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Summary

The intestinal tract of ammals iscolonized bya large numbeof microorganisms including trillions of
bacteria that'are referred collectively as thgyut microbiota. These indigenous microorganisms have co
evolved with=the host in a symbiotic relationship. In addition to metabotiefite, symbiotic bacteria
provide the host with several functions that promote immune homeostasis, imragpensesand
protection "against pathogen colonization. The ability of symbiotic bacter inhibit pathogen
colonization is mediated via several mechanisms including direicigkitompetition for limited nutrients
andenhancement afnmune responses. Pathogens have evolved strategies to promote their replication in
the presence=ahe gut microbiota. Perturbationof the gut microbiota structurdy environmental and
genetic fadlrs increases the risk of pathogen infection, promotes the overgrowth of harmful pathobio
and the development oinflammatory disease. Understanditige interaction of the microbiota with
pathogens‘and the immune systeit provide critical insight into the pathogenesis of disease and the

developmentrofistrategies to prevent and trditmmatorydisease.

1. INTRODUCTION

The oral cavity and the gastrointestinal tract of vertebrates are colonized by lard®ra of
microorganismsincluding bacteria, fungi, archaea and protozoa, commonly referred to as tbbiotér

Microbes colonize mammalian hosts immediately after birth. Many of the resideatibace adapted to
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the intestinal environment and develop complex interactions with other bacteria anadhestaiacquire
nutrients. The composition of the microbiota is largely defined by nutrientreaagimts of individual
bacteriaandhighly variable at different locations of the intestinal tract. In neonatal thiemicrobiota is

less diverse than that of adult individuals, but as the diet changes from matékrialfrberrich foods it
dramaticallychangesy the acquisition of Clostridiales and Bacteroidales, the dominant taxa foured in th
adult intesting1), The small intestine is rich in monand disaccharides as well as amino acids, which
support the growth of Proteobacteria and Lactobacill@gsln contrast, the vast majority of available
sugars in the large intestine are diet and-bestved complex carbohydrates which are indigestible by the
host. Bacteroidales and Clostridiales harbor enzymes that cak doen complex polysaccharides,
including fibers and mucgy and use them as an energy source. Consequently, bacteria belonging to the

order of Bacteroidalesnd Clastridiales are the dominapbpulations within the large intestine.

Millions of yyears=ofco-evolution between the host and microbes have led to a mutualistigiosisin

which the microbiota contribut¢o many host physiological processes and the host, in turn, provides a
nutritious and hospitable environmeaotthe microbes In adition to metabolic benefit$he microbiota
provides thew=hest with several functions that promote the intestinal epithkbarier, immune
homeostasis, optimal immune responses and protection against pathogen colonizatiargh Atibwast
majority ofintestinal symbionts are mutualistic or commensals (they do not provide a cleét toethe

host), some,of the indigenous bacteria can promote disease under certain circumstances and ar
commonly.referred to as pathobionts. In this review, we provide an overview ofuthentc
understanding of the role of the microbiota in the regulation of immune responses and host defe

against invading pathogens and pathobionts.
2. COLONIZATION RESISTANCE

The normalsgut==symbionts form a stable community that resists the invasion-patia bacteria and

the expansion.of pathobionts. This phenomenon is known as “colonization resistance”, andnhas bee
recognized since at least the 19%8s4). An immature bacterial community (such as in infants) or one
that is disrupted by antibiotics or diet may lose this protective ability. Colonmizeggistance actually
includes several related aspects: resistance to initial infection, improved ¢eleshran established
infection,.and clearance of the infection. These all arise from the constant comgmdtti@en normal

gut residents"(mutualists, commensals, and pathobionts). The mecharisenis hese to compete in the

gut can be divided into two broad categories: direct and indFepire 1)

2.1 Direct mechanisms of colonization resistance
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The microbiota promotedirect colonization resistance through killing and competition for resources.
Bacteria must compete for limited nutrient sources in the gut, as well as plsgsical At the same time,
they have developed an array of armaments to directly kill competitors. Both ofithelBanisms tend to
act between more closelglated species: similar bacteria tend to utilize similarienis or niches, and

have evolvedtargeted killing mechanisms to compete with their own kind.

2.2 Killing

Evidence suggests that killing or growth suppression can play a domiraun @lonization resistance
against some pathog€by Bactericidal molecules are found throughout nature; a large paoftithese

are small polypeptides produced by bacteria, called bacteriocins. These #yeacsive against closely
related bacteria, although some have a wider spectrum of activity. Many have batsdif@m gut
bacteria of human and animalactic aid bacteria found in fermented foods, and common probiotics like
the Bifidobacterigp), so it is reasonable to think that they could be involved in competition in the gut.
Indeed, strains,0Escherichia coli (E. coli) that could make bacteriocins had improved loergn
persistenceswhen introduced into mice compared topnoduceré?). However, these mice were pre
treated with=streptomycin, which digpts the normal community structure. Like coli, bacteriocin
producing Enterecoccus faecalis (E. faecalis) were better able to colonize mice, in this case without
antibiotic pretreatment. The bacterioeositive strain could also inhibit colonizatidny a differentE.
faecalis, an_opportunistic pathogen, vancomyuoésistant Enterococcus (VRB). A humanderived
probiotic Lactobacillus strain protected mice frdosteria monocytogenes infection, and this was
dependent on the Lactobacillus bacterig@n The human probioti&. coli Nissle 1917 may also utilize
bacteriocins to compete with and protect mice fr@amonella enterica subsp. Typhimurium (S
Typhimurium) (10). There is also evidence that bacteriocins may contribute to corginntaspecies
competition inthe gufll). Still, it is unclear how big a role bacteriocins play in colonization resistance to

relevant enteric pathogens.

Other antibacterial factors are also active in the gut. Bacteriopbageses that infect bacteria) can have

a profound impact on a population by lysing infected cells, and can also affeatdbddieess by
transferring genetic information. Advances in sequencing technology have revealechabaddaostly
uncharactered bacteriophages in the human gut; these are present as both viral particles amgggpropha
(bacteriophage DNA that is integrated into a bacterial gendgir®)6). Prophages may be activated
during inflammation(17), and the viral community ay be different in people with inflammatory bowel
disease(12). In mouse experimentg. faecalis that could produce bacteriophage had a competitive

advantage against a related stréli®). Presumably the virus it produced could infect and kill the
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competing strain. However, other evidesoggests that most of the bacteriophage in the human gut is of
the temperate type which does not lyse its targets, and thus bacteriophage “gredajiorot play as
significant a role in the gut ecosystem as in other environfiént). Like bacteriocins, bacteriophages
usually have a very narrow target range. Although they have been used therapdotichis very
reasofi20), the extent of their role in colonization resistance is uncertain.

The type VI secretion system (T6SS) is a protein translocation complex found in sam@apative
bacteria, which shares mechanistic similarities to some bacteriophage proteinsell isyubacteria to
transfer effector proteins into other bacterial or eyd@c cell{21). Recently, a new family of T6SS
proteins was found in members of the Bacteroidetes pl{gR)mwhich along with the Firmicutes
dominates‘mammalian guts. The presence of a T6SS and its associated effectorawamity ipnoteins

was shown”in Several studies to have a major role in the competition beBaeteroides species
inhabiting the mouse g{@&2-24). Importantly, T6SSnediated competition is contadépendent, can
involve diverse combinations of effector and immunity proteins, and can have a brogeeraiage than
other killing metanisms.

2.3 Inhibitary metabolites

Metabolic byproducts produced by bacteria can also have an inhibitory effect on otleeiab&hor
chain fatty\acids /(SCFAs: e.g. acetic, propionic and butyric acid) were idem#idon as a key factor

in the inhibition=0fS. Typhimurium growth inthe mousg5) and are also active against pathageh
coli(26, 27) andClostridium difficile (C. difficile)(28). They are produced by anaerobic symbiotic bacteria
such as/th®acteroides andClostridia, which areabundant members of the adult mammalian microbiota.
Clostridia species in particular are able to protect mice f@®mMyphimurium andC. rodentium, through
unknown meehanisms that may include production of inhibitempounds(29). Importanty, SCFAs
require acidic pH for their suppressive activity, a condition which is alsotaadd by the normal
bacterig30).“"SCFAs can also affect pathogen virulence: for example, propionate and butyrate can
suppressS.[ Typhimurium virulence factsr while acetate and formate have the opposite Efe80).
SCFAs can also_act on the host, causing it to lower oxygen concentrations and create a les¢s favorab

environment for pathogen growg#).

Bile acids aremamphipathic, cholestederived molecules secreted into the small intestine. Their main
function _isgst0 emulsify fat and faluble vitamins for absorption, but they also have antibacterial
properties. Bile,acids are usually secreted conjugated to taurine or glycine, which increases their
solubility. A variety of gut bacteria produce bile salt hydrolase enzymes tmatveethe conjugated
moleculg35). This may be done to reduce the bile acid’s sdtybéind hence toxicity, or to obtain the
taurine or glycine. The deconjugated primary bile acids can be further converted to sebdadzrids
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by 7a-dehydroxylation. A much more restricted set of bacteria, m@tgtridia, have this abilit{35).
Buffie et al. correlated bacterial species with protection ff@ndifficile infection in antibiotietreated
mice and humans, and identifi@iostridium scindens as a good predictaf resistancg86). C. scindens

is capable of creating secondary bile acids &@yd&hydroxylation that can inhib@&. difficile growth. C.
scindens was able to protect mice frof difficile, as well as restoring secondary bile acid levels. Using
metabolomic analysis of resistant or susceptible mice, Theriot et al. sinidarlgl a correlation between
the secondary bile acid deoxycholic acid and resistan€e ddficile(37). Interestingly, the primary bile
acid chenodeoxycholic acid can also have an indirect protective function by actinatig defenses in

the small intestingia its receptor, FXK38).

2.4 Competition.for nutrientsand space

Freter proposed. the “nutrient niche” hypothesis in 1983, stating that “the populations dafdigetous
intestinal bacteria are controlled by one or a few nutritional substrdiies a given strain can utilize

most efficiently{39). Subsequent experiments supported the idea that for some bacteria, substrate
limitation was indeed an important determinant of their successful colonizatibe gli40, 41). In E.

coli, for instance, the ability to utilize one sugar changed the competitive bdlaetween otherwise
identical strains in the git2). Using an elegant genetic screen, Lee et al. identified a genetic locus, likely
related to host glycan utilization, which controls intraspecies competition gagnatrBacter oides(43).
MaldonadeGomez et al. examined the metagenomes (sequences of all bacterial genes in the gut) of
human subjects to understand why abprtic strain of Bifidobacteria could sometimes establish itself
permanently (instead of transiently colonizing like most probiotics). They fthatdheavailability of an

open functional niche involving carbohydrate utilization may be an important(#éto

Carbohydratessources are present in ingested food and on host calécatdd mucus. Gut symbionts,
especially theBacteroides, possess many genes that enable the digestion of complex polysaccharides,
which the hestrand othéacteria can’t access. Ng et al. found that sialic acid and fucose, liberated from
host glyeanssbyssymbionts likBacteroides species, were an important sugar source for inva8ing
Typhimurium=andC. difficile(45). Crucially, these sugars only became available to the pathogens when
the bacteria that normally consume them were depleted by streptomycin. Igjnthar metabolite
succinate, ‘produced Wgacteroides species, became available in the gut after antibiotic treatment, and
this prometedC. difficile colonizatior{46). To effect clearance d@itrobacter rodentium (C. rodentium)

from the mousexgut, the microbiota act in concert with the host immune $43tet8), and competition

for sugars appears to play an important role here as well. Once host IgG has targeted vacience f
expressingC. rodentium and excluded them from the epithelial surface they must compete with

symbionts in the gut lumé#8). Here they are outcompeted by a natiszecoli species but not by
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Bacteroides species since these presumablyprefer other sources of foodsich ascomplex
polysaccharides). However, when the diet is changed to one low in polysaccharides butsigtian
sugarsBacteroides now compete with and reduce the number€.afodentium(47). This is an important
reminder that diet can haweprofound impact on the available nutrients, and the structure, activity and
function of the "gut microbé49-51). Microbes can also maodify the other major source of sugars in the
gut: host glycans. This will be addressed in the following section on indiesztianisms of resistance.

Iron is another important nutrient for bacteria and it is tightly sequestgrdtebhost, especially during
inflammatien. Competition for iron might be another explanatiorEfaioli Nissle’s ability to reducé&.
Typhimurium celonization in mi¢&2).

While the nutrient niche concept has been validated in several cases, untangling thelyexemlex
metabolic interactions in the gut ecosystem remains a daunting challenge.

2.5 Physical‘niches

In addition to functional nutriedtased niches, bacteria must compete for physical space. Some species
prefer living on the food matter in the lumen, or in the outer mucus layer, or anehg at tle epithelial
surface. Close physical contact with the epithelium is an essential part of somepsithitestyles (e.g.

C. rodentium, some pathogeni€&. coli, S Typhimurium), so physical competition for adhesion sites
(often glycan| structures) could prevent infection or pathdqk®f)y Interestingly, microbes can also
change thespresence of host adhesion sites indirectly (see below).

2.6 Indirect mechanisms of colonization resistance

Aside from direct competition, microbes can compete with one another indirecilgting on the host.
This usually involves stimulation of the innate or adaptive immune system, but othé@mmane
defenses cansalsoke part. Microbial stimulation of the host immune system will be explored iil gdeta
sections 3&b,,below. Here, we will focus on nammune factors stimulated by the microbiota that can

affect colonization resistance.

2.7 Mucus.and.glycosylation

The mucs layers'in the small intestine, cecum, and colon are a crucial part of the epitheliaedefind

are stimulatedsby the presence of the microkbaa In the cecum and colon, the inner, firmly attached
mucus layereffectively excludes bacteria and particles of similar size, but not in GbSnitée large
intestine mueus’_main component is the glycoprotein Muc2, but it also contains otle@ngtbat can
immobilize or kill bactea(56, 57). Mice lacking Muc2 have higher pathogen loads and more intestinal
damage when infected wit@. rodentium(58). Likewise, S. Typhimurium growth in the cecum and

translocation to the liver is greater in the absence of K&®2
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Muc2 is heavily glycosylated. Glycosylation of the intestinal mucus and Bpithies quite complex and
can change in response to microbial colonizg@6n This isinteresting because host glycans can serve
as nutrient sources or adhesion receptors for microbes, including pathogens. Onglagiiycos
modification, a(1,2)fucosylation, is especially intriguing. It is stimulated in the ileal epitheliudh an
mucus of micdy commensal or mutualistic bact€fid), and may be a useful sugar source for $6@)e
o(1,2)fucosylation is also robustly activated throughttvet small intestine during infectiox,a MyD88

and IL-22 signaling63, 64). This supply of fucose during sickness may help pacify dangerousibacte
well as feeding symbionts: fucose suppresses virulence genes in patiogehias well as in members

of the normal microbio{®3, 65). Fucosylation also reduces pathology causedCbyodentium, and
prevents anyopportunistic pathogén faecalis) from escaping the gut and causing dis@@®eMicrobes

may also affect host modification of free sugars in the gut. Faber et al. fountetitatg mice with
streptomycin led to increased levad$ two oxidized sugars, galactarate and glucarate, in the cecal
lumen(67). These sugars are formed from galactose and glucose by the host's inducible nitric oxide
synthase enzyme (iNOS), and iNOS expression was increased after streptomycin tr&atepgomycin

may directly trigger iNOS, or it may kill symbionts which normauppress iINOS and/or consume the
oxidized sugarsin either case, the greater availability of these sugars after arttibadinent feds

Typhimurium growti67).

3. REGULATION OF MYELOID CELLSBY THE GUT MICROBIOTA

The intestinal immune system is immensely shaped by the gut ndtaolWyeloid cells such as
neutrophilsand“macrophagesare typically the first immune responders to an infection. Although
myelopoiesis occurs in the e marrow, a broad effect of the gut microbiota on bone marrow
hematopoiesis and the functions of intestinal macrophages has been implicated iple rsiwitlies
(Figure 2)

3.1 Neutrophils

Mice treated with broadpectrum antibiotics were shown to haveearease in the numbers of stem and
progenitors inthe bone marrd@8). Khosravi et al reported innate immune defects in GF mice as a result
of the absence of the gut microbiota, which leads to impaired early immune respopat®gens, and
recolonization of GF mice with a complex microbiota restores defects in noyesipand resistance to
systemic infection withListeria monocytogenes (69). Mechanistically, microbial wleculessuch as
lipopolysaccharides were shown to sustain stesde production of neutrophils and priming of

neutrophils against bacterialfections through Tollike receptor signaling70, 71). In addition, intestial
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ILC3 production oflL-17 induced by the gut microbiota leatd G-CSFmediatedgranulopoiesis in the
bone marrow, which was critical to combat coli sepsis in neonatal migg2). On the other hand,
microbiotamediated priming/activation of neutrophils has been shown to increase the number of
activated/aged neutrbjs in the circulation, which secrete grdlammatory cytokines and granule
proteases that damage tissues and exacerbate disease. In mouse models-a#ll siikease and
endotoxininduced sepsis, depletion of the gut microbiota, significantly reduced the numbeutdtisig
aged neutrophils and lessened organ dan(@ge We previously reported that during systeiccoli
infection, microbial ligandsncluding those from the microbioiaduce NOD1 and TLR4 signaling to
mobilize myeloid progenitors to the spleen where these mobilized progenitens nmb neutrophils to
combat the, infection(74). It is possible that gut microbictierived ligands play similar roles in
homeostatic' mobilization of myeloid progenitors to various organs where they giveo risatare
myeloid cells for maintenance of tissue homeostasis. Taigather, microbial wleculesfrom the gut
microbiota appear to have a profound and sustained effect on neutrophils, from granulopaigsisid
progenitors in the bone marrow to the response of mature neutrophils to infection aatelyitaging of

mobilized neutrophils.
3.2 Intestinal eosinophils

Eosinophils=constitute a major population of leukocytes in the gastrointestirnalimder homeostatic
conditions, independently of the gut microbidi#b, 76). Although eosinophils are most known as
proinflammatory=cellshat contributdo the pathogenesis of various allergic diseases, more recent studies
reveal remarkable functional diversity of eosinophils in different tisgd@s For example, niike
eosinophils=frem: the lung or blood, small intestinal eosifseptiisplay extended lifespan(75, 76).
Sugawara et al recently reported that small intestinal eosinophils constitutivedjeseigh levels of L1
receptor antagonist (HLRa), a natural inhibitor of H1f, which is promoted by production of GMCSF

by intestinal epithelial cells in a gut microbietelependent manner. By suppressing the levels -afIL

in the small intestine, eosinophils supprébd 7 cells, thereby playing a critical role in the maintenance
of intestinal homeoasis(76). The function of this major leukocyte population in the gut, however, has

not been extensively explored, either in the steady state or in the context of éogigsl|
3.2 I ntestinal®macr ophages

There are resident macrophages in every tissue of the body, where they contribetmaintenance of
tissue by acting as the first line of defense against pathogens and by initiatingreqoain(¥8). A recent
study demonstrated that yolk sac and fetal lderived macrophages are present in the neonatal intestine,

which however are diluted by LyS8Omonocytederived macrophages that infiltrate into the intestine
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around the time of weaning, in a procéisat is dependent on CCR2 expression of the monocytes and
neonatal gut microbioté79). Consistently, although GF mice exhibit a normal intestinal macrophage
compartment at birth, recruitment of LyB@nonocytes into the intestine is markedly diminished at 3
weeks of agé€79). Intestinal macrophages are hyporesponsivieacterial Tollike receptor ligands such

as lipopolysaccharides, which is critical to prevent inappropriate activatioflashmatory responses in

the intesting80, 81). Consistently, we have previously demonstrated that a lack of a functional NLRP3
inflammasome in intestinal resident macrophages, which would minimize omjgie production of IL

land hence induction of inflammation und&gaslystate condition§82). On the other hand, intestinal
macrophages constitutively express NLRC4 andlprt-B, which allows precipitous release of IL- § and
initiation of,inflammatory response upon infection with enteric pathogens, su&hlrasnella. Our
studies also' revealdfiat constitutive expression of pho-1- requires the gut microbiota in a Myd88-
dependent manné82, 83). In addition, in response to intestinal injury, our more recent study showed that
gut symbiotic Enterobacteriaceae, and in particuRoteus mirabilis, induce robust NLRP3
inflammasomemediated 11 production in newly recruited Ly6C™ monocytes, which promotes
inflammation in the intesting84). Taken together, our studies and others’ suggest a complex role for the
gut microbiota_in commolling recruitment of circulating monocytes to replenish resident intéstina

macrophages and functional changes of intestinal macrophages in response to injectioninf
4. REGULATION OF T CELL RESPONSE BY THE GUT MICROBIOTA

A myriad ofrintestinaimmune defects are observed in GF animals, including impaired development of
gut-associated lymphoid tissues (GALTS), -qissociated Th17 cells and Tregs, lower numbers of IgA
producing Breells and intraepithelial CD8+ T c€Hsgure 2)

41Th17 célls

GF mice have reduced numbers of Thl and Th17 cells. Th1l7 cells are a subset of CD4+Teffeltsor
that make copious amounts of-17, which plays important roles in host defense against extracellular
pathogens_as well as the development of autoimmureagiis(85). Studies have demonstrated that
development of Th17 cells in the small intestine can be potently induced by cotmmigaiommensal
Clostridiarelatedssegmented filamentous bacteria (S@BB)88), and to a lesser extent by colonization of
altered 'Schaedler flora (ASF), a cocktail of 8 defined commer{88)s Two more recent studies
elucidated a cascade of events initiated by SFB adhesion sl intestine epithelium to promote IL

17 expression in RORyt+ CD4+ T cells in the gut. Enhanced SFB adhesion on the epithelial induces the
expression and release of serum amyloid A (SAA) from intestinal epithelial ceBs)(l and SAA

potentiates th@roduction of Il-18 and IL-23 in CX3CR+ phagocytes, 2 cytokines that synergistically
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promote the production of {22 in ILC3. IL-22, in turn, reinforces SAAnediated IL1p production by
phagocytes, which ultimately upregulateslZ production in RORgt+ CD4+ T cel90, 91). It remains
unclear whatistinct signals from bound SFB are critical the release of SAA from IECs, and whether
this IL-17-inducing mechanism is unique to SFB or all symbiotic bacteria with-ddt@sive
characteristics. Interestingly, the ability of gut symbiotic bacteria to elicit Thi@onse could be
potentially (exploitd in the context of antumor immunity. A previous study showed that treatment of
cyclophosphamide, a commonly used cancer drug known to stimulateraotiimmune response, alters
the composition of the gut microbiota in the small intestine and indraresiocation of selective Gram
positive bacteria to secondary lymphoid organs. These translocated bacteria stimutggadration of
“anti-tumor?®, Th17 cells that are important for the therapeutic efficacy of cyclophosgh (92).
Therefore, &knewledge of the link between symbiotic bacteria and induction THd Taelbe harnessed

in addressing diseases that involve aberrant Th17 response.
4.2 Tregs

In the absence of the gut microbiota, the number of inducible Foxp3- Hiedigs (iTregs) is specifically
reduced in colonic lamina propria, but unaffected in the small intestine onteesdymph nodeg$93).
Treginducingactivity in mice was found in a cocktail of 46 strains of the Clostridium dexosging to
clusterspiV=and= XIVa (also known as th@ostridium leptum and Clostridium coccoides groups,
respectively), and in ASF consisting of 3 Clostridia species belgrigithe Clostridium cluster XIV. A
cocktail lof*&7=human Clostridia strains was also identified to possessnbiegng activity.Moreover,
colonization ofBacteroides fragilis, a human gecies was shown to induce Tregs and production ef@L
by polysaceharide A via TLR2 signaliri@4, 95). In addition, bacterial metabolitesestichain fatty acids
(SCFAs), whichare at reduced levels in the colonic lumen of GF mice, have been shownate tagul
development=and function of colonic Tre@3, 96, 97). SCFAs, particulayl butyrate, can directly
enhance acetylation of the Foxp3 locus in Ti@597). In a study of GF mice colonized with 17 human
Clostridium strains, luminal levels of SCFAs acetate, propionate, iselbeitgnd butyrate were elevated
to promote TGFf production in colonic epithelial cells, which indirectly contributes to the development

of colonic Tregs(91). The receptors that are activated by SCFAs, namely sevepabt@ncoupled
receptors (GPRs) such as GPRA43, are expressed on both IECs and most hematopoi€insistiently,
mice lacking GPR43 have lower numbers of Tregs. It should be noted tteffetieof SCFAs on the
induction of Tregs appears not restricted to the colon, as studies have shown eiatatgate (HDAC)
inhibitory activity of butyrate that regulates L#&ponsive genes (e.g. 112, 116 and RelB) in DCs to
promote the differentiation of Tregs. This appears to be a common mechanism thaesethda

generation of extrathymic Tregs. Hence, the systemic effect of SCFAs amdtiaion of Tregs is not

This article is protected by copyright. All rights reserved



consistent with the colespecific defect in Treg development in GF mice. This satgthat there might
be redundant SCFikdependent mechanisms to promote the development of Tregs in most tissues,

which however might be lacking in the colon.
431LC3

Innate lymphoid cells (ILCs) are a population of innate immune cells thatetiffate independently of
somatic recombination or interactions with cognate antigens presented by MH@khifit a cytokine
profile akinito that of CD4+ T cells. ILCs areund at barrier surfaces of the mammalian body, such as
the skin, airway,and the gastrointestinal tract. Three distinct groups of ILCsmawgeel, based on their
cytokine profilesi Tbet+ Groupl ILCs (IFNy producers), GATA3+ Group2 ILCs (IL-4, I1L-13 and L-9
producers), @and RORyt+ ILCs Group 3 (IL-22 and Il-:17 producers)98). There is increasing evidence
supporting ‘an important role faLC3 in intestinal immunity. For example, 422 produced by ILC3
promotes production and secretion of Ragllh secretory antimicrobial peptide by intestinal epithelial
cells that has been shown to be critical in enteric infectio@itygpbacter rodentium (99-101). There have
been conflicting reports on whether the development of ILC3 requires gut symbiotiiahacdith several
studies showing nermal development of RORyt+ ILCs in both GF mice and antibiotic treated mice, and
other studies revealintdpe lack of RORt and IL-22 expression in the small intestine of in both GF mice
and antibiotietreated mice. The discrepancy might attribute to-diégived microbial signals that GF
mice in these studies could have been potentially expog88)tdNonetheless, gut symbiotic bacteria are
believed towinfluence the function of ILC3, either by directly signaling through pateognition
receptors (PRR) on ILC3 or by indirectly regulating intestinal myeloid cetlsegithelial cells. Human
RORyt+ ILEsswere shown to express functional TLR2, which can be stimulated to induce IL-2 that
enhances 22 production in an autocrine mzer (102). The Aryl hydrocarbon receptor (AhR), which
can be activated by ligands generated from tryptophan metabolism by gut syinbitéidajs expressed
on RORyt+ILCs and critical for ILC development, IL-22 production, maturation of GALTs, and enteric
immunity againsiCitrobacter rodentium (99-101). In addition, I-:1p and IL-23 produced by intestinal
phagocytes can promote -I2 production RORyt+ ILCs (103). We have previously shown that gut
symbiotic bacteria promote the expression ofl1fL in intestinal macrophages under steady-state
conditions that likely contribute to the emergence of RORyt+ ILCs (83).

Furthermore, theyrole of RORyt+ ILCs in regulating the gut microbiota has been unraveled in recent
studies. RORyt+ ILC production of lymphotoxin (LTal1B2) promotes the generation of isolated lymphoid
follicles (ILFs), which are critical for T celhdependent intestinal IgA producti¢h04, 105. RORyt+

ILCs are also major producers of-B2, which promotes epithelial cells production of mucins and
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antimicrobial proteins (Reghl Regllly, S100A8, and S100A9), which are integral for
compartmentalization of gut bacteria within the gastrointestinal {t@€. The importance of intestinally
induced ILC3 in mediating systemic host defense against systematiamf, mainly via 22, has been
highlighted in our recent studies. V¥kowed that in enteriClostridium difficile infection (CDI), IL-22,

which wasishown in a separate study to be produced mainly by ILC3 ii10D)] can act systemically

on hepatogytes thaixpress 1L22R (108). As a result, 122 induces production of complement C3 from
hepatocytes, which promotes clearance of systemically translocated gut bactewindolCDI and
thereby confers protectiofi08). In addition, our recent study showed that during entricodentium
infection, IL-22 produced by ILC3 systemically induces the production of heme scavenger hemopexin to
limit hemetavailability and thereby suppress the growth of bacterigh@ivattranslocated systemically

due to damaged gut epithelial barr{@09. Furthermore Hepworth et al reported that MHCII+ ILC3

cells directly’killFCD4+ T cells that are reactive to gut symbiotic bacterianranner reminiscent of how
selfreactive T cells are eliminated in the thymus. Notably, MHCII on colonic3Ib@s reduced in
pediatric IBD patients, suggestion possible impairment in MHColenic ILC3 to dampen seteactive

CD4+ T cells in IBD(110). Collectively, these studies support a beneficial roledat ILC3 in both
intestinaland_systemic host defense against pathogens or pathobionts as well as dampening otherwise
deleterious T\ cell response to gut symbiotic bacteria, thereby maintaining Lissueostasis in the

intestine:
5. REGULATION OF B CELL IMMUNE RESPONSE BY THE GUT MICROBIOTA

The gut is home to at least 80% of all activated plasmablasts and plasma cells, winish groduce IgA
(111). Primary=Bcell development, which in humans and mice involves -&Rgmendent V(D)J
recombination for prémmune diversification, is thought to occur exclusively in the bone marrow.
However, recent evidence suggests a critical role for the gut microbiota duringlitsily B cell
selection and prenmune immunoglobulin diversification. Using a RaGEP reporter mouse model, Alt
and colleagues_ showed that Rag2+CD19+BY2@ells, which are undergoing active V(D)J
recombination, are almost undetectable in the first week after birth, emergexpadd rapidly at
weaning age (124 days), and wane at abou6 Sveeks of agél12). Of note, the gut microbiota expands
quickly upon weaning, suggesting a possible role for maternal immunogisilrestricting expansion

of the gut_microbiota prior to weaning before the neonatal immune syistefully developed.
Consistently, conventionalization of GF mice increases the levels @ pails systemically and in the
gut LP. The transient nature of LRdgIl development upon weaning might be a window fithiluminal
antigens to shape pimmmune B cell repertoire. The study by Alt and colleagues also revealed similar VH

repertoires but markedly different V repertoires of LP and BM Rag2+ B cells, nefjatifferential BCR
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editing within the gut and BM, rpsctively. BCR editing in the BM is a negative selection to eliminate
selfreactive B cells, but it remains unclear whether BCR editing in the gut also serves dkra sim

tolerance mechanism.
5.11gA

IgA is the most abundant isotype of antibodies thatoeareadily secreted into the lumen of the gut under
steadystate conditions. Polymeric IgA binds to the polymeric immunoglobulin recqpgiR) expressed

on the basolateral surface of the gut epithelium, which transports IgA to thesapfeak. IgA iseleased

in the gut lumen, upon proteolytic cleavage of seeretorycomponent oplgR. Mucosal IgAsecreting
cells are markedly reduced in GF mice and undetectable in the neonatal gut prior tpatiolorof
symbiotic bacteria, hence suggesting that gut symbiotic bacteria mightekmydstimulatory signals to
induce production of mucosal IgA. A previous stugiowed that, during pregnancy in GF female mice,
transient inoculation od mutantE. coli strain (HA107), which was engineered to allow reversible and
transient colonization of GF mice, sufficient to induce robust and specificdgpgonseén the offspring

A potent stimulatory effect on induction of IgA response was observed upon coloniza8éB ah GF
mice (113). Notably, SFB colonization is associated with induction of Th17 cells, which haneshewn

to expand'and home to the small intestine in mice monocolonized with SFB. Reyk€s patches of
these miceThl7 cells acquire a phenotype reminiscent of T follicular helggra@lls to induce the
development ofulgAproducing germinal center B cells. Consistently, mice lacking Tetdls are
impaired “inmmounting antigespecific IgA response after immunization with cholera toxin, thus
underscoring an indispensible role for Th17 cells in T-defiendent generation of antiggmecific IgA
antibodieg114)=it remains unclear however whether IgA response is induced only by selective members

of gut symbiotic bacteria.

The function=efigA in hostnicrobe symbiosis as well as in host defenselieen extensively studied but
to an extentyremains undefined, given that IgA deficiency is the most common piimaupodeficiency

and mostsaffected individuals are asymptométis). It is likely that IgA deficiency can be compensated
by other immune mechanisms, such as increased export of $igkh is facilitated by plgR as well. In
mice, mostUintestinal IgA is directed against gut symbiotic bacteria, and coatiBtgh in intestinal
lumen preventing invading bacteria from crossing the gut epithdlli®). Studies of mice deficient in
plgR showed‘impaired export of SIgA and SIgM into the intestinal lumen, elevated ggByBNK more
importantly, increased mucosal penetnatof symbiotic bacteria and enhanced systemic antibodies
against these translocated bacteria. Macpherson and colleagues reported thatidgg\pesetration of

gut symbiotic bacteria to the mesenteric lymph nodes, thereby limitingnsigstdisseminabin of
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symbiotic bacteria and preserving hastrobe symbiosig117, 118). Consistently, a recent study
demonstrated that intestinal bacteria with high IgA coating confer enhanced suktygqatibiSSinduced
colitis in GF mice, suggesting that IgA specifically coats more inflammatory andehcolitogenic
intestnal bacteria under homeostatic conditions to confine these harmful bacteraimtestinal lumen
(119. Together these studies highlight an integral role for IgA in compartmentpliziestinal bacteria,

especially thse with heightened virulence, in the intestinal lumen to maintaimhiosbbe symbiosis.
5.2I1gE

IgE antibodies jplay a critical role in allergies, asthma, and immunity to par@is2@s and studies of
human infants_and animal models support a role for mucosal microbiota maaatid atopic disease
developmen(121:123). IgE production appears to be heavily influenced by the gut microbiota as well,
albeit by a mechanismmeemingly opposite to that underlying gut microbiegulated IgA response.
Cahenzli et al reported profoundly high levels of IgE are produced in GF mice imrheditits
weaning, due to active CD4+ T celépendent B cell isotype switch to IgE at mute#as, particularly
Peyer's patches, in the absence of microbial expogizd). Colonization of GF mice with diverse
microbiota, but net specific symbiotic bacteria, from birth to 4 weeks of agsobthereafter normalizes

the IgE levels in adult§124), suggesting that diverse microbial exposure at mucosal sites, while
triggering=lgA=isotype switch, downregulates IgE to baseline levels. Thepegp#ic effect of the gut
microbiota to tome down IgE response is intriguing, but the underlying mechanismag dargely
elusive. [Theserstudies underscore infancy as a critical window of opportunitye fguthmicrobiota to

educate the host immune system and provide-teng benefits.
5319G

In contrast t0“1gA, which is locally induced in GALTs by gut symbidiacteria, induction of high
affinity, antigenspecific IgG antibodies is thought to take place in eixti@stinal organs, such as the
spleen. However, redundant measures are in place to ensure compartmentalizatidviaifcsiyacteria

in the intestine, including sIgA, patrolling intestinal phagocytes, mucges, lthe epithelium, and lastly
the MLNs as a firewall where escaped intestinal bacteria would be killed by phagocytgeafFtrere
was the dogmasof systemic ignorance, rather than tolerance, toward intestinal synaistetiia lrue to
completescompartmentalization of intestinal symbiotic bacteria in the intestine. dbgima was
supported by a study showing undetectable serum IgG from naive mice &géénsbacter cloacea, a
Grampositive gut symbiotic bacteriunfl25. However, higher titers of serum IgG against fecal
symbiotic bacteria were frequently reported in patients with either Crohn’s dige@sditis, which wa

thought to reflect either prior infections or systemic translocation of guerEa these patients due to
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“leaky” epithelial barrie(126). In addition, we recently reported that gut symbiotic bacteria promote the
adjuvant activity of cholera toxin, an enterotoxin secretedibsio cholera that has been used as aguit

mucosal adjuvant, through Noda2ediated recognition afs microbialagonistby dendritic cell{127).

Evidence from asfew recent studies has emerged that the systemic immune system irehdmaios is

not ignorantstoward gut symbiotic bacteria under homeostatic conditions. We resgaiyed that in
unmanipulated imice and healthy humans, robust levels of serum IgG antibodies wed dbggct
selectivelyrecogized proteins from Gramegative but not Grafpositive symbiotic bacterigl128)

(Figure 2) Consistently, bacterial DNA was detected in the spleens of naive mice, suggesting some gut
symbiotic bacteria likely had made their way to exmtastinal organs to initiate systemic immune
responses, including generation of antigpecific IgG. This suggests that in the steady state perhaps a
small number of Gramegative Enterobacterial species, which have been shown to possess unique
growth advantages that enable them to bloom in an inflame@g9t may be uniquely equipped for
successful penetration of the gut epithelial barrier, evasion of killing by phagocytles mesenteric
lymph nodes;“and induction of systemic response. Our datdllaigtcated the requirement for CD4+ T

cells and TLR4=on B cells for induction of homeostatic generation of ardjgeeific IgG antibodies to

gut symbiatic bacteria.

Furthermore;=we: identified murein lipoprotein (MLP), a secretary outenlbrane protein abundantly
expressed on_Gramegative Enterobacterial species, as a major bacterial antigen recognized by serum
IgG in naivemmice and healthy humaracteremia due tgram-hegative symbiotic bacilli, most
commonlyE. coli, accounts for 25%50% of all bloodstream infectiongherefore, the potential of
homeostatically=induced serum amLP 1gG, and other still unknown IgG against gut microbiota

derived antigens; shoulie further investigated for the treatment of Graggative sepsis.

Low concentrations of symbiotic bactespecific IgG in younger mice from our study, and very likely in
human infants.and toddlers, might contribute to increased susceptibility of reetaiiection. Maternal

IgG antibodiessare transported to the infant, through the placenta or breasb mitkyitle crucial passive
immunity in the developing fetus or infant, respectively. Consistently, a reted