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Commensal microbeandthe hostimmune systenmave been cevolved for mutual regulation
Microbesregulate the host immursystemin part, by producingnetabolitesA mounting body
of evidence indicatethat diversemicrobial meabolites profoundly regulatée immune system
via hostreceptors andther targetnoleculesimmune cells expressetabolitespecific receptors
such a2X2:GPR41, GPR43, GPR1094&yl hydrocarbon receptor precurs&hR), pregnane
X receptor,PXR), farnesoid X receptorHXR), TGR5 and othemmolecular targetsMicrobial
metabolites and their receptorgrfo an extensivarray of signals torespondto changes in
nutrition, health and immunological status. #k& consequencenicrobial metabolitesignals
contributeto nutrient harvestrom diet, andregulatehost metabolisnrand theimmune system
Importantly, smerobial metabolitesbidirectionally function to promote both tolerance and
immunity toeffectively fight infection without developingnflammatory disease#n pathogenic
conditions, adverse effects of microbial metabolites have been obserweell Key immune-
regulatoryfunctions ofthe metabolites, generated frararbohydratesproteirs and bile acids

are reviewedn this article

Key Waoards: "Microbiome, Metabolites, Shd&Zhain Fatty Acids, Bile Acids, Indole, Immunity,

InflammationyBarrier Function.

I ntroduction

Commensalmierobiotafunctionally maturatehe hostimmune systemThis effectis mediated
by microbial factors that stimulateost cells. Microbial factors work through a variety bbst
receptors_andnolecular target®n or within host cells. Host receptors faicrobial factors
include pattern_recognition receptors (PRRs) suchTa#-like receptors (TLR), nucleotide
oligomerization receptors (NLREtype lectin receptors (CLR) and RiGlike receptors (RLR)
which sense®major microbial constituents such Di$A, RNA, proteins, and cell wall
components.However, hese microbial constituents are just a fraction of wt@hmensal
microbes producéo regulatethe host immune systenn the alimentary tract, host enzymes
process dietarynaterials, such astarch dietary fibers, proteins/peptides, and lgpidr nutrients

harvestin the small intestine. Howevespmedietary materialsnevitably reach the coloror
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microbial fermentatiordue to incomplete digestion and absorption. These materials feed the
microbio@a for production ofa variety of microbiaimetabolites some of which have immune
regulatory roles It is thought that there are 50000 microbial operating taxonomic units
(OTUs) in_the mammaliangut. While each microbiaspecieshas a finite number of genes that
codefor nutrienttransporters andetabolizingenzymesthe combinechumberof these genes

for the whelemicrobiotawould beenormous.. Moreoverthe microbiota employ wide variety

of nutrient utilizhg enzymes in numbers that far exceed that of the human enzyme repertoire.
Becausehe products of microbial enzymes are absorbed in the colon and utilized by the host
the gut microbiotaincreasenutrient or energyrecovery fromconsumed diets. Mrobial
metaboliteshave significant effecton the host metabolism?®. Moreover, some of the
metabolitesals@ondition and activatéhe immune @age 5)19stem to increase thenmune

function but de¢rease harmful inflammatory respondes

The'®ncentrations ofertainmicrobial metabolites, best exemplified Bhortchain fatty
acids(SCFAS)feach very higltoncentrationsn the colon®, lowering pH,fulfilling nutritional
needs, regulatingnicrobial function andcomposition,and conditioning the immune system.
Host cells_express various receptors to sengeobial metabolites, which includpurinergic
receptorssuchmas P2X to detect microbial and hederived nucleotides (e.gAdenosine
Triphosphate/ATP andVicotinamide Adenine Dinucleotide/NAD'”; GPR43 and GPRA41 to
detect SCFAsmembranebile acid receptorM-BAR/TGR5 and FXR to detedbile acidand
xenobioticmetabolites™ ** and AhR and PXR to detedryptophan, indole bile acid and
toxicant metabalites'® ' Moreover, the roles of dietary factors that activemenune cells
including certain phytochemicals, even withooitrobial modificationsshould not be ignored.
This article.is to review our current understandingheforigin, host receptarand target cells of
major micrebial metabolites in the immune syst&gtailedimpacs of these metabolitesn the

innate and adaptive arms of the immune systmrdiscussed.

Major groupsef microbial metabolites and their receptors

Carbohydrate metabolites. Bacteria produce SCFAs as the result of carbohydrate fermentation
the colon (Figure 1)Bacteria expressarbohydrateactive enzymesuch as glycoside hydrolases
and polysaccharide lyasEs'® These enzymes often form enzyme complexes (e.g.
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cellulosomes) to process longrbohydratdibers into simple sugars. Releasedomponent
sugarssuch as glucose anglose,are traisported into bacteria via the phosphotransferase
system for uptake and phosphorylation of carbohydrates for fermentatihile the human
genome encodes 17 enzymes to breakdown carbohydrate nutrients, some gut bacteria such as
Bacter oides thetaiotaomicron encode over 260 glycoside hydrolaSe8ecause there are a few
hundred bacterial and yeast species in the gut, the total number of carbohygtvatenzymes
and their overall combined capacity to handle different dietary fdreesxpected to be
sufficientto 'handlemost of consumepolysaccharidesVhile both soluble and insolubdketary
fiberscanbe processed by bacteria, soluble fibach asrabinoxylanpectin, inulin and
hemicelluleseare preferentially utilizetb produce SCFAs in the gut over insoluble fibers such
as cellulosend'chitin®®. Also, digestiorresistanbligosacharics, such as
fructooligosaccharide and xylooligosacchariaied resistant starchatong with host
glycoproteins, such as mucins, can be processed to pr6@keks.Microbesgreatly differ in
their ability:to fermentdietary fibers andugars to producadifferent SCFAs In general,
members ofithe Bacteroidetes phylum are good producearetdte C2) and propionate (C3),
whereas bactefia in the Firmicutgsylumareefficient butyrate C4) producers$®. More
specifically;Akker mansia municiphilla produces C3 from muciff. Roseburia inulinivorans and
Coprococeus'Catus produce both C3 and G2%. Faecalibacterium prausnitzi, Eubacterium
rectale, Eubacterium hallii andRuminococcus bromii, aregood producers of CZ. Also,
Roseburia intestinalis, Eubacterium rectale andClostridium symbiosum aregoodC4-producers
and ard@ncreasedn numbers with high fiber diéf. Ruminococcus bromii produces C4 from
resistant starcff. SCFAs are absorbdry colonocytesind other cellsia solute transportend
simpledifflision. SLC16al and SLC5a8 are major transporters for SEF®4 is mainly used
by colonocytes, whereas C2 and C3 are transported theéportal circulationC2 and C3are
transported.tohe liver, muscle, brain and other organs.i$G@nverted into acetyGoA for
lipogenesis.or.axidation in peripheral muscles. Most C3 is metabolized in tharver
contributes to’'gluconeogenessCFAs affecthemetabolismof host cells, activatingiultiple
metabolicpathways to produce energy and building blocks and regulatingriesabolisn?® *
Also produced by microbese lactate and succinate, which carcteverted to C®y many
bacterial specie¥. SCFAs activate several cell surfa@eproteincoupled receptors3PRS,

such as BR43, GRP41, GRP109A and Olfrff8°. GPR43 and GRP41 are highly expressed by
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intestinal epithelial cell&®. T and B cells do not express these SCFA receptors but certain
myeloid cells, such aseutrophils, macrophages and dendritic cells, express GPR43 and

GPR109Aat variable levelso sensghe concentrationf SCFAsin tissue environmenté 3% %7
39

Amino acid.and.related metabolites: Another abundant group dfetarymaterias includes

proteirs. Preteins are digested into oligopeptides and amino adiitsh arelargely absorbed in
the small intestineSome proteins, oligopeptides and amino acids, not processed or absorbed in
the small intestine, reach the colon for bacterial catabarsrutilization Many bacterial

groups, includingertainClostridium,Bacillus, LactobacillusStreptococus, and Preobacteria
groups aréefféctivanetabolizers of proteins, causing “protein putrefactfinAmong amino
acids, glycine, lysine, arginine, leucine, isoleu@ne valineare preferred amino acid substrates
for gut bacterid™. Microbial catabolism of these amino acids generates amniodggenic

amines (mnoamines and polyamines), and other metaboRtelyamines are producémm
ornithine, arginine, lysine and methionitfeDecarboxylation of aminacids generates

histamifi@ (ffém histidine), agmatine (from arginine), and cadaverine (from Iy3ifey

example Lactobacillus plantarum decarboxylates ornithine to produce putrescine, a major
polyamine™. Moreover, bancheechain SCFAssuch as isobutyrate, valerate and isovalerate
are produced fromespective brancheamino acids (i.e. leucine, valine, aisdleucing *°.

Similar to C4,.branchedhain SCFAs are potent histone deacetylB2AXC) inhibitors and,
therefore, theirfunctions regulatinghost cells are expected to be similar to that of C4. The
luminal concentrations of branchetain SCFAs areelativelylower thanthose ofthe major
SCFAs(C2C4).

Indelesissproduced from tryptophan and metabolized into kynureimdele-3acetic
acid, and tryptamineBacterial trytophanase prodmdole, and host-produced indoleamine-
pyrrole 2,3=dioxygenaséO) generates kynurenin€hese mdole metabolites activate aryl
hydrocarbon receptor (AhR) and PX®®. Non-protein materials such atucobrassicin, a
compound found in cruciferous vegetables, are metabolized to indalbrole which also
activatesAhR “°. AhR acts as a transcription factor to induce expressioemésg such as
CYP4501A1, which detoxifies chemicals and toxihs
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Lipid and bile acid metabolites: Gut bacterigproducemanylipid-modifying and metabolizing
enzymesFor example, hydroxy fatty acids are generéteoh polyunsaturated fatty acidsy
gastrointestinamicroorganisms such asctobacillus plantarum, which encodes
polyunsaturated fatty acishturating enzymes' °2 Roseburia species are active in metabolizing
linoleic acid(€is9:¢eis-12-18:2) . They produce vaccenic ac@precursor of health-promoting
linoleic acids.These fatty acimodifying functionsof the microbiotacan change the lipid profile
in the gut lumenBile acids are produced from the liver and secreted ietaitinall intestine to
emulsify triglyeerideandfatty acids Primary bile acidssuch as cholic acid and
chenodeoxychalic aci(CDCA), are produced in the gall bladder and secreted into the
duodenum as conjugated forms to glycine and taurine. Most of the secreted biggeacids
reabsorbed in the terminal uler. Gut microbiotalterbile acids through various modifications,
including hydrolysis of the C24N-acyl amide bond, oxidation and epimerization of hydroxyl
groups, é-déhydroxylation, esterificatiomnd desulfatatiod’. These processes genenaiare
than twenty different secondary bile acids, includiegxycholic acidDCA) andlithocholic

acid (LCA)..Also, phosphatidylcholinis metabolized to produce importanetabolitesuch as
trimethylamineN-oxide (TMAQO). Gut microbes convert choline to trimethylamine, which is
absorbéd-and-then converted by the flavin monooxygenase system in the liver to>TMAO
Other substratesf gut bacteria to produce trimethylamntlude betaine (trimethylglycine) and
carnitine (a'lysine derivativelile acidsactivatemany cell types througtell receptorssuch as
FXR, VDR, PXR and TGR%also calledP-BAR1 or M-BAR) *?°¢ FXR, VDR, and PXR are
nuclear receptor family members, whereas TGR5 ispeotein-coupled receptoiXR is
expressed by many cell typéscluding epithelial and endothelial ceitsthe liver,
gastrointestinal'tracgndkidney®” *® PXR is expressed by cells in the livemall intestineand
colon* *? TGRS iswidely expresseih the body Its expression iparticularly high in the

intestines, pancreas, lungs, lymphoid tissues, and $rain

Altered microbial metabolitesin diseases

Metabolites are produced by the microbiota and, thus, changes in the micoobiggaiosis,

can alter metabolite profiles. Particularly, metabolites are altaredny pathogenic conditions
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such as obesity, type | diabetes, alcoholic lagwhtitis B virus (HBVAinduced liver diseases,
inflammatory bowel diseasgsancer and other chiiz diseases. Alteration of SCFA levels
and/or microbial producers have been obseimvaedany disease#t has been observed thHag

and C3 are decreased in some patients with type | diabetes or’tdfitiSimilarly, C2 and C4
levels were.decreasedpatients withcolitis, colon cancer other intestinal disordefd' *

Also, low dietary fiberintake and decreased levels of SClaAgl some other longer chain fatty
acidshave"been observed in allergy patienif€. Increased levels of C2 and C4 along with the
expansion 6Fifmicutes specieareassociated with obesif. In addition, indole derivatives are
also altered in@me diseases. For examm@d tryptophan metabolism seems to be increased in
inflammatorydeewel diseaséBD) patients and the levels of tryptophan metabolites such as
kynureninerand indoi8-acetate were alteréd some colitis patiens” "° However, nore data

are needed to firmly connettte change®f specificmetabolitego diseases. Assuming that these
metabolites regulate many cell typesnost parts of the body, changes in the metabolites could
have comprehensive effecpmtentially alteing immune and inflammatory responses,

metabolisnneuronal functions, cancer development, and other processes.

Immuner egulatory functions of SCFAs

As the most abundanticrobial metaboliteeamong all in the colao lumen SCFAs play multi
faceted regulatory roles in the immune sys{€igure 2) First, SCFAsare used byolonocytes

as amajorsenergy sourc@nd they influencgene expression necessary for epithelial barrier and
defense funetions. Second, SCFAs regulate innate immune cells such as macrophages,
neutrophils and dendritic cells. Thjr8 CFAsbidirectionally regulateantigenspecific adaptive

immunity mediated by cells and B cells.

Dietary fiber and SCFAs supportintestinal epithelial proliferatiod® 2 SCFAs are
converted tcacetytCoA for energy production through the tricarboxylic acic€CA) cycle and
lipid synthesis®. SCFAs also inhibit HDACs to promote gene expression in epithelial éelfs
the colonic lumenSCFAsdecrease intracellular pH afatilitate sodium ion absorption through
multiple mechanisms, mediated in part throtigaNa'-H* and CI-HCO3 exchange pumps ™
® SCFAsare weak acids anplay important roles inowering pH in the gutlumen. SCFAs
inducecancer celldifferentiation and apoptosis, and, therefasegenerally perceived as tumor
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suppresors. This function isclosely associated witthe HDAC inhibition andthe histone
hyperacetylation effects of SCFAs regulate genethat control key cellular processés A
caveatfor this roleis that C4promoteshyperproliferation of mutatedSH2’) colon epithelial
cells and thus has the potentialetcen promote certain types of tumdt. A function important
for barrier_immunity is the positive effects of SCFAs on epithelial cell producticrerin
cytokinessuch.as |IL18 and antimicrobial peptidéd 8 SCFAs also enhandbe expession of
epithelial barrierforming moleculesand mucin production, whichare mediated, in part, by
HDAC inhibitieh andAMP-activated protein kinaséAPK) activation®#®°,

SCFAsregulate rgeloid cells Neutrophils arghe prototype myeloid cells that express
the SCFA receptoGPR43. GPR43 activation by SCFAs indsiahemotaxis and functional
activation of neutrophild® 3337 8 SCFAs also regulate macrophagéd. conditionsintestinal
macrophages.through GPR109A to inducel@producing T cell€’. While GFCR activation
by SCFAsis involved in regulating macrophagélseHDAC inhibitor function of SCFAs is also
important”~For“exampleC4 down-regulates lipopolysaccharide-indugebduction of nitric
oxide and inflammatory cytokines such as@land I-:12 in a GPCR-independent manner
presumably through HDAC inhibitioff. C4 suppresses production of inflammatory cytokines
such asTNF-a=MCP-1, and 11-6 in macrophage$. SCFAs also regulatéendritic cells DCs).
HumanimeneoeytelerivedDCs cultured withC3 or C4were less inflammatory with decreased
production ofpro-inflammatory cytokines ancchemokines®. It was documented th&CFAs
also indirectlyaffect DCs by inducing retinaldehyde dehydrogenaBANDOH1) expressionn
intestinal epithelial cellsmvhich leads to retinoic aci@RA) production and subsequent generation

of RA-regulated DCsvith a tolerogenic phenotygé

SCFAscan also directly and indirectly regulate T cdiiferentiation into functionally
specialized cell§. This occurs when T cell undergo antigen priming by antigen presenting cells
in the presence of SCFAK.was initially reported thaC4 suppresses CD4T cell proliferation
but does not.induce FoxP3 cells %>, However,several groupseported thatC4 and C3can
increase“eeloniEoxP3 Tregs in vivo anfbr in vitro settings potentially through their HDAC
inhibitor activity °*°°. In our own studyall major SCFAs(i.e. C2, C3, and C# enhanced the
generation of effector T cells such as Th17 and Th1l as well-46'ICD4" T cellsin bothin

vitro and in vivo settings®. However, thenumberof FoxP3 T cells was not necessarily

This article is protected by copyright. All rights reserved



increased in vivo and in vitravhereasghe number ofL-10" T cellswasincreasedy SCFAs.
However, thdL-10" T cellinducing effect of SCFAs is lost during active immune responses to
C. rodentium . During active immune responses, the numbefBhdf7 cells and Th1 cells were
increasedyy SCFAs Overall, SCFAs have significant impacts on regulatory T cells drdtef

T cells depending on immunological context. This is perhaps due tmtdstereffect of SCFAs

on gene expressiaturing lymphocyte activation. HDAC inhibitiancreases histone acetylation
but it does not' have selectivity toward Treg versus effector T cells. Rather, StavAshe
tendency 'toboost the polarization effects set by cytokine mdiguesent at time off cell
priming and differentiationBecause SCFA levels are high in the colonic tissues and gut

associatedslymphoid tissues, intestinal T cells are likely torbajor target of SCFAs.

It haslong been recognized thapbnsumption of dietary fibeincreags host antibody
responses._in_animaf$. In vitro, C4 increased B cell production of antibodies, which was
asso@tedWith'increased histormeetylation’’. Our laboratorysystematically studied the impact
of dietary*fibéfand SCFAs on antibody respongescommensal bacteria and pathogéhs
SCFAs exert strongpigenetic regulatory effectsnaB cells through their HDAC inhibitgr
activity and promote B cell differentiation into plasma B cells. SCE&#s boost the production
of bothIgA and,lgG isotypesThey increase IgAoated intestinal bacteria and promota &nd
IgG praduction: in response 8. rodentium infection. This indicates that both mucosal and
systemic antibody responses are boosted by SCFAs. SCFAsguipte three important
metabolicproecesses, such as glycolysis, oxidative phosphorylation and lipogeneBisells
which arenecessary to producazellular building blocks and energy to suppg@lasma B cell
differentiation It is believed thaHDAC inhibition by SCFAs promotes histomeetylation to
enhance _gene expression necessary for plasma B cell differentiation. Anotheralpotent
important regulatorynechanisnof SCFAsis mediated by the impacton celular metabolism
SCFAsincreasehe levels ofacetylCoA and ATP but decreasAMP level and AMPK activity,
leading to increased mMTOR activity that sustains the high metabolic demancddrditting B

cells®. High metabolic activity isecessary to fully support plasma B cell differentiation.

Through the effects on many cell typ&CFAs exertomprehensiveegulatory effects
on inflammatory diseases. Compared to wild type n®@R43" mice suffer more frondextran

sulfate sodiunfDSS)induced colitis®®. However, GPR43 signaliqgromotes also acute
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inflammatory responses required to mount normal immune respnsesrobeswhich is

delayed inGPR43 mice’® C4 enema has been reported to suppeissniccolitis in mice and
humans®* 12 However, C4 was not effective in suppressing acute colitis responses such as
2,4,6-trinitrobenzene sulfonic acid TNBS)-induced inflammatiori®. SCFAs and dietary fiber

also suppress,inflammatory responses associated with type | diabetes and food allergy responses
in animal model$®* *°> SGFAs can also suppress ackigney injury in an animal modéf®.

However, ‘chronic administration of SCFAs inducedthritisin mice characterized gmooth

muscle celahd"epithelial hyperplasia leadingttpdronephrosis”’. Therefore, SCFAs can

promote also inflammatory responses dependiniip@inconcentrationsprgans andhost

condition.

Immune regulatory functions of amino acid and indole-related metabolites

Major indele.derivativesgenerate@itherfrom tryptophan or plant-derived glucobrassicin,
activateAhR. ARR is activated by manyatural andynthetic chemicalsuch asndole-3-
acetateijndole-3carbinol kynurenineyesveratrol, indirubin, flavonoids, omeprazaad dioxin
(2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD). Therefore, AhR is important not ontlidtary
factorregulated but alstor environmental pollutant-modulat@dmune responseslpon ligand
binding,cytoplasmic AhR translocates to the nucleus and heterodimerizearyithydrocarbon
receptor nuelear translocator (ARNT). Dimerized AhR bith@sconsensus xenobiotic
responsive elemelkRE, 5-GCGTG3) in many genesncoding toxicant-modifying enzymes
or immuneregulatory molecules he XREis thought to be created by insertion of transposable
elements 'such ddNE-1 and Alu*®,
CYP450 ZAl, Indoleamine 2,3-dioxygenase (IDO), IL-10, Aiolos, FokP-21, andCD39. For

T cells AhRsactivation supports Th17 but suppresses Treg differentidtiokhR works

Ahr regulatesnany genes including the genes codimg

together withother transcription factors, such@8AT3, to turn on Aiolor regulates
STAT1 % nterestingly, AhR activation BYCDD had an opposite effect, boosting Tregs but
suppressing Thl7 cell differentiatidn.this caseAhR works withanother transcription factor

c-Maf, which promotes IL-27-induced IL-10 cells**?

AhR activation promotesionocyte
differentiationinto DCsover macrophagés®. In vivo, dietary indoles sypess Th17 but

increase Treg responsed Thus, the effects of Ahr ligands on T cell responses are complex,
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mediatedoy manyfactors and cell types. Ahfenction is notnecessaly equal to that of AhR
ligands inoverallimmune responses. This is probably becaude fimctions as a transcription
regulatorregardless of the presence of ligaaddits functionis furtherregulated by ligands.
Moreover, different ligands and cooperating transcription factouid lead to heterogenous

outcomes.

Polyamine‘regulate transcriptigoroteintranslation, stress protein responsegjcellular
metabolism Theyhave the potential texertregulatoryfunctions orimmune cellsPolyamines
have antimnflammatory effectsin part, by suppressing inflammatory T cells and the production
of cytokines.anahitric oxide (NO) **°. Blocking of polyamine synthesizing enzymes in host cells
can breaktolerogentamor microenvironments®. Spermnecanregulate autophagy and
apoptsisand.suppress the production of IL-12 but increhaeofIL-10" '8 Polyamines also
exert repair functions following tissue damagd#swever the functions and mechanisms of
actionsof yarious polyamines in regulating the immune systemain uncleaat the molecular

|42

level <. Particularly it remains to be determined how gut microbdeaved polyamines are

transported through the gut barrier and regulate imroahe

Immuneregulatory functions of bile acid and related cholester ol metabolites

Bile acidsplay important antinflammatory roles in cholestatic and metabolically driven
inflammatory diseasekow bile acid levels correlate with increased susceptibility to
infection'®. However, chronic exposure to high levels of bile acids can induce inflammation and
cancer'®. Secondary bile acidsuch aDCA andLCA, regulate the immune systei part,
through.their.receptorsuch as TGR5 (also called GPBAR1 ofBAR) andtwo nuclear
receptos, FXRandPXR. Animals deficient in TGR5 develop more severe colitis inducet by
cell-activating haptensT(NBS and oxazolone)*™. Similarly, FXR" mice were more susceptible
to TNBSinducedcolitis than WT micé?% Also, DSSinduced colitis was more severe in PXR
mice'#These data suggesiat bile acid receptors promote immune tolerafree caveat is
thatnot allthe phenotypef FXR” micecan be attributed to the function of bile acid
metabolitesbecause these receptors, particularly PXR and Bxdractivated also biyonbile
acid metabolitdigands Moreover thesereceptors, particularlthose receptors that function as
transcription factors;an have ligandihdependent regulatory functions. TGRS ligarsigh as
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LCA andDCA, suppres§ NFa production by macrophagés’. TGR5 activation induces cAMP
production and subsequent phosphorylation of c-Fos, leadMB-i@ inhibition. In this regard,
TGRS ligands generate DCs that have decreased production of-f-T@nsistently

instillation.of DCA into the colorexacerbated colitis respongé% %’ Bile acid metabolites
regulateNLRP3 inflammasomactivation,but their exact roles in this regard are
controversial?®*?° While the functionf bile acid metabolites and their functions appear to be
complex and arprobablydetermined byeceptorscell types,tissue sitesand immunological

context these metabolites play important roles in regulating the immune system

Concludingremarks

Gutcommensal bacteria produce a myriad of microbial metabolites. Tetabolites function

as nutrientssand/or activatest receptors, including GPR43, GPR41, GPR109A, PXR, FXR, and
TGRS, Whilesnet discussed in detail2R receptors (P2X;) areexpressed by many cell types
including tisstie, myeloid, mast, and T cells to sexiEe **°, whichis produced by both host and
microbial cells Activation of P2X%, for exampleleads toCaZ influx and subsequent
inflammasome, activatioar cell deathfor positive and negative regulation of the immune
system:***32 The host receptors foriomobial metabolits areexpressed by diverse cell types in
barrier andsystemidissuesTherefore, gut microbial metabolitasd their receptorsreatean
extensivearray-efsignaling tosenseand respond tautritional status and host conditions
reflectedin'micrebial activity It is apparenthat gut microbial metabolites can promote both
immunity andtolerance, both of which are required to maintain health by preventing chronic
infection and inflammatory diseasééicrobial metabolitestrengtherbarriertissuesandtrain

the immune_system to prevent and prepare for possible infection by pathogens. Beyond the
immune system, gut metabolites and their receptors maintain homeostasis of metabolism, which
is importanttermaintaihost health by balancing nutrients intadqel utilization. Diseases and
pathologieal conditionsausegut dysbiosis and altered production of microbial metabolites,
leading to dysregulation of the immune system and metabddsme research is required to
identify the immune regulatory functions of individual metabolites in health and disease. M
importantly, how thesmicrobial metabolites in combination regulate the host immune system

remains to be elucidateBurthermorehow altered compositioof microbial metabolites is
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associated witlspecific diseases should be studiedn effort to identifypiomarkerdor

pathological conditions.
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Figure legends

Figure 1. Production of microbial metabolitesd their major receptors in the immune system.

The gut mierebiota can metabolize a variety of dietary materials, whiadmdarbohydrates,
proteins, lipids, plantlerived molecules, bile acids, and environmental contaminants. These
materials are metatized into SCFAs, polyamine#\TP, indoles phytochemical metabolites,

and bile acid metabolites. SCFAs function as HDAC inhibitors to regulate gene expression and
activate GPCRs such as GPR43, GPR41, GPR109A (C4), and OlIfr78 (C3). Other mstabolite
collectivelyactivate nuclear receptors (AhR, PXR, VDR, LX&d FXR),TGR5 andP2XRs

These receptors are expressed by various cells in the innate and adaptive immune systems to

sense the'presence of the gut microbial metabolites.

Figure 2. Impacts ofmicrobial metabolites ro the immune systentGGut microbial metabolites

exert farreaching influences on the ho3tey regulate the immune system through HDACSs,
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receptors and/or metabolic integration. SCFAs fuel and fortify epithelilsl @ promoting
barrier functions. SCFAs also function as a neutrophil chemotaxin and regulate macrophages and
dendritic cells through GPCRs and HDACSs. Bile acid metabolites also induce tolerogenic DCs
andtype 2macrophages (M2)effects mediated bynultiple receptors. AR activation by gut
microbial metabolitesnduce regulatory T cells that express FoxP3 anddL Many gut
microbial metabolites support the generation of induced Tregs for immunenta@ei@CFAS

also fuel B eells and promote their differentiation intéd gy 1gG-producing plasma B cells, an
effect mediated by HDAC inhibition and metabolic regulation by SCFAs. Howelging
infection, 'gut microbial metabolites promote the generation of effector T cells such as Thl and
Th17 cellss tonfight pathogen®2X7 activaion by ATP andNAD exert both positive and
negative regulatoryoles in the immune system. Both tolerogenic and inflammatory functions of
gut microbial metabolites have been reported, indicatirag the overall functions of gut

microbial metabolite are determined by the immune status of the host.
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