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The gut microbiota refers to the collection of microbial
populations that reside in the gastrointestinal tract. It is
characterized by an interplay between different cell types and
their defense systems, food particles, molecules derived from
digestion, and the vast array of residingmicrobial specieswith
their secretory products. These microorganisms present in
the gut lumen, which can be classified as probiotics, commen-
sals, or pathogens, form the microbiota, which exerts several
physiological functions, that is, the absorption and digestion
processes, tolerance to non-self-food antigens, and defense
from pathogens.The humanmicrobiota can weigh up to 2 kg
in total and contains tens of trillions of microorganisms, a
number 10 to 20 times greater than the total number of cells in
the human body, and includes at least 1000 different bacterial
species [1]. This rich gut microbial community has coevolved
in a symbiotic relationship with the human intestinal mucosa
in such a way that the indigenous microbiota is essential for
gut homeostasis. This ecosystem acts as a functional unit;
thus, microbiota is considered a “superorganism” and is an
integral part of the gastrointestinal tract [2].

The human intestine has the dual function of nutrient
absorption and protection against intestinal pathogens.These
two tasks have conflicting demands in the body. Optimal
absorption requires a large surface area and selective perme-
ability to nutrients through a thin epithelial layer. However,
a large surface area increases exposure to luminal bacteria,
and the thinness of epithelium increases the possibility of
bacterial invasion. The intestinal immune system acts in
order to avoid bacterial invasion of the epithelial layer.

At the same time, it must not initiate inappropriate immune
responses towards the commensal bacteria that reside in the
intestinal lumen, as these responses may result in inflamma-
tory diseases, such as Inflammatory Bowel Diseases (IBD),
Celiac Disease (CD), and Diverticular Disease. Accordingly,
it is important for the intestinal immune system to maintain
an appropriate balance of pro- and anti-inflammatorymecha-
nisms to ensure tolerance to commensal and dietary antigens
and intestinal homeostasis [3].

The relationship between gut flora and humans is not
merely commensal but rather a symbiotic one. This rela-
tionship is constantly challenged by many factors, such as
the rapid turnover of the gastrointestinal epithelium and
mucus, the exposure to the peristaltic activity, the presence
of molecules resulting from digestion, the pancreatic and
biliary secretions, the host defense, the presence of drugs
or medications, the changes in pH and redox potential,
and the exposure to transient organisms from the oral
cavity and esophagus. Alternatively, numerous beneficial
functions are ascribed to the microbiota in the human gut
such as fermenting unused energy substrates, educating the
immune system, preventing growth of harmful, pathogenic
bacteria, regulating gut development, producing vitamins
for the host, such as biotin and vitamin K, and producing
hormones to direct the host to store fats [4]. Furthermore,
the gut microbial community is akin to a safeguard of
our health because the microbiota competes for space and
nutrients with potential pathogens and induces the secretion
of antimicrobial peptides through interaction with intestinal
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epithelial cells [1]. The gut microbiota can also stimulate
the differentiation and proliferation of epithelial cells, which
regulate intestinal homeostasis [5].

According to the beneficial functions of gut microbiota
mentioned above, it is clear that several bacteria that form
microbiota confer a health benefit on the host. These bac-
teria have been mentioned as “probiotics.” Thus, in recent
years, experimental and clinical researchers have identi-
fied probiotics as a potential therapeutic target for several
gastrointestinal diseases, as reported in the review by G.
Giorgetti et al. Quali-quantitative changes in bacterial strains
suggest that gut microbiota may be a therapeutic target based
on probiotics and on probiotic-driven metabolic products,
called “postbiotics.” New therapeutic approaches based on
probiotics are now available, and further treatments based on
postbiotics will come in the future.

A principal function of the microbiota is to protect
the intestine against colonization by exogenous pathogens
and potentially harmful indigenous microorganisms. The
specific mechanisms by which commensal bacteria achieve
this function remain poorly understood, but there is evidence
to indicate that both direct and indirectmechanismsmight be
involved. These mechanisms include the direct competition
for limited nutrients, the promotion of mucosal barrier
function, the modulation of innate immunity to pathogens
and infections, the promotion of adaptive immunity, and
even the protective role of the commensal microbiota against
systemic infection [1]. However, in certain conditions, some
species of bacteria are thought to cause disease by producing
infection or increasing the risk of cancer in the host. In
fact, particular bacterial populations that are typically found
in very low abundance can acquire pathogenic properties.
These conditions include inherent immune defects as well
as changes in diet and/or acute inflammation and can
result in the disruption of the normal balanced state of
the gut microbiota, a condition referred to as dysbiosis [6].
Dysbiosis involves the abnormal accumulation or increased
virulence of certain commensal populations of bacteria,
thereby transforming former symbionts into “pathobionts.”
Pathobionts are typically colitogenic in that they can trigger
intestinal inflammation [1]. Hence, the breakdown of the
normal microbial community contributes to increase of
the risk of pathogen infection, the overgrowth of harmful
pathobionts, and inflammatory disease. Thus, understanding
the interaction of themicrobiota with pathogens and the host
might provide new insights into the pathogenesis of disease,
as well as novel avenues for preventing and treating intestinal
and systemic disorders [1].

A prototype to understand the breakdown of the normal
gut microbial community leading to dysbiosis is Clostridium
difficile infection (CDI). In this special issue, S. Bibbò et al.
describe the epidemiological and clinical characteristics of
CDI and discuss how the intestinal microbiota modifications
and the modulation of innate immune response can promote
and exacerbate CDI. In this infection, the alteration of intesti-
nal homeostasis promotes the development of an ecological
niche that allows the growth of Clostridium difficile. More-
over, intestinal dysbiosis can promote a proinflammatory
environment, whereas Clostridium difficile itself modulates

the innate immunity through both toxin-dependent and
toxin-independent mechanisms.

CDI causes intestinal inflammation leading to a sub-
sequent reduction of intestinal microbiota diversity. The
proportion between Clostridium difficile and the other gut
bacteria has been related to the severity of inflammation.The
work of C. Vincent et al. demonstrates how fecal excretion
of abundant quantities of human DNA is associated with
intestinal inflammation and with incipient CDI; thus, fecal
excretion of host DNA should be investigated as a potential
clinical marker of intestinal inflammation and CDI risk.

The specific composition of the microbiota is influenced
by immune cells as well as external environmental factors,
especially the use of antibiotics and diet [7]. For the preserva-
tion of gastrointestinal homeostasis, the intestine maintains
control over the microflora, discriminating between patho-
genetic and nonpathogenetic organisms by means of local
innate immunity [1].

Initiation of innate immune responses in the intestine is
triggered by pathogen-recognition receptors (PRRs) which
serve as sensors of pathogen-associated molecular patterns
(PAMPs) from the intestinal lumen. The most studied PRRs
are the Toll-like receptors (TLRs) [8]. In this special issue, two
reviews illustrate the major role of TLRs in the interaction
between microbiota and immune system. In particular, M.
Valentini et al. focus the attention on the possibility that
microbiota acts through TLRs expressed by adaptive T cells
providing regulatory signals. S. Frosali et al. discuss the role
of TLRs polymorphism in human gastrointestinal pathology
and the role of TLRs and their interactions with human
microbiota in the pathogenesis of Inflammatory Bowel Dis-
eases.

TLRs may be involved in the pathogenesis and clinical
course of the diverticular disease. In the paper by R. Cianci
et al., it has been demonstrated that variations before and
after the antibiotic therapywith Rifaximin exist.This suggests
that TLRs are modified by the presence of pathogenic flora in
UDD.The role of pathogenic flora is supported by the finding
that Rifaximin acts in the gutmucosa homeostasis by limiting
the activation of TLRs. Furthermore, Rifaximin may also
have a luminal anti-inflammatory function modulating the
adaptive immune response in an inhibitory sense. Rifaximin
keeps under control TLRs expression in peripheral blood
suggesting that, in addition to its activity in gut mucosa, it
may also have a systemic action on immune system.

The intestinal barrier regulates intestinal homeostasis
throughout innate and adaptive immune responses. Unfortu-
nately, in some cases, the innate immune system’s attempt to
protect the host fails and chronic inflammation and intestinal
autoimmunity occur, such as in the case of IBD and Celiac
Disease (CD). In this special issue, in the paper of D. Pagliari
et al. it is clarified how CD may be considered as a model
to explain the pathogenesis of several other autoimmune
diseases. In fact, during this disease, the steady state condition
homeostasis due to the complete balance between pro- and
anti-inflammatory factors is altered. The breakdown of the
interaction among microbiota, innate immunity, and genetic
and dietary factors leads to the disruption of homeostasis
leading to inflammation and tissue damage. Thus, focusing
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the attention on this interaction and its breakdownmay allow
a better understanding of the CD pathogenesis and finally get
novel translational avenues for preventing and treating this
widespread disease.

The contributions of the gut microbiota to the devel-
opment of the immune system have been extensively char-
acterized. There is a coordinated cross talk between the
gut microbiota and the immune system allowing the host
to tolerate the large amount of antigens present in the
gut. Hence, recent data have demonstrated that microbiota
plays a pivotal role in orchestrating the immune response
in gut mucosa and in regulating the balance between pro-
and anti-inflammation factors. Gut flora has a continuous
and dynamic effect on the host’s gut and systemic immune
systems. Bacteria are key in promoting the early development
of the gut’s mucosal immune system. The immune system
recognizes and fights harmful bacteria, but, throughout the
mechanism of tolerance induction within the first days of
life, permits the colonization and growth of helpful species
of bacteria. On the other hand, the immune-gastrointestinal
flora interface plays a pivotal role in maintaining gut home-
ostasis with resident microbial communities, thus ensuring
that the symbiotic nature of the host-microbial relationship
is maintained [2].

According to what has been described so far, the interac-
tion between human gut microbiota and intestinal immune
system can be considered as the pivotal axis that contributes
to the maintenance of intestinal homeostasis and allows
proper defense to infections. As the intestinal immune system
is influenced by many factors, including dietary components
and commensal bacteria, strategies that restore a healthy gut
microbial community by affecting themicrobial composition
are being developed as new therapeutic approaches to treat
several gastrointestinal diseases.

We hope that this special issue will contribute to a better
understanding of the strong interactions between innate
immunity and microbiota in developing gastrointestinal dis-
eases. These new acquisitions will be fundamental to finding
new therapeutical strategies.

Danilo Pagliari
Ciriaco A. Piccirillo

Anis Larbi
Rossella Cianci

References

[1] N. Kamada, S.-U. Seo, G. Y. Chen, and G. Núñez, “Role of the
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Clostridium difficile infection (CDI) is intricately linked to the health of the gastrointestinal tract and its indigenous microbiota.
In this study, we assessed whether fecal excretion of host DNA is associated with CDI development. Assuming that shedding of
epithelial cell increases in the inflamed intestine, we used human DNA excretion as a marker of intestinal insult. Whole-genome
shotgun sequencing was employed to quantify host DNA excretion and evaluate bacterial content in fecal samples collected from
patients with incipient CDI, hospitalized controls, and healthy subjects. Human DNA excretion was significantly increased in
patients admitted to the hospital for a gastrointestinal ailment, as well as prior to an episode of CDI. In multivariable analyses,
human read abundance was independently associated with CDI development. Host DNA proportions were negatively correlated
with intestinal microbiota diversity. Enterococcus and Escherichia were enriched in patients excreting high quantities of human
DNA, while Ruminococcus and Odoribacter were depleted. These findings suggest that intestinal inflammation can occur prior to
CDI development and may influence patient susceptibility to CDI. The quantification of human DNA in feces could serve as a
simple and noninvasive approach to assess bowel inflammation and identify patients at risk of CDI.

1. Introduction

In healthy individuals, the intestinal microbiota is character-
ized by a highly complex and dynamic microbial community
which contains as many as 1,000 bacterial species [1]. This
microbial community constitutes an important metabolic
organ that provides numerous beneficial functions to the
host, including the digestion of complex carbohydrates, pro-
duction of vitamins, maturation of the immune system, regu-
lation of gastrointestinal transit, and stimulation of epithelial
cell turnover [2]. The indigenous microbiota also has the
ability to outcompete opportunistic microorganisms and
enteric pathogens like Clostridium difficile through a process
known as colonization resistance [3].

Human fecal matter is composed of a mixture of
water, undigested food, microorganisms, and epithelial cells
released from the walls of the gastrointestinal tract [4]. The
desquamation of intestinal epithelial cells can be quantified
by measuring the abundance of human DNA excreted in
feces. Although the intestinal epithelium undergoes rapid
turnover and is completely renewed every 4-5 days [5],
typically very low amounts of human DNA can be detected
in fecal matter [6]. However, when intestinal homeostasis is
perturbed due to the presence of infectious agents or inflam-
mation, greater amounts of damaged and dead epithelial cells
are exfoliated from the intestinal wall, resulting in higher
quantities of human cells shed in feces [7]. In sequenced-
based studies of the fecal microbiome, the excretion of
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host DNA has not been well-characterized. Studies using
directed PCR and sequencing of phylogenetically informative
regions of the bacterial 16S ribosomal RNA gene (rDNA) do
not interrogate human DNA, and studies based on whole-
genome shotgun (WGS) sequencing often apply bioinfor-
matic filters to remove low quality reads, hostDNA, and other
contaminants prior to analyses.

C. difficile is themajor etiological agent of infectious diar-
rhea and pseudomembranous colitis in hospitalized patients.
The main risk factor for C. difficile infection (CDI) is antibi-
otic exposure and the overall risk increases with prolonged
and combined use of antibiotics [8]. Broad-spectrum antibi-
otics have profound detrimental effects on the structure and
diversity of the intestinal microbiota [9, 10].These alterations
can result in loss of colonization resistance, thereby providing
an opportunity forC. difficile proliferation.C. difficile can also
elicit intestinal inflammation during colonization as a way
to further disrupt the indigenous microbiota and overcome
colonization resistance [11].

Despite advances in infection control practices and the
development of new treatment options, there has been a
steady increase in the incidence and severity of CDI in the
last two decades and outbreaks continue to occur in hospitals
and healthcare institutions worldwide [12, 13]. As there is
presently no vaccine for CDI, the development of new strate-
gies for early identification of high-risk patients and earlier
diagnosis of patients undergoing CDI would aid in infection
prevention and patient management. In order to achieve
this task, there is a need for an improved understanding
of the intestinal ecosystem, including factors that maintain
intestinal homeostasis and colonization resistance in the face
of constantly changing environmental pressures.

The objective of this study was to investigate the relation-
ship between intestinal epithelial cell shedding, microbiota
composition, and subsequent development of nosocomial
CDI. We used WGS sequencing to compare the proportions
of human DNA and evaluate bacterial content in fecal
samples obtained from (i) patients prior to the onset of CDI
(cases), (ii) hospitalized controls, and (iii) nonhospitalized
healthy subjects. Our results provide evidence that the excre-
tion of high quantities of host DNA in feces is a general
outcome of intestinal inflammation and is associated with
CDI risk in hospitalized patients.

2. Materials and Methods

2.1. Subject Recruitment and Sample Collection. Between
September 2006 and May 2007, a total of 599 hospitalized
patients were enrolled in a prospective cohort study at the
Royal Victoria Hospital in Montreal. A detailed description
of the study population and definitions are available in Loo
et al. [14]. A single rectal swab was obtained from each
patient within 7 days of admission to the hospital. A question-
naire was administered to all study subjects to collect infor-
mation on demographics, known risk factors for CDI, and
use of various medications in the 8 weeks prior to hospital
admission and during hospitalization. During the study
period, 31 patients experienced one or more CDI episodes.
After excluding patients with a history of previous CDI, fecal

samples collected prior to CDI diagnosis were available for
18 patients (cases). Thirty-six controls were selected from
patients who did not develop CDI, either during hospitaliza-
tion or up to 60 days after discharge. Case patients were
matched to controls in a 1 : 2 ratio based on sex, age (±5
years), and date of hospitalization (±2 months). All partici-
pants provided informed written consent. The human sub-
jects’ protocols for the cohort and case-control studies were
approved by the Royal Victoria Hospital Internal Review
Board as well as the McGill University Institutional Review
Board (BMB05-014). As nonhospitalized healthy controls, we
included intestinal microbiome sequence data from 88 adults
generated as part of the Human Microbiome Project (HMP)
[6]. To ensure our sequencing data was comparable to that of
the HMP, we also included two fecal samples obtained from
nonhospitalized healthy adults living in Montreal.

2.2. WGS Sequencing and Data Analysis. Fecal DNA was
extracted using the DNA IQ System (Promega) and subjected
to whole-genome amplification using the illustra GenomiPhi
V2 DNA Amplification Kit (GE Healthcare) according to
the manufacturers’ protocols. Due to limited amounts of
fecal material available on the rectal swabs, whole-genome
amplification was necessary in order to ensure sufficient
DNA quantities for subsequent steps. Multiplexed DNA
libraries were prepared according to a previously described
protocol [15]. WGS sequencing was performed at the McGill
University and Génome Québec Innovation Centre and the
Illumina HiSeq 2000 instrument was used to generate 150-
nucleotide sequence reads. Eleven to 15 samples were pooled
in each sequencing lane and we obtained a median of 18.0
million reads per sample (range, 6.4–91.4 million). In each
fecal sample, the proportion of reads derived from the human
genome was determined with BMTagger [16]. In order to
assess microbial diversity, we retrieved all reads containing
the V1–V3 reverse primer sequence (which targets a segment
of the 16S rRNA gene) [17] and their 3 sequences in order
to obtain 55-mers originating with the primer sequence. We
compiled the occurrence and frequency of these 16S rDNA
motifs to measure the diversity of each sample using the
inverse Simpson index. MetaPhlAn [18] was used to infer
genus-level taxonomic abundances and assess the presence
of C. difficile in fecal samples. All samples contained at least
1,000 reads with a hit to MetaPhlAn’s marker database.

2.3. Statistical Analyses. Kernel density estimation and all
other statistical analyses were performed with the R software
[19]. LEfSe [20]was used to perform linear discriminant anal-
ysis and identify bacterial genera that discriminate between
three categories of human DNA abundance.

3. Results and Discussion

We compared the proportions of human DNA in fecal sam-
ples collected from 18CDI cases, 36 hospitalized controls, and
90 nonhospitalized healthy controls. Among case patients,
the median interval of time between stool collection and
CDI diagnosis was 10.5 days. The proportion of human reads
detected in fecal samples differed significantly between the
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Figure 1: Distribution of human read proportions in fecal samples from CDI cases, hospitalized controls, and healthy subjects. (a) Scatter
plot showing the proportions of human reads in each subject group. Patients admitted to the hospital for gastrointestinal problems (8 cases
and 10 controls) are displayed as open circles. Three subgroups representing low (<30%, shown in blue), intermediate (30–70%, shown in
green), and high (>70%, shown in red) amounts of human DNA were apparent from the sample distributions. 𝑃 values were determined
by Mann-Whitney 𝑈 test. (b) Kernel density plot showing the distribution of human read proportions in CDI case and hospitalized control
groups.

three subject groups (Figure 1(a)). In hospitalized patients
(cases and controls), the proportion of human reads was
highly variable, with values ranging from 0 to 98%. In con-
trast, the vast majority (95.5%) of stool samples from healthy
subjects, including two samples sequenced in this study,
contained less than 1% of human reads. Overall, samples from
incipient CDI cases contained significantly higher propor-
tions of human reads than samples from hospitalized and
healthy controls (𝑃 ≤ 0.003 by Mann-Whitney 𝑈 test; Figure
1(a)). We acknowledge that variations in sample collection
procedures (i.e., whole stool for healthy subjects versus rectal
swabs for hospitalized patients) may have contributed to the
observed differences in human read proportions between
subject groups. To better evaluate and compare the complex
underlying distributions of the incipient CDI case and hos-
pitalized control groups, we generated a kernel density plot
(Figure 1(b)). While fecal samples with low amounts (<30%)
of human DNA were predominant in hospitalized controls
(64%of samples), samples from incipient CDI cases displayed
a shift towards intermediate (30–70%) and high (>70%) levels
of host DNA content (72% of samples had >30% of human
reads).

A review of patient records indicated that 18 (8 cases and
10 controls) out of 54 patients were admitted to the hos-
pital for a gastrointestinal surgery or infection (other than
CDI) (Figure 1(a), shown as open circles). The fecal samples
obtained from patients admitted for a gastrointestinal ail-
ment had significantly higher proportions of human reads
compared to patients admitted for other reasons (𝑃 = 0.01

by Mann-Whitney 𝑈 test). Increased excretion of human
DNAhas also been observed in patients with active ulcerative
colitis and colorectal cancer, as well as in patients undergoing
pelvic radiotherapy [21–25]. Taken together, these observa-
tions indicate that increased fecal excretion of host DNA is a
general marker of intestinal insult.

In order to distinguish between the contributions of
non-CDI related gastrointestinal ailment (based on hospital
admission information) and incipient CDI and how they
affect the level of human DNA excretion, we performed a
multivariable analysis and found that human read abun-
dance remains significantly associated with subsequent CDI
development when admission for gastrointestinal problems
is controlled for in the logistic regression model (𝑃 ≤ 0.02).
This indicates that while excretion of large amounts of human
DNA is a general indicator of gastrointestinal insult and
inflammation, it is also independently associated with CDI
development. We were particularly intrigued by the increase
in the proportion of CDI patients with intermediate levels
(30–70%) of human reads in their fecal sample and consider
two scenarios that could explain their importance in CDI. In
the first case, the observation of intermediate levels of human
DNA may reflect a low-grade, chronic inflammatory state. If
so, then the presence of intermediate to high levels of human
DNA provides another measure of intestinal health that aids
in assessing patient risk toCDI.Thepresence of inflammation
in the gut can have deleterious effects on the intestinal
microbiota and may create a permissive environment for C.
difficile colonization, thereby increasing patient susceptibility
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to CDI. Alternatively, intermediate levels of host DNA excre-
tion may reflect an early inflammation stage elicited by C.
difficile colonization and thus represent an early sign of CDI.
Although we cannot distinguish whether increased shedding
of intestinal epithelial cells is a riskmarker forCDI orwhether
it is inherent to CDI development, the observation that only
2 out of 18 cases had DNA sequences corresponding to
C. difficile in their stool and the absence of a relationship
between human read abundance and time to CDI diagnosis
(𝑟 = 0.30, 𝑃 = 0.22 by Spearman correlation) supports
the idea that increased amounts of human DNA in feces is a
riskmarker for CDI. Larger studies using longitudinal sample
collection are needed to clarify this question.

Since intestinal epithelium integrity, intestinal inflam-
mation, and resident microbiota are intricately related, we
assessed the diversity and composition of the fecalmicrobiota
with respect to human DNA content. As there was little
to no human DNA in samples from healthy subjects, we
restricted our microbiome analyses to the hospitalized cases
and controls. In order to estimate bacterial diversity from
WGS datasets, we employed an rDNA data mining approach.
16S rDNA motifs (defined as 55-mer DNA segments starting
with the V1–V3 primer sequence) were recovered after parti-
tioning human DNA sequences. Three samples (one from a
CDI case and two from hospitalized controls) with very high
humanDNA content (≥95.8% of reads) contained less than 15
rDNA motifs and were excluded from the diversity analyses.
Of the 51 remaining samples, four containedmore than 95.8%
of human reads but still had enough rDNA motifs to allow a
reliable estimation of bacterial diversity. In hospitalized con-
trols, we observed a trend of decreasing microbial diversity
with increasing proportions of human DNA (𝑟 = −0.50,
𝑃 = 0.003 by Spearman’s rank correlation test; Figure 2).This
trend was not observed in CDI cases (𝑟 = −0.14, 𝑃 = 0.6).
Patients with incipient CDI exhibited overall low levels of
microbial diversity, a feature that is already associated with
CDI susceptibility [26]. Nonetheless, intestinal inflammation
could be the common link between increased epithelial cell
shedding and reduced microbial diversity.

Bacterial genomes typically range in size from 0.5 to
more than 9 Mb and contain between 1 and 15 copies of the
16S rRNA gene [27, 28], so the naive expectation for pure
bacterial samples would be to observe approximately one 16S
rDNA read per Mb of sequence data. Within our population
of 54 hospitalized patients and two healthy subjects, the
frequency of 16S rDNA motifs ranged from 0.1 to 0.7 occur-
rences perMb of total sequence data after accounting for host
DNA. In a comparable analysis of a variety of individually
sequenced bacterial species (Listeria monocytogenes, Vibrio
fluvialis, Salmonella enterica, and Campylobacter jejuni) with
genome sizes ranging from 1.8 to 6.7Mb and 16S rDNA copy
numbers ranging from 1 to 8, rDNA motifs were observed
at a frequency of 1 to 3 occurrences per Mb. Therefore, 16S
rDNAmotif recovery rates differed by an order of magnitude
between purified bacterial cultures and fecal microbiome
samples. Whereas fecal DNA samples have been considered
to be predominantly of bacterial origin, our results imply
that other sources of DNA that are not of bacterial or
human origin (e.g., food, fungi, protozoa, bacteriophages,
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Figure 2: Intestinal microbiota diversity in hospitalized cases and
controls as a function of host DNA abundance. Each patient group
was divided into three subgroups with low (<30%, shown in blue),
intermediate (30–70%, shown in green), and high (>70%, shown in
red) proportions of human reads. One sample from the CDI group
and two samples from hospitalized controls were excluded because
they contained less than 15 reads with a 16S rDNAmotif. Horizontal
lines represent the median and interquartile range.

and other viruses) account for a substantial fraction of the
fecal microbiome and likely play a role in the interplay
between the microbial community and the host. Nielsen et
al. have also recognized that the microbiome is composed
of a wide variety of microbes and approaches assessing the
full genetic diversity are needed [29]. Even with the paucity
of robust tools to identify these other sources of DNA, the
use of methods that survey the whole community rather
than focusing only on bacteria, such as WGS sequencing,
offers a starting point for taking a census of the entire micro-
biome.

We also examined whether specific bacterial genera are
associatedwith fecal excretion of humanDNA in hospitalized
patients. In the incipient CDI group, Prevotella was more
abundant in patients with low levels of host DNA.This genus
is a commonmember of the fecalmicrobiota in adults [30]. In
the hospitalized control group, Enterococcus and Escherichia
were enriched in patients with high proportions of host
DNA, while Ruminococcus and Odoribacter were depleted
(Figure 3(b)). Increased levels ofEnterococcus andEscherichia
have been previously associated with reduced colonization
resistance, intestinal inflammation, and Crohn’s disease [31–
34]. Reduced abundance of Ruminococcus and Odoribacter
has also been observed in patients with inflammatory bowel
disease [31, 34]. These genera are important producers of
short-chain fatty acids, which are metabolized by epithelial
cells in the colon and play a major role in the regulation of
colonocyte differentiation and proliferation [35, 36]. There-
fore, a decrease in their abundance may have detrimental
effects on the integrity of the intestinal epithelium and on the
regulation of inflammation.
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Figure 3: Bacterial genera that discriminate between low (<30%, shown in blue), intermediate (30–70%, shown in green), and high (>70%,
shown in red) proportions of human DNA in (a) CDI cases and (b) hospitalized controls. The histograms show bacterial genera with an
absolute log linear discriminant analysis (LDA) score of at least 2.0.

Although we did not directly measure the presence of
intestinal inflammation in our population, a growing body
of evidence (including this study) suggests that host DNA
excretion is a general outcome of intestinal insult [21–24].
While earlier studies have directly targeted exfoliated colono-
cytes or human DNA via quantitative PCR, we believe WGS
sequencing provides a comprehensive and unbiased way to
assess fecal DNA content.Moreover, as themeasurements are
obtained from fecal samples, it provides a noninvasive and
straightforward approach for monitoring intestinal health
status. Whereas our study generated millions of sequences
to support the characterization of intestinal microbiota, the
monitoring of host DNA content could be achieved with
much smaller datasets, thereby reducing costs and decreasing
the time to results.

Our results also have implications for how different geno-
mic approaches for studying the intestinal microbiome can
affect informed consent and human subject protocols. Fecal
samples used in WGS studies, especially for individuals with
gastrointestinal diseases, provide information on the host
genome as well as the microbiome. In instances of elevated
host cell excretion, where host DNA constitutes more than
50% of the sequencing data, consent protocols should indi-
cate that the data produced may be comparable to directly
sequencing the individual’s genome.

4. Conclusions

We have shown that fecal excretion of abundant quantities
of human DNA is significantly associated with incipient CDI
and appears to be an outcome of intestinal inflammation.
High levels of human DNA were associated with a reduction
of intestinalmicrobiota diversity, an increase in opportunistic
microorganisms, and a depletion of short-chain fatty acid-
producing bacteria. Fecal excretion of host DNA should
be investigated as a potential clinical marker of intestinal
inflammation and CDI risk.
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The gut is able to maintain tolerance to microbial and food antigens. The intestine minimizes the number of harmful bacteria by
shaping the microbiota through a symbiotic relationship. In healthy human intestine, a constant homeostasis is maintained by
the perfect regulation of microbial load and the immune response generated against it. Failure of this balance may result in various
pathological conditions. Innate immune sensors, such asToll-like receptors (TLRs),may be considered an interface among intestinal
epithelial barrier, microbiota, and immune system. TLRs pathway, activated by pathogens, is involved in the pathogenesis of several
infectious and inflammatory diseases. The alteration of the homeostasis between physiologic and pathogenic bacteria of intestinal
flora causes a condition called dysbiosis. The breakdown of homeostasis by dysbiosis may increase susceptibility to inflammatory
bowel diseases. It is evident that environment, genetics, and host immunity form a highly interactive regulatory triad that controls
TLR function. Imbalanced relationships within this triad may promote aberrant TLR signaling, critically contributing to acute and
chronic intestinal inflammatory processes, such as in IBD, colitis, and colorectal cancer.The study of interactions between different
components of the immune systems and intestinal microbiota will open new horizons in the knowledge of gut inflammation.

1. Introduction

The human gastrointestinal tract is colonized by different
microbial populations including bacteria, fungi, and viruses
[1]. Bacteria represent the largest population of intestinal
microbiota, comprising 500–1000 different species [1, 2].
Surprisingly, the intestine is able to maintain tolerance to
this antigenic burden, showing a symbiotic host relationship,
and itmay provide protective inflammatory responses against
invading enteric pathogens. In fact, the intestinal tract has
developed several strategies allowing a symbiotic relationship
with microbiota and restricting the invasion of microorgan-
isms through the gut epithelial barrier.

The intestine minimizes the number of harmful bacteria
by shaping the microbiota through a symbiotic relation-
ship. The commensal microbiota competes with pathogenic
invaders and limits the colonization of the intestinal tract by

pathogens [3, 4]. Furthermore, thick mucus layers composed
of mucin glycoproteins secreted from Goblet cells create
a physical barrier, which separates bacterial flora and the
intestinal epithelial cells [5, 6]. Moreover, several antibacte-
rial factors are secreted by mucosal cells and can directly
regulate the microbiota’s growth. For instance, Paneth cells
at the base of the crypts are specialized cells that produce
and secrete multiple antibacterial molecules, including 𝛼-
defensins C-type lectins, lysozyme, and phospholipase A2
[7]. Secreted IgAs bind intestinalmicroorganisms, preventing
their invasion through epithelial cell layers and controlling
commensals. The IgA pools are antigen-specific [8] and are
produced by plasma cells that migrate from Peyer’s patches
or other mucosal-associated lymphoid tissues, in response to
epithelial signals.

In healthy human intestine, a constant homeostasis is
maintained by the perfect regulation of microbial load and
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Table 1: Human TLRs: an overview on their pathophysiology.

Ligand(s) Cell types Genetic defect Association

TLR 1 (i) Triacyl lipopeptides
(i) Monocytes/macrophages
(ii) Dendritic cells
(iii) B lymphocytes

TLR1-R80T Ulcerative colitis,
pancolitis

TLR 2

(i) Glycolipids
(ii) Lipopeptides
(iii) Lipoproteins
(iv) Lipoteichoic acid
(v) HSP-70
(vi) Zymosan
(vii) Others

(i) Monocytes/macrophages
(ii) Neutrophils
(iii) Myeloid dendritic cells
(iv) Mast cells

TLR2-R753Q Ulcerative colitis,
pancolitis

TLR 6 (i) Diacyl lipopeptides
(i) Monocytes/macrophages
(ii) Mast cells
(iii) B lymphocytes

TLR6-S249P Decreased incidence
of proctitis in IBD

TLR 4

(i) Lipopolysaccharide
(ii) Heat shock proteins
(iii) Fibrinogen
(iv) Heparan sulfate
(v) Hyaluronic acid
(vi) Nickel
(vii) Various opioid drugs

(i) Monocytes/macrophages
(ii) Neutrophils
(iii) Myeloid dendritic cells
(iv) Mast cells
(v) B lymphocytes
(vi) Intestinal epithelium

TLR4-D299G Increased
susceptibility to IBD

TLR 5 (i) Flagellin
(i) Monocyte/macrophages
(ii) Dendritic cells
(iii) Intestinal epithelium

TLR5-STOP Decreased
susceptibility to IBD

TLR 9 (i) Unmethylated CpG
(ii) Oligodeoxynucleotide DNA

(i) Monocytes/macrophages
(ii) Plasmacytoid dendritic cells
(iii) B lymphocytes

TLR9-SNPs:
−1237T/C −2848A/G

Susceptibility to
Crohn’s disease

the immune response generated against it. Failure of this
harmonized balance may result in various pathological con-
ditions in the intestines. The alteration of the homeostasis
between physiologic and pathogenic bacteria of intestinal
flora causes a condition called dysbiosis. Thus, gut dysbiosis
is a pathological condition characterized by an alteration of
the normal bacterial flora that normally secretes vitamins,
collaborates in digestion, regulates the permeability of the
intestinal barrier, protects from infections, and prevents
proliferation of pathogens. Consequently, the breakdown
of homeostasis by dysbiosis or dysregulation of immune
responses may increase susceptibility to Inflammatory Bowel
Diseases (IBD) [9–11].

It is clear that innate immune sensors, such as Toll-like
receptors (TLRs), play an important role in shaping intestinal
microbiota. TLRs may be considered an interface among
intestinal epithelial barrier, microbiota, and immune system.
Moreover, TLRs pathway, activated by pathogens, is involved
in the pathogenesis of several infectious and inflammatory
diseases, such as IBD. In this review, we summarize the effects
of TLRs on mucosal homeostasis and discuss the interaction
between TLRs and human microbiota in the pathogenesis of
gut diseases.

2. Toll-Like Receptors (TLRs)

TLRs are germline-encoded type I transmembrane receptors,
expressed on numerous cell types including macrophages,
dendritic cells (DCs), T lymphocytes, and intestinal epithelial

cells. They act as pathogen recognition receptors (PRRs),
identifying microbe-associated molecular pattern (MAMP),
that are specific for microbes and essential for their survival
[12]. TLR’s name is derived from their similarity to the protein
coded by the Toll gene identified in Drosophila in 1985. TLRs
together with the Interleukin-1 receptors form a receptor
superfamily, known as the “interleukin-1 receptor/Toll-like
receptor superfamily” (Table 1).

A total of 10 TLRs are expressed in humans. Each
TLR responds to distinct MAMPs, leading to the activation
of specific signaling pathways. TLRs are characterized by
the presence of an extracellular leucine-rich repeat domain
(LRR) and an intracellular Toll/IL-1 receptor (TIR) domain
[13]. LRRs are found on a diverse number of proteins and
are involved in ligand recognition and signal transduction
[14]. The TIR domain of the TLR is required for intracellular
signaling and activation. This domain comprises about 200
amino acids, with varying degrees of sequence similarity
among family members.

Three subgroups of TIR domains exist. Proteins of sub-
group 1 are receptors for interleukins that are produced
by macrophages, monocytes, and DCs; all these receptors
have extracellular Immunoglobulin (Ig) domains. Proteins
of subgroup 2 are considered a classical type of TLRs and
bind directly or indirectly microbial molecules. Proteins of
subgroup 3 are adaptor proteins, exclusively cytosolic, that
mediate signals from proteins of subgroups 1 and 2 [14].

Activation of TLRs by their ligands induces several
intracellular signaling cascades resulting in the production
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of cytokines and chemokines and in the transcription of
other genes important for the control of infection. Twomajor
signaling pathways have been detailed. The first pathway,
which is the principal one, is activated by most TLRs and
leads to activation of the transcription factor NF-𝜅B and
the mitogen-activated protein (MAP) kinases p38 and JNK.
These signaling cascades increase the expression of many
proinflammatory genes. The second pathway is activated
only by TLR3 and TLR4 and leads to activation of both
NF-𝜅B and interferon regulatory factor 3 (IRF3) that is a
transcription factor and induces an additional set of genes
including antiviral genes, such as interferon-beta [14].

A central role in the TLR signaling is played by the
adaptor molecules MyD88, MAL (also known as TIRAP),
TRIF (also known as TICAM1), and TRAM (also known as
TICAM2 or TIRP). MyD88 is used by all TLRs, except TLR3.
MyD88 recruits IRAKs (IL-1R-associated kinase family),
leading to the activation of MAP3 kinases. Two of MAP3
kinases have been identified, MEKK3 and TAK1; these
activate NF-𝜅B, MAP kinases p38, and JNK. Activation of
TAK1 by IRAKs requires TRAF6, as well as the ubiquitination
of both TRAF6 and TAK1. BTK and PI3K also participate in
TLR signaling.

Studies onMyD88-deficientmice have shown that signal-
ing via TLRs plays an important role in intestinal homeosta-
sis. This signaling is responsible for microbial recognition,
induction of antimicrobial products, and modulation of the
adaptive immune response [15, 16]. In fact, MyD88 knockout
mice were susceptible to a greater number of bacterial
infections caused by lack response of TLRs to MAMPs
[17]. Moreover, recognition of commensal microbiota in a
MyD88-dependent manner has been shown to be required
for epithelial cell homeostasis [18], response to injury [19],
and induction of antimicrobial peptides [20, 21].

3. TLR2 and Its Coreceptors (TLR1 and TLR6)

TLR2 is functionally expressed by distinct cell types in
the intestinal mucosa and is constitutively expressed in the
murine gastrointestinal epithelium, although this expression
varies along the gut [22]. TLR2 recognizes a large spectrum
of microbes, thanks to its ability to respond to molecular
patterns such as lipoproteins [23, 24], lipoteichoic acid [25],
and zymosan [26]. Ligand-induced activation of TLR2 leads
to recruitment of TIRAP andMyD88, which results in activa-
tion of NF-𝜅B, and production of cytokines and chemokines
[27, 28].

In healthy gut, the role of TLR2 in epithelial cells is to
maintain tolerance to ubiquitous commensal lipoproteins.
As a low TLR2 expression is important for tolerance, there
are several mechanisms which contribute to maintain a low
expression: (1) increased expression of negative regulators,
such as Tollip and A20 [29]; (2) activation of cell signaling
pathways [30] inducing production of anti-inflammatory IL-
10. IL-10 inhibits macrophage and DC effector functions,
limits immune responses [31], and promotes the local differ-
entiation and activation of T-regulatory cells (Tregs).

In inflammatory disease, increase of TLR2 expression
induces NF-𝜅B activation leading to exaggerated immune

responses with production of inflammatory cytokines and
such happens in Crohn’s disease in which NOD2 is mutated
[32].

Moreover, it is reported that TLR2 signaling conferred
protection only against acute intestinal injury or inflamma-
tion [33], probably through maintenance of tight junction
integrity [31]. In chronic inflammation, TLR2 showedmoder-
ate effects on regulation of sustained inflammatory processes
[34, 35].

Furthermore, TLR2 signaling is critical for the acquisition
of tissue-specific functional properties by gut-associated
DCs, including their capacity to produce retinoic acid, to
imprint gut-homing lymphocytes [36], and to activate Tregs.
There is growing evidence about involvement of TLR2 in
modulating T-cell functions both directly and indirectly.
TLR2 stimulation can also promote T helper 17 cells (Th17)
responses [37] and can reduce the suppressive function of
Tregs by promoting a shift toward IL-17 production [38].
Notably, TLR2-induced mechanism of regulation of T-cell
function could enhance microbial clearance and/or increase
the risk of autoimmune reactions. However, commensal
bacteria use a similar mechanism to enhance colonization
of the gut and thereby establish host-microbial tolerance.
For example, B. fragilis through TLR2, induces the produc-
tion of the anti-inflammatory IL-10 in T-cells restraining
Th17 responses [39]. Thus, TLR2, inducing pro- and anti-
inflammatory effects, have a controversial action. The ability
of TLR2 signaling to produce pro- and/or anti- inflammatory
responses is influenced by the intestinal immunological
niche, in which immune response, inflammation, and local
homeostasis are modulated [40–42].

The complex response of TLR2 is further complicated by
its ability to interact withmultiple coreceptors [43], including
TLR1 [44], TLR6 [44], Dectin-1 [45], CD36 [46], and CD14
[47].

For example, TLR6 associated with TLR2 uniquely
induces IL-10 production by DCs and type-1 regulatory T-
cells (Tr1). In contrast, TLR1 associated with TLR2 pro-
motes differentiation of IL-12p40 production by DCs and
inflammatory IFN-gamma T-cells (Th1) [48]. Furthermore,
bacteria can also modulate the immune response based on
the activation of TLR2 [49]. For example, bacterial triacylated
lipoproteins activate TLR2/1, whereas bacterial diacylated
lipoproteins activate TLR2/6, resulting in triggering different
immune responses.

Thus, it is evident that the tissue microenvironment, bac-
teria composition, andmetabolism all contribute tomodulate
the immune response.

4. TLR4

TLR4 is the best characterized pathogen-recognition recep-
tor. Both immune cells and enterocytes express TLR4 [50].
Although there is a common signaling pathway and subse-
quent release of NF-𝜅B and IFN-beta [51], the downstream
effects of TLR4 are varied. TLR4 is involved in both defense
against pathogens and maintaining tolerance to commensal
bacteria. Continuous recognition of selective commensals by
TLR4 under steady-state conditions is essential in mucosal
protection against exogenous injury [18].
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Intestinal mucosa expresses low concentrations of TLR4
protein at baseline [52]. However, TLR4 expression is sig-
nificantly increased in intestinal epithelial cells (IECs) and
lamina propria mononuclear cells in association with acute
inflammation, such as in IBD [22, 53, 54]. The presence
of inflammatory cytokines such as IFN-gamma and TNF-
alpha strongly upregulates TLR4 expression in IECs [55, 56].
During disruption of the epithelium, activation of TLR4
elicits inflammatory cytokine and chemokine expressionwith
recruitment of innate and adaptive immune cells to limit
bacterial invasion [57].The absence of TLR4 signaling during
injury results in a pattern of severe mucosal damage with
impaired epithelial proliferation, attenuated inflammatory
response, and marked bacterial translocation [58]. TLR4 sig-
naling is important for induction of repair of the injured gut,
so that increase in TLR4 expression may serve a protective
role. However, in necrotizing enterocolitis, TLR4 activation
has a strong role in the induction of mucosal injury in the
newborn small intestine via increased enterocyte apoptosis
and an inhibition in mucosal repair, through decreased
enterocyte proliferation and migration [59, 60]. Moreover,
Ungaro et al. have recently shown in a study using chimeric
mice that TLR4 signaling in colonic epithelial cells worsened
intestinal inflammation [61].

TLR4 signaling has been shown to affect the intestinal
flora. Regulation of the microbiota by TLR4 appears to be
attributable to alterations in gastrointestinal motility that
drives clearance of pathogens andmaintenance of commensal
populations [62], differentiation of goblet cells [63], and
expression of antimicrobial peptides. In mice, in response to
alterations in themicrobial flora of the gut, TLR4may directly
regulate transcription of defensin genes [64].

TLR4 can be affected by modification in diet. A high-
fat diet induces dysregulation of the gut microbiota and
activation of the TLR4 signaling pathway with consequent
increased intestinal permeability [65].

Thus, the effects of TLR4 on intestinal mucosa are com-
plicated. The appropriate or inappropriate TLR4 signaling is
linked to a variety of factors, including the involved cells,
cytokines and chemokines, and microenvironment.

5. TLR5

TLR5 is expressed on epithelial cells, endothelial cells,
macrophages,DCs, andT-cells. TLR5 recognizes flagellin, the
main protein of bacterial flagella, and is crucial for the detec-
tion of invasive flagellated bacteria at the mucosal surface
[66]. TLR5 plays an important role in maintaining intestinal
homeostasis by regulating host defense against enterobacte-
rial infections. However, regulation of TLR5 expression and
its function in the intestine have not been fully elucidated.

The work of Feng et al. has compared the expression of
TLR5 in various human tissues. In particular, in intestinal
mucosa, DCs express high levels of TLR5 with respect to
splenic tissue. These differences are due to the different
microenvironment of each tissue. In mucosa, host-derived
factors such as retinoic acid and stromal cell products
alter TLR5 expression [67]. Moreover, activation of TLR5
signaling induces differentiation of naive B-cells into plasma

cells producing IgA and promotes development of antigen-
specific Th1 and Th17 cells [67]. More recently, it has been
reported that activation of TLR5 signaling induces mucosal
production of IL-17 and IL-22; these interleukins promote
early defenses against pathogen invasion of host tissues.

Furthermore, TLR5 signaling restricts Tregs generation
but promotes effector T-cells. Therefore, high expression
levels of TLR5 on lamina propriaDCs give these cells a crucial
role in the induction of effector T-cell responses against
invading flagellated pathogens. On the other hand, DCs not
expressing TLR5 may be responsible for maintenance of
intestinal homeostasis, through induction of Tregs.

The recognition of flagellin by TLR5 is the principal
mechanism through which the intestinal epithelia activate
proinflammatory pathways in response to infections, such as
Salmonella enterica [68]. However, studies onTLR5 knockout
(TLR5KO) mice have shown that TLR5KO are resistant to
Salmonella infection. This resistance has been attributed to
changes in the basal phenotype of TLR5KO mice [68]. The
small intestine and colon of these mice exhibit elevated
levels of host defense genes that mediate innate and adaptive
immunity in the gut. This includes changes in the basal
phenotype of antimicrobial peptides and an increase in serum
and fecal IgA and IgG and transport proteins in the gut
[69]. TLR5KO mice have a homeostatic shift in microbiota
composition with an increase in enterobacterial species,
including E. coli, that was observed in proximity to the gut
epithelium [70].

Thus, the absence of TLR5 signaling leads to increased
resistance to infections and dysbiosis and leads to alterations
in gene expression which then impact host metabolism.
TLR5KO mice exhibit the hallmark features of a metabolic
syndrome that includes hyperlipidemia, hypertension,
insulin resistance, and increased adiposity. TLR5KO mice
have insulin resistance even when on a calorie-restricted
diet. It has been demonstrated that the transfer of TLR5KO
microbiota to wild-type germ-free mice conferred many
aspects of the TLR5KOphenotype, suggesting that the altered
microbiota contributes to the development of the metabolic
syndrome [71]. However, whether the altered microbiota is
the cause or the effect in TLR5KO mice remains yet to be
determined.

6. TLR9

TLR9 is expressed in antigen-presenting cells (APCs) includ-
ingmacrophages, DCs, and B lymphocytes. TLR9 is localized
in the endosomal compartment and recognizes intracellu-
lar bacteria by binding unmethylated cytosine phosphate
guanine (CpG) dinucleotides [72]. These nucleotides are
expressed at high levels in prokaryotic DNA of commensal
microbiota.

Activation of intracellular TLR9 drives the production
of numerous proinflammatory cytokines, including TNF,
IL-6, and IL-12, leading to a strong induction of the Th1-
immune response [73]. Several studies have shown that TLR9
is effective in reducing apoptosis in gastrointestinal inflam-
matory disease. Studies examining the localization of TLR9
in intestinal epithelial cells have suggested that activation can
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occur via basolateral and apical surface domains of TLR9
[74]. These studies suggest that the signaling of TLR9 on
the apical or basolateral surfaces determines whether the
response is tolerogenic or inflammatory, respectively. Apical
activation of TLR9 does not induce NF-𝜅B. In contrast,
basolateral activation of TLR9 activatesNF-𝜅B and ultimately
induces IL-8 production [74].

The apical surface interacting with the intestinal lumen
and coming into contact with commensal bacteria and
probiotic DNA suppresses inflammation and it is protective
in models of colitis. In fact, in models of experimental
colitis, the administration of CpG significantly reduced the
proinflammatory cytokine expression of IFN-gamma and IL-
6, increased anti-inflammatory IL-10, and reduced disease
severity [75]. In contrast to commensal bacteria, pathogenic
bacteria that have breached the epithelium would stimulate
basolateral TLR9 to produce inflammatory mediators and
initiate the immune response. It was reported that TLR9
activation could limit TLR4 signaling in the gut, leading
to reduced proinflammatory cytokines and apoptosis, thus
ameliorating intestinal disease [76]. In the absence of TLR9,
there is an increase in Tregswithin the small intestine, leading
to an inability to protect from infection [77].

7. TLRs Polymorphism in Human
Gastrointestinal Pathology

Some data suggest that the human ability to respond to TLR
ligands may be impaired by genetic variation within TLR
genes, resulting in an altered susceptibility to infectious or
inflammatory disease.

Genetic variations in TLRs may alter interaction between
host and commensal bacteria. A defect in TLRs pro-
tein structure may influence ligand recognition, mucosal
immune tolerance, and commensal composition, leading to
innate/adaptive immune hypo- or hyperreactivity.

Several studies have evaluated the functional impact of
TLR polymorphisms in IBD susceptibility. Although TLR
polymorphismmay not predict overall disease risk, they may
influence phenotype severity in subgroups of patients with
IBD [78].

The TLR variants are relatively rare. A number of variants
in the TLR1, TLR2, and TLR6 genes have been associated
to distinct disease phenotypes of IBD. The polymorphisms
TLR1-R80T and TLR2-R753Q in ulcerative colitis patients are
associated with increased risk to develop pancolitis [79]. The
SNPs TLR6-S249P was associated with a slightly decreased
incidence of proctitis in IBD [79].

Allelic variants of the TLR4 gene may induce func-
tional dysregulation of the lipopolysaccharide (LPS) receptor,
exhibiting hyper- or hyposensitivity to LPS stimuli [80].

In active IBD, the allelic variants D299G and T399I
exhibit proinflammatory effects in response to physiological
concentrations of LPS [81, 82]. Increased susceptibility to
IBD has been associated with the coexistence of TLR4 and/or
NOD2 and BPI mutated alleles [11, 83]. An association
between the TLR4-D299G polymorphism and sepsis has
been also investigated. Two studies demonstrated that

TLR4-D299G polymorphism increases the risk of gram-
negative infections [84, 85] and another study linked
this polymorphism to an increased incidence of systemic
inflammatory response [86].

Several studies investigating associations between genetic
variants of TLR genes and IBD have shown controversial
results about TLR5 in human Crohn’s disease.

Several mutations may induce an overrecognition of flag-
ellin by TLR5 leading to intestinal inflammation. This could
also explain the high prevalence of anti-flagellin antibodies
in Crohn’s disease patients compared to healthy controls.
Recently, in one study, a partial functional dominant negative
of TLR5 was associated with protection against Crohn’s
disease [87]; however the complete loss of TLR5 (TLR5−/−
mice) displays a high risk to develop colitis [88].

The gene encoding for TLR9 is mapped on chromosome
3p21.3 in the vicinity of a shared susceptibility locus for
Crohn’s disease and ulcerative colitis. Torok showed that
genetic variation in TLR9 is associated with IBD [89]. The
interactions between TLR9 polymorphisms and allelic vari-
ants inNOD2 and IL23Rdifferentiallymodulate susceptibility
to Crohn’s disease [90].

In addition, it should be noted that other genetic muta-
tions and polymorphisms associated with genes and proteins
involved in pathogenesis of gastrointestinal diseases such as
NOD2, IL-10, MDR1-alpha, and STAT3 exist. They could
interact with TLR polymorphisms, increasing the complexity
of IBD.

8. The Role of TLRs and Its Interactions with
Human Microbiota in the Pathogenesis of
Inflammatory Bowel Diseases

IBD, comprising Crohn’s disease and ulcerative colitis, are
chronic and multifactorial diseases affecting the gastroin-
testinal tract. IBD are characterized by idiopathic intestinal
inflammation, resulting from predisposing genetic (genes
encoding proteins relevant to both innate and adaptive
immunity: NOD2, STAT3, IL-23 receptor, etc.) and envi-
ronmental factors (specific TLRs, ligands, and antigens
derived from commensal bacteria) acting on the immunoreg-
ulatory system. IBD may be result of an imbalance of
proinflammatory- and regulatory-T-cells responses [91]. The
pathogenetic mechanism is still unknown. However, in
genetically predisposed individuals there is an abnormal
and inappropriate immune response against luminal agents
(bacteria, viruses, and food), with the production of cytokines
and othermediators of inflammation. Both humoral and cell-
mediated immunity are involved in the pathogenesis of IBD.
Then, cell-mediated immunity induces the activation of T-
cells, macrophages, neutrophils, and other leukocytes.

Available evidence suggests that both dysregulated innate
and adaptive immune pathways contribute to the aberrant
intestinal inflammatory response in patients with IBD [92].
Most studies conducted in the last thirty years have focused
on the role of abnormal adaptive immune responses in the
pathogenesis of IBD. In particular, while Crohn’s disease has
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long been considered to be driven by a Th1 response, ulcera-
tive colitis has been rather associated with a nonconventional
Th2 response [93]. Finally, it is important to consider that the
innate immune response represents our first line of defense
against pathogens [92].

It can be assumed that IBD are associated with an
imbalance in the composition and function of intestinal
bacterial flora. This involves, as a result of intestinal barrier
dysfunction, a translocation of bacteria flora in the lamina
propria and the activation of a strong inflammatory response
following the activation of TLRs and of NF-𝜅B pathway,
responsible for the transcription of various proinflammatory
cytokines and chemokines [40, 92, 94]. This process is
amplified by a decrease of the innate immune response that,
in turn, determines a greater translocation of bacterial flora
thorough the intestinal membrane. Overall, the progression
of these diseases is due to a defect in immune regulation
and immune tolerance in response to the initial inflammatory
insult [94].

It has been noted that IBD probably have genetic com-
ponents; they are not inherited in a Mendelian fashion and
are thus probably due to a complex set of factors rather than
solely to a gene. However, neither bacterial colonization nor
genetics is sufficient to cause the disease, bacteria probably
play a role in these disorders. Some suspect that IBD is
due to a reduction in immune tolerance and subsequent
overreaction of the host’s immune system to harmful or
nonharmful bacteria. Bacteria in the digestive tract may have
pathogenic properties in addition to their health-inducing
ones: they can produce toxins and carcinogens and have
been implicated in such conditions as multisystem organ
failure, sepsis, colon cancer, and IBD [2]. A major factor in
health is the balance of bacterial numbers; if the numbers
grow too high or low, it will result in harm to the host.
The host has enzymes to regulate this balance. Some genera
of bacteria, such as Bacteroides and Clostridium, have been
associated with an increase in tumor growth rate, while other
genera, such as Lactobacillus and Bifidobacterium, are known
to prevent tumor formation [2].

On the other hand, some evidence demonstrated that
bacteria help train the immune system; in addition, some
forms of bacteria can prevent inflammation. Thus, the con-
stant exposure of the intestinal mucosal surface to commen-
sal derived TLR ligands induces a basal state of activation
of downstream signaling pathways that ensures mucosal
homeostasis through limited inflammatory responses and
accelerated restitution and healing in the healthy intestine.
Commensal composition and tolerance represent essen-
tial mechanisms of maintaining hyporesponsiveness of the
intestinal immune system. The composition of the com-
mensal microbiota depends on host immunity, genetics,
and environment [78]. In return, the composition of the
commensal microbiota actively shapes mucosal and systemic
immune homeostasis of the host at multidimensional levels.
The presence of commensals modulates TLR expression in
the intestinal mucosa. The complexity of the commensal
composition is critical in augmenting protective mucosal
immunity [95]. Changes in the commensal composition may
differentially modulate mucosal TLRs responsiveness, thus

subverting immune responses to a predominantly proin-
flammatory phenotype. Both quantitative and qualitative
changes in the microbial composition have been reported in
IBD [96]. These bacterial changes in IBD patients contain
abnormal compositions of the intestinal microbiota, char-
acterized by reduced bacterial diversity, temporal instability,
and depletion of distinct commensal species (members of
the phyla Firmicutes and Bacteroidetes). The latter includes
a lower proportion of Faecalibacterium prausnitzii, an anti-
inflammatory commensal that counterbalances dysbiosis [78,
97]. Several causal scenarios are plausible in IBD pathogene-
sis but remain to be directly proven: genetic defects and/or
aberrant immune-mediated modulation of specific TLRs
may diminish antimicrobial activities and disturb bacterial
clearance, leading to a colitogenic commensal composition.
Changes in the commensal composition may subvert the
mucosal innate immune system, leading to TLR-mediated
hyper- or hyporeactive immune responses. Dysbiosis may
inhibit effective TLR recognition and bactericidal activation
[78].

Some bacteria have a pathogenic effect on gut home-
ostasis and infections may contribute to IBD pathogenesis.
In fact, episodes of Salmonella/Campylobacter gastroenteritis
have been associated with increased risk of developing IBD.
Loss-of-function mutations in the TLR4 gene can predispose
to these Gram-negative bacteria and increase susceptibility
to enteric infection, which may represent an essential dis-
ease trigger in IBD pathogenesis. Pathogenic infections may
change the commensal composition and disrupt commensal
tolerance [98]. Campylobacter jejuni may directly promote
the internalization and translocation of commensal bacteria
[99].

On the other hand, several negative control mechanisms
that ensure tolerance to abundant resident microbiota and
regulated activation via TLRs in the intestinal mucosa have
recently been described: decreased surface receptor expres-
sion which limits frontline recognition, high expression
levels of the downstream signaling suppressor Tollip, which
inhibits IRAKactivation, ligand-induced activation of PPARc
(peroxisome proliferator-activated receptor c), which uncou-
ples NF-𝜅B-dependent target genes in a negative feedback
loop, negative regulation of proinflammatory IL-1R/TLR4
signaling through SIGIRR (single immunoglobulin IL-1R-
related molecule; also known as TIR8), which abolishes
exaggerated immune responses to commensal bacteria in
colitis, ubiquitination of key TLR signaling components via
ubiquitin-editing enzymes, such as A20, or E3 ubiquitin
protein ligases, such as TRIAD3A, and selective induction
of transcriptional repressors, such as Bcl-3, which lim-
its proinflammatory responses via NF-𝜅B [78, 100]. Thus,
inflammation in IBD may result from persistent commensal
intolerance because of altered pattern recognition and TLR
signaling. Accordingly, there is genetic evidence showing that
the impaired recognition and killing of commensal bacteria
also contribute to IBD development as has been suggested by
the fact that many of the identified IBD-susceptibility genes
regulate host-microbial interactions [94]. NOD2, which is an
intracellular sensor of bacterial peptidoglycan, was identified
as a susceptibility gene for Crohn’s disease, and Crohn’s
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Figure 1: TLRs in human gastrointestinal pathology: health condition and inflammation. (a) In healthy human intestine, a constant
homeostasis is maintained by the perfect regulation of microbial load and the immune response generated against it. (b) Failure of this
balance may result in various pathological conditions. TLRs may be considered an interface among intestinal epithelial barrier, microbiota,
and immune system. TLRs pathway, activated by pathogens, is involved in the pathogenesis of several infectious and inflammatory diseases.
TLR signaling critically contributes to acute and chronic intestinal inflammatory processes.

disease-associatedNOD2mutations are associatedwith a loss
of function of the protein [92, 94].Three uncommon SNPs in
NOD2 have been associated with susceptibility to ileal CD
with an odds ratio equal to 2.4 in heterozygote individuals
and 17.1 in homozygotes or compound heterozygotes, repre-
senting the strongest association with IBD to date [92]. Thus,
defects in host mechanisms that recognize and clear bacteria
are associated with the development of human IBD. How
genetic defects lead to chronic colitis in patients with IBD
remains unknown, but it is possible that impaired NOD2
or autophagy function might result in the accumulation of
intestinal commensal bacteria that have the capacity to locally
invade the intestinal mucosa and to trigger an abnormal
inflammatory response [94].

Amongst the NOD family, in fact, NOD2 is crucially
involved in IBD pathogenesis. It is expressed in the epithe-
lium and senses muramyl dipeptide (MDP), which is a
constituent of Gram-positive and Gram-negative bacteria
[101]. Specific mutations of the NOD2 gene (Arg702Trp,
Gly908Arg, and leu1007fsinsC) are linked to an increased

susceptibility to ileal Crohn’s disease [102]. The risk of devel-
oping ileal Crohn’s disease is increased twofold to fourfold
and 20-fold to 40-fold, respectively, for heterozygous and
homozygous carriers of these NOD2 mutations [103]. In
patients with NOD2 mutations, the activation of NF-𝜅B in
response to MDP is defective, enabling bacteria to trigger
inflammation [104]. TLRs detect microbiota and damage-
associated molecular patterns and are involved in the main-
tenance of the commensal flora and mucosal homoeosta-
sis. In the healthy intestine, TLRs are expressed in small
amounts not only by epithelial cells, but also by monocytes,
macrophages, and DCs [105].

IBD are also linked to good hygiene in youth, lack of
breastfeeding, and consumption of large amounts of sucrose
and animal fat [2]. In fact, in accordance with the fact that
hygiene and the rate of infections in youth are connected to
lifestyle and environment, the incidence and prevalence of
IBD are high in industrialized countries with a high standard
of living and low in less economically developed countries,
having increased in developed countries throughout the
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twentieth century. IBD incidence is inversely linked to poor
sanitation during the first years of life and consumption of
fruits, vegetables, and unprocessed foods. Also, the use of
antibiotics, which kill native gut flora and harmful infectious
pathogens alike, especially during childhood, is associated
with IBD.

Differential alteration of TLRs expression in IBD was
first described at the beginning of the 21st century [78]. For
example, TLR3 is downregulated in active Crohn’s disease but
not in ulcerative colitis andTLR5 is upregulated in both forms
of IBD [78]. Essentially, these receptors provide a danger
signal, which, amongst other effects, stimulates the formation
of alpha- and beta-defensins [104, 106].

In conclusion, the impact of TLR signaling on commen-
sal-host interactions appears to be context-dependent. Envi-
ronment, genetics, and host immunity modulate TLRs in the
intestinal mucosa (Figure 1). Conversely, mucosal TLR sig-
naling influences outcome of environmental signals, genetic
functions, and immune responses in the intestine. There is
an important dichotomy in TLRs regulation and function
between healthy and inflamed intestinal mucosa, reflecting
a fine line between host protection and destruction. In the
healthy host, basal TLR signaling is significantly involved in
protective host defense and tissue repair responses, crucially
maintaining mucosal and commensal homeostasis. In the
IBD-susceptible host, aberrant TLR signalingmay contribute
to destructive host responses and chronic inflammation,
disturbing mucosal and commensal homeostasis and leading
to many different clinical phenotypes. Hyperactivation of the
adaptive immune system, secondary to TLRs deficiency, may
drive tissue damage and progressive inflammation in IBD
[78].

9. Conclusion

The small intestine has an enormous surface area that is
continuously exposed to dietary and microbial antigens.
These antigens need to be tolerated by the immune system
to maintain homeostasis. This important role is played by
immune sensors such as TLRs. Unfortunately, in some cases
the innate immune system fails to protect the host, and
chronic inflammation and other disorders occur.

It is evident that environment, genetics, and host immu-
nity form a multidimensional and highly interactive regula-
tory triad that controls TLR function in the intestinalmucosa.
Imbalanced relationships within this triad may promote
aberrant TLR signaling, critically contributing to acute and
chronic intestinal inflammatory processes, such as in IBD,
colitis, and colorectal cancer.

Changes in intestinal microbiota through genetics and
environment may contribute to defective host immune
response.

The gut microbiota has been studied for a long time.
Recent studies have shown ever-expanding roles for these
microscopic organisms in health and disease. Despite the
complexity of microbial population present in gut, a delicate
balance between host and bacteria populations exists. The
disruption of this balance leads to dysbiosis and, conse-
quently, to decreased resistance to pathogen colonization,

to the favored growth of pathobionts, and to pathological
immune responses by the host.

In many diseases, including IBD, dysbiosis is an impor-
tant immunologic pathogenenic process. Dysbiosis and
immune dysregulation might have a greater influence in
young children than adolescents or adults. However, it is
not clear whether dysbiosis contributes to the development
of IBD or is instead a consequence of the disease. Indeed,
antibiotics are not effective in the treatment of IBD, except
in specific circumstances. For this reason, a better knowledge
of the mechanisms underlying the intestinal innate immune
response is crucial for developing of new therapies and vac-
cines to protect against pathogens and chronic inflammation.

Moreover, the understanding of host-microbial immune
mutualism is fundamental because it is intimately connected
with human health. Thus, the study of interactions between
different components of the innate and adaptive immune sys-
tems, especially in relationshipwith the intestinalmicrobiota,
will open new horizons in the knowledge of gut inflammation
mechanisms.
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gut microbiota in immunity and inflammatory disease,” Nature
Reviews Immunology, vol. 13, no. 5, pp. 321–335, 2013.
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The term “microbiota” means genetic inheritance associated with microbiota, which is about 100 times larger than the guest. The
tolerance of the resident bacterial flora is an important key element of immune cell function. A key role in the interaction between
the host and the microbiota is played by Paneth cell, which is able to synthesize and secrete proteins and antimicrobial peptides,
such as𝛼/𝛽 defensins, cathelicidin, 14𝛽-glycosidases, C-type lectins, and ribonuclease, in response to various stimuli. Recent studies
found probiotics able to preserve intestinal homeostasis by downmodulating the immune response and inducing the development
of T regulatory cells. Specific probiotic strain, as well as probiotic-driven metabolic products called “postbiotics,” has been recently
recognized and it is able to influence innate immunity. New therapeutic approaches based on probiotics are now available, and
further treatments based on postbiotics will come in the future.

1. Introduction

The term “microbiota” means genetic inheritance associated
with microbiota, which is about 100 times larger than the
guest. The functions of the microbiota are many and until
now it is considered a virtual organ of the human body [1].

Main functions of microbiota are amino acids and vita-
mins synthesis and energy extraction from nonabsorbable
polysaccharides. It also contributes to the intestinal wall
integrity, acting against pathogens and supporting immune
system growth [1].

Assessing the human microbiota is one of main topics in
biology and medicine regarding the relationships emerging

between types of microbiota and development of important
diseases. From an evolutionary point of view, we know
that microbiota accompanied the evolution of the species
for 400 million years, and the human race would probably
never have existed without this close symbiosis. In fact the
human microbiota gives the human race genes that human
have progressively lost in their evolutionary cycle, creating
a real superorganism made up of human and microbiotic
characteristics.This superorganismhas 1014 cells arising from
microbiota and 1013 cells arising from the human race, a
biological mass composed of 98% human material, but with
3105 genes arising frommicrobiota and 310 genes fromhuman
genes [1]. Our microbiota begins immediately after birth,
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remaining relatively constant until adult age and reducing in
old age. The “core” of intestinal microbiota remains constant
and unmodified almost like our fingerprints. It is mainly
represented by bacteria but is also composed of virus, fungus,
and protozoa [1].

In the last 10 years the interest in intestinal microbiota
has grown rapidly following molecular biology techniques
that have overcome the limits of the old culture techniques.
Microbiota lives in close contact with our intestine. Both
intestine and microbiota form an ecological system that has
many cellular and molecular components that work to main-
tain an adequate fast and efficient immune response which
respects the morphological and functional integrity of the
bowel.

2. Intestinal Microbiota
The identification of the resident intestinal bacterial species
is mainly based on the analysis of 16S ribosomal RNA
subunit obtained from the amplification by polymerase chain
reaction of nucleic acids extracted from the lumen of the
intestinal mucosa and faeces [1]. Using molecular biology we
are able to overcome the relatively long period of growth
of microorganisms and to isolate approximately 60–80% of
the commensal bacterial species. The distribution of the
microbiota along the digestive tract is not uniform: it is very
low in the stomach (0–10%) due to the bactericidal action
of the chlorhydric acid (real barrier in the entrance of many
bacterial species in digestive tract), increases gradually in
the small intestine (107 × 108), and reaches very high con-
centrations in the colon (1011 × 1012) where the microbiota
is represented mainly by Gram-negative anaerobic bacteria.
Until now, between 1000 and 1150 bacterial species have
been identified; among them every adult hosts about 160.
Concentrations and bacterial biodiversity (composition) in
different intestinal tracts depend on several factors. Some
of these are intrinsic to the host, such as acid secretion,
intestinal motility, and immune response, while others are
exogenous such as diet, taking antibiotics, PPI, laxatives, and
opioids. The microbiota changes at different stages of life. At
birth, the gut is sterile, and it is colonized by the vaginal and
intestinal microbiota of the mother or by the skin for those
born by caesarean delivery. Intestinal microbiota changes
with breastfeeding and weaning and in adulthood it remains
stable but changes again in the elderly [2].

It also plays an important role in metabolic activities in
humans, considering that the microbiota biomass is compa-
rable to that of the liver. Among the main functions are the
synthesis of essential amino acids and vitamins (K, B
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1
,

folic acid, biotin, and pantothenic acid) and extraction of
energy from components in the diet as some are not digestible
polysaccharides of plant origin. Moreover, it contributes to
maintaining the integrity of the intestinal wall, modulating
responses to pathogenic noxae, and representing a key factor
in the maturation of the immune system. Although 50
bacterial phylahave been identified, just three are living in our
colon: Firmicutes, Bacteroidetes, andActinobacteria. Actions
taken by microbiota in normal conditions are reported in
Figure 1.

3. Mucosal Layer

Microbiota is separated from the epithelial cells by a network
of glycans (glycocalyx and mucus layer) mainly produced by
mucipare cells.

The intestinal epithelial barrier is composed of several
layers of defense as follows (see Figure 2):

(a) the mucus that opposes static hindrance to the bacte-
ria;

(b) the epithelial layer which is composed of absorptive
enterocytes, goblet cells, Paneth cells, tuft and cup
cells, M cells, and enterochromaffin cells;

(c) immune cells such as intraepithelial 𝛾𝛿 and 𝛼𝛽 lym-
phocytes, retinoic acid receptor-related orphan
receptor (ROR)y𝜏+, lymphoid-tissue inductor (LTI),
and NKP46T innate immune cells; others have direct
access to the lumen-like antigen, presenting cells or
neutrophils after infection.

Paneth cells are secretory cells specialized in the production
of antimicrobial peptides (AMP). These include defensins,
lisozymes, C-type lectins, and cathelicidins. RORy𝜏+ cells
release IL-22, which is required for both epithelial cell repair
and antibacterial activity.

Themucus layer is fundamental to guarantee the integrity
of the intestinal wall. It is rapidly improved through an
average daily production of 5 liters. Its main constituent is
the mucin, a glycoprotein mainly represented by subtype 2
(MUC2) [2]. The mucus of the stomach and the colon is
particularly thick and is made from two layers: an inner
(50/200𝜇m) compact and with small pores that prevent the
physical penetration of bacteria [2] and one external (70–
150 𝜇m) composed primarily of glycans. Both these layers
contribute to the defensive effect. For example, mice with
MUC2 deficiency spontaneously develop an inflammatory
process located in the intestinal mucosa [3].

Only some bacteria are able to be located in the niche
of the layer of mucus. This is because the microbiota devel-
ops some systems of adaptation such as the production of
enzymes that degrade the mucus. This is an important factor
for the survival of the bacteria in this habitat, since this
activity allows the production of nutrients for the bacteria
themselves. Microbiota also contributes to the production of
mucus and the thickness of the mucus layer. This occurs also
through the stimulation of the synthesis of mucin by some
bacterial components such as lipopolysaccharide (LPS) and
short chain fatty acids (SCFA) [4].

4. Interaction between Epithelium
and Microbiota and Occurrence of
the Intestinal Inflammation

The intestinal mucosa is a major constituent of the human
immune system. In fact, small intestine contains about 1 ×
10
10 plasma cells per meter, approximately 80% of all plasma

cells contained in the whole body. In addition, the daily
production of IgA in the intestinal lumen is higher than the
total daily production of IgG [1].
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Figure 1: Action taken by microbiota in normal conditions.
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Figure 2: Structural and morphological definition of the intestinal barrier.

Considering that the intestinal lamina propria is infil-
trated by lymphocytes, plasma cells, andmacrophages, we can
affirm that occurrence of inflammatory cells may represent a
physiological phenomenon in the human intestine of human.
This infiltration, called “physiological inflammation” of the
normal intestinal mucosa, occurs and develops after themas-
sive stimulation of the mucosal immune system by luminal
antigens. In fact intestinal mucosa is constantly exposed to
an enormous antigen load present in the lumen, by which
the resident bacterial flora contributes predominant. This

means that a range of structures and cells are responsible
for the control and the maintenance of an adequate immune
response in the normal intestinal mucosa and that a harmful
immune response against exposure to luminal antigens is
not happening. Due to the massive stimulation by luminal
antigens, the immune cells that physiologically infiltrate the
intestinal mucosa, which aremainlymemory T cells, are both
increased and activated and develop a local immune response
[1].The tolerance of the resident bacterial flora is therefore an
important key element of immune cell function. In fact the
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excessive degradation of themucin layer by bacteria facilitates
the access of luminal antigens and then the activation of
the immune response. For example, it has been shown that
alterations in the mucus layer contribute to the pathogenesis
of inflammatory bowel disease (IBD) [5]. If we compare the
healthy people with IBD patients, we can observe a larger
amount of bacteria in contact with the epithelial cells in
IBD patients than in healthy controls. The reason why this
occurs has been clarified. Although leukocyte reaction tries
to contain the bacteria living in the bowel lumen, thanks to
its antimicrobial activity exerting in the external layer, some
bacteria reach the mucosa owing to impairment of mucosal
layer causing inflammation [6]. This has been confirmed by
Ganesh et al. These authors have demonstrated that, in an
animal model of mice with microbiota consisting essentially
of eight bacterial species, the presence of a commensal
bacterium (Akkermansia muciniphila) is able to degrade the
mucin and exacerbate the inflammation and the severity of
symptoms due to Salmonella entericaTyphimurium infection
[7].

5. Interaction between Innate Immunity,
Paneth Cells, and Toll-Like Receptors

A key role in the interaction between the host and the micro-
biota is played by Paneth cell. These are specialized typical
epithelial cells of the small intestine but may be detected
in lower concentrations in the stomach and colon. The
Paneth cells are able to synthesize and secrete proteins and
antimicrobial peptides, such as 𝛼/𝛽 defensins, cathelicidin, 14
𝛽-glycosidases, C-type lectins, and ribonuclease, in response
to various stimuli, including components of the bacterial
surface and toll-like receptors (TLR) agonists [8, 9]. Defensin
5 (HD-5) is also produced by the Paneth cells, playing a role
both in protection against pathogens and in determining the
composition of the microbiota [10]. In particular, this second
activity works by controlling the number of microorganisms,
in this way contributing to host defense. In fact the transgenic
mice for the HD-5 indeed show a greater resistance to oral
Salmonella Typhimurium [11].

The epithelial cells have an important role in the control
of complex interactions between the host and the micro-
biota, because those cells express receptors that are able to
recognize selectively specific microbial patterns. The most
characterized receptors are the TLR that are activated by
the nuclear factor-𝜅B (NF-𝜅B) system and by production of
cytokines, chemokines, and effectors of innate immunity [12,
13]. TLRs are able to recognize the characteristic structures
of bacteria and viruses. For example, TLR-4 is essential
in recognizing lipopolysaccharides (LPS) [12, 13], TLR-5 is
essential in recognizing bacterial flagellin [12, 13], and TLR-9
is important in recognizing CpG islands of DNA [12, 13].

It has been demonstrated that all TLRs are expressed in
the human colon and small intestine, but their functions are
not well known yet. The TLRs are able to trigger an immune
response against bacteria but also play an important role
in protecting intestine from generical damage. For example,
experimental studies in hosts knockout for TLR9, TLR4, and
TLR2 have shown increased susceptibility to the development

of a colitis induced by dextran sodium sulfate (DSS) [12, 13],
as well as the protective role against DSS colitis induced by
agonists of TLR2 and TLR4 supplement [12, 13].

It would seem that some strains of the microbiota also
have a modulatory effect on the immune system of the GALT
(gut associated lymphoid tissue), increasing the functionality
of innate immunity, activating the dendritic cells, and stim-
ulating NK cells by direct cytochemical action by pathogens
penetrating into mucosa [12]. The intestinal microbiota can
also regulate the activity of regulatory T cells (T-REG) that
produce immunomodulatory interleukin and have an anti-
inflammatory action and can activate T cells. Finally, helper
T cells release IL-17 and IL-22, which have protective effects
against enteropathogens genes [14]. There is great evidence
that some patients suffering from irritable bowel syndrome
(IBS) have an activation of the mucosal immune system [14].
In fact, some recent data show a significant increase of gene
expression of TLR-4 on the colonic mucosa of the IBS
patients compared to healthy subjects, although it is less
than that observed in the colonic mucosa of patients with
ulcerative colitis [15]. Recently, Mart́ınez et al. [16] showed
alterations in the integrity of the jejunal mucosal barrier
in patients with IBS with diarrhea (IBS-D) and in par-
ticular at the apex junctional complex with an increased
expression of Caudina 2, with a reduced phosphorylation
of occludin and increased expression of myosin kinase.
These changes are correlated with the activation of mast
cells and abdominal pain reported by patients. However,
the microbiota present in the intestinal lumen and in stools
is different than the microbiota on the superficial layer of
mucus covering the epithelium [17]. The most represented
bacterial strains detected in the superficial layer of mucus
are Lactobacilli, which are widely used as probiotics, and
the Clostridia [17]. Some recent studies have shown that
supernatants from cultures of some of the strains living in the
intestinal mucus have an anti-inflammatory activity [17, 18].
These soluble substances produced by microorganisms are
called postbiotics [18].Thefirst postbiotic described, obtained
from the culture of Faecalibacterium prausnitzii, shows an
anti-inflammatory effect in experimental model of colitis
[19]. Similar effects were observed in supernatants obtained
from cultures of Lactobacillus paracasei, which opposes the
inflammation of the human intestinal mucosa induced by
Salmonella Typhimurium [20]. Finally, also the supernatant
obtained from a culture of Lactobacillus rhamnosus opposes
the muscular alterations of the human colon induced by LPS
of a pathogen strain of Escherichia coli [20]. This effect is
mediated by activation of TLR-2 on the myocytes membrane
and plays a protective effect in cardiac fiber cells [21].

In conclusion, the mesenchymal cells (fibroblasts and
myocytes) that are located, respectively, in the lamina pro-
pria and muscularis mucosae of the intestinal epithelium
recognize bacterial antigens circulating using the Toll-like
receptors expressed in their cell membranes. Probably the
activation of some of them by themicrobiota and/or its secre-
tory products can activate an anti-inflammatory response
in the same intestinal mesenchymal cells, which are able to
oppose a preinflammatory insult resulting from an alteration
of intestinal permeability.
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6. Interaction between Innate Immunity,
Microbiota, and Probiotics

Probiotics are defined as bacteria having beneficial effects on
the host. Asmost of them are driven from the gut microbiota,
understanding how probiotics interact with the host can
clarify how the microbiota interacts with the host.Themech-
anisms of action of probiotics have recently been explored
[22]. As themicrobiota, probiotics can be classified as inflam-
matory or anti-inflammatory according to their capacity to
stimulate immune and nonimmune cells [23]. Probiotics
may help preserve intestinal homeostasis by modulating the
immune response and inducing the development of T-REG
cells [23–25]. Similar to the microbiota, probiotics can be
classified as inflammatory or anti-inflammatory depending
on their capacity to stimulate immune and nonimmune cells
[23].

One mechanism of probiotic action has been proposed
based on the hypothesis that Crohn’s disease (CD) suscepti-
bility is linked to a defective initial innate immune response
[26]. It has been demonstrated that the probiotics mixture
VSL#3 can induce NF-𝜅B nuclear translocation in epithelial
cells followed by release of TNF-𝛼 and that this correlateswith
reduced epithelial permeability and susceptibility to CD-like
ileitis in the SAMP1/YitFc mice that spontaneously develop
the disease [27].

Although unexpected, this observation is very interest-
ing. It has been recently shown that TNF-𝛼 can stimulate
epithelial cell proliferation, and this occurs only when, in
combination with IFN-𝛾, TNF-𝛼 induces epithelial cell apop-
tosis [28]. Hence, it is possible that, by upregulating TNF-𝛼,
probiotics may participate in epithelial barrier regeneration.
The interaction of inflammatory bacteria with epithelial cells
may be beneficial to host by bacterial ability to simulate
innate immunity that protects against chronic inflammation.
However, the same bacteria cannot improve overt disease in
mice [27], and itmay be deleterious as shown in other systems
by using inflammatory probiotics [23]. Schlee et al. found
that the probiotic E. coli strain E. coliNissle 1917 induces beta
defensin 2 upregulation in Caco-2 cells only when flagellin
activity is restored [29]. A similar result was obtained in
healthy volunteers using a cocktail of two probiotic E. coli
strains [30]. A 78%upregulationwas evident after threeweeks
of treatment, while defensin levels in fecal samples were still
significantly elevated 9 weeks after the end of the treatment,
indicating a more long-lasting effect.

Lactobacillus plantarum v299 is able to induce an increase
in Muc3 expression in the jejunum and ileum of rats.
However, this effect was only evident when live, but not heat-
killed, bacteria were administered [31]. This suggests that
metabolic activity of the bacteria is necessary for this action.
The same strain upregulates Muc3 expression and secretion
on HT29 cells, while at the same time limits adherence of E.
coli E2348/49 strain [32].

Probiotic-driven metabolic products (called postbiotics)
have been shown to enhance barrier function in a number
of cases [33]. Culture supernatant of S. boulardii, but not S.
cerevisiae, was able to improve significantly the epithelial cells

ability in obtaining wound healing andmigration in vitro and
in vivo by 𝛼2𝛽1 integrin collagen receptors activation [34].

Probiotic derived polyphosphate is able to protect mice
against DSS-induced colitis, acting on the integrin-p38
MAPK pathway and suppressing oxidant-induced intestinal
permeability by preventing F-actin and E-cadherin degrada-
tion [35]. In another study, the authors identified the p40
molecule, produced and secreted by Lactobacillus GG, as the
main mediator for ameliorating DSS and oxazolone-induced
inflammation, through its binding to epidermal growth factor
receptor (EGFR). EGFR activation by p40 was sufficient
to reduce cytokine-induced intestinal epithelial cells (IEC)
apoptosis in vitro and in vivo. Further, the authors succeeded
in administering the p40 molecule specifically in the colon,
where once again they observed a subsequent activation of
EGFR. Providing p40 was therefore able to both prevent and
cure DSS-induced colitis [36]. This effect has never been
observed before for live probiotic strains, as most might exert
strain-specific preventive actions but are of little help once
inflammation is manifested [27–37].

Mileti et al. have observed that L. paracasei strain B21060
has preventive effect in the DSS colitis model, whereas the
culture supernatant exerts a prominent anti-inflammatory
effect on the explants from the same patients [23]. Although
the active component has not yet been identified, the pro-
tective action of the supernatant might in part be linked
to epithelial barrier strengthening. In fact Mileti et al. have
shown that when preconditioned with supernatant, healthy
colonic mucosa explants are significantly more resistant to
Salmonella infection [23].

These studies show clearly that shielding the intestinal
barrier and preventing IEC apoptosis can be an important
regulatory mechanism, which can influence the course of
etiopathogenetic events both at the onset and during disease.

7. Conclusions

Understanding the relationship between intestinal micro-
biota and intestinal epithelium has increased our knowledge
on pathophysiological conditions in the gastrointestinal and
extraintestinal diseases.

Intestinal microbiota shows therefore a significant adap-
tation to different environmental stimuli. Microbiota is
mandatory for several activities, ranging from the growth of
the immune system to the synthesis of some amino acids
and vitamins. It is hypothesized that the vast majority of
those activities is mediated by diet and that changing in
microbiota composition may permit the adaptation to host’s
metabolic and immunologic activities according to envi-
ronmental changes. When this partnership is impaired, we
have a significant risk to develop a disease. It seems to be
particularly true not only for the occurrence of IBS, which
affects large percentages of western population, but also for
the occurrence of severe, disabling diseases, such as IBD.

Quali-quantitative changing in bacterial strains suggests
that intestinal microbiota may be a therapeutic target based
on “good” bacteria, called “probiotics,” and on probiotic-
driven metabolic products, called “postbiotics.” New ther-
apeutic approaches based on probiotics are now available,
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and further treatments based on postbiotics will come in the
future.
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Celiac disease (CD) is an immune-mediated enteropathy, triggered by dietary wheat gluten and similar proteins of barley and
rye in genetically susceptible individuals. This is a complex disorder involving both environmental and immune-genetic factors.
The major genetic risk factor for CD is determined by HLA-DQ genes. Dysfunction of the innate and adaptive immune systems
can conceivably cause impairment of mucosal barrier function and development of localized or systemic inflammatory and
autoimmune processes. Exposure to gluten is the main environmental trigger responsible for the signs and symptoms of the
disease, but exposure to gluten does not fully explain themanifestation of CD.Thus, both genetic determination and environmental
exposure to gluten are necessary for the full manifestation of CD; neither of them is sufficient alone. Epidemiological and clinical
data suggest that other environmental factors, including infections, alterations in the intestinal microbiota composition, and early
feeding practices, might also play a role in disease development.Thus, this interaction is the condicio sine qua non celiac disease can
develop.The breakdown of the interaction among microbiota, innate immunity, and genetic and dietary factors leads to disruption
of homeostasis and inflammation; and tissue damage occurs. Focusing attention on this interaction and its breakdown may allow
a better understanding of the CD pathogenesis and lead to novel translational avenues for preventing and treating this widespread
disease.

1. Introduction

Celiac disease (CD) is an immune-based enteropathy trig-
gered by dietary wheat gluten and similar proteins in barley
and rye in genetically susceptible individuals. Recently, the
ESPGHN (European Society of Paediatric Gastroenterology,
Hepatology andNutrition) proposed that CDmay be defined
as an immune-mediated systemic disorder elicited by gluten
and related prolamins in genetically susceptible individuals
and characterized by a variable combination of gluten-
dependentmanifestations, CD-specific antibodies, andHLA-
DQ2 or HLA-DQ8 haplotypes, causing duodenal chronic
inflammation [1]. CD is a T-cell mediated disease, in which

gliadin-derived peptides activate lamina propria infiltrating
T lymphocytes [2]. These latter represent the pivotal cells
that orchestrate tissue damage. This leads to the release of
proinflammatory cytokines, such as IFN-𝛾 and IL-15 [3]
which are responsible for the activation of the cytotoxic
activity of intraepithelial lymphocytes (IELs) that leads to a
profound tissue remodeling [4]. This is a complex disorder,
with environmental and immune-genetic factors contribut-
ing to its etiology. The main genetic influence on CD is the
HLA locus [5], specifically MHC class II genes that encode
HLA-DQ2 (HLA-DQ2.5 and HLA-DQ2.2) and HLA-DQ8
heterodimers. The prevalence of disease is usually reported
to be about 1% in the general US population [6] but there
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are emerging data suggesting an increase in some countries.
Although there is a strong genetic predisposition, resulting
from the presence of theHLAgeneDQ2/DQ8 in the develop-
ment of CD, and gluten is the main environmental factor
responsible for the signs and symptoms of this disorder, nei-
ther genetic nor environmental factors show 100% correla-
tion.Thus other immune, genetic, and environmental factors
must be involved in CD onset [7].

2. Pathogenesis and Pathogenic Model of
Celiac Disease

CD is considered an autoimmune disorder with both genetic
and environmental components. Evidence for a genetic com-
ponent is best exemplified by the strong dependence on the
presence of the HLA-DQ2 (encoded by the alleles DQA1∗05
and DQB1∗02) and HLA-DQ8 (DQA1∗03 and DQB1-∗0302)
haplotypes. More than 95% of those with CD express HLAD-
Q2while the rest expressHLA-DQ8.However, about 30–40%
of the general population expresses HLA-DQ2, so while these
HLA genes are necessary, they are not sufficient for devel-
oping disease and clearly non-HLA genes are also involved.
At least 39 non-HLA genes have been identified through
genome-wide association studies as strongly associated with
CD [8].

Most of these genes are involved in control of the innate
and adaptive immune response.

However, the role of these genes in the development of
CD is not completely clear. The primary environmental trig-
ger is gluten, the protein fractions of wheat, barley, and rye.
The incomplete digestion of this protein by humans, due
to high concentrations of glutamine and proline, results in
the formation of residual partially digested peptides. These
peptides are responsible for innate and adaptive immune
responses underlying the disease in genetically predisposed
subjects. Other trigger factors may play a role in precipitating
disease. Currently, some studies are evaluating the role of the
modifications of gutmicrobiota as a factor contributing to the
onset of disease [9].

3. Immunopathogenesis

Although the precise immune mechanisms that are involved
in the progressive destruction of the small intestinal mucosa
remain to be elucidated, the hallmark of CD is an immune-
mediated enteropathy that involves both of the innate and
adaptive immune system. In relation to innate immune sys-
tem response, we should consider that some gluten peptides
can induce tissue damage by directly activating components
of innate immunity [10]. The peptide (𝛼-gliadin 31-43) p31-
43/49 has been shown to activate the production of IL-15
and the NK receptor-mediated cytotoxicity by IELs [11, 12],
independent of TCR specificity, and to induce apoptosis
of enterocytes, upregulate MHC class I molecules, activate
MAP kinase pathway, and upregulate the expression of CD83,
a maturation marker of dendritic cells [13]. The presence
of a receptor for p31-43/49 in intestinal epithelial cells has
not been found yet and, thus, the molecular mechanism

underlying the biological effects observed as a consequence
of the interaction of this peptide with the gutmucosa remains
still unclear [14]. The DQ2 and DQ8 molecules confer
susceptibility to CD by presenting disease-related peptides
to T-cells in the small intestine or by shaping the T-cell
repertoire during T-cell development in the thymus. Initially,
paracellular passage of gliadin peptides is due to an increase
of gut permeability which, in turn, is due to an upregulation
of zonulin, an intestinal peptide involved in epithelial tight
junction control [15]. Also, IL-15 contributes to promoting
the CD4+ T-cell adaptive immune response [3, 16]. IL-15
up-regulates both CD94/NKG2C and NKG2D NK receptors
boosting their ability to lyse enterocytes [14]. The adaptive
immune response in CD is characterized predominantly by
production of the proinflammatory cytokine interferon-𝛾
(IFN-𝛾) from gluten-specific CD4+ T-helper cells triggered
by gluten-derived peptides recognized by HLA-DQ2 or
HLA-DQ8 heterodimers of antigen-presenting cells (APCs)
[17]. Tissue transglutaminase-2 (TTG2) converts noncharged
glutamine into negatively charged glutamic acid through
a process called deamidation. In fact, the peptide-binding
motifs of DQ2 and DQ8 predict a preference for negative
charges at anchor positions of the bound peptides. DQ2 has
a preference for negatively charged residues at the P4, P6,
and P7 anchor positions [18], whereas DQ8 has a preference
for negatively charged residues at anchor positions P1, P4,
and P9 [19]. Generally, gluten proteins contain few negatively
charged residues but in active CD the level of expression
of enzyme TG2 is increased and the ratio of deamidation
to transamidation is markedly increased. In active CD TG2
is expressed at the epithelial brush border, as well as being
expressed extracellularly in the subepithelial region. The pH
in the proximal small intestine is ∼6.6 which should allow
marked TG2-mediated deamidation of peptides in the brush
border [20].This process increases the negative charge on the
peptidemolecule and enhances binding of the peptide within
the peptide binding groove of the HLA-DQ2 molecule on
the surface of the APCs. This is a prerequisite for a gluten-
specific T-cell response as well as a B-cell response that results
in production of the anti-TTG antibodies that represents an
epiphenomenon of the CD pathogenesis and may be used
in the diagnostic pathway [15, 21]. Furthermore, deamidated
gluten peptides are presented to CD4+ T-cells that release
proinflammatory cytokines activating cytotoxic CD8 IELs
(CD8+ TCR𝛼𝛽+ and TCR𝛾𝛿+ T-cells) contributing to a pro-
found tissue remodeling and damage [13, 22].While IgA anti-
bodies against either gluten or the autoantigen TG2 serve as a
highly useful means of testing for CD, their precise role in the
immunopathogenesis of the condition remains yet unknown.
Whether they are byproducts of the intestinal adaptive
immune response or they play a direct role in CD pathogen-
esis remains unclear. There is evidence that IL-21 plays a role
in the pathogenesis of CD as high levels of this cytokine can
be demonstrated in biopsies from those with active disease
that are not on treatment [23]. However, the mechanism
whereby IL-21 is produced and the precise role it plays in the
disease process remains unexplained. More recently, it has
been proposed that, in the intestine of CD subjects, normal
gluten peptides may be complexed to intraluminal secretory
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Figure 1: The complex interconnection among immune system, microbiota, and environmental factors (including dietary food antigens
and/or infection) in the pathogenesis of celiac disease. (a) Steady-state condition.Dietary antigens and physiologicmicrobiota are in symbiotic
relationship with host mucosal cells; thereby a harmonized balance between pro- and anti-inflammatory factors is achieved (homeostasis).
(b) Inflammation or infection. The breakdown of the normal microbial community contributes to dysbiosis. In CD patients, gluten derived
peptides are recognized by antigen presenting cells, withT-cells response.Deaminated gluten peptides are presented toT-cells with subsequent
release of proinflammatory cytokines. In this way, Tregs are suppressed. This fact leads to a break of balance with consequent epithelial cell
damage.

IgA, bound to an IgA receptor and transported, and protected
from lysosomal degradation by a specific transcytosis path-
way involving the transferrin receptor CD71. Compared to
nonceliac subjects or CD subjects on a gluten-free diet, CD71
expression is increased in CD sufferers and colocalizes with
IgA at the apical enterocyte membrane [24].

In summary, the disease develops as a result of an abnor-
mal CD4+ T-cell-initiated immune response to gluten. Gen-
erally, gluten gains access to Peyer’s patches physiologi-
cally via M cells or supraphysiologically during periods of
increased epithelial permeability [25]; thus, it is processed by
Peyer’s patches dendritic cells [26] and presented to CD4+
T-cell [27]. In nonceliac subjects the presentation of gluten
peptides on HLA-DQ2/DQ8 induces a Th2 response [28]; in
celiac subjects in the presence of TTG2 activity and deami-
dation of gluten peptides in the APCs the response is biased
towards Th1 response [29]. Presentation of gluten to T-cells
could be carried out not only by dendritic cells but also by
macrophages, B-cells, and even enterocytes that express HLA

class II [30]. Enterocytes can present antigens to lipopro-
tein lipase (LPL) via evaginations through the basement
membrane and can express costimulatory molecules under
inflammatory conditions [31]. The primed CD4+ T-cells
would then recirculate to the lamina propria [32, 33], and sub-
sequent contactwith glutenwould induce their activation and
proliferation, with production of proinflammatory cytokines,
such as TNF-𝛼, IL-1𝛽, IL-6, IL-15, IL-17A, IL-17F, IL-21, IL-
22, IL-23, and IL-26 (Figure 1) [34, 35]. This would result
in synthesis and release of metalloproteases MMP-1, MMP-
3 [36], and Keratinocyte Growth Factor (KGF) by stromal
cells [37], which would induce cryptal hyperplasia [38]. The
next stage, villous atrophy, would be due to enterocyte death
induced by IELs [39, 40]. In fact CD8+ IELs fromCDpatients
have been shown to respond to gluten peptides presented
by HLA-A2 [41]. Additionally, there is an overexpression
of membrane bound IL-15 on enterocytes in active CD
which induces the expression of the NK receptors CD94 [13]
and NKG2D by CD3+ IELs. The ligand for NKG2D and
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MIC-A is overexpressed on enterocytes in active CD, and this
supports the involvement of the MIC-A/NKG2D pathway in
the epithelial atrophy of CD [12].

4. Association between Microbiota and
Dietary Factors in Development of Innate
and Adaptive Immunity

Gutmicrobiota is the collection ofmicrobial populations that
reside in the gastrointestinal tract. It is characterized by an
interplay between different cells and their defense systems,
food particles, molecules derived from digestion, and the vast
array of residing microbial species with their secretory prod-
ucts. These microorganisms present in the gut lumen form
the microbiota that performs several physiological functions,
that is, the absorption and digestion processes, tolerance to
non-self-food antigens, and defense from pathogens.

The composition of main bacterial populations does not
stabilize until after the first few years of life. In this period,
the microbiota gradually colonizes the mucosal and skin
surfaces of the neonate and exerts the greatest effect on the
development of the immune system [42]. Components of
the intestinal microbiota play a crucial role in the postnatal
development of the immune system. During the early post-
natal period, the intestinal microbiota stimulates the devel-
opment of both local and systemic immunity, while later on
these components evoke inhibitory regulatory mechanisms
intended to keep both mucosal and systemic immunity in
check [43]. In this postnatal period, components of the nor-
mal microbiota induce a transient physiological inflamma-
tory response in the gut associated with enlargement of the
mucosal-associated lymphatic tissue and increases in its cel-
lularity [43, 44]. Many studies have shown that microbial
colonization of animals living in germ-free conditions results
in an increase in immunoglobulin levels, the production
of specific antibodies, and substantial changes in mucosal-
associated lymphocyte tissues and cell populations [45, 46].
Interestingly, the microbial colonization of germ-free mice
also speeds up the biochemical maturation of enterocytes,
resulting in a shift in the specific activities of brush-border
enzymes nearly to the extent found in conventional mice.
Moreover, a similar introduction of microorganisms alters
the synthesis of sugar chains in membrane-associated glyco-
proteins, which could influence the gut barrier function [47–
49]. In some cases, impaired function of the intestinal barrier
leads to an increase in antibodies directed against antigens
present in the intestinal lumen. It was recently shown that
the appearance of these antibodies or/and autoantibodies in
individuals lacking clinical symptoms may have important
predictive value for the development of inflammatory and
autoimmune diseases [50, 51]. In the case of autoimmune
diseases, considerable effort has been made to understand
mechanisms leading to the loss of self-tolerance.

A principal function of the microbiota is to protect the
intestine against colonization by exogenous pathogens and
potentially harmful indigenousmicroorganisms.However, in
certain conditions, some species of bacteria are thought to be

capable of causing disease by producing inflammation, infec-
tion, or increasing cancer risk for the host [52]. Infectious
agents are considered possible environmental factors trig-
gering autoimmune diseases. Particular bacterial populations
that are typically found in very low abundance can acquire
pathogenic properties. These conditions include inherent
immune defects as well as changes in diet and/or acute
inflammation and can result in the disruption of the normal
balanced state of the gut microbiota, which is referred to as
dysbiosis [53]. Dysbiosis involves the abnormal accumulation
or increased virulence of certain commensal populations of
bacteria, thereby transforming former symbionts into “patho-
bionts.” Pathobionts are typically colitogenic and can trigger
intestinal inflammation [52]. The breakdown of the normal
microbial community contributes to increase in the risk of
pathogen infection and the overgrowth of harmful patho-
bionts and inflammatory disease.

The intestinal dysbiosis of CD patients is characterized
by increases in numbers or proportions of Bacteroides spp.
and reductions in those of Bifidobacterium spp. and B.
longum, which were not completely normalized after patient
adherence to a gluten-free diet (GFD) [54–56]. E. coli and
Staphylococcusnumberswere also higher in feces andbiopsies
of untreated CD patients than in those of controls, but the
differences were normalized after gluten withdrawal [55].The
analyses of the prevalence of bacterial species associated with
duodenal biopsies also revealed a reduction in Bacteroides
species diversity in patients, untreated and treated with the
GFD, in comparison with controls [57].

In addition to dysbiosis, infections may also disrupt the
intestinal homeostasis leading to chronic inflammation and
tissue damage, which could eventually contribute to reduced
gluten tolerance [58]. In fact, infections have often been
considered to initiate the process in genetically predisposed
individuals. Infections can influence the host’s immune tol-
erance by different mechanisms. These include polyclonal
lymphocyte activation, increased immunogenicity of organ
autoantigens secondary to infection-mediated inflammation,
or antigen mimicry molecular mechanisms [59]. One major
hypothesis explaining how infectious components can cause
autoimmune reactions is based on the concept of cross-
reactivity, also known as “molecularmimicry,” that is the sim-
ilarity between the epitopes of autoantigens and epitopes of
harmless environmental antigens [60]. The adjuvant activity
of microbial components may participate in the stimulation
of APCs, such as dendritic cells, that leads to the abnormal
processing and presentation of self-antigens. Homeostasis
of the intestinal mucosa may be disturbed by pathogenic
microorganisms and toxins attacking the intestine or by
inadequately functioning components of the immune system,
as observed in immunodeficiency or in cases of dysregulated
mechanisms of the mucosal immune system. The intestinal
mucosa can be affected as a consequence of either insufficient
activity or exaggerated activation of the immune system
[61]. Various complex diseases may occur as a consequence
of disturbances of mucosal barrier function or of changes
in mechanisms regulating mucosal immunity to food or
component of the microbiota [62, 63]. The complexity and
interindividual variation of the gut microbiota composition
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in humans represent a confounding factor in the efforts to
determine the possible significance of individual commensal
microbial organisms in disease pathogenesis.

Recent data have described a possible link between CD
onset in susceptible patients and diverse infectious agents,
which may have occurred as early as during the perinatal
period. Plot et al. [64] demonstrated a possible protective
role that infections with EBV, CMV, and Rubella may have
on susceptible individuals; it seems that encountering cer-
tain infections may establish a particular immunological
background that disfavours the evolution of autoimmune
conditions. Moreover, several intestinal viral triggers includ-
ing adenovirus, hepatitis C virus (HCV), and rotavirus and
bacterial infections capable of initiating or augmenting gut
mucosal responses to gluten were suggested to play a role
in the pathogenic mechanism of CD [65]. An environmental
factor, such as an infectious agent, is thought to precipitate the
disease, via various pathogenic mechanisms, such as molec-
ular mimicry, resulting in modulation of the host’s immune
tolerance. Several other gastrointestinal pathogens have been
associated with the development of CD, with varying out-
comes; most are isolated case reports. Other pathogens such
asCampylobacter jejuni,Giardia lamblia, Rotavirus infection,
and Enterovirus infection have also been associated with
development of CD [65].

Abnormal components found among the microbial
inhabitants adhering to the diseased jejunal mucosa have
been described and recently analyzed using new micro-
biological methods [66]. Bacteria were identified by 16S
rDNA sequencing inDNA extracted from biopsies. Profound
changes in the fecal and duodenal microbiota composition of
patients with active disease who are on a gluten-free diet have
also been demonstrated [56]. Bacteroides and Clostridium
leptum groups were more abundant in faeces and biopsies
of CD patients than in controls regardless of the stage of
the disease. Escherichia coli and Staphylococcus counts were
also higher in faces and biopsies of nontreated CD patients
than in those of controls. Interestingly, some commensal
bacteria, such as Escherichia coli, promoted the activation
of innate immune cells by gliadin, whereas others such as
Bifidobacteria exerted inhibitory effects [67]. Dietary factors
seem particularly relevant at early stages when the immature
neonate’s gut is acquiring and shaping its ownmicrobiota and
undergoingmajor physiological and immunological develop-
ments up to the point when the immune system acquires full
competence and tolerance to nonharmful antigens [68]. The
period in which the human host is most acutely influenced
by the microbiota is the postnatal period, during which the
germ-free neonate moves from the sterile environment of
its mother’s uterus into a world full of microorganisms and
duringwhich the neonate’smucosal and skin surfaces become
gradually colonized. Particularly relevant seems to be the
era in which we introduce the gluten in the diet. As early
as the seventies, it had become clear that the introduction
of gluten in the diet after the fourth month of life would
reduce the incidence of CD onset [69]. Infants who carry
either the HLA-DR3 or DR4 alleles or who have a first-
degree relative affected by CD [70] have a fivefold increased
risk of developing CD autoimmunity with the presentation

of positive tissue transglutaminase (tTG) autoantibody if
they are exposed to gluten in the first three months of life.
Infants introduced to gluten at 7 months or later also had an
increased risk of CD compared with those exposed between
4 and 6 months.

Some explanations have been reported by Norris et al.
[70] for the increased risk of CD when first gluten exposure
occurs in younger and older children instead of at the age
of 4–6 months. On the one hand, in younger children,
early introduction of solid foods (i.e., before the intestinal
immune system reaches a certain level of maturation) may
lead to intolerance [71]. The increased risk of CD in children
introduced to gluten at 7 months or older might be due to the
larger amounts of gluten intake at the first exposure [70].The
ESPGHAN Committee on nutrition has outlined possible
practical suggestions on the introduction of complementary
feeding to avoid both early (<4months) and late (≥7months)
introduction of gluten and to gradually introduce small
amounts of gluten whilst the infant is still breast-fed [72] in
order to reduce the predisposition to CD later in life [73].
However, the time of first exposure to potentially allergenic
foods in infants differs significantly between countries and
occurs much earlier than recommended in some countries,
as reported in [74]. A recent meta-analysis of observational
retrospective studies was used to analyze the protective role of
breast-feeding againstCDonset and concluded that increased
duration of breastfeeding is associated with a reduced risk of
CD [75]. A study of 627 cases with confirmed CD revealed
that the risk of CD was reduced in a group of children aged
<2 years if theywere still being breast-fedwhen dietary gluten
was introduced and the risk increased when the gluten was
introduced in the diet in large amounts [76].

It is also important to examine further whether favorable
infant dietary patterns postpone CD onset or in fact reduce
the overall lifetime risk of the disease [76]. Other recent
studies have pointed to the role of breast-feeding in delaying
CD in infancy. D’Amico et al. [77] showed that children with
CD who had been exclusively breast-fed had a delayed onset
and less severe disease symptoms than those who had not
been exclusively breast-fed [77]. In spite of all the evidence
reported, it remains unclear whether those children breast-
fed during the introduction of gluten are more likely to
develop an extraintestinal (atypical) CD [78]. A series of
162 celiac children registered by the University of Chicago
revealed that children breast-fed at the time of gluten intro-
duction were just as likely to develop both intestinal and
extraintestinal symptoms, whereas children who were not
breast-fed when weaned with gluten had a much higher
chance of developing intestinal symptoms [79]. Human milk
provides many bioactive factors, including antimicrobial and
anti-inflammatory agents, enzymes, hormones, and growth
factors, many of which are involved in gut maturation and
development of the infant’s innate and acquired immunity
[80]. Breast-feeding might affect tolerance induction in
infants because of the possible transfer of small amounts of
gluten and gluten-specific IgA antibodies through breastmilk
and the presence of factors in breast milk that affect immune
system maturation and responses [81]. Also, it seems that the
lymphocyte subset profile of breast-fed infants is associated
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with a better response to gliadin after gluten introduction.
Other reasons that could explain a protective effect of breast-
feeding against CD development could be related to the role
human milk plays in defining microbiota composition [82]
and in the incidence of infections.

There is evidence that microbiota may enhance innate
immunity to pathogens. The interaction between microbiota
and innate immunity develops in the gut mucosa. In partic-
ular, innate immunity cells, located in the lamina propria,
promote immunological unresponsiveness to commensal
bacteria, which is important formaintaining gut homeostasis.
Specifically, gut-resident phagocytes are hyporesponsive to
microbial ligands and commensal bacteria, and they do not
produce biologically significant levels of proinflammatory
molecules upon stimulation. However, the microbiota is
essential for upregulating the production of pro-IL-1𝛽, the
precursor to IL-1𝛽, in resident innate immunity cells. It has
been shown that IL-1𝛽may have a protective role in intestinal
immunity.This role is, at least partly, mediated by its ability to
induce the expression of endothelial adhesion molecules that
contribute to neutrophil recruitment and pathogen clearance
in the intestine [52].

Initiation of the innate immune response in the intestine
is triggered by pathogen-recognition receptors (PRRs).These
PRRs serve as sensors of pathogen-associated molecular pat-
terns (PAMPs) from the intestinal lumen. The most studied
PRRs are the Toll-like receptors (TLRs). TLRs are trans-
membrane proteins that are typically expressed by intestinal
epithelial cells either on the cell surface or in endosomes.
TLR signaling in the intestine is involved in epithelial cell
proliferation, immunoglobulin A (IgA) production [83], and
antimicrobial peptide expression, functions that are crucial
formaintaining a healthy epithelial barrier [84]. PRRs are also
expressed by other immune cells in the lamina propria and
they can activate an inflammatory response involving both
innate and adaptive immune system [85]. The intestinal bar-
rier regulates intestinal homeostasis throughout innate and
adaptive immune responses. Unfortunately, in some cases the
innate immune system’s attempts to protect the host fail and
chronic inflammation and intestinal autoimmunity occur,
such as in the case of celiac disease and IBD [86].

Recent experimental data demonstrated the existence of
a strong and direct interaction between TLRs and intestinal
microbiota. For example, Cheng et al. demonstrated that
pediatric CD patients have lower duodenal expression of
TLR2 and higher expression of TLR9 as compared to healthy
controls confirming that microbiota may have a role in CD
[87].

Higher TLR9 does not directly correlate to microbiota. In
fact, Cheng and colleagues concluded that the overall compo-
sition, diversity, and the estimatedmicrobe associatedmolec-
ular pattern (MAMP) content ofmicrobiota were comparable
between CD and healthy subjects, but a subpopulation profile
comprising eight genus-like bacterial groups was found to
differ significantly between healthy subjects and CD. In
healthy subjects, increased TLR2 expression was positively
correlated with the expression of tight junction protein ZO-1.
In CD, the expression of IL-10, IFN-gamma, and CXCR6 was
higher as compared to healthy subjects.

Other recent data [87] comparing the composition of
microbiota between CD patients and healthy controls dem-
onstrated that TLRs activation by intestinal microbiota may
determine different effects on the human gut of CD patients
and healthy controls. These data suggest that microbiota and
altered expression of mucosal receptors have a role in CD.
In CD subjects, the increased expression of IL-10 and IFN-
gamma may have partly resulted from the increased TLR9
expression and signaling [88].

Furthermore, recently Eiro et al. [89] studied the expres-
sion of TLRs and cytokines and revealed that they occur
in duodenal mucosa and are elevated in both children and
adult celiac patients. In particular, TLR4 expression was
increased twofold in CD patients compared to controls. CD
patients with high levels of TLR4 also showed high levels of
proinflammatory cytokines (IL-1, IL-6, IL-8, and IL-17) as
well as transcription factors (IRAK4, MyD88, and NF-𝜅B)
[89]. These data support the hypothesis that a unique pattern
of TLR expression is associatedwith CD independently of age
at diagnosis. The evidence that pediatric and adult patients
have a similar inflammatory profile will encourage treatment
of both with the same immunological therapy in the future.

5. Dietary and Microbiota Changes and
Immunomodulatory Approaches in Celiac
Disease: Translational Applications

The only approved treatment for CD is the lifelong complete
exclusion of the gluten from the diet. But, dietary compliance
is difficult to achieve in several patients for several reasons.
Indeed, we need novel strategies, targeting various factors at
different levels in CD pathogenesis.

For example, the reduction of gluten antigenicity and/or
elimination of toxic peptides from gluten could be walkable;
in this manner, the food gluten would not have the negative
effect on activation of host immune system and the con-
sequential gut inflammation. These modifications of gluten
antigenicity may be achieved in several manners, from the
selection of natural cereal cultivars to the genetic modifica-
tion of gluten peptide sequences or more likely producing
genetically modified organisms, in which toxic sequences are
deleted or silenced [90].

The other translational strategy of CD therapy derives
from the knowledge of immunomodulatory mechanisms of
disease. In fact, in CD, food gluten peptides activate lamina
propria T-cells to produce inflammatory cytokines leading
to tissue destruction. Thus, a way to block this pathogenetic
event in CD could be a specific modulation of gluten reac-
tive pathogenetic target T-cells. This modulation in gluten
related to T-cell reactivity may be borrowed from the actual
evidences on other immune hypersensitivity related diseases,
such as allergy and autoimmune diseases. In fact, in these dis-
eases, such as in CD, there is a pivotal role of CD4+ T-helper
cells in driving and orchestrating gut inflammation and tissue
destruction. The goal of pathogenetic translational therapy
may be to develop vaccines consisting of synthetic peptides
representing T-cells epitopes that may have the function to
restore the balance between inflammatory and regulatory
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responses to the causative antigens [91, 92]. In CD, this could
be achieved using a therapeutic vaccination constructed with
the panel of most immunodominant gluten epitopes. The
efficacy of vaccine therapy has been just demonstrated in
allergy in which it is able to reduce allergen sensitivity and
improve regulatory T-cell function.

Furthermore, there are recent findings in the alterations
of the microbiota in various medical conditions, such as CD,
inflammatory bowel disease, allergy, and colorectal cancer.
Even though changes of themicrobiota could be linked to the
etiopathogenesis of these diseases, further studies are needed
to understand how to modulate microbiota to ameliorate the
morbidity of CD.

6. Conclusion

Chronic inflammatory diseases have multifactorial etiologies
that involve environmental components and many immune
and genetic factors. CD represents a particularly informative
model for chronic inflammatory diseases. An environmental
factor that precipitates disease is known (gluten); the HLA
molecules that confer predisposition to the disease have been
identified (HLA-DQ2/HLA-DQ8); and access to the small
intestine is simple. Thus, understanding the interaction of
the microbiota with pathogens and host might provide new
insights into the pathogenesis of disease, as well as novel
avenues for preventing and treating intestinal and systemic
disorders [52].

The high increase in incidence of autoimmune disorders
cannot be explained only by genetic drift and is thought to
be the result of changes in the environmental factors and in
their complex interactionwith innate and adaptive immunity.
Although there is strong support for the role of microor-
ganisms as triggers of innate immune activation, there is no
evidence of a role for molecular mimicry in CD. In other
words, we do not have any evidence so far that CDpathogene-
sis is the result of a T-cell response against amicrobial peptide
cross-reacting with gluten [93].

The gut microbiota has been studied for more than a cen-
tury; however, we have only recently begun to understand
the ever-expanding roles for these microscopic organisms in
health and disease. Despite the complexity of the gut micro-
biota, there is a delicate balance in bacterial populations such
that any disruption in this balance leads to dysbiosis and, con-
sequently, to decreased resistance to pathogen colonization,
to the favoured growth of pathobionts, and to pathological
both innate and adaptive immune responses [52]. So, in
genetically predisposed individuals, gluten in association
with microbial antigens can stimulate and modulate innate
and adaptive immune response, sustaining a chronicmucosal
inflammation, underlining this chronic disease.

In summary, CDmay be considered as amodel to explain
the pathogenesis of several other autoimmune diseases. In
particular, how in the steady state condition homeostasis
is maintained due to the complete balance between pro-
and anti-inflammatory factors whereas, during disease, this
balance is altered. The breakdown of the interaction among
microbiota, innate immunity, and genetic and dietary factors

leads to the disruption of homeostasis leading to inflamma-
tion and tissue damage. Thus, focusing the attention on this
interaction and its breakdownmay allow a better understand-
ing of the CD pathogenesis and finally get novel translational
avenues for preventing and treating this widespread disease.
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A close relationship exists between gut microbiota and immune responses. An imbalance of this relationship can determine local
and systemic immunediseases. In fact the immune systemplays an essential role inmaintaining the homeostasiswith themicrobiota
that normally resides in the gut, while, at the same time, the gut microbiota influences the immune system, modulating number
and function of effector and regulatory T cells. To achieve this aim, mutual regulation between immune system and microbiota
is achieved through several mechanisms, including the engagement of toll-like receptors (TLRs), pathogen-specific receptors
expressed on numerous cell types. TLRs are able to recognize ligands from commensal or pathogen microbiota to maintain the
tolerance or trigger the immune response. In this review, we summarize the latest evidences about the role of TLRs expressed
in adaptive T cells, to understand how the immune system promotes intestinal homeostasis, fights invasion by pathogens, and is
modulated by the intestinal microbiota.

1. TLRs and Microbiota

The gut is the largest defense barrier of our body. More
than 60% of immune cells are in the gut mucosa, ready to
identify and counteract the presence of potential aggressors
and inhibit uncontrolled inflammatory reactions [1, 2].

A further protection is represented by the presence of
various populations of microorganisms (each encompassing
several strains) that condition both the mucosal immune
response and the ability of the host to resist aggressive
pathogens’ attacks [3, 4].

The human gut microbiota is composed of microorgan-
isms that include bacterial communities, yeasts, and bacterio-
phages (viruses that control the bacterial community, and in
particular, the ability of bacteria to regulate our metabolism)
all residing in the intestinal tract. This community encom-
passes trillions of bacteria with an estimated biomass of 1 kg
[5].

Molecular and metagenomic approaches have allowed
identifying the main bacterial communities present in

the digestive tract, their role in health, and their relationships
with specific diseases [6–8].

The gut immune system monitors the communities that
flow in the lumen and, in healthy conditions, reacts against
potentially pathogenic organisms by inducing inflammation,
while maintaining tolerance towards most members of com-
mensal microbiota [9–11].

Therefore, the defense of the organism requires a careful
surveillance able to distinguish microbes with pathogenic
potential (pathobionts) fromnonpathogenicmicroorganisms
(mainly symbionts) [12].

The ability of these cells to discriminate pathogens from
commensals is mediated by pattern recognition receptors
(PRRs) that include the families of toll-like receptors (TLRs),
nucleotide-binding oligomerization domain- (NOD-) like
receptors (NLRs), C-type lectin receptors (CLRs), cytosolic
DNA receptors (CDRs), and RIG-I-like receptors (RLRs). In
particular, TLRs are mostly (but not exclusively) present on
the membrane of immune and epithelial cells [13] and NODs
are present in the cytoplasm of enteric cells [14]. TLRs and
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NODs are capable of recognizing conserved molecular
motives, generally divided in microbe-associated molecular
patterns (MAMPS, expressed by resident microbiota) and
pathogens-associated molecular patterns (PAMPS, produced
by microbial invaders). Their engagement induces several
intracellular signaling cascades resulting in the production
of cytokines, chemokines, and transcription factors that are
essential for the maintenance of the gut homeostasis and/or
infection control [15].

Therefore, TLRs play an important role in suppressing
the activation of the inflammatory cascade to maintain the
balance of intestinal homeostasis and in promoting inflam-
matory responses to pathogens [16–18].

Eleven different transmembrane proteins belong to the
TLR family. Although they are constantly exposed to a
significant charge of commensal bacteria, they are able to
restrain inflammation in steady-state conditions, keeping a
tone of hyporesponsiveness against the intestinal flora [19].

Recent studies suggest that the mechanisms that limit
immune activation belong to potential synergistic actions
from both host and bacterial effector molecules. Such
molecules are able to antagonize and modulate the signal
transmission mediated by TLRs, acting along the signal
transduction from the TLRs or at the level of production of
effector molecules [20].

TLR2 is involved in the recognition of Gram-negative
and Gram-positive bacteria and yeast. At the same time,
different evidence proves that TLR2 is able to switch its
ability to produce pro- and anti-inflammatory responses by
dimerization with several coreceptors such as TLR2 itself,
TLR1, TLR6, and TLR10 [21]. Recent studies suggest that
TLR2/TLR6 dimerization activates the TLR2-MyD88-IRAK-
TRAF-NIK-IKK-NF-𝜅B signal transduction pathway that
induces transcription of proinflammatory molecules, while
TLR2/TLR1 dimerization promotes the anti-inflammatory
pathway that leads to the expression of IL-10 and the trans-
differentiation of Th17 and iTreg cells [22].

In order to maintain the immune homeostasis, the
host uses several mechanisms that limit and inhibit the
inflammatory responses mediated by TLR2. One of these is
the modulation of TLR2 signaling through the expression
of negative regulators such as the toll-interacting protein
(TOLLIP). TOLLIP inhibits IRAK binding TLR2 or TLR4,
thereby breaking down this proinflammatory pathway [23].
In addition, commensal bacteria provide other supplemen-
tary mechanisms through which they prevent gut coloniza-
tion by pathogens, as exemplified by the action of Bacteroides
fragilis through its unique surface polysaccharide (PSA) [24].

TLR4 is expressed at low levels on the surface of epithelial
gut cells, where it plays a role in the intestinalmucosal defense
against Gram-negative bacteria. TLR4, after activation by
lipopolysaccharide (LPS) or endotoxin from Gram-negative
bacteria, dimerizes with CD14 and MD-2 and induces the
consequent signaling cascade that ultimately leads to the
activation of a proinflammatory response. TLR4 signaling is
regulated by the expression of the transmembrane protein
ST2. ST2 sequesters MyD88 and TIRAP (adaptor proteins
associated with TLR), thus antagonizing TLR4 functions and

contributing to the persistence of the hyporesponsiveness to
commensal microbial community [25, 26].

TLR5 is the innate immune receptor for bacterial flagellin.
As the other TLRs, TLR5 is involved both in the recruitment
of the adaptor MyD88, upregulating a signaling cascade
of proinflammatory transcription factors, and in the main-
tenance of the gut microbiota homeostasis. Indeed, many
commensal species that colonize the gut express flagellin.
Activation of TLR5 signaling displays a proinflammatory
effect by regulating the production of IL-17 and IL-22 that
in turn promote antimicrobial defense essential for clearance
of pathogens and protective effects. On the other side, the
interaction between Tlr5 and flagellin also leads to the
expression of antiapoptotic genes that are correlated with the
protective effect of the receptor against normal commensal
such as E. coli [27].

A large body of evidence shows that TLR9 engagement
has contrasting effects on activation of nuclear factor-𝜅B,
depending on its expression on apical or basolateral surface
of intestinal epithelial cells (IECs) and thereby playing an
important role in the gut epithelial homeostasis. TLR9 rec-
ognizes intracellular bacteria, by binding the unmethylated
CpG motifs of bacterial DNA. While the interaction with
engagement of basolateral Tlr9 has been reported to enhance
the activation of NF-𝜅B, binding of CpG with apical Tlr9
seems to promote the ubiquitination of I𝜅B that prevents the
activation of NF-𝜅B [28, 29].

2. TLRs and Adaptive T Cells:
Activation and Functions

Näıve CD4+ T cells migrate from the thymus to periphery,
under environmental signals that induce their maturation
and functions. Depending on microbial and host signals, T
cells differentiate into pro- and anti-inflammatory subsets,
such as Th1, Th2, Th17, and iTreg.

The presence of Th17 and iTreg cells in the healthy gut
has been largely demonstrated.Th17 cells are a specific lineage
of CD4+Th cells that produce inflammatory cytokines such
as IL-17a, IL-17f, IL-21, and IL-22 [30, 31]. They promote the
host defense against fungal and bacterial infections, such as
Candida albicans, Pseudomonas aeruginosa, Klebsiella pneu-
monia, Streptococcus pneumonia, and Citrobacter rodentium
[32, 33]. Differentiation of CD4+ T cells into Th17 in the gut
depends on the stimulation by intestinal microbiota and their
products, such as serum amyloid A (SAA), from segmented
filamentous bacteria and extracellular ATP [34].

iTreg cells, also defined as inducible suppressor cells, are
a subset of CD4+Thcells that express CD4, CD25, and Foxp3
(Forkhead Box 3, the nuclear transcription factor specifically
involved in Treg differentiation) [35].

iTreg are capable of suppressing the activation of the
immune system, regulating the homeostasis and tolerance to
self-antigens. Several recent studies have demonstrated the
presence of Treg cells that secrete IL-10, an anti-inflammatory
cytokine [36]. These Treg subsets are not found in thymic
environment but are present in peripheral tissues, as the gut
[37].
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Albeit activation of TLRs is the hallmark of the innate
immune response, it has been demonstrated that TLRs
are also important for adaptive immune cell function as
regulation of B lymphocytes development [38] and antibody
production [39]. It has also been demonstrated that certain
TLRs are also expressed on T lymphocytes [40] and that
TLRs ligands can modulate directly functions of T cell such
as signaling in Treg cells [41] or development and effector
functions of the various subsets of T helper cell [42].

2.1. TLR2 and T Cells. TLR2 is able to trigger proliferation
and cytokine production (in particular IL-2 and IFN-𝛾)
of effector T cells activated via TCR [43], thus regulating
the host’s immune system against pathogens. Mokuno et
al. also reported that stimulation of TLR2 on 𝛾𝛿 T cells
increases significantly their proliferative response [44]. In
CD8+ cells, TLR2 induces T-bet activity, IFN-𝛾 [45], TNF-
𝛼, and other cytotoxic mediators [46, 47]. The same effects
have been observed in natural killer T cells (NKT), where the
stimulation of TLR2 enhances the expression of Fas-L [48].
Recently, the literature has illustrated the important role of
TLR2 in T helper subsets for proliferation and survival [49],
cell migration [50, 51], protection against tuberculosis and
filarial infections [52, 53], and reduction of IL-4 production
[54].

Tlr2 enhances also IL17 productions in CD4+ T cells, pro-
moting experimental autoimmune encephalomyelitis (EAE)
pathogenesis and severity [55]. We observed that a polymor-
phism of Tlr2 modulates severity, remission, and lesion dis-
tribution during EAE, although it does not influence disease
incidence (manuscript in preparation). An interesting point
is that Tlr2 stimulation promotes the differentiation of iTregs
into aTh17 [56], which may enhance microbial clearance but
may also increase the risk of autoimmune reactions.This role
of Tlr2 may be relevant in the pathogenesis of MS (and of
its experimental model, the EAE), since iTregs protect from
autoimmune aggressions, whereas Th17 cells expand in the
periphery and accumulate in the CNS, where they support
demyelination [22, 57].

It has been shown in human T cells [56] and we
are confirming it in experimental models (manuscript in
preparation) that engagement of TLR2 expressed on T cells
modulates Fox-P3 mRNA, in a strain-dependent and acti-
vation status-dependent manner. These observations imply
that products derived from microbiota or pathobiota can
modulate directly T cell polarization, in addition to their
mobility. Thus, we suggest that environmental infectious
agents (mainly viruses and bacteria) can influence autoim-
mune diseases in terms of lesions distribution and severity of
disease along a pathway that, through engagement of TLRs,
involves CD44, its ligands, and T cell functions.

2.2. TLR3 and T Cells. TLR3 recognizes viral components
and double-stranded RNA (dsRNA) generated as an inter-
mediate during viral replication. One of the main conse-
quences of its induced-signaling in innate immune cells
is the secretion of massive amounts of type I IFNs which
play an antiviral role. TLR3 localization in immune cells,
including resting T lymphocytes, is mainly intracellular and

is capable of recognizing phagocytosed foreign nucleic acids
from extracellular space; however, it has been detected at
the cell surface of T cells following activation [58], similarly
to what happens to TLR2 after stimulation with anti-CD3
antibodies.

The mRNA specific for TLR3 has been found in human
CD8+ T cells [59], in both effector memory and effector cells,
but not in näıve or central memory cells. Its expression did
not affect the cytolytic activity but could costimulate CD8+
T cells, increasing IFN-𝛾 secretion; for example, it has been
described also for TLR2 in CD4+ T cells [60].

2.3. TLR4 and T Cells. Tlr4 promotes EAE and arthritis by
increasing the secretion of IFN-𝛾 and IL-17 [49, 61], but it
has been shown to decrease IFN-𝛾 and IL-17 in experimental
colitis [62].

Similar to Tlr2, Tlr4 enhances the severity of autoimmune
disorders (EAE) in mice, where it promotes IFN-𝛾 and
IL-17 production by 𝛾𝛿 T cells [63] and IL-2 secretion and
proliferation of NKT [64]. However, while the role of Tlr4
in triggering autoimmune diseases is well established, its
influence in cytokine production is still debated.

Cell trafficking plays a fundamental role in autoimmune
diseases. It has been demonstrated that Tlr4 is directly
involved in cell migration by its ability to bind fibronectin
[65].

2.4. TLR9 and T Cells. TLR9 engagement is important for
T cell survival by decreasing apoptosis, promoting entrance
in cell cycle, and arresting the rate of dsDNA break repair,
as showed in a study about radiotherapy [66]. It has been
demonstrated that oligodeoxynucleotides containing CpG
motifs (CpG-ODN) cause a costimulation of T cells similar to
that obtained by stimulation of CD28, independent of APC.
This intrinsic effect of CpG-ODN via Tlr9 on T cells may
explain, at least in part, the powerful adjuvanticity of bacterial
DNA and of CpG-ODN on antigen-specific T cell responses
in vivo and the efficacy of DNA-based vaccines possessing
immunostimulatory sequences [67].

3. Microbiota, TLR, and T Cell Modulation

Several studies have shown that individual species of the
microbiota modulate the ratio among the different types
of immune cells, such as Th17 cells and Foxp3+ regulatory
T cells, suggesting that the composition of the micro-
biota may have an important influence on the immune
response. Numerous reports have shown that alterations
in gut microbiota can induce the activation of effector T
cells over iTregs and, consequently, trigger the development
of autoimmune/inflammatory diseases [68]. These studies
identified specific gut commensals that are able to induce
eitherTh17 or Treg responses that are, respectively, associated
with development or protection from disease [69].

It has been shown that mice lacking components of
the TLR signaling machinery, as Tlr2, Tlr4, or MyD88, are
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Figure 1: The mammalian gut microbiota is involved in the intestinal homeostasis and shapes the adaptive immune system. The interaction
between TLRs and different ligands (such as polysaccharide A of B. fragilis, serum amyloid A protein of segmented filamentous bacteria,
extracellular ATP from intestinal microbiota, flagellin, LPS, and unmethylated CpG of bacterial DNA) induces CD8+ T activation and näıve
CD4+ T polarization towards Th17, Th1, and Treg subsets. The Th17 cells act against pathogens and promote autoimmune disease. The Th1
cells upregulate the production of proinflammatory cytokines, whereas Treg cells produce IL-10 and are involved in the maintenance of
homeostasis and in a downregulation of inflammation. Moreover, CD8+ T cells induce the IFN-𝛾 and other cytotoxic mediators production.

highly susceptible to dextran sodium sulfate- (DSS-) induced
intestinal inflammation [70, 71].

Microbiota, TLRs, and Tregs. In steady state, the gut is a rich
source of TLR ligands from commensal bacteria, some of
which have been recently associated with diseases in mouse
models of colitis and in human inflammatory bowel diseases.
One key antigen that drives gut pathology is flagellin, the
major structural subunit of bacterial flagella [72]. Flagellin
appears to play a central role in the balance and function

of T-effector and iTreg cells [73]. In fact, flagellin acts as a
TLR5 ligand on CD4+ T cells. Low concentrations of flagellin
enhance the expression of Foxp3 and the consequent suppres-
sive effect of Treg, whereas high concentrations stimulate T-
effector Tlr cell function.

Several studies on mouse models show that TLR2 is
involved in regulatory immune responses in the gut. Min-
imal disruption of the epithelial barrier, resulting from the
administration of ethanol or of AT1002 (V. cholera zona
occludens toxin hexapeptide), leads to IL-10 secretion in
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addition to the induction of persistent CD4+ LAP+ (latent
TGF-𝛽-associated with latency-associated peptide) cells [74].
The mechanism of induction of these cells is not yet clear,
but it has been demonstrated to depend on the presence of
an intact intestinal flora which acts, at least in part, via Tlr2
stimulation of lamina propria CD11c+ DCs. Thus, it is likely
that the activation of these cells promotes the maintenance
of homeostasis against possible intestinal bacterial invasion,
before Foxp3+ iTreg cells reactions [75].

Bacteroides fragilis, a commonmember of themicrobiota,
prevents trinitrobenzene sulfonic acid- (TNBS-) induced
colitis in mice by producing PSA (capsular polysaccharide
A). PSA enhances Treg function via Tlr2 signaling directly
in iTregs, promoting tolerance [76]. Administration of PSA
prevents or reduces the severity of disease in model of TNBS-
induced colitis, and Tlr2−/− animals treated orally with PSA
are not protected from colitis [37, 77]. B. fragilis can also
release PSA in outer membrane vesicles (OMVs) sensed by
DC via Tlr2, inducing growth arrest and the production of
DNA-damage-inducible protein (Gadd45a) in DC, and an
increase in IL-10 production from Foxp3+ iTreg cells [78].
IL-10, in turn, is required for the induction of homeostasis
of effector T cell, since blocking the IL-10 receptor during
colonization results in immune deviation [79].

Binding of TLR9 to DNA derived from the microbiota
plays a critical role in iTreg/T-effector cells balance and in
host defense against Encephalitozoon cuniculi, a microsporid-
ian parasite that induces diarrheal, respiratory, and neurolog-
ical diseases in immunocompromised humans [80].

The simultaneous engagement of multiple TLRs by prod-
ucts from microbial communities or invasive pathogens may
vary signal strength [81] and effects. An example of this
complex mechanism is that components of host’s microbiota,
once sensed through Tlr2, 4, and 9, activate a protective T cell
responses to Toxoplasma gondii oral infection [82].

Microbiota, TLRs, andTh17. Despite the large body of works,
the role of TLRs in the modulation of the adaptive Th17 cells
in the gut is not unequivocal. It has been shown that TLR9-
deficient mice have decreased numbers of lamina propria
Th17 cells [80] and that the differentiation of intestinal Th17
cells is enhanced in vitro by the addition of flagellin, a Tlr5
ligand [83]. These results suggest a potential role for TLR5-
dependent signaling also in Th17 differentiation. In contrast,
MyD88 and TIR domain-containing adaptor inducing IFN-𝛽
(Trif) double deficient mice have normal numbers of LPTh17
cells in the small and large intestines [34, 84]. Thus, further
studies are needed to clarify the role of TLRs in the induction
of intestinal Th17 cells, in which other molecules signaling
through MyD88 or Trif may play a role opposite to that of
Tlr9 [85].

In addition to TLR ligands, intestinal bacteria have been
shown to provide large amounts of extracellular ATP [12]
that is a critical factor produced by intestinal commensal
bacteria for the induction of the Th17 phenotype. It has been
reported that the addition of the supernatant from intestinal
commensal bacteria promotes the polarization of näıve Th
cells intoTh17 that is severely inhibited by the presence of the
ATP degrading enzyme [34].

The presence of segmented filamentous bacteria (SFB) in
the murine gut, for example, is associated with induction of
Th17-mediated autoimmune/inflammatory diseases such as
colitis, arthritis, and EAE [86, 87]. The mechanisms through
which SFB-derived molecules induce IgA production and
Th17 differentiation are still unknown. It is also unclear if
SFB directly activate T and B cells or rather influence other
intestinal cells, such as epithelial cells or DC. SFB protect
from invasion by the pathogenic microorganism Citrobacter
rodentium by inducing IL-22 production by Th17 cells that
inhibits the growth of this microorganism [88]. Similarly,
SFB protect from development of type 1-diabetes (T1D) the
nonobese diabetes (NOD) mice [89], a spontaneous model
of T1D, in an IL-17-dependent manner.

4. Conclusions

Therole ofmicrobiota in the activation and in themodulation
of T cells functions is still under scrutiny. The specific mech-
anisms by which commensals trigger or hamper immune
responses and immune-mediated diseases are still unknown.
As summarized in Figure 1, we focused our attention on
the evidence indicating the possibility that microbiota acts
through TLRs expressed by adaptive T cells to provide
regulatory signals.
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Background/Aim. Uncomplicated diverticular disease (UDD) is a frequent condition in adults. The pathogenesis of symptoms
remains unknown. Bacteria are able to interact with Toll-like receptors (TLRs) and to induce inflammation through both innate
immunity and T-cell recruitment. We investigated the pattern of TLRs 2 and 4 and the intestinal homing in patients with UDD
before and after a course of Rifaximin.Methods. Forty consecutive patients with UDD and 20 healthy asymptomatic subjects were
enrolled. Among UDD patients, 20 were assigned to a 2-month course of treatment with Rifaximin 1.2 g/day for 15 days/month and
20 received placebo. Blood sample and colonic biopsies were obtained from patients and controls. The samples were collected and
analyzed at baseline and at the end of treatment. Flow cytometry was performed using monoclonal antibodies (CD3, CD4, CD8,
CD103, TCR-gamma/delta, CD14, TLR2, and TLR4). Results. In UDD, TLR2 and TLR4 expression on immune cell subpopulations
from blood and mucosa of the affected colon are altered as compared with controls. Rifaximin treatment induced significant
modifications of altered conditions. Conclusions. Our data show the role of TLRs in the development of inflammation in UDD.
TLRs distribution is altered in UDD and these alterations are reversed after antibiotic treatment. This trial is registered with
ClinicalTrials.gov: NCT02068482.

1. Introduction

Colon diverticulosis is a frequent condition in adults in
Western countries and several patients experience clinical
symptoms even when diverticulosis is not complicated by
diverticulitis. This condition is being referred to as uncom-
plicated diverticular diseases (UDD) [1]. UDD symptoms
pathogenesis remains unknown, but alterations in the diet
and gut microbiota may be involved and could be respon-
sible for “chronic low mucosal inflammation” [2]. Intestinal
motility exerts a major control on gut microflora through
the sweeping of luminal contents [3]. An alteration of the
intestinal motility, especially decreasing anaerobic bacteria,
can influence intestinal inflammation and be beneficial in
both clinical and experimental models of colitis [4]. Rifax-
imin is beneficial tomice colitis [5]. Animal data indicate that

a reduced load of bacteria may be useful in the prevention
of colitis in susceptible individuals [5]. Although there is
no supporting evidence from placebo-controlled trials, rec-
ommendations for management of acute episodes of UDD
include medical treatment with broad-spectrum antibiotics
[6, 7]. We have recently shown that both central and mucosal
immunity are altered in UDD with increased recruitment of
CD103 lymphocytes; treatment with Rifaximin ameliorates
clinical symptoms (when present) and reduces CD103 levels,
suggesting decreased mobilization of mucosal homing [8].

Rifaximin is an antibiotic that acts locally in the gas-
trointestinal tract with a broad spectrum of antibacterial
activity. Fecal concentrations of Rifaximin are known to
largely exceed the minimum inhibitory concentration values
of pathogenic enteric bacteria. Rifaximin, instead of other
systemic absorbed antibiotics, acts in the gastrointestinal
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tract modifying the gut microbiota (at the concentrations
used, its action is mainly directed to pathobionts and much
less to physiological gut flora). Furthermore, at the same time,
Rifaximin, being a nonabsorbed antibiotic, has only little
systemic effects [9].

To better understand the mechanisms involved, we
reasoned that Rifaximin treatment may reverse immune
system alteration by reducing bacteria related activation.
Bacteria activate the immune system through specific recep-
tors referred to as Toll-like receptors (TLRs) [10]. Bacterial
lipopeptides (BLP) and lipopolysaccharides (LPS) are recog-
nized by TLR2 and TLR4, respectively.

TLRs are involved in the generation of innate and adap-
tive immunity [11, 12]. Recent studies have shown that T
cells also express certain types of TLRs [13, 14]. These TLRs
can function as costimulatory receptors that complement T
cell receptor- (TCR-) induced signals to enhance effector T
cell activation [15]. Thus, TLRs also participate in adaptive
immune response. No data have been reported on TLRs in
humans affected by UDD. We therefore investigated TLR2,
TLR4, and intestinal homing in UDD before and after a
course of Rifaximin.

2. Material and Methods

The local Ethics Committee approved the study protocol and
a written informed consent was obtained according to the
principles of the Declaration of Helsinki (1983).

2.1. Patients’ Recruitment. Over a period of 6 months, 40
consecutive patients with UDD (abdominal pain in the
lower abdominal quadrant and change in bowel habit)
and 20 healthy asymptomatic subjects undergoing screening
colonoscopy for colorectal cancer were enrolled. The 40
patients with UDD were randomly assigned into two groups:

(i) 20 patients with UDD were assigned to a 2-month
treatment with Rifaximin 1.2 g/day for 15 days/month.

(ii) 20 patients with UDD on the same time received
placebo.

Colonoscopy with multiple biopsies and blood samples
were taken from patients and controls and repeated in
patients at the end of the 2-month Rifaximin treatment
or placebo course. Control healthy group was matched for
gender, age, and body mass index (BMI) to the other two
groups of patients.

Inclusion criteria in UDD patients group were as follows:
endoscopic evidence of extensive diverticula limited to the
sigmoid and descending colon; continuous gastrointestinal
symptoms for at least 3 months; and age ≥18 years.

Exclusion criteria were as follows: inflammatory bowel
diseases (IBD); mucosal inflammation at endoscopy and his-
tology; present or past episodes of acute diverticulitis; colonic
surgery; intestinal and extraintestinal cancer; use of antibi-
otics, anti-inflammatory drugs, probiotics, PPI, steroids, or
fibers in the previous 12 weeks; hematological diseases; and
pregnancy.

Acute diverticulitis was excluded on the basis of clinical
signs and laboratory data.

Each patient underwent an abdominal ultrasonography
to exclude abdominal masses or abscesses. Patients’ iden-
tification was performed by the presence of left colonic
diverticula, whilst controls had a normal colon.

2.2. Colonic Mucosa. Bioptic tissue samples were incubated
with 100UI/mL of human recombinant interleukin-2 (IL-
2) to allow lymphocyte growth as previously described
[8]. When tissue infiltrating lymphocytes (TILs) reached a
sufficient number to perform the immunophenotype, surface
markers were studied by immunofluorescence.

2.3. Peripheral Blood. Peripheral blood mononuclear cells
(PBMC) were isolated by Ficoll-Hypaque according to stan-
dard procedures.

Whole blood cells (WBC), for granulocytes analysis, were
isolated from EDTA-treated blood through red cell lysis.
Briefly, 1mL of venous blood was incubated with 1mL of
PBS and 10mL of isotonic NH

4
Cl solution (155mM NH

4
Cl,

10mMKHCO
3
, 0.1mM EDTA, and pH 7.4) for 10min. Next,

after two washes in PBS, the cells were stained as described
below.

2.4. Flow Cytometry. PBMC, WBC, and TILs were stained
for 30min at 4∘C with the following anti-humanmonoclonal
antibodies (mAb): PE-Cy7 or PE conjugated-CD3 (clone
SK7), PE-Cy7 or PE conjugated-CD4 (clone SK3), PE-Cy7
or PE conjugated-CD8 (clone SK1), FITC conjugated-CD103
(clone Ber-ACT8), PE conjugated-TCRgd (clone 11F2), PE-
Cy7 conjugated-CD14 (clone M5E2), Alexa 482 conjugated-
TLR2 (clone 11G7) (all from BD, San Diego, CA), and APC
conjugated-TLR4 (clone HTA125) (eBiosciences, San Diego,
CA).

2.5. Gating Strategy. Each analysis was performed using at
least 100.000 cells that were gated in the region of the
lymphocyte-monocyte population or in granulocytes pop-
ulation, as determined by light-scatter properties (forward
scatter versus side-scatter).

Flow analysis was performed by a standardized 3- or
4-colour analysis protocol that was gated on cell stained
with one fluorochrome, followed by 2-colour analysis of cells
stained with the prescribed remaining fluorochromes.

Quadrants of dot plot were set using appropriate iso-
type controls for each antibody. Appropriate fluorochrome-
conjugated isotype-matched mAbs (Beckman Coulter) were
used as control for background staining in each flow acqui-
sition. In these assays, careful colour compensation was
performed before cell analysis. Expression of TLRs in lym-
phocytes was performed analysing at least 500 events. Mean
fluorescence intensity (MFI) was calculated only for positive
events after subtraction of specific isotype control MFI. All
samples were analyzed with a FACS Calibur and CellQuest
software (BD, Franklin Lakes, NJ).
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Table 1: Demographic and clinical characteristics of UDD patients and controls.

UDD patients (𝑛 = 40) Controls (𝑛 = 21)
Gender (male/female) 21/19 5/16
Age, median (range), years 67.5 (39–84) 53 (20–78)
Smoking habit (yes) 8 7
Alcohol intake (>60 g/day) 18 7
Weight, mean (range) (Kg) 70.38 (52–100) 66.14 (52–84)
Height, mean (range) (m) 1.66 (1.41–1.80) 1.67 (1.50–1.80)
Body mass index (range) 22.6 (17–24) 22 (17–22)

2.6. Statistical Analysis. The statistical analysis was carried
out using the GraphPad 6.0 statistical package. The Mann-
Whitney U test was applied to the continuous variables, the
changes observed in unpaired groups, and the Wilcoxon test
in paired groups.

TheKruskal-Wallis testH was applied to evaluatewhether
significant differences exist between different samples and
also for comparisons between independent samples. When
appropriate, the correction for multiple comparisons was
applied to the statistical significance.

3. Results

Demographic and clinical features of UDD patients and
controls are summarized in Table 1. No statistical differences
in smoking habits, alcohol daily intake, and body mass index
(BMI) were observed between the two groups.

Good compliance to Rifaximin (>90% of the appropriate
dose) was observed in all patients. A statistically significant
decrease in symptoms was observed in patients two months
after treatment. No adverse events to the drug or complica-
tions were observed.

3.1. Expression of TLRs. In peripheral blood, at baseline,
both the percentages of TRL2 and TRL4 lymphocytes were
significantly higher (𝑃 = 0.0004 and 𝑃 < 0.0096, resp.) in
patients than in controls (Figures 1(a) and 1(b)).

After Rifaximin treatment (AR), the percentages of TRL2
and TRL4 lymphocytes in patients remained similar to basal
values obtained before Rifaximin treatment (BR). However,
TLR2 and TLR4 increased significantly (𝑃 = 0.0003 and
𝑃 = 0.0104, resp.) in patients who received placebo treatment
(after placebo orAP), as comparedwith patientswho received
Rifaximin treatment (Figures 1(a) and 1(b)). These data
suggest that, in the lack of antimicrobial treatment, patient
with UDD experiences an increase of TLRs expression.

In the sigmoid mucosa, at baseline, the percentages of
TRL2 lymphocytes were lower (𝑃 = 0.0091) in patients than
in controls, while TLR4 showed no significant differences
(Figures 1(c) and 1(d)). In patients after Rifaximin, in a
pattern similar to that observed in the peripheral blood,
patients expressed significantly reduced percentages of both
TLR2 and TLR4 (𝑃 = 0.0424 and 𝑃 = 0.0022, resp.) in
comparison to values observed in placebo treated patients

(Figures 1(c) and 1(d)). Our data suggest that Rifaximin
treatment contributes to maintain stable levels of TLRs and
this is possibly related to the control of intestinal microflora.

Since the transverse mucosa of patients with UDD
is supposed to be normal, lymphocytes in the transverse
mucosa were studied as controls. In fact, no significant dif-
ferences were observed before and after Rifaximin treatment
(Figure 1(e)).

For a better understood role of TLR2 and TLR4 we also
analyzed the subpopulations CD4 and CD8 lymphocytes as
reported in Table 2.

TLR2 and TLR4 were analyzed in PBMC and sigma
mucosa of same patient. To clarify the way in which the
modulation of TLR2 and TLR4 in PBMC and sigma mucosa
occurred, we compared the modulation of TLR2 and TLR4
expression between PBMC and gut in the different patient
groups (BR and AR and BP and AP) (Figure 2). We observed
the same trend of TLRs modulation in both the mucosa and
the PBMC.

Weobserved coexpression of TRL2 andTLR4on lympho-
cyte in both PBMC and sigma mucosa of the same patient.
Moreover, we reported that the modulation of TLR2 and
TLR4 correlated in PBMC (95% confidence interval 0.21 to
0.447; 𝑟 = 0.2366; 𝑃 < 0.05) and in transverse mucosa (95%
confidence interval 0.052 to 0.687; 𝑟 = 0.4195; 𝑃 < 0.05),
but not in sigma mucosa (95% confidence interval −0.334 to
0.256; 𝑟 = −0.043; 𝑃 < 0.05).

The phenotype of TLR lymphocytes was also evaluated
for the CD4 and CD8 lymphocytes subpopulations to better
understand the effect of Rifaximin in UDD patients; the
results are summarized in Table 2. We show that both TLR2-
CD8 andTLR2-CD4 cellswere increased in patients PBMCas
compared to controls. In the sigma mucosa, after Rifaximin,
TLR4-CD4 cells were significantly reduced.

In peripheral blood, at baseline, no changes were found
in TRL2 monocytes (CD14+) percentages. The percentages
of TRL4 monocytes were lower (𝑃 = 0.0019) in patients
with respect to controls (Figures 3(a) and 3(b)). After Rifax-
imin treatment the percentages of TRL2/CD14+ increased
significantly (𝑃 = 0.0039) with respect to before Rifaximin
(Figure 3(a)); no changes were found in TRL4 monocytes
percentages (Figure 3(b)).

Analysis of MFI showed that, in monocytes, the TLR4
MFI baseline was significantly lower than control (𝑃 =
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Figure 1: Expression of TLRs in lymphocytes. (a, b) TLR2 and TLR4 in peripheral blood lymphocytes, at baseline and after Rifaximin and
placebo treatments. (c, d) TLR2 and TLR4 in sigma mucosa lymphocytes at baseline and after Rifaximin and placebo treatments. (e) TLR2
and TLR4 in transverse mucosa lymphocytes at baseline and after Rifaximin treatment. The values reported in box-and-whiskers plots show
the minimum, the 25th percentile, the median, the 75th percentile, and the maximum. In particular, the whiskers go down to the smallest
value (minimum) and up to the largest one (maximum), the top and bottom of the box are the 25th and 75th percentiles, and the line in the
middle of the box is the median corresponding to 50th percentile ( ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, ∗𝑃 < 0.05 patients versus control (health or
baseline)); §§

𝑃 < 0.01, §
𝑃 < 0.05 between treatments. Healthy control (CTR), UDD patients (PZ), before Rifaximin (BR), after Rifaximin

(AR), before placebo (BP), and after placebo (AP).

0.0014), while after Rifaximin treatment no change was
found (Figure 3(d)). On the other hand, TLR2 MFI was
increased after placebo (𝑃 = 0.0238), while remained
unchanged in the after Rifaximin patients. In granulo-
cyte populations, at baseline TRL2 MFI decreased (𝑃 =
0.0029), while TLR2 MFI increased after placebo (𝑃 =
0.0398) (Figure 3(e)). All these findings suggest that Rifax-
imin treatment contributes to maintain stable levels of
TLRs and possibly related to the control of intestinal
microflora.

We did not find any correlation between TLRs expression
in lymphocytes and monocytes; instead, we found correla-
tions for both TLR2 and TLR4 in monocytes and granu-
locytes; in fact, the direct associations were found between
MFI monocytes and MFI granulocytes in UDD patients at
T0 (TLR2 correlation coefficient: 0.530, 𝑃 = 0.013; TLR4
correlation coefficient: 0.478, 𝑃 = 0.033).

3.2. CD103 Lymphocytes. CD103 is a gut homing receptor
present on the surface of lymphocytes andmarks gut-homing
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Figure 2: Modulation of TLR2 and TLR4 lymphocytes in PBMC and gut. (a, b)The comparison of modulation of TLR2 and TLR4 expression
in the different patient groups betweenPBMCand gut (before and after placebo orRifaximin). (c-d)Modulation of TLR2 andTLR4 expression
observed in a single representative patient.The values reported in box-and-whiskers plots show theminimum, the 25th percentile, themedian,
the 75th percentile, and the maximum. In particular, the whiskers go down to the smallest value (minimum) and up to the largest one
(maximum), the top and bottomof the box are the 25th and 75th percentiles, and the line in themiddle of the box is themedian, corresponding
to 50th percentile, evaluated before Rifaximin (BR), after Rifaximin (AR), before placebo (BP), and after placebo (AP).

recruitment of lymphocytes. We analyzed CD103 expression
in peripheral blood and in sigmoid and transverse mucosa
TILs.

Considering both mucosal CD4 and CD8/CD103 cells,
no significant variations were observed between patients and
controls in colonic tissue (data not shown). In peripheral
blood, in UDD patients, we found an increased recruitment
of CD103 lymphocytes (as reported in our previous work (8)).
When we evaluated CD4/CD103 and CD8/CD103 in sigma
mucosa before and after Rifaximin treatment, we did not
find any change. However, in patients treated with placebo
the percentage of CD8/CD103 lymphocytes was lower after

placebo (𝑃 = 0.0072) than before placebo (Figure 4(b)). This
suggests that Rifaximin may keep a constant homing flux to
the sigma of the CD8 cells.

The gamma/delta T cells are abundant in the gut mucosa.
We therefore evaluated these cells in combination with the
homing marker CD103 in TILs derived from sigma of UDD
patients. vspace2.5pt

After treatment with Rifaximin the percentages of the
sigma CD103 TCR-gamma/delta lymphocytes decreased sig-
nificantly (𝑃 = 0.0182) with respect to the before Rifaximin
percentages, while no differences were found in patients
treated with placebo (Figure 4(c)).
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Figure 3: Expression of TLRs inmonocytes and granulocytes. (a, b) Percentage of TLR2 and TLR4monocytes in peripheral blood, at baseline
and after Rifaximin and placebo treatments. (c, d)Median of fluorescence (MFI) of TLR2 and TLR4monocytes in peripheral blood at baseline
and after Rifaximin and placebo treatments. (e, f)MFI of TLR2 and TLR4 granulocytes in peripheral blood at baseline and after Rifaximin and
placebo treatments. The values reported in box-and-whiskers plots show the minimum, the 25th percentile, the median, the 75th percentile,
and the maximum. In particular, the whiskers go down to the smallest value (minimum) and up to the largest one (maximum), the top and
bottom of the box are the 25th and 75th percentiles, and the line in the middle of the box is the median corresponding to 50th percentile
( ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, and ∗𝑃 < 0.05 patients versus controls (health or baseline)). Healthy control (CTR), UDD patients (PZ), before
Rifaximin (BR), after Rifaximin (AR), before placebo (BP), and after placebo (AP).

No correlations were found between TLRs and CD103
expression in TCR-gamma/delta lymphocytes.

4. Discussion

We have investigated bacterial ligands TLR2 and TLR4 and
other markers in peripheral blood and mucosa and on
lymphocytes, monocytes, and granulocytes of patients with

UDD before and after antibacterial treatment. Several abnor-
malities of TLRs can be reversed by Rifaximin treatment.

We showed that UDD induces significant modifications
of TLR2 and TLR4 expression on several immune system
cell subpopulations isolated from both peripheral blood and
affected mucosa as compared with controls. Since TLR2
and TLR4 are receptors for ligands present on bacterial
walls, we reasoned that antibiotic treatment could reverse



8 Journal of Immunology Research

CD103/CD4 lymphocytes sigma
CD

10
3/

CD
4 

ly
m

ph
oc

yt
es

 (%
)

BR AR BP AP

0

1

2

3

4

5

−1

(a)

CD
10

3/
CD

8 
ly

m
ph

oc
yt

es
 (%

)

CD103/CD8 lymphocytes sigma

BR AR BP AP

0

10

20

30

40

50

−10

∗∗

(b)

TC
Rg

d 
CD

10
3 

ly
m

ph
oc

yt
es

 (%
)

CD103/TCR-gamma/delta sigma

BR AR BP AP

0

5

10

15

−5

∗

(c)

Figure 4: Expression of CD103 in lymphocytes of sigmamucosa. (a) Percentage of CD103 in CD4 lymphocytes subpopulation after Rifaximin
and placebo treatments. (b) Percentage of CD103 in CD8 lymphocytes subpopulation after Rifaximin and placebo treatments. (c) Percentage
of TCR-gamma/delta CD103 lymphocytes subpopulation after Rifaximin and placebo treatments. The values reported in box-and-whiskers
plots show the minimum, the 25th percentile, the median, the 75th percentile, and the maximum. In particular, the whiskers go down to the
smallest value (minimum) and up to the largest one (maximum), the top and bottom of the box are the 25th and 75th percentiles, and the
line in the middle of the box is the median corresponding to 50th percentile ( ∗𝑃 < 0.05 before versus after treatments in patients); before
Rifaximin (BR), after Rifaximin (AR), before placebo (BP), and after placebo (AP).

colonic inflammation associated with UDD. Rifaximin treat-
ment induced significant modifications of several altered
conditions: either restoring the values observed in controls,
or limiting the deviations from normal range observed
after 2-month placebo treatment. Diverticula, even when
not acutely inflamed, represent an anatomical abnormality
where excessive growth of bacteria occurs. This may lead
to clinical symptoms. We have previously shown that both
clinical symptoms and immunological abnormalities can be
ameliorated by a short course of Rifaximin [8].

TLR2 and TLR4 are not constitutively expressed on
human T cell surface, but their expression requires activa-
tion of T cells by TCR complex [16]. We have previously
reported increased CD25+ cells inUDDperipheral blood [8].
Accordingly, we showed that TLR2 and TLR4 lymphocytes in
the peripheral blood are increased in patients versus controls

suggesting more activated circulating T cells in peripheral
blood.

TLRs are involved in the activation of NF-kB [17].
Moreover, NF-𝜅B is a critical factor in antibacterial defense
[18] and activates the secretion of proinflammatory cytokines
resulting in a Th1 response [19]. Thus, Rifaximin keeping
under control the activation of TLRs may also limit the
triggering of Th1 adaptive immune response. These findings
suggest that Rifaximin also has a systemic action on immune
system.

In the sigmoid mucosa, percentages of TLR2 and TLR4
lymphocytes are decreased in patients and remain stable
after Rifaximin, while we observed an increase of these
populations after placebo. It may be suggested that in UDD
immunotolerance to commensal bacteria and short-term
TLRs activation impairment might be related to increased
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inflammation that leads to the development of symptoms in
UDD. No differences were observed in modulation of TLR2
and TLR4 lymphocytes between PBMC and sigma mucosa.
However, data showing that TLR2 and TLR4 increase in time
in after placebo patients suggest that the TLRs defect is not
constitutive, but it is limited to the stage of early activation.
This mechanism can be the result of a lack of lymphocytes
activation since TLR2 is expressed in activated cells [16].
Alternatively, lymphocytes in UDD patients recognize the
antigens through adaptive immune response, which requires
time to be activated, rather than through innate immunity.
Thus, our results of reduced TLR2 expression in sigmoid
mucosa could be explained by the delayed activation. In
fact, in after placebo patients TLR2 expression is increased.
It is interesting to note that we observed a reduced TLR2
expression only in TILs and not in peripheral blood. Our data
are similar to evidences in the pleural fluid of patients with
tuberculosis infection [19] and filariasis [20], suggesting that
downregulation of TLRs at the site of infection and not in the
peripherymay be connected with a reduction in the secretion
of proinflammatory cytokines [19]. Alternatively, an involve-
ment of the T regulatory cells (Tregs) could be proposed
[21]. The agonists of TLRs may enhance Tregs proliferation,
rendering Tregs transiently nonsuppressive [22].

Finally, we have shown as Rifaximin controls the activa-
tion of TLRs in TILs. This may limit the triggering of Th1
adaptive immune response. Limiting the activation of Th1
immune response, involved in the pathogenesis of several
inflammatory diseases [23, 24], may be a mechanism by
which Rifaximin acts as an anti-inflammatory agent in
addition to its antibiotic effect [25].

We have also shown that both TLR2-CD8 and TLR2-
CD4 cells were increased in patients PBMC as compared to
controls. We hypothesize that, as in UDD bacterial infections
are more frequent, lymphocytes expressing TLR2 and TLR4
are already mobilized and ready to mount the immune-
response. After Rifaximin, TLR-CD4 cells are significantly
reduced in sigmoidmucosa, thus confirming the indirect role
of the antibiotic on mucosal immunity. In fact, the reduced
number of TLR4-CD4 lymphocytes may be related to the
fact that, after antibiotic treatment, there is a reduced need of
TLR4-CD4 cells which are important in immune responses
against bacteria. CD4 cells are instrumental in starting
immune response to produce specific antibodies, cell to cell
cross talking through production of cytokines, delivering
activation signals and induction of activation markers. The
TLR2-CD4 cells are also reduced, but this reduction is not
significant. This suggests a similar trend for both TRL2-CD4
and TLR4-CD4 cells. However our data show that Rifaximin
prevalently acts onTLR4-CD4 cells. Only further studiesmay
clarify the different responses of CD4 cells to the antibiotic.

Monocytes and granulocytes are essential cells in the
innate immune response and reflect the level of inflammation
[26]; we therefore analyzed TLRs expression in peripheral
blood monocytes and granulocytes.

In monocytes, TLR4 was decreased in peripheral blood
both as percentages of cells and MFI, in patients versus
controls. These conditions were not modified by Rifaximin.
Then, we hypothesized that a defect in TLR4 expression

predisposes to diverticular disease by impairing antibacterial
defense. This could be related to genetic polymorphism of
TLR4 as described by other authors [27, 28]. This reinforces
the possibility that, in UDD, the increased bacterial load may
contribute to the development of symptoms related to UDD.

Instead, both percentages and MFI of TLR2 monocytes
in patients were similar to controls. After Rifaximin TLR2
monocytes were increased in percentage, while TLR2 expres-
sion was stable. These results suggest that Rifaximin limits
the increase of TLR2 expression, probably in relation to
its bactericide action on pathogenic flora. This was rein-
forced by the increase of MFI expression after placebo,
both in monocytes and in granulocytes, which could be
related to a stimulation of proinflammatory cytokine and
TLR-ligands due to increased bacterial load. Our finding
may reflect increased activation of monocytes, as reported
[26].

Finally, CD103 cells are lymphocytes homing to the gut
tissue [23]. Sigma’s CD103 cells are normal in UDD (data not
shown). After placebo, we observed a significant decrease of
these cells, while after Rifaximin their percentage remained
unchanged, suggesting that Rifaximin canmaintain intestinal
homing within the normal range. Moreover, the decrease of
CD103 cells can be due to cell death, which may be related to
insufficient recruitment.

Furthermore, we analyzed the involvement of gamma-
delta T cells both in peripheral blood and in tissue.
Gamma-delta T cells exert a regulatory function. These
cells are a minor population in the peripheral blood but
constitute a major population among intestinal intraepithe-
lial lymphocytes [29]. Thus, we focused on gamma-delta
T cells expressing the intestinal homing receptor CD103
[23].

After Rifaximin,mucosal CD103 positive gamma-delta T-
cells were reduced and our data suggest that homing gamma-
delta cells directly correlate with gut inflammation in UDD
and their reduction supports the anti-inflammatory activity
of Rifaximin either through the bacterial load reduction
or because Rifaximin has been showed to have a direct
anti-inflammatory activity, as already reported above. The
gamma-delta T cells may be considered as a marker of
inflammation, similar to Tregs, as reported in other papers
of our group [21, 23, 30]. While our data clearly show the
reduction of inflammatory-related features after Rifaximin,
only further studies will demonstrate if these effects are
due to reduced bacterial growth or due to intrinsic anti-
inflammatory activity recently observed with Rifaximin [25].
It is interesting to note that, in the mice, gamma-delta
activation is associatedwithTh17 cells acting through ligation
of TLR2 and TLR4 [31].

In summary, we have described a vast immunologi-
cal pattern of several innate and adaptive cells markers
including TLRs, which may be involved in the pathogen-
esis and clinical course of the diverticular disease, and we
have showed its variations before and after the antibiotic
therapy with Rifaximin. We suggest that TLRs are mod-
ified by the presence of pathogenic flora in UDD. The
role of pathogenic flora is supported by the finding that
Rifaximin acts in the gut mucosa homeostasis by limiting
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the activation of TLRs. Furthermore, Rifaximin may also
have a luminal anti-inflammatory function modulating the
adaptive immune response in an inhibitory sense. Rifax-
imin keeps under control TLRs expression in peripheral
blood suggesting that, in addition to its activity in gut
mucosa, it may also have a systemic action on immune
system.

We have shown that, in UDD, TLRs and several immune
cell populations are altered in patients with respect to con-
trols, suggesting that in UDD inflammation is present even
in the absence of severe clinical symptoms.

Abbreviations
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WBC: Whole blood cells.
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Recurrent Clostridium difficile infection represents a burdensome clinical issue whose epidemiology is increasing worldwide. The
pathogenesis is not yet completely known. Recent observations suggest that the alteration of the intestinal microbiota and impaired
innate immunity may play a leading role in the development of recurrent infection. Various factors can cause dysbiosis. The causes
most involved in the process are antibiotics, NSAIDs, acid suppressing therapies, and age. Gut microbiota impairment can favor
Clostridium difficile infection through several mechanisms, such as the alteration of fermentative metabolism (especially SCFAs),
the alteration of bile acid metabolism, and the imbalance of antimicrobial substances production. These factors alter the intestinal
homeostasis promoting the development of an ecological niche for Clostridium difficile and of themodulation of immune response.
Moreover, the intestinal dysbiosis can promote a proinflammatory environment, whereas Clostridium difficile itself modulates the
innate immunity through both toxin-dependent and toxin-independent mechanisms. In this narrative review, we discuss how the
intestinal microbiota modifications and the modulation of innate immune response can lead to and exacerbate Clostridium difficile
infection.

1. Introduction

Bacteria residing in the intestine consist of a real and essential
organ known as commensal flora or microbiota. A morpho-
functional entity, composed of intestinal microbiota, intesti-
nal epithelium, and mucosal immune system, is responsible
for the integrity and homeostasis of gastrointestinal tract. Gut
microbial species composition differs greatly among individ-
uals. Each person represents a unique collection of bacterial
species, which is highly stable over the time. Variability of gut
microbiota is based on the host organism’s age, on genetic
factors, and on environmental factors [1, 2].

Recent molecular techniques have identified 4 major
microbial phyla which represent over 90% of the gut micro-
biota: Firmicutes, Bacteroides, Proteobacteria, and Actinobac-
teria. The most commensal bacteria present in human fecal
flora are represented by two main groups of Firmicutes, sub-
divided in Clostridium coccoides (Clostridium cluster XIVa)
and Clostridium leptum (Clostridium cluster IV) that are

butyrate producers, and by the group of the Cytophaga-
Flavobacterium-Bacteroides (CFB) [3, 4].

Gut microbiota has metabolic and trophic functions. It
has a direct role in the fermentation of dietary residuals
and sugar, in the production of substances with antibiotic
activity, in the metabolism of proteins, and in the synthesis
of vitamins. In addition, it may have a role in the control
of proliferation and differentiation of epithelial cells con-
tributing to the formation of a protective barrier against
pathogenic organisms [5, 6]. In particular, the fermentation
mechanisms of carbohydrates have an important role in the
production of short chain fatty acids (SCFA) that are themain
source of energy for the enterocytes and are involved in the
proliferation and in the differentiation of these cells.

Carbohydrates that arrive in the colon are, in the great
part, fibers, and their degradation leads to the production
of gas and SCFA such as acetate, propionate, and butyrate.
Human body does not possess the majority of hydrolytic
enzymes that are involved in these reactions, which are,
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however, present in the bacterial species forming the gut
microbiota [7, 8].

In this review, we will discuss how the intestinal micro-
biota modifications (intestinal dysbiosis) and themodulation
of innate immune response can lead to and exacerbate
Clostridium difficile infection (CDI).

2. Clinical Aspects of
Clostridium difficile Infection

Clostridium (C.) difficile (Clostridium cluster XI) is a Gram-
positive anaerobic spore-forming bacillus that lives in the
environment (soil, water, and animal feces) and in the human
gut where it can be a normal commensal [9]. Indeed, some
people are carriers of the bacterium but do not develop the
symptoms of the infection. We can refer to CDI only in the
presence of symptoms [10, 11]. The disease is caused by toxin
A and B expression that is responsible for gastrointestinal
illness with a wide spectrum of severity, ranging from mild
diarrhea to pseudomembranous colitis, that may progress to
toxic megacolon, sepsis, and death [12].

There are several risk factors for C. difficile-associated
diarrhea (CDAD). In particular, factors like the older age,
the presence of comorbidities, an increased exposure to the
spores of C. difficile during prolonged hospitalizations, and
overall protracted and combined antimicrobial therapies can
alter gut microbiota and promote CDI [13].

Diagnosis of CDI is based on a combination of clinical
presentation signs confirmed by microbiological evidence of
C. difficile toxin in the stools and, in certain cases, by a lower
endoscopic exam that demonstrates pseudomembranous col-
itis [14].

Current treatment options for CDI are based on the use
of oral antibiotics, fecal microbiota transplantation (FMT),
or surgery for severe clinical pictures [15]. The antibiotics
commonly used to treat CDI aremetronidazole, vancomycin,
and fidaxomicin. Patients with fulminant CDI who failed to
respond to antimicrobial therapies and progress to systemic
toxicity with peritonitis and toxic colonic dilatation require
surgical intervention such as total colectomy [16]. In recent
years, the restoration of healthy gut microbiota by FMT
constitutes a suggestive effective therapeutic option for the
management of recurrent CDI [17].

3. Interaction between Commensal Microbiota
and Clostridium difficile

A great clinical problem related to CDI is the presence of
relapses that are more difficult to treat. In fact, sometimes C.
difficilemay relapse despite a good adherence to the therapy.
The meaning of this evidence is not well understood. There
are many studies which indicate a role of the microbiota
and its alteration in the development of the infection and
in the resistance to antibiotic therapy [18, 19]. Intestinal
dysbiosis may be due to several mechanisms such as the use
ofmedication, diet, and physical and psychological stress [20]
(Tables 1 and 2).

Table 1: This table shows the list of the main factors involved in
the development of dysbiosis that promotes recurrent Clostridium
difficile infection.

Dysbiosis promoting factors
(i) Antimicrobic agents
(ii) NSAIDs
(iii) Acid suppressing agents
(iv) Age
(v) Diet

Table 2: This table shows the list of pathogenetic factors generated
by dysbiosis.

Pathogenetic factors resulting from dysbiosis
(i) SCFAs and other fermentative metabolites
(ii) Bacterial antimicrobic molecule
(iii) Bile acids metabolism
(iv) Competition for nutritional sources

Drugs most frequently implicated in the alteration of the
intestinalmicrobiota are antimicrobic agents. It is proved that
the administration of various types of antibiotics, in particu-
lar clindamycin, second and third generation cephalosporins,
fluoroquinolones, andmacrolides, can alter the ratio of differ-
ent microbial communities. As described in several studies,
there is a decrease in carbohydrate-fermenting and butyrate-
producing bacteria members of Bacteroides and Firmicutes
phyla [21–25].

A reduction of butyrate producers (such as Roseburia and
Ruminococcus) is observed also inNSAIDs users, particularly
in elderly subjects. These subjects, for their natural modifi-
cation of the gut microbiota related to the age, have already
an increased variability of microbial species and a relative
decrease of Firmicutes and Bacteroides regardless of NSAIDs
use [26].

Also acid-suppressing agents (H2-receptor antagonists
and proton-pump inhibitors) can cause a change in the
bacterial flora of the gastrointestinal tract. In particular,
there is an increase of gastric and duodenal contamination
with a possible minor degradation of Clostridium spores by
gastric juices [27, 28]. The significance of this observation
in the development of CDI is, however, still controversial.
In fact, not all researchers recognize a primary role of
acid suppression in establishing conditions that favor the
Clostridium growth [29]. Furthermore, nutrition can have
a direct role in modifying the intestinal microbiota and
in creating a favorable environment for the growth of C.
difficile. In particular, a prolonged elemental diet, poor in
fibers, which are a substrate for some beneficial bacteria,
can support the development of an alteration in the ratio of
normal commensal bacteria [24, 30].

Overall, these environmental factors and the consequent
intestinal dysbiosis disrupt and alter the protective effect
exerted by the gut microbiota against recurrent CDI. The
loss of this protective barrier allows for the formation of
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an ecological niche where C. difficile can develop and better
resist to antimicrobial therapies.

This niche concept is even more important if we consider
that C. difficile multiplication and development, facilitated
by dysbiosis, are necessary for CDAD [31, 32]. Consequently,
intestinal dysbiosis is very important in the pathogenesis of
the disease, especially when specific changes in the composi-
tion of the gut microbiota occur. CDI patients have a greater
diversity of bacterial species and a reduced concentration of
some commensal species, in particular the most represented
phyla such as Bacteroides and Firmicutes. Bacteroides, which
appear to be extremely reduced in these patients, are mainly
responsible for the digestion of carbohydrates in the intestinal
lumen, resulting in the production of substrates essential for
the homeostasis of colonocytes.The reduced concentration of
these commensal bacteria has been therefore associated with
a higher frequency of relapse of CDI [23, 33, 34].

Also, the components of Firmicutes phylum are less
represented inCDADpatientswith respect to healthy subject.
At family level, Lachnospiraceae and Ruminococcaceae, that
are important butyrate producers, are significantly unrepre-
sented in CDI, whereas Deltaproteobacteria, that are sulfate-
reducing bacteria, are depleted. In contrast, several genera
are enriched in association with CDI, such as Veillonella,
Enterococcus, and Lactobacillus.

This evident dysbiosis generates an altered production
of substrates fermented by the anaerobic gut microbiota,
including butyrate, other SCFAs, acetate, and lactate that are
critical to the homeostasis of the intestinal epithelial cells [35].
Butyric acid has an important anti-inflammatory molecule
and is the preferred source of energy of colonocytes. Other
SCFAs are known to decrease intestinal permeability and
to increase the production of antimicrobial substances and
mucin [36, 37]. Furthermore, a direct role of SCFAs in the
inhibition of the growth of C. difficile was also assumed. This
hypothesis has been confirmed by in vitro experiments, but
results of in vivo studies do not seem to fully confirm this
hypothesis [38, 39].

Higher concentration of some species of Firmicutes
such as Ruminococcus gnavus, Ruminococcus hansenii, and
Clostridium nexilewas associated with a greater risk of recur-
rence and development of CDI. These bacterial species are
producers of a trypsin-dependent antimicrobial substance
(ruminococcin A) that has a low activity against C. difficile
but can contribute to the disruption of the normal intestinal
flora [40]. Another bacterial species that is capable of pro-
ducing a substance with antimicrobial activity is the Bacillus
thuringiensis. This bacteria strain produces the Thuricin CD
that in vitro models proved to inhibit the growth of C.
difficile. The efficacy of this molecule is effective as well as
metronidazole [41, 42].

A furthermechanism that gutmicrobiota uses against the
C. difficile is the metabolization of bile that is proven to have
a role in both the spores germination and the growth of the
vegetative form [19]. Commensal flora plays two important
roles in bile transformation. A first mechanism is represented
by the action of bile salt hydrolase enzymes produced by
bacteria.These enzymes transformbile acids by cleaving their
glycine and taurine; the metabolites obtained can stimulate

the germination of spores. A second mechanism is mediated
by the enzyme 7-dehydroxylase that is also produced by
the bacterial flora; this enzyme converts primary bile acids,
cholate, and chenodeoxycholate into secondary biliar acids:
deoxycholic and lithocholic acids, respectively. It is not yet
well known which bacterial species operate on the transfor-
mation of bile acids [43, 44].

Deoxycholate is a potent germinant but is highly toxic
to vegetative cells; cholate stimulates spore germination
and vegetative C. difficile, whereas chenodeoxycholate has a
strong inhibitory effect on spore germination. An alteration
in the ratio of the different bile acids, caused by a change in
the gut microbiota composition, may promote or inhibit the
growth of C. difficile [45–47].

In a recent paper, it was demonstrated that the conjugated
bile salt taurocholate is able to inhibit C. difficile toxins A and
B activities in an in vitro assay. These results suggest that the
mechanism of taurocholate-mediated inhibition modulates
toxin activity. Indeed, taurocholate does not appear to affect
C. difficile growth and toxin production [48].

An additional mechanism that commensal flora uses
against the C. difficile colonization is represented by the
competition for energy sources, in particular carbon source,
between toxigenicClostridium and nontoxigenicClostridium.
In animal models, it has been shown that nontoxigenic
Clostridium, prevailing in this competition, crowds outC. dif-
ficile by ecological niche preventing its growth.Unfortunately,
little is still known about this interesting aspect [19, 49, 50].

4. Clostridium difficile and Innate
Immune Response

Several studies on commensal Clostridia showed that high
levels of metabolite products, and their colonization in close
proximity to the intestinal mucosa, are able to exert a strong
influence on the host immune system [4]. Indeed, it has
been shown that Clostridia can promote the development
of 𝛼𝛽 T-cell receptor intraepithelial lymphocytes (IEL) and
immunoglobulin A (IgA-) producing cells in the large intes-
tine [51]. IEL, IgA-producing cells within the lamina propria,
and intestinal epithelial cells are key players in determining
the nature of the immunological response to antigens or
pathogens ingested. Umesaki et al. assessed that germ-free
mice inoculated with 46 strains of Clostridia singly isolated
from conventional mice showed an increase in the ratio of
CD4− CD8+ cells to that of CD4+ CD8− in 𝛼𝛽IEL within
the large intestine. Conversely, the number and phenotype
of IEL were similar to those in conventionally housed mice.
The number of IgA-producing cells in the colons of mice
treated with Clostridia was slightly increased compared to
that in germ-free mice [51]. Thus, Clostridia appear to be
involved in the promotion of immunological development
[51] in the large intestine, but not in the small intestine.
Moreover, commensal Clostridia are able to normalize cecal
size when they are associated with germ-free mice [52].
How the immune system fundamentally senses Clostridia
remains unclear. In this context, it has been suggested that
the presence or gradient of SCFAs and secondary bile acids
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produced by Clostridiamay be sensed by epithelial cells and,
in turn, may be associated with the initiation of immunologi-
cal signaling [51], due to the cross-talk between epithelial and
immune cells. For example, IL-7 secreted by epithelial cells
can activate IL-7 receptor-bearing IEL on their progenitors
[53, 54]. Furthermore, IL-6 [55] and transforming growth
factor 𝛽 [56] produced by the epithelia during infection
can stimulate the development of Peyer’s patches and IgA
production [57].

Notably, elevated levels of Clostridium clusters XIVa
and IV in mice lead to resistance to allergy and intestinal
inflammation in experimental models [58]. Conversely, the
microbiota of individuals with chronic inflammation shows
lower bacterial diversity and it has been determined that
Clostridium clusters IV, particularly F. prausnitzii, and XIVa
are significantly less abundant in IBD patients compared
to healthy subjects [59–61]. It is still unknown whether the
decrease in Clostridia is a cause or a consequence of chronic
inflammation in IBD patients and in autoimmunity, but we
can speculate that they are necessary for immune home-
ostasis, contributing to the suppression of autoimmunity and
deleterious inflammation in humans.

4.1. Effects of C. difficile Toxins Associated with Acute Colitis.
In animal models the challenge of ileal loops with C. difficile
toxin A produces an intense inflammatory response char-
acterized by fluid accumulation, edema, increased mucosal
permeability, mast cell degranulation, epithelial cell death,
and neutrophil recruitment.

Toxins are able to trigger fluid secretion, to induce
the production of reactive oxygen intermediates, IL-8 from
colonic epithelial cells [62], and to downregulate mucin
exocytosis from mucin-producing colon cells [63].

Moreover, toxins lead to the production of multiple
proinflammatory cytokines and chemokines including IL-
12, IL-18, interferon g (IFN-g), IL-1b, TNF-a, macrophage
inflammatory protein 1 a (MIP-1a), MIP-2, IL-8, and leptin
[64].These factors can exacerbate the inflammation and may
be responsible for host damage and many of the histopatho-
logical features of C. difficile-associated diseases.

Intestinal mast cells also play an important role in the
toxin-mediated inflammatory responses. Both toxins A and
B lead to activation, degranulation, and the release of inflam-
matory mediators from mast cells [65]. The inhibition of
mast cell degranulation and the blockade of mast cell-derived
histamine were associated with a decrease in inflammatory
responses to toxin A [66]. Mast cell-deficient mice show
severe inflammation and neutrophilic infiltration compared
with wild-type mice in response to C. difficile toxin A
[67]. These studies suggest that, like neutrophils, mast cells
propagate the inflammatory response inC. difficile-associated
diseases. To be noted, a part of the toxin A mediated
neutrophil recruitment in rat ileal loops is dependent onmast
cell activation [67].

The role of other immune cells, including macrophages,
monocytes, and dendritic cells, has generally been extrap-
olated from in vitro and ex vivo studies using human and
mouse cell lines, human monocytes, and monocyte-derived

dendritic cells. Emerging evidence showed also that C.
difficile toxins can stimulate the release of proinflammatory
cytokines and chemokines from macrophages, monocytes,
and dendritic cells with a mitogen-activated protein kinase
(MAPK-) and p38-dependent pathway [68]. Furthermore,
toxin A leads to NF-𝜅B-mediated IL-8 production from
human monocytes [69].

4.2. Effects on the Innate/Adaptative Immune System Predis-
posing to Recurrence of CDI. C. difficile is able to modu-
late intestinal innate immune responses and several groups
studied this process. Clostridium difficile is able to modulate
host innate immunity via toxin-independent and depen-
dent mechanisms [70, 71]. The innate immune mechanisms
against the toxins produced byC. difficile include the endoge-
nous microbial flora, the mucus barrier, intestinal epithelial
cells, and the mucosal immune system. Furthermore, C. diffi-
cile infection triggers the release ofmultiple proinflammatory
mediators (cytokines, chemokines, and neuroimmune pep-
tides) and the recruitment and activation of several innate
immune cells (Figure 1).

Interestingly, C. difficile toxins activate both surface and
intracellular innate immune sensors, including the inflam-
masome and the TLR4, TLR5, and NOD1 signaling path-
ways [72]. TLR4- and MyD88-dependent signaling pathways
produce an enhanced inflammatory response [73]. The defi-
ciency of these pathways increases the bacterial burden and
the worsening of the disease [73].

C. difficile shows a proteinaceous cell surface layer, which
is composed of an array of proteins arranged in a crys-
talline lattice. The surface layer proteins have the ability to
activate proinflammatory signaling through TLR4 expressed
on the surface of host cells. Engagement of TLR4 initiates
downstream signaling of NF-𝜅B and interferon regulatory
factor 3, resulting in subsequent production of inflamma-
tory cytokines and immune cell activation. Surface layer
proteins induce dendritic cell maturation and activation in
vitro, as demonstrated by increased expression of major
histocompatibility complex class II, CD40, CD80, CD86, and
production of IL-12p70, tumor necrosis factor-a, IL-23, and
IL-6 [73]. Moreover, surface layer proteins were found to
activate NF-𝜅B, but not interferon regulatory factor 3. This
indicates that the signaling is myeloid differentiation primary
12 response gene 88 (MyD88)-dependent. In fact, TLR4-
deficient and MyD88-deficient mice were more susceptible
to infection and exhibited greater pathology than wild-type
mice [73]. Increased mucosal damage and inflammation in
MyD88-deficient mice were attributed to a lack of neutrophil
recruitment to the site of infection [74]. Neutrophils were
shown to be critical in preventing bacterial dissemination
through damagedmucosa [74]. In the case of TLR5 signaling,
exogenous stimulation of TLR5 signaling was protective
against C. difficile infection [75].

The intracellular innate immune sensors NOD1 and
the IL-1b/inflammasome are also activated after C. difficile
infection [72]. C. difficile-induced NOD1 activation triggered
chemokine production and NOD1-deficient mice have lower
chemokine production, less neutrophil recruitment, and
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Figure 1: Commensal Clostridia have a peculiar role in modulating gut homeostasis. Establishing a close relationship with gut cells (interfold
region),Clostridia spp. exert a strong influence on the host immune system.On the other hand,C. difficile and its toxins lead to the production
of multiple proinflammatory cytokines and chemokines including IL-12, IL-18, interferon g (IFN-g), IL-1b, TNF-a, macrophage inflammatory
protein 1 a (MIP-1a), MIP-2, IL-8, and leptin [66]. These factors can exacerbate the inflammation and may be responsible for host damage
and many of the histopathological features of C. difficile-associated diseases.

more severe disease [72]. In fact NOD1-deficient mice have
a higher C. difficile burden [72]. C. difficile toxins stimulate
IL-1b release by activating inflammasomes in both mouse
macrophages and human colon biopsy specimens [76].

Activation of the innate immune sensors and the release
of cytokine and chemokine mediators are followed by an
intense local neutrophilic infiltration [77]. This neutrophilic
infiltration is one of the major pathological findings after C.
difficile infection. Local recruitment and systemic prolifera-
tion of neutrophils are seen in C. difficile-associated diseases
[77]. Indeed, induction of neutropenia in rats was associated
with less severe disease [78].

5. Conclusions

In recent years, several studies analyzed the role of gut
microbiota in human physiology and in maintaining gut
immune homeostasis. One of the most interesting aspects
involves CDI and CDAD.

Intestinal dysbiosis and impaired innate immune
response are crucial players in triggering C. difficile
colonization and related symptoms. In these conditions
this Gram-positive anaerobic spore-forming bacillus finds
an ecological niche where it can grow and better resist
antimicrobial therapies.

In this scenario, gut microbiota modulation and the
consequent control of the innate immune response represent
a valuable and interesting tool to treat CDI-related diseases.
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