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Abstract

The mammalian intestine encounters many more microorganisms than any other tissue in the body
thus making it the largest and most complex component of the immune system. Indeed, there are
greater than 100 trillion (1014) microbes within the healthy human intestine where the total
number of genes derived from this diverse microbiome exceeds that of the entire human genome
by at least 100-fold. Our coexistence with the gut microbiota represents a dynamic and mutually
beneficial relationship that is thought to be a major determinant of health and disease. Because of
the potential for intestinal microorganisms to induce local and/or systemic inflammation, the
intestinal immune system has developed a number of immune mechanisms to protect the host
from pathogenic infections while limiting the inflammatory tissue injury that accompanies these
immune responses. Failure to properly regulate intestinal mucosal immunity is thought to be
responsible for the inflammatory tissue injury observed in the inflammatory bowel diseases (IBD;
Crohn's disease, ulcerative colitis). An accumulating body of experimental and clinical evidence
strongly suggest that IBD results from a dysregulated immune response to components of the
normal gut flora in genetically-susceptible individuals. The objective of this review is to present
our current understanding of the role that enteric microbiota play in intestinal homeostasis and
pathogenesis of chronic intestinal inflammation.
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Introduction

The mammalian intestine encounters many more microorganisms than any other tissue in
the body thus making this tissue the largest and most complex component of the immune
system. Indeed, the healthy human small and large intestine is home to hundreds of trillions
of bacteria, viruses, archaea and fungi[1-5]. It is becoming clear that our coexistence with
the gut microbiota represents a dynamic and mutually beneficial relationship that is thought
to be a major determinant of health and disease. Because of the potential for intestinal
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microorganisms to induce local and systemic inflammation, the intestinal mucosal immune
system has developed a plethora of mechanisms to protect the host from pathogenic
infections while limiting the inflammatory tissue damage that accompanies these innate and
adaptive immune responses. Failure to properly regulate these protective immune responses
induces a chronic inflammatory response that is thought to be a critical immunopathological
mechanism responsible for the development of the inflammatory bowel diseases (IBD; e.g.
Crohn's disease and ulcerative colitis). These idiopathic inflammatory diseases affect
primarily the small and/or large bowel and are characterized by the infiltration of large
numbers of inflammatory leukocytes (e.g. neutrophils, monocytes, and lymphocytes) into
the intestinal lamina propria where they directly or indirectly promote tissue injury and
dysfunction including edema, loss of goblet cells, fibrosis, erosions and ulcerations.
Although the etiology of IBD remains to be definitively defined, it is becoming increasingly
appreciated that chronic intestinal inflammation results from a complex interaction among
genetic, immune and microbial factors[5-7]. Based upon a large body of experimental and
clinical evidence generated over the past 20 years, investigators hypothesize that chronic gut
inflammation results from a dysregulated immune response to components of the normal gut
flora in genetically-susceptible individuals[8, 9]. The objective of this review is to present
our current understanding of the role that commensal enteric microbiota play in intestinal
homeostasis and pathogenesis of chronic intestinal inflammation.

Intestinal Microbiota in Health and Disease

Bacterial Colonization and Redox Metabolism

The only time that the human body is devoid of its microbial residents is during gestation.
Despite some evidence suggesting that small numbers of bacteria may be present in the
amniotic fluid, umbilical cord blood and/or meconium of healthy neonates[10], it is widely
accepted that the fetus is maintained essentially in a germ-free state during development[3].
Upon birth, the newborn becomes colonized with commensal microbiota that arise from the
mother's vagina, skin, feces and breast milk[11, 12]. The lactate-metabolizing bacteria
Bifidobacterium and Lactobacillus derived from the vaginal canal and breast milk are the
primary microorganisms that initially colonize in the intestinal tract during the first three
months of life[12, 13]. These initial microbial residents lay the foundation for the
subsequent colonization of the complex microbial communities that reside within the
gut[14]. As the infant grows, phylogenetic diversity of the microbial community increases
with bacterial-dependent metabolism becoming more complex and specialized ultimately
establishing the adult intestinal microbiota[13]. There is also a distinct distribution of
aerobic and anaerobic bacteria along the length of the gastrointestinal (GI) tract. Although
the proximal part of the Gl tract has many fewer bacteria than the distal portion, it is
colonized by a much higher percentage of aerobic and/or facultative anaerobic bacteria than
the distal small bowel and colon (Figure 1)[5]. Indeed, the distal portion of the Gl tract is
dominated almost exclusively by enormous numbers of anaerobic bacteria that are two to
three orders of magnitude more prevelant than aerobic bacteria. Interestingly, it has been
determined that anaerobic bacteria fail to colonize the newborn gut unless the bowel is first
colonized by aerobic and/or facultative anaerobic bacteria[15]. The distribution of oxygen
tolerant and intolerant bacteria within the healthy adult gut not only reflects the luminal
oxygen gradient along the length of the GI tract but is also responsible for creating the
hypoxic/reducing environment withiin the distal bowel lumen[15]. The redox relationship
between the intestine and its microbiota is poorly understood at the present time. It is well
known that the reductive environment does not prevent the production of reactive nitrogen
species such as nitric oxide (NO). In fact, the intestinal lumen contains >200 ppb NO [15].
Although nitric oxide synthase-like enzymes have been identified in a select few enteric
bacteria, the vast majority of luminal NO is produced by anaerobic bacteria via the reductive
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metabolism of nitrate and nitrite[15]. The respiration and growth of certain bacteria have
been shown to be reversibly suppressed by NO in the presence of low oxygen tension[15,
16]. Intestinal bacteria also produce large amounts (millimolar levels) of hydrogen sulfide
(H2S) which is capable of suppressing mitochondrial metabolism in epithelial cells as
well[16, 17].

Stability and Regulation of Microbial Communities

The healthy adult intestine contains more than 100 trillion (1014) bacteria that has, until
recently, been estimated to harbor more than 1,000 different species (Figure 1)[3, 5]. More
recent studies, using a newly developed method for low-error amplicon sequencing of
bacterial 16S ribosomal RNA genes suggest that the human microbiota actually harbors
~200 strains of bacteria representing slightly more than 100 different bacterial species[18].
Nevertheless, the total number of genes derived from this diverse microbiome exceeds that
of the entire human genome by at least 100-fold[2, 3]. Although >90% of all the intestinal
bacteria belong to the Bacteroidetes and Firmicutes phyla, smaller but substantial numbers
of bacteria associated with the Proteobacteria, Actinobacteria, Fusobacteria,
Verrucomicrobia and Cyanobacteria phyla are also found in the human intestine[1-5]. In
addition to commensal enteric bacteria, the gut is home to more than a quadrillion (101°)
bacteriophages and viruses as well as substantial numbers of archaea and fungi[1, 3, 4, 19,
20]. The viral communities are considered stable, with more than 95% of the virotypes still
present in the feces one year after the initial determinations[21]. An emerging area of
research is beginning to examine how alterations in bacteriophage populations may alter the
numbers and populations of enteric bacteria in the gut[21-24].

Despite the fact that the healthy human gut contains a rather stable community of
microrganisms, these different populations may be highly variable between individuals[4,
18, 25]. Factors that promote microbial diversity in healthy adults include genetics, diet,
environment and gender, among others[4, 26, 27]. While changes in diet are known to
induce significant alterations in the numbers and composition of the intestinal microbiota,
this effect as well as that produced by antibiotic treatment are generally thought to be
reversible in nature, a term called resilience[14, 28]. The role that the environment and
genetics play in shaping our intestinal microbial communities are well known and are
currently being actively investigated[25, 29] (see below).

The Gut Microbiota is a “ Virtual Organ”

The realization that the human body is actually a “ super-organism” that contains 10 times
more microbial cells than all cells in the mammalian body[1-5] has revolutionized our
thinking about human systems' biology and the management of health and disease at the
systemic level[3]. Although the mammalian intestine is a rich environment for supporting
microbial growth, it demands that the microbial communities also contribute to the well-
being of the host or at least do no harm. In fact, the intestinal bacteria function as a “virtual
organ” in that these permanent residents provide essential metabolic functions that the host
cannot perform such as degrading complex carbohydrates to produce important energy
sources (e.g. short chain fatty acids) as well as synthesizing important vitamins[13, 19].
Another critical function of commensal microorganisms is their ability to promote immune
system development and maturation. It has been long-appreciated that animals raised under
germ-free conditions have defective T and B cell function, poorly developed lymphoid
tissues, lower numbers of circulating CD4* T cells and decreased antibody production, all of
which can be restored upon association with commensal bacteria[30, 31]. Colonization with
intestinal microorganisms may also help to suppress inadvertent immune responses to these
helpful microbes and the accompanying inflammation that would ensue[5, 32]. The
mechanisms by which commensal bacteria induce immune tolerance have not been entirely
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defined however, it is becoming clear that certain enteric bacteria are capable of inducing
the frequency and numbers of protective CD4" T helper cells within the gut. For example, it
has been shown that segmented filamentous bacteria (SFB) are required for the induction of
T helper 17 (Th17) cells in the intestine[33, 34]. These gram-positive bacteria induce Th17
cell differentiation in the small intestinal lamina propria where these T effector cells
effectively protect the host from fungal and bacterial infections via the secretion of 1L-17,
IL-22 and IL-21[33-35]. In addition, certain Th17-derived cytokines (IL-22) enhance
epithelial cell tight junctions as well as induce mucin and antimicrobial protein production,
all of which decrease the likelihood of pathogenic invasion in the gut. However, it should be
noted that although Th17 cells are important for protecting against pathogenic infection,
they can, under certain situations, promote inflammation as observed in mouse models of
psoriasis, rheumatoid arthritis and Type 1 Diabetes[36]. In addition to SFB, certain strains of
Clostridia (clusters 1V, X1Va and XVII1) and Bacteroidetes have been reported to enhance
the abundance of intestinal CD4*Foxp3* regulatory T cells (Tregs)[37-39]. These
immunosuppressive T cells are well-known for their ability to maintain tolerance to
commensal bacteria, suppress aggressive immune responses to auto- and bacterial antigens
and promote epithelial wound repair via the activation of NFxB-dependent signaling
pathways[5, 9, 40, 41].

Based upon the description of host-microbe interactions described above, one could argue
that the relationship that exists between host and intestinal microbiota more closely
resembles one of mutualism rather than commensalism. Mutualism implies a symbiotic
association where both host and microbes benefit whereas commensalism infers that one
organism benefits without affecting the other[1, 3, 42]. In reality, both symbiotic and
commensal microbes are important residents of the intestinal tract (see below).

Immune Mechanisms that Maintain Intestinal Homeostasis

Minimizing Contact of Intestinal Bacteria with the Epithelium

Given the presence of such enormous numbers of microorganisms that reside in such close
proximity to a tissue with the largest surface area in the body (300 m2), it is not surprising
that the intestinal immune system possesses multiple layers of protection to limit the ability
of resident microbes to gain access to the systemic circulation and thus the systemic immune
system. It must be remembered that commensal bacteria are not innocuous and are capable
of inducing potentially life threatening inflammatory responses (e.g. sepsis) if they gain
access to the systemic immune system. Thus, the mammalian intestine has evolved several
protective immune mechanisms that function to: a) minimize contact of the microbes with
the epithelium, b) detect and rapidly destroy microbes that penetrate the epithelial barrier
and c) confine/compartmentalize invading enteric bacteria to intestinal tissue thereby
minimizing their exposure to the systemic immune system[43]. Limiting contact of the
intestinal microbiota with the gut epithelium is accomplished by the elaboration and
secretion of mucus as well as secretion of a variety of different antimicrobial agents by
different intestinal epithelial cells. For example, goblet cells secrete large amounts of mucus,
a highly glycosylated protein that is resistant to digestive enzymes. The mammalian small
intestine is covered by a loose mucus layer that is not attached to the epithelial surface. In
the colon, this loose mucus layer sits atop an inner layer of mucus that is firmly attached to
the epithelial cells. Although commensal bacteria may reside within the loose mucus layer,
they are not able to penetrate the thicker inner mucus layer thereby minimizing contact of
these microbes with the colonic epithelium[44]. Certain pathogenic bacteria have devised
ways to penetrate the mucus barrier thereby allowing them to attach to the epithelium and
invade the tissue[45, 46]. Mice that lack the gene that encodes for a major mucus protein
(MUC?2) are largely devoid of the protective mucus layer allowing direct and prolonged
contact with the gut epithelium. These mice develop spontaneous intestinal inflammation by
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5 weeks of age[47, 48]. As stated above, certain commensal bacteria (e.g. SFB, Clostridia)
can penetrate the mucus barrier and bind to the epithelium but do not produce pathological
responses as they are required for fine-tuning the intestinal immune system[34].

Production of Antimicrobial Peptides and Antibodies

Another mechanism utilized by all intestinal epithelial cells to minimize their contact with
gut bacteria is their secretion of potent antimicrobial peptides (AMPs). It is well known that
epithelial cells secrete a group of bactericidal lectins such as Reg3 which are capable of
directly killing gram-positive bacteria[43, 49]. Although Paneth cells are located within the
intestinal crypts in relatively small numbers, they secrete potent AMPs such as defensins
and cathelicidins that permeabilize bacterial cell membranes[50, 51]. Other important
epithelial cell-derived AMPs secreted into the lumen of the bowel include lipocalin-2 and
cathepsin K[52, 53]. A third mechanism utilized by the intestinal immune system for
reducing contact between enteric bacteria and epithelial cells is the secretion of
immunoglobulin A (IgA)[54]. There is good evidence to suggest that dendritic cells (DCs)
within the Peyer's patches (PPs) of the small bowel as well as the intestinal lamina propria
continuously sample luminal bacteria via endocytosis of the resident microbiota. Bacteria-
and/or antigen (Ag)-loaded DCs within the PPs and those that have migrated to the
mesenteric lymph nodes (MLNSs) via the lymphatics (Figure 2) induce the activation and
differentiation of naive B cells to yield plasma cells that produce IgA that is specific for
commensal bacteria[43, 55]. Following their formation, plasma cells exit the PPs and MLNs
via the efferent lymphatics, enter the systemic circulation and home to the intestinal lamina
propria where they secrete IgA into the gut interstitium. This antimicrobial immunoglobulin
is then taken up by the epithelial cells and transported to their apical surface and into the
bowel lumen where it binds to commensal bacteria thereby limiting their ability to penetrate
the epithelial barrier. Thus, IgA induced immune responses remain restricted to the intestinal
tissue[43, 56-59]. Furthermore, it has been shown that the live bacteria transported to the
MLNSs by DCs never gain access to systemic immunity and thus are not able to induce
systemic immune responses and distant organ inflammation providing what has been termed
the “mucosal immune firewall”[32, 56-58].

Phagocytic Leukocytes, Intraepithelial Lymphocytes and T cells

Given the sheer numbers of enteric bacteria, it is inevitable that some commensal
microorganisms will breach the epithelial barrier and gain access to the lamina propria.
Fortunately, these opportunistic microbes encounter a second line of defense that greatly
limits their ability to gain access to the systemic immune system. It has been demonstrated
that those bacteria that do make their way into intestinal tissue are phagocytosed and
destroyed by intestinal macrophages[60]. It is important to note that despite their effective
antimicrobial activity, intestinal macrophages produce much lower amounts of inflammatory
cytokines when compared to peripheral/inflammatory macrophages thereby limiting tissue
inflammation[60-62]. Another important function performed by intestinal macrophages is
their ability to promote tissue repair. Anti-inflammatory “M2” macrophages in which
MyD88 signaling is specifically downregulated, migrate to the region of the gut where a
breach has occurred and induce proliferation of progenitor epithelial cells to repopulate the
epithelial surface[63].

Another population of immune cells that play an important role in maintaining intestinal
homeostasis in the face of extraordinary bacterial and antigenic challenge are the
intraepithelial lymphocytes (IELs). A certain subset of IELs termed CD8aa* v8 IELSs has
been shown to repair breaches in the intestinal epithelium via their production of
keratinocyte growth factor[64]. These IELs express the natural killer cell receptor NKG2D
endowing them with the ability to bind to and become activated by intestinal epithelial cells
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resulting in the generation of the antimicrobial proteins Reg3p and Reg3y[65]. More recent
studies suggest that 1L-22-producing innate lymphoid cells (ILCs) that reside within
intestinal tissue and MLNs are critical for preventing the systemic dissemination of
commensal enteric bacteria[66, 67]. These landmark studies clearly demonstrate that
depletion of ILCs in healthy mice results in the systemic dissemination of commensal
bacteria and induction of systemic inflammation. Furthermore, the authors convincingly
show that both access of the intestinal bacteria to the systemic circulation and the resulting
inflammatory tissue injury were largely abrogated by administration of IL-22 suggesting that
IL-22 producing ILCs play a critical functional role in the mucosal firewall[67]. Finally,
certain subsets of natural killer cells are thought to contain penetrant bacteria via IL-22- and
Reg3-dependent mechanisms[66-70].

Invasion of the intestinal tissue by pathogenic bacteria may also trigger a well-coordinated
and tightly regulated immune response involving a number of different leukocytes including
T cells, macrophages and myeloid cells[71]. For example, Ag-loaded DCs that migrate from
the gut to the draining MLNs will interact with naive T-cells resulting in the priming
(activation), polarization and expansion of the T-cells to yield Th1l and Th17 effector cells
(Figure 2). These effector T cells then exit the MLNs via the efferent lymphatics, return to
the systemic circulation and home to the gut lamina propria where the pathogen resides
(Figure 3A). Thl and Th17-derived inflammatory cytokines (e.g. IFN-y, IL-17 and TNF-a)
interact with and activate antigen presenting cells (APCs) and tissue macrophages resulting
in the generation of additional inflammatory mediators including IL-1f, IL-6, IL-8, and
IL-12 as well as a variety of reactive oxygen species (e.g. superoxide, hydrogen peroxide)
and nitric oxide (Figure 3A). Together, these mediators enhance the microbicidal activity of
tissue macrophages thereby “helping” these phagocytes destroy the invading microbes. In
addition, many of these mediators are known to enhance the expression of different adhesion
molecules (e.g. ICAM-1,VCAM-1 and E-selectin) on the surface of the post-capillary
endothelial cells thereby facilitating the recruitment of additional leukocytes (e.g.
neutrophils, monocytes, macrophages, lymphocytes) into the intestinal tissue to help in host
defense. Under normal circumstances, the intestinal immune responses to invading microbes
are tightly regulated to suppress or limit the development of inflammatory tissue injury that
may accompany these responses. There is good evidence to suggest that intestinal immunity
is regulated by the action of CD4*Foxp3* Tregs[9, 32, 41, 71]. Regulatory T cells have been
shown to suppress a wide range of inflammatory responses that are dependent upon the
production of IL-10 and/or TGF-f as well as the expression of the transcription factor
Foxp3[72]. It is well-recognized that Tregs are critical for regulating immune responses to
auto-antigens and enteric bacteria as defects in Treg function associated with loss of
expression of Foxp3, IL-10 and/or TGFf is associated with the development of systemic
and/or intestinal inflammation[9, 71, 72]. As described above, the presence of certain
microbial populations within the commensal microbiota drives the development of Tregs
within the gut and its associated lymphoid tissue (e.g. PPs, MLNS).

Induction of Chronic Intestinal Inflammation

A Breakdown in Homeostasis

The ability of most individuals to remain healthy in the presence of such enormous numbers
of intestinal microbes is testament to the effectiveness of the intestinal immune system in
maintaining homeostasis. If there is a breakdown in homeostasis, chronic intestinal
inflammation and tissue injury will ensue[5, 6, 41, 66, 73]. Indeed, there is a growing body
of experimental and clinical evidence to suggest that a dysregulated immune response to
components of the intestinal flora plays an important role in the pathogenesis of the
inflammatory tissue injury observed in Crohn's disease (CD) and ulcerative colitis (UC)
(Figure 3B). These chronic relapsing inflammatory disorders affect the small bowel and/or
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colon in approximately 1.5 million people in the US with a calculated annual cost for both
medical expenses and work loss of almost $4 billion dollars[74]. Individuals who suffer
from IBD experience bloody diarrhea, abdominal pain, fever and weight loss. In CD
patients, inflammation is most often localized to the ileum and colon, however in some
individuals, the inflammation may involve any part of the gastrointestinal tract. CD-
associated inflammation is discontinuous and transmural in nature and is characterized by
the presence of large numbers of myeloid cells as well as Thl and Th17 effector cells within
the gut interstitium (Figure 3B). UC-associated inflammation is, by definition, restricted to
the colon where the inflammatory infiltrate is confined to the mucosal portion of the large
bowel. It is thought that the lack of appropriate regulation of normal immune responses to
enteric bacteria induces the sustained, overproduction of the multiple inflammatory
cytokines and reactive oxygen and nitrogen species that may directly or indirectly damage
intestinal tissue leading to erosions, ulcerations, fibrosis and edema.

Genetics of IBD

Evidence generated over the past two decades suggests that IBD may result from a complex
interaction among genetic, immune and environmental factors[6, 75]. Genome wide
association studies have identified a number of genetic variants that are shared by and
unique to CD and UCI6, 73, 76]. Of the 163 susceptibility gene loci that have been
identified in individuals with IBD, the large majority (110) are associated with both CD and
UC whereas only 30 and 23 loci are specific for CD and UC, respectively[76, 77]. Not
surprisingly, a significant number of susceptibility genes that are associated with both CD
and UC are important in immune function related to the IL-23/Th17 and IL-10 pathways[76,
78]. Despite this large overlap in susceptibility genes for CD and UC, a number of recent
studies have identified several CD-specific genes involved in innate immunity and
autophagy including the nucleotide oligomerization domain 2 (NOD2), autophagy related
protein 16-like 1(ATG16L1) and Immunity-Related GTPase Family M (IRGM) genes[76,
78]. Based upon the known functions of these genes, it has been proposed that CD may
arise, in part, from defective processing of intracellular bacteria[76, 78]. Although not as
genetically transmissible as CD, a number of UC-specific genes have also been identified
that appear to be involved in epithelial barrier function (e.g. HNF4A, CHD1, LAMBL genes),
HLA class Il-mediated antigen presentation (e.g. HLA-DQAL) and inflammatory mediator
production (e.g. TNFRSF14, TMFRSF9, IL1R2, IL8Ra, IL7R)[76, 78].

Environmental Factors Contribute to IBD

There is no question that genetics play an important role in the pathogenesis of IBD.
However, the fact that genetically-identical twins express a relatively low concordance rate
for both CD (~30-35%) and UC (~10-15%) coupled to the well-documented increase in the
incidence rates and prevalence of IBD over the past 50 years in countries that have adapted a
“Westernized” or “Modernized” lifestyle, suggest that environmental factors (e.g. lifestyle,
diet, use of antibiotics, hygiene) may be major contributors for the induction of disease in
genetically susceptible individuals[76, 78-81]. Furthermore, the rapid increase in the
incidence of IBD in nations that have transitioned from undeveloped to developed societies,
underscores the fact that alterations in environmental factors may play an important role in
the appearance of disease in countries that historically have reported few cases of IBD prior
to modernization[79, 81, 82]. Examples of how modernization of society may alter the
environment and thus alter the intestinal microbiota are summarized in Table 1 [82]. Many
of the changes associated with a modern lifestyle involve major improvements in sanitation
and hygiene thereby decreasing exposure of newborns and children to infectious
microorganisms. Implementation of these environmental changes has been proposed as the
basis for the “hygiene hypothesis” to explain the increased incidence of autoimmune and
allergic diseases in developed countries[83]. There is good experimental evidence
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suggesting that the increased incidence and prevalence of a variety of different autoimmune
and allergic diseases in Westernized countries is a direct result of decreased exposure of
newborns and children to infectious microorganisms that may help in the development of the
immune system[79, 84, 85]. IBD appears to represent one of several immunological disease
whose increased incidence and prevalence appear to correspond to major changes in societal
lifestyle and environment[79, 81].

Role of the Intestinal Microbiota in the Pathogenesis of IBD

Despite the growing evidence that enteric microbes may be involved in the pathogenesis of
IBD in genetically susceptible individuals, there has been no convincing evidence reported
to suggest that CD or UC is caused by a pathogenic microorganism. Furthermore, neither
CD nor UC are considered classical autoimmune diseases as no clear evidence has been
reported to suggest that these diseases develop as a result of an unrestrained immune
response to tissue self-antigens. If however, we define “self” to include those microbial cells
that dramatically outnumber our own and reside within the intestinal tract for the entire
lifetime of the individual, IBD may need to be reclassified as an autoimmune disease [86].
There is a large body of clinical and experimental data implicating the commensal
microbiota as a major “driver” of the unrestrained inflammatory responses observed in
human and experimental IBD [5, 73]. The first evidence that intestinal microbes play a
pathogenetic role in IBD came from clinical studies demonstrating that diversion of the fecal
stream from a segment of inflamed small bowel attenuated intestinal inflammation in
patients with CD[87]. Furthermore, restoration of the fecal stream to a segment of surgically
resected bowel that was judged to be histologically normal, resulted in the induction of
intestinal inflammation suggesting that components in the fecal stream are capable of
inducing IBD[87, 88]. In addition, a variety of studies have demonstrated dramatic
alterations in the luminal composition of the microbiota (termed dysbiosis) in patients with
IBD[5, 25]. The majority of these studies have demonstrated decreased microbial diversity,
especially in members within the Firmicutes and Bacteroidetes phyla [5, 73, 82, 89-92]
(Figure 4). Several groups of investigators have confirmed significant reductions in the
butyrate-producing bacterium Faecalibacterium prausnitzii, a member of the Firmicutes
phyla [73, 93]. This bacterium has well-documented anti-inflammatory activity [93]. As
described in a later section, butyrate produced by these types of commensals has been shown
to exert a protective effect on the gut by enhancing mucosal barrier function, increasing
intestinal mucous production, stimulating the production of immunosuppressive cytokines
(e.g. IL-10) and decreasing the generation of pro-inflammatory mediators[94]. In addition,
the production of butyrate by fermentation of fiber enhances the generation of
immunosuppressive Tregs[95]. Reductions in certain members of Bacteroidetes such as
Bacteroides fragilis, may also contribute to the induction and/or perpetuation of chronic gut
inflammation by virtue of its protective/antiinflammatory effects as well[39, 73, 96].

In contrast to the observed decreases in Firmicutes and Bacteroidetes, investigators have
reported increases in members associated with the Proteobacteria and Actinobacteria in
patients with active IBD[5, 73, 82, 89-92, 97, 98]. For example, it has been consistently
reported that the numbers of certain strains of E. coli are increased in patients with CD and
are associated with intestinal epithelial cells[73, 82, 91, 99]. Isolates of these adherent-
invasive E. coli (AIEC) have been shown to not only adhere to epithelial cells but they also
invade and replicate within these cells as well as macrophages[100]. It may be that the
presence of increased numbers of AIEC in individuals with one or more genetic defects in
their ability to kill intracellular bacteria[76, 78], may result in the induction and/or
progression of chronic intestinal inflammation. The adhesion and invasion of AIEC may be
facilitated by the increased numbers of mucolytic bacteria (Ruminococcus gnavus and
Ruminococcus torques) in patients with IBD[101]. Although Clostrium boltae and
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Clostrium symbiosum have also been shown to be increased in stool samples collected with
patients with IBD, the significance of these findings is not clear at the present time[102].

In addition to increased numbers of mucosal- and epithelial-associated bacteria in biopsies
obtained from patients with IBD, there is also ample evidence demonstrating enhanced
bacterial translocation in patients with active disease[73, 82, 91, 99, 100]. The fact that
patients with IBD have antibodies directed against a variety of microbial antigens derived
from intestinal bacteria such as Escherichia coli and Pseudomonas fluorescens as well as
yeast (e.g. Saccharomyces) suggest that invading microorganisms may induce intestinal
immune responses that trigger the induction and/or progression of IBD[73]. As mentioned
above, the recent identification of polymorphisms in genes that are involved in intracellular
processing and killing of bacteria in patients with CD(NOD2, ATG16L1 and IRGM) suggests
that inappropriate innate immune responses to luminal bacteria may promote chronic gut
inflammation in genetically-susceptible individuals[73, 76, 78]. Thus, it is not surprisingly
that therapeutic administration of certain antibiotics have proven effective in attenuating
distal bowel inflammation in patients with IBD[103].

Although a great deal of excitement has been generated over the past several years regarding
the potential role that dysbiosis and enteric bacteria play in the pathogenesis of IBD, it is not
clear whether alterations in the gut microbiota represent a cause and/or consequence of
chronic intestinal inflammation. Joossens and coworkers have reported that asymptomatic,
first degree relatives of patients with IBD exhibit dysbiosis when compared to unrelated
healthy controls suggesting a “predysbiosis” may precede the development of IBD[104].
However, it must be remembered that inflammation, in general, is capable of creating
dysbiosis[105]. Thus, despite these intriguing associations between the microbiota and IBD,
many of these observations in humans remain indirect in nature.

The first direct evidence demonstrating that commensal enteric bacteria play an important
role in the induction of chronic gut inflammation was reported in 1993 with the
simultaneous publication of three different animal studies demonstrating that chronic colitis
developed in genetically-engineered mice that were rendered devoid of the IL-10, IL-2 or T-
cell receptor gene[106—108]. Within one month following these publications, Powrie and
coworkers reported that adoptive transfer of antigen-inexperienced (naive) T cells into
lymphopenic mice induced a chronic and unrelenting colitis in these immunodeficient
recipients[109]. Subsequent studies using these models, as well as others, revealed that the
development of colonic inflammation required the presence of commensal enteric bacteria in
genetically-susceptible hosts. Animals raised in a germ-free environment or treated with
broad spectrum antibiotics failed to develop chronic disease[5, 6, 73]. In more recent studies
using genetically engineered mice with genetic defects in genes known to be important in
adaptive immunity, Garrett et. al. found that Rag2~/~/Thet™'~ mice developed chronic and
unrelenting colitis that appeared histopathologically similar to human UC when raised under
specific pathogen free (SPF) conditions[110, 111]. Furthermore, these investigators showed
that healthy wild type (WT) mice developed chronic colitis when co-housed with colitic
mice or when WT mice were gavaged with feces from colitic animals. Subsequent studies
revealed that deletion of both the Rag2 and Thet genes created a dysbiosis characterized by
large and significant increases in two proteobacteria populations (e.g. Proteus mirabilis and
Klebsiella pneumonia) that appeared to be responsible for induction of disease[111].
Another example of how the intestinal microbiota drives intestinal inflammation in mice
with genetic deficiencies in systemic immunity was recently reported by Kang and
coworkers using mice with defective 1L-10 and TGF signaling pathways (i.e. ILLOR27/~/
TGFBR2™/~ mice)[112]. These mice develop a severe and fulminant ulcerative colitis that
could be completely suppressed by treatment with broad spectrum antibiotics. In addition,
Bloom et. al. showed that transfer of the gut microbiota from colitic mice induced colonic
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inflammation in antibiotic-treated IL10R2~~/TGFBR2~/~ but not in antibiotic treated mice
that were deficient in only one of the two genes. Taken together, these studies demonstrated
that colitogenic bacteria were present in IL10R2~-/TGFBR2~/~ mice and disease could only
be transferred to those mice with defects in both IL-10 and TGFp signaling[113]. A third
example of how genetics, environment and the immune system may interact to promote
chronic gut inflammation can be found in a recent study by Devkota et. al.[114]. These
investigators demonstrate that the ingestion of saturated (but not polyunsaturated) fat by
IL-10~"~ mice induces a more severe form of chronic colitis than normally develops in these
genetically-engineered mice. Devkota and coworkers show that saturated fat induces the
formation of taurocholine-conjugated bile acids that creates intestinal dysbosis characterized
by the overgrowth of a rare sulfate-reducing bacteria called Bilophilia wadsworthia[114].
These investigators demonstrated that the fat-induced bloom of B. wadsworthia was
responsible for the more severe disease in 1L-10~/~ mice. These types of studies underscore
the importance of understanding the complex interactions among diet (environment), genes,
intestinal microbiota and the immune system.

Role of the Intestinal Microbiota in Other Autoimmune and Chronic
Inflammatory Diseases

In addition to IBD, the intestinal microbiota has been implicated in the pathogenesis of
several autoimmune and chronic inflammatory diseases (Figure 5). Wu and coworkers have
demonstrated that the spontaneous arthritis observed in offspring produced by crossing KRN
T cell receptor (TCR) transgenic mice with nonobese diabetic (NOD) mice is remarkably
attenuated when mice are raised under germ-free conditions[115]. The KRN TCR
recognizes the 42-56 peptide of bovine pancreatic ribonuclease bound to I-AK. Furthermore,
they show that the monocolonization of these germ free mice with a gut-associated bacterial
species (termed segmented filamentous bacteria) induces the formation of lamina propria
Th17 cells and autoantibody production as well as induces robust arthritis. A recent study
also suggests that certain hormones may play a major role in establishing gender-specific
microbiomes. In an attempt to explain why female nonobese diabetic (NOD) mice develop
more rapid and severe Typel diabetes (T1D) when compared to their male counterparts,
Markle et al. recently reported that the microbiota obtained from sexually mature male and
female mice were signficantly different[27]. In addition, they found that colonization of
female NOD mice with male microbiota prior to the onset of sexual maturity blunted the
development of diabetes in mature females[27]. Suppression of disease in females was
associated with increased production of testosterone and was abrogated by administration of
the androgen receptor antagonist flutamide (Eulexin). Taken together, these data suggest that
the intestinal microbiota may regulate sex hormone generation and may influence an
individual's susceptibility to different types of autoimmune diseases such as the well-
established female gender bias in T1D and rheumatoid arthritis.

The intestinal microbiota has also been implicated in the pathogenesis of the autoimmune,
neurodegenerative disease multiple sclerosis (MS). Studies using transgenic mice that
spontaneously develop autoimmune encephalomyelitis (a model of MS) demonstrated that
commensal enteric bacteria were required for induction of disease as mice raised under
germ-free conditions developed little or no neuroinflammation[116]. In addition to classic
autoimmune disorders, the enteric microbiota has been suggested to play an important role
in the development of the chronic inflammatory disease atherosclerosis. Two recent studies
have shown that intestinal microbiota metabolism of certain dietary constituents (L-
carnitine, choline and phosphotidylcholine) found in foods high in fat and cholesterol (red
meat, etc) results ultimately in the generation of the proatherogenic metabolite
trimethylamine-N-oxide (TMAO) in both mice and humans[117, 118]. Production of this
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reactive metabolite accelerates the development of atherosclerosis in mice that can be
abrogated via the use of antibiotics[117, 118]. These data suggest that targeting the intestinal
microbiota and/or their biochemical pathways may prove to be reasonable therapeutic
strategies to reduce the formation of proatherogenic metabolites.

Finally, recent studies suggest that the gut microbiota may represent a major environmental
factor that contributes to the development of obesity. Turbaugh et. al. have shown that the
composition of intestinal bacteria of genetically obese mice (or obese human volunteers) is
associated with significant alterations in Bacteroidetes and Firmicutes when compared to
their lean counterparts[119]. Using bomb calorimetry to quantify total energy content in
feces of lean vs. obese mice, these investigators demonstrate that the obese microbiota
harvests more energy from the diet than the lean commensal flora. In addition, they found
that colonization of germ-free mice with microbiota obtained from obese but not lean mice
results in the generation of mice with a significantly greater amount of total body fat. Taken
together, these data suggest that the obesity phenotype is transmissible. In a more recent
study, Ridaura and coworkers show that colonization of adult germ free mice with feces
obtained from an obese twin results in increased body weight and adiposity when compared
to mice that received feces from the discordant lean twin[120]. Surprisingly, these
investigators reported that co-housing of mice that were colonized with microbiota obtained
from the lean twin with mice that received the obese twin's microbiota abrogated the
increase in body weight and adiposity in mice colonized with the obese bacteria. Ridaura
and coworkers determined that the protective effect was diet dependent and was due to the
invasion of certain subgroups of Bacteroidetes residing within the lean twin mice into the
obese twin animals. These remarkable results further suggest that an obesity phenotype may
be transmissible.

A New Paradigm for Understanding the Role of Intestinal Microbiota in
Health and Disease

A conceptual framework that helps explain how a life-long residential population of
nonpathogenic bacteria may, under certain situations, promote local (i.e.gut) and/or distant
organ inflammation has recently been proposed by Mazmanian and coworkers. These
investigators suggest that the healthy gut microbiota is composed of a well-balanced
community of three highly evolved groups of bacteria termed symbionts, commensals and
pathobionts (Figure 6)[39, 96, 121]. Symbionts are the resident bacteria that possess health-
promoting effects whereas commensal bacteria thrive within the gut but have no positive or
negative effect on the host (Figure 6). Pathobionts are also constituents of the healthy
microbiota however these bacteria possess the potential to induce pathology (i.e. chronic
inflammation) under certain situations (Figure 6). There is good evidence to suggest that
alterations in the genetics, immune system and/or environment may induce a dysbiosis that
facilitates the expansion of certain pathobionts that induce intestinal inflammation and/or
may enter the systemic circulation where they initiate distant organ disease (Figure 5)[39,
96, 121]. It should be noted that pathobionts are not classical pathogens as they are
permanent residents of the microbiota and are innocuous to the healthy host. Pathogens on
the other hand, gain access to the intestine from the external environment and induce acute
infections and inflammation in healthy individuals. Indeed, this paradigm may help to
explain the complex immunopathological mechanisms responsible for induction of disease
in different mouse models of IBD.
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Targeting the Intestinal Micriobiota as a Therapeutic Strategy for Treating

IBD

Currently, there is no medical cure for either CD or UC. There are only a handful of
pharmacologic and biologic agents available to treat these debilitating inflammatory
disorders however many of the current and future therapies are immunosuppressive agents
that may have significant side-effects not to mention their expense or cumbersome delivery
system (i.e. intravenous infusion). While many of the new immunosuppressive therapeutics
and biologics target specific inflammatory mediators or pathways that are thought to
contribute to the overly aggressive immune responses associated with active disease, few if
any target the immunologic “trigger” (i.e. the dysbiosis) that is thought to initiate and
perpetuate IBD in susceptible individuals. Thus, there is a clear need for the development of
nontoxic and inexpensive therapies to treat patients with IBD. The use of antibiotics,
probiotics, prebiotics and/or fecal transplant to restore a healthy microbial community may
offer a simple and inexpensive adjunct and/or alternative therapeutic strategy to treat
patients with IBD (Figure 7). Although the clinical efficacy of antibiotics and probiotics in
the treatment of IBD remains to be confirmed in rigorously-controlled, multicenter studies,
there is good evidence to suggest that administration of certain antibiotics (e.g.
metronidazole and/or ciprofloxin) may be effective in treating Crohn's colitis and ileocolitis
while administration of specific probiotics may be useful in suppressing relapse of ulcerative
colitis[5, 94, 122, 123]. A more recent approach to correct the intestinal dysbiosis in patients
with IBD involves dietary administration of non-digestible, oligosaccharides termed
prebiotics[94, 122]. The most commonly used prebiotics are beta-fructan oligosaccharides
such as inulin and oligofructose that are found associated with plant-based fiber. Prebiotics
are neither digested nor absorbed by the upper Gl tract and thus will enter the colon
unaltered. Once in the colon, specific anaerobic bacteria will metabolize these
oligosaccharides to yield large concentrations of short chain fatty acids (SCFA; 50-100
mM) such as acetate, propionate and butyrate. There is very good evidence to suggest that
increasing the concentrations of the SCFA within the intestinal lumen via ingestion of
prebiotics enhances the growth of protective bacteria (symbionts) while limiting the growth
of pathobionts[94]. SCFA have been shown to enhance mucosal barrier function, increase
intestinal mucus production, stimulate the production of immunosuppressive cytokines (e.g.
IL-10), decrease the generation of pro-inflammatory mediators and increase the generation
of immunosuppressive Tregs [94, 95]. In addition, several preclinical animal studies have
demonstrated protective or anti-inflammatory effects of prebiotic administration in different
models of experimental IBD[94].

A recent report provides evidence that feeding mice the three SCFA individually or as a
mixture of all three increases the frequency and numbers of Tregs as well as their expression
of Foxp3 and the immunosuppressive cytokine IL-10 within the colonic interstitium[95]. In
addition, Smith et. al. showed that SCFA administration attenuated the development of
chronic inflammation in two different mouse models of IBD[95]. Data presented in this
recent study showed that SCFA (especially propionate) appear to mediate their effects by
inhibiting histone deacetylases (HDACs) 6 and 9 in a G protein-coupled via a receptor 43
(GPR43)-mediated process[95]. These data complement and extend previous studies by Tao
et. al. who showed that pharmacological inhibition of HDAC enhances Treg function in
vitro and in vivo[ 124] . Taken together, these studies appear to provide a mechanistic
rationale for the well-known association between reduced consumption of plant-based fiber
and increased intestinal disease. Despite these exciting preclinical results, the efficacy of
prebiotics in the limited clinical studies performed on patients with IBD have been
somewhat disappointing. Based upon the results of a promising, open-labeled pilot study
using small numbers of IBD patients (N=10)[125], Benjamin et. al. undertook large and
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adequately powered (N=103), randomized, double-blind, placebo-controlled trial to assess
the efficacy of fructo-oligosaccharide (FOS) administration to patients with CD[126]. They
found that FOS administration did not significantly reduce inflammation in patients with CD
when compared to placebo controls.

A novel and potentially powerful therapeutic method to manipulate the intestinal microbiota
is through fecal microbiota transplantation (FMT)[127]. Based upon the early anecdotal
accounts as well as work by Eiseman and coworkers[128], van Nood et. al. initiated a
randomized, controlled clinical study that compared FMT with antibiotic treatment
(vancomycin) in patients with recurring Clostridium difficile infection (CDI)[129]. In many
but not all cases, the symptoms of CDI may occur following treatment with certain broad
spectrum antibotics that disturb the intestinal flora thereby allowing overgrowth of the
C.difficile. The resulting expansion of this pathobiont results in severe diahrrea that may
progress to an inflammatory condition known as pseudomembranous colitis. Over the past
decade, the number of CDI cases and fatality rate have more than doubled making this
bacterial infection one of the major causes of bacterial-induced diarrhea in the US. Although
antibiotic therapy is reasonably effective for the treatment of CDI, recurrent CDI is very
difficult to treat with standard antibiotics. Van Nood and coworkers found that 94% of the
recurring CDI patients infused with FMT had complete resolution of diarrhea whereas only
31% and 23% of the patients given vancomycin alone or vancomycin with bowel lavage,
respectively showed resolution of diarrhea. Because of the dramatic protective effects of
FMT, the study was terminated after treating only 43 of the 120 patients enrolled as it was
deemed to be unethical to continue this study. Retrospective and meta analyses studies of
small numbers of IBD patients treated with FMT show promising results[130]. There are
currently six ongoing clinical studies to test the efficacy of FMT in patients with IBD
(www.clinicaltrials.gov).

Summary and Conclusions

The mammalian intestine encounters and responds to more microbial antigens than any
other tissue in the body making this tissue the largest and most complex component of the
immune system. Our peaceful coexistence with these “residents for life” represents a
dynamic and mutually beneficial relationship that is thought to be a major determinant of
health and disease. Because of the potential for intestinal microorganisms to induce local
and systemic inflammation and tissue injury, the intestinal immune system has developed a
plethora of mechanisms to protect the host from pathogenic infections while limiting the
inflammatory tissue injury that accompanies these immune responses. New and exciting
research suggests that alterations in intestinal microbiota induced by genetic, dietary and/or
environmental factors may play an important role in the pathogenesis of IBD as well as
other autoimmune diseases.
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Figure 1. Composition and luminal concentrations of the major microbial speciesin different
regions of the gastrointestinal tract

Box panels show the numbers of organisms/gram luminal contents (Reproduced from
reference 5, with permission).
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Figure 2. Systemic and intestinal immune responses to enteric bacteria and their antigens
Luminal intestinal bacteria and/or antigens (Ag) enter the Peyer's patches (PPs) via transport
by the M cells where they are endocytosed by dendric cells (DCs) within the sub-epithelial
dome region. Bacteria and Ag-loaded DCs may then interact with T and B cells within the
PPs to prime the T and B cells or they may migrate from the PPs to the gut-draining
mesenteric lymph nodes (MLNs) by way of the afferent lymphatics. Naive T-cells (colored
in green) that enter the MLNs will interact with these DCs resulting in the priming,
polarization and expansion of the T-cells to yield effector cells (colored in red). These
effector T cells then exit the MLNSs via the efferent lymphatics, return to the systemic
circulation and home to the gut lamina propria. Enteric bacteria and antigens may also be
endocytosed by DCs located within the gut lamina propria and migrate to the MLNs via the
afferent lymphatics. BCF refers to B cell follicle (Modified from reference 55, with
permission).
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Figure 3. Adaptive and innate immune responsesto invading bacteria

A). Enteric antigen-activated Thl and Th17 effector T-cells produce large amounts of
inflammatory cytokines such as IFN-vy, IL-17 and TNF-a within the intestinal lamina
propria. These inflammatory cytokines interact with and activate antigen presenting cells
(APC) and tissue macrophages (M®) to produce additional inflammatory mediators
including IL-1p, IL-6, IL-8, and IL-12 as well as a variety of reactive oxygen and nitrogen
species including superoxide (O,7), hydrogen peroxide (H>0O5) and nitric oxide (NO).
Together, these mediators enhance the microbicidal activity of tissue macrophages thereby
“helping” these phagocytes destroy the invading microbes. In addition, many of these
mediators are known to enhance the expression of different adhesion molecules (e.g.
ICAM-1,VCAM-1 and E-selectin) on the surface of the post-capillary endothelial cells
thereby facilitating the recruitment of additional leukocytes (e.g. neutrophils, monocytes,
lymphocytes) into the intestinal tissue to help in killing bacteria. Under normal
circumstances, these immune responses are tightly regulated to limit the development of
inflammatory tissue injury that may accompany these protective responses. B). In the
absence of appropriate regulatory mechanisms, the sustained, overproduction of the different
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inflammatory mediators promote epithelial and endothelial injury and dysfunction leading to
erosions, ulcerations, fibrosis and edema.
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Figure 4. Distribution of predominant bacterial phylotypesin the human intestinal tract
These figures illustrate the relative abundance as a function of location along the healthy and
inflamed small bowel (ileum) and colon. (Reproduced from reference 92, with permission).
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Figure5.
Autoimmune and chronic inflammatory diseases in which the intestinal microbiota has been
implicated.
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Figure 6. Immunological dysregulation associated with dysbiosis of the microbiota

A) A healthy microbiota contains a balanced composition of different classes of bacteria.
Symbionts are organisms with known health-promoting functions. Commensals are
permanent residents of this complex ecosystem and provide no benefit or detriment to the
host. Pathobionts are also permanent residents of the microbiota and have the potential to
induce pathology. B) Dysbiosis is created by an alteration in the composition of the
microbiota resulting in either a reduction in the numbers of symbionts and commensal and/
or an increase in the numbers of pathobionts. This may result in the induction of
inflammation in genetically susceptible individuals (Modified from reference 121, with
permission).

Free Radic Biol Med. Author manuscript; available in PMC 2015 March 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Koboziev et al.

o Diverse and abundant bacteria

o Firmicutes, Bacteroidetes dominant
e Enhanced SCFA production

e Intact mucosal bamer

o No overt inflammation

VYN
@ o' & ‘ﬁ\ Balanced

Microbiota

Restoration of Balanced Microbiota Generation of Dysbiosis
Antibiotics Host Genetic Factors
Probiotics, Prebiotics Environmental Factors (antibiotics, diet, hygiene)
Fecal transplantation Gender

Dysbiosis

* Reduced Microbial diversity
e Increased #s of pathobionts
* Reduced SCFA production
o Disrupted mucosal barner
o intestinal inflammation

Figure 7. Potential therapeutic strategies for modulating intestinal dysbiosis
(Modified from reference 123, with permission).
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Table 1

Changes in Lifestyle May Alter the Intestinal Microbiota

Traditional Lifestyle

Modern Lifestyle

Vaginal Delivery at home
Large family size and crowding

Tend to live in a rural setting in contact with soil microorganisms
Ancestral colonization of the living environment

Lack of antibiotics in infant life

Limited access to hot water and soap

High rate of Helicobacter pylori colonization
Parasitic worm infection

Food conserved by microbial fermentation

Consumption of natural foods

Birth in hospital; increasing rate of caesarean delivery
Small family size
Often live in an urban setting, surrounded by concrete

Sanitation of living spaces: environment colonized by resistant
microorganisms (including resistant bacteria, fungi and acari)

Antibiotic usage early in life

Daily body wash with hot water and soap
Low rate of Helicobacter pylori colonization
Decline in endemic parasitism

Food conserved by refrigeration

Consumption of processed foods

Table modified from reference 82, with permission.
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