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Review Article

Interplay between Intestinal Microbiota and Host Immune System
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Whether we are aware or not, diverse microorganisms are living on almost all environmentally exposed surfaces on

our body without eliciting harmful immune responses. In fact, recent understanding from numerous studies indicates

that our health is highly dependent on the contribution of intestinal commensal bacteria. It appears through its symbiotic

interaction with the host, which is the result of millions of years of co-evolution, the microbiota shapes the immune

system. In this review, we discuss the relationship between host physiology and commensal bacteria and explore the

molecular mechanisms by which the adaptive immune system is influenced by the intestinal microbiota.
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I. Introduction

Bacteria have inhabited Earth for two billion years and
populated almost every location on our planet. Although we
have a little knowledge of how indigenous microorganisms
began associating with the animals, including humans, it
seems that the bacterial community adapted to colonize
nutrient-rich niches within the host. In turn, the microbial
ecosystem has been established in mammals to help digest
complex carbohydrates and provide essential nutrients to
mammals. To thrive within the host, the microbiota have
evolved to play an irreplaceable role in the host health for
their mutual benefit. This relationship between microbiota
and their host could be viewed by a term of symbiosis and
the microbes are called as symbionts. In contrast, certain
commensal microbes, while possibly providing some benefits
to the host homeostatic conditions, may cause diseases
under certain genetic and environmental conditions. These

microbes have been termed as pathobionts (1, 2). It is

widely accepted that the microbiota contains a balanced
composition of symbionts and pathobionts under normal
condition. An unnatural shift in the composition of the
microbiota, called dysbiosis, was observed in many other
diseases as well as autoimmune diseases (3). Western
societies display a decreased prevalence of many infectious
diseases that is a result of improved hygienic practices as
well as the development of antibiotics and vaccination.
Interestingly, there is obvious increase in the incidence of
non-infectious immune disorders such as autoimmune
diseases and allergic responses (4). This inverse correlation
implies that the environmental changes resulting in a
disruption of commensal microbial communities may be a
potential cause of dysregulation of immune system.

The immune response is charged with the responsibility
to distinguish between self and non-self. With the fact that
numerous microorganisms are colonized on variable surfaces
of the host, host immune system has been evolutionally
forced to develop the ability to distinguish between

commensal microbiota (considered as self) and pathogens.
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The host has evolved several mechanisms to obtain
immunological ignorance to commensals. The production
of thick mucus layer that overlie the intestinal epithelium is
the first barrier to prevent the access of microbes (5).
Symbiotic bacteria promote the secretion of antimicrobial
proteins by gut epithelial cells for limiting bacteria pene-
tration across the epithelial barrier (5, 6). Intestinal dendritic
cells (DCs) can retain small numbers of live commensals,
which allow DCs to selectively induce immunoglobulin A
(IgA) and help sequestering enteric bacteria in the gut
lumen (7). The luminal compartmentalization (the mucus
barrier, antimicrobial proteins and secretory IgA) is an
essential determinant of symbiotic host-microorganism
relationships to avoid over-activation of immune response
against commensals (5). Colonization resistance is another
mechanism that the intestinal microbiota protects itself by
establishing the relatively stable microbial ecosystem to
resist subsequent colonization by invading foreign microbes
(8). Moreover, the development of the adaptive immune
system allows for further pathogen discrimination and
maintenance of mucosal homeostasis. Interestingly, recent
studies suggest that commensal microbiota have actively
involved in the development of adaptive immune responses
by programming many aspects of CD4+ T cell differentiation,
that extends beyond regulating microbial communities. This
article will review relevant studies about the effect of the
microbiota on human health and the role of the microbiota
on the development of adaptive immune responses. The
understanding of these phenomena may lead us to develop
novel therapy to prevent and cure numerous immunologic

diseases.

II. Understanding the human microbiota

We encounter the tremendously diverse microbial
communities over the course of our lives starting with a
birth. Immediately after birth, newborns are exposed to and
rapidly colonized by microbes from the environment. The
microbial diversity in the infant gut is initially very low
and then is dramatically increased depending on dietary

shift and differential exposed environment over the first
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few years of life (9). Colonization and diversification occur
within time in the various microbial habitats of the body
and the differences in the microbiota composition exist
among individuals (9). It is thought that during this period
the host immune system is learning to distinguish between
commensal and pathogenic microbes. In adults, the stable
microbiota are assembled depending on body surfaces and
then homeostasis is achieved by the symbiotic interaction
between host and microorganisms. The microbial ecosystem
in the body is dynamic in response to external environment
to maintain homeostasis. The disruption of these microbial
communities may lead to the dysregulation of the homeo-
stasis between humans and their commensals and possibility
alter disease susceptibility.

Although the microbiota has long been considered as a
critical factor for human health, technologies in the laboratory
were limited to cultivatable bacteria, which are a minority
of the microbiota. The development of molecular profiling
methods, including high-throughput sequencing of microbial
16S ribosomal RNA genes have allowed complex microbial
communities to be characterized more comprehensively.
Recent efforts such as the Metagenomics of the Human
Intestinal Tract (MetaHIT) consortium and Human Micro-
biome Project (HMP) have revealed the majority of the
microbiota in several anatomical locations including skin,
mouth, intestine and urogenital tract of our bodies by
culture-independent analysis (10, 11). The knowledge from
these trials provides insights about human microbiome
composition, carrying implications into host-microbial and
microbial-microbial interactions. Several signature findings
from these projects were observed and a map of human
microbiome diversity in particular body sites was generated
(12). The gastrointestinal tract is the place for the most
abundant and various microbiota among our body habitats.
Mammalian host harbors average more than 10"'~10"
microbial cells per gram colonic content and composed of
more than 1000 distinct bacterial species (13). The com-
position of the gut microbiota considerably varies between
individuals. The human intestinal microbiota is similar to
the microbiota of other mammals at the phylum level but

distinct at the species and strain levels (12). The most
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predominant intestinal phyla are the Bacteroidetes and the
Firmicutes (10, 12). The intestinal Firmicutes are Gram-
positive bacteria that are consisting of species the Clostridia
class, Enterococcaceae and Lactobacillaceae families. In-
testinal Bacteroidetes are Gram-negative bacteria comprised
of several Bacteroides species. The relative proportions of
these two phyla in the gastrointestinal tract have been
shown to strongly correlate with states of human health and

disease.

II1. The microbiota in diseases-studies from
model systems

Germ-free (GF) animals are born and raised in the
absence of microbes, which allows for insights into the
impact of the commensal microbiota on host health (14).
Studies of GF mice have shown that the gut microbiota
affects the metabolism of nutrients, neurologic responses
and the development of immune system. GF animals require
30% more calories to maintain their body weight, comparing
those with the microbiota (15). It indicates that the gut
microbiota is necessary for host metabolism and digestive
efficiency. Recent reports demonstrate that GF mice display
increased motor activity and reduced anxiety-like behavior,
suggesting the microbiota modulates brain development
and behavior (16). Most of all, GF animals have severe
defects in the development of gut-associated lymphoid
tissue (GALT). GF mice display developmental defects in
tissue formation including: fewer and smaller Peyer's
patches, reduced number of IgA-secreting plasma cells, and
smaller mesenteric lymph nodes (13, 17). Intestinal epithelial
cells express reduced expression of Toll-like receptors
(TLRs) and class II major histocompatibility complex
(MHCII) molecules in the absence of the microbiota (13,
17). Moreover, GF mice also display reduced numbers of
CD4+ T cells in the lamina propria and spleen. The micro-
biota also influences pathogen clearance, so GF mice are
more susceptible to infectious agents such as Citrobacter
rodentium and Campylobacter jejuni (18). Therefore, the
contribution of the microbiota to the development and

function of the immune system appear to be fundamental.
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Figure 1. Gut dysbiosis are associated with human diseases.
The microbiota in the mammal gastrointestinal tract can divide to
pathogenic and beneficial bacteria called pathobionts and symbionts
respectively. A healthy microbiota contains a balanced composition
of pathobionts and symbionts. If there is an unnatural shift in the
composition of the gut microbiota, gut dysbiosis, can lead to in-
testinal inflammation, many other diseases and autoimmune
diseases.

In addition to its roles in the development of host
immune responses, the intestinal microbiota influences on
the development of many other disorders. Dysbiosis of gut
microbial communities is observed in several diseases such
as gastrointestinal diseases, obesity and autoimmune diseases
(Fig. 1). The compositional change of the gut microbiota
was observed in patients with inflammatory bowel disease
(IBD), although this change could be either the cause or
the result of aberrant inflammation (13, 19). It is widely
accepted that human IBD is not caused by a specific
pathogen, but by an immune system imbalance that is
associated with gut dysbiosis. In animal studies, the transfer
of microorganisms from IBD mice was sufficient to induce
experimental IBD (20, 21). Recent interesting studies have
shown that western-diet can be one of the inducing factors
for dysbiosis. Dietary fat influences the composition and
complexity of the gut microbiota by favoring the growth of
a pathobiont, Bilophila wadsworthia (22). It contributes to
induce the development of inflammatory bowel disease in
genetically susceptible animals (22). Dysbiosis has been also
implicated in the development of extra-intestinal disorders.

The altered composition of the gut microbiota, which leads



to altered fermentation and increased energy harvest, was
reported in obese animals. Studies have shown that obese
mice have more Firmicutes and fewer Bacteroidetes than
genetically lean siblings (23). When GF mice are colonized
with the microbiota from obese mice, they gained more
mean body fat than with the microbiota from lean mice
demonstrating the transmissibility of metabolic phenotype
(23). Consistent with this observation, the proportion of
Bacteroidetes in the microbiota of obese people is lower than
that of lean people (24). The contribution of the microbiota
to promote autoimmune diseases, which are mostly caused
by the dysregulation of adaptive immune system, has been
studied by animal models. It appears that the colonization of
segmented filamentous bacteria (SFBs), a pathobiont, leads
to the development of autoimmune arthritis (K/BxN mouse
model) and experimental autoimmune encephalomyelitis
(EAE; an animal model for multiple sclerosis) (25, 26). It
clearly shows that alterations in the normal intestinal

microbiota can affect systemic immune-mediated diseases.

IV. The microbiota and microbial metabolites-the
function of CD4+ T cells

Anti-inflammatory roles of the microbiota and

metabolites; Treg cells

Regulatory T cells (Tregs) are critical towards maintaining
immune balance and restricting aberrant inflammation (13,
17). A human commensal, Bacteroides fragilis, has revealed
its ability to induce IL-10, an anti-inflammatory cytokine,
production among Tregs in the colon (27). B. fragilis
expresses a capsular polysaccharide A (PSA) which directs
Treg development to prevent inflammation in experimental
models of colitis and EAE (28, 29). It appears that PSA
induces the production of TGFB2 and acts directly on CD4+
T cells by TLR2 signaling (27, 30). Among the indigenous
microbiota in the murine colon, the genus Clostridium
clusters IV and XIVa are also reported as an inducer of
colonic Tregs. The colonization of GF mice with a defined
mixture of 46 strains of Clostridium from conventional mice
sufficiently induces Tregs (31). Although the determinant of

Clostridia inducing Tregs is not clear, Clostridium species
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influence the differentiation of Tregs via epithelial cell-
derived TGFB1 (31). The effect of Clostridium was in-
dependent of several bacterial associated pattern recognition
receptors and Treg cells induction occurred in mice deficient
in MyD88 (a signaling adaptor molecule for Toll-like
receptors), Rip2 (an adaptor molecule for NOD receptors)
and Card9 (a key transducer of Dectin-1 signaling)-mediated
signaling pathways (31). In similar mechanism, 17 strains
within clusters IV, XIVa and XVIII of Clostridia provide
bacterial antigens and TGFp rich environment to help
expansion and differentiation of Treg cells in human (32).
Therefore, it indicates that genera from disparate phyla have
evolved distinct mechanisms to influence the development
of Treg cells (Fig. 2).

It has long been appreciated that commensal bacteria are
necessary for digestion of fibers. The breakdown and
fermentation of polysaccharides into short-chain fatty acids
(SCFAs) is a reserved role by the microbiota despite the
microbiota variability between different individuals. 5~10%
of the total calorie requirement of humans is dependent on
the SCFAs produced by indigenous bacteria (33). Recent
reports have found the molecular mechanisms that SCFAs
(acetic acid, propionic acid and butyric acid) mediates
development of Treg cells in the intestine, although the
mechanism by these three SCFAs is slightly different. The
administration of acetate and propionate increases total
number of Treg cells in the colon, which is mediated by
the signaling of G-protein coupled receptors (GPR) 43 (34).
Butyrate leads to the generation of colonic Tregs from
naive CD4+ T cells by the inhibition of histone deacetylase
(HDAC) (Fig. 2) (35~37). The orally administrated SCFAs
confer protection in T cell dependent colitis models (34, 35).
Given the production of SCFAs by Clostiridia colonization
was observed, it is highly possible that these bacteria might
be using SCFAs-mediated mechanism to induction of Tregs
in the intestine (35). Intestinal bacterial metabolites and
microbial components are an important communication tool
between the host immune system and the microbiota to

establish mutualism.
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Figure 2. Immunomodulatory members of the gut microbiota and microbial metabolites regulate the function of CD4+ T cell subsets.
B. fragilis or Clostridium spp. promotes the induction of Tregs in colonic laminar propria via PSA-TLR2 signaling or the secretion of TGF1
respectively. SCFAs mediate the proliferation and induction of Treg cells in colon through distinct mechanism; GPR43 or HDAC inhibitory
activity. Commensal bacteria derived-extracellular ATP induces the differentiation of Th17 cells in colon. Colonization of SFBs promotes
the development of Th17 cells in laminar propria of small intestine by inducing the production of SAA.

The microbiota and metabolites inducing the effector

immune responses; Th17 cells

IL-17 producing effector CD4+ T cells (Th17) are
important for the protection against extracellular pathogens
and dysregulation of Th17 cells promotes the development
of inflammatory disorders and autoimmune diseases (13,
17). Extracellular adenosine 5'-triphosphate (ATP) is known
to induce the differentiation of Th17 cells in intestinal
laminar propria (38). ATP is a product of the intestinal
microbiota activity, as there are reduced fecal levels of ATP
in GF mice and high ATP concentrations were detected in
the intestinal contents of conventionally colonized mice. The
addition of the supernatants of in vitro cultured intestinal
commensal bacteria enhances the differentiation of Th17
cells, which is inhibited by the presence of the ATP
degrading enzyme (38). It seems that intestinal lamina

propria CD70"CDI11C" cells preferentially induce Th17
cells in response to ATP stimulation (Fig. 2) (38). Thereby,
extracellular ATP is one of the factors to induce Th17 cells
derived from commensals, although it is not likely ATP is
produced by certain specific microorganism.

SFBs are Gram-positive anaerobic bacteria with highly
reduced genome (39, 40). The complete genome of SFBs
shows that some metabolic functions are highly dependent
on the host and it explains why these bacteria cannot be
cultured. SFBs are specifically colonized in small intestine
starting at the time of weaning (41, 42). Physical association
with intestinal epithelial cells makes SFBs highly effective
in stimulating the mucosal immune system (43). Coloni-
zation of GF mice with SFBs promotes the production of
antimicrobial peptides, pro-inflammatory cytokines, and
IgA secretion by B cells (44). Most interestingly, SFBs
specifically induce IL-17 producing CD4+ T cells in terminal



ileum (45, 46). Intestinal colonization with SFBs changes
the several gene expression profiles of the host cells in the
intestine. It appears that serum amyloid A (SAA) induced
by SFBs in the terminal ileum can stimulate intestinal DCs
to produce IL-6 and IL-23, in which both cytokines are
important for Th17 cell differentiation (45). SFB-mediated
Thl7 cell differentiation occurs through a mechanism
independent of ATP signaling (45) (Fig. 2). SFB-colonized
mice can restrict infection by murine pathogen C. rodentium,
suggesting these bacteria participate in the barrier function
(45). Given SFBs are endowed with pro-inflammatory
properties by inducing Th17 cells, SFBs have emerged as a
pathobionts model system. The outcome of SFBs-host
interactions depends on the immune status or genetic pre-
disposition of the host, as SFBs have been associated with
the development of intestinal inflammation and autoimmune
diseases (25, 26). Together with a defined microbiota
mixture, SFBs can induce colitis in animal models (47). It
also reported that the colonization with SFBs promotes the
development of autoimmune arthritis and EAE (25, 26).
Therefore, particular subset of bacteria from commensal
influences systemic immune responses, not only gut immune
responses. Further investigations are needed to establish
the molecular basis of SFBs-mediated Th17 differentiation.

Probiotics

The term probiotics is used to describe microorganisms
that provide health benefits to host when consumed by diet.
The induction of Tregs by probiotics is highlighted by the
amelioration of inflammation and diseases, although it has
an effect on several cell types including epithelial cells,
DCs and T cells. It is reported that Bifidobacterium breve
can induce IL-10 producing CD4+ T cells in the colon by
activating intestinal colonic CD103'DCs to produce IL-10
via the TLR2-MyD88 pathway (48). Treatment of mice with
the probiotic mixture VSL#3 (a mixture of Bifidobacteria,
Lactobacilli and Streptococcus salivarius) or the probiotic
strain Lactobacillus reuteri increases the percentage of
Tregs in colon (49). The administration of these probiotics
has an effect on suppressing intestinal inflammation in

several experimental colitis models (48, 49). It seems that
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the probiotics also has protective effects on allergic
responses in lungs and alleviates the symptom of atopic
dermatitis in animal model, although these effects have not
been demonstrated in human studies (50, 51). Therefore,
further studies to define molecular mechanism are required

for medical practice or therapy.

V. Conclusions

We are just now beginning to understand the nature of
our relationship with these microbes, making this an
exciting time for human microbiota studies. These studies
will include large scale techniques that are capable to do
both basic biological studies and translational studies. More
intensive investigations are now required to understand the
interaction between microbiota and human health in many
ways. The first step is the understanding stable and diverse
microbial community within an individual through time
and it can lead to identify personalized human microbiome.
The studies to understand the molecular mechanism of the
microbiota to regulate host immune system are also needed.
These insights may enable the prediction of disease onset
and progression and develop therapy, when the disturbance
events such as diet shifts, antibiotic use, surgery, drug
treatments or transplantations perturb the microbiota human-
microbe relationship. It can lead to manipulate and
reconstitution of the microbiota to re-establish healthy and

stable microbial community.
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