cancer
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patient biopsies may also be an important difference between these patient groups, although the exact
function is unknown.

The expected result from this comparison was that a different bacterial composition would be
observed in the cancer tissue compared to non-cancer patients, which was not confirmed by our
results (Figure 6). To date, no studies have shown a connection between non-Helicobacter bacteria
and development of pathologies such as gastric cancer in humans [11]. We observed an increased
presence of Lactobacillus spp. in gastric cancer patient biopsies compared to dyspepsia patient biopsies
in both the culture and microbiome analysis but cannot with certainty conclude that this bacterial
group is involved in the development of gastric cancer. Four biopsies were positive for culture of
Lactobacillus spp., where no reads were found in the microbiome analysis. However, 16 biopsies were
negative for growth of Lactobacillus spp. but positive in the microbiome analysis. 16S rRNA-based
analysis is more sensitive, and it is possible to detect the presence of bacteria in small quantities.
An explanation for the difference in culture and microbiome results may be that 16S rRNA gene
amplicon sequencing is not genus-specific, and as such, the 16S rRNA genes from several bacteria are
amplified simultaneously. If Lactobacillus spp. are present in small quantities, the presence of a high
amount of other DNA may drown it out, and it will not be detected. Combined with a selection in
the culture for microaerobic-growing bacteria, the abundance of Lactobacillus spp. may appear higher
in this experiment setting. This discrepancy between methods should also be considered in future
culture- and sequencing-based studies.

A study by Blaser and Atherton discussed whether H. pylori is a main driver of gastric cancer
development, or if its presence is enough to change the stomach environment and allow for growth of
other bacteria, which in turn increase the risk of gastric cancer [28]. The authors agree that long-term
colonization causes inflammation and damage to the host tissues but that the mechanism leading to
development of gastric cancer is not well defined [28]. In order to fully understand the pathological
changes of other non-Helicobacter species in the stomach, infection assays should be performed on
human cell cultures or model organisms with gastrointestinal tracts more similar to humans.

4.3. Presence of H. pylor in the Biopsies

H. pylori was only cultured from the biopsies of two patients after extended culture, even
though its presence in other patients was confirmed by histology and microbiome analysis. Further,
microbiome analysis identified H. pylori in two biopsies, where the histology result was negative
for H. pylori. This comparison of methods demonstrates that culture, histology and 16S rRNA gene
sequencing are not always in accordance, and investigation of bacterial communities using several
methods is preferred. During colonization or prolonged incubation, H. pylori take a coccoid form which
may be difficult or impossible to culture in vitro [25]. Based on its slow growth and fastidious nature,
culture of this species from clinical specimens is expected to be challenging. The culture results are still
considered to be valid, as other species were cultivated, and thus, the medium and growth conditions
must have been sufficient for bacterial growth. However, in order to culture all the present bacteria in
the biopsies, several other medium types and atmospheres might have been considered. The relative
distribution of H. pylori was expected to increase after wash, along with the removal of contaminating
bacteria. This was not always observed (Figure 3). Studies have shown that it is possible to detect
H. pylori with sensitive DNA-based methods in individuals previously shown negative for H. pylori
with conventional methods [19]. This may also be the reason why a higher prevalence of H. pylori was
observed with microbiome analysis compared to histology. The results from microbiome sequencing
showed a variable distribution of H. pylori and non-H. pylori bacteria in the gastric environment.
Three overall types of bacterial distribution were observed, suggesting that the stomach is more
complex than previously thought (Figure 7). Natural variations in the microbiota caused by the
geographical origin of the patients may also be of importance for this. The results from this study
contribute to the agreement of a dynamic relationship between H. pylori and non-Helicobacter bacteria
in the stomach, and previous discrepancies between studies may be caused by natural differences
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between patients. The ten most prevalent groups with microbiome analysis fits with the groups
detected in other reported NGS-studies [19].

The biopsies showing positive or negative for H. pylori by histology analysis displayed
significant differences in the bacterial diversity within and between the groups (Figure 8), suggesting
that H. pylori may cause changes in the environment to allow for survival of other bacteria as
suggested by Blaser and Atherton [28]. Our findings are also in agreement with the study
by Maldonado-Contreras, which discovered a difference in the bacterial diversity based on
H. pylori-status [21]. Patients negative for H. pylori presented a higher relative abundance of
Actinobacteria and Firmicutes, whereas H. pylori-positive patients presented a higher abundance of
Proteobacteria and Acidobacteria.

The most common bacterial groups identified in the culture and microbiome analysis shows
few similarities, and only two genera in the 10 most abundant groups from the microbiome analysis
were cultured. However, both Gemella and Granulicatella were detected in several biopsies but not in
high enough reads to be included in the top 10. The difference between the methods may be caused
by selection of certain bacteria in the microaerobic incubation. Four of the 10 most common groups
have been described as anaerobes or strict anaerobes (Prevotella, Veillonella, Fusobacterium, Neisseria),
preventing them from growing in the microaerobic environment used in this study. H. pylori was
detected in 47% of the biopsies by microbiome analysis but only cultured from two biopsy pairs.
The biopsies were stored in the transport medium at −80 ◦C, which might have decreased the viability
of H. pylori. It may be suggested that other bacteria identified by microbiome analysis were also present
in the biopsies but were inhibited by the storage/freezing, and therefore unable to be cultured.

4.4. Limitations

It has been described that 80% of the bacteria that are identified with molecular methods in
the human gut cannot successfully be cultured in vitro [16]. As we only cultured the biopsies in
microaerobic environment, growth was selected for the microaerobically growing bacteria. The presence
of these appeared higher than with microbiome sequencing. Several types of growth conditions and
culture media would be required to select growth for all bacteria present in the biopsy.

Culture-independent methods such as 16S rRNA gene amplicon sequencing or microbiome
analysis may provide detailed information about the bacterial composition. One disadvantage
may be that it does not differentiate between live and dead bacteria and between residents and
contamination [2,10,19]. Other methods with the ability to distinguish between active and inactive
bacteria, such as immunostaining or analysis of the metabolic activity, may also be considered for
future investigations [22].

The results of this study are new as both culturing and sequencing are included as methods of
detection, and the effect of washing or presence of H. pylori on the bacterial composition and diversity
are investigated. Our results showed a decrease in the growth of some bacterial groups from washed
biopsies, which are also known oral commensal bacteria. The species that remain in the tissue after
wash must thus contain mechanisms for adhesion to avoid being removed.

We present the first comprehensive paper attempting to distinguish between transient and resident
bacteria in the stomach using a 16S rRNA gene amplicon sequencing approach and washing of biopsies.
One other study has investigated the bacterial content of biopsies with a similar approach [14].
However, the study included only a small number of samples and used a taxon-specific quantitative
PCR to define the taxa [14]. Future investigations in gastric microbiota should consider the presence of
other bacteria in the stomach that may only be a transient contamination.

5. Conclusions

In conclusion, the number of cultured non-Helicobacter bacteria decreased in the washed biopsies,
suggesting that they might be a transient contamination from oral cavity; however, in the microbiome
analysis, no significant differences in the bacterial diversity were observed between unwashed and
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washed biopsies. The bacterial diversity in biopsies that were H. pylori-positive and H. pylori-negative
was significantly different, implying that H. pylori is the major modulator of gastric microbiome.
Further large-scale studies are required to investigate the transient and persistent gastric microbiota.
This may include an increased number of samples, investigation of dysbiosis, a wider range of culture
conditions and growth media, metatranscriptomic analysis, immunological assays or additional
treatment of biopsies.
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Abstract: Gut microbiota represent an interesting worldwide research area. Several studies confirm
that microbiota has a key role in human diseases, both intestinal (such as inflammatory bowel
disease, celiac disease, intestinal infectious diseases, irritable bowel syndrome) and extra intestinal
disorders (such as autism, multiple sclerosis, rheumatologic diseases). Nowadays, it is possible to
manipulate microbiota by administering prebiotics, probiotics or synbiotics, through fecal microbiota
transplantation in selected cases. In this scenario, pancreatic disorders might be influenced by gut
microbiota and this relationship could be an innovative and inspiring field of research. However, data
are still scarce and controversial. Microbiota manipulation could represent an important therapeutic
strategy in the pancreatic diseases, in addition to standard therapies. In this review, we analyze
current knowledge about correlation between gut microbiota and pancreatic diseases, by discussing
on the one hand existing data and on the other hand future possible perspectives.

Keywords: pancreatic diseases; microbiota; microbiome; gut microbiota; acute pancreatitis; chronic
pancreatitis; diabetes mellitus; pancreatic ductal adenocarcinoma; pancreatic cystic neoplasms

1. Introduction

The human gastrointestinal (GI) tract is colonized by a rich microbial community consisting
of more than 1014 microorganisms, defining microbiota, and more than 5,000,000 genes defining
microbiome [1,2]. The microbiota is composed of bacteria, viruses and yeasts [3]. In healthy conditions,
these microorganisms colonize mucosal surfaces, particularly the large intestine, and talk closely with
them; in this way they regulate important physiological functions [4,5]. First, they are involved in
metabolism of nutrients and drugs and vitamin production [6]. Then, through food fermentation,
bacteria produce some short-chain fatty acids (SCFAs), for example butyrate, which have trophic
effects on the GI epithelium [7]. Furthermore, gut microbiota influences the immune system through
its antigenic effects. The interaction between gut microbiota, intestinal epithelial cells and the
mucosal immune system creates an environment that prevents overgrowth of the host pathogenic
microorganisms [8] and limits the colonization of the intestinal tract by foreign pathogens [9–11].

In healthy people gut microbiota is characterized by richness in microorganisms and high diversity
of species. This situation is called eubiosis. In this microenvironment, bacteria are predominant
and represent the main group of microorganisms that are strictly anaerobics and extremophiles.
Firmicutes and Bacteroidetes represent the main bacterial phyla, up to 85–90% of total microorganisms,
while Actinobacteria and Proteobacteria are less plentiful, representing up to 10% [12].

In this condition, commensal bacterial species are predominant compared to pathological ones.
Conversely, when this ecosystem balance is perturbed (i.e., by use of antibiotics, motility disorders,

diet, host genetic features, etc.) [3], there is a condition called dysbiosis, characterized by a lowering
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in diversity of bacterial species, with abundance of pathogenic ones, and a loss of microbiome
physiological functions [13,14]. In some cases, in this dysbiotic environment, there is a reduction of
tight junctions between enterocytes, leading to a compromised function of mucosal barrier integrity;
this alteration, named leaky gut, sometimes allows bacterial translocation and plays a key role in the
development of GI and systemic diseases [11,15].

The composition of gut microbiota may be strongly influenced by both pathological conditions
and environmental factors, such as age, diet, drugs, stress [16]. Besides, the abundance and the variety
of different species within an individual microbial system (i.e., a single sample) is called α-diversity,
while β-diversity refers to differences between microbial communities from different environments
(i.e., different samples or different individuals) [17].

In clinical practice, we may manipulate microbiota by administering prebiotics, probiotics or
synbiotics, through fecal microbiota transplantation (FMT). Prebiotics are defined as “a substrate that
is selectively utilized by host microorganisms conferring a health benefit” [18]; the main prebiotics
that have healthy benefits are non-digestible fructooligosaccharides (FOS) and galactans (GOS),
preferentially metabolized by Bifidobacterium spp. Other examples of prebiotics are polyunsaturated fatty
acids (PUFAs) and inulin [19]. Intestinal microorganisms can readily utilize prebiotics, transforming
them in metabolic products, such as SCFAs, i.e., propionate, butyrate, acetate. These products are
crucial for correct intestinal health. Prebiotics are now largely used in clinical practice for treating
many diseases, such as inflammatory bowel disease (IBD) [20], irritable bowel syndrome (IBS) [21],
metabolic syndrome [22]. Conversely, probiotics are defined as “live microorganisms that confer a
health benefit on the host” [23]. Probiotic foods contain safe live microbes with sufficient evidence
for a general beneficial effect in mammals [24]. Synbiotics are a mixed product with a combination
of probiotics and prebiotics. Finally, FMT consists of “the infusion of faecal samples from a healthy
donor to the GI tract of a recipient patient, in order to cure a specific disease, improving alteration
of gut microbiota” [25]. To date, the only indication to perform FMT is the recurrent and refractory
(non-responder to conventional antibiotics, i.e., vancomycin, fidaxomicin or metronidazole) Clostridium
difficile infection with an efficiency rate standing at more than 80–85% [25].

Due to these novelties, microbiota is now a worldwide field of interest and investigations are
growing in the recent years. Several studies analyzed the involvement of intestinal dysbiosis in the
development of intestinal and extra-intestinal diseases, such as IBD [26], celiac disease [27], IBS [28],
multiple sclerosis [29], rheumatologic diseases [30], Alzheimer’s disease [31], colorectal and gastric
cancer [32]. On the contrary, data about correlation between microbiota and pancreatic diseases are
still scarce and controversial.

Few studies described the presence of bacteria in pancreatic tissue; they found bacteria in pancreatic
ducts of subjects with chronic pancreatitis or in pancreatic tissue of pancreatic cancer patients. Instead,
recently, some authors analyzed microbiome in pancreatic samples and duodenal tissues from patients
underwent pancreatectomy, finding a similar bacterial DNA profiles; this may suggest a bacterial
translocation from the gut into the pancreas [33]. Due to the impossibility to collect pancreatic tissues
routinely, a lot of studies analyzed gut microbiome from fecal samples.

In this review, we analyze the actual available data in literature about microbiota and pancreas in
health and disease.

2. Methods

A literature search was performed in PubMed, Scopus, Web of Science, Cochrane Library databases
and Embase. The search included papers published from 1 January 1993 to 1 March 2020. Only English
studies were considered. All authors participated in the search process and in the critical analysis of
selected publications. Keywords used were: “microbiota”, “pancreas”, “acute pancreatitis”, “chronic
pancreatitis”, “pancreatic cystic neoplasms”, “pancreatic ductal adenocarcinoma”, “diabetes mellitus”,
“neuroendocrine tumors”, “probiotic”, “prebiotic”, “synbiotic”.
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3. Microbiota in Healthy Pancreas

Recently, the pancreatic physiological functions have been shown to have an impact on intestinal
microbiota and vice versa [34], by a cross-talking system, in health and disease; hence, it could be
possible to talk about “microbiota-pancreas axis” [35].

In an important study, Sun et al. [36] demonstrated that pancreatic β-cells, in mice, produced
cathelicidin-related antimicrobial peptide (CRAMP), a protein with antimicrobial activity through
bacterial membrane permeabilization [37,38]. They noticed that pancreatic CRAMP expression was
induced by SCFAs derived from the gut microbiota, underling the cross-talking system. In a recent
study, Ahuja et al. [39] used a mice model with pancreatic acinar cell–specific deletion of Orai1, a Ca2+

channel necessary for exocytosis of pancreatic antimicrobials. They found that Orai1-deficient mice
showed an altered intestinal microbiota with bacterial overgrowth. In particular, Proteobacteria were
two-fold increased, including increases in Succinivibrionaceae and Enterobacteriaceae, and Prevotella spp.
The authors did not find differences on expression of intestinal antimicrobials in Orai1-deficient mice,
proving the role of the pancreas in control of intestinal microbiota. Moreover, Orai1-deficient mice
developed spontaneous intestinal inflammation characterized by intestinal CD3+ T-cell infiltration
and died after three weeks. This data could be translated on humans, because patients that carry
ORAI1 nonsense mutations have susceptibility to GI infection and diarrhea [40]. In an American
cohort of patients who underwent a pancreaticoduodenectomy, Rogers et al., studied fecal microbiota
composition compared to a group of healthy individuals. Interestingly, surgical patients exhibited fecal
dysbiosis and showed an increase in Klebsiella and Bacteroides, while anaerobic taxa (i.e., Faecalibacterium
prausnitzii and Roseburia species) decreased [41]. After DCP there are several anatomical alterations
apart from the pancreatectomy (i.e., partial gastrectomy, the biliary-digestive anastomosis). In this
scenario, also the gastric juice changes its composition. These data suggest that both pancreatic and
gastric juice, with their antimicrobial activity, are able to modify gut microbiome.

4. Microbiota in Pancreatic Diseases

4.1. Microbiota and Acute Pancreatitis

Acute pancreatitis is caused by gallstones or acute alcoholic intake in the majority of cases. Rare
causes of pancreatitis are hypertriglyceridemia, hypercalcemia, genetic causes, smoking, viruses
such as cytomegalovirus or herpes simplex virus [42]. The main therapy for acute pancreatitis is
early fluid resuscitation; the latter plays a key role by improving the tissue oxygenation and the
microcirculation perfusion in order to preserve on the one hand pancreatic function (avoiding further
pancreatic necrosis), and on the other hand, renal, cardiac and intestinal perfusion [43,44]. The use of
antibiotics is not recommended routinely in severe acute pancreatitis (SAP), but only in the presence of
infection, as cholangitis associated to biliary pancreatitis, and suspicion of pancreatic necrosis. In AISP
(the Italian Association for the Study of the Pancreas) guidelines [45], the routine use of probiotics is
not recommended. Besides, the use of probiotics in clinical practice is not cited in the recent American
guidelines addressing the management of pancreatic necrosis [42].

Acute pancreatitis determines hypovolemia that induces splanchnic vasoconstriction to preserve
vital organs. Sometimes, this situation favors leaky gut. Indeed, high intestinal permeability promotes
bacterial translocation and endotoxemia, with increased risk of infection of necrotic tissues [46].
Moreover, small intestinal bacterial overgrowth (SIBO) and bacterial translocation may be responsible
for the majority of the pancreatic complications, but evidences are still scarce. Capurso et al. [44]
showed that intestinal ischemia damages gut barrier with bacterial translocation, endotoxemia and
rarely multi-organ dysfunction syndrome.

Tan et al. analyzed differences in microbiome in patients with mild acute pancreatitis and SAP and
a control group [47] (Table 2). They found fecal dysbiosis characterized by an increase in Enterococcus
species and a decrease in Bifidobacterium species in SAP, when compared with other patients with mild
form and control group. These data were in line with other studies [48].
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In a recent case control study, Zhang et al. [49] found that fecal samples from 45 patients with acute
pancreatitis contained fewer Actinobacteria and Firmicutes and more Bacteroidetes and Proteobacteria than
those from 44 healthy controls.

The first randomized controlled trial (RCT), assessing the usefulness of probiotics on clinical
outcomes of acute pancreatitis (AP), was conducted by Olah et al., in 2002 in Hungary [50] (Table 1).

The results were encouraging. Forty-five patients were recruited, 22 of them received Lactobacillus
plantarum (LP) 299 with a substrate of oat fiber for 1 week by nasojejunal tube; instead, 23 patients
were treated with a similar product with Lactobacillus inactivated by heat. Only one patient in the first
group had pancreatic necrosis versus seven patients in the control group. Similar data was published
by Qin et al. [48]. The authors enrolled 74 patients with AP and divided them into two groups: the
first was treated with classical parenteral nutrition and the other was treated with enteral feeding and
probiotics, containing living LP, administered through a nasojejunal tube. Analyzing fecal samples,
they found that the second group was colonized with lower number of pathogenic organisms than the
first one; besides, the first group had increased permeability with an increase of Enteroccoccus spp. and
a reduction in Lactobacteria and Bifidobacteria. Thus, LP enteral feeding induced beneficial effects on
maintaining the integrity of intestinal mucosal barrier and reducing the risk of septic complications.
Olah et al., in 2007, published another RCT [51] with a new synbiotic composition, named “Synbiotic
2000”, in the treatment of patients with AP. Sixty-two patients were randomized to probiotics plus
prebiotics treatments or to prebiotics treatment alone. Patients in the first group had less complications
(i.e., systemic inflammatory response, multiorgan failure) than the control group, but the difference
was not statistically significant. In the multi-center, nationwide, double blind placebo-controlled
clinical trial called PROPATRIA study [52], 298 patients were enrolled. The probiotic group was
treated with Ecologic 641, administered twice daily by nasojejunal feeding. It consisted of six strains of
microorganisms (four types of Lactobacilli and two of Bifidobacteria). Instead, the control group received
placebo. The authors found [53] that there was no difference in the risk of infections between patients
treated with probiotics and the control group (30% versus 28%). However, the data were dramatically
different concerning mortality. Indeed, 24 of 152 patients treated with probiotics (16%) died versus
9 of 144 (6%) in the placebo group. In particular, a high risk of mesenteric ischemia was seen in the
probiotic group versus the control group. However, Bongaerts et al., made a reassessment of this study
eight years later, analyzing the weak points of PROPATRIA trial [54]. One of them was the latency
time in the first administration of probiotics; indeed, some patients were treated 24 h after onset of
symptoms. Furthermore, there were errors in randomization; in fact, onset of multi-organ failure
was already present during admission in more patients in the first group than in the placebo group
(41 patients versus 23 patients).

Finally, they suggested, that future studies should evaluate the usefulness of high dose of probiotics,
but caution is mandatory to prevent bacterial overgrowth.

Gou et al., in a meta-analysis published in 2014 [55], asserted that probiotics showed neither
adverse nor beneficial effects on the clinical conditions of patients with SAP. However, they highlighted
a significant heterogeneity in the studies of clinical outcomes. However, they highlighted a significant
heterogeneity in the studies of clinical outcomes.

Currently, data are not sufficient to draw a conclusion regarding the effects of probiotics on patients
with SAP, since they are controversial and heterogeneous. Future studies should improve the study
designs, for example, detecting a peculiar strain of microorganisms (i.e., the type of probiotic), the correct
dose of probiotics, or by a standardization of treatment duration.

4.2. Microbiota and Chronic Pancreatitis

Chronic pancreatitis (CP) is a persistent disease characterized by chronic inflammation of the
gland with typical findings, such as Wirsung dilatation, intraparenchymal calcifications, gland atrophy,
and development of fibrosis [56]. Chronic pancreatitis leads to progressive endocrine and exocrine
dysfunction. Data suggest that patients with CP display dysbiosis with growth of pathogenic
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bacteria. This situation is related to the reduction of antimicrobial peptides in the pancreatic juice [57].
Capurso et al. analyzed by a systematic review and meta-analysis the relationship between SIBO and
CP [58]. The authors proved that about 36% (range between 14–92%) of CP patients are affected by
SIBO, detected by a glucose or lactulose hydrogen breath test. However, because of high heterogeneity
in the results, the relationship is unclear, and further research is needed.

Pancreatic enzyme replacement therapy (PERT) is able to alleviate exocrine pancreatic insufficiency
(PEI) related symptoms, helping fat absorption and improving nutritional status of patients [59]. On the
other hand, some authors hypothesize that PERT could directly modify gut microbiota, but the
mechanism is still unknown. In the study by Nishiyama et al. [60], the authors evaluated the gut
microbiota from fecal samples in mice treated with PERT versus controls. Their findings supported
the hypothesis that PERT alleviates PEI-associated symptoms by ameliorating digestive activity and
by changing the composition of gut microbiota. In particular they found a relative abundance of
Akkermansia muciniphila and Latobacillus reuteri in mice treated with PERT.

In fact, researchers found a relative abundance of two types of microorganisms in fecal samples
from pancrelipase-treated mice compared with controls, i.e., Akkermansia muciniphila and Lactobacillus
reuteri. In particular, the first one, found 58-fold higher in the PERT group, is known to enhance
intestinal barrier function by promoting mucus thickness and tight junction protein expression reducing
the leaky gut [61]; so, this study suggests that PERT may help to maintain eubiosis.

Recent studies highlighted the involvement of immune responses against intestinal microbiota
in the development of CP [62]. For example, the activation of pattern recognition receptors (PRRs),
i.e., toll-like receptors (TLR) and nucleotide-binding oligomerization-like (NOD) receptors that detect
pathogen-associated molecular patterns (PAMPs) derived from the intestinal microbiota have been
reported to play a critical role in the development of experimental CP [63].

Proton-pump inhibitors (PPI) are not recommended in patients with CP, but in refractory
steatorrhea they could be helpful. In fact, patients with severe forms of inflammation can have lower
bicarbonate secretion that cannot neutralize the acidity in the duodenum [64].

In a randomized, controlled, double-blinded trial, dos Santos et al., used synbiotics for changing
intestinal microenvironment of patients with CP [65]. Synbiotics was composed of 12 g/day of
Lactobacillus casei, Lactobacillus rhamnosus, Lactobacillus acidophilus, Bifidobacterium bifidum and FOS,
and was administered to the intervention group; instead, 12 g/day of medium absorption complex
carbohydrate was administered to the control group. The authors found that synbiotics improved
clinical and laboratory outcomes in patients with CP. Dylag et al. [66] found that synbiotics may help
restoration of the gut microbiota through the fermentation of FOS and the consequent increase in
Bifidobacteria and the reduction in pathogenic bacteria. The use of prebiotics and synbiotics in patients
with CP promotes a reduction in intestinal stool frequency [65], but their clinical relevance role warrants
additional investigation.

Collectively, these promising results suggest that manipulation of microbiota, due to low cost and
high manageability, may represent a new therapeutic frontier in CP.
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4.3. Microbiota and Autoimmune Pancreatitis

Autoimmune pancreatitis (AIP), described for the first time in 1995, is a rare fibro-inflammatory
form of CP with typical imaging and histological findings, caused by autoimmune abnormality [67,68].
There are two subtypes of AIP: type 1 and type 2. Type 1 is the pancreatic manifestation of a
systemic Immunoglobulin G4–related disease (IgG4-RD); it is associated with increased IgG4 serum
concentrations, lymphoplasmacytic infiltrate and phlebitis in the pancreas. Instead, type 2 AIP affects
only the pancreas, has normal IgG4 serum concentration and, histologically, shows a neutrophilic
inflammation [69]. Hereditary and environmental factors together are thought to induce adaptive
immune responses to self-antigens [70]. Microbial antigens may underlie the pathogenesis, but the
trigger for the autoimmune cascade remains unknown.

At the beginning of the 2000s, several studies have examined the possible association between
Helicobacter pylori (H. pylori) infection and pancreatic diseases, including AIP [71–74].

In 2010, Jesnowski et al., did not isolate H. pylori DNA either from samples or pancreatic juice
of patients affected by AIP [75], excluding a direct bacterial infection of the gland. Afterwards, it has
been proposed that H. pylori could cause AIP due to molecular mimicry mechanism. Guarneri et al. [76],
found a significant homology between H. pylori a-carbonic anhydrase (a-CA) and human CA type II,
enzyme highly expressed in pancreatic ductal cells. Moreover, the homologous CA segments contain
the binding motif of the HLA molecule DRB1*0405, which confers a risk for AIP development [76].
In 2009, Frulloni et al. [74] reported that 94% of AIP patients exhibited IgG antibodies to H. pylori
plasminogen-binding protein (PBP), that is homologous to the human protein ubiquitin-protein
ligase E3 component n-recognin 2 (UBR2), highly expressed in pancreatic acinar cells. Instead,
this finding was found in only 5% of patients with pancreatic cancer adenocarcinoma (PDAC) and
none of patients with alcohol-induced CP or intraductal papillary mucinous neoplasms (IPMN) [74].
Unfortunately, to date, these findings have not been confirmed. At first, Buijs et al. in 2016 [77],
and then Detlfsen et al. [78] in 2018, did not find significant differences in serum concentrations of
anti-PBP antibodies in AIP patients. Furthermore, in the second study the authors investigated the
anti-CAII antibodies serum concentration, but no differences were found with the control group.
Finally, in a prospective study, Culver et al. [79], found that the prevalence of gastric ulcerations,
exposure to H. pylori, cytokine response and immunological memory to H. pylori PBP did not differ in
IgG4-RD patients compared with control group. Hence, they ruled out a role for H. pylori PBP as a
microbial antigen in IgG4-RD pathogenesis [79].

Watanabe et al., proved that antigens derived from intestinal microflora, through the activation of
NOD-2 and TLR pathways, enhance IgG4 responses by peripheral blood mononuclear cells (PBMCs)
from AIP patients, showing a possible involvement of innate immune responses against intestinal
microflora in the development of AIP [80]. Several AIP-like experimental models have been induced
in transgenic mice inoculating microbial agents: C57BL/6 mice infected with the murine leukemia
retrovirus LP-BM5, developed histological findings similar to human AIP [81,82]; in MRL/Mp mice
the administration of polyinosinic:polycytidylic acid (poly I:C), a synthetic double-stranded RNA
and TLR3 ligand, promotes the development of AIP-like pancreatitis [83–86]. After showing in
their first study that repeated inoculations with heat-killed non-pathogenic Escherichia coli (E. coli)
(ATCC 25922), a common commensal bacterium from gut microbiota, into C57BL/6 mice induced
AIP-like pathological alterations accompanied by an elevation in serum IgG [87], Yanagisawa et al.
identified [88] the E. coli antigen capable of these alterations: FliC, the major component of the
flagella, an important cell surface structure of Gram-negative bacteria. In murine model, when injected
intraperitoneally, FliC was able to induce AIP-like pancreatitis. Moreover, serum concentration of
anti-FliC antibodies was found to be significantly higher in AIP patients than in those with CP,
pancreatic cancer, and pancreatic disease-free controls. These findings indicate that FliC from E. coli
may be involved in the pathogenesis of AIP [88]. Finally, Kamata et al. [89], investigated in a murine
model of AIP the role of immune response against intestinal microflora, via plasmacytoid dendritic
cells (pDCs) activation, whose products, interferon (IFN)-α and interleukin (IL)-33, are responsible
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for chronic inflammation and pancreatic fibrosis [89–92]. They proved that bowel sterilization by
broad spectrum antibiotics decreased pancreatic accumulation of pDCs, and consequently IFN-α
and interleukin (IL)-33 levels, halting AIP development. They observed a reduction in the microbial
diversity as well as alteration in the microbial composition in the feces of mice with AIP, with the
abundance of Bifidobacterium spp. in the gut of AIP mice. Lastly, they proved that intestinal dysbiosis,
due to transmission of intestinal microflora by co-housing or by FMT, makes mice more sensitive to
develop experimental AIP when they were injected with a lower dose of an inducing agent [89]. If these
data are confirmed in the human form of AIP, patients with this condition might be efficiently treated
with a blockade of IFN-α and IL-33, in combination with the normalization of the intestinal microflora.

4.4. Microbiota and Type 1 Diabetes Mellitus

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of pancreatic
insulin-producing β cells. Susceptibility to T1D is influenced by both genetic and environmental
factors that act on immune system dysregulation [93]. The risk of developing T1D, in fact, has been
related to viral infections, dietetic factors, and vitamin D deficiency, while the role of antibiotics is still
controversial [94].

The impact of intestinal microbiota in T1D predisposition and pathogenesis has been studied
in human subjects and in murine models, such as non-obese diabetic mice [95,96]. Early-life events,
such as delivery mode, breastfeeding, solid food introduction and antibiotics, strongly influenced the
microbiota composition and its interaction with mucosal and systemic immunity [95]. Diabetes resulted
to be associated with higher Bacteroidetes/Firmicutes ratio and lower α-diversity in fecal samples [95,96].
Moreover, subjects affected by T1D showed an increase in levels of Clostridium, Bacteroides dorei and
vulgatus, Blautia, Rikenellaceae, Ruminococcus and Streptococcus, while Lactobacillus, Bifidobacterium and
SCFAs-producing bacteria were reduced [94,95].

Microbiota dysregulation affects the risk of T1D through different mechanisms, including intestinal
permeability [97,98], molecular mimicry [99] and immune system modulation [100–103].

The intestinal barrier prevents the translocation of toxins, food antigens and infectious factors,
which can activate the immune system. Specific microorganisms of gut microbiota, including Dialister
invisus, Bifidobacterium longum, Gemella sanguinis and Clostridium perfringens, can compromise the
intestinal barrier, leading to an increased risk of T1D [94]. Alterations of the barrier function,
in fact, are associated with activation and proliferation of islet-autoantigen specific CD8+ T cells,
with pro-diabetogenic effect [98].

Moreover, children affected by T1D showed a significantly higher intestinal permeability [98].
The molecular mimicry is an important pathogenetic mechanism not only for diabetes but also for

other autoimmune diseases. The molecular structure of some bacterial proteins showed to be similar to
pancreatic self-antigens. Monofunctional glycosyltransferase protein (MGT) of Leptotrichia goodfellowii,
for example, showed similarity to islet specific glucose-6-phosphatase related protein and could cause
immune cross-reactions [94,104,105].

Innate immunity involves macrophages, granulocytes and natural killer cells, and a key role in the
antigen recognition is played by TLRs, which are activated by PAMPs. Many components of intestinal
bacteria, such as lipopolysaccharides (LPS), lipoproteins, peptidoglycan and nucleic acids, act like
PAMPs and can activate TLRs, with pro-diabetogenic or anti-diabetogenic effects [101]. Different
TLRs, in fact, can promote or inhibit autoimmune processes: TLR2-pathway showed to facilitate T1D,
while TLR4-signaling resulted to be protective against diabetes development [101]. In addition, some
microorganisms can modulate T-cells of B-cells functions. Even if the exact mechanism is still unknown,
Listeria can induce Th1 response [102], while Clostridia can induce regulatory T cells [102]. SCFAs are
associated with reduced serum levels of pro-inflammatory cytokines which promote T1D development,
such as interleukin-21 (IL-21). They preserve the intestinal barrier function and promote B cells
differentiation into plasma-cells and memory cells [103]. Even if there is no current evidence-based
treatment for preventing or delaying T1D onset by acting on gut microbiome, the above-mentioned
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data suggest some possible therapeutic approaches. The immune dysregulation, for instance, can be
modulated through the administration of Escherichia coli Nissle (EcN), which is associated with reduced
pathogenic bacteria colonization, decreased serum levels of IL-2 and TNFα and increased IL-10 [95].
Other possible strategies include the correction of dysbiosis and the improvement of microbial diversity
through probiotics and prebiotics, such as inulin and oligosaccharides [95]. These treatments have
been tested in mouse models, but further studies are needed to prove their efficacy in humans.

4.5. Microbiota and Pancreatic Cystic Neoplasms

Pancreatic cystic neoplasms (PCN) represent up to 5% of the total amount of pancreatic cancerous
neoplasms [106]. Frequently, the discovery of pancreatic cysts is casual, and these are found during
screening or diagnostic procedures for other problems. Diagnostic refinement by computed tomography
(CT) and magnetic resonance imaging (MRI) have allowed us to define PCN, undetected in the past.
PCN are divided into various types, such as serous cystadenomas (SCA), mucinous cystic neoplasm
(MCN) and IPMN; other forms of PCN are very unusual [107]. IPMN can be divided into three
types: IPMN main duct, IPMN branch duct and the mixed form [108]. In recent years, researchers
tried to find a connection between gut microbiota and cystic pancreatic lesions, but some questions
have not been answered yet. Following data reporting the correlation between poor oral health
and PDAC [109,110]. Olson et al., in a pilot study, assessed the difference between oral microbiota
in patients with PDAC, IPMN and controls [111]. The authors evaluated the characteristics of the oral
microbiota of 40 PDAC patients, 39 of whom with IPMN and 58 patients included as control group.
Eligible participants were age 21 or over, had not smoked tobacco products in the past year, had not
taken antibiotics in the past 30 days, had not been treated for any cancer (other than non-melanoma
skin cancer) in the past two years. The 16s rRNA microbiota screening was performed in saliva
samples. Patients with PDAC had a higher mean relative proportion of Firmicutes/Bacteroidetes ratio,
while Proteobacteria were predominant in controls; in fact, the first group had high levels of Firmicutes
and Lactobacillae. However, differences were observed only in the main relative proportion of some
Operational taxonomic unit (OTU). No differences were detected between PDAC and IPMN groups
about alpha diversity [111]. Gaiser et al., have reported a prospective study about the harbor of
intracystic microbiome in PCN [112]. Patients, undergoing pancreatectomy, were enrolled. Cystic fluid
samples were collected at the day of surgery. The authors found that 16s DNA copy number were higher
in IPMN with high grade of risk malignancy than benign neoplasms. Moreover, IL-1 beta protein was
higher in IPMN and cancer. In particular, Proteobacteria were predominant in benign cystic forms, while
Firmicutes in IPMN with high grade dysplasia (HGD) and PDAC. A sub-analysis was performed to
investigate the potential role of invasive endoscopic procedures [i.e., endoscopic ultrasonography-fine
needle agoaspiration (EUS-FNA) or endoscopic retrograde cholangiopancreatography (ERCP) or
percutaneous transhepatic cholangiography (PTC)] in the microbiota composition. Fusobacterium
nucleatum (F. nucleatum) was one of the predominant pathogens in cystic specimens. qPCR assay
confirmed that F. nucleatum were increased in IPMN HGD and in PDAC. Previous procedures had no
impact on microbiota composition, as well as the previous use of PPI [112]. It is now believed that
F. nucleatum have an oncogenic role in some cancers, such as colorectal cancer [113] and PDAC itself [114].

Li et al. [115] studied pancreatic cyst fluid (PCF) to determine the genera of bacteria present.
Sixty-nine pancreatic fluid samples were collected. Twenty-seven were IPMN, 13 MCN, nine
pseudocysts and nine SCA; the rest were classified as “other”. Predominant microorganisms in
the cysts were Bacteroides spp. and Escherichia spp., and even less Fusobacterium spp. and Bacillus spp.
The authors found that PCF contained their bacterial microenvironment with a unique ecosystem.
Finally, Helicobacter were marginally detected in pancreatic cyst fluid. In this case, more studies are
necessary as may be further warranted.
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4.6. Microbiota and Pancreatic Ductal Adenocarcinoma

Pancreatic ductal adenocarcinoma is the 12th most common cancer worldwide [116] and the
fourth most fatal cancer in both men and women [117]. The incidence of PDAC is higher in North
America and in Western Europe and it is more common in men than in women [116].

Risk factors for PDAC include cigarette smoking, obesity and CP. Some chemical compounds,
nickel-based, chromium-based, and silica dust have been reported to increase the risk of PDAC
too [117]. Moreover, the development of PDAC has been related to dietary factors, H. pylori
infection, oral, gut and pancreatic microbiota [117]. The mechanisms by which microbiota influences
carcinogenesis involve innate and adaptive immune suppression [118,119] and stimulation of
pro-carcinogenic cellular pathways [118,120]. In preclinical mice models, in fact, microbial ablation
with broad-spectrum antibiotics has been associated with increased presence of intratumoral T
cells [117], while the administration of cell-free extracts from fecal samples of gut bacteria from
PDAC-bearing mice or cell-free extracts from Bifidobacterium pseudolongum were associated with lower
expression of MHC II and up-regulation of IL-10 [118]. Moreover, bacteria-associated PAMPs bind
to specific TLRs, such as TLR4, thus activating MAP (mitogen-activated protein) Kinase and NF-kB
(nuclear-factor kappa-light-chain-enhancer of activated B cells) pathways, which are potent promoter
of carcinogenesis [121].

The etiologic relationship between gut microbiota and PDAC has been initially studied in mice
models. In these studies, germ-free mice and those treated with oral antibiotics showed a lower
incidence of pancreatic cancer, while fecal transplant from PDAC-bearing mice resulted in an increased
risk of tumor [118].

In murine models, the presence of PDAC has been related to increased number of gut bacteria
from fecal samples belonging to Bacteroides, Firmicutes and selected genera associated to Actinobacteria
and Deferribacteres. Moreover, different microbiota composition has been related to a different rate
of pancreatic carcinoma progression [118]. Elizabethkingia, Enterobacteriaceae and Mycoplasmacetaceae
resulted to be associated with slower progression, while aggressive PDAC was associated with
Helicobacteriaceae, Bacteroidales and Mogibacteriaceae [118]. In humans, Proteobacteria, Actinobacteria,
Fusobacteria and Verrucomicrobia, which normally represent a minor proportion of human intestinal
microbiome [122], were present in abundance in the gut of PDAC patients if compared to controls [118].
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In epidemiological studies, poor oral health and periodontal diseases have been related to PDAC
incidence [121]: these data suggest a possible relationship between oral microbiome and pancreatic
cancer, as mentioned above. In human studies, in fact, the carriage of Porphyromonas gengivalis
and Aggregatibacter actinomycetemcomitans and a decreased proportion of Fusobacteria and its genus
Leptotrichia resulted to be associated with higher risk of PDAC development [110]. Many studies have
demonstrated the role of Porphyromonas gingivalis, an oral pathogen that causes periodontitis and
gingivitis, in the PDAC. Smoking and alcohol consumption are recognized risk factors for pancreatic
cancer, but at the same time they can affect oral microbiome composition. Therefore, the association
between oral bacteria and PDAC has been studied in ever and never-smokers and in ever and
never-drinkers: the results suggest that the association between oral microbiota and PDAC are not
likely due to these potential confounders [110]. The presence and composition of pancreatic microbiota
have been associated to PDAC development: cancerous pancreas showed a more abundant microbiota
compared to normal pancreas in both murine models and human subjects [118]. Translocation of
gut bacteria and their migration into the pancreas have been demonstrated by Pushalkar et al. [118],
through comparison between fecal samples and pancreatic microbiota and through oral administration
of fluorescently labelled Enterococcus faecalis and Green Fluorescent Protein (GFP)-labeled Escherichia
coli. Thus, gut microbiota could influence pancreatic microenvironment. The composition of pancreatic
microbiota in PDAC resulted to be different from normal human pancreas. Thirteen phyla were detected
in tumor tissue. The most abundant were Proteobacteria, Bacteroidetes and Firmicutes [118]. Interestingly,
Proteobacteria only amount for about 8% of gut bacteria from fecal samples in PDAC patients, while they
were one of the most represented bacteria in their pancreatic tissue [118]; this suggests a differentially
increased translocation of these Gram-negative bacteria to the pancreas. Nowadays, it is believed
that F. nucleatum, an inhabitant of the oral mucosa, is important in the colon rectal dysplasia and
cancer. Similar results were found on PDAC. In a landmark study, Mitsuhashi et al. [114] studied
the correlation between PDAC and oral microbiota; they analyzed a database of 283 patients with
PDAC who underwent surgery and found Fusobacterium spp. in 8.8% of pancreatic cancer samples; the
presence of tumor Fusobacterium was not associated with any molecular and clinical features, but with
worse prognosis. Mitsuhashi et al. suggested that Fusobacterium could be a negative prognostic
negative independent biomarker for PDAC.

This data about intestinal, oral and pancreatic microbiota can represent useful screening and
prevention tools. In fact, they suggest that the analysis of oral and gut microbiota composition could be
used for risk stratification and early diagnosis of PDAC. Moreover, oral antibiotics could be proposed
as a preventive therapy for high-risk patients or in association with chemotherapy with a synergic
effect [118]. Both these diagnostic and therapeutic implications, however, need further studies to
be confirmed.

4.7. Microbiota and Pancreatic Neuroendocrine Tumors

Evidences about a link between pancreatic neuroendocrine tumors (pNET) and microbiota are very
poor. Currently, therapies for pNET are surgery for not invasive neoplasms, somatostatin analogues
(SSA), peptide receptor radionuclide therapy (PRRT), target therapy with Everolimus and Sunitinib
and chemotherapy (for advanced NET) [123]. In this scenario, immunotherapy could have a futuristic
role; in particular, PD-1 inhibitors and PD-1 ligands are a group of checkpoint inhibitors that have
been developed for treatment of some cancers (i.e., melanoma, squamous cell lung cancer, advanced
cell renal carcinoma, Merkel-cell carcinoma, a cutaneous neuroendocrine tumor) [124,125]. Specific
clinical trials are looking for a role of immune checkpoint inhibitors in pNETs [126], that may conduct
to more personalized target therapy; in particular researchers are testing pembrolizumab in NET with
advanced stage. In a landmark study of Nghiem et al. [125], they used pembrolizumab as first-line
therapy in patients with advanced Merkel-cell carcinoma (a type of skin neuroendocrine tumor) with
an objective response rate of 56%.
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Recent data support a role for the commensal microbiota in the efficacy of immunotherapy itself.
Indeed, gut microbiota may have a “mechanistic impact” on antitumor immunity in the cancer [127].
Matson et al., collected 38 stool samples from metastatic melanoma patients on anti-PD-1 treatment and,
after 16S RNA sequencing and quantitative PCR analysis, they identified Bifidobacterium spp., Colinsella
aerofaciens, Enterococcus faecium as bacteria associated with beneficial response [127]. They transplanted
fecal material from responding patients in a germ-free mice model of melanoma. They observed
that FMT could lead to improve tumor control, augmenting T cell responses, and greater efficacy of
anti-PD-L1 therapy.

The commensal microbiota composition might be useful as a biomarker to predict response to
checkpoint blockade therapy, and in the future, it could be possible to translate this research for the
pNET. However, data are very poor now, and the relationship between immunotherapy and microbiota,
in NET patients, is still unclear.

5. Conclusions

Although the relationship between microbiota and pancreatic diseases is an innovative and
inspiring field of research, several points warrant further clarification. At present, the association
between pancreatic diseases and microbiota is not well established. Hence, the correlation between
microbiota and pancreas remains fraught with challenges. Given the potential role of microbiota in the
pancreatic diseases, technological improvement in microbiota manipulation as well as randomized
controlled trials could represent a powerful therapeutic strategy for their prevention and treatment.
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Abstract: The incidence of autoimmune type 1 diabetes (T1DM) is increasing worldwide and disease
onset tends to occur at a younger age. Unfortunately, clinical trials aiming to detect predictive
factors of disease, in individuals with a high risk of T1DM, reported negative results. Hence, actually
there are no tools or strategies to prevent T1DM onset. The importance of the gut microbiome in
autoimmune diseases is increasingly recognized and recent data suggest that intestinal dysbiosis has
a pathogenic role in T1DM by affecting both intestinal immunostasis and the permeability of the gut
barrier. An improved understanding of the mechanisms whereby dysbiosis in the gut favors T1DM
development may help develop new intervention strategies to reduce both the incidence and burden
of T1DM. This review summarizes available data on the associations between gut microbiota and
T1DM in both experimental animals and humans and discusses future perspectives in this novel and
exciting area of research.
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1. Introduction

In the last decade, the gut microbiota has gained increasing interest because of a major shift in our
way of thinking: the microbiota is no longer considered a passive collection of microbes hosted in the
gut, but an integral part of the body, providing important functions to the host. Landmark studies
have significantly improved our understanding of microbiota function, dynamic, and interactions.
Today, we know that the gut microbiota is involved in both the development and progression of
many pathological conditions and targeting the microbiota has become a novel promising intervention
strategy. Recent data suggest that an imbalance in gut microbiota (dysbiosis) could be involved in
the pathogenesis of autoimmune type 1 diabetes (T1DM) and may contribute to explaining the global
rise in T1DM incidence, particularly in childhood [1–3]. Indeed, a dysfunctional microbiota can favor
the development of autoimmune diseases by altering the maturation of the immune system in early
infancy and by increasing both intestinal permeability and inflammation. Despite major research effort,
clinical trials in individuals with high T1DM risk reported negative results and there is no effective
strategy for the primary prevention of T1DM. Hopefully, studying the role of the intestinal microbiota
in T1DM may provide insights into developing new strategies to reduce T1DM incidence.

2. Type 1 Diabetes Mellitus

T1DM accounts for 5–10% of all diagnosed cases of diabetes and onset of the disease usually occurs
during childhood or adolescence [4]. The International Diabetes Federation (IDF) estimated that more
than a million subjects (<20 years) were affected by T1DM in 2017 and approximately 86,000 children
develop T1DM every year; however, the incidence varies among countries and even in different areas
within the same country [5]. In Europe, there is a north–south gradient, with Scandinavian countries
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exhibiting the highest incidence rate. The incidence is much lower in the Mediterranean area, though
Sardinia has the second highest incidence in the world after Finland [6]. T1DM incidence has increased
over the last 50–60 years in many countries, with an approximate 3% rise in incidence rate per year [6,7].
In some countries, the disease is also occurring at a much earlier age, with a marked increase in the
0–4 years age range [8], indicating a lowered threshold for T1DM development.

T1DM is characterized by absolute insulin deficiency due to pancreatic β cell loss. This process,
occurring in genetically susceptible individuals, may be triggered by environmental factors,
and progresses over many months or years, during which the subject is asymptomatic and euglycemic.
Indeed, autoimmune β cell destruction by autoimmune T cells progresses slowly and hyperglycemia
and symptomatic diabetes only develops when a critical mass of β cells (~80%) is lost. Therefore, clinical
T1DM is preceded by a silent phase in which the presence of autoantibodies (insulin, glutamic acid
decarboxylase, insulinoma-2-associated, and zinc transporter 8 autoantibodies), which are biomarkers
of T1DM-associated autoimmunity, is the only detectable abnormality [9,10].

Clinical onset is characterized by polyuria, thirst, polydipsia, weight loss, hunger, polyphagia,
and fatigue. Early recognition is important to prevent the development of diabetic ketoacidosis (DKA),
a severe condition characterized by hyperglycemia, acidosis, ketonemia, and ketonuria. DKA occurs at
the time of T1DM diagnosis in approximately 30% of children in the United States and the incidence
rate in children with established diabetes is approximately 6–8% per year. DKA is the leading cause of
morbidity and mortality in pediatric T1DM. Indeed, in children, cerebral injury occurs in 0.3 to 0.9
percent of DKA episodes and has a mortality of 20–25% [11].

In the absence of DKA, T1DM diagnosis is based on one of the following criteria: (1) random
plasma glucose ≥ 200 mg/dL in a patient with classic symptoms of hyperglycemia, (2) fasting plasma
glucose ≥ 126 mg/dL, (3) plasma glucose ≥ 200 mg/dL two hours after a glucose load of 1.75 g/kg
(oGTT), and (4) glycated hemoglobin (HbA1C) ≥ 6.5%. Unless symptomatic hyperglycemia is present,
the diagnosis should be confirmed by repeat testing [4]. Because of the rapid T1DM onset, HbA1C
may not be markedly elevated; therefore, an HbA1C level below 6.5% does not exclude the diagnosis
of diabetes in pediatric patients.

Once it is diagnosed, T1DM requires immediate treatment with insulin replacement therapy.
Intensive insulin therapy combines the administration of long-acting basal insulin together with
pre-meal boluses of rapid-acting insulin to mimic the physiological secretion of insulin by the β cells.
This can be achieved by either Multiple Daily insulin Injections (MDI) or Continuous Subcutaneous
Insulin Infusion (CSII). The general aim of T1DM therapy is to maintain glucose control as near to
normal as possible without causing hypoglycemia. In addition, T1DM care should also include diabetes
education, self-management training, patient-tailored plans on healthy nutrition and exercise, and
psychosocial support [4].

To prevent the burden of T1DM care, the best approach would be the primary prevention of
T1DM in subjects at risk of developing the disease [12]. However, clinical trials focusing on primary
prevention failed to prove benefit so far and there is no effective tool to block the development of the
disease [12]. This is, at least in part, due to our poor understanding of T1DM pathogenesis. HLA-DR
and -DQ genes account for 40–50% of the susceptibility to the disease [13]. Moreover, recent studies
suggest an important role of gene polymorphisms, such as Toll-like receptor exon polymorphisms
and polymorphisms in genes critical for vitamin D metabolism [14–17]. However, genetics alone
cannot explain T1DM onset, as less than 10% of the children, who are genetically predisposed,
develop the disease. Thus, environmental factors that affect the immune response, changing the
probability of an autoimmune reaction against β cells in genetically susceptible subjects, play a crucial
role. Environmental influences implicated in the pathogenesis of T1DM include pregnancy-related
and perinatal factors, viruses, ingestion of cow’s milk and cereals, and use of both antibiotics and
probiotics [18]. These factors also affect the microbiota, adding to the hypothesis of a role of the gut
microbiome in linking environment influences with the development of T1DM.
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3. The Microbiota

The microbiota is defined as the set of microorganisms living in symbiosis with their human/animal
host [19]. The human microbiota consists of symbiotic microbial cells harbored on skin, respiratory
and urogenital systems and gastrointestinal tract. In the latter, microbial populations reach the
highest density and form a complex microbial community of ~4 × 1013 cells [19,20]. Although the gut
microbiota includes different types of microorganisms, bacteria are the best studied. Sequencing the 16S
rRNA is a key methodology to identify and classify these bacterial populations [21,22]. Furthermore,
new metagenomic methods can precisely identify functional and strain-specific differences in the
microbiome [23]. Healthy adults share most gut bacterial populations, which constitute a “core
microbiota”. In fact, even if thousands of bacterial species have been isolated from human intestine,
most of them belong to just four phyla: Bacteroidetes and Firmicutes are predominant (90%),
while Actinobacteria and Proteobacteria are less abundant [24]. However, the concept of the “core
microbiota” has been challenged by data showing a vast microbial diversity both over time and across
human populations [25].

Colonization of the gut starts at birth, though recent studies questioned the dogma that the womb
is a sterile environment, and is markedly affected by the mode of delivery. Vaginally delivered infants
acquire microbial communities resembling maternal vaginal microbiota, predominantly Lactobacillus.
In contrast, C-section infants harbor bacterial strains similar to those found on the skin, such as
Staphylococcus and Clostridium genera [26,27]. Fecal microbiota resembles that of the mothers in
72% of vaginally delivered infants, while this percentage is reduced to 41% in babies delivered by
C-section [26]. However, recent evidence shows that maternal skin and vaginal strains only transiently
colonize the infant and that mother-to-infant transmission of gut strains, which occurs after birth via
unclear mechanisms, is more relevant and persistent [28].

The intestinal microbiota of newborns is generally low in diversity and is dominated by two main
phyla: Actinobacteria and Proteobacteria. Later, the gut microbiota becomes more diverse, with the
predominance of Firmicutes and Bacteroidetes. By approximately 2–3 years of age, the composition,
diversity and function of the microbiota are very similar to that of adult subjects.

Although the gut microbiota is relatively stable in adults compared to infants, it can undergo major
changes in response to environmental influences, such as diet composition, the use of drugs, the lifestyle,
environment hygiene standards and geographical location [29]. For instance, diet composition can
modulate gut bacteria composition since childhood [26,30]. In breastfed infants, the gut microbiota
is characterized by higher levels of probiotic genera, such as Lactobacillus and Bifidobacterium,
and shows a lower microbial diversity compared to that of formula-fed babies [26,30]. Moreover,
the consumption of animal proteins is positively associated with the presence of Bacteroides and
Alistipes genera, while fiber intake is linked to increased Bifidobacterium and Lactobacillium genera,
both in childhood and adulthood [31,32]. These genera are also enhanced by supplementation with
probiotics [31,33]. Other environmental factors that greatly influence the gut microbiota composition
are the use of drugs, particularly antibiotics, and geographical location [25]. Although it is well
established that antibiotic therapy can reshape the gut microbiota, it remains unclear whether the
microbial community can fully recover following antibiotic treatment [34,35].

The gut microbiota becomes unstable and less diverse with aging and the centenarian microbiota
shows an increase in facultative anaerobe species, such as Escherichia coli, and a rearrangement of the
profile of butyrate producers, such as a decrease in Faecalibacterium prausnitzii [36]. These events are
closely associated with both an age-related decline in immunocompetence and coexisting illnesses [36].

4. Importance of the Microbiota to the Host

The human gut microbiota plays a multitude of important functions. It provides protection
against pathogen overgrowth, preventing their colonization via the inhibition of adherence, production
of bacteriocins, and both site and nutrient competition. It metabolizes specific drugs and eliminates
exogenous toxins, thus playing an important detoxifying role. It is involved in the synthesis of essential
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vitamins, such as B1, B2, B5, B6, B12, K, folic acid, and performs biliary acid deconjugation. In addition,
fermentation of indigestible carbohydrates by intestinal bacteria allows their use as a source of energy
and provides 5–10% of daily energy requirement [37,38]. Furthermore, in the normal colon, the gut
microbiota contributes to intestinal repair by promoting cellular proliferation and differentiation and it
is of paramount importance in maintaining the integrity of the gut barrier [37]. Growing evidence
points to a key role of the gut microbiota in both maturation and continued education of the host
immune system [39]. Indeed, the immune system learns to discriminate between commensal and
pathogenic bacteria and, following education, commensal bacteria triggers an anti-inflammatory
response, while pathogenic bacteria a pro-inflammatory reaction. Moreover, the gut microbiota
modulates both the migration and function of neutrophils and affects T cell differentiation, favoring
both the differentiation and expansion of regulatory T cells (Tregs), which are key mediators of immune
tolerance. An important mechanism by which the gut microbiota controls the immune system is through
the formation of short-chain fatty acids (SCFAs), such as butyrate, acetate, and propionate [38,40].
SCFAs are mainly generated by bacterial fermentation of non-digestible carbohydrates, such as dietary
fiber [40]. In T lymphocytes, SCFAs activate G protein-coupled receptors (GPR41/GPR43) signaling
pathways, inhibit histone deacetylases, and induce metabolic alterations by enhancing the activity of
the mammalian target of rapamycin (mTOR) complex. This results in the inhibition of inflammatory
cascades, the expansion of mucosal Tregs, and the decreased production of inflammatory cytokines,
such as interleukin-10 (IL-10) and interferon-γ (IFN-γ) [40].

Given the key role of the gut microbiota in maintaining the host health, it is not surprising that
alterations in the microbiota (dysbiosis) could be implicated in the pathogenesis of a growing number
of extraintestinal diseases including T1DM [41,42].

The term “dysbiosis” refers to an imbalance of the gut microbiota due to the loss of beneficial
microbial organisms, the expansion of potentially harmful microorganisms and/or lower microbial
diversity [43,44]. Although this term has been widely used in the field of microbiota research,
the concept of gut microbiota dysbiosis, which is predominantly based on early microbiome taxonomic
studies, is poorly defined and has been recently questioned [45]. Given the complexity and great
variability of the human microbiota, changes in the microbiota may be irrelevant to the host health
and there is an increasing quest for more rigorous criteria, such as modified Koch criteria, to identify
abnormalities pertinent to the microbiota that can be of clinical relevance.

5. Microbiota and Type 1 Diabetes Mellitus

5.1. The Microbiota in Experimental T1DM

The possible role of the gut microbiota in the pathogenesis of autoimmune diabetes was first
suggested in the 1980s, but scientific interest on this topic has dramatically increased in the last two
decades. Experimental studies have been predominantly performed in animal models of autoimmune
diabetes such as Non-Obese Diabetic (NOD) mice and BioBreeding diabetes-prone rats. Consistent
with the hypothesis that dysbiosis occurs in T1DM, most of the studies in experimental autoimmune
diabetes reported changes in both diversity and composition of gut microbiota. Moreover, fecal
transplantation from NOD to Non-Obese Diabetes-Resistant (NOR) mice caused insulitis, indicating a
diabetogenic effect of the NOD microbiota [46]. Cross fostering is another effective mean to induce
a sustained microbial shift. Cross fostering of NOD mice by NOR mice was capable to protect from
diabetes. Specifically, no development of diabetes was observed in NOD male mice nursed by a NOR
mother, compared to an 80% incidence of T1DM in male NOD mice nursed by NOD mothers [47].

The link between microbiota-induced innate immunity alterations and T1DM risk was highlighted
by studies performed in animals lacking Myeloid differentiation primary response 88 (MyD88),
an adaptor protein for the toll-like receptors that recognize microbial patterns and regulate the innate
immune response [48]. NOD mice lacking MyD88 were protected from T1DM, indicating that MyD88
is important in T1DM development [48]. However, MyD88 deletion in germ-free NOD mice increased
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the risk of T1DM [48]. Therefore, the protective effect of MyD88 deficiency is microbiota-dependent,
confirming that interactions between the microbiota and innate immunity are important in the
development of the disease. In addition, inflammatory lymphocytes, such as T helper 17 and type 3
innate lymphoid cells, are increased in the intestinal lamina propria of NOD mice, while tolerogenic
dendritic cells and Treg are reduced in the lymph nodes draining the gut [49]. These changes in
adaptive immunity may favor the activation of auto-reactive T cells against β cell antigens and thus
T1DM development.

Dysbiosis can also affect the integrity of the gut barrier, resulting in enhanced permeability and
the transit of antigens. Tight junctions, sealing the gap between adjacent intestinal epithelial cells,
control gut permeability, allowing nutrient absorption, while preventing the transit of dietary, bacterial,
and viral antigens. The mucus layer covering the epithelium represents another important barrier
and controls the type of commensal bacteria residing in the epithelium [50]. In early experimental
autoimmune diabetes prior to the development of insulitis, dysbiosis and altered immunostasis are
paralleled by abnormalities of the gut barrier, such as decreased numbers of goblet cells and diminished
mucus production [49], leading to enhanced intestinal permeability [51–53]. Cross fostering of NOD
mice by NOR mothers corrected the defect in mucus production, indicating a key role of NOD
microbiota in the dysfunction of the gut barrier [49].

How the loss of gut barrier integrity triggers β cell autoimmunity remains unclear. It has been
proposed that the entrance of antigenic bacterial components into the systemic circulation can directly
induce β cell damage and/or activate β cell autoimmunity in the pancreatic lymph nodes. Consistent
with this hypothesis, translocation of the microbiota to the pancreatic lymph nodes has been observed
in the NOD model [49]. Alternatively, T cells recognizing β cell antigens can be activated by bacterial
products in the gut and then travel to the pancreatic lymph nodes to induce β cell injury [54]. In line
with this, the induction of chronic colitis, which alters both gut barrier integrity and mucus layer
composition, triggered the activation of islet-reactive T cells in the gut mucosa and led to autoimmune
diabetes in BDC2.5XNOD mice, an animal model mimicking subjects at high risk of T1DM. Moreover,
treatment of these mice with antibiotics prevented T1DM, confirming that the microbiota was required
to induce β cell autoimmunity [55]

Taken together, results from experimental animals support the hypothesis that the microbiota
may play a role in the pathogenesis of T1DM by affecting both the immune response and the gut
barrier integrity. However, the mechanisms leading to β cell autoimmunity are still unclear and require
further investigations.

5.2. Intervention Studies in Experimental Autoimmune Diabetes

Several studies in susceptible experimental animals have explored whether intervention strategies
affecting the microbiota can modulate the risk of developing T1DM. Probiotic supplementation [56–58],
prebiotic assumption [59], antibiotic therapy [46,60–64], and SCFA supplementation [65,66] has been
shown to reduce the risk of T1DM onset. NOD pups born to mothers treated with broad-spectrum
antibiotics showed increased T1DM incidence together with changes in the microbiota and inflammatory
alterations in the intestinal mucosa [67]. Similarly, NOD mice intermittently treated with a macrolide
in early life showed increased insulitis, enhanced T1DM incidence, and abnormalities in both innate
immunity and T cell differentiation [63]. More recently, a study has shown that a single early-life
antibiotic course accelerated T1DM development in male NOD mice and this was paralleled by
persistent changes in the gut microbiome and altered the expression of genes controlling both innate
and adaptive immunity [68]. On the contrary, supplementation with VSL#3, a probiotic preparation
containing eight different strains, decreased T1DM incidence in NOD mice [56]. Similarly, high doses
of butyrate in the diet significantly reduced T1DM incidence in NOD mice through the expansion
of Treg cells [65]. Recently, supplementation with low-methoxyl pectin (LMP) dietary fiber has been
shown to reduce T1DM incidence and fasting glucose levels in NOD mice. This was paralleled by
the enrichment of bacterial species producing SCFAs, reduced inflammation, the amelioration of gut
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barrier integrity and an increase in Treg cells. Antibiotic treatment worsened T1DM autoimmunity in
this model, but the transfer of feces from LMP-fed mice reversed the effect of antibiotics [69], confirming
the key role of the microbiome in mediating the beneficial effects of LMP. Treatment of NOD mice with
the probiotic bacteria Clostridium butyricum increased Tregs in both mesenteric and pancreatic lymph
nodes, enhanced expression of microbial genes important in butyrate production, and delayed the
onset of T1DM [70].

Taken together, these findings support the hypothesis of a causal link between changes in the
microbiota composition and the risk of T1DM onset and they also suggest potential therapeutic
strategies to restore a healthy microbiome. However, inbred mouse strains are genetically homogenous,
and thus they cannot capture the inherent genetic variations of humans. Moreover, a number of factors
(i.e., mode of delivery, diet, social activity) that shape human microbiota are absent in mice. Therefore,
results from animal models are not easily translatable to humans and conclusions in experimental
models should be taken with caution (Figure 1).

5.3. The Microbiota in Human T1DM

Table 1 summarizes both the design and results of a selection of recent studies performed in
humans [1]. Studies exploring the role of the microbiota in human T1DM have been performed
in different stages of the disease, ranging from genetic predisposition to clinical diabetes [71–82].
To support the hypothesis of a microbiota contribution to T1DM pathogenesis, studies carried out in
the preclinical stage of the disease, identified by the appearance of one or more T1DM-specific
autoantibodies in the circulation (seroconversion), are of particular relevance [71–73,76–80,82].
Longitudinal studies in large series of children are also of paramount importance as they can prove
that microbiome abnormalities precede seroconversion and/or clinical T1DM onset [71,73,76–78,80,82].

However, establishing a causal relationship between microbiome alterations and T1DM in
humans is very challenging because of the complexity of the microbiota immune system cross talk.
It is also difficult to identify microbiota abnormalities consistently associated with diabetes, because
seroconversion occurs in early life when the microbiota is unstable and it undergoes substantial changes
over time [25,26]. Furthermore, factors as delivery mode, diet, geographical location, and lifestyle
dramatically affect the microbiota and, besides being potential causes of dysbiosis, they can also act as
relevant confounders [27,29,32]. Although causality between dysbiosis and T1DM has not yet been
proven in humans, as there are no placebo-controlled trials showing that long-term changes in the
intestinal microbiota modify the risk of T1DM, there are data suggesting a role of the gut microbiota in
the development of human T1DM.

Children diagnosed with T1DM have reduced gut microbiota diversity in fecal samples.
A lower microbial diversity was also shown in children with at least two positive disease-associated
autoantibodies compared to autoantibody-negative children. Moreover, longitudinal studies in children
at risk of T1DM have shown that the decrease in microbial diversity occurs after seroconversion, but
prior to T1DM onset [71–73].

Several studies on the microbiota composition in T1DM reported an increase in Bacteroidetes
(Gram negative) and a decrease in Firmicutes (Gram positive) [72–75]. The prevalent species from the
Firmicutes phylum produce protective SCFAs, including butyrate [83], suggesting that the reduction in
Firmicutes seen in T1DM may be deleterious because of diminished butyrate production. On the other
hand, the Bacteroidetes phylum is dominated by Bacteroides and Prevotella [19]. In T1DM, the quantity
of Bacteroides is significantly higher, whereas that of Prevotella is significantly lower than in healthy
controls and this is of relevance, as Bacteroides have been associated with gastrointestinal inflammation
and increased intestinal permeability, while Prevotella appear protective. In a cross-sectional study
an increased abundance of Bacteroides characterized the microbiota of children who seroconverted
compared with non-converters [72]. Similarly, a study performed in 76 Finnish children found increased
Bacteroides dorei and Bacteroides vulgatus species in seroconverted T1DM patients. Of interest,
longitudinal data from this study showed that the increase in Bacteroides dorei peaked at 7.6 months of
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age in autoantibody-positive children and preceded the appearance of the first anti-islet autoantibodies,
suggesting that early dysbiosis may predict T1DM in genetically predisposal subjects [76]. The increased
abundance of Bacteroides species in Finnish and Estonian compared to Russian children has been even
proposed as a possible explanation for their higher incidence of T1DM [84]. Bifidobacterium species
were also reduced in autoantibody-positive compared to autoantibodies negative children [72] and this
may be of functional relevance as Bifidobacteria contribute to the production of butyrate and inhibit
bacterial translocation through the gut barrier.

However, recent metagenomic studies suggest that changes in microbiome function are more
relevant and consistently associated with the risk of seroconversion and/or T1DM onset than changes
in specific taxa. The Environmental Determinants of Diabetes in the Young (TEDDY) study did not find
important taxonomic differences in the gut microbiome of children who seroconverted or developed
T1DM. However, metagenomic analysis revealed that the microbiome of these children contained
significantly lower numbers of genes involved in the production of SCFAs [77]. This finding is in line
with a previous study by de Goffau et al., reporting that β cell autoimmunity prior to T1DM onset is
associated with a reduction in butyrate-producing species [72]. Dietary factors may induce changes in
the composition of the gut microbiome, leading to both reduced butyrate production and enhanced
risk of autoantibodies associated to the development of T1DM [78]. A recent metaproteomic analysis
has also shown that microbial taxa associated with host proteins involved in maintaining function
of the mucous barrier and microvilli adhesion were depleted in patients with new-onset T1DM [79].
Moreover, intestinal permeability was increased in children at risk of developing T1DM and correlated
with microbiota alterations [85,86]. These findings support the notion that increased gut permeability
is important in linking the microbiome to T1DM in humans as previously demonstrated in animal
model of autoimmune diabetes.

Adding a further layer of complexity to the field, a recent study has shown that HLA can influence
the composition of the human gut microbiome [80]. Indeed, genetic risk for developing T1DM
autoimmunity was associated with distinct changes in the gut microbiome. Therefore, in T1DM genetic
susceptibility can not only synergically interact with, but also contribute to shape the microbiome [80].
This finding may also be relevant for the design of future clinical studies as recruitment of children at
high genetic risk for T1DM is less desirable than we previously thought because it can mask the effect
of HLA on the microbiome.

Overall data in humans are more conflicting than in experimental animals. Most of the
available data in humans come from underpowered case-control studies and this may partially
explain inconsistencies. Moreover, human studies mainly prove associations between dysbiosis and
T1DM rather than a causal relationship and they explored taxonomic rather than functional changes in
the microbiota. New approaches such as metagenomics and metaproteomics applied to large cohort of
patients and intervention studies may provide better insights on this topic in the future and move this
area of research from a description of abnormalities to translational applications.
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6. Future perspective

Research on the microbiome in T1DM has expanded dramatically in recent years; however,
a causal relationship between dysbiosis and the risk of T1DM has not yet been established in humans.
Even though intervention studies in susceptible animals have provided evidence that strategies
ameliorating/reversing dysbiosis reduce the incidence of T1DM, this evidence is still lacking in humans.
However, tailored changes in the intestinal microbiome may represent a novel therapeutic approach
for the primary prevention of T1DM and various strategies have been proposed to reshape the gut
microbiota in children at high risk of T1DM. Infants delivered by C-section can be exposed to maternal
vaginal fluids at birth to make their microbiota composition comparable to that of vaginally born
babies [87]. Supplementation with LMP dietary fiber may be beneficial in humans as recently proven in
mice. Prebiotics, such as inulin, lactulose, and in particular human milk oligosaccharides, can promote
the growth of Bifidobacteria and a recent pilot study showed that treatment for 3 months with
the prebiotic oligofructose-enriched inulin in children with T1DM significantly increased C-peptide
levels [81]. Clinical trials are currently testing the efficacy of supplementation with probiotics in
human T1DM [88]. Notably, a recent study demonstrated that the administration of probiotics in the
first month of life was associated with a 60% reduction in the autoimmunity risk in children with
the high-risk HLA-DR3/4 genotype [82]. Moreover, a clinical trial with the probiotics Lactobacillus
rhamnosus GG and Bifidobacterium lactis Bb12L is currently ongoing in children with new-onset
T1DM [89]. In the era of precision medicine, personalized diets, tailored in accordance with both the
host’s genetic background and individual microbiome may hopefully correct dysbiosis and reduce the
risk of developing T1DM.

 

Figure 1. Interplay between genetics, environment, and gut microbiota in T1DM pathogenesis.
Specific HLA allele can increase susceptibility to the development of type 1 diabetes and influence the
composition of the gut microbiota. Many environmental factors can also shape the gut microbiota.
Abnormalities in the gut microbiome are believed to favor autoimmunity against pancreatic b-cells by
modulating the gut immune/inflammatory response and by enhancing the gut barrier permeability
both directly and indirectly through reduced production of short-chain fatty acids (SCFAs).
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42. Skonieczna-Żydecka, K.; Marlicz, W.; Misera, A.; Koulaouzidis, A.; Łoniewski, I. Microbiome—The Missing
Link in the Gut-Brain Axis: Focus on Its Role in Gastrointestinal and Mental Health. J. Clin. Med. 2018, 7,
521. [CrossRef] [PubMed]

43. Petersen, C.; Round, J.L. Defining dysbiosis and its influence on host immunity and disease. Cell Microbiol.
2014, 16, 1024–1033. [CrossRef] [PubMed]

44. Vangay, P.; Ward, T.; Gerber, J.S.; Knights, D. Antibiotics, pediatric dysbiosis, and disease. Cell Host Microbe
2015, 17, 553–564. [CrossRef] [PubMed]

45. Brüssow, H. Problems with the concept of gut microbiota dysbiosis. Microb. Biotechnol. 2019, 1–12. [CrossRef]
[PubMed]

46. Brown, K.; Godovannyi, A.; Ma, C.; Zhang, Y.; Ahmadi-Vand, Z.; Dai, C.; Gorzelak, M.A.; Chan, Y.;
Chan, J.M.; Lochner, A.; et al. Prolonged antibiotic treatment induces a diabetogenic intestinal microbiome
that accelerates diabetes in NOD mice. ISME J. 2016, 10, 321. [CrossRef]

47. Daft, J.G.; Ptacek, T.; Kumar, R.; Morrow, C.; Lorenz, R.G. Cross-fostering immediately after birth induces a
permanent microbiota shift that is shaped by the nursing mother. Microbiome 2015, 3, 17. [CrossRef]

48. Wen, L.; Ley, R.E.; Volchkov, P.Y.; Stranges, P.B.; Avanesyan, L.; Stonebraker, A.C.; Hu, C.; Wong, F.S.;
Szot, G.L.; Bluestone, J.A.; et al. Innate immunity and intestinal microbiota in the development of Type 1
diabetes. Nature 2008, 455, 1109. [CrossRef]

49. Miranda, M.C.G.; Oliveira, R.P.; Torres, L.; Aguiar, S.L.F.; Pinheiro Rosa, N.; Lemos, L.; Guimarães, M.A.;
Reis, D.; Silveira, T.; Ferreira, Ê.; et al. Frontline Science: Abnormalities in the gut mucosa of non-obese
diabetic mice precede the onset of type 1 diabetes. J. Leukoc. Biol. 2019, 106, 513–529. [CrossRef]

50. Caviglia, G.P.; Rosso, C.; Ribaldone, D.G.; Dughera, F.; Fagoonee, S.; Astegiano, M.; Pellicano, R.
Physiopathology of intestinal barrier and the role of zonulin. Minerva Biotecnol. 2019, 31, 83–92. [CrossRef]

51. Neu, J.; Reverte, C.M.; Mackey, A.D.; Liboni, K.; Tuhacek-Tenace, L.M.; Hatch, M.; Li, N.; Caicedo, R.A.;
Schatz, D.A.; Atkinson, M. Changes in intestinal morphology and permeability in the biobreeding rat before
the onset of type 1 diabetes. J. Pediatric Gastroenterol. Nutr. 2005, 40, 589–595. [CrossRef]

52. Vaarala, O.; Atkinson, M.A.; Neu, J. The “perfect storm” for type 1 diabetes: The complex interplay between
intestinal microbiota, gut permeability, and mucosal immunity. Diabetes 2008, 57, 2555–2562. [CrossRef]
[PubMed]

53. Lee, A.S.; Gibson, D.L.; Zhang, Y.; Sham, H.P.; Vallance, B.A.; Dutz, J.P. Gut barrier disruption by an enteric
bacterial pathogen accelerates insulitis in NOD mice. Diabetologia 2010, 53, 741–748. [CrossRef] [PubMed]

54. Turley, S.J.; Lee, J.W.; Dutton-Swain, N.; Mathis, D.; Benoist, C. Endocrine self and gut non-self intersect in
the pancreatic lymph nodes. Proc. Natl. Acad. Sci. USA 2005, 102, 17729–17733. [CrossRef] [PubMed]

55. Sorini, C.; Cosorich, I.; Conte, M.L.; De Giorgi, L.; Facciotti, F.; Lucianò, R.; Rocchi, M.; Ferrarese, R.;
Sanvito, F.; Canducci, F.; et al. Loss of gut barrier integrity triggers activation of islet-reactive T cells and
autoimmune diabetes. Proc. Natl. Acad. Sci. USA 2019, 116, 15140–15149. [CrossRef] [PubMed]

56. Calcinaro, F.; Dionisi, S.; Marinaro, M.; Candeloro, P.; Bonato, V.; Marzotti, S.; Corneli, R.B.; Ferretti, E.;
Gulino, A.; Grasso, F.; et al. Oral probiotic administration induces interleukin-10 production and prevents
spontaneous autoimmune diabetes in the non-obese diabetic mouse. Diabetologia 2005, 48, 1565–1575.
[CrossRef] [PubMed]

57. Dolpady, J.; Sorini, C.; Di Pietro, C.; Cosorich, I.; Ferrarese, R.; Saita, D.; Clementi, M.; Canducci, F.; Falcone, M.
Oral probiotic VSL# 3 prevents autoimmune diabetes by modulating microbiota and promoting indoleamine
2, 3-dioxygenase-enriched tolerogenic intestinal environment. J. Diabetes Res. 2016, 2016, 7569431. [CrossRef]
[PubMed]

58. Valladares, R.; Sankar, D.; Li, N.; Williams, E.; Lai, K.K.; Abdelgeliel, A.S.; Gonzalez, C.F.; Wasserfall, C.H.;
Larkin, J.; Schatz, D.; et al. Lactobacillus johnsonii N6. 2 mitigates the development of type 1 diabetes in
BB-DP rats. PLoS ONE 2010, 5, e10507. [CrossRef]

182



J. Clin. Med. 2019, 8, 1843

59. Chen, K.; Chen, H.; Faas, M.M.; de Haan, B.J.; Li, J.; Xiao, P.; Zhang, H.; Diana, J.; de Vos, P.; Sun, J. Specific
inulin-type fructan fibers protect against autoimmune diabetes by modulating gut immunity, barrier function,
and microbiota homeostasis. Mol. Nutr. Food Res. 2017, 61, 1601006. [CrossRef]

60. Hansen, C.H.F.; Krych, L.; Nielsen, D.S.; Vogensen, F.K.; Hansen, L.H.; Sørensen, S.J.; Buschard, K.;
Hansen, A.K. Early life treatment with vancomycin propagates Akkermansia muciniphila and reduces
diabetes incidence in the NOD mouse. Diabetologia 2012, 55, 2285–2294. [CrossRef]

61. Brugman, S.; Klatter, F.A.; Visser, J.T.J.; Wildeboer-Veloo, A.C.M.; Harmsen, H.J.M.; Rozing, J.; Bos, N.A.
Antibiotic treatment partially protects against type 1 diabetes in the Bio-Breeding diabetes-prone rat. Is the
gut flora involved in the development of type 1 diabetes? Diabetologia 2006, 49, 2105–2108. [CrossRef]

62. Hu, Y.; Jin, P.; Peng, J.; Zhang, X.; Wong, F.S.; Wen, L. Different immunological responses to early-life
antibiotic exposure affecting autoimmune diabetes development in NOD mice. J. Autoimmun. 2016, 72,
47–56. [CrossRef] [PubMed]

63. Livanos, A.E.; Greiner, T.U.; Vangay, P.; Pathmasiri, W.; Stewart, D.; McRitchie, S.; Li, H.; Chung, J.; Sohn, J.;
Kim, S.; et al. Antibiotic-Mediated gut microbiome perturbation accelerates development of type 1 diabetes
in mice. Nat. Microbiol. 2016, 1, 16140. [CrossRef] [PubMed]

64. Hara, N.; Alkanani, A.K.; Ir, D.; Robertson, C.E.; Wagner, B.D.; Frank, D.N.; Zipris, D. Prevention of
virus-induced type 1 diabetes with antibiotic therapy. J. Immunol. 2012, 189, 3805–3814. [CrossRef] [PubMed]

65. Mariño, E.; Richards, J.L.; McLeod, K.H.; Stanley, D.; Yap, Y.A.; Knight, J.; McKenzie, C.; Kranich, J.;
Oliveira, A.C.; Rossello, F.J.; et al. Gut microbial metabolites limit the frequency of autoimmune T cells and
protect against type 1 diabetes. Nat. Immunol. 2017, 18, 552. [CrossRef] [PubMed]

66. Needell, J.C.; Ir, D.; Robertson, C.E.; Kroehl, M.E.; Frank, D.N.; Zipris, D. Maternal treatment with short-chain
fatty acids modulates the intestinal microbiota and immunity and ameliorates type 1 diabetes in the offspring.
PLoS ONE 2017, 12, e0183786. [CrossRef] [PubMed]

67. Candon, S.; Perez-Arroyo, A.; Marquet, C.; Valette, F.; Foray, A.P.; Pelletier, B.; Milani, C.; Ventura, M.;
Bach, J.F.; Chatenoud, L. Antibiotics in early life alter the gut microbiome and increase disease incidence
in a spontaneous mouse model of autoimmune insulin-dependent diabetes. PLoS ONE 2015, 10, e0125448.
[CrossRef] [PubMed]

68. Zhang, X.S.; Li, J.; Krautkramer, K.A.; Badri, M.; Battaglia, T.; Borbet, T.C.; Koh, H.; Ng, S.; Sibley, R.A.; Li, Y.;
et al. Antibiotic-induced acceleration of type 1 diabetes alters maturation of innate intestinal immunity. Elife
2018, 7, e37816. [CrossRef]

69. Wu, C.; Pan, L.L.; Niu, W.; Fang, X.; Liang, W.; Li, J.; Li, H.; Pan, X.; Chen, W.; Zhang, H.; et al. Modulation of
gut microbiota by low methoxyl pectin attenuates type 1 diabetes in non-obese diabetic mice. Front. Immunol.
2019, 10, 1733. [CrossRef]

70. Jia, L.; Shan, K.; Pan, L.L.; Feng, N.; Lv, Z.; Sun, Y.; Li, J.; Wu, C.; Zhang, H.; Chen, W.; et al.
Clostridium butyricum CGMCC0313.1 protects against autoimmune diabetes by modulating intestinal
immune homeostasis and inducing pancreatic regulatory T cells. Front. Immunol. 2017, 8, 1345. [CrossRef]

71. Kostic, A.D.; Gevers, D.; Siljander, H.; Vatanen, T.; Hyötyläinen, T.; Hämäläinen, A.M.; Peet, A.; Tillmann, V.;
Pöhö, P.; Mattila, I.; et al. The dynamics of the human infant gut microbiome in development and in
progression toward type 1 diabetes. Cell Host Microbe 2015, 17, 260–273. [CrossRef]

72. De Goffau, M.C.; Luopajärvi, K.; Knip, M.; Ilonen, J.; Ruohtula, T.; Härkönen, T.; Orivuori, L.; Hakala, S.;
Welling, G.W.; Harmsen, H.J.; et al. Fecal microbiota composition differs between children with β-cell
autoimmunity and those without. Diabetes 2012, 62, 1238–1244. [CrossRef] [PubMed]

73. Giongo, A.; Gano, K.A.; Crabb, D.B.; Mukherjee, N.; Novelo, L.L.; Casella, G.; Drew, J.C.; Ilonen, J.; Knip, M.;
Hyöty, H.; et al. Toward defining the autoimmune microbiome for type 1 diabetes. ISME J. 2011, 5, 82.
[CrossRef] [PubMed]

74. De Goffau, M.C.; Fuentes, S.; van den Bogert, B.; Honkanen, H.; de Vos, W.M.; Welling, G.W.; Hyöty, H.;
Harmsen, H.J. Aberrant gut microbiota composition at the onset of type 1 diabetes in young children.
Diabetologia 2014, 57, 1569–1577. [CrossRef] [PubMed]

75. Murri, M.; Leiva, I.; Gomez-Zumaquero, J.M.; Tinahones, F.J.; Cardona, F.; Soriguer, F.; Queipo-Ortuño, M.I.
Gut microbiota in children with type 1 diabetes differs from that in healthy children: A case-control study.
BMC Med. 2013, 11, 46. [CrossRef] [PubMed]

183



J. Clin. Med. 2019, 8, 1843

76. Davis-Richardson, A.G.; Ardissone, A.N.; Dias, R.; Simell, V.; Leonard, M.T.; Kemppainen, K.M.; Drew, J.C.;
Schatz, D.; Atkinson, M.A.; Kolaczkowski, B.; et al. Bacteroides dorei dominates gut microbiome prior to
autoimmunity in Finnish children at high risk for type 1 diabetes. Front. Microbiol. 2014, 5, 678. [CrossRef]

77. Vatanen, T.; Franzosa, E.A.; Schwager, R.; Tripathi, S.; Arthur, T.D.; Vehik, K.; Lernmark, Å.; Hagopian, W.A.;
Rewers, M.J.; She, J.X.; et al. The human gut microbiome in early-onset type 1 diabetes from the TEDDY
study. Nature 2018, 562, 589. [CrossRef]

78. Endesfelder, D.; Engel, M.; Davis-Richardson, A.G.; Ardissone, A.N.; Achenbach, P.; Hummel, S.; Winkler, C.;
Atkinson, M.; Schatz, D.; Triplett, E.; et al. Towards a functional hypothesis relating anti-islet cell autoimmunity
to the dietary impact on microbial communities and butyrate production. Microbiome 2016, 4, 17. [CrossRef]

79. Gavin, P.G.; Mullaney, J.A.; Loo, D.; Lê Cao, K.A.; Gottlieb, P.A.; Hill, M.M.; Zipris, D.; Hamilton-Williams, E.E.
Intestinal metaproteomics reveals host-microbiota interactions in subjects at risk for type 1 diabetes. Diabetes
Care 2018, 41, 2178–2186. [CrossRef]

80. Russell, J.T.; Roesch, L.F.; Ördberg, M.; Ilonen, J.; Atkinson, M.A.; Schatz, D.A.; Triplett, E.W.; Ludvigsson, J.
Genetic risk for autoimmunity is associated with distinct changes in the human gut microbiome. Nat.
Commun. 2019, 10, 1–12. [CrossRef]

81. Ho, J.; Nicolucci, A.C.; Virtanen, H.; Schick, A.; Meddings, J.; Reimer, R.A.; Huang, C. Effect of prebiotic on
microbiota, intestinal permeability and glycemic control in children with type 1 diabetes. J. Clin. Endocrinol.
Metab. 2019, 104, 4427–4440. [CrossRef]

82. Uusitalo, U.; Liu, X.; Yang, J.; Aronsson, C.A.; Hummel, S.; Butterworth, M.; Lernmark, Å.; Rewers, M.;
Hagopian, W.; She, J.X.; et al. Association of early exposure of probiotics and islet autoimmunity in the
TEDDY study. JAMA Pediatric 2016, 170, 20–28. [CrossRef] [PubMed]

83. Canani, R.B.; Di Costanzo, M.; Leone, L.; Pedata, M.; Meli, R.; Calignano, A. Potential beneficial effects of
butyrate in intestinal and extraintestinal diseases. World J. Gastroenterol. 2011, 17, 1519. [CrossRef] [PubMed]

84. Vatanen, T.; Kostic, A.D.; d’Hennezel, E.; Siljander, H.; Franzosa, E.A.; Yassour, M.; Kolde, R.; Vlamakis, H.;
Arthur, T.D.; Hämäläinen, A.M.; et al. Variation in microbiome LPS immunogenicity contributes to
autoimmunity in humans. Cell 2016, 165, 842–853. [CrossRef] [PubMed]

85. Maffeis, C.; Martina, A.; Corradi, M.; Quarella, S.; Nori, N.; Torriani, S.; Plebani, M.; Contreas, G.; Felis, G.E.
Association between intestinal permeability and faecal microbiota composition in Italian children with
beta cell autoimmunity at risk for type 1 diabetes. Diabetes Metab. Res. Rev. 2016, 32, 700–709. [CrossRef]
[PubMed]

86. Harbison, J.E.; Roth-Schulze, A.J.; Giles, L.C.; Tran, C.D.; Ngui, K.M.; Penno, M.A.; Thomson, R.L.;
Wentworth, J.M.; Colman, P.G.; Craig, M.E.; et al. Gut microbiome dysbiosis and increased intestinal
permeability in children with islet autoimmunity and type 1 diabetes: A prospective cohort study. Pediatric
Diabetes 2019, 20, 574–583. [CrossRef]

87. Dominguez-Bello, M.G.; De Jesus-Laboy, K.M.; Shen, N.; Cox, L.M.; Amir, A.; Gonzalez, A.; Bokulich, N.A.;
Song, S.J.; Hoashi, M.; Rivera-Vinas, J.I.; et al. Partial restoration of the microbiota of cesarean-born infants
via vaginal microbial transfer. Nat. Med. 2016, 22, 250. [CrossRef]

88. Mishra, S.; Wang, S.; Nagpal, R.; Miller, B.; Singh, R.; Taraphder, S.; Yadav, H. Probiotics and prebiotics for
the amelioration of type 1 diabetes: Present and future perspectives. Microorganisms 2019, 7, 67. [CrossRef]

89. Groele, L.; Szajewska, H.; Szypowska, A. Effects of Lactobacillus rhamnosus GG and Bifidobacterium lactis
Bb12 on beta-cell function in children with newly diagnosed type 1 diabetes: Protocol of a randomised
controlled trial. BMJ Open 2017, 7, e017178. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

184



Journal of

Clinical Medicine

Review

Gut Microbiota and Liver Interaction through
Immune System Cross-Talk: A Comprehensive
Review at the Time of the SARS-CoV-2 Pandemic

Emidio Scarpellini 1,2,*, Sharmila Fagoonee 3, Emanuele Rinninella 4,5, Carlo Rasetti 1,

Isabella Aquila 6, Tiziana Larussa 7, Pietrantonio Ricci 6, Francesco Luzza 7 and

Ludovico Abenavoli 7,*

1 Internal Medicine Unit, “Madonna del Soccorso” General Hospital, San Benedetto del, 63074 Tronto, Italy;
bonimv@libero.it

2 Department of Biomedical Sciences, KU Leuven, Gasthuisberg University Hospital, TARGID,
3000 Leuven, Belgium

3 Institute for Biostructure and Bioimaging, National Research Council, Molecular Biotechnology Center,
10121 Turin, Italy; sharmila.fagoonee@unito.it

4 Nephrology and Urology Department, Gastroenterology, Endocrinology, Fondazione Policlinico A,
Clinical Nutrition Unit, Gemelli IRCCS, 00168 Rome, Italy; e.rinninella@gmail.com

5 Institute of Medical Pathology, Catholic University of the Sacred Heart, 00168 Rome, Italy
6 Institute of Legal Medicine and Department of Surgical and Medical Sciences, University “Magna Graecia”

of Catanzaro (UMG), 88100 Viale Europa, Italy; isabella.aquila@hotmail.it (I.A.); ricci@unicz.it (P.R.)
7 Department of Health Sciences, University “Magna Græcia”, 88100 Catanzaro, Italy;

tiziana.larussa@gmail.com (T.L.); luzza@unicz.it (F.L.)
* Correspondence: scarpidio@gmail.com (E.S.); l.abenavoli@unicz.it (L.A.); Tel.: +39-0735-793304 or
+39-0735-793306 (E.S.); +39-0961-3694387 (L.A.); Fax: +39-0961-754220 (L.A.)

Received: 2 July 2020; Accepted: 28 July 2020; Published: 3 August 2020

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
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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].

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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Jończyk-Matysiak, E.; Borysowski, J. Phages and immunomodulation. Future Microbiol. 2017, 12, 905–914.
[CrossRef] [PubMed]

203



J. Clin. Med. 2020, 9, 2488
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Abstract: Alzheimer’s disease (AD), the most common cause of dementia, is a neurodegenerative
disease that seriously threatens human health and life quality. The main pathological features of AD
include the widespread deposition of amyloid-beta and neurofibrillary tangles in the brain. So far,
the pathogenesis of AD remains elusive, and no radical treatment has been developed. In recent years,
mounting evidence has shown that there is a bidirectional interaction between the gut and brain,
known as the brain–gut axis, and that the intestinal microbiota are closely related to the occurrence
and development of neurodegenerative diseases. In this review, we will summarize the laboratory
and clinical evidence of the correlation between intestinal flora and AD, discuss its possible role in
the pathogenesis, and prospect its applications in the diagnosis and treatment of AD.

Keywords: Alzheimer’s disease; gut microbiota; microbiota–gut–brain axis; neurodegenerative
disease; intestinal flora

1. Introduction

Alzheimer’s disease (AD), a neurodegenerative disease, as well as the most common cause of
dementia in the elderly population, is a serious threat to human health and quality of life. Currently,
there are 30 million cases of AD worldwide, and the number is expected to rise to 90 million by
2050 as the population ages [1]. China has the largest population of dementia patients in the world,
which brings great pressure to its society [2]. AD usually has three stages: preclinical, mild cognitive
impairment and dementia. Mild cognitive impairment, characterized mainly by forgetting, is the most
common and most likely to develop into dementia. The pathological manifestations of AD mainly
include extensive plaques formed by extracellular amyloid beta (Aβ) aggregation and intracellular
neurofibrillary tangles formed by over-phosphorylated TAU protein, which are the gold standard for
the pathological diagnosis of AD [3–5]. However, the deposits of Aβ and Tau have been shown to
appear in the brain 10–20 years before the onset of clinical symptoms of dementia [3]. As for the clinical
diagnosis of AD, although these biomarkers can be detected by positron emission tomography for
Pittsburgh compound B (PiB) or lumbar puncture for CSF biochemical tests, few can accept radioactive
or invasive testing when the patient is in very mild cognitive dysfunction, and diagnosing mainly
depends on the evaluation of clinical symptoms. In terms of treatment, there is still a lack of effective
drugs that can change the pathological process of AD despite the huge investment made by the
industry [6]. Therefore, it is necessary to further clarify the pathological mechanism of AD, explore
novel non-traumatic early biomarkers and develop new effective treatment strategies.

There are billions of microbes colonizing the human gut. Growing evidences suggest that
there is a bidirectional connection between the gut microbiota and the brain, which is called
the Microbiota–Gut–Brain Axis [7]. Gut dysbiosis has been revealed to be associated with
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neurodegenerative diseases, such as Parkinson’s disease and Huntington’s disease [8–10]. Currently,
accumulating evidence supports the hypothesis that gut microbiota are closely related to the occurrence
and development of many neurological diseases [7,11]. Experimental studies have shown that intestinal
flora regulate brain functions such as learning and memory [12]. The intestinal microbiota can secrete
a large amount of amyloids and lipopolysaccharide, which may lead to changes in signaling pathways
and the production of pro-inflammatory factors, leading to Aβ deposition [13]. More importantly,
the composition and function of gut microbiota can affect the pathophysiology of age-related cognitive
impairment and dementia, suggesting that changes of intestinal flora may be one of the causes of
AD [14–17]. Despite the fact that many excellent reviews have discussed the associations between
gut microbiota and their role in AD and other neurodegenerative disorders [18–22], an in-depth
comprehensive literature revision on the gut microbiota implications in AD is still greatly needed in
order to understand the pathogenesis and to develop possible therapeutic and diagnostic strategies.
Here, we intend to summarize gut microbiota alterations in AD patients and discuss their possible
roles in the pathogenesis, and prospect its clinical implications.

2. Gut Microbiota Alterations in AD Patients

The studies of gut microbiota alterations in AD patients are summarized in Table 1. Analysis of
intestinal flora in patients with AD-related cognitive dysfunction was first conducted by Cattaneo A and
his colleagues [23]. In patients with cognitive impairment and brain amyloidosis (n = 40), patients with
cognitive impairment without brain amyloidosis (n = 33) and healthy controls (n = 10), they measured
the abundance of selected bacterial gut microbiota taxa in the feces, as well as the levels of cytokines
and inflammatory factors in the blood. The characteristics of AD patients and healthy controls were
of no significant difference regarding age, gender and body mass index. They found an increased
abundance of the pro-inflammatory species Escherichia/Shigella in the intestinal flora of people with
cognitive impairment and brain amyloidosis, while the abundance of anti-inflammatory species E.
Rectale decreased. Moreover, the levels of pro-inflammatory cytokines IL-1β, NLRP3 and CXCL2 were
positively correlated with inflammatory Escherichia/Shigella abundance and negatively correlated with
anti-inflammatory E. Rectale. Haran JP and his colleagues recruited AD patients (n = 24, with average
age 84.7 years) and gender-matched controls (n = 51, with average age 83.0 years), in which there
were no significant difference in age, gender or medical history between the groups. They showed
that the proportion of bacteria capable of synthesizing butyrate in the microbiota of AD patients’ feces
decreased, while the abundance of pro-inflammatory bacteria increased [24]. They also found that
fecal samples from elderly patients with AD could induce lower expression level of p-glycoprotein
(a key mediator of intestinal homeostasis) in intestinal epithelial cells in vitro, and p-glycoprotein
dysregulation would contribute directly to inflammatory disorders of the intestine. These studies
suggest that disturbance in the gut microbiota, which leads to loss of intestinal homeostasis and
inflammation, may underlie neurodegenerative disease.
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Vogt et al. examined the composition of intestinal microbiota of AD patients (n = 25) and controls
(n = 25). The characteristics of patients with AD and healthy controls were of no significant differences
in age, gender, ethnicity, body mass index or diabetes status [25]. The results showed that the intestinal
microbial diversity decreased in AD patients. Compared with the control group, the abundance of
Firmicutes and Actinobacteria in AD patients was lower, while the abundance of Bacteroidetes was
higher. They also analyzed the correlation between the levels of genera abundance and the cerebrospinal
fluid biomarkers for AD, and suggested that AD should be included in the list of diseases associated
with microbial changes in the gut. Zhuang ZQ et al. collected fecal samples from AD patients (n = 43)
and normal controls (n = 43), and analyzed the fecal flora composition [26]. There was no significant
difference in education and comorbidities of hypertension, diabetes mellitus, hypercholesterolemia
and coronary heart disease between AD patients and normal controls. They found that several bacteria
taxa in AD patients were changed at taxonomic levels. They further demonstrated that the decreased
abundance of Bacteroides and Lachnoclostridium at genus level may represent the alterations at the
family level in the intestinal bacteria of AD patients.

Cognitive dysfunction is the clinical characteristic of AD. Although studies have suggested
changes in the intestinal flora of AD, it is unclear whether these changes are related to patients’
cognitive dysfunction. Liu P et al. recruited a total of 97 subjects (33 AD, 32 aMCI and 32 healthy
controls), in which all were right-handed, aged 50 to 85 years, with at least six years of education.
They found a decrease in fecal microbial diversity and significant differences in microbial composition
in AD patients compared to aMCI patients and healthy controls [27]. Compared with the control group,
in the feces of AD patients, the proportion of Firmicutes decreased significantly, while the abundance
of Proteobacteria increased. Gammaproteobacteria, Enterobacteriales and Enterobacteriaceae were
shown to have an enriched prevalence from aMCI to AD patients. There was a significant correlation
between clinical severity score and changes in microflora abundance in patients with AD. In our study,
a total of 90 subjects (30 AD, 30 aMCI and 30 healthy controls) were recruited, and the characteristics
of patients with AD and MCI and healthy controls were of no significant differences in age, gender,
education, body mass index or constipation. The mini-mental State Examination (MMSE) scale was
evaluated, and the composition of gut and blood bacterial communities was determined by 16S
ribosomal RNA gene sequencing [28]. Our results showed that patients with AD have similar intestinal
flora to those with MCI. Compared with the control group, the abundance of Alistipes, Bacteroides,
Parabacteroides, Sutterella and Paraprevotella in the fecal samples of AD patients was decreased.
Notably, the reduction of Bacteroides has been reported in another report [26], which suggests that
this genus may be a protective factor of AD. The proportion of Dorea, Lactobacillus, Streptococcus,
Escherichia, Bifidobacterium and Blautia in the fecal samples of AD patients was increased, among
which the increased abundance of Blautia and Dorea was correlated with a decreased MMSE score,
suggesting that they were risk factors for the development of AD. The abundance of Escherichia in the
blood and stool samples of AD and MCI patients was increased, suggesting that Escherichia may be
involved in the pathogenesis of AD, given that the deposition of Aβ in the brain of AD patients may
be associated with central bacterial infection and inflammation.

3. The Pathogenic Role of Gut Microbiota in AD

3.1. Gut Microbiota Alterations in AD Models

Many studies have shown that changes in intestinal flora composition lead to increased intestinal
barrier permeability and systemic inflammation, which impairs the blood–brain barrier, promotes
neuroinflammation, and ultimately results in neurodegeneration (Figure 1). It is proposed that the
alterations in the network composed of intestinal flora, mucosal immune system and enteric nervous
system could represent a common path driving the onset of neurodegenerative diseases [29–31].
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Figure 1. The microbiota–gut–brain axis in AD. The microbiota–gut–brain axis is a bidirectional
communication system that includes neural, immune, endocrine and metabolic pathways. Dysbiosis
of gut microbiota would affect the permeability of the intestinal barrier (IB), induce the leak of the
brain–blood–barrier (BBB), and aggravate neuroinflammation and AD pathologies.

Many studies have shown significant alterations in gut microbiota in AD mouse models (Table 2).
Peng W et al. compared the intestinal flora composition of AD model SAMP8 mice and control
SAMR1 mice by 16S rRNA gene and metagenomic sequencing analysis. The results showed that the
characteristic composition of intestinal microbiota of SAMP8 mice was significantly different from that
of SAMR1 mice. Network analysis showed that the correlation density and clustering of operational
taxonomic units in the intestinal flora of SAMP8 mice decreased [32]. Importantly, they observed that
the abundance of norank f Lachnospiraceae and unclassified f Lachnospiraceae were increased in SAMP8
mice, which is consistent with a report showing the upregulation of Lachnospiraceae in AD patients [25].
Moreover, the abundance of Alistipes increased in SAMP8 mice, which have also been found to be
more abundant in AD patients [25]. These consistent alterations in patients and animal models suggest
the importance of theses taxa on AD pathogenesis. Zhan G. et al. found that 27 intestinal bacteria
at 6 phylogenetic levels in SAMP8 mice were different from those in SAMR1 mice [33]. The pseudo
germ-free mice showed significantly reduced cognitive function, and they showed improved behavioral
and α, β diversity indices after being transplanted with the fecal bacteria of SAMR1 mice instead of
SAMP8 mice. These results suggest that cognitive dysfunction in SAMP8 mice is associated with the
abnormal composition of intestinal flora. Studies by Shen L. et al. on APP/PS1 transgenic mice, another
AD mouse model, showed that the mice at 6 months had spatial learning and memory impairment,
which was further worsened at 8 months [34]. They found that with the growth of age, the microbial
diversity of APP/PS1 mice decreased. The abundance of Helicobacaceae and Desulfovibrionaceae
at the family level, and Odoribacter and Helicobacter at the genus level were significantly increased
in APP/PS1 mice, while the abundance of Prevotella was significantly decreased [34]. Interestingly,
Prevotellaceae showed increasing abundance from 3.05% at 3 months old, 5.03% at 6 months old,
to 10.30% at 8 months old, suggesting the association of this bacterial taxon with aging in APP/PS1
mice. Some studies on AD mouse models have shown increased levels of pro-inflammatory bacteria
in the intestinal flora. For example, Bauerl C et al. compared the intestinal flora of APP/PS1 mice
with their wild-type littermates. They found that the bacterial profiles were similar at 3 months, but
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the populations were different at 6 months. As age increases, Turicibacteriaceae and Rikenellaceae
increased in all groups, although total Bacteroidetes remained stable. Proteobacteria, especially of the
genus Sutterella, were specifically increased at 6 months in APP/PS1 mice. Moreover, the inflammation
related family Erysipelotrichaceae was more abundant in APP/PS1 mice at 24 months, which suggested
that AD pathology in mice shifts the gut microbiota towards profiles like inflammatory disorders [35].

Table 2. Gut microbiota alterations in AD mice.

AD Model Control Age Alterations of Abundance References

APP/PS1 WT 3, 6 and 8 months

At 3, 6 and 8 months: ↑
Helicobacteraceae, Desulfovibrionaceae,
Odoribacter, Helicobacter; ↓ Prevotella.

At 6 and 8 months: ↑Coriobacteriaceae;
↓Ruminococcus.

Shen et al. 2017

APP/PS1 WT 6 and 24 months
At 6 and 24 months: ↑Proteobacteria,

Sutterella; ↓Rikenellaceae.
At 24 months: ↑Erysilopelotrichaceae.

Bauerl et al. 2018

5xFAD WT 9 weeks ↑Firmicutes, Clostridium leptum group;
↓Bacteroidetes.

Brandscheid C.
et al. 2017

SAMP8 SAMR1 7 months

↓Deferribacteres, Deferribacteres,
Deltaproteobacteria, Deferribacterales,
Desulfovibrionales, Mollicutes RF9,

Clostridiales vadinBB60 group,
Desulfovibrionaceae, Christensenellaceae,

Family XIII, Deferribacteraceae,
Ruminococcaceae, Mucispirillum,

Serratia, Family XIII AD3011 group,
Christensenellaceae R-7 group,

Subdoligranulum, Desulfovibrio,
Ruminiclostridium 9, Coprococcus 1,

Ruminococcaceae UCG 004,
Lachnospiraceae NK4A136 group,

Lachnospiraceae oscillibacter

Zhan et al. 2018

SAMP8 SAMR1 8 months

↑norank f Lachnospiraceae, Alistipes,
Odoribacter, unclassified f

Lachnospiraceae, Akkermansia in
SAMP8; ↑ norank_f Bacteroidales S24-7

group, Prevotella 9, Parasutterella,
Butyrivibrio in SAMR1.

Peng et al. 2018

Abbreviations SAMP8: senescence accelerated mouse prone 8 mice; SAMR1: senescence-accelerated mouse
resistant 1 mice; APP/PS1: APPswe/PS1dE9 mice; 5xFAD: 5xFAD (APP K670N, M671L, I716V, PS1 M146L, L286V)
mice; WT: wild type; ↑, increased abundance; ↓, decreased abundance.

3.2. Gut Microbiota and Neuroinflammation

Intestinal flora is closely associated with neuroinflammation, and this is crucial for the pathogenesis
of AD [36,37]. Gram-negative facultative anaerobe Bacteroides fragilis constitutes a considerable
proportion of the microbial community in the human gastrointestinal tract. Like most gram-negative
bacilli, Bacteroides fragilis secretes an unusual mixture of neurotoxins, including pro-inflammatory
lipopolysaccharides (LPS). Zhao Y et al. reported that the level of LPS of AD patients increased by two
times in the neocortex and three times in the hippocampus compared with the control group of the same
age, and LPS mainly existed around the nucleus [38,39]. Notably, Bacteroides fragilis and the neurotropic
herpes simplex virus 1 share a common final pathway after activating NF-κB (p50/p65) [40,41].
Using the co-culture system of human neuronal-glial cells, Zhao Y et al. found that when
lipopolysaccharide BF-LPS was added, presynaptic neurexin-1 (NRXN-1), synaptosomal-associated
phosphoprotein-25 (SNAP-25), phosphoprotein synapsin-2 (SYN-2), postsynaptic protein neuroligin
(NLGN), the sh3-ankyrin repeat domain and proline-rich cytoskeletal scaffolding protein (SHANK3)
were all significantly down-regulated [42]. Moreover, the DNA transcription products in the culture
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cells were reduced when stimulated by LPS [43]. These studies suggest that pro-inflammatory toxins
secreted by gastrointestinal bacteria may “leak” into the circulation and then enter the brain, causing
neuroinflammation and affecting neuronal function.

Using the 5XFAD AD mouse model, Wang X et al. found that intestinal flora composition
changed and led to the peripheral accumulation of phenylalanine and isoleucine, which further
stimulated the differentiation and proliferation of pro inflammatory T helper 1 (Th1) cells [44]. The
peripheral Th1 cells infiltrating into the brain are associated with microglia M1 activation, which lead
to neuroinflammation. They also found that the levels of phenylalanine and isoleucine and the quantity
of Th1 cells were elevated in the blood of patients with mild cognitive impairment. These results
suggest that neuroinflammation caused by metabolic abnormalities due to intestinal flora imbalance
may be associated with AD. Inflammation of the brain is not always a response to local primary insults
in the periphery. However, by using a drosophila AD model, Wu SC et al. demonstrated that intestinal
bacterial infection can stimulate immune cell recruitment into the brain, thus aggravating the progress
of AD. This work emphasized the importance of gut–brain crosstalk in neurodegenerative diseases [45].
Minter MR et al. found that long-term combinatorial broad-spectrum antibiotic treatment would
change the composition and diversity of gut microbes in APPSWE/PS1ΔE9 mice, reduce Aβ plaque
deposits and attenuate glial activation, suggesting the diversity of gut microbiota can regulate the
host’s innate immunity and affect Aβ amyloidosis [46].

3.3. Intestinal Metabolites

Changes in intestinal flora can cause alterations in intestinal metabolites. By using stable isotope
labeling combined with liquid chromatography-tandem mass spectrometry, Zheng J et al. found that
the contents of nine short-chain fatty acids (SCFAs) were significantly different between AD and wild
type mouse fecal samples [47]. The level of propionic acid, isobutyric acid, 3-hydroxy butyric acid
and 3-hydroxy isopropyl acid were reduced, while lactic acid, 2-hydroxy butyric acid, 2-hydroxy
isobutyric acid, levulinic acid and valproic acid were increased. SCFAs are metabolites produced
mainly by the intestinal flora from undigested fibers and proteins. As these molecules can act as
G-protein-coupled receptor activators and histone deacetylase inhibitors, the changes of SCFAs in the
feces of AD mice may be associated with the pathology of AD [47]. SCFAs have been shown to be
able to inhibit the aggregation of Aβ in vitro [48]. Zhang L et al. compared the fecal microbiota and
fecal SCFAs composition of wild-type and AD mice at different ages [49]. The results showed that
the composition and diversity of the microbiota in AD mice were disturbed, and SCFAs levels were
decreased, which may be related to the amyloid deposition and ultrastructural abnormalities in AD
mouse intestines [49]. Tran TTT studied the relationship between the apolipoprotein E gene and gut
microbes using APOE-targeted replacement (TR) transgenic mice [50]. They found the proportion
of Prevotellaceae, Ruminococcaceae and several butyrate-producing genera changed. Metabolomics
analysis of mouse feces revealed significant differences in microbial-related amino acids and short-chain
fatty acids, suggesting that the most common genetic risk factor for AD is associated with specific
intestinal microbiota profiles and metabolites changes. Yuan BF et al. synthesized stable isotopic
labeling reagents to label metabolites with different chemical groups, including carboxyl, carbonyl,
amine and sulfhydryl, and then combined these with liquid chromatography-mass spectrometry to
analyze the mouse fecal metabolomics, and established the database of mouse fecal metabolomics [51].
They found significant differences in 211 fecal metabolites between AD and wild-type mice. It would be
important to determine whether these metabolites are also changed in the feces of AD patients, as they
could be new biomarkers for the diagnosis of AD. Trimethylamine N-oxide (TMAO) is a small molecule
produced by the metabolism of dietary choline. CSF TMAO was shown to be higher in individuals
with MCI and AD compared to healthy controls, and the elevated CSF TMAO was associated with
AD pathological markers phosphorylated tau and Aβ42 [52]. Bile acids (BAs) are the end products of
human cholesterol metabolism, which is produced by human and gut microbiota co-metabolism. In a
1562 case study, Nho K measured 20 kinds of primary and secondary BAs metabolites at the serum
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level, which were found to be related with amyloid proteins and tau in the cerebrospinal fluid of AD
patients, as well as with brain atrophy and cerebral glucose metabolism dysfunction, thus providing
further support for the role of this pathway in AD pathophysiology [53].

4. Clinical Implications of Gut Microbiota in AD

A large number of studies have shown that the composition and functionality of intestinal
microbiota can affect the pathophysiology of age-related cognitive impairment and dementia, so it
is highly possible to use fecal microbiota-related parameters and microbiota-derived metabolites as
biomarkers for these cognitive-related diseases [16]. Based on the 20 kinds of typical predominant
genera model, Liu P et al. could effectively distinguish AD and MCI from healthy controls [27].
They also found that the models based on the abundance of the Enterobacteriaceae family could
distinguish AD from both MCI and healthy controls. Our research also showed that 93% of MCI
patients could be distinguished by established random forest models with all different fecal genera [28].
These studies have facilitated the possibilities of finding clinically specific biomarkers for AD. However,
gut microbes can be influenced by many factors, such as living region and diet. Although much
evidence has been found supporting a close relationship between AD and gut microbes, no specific
intestinal flora have been identified in AD patients; hence, large-scale sample screening and analysis is
undoubtedly necessary.

Many studies have attempted to combat neurodegenerative disease by modifying the gut
microbiota [11,54]. The studies to modify the gut microbiota in AD patients and models are
summarized in Table 3. Amyloid and neurofibrillary tangles transgenic (ADLPAPT) mice show amyloid
deposits, neurofibrillary tangles, reactive gliosis and memory defects. Kim MS et al. found that fecal
transplantation from wild-type mice to ADLPAPT mice reduced the formation of amyloid plaques
and neuronal tangles, and alleviated glial responses and cognitive impairment [55]. Sun J et al. used
APPswe/PS1dE9 transgenic mice, another AD model, and found that fecal microbiota transplantation
alleviated the cognitive decline and decreased the deposition of Aβ in the brain [56]. Further analysis
showed tau phosphorylation, and that the level of Aβ40 and Aβ42, and COX-2 or CD11b positive cells
decreased, while synaptic plasticity increased, indicating an overall improved pathological condition.

Bifidobacterium Iongum (NK46), a probiotic isolated from human intestinal flora, was found to
have a strong inhibitory effect on the production of intestinal microbial endotoxin and the activation of
NF-κB in BV-2 cells after LPS stimulation [57]. Using 5xFAD-Tg mice, an AD model, they demonstrated
that oral administration of NK46 could change the composition of gut microbiota, especially the
proportion of Proteobacteria, reduce the level of LPS in the feces and blood, and increase the colon tight
junction protein expression. Moreover, administration of NK46 inhibited amyloid-β, β/γ-secretase and
caspase-3 expression in the hippocampus, and alleviated the cognitive decline [57]. Kobayashi Y et al.
studied the effects of oral administration of Bifidobacterium breve strain A1 (B. breve A1) on the
behavior and pathophysiological process of mice injected with Aβ25-35 in the lateral ventricle [58].
They found that B. breve A1 reversed the impairment on alternate behavior in a Y maze experiment,
and reduced the latency in a passive avoidance experiment. Gene expression profile analysis showed
that B. breve A1 could suppress the expressions of inflammationrelated genes induced by Aβ in the
hippocampus [58]. The mixed probiotics (Lactobacillus acidophilus, Bifidobacterium bifidum and
Bifidobacterium longum) treatment was also found to improve the impaired spatial cognition ability
and restore synaptic plasticity in the rats injected with Aβ in lateral ventricle [59]. Bonfili L et al.
studied the role of a probiotic (SLAB51) in combating AD-associated oxidative brain damage [60]. By
using a 3xTg-AD model mouse, they found that SLAB51 affected the composition of intestinal flora
and its metabolites, as well as plasma concentrations of inflammatory cytokines and key metabolic
hormones. They observed a partial recovery of damaged neuronal proteolytic pathways and less
amyloid accumulation; thus, the cognitive impairment was alleviated [60]. They also found that
administration of SLAB51 significantly reduced oxidative stress in the brains of AD mice by activating
sirt1-dependent mechanisms [61]. Hoffman JD et al. reported that inulin, a non-digestible carbohydrate
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fiber fermented in the gastrointestinal tract, could increase the beneficial microbiota, reduce the harmful
microbiota, and enhance peripheral and brain metabolism in APOE4 transgenic mice. Inulin also
reduced inflammatory gene expression in the hippocampus, suggesting that a prebiotic diet may help
reduce the risk of AD in asymptomatic APOE4 carriers [62]. Westfall S et al. examined the effects of
synbiotic formula (containing three metabolically active probiotics and a polyphenol-rich prebiotic)
on an AD drosophila model, and they found that synbiotic treatment could improve the animal
survival rate and mobility, and reverse amyloid deposition and acetyl cholinesterase activity [63].
Taken together, these findings suggest that a diet supplement of probiotics may provide a promising
adjuvant therapy for AD.

Dietary habits are closely related to the composition of intestinal bacteria. A ketogenic diet
has been reported to increase the abundance of intestinal beneficial taxa (Akkermansia muciniphila
and Lactobacillus) and reduce the abundance of intestinal pro-inflammatory taxa (Desulfovibrio and
Turicibacter) [64]. It also increased the cerebral blood flow and p-glycoprotein transports on the
blood–brain barrier to facilitate the clearance of Aβ, suggesting that a ketogenic diet may reduce
the risk of AD. Nagpal R et al. compared the differences of intestinal flora between elderly people
with mild cognitive impairment and elderly people with normal cognition, and found that, in MCI
subjects, Proteobacteria was positively correlated with the ratio of Aβ1-42/Aβ1-40, and fecal propionate
and butyrate were negatively correlated with Aβ1-42. After adopting the mediterranean-ketogenic
diet (MMKD), the abundance of Enterobacteriaceae, Akkermansia, Slackia, Christensenellaceae and
Erysipelotriaceae increased, while the abundance of Bifidobacterium and Lachnobacterium decreased.
MMKD also increased the level of propionate and butyrate while slightly decreasing the level of lactic
acid and acetate in feces. These results suggest that a ketogenic diet regulates intestinal microbiota and
metabolites, and is associated with improvement of AD pathology [65].

Some compounds derived from plants with anti-AD effects were found to regulate intestinal flora
in animal studies. Silymarin and its main active component silybin administration could alleviate
the memory deficits and reduce amyloid plaques in APP/PS1 mice [15]. Meanwhile, the diversity of
the bacterial community decreased, and the abundance of several key bacterial species associated
with AD changed, suggesting that the regulation of gut microbiota is involved in their effects against
AD [15]. Pomegranate extract administration significantly reduced the expression of inflammatory
biomarkers in the hippocampus of transgenic AD R1.40 mice [66]. Yuan et al. found that urolithin
(6H-dibenzo [b,d]pyran-6-one derivatives), an intestinal metabolite of ellagitannins from pomegranate,
which can pass through the blood–brain barrier, could prevent fibrosis of Aβ in vitro. Urolithin
significantly reduced the levels of nitric oxide, interleukin 6, prostaglandin E2 and tumor necrosis
factor in LPS-stimulated BV-2 cells. Furthermore, Methyl-urolithin B (3-methoxy-6h-dibenzo [B, d]
pyran-6-one) had protective effects on the neurotoxicity and paralysis of Caenorhabditis induced by
Aβ1-42 [67]. This result indicates that the intestinal metabolites derived from plant elements may have
protective effects against AD.
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There is emerging evidence that oligosaccharides could regulate the intestinal microflora, which
may be developed as drugs to treat AD. Sun et al. examined the effect of fructooligosaccharides
(FOS) on AD using Apse/PSEN 1dE9 (APP/PS1) mice, and found that treatment with FOS for 6 weeks
reversed the changes in intestinal microbial composition and alleviated cognitive dysfunction and
pathological changes. FOS significantly up-regulated the expression levels of synapsin 1 and PSD-95
whilst decreasing the phosphorylation level of JNK [68]. Oligosaccharide (OMO) is an oligosaccharide
derived from Morinda officinalis. OMO was shown to improve memory behavior, reduce neuronal
cell apoptosis and down-regulate the expression of Aβ 1-42 in both APP/PS1 transgenic mice and
Aβ1-42-induced deficient rats [69,70].The CA-30, an oligosaccharide fraction derived from Liuwei
Dihuang decoction, was shown to be able to modulate intestinal microbiota, rebalance the gut
microbe-neuroendocrine immune regulatory network and ameliorate the cognitive deterioration
of SAMP8 mice [71,72]. By using a 5XFAD AD mouse model, Wang X et al. found that GV-971,
a sodium oligomannate, could inhibit peripheral phenylalanine/isolucine accumulation, control
neuroinflammation and reverse cognitive impairment [44].

5. Future Perspectives

Although there is growing evidence supporting the close relationship between the intestinal flora
and cognitive dysfunction in AD patients, more cautious evaluation and analysis of the data are greatly
needed. Firstly, it is necessary to collect samples from patients on a large scale and in multiple centers,
as gut microbiota are easily affected by patient’s location, diet, living habits and gastrointestinal tract
infection. For instance, the reduced abundance of Bacteroides was found in the fecal samples of AD
patients from Chinese cohorts [26,28]. On the contrary, intestinal Bacteroides have been reported to be
increased in AD patients from the USA [24,25]. In addition, we found a higher abundance of Blautia in
AD patients [28], which is consistent with a previous report [25]. However, another study showed
that the relative abundance of Blautia was dramatically decreased [27]. These inconsistent results
warrant further validation and investigation. Secondly, the diagnosis standardization of AD needs to
be strengthened. Beside cognitive scale assessment, CSF biomarker analysis and brain imaging are
required. The most exciting part of intestinal flora analysis in AD patients is the possibility to provide
a non-invasive, patient-compliant diagnostic approach. Therefore, the intestinal flora spectra of AD
patients should be compared not only with healthy controls, but also with those of patients with other
neurodegenerative diseases (such as PD, MSA, etc.). This could not only reveal the specificity of AD
intestinal flora, but also provide new clues for its etiological research.

Currently, there are still no effective treatments for AD; thus, the strategy of regulating intestinal
microbial flora to treat AD has attracted great attention. The probiotic preparation (Lactobacillus casei
W56, Lactococcus lactis W19, Lactobacillus acidophilus W22, Bifidobacterium lactis W52, Lactobacillus
paracasei W20, Lactobacillus plantarum W62 Bifidobacterium lactis W51, Bifidobacterium bifidum
W23 and Lactobacillus salivarius W24) was tested in 20 AD patients for 4 weeks. Administration of the
probiotics affected the composition of intestinal bacteria in AD patients, with an increased abundance
of Faecalibacterium prausnitzii and decreased abundance of the inflammation-related bacteria. Since
the study was only observed for 4 weeks, to avoid variability in repeated tests, they did not compare
changes in cognitive scales [73,74]. However, after finishing a trial of 96 patients with severe AD treated
with probiotics for 12 weeks, they concluded that the AD patients were insensitive to probiotics based
on cognitive scale assessment and serum biomarker evaluation. [75]. Undoubtedly, more rigorous
clinical trials are needed to assess the efficacy of this probiotic preparation on the treatment of AD
patients. Recently, in a phase 3 clinical trial in China, GV-971 (a mixture of acidic oligosaccharides)
was shown to improve cognition in AD patients by suppressing gut dysbiosis and the associated
phenylalanine/isoleucine accumulation, and was conditionally approved as a therapeutic drug for
AD [44]. However, large-scale, multicenter, prudent clinical efficacy tests are extremely necessary.

Many studies on animal models of AD have revealed changes in intestinal flora, providing evidence
for the role of gut microbiota in the pathogenesis of AD. However, up to now, most of the experimental
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evidence has come from correlation research; many studies still remain to describe the alterations of
intestinal flora, and rigorous sufficient and necessary proof is still lacking. The microbiota–gut–brain
axis is a bidirectional communication system that includes neural, immune, endocrine and metabolic
pathways (Figure 1). Dysbiosis of gut microbiota can affect the permeability of the intestine and the
blood–brain barrier, which contributes to AD pathologies. On the other hand, the brain may also
regulate the intestinal flora through vagus nerve activity and neuroendocrine. For example, it was
found that Aβ was not only expressed in the brain, but also in the intestinal tissues in 5xFAD mice.
Fecal protein analysis revealed reduced trypsin levels in this mouse model compared to wild-type
mice [76]. Therefore, the pathological changes in the intestinal tract of AD mice may also result from
the neurological function variation caused by Aβ abnormal expression. In addition, the secreted
miRNAs are able to enter microbial organisms, and the host’s miRNA might affect the intestinal
microbial ecosystem [77]. Therefore, it is likely that AD-related miRNAs may enter intestinal bacteria
and produce diseased microbiota. It should be taken into consideration that changes in gut flora may
be the result of AD rather than the cause, although in vivo validation is greatly needed.

The underlying mechanism of how microbiota affect host neuronal activity and behavior is a very
interesting question. Recent studies by Chu C et al. have found that manipulation of the microbiota in
antibiotic-treated or germ-free adult mice resulted in significant deficits in fear extinction learning,
which was associated with defective learning-related remodeling of postsynaptic dendritic spines and
decreased activity in cue-encoding neurons in the medial prefrontal cortex [12]. Further metabolomics
analysis identified four metabolites that were significantly down-regulated in germ-free mice and
have been reported to be associated with neuropsychiatric disorders in both mouse models and
humans, suggesting that compounds derived from the microbiota may directly affect brain function
and behavior. Certainly, it would be interesting to further examine the levels of these metabolites in the
blood and CSF of AD patients. To examine whether microbiota from AD patients would affect animal
behavior, Fujii Y et al. transplanted fecal samples from a healthy control and an AD patient to germ-free
C57BL/6N mice [78]. They found that, compared with the former, the latter performed significantly
worse on an object location test and an object recognition test at 55 weeks of age, suggesting that
the intestinal microbiota transplanted from the patients do affect the behavior of the mice. Further
studies with samples from more AD patients are greatly needed. Moreover, investigations to clarify
the molecular mechanism underlying this phenomenon are undoubtedly helpful for understanding
the etiology of AD.

In conclusion, accumulating evidence of the association between gut microbiota and AD has been
revealed. Further study on the role of intestinal flora in the pathogenesis of AD may develop new
strategies for the diagnosis and treatment of the disease.

Author Contributions: Y.H. and S.C. conceived the manuscript. Y.H., B.L. and D.S. drafted the paper. S.C.
and D.S. supervised and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by Shanghai Municipal Science and Technology Major Project, grant number
2018SHZDZX05; the Innovation Program of Shanghai Municipal Education Commission, grant number
2017-01-07-00-01-E00046 and Shanghai Jiao Tong University School of Medicine, grant number DLY201603,
2017NKX001. And the APC was funded by Shanghai Municipal Science and Technology Major Project,
grant number 2018SHZDZX05.

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

References

1. Prince, M.; Wimo, A.; Guerchet, M.; Ali, G.C.; Wu, Y.T.; Prina, M. World Alzheimer Report 2015: The Global
Impact of Dementia. An Analysis of Prevalence, Incidence, Costs and Trends; Alzheimer Disease International:
London, UK, 2019.

2. Jia, L.; Quan, M.; Fu, Y.; Zhao, T.; Li, Y.; Wei, C.; Tang, Y.; Qin, Q.; Wang, F.; Qiao, Y.; et al. Dementia in China:
Epidemiology, clinical management, and research advances. Lancet Neurol. 2020, 19, 81–92. [CrossRef]

221



J. Clin. Med. 2020, 9, 2042

3. Long, J.M.; Holtzman, D.M. Alzheimer Disease: An Update on Pathobiology and Treatment Strategies. Cell
2019, 179, 312–339. [CrossRef] [PubMed]

4. Huang, Y.; Mucke, L. Alzheimer mechanisms and therapeutic strategies. Cell 2012, 148, 1204–1222. [CrossRef]
[PubMed]

5. Zhang, H.; Ng, K.P.; Therriault, J.; Kang, M.S.; Pascoal, T.A.; Rosa-Neto, P.; Gauthier, S. Cerebrospinal fluid
phosphorylated tau, visinin-like protein-1, and chitinase-3-like protein 1 in mild cognitive impairment and
Alzheimer’s disease. Transl. Neurodegener. 2018, 7, 23. [CrossRef] [PubMed]

6. Kodamullil, A.T.; Zekri, F.; Sood, M.; Hengerer, B.; Canard, L.; McHale, D.; Hofmann-Apitius, M. Trial watch:
Tracing investment in drug development for Alzheimer disease. Nat. Rev. Drug Discov. 2017, 16, 819.
[CrossRef]

7. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.;
Cussotto, S.; Fulling, C.; Golubeva, A.V.; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99,
1877–2013. [CrossRef] [PubMed]

8. Scheperjans, F.; Aho, V.; Pereira, P.A.; Koskinen, K.; Paulin, L.; Pekkonen, E.; Haapaniemi, E.; Kaakkola, S.;
Eerola-Rautio, J.; Pohja, M.; et al. Gut microbiota are related to Parkinson’s disease and clinical phenotype.
Mov. Disord. 2015, 30, 350–358. [CrossRef]

9. Vizcarra, J.A.; Wilson-Perez, H.E.; Espay, A.J. The power in numbers: Gut microbiota in Parkinson’s disease.
Mov. Disord. 2015, 30, 296–298. [CrossRef] [PubMed]

10. Kong, G.; Cao, K.L.; Judd, L.M.; Li, S.; Renoir, T.; Hannan, A.J. Microbiome profiling reveals gut dysbiosis in
a transgenic mouse model of Huntington’s disease. Neurobiol. Dis. 2020, 135, 104268. [CrossRef]

11. Sasmita, A.O. Modification of the gut microbiome to combat neurodegeneration. Rev. Neurosci. 2019, 30,
795–805. [CrossRef] [PubMed]

12. Chu, C.; Murdock, M.H.; Jing, D.; Won, T.H.; Chung, H.; Kressel, A.M.; Tsaava, T.; Addorisio, M.E.;
Putzel, G.G.; Zhou, L.; et al. The microbiota regulate neuronal function and fear extinction learning. Nature
2019, 574, 543–548. [CrossRef] [PubMed]

13. Du, X.; Wang, X.; Geng, M. Alzheimer’s disease hypothesis and related therapies. Transl. Neurodegener. 2018,
7, 2. [CrossRef] [PubMed]

14. Jiang, C.; Li, G.; Huang, P.; Liu, Z.; Zhao, B. The Gut Microbiota and Alzheimer’s Disease. J. Alzheimers Dis.
2017, 58, 1–15. [CrossRef] [PubMed]

15. Shen, L.; Ji, H.F. Associations Between Gut Microbiota and Alzheimer’s Disease: Current Evidences and
Future Therapeutic and Diagnostic Perspectives. J. Alzheimers Dis. 2019, 68, 25–31. [CrossRef] [PubMed]

16. Ticinesi, A.; Nouvenne, A.; Tana, C.; Prati, B.; Meschi, T. Gut Microbiota and Microbiota-Related Metabolites
as Possible Biomarkers of Cognitive Aging. Adv. Exp. Med. Biol. 2019, 1178, 129–154. [PubMed]

17. Szablewski, L. Human Gut Microbiota in Health and Alzheimer’s Disease. J. Alzheimers Dis. 2018, 62,
549–560. [CrossRef] [PubMed]

18. Chandra, S.; Alam, M.T.; Dey, J.; Chakrapani, P.S.B.; Ray, U.; Srivastava, A.K.; Gandhi, S.; Tripathi, P.P.
Healthy Gut, Healthy Brain: The Gut Microbiome in Neurodegenerative Disorders. Curr. Top. Med. Chem.
2020, 20, 1142–1153. [CrossRef] [PubMed]

19. Gubert, C.; Kong, G.; Renoir, T.; Hannan, A.J. Exercise, diet and stress as modulators of gut microbiota:
Implications for neurodegenerative diseases. Neurobiol. Dis. 2020, 134, 104621. [CrossRef] [PubMed]

20. Pluta, R.; Ułamek-Kozioł, M.; Januszewski, S.; Czuczwar, S.J. Gut microbiota and pro/prebiotics in Alzheimer’s
disease. Aging (Albany NY) 2020, 12, 5539–5550. [PubMed]

21. Sun, M.; Ma, K.; Wen, J.; Wang, G.; Zhang, C.; Li, Q.; Bao, X.; Wang, H. A Review of the Brain-Gut-Microbiome
Axis and the Potential Role of Microbiota in Alzheimer’s Disease. J. Alzheimers Dis. 2020, 73, 849–865.
[CrossRef]

22. Cerovic, M.; Forloni, G.; Balducci, C. Neuroinflammation and the Gut Microbiota: Possible Alternative
Therapeutic Targets to Counteract Alzheimer’s Disease? Front. Aging Neurosci. 2019, 11, 284. [CrossRef]
[PubMed]

23. Cattaneo, A.; Cattane, N.; Galluzzi, S.; Provasi, S.; Lopizzo, N.; Festari, C.; Ferrari, C.; Guerra, U.P.; Paghera, B.;
Muscio, C.; et al. Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral
inflammation markers in cognitively impaired elderly. Neurobiol. Aging 2017, 49, 60–68. [CrossRef] [PubMed]

222



J. Clin. Med. 2020, 9, 2042

24. Haran, J.P.; Bhattarai, S.K.; Foley, S.E.; Dutta, P.; Ward, D.V.; Bucci, V.; McCormick, B.A. Alzheimer’s Disease
Microbiome Is Associated with Dysregulation of the Anti-Inflammatory P-Glycoprotein Pathway. MBio 2019,
10, e00632-19. [CrossRef] [PubMed]

25. Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.;
Asthana, S.; Zetterberg, H.; Blennow, K.; et al. Gut microbiome alterations in Alzheimer’s disease. Sci. Rep.
2017, 7, 13537. [CrossRef]

26. Zhuang, Z.Q.; Shen, L.L.; Li, W.W.; Fu, X.; Zeng, F.; Gui, L.; Lü, Y.; Cai, M.; Zhu, C.; Tan, Y.L.; et al.
Gut Microbiota is Altered in Patients with Alzheimer’s Disease. J. Alzheimers Dis. 2018, 63, 1337–1346.
[CrossRef]

27. Liu, P.; Wu, L.; Peng, G.; Han, Y.; Tang, R.; Ge, J.; Zhang, L.; Jia, L.; Yue, S.; Zhou, K.; et al. Altered microbiomes
distinguish Alzheimer’s disease from amnestic mild cognitive impairment and health in a Chinese cohort.
Brain. Behav. Immun. 2019, 80, 633–643. [CrossRef]

28. Li, B.; He, Y.; Ma, J.; Huang, P.; Du, J.; Cao, L.; Wang, Y.; Xiao, Q.; Tang, H.; Chen, S. Mild cognitive impairment
has similar alterations as Alzheimer’s disease in gut microbiota. Alzheimer’s Dement. J. Alzheimer’s Assoc.
2019, 15, 1357–1366. [CrossRef]

29. Pellegrini, C.; Antonioli, L.; Colucci, R.; Blandizzi, C.; Fornai, M. Interplay among gut microbiota, intestinal
mucosal barrier and enteric neuro-immune system: A common path to neurodegenerative diseases?
Acta Neuropathol. 2018, 136, 345–361. [CrossRef]

30. Kowalski, K.; Mulak, A. Brain-Gut-Microbiota Axis in Alzheimer’s Disease. J. Neurogastroenterol. Motil. 2019,
25, 48–60. [CrossRef]

31. Lin, L.; Zheng, L.J.; Zhang, L.J. Neuroinflammation, Gut Microbiome, and Alzheimer’s Disease. Mol. Neurobiol.
2018, 55, 8243–8250. [CrossRef]

32. Peng, W.; Yi, P.; Yang, J.; Xu, P.; Wang, Y.; Zhang, Z.; Huang, S.; Wang, Z.; Zhang, C. Association of gut
microbiota composition and function with a senescence-accelerated mouse model of Alzheimer’s Disease
using 16S rRNA gene and metagenomic sequencing analysis. Aging (Albany NY) 2018, 10, 4054–4065.
[CrossRef]

33. Zhan, G.; Yang, N.; Li, S.; Huang, N.; Fang, X.; Zhang, J.; Zhu, B.; Yang, L.; Yang, C.; Luo, A. Abnormal gut
microbiota composition contributes to cognitive dysfunction in SAMP8 mice. Aging (Albany NY) 2018, 10,
1257–1267. [CrossRef]

34. Shen, L.; Liu, L.; Ji, H.F. Alzheimer’s Disease Histological and Behavioral Manifestations in Transgenic Mice
Correlate with Specific Gut Microbiome State. J. Alzheimers Dis. 2017, 56, 385–390. [CrossRef] [PubMed]

35. Bäuerl, C.; Collado, M.C.; Diaz Cuevas, A.; Viña, J.; Pérez Martínez, G. Shifts in gut microbiota composition
in an APP/PSS1 transgenic mouse model of Alzheimer’s disease during lifespan. Lett. Appl. Microbiol. 2018,
66, 464–471. [CrossRef] [PubMed]

36. Sochocka, M.; Donskow-Łysoniewska, K.; Diniz, B.S.; Kurpas, D.; Brzozowska, E.; Leszek, J. The Gut
Microbiome Alterations and Inflammation-Driven Pathogenesis of Alzheimer’s Disease-a Critical Review.
Mol. Neurobiol. 2019, 56, 1841–1851. [CrossRef]

37. De De-Paula, V., Jr.; Forlenza, A.S.; Forlenza, O.V. Relevance of gutmicrobiota in cognition, behaviour and
Alzheimer’s disease. Pharmacol. Res. 2018, 136, 29–34. [CrossRef] [PubMed]

38. Zhao, Y.; Jaber, V.; Lukiw, W.J. Secretory Products of the Human GI Tract Microbiome and Their Potential
Impact on Alzheimer’s Disease (AD): Detection of Lipopolysaccharide (LPS) in AD Hippocampus. Front.
Cell. Infect. Microbiol. 2017, 7, 318. [CrossRef] [PubMed]

39. Zhao, Y.; Cong, L.; Jaber, V.; Lukiw, W.J. Microbiome-Derived Lipopolysaccharide Enriched in the Perinuclear
Region of Alzheimer’s Disease Brain. Front. Immunol. 2017, 8, 1064. [CrossRef] [PubMed]

40. Zhao, Y.; Lukiw, W.J. Microbiome-Mediated Upregulation of MicroRNA-146a in Sporadic Alzheimer’s
Disease. Front. Neurol. 2018, 9, 145. [CrossRef] [PubMed]

41. Zhao, Y.; Lukiw, W.J. Bacteroidetes Neurotoxins and Inflammatory Neurodegeneration. Mol. Neurobiol. 2018,
55, 9100–9107. [CrossRef]

42. Zhao, Y.; Sharfman, N.M.; Jaber, V.R.; Lukiw, W.J. Down-Regulation of Essential Synaptic Components by
GI-Tract Microbiome-Derived Lipopolysaccharide (LPS) in LPS-Treated Human Neuronal-Glial (HNG) Cells
in Primary Culture: Relevance to Alzheimer’s Disease (AD). Front. Cell. Neurosci. 2019, 13, 314. [CrossRef]
[PubMed]

223



J. Clin. Med. 2020, 9, 2042

43. Zhao, Y.; Cong, L.; Lukiw, W.J. Lipopolysaccharide (LPS) Accumulates in Neocortical Neurons of Alzheimer’s
Disease (AD) Brain and Impairs Transcription in Human Neuronal-Glial Primary Co-cultures. Front. Aging
Neurosci. 2017, 9, 407. [CrossRef] [PubMed]

44. Wang, X.; Sun, G.; Feng, T.; Zhang, J.; Huang, X.; Wang, T.; Xie, Z.; Chu, X.; Yang, J.; Wang, H.; et al. Sodium
oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial amino acids-shaped
neuroinflammation to inhibit Alzheimer’s disease progression. Cell Res. 2019, 29, 787–803. [CrossRef]
[PubMed]

45. Wu, S.C.; Cao, Z.S.; Chang, K.M.; Juang, J.L. Intestinal microbial dysbiosis aggravates the progression of
Alzheimer’s disease in Drosophila. Nat. Commun. 2017, 8, 24. [CrossRef] [PubMed]

46. Minter, M.R.; Zhang, C.; Leone, V.; Ringus, D.L.; Zhang, X.; Oyler-Castrillo, P.; Musch, M.W.; Liao, F.;
Ward, J.F.; Holtzman, D.M.; et al. Antibiotic-induced perturbations in gut microbial diversity influences
neuro-inflammation and amyloidosis in a murine model of Alzheimer’s disease. Sci. Rep. 2016, 6, 30028.
[CrossRef] [PubMed]

47. Zheng, J.; Zheng, S.J.; Cai, W.J.; Yu, L.; Yuan, B.F.; Feng, Y.Q. Stable isotope labeling combined with
liquid chromatography-tandem mass spectrometry for comprehensive analysis of short-chain fatty acids.
Anal. Chim. Acta 2019, 1070, 51–59. [CrossRef]

48. Ho, L.; Ono, K.; Tsuji, M.; Mazzola, P.; Singh, R.; Pasinetti, G.M. Protective roles of intestinal microbiota
derived short chain fatty acids in Alzheimer’s disease-type beta-amyloid neuropathological mechanisms.
Expert Rev. Neurother. 2018, 18, 83–90. [CrossRef] [PubMed]

49. Zhang, L.; Wang, Y.; Xiayu, X.; Shi, C.; Chen, W.; Song, N.; Fu, X.; Zhou, R.; Xu, Y.F.; Huang, L.; et al. Altered
Gut Microbiota in a Mouse Model of Alzheimer’s Disease. J. Alzheimers Dis. 2017, 60, 1241–1257. [CrossRef]

50. Tran, T.T.T.; Corsini, S.; Kellingray, L.; Hegarty, C.; Le Gall, G.; Narbad, A.; Müller, M.; Tejera, N.; O’Toole, P.W.;
Minihane, A.M.; et al. APOE genotype influences the gut microbiome structure and function in humans and
mice: Relevance for Alzheimer’s disease pathophysiology. FASEB J. 2019, 33, 8221–8231. [CrossRef]

51. Yuan, B.F.; Zhu, Q.F.; Guo, N.; Zheng, S.J.; Wang, Y.L.; Wang, J.; Xu, J.; Liu, S.J.; He, K.; Hu, T.; et al.
Comprehensive Profiling of Fecal Metabolome of Mice by Integrated Chemical Isotope Labeling-Mass
Spectrometry Analysis. Anal. Chem. 2018, 90, 3512–3520. [CrossRef] [PubMed]

52. Vogt, N.M.; Romano, K.A.; Darst, B.F.; Engelman, C.D.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Blennow, K.;
Zetterberg, H.; Bendlin, B.B.; et al. The gut microbiota-derived metabolite trimethylamine N-oxide is elevated
in Alzheimer’s disease. Alzheimers Res. Ther. 2018, 10, 124. [CrossRef] [PubMed]

53. Nho, K.; Kueider-Paisley, A.; MahmoudianDehkordi, S.; Arnold, M.; Risacher, S.L.; Louie, G.; Blach, C.;
Baillie, R.; Han, X.; Kastenmüller, G.; et al. Altered bile acid profile in mild cognitive impairment and
Alzheimer’s disease: Relationship to neuroimaging and CSF biomarkers. Alzheimer’s Dement. J. Alzheimer’s
Assoc. 2019, 15, 232–244. [CrossRef] [PubMed]

54. Mancuso, C.; Santangelo, R. Alzheimer’s disease and gut microbiota modifications: The long way between
preclinical studies and clinical evidence. Pharmacol. Res. 2018, 129, 329–336. [CrossRef] [PubMed]

55. Kim, M.S.; Kim, Y.; Choi, H.; Kim, W.; Park, S.; Lee, D.; Kim, D.K.; Kim, H.J.; Choi, H.; Hyun, D.W.; et al.
Transfer of a healthy microbiota reduces amyloid and tau pathology in an Alzheimer’s disease animal model.
Gut 2020, 69, 283–294. [CrossRef] [PubMed]

56. Sun, J.; Xu, J.; Ling, Y.; Wang, F.; Gong, T.; Yang, C.; Ye, S.; Ye, K.; Wei, D.; Song, Z.; et al.
Fecal microbiota transplantation alleviated Alzheimer’s disease-like pathogenesis in APP/PS1 transgenic
mice. Transl. Psychiatry 2019, 9, 189. [CrossRef] [PubMed]

57. Lee, H.J.; Lee, K.E.; Kim, J.K.; Kim, D.H. Suppression of gut dysbiosis by Bifidobacterium longum alleviates
cognitive decline in 5XFAD transgenic and aged mice. Sci. Rep. 2019, 9, 11814. [CrossRef] [PubMed]

58. Kobayashi, Y.; Sugahara, H.; Shimada, K.; Mitsuyama, E.; Kuhara, T.; Yasuoka, A.; Kondo, T.; Abe, K.;
Xiao, J.Z. Therapeutic potential of Bifidobacterium breve strain A1 for preventing cognitive impairment in
Alzheimer’s disease. Sci. Rep. 2017, 7, 13510. [CrossRef]

59. Rezaei Asl, Z.; Sepehri, G.; Salami, M. Probiotic treatment improves the impaired spatial cognitive performance
and restores synaptic plasticity in an animal model of Alzheimer’s disease. Behav. Brain Res. 2019, 376,
112183. [CrossRef] [PubMed]

60. Bonfili, L.; Cecarini, V.; Berardi, S.; Scarpona, S.; Suchodolski, J.S.; Nasuti, C.; Fiorini, D.; Boarelli, M.C.;
Rossi, G.; Eleuteri, A.M. Microbiota modulation counteracts Alzheimer’s disease progression influencing
neuronal proteolysis and gut hormones plasma levels. Sci. Rep. 2017, 7, 2426. [CrossRef]

224



J. Clin. Med. 2020, 9, 2042

61. Bonfili, L.; Cecarini, V.; Cuccioloni, M.; Angeletti, M.; Berardi, S.; Scarpona, S.; Rossi, G.; Eleuteri, A.M.
SLAB51 Probiotic Formulation Activates SIRT1 Pathway Promoting Antioxidant and Neuroprotective Effects
in an AD Mouse Model. Mol. Neurobiol. 2018, 55, 7987–8000. [CrossRef]

62. Hoffman, J.D.; Yanckello, L.M.; Chlipala, G.; Hammond, T.C.; McCulloch, S.D.; Parikh, I.; Sun, S.;
Morganti, J.M.; Green, S.J.; Lin, A.L. Dietary inulin alters the gut microbiome, enhances systemic metabolism
and reduces neuroinflammation in an APOE4 mouse model. PLoS ONE 2019, 14, e0221828. [CrossRef]
[PubMed]

63. Westfall, S.; Lomis, N.; Prakash, S. A novel synbiotic delays Alzheimer’s disease onset via combinatorial
gut-brain-axis signaling in Drosophila melanogaster. PLoS ONE 2019, 14, e0214985. [CrossRef] [PubMed]

64. Ma, D.; Wang, A.C.; Parikh, I.; Green, S.J.; Hoffman, J.D.; Chlipala, G.; Murphy, M.P.; Sokola, B.S.; Bauer, B.;
Hartz, A.M.S.; et al. Ketogenic diet enhances neurovascular function with altered gut microbiome in young
healthy mice. Sci. Rep. 2018, 8, 6670. [CrossRef] [PubMed]

65. Nagpal, R.; Neth, B.J.; Wang, S.; Craft, S.; Yadav, H. Modified Mediterranean-ketogenic diet modulates gut
microbiome and short-chain fatty acids in association with Alzheimer’s disease markers in subjects with
mild cognitive impairment. EBioMedicine 2019, 47, 529–542. [CrossRef] [PubMed]

66. DaSilva, N.A.; Nahar, P.P.; Ma, H.; Eid, A.; Wei, Z.; Meschwitz, S.; Zawia, N.H.; Slitt, A.L.; Seeram, N.P.
Pomegranate ellagitannin-gut microbial-derived metabolites, urolithins, inhibit neuroinflammation in vitro.
Nutr. Neurosci. 2019, 22, 185–195. [CrossRef]

67. Yuan, T.; Ma, H.; Liu, W.; Niesen, D.B.; Shah, N.; Crews, R.; Rose, K.N.; Vattem, D.A.; Seeram, N.P.
Pomegranate’s Neuroprotective Effects against Alzheimer’s Disease Are Mediated by Urolithins,
Its Ellagitannin-Gut Microbial Derived Metabolites. ACS Chem. Neurosci. 2016, 7, 26–33. [CrossRef]

68. Sun, J.; Liu, S.; Ling, Z.; Wang, F.; Ling, Y.; Gong, T.; Fang, N.; Ye, S.; Si, J.; Liu, J. Fructooligosaccharides
Ameliorating Cognitive Deficits and Neurodegeneration in APP/PS1 Transgenic Mice through Modulating
Gut Microbiota. J. Agric. Food Chem. 2019, 67, 3006–3017. [CrossRef] [PubMed]

69. Xin, Y.; Diling, C.; Jian, Y.; Ting, L.; Guoyan, H.; Hualun, L.; Xiaocui, T.; Guoxiao, L.; Ou, S.; Chaoqun, Z.; et al.
Effects of Oligosaccharides From Morinda officinalis on Gut Microbiota and Metabolome of APP/PS1
Transgenic Mice. Front. Neurol. 2018, 9, 412. [CrossRef]

70. Chen, D.; Yang, X.; Yang, J.; Lai, G.; Yong, T.; Tang, X.; Shuai, O.; Zhou, G.; Xie, Y.; Wu, Q. Prebiotic Effect of
Fructooligosaccharides from Morinda officinalis on Alzheimer’s Disease in Rodent Models by Targeting the
Microbiota-Gut-Brain Axis. Front. Aging Neurosci. 2017, 9, 403. [CrossRef]

71. Wang, J.; Lei, X.; Xie, Z.; Zhang, X.; Cheng, X.; Zhou, W.; Zhang, Y. CA-30, an oligosaccharide fraction derived
from Liuwei Dihuang decoction, ameliorates cognitive deterioration via the intestinal microbiome in the
senescence-accelerated mouse prone 8 strain. Aging (Albany NY) 2019, 11, 3463–3486. [CrossRef]

72. Wang, J.; Ye, F.; Cheng, X.; Zhang, X.; Liu, F.; Liu, G.; Ni, M.; Qiao, S.; Zhou, W.; Zhang, Y. The Effects of
LW-AFC on Intestinal Microbiome in Senescence-Accelerated Mouse Prone 8 Strain, a Mouse Model of
Alzheimer’s Disease. J. Alzheimers Dis. 2016, 53, 907–919. [CrossRef] [PubMed]

73. Leblhuber, F.; Steiner, K.; Schuetz, B.; Fuchs, D.; Gostner, J.M. Probiotic Supplementation in Patients with
Alzheimer’s Dementia—An Explorative Intervention Study. Curr. Alzheimer Res. 2018, 15, 1106–1113.
[CrossRef] [PubMed]

74. Leblhuber, F.; Steiner, K.; Schuetz, B.; Fuchs, D. Commentary: Does Severity of Alzheimer’s Disease
Contribute to Its Responsiveness to Modifying Gut Microbiota? A Double Blind Clinical Trial. Front. Neurol.
2019, 10, 667. [CrossRef] [PubMed]

75. Agahi, A.; Hamidi, G.A.; Daneshvar, R.; Hamdieh, M.; Soheili, M.; Alinaghipour, A.; Esmaeili Taba, S.M.;
Salami, M. Does Severity of Alzheimer’s Disease Contribute to Its Responsiveness to Modifying Gut
Microbiota? A Double Blind Clinical Trial. Front. Neurol. 2018, 9, 662. [CrossRef] [PubMed]

76. Brandscheid, C.; Schuck, F.; Reinhardt, S.; Schäfer, K.H.; Pietrzik, C.U.; Grimm, M.; Hartmann, T.; Schwiertz, A.;
Endres, K. Altered Gut Microbiome Composition and Tryptic Activity of the 5xFAD Alzheimer’s Mouse
Model. J. Alzheimers Dis. 2017, 56, 775–788. [CrossRef]

225



J. Clin. Med. 2020, 9, 2042

77. Hewel, C.; Kaiser, J.; Wierczeiko, A.; Linke, J.; Reinhardt, C.; Endres, K.; Gerber, S. Common miRNA Patterns
of Alzheimer’s Disease and Parkinson’s Disease and Their Putative Impact on Commensal Gut Microbiota.
Front. Neurosci. 2019, 13, 113. [CrossRef] [PubMed]

78. Fujii, Y.; Nguyen, T.T.T.; Fujimura, Y.; Kameya, N.; Nakamura, S.; Arakawa, K.; Morita, H. Fecal metabolite
of a gnotobiotic mouse transplanted with gut microbiota from a patient with Alzheimer’s disease. Biosci.
Biotechnol. Biochem. 2019, 83, 2144–2152. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

226



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Journal of Clinical Medicine Editorial Office
E-mail: jcm@mdpi.com

www.mdpi.com/journal/jcm





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34 

Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-2797-0 


	3Ts  cover.pdf
	3Ts in Gastrointestinal Microbiome Era Technology, Translational Research and Transplant.pdf
	3Ts  cover
	空白页面

