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Abstract Host organisms live in intimate contact with indigenous microflora. The
interactions between the host and commensal microbiota are highly complex and het-
erogeneous. A growing body of evidence indicates that commensal symbionts provide
many benefits to the host physiology, particularly in the gastrointestinal system. The
molecular mechanisms of the mutualistic interactions between the host and commen-
sals are largely unknown but can be due either to bioactivity of the commensals or
to the reaction of the host immune system to the commensal-derived products. Re-
cent advances in our understanding of the innate immune system allow re-evaluation
of some of the older findings regarding the mechanisms of benefits conferred by
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microflora. Here we review the examples of the benefits of host–commensal interac-
tions that are due to recognition of commensal microbial products by the host innate
immune system.

1
Introduction

All metazoans are engaged in complex interactions with microorganisms.
The nature of these interactions can range from highly antagonistic to mu-
tually beneficial and is determined by evolutionary adaptations of the host
and the microbial species. Depending on the outcome of the interaction, the
microorganisms are referred to as pathogens, if the interaction results in
a loss of fitness of the host, or commensals, if the interaction is either ben-
eficial or neutral for the host. It is generally thought that the host immune
system protects from infection by pathogens but somehow avoids responding
to commensals, as such responses can be detrimental under certain condi-
tions. This view presupposes that there is something fundamentally different
in the way the immune system deals with commensals versus pathogens. The
problem with this view, however, is that the distinctions between commen-
sal and pathogenic microbes are often arbitrary, as the ability to cause the
disease is not always dependent on characteristics intrinsic to the microor-
ganisms. Further complicating the matter is the fact that the receptors used
to sense infection by the innate immune system do not discriminate between
pathogens and commensals. This raises several important questions regard-
ing the nature of the interactions between commensal microflora and the host
innate immune system and the mechanisms that regulate these interactions.
Indeed, the failure of mechanisms that regulate intestinal immune responses
can lead to a variety of immunopathologies, including the development of
inflammatory bowel disease (IBD). Nevertheless, several aspects of metazoan
physiology,mostnotablyof thegastrointestinal system,have clearly coevolved
with, and are dependent upon, mutualistic interactions with indigenous mi-
croflora.

The aim of this review is discuss the benefits of the indigenous microflora
on host biology, especially in the intestine. Emphasis is placed on what is
known about the mechanisms by which these benefits occur. In particular
we highlight evidence that suggests that recognition of microbes by Toll-like
receptors (TLRs) plays a role in mediating host–microbe mutualism.

The life histories of plants and animals are replete with mutualistic rela-
tionships with the microbial world. Most complex metazoans are colonized
with a consortium of microorganisms comprising an indigenous microflora.
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In some cases, the host dependence on symbionts can be truly remarkable.
In the plant kingdom, infection of legumes, such as soybeans, by the gram-
negative Rhizobium leads to root nodulation allowing for the fixation of N2

by the bacteria, thus providing the host plant with selective advantage in
soils with nitrogen deficiency (Fisher and Long 1992). The benefits of mi-
crobial colonization of insects leads to increased nutritional sources (Dillon
and Dillon 2004), protection from infection with enteropathogens (Dillon and
Dillon 2004), and increased life span (Brummel et al. 2004). In the symbiosis
between Vibrio fisheri and the Hawaiian sepiolid squid, Euprymna scolopes,
colonization leads to postembryonic development of the squid light organ
(Nyholm and McFall-Ngai 2004). The commensal microflora also plays a role
in the lives of other aquatic animals, as demonstrated in studies of axenically
derived zebra fish (Rawls et al. 2004) and of deep sea vent worms (Jeanthon
2000).

Host–microbe interactionsplayaprofoundrole in thebiologyofmammals.
Mammals are colonized with a diverse and abundant indigenous microflora. It
is estimated that 500–1,000 different species of 1014 microorganisms may col-
onize mammals such as rodents and humans, although the number of species
is most likely an underestimate (Sonnenburg et al. 2004). Commensal bacte-
ria colonize many organs of the mammal, including the gingiva, oropharynx,
skin, and genitourinary and respiratory tracts. However, the greatest density,
magnitude, and diversity occur in the gastrointestinal tract, particularly at
the large intestine. Since the original observation that microbial coloniza-
tion plays a role in the physiological development of rodents, 40 years ago
(Schaedler et al. 1965), numerous benefits of the indigenous microflora to
mammalian biology have been revealed. These benefits range from those af-
fecting metabolism, development, or various organ systems to tolerance to
mucosal antigens and resistance to infection (Berg 1996).

There have been three ways in which the role of the commensal microflora
in mammalian biology has been assessed. The most common is the compar-
ison of conventionally raised animals with those that are germ-free, reared
in positive-pressure isolators after being delivered by sterile Cesarean sec-
tion. In gnotobiotic studies, germ-free animals are colonized with a known
species or group of species of microorganisms. A third, and very different,
approach to study the affect of the commensals on host biology is to deplete
conventionally raised mice of their microflora with antibiotics. Although this
approach has the advantage of being able to assess the effect of the microflora
on animals with normal development, a caveat is the inability to determine
the effectiveness of the depletion of commensals because of the inability to
culture or identify the majority of microfloral species.
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2
Different Types of Host–Microbial Mutualism

Despite the enormous benefits of microorganisms in host biology, relatively
little is known about the molecular details of host–commensal interactions.
Until recently, it was thought that the majority of benefits provided by the
microflora were conferred because of the “bioactivity” of commensals. Two
well-known examples of this type of benefits are the roles of indigenous
symbionts in energy and nutrient utilization and in resistance to infection
by pathogens. In the former, bacterial enzymes, such as those that process
polysaccharides normally indigestible by host enzymatic machinery, allow
for emergent carbon sources. In the latter, the indigenous flora helps to pre-
vent infection by pathogens by production of antimicrobial compounds or
competing for niches necessary for infection.

In addition to these contributions to host biology, recent studies have
revealed that commensals and the host are engaged in a much more
intimate and complex interactions. Both in vitro and in vivo studies
using human intestinal epithelial cell lines have revealed a role of non-
pathogenic species of bacteria in the regulation of host cell signaling.
An unidentified factor produced by nonvirulent Salmonella strains was
shown to inhibit IκB degradation and NF-κB activation by blocking IκB
polyubiquitination (Neish et al. 2000). Recently, the nonpathogenic PhoPc

Salmonella mutant was demonstrated to increase nuclear localization of
β-catenin by inhibiting its ubiquitination and proteosomal degradation
(Sun et al. 2004, 2005). Kelly et al. have shown that the intestinal symbiont
Bacteroides thetaiotamicron may regulate the NF-κB pathway by mediating
nuclear export of RelA via a PPARγ-dependent mechanism (Kelly et al.
2004).

Elegant studies by Hooper et al. have characterized a system of bidirec-
tional communication between B. thetaiotamicron and intestinal epithelial
cells (Hooper et al. 1999). In this relationship, the bacteria upregulate the
expression of α1.2-fucosyltransferase in the host cell, which leads to the ap-
pearance of fucosylated glycans on the ileal epithelium. The bacteria utilize
the fucose residue as an energy source, and in addition fucose levels feed
into a regulatory operon in which high fucose levels repress the signal to the
epithelium stimulating fucosylated glycan synthesis.

Thus nonpathogenic bacteria and intestinal symbionts have the capacity
to interact with and modulate NF-κB and β-catenin signaling and metabolic
pathways in host cells. NF-κB plays a critical role the inflammatory response,
and β-catenin is an essential regulator of intestinal epithelial proliferation and
differentiation. Although the physiological role of commensal-mediated reg-
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ulation of this pathway is not known, it likely contributes to the maintenance
of intestinal tissue homeostasis.

Recent studies in mice have revealed that recognition of the indigenous
microflora by TLRs, best known for their role in host defense from infection,
may be responsible for mediating some of the benefits of colonization by the
indigenous microflora (Araki et al. 2005; Cario et al. 2004; Fukata et al. 2005;
Pull et al. 2005; Rakoff-Nahoum et al. 2004). TLRs recognize conserved molec-
ular products present on microorganisms. Ten to fifteen different TLRs have
been identified in mammals. A number of TLR ligands have been identified so
far, including TLR2 ligands lipotechoic acid (LTA) and bacterial lipoprotein
(BLP), TLR4 ligand LPS, TLR3 ligand double-stranded RNA, TLR5 ligand
flagellin and TLR9 ligand hypomethylated CpG DNA. TLRs signal through at
least four adaptor molecules, MyD88, TRIF, TIRAP, and TRAM. Downstream
signaling leads to the activation of NF-κB, IRFs, and MAP kinase pathways
(Takeda et al. 2003).

3
Host–Microbe Mutualism in Mammals: Benefits and Mechanisms

3.1
Metabolism and Energy Utilization

The metabolic activity of the indigenous gastrointestinal flora has been de-
scribed as equaling that of the liver (Berg 1996). Among many other abilities,
commensals produce short-chain fatty acids (SCFA), synthesize vitamin B12,
anddeconjugatebile acids.Compared to conventionally raisedanimals, germ-
free animals show defects in vitamin synthesis (including, biotin, folate, and
vitamins B and K), bile acid transformation, carbohydrate and fatty acid
digestion, synthesis of SCFA, xenobiotic transformation, and other signs of
metabolic deficiencies (Berg 1996; Midvedt 1999; Savage 1986). Many of these
benefits are indeed mediated by the novel enzymatic bioactivity of the indige-
nous flora. However, recent studies by Backhed et al. reveal that some of the
effects of intestinal symbionts on host metabolism may be due to regulation of
host metabolic enzymes (Backhed et al. 2004). Conventionalization of germ-
free mice led to adipogenesis and increased insulin resistance, revealing a role
of the microflora in positively regulating fat storage. Gene expression analysis
revealed that the microbiota suppressed the expression of fasting-induced
adipocyte factor (Fiaf) by intestinal epithelium, which was partly responsible
for this phenotype. It is not known how colonization leads to the modulation
of the expression of this factor by the intestinal epithelium.
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3.2
Organ Development

Many organs, including the heart, liver, spleen, and adrenal glands, are un-
dersized in germ-free rodents. Blood volume is decreased in these animals,
perhaps leading to the decreased cardiac output and peripheral blood flow ob-
served (Berg 1996; Savage 1977). Germ-free animals compared to those either
conventionally raised or colonized with known species of bacteria show many
differences in intestinal anatomy and morphology. Germ-free animals have
decreased intestinal mass and surface area, thinner villi, and decreased rates
of peristalsis. Intestines show compromised development of the vasculature
(Stappenbeck et al. 2002) and abnormalities in glycosylation patterns, mucin
production, and proliferation and differentiation of epithelial cells (Banasaz
et al. 2002; Gordon et al. 1997). It is not currently known how the commensal
microflora mediates these developmental changes.

3.3
Development of the Mucosal Immune System

The commensal microflora has a profound effect on the gut-associated lym-
phoid tissue (GALT). The GALT can be subdivided into three main sections,
lymphoid follicles such as Peyer’s patches, lamina propria (LP), and intraep-
ithelial (IE) compartments, all of which require the commensal microflora for
aspects of normal development (Jiang et al. 2004; Macpherson et al. 2001).

Compared to conventionalized or gnotobiotic animals, those raised under
germ-free conditions have smaller, underdeveloped Peyer’s patches, which
lack germinal centers. Perhaps one of the most striking effects of the com-
mensal microflora on the GALT is the expansion of IgA-secreting plasma cells
in the lamina propria and the increased secretion of intestinal IgA that may
contribute to the natural antibody pool (Jiang et al. 2004; Macpherson et al.
2001). In rabbits, commensal microflora induce the somatic diversification of
the primary antibody repertoire (Lanning and Knight 1998). The number of
total CD4+ T cells and the ontogeny of mucosa-associated invariant T cells
(MAIT) present in the lamina propria are commensal dependent (Treiner et al.
2003). Germ-free mice show a reduction in CD8α+ αβTCR+ T cell numbers
in the IEL (Umesaki et al. 1993) compartment, but no difference in CD8α+

γδTCR+ T cells (Bandeira et al. 1990).
Given their known role in the immune system, it would seem likely that

TLR signals induced by the commensal microflora may be important in the
development of the mucosa-associated lymphoid tissue of the intestine. How-
ever, in initial analyses of adult animals, mice deficient in MyD88, TLR2, or
TLR4 do not show gross abnormalities in the development of Peyer’s patches,
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differences in the morphology of small or large intestinal villi, or phenotype
of intraepithelial lymphocytes with regard to αβ vs. γδ TCR and CD4 vs. CD8α
surface expression (Iiyama et al. 2003).

However, on further analysis, significant differences were noted in the size
of Peyer’s patches at 2 weeks of age between TLR4−/−, but not TLR2−/−, and
WT mice (Iiyama et al. 2003), suggesting that TLR4-dependent signaling by
ligands present during this early postnatal stage may be important for Peyer’s
patch development but may be compensated for later by other mechanisms.

A more focused analysis of small intestinal intraepithelial lymphocytes
revealed decreased numbers of CD8αα TCRα+ IEL in various strains of mice
deficient in TLR4 signaling (Kaneko et al. 2004). Investigation into the mech-
anism causing this reduction of IEL subset revealed diminished IL-15 expres-
sion in isolated intestinal epithelium from TLR4-deficient mice. This suggests
that the mechanism of commensal-dependent development of certain subsets
of intraepithelial lymphocytes, whether of thymic (Eberl and Littman 2004)
or extrathymic (Lefrancois and Olson 1994; Rocha et al. 1994; Saito et al. 1998;
Umesaki et al. 1993) origin, may actually be due to constitutive signaling of
TLR4 in the intestine induced by the commensal microflora.

Thus in the mouse, TLR-mediated signals are important in various aspects
of the development of intestinal lymphoid tissue. It is unknown what role
commensal-TLR interactions play in GALT development in humans, given
the differential programs of GALT organogenesis between these two species
(McCracken and Lorenz 2001).

3.4
Regulation of Host Immune Responses

3.4.1
Positive Regulation

The commensal microflora plays an important role in the induction and
regulation of immune responses, both systemically and locally. Germ-free
animals show defective induction of peripheral delayed-type hypersensitivity
to sheep red blood cells (MacDonald and Carter 1979) and antibody responses
to haptenated antigens (Bos and Ploplis 1994; Ohwaki et al. 1977)). In vitro
studies of splenic and peritoneal macrophages from germ-free mice showed
decreased proliferation, MHC class II expression, and production of IL-1,
IL-6, and IL-12 (Nicaise et al. 1998, 1999). Peritoneal macrophages from germ-
free rats showed defects in chemotaxis (Jungi and McGregor 1978), whereas
those from bronchoalveolar lavage were found to have decreased lysosomal
enzyme activity (Starling and Balish 1981). Germ-free mice show decreased
lytic activity of natural killer cells (Bartizal et al. 1984). It is not known how
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the indigenous microflora mediates these functions; however, a role for TLRs
is likely given that such TLR signaling is known to activate many of these
events.

3.4.1.1
IgA Immune Responses

Association of germ-free animals with known species of commensal bacteria
leads to germinal center reactions in Peyer’s patches in which B cells become
committed to the production of IgA. Studies of the antigen specificity of the
IgA revealed that the commensal microflora may be inducing IgA specific to
commensal antigens (specific IgA) and also nonspecific IgA, termed “natural
IgA” (Bos et al. 2001; Macpherson and Uhr 2004). Analysis of the relative
proportions of commensal-specific and natural IgA of the monoassociated
germ-free mice demonstrated that the overwhelming majority of IgA was not
specific to the commensals. For example, colonization of germ-free mice with
SFB results in the production of IgA of which only 1% is antigen specific to
the commensal (Talham et al. 1999).

These findings suggest polyclonal activation of the natural B cell pool. TLR
ligands, including LPS, are well known to be polyclonal activators of B cells
(Andersson et al. 1972; Armerding and Katz 1974). It is thus very likely that
ligation of TLRs either directly on B cells or on accessory cells (such as DC)
in the intestine, may be responsible for the polyclonal expansion of B cells
and production of intestinal IgA on conventionalization of germ-free animals
(Fagarasan and Honjo 2003; Jiang et al. 2004). Although the functions of the
natural IgA induced nonspecifically by commensals remain unknown and
controversial, it is possible that these antibodies function similarly to natural
serum IgM [although these are not commensal dependent (Haury et al. 1997),
acting as an early defense system, before the induction of an antigen-specific
immune response (Baumgarth et al. 1999; Ochsenbein et al. 1999)]. Thus this
may be another example in which a commensal dependent benefit to host
biology may be mediated by TLR recognition of the indigenous microflora.

3.4.2
Negative Regulation

Commensal microbiota may also be involved in negative regulation of certain
types of immune responses. Germ-free animals have been shown to have
defects in inducing systemic tolerance to orally administered foreign antigens
(Wannemuehler et al. 1982) and in the regulation of atopic response in the
intestine (Sudo et al. 1997; Tanaka and Ishikawa 2004).
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3.4.2.1
Oral Tolerance

A role of TLRs in inducing systemic tolerance to oral antigens comes from two
lines of evidence. Unlike conventionally raised animals, germ-free BALB/c
mice given sheep RBC via gastric gavage were able to induce potent sys-
temic immune responses as determined by detection of high frequencies of
antigen-specific antibody (IgG, IgM, and IgA)-producing splenocytes on in-
traperitoneal immunization with antigen. When these germ-free mice were
given a single oral dose of LPS, they became hyporesponsive to systemic chal-
lenge (Michalek et al. 1982; Wannemuehler et al. 1982). The role of LPS in the
induction of oral tolerance was further suggested by similar studies in which
tolerance could not be induced in C3H/HeJ (LPS insensitive) compared with
C3H/HeN (LPS-sensitive) mice (Kiyono et al. 1982; Mowat et al. 1986). Both
the lack of oral tolerance in germ-free mice and the role of LPS in mediating
this tolerance were challenged by studies in germ-free and conventionalized
C3H/HeJ mice (Moreau and Corthier 1988) using OVA as fed antigen. How-
ever, these studies used a high dose of OVA, which is known to induce T cell
deletion rather than induction of regulatory T cells (Chen et al. 1995) and may
have been the mode of action in experiments using SRBC.

3.4.2.2
Regulation of Atopic Allergic Responses

The “hygiene hypothesis” suggests that the absence of microbial infection
may lead to the development of IgE-mediated atopic allergy by Th2-polarized
immune responses (Strachan 1989; Umetsu et al. 2002). It is hypothesized
that this may occur through the lack of microbial induced Th1 responses
and associated with increased Th2 responses, or by a defective generation
of immunoregulatory mediators such as regulatory T cells or interleukin-10
(Macpherson and Harris 2004). Evidence that the indigenous microflora may
play a role in regulating IgE responses comes from two lines of evidence:
studies in germ-free mice showing increased IgE response to antigen (Sudo
et al. 1997; Tanaka and Ishikawa 2004) and observations showing the relation-
ship between the composition of the intestinal microflora and the incidence of
atopic allergy in animal models and humans (Bjorksten et al. 2001; Kalliomaki
and Isolauri 2003; Kirjavainen et al. 2002).

A role for commensal-TLR interaction in the regulation of intestinal atopy
was first suggested by studies in which C3H/HeJ mice, compared to BALB/c,
showed severe anaphylaxis, antigen-specific IgE, and plasma histamine levels
on oral administration of both cow’s milk and peanut allergen (PNA) (Morafo
et al. 2003). Bashir et al. demonstrated that commensal-TLR signaling was
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responsible for inhibiting this IgE hyperresponsiveness (Bashir et al. 2004).
This was evidenced by increased levels of serum IgE in TLR4-deficient mice
compared to WT on oral administration of PNA. Antibiotic depletion of com-
mensals in WT mice phenocopied the high serum levels of IgE seen in TLR4−/−

mice and was reversed on feeding the mice with CpG oligonucleotides. Thus
it appeared that both TLR4 and TLR9 ligands on commensal microflora were
capable of inhibiting the IgE induced by oral allergen. In the intestine, im-
munostimulatory DNA from probiotic bacteria may act on TLR9 and mediate
anti-inflammatory effects in an animal model of colitis (Rachmilewitz et al.
2004). A recent report, however, questions the specificity of immunoregula-
tory DNA for TLR9, showing that germ-free mice fed nucleic acids devoid
of CpG motifs were able to skew intestinal immune responses to a Th1 bias
(Sudo et al. 2004).

3.5
Resistance to Infection with Pathogens

Studies in both germ-free animals and those depleted of commensals by
antibiotics have revealed a role of the indigenous microflora in provid-
ing colonization resistance, which helps to prevent infection of the host by
pathogenic microorganisms. In humans, a well-known phenomenon is the
diarrhea caused by Clostridium difficile overgrowth in the intestine follow-
ing the use of broad-spectrum antibiotics (Stoddart and Wilcox 2002). In
mice, oral administration of antibiotics leads to a decrease in the number
of pathogenic organisms, such as Vibrio and Shigella, required for effective
colonization (Freter 1955). Infection studies in germ-free mice have demon-
strated the beneficial role of the commensal microflora in protecting the host
from intestinal pathogens (Filho-Lima et al. 2000; Hudault et al. 2001)

Passive mechanisms may be particularly operative in colonization resis-
tance to infection by intestinal pathogens. Proposed passive mechanisms of
such protection include (a) niche competition, both for nutrients and ep-
ithelial attachment sites, (b) production of antimicrobial compounds, such
as colicins and microcins, and (c) production of metabolites that may be
unfavorable to the growth of intestinal pathogens.

However, recent studies have suggested that the intestinal microflora may
stimulate host cells in the intestine to produce antimicrobial factors, and this
may be one of the ways in which the flora mediates colonization resistance.
Paneth cells located at the base of small intestinal crypts, below the stem cell
zone (Brittan and Wright 2002; Marshman et al. 2002), may play an impor-
tant role in maintaining a sterile environment so as to protect the stem cell
niche. These cells contain apically oriented intracellular granules containing
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numerous factors with known antimicrobial effects such as phospholipase2,
lysozyme, α-defensin, and angiogenin 4 (Ouellette 1999). Comparisons of
genes induced in the ileum on conventionalization or monospecific associ-
ation of B. thetaiotamicron with germ-free mice identified upregulation of
a family of antimicrobial proteins known as angiogenins (Hooper et al. 2001,
2003). In particular, angiogenin 4 (which was specifically expressed in Paneth
cells on colonization of germ-free mice) was shown to have potent microbi-
cidal activity against the bacterial intestinal pathogens, Enterococcus faecalis
and Listeria monocytogenes. Interestingly this protein had very limited ability
to kill B. theatiotamicron itself.

How does the intestinal flora or a symbiont such as B. thetaiotamicron in-
duce the production or secretion of antimicrobial factors? Studies performed
on isolated intestinal crypts have suggested a role of TLR ligation on Paneth
cells in inducing degranulation. Contact with bacteria, both live and dead,
has been shown to induce degranulation of Paneth cells (Ayabe et al. 2000).
A role for TLRs and NOD proteins in inducing Paneth cell degranulation was
suggested by studies showing that degranulation can be induced in isolated
small intestinal crypts by various TLR and NOD ligands, such as LPS, LTA,
lipid A, and muramyl dipeptide (MDP) (Ayabe et al. 2000). The degranula-
tion results in a release of lysozyme, angiogenin 4 (Hooper et al. 2003) and
α-defensins (Ayabe et al. 2000). In addition, intraperitoneal injection of CpG
oligonucleotides was shown to result in Paneth cell degranulation and in-
creased expression of cryptdin-1 in isolated intestinal crypts. Consistent with
these findings, TLR9 was found to be expressed in Paneth cells of both murine
and human small intestine, located mainly at intracellular granules (Rumio
et al. 2004).

3.6
Maintenance of Tissue Homeostasis and Repair

The indigenous microflora may be important in maintaining barrier function,
epithelial integrity, and wound healing in many organs. Germ-free mice have
been shown to be extremely susceptible to nonspecific intestinal epithelial
injury (Kitajima et al. 2001; Pull et al. 2005). Ex vivo studies of rat bowel
loops revealed that some commensal bacteria (such as Lactobacillus brevis),
but not others (Bacteriodes fragilis, Escherichia coli), may maintain epithelial
integrity (Garcia-Lafuente et al. 2001). The commensal microflora may also
play a role in the maintenance of liver homeostasis after injury (Cornell et al.
1990). In various models, germ-free animals show defective healing after
intestinal resection (Okada et al. 1999), skin incision (Okada 1994), tooth
extraction (Rovin et al. 1966), and tongue injury (Rovin et al. 1965).
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The ability of the indigenous flora to produce (SCFA, which are known to
affect various aspects of intestinal epithelial cell biology, perhaps by acting
as an inhibitor of histone deacetylase, may be one way in which microbial
symbionts confer this benefit to the host (Blottiere et al. 2003; Sanderson
2004).

A new role for beneficial commensal-TLR interactions in protecting the
large intestine from injury has recently been suggested (Araki et al. 2005;
Cario et al. 2004; Fukata et al. 2005; Pull et al. 2005; Rakoff-Nahoum et al.
2004). Animals deficient in MyD88, TLR2, and TLR4 showed severe mortality,
weight loss, and intestinal bleeding and epithelial cell injury (Rakoff-Nahoum
et al. 2004). WT mice were rendered susceptible to the epithelial injurious
agent DSS when depleted of all culturable commensals by treatment with
broad-spectrum antibiotics. The susceptibility of commensal-depleted ani-
mals was completely reversed by oral pretreatment with either LPS or LTA
(Rakoff-Nahoum et al. 2004). Additional studies in MyD88−/− mice revealed
an inability to regenerate colonic epithelial cells after whole body irradia-
tion (Rakoff-Nahoum et al. 2004) and DSS administration (Pull et al. 2005).
Together, these studies demonstrated that activation of TLRs by commensal-
derived products is essential for protecting the intestinal epithelium from
injury and for the induction of tissue repair responses. In vitro studies have
recently demonstrated that TLR2 signaling in intestinal epithelium may aid in
maintaining epithelial barrier function by increasing tight junction formation
(Cario et al. 2004).

A LPS-unresponsive mouse strain (C3H/HeJ) was found to have a de-
fect in hepatocyte proliferation after partial resection compared with LPS-
responsiveC3H/HeNmice (Cornell et al. 1990).Acritical roleofTLRs in repair
of the liver after injury was further demonstrated in studies using MyD88−/−

mice (Seki et al. 2005). As the portal vein contains commensal-derived TLR
ligands, such as LPS, this protective effect is likely mediated by commensal
product-TLR interactions in the liver.

A series of experiments performed in rats suggested that microflora of the
skin may aid in skin wound healing. In experiments originally performed
to study the effects of heating scalpels on wounds, the authors revealed
a surprising role for Staphylococcus aureus in accelerating the healing of
epidermal-dermal incisions (Levenson et al. 1983). Further investigation into
this phenomenon revealed that this benefit was mediated by S. aureus cell wall
and specifically by its peptidoglycan (Kilcullen et al. 1998). Thus although in
many circumstances, such as in deep tissue wounds, the microflora of the
skin may cause infection, pattern recognition of the commensal bacteria of
the skin may be important in skin tissue regeneration and repair.
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4
Innate Immune Recognition of Commensals
in Symbiosis in Other Organisms

Recent investigations in squid and zebra fish indicate that signaling via TLRs
(or other pattern recognition receptors) may be involved in mediating host–
microbe mutualism in animals other than mammals. Studies in the symbiosis
between thebacteriaVibriofisheri and theHawaiian sepiolid squid,Euprymna
scolopes have revealed that LPS, peptidoglycan, and tracheal cytotoxin may
be responsible for various aspects of light organ development (Foster et al.
2000; Koropatnick et al. 2004; Nyholm et al. 2002). The microbial flora of
the zebra fish digestive tract was found to induce a widespread host gene
expressionprogram(Rawlset al. 2004).Fifty-nineof the212genesupregulated
on microbial colonization of zebra fish were shared with those induced on
introduction of commensals to mice, revealing an evolutionarily conserved
response to the intestinal microflora. These include genes involved in many
biological processes such as epithelial proliferation, nutrient metabolism,
and innate immunity. It is not known whether TLRs are responsible for the
recognition of symbionts or symbiont-derived products in either squid or
zebra fish. Homologs of TLR and TLR signaling intermediates have recently
been identified in zebra fish (Jault et al. 2004; Meijer et al. 2004). One report
has shown that LPS may decrease glutathione-S-transferase activity in these
fish, decreasing the detoxification of cyanobacteria-derived toxins (Best et al.
2002); however, the role that this activity and LPS-zebra fish interactions may
have on other aspects of zebra fish biology is unknown.

5
Conclusions and Perspectives

Complex metazoans coexist with different types of microorganisms rang-
ing from overt pathogens to beneficial symbionts. This co-existence requires
that the host (a) be able to mount protective immune responses to potential
pathogens, (b) allow for the mutualist microbes to confer benefit to host bi-
ology, (c) prevent constitutive immune responses to the indigenous microbes
that would cause immune-mediated pathology, and (d) prevent opportunistic
infections caused by endogenous pathogens (components of the indigenous
microflora).

A predominant theory has been that anatomic compartmentalization ful-
fills these four conditions. According to this hypothesis, symbionts are con-
fined to living outside of the host by a physical barrier. This barrier simultane-
ously prevents both recognition by the host immune system and consequent
immunopathology and also opportunistic infection by the indigenous flora.
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On infection with a pathogen, virulence factors enable the pathogen to tra-
verse this barrier. It is thought that this desequestration allows for recognition
of the microbe by the host immune system and the induction of host defense
responses.

However, as discussed in this review, many of the benefits conferred by
the indigenous microflora do not simply occur by passive means and indeed
could not occur if there was strict compartmentalization between the host
and their symbionts. In many instances, activation of host cell signaling is
required. Furthermore, we have highlighted evidence to suggest that many of
the benefits conferred by symbiotic microorganisms occur through recogni-
tion of commensals by the TLRs. It is this same family of receptors that are
known to be responsible for orchestrating host defense responses to microbial
pathogens. Thus it appears that TLRs do not distinguish between pathogenic
and nonpathogenic microbes on the basis of their ligand specificity.

A future challenge will be to determine how the four conditions of host–
microbe interactions outlined above may be fulfilled given that recognition of
microbes by TLR is involved both in protection from microbial pathogens and
in mediating the benefits of colonization with symbiotic bacteria. It appears
that active regulatory mechanisms, in addition to physical barriers such as
anti-inflammatory cytokines, may be instrumental in setting a threshold of
the immune response of host organisms to their indigenous flora. How these
factors modulate TLR signaling and allow for the induction of both TLR-
mediated host defense to pathogens and homeostatic interactions with the
flora, while simultaneously preventing commensal-induced immunopathol-
ogy, is unknown.

TLRs are thought to have evolved to protect the host from microbial
pathogens. However, as illustrated by many examples discussed in this review,
TLR-mediated recognition of commensals is also highly beneficial to the host.
Therefore, both TLR-mediated recognition of pathogens and TLR-mediated
recognition of commensals have their own benefits that would provide selec-
tive advantage to the host. This implies that either one of the two functions of
TLRs could have evolved on its own right. Thus the question arises as to which
of the two functions has been the primary driving force in the evolution of the
TLR family and which was the secondary adaptation. As discussed at the be-
ginning of this text, the distinctions between commensals and pathogens are
not absolute and static, but rather relative and dynamic. It is likely, therefore,
that TLRs have evolved to detect microorganisms and to induce responses
ranging from inflammatory and antimicrobial to tissue protective and repar-
ative. Which type of response would dominate in any particular situation is
likely determined by multiple variables, including microbial strategy of host
colonization.
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