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Abstract

The intestinal immune system defends against pathogens and entry of excessive intestinal
microbes; simultaneously, a state of immune tolerance to resident intestinal microbes must be
maintained. Perturbation of this balance is associated with intestinal inflammation in various
mouse models and is thought to predispose humans to inflammatory bowel disease (IBD). The
innate immune system senses microbes; dendritic cells, macrophages, and epithelial cells produce
an initial, rapid response. The immune system continuously monitors resident microbiota and
utilizes constitutive antimicrobial mechanisms to maintain immune homeostasis. associations
between IBD and genes that regulate microbial recognition and innate immune pathways, such as
nucleotide oligomerization domain 2 (Nod2), genes that control autophagy (eg, ATG16L1, IRGM),
and genes in the interleukin-23—T helper cell 17 pathway indicate the important roles of host-
microbe interactions in regulating intestinal immune homeostasis. There is increasing evidence
that intestinal microbes influence host immune development, immune responses, and
susceptibility to human diseases such as IBD, diabetes mellitus, and obesity. Conversely, host
factors can affect microbes, which in turn modulate disease susceptibility. We review the cell
populations and mechanisms that mediate interactions between host defense and tolerance and
how the dysregulation of host-microbe interactions leads to intestinal inflammation and 1BD.
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The high density of microbes in the intestinal lumen leads to continuous communication
between host cells and microbes. These interactions can be mutually beneficial or can have
adverse effects and contribute to intestinal inflammation. The intestinal immune system
must, on the one hand, defend against pathogens and entry of excessive intestinal microbes
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and, on the other hand, allow tolerance to resident intestinal microbes. Perturbation of this
balance is thought to predispose to inflammatory bowel disease (IBD).

A major challenge for understanding the interactions between resident microbiota and
mammalian hosts is the heterogeneity of microbial communities that can colonize the
intestine and other sites. Different components of microbiota can have very different effects
on the host; the composition of microbial communities can be influenced by a variety of
factors, including diet, antibiotic therapy, environmental exposure to microorganisms, and
sequential microbial colonization in the neonatal period. Certain species of bacteria, for
example, can have large effects on the intestinal immune system, in part by altering the
balance between populations of regulatory and effector T cells. However, the extent to
which individual bacterial species or specific combinations of species affect the host is not
clear. In addition, the concept that resident intestinal microbiota are largely tolerated by the
immune system, whereas pathogenic microbes are targeted by host defense mechanisms, is
not entirely correct. The immune system continuously monitors the resident microbiota, and
certain antimicrobial mechanisms are constitutively engaged to prevent overgrowth of the
colonizing microbes: this maintains what is loosely called immune homeostasis. Constitutive
production of antimicrobial peptides by Paneth cells, mucus production by goblet cells, and
the control of microbial attachment and invasion by secretory immunoglobulin (1g) A are
examples of immune defense mechanisms directed against microbes. It is not clear whether
all bacterial and viral species are equally affected by these and other mechanisms or whether
there is a greater degree of specificity in the host response whereby the defense mechanisms
control the composition of microbiota and maintain immune homeostasis. The classical
distinction between commensal and pathogenic microorganisms, although practically
convenient, does not necessarily characterize the full spectrum of behaviors by these
respective microorganisms towards the host. The host immune system could use
unrecognized strategies to react to different classes of microbial communities. We review
the cell populations and mechanisms that mediate host defense and tolerance and how
dysregulation of host-microbe interactions can lead to intestinal inflammation and 1BD.

Intestinal Immune Defenses Against Microbiota

Intestinal epithelial, innate, and adaptive immune cells use defense mechanisms that involve
pattern recognition receptors (PRRs). Initial recognition of microbes through PRR, in turn,
activates cytokine and chemokine signaling pathways, antimicrobial killing (eg,
antimicrobial proteins, phagocytosis, autophagy, reactive oxygen and nitrogen species),
unfolded protein response, and initiation of adaptive T- and B-cell responses (Figure 1).

PRRs Recognize Microorganisms and Initiate Defense Mechanisms

PRRs initiate responses to and regulate microbial infections. PRRs recognize conserved
structures of microorganisms, called pathogen-associated molecular patterns (PAMPS).
Host PRRs include the family of Toll-like receptors (TLRs), C-type lectins, nucleotide-
binding domain and leucine-rich repeat-containing receptors (NLRs), and retinoic acid-
inducible gene I-like receptors.! Differences between distinct PRRs include the repertoire of
microbial and host ligands (eg, generated by tissue injury) recognized and the cellular
locations surveyed (ie, cell surface, lysosomal, cytoplasmic). Distinct PRRs can, in turn,
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activate different signaling pathways.! However, there is also overlap among PRR-initiated
signaling pathways, such as in activation of the transcription factor nuclear factor-xB (NF-
xB); defining unique roles for different PRRs is an important area of research. Requirements
for PRRs can vary between intestinally introduced and systemically introduced pathogens.
For example, intestinal, but not systemic, requirements have been shown for TLR2 in
defense against Yersinia pseudotuberculosis? and nucleotide oligomerization domain 2 (Nod
2) in defense against Listeria monocytogenes.3

The intestinal immune system uses many different mechanisms to regulate the high
concentrations of resident microbes and protect the mucosal surface from pathogens. When
one pathway is deficient, other immune pathways can compensate. For example, mice
deficient in TLR signaling have increased penetration of intestinal microbiota but produce
high titers of functional antibodies against resident intestinal microbiota that help
compensate for the deficiency in innate immunity and allow mice to better survive
infection.? In the intestine, B cell-mediated antibody responses are unique in that they
secrete high levels of IgA. The functions of intestinal IgA can overlap with those of innate
immune responses in their ability to neutralize pathogenic molecules and microbes and
regulate commensalism.® Secreted 1gA assists in defenses against various intestinal
pathogens, such as Salmonella typhimurium and Giardia muris.®

It is not understood how the intestinal immune system can discriminate between resident
intestinal microbes, with which it coexists, and pathogens, to which it must respond.
Resident and pathogenic bacteria can make different modifications to PAMPS such as
lipopolysaccharide (LPS).8 However, immune cells can have equal responses to comparable
PAMPs expressed by resident intestinal microbes or pathogens, so there are likely to be
other signals that contribute to the inflammatory response against intestinal pathogens; the
nature of these signals is unresolved. One hypothesis is that pathogens cause tissue damage
that activates an inflammatory response. During tissue injury and necrosis, extracellular
matrix products and cellular products such as nucleic acids, uric acid, and mitochondrial
components are released and can be sensed through various PRRs.”*8 Intestinal
inflammation can be attenuated by blockade or deficiency of receptors that respond to these
cellular products.8

Intestinal Epithelial Cell-Mediated Defense Mechanisms

The intestinal epithelium lies at the interface between the intestinal microbiome and the
gastrointestinal-associated lymphoid tissues and provides a physical barrier against
excessive entry of luminal microbiota. In addition to their barrier function, intestinal
epithelial cells (IECs) actively defend against intestinal pathogens and limit penetration of
resident intestinal microbes into tissues.

IECs express PRRs and can recognize and respond to intestinal microbes through secretion
of cytokines and antimicrobial proteins and up-regulation of surface molecules that mediate
intercellular interactions. Studies of mice that have IEC-specific knockout of signals
downstream of PRRs (eg, IKKy, IKKB) demonstrated that IECs have a fundamental role in
intestinal immune homeostasis and responses to pathogens.®-1% Multiple intestinal epithelial
lineages contribute to antimicrobial defenses. Enterocytes can produce enzymes, such as
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intestinal alkaline phosphatase and acyloxyacyl hydrolase, that modify LPS to reduce its
inflammatory effects.8:11 Paneth cells produce antimicrobial proteins such as defensins and
lectins, 12 and goblet cells produce mucins, trefoil peptides, and resistin-like molecule g
(RELMB).13-16 Microbe sensing is required for optimal regulation of antimicrobial proteins,
which, in turn, is mediated through PRR pathways, as demonstrated in studies of MyD88-
and Nod2-deficient mice.312 In many cases, absence of these epithelial cell-derived
antimicrobial pathways increases susceptibility to intestinal inflammation. Consistent with
these observations, patients with IBD express lower levels of a-defensin than healthy
individualsl”:18; additional studies are necessary to define the cause of this decrease and its
contribution to disease. In other cases, factors that mediate responses to pathogens can also
increase susceptibility to intestinal inflammation; this is the case for RELMp.16

Cellular Mechanisms of Microbial Killing

A number of pathways mediate the killing of microbes that occasionally breach the intestinal
epithelial barrier. Macrophages in the intestinal lamina propria are highly effective in
phagocytosis and killing of microbes.19:20 They achieve this, in part, through the production
of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which is particularly
important in regulating enteric infections. Mice that are defective in both ROS and RNS
signaling pathways spontaneously develop large abscesses that contain predominantly
enteric organisms, resulting in increased mortality.?! Studies of individuals with defects in
these pathways have demonstrated their importance in regulating intestinal immune
homeostasis. Patients with chronic granulomatous disease, which involves defects in the
ROS pathway, have a predisposition to colitis.?2

Autophagy is an important mechanism for clearance of intracellular components, including
organelles, apoptotic bodies, and invading microbes (see this issue of Gastroenterology).23
Variants in 2 genes involved in autophagy (autophagy related protein 16-like 1 [ATG16L1]
and immunity-related GTPase family M [IRGM]) have been associated with Crohn’s disease
(CD)?4; these variants cause loss of function in autophagy pathways.23:2> Autophagy
contributes to microbial defenses through various mechanisms, including regulation of
microbial killing, Paneth cell function, interleukin (IL) 1B production, and T-cell
selection.23 Consistent with findings in mice with defects in ATG16L1 function, patients
with CD who carry ATG16L1 risk alleles have Paneth cells with abnormal morphology,
compared with CD patients who do not carry the ATG16L1 risk allele.26 Autophagy is
activated through PRR, including Nod2,2” thereby highlighting pathways associated with
susceptibility to CD that overlap.

IL-23 and Th17 Cells

The IL-23-T helper (Th) 17 cell pathway defends against microbial infection by intestinal
and other pathogens.?8 However, IL-23 and the cytokines produced upon activation of Th17
cells contribute to tissue inflammation in general, and to IBD specifically, demonstrated in
several studies of patients and mice.28:2% These cytokines must therefore be carefully
regulated during mucosal responses. IBD has been associated with variants in IL23R and
genomic regions that include other genes in the IL-23-Th17 pathway (eg, IL12p40, STAT3,
JAK2, CCR6, TNFSF15, Tyk2), indicating that it is an important regulatory component of
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intestinal immune homeostasis.24 Of note is that a number of these other genes are not
unique to the IL-23-Th17 pathway, such that their contributions to altered susceptibility to
IBD may be through various mechanisms. Further studies are needed to define the full
spectrum of functional consequences of these IBD IL-23-Th17 pathway-associated
polymorphisms.

Intestinal Immune Tolerance

Although the intestinal immune system must defend against pathogens, it must coexist with
resident intestinal microbiota. This tolerance is mediated by multiple factors, including the
intestinal microbiota themselves, intestinal epithelial and stromal cells, and innate and
adaptive cells within the intestinal tissues. The mechanisms that control intestinal tolerance
include those that minimize exposure to and immune recognition of intestinal microbiota
and those that down-regulate immune responses through intracellular and intercellular
mechanisms.

Limiting Intestinal Microbial Exposure

Exposure to intestinal microbiota is minimized by the defense mechanisms described above
(Figure 1). Intestinal mucus, produced by goblet cells, limits penetration of microbes into
intestinal and systemic tissues. Mice with deletion of mucin 2 (MUC2), a major mucin
component, develop intestinal inflammation, 1 and a genomic region that includes MUC19
has been associated with CD.24 Adaptive immune responses, in particular the secretion of
intestinal 1gA, also limit penetration of intestinal microbes into host tissues.>

The physical barrier formed by intestinal epithelial cells that prevents excessive entry of
luminal microbiota is maintained through intercellular junctions, of which tight junctions are
a critical component. Tight junctions are disrupted during inflammation, which contributes
to paracellular permeability and a cycle of microbial penetration into intestinal tissues.39
Patients with IBD have an increase in intestinal paracellular permeability and defects in tight
junction regulation3; it is not clear whether these features arise secondary to inflammation
or are primary events in disease pathogenesis. Interestingly, selective perturbation of
intestinal tight junction function in mice increases intestinal permeability but does not result
in spontaneous colitis. However, the intestinal lamina propria of these mice express
increased levels of proinflammatory cytokines, and the mice have increased susceptibility to
T cell-mediated colitis.3! Therefore, a combination of breaches in the intestinal barrier and
dysregulation of either intestinal immune defense or tolerance might result in predisposition
to IBD.

Following injury, the abilities to repair and regenerate the epithelium constitute important
mechanisms for controlling and ultimately resolving the inflammatory response.
Maintenance of epithelial cell function and restitution during inflammation depend on a
number factors, including growth factors (eg, trefoil factor),14:15 innate signals,32 cytokines
(eg, 1L-18, 1L-22),33:34 and regulation of endoplasmic reticulum stress.3°
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Active Down-regulation of the Immune Response

Host-microbial interactions in the intestinal environment can down-regulate inflammatory
responses (Figure 1). This occurs through regulation of PRR expression and responsiveness,
secretion of inhibitory mediators, and modulation of transcription and expression of factors
in intracellular signaling pathways within distinct intestinal immune cells.

Regulating the expression levels, distribution, and distribution-dependent responses through
PRR is one mechanism of actively down-regulating immune responses. Intestinal immune
tolerance, as well as intestinal immune responses in general, are developmental processes
that depend, in part, on microbial signals. For example, fetal IECs respond to LPS
stimulation by activating NF-xB and secreting chemokines, whereas these responses are lost
from neonatal and adult IECs.38 These postnatal changes in IEC activity are associated with
post-transcriptional down-regulation of IL-1 receptor-associated kinase 1 and depend on
microbial colonization; disruption of this process increases susceptibility of premature
infants to necrotizing enterocolitis.36 In the post-natal period, apical epithelial cell responses
are differentially regulated from basolateral responses, given the proximity of the apical
surface to the intestinal lumen. For example, TLR5 expression and flagellin-mediated NF-
xB activation are restricted to the basolateral epithelial cell membrane.3’ In addition,
whereas basolateral IEC signaling by TLR9 activates NF-xB, apical stimulation of TLR9
does not.38

Characteristics of the intestinal immune environment include high levels of the anti-
inflammatory proteins IL-10, transforming growth factor (TGF)- B, and retinoic acid.
Multiple cell populations contribute to (eg, epithelial, stromal, innate, and adaptive cells)
and respond to these anti-inflammatory mediators. Mice deficient in IL-10 and TGF-p
develop spontaneous colitis.3? In addition to its key role in intestinal homing, retinoic acid is
an important regulator of T-regulatory cell (Treg) differentiation in the intestine.041 Studies
in human tissues or in patients with IBD have also demonstrated the importance of these
secreted proteins in disease pathogenesis. For example, studies of human colon explants
demonstrated that mucosal IL-10 and TGF-p have important roles in preventing LPS-
mediated, interferon-y-induced, epithelial damage.#? Genetic studies have associated IL-10
with IBD,*3 indicating the importance of this pathway in mediating human intestinal
homeostasis.

Resident intestinal microbes participate directly in intestinal immune tolerance through a
combination of mechanisms that includes regulation of NF-xB and ubiquitin-proteasome
pathways*+4 and induction of anti-inflammatory cytokine secretion and specific immune
cell subsets (eg, Tregs).46 Bacterial interactions with dietary substances can produce
products such as short-chain fatty acids that down-regulate intestinal inflammatory
responses.” Consistent with these findings, mice deficient in responses to short-chain fatty
acids are more susceptible to dextran sodium sulfate-induced colitis,%’ and bacterial
protective factors (eg, polysaccharide A) can attenuate T cell-mediated and trinitrobenzene
sulfonic acid-induced colitis.*6 These studies indicate that intestinal resident microbes
directly induce host immune tolerance.
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Innate Signaling Regulates Intestinal Tolerance by Adaptive T Cells

Adaptive immune cells are important for intestinal tolerance and are regulated, indirectly
and directly, through innate pathways. Exposure to antigens through the intestine induces T-
cell tolerance. Lamina propria dendritic cells (DCs), especially those that are CD103-
positive, and macrophages from mice produce IL-10, TGF-p, and retinoic acid, which lead
to differentiation and maintenance of forkhead box P3 (Foxp3)+ Tregs.40:41.48
Dysregulation of tolerogenic intestinal DCs decreases intestinal lamina propria Tregs and
increased frequencies of Th1 and Th17 cells.*® Some aspects of innate regulation of
adaptive tolerance may only be apparent during inflammation. For example, innate cell
production of IL-10, specifically during intestinal inflammation, is required to maintain
optimal Treg activity.%9 Innate receptors can also have direct roles in adaptive immune
responses. For example, activation of TLR4 on Tregs increases their suppressor functions.®!
Consistent with this, some studies have shown that MyD88~/~ regulatory T cells do not
protect against colitis as well as wild-type regulatory T cells.52 TLR4 expressed on effector
T cells can also down-regulate effector T-cell responses, and its absence from these cells
results in earlier and more severe colitis in mice.53

Balancing Defense and Tolerance

Unique Populations of Intestinal Innate Immune Cells

We have increased our understanding of the diversity and unique nature of intestinal innate
immune cells. The distinct characteristics of these cells are shaped by the intestinal
environment, which includes cell-cell and host-microbe interactions®* and anti-
inflammatory cytokines. Diverse subsets of lamina propria DCs have been identified based
on cell surface markers (eg, CD103), chemokine receptors (eg, CX3CR1, CCRY7), cytokines
produced, and distinct functions.>>:56 These distinct functions include luminal antigen
sampling, T-cell stimulatory and differentiation capacities (eg, Thl, Th17, and Treg and
intestinal homing), microbial uptake, pathogen defenses, and dead cell clearance.#8:55-59 |
addition to resident DC and macrophage subsets, during infection and injury, peripheral
inflammatory monocytes are recruited to the intestine where they regulate intestinal
pathogens; recruitment of the monocytes requires alternative trafficking molecules such as
CCR2.50 A balance of these innate cell subsets is required to maintain intestinal immune
homeostasis.

Transcriptional profile analyses of mouse intestinal DCs*® and macrophages*® and human
intestinal macrophages®! identified large differences from peripheral counterparts, revealing
unique intestinal innate cell phenotypes and tolerogenic pathways. For example, in contrast
to peripheral monocytes, certain intestinal macrophages do not secrete cytokines upon
stimulation through PRRs.19:61 Other macrophage subsets might selectively secrete anti-
inflammatory cytokines such as 1L-10.48 The decreased secretion of cytokines is likely
regulated at multiple levels. For example, select PRRs and components of PRR recognition
of ligands and signaling are down-regulated in human intestinal macrophages, compared
with peripheral cells.1920.61 |ntestinal macrophage signaling through the PRR is also down-
regulated via increased expression of inhibitory proteins such as suppressor of cytokine
signaling 1 and sterile and Armadillo motif-containing protein.6 Additional cellular

Gastroenterology. Author manuscript; available in PMC 2014 May 02.



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

1duosnuely Joyiny vd-HIN

Abraham and Medzhitov Page 8

proteins and pathways that are important in down-regulation of intestinal innate cell
responses include A20, the membrane protein B-catenin, and the phosphotidylinositol-3-
kinase pathway.49:62.63 Dysregulation of these pathways in mice results in either
spontaneous colitis®2 or increased susceptibility to experimental colitis.#° In patients with
IBD, lamina propria DCs and macrophages produce increased amounts of inflammatory
cytokines, 2059 compared with cells of healthy individuals, consistent with dysregulated
tolerance. In addition to down-regulation of inflammatory pathways, analyses of
transcriptional profiles of intestinal innate cells revealed increased transcription of pathways
required for antimicrobial defenses. This observation was consistent with the need to limit
inflammatory responses and tissue injury while simultaneously mediating bacterial killing.

Nod2 Mediates Host Recognition of Microbes, Functioning in Defense and Tolerance

Of genetic variants associated with CD, polymorphisms in Nod2 confer the greatest risk.
Cells of individuals who carry the major CD-associated Nod2 polymorphisms cannot signal
through its gene product.4 Loss-of-function Nod2 polymorphisms increase the risk for CD,
but CD still does not develop in most individuals with the polymorphism, so additional risk
factors, such as genetic and environmental factors, must contribute to development of CD.

Nod2 regulates intestinal immune defense and tolerance. Nod2 is an NLR that is activated
by peptidoglycan, a component of gram-positive and gram-negative bacteria.54 A modified
muramy| dipeptide component of peptidoglycan expressed in mycobacteria has been shown
to have particularly strong stimulatory capacity.5> More recently, Nod2 was found to be
activated by specific viruses,5¢ which is significant given the increasing recognition of the
role that viruses (eg, norovirus) have in intestinal inflammation in mice.6” Nod2 is expressed
on various cell populations, including myeloid-derived cells, epithelial cells, and endothelial
cells. Nod2 stimulation in DCs and macrophages results in activation of the NF-xB
pathway. Nod2 signaling increases intestinal defenses via secretion of proinflammatory
cytokines, induction of antimicrobial proteins, generation of ROS, enhanced killing of
microbes, and maturation of antigen presenting cells that have the ability to activate T
cells.54 There is evidence that Nod2 is expressed on T cells and has a direct role in T-cell
functions such as regulation of cytokine production and clearance of pathogens.%® Mice
deficient in Nod2 have an increased load of resident intestinal microbiota in the terminal
ileum and increased susceptibility to intestinal pathogens such as Listeria monocytogenes,
Salmonella typhimurium, and Helicobacter hepaticus.3:64.69

In the intestinal environment, Nod2 can also contribute to down-regulation of inflammatory
responses, supporting its role in tolerance.”? This likely occurs, in part, via the ability of
Nod2 to down-regulate its own signaling during intestinal inflammatory responses and that
of other PRRs, after a period of prolonged microbial stimulation.”%-72 Moreover, Nod2
promotes survival of human Tregs; individuals with CD-associated Nod2 polymorphisms
have reduced numbers of intestinal lamina propria Tregs.”3 Innate immune cells from
carriers of the Nod2 risk allele produce lower levels of cytokines following acute stimulation
with Nod2 ligands and have lost the ability to down-regulate cytokine secretion under
conditions of chronic Nod2 stimulation.4.70-72 Therefore, Nod2 loss-of-function
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polymorphisms might increase the risk of CD through the dual functions of Nod2 in
intestinal immune defense and tolerance.

Cross Talk Between Host and Microbes

Bidirectional, host-microbe interactions in the intestine can benefit each organism or have
adverse effects that contribute to intestinal inflammation.

Intestinal Microbes Influence Host Immune Development and Responses

The intestinal microbiota has an important role in the development of the intestinal immune
system: it primes systemic innate immune responses and regulates development of
autoimmune and inflammatory diseases. As such, germ-free mice and mice that are deficient
in microbe recognition pathways have defects in intestinal mucosal immune development
and function, including in development of isolated lymphoid follicles, function of the
intestinal epithelium, production of 1gA, differentiation of T-cell subsets, and induction of
pathways that down-regulate intestinal inflammation.>:32:38.74.75 Moreover, intestinal
colonization is required for the optimal expression of PRR and signaling pathways required
for intestinal immune function (eg, Nod2).%9 Distinct intestinal microbes and/or their
products can differentially regulate T-cell polarization. For example, induction of Tregs and
IL-10 can be mediated through the polysaccharide A component of intestinal resident
microbe, Bacterioides fragilis.® In contrast, the enriched IL-17-producing T-cell population
observed in the intestine depends on intestinal microbiota and microbe-derived factors such
as adenosine 5’-triphosphate.’® There is increasing evidence that specific intestinal
microbiota, such as segmented filamentous bacteria, induce intestinal Th17 cytokines.””
Failure of this induction increases susceptibility to infection with intestinal pathogens such
as Citrobacter rodentium in mice.”’

Alterations in intestinal colonization or in host-microbe interactions can modulate disease in
mouse models of colitis3® and in systemic diseases, such as metabolic syndrome and
diabetes.”879 Mice raised in a germ-free environment or deficient in PRR pathways are
frequently protected from colitis,3%:80 indicating that intestinal inflammation requires
intestinal microbes. However, this concept incompletely captures the complexity of
intestinal host-microbe interactions. For example, mice with perturbations in certain host-
microbe recognition pathways develop spontaneous colitis (eg, TLR5™~ mice).”® In other
cases, the inflammation that develops in experimental models of colitis is more severe under
germ-free or PRR pathway-deficient conditions.32 The requirement for interaction between
host and resident luminal microbes to maintain intestinal epithelial homeostasis might
account for these differences,32 which indicate the diverse effects of intestinal host-microbe
interactions on intestinal immune regulation.

Importantly, changes in diet, use of antibiotics, and intestinal colonization (eg, eradication of
intestinal helminthes),81:82 have likely modified intestinal microbial communities and
contributed to the increased prevalence of IBD during the past century. Alterations in
intestinal microbiota have been identified in patients with IBD and are associated with
prognostic outcomes.83 Patients with CD have increased colonization of ileal mucosa by
adherent, invasive Escherichia coli.84 Patients with either CD or ulcerative colitis have less
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diversity in colonization among members of the phyla Firmicutes and Bacteroidetes than
control individuals.82 Changes in intestinal micro-biota observed in IBD patients might be
primary pathogenic factors, secondary responses to an inflammatory environment, or
alterations induced by genetic differences.

Host Factors Can Affect Microbial Composition to Determine Disease Susceptibility

Studies in animal models have shown that differences in host conditions (eg, obesity,
disease) and factors that regulate immunity (eg, MyD88-, Nod2-, Thet-, defensin-, CD1d-
and 1gA-deficient mice)69.74.79.85-87.88 affact the microbial composition of the intestine and
thereby contribute to disease susceptibility. To study the effects of modifying the
composition of intestinal microbes, researchers have investigated the effects of transferring
microbiota between different mice models. Transfer of microbiota from obese mice,
compared with lean mice, into germ-free mice resulted in increased body fat.87 Bacteria
transferred from MyD88~/~ nonobese diabetic mice, raised in a specific pathogen-free
facility, attenuated diabetes in germ-free recipients.”® Transfer of bacteria from mice that
lack the transcription factor Thet, which controls lineage commitment of Th1 cells, into
wild-type mice leads to intestinal inflammation.8® These experimental systems have
provided specific examples of how differences in host genetics modify intestinal microbiota
and determine disease susceptibility. These concepts require further study in patients with
IBD to better understand pathogenesis and develop new therapies.
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Abbreviations used in this paper:

CD Crohn’s disease
DC dendritic cells
IBD inflammatory bowel disease
IECs intestinal epithelial cells
Ig immunoglobulin
IL interleukin
LPS lipopolysaccharide
NF-xB nuclear factor-xB
NLR nucleotide-binding domain and leucine-rich repeat-containing receptors
NOD2 nucleotide oligomerization domain
PAMPs pathogen-associated molecular patterns
PRR pattern recognition receptor
RELMB resistin-like molecule B
ROS reactive oxygen species
TGF transforming growth factor
TLR Toll-like receptor
Treg T regulatory cells.
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Figurel.

Mechanisms of host defense and tolerance towards intestinal microbes. The intestinal environment modulates cellular
differentiation in the immune system to control defense against pathogens and tolerance. (A) Defense mechanisms: Intestinal
epithelial cells provide a physical barrier between the luminal microbes and the underlying intestinal tissues to control defense
and tolerance. Specialized epithelial cells produce a mucus layer and secrete antimicrobial proteins that limit bacterial exposure
to the epithelial cells. Production of large amounts of IgA provides additional protection from luminal microbiota. Innate
microbial sensing by epithelial cells, DCs, and macrophages is mediated through PRRs such as TLRs and NLRs. Activation of
PRRs on innate cells induces various pathways that mediate microbial killing and activate adaptive cells. DCs present antigens
to naive CD4" T cells in secondary lymphoid organs (Peyer’s patches, mesenteric lymph nodes) where factors such as the
phenotype of the antigen presenting cells and cytokine milieu modulate differentiation of CD4* T-cell subsets (Th1, Th2, Th17,
Treg) with characteristic cytokine and intestinal homing profiles. (B) Tolerance mechanisms: Defense mechanisms that limit
microbial entry into intestinal tissues also serve as a mechanism of tolerance. Activation of PRRs on the unique populations of
macrophages and DCs in the intestinal lamina propria does not result in secretion of proinflammatory cytokines, in contrast to
similar activation of systemic innate cells. DC present antigen to T cells in the Peyer’s patches and mesenteric lymph nodes,
which can lead to differentiation of Treg populations, regulated by IL-10, TGF-, and retinoic acid. Thymic stromal
lymphopoietin (TSLP) and other factors secreted by epithelial cells in the intestinal environment can contribute to tolerance of
intestinal immune cells.
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