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Abstract

The mammalian gastro-intestinal (GI) tract is colonized by trillions of beneficial commensal
bacteria that are essential for promoting normal intestinal physiology. While the majority of
commensal bacteria are found in the intestinal lumen, many species have also adapted to colonize
different anatomical locations in the intestine, including the surface of intestinal epithelial cells
(IECs) and the interior of gut-associated lymphoid tissues. These distinct tissue localization
patterns permit unique interactions with the mammalian immune system and collectively influence
intestinal immune cell homeostasis. Conversely, dysregulated localization of commensal bacteria
can lead to inappropriate activation of the immune system and is associated with numerous
chronic infectious, inflammatory and metabolic diseases. Therefore, regulatory mechanisms that
control proper anatomical containment of commensal bacteria are essential to maintain tissue
homeostasis and limit pathology. In this review, we propose that commensal bacteria associated
with the mammalian Gl tract can be anatomically defined as (i) luminal, (ii) epithelial-associated
or (iii) lymphoid tissue-resident, and we will discuss the role and regulation of these microbial
populations in health and disease.

Introduction

The mammalian Gl tract is colonized by beneficial microbes such as commensal bacteria,
which collectively influence host intestinal physiology. Levels of commensal bacteria in the
Gl tract have been reported to be as high as 1014 organisms, with over 1000 different
bacterial species represented (1, 2). Some of the most well characterized roles of commensal
bacteria include promoting efficient host nutrient absorption and protection from pathogen
colonization (reviewed in (3-8)). In addition, an expanding body of literature has identified
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critical roles for commensal bacteria in the development of the host immune system and
maintenance of immune cell homeostasis (reviewed in (9, 10)).

In contrast to the ability of commensal bacteria to confer beneficial properties, dysregulated
interactions between commensal bacteria and the host are also associated with many chronic
inflammatory diseases such as inflammatory bowel disease (IBD), chronic viral infection,
obesity, cancer and cardiovascular disease (9, 11). This has been proposed to occur either by
changes in the composition of the microbiota known as dysbiosis and/or bacterial
translocation (9, 11-18). Although many studies have identified and characterized dybiosis
during disease, much less is known about the role of commensal bacteria localization in
disease development and pathogenesis.

Much of our current knowledge on the role of the microbiota in health and disease is derived
from studies on luminal commensal bacteria. However, emerging studies suggest that, in the
steady state, specific commensal populations have been shown colonize distinct
compartments of the intestine and alter immune cell homeostasis to provide host protection
from disease. For example, the Firmicutes phylum member Clostridium spp. was
demonstrated to colonize the lumen of the colon while the Bacteroidetes phylum member
Bacteroides fragilis was shown to colonize both the lumen and crypts of the colon (19-23).
In contrast, the gram-positive segmented filamentous bacteria (SFB) colonized the intestine
by adhering tightly to epithelial cells of the terminal ileum in mice (24, 25). These studies
highlight that the anatomical localization of commensal bacteria in the intestine can be
categorized into at least two groups: (i) luminal and (ii) epithelial-associated. More recently,
two studies have described gut-associated lymphoid tissues as a novel and unexpected site
for commensal bacterial colonization in healthy mammals. These commensal species, herein
referred to as lymphoid tissue-resident commensal bacteria, were shown to colonize the
interior of Peyer’s patches (PPs) of healthy mice, primates and humans (26, 27). Despite our
growing understanding of commensal-immune system relationships, how these interactions
are influenced by commensal bacteria colonization in different compartments of the intestine
is not well understood. In this review, we will discuss how anatomically distinct commensal
populations, including (i) luminal, (ii) epithelial-associated or (iii) lymphoid tissue-resident
(Figure 1), are recognized by the immune system, influence immune cell function and are
anatomically restricted via host and bacterial intrinsic mechanisms. Moreover, we will
highlight current literature involving both human and mouse studies on how dysregulated
commensal bacteria localization may contribute to a variety of chronic inflammatory
diseases.

Luminal commensal bacteria

Analyses of commensal bacteria compaosition in the mammalian GI tract have mainly
focused on 16S rDNA sequencing of luminal contents from the intestine. In healthy mice,
luminal commensal bacteria are largely represented by three phyla: Bacteroidetes,
Firmicutes and Proteobacteria. Within these groups, approximately 70% are Bacteroidetes,
20% are Firmicutes and less than 2% are Proteobacteria (28). Consistent with the intestine
being a hypoxic environment, most luminal commensal bacteria, especially Bacteroidetes
and Firmicutes members, are obligate anaerobes (29, 30). Furthermore, many of these
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bacteria are not culturable using current techniques and have only been identified through
16S rDNA sequencing (31, 32). Using this technique to interrogate interactions between the
host and luminal commensal bacteria, an increasing body of data has revealed that members
of both Bacteroidetes and Firmicutes have profound roles in shaping the host immune
system.

The Bacteroidetes phylum is comprised predominantly of gram-negative, rod-shaped,
anaerobic bacteria. Within this phylum, the genus Bacteroides is highly represented along
the mammalian Gl tract and has been reported to reach as high as 1010 — 1011 organisms per
gram of human feces (33). Many members of the Bacteroides genus including B.
thetaiotaomicron and B. fragilis are well adapted to thrive in the GI tract (33) and have been
described to aid in host metabolism by processing complex polysaccharides into smaller
compounds for host absorption (34).

Studies interrogating the interactions between Bacteroides and the host immune system have
focused primarily on one species, B. fragilis (Figure 2). An identifying feature of this
bacterium is the presence of a capsular polysaccharide complex composed of eight capsular
polysaccharides, of which polysaccharide A (PSA) is the most highly expressed (35). While
PSA can elicit pro-inflammatory responses such as production of interleukin (IL)-12, tumor
necrosis factor alpha (TNFa) and interferon gamma (IFNy) through recognition of PSA by
dendritic cells (DCs) (35), PSA also has potent anti-inflammatory properties and can
stimulate interleukin (1L)-10-producing CD4* Foxp3* Tregs in the colon (21). Surprisingly,
this response was independent of antigen presenting cells (APCs) but dependent on T cell
recognition of PSA by Toll-like receptor (TLR) 2 (22). In mice, this immunomodulatory
response was required for intestinal colonization by B. fragilis and was associated with
protection from experimental colitis (21). B. fragilis could also produce glycosphingolipids
that inhibit invariant natural killer T (iNKT) cell proliferation, likely by interfering with
lipid loading on CD1d molecules (36). Functionally, modulation of iNKT cell homeostasis
in the colon by B. fragilis glycosphingolipids protected mice from iNKT cell-mediated
intestinal inflammation. In a separate report, B. fragilis can produce immune-stimulatory
glycolipids that bind CD1d and activate iNKT cells in mice and humans (37), suggesting a
dual role for Bacteroides glycolipids in regulating immune cell homeostasis.

Patients with autism spectrum disorder (ASD) often present with GI symptoms (38—41). In
recent findings, B. fragilis was demonstrated to correct behavioral abnormalities and restore
increased intestinal permeability and altered luminal commensal bacteria composition in a
mouse model of ASD (42). Notably, oral treatment with PSA-deficient B. fragilis or wild-
type B. thetaiotaomicron but not Enterococcus faecalis also improved anxiety-like, repetitive
and communicative behavior of mice with ASD. Furthermore, it was demonstrated that oral
treatment of ASD mice with B. fragilis could limit elevated levels of the neurotoxic,
commensal bacteria-derived serum metabolite 4-ethylphenylsulfate. These findings suggest
that Bacteroides may play important roles in host physiology beyond the intestine by
modulating the metabolic activity of other commensal bacteria.

Within the Firmicutes phylum, which is comprised of gram-positive, spore forming, obligate
anaerobes, the most studied group of commensal bacteria in regard to modulation of
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immune cell function is the class Clostridia (Figure 2). Similar, to B. fragilis, Clostridium
spp. isolated from mouse and human feces can promote the differentiation and function of
CD4* Foxp3* Tregs in the mouse colon and are sufficient to protect mice from experimental
colitis (19, 20). Colonization of germ free mice, which have enlarged cecums, by
chloroform-resistant Clostridium spp. resulted in significantly reduced cecum size due to
Clostridium-dependent fermentation of dietary fiber and production of short-chain fatty
acids (SCFAs) as metabolic by-products (43). Consistent with the hypothesis that gut
metabolism and immune cell homeostasis are two related processes, optimal induction of
colonic Treg responses by Clostridium spp. was dependent on metabolism of dietary fiber
and subsequent production of SCFAs (20, 43-45). The cellular and molecular mechanisms
by which SCFAs influence immune cell function have begun to be elucidated. SCFAs could
directly promote Treg immune-suppressive function through Treg-intrinsic expression of the
SCFA receptor, GPR43 (45). Butyrate also promoted acetylation at the Foxp3 locus and the
Foxp3 protein (43, 44), which have been previously shown to enhance Foxp3 stability and
function (46, 47). Alternatively, butyrate and propionate could function independently of
Tregs by suppressing DC production of pro-inflammatory cytokines and augmenting their
ability to induce peripheral Treg differentiation (44). Furthermore, the SCFA butyrate was
shown to promote Tregs at extra-intestinal tissues such as the spleen and peripheral lymph
nodes (44). Collectively, Clostridium spp. are prominent members of the luminal microbiota
that induce tissue protective, immunoregulatory responses through production of microbial-
derived metabolites.

Anatomical restriction of B. fragilis and Clostridium spp. to the lumen of the intestine is
dependent on the presence of physical and biochemical barriers that limit interactions of
commensal bacteria with IECs and potential translocation to the underlying connective
tissues of the intestinal lamina propria (Figure 2). Mucus, which is secreted by specialized
epithelial cells known as goblet cells, forms a dense gel-like layer on the apical surface of
the intestinal epithelium and is composed of mucin glycoproteins including the highly
glycosylated mucin MUC2 (48). In the colon, mucus is organized into an inner mucus layer,
which is approximately 50 um thick in mice and is firmly attached to the surface of
epithelial cells, and an outer non-epithelial attached layer, which is approximately 100 um
thick in mice (48). Luminal commensal bacteria in the colon are restricted to either the
lumen or the outer mucus layer whereas the inner mucus is mostly devoid of commensal
bacteria with the exception of some epithelial-associated species (48), which will be
discussed in the following section. Although B. fragilis could colonize the lumen, it could
bind intestinal mucins and was found within the colon mucous layer of gnotobiotic mice
dual-colonized with £. coliand B. fragilis (49). In the small intestine, the mucus layer,
although much less defined than in the colon, is about 50 pm thick in mice and also
promotes physical separation between most luminal commensal bacteria and the epithelium
(48). In mice deficient in the mucin glycoprotein MUC2, physical separation between
commensal bacteria and the intestinal epithelium was lost resulting in the development of
spontaneous colitis (50, 51). More recently, it was described that MUC2 in the mucus layer
of the small intestine also actively participated in promoting immune tolerance to luminal
antigens by conditioning intestinal DCs (51). Recognition and uptake of MUC2 by DCs
enhanced their expression of the immunoregulatory cytokines /10, Tgfb1 and limited their
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ability to induce T cell proliferation and production of the proinflammatory cytokine IFNy
(51). These data indicate that mucus secretion is an important mechanism that restricts
dissemination of luminal commensal bacteria and supports immunological tolerance to
luminal commensal antigens.

In addition to mucus, antimicrobial peptides (AMPs) are small molecular weight proteins
secreted into the lumen of the intestine that limit colonization of commensal bacteria and
promote physical separation between commensal bacteria and the intestinal epithelium.
AMPs are produced by virtually all IECs but the expression of a subset of AMPs such as the
C-type lectin regenerating islet-derived protein 3y (REGIIIY) is enriched in specialized IECs
such as Paneth cells in the small intestine (9). AMPs are concentrated to the epithelial
surface to limit apical attachment of commensal bacteria normally restricted to the lumen
(52). These studies also demonstrated that production of REGIIIy could be induced by TLR
signaling, as IEC-intrinsic deletion of Myd88resulted in loss of commensal-epithelium
segregation (52). Collectively, these data suggest that recognition of commensal bacteria by
TLRs initiates regulatory pathways that promote anatomical restriction. Recently, it was
demonstrated that the REGIII family proteins recognize and target commensal bacteria by
binding to surface carbohydrates and forming an oligomeric membrane-permeabilizing pore
(53). The gram-negative bacteria-derived component lipopolysaccharide (LPS) inhibited
REGIIla pore-forming activity, providing a mechanism by which REGIII family proteins
are bactericidal to gram-positive but not gram-negative bacteria. Other AMPs such as
lipocalin 2 and calprotectin (SL00A8/9), which limit microbial access to micronutrients such
as zinc, manganese and iron, are likely candidates that control the gram-negative commensal
populations in the intestinal lumen (54-57).

A third mechanism by which the host limits commensal attachment to the epithelium is
through secretory IgA. IgA is the most abundant immunoglobulin produced in mammals and
play a critical role in immune defense at the intestinal barrier surface. Induction of IgA in
the intestine occurs predominantly in the PPs and isolated lymphoid follicles (ILFs) of the
small intestine and, similar to mucins and AMPs, is highly dependent on the microbiota (58—
60). IgA secreted by plasma cells in these tissues is covalently bound to the polymeric
immunoglobulin receptor (plgR) and transported through IECs via intracellular vesicles.
Once released into the lumen, IgA restricts commensal bacteria from associating with the
epithelium by binding to the surface of bacteria and neutralizing their ability to trigger
inflammation (58, 60). Mice-deficient in plgR displayed increased penetration of
commensal bacteria to the mesenteric lymph node (mLN) and systemic antibody responses
to commensal bacteria. IgA can be induced by both T-dependent and T-independent
mechanisms. While high affinity IgA from T-dependent pathways is important for
protection from mucosal pathogen colonization, low-affinity, polyreactive IgA from T-
independent pathways is generally necessary for confining commensal bacteria to the
intestinal lumen (58, 59). Taken together, mucus, AMPs and secretory IgA are three of the
main host mechanisms that cooperatively serve as important regulators that restrict
commensal bacteria to the lumen of the Gl tract.

Immunol Rev. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fung et al.

Page 6

Epithelial-associated commensal bacteria

Although most commensal bacteria are restricted to the intestinal lumen, a small fraction can
penetrate the inner mucus layer and colonize the surface of IECs. Sequencing of 16S rDNA
on the surface of the intestinal epithelium has revealed the presence of epithelial-associated
commensal bacteria that include members of the Bacteroidetes and Firmicutes phyla at
levels of about 2-3 logs less than those observed for luminal bacteria (28, 52). The most
notable example in mice is SFB, a member of the Firmicutes phylum, which colonizes and
adheres tightly to IECs of the terminal ileum (24, 25). Colonization of mice with SFB results
in elevated Th17 cell responses in the small intestine, which are associated with both
intestinal tissue protection from mucosal pathogen infection and susceptibility to mouse
models of autoimmune arthritis and experimental autoimmune encephalopathy (61, 62).
Studies addressing the mechanism(s) by which SFB induces Th17 cells demonstrated that
SFB-colonized mice exhibited increased intestinal expression of the acute-phase response
protein serum amyloid A (SAA), which conditions lamina propria DCs to produce Th17
cell-inducing cytokines IL-6 and IL-23 (25). Therefore, SFB is an epithelial-associated
commensal bacterium that can elicit inflammatory immune responses that are, depending on
context, tissue-protective or pathologic.

Direct recognition of SFB is likely mediated by lamina propria DCs that actively sample
bacteria at the apical surface of epithelial cells (Figure 3). Subsets of lamina propria DCs
that express the fractalkine receptor CX3CR1 have been shown to sample antigens by
extending transepithelial dendrites across the intestinal epithelium (63). Although these DCs
are believed to be non-migratory and only stimulate local mucosal immune responses, one
report suggests that they could carry commensal bacteria antigens to the mLN to stimulate
both T cell and IgA responses (64). Interestingly, migration of CX3CR1-expressing DCs to
the mLN and subsequent mucosal immune responses were regulated by recognition of
commensal bacteria through MYD88 (64). In contrast, it was recently demonstrated that
CX3CR1* macrophages in the small intestine can acquire and transfer soluble antigens via
the gap junction protein connexin 43 to CD103* DCs, which then migrate to draining lymph
nodes to induce antigen-specific T cell responses (65).

Similar to their functions in regulating luminal commensal bacteria, host mechanisms such
as AMPs and IgA are critical regulators of epithelial-associated commensal bacteria.
Consistent with the specificity of REGIIIy for gram-positive bacteria, REGIIly downstream
of MYD88 signaling was demonstrated to restrict expansion of SFB on the epithelial surface
as Reg3g-deficient mice had increased epithelial colonization of SFB and another epithelial-
associated bacterium Eubacterium rectale in the small intestine (52). Increased commensal
colonization at intestinal epithelial surfaces due to loss of REGIIIy resulted in increased
frequencies of lamina propria T helper 1 (Th1) but not Th17 cells. Since total levels of SFB
were not altered in Reg3g-deficient mice, these data suggest that dysregulated epithelial
colonization by SFB may skew towards a Th1 response. A role for AMPs in restricting
colonization of epithelial-associated commensal bacteria was also demonstrated in mice
ectopically expressing the human a-defensin gene Defa5 (66). Analyses of the microbiota
composition in the distal small intestine of these mice demonstrated that while the amount of
total bacteria was similar to littermate controls, Defa5-transgenic (Defa5-Tg) mice had
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significantly reduced colonization of SFB. In support of a role for AMPs in regulating
epithelial-associated bacterial species, cytokine responses that promote AMP expression,
such as IL-22, were recently demonstrated to suppress SFB colonization (67, 68). In
addition, pathways and molecules associated with IL-22 production in the intestine, such as
the aryl hydrocarbon receptor (Ahr) and RORyt* ILC responses also direct colonization of
the intestinal epithelial surface (67). AAr-deficient mice, which have reduced RORyt* ILCs,
demonstrated expansion of SFB and increased small intestine Th17 cells (67). Finally, IgA
is also involved in restricting colonization by SFB as demonstrated by expansion of this
commensal bacterium in the feces of /ga-deficient mice (69). Collectively, these data
highlight a critical role for these biochemical and cellular mechanisms in regulating
colonization of SFB on the intestinal epithelial surface. Further investigation may reveal
whether other epithelial-associated commensal bacteria are similarly restricted by AMPs and
IgA.

Intriguingly, commensal bacteria that are found frequently in the lumen of the intestine can
also be epithelial-associated. Electron microscopy (EM) and immunofluorescence revealed
that B. fragilis could penetrate the inner mucus layer and colonize the crypts of the large
intestine. This was demonstrated to be dependent on both host-derived and bacterial-
intrinsic factors. Colonic crypt colonization by B. fragilis was dependent on induction of
Tregs by PSA (22). In a more recent study, it was shown that expression of commensal
colonization factor (ccf) genes by B. fragilis could promote colonization of the bacteria at
colonic crypts. It was hypothesized that host-derived glycan structures could induce the
expression of ccfgenes, consistent with the dependence of Bacteroides speces on host-
derived carbohydrates for intestinal colonization and survival (33). It has also been reported
that B. fragilis, although an anaerobe, can tolerate and benefit from nanomolar
concentrations of oxygen, which is higher at the epithelial surface relative to the lumen of
the intestine (70). Additionally, although Clostridium spp. typically reside in the intestinal
lumen, EM analysis of the colon of Clostridium spp. colonized mice also demonstrated their
presence on the epithelial surface (20). In support of a role for Clostridium spp. in
modulating epithelial cell responses, cecal extracts from Clostridium-colonized mice could
induce primary IECs to produce the Treg-inducing cytokine TGF-$ (20). Taken together,
these data suggest that commensal bacteria-elicited immune responses and commensal
bacteria-intrinsic factors coordinate to permit stable intestinal colonization by epithelial-
associated commensal bacteria. Further analyses are required to delineate whether the
immune cell responses promoted by Bacteroides and Clostridia members are associated with
their localization in either the lumen or the epithelial surface.

Lymphoid tissue-resident commensal bacteria

Tissues beyond the intestinal epithelium are not thought of as typical sites for commensal
bacteria colonization. Although pathogens can penetrate the intestinal epithelium, evade
macrophage killing and in some cases thrive in intestinal tissues, commensal bacteria that
breach the intestinal barrier are typically phagocytosed and cleared by lamina propria
macrophages (71-73). However, recent data provided evidence that some commensal
species could stably colonize the interior of gut-associated lymphoid tissues such as PPs and
mLN of healthy mice and humans (26, 27) (Figure 4). In a seminal study by Kiyono and
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colleagues, sequencing of 16S rDNA in the interior of intestinal lymphoid tissues revealed
the presence of specific groups of commensal bacteria including Alcaligenes spp.,
Ochrobactrum spp., Serratia spp. and Burkholderia spp. Alcaligenes spp. represented the
most abundant lymphoid tissue-resident commensal in the PPs. It was observed that 16S
rDNA of some of these bacteria were detected in the PP DCs of healthy mice, suggesting the
possibility of intracellular survival in DCs. These data support a hypothesis in which
lymphoid tissue-resident commensal bacteria can preferentially access host lymphoid tissues
and potentially evade clearance by host immune cells. Indeed, Alcaligenes spp. can be
transcytosed by specialized IECs known as M cells from the lumen of the small intestine to
PPs (74).

It is interesting to note that all of the lymphoid tissue-resident species identified so far are
also aerobic, environmental microbes, resistant to a broad spectrum of antibiotics and
associated with opportunistic nosocomial infections, particularly in the respiratory tract (75—
78). Some of these species, such as Burkholderia spp. and Serratia spp. are well adapted to
survive on inanimate surfaces and also in host cells (79, 80). Whether these features are
related to their unique colonization pattern in the intestine is not well understood and
requires further investigation. However, analyses in A/caligenes-colonized mice
demonstrated that A/caligenes spp. is sufficient to promote robust A/caligenes-specific and
non-Alcaligenes-specific IgA (26). Furthermore, B cell-deficient CBA/N xidand /ga
deficient mice had reduced numbers of Alcaligenes spp. in the PP. These data suggest that in
contrast to luminal and epithelial-associated commensal bacteria, which are restricted by
IgA, optimal colonization by Alcaligenes spp. is dependent on IgA-producing B cells (26).
Consistent with the notion that mucosal DCs are restricted from migrating beyond the mLN
to systemic lymphoid tissues (81), Alcaligenes-specific 1gG responses were not detected in
the periphery of Alcaligenes-colonized mice (26).

Recently, anatomical containment of the lymphoid tissue-resident-commensal bacteria
Alcaligenes xylosoxidans (also referred to as Achromobacter xylosoxidans) was
demonstrated to be dependent on I1L-22 produced by RORyt* ILCs (27) (Figure 4). Rag1-
deficient mice depleted of RORyt* ILCs experienced low-grade systemic inflammation that
was associated with dissemination of Alcaligenes spp. to the liver, spleen and blood (27).
Administration of IL-22 or the AMP calprotectin to ILC-depleted RagZ-deficient mice
partially restored anatomical containment of Alcaligenes xyloxidans, suggesting a role for
IL-22 induced factors such as AMPs in restricting Alcaligenes to intestinal lymphoid tissues
(27). More recently, it was revealed that secretory IgA from breast milk could restrict
translocation of Ochrobactrum anthropi from the neonatal gut to the draining lymph node,
suggesting a role for IgA in anatomical containment of other lymphoid tissue-resident
commensal bacteria (82). These data provide potential mechanisms for anatomical
restriction of Alcaligenes spp. and also highlight that dysregulated localization of normally
beneficial commensal bacteria can promote pathological inflammation, a condition often
associated with human chronic inflammatory diseases. This idea will be discussed further in
the following section. However, despite these advances, lymphoid tissue-residexnt
commensal bacteria are still the least understood class of bacteria that colonize the intestine.
Since most studies on the composition of the mammalian microbiota have focused on fecal
specimens, future studies would benefit from 16S rDNA sequencing of not only intestinal
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luminal contents but also intestinal lymphoid tissues. Further investigation will be necessary
to define the precise host and microbial pathways that promote tissue colonization patterns
of lymphoid-resident commensal species as well as determine the functional significance of
lymphoid tissue-resident commensal colonization in the context of health and disease.

Anatomical localization of commensal bacteria in disease

Analyses of the human and mouse microbiota have established that in some contexts,
commensal bacteria can promote chronic inflammatory disease through dysbiosis and/or
bacterial translocation (9, 11). Most studies thus far have focused on how changes in the
composition of the luminal microbiota can influence the development of disease. For
example, IBD and obesity were associated with a dysbiotic microbiota that was sufficient to
transfer disease to healthy hosts following cohousing or fecal transfer (83, 84). The role of
dysbiosis in other chronic diseases such as AIDS and cancer has been extensively reviewed
elsewhere (10, 14, 85-89). Alternatively, prebiotic and probiotic administration of beneficial
microbes have been reported to promote intestinal health and limit pathologic inflammation
(90, 91). However, an emerging theme of the studies performed in the last decade is that
dysregulated localization, not just dysbiosis, of normally beneficial commensal bacteria can
be detrimental to the host and is often a major contributing factor to the development and
pathogenesis of chronic inflammatory diseases. Chronic viral infections, IBD, metabolic
syndromes and cancer have all been associated with dysregulated localization of commensal
bacteria. In the following sections, we will highlight disease settings where anatomical
restriction of luminal, epithelial-associated and lymphoid tissue-resident commensal bacteria
is disrupted and may contribute to chronic inflammatory disease.

Chronic viral infections

Chronic viral infections are strongly associated with the loss of intestinal barrier function,
commensal bacteria translocation to peripheral tissues and induction of systemic
inflammation in humans (15, 92-95). A seminal finding by Douek and colleagues
demonstrated that patients chronically infected with HIV, and those that have progressed to
AIDS, exhibit elevated plasma LPS levels, suggesting that translocation of gram-negative
bacteria components or whole gram-negative bacteria occurs in these diseases (15, 95).
Consistent with elevated plasma LPS, the peripheral blood of AIDS patients exhibited signs
of systemic immune activation such as the presence of elevated serum IFNa, activated
monocytes and activated circulating CD8* T cells, hallmarks that contributes to viral
replication, dissemination and disease progression (15, 95, 96). Interestingly, SIV-infected
sooty mangabeys, which are natural hosts of SIV that do not develop AIDS, did not exhibit
loss of intestinal barrier function, bacterial translocation or systemic inflammation (97).
Bacterial translocation has been observed in other chronic viral infections such as HCV and
HBV. Patients infected with HCV and HBV had elevated plasma LPS, which was associated
with parameters of systemic immune activation such as elevated serum levels of the TLR4-
co-receptor CD14 and IL-6 (98). Taken together, these data suggest that loss of anatomical
restriction of gram-negative commensal bacteria-derived products contribute to the
pathogenesis of chronic viral infections.

Immunol Rev. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fung et al.

Page 10

Although it remains unclear whether whole commensal bacteria are found in the periphery
of these patients or which commensal species promote disease progression, recent studies
suggest that HIV and HCV-infected patients have elevated serum IgG responses to the
lymphoid tissue-resident commensal bacteria Alcaligenes (27, 99). In support of a role for
these bacteria in disease pathogenesis and systemic inflammation, levels of A/lcaligenes/
Achromobacter-specific 1gG were associated with hallmarks of AIDS such as reduced CD4*
T cell counts and increased proportion of activated CD4* T cells, and parameters of HCV
progression including increased serum bilirubin and decreased serum albumin and platelets.
Potential translocation of Achromobacter/Alcaligenes members in HIV-infected patients
agrees with previous reports that Burkholderiales 16S rDNA, which includes the genus
Achromobacter and Alcaligenes, was present in the peripheral blood of some patients (100).
Other groups of bacteria such as members of the orders Enterobacteriales, Lactobacillales
and Pseudomonadales were also identified in the serum of these patients.

Recent findings suggest that loss of cellular pathways that promote intestinal epithelial
barrier function may contribute to bacterial translocation observed in chronic HIV and HCV
infection. RORyt* ILCs, which are potent sources of IL-17 and 1L-22, and the CD103*
immunoregulatory DC subset were found to be dramatically reduced in SIV infection (101-
103). These data are consistent with the role of RORyt* ILCs in regulating the anatomical
containment of SFB and Alcaligenes spp. (27, 67). Given that antiretroviral therapy is
inadequate to completely control bacterial translocation (100), further work is required to
define the pathways that regulate intestinal barrier integrity and systemic inflammation in
chronic viral infections. It is also important to highlight that patients with chronic viral
infections often exhibit intestinal, metabolic and cardiovascular symptoms, which have all
been associated with dysregulated localization of commensal bacteria (104-107). Therefore,
it is possible that bacterial translocation observed in HIV and HCV patients may be related
to the onset of these other diseases and thus warrants additional investigation.

Inflammatory bowel disease

IBD, which includes Crohn’s disease (CD) and ulcerative colitis (UC), is also strongly
associated with dysregulated localization of commensal bacteria in humans. It is well
documented that dysregulated host-commensal bacteria interactions, as indicated by
parameters such as elevated serum LPS and bacterial DNA, plays a major role in the
pathogenesis of IBD by promoting inappropriate immune activation and chronic
inflammation (17, 108-111). Changes in localization of commensal bacteria in IBD have
been observed in the form of both bacterial translocation and increased bacterial
colonization on the surface of the intestinal epithelium. Studies have implicated a role for
increased colonization of the ileum by an adherent-invasive strain of Escherichia coli
(AIEC). The predominance of AIEC epithelial colonization was demonstrated to contribute
to chronic inflammation and immunopathology in human IBD (61, 112, 113). To analyze
the composition of disseminated commensal bacteria in gut-associated lymphoid tissues, one
recent report identified that £scherichia and the mucosal pathogen Shigella were enriched in
the mLN of CD patients (113, 114). Similar findings were reported by a study that
sequenced 16S rDNA from microdissected intestinal biopsies. Facultative anaerobes such as
Enterobacteriaceae were enriched in microdissected ulcer biopsies of CD patients (115).
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Collectively, these data suggest support the hypothesis that increased epithelial and
lymphoid tissue colonization by commensal bacteria are hallmarks of and may contribute to
the pathogenesis of IBD. To further investigate bacterial translocation to extra-intestinal
sites in IBD, one study examined and identified the presence of Enterococcus faecalis, a
common member of the luminal flora, to the visceral fat of UC and CD patients (116). In
addition, it was recently demonstrated that pediatric CD patients exhibit increased serum
1gG specific for Alcaligenes spp. (27), suggesting that impaired localization and systemic
dissemination of lymphoid tissue-resident commensal bacteria is also associated with
disease pathogenesis.

While it is unclear whether translocation of commensal bacteria is the cause or effect of
IBD, several genetic polymorphisms in genes involved in host-microbial interactions are
strongly associated with IBD (117). Among these, the most prevalent are polymorphisms in
Atg16/1, 1123r, Nod2and //10r (118, 119). ATG16L1, a component of the autophagy
machinery, is involved in intracellular degradation of bacteria (120). IL-23R is expressed on
innate and adaptive immune cells that promote immunity to intestinal pathogens and
maintain intestinal barrier function (121). NOD?2 is a pattern recognition receptor (PRR) that
recognizes peptidoglycan from bacteria and triggers anti-bacterial immune responses (122).
IL-10 is a potent anti-inflammatory cytokine produced by innate and adaptive immune cells
that maintain tissue homeaostasis by suppressing pro-inflammatory responses (123, 124).
Therefore, loss of function mutations in these genes may contribute to enhanced bacterial
translocation and intestinal inflammation. More studies will be required to delineate the
functional role of these genetic polymorphisms and disseminated species in disrupting the
intestinal immune microenvironment and promoting chronic intestinal inflammation.

Metabolic diseases

Diabetes and obesity were two of the first extra-intestinal diseases to be associated with
commensal bacteria-derived chronic inflammation (1, 125). In a mouse model of diet-
induced obesity, mice fed a high-fat diet (HFD) for four weeks had increased concentrations
of bacterial DNA and LPS in the blood, mesenteric adipose tissue and mLN as well as
increased adherence of commensal bacteria to the intestinal epithelial (126, 127). Analysis
of translocated bacteria species in the mesenteric adipose tissue identified members of the
family Enterobacteriaceae and Enterococcus spp. and Lactobacillus spp. (127), which are
commensal bacteria commonly found in the lumen of the intestine. Translocation of
commensal bacteria was associated with a loss of intestinal barrier integrity (127), increased
levels of IL-1, IL-6 and TNFa in adipose depots and the onset of diabetes. Many of these
parameters were markedly reduced in HFD-fed mice lacking the intracellular PRR Nod1
(127, 128), TLR4 (128) or the TLR4-co-receptor CD14 (126, 127), suggesting that
recognition of translocated commensal bacteria can drive tissue inflammation and disease
pathology. In support of these findings, repeated subcutaneous injections of LPS to mice fed
a normal chow (NC) was sufficient to recapitulate many of the diabetic symptoms observed
in mice fed a HFD (126). Altogether, these findings indicate that impaired anatomical
localization is a hallmark and significant contributor of diet-induced obesity.
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Obesity is associated with significant changes in the composition of the luminal microbiota.
For example, mice deficient in TLR5 are highly susceptible to diet-induced obesity, which
was associated with a dysbiotic microbiota that could confer disease to wild-type germ free
mice following fecal transfer (84). In contrast, mice deficient in lymphotoxin f signaling are
resistant to diet-induced obesity, and cecal contents from HFD-fed lymphotoxin  receptor
(Ltbn-deficient mice were less efficient in promoting weight gain in wild-type germ free
recipients compared to cecal contents from HFD-fed wild-type mice (68). Interestingly,
normal chow diet (NCD)-fed Ltbr-deficient mice, which lacked IL-23 and IL-22,
demonstrated increased colonization by SFB. Whereas SFB levels were reduced in HFD-fed
littermates, SFB levels in HFD-fed L#br-deficient mice remained high relative to littermates.
Furthermore, administration of IL-22 or IL-23-Ig restored HFD-induced changes in SFB and
obesity in Ltbr-deficient mice. Although bacterial translocation was not analyzed in these
studies, it is interesting to speculate that specific groups of commensal bacteria that promote
or limit disease are more or less likely, respectively, to disseminate to adipose depots and
subsequently trigger chronic inflammation. Nevertheless, these data support the hypothesis
that specific immune pathways and/or commensal communities can promote (e.g. LT}
signaling, Enterobacteriaceae) or limit (e.g. TLR5, SFB) the development of obesity.

Other metabolic diseases are also associated with signs of dysbiosis and loss of normal
localization of commensal bacteria in the intestine. For example, plasma LPS levels are
significantly elevated in patients with chronic hepatitis, alcoholic and non-alcoholic liver
disease and have been associated with severe liver dysfunction (129-131). In a mouse model
of non-alcoholic fatty liver disease (NAFLD), it was demonstrated that a dysbiotic
microbiota in inflammasome-deficient mice could promote hepatic steatosis and 7nf
expression due to translocation of TLR4 and TLR9 agonists through the portal circulation to
the liver (18). Although translocation of intact bacteria was not detected in the portal vein or
liver, these data suggest that translocation of commensal-derived products alone to extra-
intestinal sites can promote immune activation and tissue pathology in this mouse model of
liver disease.

Cardiovascular disease

An increasing body of literature has revealed that the inflammatory and metabolic effects of
the gut microbiota contribute to the development and pathogenesis of cardiovascular disease
(132, 133). Several studies have identified changes in the composition of luminal
commensal bacteria and investigated the mechanisms by which commensal-dependent
metabolic pathways can impact disease. In one study, fecal microbiota analyses of healthy
control and atherosclerosis patients demonstrated a selective enrichment of the genus
Collinsella and reduction in the genus Eubacterium and Roseburia in patients (134). By
measuring the metabolic activity of the luminal microbiota, it was determined that the
microbiota of healthy controls was enriched for pathways involved in the synthesis of anti-
inflammatory and anti-oxidant compounds whereas the microbiota of atherosclerosis
patients was enriched for genes in the peptidoglycan biosynthesis pathway. These data
suggest that changes in composition of luminal commensal bacteria can alter the
inflammatory and metabolic status of the host to promote atherosclerosis. In addition, a
separate study demonstrated that increased levels of a commensal-dependent dietary
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metabolite, trimethylamine-N-oxide (TMAO), were associated with an increased risk of
adverse cardiovascular events (135). This is supported by studies in which metabolism of
the dietary metabolite L-carnitine, which is abundant in red meat, produces TMAO and
accelerates onset of atherosclerosis (136). Taken together, these findings establish a link
between luminal commensal bacteria, metabolism and atherosclerosis. Despite these
findings, much less is known about the role of anatomical localization of commensal
bacteria in cardiovascular disease. However, one study sequenced 16S rDNA from
atherosclerotic plaques of human patients and demonstrated the presence of bacteria that are
normal inhabits of the intestinal lumen including members of the Bacteroidaceae,
Enterobacteriaceae and Lachnospiraceae families (137). These data suggest that
dissemination of commensal bacteria or commensal bacteria-derived products to the
circulation may be associated with the development and pathogenesis of atherosclerosis.
However, additional studies are necessary to interrogate the origin, cause and contribute of
commensal bacteria in atherosclerotic plaques.

As previously discussed, translocation of commensal bacteria is commonly observed in
chronic liver diseases and can contribute to liver fibrosis and cirrhosis (129-131).
Hepatocellular carcinoma (HCC) is a leading cause of death in patients that develop fibrotic
and cirrhotic livers due to chronic inflammation. In support of the hypothesis that bacterial
translocation promotes liver tumor development, 7/r4-deficient mice, germ free mice and
mice treated with oral antibiotics were protected from hepatocarcinogenesis in a mouse
model of chronic liver injury (138). This is consistent with a previous report that LPS-
induced liver fibrosis was reduced in Myd88-deficient mice and that hepatic satellite cells
are the dominant target by which TLR4 ligands promote liver fibrosis (139). Another cancer
associated with dysregulated anatomical location of commensal bacteria is colorectal cancer
(CRC). Bacterial translocation has been observed in the mLN and serum of CRC patients
(140-142). These patients also exhibited cachexia and elevated serum pro-inflammatory
cytokine levels and had a poor prognosis. However, studies on specific groups of
commensal bacteria that disseminate in human colon cancer are limited. Fusobacterium
nucleatum, a rare member of the human intestinal microbiota, was demonstrated to be
strongly associated with human colorectal carcinoma and was found to be enriched in
human colonic adenomas (143). In contrast to commensal bacteria such as the
enterotoxigenic B. fragilis and AIEC which promote colitis-associated cancer (144, 145), F.
nucleatum did not promote colitis in mice, but rather increased tumor multiplicity, recruited
tumor-promoting myeloid cells and generated a pro-inflammatory environment that favored
tumor development. Since F. nucleatum was also enriched in the fecal microbiota of CRC
patients, it is likely that increased luminal burden of F. nucleatum contributes to the
accumulation of this bacterium in colonic adenomas. Further studies are required to
investigate whether other commensal bacteria can colonize cancerous tissues in the intestine
and how their colonization influence cancer development.

Concluding remarks

Mammals have evolved to coexist with over 100 trillion commensal bacteria in the GI tract.
It is clear that interactions between commensal bacteria and the host are tightly coordinated
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to promote numerous biological processes important for mammalian health ranging from
metabolism, pathogens immunity to immune cell homeostasis. However, dysregulated host-
commensal bacteria interactions are detrimental to host health and are associated with an
expanding list of chronic inflammatory diseases. While current studies on the role of the
microbiota in disease have focused on transient or permanent shifts in the luminal
composition of the commensal flora and microbiota-derived metabolites, altered anatomical
localization of commensal bacteria is often associated with and may contribute to the
development of chronic inflammatory diseases. However, it remains unclear how these
bacteria with altered anatomical localization patterns in the context of inflammatory diseases
become dysregulated. It is possible that these species disseminated from intestinal
compartments, were acquired from the environment, or were present at very low levels but
can expand under inflammatory conditions. To improve our understanding of host-
commensal relationships during health and disease, further investigation is necessary to 1)
profile not only luminal but also epithelial-associated and lymphoid tissue-resident
commensal bacteria during the steady state and disease, 2) profile and determine the source
of bacteria that are present at extra-intestinal tissues during disease and 3) examine whether
settings of impaired commensal bacteria localization is associated with loss of immune
pathways that maintain intestinal barrier function. Studying the immunological mechanisms
that promote anatomical containment of commensal bacteria in health and disease may
identify new therapeutic targets for the treatment of commensal bacteria-associated chronic
inflammation.
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Figure 1.
Commensal bacteria in the mammalian Gl tract can be classified by their anatomical

localization as (i) luminal, (ii) epithelial-associated or (iii) lymphoid tissue-resident.
Commensal bacteria are important for promoting normal host physiology. In the healthy
mammals, most commensal bacteria occupy the lumen of the intestine while some are found
associated with the intestinal epithelium. Recent studies have identified that commensal
bacteria can also inhabit gut-associated lymphoid tissues in the steady state.
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Luminal commensal bacteria
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Figure2.
Luminal commensal bacteria comprise of the majority of commensal bacteria in the

mammalian intestine and are physically separated from immune cells. Colonization of the
Gl tract by luminal commensal bacteria promotes tissue protective and inhibits pathological
immune responses. Anatomical containment of luminal commensal populations is mediated
by physical and biochemical barriers such as IECs, tight junctions, mucus, antimicrobial
peptides (AMPs) and secretory immunoglobulin A.
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Epithelial-associated commensal bacteria
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Figure 3.
Colonization of the mammalian Gl tract by epithelial-associated commensal bacteria

promotes pro-inflammatory immune responses and is regulated by distinct host mechanisms.
SFB is a model epithelial-associated commensal bacterium that colonizes the small intestine
by adhering to IECs. SFB can promote pro-inflammatory immune responses that are
associated with both pathogen immunity and autoimmunity. Some members of the luminal
commensal flora such as B. fragilis and Clostridia can also colonize the epithelial surface of
the colon and may interact with IECs.
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Lymphoid tissue-resident commensal bacteria

= & sIgA)’(Y.—( Q

bacterial entry

IgA* B cell ®

: e IL-22?
\ calprotectin —

@ O
@ \/ o © RORyt* ILCs
@&®

® Gut-associated
lymphoid tissue

uoleuIwassIp

, Inflammation

IL-6
TNFa

&
O

Peripheral lymphoid tissue

Figure4.
Lymphoid-tissue resident commensal bacteria can colonize gut-associated lymphoid tissues

such as Peyer’s patches, isolated lymphoid follicles and mesenteric lymph nodes. Lymphoid
tissue-resident commensal bacteria share many properties: they are typically aerobic,
environmental microbes that are broadly resistant to antibiotics. One member of this group,
Alcaligenes spp., is a potent inducer of intestinal IgA responses. Anatomical containment of
Alcaligenes spp. is mediated by IL-22-producing RORyt* innate lymphoid cells. Loss of this
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pathway results in dissemination of Alcaligenes spp., systemic inflammation and tissue
pathology.
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