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MAIT cell antigens

Abstract

Mucosal Associatednvariant T (MAIT) cells arerestrictedby the monomorphidIHC classl-like
molecule MHGC=relatedprotein1 (MR1). Until 2012, the origin of th#AIT cell antigengAgs) was
unknown, altheught was establishedthat MAIT cells could beactivatedby a broadrange of
bacteriaandyeasts possibly suggesting @nservedAg. Using a combination oproteinchemistry,
massspectrometrycellular biology, structuralbiology andchemistry,we discoveredMAIT cell
ligandsderivedfrom folic acid (vitamin B9) andfrom anintermediaten the microbial biosynthesis
of riboflavin (vitamin B2). While the folate derivative 6-formylpterin (6-FP) generally inhibited

MAIT cell activation two riboflavin pathway derivatives 5+2-oxopropylideneamino)-&-
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ribitylaminouracil (5-OP-RU) and 5¢2-oxoethylideneamino)-®&-ribitylaminouracil (5-OE-RU),
were potent MAIT cell agonists. Otherintermediatesand derivatives ofriboflavin synthesis
displayed weak or no MAIT cell activation.Collectively, thesestudiesrevealedthatin additionto
peptide andipid-basedAgs, small moleculenatural productmetabolitesare also ligandsthat can

activateT cellsexpressingip T cell receptorsandherewe recounthis discovery.

Introduction

Mucosalassociatednvariant T (MAIT) cellsfirst cameto attentionbecauseof their semtinvariant
TCR a-chainr@arfangemenbserved byorcellietal. *. A rearrangementf the TRAV1-2 element
juxtaposedo TRAJ33wasenriched among theD4CD8 (doublenegative,DN) T cell population
in healthy blood donor& Lessfrequent usage oFRAJ12 and TRAJ20 segmentsn combination
with TRAV1-2 aredso presenin MAIT cells*°. Homologous versionserefoundin DN T cellsin
mice, cows® andsheep’. The Vo-Jo rearangement dicillow for two variableaminoacidsencoded
at the V-J junction:In addition, the repertoireof TCR B-chainspairedwith the semtinvariant o.-
chain was skewed® ° being dominated byTRBV6 and TRBV20 in humans and the murine
orthologoussegmentsof TRBV6 in mice ®. Notably, this oligoclonality of MAIT TCR B-chains
noted byTilloy=etal. ® waslaterconfirmedby Leporeetal. , who alsoobserved a bias the length

of 11to 14 aminoacids.

The limited TCRyrepertoire of MAIT cells suggestedthat they might berestricted by a
monomorphic,. norwlassicalmajor histocompatibility complex (MHC) molecule®. LantZs team
proposedhe MHG-¢elassl-like molecule MHC-relatedproteinl (MR1) ®°, asa candidat andlater
formally demonstratetYR1 astheselectiveandrestrictiveelement’. MR1 is monomorphic'** and
representshemosthighly conservedHC-I like geneacrossdiversemammalianspecieswith 90%
sequencedentity betweenmouse andhumanascomparedo 70%for classicalMHC-I genesin the
ligand bindingsite ® > 2. Perhapsit is not surprisingtherefore that MR1 selectsa restrictedTCR
repertoire Lantz'steamfurthermoreshowed thawhile MR1 is presenin mostmammalsjncluding
marsupialsit is absenfrom severakladesof eutheriange.g.cat,dog, pandaferret, rabbit, pikaand
armadillo) *. In specieswhereit hasbeenstudied,MR1 co-existswith a TRAV1 a-chain,with a
high inter-speciesconservation of th€€DR1 and CDR2 regions ofthe MR1-restricted TCR a-

chain'? andassociatedrossreactivity betweercertainspeciesuchashuman, non-humaprimates,
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bovine, rat and mouse™*®, indicating the phylogenetic conservation dfis T cell subsetin

mammalsand suggestingnimportant physiological function.

Treineret al. observedpreferentiallocation of MAIT cells at mucosalsitessuchasthe gutlamina
propria (andto-alesserextent, the lung) of humans amdce. Hence,they namedthis T cell subset
mucosalassociatednvariant T (MAIT) cells *°. Recentstudiesalso showedMAIT cells to be

17.18 and theyappearto bewidely distributedamongtissues

preseniat nonmucosalsites(e.qg.liver)
andsomewhaimnore prevaler in the lung than the guatleastin C57BL/6 mice **?°. This tendency
for matureMAIT cellsto take upwidespreadissueresidency, nolimited to mucosalocalisation,as
well ascirculatingin the blood wherethey canrepresenta high percentage of @els in humans,

suggests the moniker BFAIT cellsaddsto the famously confusingargonof immunology.

Le Bourhiset al. andGold et al. laterdemonstratethat awide variety of microbeqbacteriayeasts)

(Table 1), but not viruses causeMR1-restrictedMAIT cell responsesThe bacterialresponsevas

dependenbn the interactionbetweenthe MAIT TCR andan unknown antiger{Ag) presentedy

MR1, presumableither derivedfrom bacteriaor a bacteriainduced endogenousg %%, Following

theseimportantstudies Lantz’'steamspeculatedhat‘this ligand could be ofmultiple compositions,

but the MRZ-invariant TCR interactionwould be nordiscriminative,or it could be an extremely
y21,

conservedcompound amongicrobes’~7; the latter mirroring the finding of asingle universalAg
for type INKT cells?.

Basedon sequencecomparisons byliley et al. and astructurebasedcomputatioal analysisby
Hanseret al., it wassuggestedhat MR1 adoptedan ‘MHC-I fold’ ?*?*, Indeed it was knownthat
MR1 associatesith $2-microglobulin $2m)?*?°, further implyingMR1 possessedn MHC-I-like
structure.Whilst lipid-basedAgs had beenproposedo bind to MR1 227  the residueslining the
putative ligand-binding groowserenotedto be markedhdifferentfrom eitherMHC-I or CD1d >
suggestinghatMRZ1'did not bind peptide or glycolipidAgs. This observationed to the idea that
MR1 ‘may bind-auniqueligandwith ananchoringschemeunlike that of otherMHC classla or class

Ib proteins’?3,

The ratureof the Ag(s) thatactivatedVAIT cellswasamajor stumbling blockn thefield of MAIT

cell biology. We consideredhat an understanding of tise Ag(s) would help unlock the biologgf

MAIT cells In 2009, more than 15years after the discovery of MAIT cells, our laborataes
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embarkedon the challenge of identifyinglAIT cell-stimulatingMR1-boundAg(s). This question
was addressedby amultidisciplinary and highly collaborative approach thdilised a combination
of methodologies, including proteinhemistry mass spectrometry,cellular biology, structural
biology andchemistry.This review recounts how éeamof immunologistsstructuralbiologistsand

chemistdiseoveredritamin B-relatedcompounds that modulak@AIT cell function.

Main body

Establishmentof experimental models providing key insights into the nature of MR1 bound

antigens

As afirst stepin identifying MR1 ligandsthatactivateMAIT cells, it waskey to establishareliable

experimental modeto assessMR1-dependentMAIT cell activation. For this purpose,genes
encodingMAIT, TCR a- andp-chainswereintroducednto a Jurkat Tcell line (Jurkat.MAIT).These
expressedhe MAIT: TCR very well and stainedwith a TRAV1-2-specific monoclonal antibody
(mAb) %8,

Jurkat.MAIT cells*upregulatedCD69 when co-incubated with bacterially infected C1R cells
expressing endogenoles/els of MR1. Jurkat. MAIT cell activationwas augmentedvhenC1R cells
were supertransfectedith the MR1 gene andverexpressetMR1 at the cell surface. Jurkat. MAIT
cell activity could be blocked by th#IR1-specificmAb 26.5%, verifying MR1 dependency of the
observedactivity. As an ongoing source ofAg(s), the bacterium Salmonellaenterica serovar
Typhimurium S. Typhimurium) was investigated.S. Typhimurium infected C1R cells led to
activationof Jurkat. MAIT cellsin the co-culture assay An advancewnas the discoverythat culture
supernatant-06=Typhimurium passedhrough a 0.2um filter also activatedthe Jurkat.MAIT cell
line in an MR1-dependent manner. Thact that the infection of an Ag-presentingcell (APC) was
not requiredforthe pesentatiorof MR1 boundAg(s) was importantasit meantthat the Ag(s) of
interestwerelikely to be secretedbr shedin vitro and hence thewere probably solubleThis key
observationsuggestedthat biochemically homogeneous and potentially solulig(s) could be
recoveredfrom bacterial supernatantather than working with highly complexbacterial lysates

wherethesolubility of the Ag(s) wasunknown.
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Giventhe apparengolubility of the MR1 ligandsin bacterialsupernatantye optedto identify their
chemicalnaturevia biochemical/masspectrometryapproachesMHC andMHC-I like proteinsare
generally stable only in the presenceof a givenAg, and thuswe reasonedthat the ability to
sufficiently fold MR1 would onlybe possiblein the presenceof an MR1 ligand. Using Garboczi's
original protecelofMHC-I folding *°, we found thatfiltered supernatanfrom S. Typhimurium
sponsoedin vitro folding of denatured, solubMR1, expressedan Escherichiacoli, in thepresence
of B2m (Figurel). Intriguingly, we noticedhatfor somesamplesof MR1, foldedin the presencef

S.Typhimurium supernatant, the content of tineewasslightly yellow.

An important centroht this pointwasto testif RPMI medium,usedto cultureS. Typhimurium prior
to harvestingthe supernatantalso supported folding oMR1. Surprisingly,small amounts oiMR1
also folded in the presenceof RPMI medium. This finding swygested thaRPMI medium also
furnished a ligand that could bind MR1. The native conformation oMR1 foldedin the presence
of S. Typhimuriumculturesupernatanbr RPMI wasconfirmed byits ability to bind to theanttMR1
mADb 26.5in anenzyme-linked immunosorbeassay(ELISA). The size exclusion chromatography
retentiontime wasalmostoverlappingwith classicalMHC moleculesboundto peptide. Moreover,
the stoichiometrywith associated32m was 1:1 basedon SDSPAGE, exactly as observedfor
classicaMHC.moleculesandp2m *!. Basedon theseinsights,we consderedthatmassspectrometry
of folded MR1.might be asuitableapproacho identify the nature othe ligands captured byIR1

for presentationo MAIT cells.

Discovery of MR1 ligands that act as competitive inhibitors of MAIT cell activation

Given that RPMlimediumcontains defined components and supported foldirgmatil amounts of
MRL1 in theabsenceof bacterial culture,we initially turnedto this source ofmaterialto identify
MR1-capturediigands. Among the components RPMI are vitamin B family memberswhich are
yellow in colour. ThusMR1 wasfoldedin the presencef a solutionof vitamin B tabletsobtained
from alocalgpharmacy. Indeedye recoverednative MR1 from this folding experimentWhenwe
thentestedindividual vitamin compaentsin MR1 folding experiments, we observed tffiglic acid
(vitamin B9) yieldedsignificantamounts ohativeMR1. MR1 foldedin the presencef folic acid or
RPMI mediumwas then analysedby massspectrometryjn collaborationwith the laboratoriesof

Purcell, McConville and O'Hair. In negativeion mode,this analysisrevealedtiwo massto-charge
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(m/2 speciesof 190.03 and 147.03 thatere absentin analysesof control blank and classical
peptideMHC-1 samplesPuzzlingly, them/z 440.13expectedor folic acid (C19gH19N7Og) by mass
spectrometrywas not detectedn materialcapturedoy MR1 evenin the presenceof folic acid. A
searchof the ScrippdMetlin data bankevealedthat thetwo identified speciesnatchedragmentsof
biopterin,whichrsharesa perin moietywith folic acid. It wasknownthatfolic acid photodegrades in
ultraviolet lightto 6formylpterin (6-FP, C;HsNsO2, m/z 190.04) ands-aminobenzoyl--glutamic
acid (C1o.H14N208, mlZ 265.08)** (Figure 2a). Subsequentollision-induced dissociation(CID)
fragmentationof 6-FP revealedthat the m/z 147.03specieswas a product ion ofthe parentm/z
190.03speciesMR1 was previously observetb be expressedt low levels on thesurfaceof cells
underbasalconditions®®. Notably, 6FP upregulatedViR1 surfaceexpressionyeminiscentof the
rescueof surface@xpressionof MHC-I in cells deficientin peptidetransporter(tap-2 3%. This
observatiorsuggestedhat 6-FP wasabonafide MR1 ligand. Welearntrecentlythat degradatiorof

folic acidto 6-FPals occursn vivo, in skinexposedo ultravioletradiation®.

That 6-FP wasboundto MR1 wasconsistentvith the ability to fold MR1 in the presencef pure 6-
FP purchasedrem.Schircks LaboratoriesThe purified productwas indistinguishablefrom MR1

folded with folicacid, basedon chromatographyrofiles (e.g. retention time), SDSPAGE of

purified MRZ, andidentical m/z 190.03speciesWhat was unknown, howeverywas the molecular
mechanismby which MR1 captured6-FP. Was 6-FP merely boundto the surfaceof MR1 in a
haptenlike manner?Vastherea definedAg-binding pocket?Werethereother(unidentified)ligands
capturedby MR1 in this processthat had notbeendetectedby massspectrometry The crystal
structue of theMR1-6-FP complexbegarto resolvesomeof thesecentralquestionslt revealedhat
MR1 indeed adoptedn MHC-I-fold, within which 6-FP wassequesteredeepwithin thebaseof the
MR1 Ag-binding cleft. Here, within the A'-pocket, 6FP was surrounded by #rge number of
aromaticresiduesThe structureof the MR1 Ag-bindingcleft wasdistinctfrom the Ag-bindingclefts
of MHC andCDJ1,which capturepeptidesandlipids respectivelyand demonstratetie versatility of

the MHC fold torcapturethreeclassesof Ags. Indeed, the binding pocket MR1 appearedo be
ideally suitedtescapturesmall aromaticmolecule. An additionalsurprise revealedby thecrystal
structure wasthat 6-FP was covalently bondedo MR1 through aSchiff baselinkage (chemially

knownasaniminega carbon-nitrogen double bondrmedbetweenthe formyl group of 6FP and
the sidechain e-amine of lysine 43 ofMR1. Such a covalennhteractionbetweenan Ag and Ag-

presenting moleculbadnot beenobservedoreviously, and has subsequernienshownto actasa

‘molecularswitch that enabésMR1 to egres$rom the endoplasmireticulum®.
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Whilst 6-FP was presentedby MR1, it did not activateMAIT cells, and neitherdid otherligands
from the folate pathway.This suggstedthat MAIT cells mustbe activatedby adifferent ligand. It
was also observedthat MAIT cell activation was inhibited when both nonactivating 6-FP and
activatingS.Typhimurium supernatant or synthetic ligandsreadded togethdo Jurkat. MAIT and
C1R.MR1cell§®*"**}Theinhibitory effectwasspecificto 6-FP and theMAIT -MR1 interactionand
not observed with™ other pteridine analogues offolate, such as 6,7-dimethylpterin, 6-

hydroxymethylpterin, or 6-hydroxymethyl-7,8-dihydropterin.

In later experimentsyve identified an analogue of =P, N-acetyt6-formylpterin (Ac-6-FP) (Figure
2b), which alsé engenderecefficient folding of MR1. Ac-6-FP was more potent than 6P in
inhibiting activation of Jurkat.MAIT cells by S. Typhimurium supernatanin the presenceof
C1R.MR1cells (unpublished). Subsequentlye showedthat repeatedntranasaldelivery of Ac-6-
FPinhibited MAIT cell activationby stimulatoryAgs in the lungs of£57BL/6 mice*°. Thus,we had
identified 6-FP.andAc-6-FP assmall molecule antagonistsgpableof blockingactivationof MAIT
cells by ligandsfram bacteriavia competitive inhibition. However the activating ligand in

Salmonellasupernatantemainecklusive.

Discovery of MR1 bound antigens that activate MAIT cells

Identificationof theriboflavin biosynthesipathwayas the source dWAIT cell antigens

The discoverythat ayvitamin B9 degradation product, 6P, wascapturedrom RPMI andactedasa
non-stimulatoryMAIT cell Ag, led usto hypothesisé¢hat the active MR1-boundligandis competed
from MR1-binding bythe abundance of &P in culture supernatantsThus, we reasonedhat the
capture anddentification of activatingAg(s) by MR1 might bemoreefficient if culture conditions
minimized thelevelsof folate in the medium.This wasachievedby growingS. Typhimuriumin a
minimal medum:(M9), thatlackedvitamin B9. Indeed, supernatant 8fTyphimurium grownn M9
media,but notthecontrolM9 mediaalone activatedJurkat. MAIT cellsin the presencef CIR.MR1
cells andengenderedolding of MR1 with $2m. High resolutionmassspectrometryof the ligand,
subsequeiy elutedfrom MR1, alloweddeterminatiorof them/z329.11in negativeion mode. Upon
examining isotopianassdistribution in the massspectrometryexperimentsthe ligand could be

unambiguouslyassignedo the formula C;,H18N4O7. A databasesearchof compoundswith this
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composition andn/z yielded nomatch but someribityllumazine compoundsrom the riboflavin
(vitamin B2) biosynthetic pathwaywvere close such as 7-hydroxy-6-methyl-8-ribityllumazine
(RL-6-Me-7-OH, C;,H16N4O7, m/z 327.0946 in negative ionmode) and 6,7-dimethyl-&-
ribityllumazine (RL-6,7-diMe, C13H18N40g, M/z325.1153in negativeion mode)(Figure 3). It was

notedfrom twokeystudies® #

that only microbeshat activatedMAIT cells possessed complete
riboflavin biosyntheticpathway(Table 1) 3. Thus,it becameapparent that @boflavin metabolite

may beanactivatingMAIT cell ligand.

The gold standarth assigning ayivenAg to T cell activationis theability to recapitulatecandidate
Ag activity with, pure,structurallywell-defined compounds produced byemicalsynthess. Whilst
RL-6-Me-7-OH"andRL-6,7-diMe were unstable and challengirtg synthesie, they were obtained
in sufficient quantitiesfor functional assaysBoth compoundsspecifically activatedJurkat. MAIT
cells in the presenceof C1R.MR1 cells in an MR1-dependentmanner, although thelevels of
activation were very modest, andnuch lower than theactivity observedfor S. Typhimurium

supernatant’.

Structuralbasisof MAIT TCRrecognitionof MR1-RL-6-Me-7-OH versusMR1-6-FP

The molecularbasisfor the lack of activationof MAIT cells by 6P in the face of activation by
riboflavin-derived ligands was resolvedin crystal structures of the MAIT TCR-MR1-Ag ternary
complexeswith 6-FP andRL-6-Me-7-OH. The high resolutionto which theseMAIT TCR ternary
complexeswere resolvedallowed for unambiguousassignmenbf the small moleculeAgs within
thesecomplexes?®’. Theseternarystructuresevealedthat MR1 could captureRL-6-Me-7-OH and
6-FP within the MR1 cleft. Although 6FP formeda covalentSchiff baseadductwith MR1, whereas
RL-6-Me-7-OH cannot andvasinsteadnon-covalentlybound, the overall docking topologiestbé
TCRsontoMRL1 boundto theseligandswerevery similar. Theribityl moiety of RL-6-Me-7-OH was
directly contactedvia' a hydrogen bondith the highlyconservedryr 95 of theMAIT TCR a-chain.
In contrast,therewere no direct TCR contacs with 6-FP, which lacks the ribityl moiety. This
observation_ provided mechanisnfor theactivationof MAIT cells byRL-6-Me-7-OH, ascompared
to the inhibition bys6+P. It alsosuggested basisfor the dominanselectionof TRAJ33by MAIT
TCRs as this was one of only three TRAJ segmentghat contained dyr 950.. Togetherwith the
increasedffinity of MAIT TCR for MR1 presenting theiboflavin metaboliteoverthe folate ligand,
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this provided thdirst molecularinsightsinto MAIT cell agonismaswell asdefinitive insightsinto
the natureof theinvariantMAIT TCR usage’’.

rRL-6-CH,OH as"arcandidat®AIT cell antigen

RL-6-Me-7-OH and RL-6,7-diMedid not match the formul&;,H;3sN4O7, unambiguously assigned
to the Ag derived frons. Typhimuriumthrough isotopic mass distribution mass spectral hree
new compoundsould be attributed to this formylaut werenot previouslydescrbed in riboflavin
biosynthesigFigure4). Theywerea dihydrogerreduced form of the key vitamin B2 biosynthesis
metabolite RE6-Me-7-OH (abbrevia¢d rRL-6-Me-7-OH); a dihydrogerreduced form of 6
hydroxymethyl-8p-ribityllumazine  (called rRE6-CH,OH or rRL-6HM); or 5-(2-
oxopropylideneamino)-®-ribitylaminouracil @bbreviated 32P-RU) thatwas expected to be far too
unstable to survive in wateAttempts to preserve synthetic rlEMe-7-OH failed due to its
extremely facile oxidation to RB-Me-7-OH, but rRL-6-CH,OH could be synttszed from the key
intermediate Eamino-6-D-ribitylaminourad (5-A-RU) by condensation with 1;8ihydroxyacetone.
The rRL-6-CHOH/synthesis productmatchng the m/z species of 329.11 identified from
Salmonellasupernatantpotently activatd MAIT cells in an MRtdependent mannéf. We aimed

to determine the crystal structure of MR1 loaded with syitthRL-6-CH,OH andcomplexedto a
MAIT TCR, however the amounts of rR&-CH,OH synthesis product were insufficient to create
complexes 'with MR1In order to improve the inefficient folding of MR1 with our synthetic ligands,
we made use of an unexpected finding, namely that the lysine to alanine (K43A) mutant, MR1
K43A, could be folded withp2m in the absence of ligand (designated “empty” MR1
K43A). We were able to load rRB-CH,OH synthesis producinto “empty” MR1-K43A and
determined the crystal structure in complex with a MAIT TERTo our astonishmeninstead of
the expectedwo-ring structure of rRE6-CH,OH, the electron density indicated that a -oing
structure was presentmportantly, fluorochromeoupled tetramers of MRK43A loaded with rRE
6-CH,OH synthesis producstained human MAIT cells permitting their characterisafipthus
further cementingthe notion that we were on the right track in unlocking the ligandyba!MAIT

cells. Howeverywe remained puzzled at how this ligand was derived from riboflavin biosynthesis

A genetic approackhowng thattheriboflavin pathwaywasrequiredfor MAIT cell activation
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Given the challengesof biochemicallynailing the riboflavin synthesis pathwawgs furnishing the
precursorof physiological activating MAIT cell ligands, we turnedo a genetic approacko
understandhe origin of MAIT cell activatingligandsfrom microbialriboflavin synthesigsee® and
Figure 3. Most of thework definingthis pathwaywas performedusingBacillus spp..In these,and
otherGrampositivebacteriajncluding Lactococcuspp, theRib genesaregroupednto asingle,4-
gene operorfribGBAH), which is undertranscriptionalregulationthrough a riboswitch,suchthat

riboflavin or flavififmeéfonucleotideMN) downregulatehe further production of riboflavifi*#2

Two recent papers demonstrate MAIT cell activationStyeptococcus pneumoniaed show that

the riboflavin ‘biosynthesis pathway is highly conserved amongst pneumococci and also present i
other StreptococEls spf® ** but lacking from 24008. pyogenestrains**, consistent with a
previously reported lack of MAIT cell activatiocrl. In 571 pneumococci the genesilf*DEAH”,

equivalent to tib GBAH") were found clustered together in a highly conserved opgéron

Other bacteria,such as the Gramnegative E. coli and Salmonellaspp., havetheir riboflavin
synthesis enzyme.gendspersedhroughoutthe genome. Production eiboflavin is alsoregulated
in thesespeciesthrotigh a number afiechanismé&?. Furthermorealthoughan essentiapathwayfor
many organisms, evolution hassultedin many genevariants(geneticsolutions),includingin some
bacteriaand plantswhereribA andribB are combinedinto a bifunctionalenzyme,ribAB, andin
yeass andplantswhereby thepathwaydiffers in this reactionstep®*’. A further complicationis
that theenzymenomenclaturalsodiffers amongbacteria.The detailsof riboflavin synthesis ands
regulationare complex andstill emerging,with the recentdiscovery of the 5-ARU 5-phophate

phosphatasim/Arabidopsis thaliand®, completing the pathway.

Adding riboflavin to bacterialculturesof S. Typhimurium inhibited theactivationof Jurkat.MAIT
cels by thesetulturé supernatant’. Consistenwith our findings, exogenousboflavin hasalso
recentlybeenshownto decreasectivationof MAIT cells by Streptococcus pneumoni&e®. In the

S. Typhimurium==genome,ribD and ribH are grouped together — thusitial experiments
demonstratingsthe requiremdnt theriboflavin pathwayin the production oMAIT cell stimulatory
Ags used a mutant lackingboth genes.S Typhimurium SL1344AribDH “°, and later S

Typhimurium BRD509 AribDH *°, to demonstrate markedigecreasedAIT cell activation,and

this activity could bereconstitutedy additionto the mutants ofibDH expressedrom aplasmid.
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To pinpoint thespecificstepin the pathwayleadingto production ofMAIT cell-stimulatingAg(s),
individual genedeficient strains were needed. Thus, theactococcuslactis CB013 roseoflavin
resistanmutant*®, which constitutivelyexpressesiboflavin andlacksthe feedbackmechanismshat
complicateckarlierattemptswasusedto construct asetof genedeficientbacterialacking individual
rib genes (generatedby our collaborators, JennifeMahoney and Van Sindereh. In these
experiments’% ribAand ribG mutantstrains (ribD in Salmonelld clearly abrogatedMAIT cell
activation, whereasribB and ribH did not. Additionally, alogside results from wildtype S.
Typhimurium o(+vefor 329.11species)and Enterococcudaecalis (-ve), the ability of supernatant
from thesemutantsto drive MR1 folding andidentification of the m/z 329.11 speciesby mass
spectrometncorrelatedwith activity in Jurkat.MAIT cell activationassay$®. Takentogetherthese
experimentglefinitively pinpointed the keynetabolitenecessaryo generateactivatingMAIT cell
ligandsas 5-A-RUThesestudieshave now beenrecapitulatedfor E. coli and S. pneumoniady

other groups, andlsodemonstratéhe requirementor ribD/G in thesebacteria®*°.

Multiple strands of evidenaceametogetherin an overlappingsequencef discoveriedo identify the
MAIT cell Ags.fermed from 5-A-RU. The collective evidenceleveragedthe contributionsof all
three laboratories, collaborating on thgroject. Theseincluded insight§rom the old biochemical
literatureand associatedlata, Xray crystallographicstructuresof MR1-Ag complexesboundto a
MAIT TCR and fundamentadhemistryconsiderations.

Clues fronthe biochemical and chemicéterature

While 5-A-RU alone appeared to stimulate Jurkat.MAIT cellsyitgin negativeion mode

(CoH16N 406, m/z275.09) was about 54 units smaller thanrtiteof the Ag derived frons.
Typhimurium, 329.11. Also, we could readily fold MR1 in the presence of 5-A-RU, the folded
product of which was intensely yellow, matching the faint yellow colour occasiaiakerved when
MR1 was folded.in.the presenceS@dimonellasupernatantiowever, mass spectrometry of the
resulting purified"MR1-Ag, gave an/z315.09 (negadve ion mode), or 40 units larger than thz

of 5-A-RU and=14=units smaller than th€zof the Ag derived fron®s. Typhimurium, 329.11. Thus,

we were left with a biochemical puzzle.

Further moleculamsightscame from reviewing theliteratureon 5-A-RU as part of theriboflavin
synthesis. A keypublication from Bacher’s team predicted that en route to producing the
ribityllumazine RL-6,7-diMe duringriboflavin synthesis,5-A-RU forms a Schiff basewith 3,4-
dihydroxy-2-butanone-4-phosphate (B#-2-B-4-P) to yield an unstablering-opered pyrimidine
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intermediate, 5-(1-methyl-2-oxopropylideneamino)-B-ribitylaminouracil (5-MOP-RU,
Ci13H20N4O7, m/z 343.13)%%. This resembledthe onering ligand seenin the crystal structure
containingMR1-K43A loadedwith rRL-6-CH,OH synthesis produtt Bacher’'steamalso showed
that thereactionof theriboflavin pathwaycatalysedoy the lumazine synthag®ibH) could occur
spontaneouslyintthe absenceof anyenzymaticcatalysis.Hence,both 3,4-dihydroxy-2-butanone-4-
phosphateandtipon dephosphorylation, 2,3-butanediotmyld form a Schiff basewith 5-A-RU *-
*2 This suggestedhat ethersmall moleculesmight spontaneously undergamilar reations during
in vitro folding, oneof which might generatethe dominanim/z 329.11 product deriveffom S.
Typhimurium culture supernatanand anotherthe m/z 315.09speciesobservedollowing folding of
MRL1 in the preseneeof 5-A-RU. Indeed, methylglyoxal, lacking a methyl grocpmparedo 2,3
butanedione, #would beexpected to form a Schiff base with 5-A-RU to vyield 5-(2-
oxopropylideneamino)-®-ribitylaminouracil (5-OP-RU, C;,H18N407), matching then/zof 329.11
in negative ion mede, a compounkeoretically generateden route to creating 7-methyl-8b-
ribityllumazine (RL-7-Me) (Figure 5). Similarly, we reasonedthat it was glyoxal, lacking two
methyl groupsomparedo 2,3-butanediondhat hadformeda Schiff basewith 5-A-RU to yield 5-
(2-oxoethylideneamino)-®-ribitylaminouracil (5-OE-RU, Ci11H16N40O7). By analogywith 5-OP-
RU, 5-OE-RU wastheoreticallygenerate@nrouteto creating8-D-ribityllumazine(RL) (Figure5).

Aiming to generateMR1 loaded with 5-OP-RU, we initially folded MR1 in the presenceof
equimolar ‘amounts of 5-RU and methylglyoxal.Whilst the dominantspeciesremainedm/z
315.09,we now observeda minorm/z 329.11speciesUsing a molar excessof methylglyoxal(an
arbitrary molar excessof over 300fold was chosen),we then solely identifed m/z 329.11.
Importantly, MR1 tetramerswith both specieseffectively stainedMAIT cells *°, and unpublished.
Moreover, when re-examining massspectrometryof MR1 folded in the pres@ce of Salmonella
supernatantwe observed a minam/z 315.09 nexto the dominantn/z of 329.11.Also, folding of
MR1 in the presenceof E. coli (DH5a) supernatangave a distinct, more abundantm/z 315.09in
comparisorto ‘@m/z329.11species', consistenwith the findings of other2’. Thus,we reasoned
that bah the m/z3815.09 and 329.1%pecieswerelikely acing as potent,natural MAIT cell Ags.
Notably, bothsglyoxal and methylglyoxalare formed from a number ofmetabolic pathways,
including mammalianand bacterialglycolysis>® and glyoxalis widely abundanasit is produced
industriallyasa precursoto manyproducts’™. The almostubiquitouspresencef glyoxal explained
the presencef them/z315.09speciesn refolds ofMR1 with pure 5-ARU alone, whereby folding

yields could bencreasedy adding additional glyoxal.
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Thestructuralbasis for ligand selectivity by MR1

To understand thévasis for ligand selectivity by MR1, we determinedhigh resolution crystal
structuresof=the"MAIT TCR in complex with MR1 folded in the presenceof 5-A-RU and
methylglyoxalfor glyoxdf. In both sructures the electrax densityat the site of the Ag-binding
pocketwas unambiguouslynmatching5-OP-RU and 50E-RU, respectively Analogousto 6-FP, the
carbonyl groupgerivedfrom methylglyoxal and glyoxalwhen forming 5-OP-RU and 50E-RU,
respectivelyextendedo Lysine 43 ofMRL1 to form a Schiff base The Ags werefurther stabilizedin
MR1 throughan extensive hydrogen-bonding netwoAs with RL-6-Me-7-OH, theribityl chairs of
5-OP-RU and 59OE-RU werealsodirectly contactedoy theTyr 95 ofthe MAIT TCR a-chainand
there was an additional watermediatedhydrogen bond by th€DR3p loop of the TCR. The
affinities of MR1-5-OP-RU or MR1-5-OE-RU complexeswith MAIT TCRs measuredy surface
plasmonresonancewere comparableo thosewith conventionalTCRs recognizingMHC-peptide
complexegKdeg~ 0.5-10uM) “**°.

When we determinedthe crystal structureof MAIT TCR complexedwith the mutantMR1-K43A
loadedwith“rRL-6-CH,OH synthesis productye found that theAg boundto MR1 wasinstead5-
OP-RU*, consistentwith this being presentin the rRL-6-CH,OH synthesis produtt and entirely
responsibldor the folding ofMR1. In subsequenéxperiments (unpublisheeje showed that the
retentiontime of 5-OP-RU matchedthat of the Ag derivedfrom S. Typhimurium, under theame
chromatographic condition&iven that Schiff baseformationwas not possiblevith MR1-K43A, it
becameclearthat a Schiff basewas not obligatoryfor ligation of 5-OP-RU. Otherinteractionswith
MR1-K43A wereevidentlysufficientto ligate the Ag and prevenits cyclisationto aribityllumazine
However,the lack of a covalentSchiff basewith MR1 impactedprofoundly on thestability of the
Ag-MR1-K43Awecomplex, which was markedly reduced (17°C lower half-maximum melting
temperatureby thermostability)®2. Unlike 5OP-RU, 5-A-RU alone, howevercould not beloaded
into MR1-K43A"(anpublished).

Neither 50P-RU"neor 50E-RU were previously known to exist naturallgnd hey are the first
examples of organic heterocycles as T Aglé. However, they are also chemically very unstable in
water where they cyclise to ribityllumazines imnoites at 37°CA synthesis was therefore devised to

produce 50P-RU and 50E-RU in dimethylsulfoxide, where they were indefinitely stable and could
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be extensively characterized in solution by NMR spectrosé8plyater this methodwas further
optimisedto providea reliable source gfureMAIT cell Ags for studying their chemical reactivity

andMAIT cell activationin vitro andin vivo®.

In summary;rinstead of capturing the thermodynamically more stable ribityllureakifel prefers
to sequester thermodynamically unstable pyrimslifeemed transiently through condensation of
compounds arising from two distinct metabolic pathway&;BU from the bacterial biosynthesis of
riboflavin andgmethylglyoxal/glyoxal from bacterial or mammalian glycolysiss Tonfirmed our

hypothesis that.thway MR1 Ags are created and captured is unique amongst T céfl Ags

Reflections on MR1 antigen diversity

ClassicaMHGC:I moleculeshave evolved under strompsitive, diversifying, selection®® causing
themto be highly-polymorphicWhilst not formally investigated MR1 appearsmonomorphic® **
and thehigh conservation of th&R1 Ag binding site acrossspeciesndicatesthat it hasevolved
under strorig négative, purifyingelection®. Early on, this, togethemwith the semiinvariantMAIT
TCR usage composeaf anearlyinvariantTCR a-chainandalimited arrayof TCR -chains,led to
the hypothesishat MAIT cells recognise aingle Ag or alimited number ofAgs *° *°. Fdlowing
the findingthatMAIT cellsrecognise a broaatrayof bothbacteriaandyeastspeciesthe hypothesis
was further refinedMAIT cell Ags were eitherextremelyconservedetweenmicrobial speciesor
MAIT TCRs would be nordiscriminative’ %, contrastingwith the exquisitefine-specificity of

conventionallf CRsrecognisingstructurallyrelatedpeptideAgs *°.

Indeed we discoveredseveralctivatingMAI T cell Ags andtheyfit both hypotheseS:hereis
substantial evidence thistR1 focuseson ametabolicpathwaythatis conservedetweemmany

30.36 3nd theriboflavin

microbial speciespamelythe riboflavin pathwayibityllumazineAgs
pathway-derived pyrimidin& Ags. Giventhe various versions of thioflavin pathway, andheir
modifications variantsof 5-A-RU andribityllumazinesmightexist. Also, physiological by-products
other than methylglyoxal and glyoxal might be capable of formi&ghaff basewith bothMR1 and
5-A-RU, thus forming Ags around a genesicaffoldthatcould differ basedon the microbeas

previouslydescribedor 5-OP-RU versus 59E-RU “°. Nonethelessdespitetheir structural
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differencespyrimidines andibityllumazinesarebothrecognisedy thesameMAIT TCRsin a

patternrecognitionlike manner®,

Whilst MR1 likely presents dimited number ofAgs, this is matchedwith a large precursor
frequencyofirespondingMAIT cells, thatexceedghe number of Tcells availableto recogniseany
peptideMHC Ag %%, \allowing for a rapid powerful response. Notablhereis appreciablevariation
in theMAIT TCRB-chainrepertoire especiallyin the CDR33 loop, which alsodisplaysremarkable
structuralplasticity whenfine-tuning MR1 recognitionin an Ag-dependent mannéf. Furthermore,
the TCR a-chain ean feature diversity beyond thecanonical TRAV1-2-TRAJ33 rearrangement,
wherefrequentlyalso TRAJ12and 20areused* °°® but also other TRAJ segmentsncludingsome
that lack the Tyr 05 residue®®, that was shownto be pivotal in MAIT cell activation, hydrogen
bondingwith theribityl moiety of activatingAgs * > 28:37:38:40.36.61 £rthermorediverseTRAV1-2
TCRs with variousreactivity patternshave beendescribed:(i) somereactedlike classical MAIT
TCRswith MR1-5-OP-RU tetramersonly % (ii) othersreactedwith bothtetramerswith folic acid
derived ligands.and ®P-RU °°, or in onecaserespmdedto bothriboflavin pathway-derivedigs
and a riboflavindefi¢ientmicrobe 8. pyogends*? andassuchoverlappedvith the classicalMAIT
cell reactivity; (iiil)wa third type reactedwith tetramerswith folic acid-derived ligands only>® or
respondedo self-Ags only ® andas suchwas not overlappingwith the classicalMR1-5-OP-RU-
reactiveT cell_subsetGold et al. ®° also observeddistinct MAIT TCR repertoiremobilization in
responsedo diverse pathogenthat could reflect the existenceof discretepathogerassociatedhgs
presentedoy MR1. TRAV1-2° MR1-restrictedT cells, as investigatedby Gherardinet al., also
lacked the MAIT cell lineagespecific transcription factors PLZF and RORyt and were
heterogeneougor T-bet, suggesting developmental and functioni#ferencescomparedto the
TRAV1-2* MAIT.cells*®.

Thus, additienahaturalAgs presentedy MR1 might existand berecognisedy TCRsin asubset
specific manner.This is also further supported by our observatidghat MR1 hasthe versatility and
plasticity to aceemmodatstructurallydiverse drugs, drugetabolitesanddrug analoguem the A’ -
pocket *°. Insaddition, Ags might bindin the F’-pocket of MR1, mirroring our observatiorof
crystallisationbuffer,moleculesin the F’-pocket of TCR-MR1-Ag crystal structures™. It will be
importantto identify the chemicalstructuresmetabolicorigin and physiologicatelevanceof any
newly identified natural Ags, requiring careful functional, biochemical and structural

characterisation.
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Where to next

The discovery of*59P-RU and 50E-RU asvery potentAgs and development d#iR1-tetramers”

0 now availablefrom the National Institutes of Health, USA, have opened uthe field to start

elucidating thé roles“6f MAIT cells in antimicrobial immunity % %+°°

e63, 67

, In sensingof metabolic
changessuchasin cancer stressand cell damag , aswell asin immunopathology’®’°. The
tetramershavealso.allowed further characterisatiorof the phenotypiadentity of MAIT cells and
their developmentwith individual- and agepecific differences now beingnvestigated "%, There
is still muchtodefunderstood about tigentity and functions oMAIT cells includingtheir rolesin

immunty anddiseasewhichin our experienceseemmuchharderto ascertain

Figure legends

Figure 1
Schematicof “‘Ag-fishing’ or bioprspecting whereby denatureMR1 and fom serveas ‘bait’ to
‘fish’ potential Ags, suchas 5-OP-RU and 6FP, from complex metabolic mixturesin bacterial

supernatants.

Figure 2

MR1 ligandsthat act ascompetitiveinhibitors of MAIT cell activation.a) Photodegradation dblic
acid in ultravielet.light to 6-formylpterin and p-aminobenzoyl--glutamic acid. b) Acety}6-
formylpterin, &*Synthetic analogue of 6-formylpteri@hemical structures,formulas and m/z in

negative ion modareindicated.
Figure 3

Riboflavin biosynthesis pathwayibH, lumazine synthaseX, hypothetical phostase.Chemical

structuresareindicated.
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Figure 4
Structuresof three regioisomers ri/z 329.11, negativeon mode) that have theamemolecular
formula G2>H1sN4O7: rRL-6-Me-7-OH, rRL-6-CH,OH, and5-OP-RU and thattanbe derived non-

enzymaticallyfrom the keyvitamin B2 biosynthesisntermediates-A-RU.

Figure 5
Formationof pyrimidines andibityllumazinesfrom condensation ofmall metaboliteswith 5-A-

RU. Chemicalstructuresareindicated.
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Table 1la

Microbes that activate MAIT cells

Expansion Expansio Riboflavin

References

or activation n or pathway
in vitro (and activation based on
MR1 in vivo KEGG
dependency pathway
database (anc
knock-outs)
Bacteroides thetaiotaomicron ND X X Le BourhisL, etal. Nat Immunol. 201Q;1:701.
Bifidobacterium animalis ND X No* Le Bourhis L, et al. Nat Immunol. 2010;701.
Candida albicans X(X) X X Le Bourhis L, et al. Nat Immunol. 2010;701.
DiasJ,etal. Proc Natl Acad Sci U & 2017114:E5434.
Gold MC,etal. J Exp Med. 201211:1601.
Meermeier EWetal. Nat Commun. 2018;12506.
Candida-glabrata X(X) ND X Le Bourhis L, et al. Nat Immunol. 20110;701.
Corynebacterium striatum X(X) ND X Liuzzi AR, etal. J Immunol. 201697:2195.
Escherichia coli X (X) X7 X(X) Le Bourhis L, et al. Nat Immunol. 20110;701.
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DiasJ,etal. Proc Natl Acad Sci U A& 2017114:E5434.
Liuzzi AR, etal. J Immunol. 201897:2195.
Corbett AJetal. Nature. 201409:361.
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CosgroveC, etal. Blood. 2013t21:951.

DiasJ, etal. Methods Mol Biol. 2017,514:241.
DiasJ,etal. J Leukoc Biol. 201800:233.

GibbsA, etal. Mucosal Immunol. 20170:35.
GreenelM, etal. Mucosal Immunol. 20170:802.
JefferyHC, etal. J Hepatol. 20164:1118.

JiangJ, etal. An J Respir Crit Care Med. 201490:329.
JoJ,etal. PLoS Pathog. 20110:e1004210.

Kim JS,etal. Infect Immun. 20183:1556.

Kurioka A, etal. Front Immunol. 2018;1031.
Kurioka A, etal. Mucosal Immunol. 2018;429.

Kwon YS,etal. Tuberculosis. 20195:267.

Le BourhisL, PLoS Pathog. 2013e1003681.
Leeansyalk, etal. Blood. 2013t21:1124.
Leeansyalk, etal. Nat Commun. 2018:;3143.
Leeansyalk, etal. PLoS Pathog. 2018:e1005072.
LeporeM, etal. Nat Commun. 2018;3866.

LohL, etal. Proc Natl Acad Sci U & 2016113:10133.
Reantragooiir, etal. J Exp Med. 201209:761.
Salerno-GoncalveR, etal. Front Immunol. 2014;511.
SalioM, etal. J Immunol. 201799:2631.

ShalerCR, etal. PLoS Biol. 20175:e2001930.
SolderaV, etal. Sci Rep. 2017;6123.
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Enterobacter cloacae ND X
Francisella'tularensis X(X) X
Helicobagcter pylori X(X) X7
Klebsiella pneumoniae X(X) X
Lactobacillus acidophilus X X
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No*

SoudaisC, etal. J Immunol. 201894:4641.
Ussher JEetal. Eur J Immunol. 20144:195.
Ussher JEetal. Eur J Immunol. 2016t6: 1600.
Young MH, etal. PLoS One. 2018;e53789.

Le Bourhis L, et al. Nat Immunol. 2010;701.
DiasJ,etal. Proc Natl Acad Sci U & 2017114:E5434.

Meierovics A, et al. Proc Natl Acad Sci U S A
2013110:E31109.
Meierovics Al,etal. J Exp Med. 201813:2793.

Booth JSetal. Front Immunol. 2015:466.
D'SouzaC, etal. J Immunol. 201200:1901.

Le Bourhis L, et al. Nat Immunol. 2010;701.
Liuzzi AR, et al. J Immunol. 201897:2195.
Reantragooir, etal. J Exp Med. 201209:761.
ShalerCR, etal. PLoS Biol. 20175:2001930.
GeorgelP, etal. Mol Immunol. 201148:769.

Le Bourhis L, et al. Nat Immunol. 2010;701.
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Lactobacillus casei ND X No* Le Bourhis L, et al. Nat Immunol. 2010;701.
Lactococcus lactis X(X) ND X(X) Corbett AJetal. Nature. 201409:361.
Mycobagterium abscessus X(X) X X Le Bourhis L, et al. Nat Immunol. 20110;701.
Mycobaeterium avium X ND X Meermeier EWetal. Nat Commun. 2018;12506.
Mycobacterium bovis X(X) Xt X Greene JM, et al. Mucosal Immunol. 201r802.

JiangJ, etal. An J Respir Crit Care Med. 201490:329.
Chua WJgtal. Infect Immun. 20180:3256.

Mycobaeterium smegmatis X(X) ND X Gold MC, et al. J Exp Med. 20121:1:1601.
Meermeier EWetal. Nat Commun. 2018;12506.
Sharma PKetal. Immunology. 201845:443.

Mycobacterium tuberculosis X(X) ND X Meermeier EW, et al. Nat Commun. 202:62506.
JiangJ, etal. An J Respir Crit Care Med. 201490:329.
Gold MC,etal. PLoS Biol. 201@:e1000407.
Gold MC,etal. Mucosal Immunol. 2018;35.
Harriff MJ, etal. PLoS One. 2014;e97515.
JiangJ,etal. J Infect. 20162:338.

Neisseriagonorrhoeae X ND X Meermeier EWetal. Nat Commun. 2018;12506.
Nocardia asteroides X ND X** Meermeier EWetal. Nat Commun. 2018;12506.
Pseudomonas aeruginosa X (X) X X Le Bourhis L, et al. Nat Immunol. 2010;701.

This article is protected by copyright. All rights reserved



2018 ICB Special Feature ReviewMAIT cells

Saccharomyces cerevisiae X(X) ND
Salmonellasenterica serovar X(X) x Tt
Typhimurium

Salmonellasenterica serovar X(X) X
Paratyphi A
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X(X)

Meermeier EWetal. Nat Commun. 2018;12506.
Liuzzi AR, etal. J Immunol. 201897:2195.
JoJ,etal. PLoS Pathog. 2011):e1004210.
Reantragoomr, etal. J Exp Med. 201209:761.
ShalerCR, etal. PLoS Biol. 20175:e2001930.
Tang XZ,etal. J Immunol. 201390:3142.

Le Bourhis L, et al. Nat Immunol. 2010;701.

Gold MC, et al. J Exp Med. 20121:1:1601.
Meermeier EWetal. Nat Commun. 2018;12506.
Corbett AJetal. Nature. 201409:361.

Le BourhisL, PLoS Pathog. 2013e1003681.
Reantragooiir, etal. J Exp Med. 201209:761.
Salerno-GoncalveR, etal. Front Immunol. 2014;511.
ShalerCR, etal. PLoS Biol. 20175:2001930.
Gold MC, etal. PLoS Biol. 201@:e1000407.
Chenz, etal. Mucosal Immunol. 20170:58.
Kjer-NielsenL, etal. Nature. 201291:717.
Reantragoomr, etal. J Exp Med. 201210:2305.

Salerno-GoncalveR, etal. Front Immunol. 2013;398.

Howson LJ, et al. Nat Commun. 209253.
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Shigella flexneri X(X) ND X Meermeier EW, et al. Nat Commun. 20Z:62506.
Le BourhisL, PLoS Pathog. 2013e1003681.

Staphylococcus aureus X X X Le Bourhis L, et al. Nat Immunol. 20110;701.
Meermeier EWetal. Nat Commun. 2018;12506.
Liuzzi AR, etal. J Immunol. 201897:2195.
LeporeM, etal. Nat Commun. 2018:;3866.
Gold MC,etal. PLoS Biol. 201@:e1000407.

Staphylococcus epidermidis X(X) X X Le Bourhis L, et al. Nat Immunol. 2010;701.
Reantragooiir, etal. J Exp Med. 201209:761.

Streptoceeeus pneumoniae X(X) X X Brutinel ED, et al. J Bacteriol. 201135:5479.
Kurioka A, etal. J Infect Dis. 201217:988.

Strepteeoccus pyogenes X(X) ND No Meermeier EWetal. Nat Commun. 2018;12506.
Vibrio parahemoliticus X ND X Meermeier EWetal. Nat Commun. 2018;12506.
Yersinia enterocolitica X ND X Meermeier EWetal. Nat Commun. 2016;12506.

*Intact KEGG riboflavin synthesis pathways have not been documantbkd strains testeid date.

**Species hot listedn the KEGG pathway database but other species of the same genus feature the riboflavin pathway.
"Mild MAIT cell accumulationin vivo.

"'Strong MAIT cell accumulatioin vivo.

ND No data available.
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Table 1b

Microbes.that do not activate MAIT cells

References

Streptococcus group A

Enterococcus faecalis

Listerias-monocytogenes

Le BourhisL, etal. Nat Immunol. 20101:701.

Le BourhisL, etal. Nat Immunol. 201Q;1:701.
Meermeier EWetal. Nat Commun. 2018;12506.
Liuzzi AR, etal. J Immunol. 201697:2195.
Corbett AJetal. Nature. 2014609:361.
JoJ,etal. PLoS Pathog. 2014):e1004210.
Ussher JEetal. Eur J Immunol. 20144:195.
Ussher JEetal. Eur J Immunol. 2016t6: 1600.

Liuzzi AR, etal. J Immunol. 201897:2195.
LeporeM, etal. Nat Commun. 2018:;3866.
Salerno-GoncalveR, etal. Front Immunol.
20144:511.

Gold MC, etal. PLoS Biol. 201@:e1000407.
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Figure 4
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