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Adiverse population of bacteria, archaea and fungi, collectively
known as the microbiota, abounds within the gastrointestinal
tract of the mammalian host. This microbial population makes
many important contributions to host physiology through
inter-kingdom signalling and by providing nutrients that
have both local and systemic effects. In a healthy state the
overall host-microbial interaction is symbiotic; however, a
growing number of diseases have been associated with a
dysregulated microbiota. To avoid these consequences, the
host exerts substantial effort to maintain proper regulation of
the microbiota with respect to localization and composition.
Although important to maintaining microbial balance, the
host immune response can also be the cause of a disrupted
microbiota, contributing to disease severity. Here, we discuss
the role of the host in both maintaining and disrupting a
balanced gastrointestinal microbiota.

Introduction

In return for a hospitable environment and provision of nutri-
ents, the gastrointestinal microbiota provides the host with
many major advantages. The capacity of the microbiota in
mediating a diverse set of beneficial roles for the host is vast,!
with metabolic activity equal to that of the liver. Roles include
the synthesis of vitamins, the degradation of xenobiotics, the
metabolism of bile and host hormones,? immune development
and competitive exclusion of pathogens.*® The realization that
the microbiota contribute substantially to metabolic activi-
ties of the host and directly influence mammalian phenotype
has resulted in terms such as ‘ecological development’ and the
definition of mammals as ‘superorganisms’’ The effects of the
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microbiota can be observed systemically. By comparing the
plasma metabolic profiles of germ-free and conventional mice,
it was found that numerous circulating metabolites were only
present when the mice were colonized and metabolites that were
common to germ-free and conventional mice differed signifi-
cantly in their abundance.® Furthermore, shifts in metabolic
profiles have also been correlated to the composition of enteric
bacteria.”

Over the past decade imbalances and changes in the com-
position of the gastrointestinal microbiota have been linked to
numerous diseases including allergy, cancer, diabetes, obesity,
inflammatory bowel diseases and enteric infection.®!! The effort
to “mine” the microbiota for therapeutic targets has created the
need to understand the ecology and function of the gut micro-
biota. While recent studies have revealed new insights into the
membership of the microbial community and how the microbi-
ota regulates host physiology, little attention has been focused on
characterizing how the host controls and regulates the microbiota
and its composition. Although poorly understood, it is known
that the host exerts substantial effort to regulate this population
through the secretion of adaptive and innate immune proteins
into the intestinal lumen including antimicrobial peptides, int-
electin, resistin and IgA."? In addition, the host genotype is one
of the most important determinants in shaping the composition
of the microbiota."

When the host fails to appropriately regulate the gastrointes-
tinal microbiota, the host can become increasingly susceptible to
opportunistic and pathogenic infections, often leading to sepsis.
Furthermore, recent studies have shown that disruptions in the
microbiota that correlate to disease are sometimes the result of
the host immune response, as in the case of Crohn disease (CD)™"
and in Salmonella induced gastroenteritis. There is evidence that
numerous components of the adaptive and innate immune sys-
tem are important in this regulation of the microbiota, however,
it is not clear if certain components are more important than
others. While the focus of this review will be the host factors
that regulate changes in the microbiota, it must be acknowledged
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that the ability of the host to do so is dependent on microbial
activation.

Role of the Microbiota in Shaping Host Response

The microbiota plays a pivotal role in the organization of the
immune system from birth. In recent years, the use of germ-free
mice has provided critical evidence towards the essential role of
the enteric bacteria on immune function. For instance, the four
major structures that make up the gut associated lymphoid tissue
including, mesenteric lymph nodes (MLN), peyers patches, cryp-
topatches and isolated lymphoid follicles, are all poorly developed
in germ free mice.” However, colonization with a single bacterial
species has been sufficient to reverse these defects.’>'¢

Recently, there has been a great deal of evidence presented,
which suggests that the gut microbiota are important in shap-
ing and directing the host immune response. Various groups
have demonstrated a role for the microbiota in intestinal epithe-
lial homeostasis, angiogenesis and the development of the gut’s
innate and adaptive immune systems.”"?* Microbial coloni-
zation after birth is essential for the generation of intestinal T
helper (Th) 17 cells as well as the production of IL-17 by these
cells.?! They also showed that Th17 differentiation was particu-
larly directed by a segmented filamentous bacteria (SFB).* A sec-
ond study found that treatment of mice with SFB or Clostridia
promote the development of intraepithelial lymphocytes in small
and large intestines.” Finally, germ-free or mono-colonized mice
do not develop oral tolerance to ovalbumin compared to wild
type controls, which suggests a breakdown in the induction of
antigen specific regulatory T cells (Treg).** The use of probiotics
to protect against enterocolitis, diabetes, allergies and IBD fur-
ther substantiate the importance of continual regulation by the
gut microbiota.” In fact, a recent paper showed that mice treated
with Lactobacillus paracasei NCC2461 resulted in increased Thl
26 These are only a few of the studies that describe the
regulation of the immune system by the gut microbiota, but they

responses.

provide evidence that our immune responses are dependent on
the microbiota within our guts.* The microbiota are not only
important in influencing the development of the immune system
and intestinal structure. Continuous stimulation of the mucosal
immune system is also required to maintain host mucosal
defences. These will be discussed below, particularly with refer-
ence to mucus and antimicrobial secretion.

Defining a Balanced Microbiota

Before delving into how the host maintains a ‘balanced’ micro-
biota, we must first indicate our limited understanding of what
a balanced microbiota is. Studies have characterized the coloni-
zation of the gut microbiota after birth and have observed dif-
ferences in microbial communities depending on various factors
such as, environment, mode of birth, diet and administration of
antibiotics.””*® No matter the diet or geographical location, the
human gut is consistently colonized by the same bacterial phyla
and only a single division of archaea. This limited phyla diversity
indicates that only certain divisions have evolved close associations
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with the human gut.”” However, there is large inter-individual
variation at the species level.>** Composition of the microbiota
is also affected by many factors, including diet, parents, siblings,
sex partners and interactions within the microbial community.*
Recent estimates based on 16S ribosomal RNA (rRNA) librar-
ies from human fecal samples suggest that 800-1,000 different
bacterial species and more than 7,000 strains inhabit the gas-
trointestinal tract.*> The application of 2™ generation sequenc-
ing approaches, such as 454 pyrosequencing of 16S rRNA have
revealed as many as 3,300 unique operational taxonomic units
(OTU) in a single individual.** Despite this inter-individual vari-
ation, efforts at defining a core microbiota have been met with
limited success. Although no OTU (defined at 98% identity)
could be found in a set of 17 individuals, a group of 66 OTUs
was defined as the microbial core based on presence in at least
50% of individuals. While these OTUs represented only 2.1%
of all OTUs found, they represented 35.8% of the sequences in
the study.” This core microbiota has representation from three
main phyla (Firmicutes, Bacteroidetes and Actinobacteria) and is
dominated by the families Ruminococcaceae, Lachnospiraceae,
' Core members of the
microbiota may be used as indicator species for the overall health

Eubacteriaceae and Bacteroidaceae.?

of the population. In cases such as CD, there is a disappearance
of core members of the microbiota that coincide with reduced
production of butyrate as well as increased concentrations of bile
acids.” When inflammation disrupts the core microbiota the host
is deprived of important functions that the microbiota provides
(depicted in Fig. 1).

One of the defining features of a balanced microbiota is that
it is serving its key functional roles upon which the host has
become dependent through co-evolution. It may therefore be of
value to examine the microbiota functionally rather than based
on community composition. Studying how host factors affect
the functions of the microbiota through metagenomics, metabo-
lomics or metaproteomics, rather than through a microbiomic
approach may give greater insight. This is highlighted by the
fact that a population of individuals with large variations in the
dominant phyla had very little variation in microbial gene func-

tion,*

as shown by metagenomic analysis. Therefore, even with
variations at a species level the same set of core functions could
be performed. Deviations in the core microbiome at a functional

level have been associated with obesity,*

and likely have implica-
tions for other diseases. Metabolomic studies taking advantage
of techniques including gas chromatography-mass spectrometry
(GC-MS), nuclear magnetic resonance (NMR) 'H Spectroscopy
and Ion cyclotron resonance Fourier transform mass spectrom-
etry (ICR-FT/MS) have revealed the complexity of the metabolic
contributions of the microbiota.**® By combining microbiomic
and metabolomic studies, certain populations within the micro-

biota have been tied to specific metabolic changes.”?

Evidence for a Role for the Host
While dietary intake of the host is a major determining factor of

microbial composition, it would appear that bacterial species that
colonize are especially suited to the physiological characteristics
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Figure 1. Disrupting microbial function. (A) In a healthy gut bacteria work synergistically, with each bacteria being an integral link in the production of
metabolites that are ultimately used by the host, such as vitamins and fatty acids. (B) Host inflammation targets certain groups of bacteria resulting in
aloss of core members and core functions, therefore reduced metabolic activity and a deprived host.

of the host.?”*® One of the most compelling demonstrations of
the host’s role in shaping the composition of the microbiota was
through the reciprocal transplantation of gut microbiota between
mice and zebrafish.?” It was found that when the microbiota from
a mouse, which is dominated by Bacteroidetes and Firmicutes,
was introduced to a germ-free zebrafish, the relative abun-
dances of community members shifted to resemble the normal
microbial composition of the zebrafish, which is dominated by
Proteobacteria.’” The reverse transplantation from the zebrafish
to the mouse demonstrated the same phenomenon.

While there is variation between animal species, there is also
variation between individuals. The microbial composition of each
individual is unique, varying in composition just like that of blood
chemistries.”” However, it is relatively stable over time indicating
that the unique physiology of each host is important in dictating
microbial composition. The fact that the microbiota of related
individuals are more similar than that of unrelated individuals
sharing the same diet and environment indicates the importance
of host genotype.'> A more recent study using clone libraries and
pyrosequencing looking at obese and lean twins and their moth-
ers, revealed that related individuals had more species in common
and a more similar bacterial community structure than unrelated
individuals, regardless of obesity status.?® While twin studies
reveal the significance of host genotype in determining microbial
composition, the study of discordant twins (where one is healthy
and the other sick) indicate that there is opportunity to regulate
the microbiota in composition and function through changes in
host physiology as seen in CD and obesity.?**%

Another aspect that demonstrates the importance of the host
in regulating the microbiota is the return of the microbiota after
disruption. Following disruption of the human microbiota with
antibiotics, the microbiota returns relatively quickly to a popula-
tion very similar to that before disruption.’* Alcthough certain
bacterial species may have been disrupted for longer periods of
time,* the overall composition was regained. The microbiota also
recovers after infection with enteric pathogens such as Citrobacter
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rodentium or Salmonella enterica, where the population saw
reduction in number and dramatic shifts in membership.®>% Tt
is essential to the health of the host that the microbiota are re-
established after disruption, as important functions, including
butyrate production, are greatly inhibited when the microbiota
are altered.** All of these pieces of evidence indicate that each
individual establishes a unique equilibrium with the microbiota;
however, the host factors regulating which bacterial species colo-
nize are poorly understood.

Innate Immunity

Innate immunity plays a crucial role in defence against bacterial

and viral infections.?>4¢

This is especially true for mucosal sur-
faces where the vast majority of pathogens initiate infection.”” In
addition, the innate immune system plays an important role in
regulating the millions of commensal bacteria that reside at the
mucosal surface. This is evidenced by the abundance of innate
immune defence proteins found in the feces of healthy patients
in a proteomic study, indicating the extensive effort of the host in
regulating the intestinal microbiota."”? The innate immune system
in the gut includes mechanical barriers, chemical barriers and an
induced cellular innate immune response. These components can
also be divided into two highly interconnected parts, involving
mechanisms for detecting the microbiota and the responses that
act upon the microbiota.

Mechanical Barrier

The mucus layer that coats the length of the gastrointestinal
tract is one of the most important mechanisms through which
the host prevents continuous mucosal stimulation by enteric
bacteria. There are two distinct mucus layers, one that is firmly
adhered to the surface epithelium and is devoid of bacteria, and
a second loosely adherent layer, which is heavily colonized by
bacteria.*®* The mucus layers are composed of a combination
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of different mucins that vary in structure and glycolsylation pat-
terns. Mucin 2 (MUC2), a major mucin of the colonic firm and
loose mucus layers, seems to be essential to the maintenance of
mucosal homeostasis. For example, MUC2" mice develop colitis,
which is dependent on direct bacterial contact with the epithelial
surface.®®

While the firmly adherent mucus layer provides an important
barrier, the loosely adherent mucus layer is an important nutri-
ent source for colonizing bacteria. The composition of the mucus
layer is also a mechanism through which the host can maintain
the microbial composition. Whole genome sequencing of rep-
resentative organisms of the main bacterial families present in
the human gastrointestinal tract has revealed a diverse set of gly-
cosidases, particularly in members of the genus Bacteroides, that
allow them to utilize the mucus layer as an energy source.”® When
Bacteroides thetaiotaomicron is not able to obtain sufficient carbo-
hydrate from the diet, whether it is due to limitations of the diet
or competition with other bacteria, it signals the host to produce
fucosylated glycans that it, but not all other members of the gut
microbiota, can utilize.”® One might expect that variations in the
glycosylation pattern impact the composition of the microbiota
based on their glycosidase repertoire, however, this has not been
tested.

Importantly, bacteria and their metabolic products can con-
tribute to the regulation of mucin gene expression and secretion
by the host. Lactobacillus casei GG increased mucin gene, MUC2,
expression in intestinal epithelial cell monolayers as compared to
untreated cells,” while other bacteria have been shown to increase
the expression of both MUC2 and MUC3 by goblet cells.’>>
Bacteria can also alter the pattern of the glycoconjugate repertoire
expressed by absorptive enterocytes.’® Before weaning rodents
express mostly sialylated surface oligosaccharides.” An increase
in fucosylation after weaning was in large part due to effects of
changes in the bacterial population that occur during develop-
ment, including an increase in Bacterioides spp. representation.>

Chemical Barriers

In the last several years there has been a great deal of attention
given to antimicrobial proteins and peptides in protection against
enteric infections. However, since these factors, including antimi-
crobial peptides and proteins, lysozyme, secretory phospholipase
A2, C-type lectins, o-defensins and cryptdin-related sequence
peptides, do not discriminate commensals from pathogens, they
are also important in controlling the growth of commensal bac-
teria. Although Paneth cells are the main producers of antimicro-
bial peptides, other cell types such as enterocytes, intraepithelial
lyphocytes, macrophages and neutrophils have also been reported
to secrete these defense peptides.”®™ Each of these antimicrobial
factors has distinct roles in maintaining the microbiota to ensure
optimal health. The secretion of lysozyme results in the elimina-
tion of Gram-positive and Gram-negative bacteria by hydrolyz-
ing the 1,4 B-glycosidic linkages that make up peptidoglycan,*
while secretory phosplipase A2 can non-specifically damage bac-
terial cell surfaces.® ReglIly, a C-type lectin, which is expressed
by Paneth cells as well as enterocytes in the small intestine, also
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targets Gram-positive bacteria by binding to peptidoglycan.”’
In addition, ReglIly (human ortholog HIP/PAP) is important
for controlling the population of some Gram-positive opportu-
nistic pathogens, as depletion in its production and secretion
facilitates the growth of vancomycin resistant Enterococcus.®
Defensins, which include a large family of antimicrobial pep-
tides, are cationic membrane disrupting molecules that can tar-
get both Gram-positive and Gram-negative bacteria, as well as
some fungi, viruses and protozoa and hence are essential for the
control of pathogenic microbes as well as the enteric microbial
populations.®*** One study showed that o-defensin produc-
tion was reduced in the ileum of CD patients, and furthermore,
transgenic mice expressing Human Defensin (HD)5 showed
alterations in their commensal bacterial populations compared
to wild type controls.”” A very recent study found that while o
defensins do not affect total microbial numbers they do affect

microbial composition.®®

They found that mice unable to pro-
duce active o-defensins (matrix metalloproteinase 7 knockout)
had an increased ratio of Firmicutes to Bacteroidetes, whereas
transgenic mice expressing HD5 demonstrated a reduced ratio
of Firmicutes to Bacteroidetes as well as a disappearance of SFB
compared to wildtype controls.®

the cathelicidins, which are similar to defensins and are capable

Relatively little is known about

of disrupting Gram-positive and Gram-negative bacteria as well

as some fungi.®”®

rial growth and survival of most antimicrobial peptides is known,

8 Although the mechanism of action on bacte-

only a few studies have begun to identify how expression affects
composition of the microbiota. The expression and secretion of
antimicrobial peptides is more complex than simply sensing the
microbiota, as the microbiota can alter host antimicrobial peptide
production for their benefit. For example, while B. thetaiotao-
micron (Gram-negative) stimulates expression of genes respon-
sible for antimicrobial activity targeting Gram-positive bacteria,
Bifidobacterium longum (Gram-positive) suppresses the expres-
sion of these same genes.®

The majority of antimicrobial activity is localized to the
mucus layer providing an antibacterial barrier to prevent bacterial
attachment and invasion.”’ Localization within the mucus layer
indicates that the host regulates microbial populations within the
mucus layer rather than in the luminal contents. Caution should
therefore be used when interpreting microbial abundance and
composition based on fecal samples. While bacteria found in the
mucosal layer of the tract will also be found in the feces, assessing
the effects of the host on microbial composition in the feces may
result in important changes being missed. For example, increased
bacterial abundance observed in the ileum of nucleotide-bind-
ing oligomerization domain (NOD)2 deficient mice, discussed
below, was not seen in fecal samples.”!

Innate Immune Induction

Another component of the innate immune system that plays a
key role in recognizing and controlling microbes is the family
of pattern recognition receptors (PRR). These pattern recogni-
tion receptors include the Toll-like receptors (TLR) as well as
NOD-containing proteins. In the gut it has been determined
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Table 1. Examples of changes in host physiology resulting in changes in the gut microbiota

Component Function Findings Ref

MUC2 Yipsien e MUC2 deficient mice have bacter.la in dlrect.contact with the mucosa leading to 48
inflammation

Regllly Antimicrobial activity Reduced expression results in the expansion of opportunistic Gram-positive pathogens 62

IgA Antimicrobial activity Commensal specific IgG develops in absence of IgA expression 90

MyD88 Microbial detection MyD88” mice have commensal bacteria in liver and spleen 77

NOD2 Microbial detection NOD2” mice have reduced bactericidal aCtI.VIt){ and an expansion in mucosal microbial 70
colonization

MHC Antigen presentation Bacterial composition and activity varies according to MHC haplotype 87

MUC, mucin; Ig, immunoglobulin; NOD, nucleotide-binding oligomerization domain; MHC, major histocompatibility complex.

that there is expression of TLR-2, TLR-4, TLR-5, TLR-9 and
NOD1 and NOD2.”7 These receptors recognize conserved
microbe-associated molecular patterns (MAMP) including pep-
tidoglycan, lipopolysaccharide (LPS), flagella, bacterial DNA,
diaminopimelic acid containing peptides (in peptidoglycans of
Gram-negative bacteria and some Gram positive bacilli) and
muramyldipeptide (common to all bacterial peptidoglycans),
respectively.

New evidence reveals the role of specific receptors in regu-
lating the microbiota. For example, mice deficient in NOD2,
an intracellular receptor that recognizes Gram-positive and
Gram-negative bacteria, have reduced bactericidal activity and
an expansion in mucosal microbiota colonization in the termi-
nal ileum.”" As well as being important for the regulation of the
microbial load, NOD2 also appears to be important for host
protection against some pathogenic bacteria, such as Helicobacter
hepaticus, a common mouse pathogen.”! Mutations in NOD2
have been implicated in diseases involving disrupted microbiota.
In fact, the first susceptibility gene implicated in CD was the
CARDI5 gene, encoding human NOD?2, a mutation that is
prevalent in patients with CD.”> Much more research is available
on the role of the TLRs. One clinical study reported that there
was an increase in expression of TLR2, TLR4 and CD14 in the
terminal ileum, cecum and rectum of IBD patients.”® Alchough
this enhanced expression may be the result of microbial dysbiosis
and a disruption in immune regulation, it is not unfair to also
suggest that the increase in TLR expression may be the cause of
IBD in these patients. For instance, it is possible that this increase
in expression resulted in increased activation of the PRRs by
commensal microbes and hence an inflammatory state that initi-
ated the pathogenesis of IBD. Additionally, a very recent study
using MyD88 deficient mice found that these mice showed colo-
nization in the spleen and liver by commensal bacteria.”” This
suggests that some level of TLR recognition and signalling is
necessary to maintain the commensal bacteria populations and
ensure proper compartmentalization. By selectively re-establish-
ing MyD88 expression in paneth cells, Vaishnava et al.”® dem-
onstrated the importance of MyD88 signaling in paneth cells for
limiting bacterial penetration of host tissues. Finally, there has
been a significant amount of research on TLR5 deficient mice.
TLR5 recognizes flagellin and is located only on the basolateral
surface of the epithelial cells of the gut, hence it only reacts to
flagellin on bacteria that have been able to cross the epithelial
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barrier and may be harmful to the host.”” Approximately 40% of
TLR5" mice were found to develop spontaneous colitis, which
was correlated with increased levels of total bacteria in the
cecum and colon of these mice, and also increased translocation
of commensal bacteria to the liver and spleen. When 7LR5"
mice were crossed with IL-10 deficient mice (/L-107- mice also
develop spontaneous colitis) it was found that 100% of the mice
developed colitis. This implied that TLR5 activation and result-
ing IL-10 production is necessary to control the commensal
bacteria populations. Furthermore, the 7ZR5" mice were found
to have an increase in expression of TLR4, CD14 and LBP,
therefore increasing the inflammatory response to commensal
microbes whereas TLR5/TLR4 double knockout mice did not
develop colitis.®* These studies suggest a complex mechanism of
regulation of the commensal flora. In humans a cohort of Jewish
subjects were found to have reduced TLR5 expression, but none
of these subjects developed CD.*' The combination of these
studies suggests that, although a decrease in TLR5 expression
may not be detrimental to the regulation of commensal bacteria,
a complete loss of TLR5 expression can result in the inability to
manage the commensal population.

The innate mechanisms described above have only begun to
be examined in this role and much more research is required.
Some of the key innate and adaptive components important in
regulating the microbiota that have been described are presented
in Table 1. The direction of the adaptive immune response is
influenced by the innate immune system and this increases the
many ways in which the immune system is able to regulate the
microbiota. In the absence of an adaptive immune system the
innate immune response compensates to maintain microbial
regulation. One suggestion of this was that the intestines of
RAGI" mice showed increased expression of 87 innate immune
genes.® Conversely, the innate immune response was necessary
to prevent the establishment of specific immunity (IgG and IgM)
to the microbiota, as commensal specific immunoglobulins were
observed in specific pathogen free (SPF) Myd88" and Ticaml”
mice.”” Development of commensal specific IgG appears to be a
broad phenomenon of deficiencies in innate immunity as Nos2-
~and Cybb’- mice also showed serum antibodies specific to com-
mensal bacteria.”” It is also apparent that the innate immune
system is necessary to maintain the microbiota within intestinal
sites as translocation to the spleen after the administration of
E. coli K12 was only observed in Myd88' and Ticam™~ mice.””
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The Adaptive Immune Response

In the absence of an adaptive immune system the innate immune
response is more pronounced, demonstrating the significance of
the adaptive immune response in regulating the intestinal micro-
biota.””®? The adaptive immune response in the gut consists of
IgA, YOT cells, CD8* T cells and CD4"* T cells. CD4"* T cells can
be furcher differentiated into Treg cells and Th17 cells. Together
these cell types, and the cytokines they produce, are important
in regulating the inflammatory response in the gut and in con-
trolling commensal microbes, both in abundance and activity.
There is a great deal of evidence that describes how the adap-
tive response is capable of controlling inflammation and avoiding
excessive immune responses in the gut.**%

Induction of an adaptive immune response relies on the assis-
tance of antigen presenting cells including macrophages and den-
dritic cells (DC). A study by Macpherson and Uhr showed that
macrophages killed any commensal microbes that are taken up
within 4 hours, while DCs could retain small numbers of live
commensal bacteria for days.’® This study found that the DC
then travelled to the MLN where they induced local commen-
sal specific IgA production (reviewed in ref. 84). It would also
appear that antigen presentation is important in the regulation
of the microbial population, as changes in microbial composi-
tion in inbred mouse strains varied based on major histocompat-
ability complex (MHC) haplotype.®” The nature of the change
in response to MHC haplotype at the phylogenetic level is yet
unclear as changes in the microbiota were assessed based on bac-
terial cellular fatty acid profiles.*” The MLN play an important
role in compartmentalization of the adaptive immune response
since in the absence of the MLN, the DCs are able to induce a
systemic and potentially dangerous response to the gut microbi-
ota. The compartmentalization of the adaptive response to com-
mensal pathogens is also assured by the high predominance of
IgA in the gut mucosa. In fact, more than 80% of all plasma cells
are located in the gut lamina propria and they produce more IgA
than the other Ig isotypes together.®®

Humoral Immunity

IgA is produced by B cells in the lamina propria, is transcytosed
across enterocytes into the lumen and is maintained within the
mucus layer. The importance of IgA responses in controlling gut
commensals is evidenced in many studies. Secretory IgA (s-IgA)
is non-specific, and has been shown to coat endogenous bacte-
ria.¥ It was found that the IgA produced was mainly from Bl
cells in the peritoneum and was independent of T-cell help.”® IgA
is important for limiting access of bacteria to the intestinal sur-
face,” as a study of mice unable to produce IgA showed an abnor-
mal increase in the anaerobic bacteria population, particularly
SFB, in the intestinal lumen.”>*? Reconstitution of the mice with
IgA normalized the microbial population.”*? It would appear
that non-specific IgA is sufficient to limit the penetration of bac-
teria through the intestinal epithelium as demonstrated by the
protective effect of non-specific neonatal IgA.”* However, specific
IgA also appears to have a role in inducing changes in bacterial
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physiology. Specific IgA has been shown to cause bacteria to
change the expression of surface epitopes and metabolic activity,
specifically reducing the microbial ability to deal with oxidative
bursts.” The changes in surface epitope expression by B. thetaio-
taomicron results in a bacterium that induces less inflammation,
therefore helping maintain the balanced mucosal inflammation.”
A commensal specific Ig response is not found in germ free mice,
whereas a commensal specific IgA response can be found in the
intestine but not the serum of SPF mice.”* However, when IgA
was absent a commensal specific IgG response in the serum of
SPF mice was noted.”® This suggested that antigen specific Ig also
played an important role in sequestering commensal microbes to
the gut mucosa.

Cell Mediated Immunity

Although the IgA response is paramount to controlling gut com-
mensals, the T-cell response is also important. The cell medi-
ated response in the gut mucosa is more of a regulatory response
directed in order to avoid chronic inflammation and autoimmu-
nity. One study found that patients with CD had increased levels
of IL-12 and interferon-y suggesting that a dysregulated T-cell
response directed against the intestinal microbiota may be a cause
of the disease.®® The regulatory role of IL-10 has been suggested
to be important in inhibiting effector T-cell responses and avoid-
ing chronic inflammation. IL-10 is a cytokine that is produced
mainly by CD4* Treg cells, and a recent report has identified
IL-10 as a susceptibility locus for human ulcerative colitis (UC).”
In fact /L-10"" mice have been shown by many groups to develop
spontaneous colitis.””?® Furthermore, treatment with exogenous
IL-10 in mice with T-cell induced colitis reverses the outcome.
IL-10 is also capable of decreasing the antigen presenting capacity
of macrophages and DCs, which may assist in inhibiting robust
responses to commensal microbes.”” Although IL-10 is important
as an anti-inflammatory cytokine, there is no evidence thus far
that suggests if and how it may be acting directly to control the
gut microbiota.

Tregs are characterized by constitutively high levels of the
transcription factor Foxp3, and are important in suppressing
excessive immune responses that may be deleterious to the host.
Since Tregs are the class of T cells that produce the highest levels
of IL-10, studies were conducted on the effect of Treg cells in the
development and prevention of IBD. It was found that depletion
of Treg cells resulted in a moderate form of colitis in Helicobacter
hepaticus induced model of inflammation, while Treg cell recon-
stitution of mice with bacterial induced colitis could inhibit
colitis development.'”’ Treg cells were also capable of producing
transforming growth factor (TGF)f, which is one of the cyto-
kines needed for the differentiation of Th17 cells.

Th17 cells are a subset of activated CD4* T cells and are char-
acterized by the production of IL-17, IL-21 and IL-22. Th17 cell
differentiation is controlled by both TGF[ and IL-6 and their
survival and expansion is controlled by IL-23.1"1%4 The cytokines
produced by Th17 cells have recently been a focus of many stud-
ies and have been described to be important in the control of IBD
by regulating the microbiota. For instance, IL-17 production has
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been shown to regulate granulopoiesis, neutrophil recruitment
and the induction of antimicrobial peptides, which are all impor-
tant in controlling the gut microbiota to maintain a homeostatic
balance. A recent study found that IL-22 expression in the gut is
protective against colitis.'”® A second study confirmed this find-
ing and showed that IL-22 was produced by CD4* T cells and
NK cells.'” In fact, overexpression of IL-22 leads to the induction
of the mucin genes, MUCI, MUC3 and MUCI3, which resulted
in enhanced mucus production and decreased the translocation
of commensal bacteria across the epithelial barrier.!” IL-22 was
also capable of inducing defensin expression in colonocytes lead-
ing to further protection against microbiota-induced inflamma-
tion. Overall, the role of Th17 cells in controlling gut microbiota
is becoming more evident and further research will determine
how to capitalize on this knowledge.

Some cell types, while not important to regulating the micro-
biota during the healthy state, are important for controlling the
microbiota in cases of mucosal injury. For example, Y0 intraepi-
thelial T lymphocytes play a critical role in coordinating the
regulation of cytoprotective, immunomodulatory and antimicro-
bial factors upon mucosal damage with dextran sodium sulfate
(DSS). Using TCRS knockout mice it was found that yd T cells
are essential for controlling mucosal penetration of commensal
bacteria upon DSS induced damage.'”

Although the innate immune system is largely able to seques-
ter the commensal microbes, the cooperation of the adaptive
immune response is imperative to maintain this control. In many
instances there is a feedback loop that occurs between the two
arms of the immune response to ensure that proper management
of gut commensals is maintained and, if necessary, immune
mechanisms are activated. An example of this is outlined above
where the production of IL-22 by CD4* T cells of the adap-
tive immune system can initiate upregulation of mucin genes
and hence the innate immune response in an effort to control
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the microbiota. Instances where components of the immune
response are insufficient, the host loses control of the microbiota
as depicted in Figure 2. For instance, secretion of cytokines by
epithelial cells and macrophages such as IL-6 and TGFp ensure
the differentiation of a Treg response, and the products of this
response, such as IL-22, work to increase mucus production
and defensin secretion. A second example was evident in the
high levels of IL-10 produced by CD4* T regs, which assisted in
decreasing antigen presenting cell capability, hence reducing the
potential of an effector T-cell response by the adaptive arm of the
immune system. There is a great deal of further research required
to understand how other components of both innate and adap-
tive immunity may be important in regulating the microbiota.

Disrupting the Balance

If the delicate balance between the host immune system and the
microbiota is altered, the host can disrupt the beneficial functions
of the microbiota. This is seen in cases of intestinal inflammation
such as CD where a disrupted microbiota has been correlated

to reduced levels of butyrate'*®

as well as disrupted fatty acid,
bile acid and amino acid metabolism.*® The intestinal micro-
biota changes substantially in response to intestinal inflamma-
tion, whether induced chemically, by a bacterial pathogen or the
result of an inflammatory bowel disease.*” The specifics of these
changes, however, are not consistent between each type of inflam-
mation. For example, changes in the microbiota in CD and UC
are distinctly different, to the extent that microbial composition
can be used as a diagnostic marker to differentiate active CD and
UC." There are, however, some changes in the microbial com-
munity that are shared in CD and UC patients including reduced

) 109-114
>

diversity (particularly Firmicutes presence of bacteria that

are not normally considered to be commensal members of the

110 40,115-118

microbiota,'’ and increased concentrations of E. coli.
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In CD, thereisa particular disappearance of members of the family
Ruminococcaceae, specifically the core member Faecalibacterium
prausnitzii " The fact that the disappearance of F. prausnitzii
is a result of host inflammation is demonstrated by the re-emer-
gence of this population upon treatment with infliximab (TNF
blocker) or high dose cortisol treatment. It is expected that the
differences in the microbiota of CD and UC patients is a conse-
quence of differences in the immune response in these diseases.
The nature of the immune response differs between UC and CD,
as UC is associated with a Th2 response, whereas CD is typi-
fied by a Th1/Th17 response.'?® Because F. prausnitzii levels are
normal in UC patients, this change in flora may be dependent
on the nature of the T-helper cell response. A chronic Salmonella
infection that results in persistent intestinal fibrosis, with a
Th1/Th17 immune response that mirrors that seen in CD,'*!
presents an excellent model to study the role of Th response in
changing the microbiota. Other aspects of immune function have
also been shown to be different in CD patients. Both reduced
defensin production and the development of an IgG response to
a variety of bacterial and yeast components are characteristics of
CD but not UC.'**!» Reduced abundance of Treg cells, particu-
larly CD4* CD25* Foxp3*, has also been observed in CD and
is known to mediate the inflammatory response in the gut.'*
Defining which of these aspects is responsible for the disappear-
ance of F. prausnitzii may give new insight into the disease etiol-
ogy and therapy.

While the disappearance of F. prausnitzii is a result of the host
immune response, it is likely that this disruption contributes to
disease progression. F. prausnitzii has been shown to display thera-
peutic properties in a mouse model of IBD'" and Faecalibacterium
is a major butyrate producer in the gut.!” Therefore, a disappear-
ance of this core member of the microbiota® likely has conse-
quences for gut energy balance and homeostasis and preventing
this disappearance may be a good therapeutic target.

Another example of host-induced modifications in microbiota
that lead to increased severity of disease is the mouse model of
Salmonella-induced gastroenteritis. Although this model requires
antibiotics, the inflammation that results in further changes in
the microbiota are required for the expansion of the Salmonella
population. This was clearly demonstrated by investigating the
colonization patterns of a Salmonella enterica mutant unable to
induce inflammation. This bacterium demonstrated an explosive
increase in colonization when co-colonized with its isogenic wild-
type strain that caused inflammation or in mouse models of spon-
taneous colitis, including IL107" and VILLIN-HA®“¢P8 mjce.4
Changes in microbial population preceded diarrhea indicating
that host-induced changes in the microbiota were independent
of diarrhea.® Inflammation in response to Salmonella infection
also resulted in the expansion of the population of Clostridium
perfringens which itself is a known inducer of intestinal damage.**
The components of the inflammatory response required for the
disruption of the microbiota and expansion of Salmonella are not
yet known. This virulence strategy of Salmonella enterica may be a
therapeutic target for cases of Salmonella induced gastroenteritis.

The host has developed numerous mechanisms to be toler-
ant to the microbiota by developing mechanisms to regulate
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inflammation, including the Tregs and IL-10 discussed above to
prevent host-induced disruptions of the microbiota. Inflammation
also results in changes in bacterial localization as detected by flu-
orescence in situ hybridization (FISH) in inflammation induced
by DSS and in IL-10 knockout mice as during inflammation the
population in the intestinal crypts are amplified."®> Why some
bacteria disappear in one case and not another (while others
thrive in an inflammatory state) might be dependent on whether
the host response involves the production of reactive oxygen
species (ROS) and nitric oxide, increased or reduced release of
antimicrobial factors, changes in mucus production and secre-
tion and infiltration of neutrophils along with antimicrobial mol-

ecules into the intestinal lumen.'?°

Future Prospects and Challenges

It is essential that we regulate our microbiota to maintain health.
In rats a diet deficient in vitamin A resulted in changes in the
expression of innate immunity-related genes including mucin
dynamics, characterized by decreased MUC2 expression and
increased MUC3 expression, as well as reduced defensin 6 expres-
sion. These changes in the mucosal immune response resulted
in an overall increase in bacterial load and a relative decrease
of Lactobacillus spp. as well as a concurrent increase in the E.
coli population.'”’ It is clear that regulation of the microbiota is
important to surgical outcome. When there is trauma the fluc-
tuations in the gut ecosystem can result in sepsis as the gut is a

major origin of sepsis.'?®

Understanding what host factors cause
disruption in the gut microbiota may lead to insights into how
to modulate the gut microbiome with pre, pro and synbiotics to
improve outcome of surgical patients. We must also recognize
that when we disrupt the microbiota through the use of antibi-
otics, we must consider how this will affect the host’s ability to
regulate the remaining microbial population.

There are a number of challenges that will have to be over-
come in understanding the ecology of the gastrointestinal micro-
biota. While inferences can be made between host-microbial
interactions across animal species because the same main phyla,
Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria are
present,*®
recently been shown to be critically important to the regulation

this can present challenges. For example, SFB have

of the Th17 response in the mouse gut, and would be considered
a normal colonizer.?? While this important role of SFB in mice
is a great advance in the understanding of the host-microbial
interaction, SFB are not normal colonizers of the human gastro-
intestinal tract. It is likely that there are other microbes serving
equivalent roles, however, it will be an added challenge to iden-
tify them.

Another major challenge in the study of the host-microbial
relationship is the continuous dialogue and interdependency
between host and microbe. How a microbe interacts with the
host and in turn how the host responds to that microbe is depen-
dent on co-colonizers”® While gnotobiotic models give some
insights into the host-microbe relationship, the development of
immune structures within the gut and a balanced inflamma-
tory response are regulated by diverse colonizers, therefore how
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the host responds to colonization by a single organism can be
misleading. Determining the sequence of events leading to the
imbalance of the microbiota and inflammation will be a difficult
task. It is possible that the imbalanced microbiota is the result of
a mutation or a mutation could lead to inflammation thus result-
ing in an imbalanced microbiota.

It is clear that the host plays an important role in shaping the
microbiota in health and disease, however, our understanding of
the mechanisms involved in maintaining a balanced microbiota
and host factors that are involved in disrupting the microbiota
are still rudimentary. Future advances will depend on the uti-
lization of knockout models, to characterize the microbiota in
an in depth manner and to dissect the localization of different
bacteria. A concerted effort joining the forces of microbial ecolo-
gists with expertise in immunology will have to investigate the
timing of microbial disruption in comparison to immunological
changes. A greater understanding of the mechanisms through

which the host regulates the microbiota in both health and dis-
ease will give new insights into the ecology of the microbiota as
well as strategies to regulate the microbiota to maintain or regain
a healthy state.
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