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Abstract
The intestinal epithelium provides a barrier between a variety of luminal antigens and provides the
components of intestinal innate and adaptive immunity. It is crucial that at this interface, the
epithelial cell layer and the components of the intestinal immunity interact with dietary and
bacterial antigens in a regulated way to maintain homeostasis. Failure to tightly control immune
reactions can be detrimental and result in inflammation. In the current review, we described the
regulatory mechanisms controlling host–immune homeostasis and the role of regulatory CD4+ T
cells, with a special emphasis in the regulatory T-cell subsets (Tregs). Furthermore, the
participation of innate cell cross-talk in the polarization of intestinal immune responses is also
evaluated. Finally, the recent characterization of host responses to normal commensal flora, the
role of bacteria and bacterial factors in the maintenance of immunomodulation, and the disruption
of this balance by bacterial enteric pathogens is also summarized.
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Intestinal homeostasis is maintained by multiple interactions between the microbiota, the
intestinal epithelium and the host immune system [1]. Because the GI tract is heavily
populated with more than 100 trillion microorganisms that maintain a symbiotic
relationship, but which can also potentially display a pathogenic phenotype, it is important
that the immune system establishes and maintains a strong presence at this mucosal
boundary, exemplified by lymphocytes, macrophages and other cells that are involved in
maintaining immune tolerance [2].
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Despite the hostile environment of the GI tract (low pH, presence of digestive enzymes and
the detergent activity of bile salts), this anatomical site remains as a major route of entry for
numerous pathogens. Several components are required to maintain a stable environment,
such as physical barriers, including epithelial cells (ECs) joined firmly by tight junction
proteins, brush-border microvilli, and a dense layer of mucin [3]. Antimicrobial peptides,
such as defensins produced by ECs and Paneth cells, provide another barrier for protection
[4]. Finally, the presence of the gut-associated lymphoid tissue (GALT), which is comprised
of several different organized lymphoid structures, protects the body from the invasion of
pathogens [5]. GALT contains approximately 70% of the total lymphocytes in the body,
and, based on location, the GALT is distributed in three basic populations: Peyer’s patches
(PPs), lymphoid follicles (ILFs) and lamina propria (LP). The PPs with a predominance of B
lymphocytes and a well-characterized site for the initiation of intestinal IgA responses [6].
The Isolated ILF and LP are also important in the induction of intestinal IgA responses [3].
As the primary draining lymph nodes for the intestinal tract, the mesenteric lymph nodes
(MLN) are also an important location for the initiation of gut-associated immune responses.

An important component of the GI immune system is the antigen-sampling microfold or
membranous cells (M cells), which are found in the follicle-associated epithelium, covering
the PPs. The M cells endocytose a variety of protein and peptide antigens, allowing the
selective and efficient transfer of antigens from the intestinal lumen into PPs, where they are
taken up by the lamina propria CD103+ dendritic cells (DCs) and macrophages [7]. Thus, M
cells are considered key players in antigen sampling and a gateway for the mucosal immune
system. The DCs can also sample luminal antigens through extending dendrites between
ECs [8], leading ultimately to the appearance of IgA-secreting plasma cells in the mucosa
and secretory IgA in the lumen, resulting in the interference of adhesion and invasion of
bacteria [9]. The T cells exposed to antigen in the PPs also migrate to the lamina propria and
the epithelium, where they mature to cytotoxic T cells, providing another mechanism for
containing microbial assaults [10].

In addition to the GALT discussed above, several other processes play key roles in the
regulation of bacterial communities in the intestine and defining the repertoire of gut
microbiota, which is closely linked to the proper functioning of the immune system. In this
review article, the distinct events during intestinal homeostasis and pathogenic processes are
summarized.

Regulatory mechanisms controlling host immune homeostasis
The GI tract is home to 400–1000 different species of microorganisms [11]. With such a
vast microbial burden, it is inconceivable that the intestinal immune system generates an
active response against all of the antigens encountered. The dialog between the microbiota
and the intestinal immune system defines intestinal homeostasis, where shifts in the balance
result in microbial infection, or aberrant activation of the intestinal immune system (Figure
1). Deregulated activation of the immune system often results in a chronic inflammatory
state of the intestinal tract and in development of inflammatory bowel disease. As such,
there are a variety of mechanisms involved in regulation of the host response to the
commensal microbiota.

Mucus
Specialized ECs; goblet cells, secrete mucin glycoproteins that form a thick mucus layer
which coats the intestinal epithelium. This mucus coating protects the apical epithelium
from bacterial contact, whereas the outer layers of mucus contain large amounts of bacteria
that are unable to penetrate, thereby limiting bacterial contact with the epithelium. The
protection afforded by the mucus layer is clearly noticeable [12], and emphasized in mice
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lacking mucin-1 or mucin-2, which results in direct bacterial contact with the epithelium
throughout the intestinal tract, and causing spontaneous intestinal inflammation [13].

Antimicrobial peptides
Intestinal epithelial Paneth cells secrete antimicrobial peptides that neutralize bacteria. These
peptides come from diverse protein families, including defensins, cathelicidins, and C-type
lectins, and are regulated by distinct mechanisms. In essence, most of the antimicrobial
peptides function similarly to antibiotics, with bactericidal activity resulting in the disruption
of the cell wall or inner membrane of bacteria. In general terms, all ECs secrete
antimicrobial peptides and it is clear that they are produced to protect the epithelial layer
[14,15]. Most of the secreted peptides are retained in the mucus layer; therefore it appears
that this layer provides a concentrated bactericidal barrier for the intestinal epithelium.

IgA
Approximately 80% of all plasma cells reside within the intestinal tract [16], and the
majority of them secrete IgA. As the most abundant antibody isotype in our body, IgA is
secreted across mucosal membranes. Secreted IgA has been shown to play a role both in the
host response to infections and in the maintenance of a balance between the host and its
residential microbiota [17]. Both neonates and germ-free mice have very low levels of IgA
in the intestinal tract, however, upon colonization, pathogen-free mice have abundant levels
of IgA [18]. Mucosal IgA comprises antibodies that recognize specific antigens with high-
affinity, as well as low-affinity antibodies that target conserved bacterial motifs. In general,
first, high-affinity IgA neutralizes microbial toxins and invasive pathogens [19] and, second,
low-affinity IgA binds to conserved bacterial motifs in order to limit bacterial adherence to
the epithelium and thereby preventing bacterial infiltration and immune activation from
intestinal antigens [20,21]. The variability of the IgA repertoire is also constantly stimulated
by microbial species through the induction of somatic hypermutations. In mice with
deficiencies on activation-induced cytidine deaminase, a critical enzyme for somatic
hypermutations, it was found that Yersinia enterocolotica was easier to recover
intragastrically than from wild-type mice, suggesting an impairment on the mucosal barrier,
probably due to the hyperplasia of germinal centers observed in PPs [19].

Role of Th17 & Treg responses
Large numbers of CD4+ T cells roam between the intestinal mucosa and surrounding lymph
nodes and lymphoid follicles. Upon presentation of their cognate antigen by antigen-
presenting cells, CD4+ T cells differentiate into various subsets based on the cytokine cues
in the environment. Two specialized T helper subsets, Th17 and Treg cells, which are found
dominantly in the intestinal tract, and are dichotomous in protecting the intestine from
infection (Figure 1), are discussed further.

In mice, Th17 cells are generated in the presence of IL-6 and TGF-β. Upon induction of the
transcription factor ROR-γt, T cells commit to the Th17 lineage. After differentiation, they
can secrete their signature cytokines IL-17A, IL-17F, IL-21 and IL-22, in addition to other
proinflammatory cytokines including TNF-α and GM-CSF, while IL-23 is required to
maintain Th17 populations [22]. Through their inflammatory cytokine panel, Th17 cells are
viewed as critical in controlling extracellular infections. Therefore the highest populations of
Th17 cells are found in the airway and the intestinal mucosa, the two surfaces that are
exposed to the external environment and thus, come into contact with a large number of
microbes. However, in the absence of microbiota, germ-free mice have very limited
numbers of Th17 cells [23], indicating a major role for microbiota in the generation of Th17
cells. Particularly, monoassociation of germ-free mice with segmented filamentous bacteria
directly results in the induction of ROR-γt and Th17 cells [24,25]. Both IL-17A and IL-17F
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have potent proinflammatory properties that act upon a wide range of cells inducing the
expression of proinflammatory cytokines, chemokines, and metalloproteinases. Notably,
IL-17A and IL-17F are very effective in generating responses from neutrophils, through
recruitment, activation and subsequent migration [26]. Due to the potency of the Th17
response, it has been implicated in the clearance of many bacterial pathogens, as both
IL-17A and IL-17 receptor-deficient mice are greatly susceptible to Klebsiella pneumoniae
infection, specifically characterized by a deficiency in neutrophil migration [27,28]. Such
deficiencies in IL-17 also lead to susceptibility to fungal infections by Candida albicans
[29] and Aspergillus fumigatus [30]. With regards to the intestinal tract, Th17 cells also play
a vital role in protective immunity. IL-17A is a strong inducer of β-defensin-2, a potent
antimicrobial peptide that is constitutively produced by intestinal ECs that is key for
maintaining homeostasis [15]. Moreover, IL-22 from Th17 cells induces small intestinal
ECs to produce RegIIIγ, a C-type lectin that targets Gram-positive bacteria, which is
important in reducing bacterial contact with the epithelium [31,32]. In the case of infection
by Shigella flexneri, Th17 cells are generated by the initial infection. While clearance of the
primary infection is independent of IL-17, memory Shigella-specific Th17 cells confer
protective immunity against a reinfection [33].

As the master regulators of the immune system, regulatory T cells (Treg) are generated in
the thymus, and are generally referred to as natural Tregs. Additionally, inducible Tregs are
generated in the periphery from antigen presentation, in the presence of TGF-β. Upon
expression of the transcription factor forkhead box P3 (FOXP3), Tregs suppress the function
of other immune cells primarily through production of TGF-β and IL-10, two universally-
pleiotropic suppressive cytokines. The function of Tregs is critical in the regulation of the
immune system, as mice with deficiencies in TGF-β or FOXP3 die within 3 weeks of birth
from extensive multiorgan inflammation caused by hyperproliferation of CD4+ T cells and
high levels of inflammatory cytokines [34–37]. Mice deficient in IL-10 also develop severe
spontaneous inflammation in the large intestine [38]. FOXP3+ Treg and IL-10-producing
Tr1 cells thereby act to regulate the proliferation and function of both innate and adaptive
immune cells, but particularly in the intestinal tract, where they are required for reinforcing
intestinal homeostasis and restricting damage to host tissues from the inflammatory response
(Figure 1). When CD45RBhigh naive effector T cells are transferred into immunodeficient
RAG-deficient or SCID mice, the effector T-cell population expands rapidly in the intestinal
tract into Th1 and Th17 and secretes high levels of proinflammatory cytokines. The
expansion and corresponding intestinal inflammation does not occur when CD45RBhigh T
cells are transferred into germ-free mice, thereby indicating that the inflammatory response
of transferred effector T cells is driven by stimulation from commensal antigens [39].
Effector T-cell-mediated inflammation is abrogated when Tregs are cotransferred with
CD45RBhigh cells, indicating that Tregs functions to primarily limit a hyperactive immune
response to commensal antigens that do not pose a threat.

While Tregs contribute to intestinal homeostasis mainly by immunosuppression, they can
also play an important role in neutralization of bacterial antigens and preventing them from
ever activating the intestinal immune system. This occurs indirectly through induction of
large quantities of IgA on the intestine. After an antigen encounter and T-cell interaction, B
cells undergo a class-switch recombination to produce a single Ig subtype, depending on
cytokine cues from the environment. Of note, TGF-β is the key cytokine that drives
differentiation to IgA-producing B cells. Through this, Tregs are a major helper for inducing
a sufficient IgA response. In support of this notion, it has been shown that Tregs are a major
cellular source of TGF-β for IgA class switching. Depletion of CD25+ Treg strongly
decreased intestinal IgA production (total and antigen-specific) as well as total numbers of
IgA+ B cells. Furthermore, repletion of Tregs restored intestinal IgA production, particularly
in a TGF-β-dependent manner [17]. Tregs also directly induced high IgA production from
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naive B cells in vitro [17]. Plasticity from Tregs has also been demonstrated within the PPs,
where Tregs have been shown to acquire characteristics of CD4+ follicular helper T cells
(TFH) [40]. Therefore, it becomes clear that the colonization from microbes, and expression
of TGF-β from Tregs both utilize IgA in order to maintain a mutualistic relationship
between the host and commensal flora [41].

Role of innate immune cells cross-talk in polarization of the intestinal
epithelial response

The evolution of additional regulatory mechanisms in the intestinal tract attests to the
differences in microbial load between the systemic and mucosal immune systems. As
discussed above, CD4+ T cells can drive or suppress inflammation through the secretion of
different cytokines. Due to this delicate balance between pro-inflammatory or regulatory
CD4+ T cells, innate immune cells, functioning as antigen-presenting cells, have a key role
in establishing the cytokine milieu in the intestinal environment, thereby directing CD4+ T-
cell differentiation. The mechanisms directing innate cell responses to the microbiota are
discussed below.

Dendritic cells
DCs are key antigen-presenting cells which program immune responses by priming naive T
cells and influence their differentiation through their cytokine expression. DCs constantly
patrol the intestinal tract, from the mucosa to the mesenteric lymph node. CD11c+ DCs
expressing CX3CR1 have the unique ability to extend pseudopods through the intestinal
epithelium [42] to ‘sample’ luminal antigens and present them to T cells in the MLN [8],
preferentially inducing Th1 and Th17 cells [43,44]. However, DCs at the mucosal surfaces
tend to be more inclined to have regulatory functions during healthy, steady-state conditions
(Figure 1). Retinoic acid educates DCs arising from the bone marrow to migrate to the
intestine, where they show increased capability of inducing Tregs [45] and IgA-producing B
cells [46]. The CD103+ DCs are abundant in the intestinal tract and secrete retinoic acid and
TGF-β, and drive Treg development, indicating a high capacity for immune regulation [47].
Production of retinoic acid by CD103+ DCs requires MyD88 signaling, further indicating a
role for microbiota in the regulation of the intestinal environment [48]. However, dietary
factors also contribute to retinoic acid production, as vitamin A deficiency significantly
reduces the capacity of CD103+ DCs to metabolize vitamin A into retinoic acid [49]. In
addition to inducing Treg and IgA expression, production of retinoic acid induces
lymphocytes to migrate from the periphery to the intestinal tract [46,50,51]. Furthermore,
analysis of human intestinal DCs indicate that they express lower levels of TLR2 and TLR4
than peripheral DCs [52].

Macrophages
The macrophages are among the most abundant phagocytic cells in the intestine,
contributing to the clearance of any microorganisms that cross through the epithelium.
However, in relation to their peripheral counterparts, human intestinal macrophages are
more tolerogenic, and generally do not respond to antigens in an inflammatory manner.
Intestinal macrophages respond poorly to lipopolysaccharide stimulation, lacking production
of IL-1, IL-6, TNF-α, IL-12 or IL-8, that are characteristically seen in peripheral
macrophages. However, they still maintain their phagocytic and bactericidal capabilities
[53]. Further, microarray analyses of intestinal macrophages revealed upregulation of a
number of immunoregulatory molecules, including IL-10, TGF-β and PD-L1 [54].
Production of these cytokines results in the differential capability of intestinal macrophages
to inhibit Th1 differentiation, whereas splenic macrophages normally promote Th1
differentiation. Intestinal macrophages also exhibit substantial affinity for inducing Treg
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differentiation through IL-10 and TGF-β production. By promoting IL-10 secretion,
intestinal macrophages not only promote Tregs but at the same time limit their own
secretion of IL-6, preventing a switch to a Th17 lineage. These characteristics identify
macrophages as key players in cleaning up bacteria that has breached the epithelium,
without stimulating an inflammatory response. The intestinal macrophages also express low
levels of MHC class II [55]. Macrophages continue having anti-inflammatory roles even
after an immune response. Upon T-cell expansion and subsequent clearance of the pathogen,
the majority of the T cells undergo apoptosis. Phagocytosis of apoptotic T cells triggers
TGF-β production from macrophages thereby providing a microenvironment that is
favorable for inducing Tregs [56]. This provides for a rapid transition back to a homeostatic
environment that is devoid of inflammation, as well as pathogens.

Epithelial cells
The single layer of intestinal ECs (IECs) provides the only structural barrier separating the
bacteria from the underlying mucosa. With the constant movement of luminal contents,
IECs slough off and the entire epithelium is renewed every 5 days in humans as intestinal
stem cells in the crypts of the villi proliferate and differentiate into IECs [57]. In order to
protect the stem cells that reside inside the crypts, specialized Paneth cells lie at the base and
secrete high levels of bactericidal enzymes, namely α-defensins and lysozyme. Additionally,
a thick mucus layer secreted by goblet cells also protects the crypts from bacterial
penetration. The lectin RegIIIγ also contributes to the segregation of bacterial populations
and the gut barrier (IECs), since it is expressed in response to Gram-positive bacteria,
limiting the numbers of IEC-associated bacteria [11]. The IECs also contribute to barrier
integrity through the formation of tight junctions. Mice deficient in MyD88 display an
impaired immunity to infection, and a deficiency in TLR5 often develops into spontaneous
colitis [58–60]. This is a direct result of bacteria coming into closer association with the
colonic epithelium, whereas the immune system is unable to control the microflora. This has
also been reported in inflammatory bowel disease patients, where NOD2 polymorphisms
have consistently been associated with reduced antimicrobial peptide production, and
impaired innate immunity [61,62]. IECs also play a significant role in preventing immune
activation. Studies in TLR-transgenic mice illustrated a striking association with TLR
activation in IECs, B-cell recruitment and IgA production, as a result of increased
production of the chemokines CCL20 and CCL28 to induce B-cell homing to the intestine,
as well as APRIL and BAFF to regulate IgA class-switching [63–65]. Remarkably, colonic
IECs express high amounts of TGF-β [66] and IL-25 [67], which promote IL-10 production
from innate immune cells.

Role of commensal bacteria in regulation of intestinal immunity
The human gut is colonized not only by commensal bacteria (microbiota) but also by certain
pathogenic bacteria. How commensal bacterial populations modulate the activation of
intestinal immunity, in order to avoid harmful responses that disrupt homeostasis, or how
responses elicited by microbiota ameliorate inflammatory effects triggered by enteric
bacterial pathogens is currently an extensive field of investigation. In this section we will
review current findings focused on how bacterial components, or products of their
metabolism, contribute to immune modulation either maintaining the homeostasis with
commensals, or suppressing harmful responses for enteric pathogens. Additionally, how
commensal bacteria interact with the intestinal epithelium, an area of constant investigation,
is also discussed.
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Intestinal epithelial cell interaction with commensal bacteria
The intestinal epithelium works as the place where initial contact with the lumen content
occurs. Upon contact with ECs, microbiota or pathogenic bacteria can influence innate or
adaptive immunity via cytokines or chemokines secreted by IECs [68]. Several studies have
been focused on differential effects elicited on the intestinal epithelia by commensal bacteria
and pathogenic bacteria. While several proinflammatory molecules are secreted upon
pathogenic bacteria challenge, such as the chemokines IL-8 and CCL2 (hallmarks of
inflammatory responses in the intestine and responsible for neutrophil recruitment),
commensal bacteria such as Lactobacillus can modulate the secretion of these mediators in
IECs. The reduction in chemokines is commensal-specific because, for example,
Lactobacillus plantarum, but not Lactobacillus acidophilus, is able to reduce CCL2 via a
NF-κB dependent pathway [69]. Other Lactobacillus species, such as Lactobacillus casei,
can also modulate intestinal homeostasis by reducing the expression of IL-8 and CCL2 after
stimulation with Salmonella lipopolysaccharide [70]. Interestingly, the induction of CCL20
secretion occurred with pathogenic bacteria such as Salmonella enterica serovar
Typhimurium or Salmonella Typhimurium flagellin, and commensal bacteria, such as
Bifidobacterium infantis and Lactobacillus salivaris, where they are not only able to reduce
CCL20 to baseline levels but also caused a reduction in CCL20 secretion after treatment
with Salmonella Typhimurium [71]. CCL20 has been implicated in gut and lung immunity,
its action through the specific receptor CCR6, induces recruitment of macrophages and DCs
to sites of infection [72]. Complete shutdown of CCL20 could be detrimental for certain
bacterial pathogen infections; therefore, commensal bacteria modulate the inflammatory
responses. Further, animal studies suggest that the effect of microbiota on the intestinal
epithelium is critical during in vivo tolerance [73]. These findings suggest that one of the
mechanisms by which commensal bacteria modulate intestinal immunity involves regulation
of recruitment of innate and adaptive immune cells via interaction with the intestinal
epithelium.

Commensal bacterial factors that mediate immunomodulation
Although it has been described that commensal bacteria can modulate host immune
responses, the bacterial factors that mediate such effects remain to be identified until
recently.

Bacteroides fragilis polysaccharide A—Commensal bacteria can influence adaptive
immunity through modulation of innate immunity components. For example, Bacteroides
fragilis polysaccharide A (PSA) induces Treg at the expense of Th17 responses, which
suggest a clear difference in the way commensal bacteria can influence innate response
compared with enteric pathogens. B. fragilis trigger responses that favor symbiotic
colonization via TLR signaling but not inflammatory responses [74,75]. Due to these
properties, the B. fragilis PSA has recently been classified as a ‘symbiont-associated
molecular patterns’.

Lactobacillus lipoteichoic acid—The lipoteichoic acid (LTA) from Lactobacillus
species can also be important in shaping the intestinal microenvironment. In the absence of
L. acidophilus LTA, Treg cells frequencies are increased in mice colon following an oral
challenge with a LTA-deficient L. acidophilus mutant. Furthermore, this increase in Tregs is
in accordance with the finding that the LTA-deficient Lactobacillus caused amelioration of
symptoms on dextran sulfate sodium-induced colitis mice [76]. The finding is consistent
with previous reports where modification of the charge of Lactobacillus LTA was able to
ameliorate colitis symptoms [77]. The mechanisms by which Lactobacillus LTA induces
such modulation is still largely unknown; however, LTA could act through recognition by
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DCs TLR2. Evidence suggests that a change on Lactobacillus could modulate Treg
responses in the gut.

Lactobacillus reuteri cyclopropane fatty acids—Some strains of L. reuteri are
capable of suppressing the secretion of TNF-α. Further, L. reuteri defective in cyclopropane
fatty acid (CFA) production (CFA synthase mutants) is less efficient in suppressing TNF-α
than the wild type. However, there is no direct effect on suppression of TNF-α by purified
CFAs. It is thus possible that CFA action occurs through changes on the membrane
composition leading to a reduced secretion of immunomodulatory compounds [78].

As discussed above, members of the microbiota could modulate immune responses in the
gut, depending on specific bacterial components, and at the same time regulation will differ
depending on the component of intestinal immunity that is targeted (i.e., IECs, resident DCs
and so on), exerting different effects over innate or adaptive responses. A recent analysis of
the transcriptome of commensal bacteria support the hypothesis that they can differentially
regulate intestinal immunity, depending on the bacterial strain evaluated. Further, TLR
signaling pathways are differentially regulated by different commensal strains, and for
example, L. salivarius Ls33 is rather anti-inflammatory while L. acidophilus is
proinflammatory [79]. The differences are due to their differential regulation of the adaptor
molecules MyD88, TRIF, TRAF6 and IRAK1.

Disruption of gut immunomodulation by bacterial enteric pathogens
The host response against enteric pathogens includes an important inflammatory component
and therefore, the pathogens need to modulate this response or suppress it to assure their
survival. Some reports have focused on specific gut surveillance cells, such as intestinal DCs
and how they are regulated by enteric pathogens [80]. This section will focus on two well
established enteric pathogens, Salmonella and Vibrio cholerae, and a Crohn’s disease-
associated adherent-invasive E. coli (AIEC), a bacteria linked to a chronic inflammatory
condition [81].

Vibrio cholerae
Products of bacterial metabolism can contribute to immunomodulation of the host response
by V. cholerae, where the product of glucose metabolism, 2,3-butanediol, modulates the
activation of host response by suppressing the secretion of IL-8 and TNF-α in an NF-κB
dependent fashion on intestinal ECs [82]. The metabolite is specific for V. cholerae El Tor
strains, which have been shown a competitive advantage over V. cholerae classical strains
[83]. Of note, V. cholerae stimulates a potent proinflammatory response; therefore, the
evolutionary success of El Tor strains could be in part attributed to their ability to down
regulate IL-8 and TNF-α. Further investigation is required regarding the role of this
metabolite in vivo, using animal models of infection.

Salmonella enterica
Salmonella enterica induces intestinal epithelial damage by poly-morphonuclear cells influx
and an increase in IL-17A, IL-17F as well as arrangement of chemokines [84]. IL-17 has
been indicated as a major player in Salmonella Typhimurium induced diarrhea, as it is
strongly induced in the infected gut. However, the mechanism of induction of an
inflammatory response could be redundant as demonstrated recently, in that IL-17 receptor
deficiency in the cecum tissue of Salmonella Typhimurium-infected mice did not affect the
cytokine cascade known to be triggered by IL-17 [85], an indication that an inflammatory
response in the mice cecum by Salmonella Typhimurium can also be activated by multiple
signals, such as IL-22 or IFN-γ, in addition to IL-10. This is true at least during the acute
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phase of Salmonella enterocolitis. How type III secretion systems effectors encoded in
Salmonella pathogenicity islands 1 and 2 activate IL-17 responses, or alternatively IL-22 or
IFN-γ, needs to be further investigated.

In order to disseminate throughout the host, Salmonella Typhi, the causative agent of
typhoid fever, have to cross the intestinal epithelial barrier, and at the same time they must
avoid the intestinal innate immune response. Bacterial components, such as flagellin, can be
potent activators of innate immune responses via TLR5 recognition on IECs. However,
Salmonella Typhi can avoid the sentinel function of the epithelium via the flagellin repressor
TviA [86]. Furthermore, this repressor does not only inhibit flagellin expression after the
bacteria has already crossed the ileal mucosal but also stimulates the expression of the Vi
capsular antigen, which prevents the detection of Salmonella by TLR4 [87]. Together, these
actions allow Salmonella Typhi systemic dissemination by impairing innate responses in the
epithelium, such as the reduction of the chemokines CCL20 and CXCL1.

Salmonella can also alter the initiation of adaptive immune responses by promoting
ubiquitination of MHC class II in infected DCs, resulting in the decrease of antigen
presentation capability to CD4+ T cells. The effector responsible for the ubiq-uitination of
MHC class II is encoded by the ssaV gene located in the pathogenicity island 2 [88].

Adherent invasive AIEC
AIEC are increased in the ileal mucosa of patients with CD, which represent isolates that do
not have the classical virulence factors found in other E. coli pathotypes. Recently, efforts
have been devoted to identify whether AIEC contributes to initiation or persistence of CD.
An important finding has been that AIEC can target PPs [89]. PPs are covered by M cells,
specialized for antigen transport and adherence. In order to cross the intestinal epithelial
barrier and surviving the host responses, several enteric pathogens, such as Yersinia and
Shigella, target M cells. One of the mechanisms by which AIEC target PPs is similar to that
used by Salmonella where expression of the long polar fimbriae participate in invasion of
PPs in an ex vivo experiment, whereas the long polar fimbriae-deficient strain displayed a
reduced invasive phenotype. Additionally, AIEC can upregulate the expression of
CEACAM6 on ileal ECs, which serves as a receptor for AIEC type 1 pili (Figure 1).
CEACAM6 expression can also be upregulated by IFN-γ and TNF-α [90]. Once gaining
access to the intestinal epithelial cell layer, AIEC stimulate more production of
proinflammatory cytokines such as IFN-γ and TNF-α; therefore, it has been suggested that
such AIEC stimulation contributes to the persistence of the bacteria and the chronic
inflammatory response.

Expert commentary & five-year view
As summarized above, significant progress has been made in understanding the complex
diversity of physiological functions of innate immune responses in the intestinal epithelial
barrier. Elucidation of the regulatory mechanisms associated with maintenance of a
homeostatic stage and potential disruption by pathogenic organisms has allowed a better
understanding of the cross talk between intestinal epithelia, immune cells and commensal
microflora. However, many questions remain to be answered, including the use of
therapeutic approaches to help maintaining the intestinal immune balance and, therefore,
preventing disease. For example, interesting advances have been achieved on the therapeutic
use of peptides, particularly vasoactive intestinal peptide, on immune cell activation and
function, and the potential use as anti-inflammatory compounds [86]. However, the
challenge remains to be the delivery of the peptide for therapeutic use because these
compounds tend to be degraded quickly. Therefore, there is a need to develop and optimize
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a delivery system that protects the peptide from degradation, while maintaining its
biochemical properties.

Another area that requires significant attention is the current use of antibiotics on high-risk
patients that can develop chronic inflammatory responses. How different classes of
antibiotic treatments have an effect on commensal populations and the subsequent
consequences on infections should be investigated. One key area of current development is
the use of high-throughput sequencing, which allows a nonbiased global analysis of
commensal populations, thereby identifying the bacterial species that are critical to maintain
in healthy individuals. Furthermore, it is evident that the interactions between the
commensal flora and the host immune system are bidirectional, with important ramifications
for intestinal homeostasis. Therefore, there is a need to increase the number of studies
correlating intestinal and peripheral immune responses with commensal bacteria, which
should provide novel methods not only to impact the commensal flora, but also to regulate
immune responses through the manipulation of commensal populations.

A third area of opportunity for development includes the signaling events that participate in
the maintenance of the homeostatic environment. Although several studies have shown the
participation of TLRs (i.e., TLR2) and NOD-like receptors in the modulation of
inflammatory responses in the gut, cumulative evidence indicate that TLR signals are
dispensable for the induction and regulation of chronic intestinal pathology. Therefore,
future studies should focus on alternative pattern recognition receptor pathways that may
play a nonredundant role in inflammatory bowel disease pathogenesis.

Last but definitely not least, it is now clear that microbiota control gut colonization by
pathogens, and once the GI tract is colonized, they actively regulate microbiota
compositions as well as colonization dynamics. Recent evidence further demonstraes that
some viruses require help from microbiota to establish infection by ‘borrowing’
lipopolysaccharide from microbiota which in turn stimulate IL-10 production via binding
TLR4 by innate immune cells. Thus, investigating the interplay between microbiota and
enteric pathogens, and how such interplay regulates the host response to pathogens will
provide great insights into understanding intestinal infections and development of
therapeutics for such infections.

In conclusion, the gut microbiota is the next frontier in understanding human health, because
full characterization of the factors and players controlling homeostasis are a step forward for
the development of specific therapeutics. By using probiotics, antibiotics and other
compounds, investigators can modulate the composition of the gut to improve the health of
the host. Further optimization of methods to characterize the microbiota still remain to be
elucidated; however, full understanding of the microbiota will be beneficial not only for the
field of biomedical research but also for healthcare, because establishment of biomarkers of
a given microbiota can serve as indicators of disease.
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Key issues

• Microbiota regulate innate pathways that activate microbiota antigen-specific T-
cell responses for the maintenance of intestinal homeostasis.

• The host immune system regulates microbiota for the maintenance of intestinal
homeostasis.

• Intestinal pathogens regulate the host immune system for infection.

• Microbiota regulate colonization of intestinal pathogens.
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Figure 1. Intestinal homeostasis and its breakdown during pathogenic processes
(A) Intestinal homeostasis requires the establishment of a balance between the microbiota,
the intestinal epithelium and the host immune system. Diverse regulatory mechanisms and
cross-talk between intestinal and immune cells help to maintain intestinal homeostasis, and a
breakdown in these pathways may precipitate the inflammatory pathology observed during
pathogenic processes (B). IECs and intestinal DCs sense distinct infectious agents, leading
to the production of factors that direct different immune responses (black arrows).
Regulatory T cell (Treg; blue) can suppress all types of inflammatory responses and enhance
the production of protective secretory IgA antibodies. Th17 type (purple), together with
other Th cell types, participate in the maintenance of the protective immunity. CD103+ DCs
display the ability to drive the differentiation of Tregs and to inhibit Th1 and Th17 cell
development. A bacterial pathogenic process causes the destruction of the intestinal
epithelial integrity, resulting in the recruitment of immune cells to the site of infection.
Inflammation may affect the differentiation of tolerogenic macrophages from recruited
monocytes, leading to reduction in Treg differentiation and inability to control the activity of
DCs. As a result, a pathogenic process is initiated.
DC: Dendritic cell; IEC: Intestinal epithelial cell; TLR: Toll-like receptor.

Cieza et al. Page 17

Expert Rev Anti Infect Ther. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


