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of immune modulation
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Mucosal immune responses to pathogenic gut bacteria
and the mechanisms that govern disease progression
and outcome have been researched intensely for
decades. More recently, the influence of the resident
non-pathogenic or ‘commensal’ microflora on mucosal
immune function and gut health has emerged as an area of
scientific and clinical importance. Major differences occur
in the mucosal immune response to pathogens and
commensals. In part, this functional dichotomy is
explained by the presence of virulence factors in pathogenic species, which are generally absent in commensals.
Additionally, immunological ‘unresponsiveness’ towards
the resident commensal microflora is thought to permit
their successful colonisation and co-existence within the
host gut. However, evidence of an active dialogue
between members of the commensal microflora and
the host mucosal immune system is rapidly unfolding.
This crosstalk is likely to affect immunological tolerance
and homeostasis within the gut and to explain some of
the differential host responses to commensal and
pathogenic bacteria.
Human colonic microbiota, bacterial genomes and
co-evolution
The human colonic microbiota comprises O500 distinct
bacterial species and has an important role in human
nutrition and health, by promoting nutrient supply,
preventing pathogen colonization and shaping and maintaining normal mucosal immunity [1]. Evidence that host
nutrition is supplemented by the metabolic capabilities of
the resident microflora is derived from studies on monoassociated and conventionalized mice [2], which, unlike
germ-free animals, are able to capture and store as
energy, by-products released by bacterial degradation of
undigested dietary substrates [2]. The genome sequences
of several commensal bacterial species provide insights
into how bacteria have evolved to perform their various
metabolic functions within the host gut [1,3,4]. For
example, large numbers of genes involved in dietary
polysaccharide metabolism are encoded within the genomic sequences of two gut commensals, Bacteroides
thetaiotaomicron and Bifidobacterium longum [1,5]. Yet,
other metabolic genes enable these bacteria to target host
glycoconjugates as alternative energy sources, in situations
of limited lumenal nutrient availability, further illustrating
the fine-tuning of this evolutionary adaptation [6].
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With the initiation of bacterial colonization, gross
changes in immune architecture occur with the expansion
and phenotypic differentiation of specific cell lineages of
the mucosal immune system [4,7]. The consequences of
this early postnatal programming are thought to persist
throughout life and to impact significantly on whole body
health. An important concept, in this regard, is that
commensal bacteria differ in their ability both to promote
development of the gut-associated lymphoid tissues [8]
and to maintain its function. Although the molecular basis
for this functional distinction is currently unknown, the
‘hygiene hypothesis’, which links reduced exposure to
important gut bacteria with the rising incidence of human
allergies and autoimmune diseases, embraces this viewpoint [9]. It can thus be postulated that functionally
significant bacteria of the normal commensal microflora,
are required to maintain immune homeostasis in both the
developing and adult gut. It might be possible that
the mutualism that exists between these bacteria and
the healthy host gut can be exploited for treatments of
diseases, such as inflammatory bowel disease (IBD), in
which inappropriate immune responses to components of
the normal microflora exist.
Although the detection and assignment of a functional
role for bacterial genes involved in metabolism has been
relatively straightforward, the identification of genes in
commensal bacteria involved in host immune modulation
provides more of a challenge. Hypothetically, for example,
the immunomodulatory effect of B. longum might involve
a eukaryotic-type serine protease inhibitor (serpin) found
in its genome sequence [5]. Alternatively, both the
mucinase activity and the L-fucose-rich polysaccharides
and glycoproteins of B. thetaiotaomicron might permit
close contact between viable bacteria and host epithelial
cells and could be important for the immunosuppressive
effects of this bacterium [10,11]. Similarly, the expression
of specific surface structures, such as elongation factor Tu
in Lactobacillus johnsonii and flagellin in commensal
Salmonella, could be important for intimate contact with
the host, facilitating other effector processes involved in
immune modulation [12,13]. Quorum-sensing autoinducers
(AIs), which are communication molecules released by
bacteria at high densities, might also modulate host
responses through regulation of commensal genes
involved in gut colonization and host signalling [14,15].
The recent discovery of mammalian gut hormones that
mimic AI signalling molecules [16] further highlights the
complexity of this crosstalk.
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Bacterial community structure
Bacterial diversity and density in the gut lumen increases
from the upper to the lower gastrointestinal tract, from an
almost sterile content in the stomach to 1012 cfu gK1 colon
and faecal samples. Recently, techniques, such as 16S
rRNA gene sequencing, indicate that the majority of
human faecal bacteria belong to phylogenetic clostridial
clusters XIVa and IV of low GCC Gram-positive bacteria
and to the Bacteroides class [17]. Clusters XIVa and IV
are reported, along with lactobacilli and bifidobacteria, as
being beneficial to health, and although bacteria belonging to clusters XIVa and IV are more abundant than
lactobacilli and bifidobacteria, they have received far less
attention. Current knowledge of the mucosa-associated
bacterial communities in the intestine and colon is limited
owing to the greater focus on characterisation of faecal
diversity. Recent studies, however, indicate that the predominant mucosa-associated community is host-specific
and significantly different from lumenal and faecal
bacterial communities [18].
Several important host factors control bacterial communities within the gut lumen and on the gut wall
(Figure 1). For example, the protective role of secretory
IgA, which promotes bacterial biofilm formation within
the normal gut flora but also limits the expansion and
translocation of undesirable pathogenic populations, has
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Figure 1. Host factors controlling bacterial colonisation. Histological section (left) of
mouse jejunum affinity labelled with Ulex europaeus agglutinin-1 conjugated to
rhodamine (red). This reagent shows the distribution of a-linked fucose residues on
membrane and mucin glycoconjugates. Nuclei are labelled blue with DAPI (4 0 , 6
diamidino-2-phenylindole). The contribution of mucin, sIgA, antimicrobial peptides
(epithelial and Paneth cell-derived) and membrane and mucin glycans towards the
anatomical distribution and density of colonizing bacterial is illustrated. The
scanning electron micrograph (bottom right) shows the luminal surface of pig
intestinal epithelial cells colonized by Escherichia coli. These bacteria express
fimbrial adhesins that recognize and attach to mucin-type moieties expressed on
microvillar membranes. The principal of competitive exclusion, whereby bacterial
occupancy of intestinal receptor sites, specifically or sterically, occludes the
attachment of competing bacteria is illustrated.
www.sciencedirect.com
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been long established [19,20]. Functioning in concert with
IgA are the structurally diverse epithelial-derived antimicrobial peptides [21], which are purported to kill both
pathogenic and commensal bacteria. Paneth cells, which
specifically localize at the base of intestinal crypts, also
secrete antimicrobial peptides, producing cryptdins or
a-defensins [22]. The differential distribution of these cells
along the gut, and their absence from the human colon,
might contribute to the proximal to distal gradients in
bacterial diversity and density. Interestingly, in relation to
Paneth-cell function, B. thetaiotaomicron, a prevalent
commensal bacterium in the human gut, induces these
cells to secrete angiogenins [23]. Angiogenins represent a
novel class of antimicrobial peptide that appear to
selectively kill pathogenic microorganisms, inferring
that B. thetaiotaomicron has evolved strategies that
protect the ‘sterility’ of intestinal crypts. Although the
mechanism by which B. thetaiotaomicron signals to
Paneth cells to induce antimicrobial peptide expression
is unknown, recent work has shown that Paneth-cell
cryptdins can be induced by bacterial muramyl dipeptide
(MDP) through nucleotide-binding oligomerization
domain 2 (NOD2) activation [24].
Intestinal and colonic mucins provide additional layers
of protection that influence both bacterial colonization and
the host response [25]. Commensal bacteria specifically
modulate mucin synthesis and structure and affect other
goblet cell proteins, such as the resistin-like molecules
(RELMb) [26]. Other than the obvious physical and
chemical constraints imposed by mucin, bacterial colonization is also controlled by novel antimicrobial activities
associated with specific mucin glycans [27]. Because their
natural diversity is extensive, other intestinal and colonic
glycan structures might exert similar antimicrobial
effects. Glycans, similar to those of mucin, are also found
associated with gut membrane glycoconjugates. These
structures act as receptor sites, capable of promoting
bacterial attachment and adherence to the gut wall.
Although these structures have been defined mainly for
gut pathogens, they might represent docking sites for
commensals [12,28]. Such glycan-mediated adherence
might also provide a molecular basis for competitive
exclusion and explain some of the genotypic differences
in intestinal and colonic wall bacteria.
Recognition of commensal bacteria by intestinal
epithelial cells
Bacteria that penetrate mucins and resist host antimicrobial peptides potentially attain close proximity to
epithelial cells that line the intestine. In this scenario,
Toll-like receptors (TLRs) and nucleotide-binding oligomerisation domain isoforms (NODs) have a crucial role in
their recognition by the mucosal immune system. TLRs,
by recognizing components of microbes, trigger both
innate and adaptive immune responses that eliminate
pathogens and shape the intestinal microflora. Included
among the innate immune responses are, the synthesis of
antimicrobial peptides, proinflammatory cytokines and
chemokines [29], as well as the secondary anti-inflammatory responses required for the resolution of inflammation
[30]. TLR signalling also impacts on subsequent T-cell
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responses through activation of dendritic cells (DCs) that
overcome the suppressive effects of T regulatory (Treg)
cells [31]. The NOD proteins, which localize to the cell
cytosol, are also capable of triggering both innate and
acquired immune responses, following cellular uptake
and recognition of muramyl dipeptide and meso-diaminopimelic acid motifs, components of virtually all Grampositive and Gram-negative bacteria [24,32]. Although the
role of TLRs and NODs in pathogen recognition by
immune cells has been well studied, their function in
relation to the complex commensal flora, which in the
healthy gut does not evoke inflammatory immune
responses, is relatively unexplored.
The absence of TLRs from the apical surfaces of
epithelial cells, either owing to their intrinsic polarization
to basolateral surfaces or as a result of ligand-induced
downregulation, might contribute to the hyporesponsive
tone of the gut towards its diverse commensal microflora.
Consistent with this notion, TLR3, 7, 8 and 9 appear to
localize within intracellular compartments of positively
expressing cells [33], whereas TLR5 localizes to basolateral membrane surfaces [34]. TLR2, similar to TLR4, is
either absent or attenuated in intestinal epithelial cells
[35–37]. Hence, the ability of epithelial cells to mount
rapid innate immune responses to lumenal pathogens has
hitherto been explained by rapid translocation and/or
internalization of pathogen-specific ligands and migration
to cognate TLRs [37–40]. Recent data, however, confirming the presence of functional TLR2 and TLR5 receptor
populations on the apical surfaces of intestinal epithelial
cells conflicts with this explanation [41,42]. Irrespective of
their precise location in intestinal epithelial cells, TLRs
and NODs are likely to be crucial to bacterial host
communication. In support of this, TLR signalling
mediated by commensal bacteria is essential for intestinal
barrier function and repair [43]. In this study, MyD88
(TLR signalling adaptor molecule)-, TLR2- and TLR4deficient mice, mouse strains markedly impaired in their
ability to respond to the commensal microflora, exhibit
severe mortality following dextran sulphate sodiuminduced intestinal injury. This outcome contrasts with
wild-type mice, which survives with low morbidity.
Analyses of colonic tissues reveal elevated expression of
cytoprotective factors, including heat-shock proteins, in
wild-type mice compared to TLR-defective mice [43].
Barrier-promoting function might be an inherent feature
of TLR-mediated signalling [41], illustrating how these
receptor systems might regulate many diverse cellular
processes.
Epithelial cell responses to flagellated commensal
bacteria
Commensal bacteria appear to activate TLR signalling
pathways [43]. It is a strong possibility that this signalling
capability also extends to TLRs expressed on gut epithelial
cells. In the context of large populations of commensal
bacteria that express high densities of TLR-specific
ligands, strong activation of TLRs could be potentially
damaging. For example, many of the dominant commensal
groups, particularly those belonging to cluster XIVa of
low-GCC Clostridium subphylum of Gram-positive
www.sciencedirect.com
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bacteria, are flagellated. Hence, the predominance of
flagellated Roseburia in the human gut is several orders
of magnitude higher than that encountered in a typical
infection by flagellated pathogens. The question therefore
arises as to how the gut accommodates such high levels of
flagellin protein in the absence of an inflammatory
response because monomeric flagellin, through its activation of TLR5 and NF-kB, is a potent proinflammatory
ligand [44]. Although flagellae with low intrinsic activity,
in terms of TLR5 activation, have been documented [45],
for many gut bacteria, the regions of flagellin involved in
receptor recognition and activation are highly conserved
and hence likely to be biologically active within the gut
environment [46]. One possibility is that proinflammatory
responses induced by commensal bacteria are rapidly
attenuated either by host systems or by gut bacteria, in
ways analogous to the immune evasion strategies used by
pathogenic bacteria [47]. The ability of certain commensal
bacteria to attenuate NF-kB has been recently demonstrated [10,48], however, whether this contributes significantly to the overall immune tolerance to the large
populations of commensal bacteria, including those flagellated species, is currently unknown.
Host systems that attenuate TLR signalling and
inflammation
The magnitude and duration of TLR signalling is carefully
regulated in the healthy gut. TLR2, for example, induces
both proinflammatory and anti-inflammatory cytokine
synthesis [30]. Other host mechanisms that modulate
TLR-mediated responses include, interleukin-10 (IL-10)
[49], Trefoil [50], transforming growth factor-b (TGF-b)
or SMAD7 (intracellular signalling molecule of the
TGF-b receptor cascade) [51,52], peroxisome proliferators-activated receptor g (PPARg) and PPARg ligands
[10,53,54], the deubiquitinating enzyme A20 [55,56],
single Ig IL-1R-related protein (SIGIRR) [57], antiinflammatory TLR9 signalling [58], cytosolic NOD2 [59]
and ST2 (secreted soluble molecule of the Toll-IL-1
receptor family) [60]. Genetic defects in these regulatory
systems can predispose to inflammatory diseases. Specifically, mutations in the NOD2 or caspase activation
recruitment domain 15 (CARD15) gene have been linked
to an enhanced susceptibility to Crohn’s disease. Although
wildtype NOD2 is an activator of NF-kB, intact NOD2
signalling appears to inhibit TLR2-driven activation of
NF-kB, particularly the NF-kB c-Rel subunit [59]. However, it is worth noting that this does not appear to be a
universal phenomenon [24]. Irrespective of the precise
mechanism, NOD2 deficiency in mice and the Crohn’s
disease-like Card15 mutation, are associated with aggressive Th1 responses that can promote tissue damage and
inflammatory disease [59]. These Th1 responses might be
directed towards common bacterial antigens produced by
gut commensal bacteria. Supporting this mechanism,
many strains of colitic mice have elevated Th1 responses
directed towards commensal bacterial flagellins [61].
Similarly, in patients with Crohn’s disease, serum IgG
levels against flagellins are elevated [61]. Local immune
responses directed against bacterial flagellin might
exacerbate the disruption to the natural balance of
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bacterial groups associated with inflammatory bowel
diseases [43,62].
Commensal bacteria effector mechanisms and
attenuation of TLR signalling
In addition to the host mechanisms that control inflammation, recent evidence supports a role of the indigenous
commensal microflora in maintaining immune homeostasis within the gut. [10,11,13]. For example, the ability
of the gut to tolerate large numbers of potentially
proinflammatory flagellated commensal bacteria might
be explained, in part, by the anti-inflammatory effects of
commensal anaerobes, such as B. thetaiotaomicron [10],
which restrict the signalling induced by both flagellin
protein and flagellated pathogens [10]. Importantly, the
biological action of B. thetaiotaomicron is downstream of
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TLR receptor signalling and NF-kB activation [10],
whereas other bacterial commensals block the activation
of NF-kB by inhibiting IkB-a ubiquitination [13]. The antiinflammatory activity of B. thetaiotaomicron operates at
the level of the nucleus, promoting the nuclear export
of transcriptionally active RelA (Figure 2), with the
upstream TLR-mediated signalling unaffected. The
physiological significance of the distinct modes of action
of anti-inflammatory gut bacteria is not fully appreciated
but perhaps has relevance for other cellular processes that
share components of the NF-kB signalling pathway, such
as cellular integrity, survival and repair [41,43].
A further point worth mention is the emerging evidence
of the link between inflammation and colorectal cancer
(CRC). Bacterial mechanisms that modulate cellular
processes of ubiquitination and proteosomal-mediated

Figure 2. Anti-inflammatory Bacteroides. Following contact with intestinal epithelial cells (IECs), enteroinvasive Salmonella enteritidis triggers IkB kinase (IKK) activation,
IkBa degradation and the nuclear translocation of the NF-kB RelA subunit. Salmonella flagellin, through its activation of epithelial TLR5 receptors, is crucial for both NF-kB
activation and NF-kB-mediated proinflammatory gene transcription. Co-incubation of IECs with a human commensal bacterium, B. thetaiotaomicron, attenuates
proinflammatory gene expression induced by flagellated S. enteritidis. B. thetaiotaomicron derives its anti-inflammatory effects by promoting the nuclear export of
transcriptionally active NF-kB RelA. This effect is dependent on the nuclear receptor, PPARg, which physically associates with, and exports, RelA from the nucleus, thereby
terminating the proinflammatory response.
www.sciencedirect.com
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degradation are likely to influence other important events,
such as b-catenin degradation, stability and localization
[63]. This might alter the expression of genes, such as
c-myc, implicated in oncogenesis and CRC. Hence, the
mechanisms by which bacteria regulate the processes of
inflammation might have long-term consequences on gut
health and perhaps helps draw a distinction between
beneficial commensal bacteria and those that might cause
long-term harm.
Intriguing questions arise in relation to the nature of
bacterial effector systems that permit host immune
modulation by commensals. In pathogenic bacteria,
several mechanisms that interfere with the processes of
immune recognition and activation have been documented
[47,64–66], which essentially result in a self-limiting
infection, ensuring both host and bacterial survival.
Many of these mechanisms rely on the transfer of
structurally diverse bacterial effector molecules, either
directly into the cytosol of eukaryotic target cells or into
the extracellular milieu, which then subvert host signalling [47,65,67]. Such transfer proceeds through type III
secretion systems or a functional flagellar export system
[68,69]. The findings from recent comparative genomic
analysis, bioinformatic data mining and genome-wide
functional screening, have revealed the presence of type
III secretion systems in commensal bacteria [68]. Similarly, type IV secretion systems in commensal bacteria
might also be important [70]. By using both type III and/or
type IV secretion systems, commensal bacteria, following
intimate contact with the host, might be able to deliver
bacterial effector molecules to intestinal cells, which
modify the signalling outcome. Such bacterial effector
molecules already defined for pathogenic bacteria include
AvrA, YopJ and leucine-rich proteins [64–66]. Alternatively, it might be possible that surface structures act
through host-cell receptors, to promote anti-inflammatory
responses and immune modulation [11,12]. Clearly, the
more highly evolved and successful such evasion strategies are in negating host immune surveillance mechanisms, the greater the opportunity for bacterial survival
within microniches close to mucosal surfaces.
Commensal bacteria and adaptive immunity
The normal physiological response to commensal flora is
one of immunological tolerance. Shifts away from this are
thought to underlie pathological conditions, such as IBD
and food allergies. The ‘hygiene hypothesis’, which in
many ways has pushed the science of gut microbiology and
immunology to the fore, postulates that reduced exposure
to gut bacteria and childhood infections, alters the
mechanisms and signals that determine T-cell differentiation and the susceptibility to immunological tolerance
[9,71]. For example, a bias away from Th1, towards Th2
hyper-responsiveness in the lung is thought to account for
the rising incidence in allergic disease, as a result of
reduced exposure to Th1 respiratory pathogens; by
contrast, the loss of Th2-promoting helminth infections
in the gut accounts for the increase in Th1-dominant
immunity and related gut diseases. More recent evidence
derived from TLR4-mutant mice, which fail to respond to
Gram-negative bacteria but which are capable of
www.sciencedirect.com
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mounting Th1 responses, has further established the
importance of commensal bacteria in preventing excessive
Th2 allergen-specific IgE responses [72]. Although bacteria are clearly important, both gut-related food allergies
(Th2) and inflammatory bowel diseases (Th1) are increasing within the human population, suggesting that a bias
in individual effector T-cell responses does not provide a
full explanation.
The defective function of mucosal DCs and Treg cells,
which are pivotal in directing and controlling T-cell
responses, might prove to be of greater importance in
the pathology associated with immune-based disorders,
irrespective of whether they are Th1- or Th2-mediated.
Colonization by gut commensal bacteria facilitates the
development of oral tolerance [71,73] and it is feasible that
such bacteria influence tolerance-inducing mucosal DCs
and/or the induction of Treg cells (Figure 3). Consistent
with this, lamina propria and Peyer’s patch DCs appear to
be able to sample lumenal bacteria [74]. Mucosal DC
subsets can contribute to Th1, Th2 and Treg cells and,
under certain conditions, induce Th1- and Th2-mediated
inflammation and pathology. In particular, the CD11cC
CD11bCCD8aK DC subset preferentially polarizes antigenspecific T cells towards Th2 cytokines and IL-10, promoting T cell-dependent IgA production [75,76]. Conversely,
the presence of CD11cCCD11bKCD8aK DCs in terminal
ileum Peyer’s patch, which under steady-state conditions
also contain bacteria but constitutively express IL-12p40,
contribute to Th1-mediated responses [77] and, if
unchecked, could give rise to Th1 inflammation, characteristic of Crohn’s disease [78]. Yet another DC population,
prevalent in mucosal tissues, and thought to be of
importance in maintaining tolerance to harmless dietary
antigens and commensal bacteria, is the CD8C plasmacytoid DCs, which induce IL-10-producing Treg cells [76].
In the healthy gut, excessive Th1 responses to the
commensal flora are prevented by the controlling influence of Treg cells [79,80]. Factors that promote the
appearance of both tolerance-inducing DCs and Treg
cells include probiotic bacteria, which are potent inducers
of IL-10-producing DCs and also inhibit the generation of
Th1 cells [81]. The contribution of the commensal flora is
likely to be of paramount importance, as implicated by the
hygiene hypothesis. Sampling of IgA–bacteria complexes
through FcRa receptors [82] and potentially attenuation of
TLR-specific signalling and NF-kB-mediated responses by
commensal bacteria might also be important for tolerance
induction [10].
Although the commensal flora is subject to mucosal
immune sampling and local tolerance responses, the
systemic immune system is thought to remain largely
ignorant of these bacteria [74]. Contrary to this viewpoint,
colitogenic Th1 cells are present in peripheral lymphoid
tissues in normal mice [83] and small populations of
circulating intestinal, b7 integrin (CCR9)-positive memory (CD45RAK) T cells that produce the effector cytokine
IL-10, have been detected in peripheral blood [84,85].
These data suggest that peripheral tolerance, as well as
local tolerance to the commensal flora, is in fact achieved
by active suppression mediated by Treg cells [79,84–86].
Their importance is further supported by the phenotypic
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Figure 3. Commensal bacteria and interactions with mucosal DCs and T cells. Mucosal DCs can sample commensal bacteria directly from lumenal contents or following
translocation across M cells. Bacterial loaded DCs traffic to MLN, where they interact with T and B cells to induce T cell differentiation and IgA secretion. Specific DC subsets
are capable of inducing Th1, Th2 and Tregs. In the healthy gut, Th1 and Th2 responses are carefully regulated by Tregs, expressing IL-10 and TGF-b. Abbreviations: APC,
antigen-presenting cell; B, B cell; FAE, follicle-associated epithelium; M cell, microfold cell; MLN, mesenteric lymph node; T, T cell.

alterations observed in these cell populations in IBD
patients [85]. The specific contribution of individual
species of commensal bacteria towards mucosal tolerance
and the differentiation of Treg cells is difficult to dissect
but further study might unravel their importance in this
immune function.
Human disease and commensal bacteria as therapeutics
Many clinically relevant diseases have been linked
with dysfunctional immune responses directed against
the commensal microflora. Such aberrant immune
responses, in conjunction with genetic predisposition,
contribute to the pathogenesis of IBD [87]. Furthermore, the hygiene hypothesis, which attempts to
explain the rising incidence of atopic, autoimmune
and inflammatory diseases among the human population, postulates that the innate immune response to
commensal bacteria influences the adaptive response
to both food and environmental antigens [88]. Hence,
an imbalance between aggressive and protective bacterial species, or loss of gut bacteria that promote
tolerance and Treg-cell polarization, could lead to
excessive Th1 or Th2 responses, thus promoting
inflammatory or autoimmune diseases or allergic
diseases, respectively.
www.sciencedirect.com

Targeting the immune system of the human gut with
live bacterial probiotics, bacteria with health-promoting
properties, could provide benefit for the treatment of both
acute and chronic intestinal diseases, including IBD. The
use of probiotic products, such as VSL#3, Escherichia coli
Nissle 1917 and Lactobacillus GG, for the treatment of
Crohn’s disease, ulcerative colitis and pouchitis, is
attracting increasing interest, although much more
clinical data are necessary before these are accepted
therapeutics [88]. Pure products derived from commensal
bacteria might be more applicable in the clinical setting.
Progress in identifying such bacterial effector molecules is
likely to be rapid with the available commensal genomes
and metabolomes [3,4]. Delivery of such effector molecules
to appropriate target cells might alleviate inflammation.
The possibility of targeting intracellular signalling
pathways, including NF-kB and/or mitogen-activated
protein kinase (MAPK) cascades, at distinct points in
the cascade, from the cytosol to nucleus, might overcome global immunosuppressive effects associated with
current therapies. With the established link between
inflammation and colorectal cancer, therapies based on
alleviating inflammation will undoubtedly have a
major impact on the prevention and treatment of
many intestinal diseases.
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2 Bäckhed, F. et al. (2004) The gut microbiota as an environmental
factor that regulates fat storage. Proc. Natl. Acad. Sci. U. S. A. 101,
15718–15723
3 Pridmore, R.D. et al. (2004) The genome sequence of the probiotic
intestinal bacterium Lactobacillus johnsonii NCC 533. Proc. Natl.
Acad. Sci. U. S. A. 101, 2512–2517
4 Hooper, L.V. et al. (2001) Molecular analysis of commensal host–
microbial relationships in the intestine. Science 291, 881–884
5 Schell, M.A. et al. (2002) The genome sequence of Bifidobacterium
longum reflects its adaptation to the human gastrointestinal tract.
Proc. Natl. Acad. Sci. U. S. A. 99, 14422–14427
6 Sonnenburg, J.L. et al. (2005) Glycan foraging in vivo by an intestineadapted bacterial symbiont. Science 307, 1955–1959
7 Yamanaka, T. et al. (2003) Microbial colonization drives lymphocyte
accumulation and differentiation in the follicle-associated epithelium
of Peyer’s patches. J. Immunol. 170, 816–822
8 Umesaki, Y. et al. (1999) Differential roles of segmented filamentous
bacteria and clostridia in development of the intestinal immune
system. Infect. Immun. 67, 3504–3511
9 Rook, G.A. and Brunet, L.R. (2005) Microbes, immunoregulation, and
the gut. Gut 54, 317–320
10 Kelly, D. et al. (2004) Commensal anaerobic gut bacteria attenuate
inflammation by regulating nuclear-cytoplasmic shuttling of PPAR-g
and RelA. Nat. Immunol. 5, 104–112
11 Coyne, M.J. et al. (2005) Human symbionts use a host-like pathway for
surface fucosylation. Science 307, 1778–1781
12 Granato, D. et al. (2004) Cell surface-associated elongation factor Tu
mediates the attachment of Lactobacillus johnsonii NCC533 (La1) to
human intestinal cells and mucins. Infect. Immun. 72, 2160–2169
13 Neish, A.S. et al. (2000) Prokaryotic regulation of epithelial responses
by inhibition of IkB-a ubiquitination. Science 289, 1560–1563
14 Sperandio, V. et al. (2002) Quorum sensing Escherichia coli regulators
B and C (QseBC): a novel two-component regulatory system involved
in the regulation of flagella and motility by quorum sensing in E. coli.
Mol. Microbiol. 43, 809–821
15 Merritt, J. et al. (2003) Mutation of luxS affects biofilm formation in
Streptococcus mutans. Infect. Immun. 71, 1972–1979
16 Sperandio, V. et al. (2003) Bacteria–host communication: the language
of hormones. Proc. Natl. Acad. Sci. U. S. A. 100, 8951–8956
17 Zoetendal, E.G. et al. (2002) Mucosa-associated bacteria in the human
gastrointestinal tract are uniformly distributed along the colon and
differ from the community recovered from feces. Appl. Environ.
Microbiol. 68, 3401–3407
18 Zoetendal, E.G. et al. (2004) Molecular microbial ecology of the
gastrointestinal tract: from phylogeny to function. Curr. Issues Intest.
Microbiol. 5, 31–47
19 Suzuki, K. et al. (2004) Aberrant expansion of segmented
filamentous bacteria in IgA-deficient gut. Proc. Natl. Acad. Sci.
U. S. A. 101, 1981–1986
20 Bollinger, R.R. et al. (2003) Human secretory immunoglobulin A may
contribute to biofilm formation in the gut. Immunology 109, 580–587
21 Hornef, M.W. et al. (2004) Increased diversity of intestinal antimicrobial peptides by covalent dimer formation. Nat. Immunol. 5, 836–843
22 Ayabe, T. et al. (2000) Secretion of microbicidal a-defensins by
intestinal Paneth cells in response to bacteria. Nat. Immunol. 1,
113–118
23 Hooper, L.V. et al. (2003) Angiogenins: a new class of microbicidal
proteins involved in innate immunity. Nat. Immunol. 4, 269–273
24 Kobayashi, K.S. et al. (2005) Nod2-dependent regulation of innate and
adaptive immunity in the intestinal tract. Science 307, 731–734
25 Schwerbrock, N.M. et al. (2004) Interleukin 10-deficient mice exhibit
defective colonic Muc2 synthesis before and after induction of colitis
by commensal bacteria. Inflamm. Bowel Dis. 10, 811–823
www.sciencedirect.com

Vol.26 No.6 June 2005

26 He, W. et al. (2003) Bacterial colonization leads to the colonic secretion
of RELMb/FIZZ2, a novel goblet cell-specific protein. Gastroenterology
125, 1388–1397
27 Kawakubo, M. et al. (2004) Natural antibiotic function of a human
gastric mucin against Helicobacter pylori infection. Science 305,
1003–1006
28 Baranov, V. and Hammarstrom, S. (2004) Carcinoembryonic antigen
(CEA) and CEA-related cell adhesion molecule 1 (CEACAM1), apically
expressed on human colonic M cells, are potential receptors for
microbial adhesion. Histochem. Cell Biol. 121, 83–89
29 Thoma-Uszynski, S. et al. (2001) Induction of direct antimicrobial
activity through mammalian toll-like receptors. Science 291, 1544–1547
30 Netea, M.G. et al. (2004) Toll-like receptors as an escape mechanism
from the host defense. Trends Microbiol. 12, 484–488
31 Pasare, C. and Medzhitov, R. (2003) Toll pathway-dependent blockade
of CD4CCD25C T cell-mediated suppression by dendritic cells. Science
299, 1033–1036
32 Inohara, N. et al. (2005) NOD-LRR proteins: role in host–microbial
interactions and inflammatory disease. Annu. Rev. Biochem. 74,
355–383
33 Iwasaki, A. and Medzhitov, R. (2004) Toll-like receptor control of the
adaptive immune responses. Nat. Immunol. 5, 987–995
34 Lyons, S. et al. (2004) Salmonella typhimurium transcytoses flagellin
via an SPI2-mediated vesicular transport pathway. J. Cell Sci. 117,
5771–5780
35 Abreu, M.T. et al. (2002) TLR4 and MD-2 expression is regulated by
immune-mediated signals in human intestinal epithelial cells. J. Biol.
Chem. 277, 20431–20437
36 Melmed, G. et al. (2003) Human intestinal epithelial cells are broadly
unresponsive to Toll-like receptor 2-dependent bacterial ligands:
implications for host–microbial interactions in the gut. J. Immunol.
170, 1406–1415
37 Naik, S. et al. (2001) Absence of Toll-like receptor 4 explains endotoxin
hyporesponsiveness in human intestinal epithelium. J. Pediatr.
Gastroenterol. Nutr. 32, 449–453
38 Gewirtz, A.T. et al. (2001) Salmonella typhimurium translocates
flagellin across intestinal epithelia, inducing a proinflammatory
response. J. Clin. Invest. 107, 99–109
39 Zeng, H. et al. (2003) Flagellin is the major proinflammatory
determinant of enteropathogenic Salmonella. J. Immunol. 171,
3668–3674
40 Hornef, M.W. et al. (2003) Intracellular recognition of lipopolysaccharide by Toll-like receptor 4 in intestinal epithelial cells. J. Exp. Med.
198, 1225–1235
41 Cario, E. et al. (2004) Toll-like receptor 2 enhances ZO-1-associated
intestinal epithelial barrier integrity via protein kinase C. Gastroenterology 127, 224–238
42 Bambou, J-C. et al. (2004) In vitro and ex vivo activation of the TLR5
signaling pathway in intestinal epithelial cells by a commensal
Escherichia coli strain. J. Biol. Chem. 279, 42984–42992
43 Rakoff-Nahoum, S. et al. (2004) Recognition of commensal microflora
by Toll-like receptors is required for intestinal homeostasis. Cell 118,
229–241
44 Hayashi, F. et al. (2001) The innate immune response to bacterial
flagellin is mediated by Toll-like receptor 5. Nature 410, 1099–1103
45 Lee, S.K. et al. (2003) Helicobacter pylori flagellins have very low
intrinsic activity to stimulate human gastric epithelial cells via TLR5.
Microbes Infect. 5, 1345–1356
46 Donnelly, M.A. and Steiner, T.S. (2002) Two nonadjacent regions in
enteroaggregative Escherichia coli flagellin are required for activation
of Toll-like receptor 5. J. Biol. Chem. 277, 40456–40461
47 Schesser, K. et al. (1998) The yopJ locus is required for Yersiniamediated inhibition of NF-kB activation and cytokine expression:
YopJ contains a eukaryotic SH2-like domain that is essential for its
repressive activity. Mol. Microbiol. 28, 1067–1079
48 Flynn, J.L. (2004) Mutual attraction: does it benefit the host or the
bug? Nat. Immunol. 5, 778–779
49 Steidler, L. et al. (2000) Treatment of murine colitis by Lactococcus
lactis secreting interleukin-10. Science 289, 1352–1355
50 Vandenbroucke, K. et al. (2004) Active delivery of trefoil factors by
genetically modified Lactococcus lactis prevents and heals acute
colitis in mice. Gastroenterology 127, 502–513
51 Haller, D. et al. (2003) Transforming growth factor-b1 inhibits

Review

52
53

54

55
56

57
58

59

60

61
62

63

64

65

66

67
68
69

TRENDS in Immunology

non-pathogenic Gram-negative bacteria-induced NF-kB recruitment
to the interleukin-6 gene promoter in intestinal epithelial cells
through modulation of histone acetylation. J. Biol. Chem. 278,
23851–23860
Monteleone, G. et al. (2004) Smad7 in TGF-b-mediated negative
regulation of gut inflammation. Trends Immunol. 25, 513–517
Katayama, K. et al. (2003) A novel PPARg gene therapy to control
inflammation associated with inflammatory bowel disease in a murine
model. Gastroenterology 124, 1315–1324
Ruiz, P.A. et al. (2004) 15-deoxy-D12,14-prostaglandin J2-mediated
ERK signaling inhibits Gram-negative bacteria-induced RelA phosphorylation and interleukin-6 gene expression in intestinal epithelial
cells through modulation of protein phosphatase 2A activity. J. Biol.
Chem. 279, 36103–36111
Evans, P.C. et al. (2003) A novel type of deubiquitinating enzyme.
J. Biol. Chem. 278, 23180–23186
Boone, D.L. et al. (2004) The ubiquitin-modifying enzyme A20 is
required for termination of Toll-like receptor responses. Nat. Immunol.
5, 1052–1060
Wald, D. et al. (2003) SIGIRR, a negative regulator of Toll-like
receptor-interleukin 1 receptor signaling. Nat. Immunol. 4, 920–927
Rachmilewitz, D. et al. (2004) Toll-like receptor 9 signaling mediates
the anti-inflammatory effects of probiotics in murine experimental
colitis. Gastroenterology 126, 520–528
Watanabe, T. et al. (2004) NOD2 is a negative regulator of Tolllike receptor 2-mediated T helper type 1 responses. Nat. Immunol.
5, 800–808
Brint, E.K. et al. (2004) ST2 is an inhibitor of interleukin 1 receptor
and Toll-like receptor 4 signaling and maintains endotoxin tolerance.
Nat. Immunol. 5, 373–379
Lodes, M.J. et al. (2004) Bacterial flagellin is a dominant antigen in
Crohn disease. J. Clin. Invest. 113, 1296–1306
Hawn, T.R. et al. (2003) A common dominant TLR5 stop codon
polymorphism abolishes flagellin signaling and is associated with
susceptibility to legionnaires’ disease. J. Exp. Med. 198, 1563–1572
Sun, J. et al. (2004) Bacterial activation of b-catenin signaling in
human epithelia. Am. J. Physiol. Gastrointest. Liver Physiol. 287,
G220–G227
Yuk, M.H. et al. (2000) Modulation of host immune responses,
induction of apoptosis and inhibition of NF-kB activation by the
Bordetella type III secretion system. Mol. Microbiol. 35, 991–1004
Collier-Hyams, L.S. et al. (2002) Cutting edge: Salmonella AvrA
effector inhibits the key proinflammatory, anti-apoptotic NF-kB
pathway. J. Immunol. 169, 2846–2850
Haraga, A. and Miller, S.I. (2003) A Salmonella enterica serovar
typhimurium translocated leucine-rich repeat effector protein inhibits
NF-kB-dependent gene expression. Infect. Immun. 71, 4052–4058
Neish, A.S. (2004) Bacterial inhibition of eukaryotic pro-inflammatory
pathways. Immunol. Res. 29, 175–186
Tampakaki, A.P. et al. (2004) Conserved features of type III secretion.
Cell. Microbiol. 6, 805–816
Song, Y.C. et al. (2004) FlaC, a protein of Campylobacter jejuni
TGH9011 (ATCC43431) secreted through the flagellar apparatus,
binds epithelial cells and influences cell invasion. Mol. Microbiol. 53,
541–553

Vol.26 No.6 June 2005

333

70 Nagai, H. and Roy, C.R. (2003) Show me the substrates: modulation
of host cell function by type IV secretion systems. Cell. Microbiol. 5,
373–383
71 Sudo, N. et al. (1997) The requirement of intestinal bacterial flora for
the development of an IgE production system fully susceptible to oral
tolerance induction. J. Immunol. 159, 1739–1745
72 Bashir, M.E. et al. (2004) Toll-like receptor 4 signaling by intestinal
microbes influences susceptibility to food allergy. J. Immunol. 172,
6978–6987
73 Jiang, H-Q. et al. (2004) Interactions of commensal gut microbes with
subsets of B- and T-cells in the murine host. Vaccine 22, 805–811
74 Macpherson, A.J. and Harris, N.L. (2004) Interactions between
commensal intestinal bacteria and the immune system. Nat. Rev.
Immunol. 4, 478–485
75 Thurnheer, M.C. et al. (2003) B1 cells contribute to serum IgM, but not
to intestinal IgA, production in gnotobiotic Ig allotype chimeric mice.
J. Immunol. 170, 4564–4571
76 Kelsall, B.L. and Rescigno, M. (2004) Mucosal dendritic cells in
immunity and inflammation. Nat. Immunol. 5, 1091–1095
77 MacDonald, T.T. and Monteleone, G. (2001) IL-12 and Th1 immune
responses in human Peyer’s patches. Trends Immunol. 22, 244–247
78 Becker, C. et al. (2003) Constitutive p40 promoter activation and IL-23
production in the terminal ileum mediated by dendritic cells. J. Clin.
Invest. 112, 693–706
79 Groux, H. et al. (1997) A CD4C T-cell subset inhibits antigen-specific
T-cell responses and prevents colitis. Nature 389, 737–742
80 Maloy, K.J. et al. (2003) CD4CCD25C T(R) cells suppress innate
immune pathology through cytokine-dependent mechanisms. J. Exp.
Med. 197, 111–119
81 Hart, A.L. et al. (2004) Modulation of human dendritic cell phenotype
and function by probiotic bacteria. Gut 53, 1602–1609
82 Morelli, A.E. and Thomson, A.W. (2003) Dendritic cells: regulators of
alloimmunity and opportunities for tolerance induction. Immunol.
Rev. 196, 125–146
83 Asseman, C. et al. (2003) Colitogenic Th1 cells are present in the
antigen-experienced T cell pool in normal mice: control by CD4C
regulatory T cells and IL-10. J. Immunol. 171, 971–978
84 Papadakis, K.A. et al. (2003) CC chemokine receptor 9 expression
defines a subset of peripheral blood lymphocytes with mucosal T cell
phenotype and Th1 or T-regulatory 1 cytokine profile. J. Immunol.
171, 159–165
85 Hart, A.L. et al. (2004) Quantitative and functional characteristics of
intestinal-homing memory T cells: analysis of Crohn’s disease patients
and healthy controls. Clin. Exp. Immunol. 135, 137–145
86 Duchmann, R. et al. (1999) T cell specificity and cross reactivity
towards enterobacteria, Bacteroides, Bifidobacterium, and antigens
from resident intestinal flora in humans. Gut 44, 812–818
87 Oostenbrug, L.E. et al. (2003) IBD and genetics: new developments.
Scand. J. Gastroenterol. Suppl. 2003, 63–68
88 Sartor, R.B. (2004) Therapeutic manipulation of the enteric microflora
in inflammatory bowel diseases: antibiotics, probiotics, and prebiotics.
Gastroenterology 126, 1620–1633

Reproduction of material from Elsevier articles
Interested in reproducing part or all of an article published by Elsevier, or one of our article figures? If so, please contact our Global Rights
Department with details of how and where the requested material will be used. To submit a permission request on-line, please visit:
http://www.elsevier.com/wps/find/obtainpermissionform.cws_home/obtainpermissionform
Alternatively, please contact:
Elsevier Global Rights Department
Phone: (+44) 1865-843830
permissions@elsevier.com
www.sciencedirect.com

