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Thesis&Abstract&
!
! The!majority!of!research!on!T!cells!forms!a!paradigm!in!which!classical!T!cells!are!activated!by!

peptide!antigens!presented!by!classical!MHCTmolecules.!NonTclassical!T!cells!do!not!fit!into!this!paradigm!

because! they! generally! recognize! antigens! presented! by! conserved! nonTclassical! molecules,! have!

simplified!patterns!of!T!cell!receptor!(TCR)!expression,!and!rapid!effector!responses!–!a!function!gained!

early!in!development.!This!dissertation!aims!to!explore!the!functional!repercussions!of!T!cell!receptors!

used!by!a!subset!of!unconventional!CD8+!T!cells,!MR1Trestricted!T!cells,! that!mediate! recognition!of!a!

broad!range!of!microbial!infections.!MucosalTassociated!invariant!T!(MAIT)!cells!detect!microbial!vitamin!

B! antigens! presented! by! the! nonTclassical! molecule! MR1! through! the! exclusive! use! of! a! TRAV1T2T

containing! TCR".! In! our! lab’s! prior! evaluation! of! healthy! individual’s! repertoires! of! antiTmicrobial!

nonclassical! T! cells,! MAIT! cells! comprised! a! significant! proportion! but! not! all.! This! thesis! tested! the!

hypothesis! that! alternative! nonclassical! T! cells! could! also! recognize!microbial! infection! through!MR1!

antigen!presentation.!By!studying!the!ex#vivo!capacity!of!CD8+!T!cells!and!using!a!limiting!dilution!approach!

to! clone! CD8+! T! cells! lacking!MAIT! cells,! we! identified! a! novel! population! of! TRAV1T2! negative!MR1T

restricted!T!cells.!Furthermore,!we!use!these!results!to!extend!prior!work!on!the!role!of!diverse!TCRs!in!

selectively!recognizing!MR1Tantigen!from!discrete!microbial!infections.!Towards!this!end,!we!characterize!

an!MR1Trestricted! clone! that!expresses! the!TRAV12T2!TCR".! In! contrast! to!MAIT! cells,! this! TRAV12T2+!

clone! displays! a! distinct! pattern! of! microbial! recognition! by! detecting! infection! with! the! riboflavin!

auxotroph! Streptococcus# pyogenes.! As! known!MAIT! antigens! are! derived! from! riboflavin! biosynthetic!

intermediates,!this!suggests!that!TRAV12T2+!clone!recognizes!unique!MR1Tligands.!Thus,!MR1Trestricted!

T!cells!can!discriminate!between!microbes!in!a!TCRTdependent!fashion.!Next,!because!MAIT!cells!depend!

upon!MR1!in!the!thymus!for!development,!this!thesis!work!was!motivated!to!answer!the!question!of!why!

TRAV1T2! is! dominantly! used! by!MR1Trestricted! T! cells.!We! hypothesized! that! in! the! thymus,! prior! to!

exogenous!antigen!contact!that!could!cause!preferential!clonal!expansions,!we!might!observe!a!more!
V!
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diverse!TCR!repertoire!on!developing!MR1Trestricted!T!cells.!We!conducted!ex#vivo!analyses!and!limiting!

dilution!T!cell!cloning,!followed!by!functional!assays!of!MR1Trestricted!T!cells! in!the!thymus.!While!we!

observed!many!different!TCRs!able!to!bind!to!a!MR1Tantigen!tetramer,!surprisingly,!all!MR1Trestricted!T!

cell!clones!isolated!from!a!thymus!expressed!the!TRAV1T2+!TCR;!indicating!a!special!affinity!between!this!

TCR!and!MR1!as!early!as!thymic!development.!Overall,!this!work!requires!us!to!reconsider!the!assumption!

that!all!MR1Trestricted!T!cells!use!a!semiTinvariant!TCR!and!leaves!open!the!question!of!whether!the!more!

rare!TRAV1T2!negative!cells!share!the!innateTlike!qualities!and!unique!developmental!pathway!of!MAIT!

cells!selected!upon!MR1!in!the!thymus.!We!postulate!that!additional!MR1Trestricted!T!cell!subsets!may!

play!a!unique!role!in!defence!against!infection!by!broadening!the!recognition!of!microbial!metabolites.!!!

!

VI!



Meermeier&Dissertation&

& 1&

Chapter(1.1(T(Lymphocytes(in(Immunity(
&
The$immune$system$recognizes$pathogens$and$induces$defensive$responses$

Heathy&individuals&come&into&contact&with&infectious&microbes&daily,&however,&the&vast&majority&

of&these&microbes&never&cause&infection.&This&is&because&each&individual&has&an&immune&system&tuned&to&

distinguish&foreign&entities&and&defend&against&infection.&The&immune&system&is&broadly&delineated&into&

the&innate&versus&adaptive&immune&system.&&These&two&categories&are&defined&by&the&two&different&ways&

in&which&each& system& is& programmed& to&discriminate&between& self& and&non?self.& & The& innate& immune&

system&uses&processes&that&are&encoded& in&the&germline,&and&thus&shared&across& individuals,& to&detect&

general& patterns& of& pathogens.& Receptors& of& the& innate& immune& system& are& limited& in& types& but&

generally&expressed&by&many&different&cells.&Thus,& innate&immunity&can&act& in&the&first& lines&of&defense&

against& infection&because&of& the&relatively&higher& frequency&of&mechanisms&that&can&recognize&a&given&

pathogen& instantaneously&compared&to&the&adaptive& immunity.&The& innate& immune&system&consists&of&

defenses&such&as&epithelial&barriers,& the&complement&system,&and&antimicrobial&peptides.&Additionally,&

phagocytic&cells,&such&as&macrophages,&dendritic&cells,&and&granulocytes,&can&kill&pathogens&opsonized&by&

the& complement& cascade.& Aside& from& directly& killing& the& pathogen,& phagocytes& can& also& produce& an&

inflammatory& response& to& recruit&other& immune&cells& through&cytokine&and&chemokine&gradients.&This&

inflammatory& response&depends& on& pattern& recognition& receptors& that& recognize& pathogen?associated&

molecular& patterns& (PAMPs),& like& cytosolic& ion& concentrations,& lipopolysaccharide,& or& viral& DNA.& Thus,&

the&innate&immune&system&provides&an&initial&discrimination&between&self&and&nonself.&The&inflammatory&

response& generated& by& innate& immune& processes& can& activate& specialized& antigen& presenting& cells,& or&

dendritic&cells,&and&this&is&a&necessary&first&step&for&the&activation&of&adaptive&immunity.&In&sum,&innate&

immunity& provides& functional& and& immediate& defenses& against& microbial& infection& through& shared&

germline&limited&processes&and&receptors,&and&can&initiate&adaptive&immune&responses.&&
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In& stark& contrast,& adaptive& immune&processes& recognize&pathogens& through&a& vast&diversity&of&

specific& receptors.& These& receptors& are& generated& by& a& complex& feat& of& somatic& cell& gene&

rearrangements.&Each&cell&of&the&adaptive& immune&system&uniquely&expresses&a&specific&receptor&from&

an&enormous&repertoire&of&total&receptors.&To&provide&this&high&diversity,&the&adaptive&immune&system&

relies& on& clonal& expansion& of& antigen& specific& lymphocytes& and& therefore,& these& defense&mechanisms&

take&longer&to&provide&protection.&Another&unique&feature&of&the&adaptive&immune&system&is&its&ability&to&

provide& immunological&memory&by& long?lived&antigen&experienced&defensive& cells.&During&an& infection&

that&overcomes&the& innate& immune&system,&antigen&from&the&pathogen&accumulates&and&activates&the&

adaptive&immune&system.&Specifically,&this&process&usually&begins&when&an&immature&tissue&dendritic&cell&

recognizes&and&engulfs&a&pathogen.&The&activated&dendritic&cell&then&migrates&to&lymph&nodes&where&it&

presents&antigen& to&T& cells,& expresses&T& cell& co?stimulatory&markers,& and& secretes& cytokines.&Together,&

these&signals&can&activate&naïve&helper&T&cells,&which&can&then&give&‘help’&to&activate&B&cells&and&begin&the&

adaptive&immune&response.&&

The& adaptive& immune& response& occurs& over& several& days& during& which& antigen& specific& naïve&

lymphocytes&clonally&expand&and&differentiate&into&effector&T&cells&and&antibody&secreting&B&cells.&While&

the&humoral&response,&made&by&antibody?secreting&B&cells,&is&key&for&recognition&of&native&antigens&from&

the&extracellular&environment&and&plays&a& role& in&antigen&presentation& to&T& cells,& this& thesis&will& focus&

exclusively&on&the&T&cell&response&to&infection.&&

&

Key$Components$of$a$T$Cell$

T& cells& are& distinguished& from& other& cells& of& the& immune& system& by& their& development& in& the&

thymus& and& expression& of& a& T& cell& receptor& (TCR).& TCRs& are& designed& to& engage& antigen& and& antigen&

presentation&molecules&as&depicted&in&Figure&1.1&below.&&The&majority&of&human&T&cells&rearrange&their&

TCR&!& and&"& chain& genes& to& express& a&!"& TCR& and& are& called&!"& T& cells.& A&minority& of& human&T& cells&
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express&a&TCR&expressed&from&#&and&$&genes.&&#$&T&cells&are&much&less&frequent&

in& the& blood& (about& 2%& of& T& cells)& and& have& not& been& characterized& as&

extensively&as&!"&T&cells&and&therefore,&this&thesis&focuses&mainly&on&!"&T&cells.&

Each&!" TCR&is&a&heterodimer&that&is&generated&with&distinct&steps&that&lead&to&

a&diverse&TCR&repertoire.& &Firstly,& the&TCR!&and&TCR"&gene& loci&undergo&V(D)J&

rearrangement.& In&any&given&TCR&there&are&six&hypervariable&complementarity&

determining& regions& (CDRs)& that& mediate& TCR& recognition& of& MHC?antigen;&

CDR1,&2,& and&3& in&each&gene& locus.& The&CDR1&and&CDR2& regions&are&germline&

encoded& within& each& TRAV& and& TRBV& and& are& generally& responsible& for&

contacting& the& antigen&presenting&molecule.& The&CDR3& regions& are& formed& at&

the& junctional& region& in&between&V(D)J& recombination&and& thus,&are& the&most&

diverse& region& across& TCRs.& The& CDR3& regions& usually& make& contacts& with& the& antigen& bound& in& the&

groove& of& the& MHC& molecule.& TCR& diversity& arises& through& different& mechanisms& such& as& gene&

recombination,& junctional& sequences& and& nucleotide& additions,& and& random& !"& TCR& pairing.& These&

mechanisms&converge& to&endow& the&average&human&with&2x107&different&TCRs& to& survey& the&body& for&

foreign&epitopes&(Arstila&et&al.,&1999).&&

!"& T& cells& almost& always& express& a& co?receptor& with& the& TCR:& CD4& or& CD8.& The& unique& co?

receptor& expression& on& each& T& cell& is& determined& during& thymic& development& and& generally& indicates&

distinct&lineages&of&!"&T&cells.&The&CD4&and&CD8&co?receptor&function&to&help&a&T&cell&engage&an&antigen&

presenting&cell.&Specifically,&CD4&and&CD8&bind&to&a&conserved&site&on&major&histocompatibility&complex&

(MHC)& class& II&molecules& and&MHC& class& I&molecules,& respectively,& to& help& stabilize& TCR& recognition&of&

antigen&and&MHC.&In&this&way,&the&co?receptor&helps&the&TCR&with&correct&target&recognition.&T&cells&also&

express&costimulatory& surface&proteins,& like&CD28&or&CTLA?4,& that& interact&with&B7& family&members&on&

TRAV1&2/TRBV6&1
PDB:.4NQCFigure$1.1$Ribbon$

protein$structure$of$
a$TCR$(orange)$
interacting$with$the$
MHCCrelated$
molecule$MR1&
(grey).&Source:&
protein&databank&
entry&4NQC&
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antigen&presenting&cells,&and&enhance&or&inhibit&their&activation&by&interacting&with&intracellular&signaling&

cascades.&&

&

T$Cell$Activation$$

In&addition&to&a&TCR&and&co?receptor,&every&T&cell&also&expresses&protein&machinery&capable&of&

transducing&a&signal&from&the&TCR&to&the&intracellular&environment&to&activate&the&T&cell&response.&There&

are&many&proteins&involved&in&this&signaling&cascade&(Figure&1.2),&however,&aside&from&the&TCR,&the&CD3&

complex&is&most&important.&The&collective&CD3&complex&is&always&assembled&with&the&TCR&at&the&surface&

and&is&comprised&of&two&%&chains,&two&&,&one&$,&and&one&#.&These&CD3&signal?transducing&chains&contain&

cytoplasmic& tails& with& 10& immunoreceptor& tyrosine?based& activation& motifs& (ITAMs).& There& are& many&

events&at&the&T&cell&surface&that&must&coordinate&in&order&for&the&cell&to&become&activated&(Chakraborty&

and& Weiss,& 2014;& Weiss,& 2010).& Firstly,& an& immune& synapse& forms& between& a& T& cell& and& antigen&

presenting&cell&(APC),&and&its&formation&is&required&for&full&T&cell&activation&(Davis&et&al.,&2003;&Norcross,&

1984).&A&critical&step&in&activation&is&the&ordered&phosphorylation&of&ITAMs&intracellularly,&which&begins&

with&activated&Lck& (a&Src?family& tyrosine&kinase).&Lck& is& recruited&to& the&CD3& ITAMs&by&the& intracellular&

tails&of& the&CD8&or&CD4&co?receptor& (Purbhoo&et&al.,&2001).&Phosphorylated& ITAMs&recruit&and&activate&

the& T& cell& specific& tyrosine& kinase& ZAP?70& which& phosphorylates& transmembrane& scaffold& proteins& to&

recruit&phospholipase&C?# to&the& inner&membrane.& In&order& for& the&signal& to&progress,&phospholipase&C&

must&be&phosphorylated&by&a&Tec&kinase.&Once&activated,&phospholipase&C&creates&second&messengers&

which&act&separately&1)&to&release&intracellular&calcium&stores&and&2)&activate&the&small&GTPase,&Ras&and&

the& MAP& kinase& pathway.& At& the& same& time& this& cascade& is& occurring,& co?stimulatory& cell& surface&

proteins,& like&CD28&act& in&a&similar& fashion.&Specifically,&when&CD28&engages&B7& family&proteins&on&the&

APC,& it&activates&phosphoinositol& (PI)?3&kinase&(PI3K)& inside&of&the&T&cell.&PI3K& is&a&key&signaling&protein&
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that&activates&cellular&pathways&of&proliferation&and&survival&through&mTOR.&It&also&collaborates&with&the&

second&messenger&&
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&
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Figure$1.2$Diagram$of$ T$Cell$Signaling$Cascades.& The&signal&begins&at& the&cell’s& surface&and&
travels& to& the& nucleus.& The& information& for& this& diagram& comes& from& Janeway,&
Immunobiology& Textbook& 7th& Edition;& Davis& M.& Annual& Reviews& Biochemistry& 2003;& and&
Brownlie&et&al.,&2013&Nature&Review&Immunology&
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diacylglycerol&(made&by&PLC#)&to&activate&protein&kinase&C.&All&of&these&pathways&converge&in&the&nucleus&

so& that& transcription& factors,& including& NF'B,& AP?1,& and& NFAT& can& induce& T& cell& activation& gene&

transcription.&

&

T$Cell$Effector$Functions$

Upon&activation,&a&T&cell&has&a&wide&variety&of&effector&functions&that&are&usually&associated&with&

a& certain& lineage& by& convention& ?& CD4+& T& cell& versus& CD8+& T& cell.& However,& in& reality& T& cells& can& use& a&

variety&of&effector&functions&to&contain&an&infection.&&CD8+&T&cells&are&associated&with&cytotoxicity&of&an&

infected& cell,&whereas&CD4+& T& cells& help& to& generate& an& immune& response& tailored& to& the& infection&by&

secreting& a& distinct& set& of& cytokines.& CD4+& T& cells& can&differentiate& from&naïve& into& four&main& types&of&

helper& T& cells& (Becattini& et& al.,& 2015;& Tubo& et& al.,& 2013).& Helper& T& cells& can& activate& B& cells& to& make&

antibody& (TFH),& promote& allergic& responses& (TH2),& recruit& granulocytes& (TH17),& and& create& responses& to&

deal& with& extracellular& microbes& (TH2/TH17).& A& T?helper& 1& (TH1)& response& involves& secretion& of& pro?

inflammatory& cytokines& like& TNF?!& and& IFN?# in& order& to& activate& an& infected& cell& to& kill& intracellular&

microbes.&CD8+&T&cells&also&secrete&these&two&cytokines.&Directly,&both&TNF?!&and&IFN?# &can&induce&the&

autophagy& pathway& in& an& infected& cell.& Autophagy& causes& a& cell’s& cytoplasm& to& be& cordoned& off& into&

autophagosomal& vesicles& and& then& fused& with& lysosomes& for& degradation& of& the& enclosed& contents&

(including& intracellular& pathogens).& Secondly,& both& cytokines& can& induce& nitric& oxide& synthase& (NOS)&

production&in&an&infected&cell&(Bogdan&et&al.,&2000).&NOS&creates&reactive&nitrogen&radicals&that&are&toxic&

to& pathogens;& for& example,& hepatocyte&NOS& is& crucial& for& control& of& liver& stage&malaria& (Seguin& et& al.,&

1994).& Lastly,& TNF?!& and& IFN?#& can&positively& regulate& the& adaptive& immune& response&by&upregulating&

key&proteins&for&antigen&presentation&like&MHC.&In&sum,&TNF?!&and&IFN?#&share&many&roles&in&immunity,&

however&the&main&difference&between&them&is&the&cell&type&where&they&are&produced.&While&IFN?#&is&a&T&

cell&and&NK&cell& specific&cytokine,&TNF?!& is&made&by&T&cells,&monocytes,&macrophages,&DCs,&mast&cells,&
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epithelial&cells,&endothelial&cells,&and&fibroblasts.&For&this&reason,&throughout&my&thesis&research,&I&relied&

on&T&cell&production&of&IFN?#&instead&of&TNF?!&as&a&specific&activation&read?out.&With&regard&to&immune&

protection& from& infection,& IFN?#& has& been& shown& to& be& important& for& control& of& many& microbes&

including:&Mycobacterium-tuberculosis&(Condos&et&al.,&1997;&Cooper&et&al.,&1993;&Flynn&et&al.,&1993),&liver&

stage& malaria& (Doolan& and& Hoffman,& 2000),& Francisella- tularensis& (Sjostedt& et& al.,& 1996),& Salmonella&

species&(Mastroeni&et&al.,&1992;&Nauciel&and&Espinasse?Maes,&1992),&Chlamydia&infection&(Rottenberg&et&

al.,&2002;&Wizel&et&al.,&2008),&and&many&viruses.&Numerous&studies&also&address&a&specific&role&for&TNF?!&

in& control& of& an& intracellular&microbe:& cutaneous& leishmaniasis& (Titus& et& al.,& 1989),&Salmonella& species&

(Mastroeni&et&al.,&1992;&Nauciel&and&Espinasse?Maes,&1992),&Francisella-tularensis& (Cowley&et&al.,&2007;&

Sjostedt&et&al.,&1996),&and&M.tuberculosis&(Flynn&et&al.,&1995;&Harris&and&Keane,&2010;&Keane&et&al.,&2001).&

In& sum,& secretion& of& pro?inflammatory& cytokines& by& CD4+& and& CD8+& effector& T& cells& has& a& role& in&

controlling&many&different&intracellular&infections.&&

There&are&multiple&mechanisms&by&which&CD8+&T& cells& control& intracellular& infection&and& these&

can&be&redundant&(Lefrancois&and&Obar,&2010;&Zhang&and&Bevan,&2011).&The&effector&functions&of&CD8+&T&

cells&are&specialized& to&control& intracellular& infections&and& include&cytolysis&and&secretion&of&cytokines.&

Cytolysis& can& occur& by& the& granule& exocytosis& pathway& or& receptor?mediated& activation& of& death&

receptors.& Granule& exocytosis& involves& the& T& cell& directing& delivery& of& granzymes& (proteases)& and&

granulysin& (saposin?like)& through&perforin&pores& to& the& infected&cell& (Anthony&et&al.,&2010).&Granzymes&

activate&apoptosis&of&the&infected&cell,&while&granulysin&can&induce&lysis&of&the&microbe&itself&through&ion&

disruption& and& cell& wall& damage.& Effector& T& cells& can& also& induce& cognate& cell& apoptosis& through& the&

FAS/FAS?ligand&pathway.&This&pathway&can&be&used&to&kill& infected&cells&or&kill& lymphocytes&as&a&way&of&

negatively&regulating&the&immune&response,&although&the&relative&importance&of&the&former&pathway&is&

still&debated.&FAS&(CD95)&can&be&triggered&by&FASL&expressed&on&effector&T&cells&following&TCR&activation.&&

Mice&deficient&in&FAS&or&FAS&ligand&have&defects&in&lymphocyte&homeostasis&(Strasser&et&al.,&2009).&&
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&

Antigen$Processing$and$Presentation$

Conversion&of&a&pathogen&into&antigens&that&can&be&presented&on&the&outside&of&the&infected&cell&

is& critical& for&mounting& protective& T& cell& responses.& All& vertebrates& share& a& complex&multigenic& region&

called& Major& Histocompatibility& Complex,& or& MHC,& that& contains& genes& responsible& for& antigen&

presentation.&While& the&MHC& region& contains&many& conserved& genes,&MHC& class& I& and& class& II& genes&

exhibit& immense&allelic&polymorphism.&This&genetic&variation& is&mainly&concentrated& in& the&part&of& the&

gene&encoding&the&structure&that&interacts&with&antigens&(originally&defined&as&a&peptide&binding&groove),&

allowing&different&alleles&to&bind&vastly&different&ranges&of&peptide&antigens.&Each&molecule&is&composed&

of&a&constant& region&and&an&antigen&binding&groove.&MHC&class& I&molecules&also& require&a&soluble&non&

MHC&linked&protein,&beta?2?microglobulin,&to&fold&properly.&&

Peptide&antigens&from&pathogen?derived&sources&are&generated&by&proteolysis.&If&the&pathogen&is&

extracellular,&proteins&are& internalized&by&endocytosis&or&phagocytosis,& enter& vesicular&pathway&of& the&

cell,& and& are& eventually& degraded& by& lysosomal& proteolysis.& An& infected& cell& can& also& digest& cytosolic&

pathogen?derived&proteins&through&the&autophagy&pathway.&Cytosolic&proteins&can&be&trafficked&from&an&

autophagosome& to& the& lysosome& for&proteolysis.& Lysosomal&proteolysis&generates&peptides&are& loaded&

onto&MHC&class&II&molecules&that&reside&in&late&endosomal&compartments&(Blum&et&al.,&2013).&

In& contrast,& if& the&pathogen& resides& in& the& cytosol,& its& proteins& are&processed&primarily& by& the&

action&of&the&proteasome.&Proteasomal&peptide&antigens&are&transported&from&the&cytosol&to&the&ER&by&

the& transporter& associated&with& antigen&processing& (TAP)& for& assembly&with&MHC&class& I&molecules.& In&

dendritic&cells&(professional&antigen&presenting&cells)&exogenous&proteins&can&also&be&processed&into&this&

pathway&by&retrotranslocation&from&phagosomes,&in&a&process&known&as&cross?presentation&(Blum&et&al.,&

2013).& Classically& restricted& CD8+& and& CD4+& T& cells& recognize& pathogen?derived& peptides& presented& by&

MHC&class&I&and&class&II,&respectively.&&
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Chapter(1.2(Development(of(T(cells(in(the(thymus(
&
& Common& lymphocyte& progenitors& are& generated& in& the& human& bone& marrow& from&

hematopoietic& stem& cells& (Klein& et& al.,& 2003).& The& cells& destined& to& become& T& cells& traffic& through& the&

blood& to& the& thymus& and& are& identified& as& CD34+& CD45RA+&CD7+& by& flow& cytometry& (Galy& et& al.,& 1993;&

Haddad&et&al.,&2004).& Immature& thymocytes& then& follow&a& sequential&pattern&of&T& cell&development& in&

the& thymus&cortex&and& then&medulla,& and& finally&exit& as&naïve&T& cells&expressing&a&broad& repertoire&of&

TCRs&that&are&ideally&not&autoreactive&(Figure&1.3).&Each&step&in&T&cell&development&can&be&identified&by&

unique&expression&of&certain&T&cell&surface&proteins&and&or&transcription&factors. Most&of&our&knowledge&

about&lymphocyte&development&stems&from&studies&in&mice&because&of&the&ease&of& in-vivo&experiments&

and&genetic&modifications&to&elucidate&mechanistic&pathways.&Nevertheless,&human&T&cell&development&

follows& a& similar& sequential& pattern but& the& cell& surface& phenotypes& of& human& transitional& cell&

populations&can&differ&from&those&in&the&mouse&(Blom&and&Spits,&2006;&Dik&et&al.,&2005).&

&

Figure$1.3$Overall$Scheme$
of$T$Cell$Development$in$
the$Thymus.&With&
permission&from&Germain&
R.,&Nature&Immunology,&
2002.&DN&=&double&negative&
CD4?CD8?.&DP=&double&
positive&CD4+CD8+,&SP&=&
single&positive&
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Once&the&progenitor&cell&enters&the&thymus,&it&will&progressively&migrate&from&the&cortex&to&the&

medulla.& It& commits& to& the& T& cell& lineage& through& sequential& steps& of& expression& of& regulatory&

transcription&factors,&Notch1&receptor,&and&homing&receptors&(Rothenberg&et&al.,&2010).&Firstly,&Notch1&

signaling&switches&on&genes&to&instruct&the&thymocyte&and&cause&it&to&solidify&its&T&cell&identity&(Blom&and&

Spits,& 2006;&Maillard& et& al.,& 2004;& Radtke& et& al.,& 2004).& All& T& cells& at& this& initial& phase& do& not& express&

distinctive& cell& surface&markers& of&mature& T& cell& lineage,& such& as& the& TCR& and& CD3& complex.& They& are&

called&“double&negative”&thymocytes&because&they&lack&CD4&or&CD8&co?receptor&expression.&&&

&

TCR$Gene$Rearrangement$

& To&prepare& for& recognition&of& diverse&pathogens,& the& adaptive& immune& system&has& adopted& a&

brilliant&solution&by&recombining&variable,&diversity,&and&junctional&DNA&with&constant&chains&of&the&T&cell&

receptor& to& generate& a& plethora& of& TCR& that& are& capable& of& recognizing& foreign& antigens& (Davis& and&

Bjorkman,& 1988).& Each& lymphocyte& expresses&many& copies& of& a& single& antigen& receptor&with& a& unique&

binding&site&that&determines&the&specificity&of&the&T&cells&effector&functions.&The&receptor&is&made&up&of&

variable& (V)& and& invariant& constant& regions& of& the& protein& chains.& The& amino& acid& sequence& of& the& V&

region&engages&antigen?MHC&and&its&variability&allows&for&a&wide&range&of&antigen&specificities&across&the&

TCR& repertoire.& The& constant& region& provides&

stable& structure& and& signaling& functions.& The&

specificities& of& the& TCR& repertoire& are& randomly&

generated& by& VDJ& somatic& DNA& recombination.&

This& process& begins& when& the& RAG?1& and& RAG?2&

lymphocyte& specific& enzymes& are& expressed& in&

developing& thymocytes.& This& enzyme& complex&

binds& at& random& to& signal& sequences& at& each& of&

Figure$1.4.$The$Genetic$
Recombination$of$TCR$
genes$from$the$!Cchain$
(pink)$and$the$"(chain$
(blue).&The&
complementarity&
determining&regions&
(CDRs)&are&highlighted&in&
alternative&colors.&With&
permission&from&
Rossjohn&et&al.,&Annual&
Reviews,&2014.&&
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one&of&many&V&and&J&(or&D)&segments&to&be&recombined.&The&RAG&enzymes&and&chromatin&proteins&bring&

the&V&and&J&(or&D)&gene&segments&into&proximity&and&carry&out&endonucleolytic&cleavage&with&two&single&

strand&breaks.&For&diversity,&transferase&enzymes&clip&and&add&nucleotides&to&the&ends&of&each&segment&

before&a&DNA&ligase&joins&the&processed&ends&together.&A&simplified&progression&of&gene&recombination&

is&depicted&in&Figure&1.4.&&

&

Allelic$Exclusion$

& Monoallelic& gene& expression& is& a& generally& important& phenomenon& for& normal& biology;& for&

example& the& inactivation& of& the& X& chromosome& in& females.& Allelic& exclusion,& as& it& relates& to& T&

lymphocytes,& is& a& phenomenon& that& increases& the& frequency& of& T& cells& that& express& a& single& T& cell&

receptor&and&are&monospecific& for&a&certain&antigen?MHC.&This&occurs&for&the&majority&of&developing&T&

cells&(Wucherpfennig&et&al.,&2007)&.&Alleles&are&excluded&when&one&allele&of&a&TCR&genetic&loci&rearranges&

successfully& that& then& causes& the& allele& on& the& other& chromosome& to& become& transcriptionally& silent.&

Multiple& mechanisms& have& a& role& in& TCR& allelic& exclusion& (Jackson& et& al.,& 2005).& These& involve&

transcriptional& accessibility& through& chromatin& remodeling& of& the& specific& loci& on& the& excluded&

chromosome,&TCR&signaling,&and&ubiquitination&of&protein& from&the&gene& (alpha&chain)& to&be&excluded&

(Brady&et&al.,&2010;&Jackson&et&al.,&2005;&Niederberger&et&al.,&2003).&&

&

The$Sequence$and$Mechanisms$of$TCR$Gene$Rearrangement$

There&are&two&types&of&TCRs&that&T&cells&can&rearrange&and&express&?&#$&or&!";&each&resulting&in&a&

separate& lineage& of& T& cell.& #$& T& cell& lineage& comprises& a&minority& population&while&!"& T& cells& are& the&

majority& and& hence,& their& developmental& pathway& is&more&widely& researched.& In& the& cortex,& TCR& loci&

rearrange& in& a& highly& ordered& and& sequential& fashion& to& generate& a& productive& TCR& (Dik& et& al.,& 2005;&

Joachims&et&al.,&2006;&Sherwood&et&al.,&2011).&In&humans&this&is&TCRD<TCRG<TCRB<TCRA.&Rearrangement&
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of&the&#&and&$&genes&occurs&earliest&in&development,&followed&soon&after&by&the&"&chain&if&a&productive&#$&

TCR& is&not&made.& The&productive&#$& TCR&allows& for& a& strong& intracellular& signaling&downstream&of& the&

TCR,&as&studies&have&shown&comparing&levels&of&active&Lck&and&phospho?Erk&that&then&upregulates&the&#$&

specific& transcription& factor& Id3.& These& T& cells& then& leave& the& thymus& without& progressing& onto& the&

double&positive&stage&and&undergoing&selection.&Because&I&have&studied&development&of&!"TCR+&T&cells&

in&my&thesis&research,&I&will&focus&on&their&development&for&the&rest&of&this&section.&&&

At&this&stage,&rearrangement&of&the&TCR&"&chain&occurs.&Cells&that&generate&productive&TCR&"&get&

signals&to&proliferate,&whereas&those&that&do&not,&receive&signals&to&apoptose.&At&the&same&time,&the&TCR&

"&chain&associates&at&the&cell&surface&with&a&pre?T&cell&receptor.&This& is&a&protein&that&mimics&a&generic&

TCR&!&chain&and&allows&a&functioning&TCR?CD3&complex&to&be&stabilized&at&the&immature&T&cell&surface.&

Key& to& the&progression&of& the&T& cell& into& its&next& stage&of&development,& this&pre?TCR&complex& induces&

ligand&independent&intracellular&signaling&through&Lck&kinase.&&This&induces&phospho?Erk&that&causes&the&

T& cell& to& stop& "& chain& rearrangement& by& degradation& of& RAG,& undergo& allelic& exclusion,& proliferate,&

become& large& in& size,& and& express& CD4& and& CD8& co?receptors.& After& this& brief& proliferative& burst,&

downregulation&of&the&global&transcriptional&activator&Myc,&transitions&the&developing&T&cell&into&a&small&

quiescent&DP&stage&characterized&by&low&metabolism&(Mingueneau&et&al.,&2013).&&

Once& the& T& cell& reaches& the& small& DP& stage,& it& begins& to& rearrange& its&!(chain& by& expressing&

RAG1&and&RAG2.&Each&T&cell& can&undergo&successive& rearrangements&at&each&allele&of& the&!& chain& loci&

until&the&cell&apoptoses&or&succeeds&positive&selection.&For&this&reason,&it&is&more&common&for&a&T&cell&to&

be&able&to&produce&two&types&of&!&chains.&However,&it&would&be&rare&for&a&single&T&cell&to&express&two&!&

chains& that& are& functionally& specific& and& pass& the& selection& stages.& & Once& successful& !& chain&

rearrangement&has&occurred,&the&T&cell&can&progress&to&the&next&selection&stage.&&

&

Positive$and$Negative$Selection$
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& Thymic&selection&of&T&cells&is&imperative&to&ensure&that&the&random&receptors&generated&through&

TCR&rearrangement&are& functional&and&not&autoreactive.&At& this& intermediate&stage&of&development,&T&

cells&have&successfully&rearranged&their&!"&TCR&and&express&both&the&CD4&and&CD8&co?receptor.&In&order&

to&be&saved&from&apoptosis,&double&positive&thymocytes&must&first&be&able&to&recognize&MHC&and&self?

peptide&expressed&by&thymic&cortex&stromal&cells&in&a&process&called&positive&selection.&Positive&selection&

generally& determines& the& lineage& fate& of& the& immature& T& cell.& T& cells& with& receptors& that& are& able& to&

interact&with&MHC&class&I,&will&express&CD8&and&become&cytotoxic&effectors&(Germain,&2002).&In&contrast,&

T&cells&with&receptors&that&interact&with&MHC&class&II,&will&express&CD4&and&become&cytokine&producing&

helper&T&cells.&Therefore,&the&selecting&MHC&molecule&contributes&to&lineage&fate&by&determining&the&co?

receptor&expression&of&the&mature&T&cell.&Lineage&fate& is&also&determined&by&TCR&signal&strength&which&

regulates& expression& of& transcription& factors,& ThPOK&or& Runx3,& specific& to& CD4+& helper& T& cells& or& CD8+&

cytolytic&T&cells,&respectively&(Mucida&et&al.,&2013;&Reis&et&al.,&2013).&The&CD4+&and&CD8+&T&cell&dichotomy&

persists& in&the&periphery&for&mature&T&cells,& in&which&ThPOK&continues&to&promote&the&fate&of&helper&T&

cells& even& as& they& differentiate& into& effector& subsets.& Switching& the& expression& of& these& dichotomous&

transcription& factors& in& peripheral& mature& T& cells& correlates& with& appropriate& switching& of& effector&

functions&aka&cytolytic&MHC&class&II&restricted&CD4+&T&cells&and&this&is&an&antigen&driven&process&(Mucida&

et&al.,&2013).&Whether&or&not&nonclassical&antigen&presentation&molecules&play&a&role&in&the&lineage&fate&

of&the&T&cells&restricted&by&them&is&unknown.&&

Developing&lymphocytes&also&undergo&a&second&selection&process&called&negative&selection&in&the&

thymus&medulla.&This&process’s&purpose&is&to&protect&self?proteins&from&being&recognized&and&attacked&

by& mature& T& cells& in& the& periphery.& This& process& is& also& called& clonal& deletion& because& T& cell& clones&

expressing& self?reactive& TCRs& get& deleted& (Lederberg,& 1959).& Negative& selection& therefore& generates&

central& tolerance& to& proteins& expressed& by& “self”.& Tolerance& can& also& be& generated& by& peripheral&

mechanisms,& such& as& suppression& of& T& cell& activation& by& regulatory& T& cells& (Weiss& et& al.,& 2012).& The&
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relative&contributions&of&central&and&peripheral& tolerance&to&overall& tolerance& is&still&debated;&a& recent&

study,&showed&that&negative&selection&is&much&less&efficient&at&clonal&deletion&than&previously&thought,&

suggesting&an&integral&role&for&peripheral&tolerance&mechanisms&(Yu&et&al.,&2015).&Multiple&cell&types,&like&

medullary&stromal&cells&expressing&AIRE,&dendritic&cells,&and&macrophages&in&the&thymus,&can&influence&

negative&selection&by&expressing&self?antigens.&Medullary&thymic&stromal&cells&have&been&shown&to&use&

AIRE& and& Fezf2& transcription& factors& to& express& a& wide& array& of& self?antigen& peptides& (Takaba& et& al.,&

2015).& During& negative& selection,& if& the& T& cell’s& TCR& interacts& too& strongly& with& peptide?MHC,& it& will&

undergo&apoptosis&(initial&proposition&by&Burnet,&1959)(Mouse&models&of&negative&selection&reviewed&in&

(Hogquist&et&al.,&2005).&&

Furthermore,& it& is& still& incompletely& known& how& a& signal& through& the& TCR& during& positive&

selection& can& signal& for& cell& survival,& while& the& opposite& outcome& occurs& from& a& TCR& signal& during&

negative& selection.& The& affinity& hypothesis& states& that& a& quantitative& difference& in& receptor& affinity& to&

peptide& MHC& in& the& thymus& determines& cell& survival.& A& strong& TCR& signal& would& undergo& apoptosis&

whereas& a& lower& affinity& interaction& over& a& shorter& duration& can& give& the& T& cell& signals& it& requires& to&

survive.&Thymocytes&that&pass&negative&selection&then&egress&into&the&periphery&where&they&constantly&

circulate&through&the&blood&and&lymph.&&

These& processes& have& been& studied& extensively& for& classically& restricted& !"& TCR+& T& cells.&

However,&many&questions&remain&about&what&is&required&to&generate&a&mature&nonclassically?restricted&

T&cell&that&tend&to&express&less&diverse&T&cell&receptors,&or&more&specifically&a&MR1?restricted&MAIT&cell.&

&

Development$of$NonclassicallyCrestricted$T$Cells$

& In& 1999,& Tilloy& et& al.,& proposed& that& “restricted& TCR& repertoires& seem& to& define& discrete&

lymphocyte& subpopulations& at& the& frontier& between& innate& and& adaptive& immunity,& as& these& selected&

repertoires& may& allow& the& presence& of& a& high& frequency& of& cells& reactive& against& phylogenetically&
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conserved& antigens.”& It& is& evident& now& that& certain& subpopulations& of& T& cells& with& constrained& TCR&

repertoires&are&restricted&by&MHC?I?related&molecules&for&antigen&presentation.&Major&histocompatibility&

complex&(MHC)&class&I?related&molecules&including&H2?M3,&and&CD1d&in&mice&and&HLA?E,&HLA?F,&HLA?G,&

MR1&and&CD1a&to&CD1d&in&humans,&all&seem&to&differ&from&MHC&class&I&molecules&primarily&because&they&

have& limited& polymorphism.& Consequently,& the& family& of& T& cells& restricted& by& these& molecules& have&

recently&been&termed&–&Donor&UnRestricted&T&cells&(DURTs)&?&because&the&nature&of&antigen&presentation&

they&recognize&is&shared&across&individuals,&unlike&classical&antigen&presentation&that&is&highly&divergent.&

Work&over&the&past&two&decades&has&shown&that&these&T&cells&undergo&a&unique&developmental&pathway&

from&classical&CD4+&and&CD8+&T& cells.& It& is& still& unknown&how& this&unique&development&endows& certain&

nonclassical&T&cells&with&innate&functional&reactivity.& & I&will&review&the&three&main&advancements&in&our&

understanding&of&the&development&of&MR1?restricted&MAIT&cells.&&

$

MAIT$cells$develop$in$the$thymus$

& An&initial&observation&was&made&that&human&blood&had&high&frequencies&of&two&populations&of&T&

cells&that&expressed& limited&TCRs&(Porcelli&et&al.,&1993).&Now&we&understand&that&these&two&families&of&

TCRs& belong& to&MR1?restricted&MAIT& cells& and& CD1d?restricted& NKT& cells.& With& regard& to&MAIT& cells,&

Lantz& and& colleagues& explored& these& findings& further& with& genetic& knockouts& to& find& what& MAIT& cell&

development&was&dependent&upon&(Tilloy&et&al.,&1999).&One&key&observation&they&made&was&that&nude&

mice&(athymic,&FOXN1?/?)&did&not&have&MAIT&cells,&suggesting&that&MAIT&cells&require&an&intact&thymus&for&

development.&MAIT& cells& can& be& found& in& the&mouse& and& human& thymus& as& defined& by& their& effector&

function,& and& they& show&signs&of&being& immature&and&naïve.& They&express& surface&markers& commonly&

associated&with&naïve&T&cells& like,&CD45?RA& isoform,&CCR7,&and&CD62L& (Gold&et&al.,&2013;&Martin&et&al.,&

2009a).& Secondly,& MAIT& cells& in& the& thymus& have& detectable& “signal?joining& TCR& excision& circles”,& or&

sjTRECs& (Gold&et& al.,& 2013).& These& small& pieces&of& excised&DNA&are& created&during&TCR& rearrangement&
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and& are& diluted& from& T& cell& during&mitosis.& Therefore,& these& data& collectively& suggest& that&MAIT& cells&

develop&in&the&thymus&and&are&not&simply&recirculating&peripheral&T&cells.&

$

MAIT$cells$require$thymic$selection$on$hematopoietic$cells$

& Conventional& T& cells& in& the& thymus& rely& upon& signals& from& thymic& epithelial& cells& for& their&

successful&selection.&However,&the&selecting&cell&type&for&certain&nonclassically&restricted&T&cells&seems&to&

be&different.&Using&bone&marrow–chimeric&mice,&Urdahl&et&al.&showed&that&nonclassically–restricted,&but&

not&MHC&class&I–restricted,&CD8+&T&cells&were&preferentially&selected&when&antigen&presentation&was&only&

permitted& on& hematopoietic& cells& (Urdahl& et& al.,& 2002).& The& authors& specifically& measured& H2?M3?

restricted& T& cells& from& the& spleen&by& tetramer& staining,& cytolytic& capacity,& and& cytokines& release&upon&

antigen& stimulation.& While& this& study& focused& on& murine& T& cells& reactive& to& Listeria- monocytogenes,&

selection&by&hematopoietic&thymocytes&that&express&either&CD1d&or&MR1&is&necessary&for&NKT&and&MAIT&

cells,& respectively& & (Bendelac,& 1995;& Coles& and& Raulet,& 2000;& Seach& et& al.,& 2013;& Treiner& et& al.,& 2003).&

More&specifically,&the&responsible&thymic&hematopoietic&cells&can&be&identified&by&co?expression&of&CD4&

and&CD8.&With&regard&to&MAIT&cells,&thymic&development&requires&the&presence&of&MR1&(Hashimoto&et&

al.,&1995;&Treiner&et&al.,&2003).&In&the&human&thymus,&high&expression&of&MR1&protein&on&the&surface&of&a&

population&of&DP&thymocytes&has&been&observed&(Gold&et&al.,&2013).&Definitive&experiments&are&needed&

to& prove& that& these& are& the& cells& responsible& for& selecting& MAIT& cells.& & In& recent& work& that& I& have&

contributed& to,& we& have& defined& a& stable& phenotype& for& the& human& MR1?high& thymocytes& (Kurtz& I.,&

Meermeier&E.,&and&Gold&M.,& in-preparation).&We&found&that&MR1?expressing&thymocytes&are&a&uniform&

small&resting&subset&with&high&expression&of&CD3,&CD8,&CD4,&CXCR4,&and&Notch&3.&Furthermore,&MR1?high&

thymocytes&have&the&capacity&to&stimulate&human&MAIT&cell&clones&to&produce&IFN?#&in&the&presence&of&

M.- smegmatis- and- E.- coli.& & Our& results& outline& unique& and& stable& characteristics& for& a& novel& antigen&

presenting& cell& resident& in& the& human& thymus& that& may& provide& positive& selection& for& MAIT& cells.&
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Whether& MAIT& cells& undergo& negative& selection& in& the& thymus& is& unknown.& Because& many& TCRs& of&

nonclassically&restricted&T&cells&recognize&non?peptide&antigens,&one&can&imagine&that&a&unique&pathway&

may&exist&for&presentation&of&related&self?antigens&in&the&thymus.&

$ $

MAIT$cell$effector$function$is$acquired$in$the$thymus$$

& While&MHC&class&I&restricted&T&cells&acquire&effector&function&in&the&periphery&following&antigenic&

stimulation,& certain& nonclassical& T& cells,& like& MAIT& cells,& acquire& effector& function& without& prior&

exogenous& antigenic& exposure.& This& function& is& one&of& the& reasons& that& these& cells& are& called& “innate?

like”.& This& was& observed& in& the& context& of&M.- tuberculosis& antigens,& when& our& laboratory& measured&

thymocyte& function&directly&ex- vivo& in& response& to& infected&allogeneic&dendritic& cells.& They& found& that&

the&T&cells&with&thymic&effector&function&were&non?classically&restricted&and&upon&stimulation,&these&cells&

expressed& IFN?#,& granzyme,&and&high& levels&of&BCL?2,& the&anti?apoptotic& factor& (Gold&et&al.,&2008).& In&a&

follow?up&study,&many&of&these&cells&were&found&to&be&MR1?restricted&MAIT&cells&(Gold&et&al.,&2013).&One&

possibility& for& the& innate& effector& function,& is& that& MAIT& cells& gain& their& function& because& they& are&

selected& on& hematopoietic& cells& that& may& be& able& to& give& more& complex& co?stimulation& during& MHC&

recognition.& Like& human&MAIT& cells,& both& H2?M3& and& CD1d& restricted& T& cells& can& be& found& as& thymic&

effectors& (Bendelac& et& al.,& 2007;& Urdahl& et& al.,& 2002).& Although& the& signals& contributed& by& the&

hematopoietic& cell& remain& to& be& identified& for& these& nonclassically& restricted& T& cells,& homotypic&

interactions&have&been&shown&to&be&critical&for&NKT&cell&selection.&Specifically,&both&SAP&dependent&and&

independent& SLAMR& players& have& been& shown& to& be& important& in& mouse& iNKT& and& innate& T& cell&

development&(De&Calisto&et&al.,&2014).&Also,&whether&the&hematopoietic&cell&presents&a&self?ligand&during&

the& selection& process& is& unknown.& Evidence& that& self?derived& MR1& ligands& exist& has& been& provided&

(Huang&et&al.,&2009),&although&the&identity&of&such&ligands&remains&unknown.&Alternatively,&innate&T&cell&

function&could&be&programmed&through&the&use&of&a&common&transcription&factor.&Several&studies&have&
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implicated&the&transcription&factor&PLZF&(promyelocytic&leukemia&zinc&finger,&or&ZBTB16)&for&this&role&in&

NKT&and&MAIT&cells&(Martin&et&al.,&2009a;&Savage&et&al.,&2008).&&In&NKT&cells,&the&PLZF&transcription&factor&

is& essential& for& development& (Eidson& et& al.,& 2011;& Kovalovsky& et& al.,& 2008),& drives& their& early& effector&

phenotype,& and& also& programs& their& accumulation& in& tissue& sites& like& the& liver& (Thomas& et& al.,& 2011).&

Although&several& studies&have&shown&that&human&MAIT&cells&express&PLZF,&whether& it& is&necessary& for&

their&innate?like&qualities&is&not&known.&&

& &
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$

1.3(Unconventional(T(Cells(Respond(to(Antigen(Presented(by(MHCEIb(
Molecules(or(MHCElike(Molecules(
&

Most& studies& of& T& cells& have& focused&on& those& that& react& to&major& histocompatibility& complex&

(MHC)&proteins&bound&to&peptide&antigens,&however&many&other&types&of&T&cells&do&not&fit&this&‘textbook’&

model.& Collectively,& these& T& cells& are& considered& ‘unconventional’& or& ‘nonclassical’& and& include& CD1?

restricted& T& cells,& #$$ T& cells,& MHC& class& Ib& (including& HLA?E)–reactive& T& cells,& MR1?restricted& mucosal&

associated& invariant&T&cells& (MAIT&cells),&and&others.&The& family&of&unconventional&MHC?like&molecules&

and&the&!"TCR&that&can&recognize&them&is&depicted& in&Figure&1.5.& In&contrast& to&classically?restricted&T&

cells,& unconventional& T& cells& generally& use& a& less& diverse& repertoire& of& TCR,& are& present& at& higher&

frequencies,&and&have&rapid&effector& responses.&Also,&unconventional&T&cells& recognize&unconventional&

‘antigens’,& such&as& lipids,& small?molecule&metabolites,&broad&patterns&of&peptides,&or&antigen?modified&

presentation&molecules.&The&ability& to& rapidly&activate&a& large&amount&of&T&cells&with&a& single& stimulus&

regardless&of&genetic&background&or&prior&antigen&exposure&differentiates&these&immunological&systems&

from& classically& restricted& T& cells.& These& features& represent& a& crossover& between& innate& and& adaptive&

immunity,& hence,& unconventional& T& cells& are& also& referred& to& as& “innate?like”& T& cells.& The& crux& of& the&

Figure$1.5.$Interactions$of$
unconventional$T$cells$with$their$
antigen$targets$via$their$TCRs$in$
human$cells.$$
With&permission&from&Godfrey&et&al.,&
Nature&Reviews&Immunology,&2014.&&
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adaptive&immune&system&relies&on&the&diversity&of&receptors&to&cope&with&a&multitude&of&foreign&entities,&

while&evidence&suggest&that&the&opposite&is&true&for&unconventional&T&cell&restriction.&This&dissymmetry&

can&be&highlighted&by&the&utilization&of&conserved&receptors&by&unconventional&T&cells&to&recognize&broad&

patterns& of& infection,& in& a& similar& way& to& Toll?Like& receptors& of& innate& immunity.& Research& into& the&

biology&of&unconventional&T&cells&over& the&past& two&decades&has&highlighted&previously&unappreciated&

complexity& within& the& adaptive& immune& system.& I& will& review& what& is& known& about& the& most&

characterized&classes&of&unconventional&T&cell& types&to&provide&evidence&that& these&alternatives&to&the&

classical&adaptive&immune&paradigm&are&a&necessary&component&of&the&human&immune&system.&Then&I&

will&review&subsets&of&MR1?restricted&T&cells&in&more&detail.$

&

GammaCdelta$T$cells$

& Gamma&delta&T&cells&(#$&T&cells)&are&T&cells&that&express&a&unique&TCR&composed&of&one&#?chain&

and&one&$?chain&instead&of&an&!"&TCR.&The&TCRs&used&by&#$&T&cells&are&comprised&of&predisposed&pairings&

of&more& limited& combinations& of& VDJ& segments.& It& remains& enigmatic& how&many& discrete& populations&

exist& for& #$& T& cells;& nevertheless,& I&will& focus& on& key& findings& that& relate& to& their& role& in& host& defense&

against& infection.&#$&T&cells&are& less&prevalent&than&their&!"&T&cell&counterparts,&at&0.5%?10%&of&total&T&

cells,&but&the&majority&express&a&single&TCR:&#V9/$V2.&So&far&the&antigens&discovered&to&be&recognized&by&

#$&T&cells&are&phosphorylated&small&molecules&derived&from&the&human&mevalonate&pathway&or&synthesis&

of&microbial&isoprenoids&(Constant&et&al.,&1994).&While&humans&cells&synthesize&weak&#$ agonists&in&this&

family,& certain& bacterial& infections& create& isoprenoid?based& antigens& that& are& 10,000& fold& stronger&

agonists,&and&thus&serve&as&patterns&of&pathogen&infection&(Hintz&et&al.,&2001).&#V9/$V2&require&cell?cell&

contact& but& not& conventional& antigen& presentation& to& react& to& phosphate& antigens.& Several& lines& of&

recent&evidence&indicate&that&‘B7’&family&proteins&called&butryophilins&are&necessary&for&the&activation&of&

#V9/$V2&T&cells.&Although,&whether&butryophilins&present&phosphate&antigens&or&are&simply&modified&by&
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these&‘antigens’&into&a&form&recognized&by&the&#$&TCR&is&still&unclear&(Sandstrom&et&al.,&2014;&Vavassori&et&

al.,&2013).&Different&subsets&of&#$&T&cells&also&can&recognize&lipid&antigens&on&CD1&molecules&(reviewed&in&

(Luoma& et& al.,& 2014)),& and& also& MHC?like& molecules& that& likely& do& not& present& antigen& but& are&

hypothesized&to&be&indicators&of&cellular&stress&(reviewed&in&Vantourout&and&Hayday&(2013);&(Willcox&et&

al.,&2012)).&&

& Several&studies&in&mice&without&#$&T&cells&provide&convincing&evidence&that&these&cells&contribute&

to&defense&against&infection&and&are&crucial&sources&of&initial&IL?17&and&IFN?#&cytokines.&Mice&without&#$&T&

cells& are&more& susceptible& to& several& infections,& including&Nocardia- spp.,&Klebsiella- spp.,& Listeria- spp.,&

Escherichia- coli,& Salmonella- spp.,& Mycobacterium- spp.,& Pseudomonas- spp.,& and& Plasmodium& spp.&

(Vantourout&and&Hayday,&2013).&From&this&comparison,&#$&T&cell&activation&to&patterns&of&infection&and&

cellular&stress&represent&unique&alternatives&to&canonical&!"&T&cell&antigen&recognition.&Thus,&while&there&

are&many&unanswered&questions&about&#$&T&cells,&it&provides&an&interesting&model&whereby&subsets&of&T&

cells& can& react& to& patterns& of& infection& by& unique& pathways& that& may& allow& for& rapid& recognition& of&

microbes&and&play&a&role&in&early&immune&responses.&

$

MHCCIbCRestricted$T$Cells$

& The&human&molecules&HLA?E,&F,&and&G&are&considered&to&be&MHC?& ‘Ib’&molecules&because&they&

are&ancestrally?related&to&MHC&class&Ia&molecules,&yet&evolutionarily&divergent&and&far&less&polymorphic.&

HLA?F& and& HLA?G&may& play& a& role& in& immunity,& as& suggested& by& evidence& that& they& bind& peptides& to&

present& to& T& cells& for&maternal?fetal& tolerance& (Ishitani& et& al.,& 2003).&Meanwhile,& studies& of&HLA?E& are&

particularly& intriguing& as& this& molecule& seems& to& have& evolved& dual& roles& in& regulating& innate& and&

adaptive& immune& responses.& In& an& innate& fashion,& HLA?E& presents& peptides& derived& from& leader&

sequences&of&other&classical&class&I&molecules&as&an&inhibitory&signal&which&binds&CD94/NKG2&on&NK&cells&

in&order&to&combat& immune&evasion&tactics&of&microbes&(Braud&et&al.,&1998).& In&this&way,&HLA?E&acts&as&
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remote&sensor&of&the&intracellular&antigen&processing&machinery.&In&parallel,&HLA?E&has&the&capability&to&

elicit&a&CD8+&αβ&T&cell& response&to&a&variety&of&pathogens&such&as&Salmonella-enterica,-Mycobacterium-

tuberculosis,!LCMV,&HIV,&HBV,&EBV,&HCV&and&cytomegalovirus-((Heinzel&et&al.,&2002;&Joosten&et&al.,&2010),&

reviewed&in&(Sullivan&et&al.,&2006)).&These&HLA?E&restricted&T&cells&are&cytolytic&and&secrete&a&broad&range&

of&cytokines&but&their&relative&contribution&to&adaptive&control&of&infection&is&still&unknown.&&

& With&regard&to&HLA?E&ligands,&when&a&particular&strain&of&CMV&was&used&as&a&vaccine&vector&for&

SIV& antigens,& rhesus&macaques&were& able& to&mount& a& robust& CD8+& T& cell& immune& response& to& SIV& by&

presenting& a& very& broad& array& of& SIV& peptides& via& MHC?E& (Hansen& et& al.,& 2016).& & Interestingly,& the&

peptides&that&HLA?E&presents&from&these&microbes&can&be&similar&or&highly&disparate&patterns&of&amino&

acids& from& the& canonical& leader& sequences& bound& by& HLA?E.& For& example,& the& CMV& protein& UL?40&

encodes&an&MHC&class&I&leader&peptide&mimic&(Ulbrecht&et&al.,&2000).&Structural&simulation&studies&have&

shown&that&HLA?E&provides&an&open&peptide&binding&groove&with&sufficient&plasticity&to&present&widely&

different& antigens& due& to& both& deep& and& shallow& binding& pockets& with& heterogeneous& binding& sites&

(Hansen&et&al.,&2016).&Thus&HLA?E&provides&a&model&where&a&nearly&monomorphic&antigen&presentation&

system&can&present&diverse&antigens&to&CD8+&T&cells.&&&

$

CD1$Restricted$T$Cells$

Humans& encode& a& locus& of& genes& collectively& called& CD1& that& express& proteins& which& present&

antigen,&but&are&unlinked&to&the&MHC&and&display&very&limited&polymorphism.&However,&CD1&genes&have&

similar& genetic& structure& and& protein& domains& to& those& encoded& by&MHC& class& I.& There& are& five& CD1&

molecules&(CD1a,&b,&c,&d,&and&e)&that&all&bind&lipid&antigens&in&deep&hydrophobic&binding&grooves&and&all&

but& CD1e& are& recognized& by& the& TCR& of& CD1?restricted& T& cells.& Each& CD1& molecule& binds& a& different&

repertoire&of& self& and& foreign&antigens& that& is& hypothesized& to&be& regulated&by& slight& variations& in& the&

shape&of&each&binding&groove&and&the&sampling&of&antigens&via&different&intracellular&trafficking&patterns&
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unique& to& each& CD1& molecule& (Brigl& and& Brenner,& 2004;& Moody& and& Porcelli,& 2003).& With& regard& to&

known&microbial& ligands,& studies&have& focused&on&mainly&on&mycobacterial& antigens&and& include& lipids&

from&the& following&classes:&mycobactins,& insect&venoms& (CD1a),&Mycolic&acids,& sulfolipids,& lipomannan,&

phosphatidylinositol& mannosides& (CD1b),& Mycoketides& (CD1c),& and& glycolipids& (CD1d)& (as& reviewed& in&

(Willcox&et&al.,&2007)).&CD1?restricted&T&cells&can&use&CD4&or&CD8&co?receptor,&or&neither,&indicating&that&

these&T&cells&can&differentiate&into&subsets&of&the&major&phenotypic&T&cell&groups.&Upon&activation,&CD1?

restricted& T& cells& can& secrete& Th1& or& Th2& or& Th17& cytokines& and& are& strongly& cytolytic;& it& has& been&

hypothesized&that&tissue&distribution&regulates&their&cytokine&profile&(Lee&et&al.,&2015;&Rosat&et&al.,&1999).&

T&cells&that&recognize&antigen&presented&on&CD1a,&b,&c,&and&d&use&a&variety&of&TCRs&comprised&of&!"&or&#$&

heterodimers,&and&are&collectively&known&as&Group&II&CD1&restricted&T&cells&in&the&literature.&Group&II&CD1&

restricted&T&cells&do&not&have&an&apparent&bias&for&unique&V&or&J&genes&of&the&TCR.&&

There&also&exists&a&subset&of&CD1d?restricted&T&cells&that&use&an&invariant&TCRα&that&seems&to&be&

highly&conserved&in&mice&and&to&a&lesser&extent&in&humans.&These&T&cells&are&known&in&the&literature&as&

Group&I&CD1d?restricted&T&cells&or&invariant&Natural&Killer&T&cells&(iNKT&cells).&There&is&abundant&evidence&

that&Group&I&CD1d?restricted&T&cells&can&act&immediately&as&effector&cells&upon&stimulation.&It&has&been&

suggested&that&this&is&due&to&their&unique&developmental&pathway&in&the&thymus&and&expression&of&the&

PLZF&transcription&factor&which& leads&to&an&effector&program&prior&to&T&cell&activation&(Bendelac,&1995;&

Savage& et& al.,& 2011).& Current& evidence& suggest& that& CD1& restricted& T& cells& participate& in& the& immune&

response&to&the&clinically&important&intracellular&pathogen,&M.tuberculosis,&and&might&form&the&basis&for&

improved& immune& therapies& to& prevent& tuberculosis& (Cerundolo& et& al.,& 2009).& With& regard& to& CD1d?

restricted&T&cells,& this&pathway&of& immune&activation&provides&us&with&a&paradigm&where&a&conserved,&

semi?invariant&TCR&can&be&used&to&respond&immediately&to&microbial&infection&via&surveillance&of&lipids.&

In&sum,&CD1&antigen&presentation&of&lipids&to&T&cells&gives&a&broader&perspective&of&the&immune&system’s&

capacity&to&sense&and&response&to&a&diverse&array&of&macromolecules.&&
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Chapter(1.4:(Introduction(to(MR1Erestricted(T(Cell(Biology(
&
MR1$Genetics$and$Tissue$Expression$

&MR1&is&a&non?polymorphic&MHC?like&molecule&encoded&in&the&genome&outside&of&the&MHC&locus&

on& the& human& chromosome& 1.& Based& on& primary& structure,&MR1& appears& to& be& distantly& related& to&

classical&MHC&molecules& and&may& represent& a& separate& lineage& that& split& from&a& common&ancestor&of&

MHC& proteins& early& in& evolution& (Stroynowski& and& Forman,& 1995).& This& suggests& an& evolutionary&

conservation&of&the&gene&products&and&a&selective&pressure&for&its&unique&functional&roles.&&

In&the& late&1980s,&MHC?like&molecules&CD1,&ZAG,&and&FcNR&were&first&described&using&targeted&

approaches& with& antibodies& (Hashimoto,& 2016).& Because& these& proteins& were& discovered& using& non?

reductionist& approaches,& logically,& the& field& thought& it& was& reasonable& that& the& human& genome&

contained& other&MHC& related& genes& and& a& search& began.& In& 1995,& the& Kurosawa& lab& discovered&MHC&

class& I?related&molecule& 1,& or&MR1& (Hashimoto,& 2016;& Hashimoto& et& al.,& 1995).& To& survey& the& human&

genome&for&similar&genes&outside&of&the&MHC&locus,&they&took&a&cross?hybridization&PCR&approach&with&a&

generic&primers&designed&to&the&conserved&regions&of&MHC-(Hashimoto&et&al.,&1992).&They&found&a&region&

of& high& similarity& on& chromosome&1,& distinct& from& the&MHC& locus& on& chromosome&6,& and&named& this&

gene&MHC?related&protein&1&or&MR1&(Hashimoto&et&al.,&1995).&Comparison&of&the&amino&acid&sequence&of&

the& functionally& important&!1&and&!2&domains& revealed& that&MR1&exhibits&40?50%& identity&with&MHC&

class&I&of&human,&mouse,&and&chicken&species.&This&is&higher&than&any&other&MHC?like&molecule&outside&of&

the&MHC& locus.& Subsequent& studies& found& that&MR1& is& highly& conserved&across&mammalian&evolution,&

and&MR1&transcript&is&expressed&across&many&human&cell&lines&and&all&healthy&tissues&tested&(Riegert&et&

al.,&1998;&Yamaguchi&et&al.,&2014).&MR1&also&shares&the&same&gene&organization&as&MHC&class& I,&where&

each&exon&encodes&a&single&structural&domain,&specifically,&a&leader&peptide,&!1&domain,&!2&domain,&!3&

domain,& a& trans?membrane& domain,& and& a& cytoplasmic& domain.& MR1& protein& associates& with& "?2?

microglobulin,& suggesting& a& molecular& form& typical& of& the& MHC& class& I& heterodimer& (Yamaguchi& and&
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Hashimoto,& 2002).& At& this& time,& CD1,& another& MHC?like& protein& encoded& on& chromosome& 1,& was&

described&to&bind&lipid&and&not&peptide&antigens;&lending&to&the&hypothesis&that&MR1&might&also&present&

antigen.&&

Despite& sharing&a& common&MHC&protein& fold,&MR1&has& some&unique&qualities.&With& regard& to&

DNA&sequence,&it&was&under&control&of&a&unique&promoter&from&other&MHC&class&I&genes&and&was&located&

outside& of& the& MHC& locus& on& chromosome& 6& (Riegert& et& al.,& 1998).& Intriguingly,& analysis& of& MR1&

transcripts& revealed& the& presence& of& three& additional& isoforms& resulting& from& alternative& splicing&

following& transcription& (Lion& et& al.,& 2013;& Riegert& et& al.,& 1998;& Yamaguchi& et& al.,& 2014).& All& predicted&

alternative& isoforms& lacked& certain&exons&of& the& full& length&MR1&gene.&While& it& remains&unclear& if& the&

isoforms&serve&as&functional&proteins&in-vivo,&there&is&evidence&that&one&of&the&isoforms&called&MR1?B&can&

be&expressed&at&the&cell&surface&and&can&activate&MAIT&cells&(Lion&et&al.,&2013).&&

Lastly,& with& regard& to& MR1& protein& sequence,& MR1& lacked& many& of& the& key& residues& of& the&

antigen&binding&groove&that&have&been&shown&to&be&necessary&for&peptide&antigen&presentation&in&MHC&

class& I.& Evidence& strongly& suggested& that&MAIT&cell& activation&was& still& ligand?dependent& (Huang&et&al.,&

2005)&but&likely&non?peptidic.&There&is&currently&disagreement&with&respect&to&whether&or&not&MR1&has&a&

CD8&binding&site&on&the&a3&domain&based&on&alignment&with&MHC&class&I&(Riegert&et&al.,&1998;&Walter&and&

Gunther,&1998).&However,&we&have&shown&that&M.-tuberculosis?reactive&MAIT&T&cell&clones&require&CD8&

for&activation&(Gold&et&al.,&2013).&The&final&unique&element&of&MR1&protein&structure&is&its&high&degree&of&

conservation& across&mammalian& evolution.& It& is& also& conserved& across& individuals& and& therefore& non?

polymorphic& (Parra?Cuadrado&et&al.,&2000)&Taken&together,& these&observations&suggest&that&MR1&has&a&

functional&deviation&from&the&peptide&binding&classical&MHC&class&I&molecules.&&

&

MR1$Ligands$and$Presentation$of$Microbial$products$ $
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& MR1& ligands& were& recently& identified& by& the&

Rossjohn& and& McCluskey& labs& as& small& vitamin& B&

synthetic&intermediates&that&bind&and&stabilize&MR1&on&

the& cell& surface& (Figure&1.6).& These& ligands& commonly&

share& an& aromatic& ring& structure& and& are& structurally&

distinct& to& any& previously& described& MHC?ligands&

(Eckle&et&al.,&2015).&MR1& ligands&derived& from&vitamin&

B9/folic& acid& (6?formylpterin& (6?FP& and& acetyl?6?FP))&

are& antagonistic& to&MAIT& cells,& whereas& the& riboflavin&metabolites& known& as& ribityllumazines& (RL?6,7?

diMe,& RL?6?Me?7?OH,& and& reduced& RL?6?CH2OH)& are& agonists& (Kjer?Nielsen& et& al.,& 2012).& & In& this& initial&

finding,&Kjer?Nielsen&and&colleagues&identified&the&folic&acid&based&antagonists&from&RPMI&medium,&while&

the& riboflavin& agonists& were& derived& from& Salmonella.& Another& class& of& ligands,& the& pyrimidine&

intermediates& of& riboflavin& (5?OE?RU,& 5?OP?RU),&were&more& recently& identified& as& potent& activators& of&

MAIT&cells&(Corbett&et&al.,&2014).&These&ligands&are&universally&recognized&by&MAIT&cells&as&evidenced&by&

an&MR1&tetramer&reagent&bound&to&5?OP?RU&that&labels&all&human&MAIT&cells&(Reantragoon&et&al.,&2013).&

MR1&tetramer&loaded&with&6FP&bound&to&MAIT&TCRs&weakly.&The&pyrimidine&antigens&are&generated&in&a&

chemical& reaction& between& bacterially?derived& synthetic& intermediates& and& small& host& or& pathogen&

chemicals.&Riboflavin&and& folic&acid&are&essential& for&metabolic& functions&and&are&synthesized&by&many&

bacteria,&fungi,&and&plants,&but&not&by&mammals,&other&animals,&or&parasites,&which&acquire&it&from&their&

environment&or&do&not&require&it.&&

MAIT&cells,&through&MR1&antigen&presentation,&recognize&a&broad&range&of&microbial&infections.&

By& studying& MAIT& cell& recognition& of& infection& through& MR1,& parallel& studies& have& found& that& those&

microbes&with&intact&riboflavin&synthetic&pathways&stimulate&MAIT&cells&(Gold&et&al.,&2013;&Le&Bourhis&et&

al.,& 2013b)& and& reviewed& in& (Napier& et& al.,& 2015).& However,& it& is& not& known& whether& each& microbe&

Figure$ 1.6.$ Chemical$ Structures$ of$ the$
MR1Cligands$described$ to$date.& Reprinted&
with&permission&from&Godfrey&et&al.&Nature&
Reviews&Immunology&2015.&
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synthesizes& the& same& repertoire& of& riboflavin&metabolites,&maybe& at& varying& proportions,& or& whether&

there& are& ligands& unique& to& certain& species.& Nevertheless,& not& all& microorganisms& are& recognized& by&

MAIT& cells.& In& consensus& with& this& pattern,& bacteria& that& did& not& activate& MAIT& cells,& Streptococcus-

pyogenes,- Listeria- spp.-or- Enterococcus- spp.,& do&not& use& the& riboflavin& synthesis& pathway& and& instead&

rely&upon&scavenging&riboflavin&from&their&environment&(Chapter&3).&Thus,&only&microbes&with&an&intact&

riboflavin& synthesis& pathway& can& be& recognized& by& and& activate& MAIT& cells,& suggesting& that& other&

microbial&metabolic&pathways&do&not&generate&MAIT&cell&antigens.&However,&whether&alternative&MR1&

ligands,&recognized&by&TCRs&not&previously&associated&with&MAIT&cells,&exist,& is&a&question&that&has&not&

been& addressed.& In& this& thesis,& I& directly& address& the& hypothesis& that& MR1?restricted& T& cells& can& use&

atypical&TCRs&to&recognize&MR1&and&more&diverse&antigens&outside&of&the&riboflavin&pathway.&&

&

MR1$Antigen$Processing$and$Presentation$

& Antigen&presenting&molecules,&comprising&MHC&class&I&and&II,&use&distinct&intracellular&trafficking&

pathways&to&bind&and&present&peptides&to&CD8+&and&CD4+&T&cells&respectively.&How&does&MR1&survey&its&

environment&to&cooperate&with&MAIT&cells&for&detection&of&microbial&infection?&Research&over&the&past&

decade& has& uncovered& unique& qualities& of& the& pathway& that& MR1& takes& to& capture& small& molecule&

antigens&and&present&them&to&MAIT&cells.&&

& In&contrast&with&classical&MHC&molecules&that&are&constantly&expressed&at&high&levels&on&the&cell&

surface,&MR1&protein& is&found&at&barely&detectable& levels,&even&during&an&infection&(Gold&et&al.,&2010b;&

Harriff& et& al.,& 2016;&Huang&et& al.,& 2008;&Riegert&et& al.,& 1998).& Instead,&MR1& resides& in& the&endoplasmic&

reticulum& (ER)& and& endosomal& vesicles& (Georgel& et& al.,& 2011;& Harriff& et& al.,& 2016;& Huang& et& al.,& 2008;&

McWilliam& et& al.,& 2016).& There& have& been& two& models& proposed& of& which& cellular& compartment& is&

responsible& for& the& ligand& loading&onto&MR1.& & In&one&model,& exogenous&addition&of& vitamin&B&derived&

antigens&to&the&cell&resulted&in&MR1&loading&in&the&ER&and&then&translocation&to&the&cell&surface.&While&it&
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was&not&addressed&how&the&antigen&gets& into&the&ER,&this&represents&a&way&that&MR1&could&survey&the&

extracellular&environment.&In&a&second&model,&MR1&and&intracellular&pathogens,&like&M.tuberculosis,&co?

localized&in&late&endosomal&compartments&(Harriff&et&al.,&2014;&Harriff&et&al.,&2016;&Huang&et&al.,&2008).&&

MR1& could& survey& and& load& intracellular&microbial& products,& and& then& translocate& to& the& cell& surface.&

Interestingly,& purified& vitamin& B& derived& antigen& (6?FP)& ?& typically& loaded& through& the& ER& pathway& on&

MR1&?&did&not&interfere&with&antigens&derived&from&intracellular&M.tuberculosis;&indicating&the&existence&

of&two&distinct&loading&pathways&for&MR1&antigen&loading&(Harriff&et&al.,&2016).&Although&this&could&also&

imply&that&the&pathway&used&to& load&antigens&from&intracellular& infection&supersedes&those&that&might&

occupy&MR1&from&the&ER.&The&ER&might&provide&MR1&with&a&source&of&ligands&to&fold&properly&before&the&

molecule& is& trafficked& toward& the& cell& surface& and& given& the& opportunity& to& bind& more& high& affinity&

ligands& from& intracellular& infection.&More&experiments&are&needed&to&determine&whether&antigens&can&

be&exchanged&in&the&MR1&antigen&groove.&&

& While& the& chaperones& and& self?ligands& involved& in& the& regulation& of& classical& antigen&

presentation& have& been& well& characterized,& those& required& for& MR1& antigen& presentation& are& less&

defined.&MR1&antigen&presentation&does&not&require&TAP,&the&proteasome,&or&any&of&the&associated&MHC&

class&I&machinery&(Huang&et&al.,&2008).&&However,&MR1&antigen&presentation&does&involve&the&MHC&class&

II?associated&invariant&chain&and&HLA?DM;&these&proteins&usually&chaperone&MHC&class&II&to&endosomes&

and&facilitate&its&loading&with&endosomal&ligands&(Blum&et&al.,&2013).&This&finding&supports&the&notion&of&

MR1&antigen&loading&in&an&endosomal&compartment,&in&a&similar&fashion&to&MHC&class&II&or&MHC&class&I&

endosomal&cross&presentation&(Neefjes&et&al.,&2011).&Although&several&lines&of&evidence&indicate&that&this&

pathway&may& differ& by& cell& type.&Harriff& and& colleagues& have& established& that& lung& epithelial& cells& are&

efficient&at&activating&MAIT&cells& in&an&MR1&dependent&way&(Harriff&et&al.,&2014).&Epithelial&cells&do&not&

express&the&aforementioned&MHC?class& II&chaperones,&but& instead&might&use&syntaxin&18&(ER),&VAMP&4&

(endosome),&and&Rab&6&(endosome)&to&support&MR1&antigen&presentation&(Harriff&et&al.,&2016).&How&the&
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different& pathways& that& MR1& might& use& to& survey& microbial& ligands& of& its& environment& affect& T& cell&

activation&is&still&unclear.&&&

After&MR1&encounters& its& ligand&and&folds&properly,&the&MR1?ligand&complex& is&translocated&to&

the&cell& surface& for&a& short&amount&of& time&before&being& internalized&and&degraded&(McWilliam&et&al.,&

2016).& MR1& might& act& like& a& `quick& sensor’& of& microbial& products& to& MAIT& cells& in& this& way,& while&

minimizing& the& opportunity& to& exchange& ligands&with& ligands& of&microbiota& or& self& that& could& activate&

autoreactive&T&cells.&&

$

MR1$Protein$Structure$and$Molecular$Basis$for$Interaction$with$TCRs$

Structural&analysis&of&MR1&has&led&to&an&understanding&of&the&nature&of&ligands&it&can&present&to&

TCRs.& The& first& crystal& structure& of& MR1& displayed& its& striking& similarity& to& HLA?A,& with& regard& to& its&

structural&backbone&(Kjer?Nielsen&et&al.,&2012).&However,&the&antigen&binding&groove&of&MR1&displayed&

novel&qualities.&The&Rossjohn&and&Adams& labs& found,& in&parallel,& that&MR1&has&a&much&smaller&groove&

that&is&comprised&of&two&pockets&in&comparison&to&MHC&class&I’s&long&continuous&groove&(Kjer?Nielsen&et&

al.,&2012;&Lopez?Sagaseta&et&al.,&2013a).&The&‘A’&pocket& is&deep&within&the&MR1&antigen&binding&groove&

and& provides& a& charged& and& hydrophobic& environment,& while& the& ‘F’& pocket& is& shallow& and& flexible&

(Lopez?Sagaseta&et&al.,&2013b).&An& in&depth&structural& comparison&of&an&unliganded&MR1&compared& to&

MR1&bound&to&6?FP&in&the&A&pocket&showed&significant&movement&and&malleability&in&the&antigen&binding&

cleft,&suggesting&a&potential&degree&of&plasticity&for&structures&it&could&accommodate&(Patel&et&al.,&2013).&

The& unique& features& of& the& antigen& presenting& groove& may& be& important& for& accommodating& small&

molecule& antigens&with&different&properties,& or& loading&of& ligand& into&place,& or&providing& some& tuning&

flexibility& for& engagement& by& MAIT& TCRs.& One& can& imagine& a& scenario& whereby& a& nonpolymorphic&

molecule& like&MR1&might& rely&upon& flexibility& to&be&able& to&bind&and&present&molecules&with&different&

chemotypic&qualities&to&semi?invariant&TCRs.&&
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& Transitory& chemical& intermediates& of& microbial& vitamin& B& metabolism,& as& described& in& the&

previous& section,& are& captured& and& stabilized& by& MR1& for& MAIT?cell& recognition.& The& common& ring&

structures&of&the&MR1&ligands&described&so&far&are&all&accommodated&in&the&A&pocket&of&MR1&by&covalent&

and/or&hydrogen&bonds&(Corbett&et&al.,&2014;&Kjer?Nielsen&et&al.,&2012;&Patel&et&al.,&2013).&Despite&each&

having&unique&conformations&while&bound&to&MR1,& the& ligands&that&were&strongly&stimulating&to&MAIT&

cells& share& a& ribityl& tail& that& is& exposed& outwards& from& this& binding& pocket.& The& diversity& in& ligand&

conformations& also& supports& the& notion& that& the&MR1?binding& cavity& could& accommodate& a& range& of&

structures.&Nevertheless,&whether& there&are&other& ligands& for&MR1,&potentially&being&presented& in& the&

other&half&of&the&groove,&remains&unknown.&&

Introduction(to(MAIT(Cells(
&

Human& mucosal?associated& invariant& T& (MAIT)& cells& have& been& described& as& an& abundant&

population&of&αβ?TCR&T&cells&that&display&anti?microbial&Th1?like&cytotoxic&capacity&upon&detection&of&a&

range&of&microbial& infections.&By&definition,&MAIT&cells&express&a&semi?invariant&T?cell&antigen&receptor&

(TCR)&that&engages&antigenic&ligands&presented&by&the&HLA?Ib&major&histocompatibility&complex&(MHC)?

related&protein&I&(MR1).!MAIT&cells&were&first&identified&in&1993&as&an&overrepresented&T&cell&population&

in& the& human& double?negative& T& cell& subset& that& used& a& semi?invariant& TRAV/TRAJ& pairing& of& the&

TCR!, called&TRAV1<2& (Porcelli& et&al.,&1993).& & These&T& cells&were& further&defined& in&knockout&mice&and&

humans&as&requiring&an&intact&immune&system&and&the&MHC&class&I&light&chain&(beta?2?microglobulin)&but&

not&TAP,&CD1,&MHC&class&I,&or&class&II;&indicating&a&requirement&for&a&novel&class&of&antigen&presentation&

(Tilloy&et&al.,&1999).&Also,&both&of&these&studies&defined&MAIT&cells&as&enriched&in&the&`double?negative’&

CD4?CD8?& or& CD8!!+& T& cell& subset& of& the& blood.& The& TCR& co?receptor& CD8& can& be& assembled& as& a&

homodimer& or& heterodimer& (!& and& ").& The& co?receptor,& CD4& or& CD8,& increases& the& avidity& of& the&

interaction&between&a&T&cell&and&the&antigen?presenting&cell&upon&activation&and&can&be&downregulated&
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soon& thereafter.& Peripheral& blood& CD8!!& or& CD8"?low& T& cells& can& be& derived& from& clonally& expanded&

CD8"&high&T&cells,&by&an&antigen?driven&mechanism&and&exhibit&an&effector&memory&phenotype&(Konno&

et& al.,& 2002;&Walker& et& al.,& 2011).& Therefore,& this& pattern&of& co?receptor& expression& is& in& line&with& the&

united& finding& that& MAIT& cells& in& human& blood& also& express& immunological& proteins& associated& with&

effector&memory&T&cells&(Gold&et&al.,&2010a;&Martin&et&al.,&2009a;&Tilloy&et&al.,&1999).&&

& A&pivotal&study&published&in&2003&demonstrated&that&expression&of&a&"2M?dependent&MHC?like&

molecule&expressed&on&thymic&hematopoietic&cells&was&necessary&and&sufficient&for&MAIT&cell&selection&

and&development.& Specifically,&MAIT&cells&have&a&developmental&and& functional&dependence&upon& the&

MHC?related&molecule&MR1& and& the& host’s&microbiota& (Treiner& et& al.,& 2003).& Aside& from& being& highly&

abundant&in&the&blood,&MAIT&cells&were&enriched&in&the&gut&lamina&propria&and&lung,&as&compared&to&the&

skin,& and& hence& the& name& Mucosal?Associated& Invariant& T& (MAIT)& cells.& This& study& gave& the& first&

indication&of&an&MR1?MAIT&cell&axis&with&a&role&in&antimicrobial&immunity.&&

$

The$Role$of$MAIT$cells$in$Antimicrobial$Immunity$

$ MR1Cdependent$Responses$to$Microbes&

To&address&a&physiological& role& for&MAIT&cells,& two&studies&definitively& showed& that&MAIT&cells&

were&reactive&to&antigen&produced&by&bacteria&and&fungi&and&presented&by&MR1&(Gold&et&al.,&2010a;&Le&

Bourhis& et& al.,& 2010).& Le& Bourhis& et& al.,& based& their& study& on& a& previous& finding& that&MAIT& cells& were&

undetectable& in& germ?free& mice& (Treiner& et& al.,& 2003).& Additionally,& they& purified& human& TRAV1?2+&

CD161+& T& cells& and& showed& that& they& could& be& activated& by& monocytes& infected& with& E.- coli& or&

Mycobacterium- abscessus- in& an&MR1?dependent& fashion.& Due& to& the& low& frequency& of& MAIT& cells& in&

mice,& they& also& used& transgenic& mice& expressing& TRAV1/TRBV6& TCRs& to& show& that& MAIT& cells& were&

activated&by&a&wide&array&of&bacterial&and&fungal&species.& In&these&experiments&the&following&microbes&

activated&MAIT& cells:& Candida- albicans,- Candida- glabrata,- E.- coli,- Klebsiella- pneumonia,- Lactobacillus-
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acidophilius,- Pseudomonas- aeruginosa,- Saccharomyces- cerevisiae,- Staphylococcus- aureus,- and-

Staphylococcus- epidermitis.& However,& five& unrelated& viruses,& Enterococcus- faecalis- and- Streptococcus-

pyogenes&were&unable&to&elicit&a&response&by&MAIT&cells.&&

& In& parallel,& our& laboratory& was& trying& to& understand& the& human& immune& response& to& M.-

tuberculosis& infection.& They& initially& observed& that& individuals& who& had& never& been& exposed& to& M.-

tuberculosis&had&a&large&population&of&T&cells&that&could&recognize&M.-tuberculosis&infection&ex-vivo,&were&

cytolytic,& and& made& pro?inflammatory& cytokines& like& TNF?!& and& IFN?# (Lewinsohn& et& al.,& 2000).& They&

hypothesized&that&these&were&not&classically&restricted&T&cells,&as&they&could&respond&to&M.-tuberculosis&–

infection& without& a& requirement& for& classical& antigen& presentation.& This& finding& was& supported& by&

evidence&that&the&human&thymus&contained&a&population&of&‘innate?like’&M.-tuberculosis&?reactive&CD8+&T&

cells& whose& pro?inflammatory& function& was& also& not& dependent& upon& classical& antigen& presentation&

(Gold&et&al.,&2008).&In&an&effort&to&describe&these&T&cells&in&more&detail,&our&laboratory&performed&limiting&

dilution& analysis& T& cell& cloning& on& CD8+& T& cells& from& the& blood& of& healthy& individuals,& and& patients&

infected& with&M.- tuberculosis.& They& analyzed& the& anti?mycobacterial& function& of& each& T& cell& clone& to&

determine&what&each&clone&recognized&upon&infection&(Gold&et&al.,&2010a).&They&observed&that&the&T&cell&

clones&universally&depended&upon&MR1&and&were&broadly&antimicrobial&to&pathogen&infections&including&

Candida- albicans,- E.- coli,- M.tb,- M.- smegmatis,- M.- bovis- BCG,- Salmonella- typhimurium,- and-

Staphylococcus-aureus&but&not&viruses&or&Listeria-monocytogenes&(Gold&et&al.,&2010a).&&

& Importantly,&the&data&from&these&two&studies&suggested&that&viruses&did&not&activate&MAIT&cells&

but& that& a&wide& range,& but& not& all,& of& bacteria& and& fungi& did.& Taken& together,& these& studies& provided&

substantial&evidence&that&MAIT&cells&detect&an&antigen&common&to&certain&microbial&infections&through&

MR1&antigen&presentation.&&

$ MAIT$cells$can$be$activated$in$the$absence$of$MR1$stimulation$
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$ The&pro?inflammatory&cytokines&IL?12&and&IL?18&are&implicated&in&MR1?independent&activation&of&

MAIT& cells.& In& an& initial& study,& murine&MAIT& cells& lost& their& in- vitro& anti?mycobacterial& activity& in& the&

presence& of& a& blocking& antibody& to& IL?12& (Chua& et& al.,& 2012).& Furthermore,& MAIT& cells& are& activated&

during&acute&human&viral& infections& (dengue& fever,&hepatitis&A,& influenza&A)&and& this&was& replicated& in-

vitro&to&study&the&mechanism&for&activation&(Ussher&et&al.,&2014;&van&Wilgenburg&et&al.,&2016).&Instead&of&

relying&upon&MR1?antigen&presentation&to&become&activated,& &MAIT&cell&activation&was&driven&by& IL?12&

and&IL?18&cytokines&made&by&virally&infected&cells.&In&an&in-vitro&culture,&purified&and&activated&MAIT&cell&

supernatant&could&limit&Hepatitis&C&viral&replication&in&hepatocytes&(in&a&dose&dependent&manner).&This&

control& was& mediated& by& MAIT& cell& production& of& IFN?#& as& shown& by& experimental& blockade& with&

antibody&to&IFN?#&(van&Wilgenburg&et&al.,&2016).&It&remains&to&be&determined&whether&MAIT&cells&play&a&

necessary&role&in&anti?viral&immunity&in-vivo.&Further&support&for&the&ability&for&MAIT&cells&to&be&activated&

by& IL?12& and& IL?18& cytokines& was& given& by& a& recent& study& from& Jo& and& colleagues& (Jo& et& al.,& 2014).&

Production& of& IL?12/18& by& cells& infected& with& E.- coli& was& sufficient& to& induce& cytokine& production& by&

purified&human&liver&MAIT&cells&after&an&overnight&co?culture.&

& Virus&specific&CD8+&T&cells&can&be&induced&to&produce&IFN?#&in&an&antigen&independent&manner&by&

sensing& the& cytokines& IL?12& and& IL?18& (Beadling& and& Slifka,& 2005).& IL?12& can& induce& CD8+& T& cell&

transcription& of& IFN?#& through& STAT4& mediated& activation& and& this& is& independent& of& MHC& antigen&

presentation& and& the& TCR& (Coccia& et& al.,& 1999;& Schindler& et& al.,& 2001).& IFN?#& can& also& promote& IL?12&

production& in& a& positive& feedback& mechanism& (Yoshida& et& al.,& 1994).& The& IL?12/STAT4/IFN?#& axis& is&

important&for&immunity&to&certain&intracellular&bacterial&infections,&such&as&M.-tuberculosis-(Sabri&et&al.,&

2014).&Overall,& the&mechanism& for&MR1?independent&MAIT& cell& activation& is&most& likely&not&unique& to&

MAIT& cells.& & Nevertheless,& given&MAIT& cell’s& prevalence& at& common& sites& of& infection,& cytokine?driven&

MAIT& cell& activity& may& play& a& role& in& defense& against& certain& infections& in- vivo.& In- vivo& challenge&

experiments&will&be&needed&to&address&this&possible&anti?microbial&function&for&MAIT&cells.&&
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&

A$Protective$Role$for$MAIT$cells$in$Immunity$to$Microbial$Infection$

$ The&hypothesis&that&MAIT&cells&are&innate&like&T&cells&with&a&protective&role&in&the&antimicrobial&

immune&response&has&been&supported&by&mouse&models&where&the&deletion&of&MR1,&and&hence&MAIT&

cells,&rendered&mice&more&susceptible&to&bacterial&infections&&(Chua&et&al.,&2012;&Georgel&et&al.,&2011;&Le&

Bourhis&et&al.,&2010;&Meierovics&et&al.,&2013).&The& first& indication&of&a& role& for&MAIT&cells& in-vivo& came&

from& Le& Bourhis& and& colleagues& who& showed& in& mice,& expressing& a& transgenic& MAIT& TCR,& that& those&

without& MR1& (MR1?/?)& were& significantly& less& able& to& control& growth& of& E.- coli& after& intraperitoneal&

injection& (Le& Bourhis& et& al.,& 2010).& Three& other& groups& have& subsequently& challenged& C57/BL6&WT& or&

MR1?/?&mice&with&a&range&of&microbial& infections&and&found&MAIT&cells& to& influence&control&of&bacterial&

infection.&The&role& for&MAIT&cells& in&control&of&gram?negative&Enterobacteria&septicemia&was&tested&by&

giving&WT&or&MR1?/?&mice&intraperitoneal&injections&of&Klebsiella-pneumoniae,-E.coli,-Yersinia-enterolitica,-

or& Shigella- dysentariae- (Georgel& et& al.,& 2011).- Upon& injection& of& Klebsiella- pneumoniae,& MR1?/?& mice-

sustained&higher&bacterial&loads,&lower&temperatures,&and&survived&less&well&in&comparison&to&WT&mice.&

This&key&finding&suggested&that&MAIT&cells&play&a&role&in&immunity&to&K.-pneumoniae&infection.&However,&

WT&and&MR1?\?&mice&handled& infection&by& the&other& three&bacteria&equivalently,& suggesting& that&MAIT&

cells&do&not&play&a&significant&role&in&protection&from&these&pathogens.&In&this&regard,&it& is&important&to&

note& that& these& results& contradict& the& finding& from& Le& Bourhis& et& al.& that& MAIT& cells& play& a& role& in&

protection& from&E.- coli.&However,& Le&Bourhis&et&al.,& tested& their&model& in&mice&made& transgenically& to&

uniformly& express& the& MAIT& TCR,& where& up& to& 80%& of& the& T& cell& repertoire& express& a& MAIT& TCR.&

Therefore,&protection&might&depend&upon&high&frequencies&of&circulating&MAIT&cells.&The&role&for&MAIT&

cells&in&control&of&mycobacteria&was&tested&using&an&established&respiratory&infection&model&of&M.-bovis&

BCG&in&WT&or&MR1?/?&mice.&Mice&deficient&in&MR1&sustained&a&10?fold&higher&bacterial&load&in&the&lungs&at&

10& days& post& infection,& but& an& equivalent& bacterial& load& at& 30& days& post& infection& (Chua& et& al.,& 2012)&
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Lastly,&MAIT&cells&have&also&been& implicated& in& the& induction&of& immunity& to&Francisella- tularensis-LVS&

(Meierovics&et&al.,&2013).&The&Cowley& lab& first&observed&that&MAIT&cells&expanded& in& the& lungs&of&mice&

that&were&given&an& intranasal&challenge&with&F.- tularensis-LVS.&Using&knockout&mice,& they&also&showed&

that&MR1&and&IL?12&were&required&for&MAIT&cell&expansion&and&bacterial&growth&control.&MR1&deficient&

mice& had& defects& in& early&mucosal& cytokine& production,& recruitment& of& classically?restricted& CD4+& and&

CD8+&IFN#&producing&T&cells,&and&control&of&bacterial&growth.&This&was&the&first&time&that&MAIT&cells&were&

implicated&in&direct&or&indirect&recruitment&of&adaptive&immune&cells&to&the&site&of&infection.&&

& &In& sum,& these&murine& studies& implicate& a& role& for&MAIT& cells& in& the& early& stages& of& bacterial&

containment& during& infection.&While& all& bacteria& tested& were& strains& capable& of& generating& riboflavin&

antigens& for&MAIT& cells,& not& all& infection& models& seemed& to& have& a& protective& role& for&MAIT& cells& in&

immunity& (E.coli,-Yersinia-enterolitica,-or&Shigella-dysentariae).&This&may&be&because&the&bacteria&were&

not&anatomically&located&at&the&site&they&would&naturally&infect.&&

&

MAIT$TCR$Repertoire$

The& human& MAIT& TCR& typically& contains& a& semi?invariant& TCR& α?chain& comprised& of& TRAV1<2&

joined&to&TRAJ33,&or&less&commonly&TRAJ12&and-TRAJ20,&with&a&limited&range&of&TCR&"?chains&commonly&

TRBV20-or-TRBV6& in&which&the&CDR3"& loop&is&hypervariable&(Birkinshaw&et&al.,&2014).&This&generality& is&

derived& from& characterizing& the& TCR& repertoire& of& MAIT& cells& in& the& blood& of& healthy& individuals.&

However,&the&full&repertoire&of&TCRs&that&can&respond&to&MR1?Ag&is&unknown.&Also,&the&TCR&repertoire&

outside&of&the&peripheral&blood&is&also&unknown.&&In&this&thesis,&I&addressed&the&hypothesis&that&the&MR1?

restricted&T&cell&TCR&repertoire&is&comprised&of&TRAV1?2+&and&TRAV1?2?&T&cells.&&

&

MAIT$TCR$Structure$$
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How& do&MAIT& TCRs& engage&MR1?ligand& and& why& are& only& certain& ligands& activating?& Ternary&

structures& of&MR1& bound& to& different& ligands& and& engaged& by& different&MAIT& TCRs& revealed& a& highly&

conserved&docking&and&recognition&pattern&(Reantragoon&et&al.,&2012).&&It&is&clear&that&the&TRAV1?2&alpha&

chain&and& limited&set&of&beta&chains&used&by&MAIT&TCRs&make&direct&contacts&with&MR1&and&activating&

ligands&but&not&non?activating& ligands&(Lopez?Sagaseta&et&al.,&2013a;&Patel&et&al.,&2013).&With&regard&to&

the& TCR!,& one& residue& of& the& CDR3!& sequence,& Tyrosine& 95& is& the& anchor& of& this& interaction& and&

conserved&across&MAIT&TCRs.&In&contrast,&mutagenesis&screens&have&not&found&any&necessary&residues&in&

the&different&MAIT&TCR"&chains&(Reantragoon&et&al.,&2012);&but&instead&have&observed&a&compensatory&

TCR"&mechanism& that& converges& on& a& consensus& docking&mode& for& the& entire& TCR& on&MR1& on& every&

ternary& structure& solved& to& date& (Eckle& et& al.,& 2014;& Gherardin& et& al.,& 2016;& Patel& et& al.,& 2013).& This&

mechanism& highlights& how& differential& TCR"& chain& usage& could& be& accommodated& within& the& highly&

conserved&MR1&docking&mode&that&forms&the&basis&for&MAIT&cell&activation&by&diverse&microbes.&In&sum,&

the& semi?invariant&MAIT& TCR& recognizes& riboflavin& and& folic& acid& synthetic& intermediates& stabilized& by&

MR1&in&a&conserved&docking&mode.&

&

MAIT$TCR$Heterogeneity$leads$to$Discrimination$between$Antigens$and$Microbes$

& While&MAIT& cells& are& defined& by& their& expression& of& a& TCR& including& TRAV1?2,& recent& studies&

show&accumulating&evidence&of&unanticipated&MAIT&TCR&heterogeneity&through&more&diverse&TRAJ&gene&

usage,&and&TRBV&gene&usage,& in&addition& to& random&nucleotide&additions& in& the&CDR3& regions&used& to&

detect&MR1?ligand&(Gold&et&al.,&2010a;&Gold&et&al.,&2014;&Greenaway&et&al.,&2013;&Lepore&et&al.,&2014b;&

Reantragoon& et& al.,& 2013;& van& Schaik& et& al.,& 2014).& Specifically,& this& was& first& recognized& through&

genotypic&characterization&of&several&M.-tuberculosis?reactive&MR1?restricted&T&cell&clones& (Gold&et&al.,&

2010a).&More&recently,&Reantragoon$et&al.,&used&an&MR1&tetramer&loaded&with&potent&stimulatory&ligand&
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rRL?6?CH2OH&to&define&the&underlying&TCR&diversity&of&MAIT&cells&able&to&interact&with&MR1&in&the&blood&

(Reantragoon&et&al.,&2013).&&

& How&does&TCR&variability&contribute&to&MAIT&cell&reactivity&to&different&MR1?ligands?&MAIT&cells&

might&have&the&capacity&to&respond&to&antigen&selectively&within&the&confines&of&an&innate?like&system,&or&

merely&require&different&thresholds&of&affinity&for&activation&or&for&alternate&effector&functions.&A&recent&

study&evaluated&the&functional&relevance&of&the&semi?invariant&nature&of&the&MAIT&TCRs.&Analysis&of&the&

MAIT&TCR&repertoire&of&individuals&based&on&functional&reactivity&to&infection&by&different&microbes&and&

expression&of&TRAV1?2,&revealed&pathogen&selectivity&through&oligoclonal&MAIT&TCR&usage&(Gold&et&al.,&

2014).&The&ex-vivo&CD8+&T&cell&cytokine&response&to&Mycobacterium-smegmatis,-Salmonella-typhimurium,-

and-Candida-albicans,&from&4&individuals&was&analyzed.&&The&functional&TRAV1?2+&T&cells&were&sorted&and&

the&TCR&!&and&"&chains&used&by&them&were&determined.&Although&no&‘microbe?specific’&MAIT&TCRs&were&

found,& interestingly,& each& individual& preferentially& used& slightly& different& TCRs& to& respond& to& each&

microbe.& For& the& first& time,& this& study& shows& the& ability& of& individual& MAIT& TCRs& to& contribute& to&

recognition&of&certain&microbial&infections&more&than&others.&In&support&of&MAIT&TCR&ligand&selectivity,&it&

has&been&shown&that&MAIT&cell&clones&with&distinct&TCRs&can&discriminate&between&synthetic&riboflavin?

derived&MR1&ligands&(Gold&et&al.,&2014).&&

Gherardin& et& al.,& also& addressed& how& MAIT& TCR& heterogeneity& would& impact& MR1?restricted&

recognition& of& the& previously& described& riboflavin?& and& folate?derived& ligands& (Gherardin& et& al.,& 2016).&

They& found& that& certain& MAIT& cells& expressing& atypical& TCR"& chains& used& this& beta& chain& to& be&

autoreactive& to& MR1& or& to& respond& selectively& to& folate& derivative& antigens& (MR1& ligands& previously&

described& to& be& antagonistic).& Furthermore,& they& discovered& T& cells& that& used& TCR& chains& never&

associated&with&MAIT&&

&

$ $
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Table$1:$A$summary$of$contrasting$characteristics$between$classicallyCrestricted$CD8+$T$cells$and$MAIT$
cells.&
T$Cell$Feature$ ClassicallyCrestricted$CD8+$T$cells$ MAIT$Cells$
T$Cell$Receptor$
Repertoire$

Diverse&TCRs& Semi?invariant&TCRs&

Antigen$Presentation$
Restriction$

Polymorphic&MHC&class&I& Non?polymorphic&MR1&

Antigen$Specificity$ Peptides& small&vitamin&B2&synthetic&
intermediates&

Thymic$Selection$ On&thymic&stromal&cells& On&hematopoietic&cells&

Abundance$ Low&frequencies& High&frequencies&

Effector$Timeline$ Slow&–&requires&clonal&expansion&
over&1&to&2&weeks&

Rapid&–&pre?armed&without&
division,&response&time&in&hours&

Tissue$Localization$ In&circulation,&then&traffic& Present&at&specific&mucosal&sites&
Memory$Responses$ Memory&–&long&lasting&protection& Innate?like:&no&evidence&for&

memory&responses&
&

cells& previously,& that& displayed& MR1?restricted& reactivity& to& folate& derivative& antigens.& These& folate&

derivative& antigens& had& been& previously& thought& to& be& MAIT& cell& antagonists.& The& affinity& of& these&

atypical&TCRs& to&MR1&alone&or&MR1?folate&derivative&antigens&was&significantly&weaker& than& that& seen&

with&MAIT& cells.& This& study&highlighted&how&different& TCRs& can& selectively& react& to& folate&or& riboflavin&

derived&MR1&ligands,&and&showed&that&the&pool&of&MR1&restricted&TCRs&is&more&diverse&than&previously&

recognized.&Nevertheless,&the&prevalence&of&non?TRAV1?2&TCRs&that&recognize&MR1?antigen,&or&their&role&

in& detection& of& microbial& infection,& has& not& been& addressed.& Table& 1,& above,& summarizes& the& most&

contrasting&differences&between&MAIT&cells&and&classically?restricted&CD8+&T&cells.&&

& My& thesis& project& can& be& divided& into& three& parts& with& a& theme& of& T& cell& receptors:& 1)&MR1?

restricted& TCRs& used& in& the& thymus,& 2)& the& effects& of& TCR& diversity& on&MR1?restricted& T& cell&microbial&

recognition,&and&3)&direct&paralysis&of&TCR&signal&transduction&by&a&family&of&viral&immune&evasion&genes.&

In&Chapter&2&I&will&first&describe&two&approaches&I&used&to&ask&whether&the&use&of&the&semi?invariant&TCR&

by&MAIT&cells,& is&pre?disposed&during&thymic&development.&Studies&presented&in&Chapter&3&address&the&

prevalence& of& alternative& (TRAV1?2& negative)&MR1?restricted& TCRs& across& individuals.& T& cell& cloning& of&



Meermeier&Dissertation&

& 40&

TRAV1?2&negative&MR1?restricted&T&cells&allowed&me&to&address&whether&alternate&MR1&ligands&outside&

of& riboflavin?derivatives&might& exist.& Since&we&have& access& to& a& library& of&microbes& at& the&VA&hospital&

microbiology& laboratory,&we& also& had& the& opportunity& to& determine&whether& different&MR1?restricted&

TCRs& had& the& ability& to& recognize& discrete&microbial& infections.& Finally,& Chapter& 4& diverges& from&MR1?

restricted&T&cells&in&a&collaborative&project&with&the&Fruh&Laboratory&(VGTI).&In&this&project&we&addressed&

the&hypothesis& that&virulent&orthopoxviruses& like&Variola,&use&an&evasion&gene&product& to&cause&direct&

functional&paralysis&of&human&T&cells&and&moved&towards&uncovering&the&mechanism.&

&

& &
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Chapter(1.5(Technical(Advances(for(the(Isolation(and(Enumeration(of(
MR1Erestricted(T(cells((
&
$ The& field& of& MAIT& cell& biology& has& grown& steadily& from& the& emergence& of& methods& to&

phenotypically&and&functionally&analyze&these&unique&T&cells.&In&the&following&section,&I&will&describe&and&

compare&the&most&common&methods&I&used&to&explore&MR1?restricted&T&cells&in&this&thesis.&&

&

T$cell$Lines$for$Analysis$of$Oligoclonal$T$cells$

& The&generation&of&T&cell&lines&is&most&widely&used&when&the&frequency&of&an&antigen&specific&cell&

of& interest& is& below& the& limit& of& detection.& Antigen& specific& T& cell& lines& established& from& patients& in&

healthy&or&diseased&states&are&useful& in&determining&the&presence&or&absence&of&antigen&specific&T&cell&

reactivity.&T&cell&lines&are&in-vitro-cultures&of&T&cells&grown&by&repeated&cycles&of&stimulation.&This&method&

is&primarily&used& to&enhance& the&proportion&of&antigen?specific&T& cells& from&a&polyclonal&population& in&

order& to&study& the&properties&of&an&oligoclonal&population.& It& is&much& less& time?,& labor?,&and& resource?&

intensive& than&generating&T&cell& clones,&as&described&next.& In&Chapter&3&of& this& thesis,& I&depleted&MAIT&

cells& from& healthy& individual’s& blood& and& then& used& the& T& cell& line& method& to& enrich& for& other&

Mycobacterium-smegmatis?reactive&CD8+&T&cells.&T&cell& lines&are&usually&not&a&terminal&experiment,&but&

instead& used& to& isolate& T& cells& of& interest& for& further& characterization.& This& method& should& not& be&

confused&with&immortalized&lymphoma&T&cell&lines,&like&Jurkat&cells.&

$

Limiting$Dilution$Analysis$(LDA)$for$Isolation$of$Monoclonal$T$cells$

& To&get&a&detailed&characterization&of&clearly&defined&features&of&T&cells,&such&as&their&paired&!"&

TCR&usage,&or&antigen&specificity,& the&generation&of& individual&T&cell& clones& is&necessary.& & The&LDA&was&

originally& designed& to& measure& the& frequency& of& lymphocytes& able& to& respond& to& a& given& antigen.&&

Because&it& is&set?up&to&isolate&clonal&T&cells,& I&have&used&it& in&this&thesis&solely&for&that&purpose.& & In&this&
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assay& T& cells& are& cultured& under& limiting& dilution& conditions& and& must& survive& and& proliferate& to&

stimulation&in-vitro.&In&this&thesis,&I&used&polyclonal&stimulation&instead&of&a&specific&antigen&to&expand&all&

T& cells& with& the& capacity& to& survive& from&my& input& population,& in& Chapters& 2& and& 3.& Limiting& dilution&

conditions&entail& that&T&cells&are&diluted&at&very&small&numbers&per&well&across&multiple&plates& (usually&

30,&3,&and&0.3&cells&per&well)&and&cultured&under&perfect&survival&conditions,& ideally&so&that&every&T&cell&

has&a&chance&to&proliferate.&A&single&T&cell& is&allowed&to&clonally&expand&into&~2x105&identical&cells&over&

the& course& of& two& weeks.& The& LDA& makes& use& of& the& Poisson& distribution& to& calculate& whether& the&

resulting& T& cell& populations& were& actually& derived& from& single& T& cells.& & This& equation& defines& a&

relationship&between&the&proportion&of&positive&culture&wells&and&the&amount&of&cells&plated&per&well.&

From&the&Poisson&distribution,&it&is&predicted&that&one&T&cell&was&added&per&well&if&67%&of&wells&did&not&

have& growth.& While& the& LDA& method& is& one& of& few& ways& to& study& a& T& cell& in& isolation,& it& is& labor?,&

resource?,&and&graduate&student&coffee?intake&?intensive.&However,&there&are&many&benefits&to&having&T&

cell& clones& to& study& antigen& specific& responses.&Aside& from& their& uniformity,& T& cell& clones’& phenotypes&

and&function&are&stable&over&time&and&need&only&to&be&rapidly&expanded&with&anti?CD3&in&preparation&for&

experiments.&In&the&case&of&MAIT&cells&and&maybe&other&T&cells,&variations&of&this&protocol&can&be&used&to&

generate&immortalized&T&cell&clones&as&I&will&discuss&in&Chapter&2.&&

ELISPOT$

& The&ELISPOT&assay& is&used&to&enumerate&antigen?specific&T&cell& responses&by& their&secretion&of&

cytokines& –& specifically& in& this& thesis,& the& cytokine& IFN?#.& This& method& was& first& described& in& the& late&

1990s,&and&is&a&deviation&from&the&ELISA&assay.&An&ELISPOT&makes&use&of&an&antibody?coated&membrane&

inside&of&a&96?well&plate&to&capture&IFN?# secreted&by&activated&T&cells.&Each&well&of&the&plate&can&contain&

different&conditions&to&test&the&activation&parameters&of&the&T&cell,&such&as&dendritic&cells&infected&with&

different&microbes& in&Chapters&2&and&3&of&this&thesis.&The&cytokine& is&detected&as&colored&spots&on&the&
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membrane&and&counted&with&a&spot?enumeration&camera.&The&primary&advantage&of&the&ELISPOT&assay&

is&that&&many&variables&can&be&tested&simultaneously&while&requiring&only&a&small&number&of&T&cells.&&

$

Flow$Cytometry$

$ Surface$Protein$Expression$

$ Flow&cytometry&is&used&to&analyze&protein&expression&at&the&single&cell&level&through&the&use&of&a&

staining&procedure&with&monoclonal&antibodies&conjugated&to&different& fluorophores.&Flow&cytometers&

can& also& `sort’& cells& based& on& protein& expression& through& a& method& called& fluorescent?activated?cell?

sorting&or&FACS.&MAIT&cells&are&most& routinely& identified&by& their& surface&marker&expression,& including&

their& expression& of& the& semi?invariant& TCR,& TRAV1?2,& by& using& antibodies& recently& generated& that& are&

specific& to& this& TCR!& (Gold& et& al.,& 2010a;& Le& Bourhis& et& al.,& 2010).& However,& given& that& classically&

restricted?& and& CD1b?restricted& T& cells& can& also& use& TRAV1?2,& expression& of& this& TCR& alone& is& not&

sufficient&for&the&identification&of&MAIT&cells.&MAIT&cells&also&express&CD161&(Dusseaux&et&al.,&2011),&or&

KLRB1,&a&C?type&lectin&with&unknown&function&that&has&been&associated&with&NK&and&NKT&cells&(Martin&et&

al.,& 2009a).& TRAV1?2+CD161+& cells& are& routinely& identified& as& MAIT& cells& in& our& field.& However,& upon&

activation&or&when&a&T&cell& is& localized&to&tissue,&CD161&can&be&downregulated&from&the&surface&of&the&

cell&making& this& an&unstable&phenotype.&To&work&around& this& limitation,& Sharma&et&al.,& recently& found&

that&CD26,&also&known&as&dipeptidyl&peptidase?4,& specifically& identifies&MAIT&cells.&They&demonstrated&

that& all& CD8+TRAV1?2+CD26+& but& not& all& CD8+TRAV1?2+CD161+& cells& could& produce& TNF!& cytokine& in&

response&to&bacterially&infected&cells&in&an&MR1&dependent&manner&(Sharma&et&al.,&2015b).&Other&surface&

markers& that& are& associated&with&MAIT& cells& include& the& IL?18& receptor& and& the& chemokine& receptors&

CCR6,&CCR5,&and&CXCR6&which&are&associated&with&the&ability&of&lymphocytes&to&traffic&to&tissues&(Gold&et&

al.,& 2010a;&Martin& et& al.,& 2009a;& Treiner& et& al.,& 2005).& PLZF& has& been& proposed& as& a& key& transcription&

factor& for&MAIT& cells,& although& curiously,& it& is& absent& in& the& rare&murine&MAIT& cells& (Fergusson& et& al.,&
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2014;& Martin& et& al.,& 2009a).& This& transcription& factor& is& essential& for& the& development& of& another&

unconventional&T&cell&subset,&NKT&cells&(Savage&et&al.,&2008),&and&is&responsible&for&enabling&an&effector&

memory&program& in&T& cells,& prior& to& agonist& TCR& signaling,& an&aspect&of& `innate&T& cells’& (Savage&et& al.,&

2011;&Thomas&et&al.,&2011).&It&remains&to&be&determined&whether&PLZF&is&essential&for&MAIT&cell&biology.&&

&

$ The$Intracellular$Cytokine$Staining$assay$(ICS)$

& The& ICS& assay& is& used& to&measure& the& propensity& of& a& T& cell& to& become& activated& through& its&

secretion&of&cytokines,&similar&to&the&ELISPOT.&However,&the&ICS&assay&is&more&powerful&because&of&it&is&

based&on&flow&cytometry,&and&therefore&measures&phenotypic&characteristics&and&multiple&cytokines&on&

a& single& cell& basis.& T& cells& are& usually& incubated& overnight& in& culture& conditions& containing& antigen&

presenting&cells&and&antigen.&Brefeldin?A&is&added&as&well,&which&blocks&the&secretion&of&cytokines,&which&

makes& them& accumulate& intracellularly,& rendering& detectable& after& the& cell& is& permeabilized.& In& this&

thesis,&I&routinely&measured&the&cytokines&TNF!&and&IFN#, produced&by&non?classically&restricted&T&cells&

through&a&variation&of& the& ICS&assay&developed&by&Marielle&Gold& (Gold&et&al.,&2010a;&Gold&et&al.,&2013;&

Gold& et& al.,& 2014;&Meermeier& et& al.,& 2016;& Sharma& et& al.,& 2015b).& This& assay& uses& the& human& alveolar&

epithelial?derived&A549&cell&line&that&expresses&unique&MHC&class&I&alleles&that&are&mismatched&to&alleles&

expressed&by&our&PBMC&donors&and&that&does&not&express&MHC&class&II.&Therefore,&this&cell&line&does&not&

permit&antigen&specific&activation&of&classically&restricted&T&cells.&Nevertheless,&the&A549&cell&line&can&be&

infected&with&mycobacteria&(Harriff&et&al.,&2014)&and&loaded&with&MR1?ligands&readily.&&

&

Tetramers$

& In&the&late&1990s,&tetramers&were&developed&for&direct&enumeration&of&antigen?specific&T&cells&in&

a& fashion&unbiased&by&phenotype&or& function& (Altman&et&al.,&1996).&Tetramer&staining&has&become&the&

new&`gold&standard’&and&mostly&replaced&the&LDA&for&measuring&frequencies&of&antigen&specific&T&cells.&
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This&is&because&tetramer&staining&could&detect&10?100&times&more&cells&than&the&LDA,&as&first&exemplified&

with& LCMV?specific& T& cells& (Murali?Krishna& et& al.,& 1998).& Structurally,& this& tool& is& comprised& of& four&

recombinant& antigen& presenting&molecules,& loaded&with& an& antigen,& and& bound& together& by& a& biotin?

streptavidin&bond,&and&then&conjugated&to&a&fluorophore.&&Recently,&tetramers&were&developed&to&label&

MAIT& cells& using& an&MR1& tetramer&bound& to& the& riboflavin& intermediate&5?OP?RU& (Reantragoon&et& al.,&

2013).& One& of& the& limitations& of& using& tetramers& to& study& T& cells& is& that& the& antigen&must& be& known.&

However,&a& second&generation&of& the&MR1& tetramer&has& just&been&developed& to&circumvent& this& issue&

(manuscript- in-preparation,-Harriff&et&al.,& Lewinsohn&and&Erin&Adams& laboratories).&When&recombinant&

MR1& is& folded& in& the& presence& of& a& bacterial& species,& such& as&E.- coli,&MR1& is& loaded&with& a&myriad& of&

putative&antigens.&Another&limitation&is&that&one&cannot&assume&that&a&T&cell&that&stains&with&a&tetramer&

is& functional.&The&tetramer&method&must&be&coupled&with&a&functional&T&cell&readout,&such&as&cytokine&

production,& to& determine& its& role& in& the& immune& response.& I& use& both& of& these& MR1& tetramers& in&

Chapters&2&and&3&of&this&thesis&to&identify&MR1?restricted&T&cells.&

& &
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Chapter&2:&MR1Erestricted(T(Cell(Clones(Display(a(Focused(TCR(
Repertoire(in(the(Thymus&
$

Chapter$2$Abstract$$

& Human&MAIT&TCRs&are& semi?invariant&and& typically& comprise&a&TRAV1<2/TRAJ33& gene?encoded&

α?chain&paired&with&a&limited&array&of&TCR&β?chains.&Whether&or&not&this&limited&usage&of&TCRs&is&due&to&

their& developmental& ontology& or& focused& due& to& exogenous& antigen& exposure& is& unclear.& MAIT& cells&

develop& in& the& thymus& but& are& rare& in& frequency& compared& to& the& peripheral& blood& and& tissues.& To&

evaluate&the&thymic&MAIT&TCR&repertoire,&the&TCRs&that&were&able&to&interact&with&MR1/Ag&by&tetramer&

staining&were&defined&and&their&TCRs&were&sequenced.&A&wide&variety&of&TCRs&recognized&MR1/Ag&in&the&

thymus.& Then& we& compared& this& repertoire& to& the& tetramer+& thymocytes& that& survived& in& a& limiting&

dilution?based& cloning& culture& using& polyclonal& anti?CD3& stimulation.& This& provided& an& overall&

assessment&of&TCRs&used&by&MR1?restricted&T&cells&in&the&thymus&that&were&destined&to&survive,&prior&to&

exposure&to&peripheral&antigen&that&could&skew&the&repertoire.&Using&functional&analysis,&we&found&that&

the& thymic&MAIT& TCR& repertoire&mirrored& the& semi?invariant& TCRs& used& in& the& periphery& and& all& had&

innate& anti?microbial& responses.& These& data& suggest& that& the& MR1?restricted& TCR& repertoire& in& the&

periphery,&which&is&mainly&TRAV1?2+,&is&probably&generated&by&their&development&in&the&thymus,&and&not&

merely& due& to& peripheral& antigen?specific& expansions.& In& sum,&MAIT& thymocyte& T& cell& clones& display& a&

TCR&repertoire&and&antigen&specificity&similarly&to&MAIT&cells&in&the&periphery.&

&

$

&

&

&

&
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Data&from&this&chapter&are&unique&to&this&thesis&and&have&not&been&published.&$

$

Effort$Statement$

Data&in&Figure&1&and&2&were&the&result&of&experiments&performed&by&Irina&Kurtz&with&Dr.&Marielle&Gold.&

TCR!"& sequencing&was& performed&by& James&McLaren,& Cardiff&University.& The& rest& of& the& experiments&

were&performed&by&Erin&Meermeier,&with&technical&assistance&from&Irina&Kurtz.&

&

$ $
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Chapter(2(Introduction((
&
& A&unifying&feature&of&CD8+&T&cells&is&their&ability&to&identify&and&lyse&cells&harboring&intracellular&

infection& (Zhang& and& Bevan,& 2011).& CD8+& T& cells& recognize& infection& through& classical& antigen&

presentation&(on&MHC?Ia),&or&by&non?classical&antigen&presentation&(Rossjohn&et&al.,&2014).&While&most&

research& has& focused& on&MHC?Ia& restricted& CD8+& T& cells& that& have& integral& roles& in& classical& adaptive&

immunity,& the& role& of& non?classically& restricted& T& cells& seems& to& bridge& innate& and& adaptive& immunity&

(Rodgers& and& Cook,& 2005).& In& general,& non?classical& antigen& presentation& systems& utilize& non?

polymorphic&molecules&such&as&MR1&and&are&shared&by&all& individuals& in&a&species&(Adams&and&Luoma,&

2013;&Edholm&et&al.,&2013;&Huang&et&al.,&2009).&Non?classically&restricted&T&cells&can&also&display&limited&T&

cell&receptor&(TCR)&repertoire&diversity&(Godfrey&et&al.,&2015).&Finally,&in&contrast&to&MHC?Ia&restricted&T&

cells& that& require&priming& and& clonal& expansion& to& respond& to& an& infection,&MR1?restricted& T& cells& can&

emerge&from&the&thymus&as&effector&T&cells&(Gold&et&al.,&2013).&Therefore,&they&have&the&opportunity&to&

play&an&initial&role&in&rapidly&recognizing&a&primary&infection&alongside&the&innate&immune&system.&&

& Like&MHC?Ia&restricted&T&cells,&MAIT&cells&develop&in&the&thymus.&There,&MAIT&cells&first&perform&

TCR& gene& rearrangement& by& somatic& recombination& and& undergo& positive& selection.& However,& while&

conventional& CD8+& T& cells& are&positively& selected&on& cortical& thymic& epithelial& cells& expressing&MHC?Ia,&

non?classically?restricted& T& cells& are& selected& on& CD4+CD8+& “double& positive& (DP)”& hematopoietic& cells&

(Bendelac,&1995;&Cho&et&al.,&2011;&Treiner&et&al.,&2003;&Urdahl&et&al.,&2002).&As& it& specifically& relates& to&

MAIT& cells,& the& near& absence& of& detectable&MR1& surface& expression& in& general& has& slowed& efforts& to&

identify& the&cell& type& involved& in& the& intrathymic&selection&of&MAIT&cells.&Nevertheless,& several& lines&of&

evidence& show& that& their& selection&depends&upon&MR1&on&DP&hematopoietic& cells& (Seach&et& al.,& 2013;&

Treiner& et& al.,& 2003).& However,& only& uniform& low&MR1& expression& was& detected& in& these& murine& DP&

thymocytes;&leading&the&authors&to&hypothesize&that&this&cell&type&is&important&for&MAIT&cell&selection&for&

reasons& other& than& high& MR1& expression.& DP& MR1+& thymocytes& could& possibly& uniquely& present& an&
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endogenous&MR1& ligand& in& the& thymus& to& developing&MAIT& cells.& Alternatively,& DP& thymocytes& could&

express&a&unique&co?stimulatory&protein&necessary&for&MAIT&cell&development.&&

& The& human& thymus& also& contains& developing& non?classically& restricted& T& cells& with& innate&

effector& capabilities& (Gold& et& al.,& 2008).& A& proportion& of& these& cells& are& MAIT& cells,& with& a& naïve&

phenotype& (Martin& et& al.,& 2009a).& In& contrast& to& the& mouse& thymus,& the& human& thymus& contains& a&

population&of&hematopoietic&DP&T&cell&thymocytes&that&express&high&levels&of&surface&MR1&(Gold&et&al.,&

2013).&However,&the&characteristics&of&these&cells,&whether&they&can&act&as&antigen&presenting&cells,&and&

whether& they& are& the& cell& type& responsible& for& selecting&MAIT& cells& remains& to& be& determined.& Taken&

together,&these&data&suggests&human&MAIT&cells&are&selected&in&a&similar&manner&to&murine&MAIT&cells,&

but&this&remains&to&be&definitively&demonstrated.&

$ The& TCR& repertoire& of& MR1?restricted& T& cells& during& development& in& the& human& thymus& is&

unclear&because&most&studies&have&focused&on&defining&the&repertoire&in&peripheral&blood.&Human&MAIT&

TCRs&typically&comprise&a&TRAV1<2/TRAJ33&gene?encoded&α?chain&paired&with&a& limited&array&of&TCR&β?

chains& (Gold& et& al.,& 2014;& Lepore& et& al.,& 2014a;& Porcelli& et& al.,& 1993;& Tilloy& et& al.,& 1999;& Treiner& et& al.,&

2003).& However,& as& I& describe& in&more& detail& in& Chapter& 3,& other& TCRs& outside& of& this& archetype& can&

recognize& MR1& presented& antigens& (Gherardin& et& al.,& 2016;& Meermeier& et& al.,& 2016).& Gherardin& and&

colleagues&also&described&TRAV1?2&negative&TCRs&that&bound&selectively&to&MR1&tetramers&loaded&with&

previously&described&MR1&ligands:&riboflavin&metabolites&and&folate&derivatives&(Gherardin&et&al.,&2016).&

Collectively,&these&“TRAV1?2&negative”&TCRs&represent&unprecedented&diverse&TRAV&and&TRBV&usage&by&

MR1?restricted& T& cells.& These& findings& display& that& MR1?restricted& T& cells& can& use& diverse& TCRs& to&

recognize& microbial& infection& by&MR1& antigen& presentation.& MAIT& cells& are& rare& in& the& thymus& when&

identified&by&their&expression&of&TRAV1?2&and&production&of&IFN?#&to&bacterially&infected&cells&ex-vivo.&&

& It& is&clear&that&usage&of&TRAV1?2&TCR&by&MR1?restricted&T&cells&far&dominates&other&TCRs&in&the&

blood;&<2%&of&MR1?restricted&T&cells&in&the&blood&use&alternative&TCRs&(Thesis&Chapter&3).&A&mechanism&
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must& exist& that& favors& TRAV1?2& among&MR1?restricted& TCRs.& So& in& this& chapter,& I& will& try& to& address&

whether& the& MR1?restricted& semi?invariant& TCR& repertoire,& as& observed& in& the& peripheral& blood,& is&

generated&by&development&in&the&thymus&or&if&it&is&focused&in&the&periphery&presumably&due&to&exposure&

to&exogenous&antigen.&

& &
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Chapter(2(Results(
&
The$majority$of$MR1$Tetramer+$cells$in$the$human$infant$thymus$use$TCR!$chains$not$associated$with$

MAIT$cells$in$peripheral$blood$

& To&determine&the&prevalence&of&MAIT&cells& in& the&thymus&and&address&the&hypothesis& that& the&

semi?invariant& TRAV1?2& TCR& is& favored& during& MAIT& cell& development,& human& thymocytes& were& co?

stained& with& an& MR1& tetramer& and& antibody& to& TRAV1?2.& The& MR1& tetramer& was& loaded& with& the&

universal&MAIT&antigen&5?OP?RU,&which&is&a&synthetic&intermediate&of&riboflavin,&&and&has&been&shown&to&

label&all&MAIT&cell& in&the&peripheral&blood&(Reantragoon&et&al.,&2013).&MR1?tetramer+&thymocytes&were&

analyzed&by&flow&cytometry&(Figure&2.1A).&All&thymuses&tested&contained&MR1&tetramer+&thymocytes,&as&

shown& in& Figure&2.1B&and& summarized&on& the& right,&where& the&median& frequency&of& total& thymocytes&

was&0.023%,&n&=&6.&The&gated&MR1/Ag&tetramer+&cells&did&not&have&uniform&expression&of&CD4&or&CD8&or&

CD45RO,& indicating& that& they& were& actively& undergoing& different& stages& of& maturation& (Fig.& 2.1C).&

Importantly,&we&also&observed&that&a&minority&of& the&MR1/Ag&tetramer+&cells&expressed&TRAV1?2& (Fig.&

2.1C).& The&median& frequency&of& tetramer+& thymocytes& that& expressed&TRAV1?2&TCR&was&3.48%& (range&

0.99%& ?& 19.2%),& summarized& to& the& right.& This& data& suggested& that& other& TCR& alpha& chains& could&

recognize&MR1/Ag&in&the&thymus.&&

To& establish& which& TCR!& chains& were& used& by& MR1/Ag& tetramer+& cells& in& the& thymus,& this&

population&was&sorted&from&three&thymuses&and&the&TCR!&genes&were&sequenced.&Shown&in&Figure&2.2&

are&the&productive&TCR!&variable&(TRAV)&genes&used&by&MR1/Ag&tetramer+&CD4+CD8+&thymocytes&in&each&

thymus.&The&TCR!& joining&genes&displayed&similar&diversity&(data&not&shown).&This&sequencing&suggests&

that&diverse&TCR!&gene&rearrangements&can&be&used&by&thymocytes&to&interact&with&MR1/Ag.&&

& &
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& &

Figure$ 2.1.$ MR1Crestricted$ T$ cells$ are$ rare$ in$ the$ human$ thymus$ and$ express$ diverse$ T$ cell$

receptors&$

(A)& Representative& flow& cytometry& dot& plot& showing& the& gating& used& for& analysis& of& thymocytes.&

Dead& cells& were& excluded& based& on& Live?dead& viability& dye,& then& thymocytes& were& gated& on&

lymphocyte&shape&by&FSC?area&and&SSC?area.&&

(B)&Flow&cytometry&dot&plots&showing&all&MR1?restricted&T&cell&by&staining&with&the&MR1?5?OP?RU&

tetramer& (y?axis)& by& CD3& (x?axis),& representative& of& six& donors,& examined& across& 3& independent&

experiments.&The&summary&on&the&right&is&a&box&plot&of&six&data&points&showing&the&maximum&and&

minimum&values&with&the&box&around&the&25th&and&75th&percentiles.&The&staining&with&no&tetramer&

has&been&performed&once&on&a&paired&sample&with&tetramer&staining.&&

(C)& Representative& flow& cytometry& dot& plot& showing& CD4& and& CD8& expression& of& MR1?tetramer+&

thymocytes& (left),& and& TRAV1?2& T& cell& receptor& and& CD161& expression& (middle),& and& CD45?RO&

isoform&and&CD3&(right).&The&graphical&summary&on&the&right&shows&the&expression&of&TRAV1?2&on&

MR1?tetramer+& thymocytes&across& five& donors& in& two& independent& experiments.& **& indicates&a&p&

value&less&than&0.01&by&an&unpaired&nonparametric&Mann&Whitney&T&test.&&

&
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Figure$2.2$Diverse$TRAV$Gene$Usage$of$MR1Crestricted$Thymocytes$

Pie?charts&showing&distribution&of&TRAV&genes&used&by&T&cells&sorted&from&three&

infant&thymuses.&The&cells&were&sorted&based&on&live,&CD8+,&MR1?5?OP?RU&tetramer+&

thymocytes.&&
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Thymic$MAIT$T$cell$clones$express$TRAV1C2+$TCRs$

Thymocytes& need& to& pass& developmental& thresholds& in& the& thymus& to& survive/mature& or& they&

face&apoptosis.&The&default& is&that&thymocytes&die&without&a&threshold&of&signaling,&via&Notch,&then&via&

the&TCR.&The&requirements&for&MAIT&cell&development&and&their&unique&early&effector&function&are&still&

unclear.& In& order& to& determine& the& characteristics& of& MR1?restricted& T& cells& in& the& thymus,& MR1?

tetramer+&T&cell&clones&were&generated&by&a&limiting&dilution&approach&(Figure&2.3).&The&rationale&for&this&

approach& was& that& we& could& focus& on& thymocytes& that& had& the& ability& to& proliferate,& perhaps& by& a&

survival&signal,&and&would&grow&in&the&limiting&dilution&assay&culture&conditions.&Yet&these&clones&would&

exhibit& a&TCR& repertoire&unchanged&by&peripheral& antigen&exposure.& The& second&benefit& to& studying&T&

cells&by&limiting&dilution&cloning&is&the&ability&to&analyze&features&of&individual&T&cells&in&isolation,&such&as&

paired&T&cell&receptor&use&and&effector&functions.&MR1/Ag&tetramer+&cells&from&thymus&donor&126&were&

sorted& (Fig.&2.3A)&and&we& found& these&cells& to&express&different& levels&of& co?receptor& (Fig.&2.3B).&Next,&

cells&were&sorted&and&&cultured&at&one&cell&per&well&with&limiting&dilution&assay&conditions&and&polyclonal&

stimulation& to& non?specifically& expand& each& thymocyte.& Through& this& process& ten& T& cell& clones& were&

obtained&(Table&2.1).&&

Each&T&cell&clone&was&given&a&name&based&on&its&co?receptor&expression&at&the&time&of&cell&sorting&

from&the&thymus& (column&1&of&Table&2.1).&The&majority&of& the&thymus?MAIT&clones&were&derived& from&

double&positive&thymocytes.&In&order&to&determine&the&unique&TCR!&and&"&chains&used&by&each&clone,&we&

performed&TCR&sequencing&at&each& locus.&The&TCR&gene&usage&and&CDR3!& and&"&hypervariable&amino&

acid&sequences&are&shown&in&Table&2.1.&In&regards&to&the&TCR&! chain,&all&ten&thymus?MAIT&clones&used&

TRAV1<2- and- TRAJ33- or- TRAJ20,& as& has& been& described& as& the& predominant& TCR!& rearrangement& for&

MAIT&cells&in&the&periphery.&All&ten&CDR3! sequences&had&MAIT&match&scores&greater&than&0.9,&&



Meermeier&Dissertation&

& 56&

&
& &

Thymus 3
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Figure$2.3$Isolation$of$MR1Crestricted$thymocyte$T$cell$clones$

(A)&FACS&dot&plot&of&thymocytes&from&donor&126&gated&on&single&events&that&were&#$TCR?,&

with&MR1?tetramer&staining&on&the&x?axis&and&viability&staining&on&the&y?axis.&This&dot&plot&

shows&1e6&cells&from&this&sample.&The&gate&shows& the&cells&that&were&sorted&and&put& into&

culture.&&

(B)&The&FACS&sorted&MR1?tetramer+&cells&were&divided&into&four&populations&based&on&their&

expression&of&CD4&or&CD8&based&on&this&gating&plot.&&

(C)&Schematic&of&T&cell&cloning&procedure&

&
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Chapter(2(Table(2.1((

Clone(
name(

TRAV( CDR3�( TRAJ(
MAIT(
Match(
Score(

TRBV( CDR3�( TRBJ(

DP(EMEB11( 1E2( CAATDSNYQLI( 33( 0.9412( 20E1( CSAGGGGGLNEQF( 2E1(

DP(EMEC5(
1E2(
2"1$

CAVRDGDYKLS(
CAVEENQAGTALI(

20(
15(

0.9628( 15E1( CATSRVTGSYYNEQF( 2E1(

DP(EMED5( 1E2( CAAMDSNYQLI( 33( 0.9576( 6E4( CASSDRGAGGEVTEAF( 1E1(

DP(EMED6( 1E2( CAVKDSNYQLI( 33( 0.9577( 4E1( CASTPGGEAGELF( 2E2(

DP(MGEA4( 1E2( CAVFDSNYQLI( 33( 0.9336( 6E2/6E3( CASSHLAGFPTDTQY( 2E3(

DP(MGEA11(
1E2(
9E2(

CAPMDSNYQLI(
CALSAPPRSSASKII(

3(
33(

0.9453( 20E1( CSARGGGPSEKLF( 1E4(

DP(MGEB4( 1E2( CAVLDSNYQLI( 33( 0.9581( 20E1( CSARGDPVEQY( 2E7(

SP(IKEB12(
1E2(
13E1(

CAVRDSNYQLI(
IYNFNKFY(

33(
21(

0.9567(
6E4(
19E1(

CASSDSNAREQF(
CASLRDPGYT(

2E1(
1E2(

SP(IKEC1( 1E2( CAVKDSNYQLI( 33( 0.9577( 6E1( CASSEPTGSTEAF( 1E1(

DP(JKEA8( 1E2( CAVWDSNYQLI( 33( .9094( 6E4( CASSDPRAYNEQF( 1E2(

&

& &

Table$2.1$Table$of$T$Cell$Clones$Isolated$from$Thymus$126$

The&clone&name&begins&with&an&abbreviation&to&describe&which&FACS&sorted&population&they&came&

from,& double& positive& for& CD4& and& CD8& (DP)& or& single& positive& (SP).& The& MAIT& match& score& is& a&

similarity& score& to& published& TCR& sequences& of& MAIT& cells& (with& 1& being& a& perfect& match& to&

published&sequences;&http://www.cbs.dtu.dk/services/MAIT_Match/).&This&method&was&developed&

by&Morton&Nielsen&at&the&Technical&University&of&Denmark.&

&

&
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indicating&that&they&were&similar&to&published&CDR3! sequences&of&mature&MAIT&cells&found&in&the&blood&

(http://www.cbs.dtu.dk/services/MAIT_Match/)& (Table& 2.1).& The& uniform& expression& of& TRAV1?2& and&

CD3&by&all&ten&clones&indicated&that&they&were&clonal.&However,&three&of&the&ten&thymic&clonal&MAIT&cells&

expressed&two&TCR&alpha&chains&simultaneously&and&reasons&for&this&phenomenon&will&be&addressed&in&

the&discussion.&Finally,&the&thymus&MAIT&T&cell&clones&used&TCR&"&chains&that&have&been&associated&with&

mature&MAIT&cells&(Gold&et&al.,&2014;&Lepore&et&al.,&2014a;&Reantragoon&et&al.,&2013).&

&

Thymus$MAIT$T$cell$clones$express$similar$receptors$as$blood$MAIT$cells$

To& phenotypically& characterize& each& thymus&MAIT& clone,& we& stained& them&with& antibodies& to&

CD3,&CD4,&and&CD8.&We&observed&uniform&expression&of&CD3&but& variable&expression&of&CD4&and&CD8&

among&the&clones&(Figure&2.4).&Clones&MG?A4,&MG?A11,&MG?B4,&IK?C1,&EM?B11,&and&EM?D6&were&double&

positive& for& CD4& and& CD8.&We& observed& that& clones& EM?D5,& EM?C5,& and& IK?B12& were& mainly& double&

positive&but&also&had&some&cells&in&the&transition&to&becoming&CD8&single&positive.&Surprisingly,&the&clone&

JK?A8&only&expressed&CD4&–&peripheral&MAIT&cells&have&never&been&described&within& the&CD4&helper&T&

cell& lineage.& As& shown& in& the& second& column,& all& of& the& T& cell& clones& exhibited& uniform& expression& of&

TRAV1?2.&MAIT&cells&can&also&be&characterized&by&high&expression&of&the&C?type& lectin&receptor,&CD161&

(or&KLRB1)&(Martin&et&al.,&2009a).&Although&the&physiological&function&of&CD161&is&still&not&known,&its&co?

expression& with& TRAV1?2& has& been& widely& used& to& identify& MAIT& cells& and& it& has& been& shown& to& be&

necessary&for&MAIT&cell&activation&(Le&Bourhis&et&al.,&2013a).&We&observed&that&all&thymus&MAIT&clones&

expressed&variable&amounts&of&CD161&(Fig.&2.4).&Other&cell& surface&markers&have&been&associated&with&

MAIT& cells,& including& the& dipeptidyl& peptidase?4& or& CD26& (Sharma& et& al.,& 2015a).& Similarly,& all& of& the&

thymus&MAIT&clones&also&expressed&CD26&(Fig.&2.4).&Collectively,&these&data&show&that& immature&MAIT&

cells&located&in&the&thymus,&already&express&certain&surface&proteins&used&to&characterize&mature&MAIT&

cells&in&the&blood.&&
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&
Figure$2.4$Phenotype$of&MR1Crestricted$thymocyte$T$cell$clones$
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& &

Figure$2.4$Phenotype$of&MR1Crestricted$thymocyte$T$cell$clones$

(A)&The&left&column&displays&a&flow&cytometry&dot&plot&of&CD8&(x?axis)&and&CD4&staining&(y?axis).&The&

next&column&displays&a&histogram&of&TRAV1?2;&then&CD161;&and&finally&CD26&staining&for&each&clone.&&

D426?G11&T&cell&clone&was&used&as&a&positive&control&MAIT&T&cell&clone,&while&D466?A10&T&cell&clone&

(gray&plots)&was&used&as&a&negative&control&for&TRAV1?2,&CD161,&and&CD26&staining&as&is&an&HLA?B45&

restricted&CD8+&T&cell&clone.&Experiment&is&representative&of&two&independent&experiments&(one&in&

the&T&cell&clone&buttons,&one&on&the&rapid&expansion&of&the&T&cell&clone).&&

(B)&Line&graph&of&the&growth&or&decline&of&four&T&cell&clones&cultured&in&RPMI&10%&fetal&bovine&serum&

over&time.&T&cells&were&grown&in&10&mL&and&received&one&dose&of&human&IL?2&[0.3&ng/ml]&on&Day&1.&

IK?C1,& EM?D5,& EM?B11& are& thymus?derived& MAIT& cells,& whereas& D426?G11& is& a& peripheral& blood&

derived&MAIT&T&cell&clone.&This&data& is&representative&of&two&independent&growth&curves&for& IK?C1&

and&D426?G11.&&

(C)&Flow& cytometry&dot&plots& showing& the& expression&of&CD4&and&CD8&co?receptor&proteins&on& the&

surface&of&MAIT&thymocyte&clone&EM?B11&(top)&and&EM?D5&(bottom)&at&the&beginning&and&near&the&

end&of& the& growth& experiment& in& (B).&All&events&were& first& gates&on&single,& live,&CD3+& events.& This&

experiment&has&only&been&done&once.&&

&

&
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By& happenstance,& we& observed& that& the& MAIT& thymocytes& were& continually& proliferating.&

Growth& patterns& over& sixty& days& are& shown& in& Figure& 2.4B& for& thymic& MAIT& clones& compared& to& a&

traditional&MAIT& clone& D426?G11.& In& these& experiments,& we& thawed& from&MAIT& clones& and& placed& in&

culture&with&RPMI&media&supplemented&with&10%&heat& inactivated& fetal&bovine&serum&and&antibiotics.&

The&clones&were&not&given&any&stimulation&but&were&given&one&dose&of&2.5&ng/ml&human&IL?2&on&day&0,&

however&we&have&not&tested&whether&the&T&cell&clones&create&their&own&IL?2.&The&three&thymocyte&MAIT&

clones&proliferated&over& the&60&day&period&while&a& traditional&MAIT&T& cell& clone&did&not.& This& signified&

that&the&thymic&MAIT&clones&lack&cell&cycle&regulation&or&have&a&proliferation&mechanism&that&traditional&

MAIT&cells&do&not.& Interestingly,&the&surface&markers&observed&on&each&T&cell&clone&shown&in&Fig.&2.4A,&

including&their&co?receptor&expression,&did&not&change&over&this&time&period.&&

Thymus$MAIT$T$cell$clones$have$selective$affinities$for$MR1/antigen$tetramers$

The&clonality&and&MR1&reactivity&of&the&thymus&MAIT&clones&was&confirmed&by&staining&with&the&

MR1?Ag&tetramer& loaded&with&the&MAIT&activating& ligand,&5?OP?RU&(Fig.&2.5&A,&B).&Notably,&the&thymus&

MAIT& clones& bound& the&MR1?Ag& tetramer&with& the& same& level& of& intensity& as& the& TRAV1?2+&MAIT& cell&

clone&D426?G11&(Gold&et&al.,&2010a),&while&the&MHC?1a?restricted&clone&D480?F6&(Lewinsohn&et&al.,&2007)&

did&not&bind&the&tetramer.&In&contrast&none&of&the&T&cell&clones&bound&the&MR1&tetramer&loaded&with&the&

MAIT& cell& antagonist,& 6?formyl& pterin.&We& also& tested& the& ability& of& each& clone& to& bind&MR1& tetramer&

loaded&with&MR1&ligands&from&E.coli.-We&observed&highly&variable&TCR&affinities&for&MR1/E.coli&tetramer&

between& the& different& clones& (Fig.& 2.5C).& Clones& EM?C5,& EM?D5,& and& EM?B11& did& not& stain& above&

background.& Clones&MG?A4& and&MG?A11,& stained& dimly&with& this& tetramer& (MFI& <& 1000).& The& positive&

control&MAIT&clone&D426?G11&and&clone&IK?B12&stained&with&the&tetramer&at&similar&levels&(MFI&~&1000).&

However,&clones&MG?B4,& IK?C1,&and&EM?D6&exhibited&an&MFI&>&6000&for&tetramer&staining,& indicating&a&

selective&affinity&for&MR1/E.coli&tetramer.&&Collectively,&the&pattern&of&recognition&of&MR1&tetramers&by&&

$ $
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Figure$2.5$MR1$Tetramer$Binding$by$MR1Crestricted$thymocyte$T$cell$clones$
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Figure$2.5$MR1$Tetramer$Binding$by$MR1Crestricted$thymocyte$T$cell$clones&

(A)&Representative&histogram&overlay&of&T&cell&clone&EM?D5&stained&with&MR1&tetramer?5?

OP?RU& (shaded),& MR1?6?formyl& pterin& (blue),& or& FMO& control& (red).& Similar& staining& was&

observed&with&all&clones&tested,&as&shown&in&(B)&(n&=&6).&&

(B)&Bar&graph&depicting&the&staining&of&eight&T&cell&clones&with&the&tetramer&from&(A)&bound&

to&5?OP?RU.&The&geometric&mean&of&the&fluorescence&intensity&is&plotted&on&the&y?axis&

(C)&Bar&graph&depicting&the&level&of&staining&of&MR1/E.coli&tetramer&with&each&T&cell&clone&

by& the& geometric&mean& of& the& fluorescence& intensity& (y?axis).& T& cell& clone& JK?A8&was& not&

tested.&Other&T&cell&clones& listed&with&no&bar&did&not&stain&the&tetramer.&MAIT&T&cell&clone&

D426?G11&was&used&as&a&positive&control,&while&D480?F6,&a&classically&restricted&T&cell&clone&

was&used&as&a&negative&control.&&
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thymus?derived& MAIT& clones& confirms& the& presence& of& different& antigen?selective& MAIT& TCRs& during&

maturation.&&

$

Thymus$MAIT$T$cell$clones$are$MR1$restricted$and$recognize$microbial$infection$

& To& confirm& our& previous& finding& that&MAIT& cells& in& the& thymus& are&microbe& reactive& effectors&

(Gold& et& al.,& 2013),& we& tested& the& ability& of& each& thymus& MAIT& clone& to& respond& to&M.- smegmatis<

infected&epithelial&cells.&As&shown&in&the&blue&bars&of&Figure&2.6,&all&of&the&clones&responded&by&producing&

variable&amounts&of& IFN?#&cytokine&when&incubated&with& infected&A549&cells.&These&responses&were&all&

dependent&upon&MR1&as&observed&by&the&abrogation&of&response&when&an&MR1?\?&cell& line&was&used&as&

APC&(Fig.&2.6).&To&determine&if&these&T&cell&clones&share&the&broad&pathogen&reactivity&of&MAIT&cells,&we&

would&also&need&to&test&other&microbial&infections.&These&results&suggest&that,&as&with&mature&peripheral&

MAIT& cells,& thymus?derived& MAIT& cells& are& microbe?reactive& and& dependent& upon& MR1& antigen&

presentation.&&

& &
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& &

&

&

& &

Thymus 6

Figure$2.6&MR1Crestricted$thymocyte$T$cell$clones$recognize$M.#smegmatis$infection$

Bar& graph& depicting& the& cytokine& response& (spot& forming& units& of& IFN?#)& of& each&

thymocyte&MAIT&clone&(1e5/well)&in&response&to&M.-smegmatis&(MOI&=&1)& infected&A549&

cell&line&(1e5/well)&by&ELISPOT&in&blue.&Red&bars&indicate&wells&where&an&MR1?\?&A549&cell&

line& was& used.& Black& bars& represent& the& response& to& uninfected& A549& cells.& Error& bars&

refer& to& the& SEM& of& two& replicate& wells.& These& data& are& representative& of& two&

independent&replicates.&&

&
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Table&2.2&Summary&of&MR1?restricted&thymocyte&T&cell&clones&

Clone(name(
CoEreceptor(
expression(

5EOPERU( 6EFP(
TRAV1E2+(

T(cell(receptor(
Recognition(of(

infection(
MR1E

restricted(

DP(EMEB11(
Double(positive(

(DP)(
Yes( No( Yes( Yes( Yes(

DP(EMEC5( DP(&(CD8( Yes( No( Yes( Yes( Yes(

DP(EMED5( DP(&(CD8( Yes( No( Yes( Yes( Yes(

DP(EMED6( DP( Yes( No( Yes( Yes( Yes(

DP(MGEA4( DP( Yes( NT*( Yes( Yes( Yes(

DP(MGEA11( DP( Yes( No( Yes( Yes( Yes(

DP(MGEB4( DP( Yes( NT( Yes( Yes( Yes(

SP(IKEB12( CD8( Yes( NT( Yes( Yes( Yes(

SP(IKEC1( DP( Yes( NT( Yes( Yes( Yes(

DP(JKEA8( CD4( Yes( No( Yes( Yes( Yes(

*NT&=&not&tested& &
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Chapter(2(Summary(and(Discussion(
&
& In&these&experiments,&we&analyzed&the&MR1?restricted&TCR&repertoire& in&development,&prior&to&

foreign& antigen& exposure.& Using& a& different& approach& than& past& studies& of& MAIT& cell& thymic&

development,& we& enumerated&MR1?restricted& T& cells& in& the& thymus&with& a&MR1?tetramer.&We& found&

they& are& rare& in& frequency& compared& to& the& peripheral& blood.& We& also& observed& that& the& MR1?Ag&

tetramer& stains& a& variety& of& TCRs& expressed& on& thymocytes;& of& which& the& minority& used& the& semi?

invariant& TRAV1?2& alpha& chain& associated& with&MAIT& cells& in& the& periphery.& We& generated& ten&MR1?

restricted&T&cell&clones& from&a&human&thymus,&as& identified&by&the&same&MR1?Ag&tetramer,&by& limiting&

dilution& based& cloning.& TCR& sequencing& and& flow& cytometry& performed& on& thymus& MAIT& clones&

demonstrated& similar& TCR& usage& to&MAIT& cells& in& peripheral& blood,& including& the& uniform& use& of& the&

TRAV1?2&alpha&chain.&We&quantified&expression&of&CD26&and&CD161,&markers&used&to&identify&MAIT&cells&

in&the&peripheral&blood.&We&found&consistent&expression&of&CD26&across&the&T&cell&clones,&while&CD161&

expression&was&variable.&Most&of&the&MAIT&thymocytes&expressed&both&CD4&and&CD8,&while&some&were&

CD8&single&positive&and&one&was&CD4&single&positive.&These&patterns&of&co?receptor&expression&remained&

stable& after& T& cell& clone& rapid& expansions.& Unexpectedly,& we& also& observed& that& the&MAIT& thymocyte&

clones&displayed&continuous&proliferation&and&did&not&depend&upon&TCR&stimulation&for&their&expansion&

in-vitro.&All&of&the&T&cell&clones&uniformly&bound&the&MR1?Ag&tetramer&that&they&were&originally&isolated&

with& by& FACS,& but& displayed& differential& recognition& to& a& MR1?tetramer& bound& to& undefined& E.- coli&

antigens& .& Lastly,& all& of& the& clones& were& able& to& recognize&M.- smegmatis?infected& epithelial& cells& in& a&

manner&dependent&upon&MR1,&and&responded&by&secretion&of&IFN?#.&This&functional&response&by&MR1?

restricted& thymocytes& clones& is& consistent&with& previous& publications& that&MAIT& cells& acquire& effector&

function&in&the&thymus.&&

&

What#is#the#prevalence#of#MR17restricted#T#cells#in#the#human#thymus?&
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& We&observed&that&MR1?tetramer+&CD3+&thymocytes&comprised&~0.02%&of&total& live&thymocytes&

(Fig.&2.1),&whereas&MR1?tetramer+&cells&can&be&as&abundant&as&1?3%&of&live&lymphocytes&in&the&peripheral&

blood& (Meermeier&et&al.,&2016;&Reantragoon&et&al.,&2013).&Our& lab&has&previously&published&that&when&

measured&as&a&proportion&of&the&non?classically&restricted&CD8+&T&cell&response&to&M.-tuberculosis,&MAIT&

cells& comprise& ~6%,& 16%,& and& 27%& of& the& thymus,& cord& blood,& and& peripheral& blood& lymphocytes&

respectively& (Gold& et& al.,& 2013).& Taken& together& with& the& data& that& MAIT& cell& peripheral& expansion&

depends&upon&microbiota&(Treiner&et&al.,&2003),&the&results&presented&here&fit&with&current&literature&that&

MAIT&cells&are&rare&in&development&but&expand&upon&thymic&egress.&&&

& However,&there&are&limits&to&the&current&methods&used&to&enumerate&MAIT&cells&that&could&bring&

bias& into& the& data& to& answer& this& question.& The&methods& that& have& been& used& to& address& MAIT& cell&

frequencies& rely& upon& (1)& the& use& of& an& antibody& or& primers& to& TRAV1?2& which& assumes& all& MR1?

restricted&T&cells&use&this&TCR!,&or&(2)&the&use&of&a&specific&antigen&(5?OP?RU)&or&family&of&antigens&from&a&

microbe& (M.-tuberculosis)&bound&to&MR1& (Gold&et&al.,&2013;&Martin&et&al.,&2009a;&Treiner&et&al.,&2003).&

Therefore,&MR1?restricted&T&cells&that&utilize&alternative&TCRs&or&recognize&alternative&ligands&bound&to&

MR1& would& be& missed& in& these& analyses.& The& evidence& for& the& existence& of& TRAV1?2& negative& MR1&

restricted&TCRs&and&alternative&MR1&ligands&was&published&recently&(Gherardin&et&al.,&2016;&Meermeier&

et& al.,& 2016).& In& support& of& this& notion,& our& laboratory& published& that& a& majority& (~85%)& of& the& non?

classically&restricted&T&cell&response&to&M.-tuberculosis&ex-vivo,&used&a&TCR&other&than&TRAV1?2&(Gold&et&

al.,&2010b).&Furthermore,&these&T&cells&required&CD8&for&their& functional&response&suggesting&that&they&

require&intact&antigen&presentation&and&are&not&merely&activated&by&soluble&mediators&of&inflammation.&

The&identity&and&regulation&of&this&T&cell&population,&and&whether&they&are&alternative&MR1?restricted&T&

cells,&remains&to&be&determined.&&

& The&finding&that&MR1?tetramer+&T&cells&are&rare&in&the&thymus&presents&the&opportunity&to&track&

them&over& time.& To&address&whether&MR1?restricted&T& cells& have&memory,& it&would&be& informative& to&
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follow&them&over& immunological&experience:& from&the& thymus&or&cord&blood& to& infant& to&young&adult.&

We&know&they&expand&by&frequency&(Gold&et&al.,&2010a)&but&do&MAIT&cells&stably&change&the&repertoire&

of& antigens& recognized?& Because& MAIT& cells& recognize& such& a& broad& array& of& microbes,& it& could& be&

assumed&that&MR1?restricted&T&cells&had&been&exposed&to&antigen&constantly&over&that&time&period&–&did&

they&expand&and&change&the&TCR&repertoire,&or&does&the&repertoire&contract&to&what& is&observed&early&

on?&& &

How#does# the#TCR# repertoire#of#MR17restricted#T# cells# compare#between# the# thymus#and#peripheral#

blood?& &

& The&recent&discovery&that&TRAV1?2&negative&MR1?restricted&T&cells&exist&in&circulation&at&a&much&

rarer& frequency& than& TRAV1?2+&MR1?restricted& T& cells,& begged& the& question& of:&Why& does& the& use& of&

TRAV1?2&TCR&dominate&on&MR1?restricted&T&cells?&One&approach&to&answer&this&question& is& to&analyze&

the&TCR&repertoire&of&MR1?restricted&T&cells&in&the&thymus.&While&multiple&studies&have&addressed&MR1?

restricted&T&cell&development& in&the&thymus,&they&have&focused&only&on&TRAV1?2+&cells.&Therefore,& it& is&

important&to&know&whether&TRAV1?2&dominates&in&the&pool&of&MR1?restricted&T&cells&generated&through&

thymic&development,&and&prior&to&exogenous&antigen&exposure.&&

& We&have&measured&the&TCR&repertoire&of&MR1?restricted&thymocytes&in&two&ways.&First,&we&used&

an&MR1?Ag& tetramer& to& isolate&MAIT&cells&directly&ex-vivo& and&sequenced& their&TCR!.&We&did&not& find&

specific&TCR&usage&among&the&TRAV-or-TRAJ&chains.&While&the&data&supplied&in&Figures&2.1&and&2.2&was&

not&sufficient&to&measure&the&repertoire&of&MR1?restricted&T&cells&allowed&to&survive&selection&from&the&

thymus,&it&does&suggest&that&MR1&can&bind&to&diverse&TCRs&in&the&thymus.&Second,&we&designed&a&LDA?

based& culture& system& to& isolate& single& MR1?restricted& T& cells& from& a& thymus& and& performed& paired&

TCR!"& sequencing& and& phenotypic& and& functional& characterization.& By& using& these& two& different&

methods&we&obtained&two&different&answers&to&our&overall&question.&&
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& In& using& the& directly&ex- vivo& approach& to& quantify& tetramer+& cells& (approach& #1),&we&observed&

that&TRAV1?2&is&not&the&dominant&TCR&that&can&interact&with&MR1?Ag&in&the&thymus.&We&observed&that&a&

median&of&3.48%&of&MR1?tetramer+&thymocytes&expressed&TRAV1?2&by&antibody&staining&(Fig.&2.1C)&and&a&

similarly& low&frequency&when&measured&by&DNA&TCR&rearrangements&(Fig.&2.2).&As&the&vast&majority&of&

MR1?restricted&T&cells&in&the&periphery&express&TRAV1?2,&this&result&was&unexpected.&Our&results&could&fit&

within& the& paradigm& of& peripheral&MR1?restricted& T& cells& using& a& semi?invariant& TCR& in& at& least& three&

possible&ways:&&

& The&first&model&that&could&explain&this&phenomenon&is&that&the&thymus&contains&a&highly&diverse&

repertoire& of& MR1?selected& T& cells,& which& becomes& focused& as& the& TRAV1?2+& T& cells& expand& upon&

peripheral&antigen&exposure.&Positive&selection&of&randomly&generated&clones&on&MR1&might&be&followed&

by& ligand&dependent&clonal&expansion&in&the&periphery.&The&clonal&expansion&of&TRAV1?2+&T&cells&could&

be&driven&by& a& focused& family& of&MR1?ligands& that& are& ubiquitously& present& from& the&microbiota,& and&

therefore& would& not& be& dependent& upon& pathogenic& microbial& exposure& or& disease.& This& model& is&

supported&by&studies&of&MAIT&cells& in&mice&where&MAIT&cells&might&not&come&into&contact&with&diverse&

peripheral&antigen&due&to&the&uniform&environment&of&lab&mice.&These&studies&have&found&that&mice&do&

not&contain&high&frequencies&of&MR1?restricted&T&cells&that&use&a&semi?invariant&TCR&and&these&cells&also&

express&a&naïve&phenotype&(Martin&et&al.,&2009a;&Treiner&et&al.,&2003).&Additionally,&MR1?restricted&T&cells&

are&absent&in&mice&without&microbiota&(Treiner&et&al.,&2003).&&

& Given& that& the& tetramer+& TCRs&were& at& different& stages& of& T& cell& development& as& assessed& by&

their&co?receptor&expression&(Fig.&2.1C),& it& is&possible&that&we&were&observing&TRAV1?2&negative&T&cells&

that&were&going&to&be&deleted&by&selection&but&had&not&yet.&In&this&scenario,&many&TCRs&could&associate&

with&MR1?endogenous&ligand,&but&only&those&that&get&a&certain&threshold&of&signaling&would&survive.&This&

threshold&might&only&be&reached&by&TRAV1?2&paired&with&the&family&of&TCR"&chains&observed&on&MAIT&

cells& in& the& periphery;& or& might& require& unique& co?stimulatory& receptor& signaling.& In& this& case,& we&
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analyzed&the&MR1?restricted&repertoire&before&a&critical&selection&event&or&death&by&neglect&occurred&in&

this&population.&To&test&this,&we&could&compare&levels&of&BCL?2&anti&apoptotic&factor&between&TRAV1?2+&

and&TRAV1?2?&MR1?tetramer+&thymocytes;&higher&levels&of&BCL?2&in&thymocytes&indicates&that&the&cell&has&

been&selected&and&given&a&survival&signal.&

& Lastly,& there& is& a& possibility& that& this& experiment& detected& an& artifact& of& tetramer& staining.&

Perhaps& we& were& detecting& low& affinity& TCRs& in& this& experiment& and& not& accurately& surveying& MR1&

‘binding’.&We&do&not& currently&have&a& control&MR1& tetramer& to&use& to&detect&background& low&affinity&

associations&with&T&cells.&Although&we&did&observe&~&one&log&fold&higher&MFI& in&some&cells&that&stained&

positively&with& the& tetramer& (Fig.&2.1B),& so& this& is&probably&not& the&sole& reason.&We&also&note& that& the&

MR1?tetramer&labeled&a&minority&population&CD3&negative&thymocytes.&As&these&cells&would&not&have&a&

TCR& yet,& this& labeling& is& an& indication& of& a& certain& level& of& nonspecific& binding& to& thymocytes.& In& the&

future,&we&might& improve&the&specificity&of& the&MR1?tetramer&binding& if&we&could&enrich& for& the&T&cell&

population& of& interest& first,& instead& of& staining& for& cells& with& such& low& frequency.& This&method&might&

decrease&any&background&or&nonspecific&binding&by&alternative&cells.&&

& A&future&experiment&to&address&whether&there&are&functional&TRAV1?2&negative&MR1?restricted&T&

cells&in&the&thymus&would&be&to&test&their&ability&to&recognize&and&respond&to&microbial&infection&ex-vivo.&

Thymocytes&would&be&stained&for&TRAV1?2,&then&co?cultured&with&or&without&MR1&blocking&antibody&and&

infected& APCs.& If& there& are& functional& TRAV1?2& negative& cells&whose& function& is& blocked& by& anti?MR1,&

then& this& would& display& the& presence& of& MR1?restricted& TRAV1?2& negative& T& cells& in& the& thymus.&

Secondly,&T&cells&in&infant&cord&blood&represent&T&cells&that&have&been&fully&developed&in&the&thymus&yet&

are&still&antigen&naïve.&It&would&be&an&important&future&experiment&to&compare&our&results&from&Figure&

2.1&with&a&similar&experiment&using&samples&of&cord&blood.&If&the&pattern&is&maintained&where&the&MR1?

tetramer&binds&diverse&TRAV1?2&negative&TCRs&at&a&higher&frequency&than&the&blood,&this&would&suggest&

that&peripheral&antigen&exposure&is&important&for&the&dominant&use&of&TRAV1?2&by&MAIT&cells.&&
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& The& second& approach& taken& to& determine& whether& TRAV1?2& dominates& in& the& pool& of& MR1?

restricted& T& cells& generated& through& thymic& development,& involved& the& isolation&of& thymocyte& clones.&

We& designed& a& LDA?based& culture& system& to& isolate& single&MR1?restricted& T& cells& from& a& thymus& and&

performed&paired&TCR!"&sequencing&and&phenotypic&and&functional&characterization.&We&used&FACS&to&

sort&thymocytes&that&were&able&to&bind&MR1?tetramer&and&then&cultured&single&cells&in&an&environment&

designed&to&support&general&T&cell&activation&and&expansion.&One&drawback&to&this&approach&is&that&the&

culture&might&not& recapitulate&what&a& thymocyte&needs& for&survival&because& it&was&originally&designed&

for&blood&lymphocytes.&Upon&cloning&of&MR1?tetramer+&thymocytes,&we&cultured&T&cells&that&expressed&

TCRs&matching&those&observed&on&MAIT&cells& in&the&peripheral&blood&(Table&2.1&compared&to:& (Gold&et&

al.,&2014;&Held&et&al.,&2015;&Lepore&et&al.,&2014a;&Reantragoon&et&al.,&2013).&&Furthermore,&most&of&these&

T&cells&expressed&both&CD4&and&CD8,&indicating&that&they&were&undergoing&the&TCR&selection&process.&All&

of&the&T&cell&clones&expressed&TRAV1<2-recombined&with&TRAJ33-or-20,-and&beta&chains&within&families&

that&have&been&observed&to&be&used&by&MAIT&cells&before,&like&TRBV6&family.&All&of&the&T&cell&clones&also&

shared&the&expression&of&CD26&and&CD161&which&helps&to&identify&MAIT&cells&in&the&periphery.&All&ten&T&

cell& clones& responded& to&mycobacterial& infection& with& the& production& of& IFN?#& in& an&MR1?dependent&

fashion.- Therefore,&while& this& data& fit&more& closely&with&what&we&would& have& expected& as& far& as& the&

MR1?restricted&TCR&repertoire,&there&are&different&reasons&that&could&explain&this&phenomenon.&

& These&results&fit&the&hypothesis&that&thymic&selection&favors&the&use&of&TRAV1?2+&TCRs&by&MR1?

restricted&T&cells.& It& is&plausible& that& the&semi?invariant&TRAV1?2+&MAIT&TCR& is& favored&during&selection&

because& it& has& a& correct& affinity& for& the& high& levels& of& MR1& expressed& by& the& small& population& of&

hematopoietic&cells&in&the&thymus&(characterized&in&Kurtz&I.,&et&al&in-preparation).&T&cell&development&is&a&

highly&ordered&and&controlled&process&where&thymocytes&at&each&stage&are&restricted&to&certain&amounts&

of& cell&division&as& they&pass&each&step& (Mingueneau&et&al.,&2013).& So,&as& it& relates& to&our&assay& set?up,&
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perhaps&only&selected&thymocytes&have&the&capability& to&proliferate& to&anti?CD3&stimulation.&To& follow&

the&rules&of&thymic&selection,&a&T&cell&will&survive&if&it&paradoxically&recognizes&MHC?ligand&during&positive&

selection,& but& does& not& recognize&MHC?& ligand& during& negative& selection.& In& this& proposed&model,& all&

thymocytes& have& the& chance& to& interact& with&MR1& in& the& thymus& but& only&MAIT& cells& interact& in& the&

correct& pattern.& MAIT& cells& depend& upon& positive& selection& on& MR1& for& survival& (Seach& et& al.,& 2013;&

Treiner&et&al.,&2003).&This&model&is&also&supported&by&data&from&the&mouse&model&showing&that&the&MAIT&

semi?invariant&TCR&can&interact&with&MR1&without&any&added&foreign&ligand&(Treiner&et&al.,&2003);&leading&

the&authors&to&suggest&that&MAIT&cells&are&mildly&autoreactive.&Additionally,&there&may&be&a&mechanism&

in& place& for&MR1& to& present& endogenous?ligands& representative& of& peripheral& self?metabolites& during&

negative& selection& in& order& to& protect& from& autoimmunity.& This& would& be& parallel& to& the& finding& that&

thymic&epithelial&cells&use&AIRE&transcription&factor&to&express&a&vast&diversity&of&self?antigens.&Because&

all&of&the&known&MR1&ligands&to&date&are&microbial&derived&small&molecules,&the&most&logical&source&of&

related& self?ligands&would& be& lysosomal& breakdown&of& self?metabolites&with& a& similar& core& scaffold& or&

possibly&even&metabolites&from&mitochondria&because&they&are&ancestrally&prokaryotic.&These&products&

could&drive&selection&so&that&strongly&autoreactive&MAIT&cells&get&deleted.&&

& As& mentioned& above,& the& thymic& MAIT& T& cell& clones& used& TCR& beta& chains& that& have& been&

associated&with&mature&MAIT& cells& (Gold& et& al.,& 2014;& Lepore& et& al.,& 2014;& Reantragoon& et& al.,& 2013).&

Since&beta&chain&rearrangement&happens&before&the&alpha&chain&in&thymic&development,&what&is&it&about&

MAIT& cell& development& that& results& in& this& semi?invariant& TCR?& Firstly,& TRAV1<2& might& pair& more&

efficiently&with&the&few&beta&chains&used&by&MAIT&cells.&Moreover,&TCR&rearrangement&plays&a&role&in&the&

relative&abundance&of&the&semi?invariant&TRAV1?2&alpha&chain.&The&MAIT&alpha&chain&is&easier&and&faster&

to& rearrange& due& to& the& temporal& availability& of& TRAV1<2& and& the& MAIT& family& of& TRAJ& for& immune&

machinery& to& bind& and& recombine& (Dik& et& al.,& 2005;& Greenaway& et& al.,& 2013).& & The& efficiency& of& TCR&

rearrangement&may&allow&T&cells&expressing&TRAV1?2&to&be&more&prevalent&or&enter&the&selection&stage&
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sooner& or& enter& into& a& different& selection& microenvironment& where& MR1& selection& is& favored.&

Additionally,& MR1?restricted& T& cell& positive& selection& might& involve& an& endogenous?ligand& that& spans&

both& pockets& of&MR1& binding& groove& (A’& and& F’& pocket).& In& this& case,& the& TCR"& would& have& a& role& in&

selection&as&it&is&oriented&over&the&F’&pocket&in&several&crystal&structures&(Eckle&et&al.,&2015),&&offering&a&

potential&explanation&for&why&we&observe&such&an&invariant&TCR!"&repertoire&in&the&thymus.&&

& Another&way& to& explain&why& all& of& the&MR1?restricted& thymocytes& clones& expressed& canonical&

MAIT&TCRs,&is&due&to&an&artifact&in&the&experimental&set?up.&The&tetramer&reagent,&which&is&MR1&bound&

to&the&stimulatory&ligand&derived&from&riboflavin,&5?OP?RU,&might&have&activated&the&thymocyte&TCRs&to&

simulate&a&‘positive&selection’&signal&and&microenvironment&that&propagates&T&cells&specific&only&to&the&5?

OP?RU&antigen.&Necessary& costimulation&would&have&been&provided&by& the& irradiated& feeder&PBMC&of&

the& LDA.& In& this& explanation&of& the& results,&we&artificially& skewed& the& growth&of&MAIT& cells& expressing&

TCRs& used& by& peripheral& MAIT& cells& because& we& used& a& peripheral& antigen& to& isolate& them& from& the&

thymus.& This& potential& artifact& might& have& been& averted& had& we& been& able& to& use& an&MR1& tetramer&

loaded&with&thymus&derived?self&MR1&ligand&(or&whatever&might&be&presented&by&MR1&in&the&thymus).&&

& The&isolation&of&thymic&MR1?restricted&T&cell&clones&was&important&because&we&could&analyze&the&

paired&!"TCR&usage&and&link&this&to&specific&functional&antigen&reactivity.&In&relation&to&the&other&future&

directions&I&have&proposed&for&this&research,& I&think& it&would&be&important&to&study&the&MR1?restricted&

functional&capacity&of&T&cells& in&healthy&cord&blood.& If& the& functional&MR1?restricted&T&cells,&directly&ex-

vivo&from&cord&blood,&express&TRAV1?2,&then&this&would&support&our&hypothesis&that&TRAV1?2&is&favored&

on&MAIT&cells&during&development.&&

These& experiments& yielded& some& unexpected& findings.& Three& of& the& ten& thymus&MAIT& clones&

expressed& two& TCR!& chains& simultaneously,& including& TRAV1?2.& Using& an& antibody& to& TRAV1?2,& we&

confirmed&that&each&T&cell&clone&expressed&this&TCR&uniformly&(Table&2.1).&&One&explanation&is&that&these&
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clones&did&not&yet&get&signals&from&posttranslational&regulation&of&allelic&exclusion&after&positive&selection&

or&they&have&not&undergone&negative&selection&yet&(Niederberger&et&al.,&2003).&&

As&displayed& in&Figure&5,&we&unexpectedly&observed&dramatic&differences& in&the&ability&of&each&

MR1?restricted&thymocyte&clone&to&bind&the&MR1/E.-coli& tetramer.&EM?D5&and&EM?C5&did&not&bind&the&

tetramer&at&all,&whereas,&EM?C6,&IK?C1,&and&MG?B4&exhibited&an&MFI&of&~105.&We&do&not&know&the&exact&

antigens& bound& by& this&MR1?tetramer& reagent,& however,&we& know& that& it& is& bound& to& a&multitude& of&

ligands& from& E.coli& (Harriff& et& al.,& manuscript& in& submission).& It& is& unexpected& that& some& MAIT& cells&

expressing& the& semi?invariant& TCR& would& not& recognize& MR1?ligands& derived& from& E.- coli& as& this& is& a&

typical& MAIT& activating& bacterium& that& produces& riboflavin.& This& result& suggests& that& MAIT& TCRs& can&

inherently&discriminate&between&microbial&infections,&due&to&their&thymic&development.&This&result&also&

suggests& the& presence& of& more& diverse& MR1& ligands& from& the& described& 5?OP?RU& riboflavin& derived&

ligands;&all&of& the&T&cell&clones&were&validated&to&be&able&to&bind&the&MR1?5?OP?RU&tetramer&they&had&

been& originally& sorted&with.& The& notion& of&microbial& selectivity& of&MR1?restricted& TCRs& is& the& topic& of&

Chapter&3&of&this&thesis.&&

Another&unexpected&finding&of&this&project&was&that&the&MR1?restricted&cloned&thymocytes&seem&

to&be&transformed&in&some&way.&The&T&cell&clones&could&be&slowly&propagated&in&culture&for&up&to&60&days&

(maximum& time& tested)& without& the& need& for& additional& IL?2& or& TCR& stimulation.& This& finding& was&

unexpected&as&the&in-vitro&expansion&of&T&cells&usually&requires&TCR&stimulation,&costimulation,&and&IL?2&

cytokine.&&Using&this&rapid&expansion&procedure,&T&cell&clones&will&divide&and&survive&in&culture&for&about&

one& month.& Two& caveats& to& this& observation& are& that& we& have& not& replicated& this& experiment& with&

another&thymus&or&with&a&non?MR1&restricted&TCR&to&determine&generalizability.&

It& is&possible& that& this&phenomenon& is&not&unique&to&MAIT&thymocytes&but&could&result& from&T&

cell& cloning& of& thymocytes& in& general.&We&might& have& sampled& DP& thymocytes& that&were& undergoing&

proliferation& after& positive& selection.& Then,& the& T& cell& cloning& culture& conditions& did& not& provide& a&
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regulatory& signal& to& stop& proliferating& which& would& have& been& provided& by& the& thymus&

microenvironment.& The& proposition& that& the&MAIT& thymocyte& clones& are& stalled& at& a& certain& phase& of&

development&is&supported&by&the&observation&that&they&remained&DP&over&time&in&culture&as&well.&&

We& used& a&MR1?tetramer& to& isolate&MR1?restricted& thymocytes& and& perform& LDA& cloning.& An&

alternative&explanation&for&the&immortalization&of&the&T&cell&clones&could&be&that&the&tetramer&induced&a&

TCR&signal& to&the&thymocytes& it&bound.& In&combination&with&the&supportive&conditions&of& the&LDA,&this&

caused&the&T&cell&to&become&activated&and&start&proliferating&uncontrollably.&&

It&is&possible&that&this&phenomenon&is&a&property&of&innate?like&T&cells&undergoing&development&

in& the& thymus.& Innate& like& T& cells,& such& as& NKT& cells,& MAIT& cells,& and& certain& #$& T& cells& express& the&

transcription& factor& PLZF& (pro?myelocytic& leukemia& zinc& finger).& PLZF& can& direct& the& effector&

differentiation&of& innate?like&T&cells& independently&of&agonist&TCR&activation&(Lu&et&al.,&2015;&Savage&et&

al.,&2011).&Additionally,&studies&show&that&PLZF&can&repress&negative&regulators&of&the&cell&cycle,&like&p53,-

and&in&some&cases,&promote& leukemia-(Choi&et&al.,&2014).& In&this&way,&expression&of&PLZF&could&favor&a&

long& lived&MAIT& cell,& however,& a& mechanism& for& regulating& this& proliferation& would& be& necessary& for&

immune&homeostasis.&&

Lastly,&our&method&of&isolating&MR1?restricted&T&cells&with&a&tetramer&reagent&and&then&placing&

them& into& a& LDA& culture& well& containing& the& non?specific& activator,& anti?CD3,& induced& robust& TCR?

proliferation.& Intracellular& signaling& from& the& TCR& activates& the& general& AKT& pathway& that& promotes&

survival& and& cell& proliferation& primarily& through&mammalian& target& of& rapamycin& (mTOR).& The& role& of&

mTOR& is& to& act& as& an& energy& sensor& and& activate& translation& of& proteins.& One& study& has& shown& that&

prolonged& TCR& ligation& with& costimulation& can& sustain& IL?2?independent& lymphocyte& proliferation&

through&signaling&by&mTOR&(Colombetti&et&al.,&2006).&Therefore,&our&culture&system&described&in&Fig.&2.3&

may& have& provided& persistent& TCR& activation& to& maintain& clonal& expansion,& without& the& need& for&

exogenous&growth&factors,&even&after&removal&from&the&stimulatory&culture.&&
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In& our& future& research& with& these& T& cell& clones,& we& could& analyze& the& transcriptome& of& the&

thymus&MAIT&clones&to&determine&if&genes&involved&in&the&cell&cycle&or&specific&transcription&factors&are&

upregulated& that& could& be& causing& this& proliferation.& To& determine& if& this& phenomenon& is& unique& to&

innate& like& T& cells,& we& could& compare& the& thymus& MAIT& clone& transcriptome& or& validated& protein&

expression&to&other&thymus&T&cell&clones&by&RT?PCR&or&flow&cytometry.&&

&

& &&

&&

&

$
$ $
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Chapter(2(Materials(and(Methods(
&
Cell$Lines$and$cell$culture$

A549& (ATCC&CCL?185)&and&MR1?/?&A549s& (Laugel& et& al.,& 2016)&were& cultured& in& F12K&medium&with&10%&

heat&inactivated&fetal&bovine&serum&and&gentimicin&antibiotics.&All&thymocytes&and&human&T&cell&clones&

were&cultured&in&RPMI&medium&with&10%&heat&inactivated,&pooled&human&serum&and&gentimicin.&&

$

Thymus$Organ$Processing$

Thymus&tissue&was&obtained&from&infants&undergoing&cardiac&surgery&at&Doernbecher&Children&Hospital&

under&a&protocol&approved&by&the&Institutional&Review&Board&at&Oregon&Health&and&Science&University.&

The&thymus&was&made&into&a&single&cell&suspension&of&thymocytes&using&the&following&steps.&The&thymus&

was&cut& into&1cm3&pieces&and&spun& in&a&GentleMAX&machine&on&the&spleen&setting& twice.&Next,&DNase&

was&added&to&the&suspension&and&then&filtered&through&a&100uM,&and&then&40uM&mesh&size&filter.&The&

flow& through&contained& the& thymocytes.&This& suspension&was&enriched& for& thymocytes& further&using&a&

Ficoll&gradient&by&centrifugation&(Sigma).&Lastly,&the&thymocytes&were&washed&twice&in&DMEM&media&and&

stored&in&a&liquid&nitrogen&freezer.&&

$

Isolation$and$limiting$dilution$cloning$of$MAIT$cells$in$the$thymus$$

Thymocytes&from&donor&126&were&stained&in&tests&of&4x106&with&the&MR1&tetramer&(0.3nM),&antibodies&

to& CD4& (OKT4& clone,& FITC,& Biolegend,& 1:50)& and& CD8& (SK8& clone,& APC?Cy7,& Biolegend,& 1:500)& and& a&

viability& stain& (Live?Dead&Aqua,& Life& Technologies).& Each& test&was& stained&with& the&MR1& tetramer& in& a&

volume&of&25ul&for&45&minutes&at&room&temperature.&Then&the&rest&of&the&stains&were&added&in&another&

25ul& for&15&minutes&before&washing& twice.&The&staining&buffer&used&was&PBS&with&2%&heat& inactivated&

fetal&bovine& serum.&Live& tetramer+& cells&were& sorted&on&a&BD& Influx&FACS&machine& (sort&mode&=&yield)&

based&on&expression&of&each&co?receptor&and&rested&overnight&in&RPMI&1640&media&with&0.5ng/ml&rhIL?2.&
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Then&the&sorted&thymocytes&were&plated&under&limiting&dilution&analysis&conditions.&Therefore,&one&cell&

per&well&was&co?cultured&with&x?ray&inactivated&PBMC&feeder&(150x105/well)&and&LCL&cells&(3x104/well)&in&

a&96?well&round&bottom&plate.&Cytokines&were&also&added&to&the&culture:&IL?2&(5ng/ml),&IL?12&(0.5ng/ml),&

IL?7&(0.5ng/ml),&IL?15&(0.5ng/ml),&and&IL?21&(0.5ng/ml).&Finally,&anti?CD3&(0.03&µg/ml)&was&added&to&non?

specifically&expand&each&thymocyte.&Plates&were&incubated&at&37&C&for&20&days&before&thymocytes&were&

harvested&for&analysis.&&

&

Expansion$of$T$Cell$Clones-

-T&cell&clones&were&cultured&in&the&presence&of&x?rayed&(3000&cGray&using&X?RAD320,&Precision&X?Ray&Inc.)&

allogeneic&PBMCs,&x?rayed&allogeneic&LCL&(6000&cGray),&and&anti?CD3&mAb&(20&ng/ml;&Orthoclone&OKT3,&

eBioscience)&in&RPMI&1640&media&with&10%&human&serum&in&a&T?25&upright&flask&in&a&total&volume&of&30&

ml.& The& cultures& were& supplemented& with& IL?2& (5ng/ml)& on& days& 1,& 4,& 7,& and& 10& of& culture.& The& cell&

cultures&were&washed&on&day&5&to&remove&soluble&anti?CD3&mAb.&

&

IFNCγ$ELISPOT$assay$

A&MSHA&S4510&96?well&nitrocellulose?backed&plates&(Millipore,&bought&via&Fisher&Scientific)&was&coated&

overnight&at&4°C&with&10&µg/ml&solution&of&anti?IFN?γ&monoclonal&antibody&(Mabtech&clone&1?D1K)& in&a&

buffer&solution&of&0.1M&Na2CO3,&0.1M&NaHCO3,&pH&=&9.6).&Then&the&plate&was&washed&three&times&with&

sterile& PBS& and&blocked& for& 1& hour& at& room& temperature&with&RPMI& 1640&media& containing& 10%&heat&

inactivated&human&serum&pool.&Then&the&antigen&presenting&cells&and&T&cells&were&prepared&as&described&

below&and&co?incubated&overnight.&Briefly,&thymocytes&were&used&as&APCs&at&150x104&per&well&and&the&

A549& cell& line&was& used& as&APCs& at& 1X104& per&well& in& ELISPOT& assays.& For& all& blocking& ELISPOT& assays,&

blocking& antibodies& were& added& for& 2& h& at& 2.5µg/ml& (α?HLA?I& clone& W6/32,& α?CD1a,& b,& c,& d& (Branch&

Moody),&and&α?MR1&clone&26.5&(Ted&Hansen)&or&appropriate&isotype&controls).&T&cell&clones&were&added&
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at& 1X104& /well.& The& plate& was& incubated& overnight& at& 37°C& and& then& washed& six& times& with& PBS&

containing& 0.05%& tween.& The& plate&was& then& incubated& for& two& hours& at& room& temperature&with& a& 1&

µg/ml& solution& of& anti?IFN?γ?biotin& secondary& antibody& (Mabtech& clone& 7?B6?1)& in& 0.5%& BSA,& 0.05%&

Tween&in&PBS.&Finally,&the&plate&was&washed&six&times&in&PBS?tween,&then&PBS,&and&developed&using&an&

AEC&Vectastain&kit&SK?4200&(Vector&labs).&The&plate&was&read&and&analyzed&using&an&ELISPOT?AID&system.&&

&

Flow$cytometry$staining,$sorting,$and$tetramer$staining$$

Cells&to&be&analyzed&for&cell&surface&marker&expression&were&first&incubated&at&4°C&in&a&blocking&solution&

of&PBS&containing&2%&normal&rabbit&serum&(Sigma?Aldrich),&2%&normal&goat&serum&(Sigma?Aldrich),&and&

2%&human& serum& to& prevent& nonspecific& binding.& Cells&were&washed& in& PBS& and& then& incubated&with&

Live/Dead&discriminator&and&surface&stains&or&isotype&controls&for&20&minutes&in&the&dark&at&4°C&in&a&total&

volume&of&50ul.&Cells&were&then&washed&and& fixed.&Specifically& for&MR1&tetramer&staining,&1x105&T&cell&

clones&were&stained&with&the&MR1/5?OP?RU&or&MR1/6?formyl&pterin&tetramer&at&0.3nM&in&25ul&volume&

for&45&minutes&in&PBS&buffer&containing&2%&FBS&at&room&temperature&in&the&dark.&Viability&and&surface&

stains&were& added& on& top& of& the& tetramer& stain& for& another& 20&minutes.& Samples&were& then&washed&

twice& in& tetramer& staining&buffer.&All& flow&cytometry&was&performed&on&a&Fortessa&18?parameter& flow&

cytometer& (BD).& All& fluorescence& activated& cell& sorting& (FACS)& was& performed& using& an& Influx& 11?

parameter& flow& cytometer& (BD)& by& the& OHSU& flow& cytometry& core& facility.& Data& were& analyzed& using&

FlowJo& (v9.8.5).& Fluorescence&minus&one& (FMO)& controls&were&used& for&optimal& gating.&Doublets&were&

excluded&based&on&FSC?H&and&FSC?A,&SSC?H&and&SSC?A,&lymphocytes&were&identified&based&on&FSC?A&and&

SSC?A&and&CD3&expression,&and&dead&cells&were&excluded&based&on&Aqua&viability&dye&(Life&Technologies).&$

&

Ex#vivo$Stimulation$assay$
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To& observe& the& nonclassical& T& cell& response,& we& used& the& A549& cell& line& as& APCs& because& it& does& not&

express&MHCII& and& is&MHC?I?mismatched& to& the& donor& source& of& T& cells.$CD8+& T& cells&were& positively&

selected& from&healthy&donor& PBMCs&using&magnetic& bead& separation& according& to& the&manufacturer’s&

instructions&(Miltenyi),&added&to&uninfected&WT&or&M.-smegmatis?infected&(MOI&=&3,&overnight&infection)&

WT&or&MR1?/?&A549&cells&at&a&ratio&of&3:1,&and&incubated&overnight&in&the&presence&of&Brefeldin&A,&and&

0.5ng/ml& rhIL?2&at&37°C.&The& following&day,& the&cells&were& stained& for& surface&phenotype&markers&and&

Live/Dead&discriminator.&

&

Microorganisms$and$infection$of$A549$cells$

Adherent&A549&cells&were&infected&overnight&with&M.-smegmatis&(multiplicity&of&infection&[MOI]&3)&in&the&

absence&of&antibiotics.&M.-smegmatis-strain&used&was&mc2?155.&

&

Analysis$of$TCR$usage$

Amplification& and& sequencing& of& TCRA& CDR3& regions& of& bulk& thymocytes& in& Figure& 2.2&was& performed&

using& the& immunoSEQ& Platform& (Adaptive& Biotechnologies™,& Seattle,& WA).& ImmunoSEQ& combines&

multiplex& PCR& with& high& throughput& sequencing& and& a& bioinformatics& pipeline& for& TCRA& CDR3& region&

analysis&(Carlson&et&al.,&2013;&Robins&et&al.,&2009).&Clonotypic&analysis&of&thymus&MAIT&T&cell&clones&were&

performed&as&described&previously&(Quigley&et&al.,&2011).&In&brief,&unbiased&amplification&of&all&expressed&

TRB&or&TRA&gene&products&was&conducted&using&a&template&switch–anchored&RT?PCR&with&chain?specific&

constant& region& primers.& Amplicons&were& subcloned,& sampled,& sequenced,& and& analyzed& as& described&

previously&(Price&et&al.,&2005).&The&IMTG&nomenclature&was&used&throughout&the&study(Lefranc,&2003).&

$ $
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Chapter(3(Human(TRAV1E2(negative(MR1Erestricted(T(cells(detect(S.$
pyogenes(and(alternatives(to(MAIT(riboflavinEbased(antigens(
&

Abstract$$

MAIT&cells&detect&microbial&antigens&presented&by&the&HLA?Ib&molecule&MR1&through&the&exclusive&use&

of& a& TRAV1?2?containing& T& cell& receptor?!.& We& use& MR1?tetramer& staining& and& ex- vivo& analysis& with&

mycobacteria?infected& MR1?deficient& cells& to& demonstrate& the& presence& of& functional& human& MR1?

restricted& T& cells& that& lack& TRAV1?2.& We& characterize& an& MR1?restricted& clone& that& expresses& the&

TRAV12?2& TCR!,& which& lacks& residues& previously& shown& to& be& critical& for&MR1?antigen& recognition.& In&

contrast&to&TRAV1?2+&MAIT&cells,&this&TRAV12?2?expressing&clone&displays&a&distinct&pattern&of&microbial&

recognition& by& detecting& infection& with& the& riboflavin& auxotroph& Streptococcus- pyogenes.& As& known&

MAIT& antigens& are&derived& from& riboflavin&metabolites,& this& suggests& that& TRAV12?2+& clone& recognizes&

unique&antigens.& Thus,&MR1?restricted&T& cells& can&discriminate&between&microbes& in& a& TCR?dependent&

fashion.&We&postulate& that&additional&MR1?restricted&T&cell& subsets&may&play&a&unique& role& in&defence&

against&infection&by&broadening&the&recognition&of&microbial&metabolites.&

&

$ $
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Chapter(3(Introduction(
&
& MAIT&cells&have&been&described&as&an&abundant&population&of&αβ?TCR&T&cells& that&display&anti?

microbial& Th1?like& cytotoxic& capacity& upon& detection& of& a& range& of& microbial& infections& (Gold& et& al.,&

2010a;& Le& Bourhis& et& al.,& 2013a;& Le& Bourhis& et& al.,& 2010).& By& definition,& MAIT& cells& express& a& semi?

invariant& T?cell& antigen& receptor& (TCR)& that& engages& antigenic& ligands& presented& by& the& HLA?Ib&major&

histocompatibility& complex& (MHC)?related& protein& I& (MR1).& MR1& has& been& shown& to& present& small&

compounds& derived& from& folic& acid& and& riboflavin& biosynthesis,& the& latter& of&which& can& activate&MAIT&

cells& (Birkinshaw&et&al.,&2014;&Corbett&et&al.,&2014;&Kjer?Nielsen&et&al.,&2012).& In&healthy&humans,&MAIT&

cells&are&abundant&and&account&for&1&to&10%&of&CD8+&T&cells&in&peripheral&blood.&They&are&also&abundant&

in& liver&and& in&a&number&of&mucosal& tissues& (Dusseaux&et&al.,& 2011;&Gold&et&al.,& 2010a;& Jo&et&al.,& 2014;&

Leeansyah&et&al.,&2014;&Reantragoon&et&al.,&2013;&Treiner&et&al.,&2003).&Thymic&selection&and&peripheral&

expansion&of&MAIT&cells&depends&on&MR1&(Seach&et&al.,&2013;&Treiner&et&al.,&2003).&Furthermore,&MAIT&

cells&with&effector& function&have&been& found& in& the& thymus,&a& finding& that& supports& their&definition&as&

innate?like& (Gold& et& al.,& 2013).&While& the& role& of&MR1& and&MAIT& cells& in& human& immunity& is& unclear,&

mouse& studies& have& demonstrated& their& role& in& protection& against& bacterial& infections& including&

Klebsiella- pneumoniae,&Mycobacterium- bovis- BCG,& and& Francisella- tularensis- LVS& (Chua& et& al.,& 2012;&

Georgel&et&al.,&2011;&Meierovics&et&al.,&2013).&

& MR1&is&an&HLA?Ib&MHC&class&I&molecule&thought&to&be&highly&conserved&in&mammalian&evolution&&

(Tsukamoto&et&al.,&2013).&MR1&can&bind&vitamin&B?based&precursors&derived&from&folic&acid&(vitamin&B9)&

and&riboflavin& (vitamin&B2)&biosynthesis&that&share&a&common&pterin&ring&structure&(Kjer?Nielsen&et&al.,&

2012).& So& far,& only& those& from& the& riboflavin& synthetic& pathway& have& been& shown& to& stimulate&MAIT&

cells.& These& stimulating& ligands& can& be& derived& from& either& pyrimidine?based& early& intermediates& in&

riboflavin&synthesis&(5?A?RU)&that&form&adducts&with&other&small&metabolites&(eg.&5?OP?RU)&or&the&direct&

lumazine&precursors&of&riboflavin&(eg.&ribityllumazine?6,7?diMe)&(Corbett&et&al.,&2014;&Kjer?Nielsen&et&al.,&
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2012).&Because& riboflavin&synthesis&does&not&occur& in&humans,& riboflavin&metabolites&presented& in& the&

context&of&MR1&have&been&suggested&to&be&pathogen&associated&molecular&patterns&(PAMPs).&However,&

evidence& supports& the& existence& of& additional&MR1& ligands.& For& example,& structural& analysis& suggests&

that&plasticity&in&the&MR1&binding&groove&could&accommodate&a&range&of&different&ligands&(Corbett&et&al.,&

2014;& Eckle& et& al.,& 2014;& Lopez?Sagaseta& et& al.,& 2013b;& Patel& et& al.,& 2013;& Reantragoon& et& al.,& 2012;&

Rossjohn&et&al.,&2014).&As&the&pterin&ring&occurs&commonly&in&the&environment,& it& is&feasible&that&other&

microbial& or& host&molecules&with& common& chemotypic& properties& could& bind& to&MR1& and& function& as&

antigens&for&MR1?restricted&T&cells.&&

& Although&MAIT&cells&specifically&recognize&infection&by&pathogens&with&the&capacity&to&synthesize&

riboflavin(Gold& et& al.,& 2010a;& Le& Bourhis& et& al.,& 2010),& whether& microbe& specific& MR1?ligands& exist& is&

unknown.&We&previously&evaluated&the&ex<vivo&human&TCR&repertoire&of&MAIT&cells&responsive&to&three&

riboflavin?synthesizing&microbes,&(Gold&et&al.,&2014)&finding&that&distinct&MAIT&TCR&usage&was&associated&

with&microbe&selective&responses&within&and&across&individuals.&&These&data&support&the&hypothesis&that&

MR1& can& present& discrete& microbial& ligands,& and& that& this& presentation& is& in& turn& associated& with&

selective&clonal&expansion&of&MAIT&cells.&However,&it&is&not&known&whether&each&microbe&synthesizes&the&

same& repertoire& of& riboflavin& metabolites,& but& at& varying& proportions,& or& whether& there& are& unique&

ligands.&

& The&nature&of&the&diversity& in&MR1?ligand&repertoire&suggests&an&accordingly&diverse&MAIT&TCR&

repertoire& to& mediate& ligand& recognition.& Human& MAIT& TCR!& chains& have& been& described& as& being&

invariant;&comprised&of&TRAV1<2/TRAJ12,-20,-33&genes&paired&with&a&limited&array&of&TCR&β?chains&(Gold&

et&al.,&2010a;&Gold&et&al.,&2013;&Porcelli&et&al.,&1993;&Tilloy&et&al.,&1999;&Treiner&et&al.,&2003).&However,&

other& studies& have& identified& greater& TCR& heterogeneity& through&more& diverse& TCR!& and& TCR�& chain&

usage(Fergusson&et&al.,&2014;&Gherardin&et&al.,&2016;&Gold&et&al.,&2014;&Lepore&et&al.,&2014b;&Reantragoon&

et&al.,&2013).&Gherardin&et-al.&described&TRAV1?2&negative&TCRs&that&bind&selectively&to&MR1&tetramers&
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loaded&with&5?OP?RU&(riboflavin&metabolite),&or&6FP/acetyl?6FP&(folate&derivative),&or&both&(Gherardin&et&

al.,& 2016).& These& TRAV1?2& negative& TCRs& represent& unprecedented& diverse& TRAV& and& TRBV& usage& by&

MR1?restricted& T& cells.& These& findings& suggest& that& MR1?restricted& T& cells& could& use& diverse& TCRs& to&

recognize&microbial&infection;&therefore,&the&full&repertoire&of&TCRs&that&can&be&used&by&MR1?restricted&T&

cells&is&unknown.&&&

& We&describe&microbe&reactive&MR1?restricted&T&cells& that&do&not&express&TRAV1?2.& &Functional&

analysis&reveals&that&these&cells,&although&less&prevalent&than&those&that&express&TRAV1?2,&can&be&found&

in&PBMC&from&all&individuals.&Among&MR1?Ag&tetramer&positive&cells,&1?4%&are&TRAV1?2?negative.&&T?cell&

cloning& confirms& the&usage&of& an&alternative&TCR!& chain,& TRAV12?2,&by&an&MR1?restricted&T?cell& clone&

from&one&donor.&In&comparison&to&previously&described&TRAV1?2+&MAIT&cells,&this&T?cell&clone&displays&a&

unique&pattern&of&ligand&and&microbial&selectivity.&Most&notably,&the&TRAV12?2&T?cell&clone&could&detect&

infection& with& Streptococcus- pyogenes& in& a& TCR?dependent& fashion,& a&microbe& that& is& not& capable& of&

synthesizing& riboflavin.& These&data,&provide&direct&evidence&of& the&ability&of&MR1& to&present&a&diverse&

array&of&ligands,&which&in&turn&is&associated&with&selective&TCR&usage.&&Finally,&our&findings&challenge&the&

current&paradigm&of&sole&usage&of&TRAV1?2&in&conjunction&with&the&recognition&of&riboflavin&metabolites&

being&the&defining&feature&of&MR1?restricted&T&cells.&
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Chapter(3(Results(
&
Enumeration$of$functional$TRAV1C2Cnegative$MR1Crestricted$T$cells$

& MAIT& cells& can& detect& a& wide& range& of& bacteria& and& fungi& through& recognition& of& riboflavin&

metabolites&presented&by&the&HLA?Ib&molecule&MR1.&&In&this&context,&we&sought&to&explore&the&relative&

contribution&of&MR1&to&the&entire&HLA?Ib&restricted&CD8+&T&cell&response&to&microbial&infection.&&In&order&

to&quantify& and& characterize& these& responses&directly&ex<vivo,&we&have&developed&a& functional&ex<vivo&

assay& that& relies& upon& cytokine& production& by& CD8+& T& cells& in& response& to&microbial& infection& of& HLA?

mismatched& A549& cells& (Gold& et& al.,& 2010a).& The& flow& cytometry& gating& scheme& used& to& analyze& this&

response& is& shown& in& Appendix& Figure& 1.& Using& this& approach,& we& have& consistently& been& able& to&

enumerate&MAIT&cells&(TRAV1?2+)&responsive&to&a&number&of&microbes&such&as&Mtb&(Gold&et&al.,&2010a;&

Gold&et&al.,&2013;&Gold&et&al.,&2014),&Candida-albicans&and&Salmonella&typhimurium&infections(Gold&et&al.,&

2014).&However,&we&also&consistently&observed&TRAV1?2&negative&cells& that&are&reactive&to&these&same&

microbes.&For&example,&nearly&50%&of&the&CD8+&HLA?Ib&response&to&M.-smegmatis&was&TRAV1?2&negative&

in&a&representative&donor,&D462&(Figure&3.1).&&

& To&address& the&hypothesis& that&TRAV1?2&negative& cells&were&MR1?restricted,&we&generated&an&

MR1?knockout&A549&cell&line&(Laugel&et&al.,&2016).&Briefly,&CRISPR/&Cas9&technology&was&used&to&generate&

a&single&base&pair?deletion&and&a&125?bp&deletion&separately&on&each&allele&to&ablate&expression&of&MR1.&

To&confirm&the&absence&of&MR1& in&a& functional&assay,& the&WT&and&MR1?/?& cell& lines&were& infected&with&

mycobacteria&and&T&cell&responses&evaluated&by&IFN?#&ELISPOT.&As&shown&in&Figure&3.2A,&activation&of&the&

TRAV1?2+&MR1?restricted&clone&(D426?B1(Gold&et&al.,&2014))&was&ablated,&while&activation&of&the&HLA?E&

restricted&clone& (D160?1?23)&was&unaffected,& indicating& that& lack&of&MR1&did&not&affect& infectivity&or&a&

separate&antigen&presentation&pathway.&&

&
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Figure$3.1$$

M.#smegmatis$ infection$elicits$a$ response$ from$MAIT$cells$and$TRAV1C2C$HLACIb$restricted$

CD8+$T$cells$

PBMC?derived&CD8+& T& cells& from&adult& donor& (D462)&were& stimulated& ex- vivo& by& A549& cells&

infected&with&M.-smegmatis&to&identify&mycobacteria?reactive&HLA?Ib&T&cells.&Functional&MAIT&

cells& were& identified& by& production& of& IFN?#& and& expression& of& TRAV1?2& TCR.& Numbers& in&

quadrants&indicate&the&%&of&live&CD3+&cells.&Experiments&were&performed&three&independent&

times&with&similar&results.&Representative&results&are&shown.&

&
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To&establish&the&prevalence&of&MR1?restricted&T&cell& responses&ex<vivo,&WT&and&MR1?/?&A549&cells&were&

infected&with&M.-smegmatis&and&used&as&stimulators&for&CD8+&T&cells&isolated&from&PBMC&of&five&healthy&

individuals& (Figure& 3.2B).& Intracellular& IFN?γ& production&was& assessed& by& flow& cytometry.& As& expected&

TRAV1?2+&cells&produced&IFN?γ&in&response&to&M.-smegmatis?infected&WT&A549&cells.& &Furthermore,&the&

majority&of&the&response&was&MR1?dependent&(mean&85.21%&MR1?restricted,&range&45.3&to&97.22,&n&=&5,&

tested& in&duplicate).& Each&donor&also&had&a&proportion&of&TRAV1?2&negative& cells&whose&production&of&

IFN?γ&was&MR1?dependent&(mean&25.83%&MR1?restricted,&range&10&to&41.03,&n&=&5,&tested&in&duplicate)&

(Fig.&3.2B).&The&average&of&the&cytokine&responses&by&the&TRAV1?2&negative&population&for&each&donor&

across&experiments&was&plotted&in&Fig.&3.2B&(right&panel).& In&order&to&confirm&the&presence&of&TRAV1?2&

negative&M.-smegmatis?reactive&T&cells,&we&repeated&this&assay&using&PBMC&that&were&FACS&selected&on&

CD8&but&depleted&of&TRAV1?2+&cells.&Then&we&stimulated&the&T&cells&with&WT&infected&A549&cells.&From&all&

donors& we& observed& a& detectable& IFN?#& producing& population.& Therefore& we& conclude& that& not& all&

microbe?reactive&MR1?restricted&T&cells&are&TRAV1?2+.&&

&

Cloning$of$TRAV1C2$negative$MR1Crestricted$T$cells$

To&further&characterize&TRAV1?2?negative&MR1?restricted&CD8+&T&cells&in&each&of&the&five&donors,&we&used&

M.-smegmatis?infected&APC&to&generate&CD8+&TRAV1?2&negative&T&cell&lines&that&were&both&reactive&to&M.-

smegmatis&and&whose&activation&was&blocked&by&the&addition&of&MR1?antibody.&Subsequent&cloning&of&

the& T& cell& line& from&one&donor,&D462,& using&!?CD3& stimulation&was&used& to& establish& the& T& cell& clone,&

D462?E4.&As&shown&in&Figure&3.3A,&D462?E4&was&characterized&by&the&uniform&expression&of&CD8!&and&

the& absence& of& TRAV1?2.& In& comparison& to& TRAV1?2+&MAIT& cell& clones,& D462?E4& expressed& equivalent&

levels&of&TCR&and&co?stimulatory&receptors&(Fig.&3.3B).&This&T&cell&clone&also&expressed&CD26&(Sharma&et&

al.,&2015b)&but&did&not&express&CD161&(Dusseaux&et&al.,&2011),&although&CD161&may&have&been&down?&&
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Figure$ 3.2$ $ $ MR1Crestricted$ microbialCreactive$ CD8+$ T$ cells$ from$ blood$ do$ not$ exclusively$ express$

TRAV1C2.&(A)&IFN?γ&production&by&T&cell&clones&D160?1?23&(restricted&by&HLA?E)&and&D426?B1&(restricted&

by&MR1)&in&response&to&mycobacteria?infected&WT&and&MR1?/?&A549&cell&line.&(B)&Positively&selected&CD8+&

T&cells&from&PBMC&were&tested&for&ex-vivo&IFN?g&responses&to&M.-smegmatis&infected&WT&or&MR1?/?&A549&

cell&line.&Events&are&gated&on&live&CD3+CD4?&cells.&IFN?g&and&TRAV1?2&expression&are&shown&on&the&x&and&

y?axis,&respectively.&To&the&right,&is&a&summary&of&the&TRAV1?2&negative&response&from&each&donor&across&

experiments& (C)& Frequency& of& IFN?g+& CD4?& cells& from& each& donor& (represented& by& one& dot)& when&

stimulated& by&M.- smegmatis& infected& WT& or& MR1& ?\?& A549s,& n& =& 5& biological& replicates,& with& n& =& 3&

technical& replicates.& Statistical& significance& of& difference& between& groups& was& determined& using& the&

nonparametric&Mann?Whitney&U& test.&Error&bars&are& the&SEM&of& triplicates& in&A&and&B.&Experiments& in&

this&figure&were&performed&at&least&twice&with&similar&results.&Representative&results&are&shown.&*p?value&

of&less&than&0.05&was&considered&significant.$

& &
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&
regulated&as& the&result&of&expansion&with&anti?CD3& (Leeansyah&et&al.,&2013;&Sharma&et&al.,&2015b)& (Fig.&

3.3B).& TCR& sequence& analysis& of& D462?E4& demonstrated& the& unique& expression& of& TRAV12<2/TRAJ39&

TCR!&and&TRBV29<1/TRBJ1<5&TCR"& (Fig.&3.3C&and&Appendix&Table&1).&The&expression&of&the&TCR"&chain&

was&confirmed&by&antibody&staining,&which&showed&staining&on&D462?E4&but&not&by&MAIT&T&cell& clone,&

D481?A9&that&expresses&TRBV20?1&(Gold&et&al.,&2010a).&We&confirmed&that&the&clone&was&M.-smegmatis?

reactive&using& infected&epithelial& cells,&and& restricted&by&MR1&using&antibody&blockade& (Fig.&3.3D).&The&

D462?E4& clone& retained& the& ability& to& recognize&M.- smegmatis& infected& cells& in& a& manner& that& was&

blocked&by&!?MR1,&but&not&by&the&pan?HLA&I&antibody&W6/32,&nor&by&any&of&the&CD1&blocking&antibodies.&

These&results&are&similar&to&the&pattern&seen&by&the&known&MR1?restricted&T&cell&clones&(D481?F12,&Fig.&

3.3D).&The&clonality&and&MR1&reactivity&of&D462?E4&was&confirmed&by&staining&with&the&MR1?Ag&tetramer&

loaded&with&the&MAIT&activating&ligand,&5?OP?RU&(Fig.&3.3E).&Notably,&clone&D462?E4&bound&the&MR1?Ag&

tetramer&with&the&same&level&of&intensity&as&the&TRAV1?2+&MAIT&cell&clone&D426?B1&(Gold&et&al.,&2010a),&

while& the& HLA?B45?restricted& clone& D466?D6& (Lewinsohn& et& al.,& 2007)& did& not& bind& the& tetramer.& In&

contrast&neither&MR1?restricted&clone&bound&the&MR1&tetramer& loaded&with&the&MAIT&cell& inhibitor,&6?

FP.&Collectively,& isolation&of& clone&D462?E4,& confirms& the&presence&of&microbe?reactive&MR1?restricted&

CD8+&T&cells&that&detect&infection&using&an&atypical&MAIT&TCR&TRAV12?2.&

& &

Differential$antigen$recognition$by$MR1Crestricted$T$cells$

& Because& we& had& isolated& D462?E4& from& an&M.- smegmatis?reactive& T& cell& line,& we& wanted& to&

compare&the&M.-smegmatis?reactivity&of&TRAV1?2+&and&TRAV12?2+&T&cell&clones&over&a&range&of&MOI.&In&

Figure&3.4A,&we&tested&clone&D426?G11&and&D462?E4& in&an&IFN#&ELISPOT&for&their&reactivity&to& infected&

dendritic& cells.& Although& both& clones& recognized& the& infection,& our& data& shows& a& higher& potency& of&

antigen&dose&in&regards&to&the&TRAV1?2+&clone&(D426?G11),&while&both&clones&displayed&similar&maximal&

efficacy&(cytokine&release).&This&result&suggested&that&the&TRAV12?2&TCR&either&had&lower&TCR&avidity&or&&
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Figure$3.3$$

Isolation$of$an$MR1Crestricted$T$cell$clone$that$reacts$to$bacteria$independently$of$the$TRAV1C2$TCR.$&

Generation&of&a&CD8+&T&cell& line&and&then&T&cell&clone,&D462?E4,&through&FACS&sorting&on&CD8+,&#$TCR?,&

TRAV1?2& negative& T& cells& from& donor& in& (Fig.1)& and& co?culturing& for& 7& days& with&M.- smegmatis- (M.-

smegmatis)& infected& autologous& dendritic& cells.& The& line&was& stained&with& CFSE& and& co?cultured& for& 7&

days&with&M.-smegmatis&infected&autologous&macrophages.&(A)&Staining&of&TRAV1?2&and&co?receptor&CD8&

on&T&cell&clone&D462?E4.&(B)&Comparison&of&T&cell&surface&marker&expression&on&TRAV1?2&negative&clone&

D462?E4&(black)&and&TRAV1?2+&MAIT&clone&D426?G11&(gray)&and&(C)&of&TRBV&29?1&on&D462?E4&and&D481?

A9&TRAV1?2+&MAIT&clone.&TCR&CDR3&sequences&and&gene&names&of&D462?E4&are&shown,&right.&(D)&BEAS2B&

cell&line&infected&with&mycobacteria&and&tested&for&their&ability&to&stimulate&T&cell&clones&in&the&presence&

of& blocking& antibodies& or& isotype& by& IFN?γ& ELISPOT& assays,& D462?E4,& D481?F12& (TRAV1?2+&MAIT),& and&

D466?A10&(HLA?B45).&(E)&Flow&cytometry&of&clones&with&MR1?tetramer&loaded&with&6?formyl&pterin&(gray)&

or&5?OP?RU&(clear).&D462?E4,&D481?A9&MAIT&clone,&D466?A10&HLA?B45&restricted&T&cell&clone.&Error&bars&

represent& the&SEM&of& triplicates.& Experiments&were&performed&at& least& two& times&with& similar& results.&

Representative&results&are&shown.&

& &
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could& recognize& fewer& MR1?ligands& from& the& infected& cell.& Given& prior& evidence& of& MR1& ligand&

discrimination&(Corbett&et&al.,&2014;&Gherardin&et&al.,&2016;&Gold&et&al.,&2010a;&Gold&et&al.,&2014;&Patel&et&

al.,& 2013),&we& tested&whether& the& TRAV12?2& TCR&had&different& ligand& selectivity& in& comparison& to& the&

TRAV1?2&MAIT&TCR.&To&define&the&MR1&ligands&recognized&by&the&TRAV12?2+&TCR,&we&first&tested&D462?

E4&for& its&ability&to&recognize&the&A549&cell& line& loaded&with&MAIT&ribityllumazine&antigens&RL?6,7?diMe&

and&RL?6?Me?7?OH&(Kjer?Nielsen&et&al.,&2012)&in&the&presence&or&absence&of&MR1&blockade.&As&shown&in&

Figure& 3.4B,& D462?E4& detected& both& antigens& in& an& MR1& dependent& fashion.& However,& D462?E4& was&

preferentially& stimulated& by& RL?6?Me?7?OH.& In& contrast,& two& previously& characterized& MR1?restricted&

clones&D481?F12&and&D426?G11&(Gold&et&al.,&2010a;&Gold&et&al.,&2014)&were&preferentially&stimulated&by&

the& RL?6,7?diMe& antigen.& To& better& understand& whether& this& differential& response& was& due& to& TCR&

avidity,& T& cell& activation& was& tested& over& a& range& of& antigen& concentrations.& We& found& that& the&

differential&responses&by&D462?E4&compared&to&the&other&MR1?restricted&T&cell&clones&were&maintained&

over&a&wide& range&of& concentrations& (Figure&3.4C).& In& these&experiments,&we&observed& similar& antigen&

potency& (antigen& concentration& of& half& maximum& response)& yet& different& maximal& efficacy& (cytokine&

release)&in&response&to&the&two?ribityllumazine&antigens&between&the&three&MR1?restricted&T&cell&clones.&

These& responses&may&be& indicative&of& different& levels& of& antigen& cross& reactivity& between& these& TCRs.&

Therefore,& we& concluded& that& D462?E4& displayed& ligand& discrimination& between&MAIT& ribityllumazine&

antigens.&&

&

Differential$recognition$of$microbes$by$MR1Crestricted$T$cells$

To&establish&the&repertoire&of&microbes&recognized&by&D462?E4,&a&diverse&array&of&microbes&were&tested.&

Dendritic& cells& (DC)& and& epithelial& cells& were& infected& with& microbes& at& optimized& MOI& and& used& to&

compare& the& ability& of& T& cell& clones&D462?E4& (TRAV12?2)& and&D426?G11& (TRAV1?2)& to& recognize& these&

targets&(Figure&3.4D).&We&observed&four&patterns&of&responses&from&the&MAIT&T&cell&clones:&1)&microbes&&
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&

&

Figure$3.4$T$cell$clone$D462CE4$displays$ligand$and$microbial$infection$selectivity.$Legend$on$following$

page$
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Figure$3.4$T$cell$clone$D462CE4$displays$ligand$and$microbial$infection$selectivity$

$(A)&Dendritic&cells&were& infected&with&M.-smegmatis&at&a&range&of&MOI& (x?axis)&and&then&co?incubated&

with& indicated& MR1?restricted& T& cell& clones.& (B)& A549& cells& were& pulsed& for& 2& hr& with& 100& uM&

ribityllumazine& (RL)?6,7?diMe& (top)& or& RL?6?Me?OH& (bottom)& and& tested& for& their& ability& to& stimulate&

MR1?restricted&T&cell& clones& in& the&presence&of&�?MR1&or& isotype&antibody&by& IFN?γ&ELISPOT.& (C)&A549&

cells&were&pulsed&for&2&hr&with&a&range&of&concentrations&of&RL?6,7?diMe&(top)&or&RL?6?Me?OH&(bottom)&

and&tested&for&their&ability&to&stimulate&MR1?restricted&T&cell&clones&by&IFN?γ&ELISPOT.&(D)&Dendritic&cells&

were& infected&at&optimized&MOIs&with&pathogens& listed&on& the& y?axis,& except& for&Yersinia& and&Shigella&

where&the&A549&cell&line&was&used,&then&co?incubated&overnight&with&the&indicated&MR1?restricted&T&cell&

clones.& IFN?#& production&was&quantified&by&ELISPOT.&Results& are& grouped&by& comparative& response&by&

MR1?restricted&T&cell&clones.&Pattern&of&recognition&was&maintained&over&a&range&of&MOI.&Error&bars&are&

the& SEM& of& triplicates.& Assays& were& performed& twice,& with& similar& results.& Representative& results& are&

shown.& &
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recognized& equivalently& by& both& T& cell& clones& (M.- smegmatis,- E.- coli,- Yersinia- enterolitica,- Shigella-

flexneri),& (2)& microbes& preferentially& recognized& by& the& TRAV1?2+& T& cell& clone& (M.- avium,- Salmonella-

Typhimurium,-Candida-albicans,-Nocardia-asteroides,-Vibrio-parahemolytica),&3)&microbes&only&detected&

by&the&TRAV1?2+&T&cell&clone&(M.tuberculosis,-Staphylococcus-aureus,-Pseudomonas-aeruginosa,-Neisseria-

gonorrhoeae)&and&4)&microbes&only&recognized&by&TRAV12?2+&T&cell&clone&(Streptococcus-pyogenes)-(Fig.&

3.4D).&Neither& clone& responded& to& the& riboflavin& auxotroph&Enterococcus- faecalis.-Thus,& the& TRAV1?2+&

MAIT&clone,&D426?G11,&only&responded&to&microbes&with&the&capacity&to&produce&riboflavin.&While&the&

D462?E4&clone&was&also&able&to&recognize&many&of&these&microbes&(Fig.&3.4D),&it&was&distinguishable&in&its&

ability&to&respond&to&infection&with&Streptococcus-pyogenes.--

& S.pyogenes& is& a& bacterium& that& does& not& encode& the& genes& necessary& for& riboflavin& synthesis,&

such&as&ribA,-ribB,-ribD,-ribH,-and-ribE-(Ferretti&et&al.,&2001;&Minogue&et&al.,&2014;&Vitreschak&et&al.,&2002).&

Initially,& we& confirmed& that& Streptococcus- pyogenes& was& auxotrophic& for& this& vitamin& (Fig& 3.5A).& To&

demonstrate& the& selectivity& of& the& TRAV12?2& T& cell& clone& for& S.- pyogenes,& clones& were& tested& over& a&

broad&range&of&MOIs.&The&TRAV12?2+&T&cell&clone&responded&over&a&range&of&S.-pyogenes&MOI&in&dendritic&

cells& (Fig.& 3.5B)&while& the& TRAV1?2+& clone& did& not& respond& to& this& infection.& To& exclude& a& non?specific&

effect& on& the& TRAV12?2& clone,& cells& were& incubated& with& S.- pyogenes& or& filtered& culture& supernatant&

without&an&APC.&No&activation&was&observed& (Fig.&3.5C).& In&order& to&establish&whether& the&T&cell& clone&

was& activated& by& soluble& factors& from& the& APC,& we& used& two& approaches.& First,& we& tested& whether&

conditioned&media& from&DCs& pulsed&with& S.pyogenes& culture& supernatant& could& activate& D462?E4.& No&

activation&was& observed& (Fig.& 3.5C).& Second,&we& tested&whether& pulsed& fixed&DCs&would&maintain& the&

same&pattern&of&eliciting&T&cell&clone&activation&as&unfixed&pulsed&DCs&(Fig.&3.5C).&In&this&experiment,&DCs&

that&had&been&pulsed&with&S.pyogenes&supernatant&overnight&and&then&fixed&were&still&able&to&activate&T&

cell&clone&D462?E4,&suggesting&the&response&depends&upon&antigen&presentation&and&not&soluble&factors.&

We&next&sought&to&determine&whether&the&response&to&S.pyogenes&was&dependent&upon&the&TCR.&&
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Figure$3.5$Selective$recognition$of$Streptococcus#pyogenes$by$a$TRAV1C2$negative$T$cell$clone$D462CE4$

(A)&S.pyogenes&or&E.coli&was&cultured&in&minimal&broth&without&riboflavin&or&with&a&titration&of&riboflavin&

over& the& course& of& 96& hours& (S.pyogenes)& or& 12& hours& (E.coli)& and& growth& was& monitored& by& optical&

density&readings.& (B)&Dendritic&cells&were& infected&with&S.pyogenes&at&a&range&of&MOI&(x?axis)&and&then&

co?incubated&with&indicated&MR1?restricted&T&cell&clones.&(C)&T&cell&clones&D462?E4&and&D426?G11&were&

incubated& with& (left& to& right)& S.- pyogenes& (MOI& =& 10),& S.pyogenes& culture& supernatant& (SN)& 30ul,&

unloaded&DCs,&DCs&with-S.pyogenes&SN,&or&pulsed&DC&conditioned&media&overnight.&On&the&right,&D462?

E4& and& D426?G11& were& incubated& with& paraformaldehyde& fixed& DCs& that& had& been& pulsed& with& S.-

pyogenes&SN.& & IFN?�&production&was&quantified&by&ELISPOT.& (D)&T&cell&clone&D462?E4&was&blocked&with&

anti?pan& TCR!"�,& isotype& control& or& not& treated,& and& then& co?incubated& with& DCs& loaded& with& S.-

pyogenes& supernatant& (30ul).& IFN?�& production&was& quantified& by& ELISPOT.& (E)& Phosphorylation&of& the&

CD3?&&chain&of&the&TCR/CD3&complex&at&tyrosine&142&or&ZAP?70&at&tyrosine&319&was&quantified&by&flow&

cytometry& after& T& cell& clone& D462?E4& was& co?incubated& with& DCs& infected& with& S.- pyogenes- or- M.-

smegmatis& MOI& =& 10,& PHA& (20& µg/ml)& or& left& untreated& (unstimulated& condition).& Numbers& on& the&

overlay& indicate& the& geometric& mean& fluorescence& intensity& of& at& least& 30,000& clones.& (F)& DCs& were&

infected&with&S.-pyogenes&at&MOI&=&3,&blocked&with&anti?MR1&or&isotype&control&(10&µg/ml),&and&then&co?

incubated&with&D462?E4&T&cell&clone.& IFN?#&production&was&quantified&by&ELISPOT.& (G)&DCs&were&either&

blocked&with& 6?formyl& pterin& (50& µg/ml)& or& 0.01M&NaOH& vehicle& control& or& nothing,& and& then& loaded&

with&S.-pyogenes-or-M.-smegmatis&supernatant&(15&ul)&or&PHA&at&10&µg/ml.&The&DCs&were&then&used&to&

stimulate&T&cell&clone&D462?E4&and&IFN?#&production&was&quantified&by&ELISPOT.&(H)&T&cell&clones&D462?E4&

(blue)&and&D426?G11&were&incubated&with&(left&to&right)&uninfected&DCs,&DCs&and&PHA,&DCs&infected&with&

highly&invasive&S.-pyogenes&strain&M1?5448&(gift&of&Nizet&Lab)&or&ATCC&Rosenbach&strain,&DCs&loaded&with&

cell?free& bacterial& culture& supernatant& generated& from& S.- pyogenes& strains& and& different& M& protein?

serotypes&(gifts&from&Nizet&Lab).&deltaM1&=&S.-pyogenes-without&any&M?protein,&deltaGAC&=&S.-pyogenes&
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that& cannot& create& group& A& carbohydrates.& Error& bars& represent& the& SEM& of& at& least& duplicates.& The&

experiment& in& 5H&has& been&performed&once&while& all& other& assays&were& performed& three& times,&with&

similar&results.&Representative&results&are&shown.&

&

& &
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& As& shown& in& Figure&3.5D& the& response& to&S.- pyogenes& could&be&blocked&using& the&pan&αβ?TCR&

non?activating& antibody& but& not& an& isotype& control.& Furthermore,& increased& phosphorylation& of& CD3&�

the& TCR?CD3& complex,& (the& primary& intracellular& signal& transducing& subunit& (Alberola?Ila& et& al.,& 1997))&

was&observed&in&D462?E4&following&incubation&with&DCs&infected&with&M.-smegmatis&or&S.-pyogenes&(Fig&

3.5E).& ZAP?70& is& a& tyrosine&kinase& that,&upon&TCR& stimulation,& is& recruited& to& the&TCR?CD3&complex&by&

phosphorylation&of&the&ITAMs&of&CD3�(Wang&et&al.,&2010).&After&TCR&engagement,&the&tyrosine&residues&

Y315&and&Y319&of&ZAP?70&are&phosphorylated.& In&order&to&provide& further&evidence&of&TCR&stimulation&

upon& recognition& of& bacterially& infected& DCs,& we& also& compared& the& level& of& ZAP?70& pY319& between&

treatments.& We& also& observed& increased& phosphorylation& of& this& key& residue& of& ZAP?70& in& D462?E4&

following& incubation&with&DCs& (Fig&3.5E).&Cumulative& results& from&multiple&experiments&measuring& the&

intracellular& phosphorylation& status& are& summarized& in& the&Appendix& Figure& 2.& To& determine&whether&

the& recognition& of& S.- pyogenes& was& dependent& on& MR1,& two& approaches& were& employed.& & First,& we&

tested&whether&the&clone's&response&to&S.-pyogenes&could&be&blocked&with&antibody&to&MR1&(Fig.&3.5F).&&

Recognition& was& efficiently& inhibited& by& addition& of& anti?MR1& but& not& isotype& control.& & Second,& we&

employed&the&MR1&antagonist,&6?formyl&pterin&(Fig.&3.5G).&The&response&to&S.-pyogenes,&but&not&mitogen&

PHA,&was&also&blocked&by&addition&of&6?formyl&pterin&over& the&vehicle&control.&Finally,& to& test&whether&

D462?E4&could&broadly&react&to&S.-pyogenes,&we&tested&its&and&a&control&MAIT&cell&clone’s&recognition&of&

different&strains&and&serotypes,&that&were&gifts&from&Dr.&Victor&Nizet’s&Lab&(Figure&3.5H).&The&5448&“M”&

serotypes& are& highly& invasive& compared& to& the& ATCC& Rosenbach& strain& used& in& all& other& experiments.&

Neither&T&cell&clone&could&recognize&DCs&infected&with&any&of&these&strains&and&we&hypothesize&this&could&

have&been&due& to& toxicity&of& the&cells.&Therefore,&we&prepared&bacteria& free?culture& supernatant& from&

each&strain,&co?incubated&it&with&DCs,&and&tested&whether&this&provided&stimulation&to&D462?E4&(blue)&or&

D426?G11&(black).&While&the&MAIT&cell&clone&did&not&react&to&any&of&the&stimuli,&D462?E4&responded&to&

some& and& not& others.& This& suggested& to& us& that& either& M2,& M3,& M49& did& not& contain& the& necessary&
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antigen& or& contained& toxic& molecules& that& killed& the& cells.& Further& experiments& are& needed& to&

differentiate&between&these&explanations.&&

& Thus,& clone& D462?E4& detects& both& ribityllumazines& MAIT& antigens& and& an& unidentified&

streptococcal?derived&antigen&in&an&MR1&and&TCR?dependent&fashion.&This&unique&detection&pattern&of&

infection& and& ligand& recognition& by& TRAV12?2+& D462?E4& compared& to& TRAV1?2+&MAIT& cells& indicates& a&

greater&diversity&in&microbial&MR1&ligands.&&

&

Tetramer$staining$of$TRAV1C2Cnegative$MR1Crestricted$T$cells$

& To&establish&the&prevalence&of&TRAV1?2&negative&MR1&restricted&T&cells&across&healthy&individuals&

we& first& stained& PBMC& with& the& MR1?Ag& (5?OP?RU)& tetramer,& followed& by& sequential& staining& with&

antibodies& to& MAIT?associated& surface& markers& (Appendix& Fig.& 3).& As& human& MAIT& cells& have& been&

defined& as& either& CD8+& or& CD8?CD4?& T& cells& (Gold& et& al.,& 2010a;& Porcelli& et& al.,& 1993),& we& quantified&

tetramer& staining&within& the& CD4?negative& population.& Frequencies& of&MR1?Ag& tetramer+& cells& ranged&

from&0.98%&to&4.30%&(mean&2.30%,&n&=&5)&of&the&CD4?negative&lymphocytes&(Figure&3.6,&top&row).&In&line&

with& previously& published& data& (Reantragoon& et& al.,& 2013),& the& majority& of& MR1?Ag& tetramer+& cells&

expressed& the& TRAV1?2& TCR& (Fig.& 3.6,& second& row).& However,& on& average& 2.57%&of&MR1?Ag& tetramer+&

cells&did&not&express&TRAV1?2&(red&events&in&Fig.&3.6).&Furthermore,&these&were&present&in&all&donors&and&

ranged& in& frequency& from& 1.40%& to& 4.22%& of& tetramer+& cells.& TRAV1?2+& MAIT& cells& have& been&

phenotypically&characterized&as&cells&with&high&expression&of&CD161&(Fergusson&et&al.,&2014;&Martin&et&al.,&

2009b)& and& CD26& (Dusseaux& et& al.,& 2011;& Sharma& et& al.,& 2015b).& In& line&with& this,& the&majority& of& the&

TRAV1?2+&MR1?Ag&tetramer+&cells&co?expressed&CD26&and&CD161&(mean&96.2%,&S.D.&2.5%)&(Fig.&6,&bottom&

row).&&In&contrast,&a&smaller&proportion&of&tetramer+,&TRAV1?2&negative&cells&expressed&CD161&and&CD26,&

although&there&was&considerable&heterogeneity&between&donors&(mean&60.1%,&S.D.&21.6%,&range&37.8%?

86.2%).&To&exclude&the&possibility& that& tetramer&binding&masked&the&staining&of&TRAV1?2,&we&depleted&
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the& TRAV1?2+& cells& by& FACS& in& three& of& the& above& donors,& and& then& stained& the& remaining& TRAV1?2&

negative&cells&with&the&MR1&tetramer.&In&this&case,&the&estimated&TRAV1?2&negative&tetramer&frequencies&

were& nearly& identical& to& those& seen& prior& to& TRAV1?2& depletion& (Fig.& 3.6& bottom).& This& experiment&

verified&the&frequencies&of&TRAV1?2?&MR1&restricted&T&cells&from&each&donor.&In&sum,&these&data&confirm&

the&presence&of& T& cells& capable& of& interacting&with&MR1?Ag& that& do&not& express& the& TRAV1?2& TCR!& in&

healthy&human&blood.&

& Finally,&in&order&to&test&the&generalizability&of&the&antigenic&reactivity&observed&by&clone&D462?E4,&

we&generated&CD8+&TRAV1?2&negative&MR1&tetramer+&T&cell&lines&from&the&four&additional&donors&used&in&

Figure&3.6.&Importantly,&these&four&T&cell&lines&were&enriched&to&a&range&of&84?97%&TRAV1?2&negative&of&

MR1& tetramer+& cells& by& flow& cytometry& analysis.& We& observed& MR1?restricted& IFN?#& reactivity& to&M.-

smegmatis&and&S.pyogenes&infection&by&each&T&cell&line.&Taken&together,&the&confirmation&of&our&finding&

from&four&additional&PBMC&donors&supports&generalized&antigenic&reactivity&of&TRAV1?2&negative&MR1?

restricted&T&cells&across&individuals.&

& &
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&

Figure$3.6$MR1CAg$Tetramer+$CD8+$T$cells$from$peripheral$blood$do$not$exclusively$express$TRAV1C2$

$PBMCs& were& stained& with& antibodies& to& CD3,& CD4,& CD8,& TRAV1?2,& CD26,& CD161,& viability& stain,& and&

human&MR1?Ag& (5?OP?RU)& tetramer.& All& plots& are& gated& on& live,& CD3+,& CD4& negative& cells.& The& x?axis&

represents&CD161&expression,&and&the&y?axis&represents&MR1?tetramer&(top&row),&TRAV1?2&(middle&row),&

CD26& (bottom& row).& MR1& tetramer+& cells& were& gated& as& indicated& by& the& gate& in& the& top& row.& MR1&

tetramer+&cells&were&sub?gated&based&on&TRAV1?2&expression&where&TRAV1?2&negative&events&and&their&

frequencies&are&shown&in&red.&The&second&and&third&row&of&plots&are&overlays&of&TRAV1?2+&in&black&and&

TRAV1?2negative&in&red.&(B)&PBMC&were&depleted&of&TRAV1?2+&cells&by&FACS&and&then&stained&with&MR1?

Ag& tetramer& and& T& cell& lineage& markers& (red& bars).& The& black& bars& and& red& patterned& bars& indicate&

frequencies& presented& in& (A)& for& comparison.& The& experiment& (A)& was& performed& twice& with& similar&

results&and&(B)&was&performed&once.&Representative&results&are&shown.$

$
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Chapter(3(Discussion(
&
$ While& MAIT& cells& have& been& defined& by& their& usage& of& the& TRAV1?2& TCR,& in& this& report& we&

demonstrate& unambiguously& the& presence& of& MR1?restricted& T& cells& that& are& TRAV1?2& negative,&

demonstrate&the&specific&usage&of&the&TRAV12?2&TCR&by&a&clone,&and&find&that&these&cells&are&capable&of&

recognizing&both&the&previously&demonstrated&ribityllumazine&riboflavin&intermediates,&as&well&as&unique&

ligands& derived& from& Streptococcus- pyogenes,& a& bacterium& incapable& of& riboflavin& biosynthesis.& & As& a&

result,& our& study& demonstrates& considerable& promiscuity& in&MR1?restricted& T& cells,& at& the& level& of& the&

ability&of&their&TCR&to&recognize&antigens,&and&in&the&ability&of&MR1&to&present&these&ligands.& & &

$ We& find& that& TRAV12?2&MR1?restricted& T& cells& can& be& stained&with& the&MR1?Ag& tetramer,& and&

have& the& ability& to& recognize& both& known& ribityllumazine& antigens& as&well& as& an& antigen& derived& from&

Streptococcus-pyogenes.&&The&observation&that&the&TRAV1?2&MR1?restricted&T&cell&cannot&recognize&this&

bacterium&provides&definitive&evidence&that&the&antigen&being&recognized&is&distinct.& &These&data,&then,&

would& suggest& a& model& in& which& the& MAIT& cell& TCR& confers& selectivity,& but& not& stringent& specificity.&&

Similarly,&our&data& support& the&hypothesis& that&MR1& is& capable&of&presenting&an&array&of& ligands.& &The&

observation& that&MR1?restricted& T& cells& of& varying& TCR& usage& and& antigenic& selectivity& can& be& broadly&

defined& by& staining& with& the& MR1?Ag& (5?OP?RU)& tetramer& is& reminiscent& of& CD1d?restricted& T& cells&

defined&by& staining&with& the& aGalCer& tetramer& (Gumperz& et& al.,& 2002;& Kawano&et& al.,& 1997;& Lee&et& al.,&

2002).& In& these& initial& studies,& human&NKT& cells&were& enumerated& using& CD1d?αGalCer& tetramers& and&

found& to& stain& with& anti?Vα24& TCR& antibody.& More& recently,& populations& of& NKT& cells& expressing&

alternative&semi?invariant&TCRs&that&bind&to&αGalCer?loaded&CD1d&tetramers&have&been&identified&(Brigl&

et&al.,&2006;&Gadola&et&al.,&2002).&Elucidation&of&the&crystal&structure&of&one&of&these&alternative&TCRs&to&

αGalCer?loaded&tetramer&showed&a&similar&binding&mode&to&that&of&the&Vα24/Jα18&TCR&(Lopez?Sagaseta&

et& al.,& 2012).& Taken& together,& this& shared&phenomenon&between&MR1&and&CD1d&antigen&presentation&
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must& be& what& allows& selective& activation& within& the& confines& of& microbial& pattern& recognition& by&

unconventional&T&cells.&&

& The&use&of&TRAV12?2&TCR&by&MR1?restricted&T&cells&necessarily&challenges&the&existing&paradigm&

of&how&the&MAIT&cell&TCR& interacts&with&MR1.&Prior&studies&have&defined&the&structural&and&functional&

requirements& of& the& semi?invariant& TRAV1?2& TCR& for&MAIT& cell& activation& in& the& context& of&MR1& and&

bound& ligand& (Corbett&et& al.,& 2014;& Eckle&et& al.,& 2014;& Lopez?Sagaseta&et& al.,& 2013b;&Patel& et& al.,& 2013;&

Reantragoon&et&al.,&2012).&These&studies&define&a&clear&role&for&the&CDR3α&and&possibly&the&CDR3β&loop&

in&ligand&recognition.&Specifically&these&studies&suggested&a&conservation&of&key&patterns&of&TCR&residues&

in& the& TCR&�?chain& including& the& conserved& amino& acid,& Tyr!95(Adams& and& Luoma,& 2013;& Eckle& et& al.,&

2014;& Lopez?Sagaseta& et& al.,& 2013b;& Patel& et& al.,& 2013;& Reantragoon& et& al.,& 2012;& Rossjohn& et& al.,&

2014).The&critical& tyrosine&at&position&95& in& the&CDR3&of& the&TCR!& chain&allows& for& the& formation&of&a&

hydrogen&bond&with&MAIT&activating&but&not&non?activating&ligands.&For&example,&MR1&binding&of&the&RL?

6?Me?7?OH& ligand,& that& is& selectively& recognized&by&D462?E4,&allows& for&a& single&TRAV1?2+&TCR&contact&

with& TRAV1?2:& Tyr95& of& the& CDR3α& loop& (Patel& et& al.,& 2013).& While& this& residue& is& highly& conserved&

between&MAIT&TCRs&(Greenaway&et&al.,&2013;&Tilloy&et&al.,&1999),&sequence&analysis&of&TRAV12?2+&D462?

E4& demonstrates& this& clone& lacks& a& tyrosine& residue& in& its& CDR3α& region.& & We& note& that& we& have&

previously& reported&that&a&proportion&of&microbial?reactive,&TRAV1?2&expressing&MR1?restricted&T&cells&

do&not&contain&the&Tyr!95&(Gold&et&al.,&2014).&A&recent&study&by&Gherardin&et&al.,&observed&that&a&TRAV1?

2&negative&MR1?restricted&TCR&(TRAV36/TRAJ34)&could&instead&use&an&asparagine&residue&of&its&CDR1a&to&

contact& 5?OP?RU& activating& ligand(Gherardin& et& al.,& 2016).& This& elegant& study& highlights& alternative&

molecular&interactions&can&mediate&atypical&TCR&recognition&of&MR1?Ag.&In&the&future&we&would&like&to&

elucidate&the&crystal&structure&of&the&TRAV12?2&MR1?restricted&TCR&in&a&ternary&structure&with&antigens&

derived& from& both&M.- smegmatis- and- S.- pyogenes& to& determine& the& critical& residues& mediating& the&
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binding.&However,& at& present,&we& cannot& comment& on& the& critical& residues& that&mediate& the&D462?E4&

TCR&interaction&with&MR1?ligand.&&&

& Our& data& clearly& supports& the& hypothesis& that&MR1& can& present& a& diverse& array& of& ligands& to&

MR1?restricted&T&cells.&&First,&by&comparing&microbial&recognition&of&the&TRAV1?2&and&TRAV12?2&TCR&we&

have&defined&patterns&of&recognition&that&would&imply&the&presence&of&more&than&one&activating&ligand.&&

For&instance,&the&ability&of&TRAV1?2&expressing&T&cells&to&uniquely&recognize&a&microbe&would&suggest&the&

presence&of&a&ligand&not&recognized&by&TRAV12?2&TCR.&&Similarly,&those&microbes&that&are&preferentially&

recognized&by& the&TRAV1?2&T&cells& likely&contain&either&a& single& ligand& that& is& recognized&preferentially&

analogous& to& our& findings& of& ligand& discrimination& between& ribityllumazines& in& Fig.& 4B,& or& contain&

multiple& ligands.& & Most& striking,& however,& was& the& ability& of& the& TRAV12?2+& MR1?restricted& T& cell& to&

recognize-Streptococcus-pyogenes,&an&organism&that&cannot&synthesize&riboflavin.&Because&this&pathogen&

is&not&recognized&by&the&TRAV1?2+&T&cells,&these&data&would&refute&the&hypothesis&that&differential&MAIT&

cell& recognition&can&be&simply&explained&by&differing&proportions&of& riboflavin&metabolites.&At&present,&

the& MR1& ligand& from& Streptococcus- pyogenes& remains& to& be& determined.& Recent& molecular& analyses&

suggest&that&MR1&can&accommodate&a&range&of&different&ligands&due&to&plasticity&in&ligand&orientation&of&

the&binding&cavity&(Corbett&et&al.,&2014;&Eckle&et&al.,&2014;&Lopez?Sagaseta&et&al.,&2013b;&Patel&et&al.,&2013;&

Reantragoon&et&al.,&2012;&Rossjohn&et&al.,&2014).&As&the&pterin&ring&occurs&commonly&in&the&environment,&

it& is&feasible&that&other&microbial&or&host&molecules&with&common&chemotypic&properties&could&bind&to&

MR1,&and&function&as&antigens&for&MR1?restricted&T&cells.&We&hypothesize&that&diversity&in&MR1&ligands&

allows& MR1?restricted& T& cells& to& recognize& a& wide& range& of& microorganisms& and& their& associated&

metabolomes.&&

& In&the&future,&we&would&first&like&to&determine&characteristics&of&the&MR1&ligands&in&S.-pyogenes.&

To&do& this,&we&would& test&whether& antigenic& activity& remains&upon& filtering&bacterial& lysate& through&a&

series& of& molecular& weight& gradients.& Secondly,& we& could& treat& the& lysate& with& proteases,& lipases,& or&
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enzymes& that& cleave& sugar& to& determine& whether& it& is& proteinaceous,& lipid& based,& or& sugar& based,&

respectively.&Both&of&these&techniques&assume&that&S.-pyogenes&MR1&ligands&are&uniform&so&therefore,&it&

will&be&important&to&use&a&more&general&procedure&as&well.&To&determine&the&general&chemical&nature&of&

MR1& ligands& derived& from& S.- pyogenes,& we& propose& to& load& recombinant&MR1& in& the& presence& of& S.-

pyogenes& lysate.&Then&we&will&elute& the&MR1?ligands&and&use&a&combination&of& liquid&chromatography&

and&mass&spectrometry&(LCMS)&techniques&to&further&purify&and&characterize&the&different&chemotypes.&

To& control& for& endogenous& or& artificial& ligands,& we& will& run& the& same& experiment& in& parallel& with&

recombinant&MR1&without&bacterial&lysate.&

& In& contrast& to& conventional& T& cell& populations,& MAIT& cells& can& be& found& in& the& thymus& with&

effector&pathogen?reactive&capability& (Gold&et&al.,&2013)&and&their&selection&depends&on&hematopoietic&

rather&than&epithelial&cells&(Martin&et&al.,&2009b;&Seach&et&al.,&2013;&Treiner&et&al.,&2005).&It& is&unknown&

whether&innate&T&cell&function&is&a&T&cell&intrinsic&program&or&is&a&result&of&TCR&signaling&through&selection&

in&the&thymus&by&MR1.&Both&functional&data,&and&tetramer&staining&demonstrates&the&presence&of&MR1?

restricted&T&cells&in&all&donors.&&Because&we&do&not&have&a&TRAV12?2&antibody,&the&full&TCR&repertoire&of&

these& cells& remains& to& be& determined& as&well& as& whether& they& share& the& innate& T& cell& attributes& and&

selection& pathway& of& TRAV1?2+&MR1?restricted& T& cells.& & In& the& future,& to& determine& the& repertoire& of&

TRAV1?2& negative&MR1?restricted& T& cells,&we&would& utilize& the&MR1& tetramer& (Fig.& 3.6)& to& isolate& and&

analyze&this&population&of&interest.&At&present,&the&MR1/5?OP?RU&tetramer&has&been&described&by&others&

to& label&all&TRAV1?2+&MR1T&cells,&and&at& least&a& subset&of& the&TRAV1?2&negative&MR1?restricted&cells.& I&

would&employ&this& reagent&both& in&ex-vivo&TCR&sequencing&and& in&the&generation&of&TRAV1?2&negative&

MR1&T&cell&clones.&TRAV1?2&negative&MR1/5?OP?RU&tetramer+&cells&would&be&sorted&by&FACS&from&PBMC&

donors.& A& fraction& of& these& cells& could& be& used& for& unbiased& TCR& alpha& chain& sequencing& to& see& how&

diverse&or&restricted&the&repertoire&is.&The&rest&of&the&cells&could&be&used&to&generate&T&cell&clones&which&

are&vital&for&answering&questions&about&TCR&pairing&and&antigenic&reactivity&as&it&relates&to&a&specific&TCR.&&
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& We&also&note&the&preponderance&of&MR1?restricted&T&cells&expressing&the&TRAV1?2&TCR,& in& line&

with&prior&observations&(Reantragoon&et&al.,&2013).&This&phenomenon&could&occur&by&a&scenario&where&

TRAV1?2+& T& cell& selection& in& the& thymus& is& favored& over& other& TCRs.& Alternatively,& given& evidence& of&

ligand& discrimination& by& MAIT& TCRs,& TRAV1?2+& MAIT& cells& could& dominate& in& the& periphery& due& to&

selective& microbial& exposures.& In& line& with& this& hypothesis,& perhaps& repeated& exposures& of&

environmental& mycobacteria& or& gram?negative& gut& microbiota& allow& for& preferential& expansion& of&

TRAV1?2+&MR1& restricted& T& cells& in& the&majority& of& individuals.&MR1?restricted& T& cells&might& display& a&

different&TCR&repertoire&in&different&tissues&based&on&selective&trafficking,&or&clonal&expansion,&to&detect&

the&microbes&their&TCRs&can&specifically&recognize.&&

& Based&on&our&findings,&we&propose&that&non?TRAV1?2&MR1?restricted&TCRs&contribute&to&immune&

defense&against&infection&primarily&by&providing&more&diverse,&and&in&some&instances&unique,&microbial&

recognition.& For& instance,& the& TRAV12?2+& MR1?restricted& T& cell& clone& can& recognize& infection& with&

Streptococcus- pyogenes.& & A& variety& of& diseases& are& caused& by& infection& by& Streptococcus- pyogenes& or&

Group& A& streptococcus& (Walker& et& al.,& 2014).& These& include& the& throat& infection& "strep& throat",&

pneumonia,& fasciitis,& nosocomial& wound& infection,& and& glomerulonephritis.& I& hypothesize& that& MR1?

restricted&T&cells&expressing&TRAV12?2+&or&other&atypical&TCRs&selectively&expand&at&tissue&sites,&such&as&

the& human& mouth,& tonsils,& and& skin,& associated& with& streptococcal& infection.& In& the& future,& I& would&

propose&to&analyze&the&TCR&repertoire&used&by&MR1?restricted&T&cells&at&mucosal/lymphoid&organs& like&

the& tonsils.& Our& prior& finding& of& microbe& selective& clonal& MR1?restricted& T& cell& expansions& within&

individuals&(Gold&et&al.,&2014),&in&conjunction&with&the&data&presented&herein&demonstrates&the&capacity&

of&MR1?restricted&T&cells&to&discriminate&between&microbial&infections,&and&supports&the&hypothesis&that&

MAIT&cells&display&antigen?driven&clonal&expansion.&

& In& sum,&we&show&that&MR1?restricted&T&cells&have& the&capacity& to&detect&a&greater&diversity&of&

microbes& than& previously& shown.&We& have& isolated& a& human& T& cell& clone& that& expresses& a& TCR& never&
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observed& within& MAIT& cells& before,& TRAV12?2,& demonstrating& that& MR1?restricted& T& cells& do& not& use&

TRAV1?2& exclusively.& This& TRAV12?2& TCR& displays& MR1?Ag& discrimination& both& with& regard& to& the&

recognition&of& known& ribityllumazine&metabolites,& and&most& notably& in& its& capacity& to&uniquely& detect&

Streptococcus-pyogenes,&a&pathogen&that& lacks&the&capacity&to&synthesize&riboflavin.&Collectively,& these&

data& provide& evidence& that& additional& MAIT& cell& subsets& may& play& a& unique& role& in& human& defense&

against&infection&by&broadening&the&recognition&of&microbes&and&their&associated&metabolites.&

& (
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Chapter(3(Materials(and(Methods(
&
Human$subjects.&&

All& samples& were& collected& and& all& experiments& were& conducted& under& protocols& approved& by& the&

institutional&review&board&at&Oregon&Health&and&Science&University.&PBMCs&were&obtained&by&apheresis&

from&healthy&adult&donors&with&informed&consent.&&

&

Cell$lines$and$reagents.&&

All&cell& lines&used&in&this&study&have&been&confirmed&to&be&mycoplasma?free.&The&A549&lung&carcinoma&

cell& line& (ATCC&CCL?185)&was&used&as&antigen?presenting&cells& for& IFN?γ&ELISPOT&assays& in&Figure&1&and&

Figure&2,&direct&ex-vivo&ICS&determination&of&microbe?reactive&T&cells,&and&in&Figure&4C&for&infection&with&

Neisseria- gonorrhoeae& and& Yersinia- enterolitica.& The& BEAS?2B& bronchial& epithelial& cell& line& was& used&

(ATCC& CRL?9609)& in& Figure& 3& for& antibody& blockade& ELISPOT& assays.& Cell& lines& were& maintained& by&

continuous&passage&in&F12K&culture&medium&supplemented&with&10%&FBS.&Both&cell&lines&were&confirmed&

to& be&mycoplasma& free.& Ribityllumazine& (RL)?6,7?diMe& and& RL?6?Me?7?OH&were& purchased& from&WuXi&

Apptec& and& 6?formyl& pterin& (6FP)& from& Schick& Laboratories.& Live?dead& aqua& stain& and& CFSE& were&

purchased& from&Life& technologies.&Unconjugated&antibodies&used& in& the&study&were&the& following:&anti&

(!)?CD3& (clone&OKT3),&!"TCR& (clone&T10B9,&BD),&!MR1& (26.5,& gift&of& Ted&Hansen),&!HLA?ABC& (W6?32,&

AbD& Serotec),& !CD1a/CD1b/CD1c/CD1d& (gift& of& Branch& Moody),& !IFN?#& for& ELISPOT& (Mabtech,& see&

ELISPOT&methods& section&below)&and&LEAF&purified& IgG2a,& IgG1,&and& IgM& isotype&controls& (Biolegend).&

Conjugated&antibodies&used& in& this&study&were& the& following:&!CD3&(UCHT1,&FITC&or&PerCP&Cy5.5,&1:50&

dilution,& Biolegend,& BL),& !TRBV29?1& FITC& (1:10& dilution,& Beckman& Coulter),& !CD8!�& (APC?Cy7,& 1:500&

dilution,&clone&RPA?T8,&&BL),&!CD26&(FITC,&1:50&dilution,&clone&BA5b,&BL),&!CD161&(PE?Cy7,&1:50&dilution,&

HP?3G10,&BL),&!CD4&(Brilliant&violet&785,&1:50&dilution,&OKT4,&BL),&!IFN?g�&FITC&(1:25&dilution,&Beckman&

Coulter),&� !TCR&!"& (PE,& 1:50& dilution,& clone& T10B9,& BD),& and& IgG2a& isotype& conjugated& to& FITC& (BD),&
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!TRAV1?2& (APC,& 1:50& dilution,& OF5A12)(Gold& et& al.,& 2013),& !CD247& pY142& (PE,& 1:10& dilution,& BD&

Phosflow),&!ZAP?70&pY319&/&Syk&pY352& (PE,&1:10&dilution,&BD&Phosflow)&and&!TCR&(FITC,&1:25&dilution,&

clone&B1,&BD).&5?OP?RU:&5?(2?oxopropylideneamino)?6?D?ribitylaminouracil.&&

$

MonocyteCderived$dendritic$cells.&&

PBMC&obtained&by&apheresis&were&resuspended&in&2%&human&serum&(HS)&in&RPMI&and&allowed&to&adhere&

to&a&T?75&flask&at&37C&for&1&h.&On&average,&30&million&PBMC&yielded&5&million&monocyte&derived&DCs.&After&

gentle&washing& twice&with& PBS,& nonadherent& cells& were& removed& and& 10%&HS& in& RPMI& containing& 30&

ng/ml&of&IL?4&(Immunex)&and&30&ng/ml&of&GM?CSF&(Immunex)&was&added&to&the&adherent&cells.&The&cells&

were& x?rayed&with& 3000& cGray& using& X?RAD320& (Precision& X?Ray& Inc.)& to& prevent& cell& division.& After& 5&

days,&cells&were&harvested&with&cell?dissociation&medium&(Sigma?Aldrich)&and&used&as&APCs&in&assays.&

&

Generation$of$an$MR1$knockout$cell$line$using$CRISPR$Cas9$$

The& reagents& used& to&mutate& the&MR1& gene&were& derived& from& the& toolkit& described& by& (Mali& et& al.,&

2013).& A& codon?optimized& synthetic& Cas9& cDNA& under& the& control& of& the& CMV& promoter& (Addgene&

plasmid&#41815)&was&used&in&combination&with&a&single&guide&RNA&(sgRNA)&comprising&a&transactivating&

CRISPR& RNA& sequence& (Mali& et& al.,& 2013)& as& well& as& the& 19?nucleotide& protospacer& sequence&

(GATGGGATCCGAAACGCCC)& targeting& the& +& strand& of& exon& 3& of& the& MR1& gene& followed& by& the&

protospacer&associated&motif&(PAM)&AGG.&Plasmid&DNA&serving&as&template&for&the&transcription&of&the&

CRISPR/Cas9&elements&were&transfected&in&the&carcinomic&human&alveolar&basal&epithelial&cell&line&A549&

using& Lipofectamine& 2000& (Invitrogen,& Life& Technologies,& Paisley,&UK)& according& to& the&manufacturer’s&

instructions.&Genomic&DNA&from&A549&cells&was& isolated&with& the&GenELute&mammalian&genomic&DNA&

miniprep&kit&(Sigma?Aldrich,&Gillingham,&UK).&Mutations&at&the&target&site&were&detected&using&theCEL?I&

enzyme,&as&part&of&the&SURVEYOR&assay&(Transgenomic&Ltd,&Glasgow,&UK),&which&cleaves&DNA&duplexes&
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bearing& base& pair& mismatches,& caused& by& insertions& or& deletions& at& proximity& of& the& PAM& sequence,&

within& the& PCR& amplicons& generated&with& primers& flanking& the& genomic& target& site.& The& PCR& forward&

primer&(5’?GCATGTGTTTGTGTGCCTGT?3’)&is&located&in&the&intron&region&upstream&of&the&target&site&and&

the&reverse&primer&(5’?GGTGCAATTCAGCATCCGC?3’)&downstream&on&exon&3.&MR1&protein&expression&at&

the&cell&surface&was&measured&by&flow&cytometry&with&the&anti?MR1&antibody&clone&26.5&(a&kind&gift&of&

Prof& Ted& Hansen)& following& overnight& stabilization& by& incubating& cells& with& 50& µg/ml& acetyl?6?

formylpterin&(Schirks&Laboratories,&Jona,&Switzerland).&MR1&negative&cells&were&sorted&by&flow&cytometry&

and&single&cell&clones&were&derived&from&the&sorted&bulk&population&by&limiting&dilution&(average&of&0.3&

cells&per&well).&Clonal&populations&were&then&screened&for&MR1&surface&expression&and&DNA&indels&with&

the&SURVEYOR&assay.&The& region& flanking& the& target& site&was&PCR&amplified& from&the&genomic&DNA&of&

selected&clones&using&the&primers&described&above&fused&to&restriction&sites&and&the&PCR&products&were&

cloned& into&recipient&plasmids,&which&were& transfected& in&chemically&competent&Top10&E.coli&bacteria.&

10&colonies&tested&positive&for&the&insert&by&colony&PCR&were&used&to&produce&plasmid&Minipreps,&which&

were&sent&for&Sanger&sequencing& in&order&to&determine&the&nature&of&CRISPR/Cas9& induced&mutations.&

Clone&9&(in&the&manuscript&as&MR1?/?)&has&a&125&bp&deletion&on&one&allele&and&a&single&bp&deletion&on&the&

other.&$

&

Isolation$of$TRAV1C2$negative$T$cell$lines$and$clones$

$CD8+,&CD4?,&γδ&TCR?,&TRAV1?2&negative&T&cells&were&FACS&sorted&from&PBMCs,&and&1X106&were&added&to&

1X105&irradiated&(3500&rad&using&a&Cs&source)&monocyte?derived&autologous&dendritic&cells&infected&with&

M.-smegmatis&(MOI&3)&and&incubated&in&RPMI&1640&with&10%&human&serum,&rhIL?2&(2&ng/ml),&and&rhIL?12&

(0.5ng/ml).& Seven& days& later,& T& cells& were& removed& and& stained&with& CFSE,& and& then& added& to& 1X105&

irradiated& (3500&rad)&monocyte?derived&autologous&macrophages& infected&with&M.-smegmatis& (MOI&3)&

and&incubated&with&rhIL?2&(2&ng/ml)&for&another&week.&The&resulting&T&cell&line&was&FACS&sorted&for&CFSE?
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diluted& cells.& The& sorted& T& cells&were& rested& overnight& in& RPMI& 1640& supplemented&with& 10%& human&

serum,&and&0.5ng/ml&rhIL?2.&The&CFSE?sorted&T&cell& line&was&rapidly&expanded&using&anti?CD3&following&

the&protocol&written&below,&then&FACS?purified&based&on&its&ability&to&bind&MR1?tetramer&loaded&with&5?

OP?RU(Corbett&et&al.,&2014),&rested&overnight&with&rhIL?2&(0.5&ng/ml),&and&rapidly&expanded&using&anti?

CD3&again&to&generate&"D462?E4"&T&cell&clone.&&

&

Expansion$of$T$Cell$Clones-

-T&cell&clones&were&cultured&in&the&presence&of&x?rayed&(3000&cGray&using&X?RAD320,&Precision&X?Ray&Inc.)&

allogeneic&PBMCs,&x?rayed&allogeneic&LCL&(6000&cGray),&and&anti?CD3&mAb&(20&ng/ml;&Orthoclone&OKT3,&

eBioscience)&in&RPMI&1640&media&with&10%&human&serum&in&a&T?25&upright&flask&in&a&total&volume&of&30&

ml.&The&cultures&were&supplemented&with&IL?2&on&days&1,&4,&7,&and&10&of&culture.&The&cell&cultures&were&

washed&on&day&5&to&remove&soluble&anti?CD3&mAb.&

&

Phosphorylation$specific$T$cell$staining$for$flow$cytometry$

$T&cell&clones&were&incubated&overnight&in&RPMI&media&containing&0.5&ng/ml&IL?2&and&2%&Human&serum.&

Monocyte?derived&dendritic&cells&were&incubated&overnight&with&S.pyogenes,&or&M.-smegmatis-MOI&=&10,&

or&nothing,&in&ultra&low&adherence&culture&plates.&A&three&to&one&ratio&of&DCs&to&T&cells&was&co?incubated&

for&15&minutes&at&37°C&and&then&immediately&fixed&in&2%&paraformaldehyde.&Following&fixation,&the&cells&

were& permeabilized& in& ice& cold& 100%&methanol& for& 30&minutes.& Then& the& cells& were& washed& in& FACS&

buffer& to& sufficiently& remove& the&methanol&and& stained&with& the& following&antibodies,& anti?CD8& (clone&

RPA?T8,& 1:50& dilution,& Biolegend),& anti?CD3z?pY142& (1:10& dilution,& BD),& anti?ZAP?70& pY319/Syk& pY352&

(1:10& dilution& BD),& or& isotype& controls& (IgG2a& for& anti?CD3z,& IgG1& for& anti?ZAP?70,& used& at& a&matching&

concentration&to&their&corresponding&phospho?specific&antibody),&for&45&minutes&at&4°C.&Isotype&controls&

were&used& to&optimize& staining&with&phospho?specific& antibodies.& I& use& the&mitogen&PHA&as& a&positive&
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control& for& TCR& stimulation& and&maximum&phosphorylation& signal.& A&minimum&of& 30,000& CD8+& events&

were&collected&for&MFI&analysis&across&samples.&&

&

Analysis$of$TCR$usage$

$Amplification&and&sequencing&of&TCRB&and&TCRAD&CDR3&regions&was&performed&using&the&immunoSEQ&

Platform& (Adaptive& Biotechnologies™,& Seattle,& WA).& ImmunoSEQ& combines& multiplex& PCR& with& high&

throughput&sequencing&and&a&bioinformatics&pipeline&for&[TCRB/TCRAD]&CDR3&region&analysis&(Carlson&et&

al.,&2013;&Robins&et&al.,&2009).&The&IMTG&nomenclature&was&used&throughout&the&study(Lefranc,&2003).&$

&

Flow$cytometry$staining,$sorting,$and$tetramer$staining$$

Cells&(100,000&T&cell&clones&or&1.5&million&PBMC)&to&be&analyzed&for&cell&surface&marker&expression&were&

first& incubated&at&4°C&in&a&blocking&solution&of&PBS&containing&2%&normal&rabbit&serum&(Sigma?Aldrich),&

2%&normal&goat&serum&(Sigma?Aldrich),&and&2%&human&serum&to&prevent&nonspecific&binding.&Cells&were&

washed& in&PBS&and&then& incubated&with&Live/Dead&discriminator&and&surface&stains&or& isotype&controls&

for&20&minutes&in&the&dark&at&4°C&in&a&total&volume&of&50&ul.&Cells&were&then&washed&and&fixed,&or&fixed&

and& permeabilized& (ex- vivo& ICS& tests,& BD& Fix/Perm& kit),& according& to& the& manufacturer's& instructions.&

Antibodies&for&intracellular&staining&were&then&added&for&30&minutes&in&the&dark&at&4°C&in&a&total&volume&

of&50ul,&and&after&washing,&flow&cytometry&was&performed.&Specifically&for&Figure&3A,&2x106&PBMC&from&

each& donor&were& stained&with& the&MR1?Ag& tetramer& at& 0.3nM& in& 25ul& volume& for& 45&minutes& in& PBS&

buffer&containing&2%&FBS&at&room&temperature& in&the&dark.&Viability&and&surface&stains&were&added&on&

top&of&the&tetramer&stain&for&another&20&minutes&at&4°C.&Samples&were&then&washed&twice&in&tetramer&

staining&buffer.&All&flow&cytometry&was&performed&on&a&Fortessa&18?parameter&flow&cytometer&(BD).&All&

fluorescence&activated&cell&sorting&(FACS)&was&performed&using&an& Influx&11?parameter&flow&cytometer&

(BD)&by&the&OHSU&flow&cytometry&core&facility.&Data&were&analyzed&using&FlowJo&(v9.8.5).&Fluorescence&
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minus&one& (FMO)&controls&were&used& for&optimal&gating.&Doublets&were&excluded&based&on&FSC?H&and&

FSC?A,& SSC?H& and& SSC?A,& lymphocytes&were& identified&based&on& FSC?A& and& SSC?A& and&CD3&expression,&

and&dead&cells&were&excluded&based&on&Aqua&viability&dye.&$

&

Ex#vivo$Stimulation$assay$

To&observe&the&nonclassical&T&cell&response,&I&used&the&A549&cell&line&as&APCs&because&it&does&not&express&

MHCII& and& is&MHC?I?mismatched& to& the&donor& source&of& T& cells.$CD8+&T& cells&were&positively& selected&

from&healthy&donor&PBMCs&using&magnetic&bead&separation&according&to&the&manufacturer’s&instructions&

(Miltenyi),&added&to&uninfected&WT&or&M.-smegmatis?infected&(MOI&=&3,&overnight&infection)&WT&or&MR1?

/?&A549&cells&at&a&ratio&of&3:1,&and&incubated&overnight&in&the&presence&of&Brefeldin&A,&and&0.5ng/ml&rhIL?

2& at& 37°C.& The& following& day,& the& cells& were& stained& for& surface& phenotype& markers& and& Live/Dead&

discriminator.&Following&surface&staining,&cells&were&fixed&and&permeabilized&using&the&BD&Fix/Perm&Kit&

and&stained&intracellularly&with&α?IFN?γ.&&

&

Microorganisms$and$preparation$of$antigen$presenting$cells$

$M.- smegmatis,- C.albicans,- S.enterica- Typhimurium,- E.coli,- M.tuberculosis,- S.pyogenes& and& M.avium&

were& used& from& frozen& glycerol& stocks,& whereas& all& other& microbes& were& harvested& from& overnight&

growth& on& agar& plates& and& titered& based& on& OD600& readings& of& a& colony& suspension.& A& cell& free&

supernatant&was&created&from&an&overnight&culture&of&S.pyogenes&(ATCC&19615)&that&was&sterile&filtered&

and&frozen&prior&to&being&used&in&T&cell&stimulation&assays&of&Fig.&5&C,D,E,F.&A549&cells&were&infected&for&2&

hours&or&dendritic&cells&were&infected&for&1&hour&with&microbes&at&37C.&In&figure&4C,&A549&cells&were&used&

for& Yersinia& and& Shigella& infections;& dendritic& cells& were& used& for& all& other& infections.& The& MOI& and&

antibiotics&used&for&each&microbe&was&optimized&for&APC&viability&and&maximal&MR1?restricted&response:&

E.coli&1,&M.-smegmatis&3,&Shigella-flexneri&1,&Yersinia-enterolitica&1,&C.albicans&0.1,&M.avium&30,&Nocardia&
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asteroides& 1,& Salmonella- enterica& Typhimurium& 30,& Vibrio- parahemolitica& 1,& M.tuberculosis& 30,&

N.gonorrhoeae& 1,& P.aeruginosa& 1,& S.aureus& 1,& S.pyogenes& 30,& Enterococcus- faecalis& 1& and& 10.& All&

infections&were&performed&in&the&absence&of&antibiotics.&After&the&indicated&infection&time,&all&cells&were&

washed& twice& in&media&containing&antibiotics&and& then& incubated&overnight& in&an&ultra& low&adherence&

tissue&culture&plate&before&being&counted&and&added&to&the&assay&(ELISPOT&set?up&described&below).&&

&

Riboflavin$dependence$growth$assay$

5X106&CFU&from&frozen&glycerol&stocks&of&S.pyogenes&or&E.coli&were&added&to&10&mL&of&minimal&growth&

media&and&cultured&at&37°C&for&96&hours& (S.pyogenes)&or&12&hours&(E.coli)& in&the&dark.&Minimal&growth&

media&was&made&with&M9&salts&(BD&Difco)&supplemented&with&glucose,&MgSO4,&CaCl2,&as&recommended&

by& the&manufacturer,& and&0.01%&w/v&amino&acids& (casein&enzymatic&digest,& Sigma).&Riboflavin& (Sigma)&

was& added& to& the& growth& medium& at& uM& concentrations& indicated& in& Fig.& 5.& Bacterial& growth& was&

measured&by&absorbance&readings&at&600&nm.&-

&

IFNCγ$ELISPOT$assay$and$antibody$blocking$$

A&MSHA&S4510&96?well&nitrocellulose?backed&plates&(Millipore,&bought&via&Fisher&Scientific)&was&coated&

overnight&at&4°C&with&10&µg/ml&solution&of&anti?IFN?γ&monoclonal&antibody&(Mabtech&clone&1?D1K)& in&a&

buffer&solution&of&0.1M&Na2CO3,&0.1M&NaHCO3,&pH&=&9.6).&Then&the&plate&was&washed&three&times&with&

sterile& PBS& and&blocked& for& 1& hour& at& room& temperature&with&RPMI& 1640&media& containing& 10%&heat&

inactivated&human&serum&pool.&Then&the&antigen&presenting&cells&and&T&cells&were&prepared&as&described&

below&and&co?incubated&overnight.&Briefly,&dendritic& cells& (Fig.&4A,&D,& Fig.&5),& the&BEAS2B&cell& line& (Fig.&

3D),&or&the&A549&cell&line&(all&other&experiments),&were&used&as&APCs&at&1X104&per&well&in&ELISPOT&assays.&

For&all&blocking&ELISPOT&assays,&APCs&were&limited&to&5X103&per&well.&In&Figure&4B,&C,&the&A549&cell& line&

was&incubated&with&MAIT&antigens&over&a&range&of&concentrations&in&the&dark&for&2&hours.&Where&stated,&
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blocking&antibodies&or&antagonists&were&added&for&2&h&at&2.5&µg/ml&(α?HLA?I&clone&W6/32,&α?CD1a,&b,&c,&d&

(Branch&Moody),&6?formyl&pterin&(50&µg/ml,&Schick&Laboratories),&and&α?MR1&clone&26.5&(Ted&Hansen)&or&

appropriate&isotype&controls).&To&block&the&T&cell&receptor,&anti?!"TCR&(clone&T10B9(Waid&et&al.,&2009),&

BD&Pharmingen),&or&isotype&control,&was&added&to&T&cell&clones&at&0.5&µg/ml&for&30&minutes&at&4°C&prior&

to&co?incubation&with&APCs,&T&cell&clones&were&added&at&1X104&/well.&The&plate&was&incubated&overnight&

at&37°C&and&then&washed&six&times&with&PBS&containing&0.05%&tween.&The&plate&was&then&incubated&for&

two& hours& at& room& temperature& with& a& 1& µg/ml& solution& of& anti?IFN?γ?biotin& secondary& antibody&

(Mabtech&clone&7?B6?1)&in&0.5%&BSA,&0.05%&Tween&in&PBS.&Finally,&the&plate&was&washed&six&times&in&PBS?

tween,&then&PBS,&and&developed&using&an&AEC&Vectastain&kit&SK?4200&(Vector&labs).&I&defined&a&positive&

response&as&greater&than&25&IFN?γ&spot&forming&units.&&

&

Preparation$of$pulsed$fixed$antigen$presenting$cells$$

Monocyte& derived& dendritic& cells&were& pulsed& for& four& hours&with& bacterial& culture& supernatant& from&

S.pyogenes-or& left& untreated& and& then&washed& and& rested& overnight& in& an& ultra?low& adherence& tissue&

culture&plate.&The&following&day,&the&pulsed&DC&conditioned&media&(Fig.&5C)&was&collected&and&added&to&

D462?E4&clone&in&the&ELISPOT&plate.&Then&half&of&each&harvested&DC&sample&was&used&in&the&ELISPOT&as&

"unfixed".& The& other& half& was& fixed& by& incubating& in& 0.5%& paraformaldehyde& (Electron& Microscopy&

Sciences)&in&PBS&for&15&minutes&at&room&temperature.&Then,&an&equal&volume&of&0.4M&Lysine&was&added&

to&stop&the&reaction&for&5&minutes.&The&samples&were&then&extensively&washed&with&media,&incubated&for&

1&hour&at&37°C,&and&then&washed&again&before&being&used&in&the&ELISPOT&assay.&&

&

Data$Analysis$$

Flow&cytometry&data&were&analyzed&using&FlowJo&software&9.8.1&(Tree&Star).&All&statistical&analyses&were&

performed& using& Prism& software& with& nonparametric& tests,& the& Mann?Whitney& U& test& (Fig.& 2C).&
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Nonparametric&statistical&tests&were&used&for&small&group&sizes&(5&donors&in&this&study).&In&all&descriptive&

statistical& analysis,& the& variance& was& first& confirmed& to& be& similar& between& groups& using& standard&

deviation&or&standard&error&of&the&mean&tests,&as&appropriate&and&displayed&on&each&graph.&p&values&≤&

0.05&were&considered&significant&(*p&≤&0.05).&&

&
$ $
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Chapter(4:(Functional(Paralysis(of(Human(T(Cells(by(Orthopoxvirus(B22R(
Family(Proteins(Targets(Medial(TCR(Signal(Transduction(
$

Abstract$

Orthpoxviridae& (OPXV)& is& a& genus& of& large& double?stranded& DNA& viruses& that& include& the& human&

pathogenic& species:&Variola,&Monkeypox,&and&Cowpox.&T& cell&mediated& immunity& is& an& integral&part&of&

the& detection& and& destruction& of& host& cells& harboring& viruses.& However,& the& relative& role& of& T& cell&

mediated&immunity&in&the&immune&response&to&pathogenic&OPXV&seems&to&be&less&important,&as&it&is&not&

required& for& protection& in& multiple& models.& However,& Vaccinia& is& an& attenuated& virus& derived& from&

Cowpox,& that&was&widely&used&as&a&vaccine& for&Smallpox,&and&currently&as&a&viral&vector& to&elicit&T&cell&

responses.&This&paradox&suggests& that&uniquely,& the&pathogenic&OPXV,&but&not&Vaccinia,& species&might&

use&immune&evasion&genes&to&directly&subvert&T&cell&immunity.&Here,&we&use&in-vitro&and&in-vivo&studies&

to&show&that&B22R&protein&and&its&conserved&orthologues&is&necessary&and&sufficient&to&directly&cause&T&

cell&broad&functional&paralysis&when&expressed&on&the&membrane&of&its&host&cell.&This&mechanism&does&

not& involve&MHC&downregulation&of&the& infected&APC&but& instead&acted& in-trans,&directly&on&the&T&cell.&

Using& phospho?flow& cytometry,& I& show& that& B22R?paralyzed& T& cells& can& respond& to& cytokines,& and&

transmit&signals&through&the&TCR,&but&were&unable&to&flux&Ca2+&ions&upon&stimulation.&These&data&reveal&

that& B22R& family& proteins& act& through& a& seemingly& novel&mechanism& proximal& to& the& TCR& to& directly&

evade&local&antiviral&T&cell&responses.&&&

&

&

&

&

&

&
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&

The&data&presented&in&Figures&4.1,&4.2,&and&4.3&have&been&published&in:&

Alzhanova,-D.,-Hammarlund,-E.,-Reed,-J.,-Meermeier,-E.,-Rawlings,-S.,-Ray,-C.A.,-Edwards,-D.M.,-Bimber,-

B.,-Legasse,-A.,-Planer,-S.,-et-al.-(2014).-T-cell-inactivation-by-poxviral-B22-family-proteins-increases-viral-

virulence.-PLoS-pathogens-10,-e1004123.-

The&rest&of&the&data&is&unique&to&this&thesis&chapter.&

&

Effort$Statement$

The&work&contained& in& the&chapter&has&been&a&collaborative&project&between&our& lab&and&Klaus&Fruh’s&

Lab.& Erin& Meermeier& performed& all& of& the& experiments& contained& in& this& chapter& with& the& following&

exceptions.&Dina&Alzhanova&created&the&viral&protein&expression&vectors.&The&Fruh&lab&performed&the& in-

vivo&rhesus&macaque&experiment&in&Figure&4.3&of&this&chapter.&&

& &
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Chapter(4(Introduction(
&
& Orthpoxviridae&(OPXV)&is&a&genus&of&large&double?stranded&DNA&viruses&that&include&pathogenic&

species& like&Variola,&Monkeypox& (MPXV),&Cowpox,&and&Vaccinia,& the&virus&used& for& vaccination&against&

smallpox& (Moss&and&Shisler,&2001).&Variola&virus,& the&causative&agent&of&smallpox,& is&historically&one&of&

the&most&virulent&pathogens&known.&Although&smallpox&was&eradicated&40&years&ago,&it&is&still&not&clear&

why&mortality& rates&were&so&high&and&what&constituted&an&effective&host& response&against& infection& in&

the&cases&where&patients&recovered.&&&

& &

Immune$response$to$OPXV$

& OPXV&are&zoonotic&pathogens&that&spread&through&air&and&direct&contact&to&infect&humans.&They&

infect&many& cell& types& including& epithelial& cells,&where& they& disseminate& through& the& infected&host& by&

cell?associated&viremia&and&replicate&cytosolically&(Cho&and&Wenner,&1973;&Downie&et&al.,&1953).&Within&

the&genus&of&OPXV,& the&viruses&are&highly& conserved& (Lefkowitz&et& al.,& 2006).& This& translates& to&a&high&

degree&of&shared&antigens,&which&form&the&basis&of&cross?protective&immunity&and&thus,&the&success&of&

using&the&avirulent&Vaccinia&virus&to&immunize&for&Variola&virus&(Kennedy&et&al.,&2009).&&

& The& adaptive& immune& system,& and&CD4+& and&CD8+& T& cell&mediated& immunity& in& particular,& are&

essential&for&defense&against&viral&infections.&OPXV&take&haven&in&the&cytosol&of&many&cell&types&that&may&

not& have& innate& mechanisms& to& control& viral& infection& intrinsically.& Therefore,& elimination& of& the&

reservoir&of&the&infection&relies&upon&T&cell?mediated&recognition&and&lysis&of&the&infected&cell.&Detection&

of&viral?derived&peptide?MHC?class&I&complexes&triggers&CD8+&T&cells&to&lyse&infected&cells.&Antibodies&also&

play&a&role&in&immunity&to&OPXV&infection,&presumably&in&detection&of&free&virions&as&they&spread&from&

cell&to&cell,&in&antigen&presentation&to&CD4+&T&cells,&and&in&complement&activation,&(Panchanathan&et&al.,&

2006).&&
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& However,&the&specific&roles&for&T&and&B&cells& in&the&response&to&and&in&protection&from&virulent&

OPXV&infection&suggest&that&OPXV&have&evolved&mechanisms&to&evade&T&cell&immunity.&Because&smallpox&

was&eradicated&in&1977,&we&rely&upon&historical&studies&of&the&immune&response&to&the&avirulent&vaccine&

strain&of&OPXV,&Vaccinia&(Kennedy&et&al.,&2009),&or&newly&described&animal&models,&such&as&Monkeypox&

infection&of&rhesus&macaques&(Cann&et&al.,&2013;&Tree&et&al.,&2015).&Vaccinia&vaccination&in&animals&and&

humans& induces& strong&humoral& and&CD4+& and&CD8+& T& cell& responses& (Amanna&et& al.,& 2006).& Vaccinia?

induced&antibodies&are&necessary&and&sufficient&for&protection&against&Monkeypox&and&Mousepox&model&

infections,&despite&the&presence&of&OPXV?specific&T&cells&(Edghill?Smith&et&al.,&2005;&Fogg&et&al.,&2004).&In&

contrast,& T& cells& promote& survival& of& vaccinated& mice& challenged& with& lethal& doses& of& Vaccinia.& For&

example,&mice&can&be&immunized&with&an&immunodominant&MHC?class&I?binding&peptide&from&Vaccinia,&

which& then& protects& the& majority& of& vaccinated& mice& from& a& subsequent& lethal& dose& of& Vaccinia;& in&

contrast&unvaccinated&mice&which&were&not&protected&(Snyder&et&al.,&2004).&Moreover,&Vaccinia&is&widely&

used& as& T& cell?inducing& vaccine& vector.& Thus& there& seems& to& be& a& paradox&where& the& T& cell?mediated&

response&should&be&critical&for&the&clearance&of&OPXV?infected&cells,&while&it’s&been&observed&that&they&

are&not& necessary& for& protection.& This& leads& to& the&hypothesis& that& certain& T& cell& evasion&mechanisms&

must&play&a&role&in&virulent&OPXV&but&not&avirulent&OPXV&infections.&

& &

OPXV$Immune$Evasion$$

& The& outcome& of& an& infection& is& determined& by& a& complex& interaction& between& the& type& of&

immune& response& mounted& by& the& host& and& by& evasion& mechanisms& that& the& virus& has& evolved& to&

subvert& it.& OPXV& are& known& to& use& a& myriad& of& mechanisms& to& evade& the& host& immune& response.&

Specifically,&OPXV&have&evolved&unique&and&redundant&mechanisms&to&evade&T&cell&mediated&immunity.&

Published& studies& show& that& these& mechanisms& can& impact& the& ability& of& a& T& cell& to& proliferate,& by&

secretion& of& suppressive& cytokines& and& blocking& inflammatory& cytokines& and& chemokines.& OPXV& also&
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directly& limit& T& cell& function& by& increasing& pro?apoptotic& factors& and& downregulation& of& antigen&

presentation.&The&plethora&of&evasion&proteins&are&reviewed&in&(Bidgood&and&Mercer,&2015;&Seet&et&al.,&

2003).&For&example,&evasion&of&antigen&presentation&by&gene&products&conserved&in&Cowpox&and&Variola&

occurs&via& inhibition&of&TAP&and&trafficking&of&MHC&class&I&(Alzhanova&et&al.,&2009;&Alzhanova&and&Fruh,&

2010).&However,&these&proteins&responsible&for&inhibition&of&MHC&class&I&presentation&are&not&conserved&

in&MPXV.&Thus,&mechanisms&underlying&MPXV’s&T&cell&evasion&strategies&are&less&defined.&

& The&first&evidence&of&direct&T&cell&inactivation&by&OPXV&family&member&MPXV&was&reported&by&Dr.&

Slifka&and&colleagues&were&analyzing&the&first&U.S.&outbreak&of&MPXV&in&2003.&Using&blood&samples&from&

individuals& who& recovered& from& the& disease,& they& discovered& that& CD4+& and& CD8+& T& cells& from&MPV?

immune& individuals& could& not& respond& to& MPXV?infected& antigen?presenting& cells& (APC)& in& in- vitro&

experiments,& yet& they& maintained& a& normal& response& to& Vaccinia?infected& cells& (Hammarlund& et& al.,&

2008).& Moreover,& virus& infected& cells& maintained& normal& levels& of& MHC& class& II& and& I& expression,&

indicating&that&the&phenotype&was&not&caused&by&blocking&antigen&presentation.&Also&in-vitro&co?infection&

experiments&showed&that&MPXV&co?infection&abrogated&specific&T&cell&responses&to&Vaccinia&and&Epstein?

Barr&Virus,&suggesting&a&dominant&effect&on& immune&evasion.&Active&viral&expression&of&an&early&MPXV&

gene&product&was&also&required&for&immune&evasion.&Lastly,&Hammarlund&and&colleagues&found&that&this&

mechanism& did& not& involve& a& secreted& factor& because& the& evasive& phenotype& still& occurred& in& the&

presence& of& Brefeldin& A& and& the& active& factor& was& not& found& in& supernatant& of& the& infected& cell.&

Together,&this&study&observed&a&novel&cell&associated&mechanism&used&by&OPXV&to&evade&T&cell&antiviral&

immunity.&&

& In& 2014,& we& demonstrated& that& the& highly& conserved& B22R& family& proteins,& encoded& by& the&

largest&genes&of&Variola,&Monkeypox&and&Cowpox,&render&T&cells&unresponsive&to&stimulation&of&the&T&cell&

receptor&by&MHC?dependent&antigen&presentation&or&by&MHC?independent&stimulation&(Alzhanova&et&al.,&

2014).&In&contrast,&stimuli&that&bypass&TCR?signaling&are&not&inhibited.&The&gene&names&of&these&proteins&
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are&VARVB22R,-MPXV197,-and-CPXV219,&respectively.&These&proteins&are&expressed&at&the&surface&of&the&

infected&cell&as&an&early&gene&product.&MPXV?197&is&the&largest&ORF&in&the&genome&of&MPXV&encoding&for&

1880&amino?acids&(http://www.poxvirus.org/).&The&protein&is&predicted&to&contain&a&cleavable&N?terminal&

signal& peptide& (Petersen& et& al.),& multiple& N?glycosylation& sites,& a& C?terminal& transmembrane& (TM)&

domain,&and&potentially&one&or&more&internal&TM&domains&(Stoffel&and&Hofmann,&1993).&&&&

& In&the&current&study&I&investigated&the&mechanism&of&the&novel&B22R&family&of&proteins&in&direct&

functional&paralysis&of&human&T&cells&and&their&contribution&to&evasion&of&the&adaptive&immune&response.&

This& was& a& collaborative& effort& between&myself& and& Dina& Alzhanova& of& the& Fruh& Lab& (VGTI,& OHSU).& I&

undertook& an& approach& that& analyzed& the& intracellular& environment& of& the& paralyzed& T& cell& which& is&

described& in& this& chapter;& while& the& Fruh& Lab& focused& on& biochemical& protein& characteristics& and&

interactions.&Investigation&of&B22R&proteins&in&the&context&of&OPXV&infection&is&key&to&understanding&the&

pathology&of&the&virus&and&may&give&us&insight&into&intracellular&regulatory&mechanisms&of&T&cell&biology.&&

&

$ $
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Chapter(4(Results(
&
& To&study&the&characteristics&of&B22R&family&putative&immune&evasion&proteins,&we&needed&a&way&

to&express&them&in&the&absence&of&other&confounding&evasion&proteins.&Therefore,&we&expressed&VARV-

B22R,-CPXV219,-or-MPXV197-ectopically& from&an&attenuated&adenoviral& vector& in& the&BEAS?2B&human&

bronchial&epithelial& cell& line.&Each&protein&was&designed&to&also&have&a&C?terminal&FLAG&tag,& to&aide& in&

detection&of&the&protein&using&anti?FLAG&antibodies.&&

& The& surface& expression& of& MPXV?197?FLAG& in& BEAS?2B& cells& was& assessed& after& an& infection&

period&of&48&to&72&hours.&The&adenovirus&expressing&MPXV?197?FLAG&(ad197)&was&co?transduced&with&an&

adenovirus& expressing& a& necessary& transactivator& protein& as& originally& described& in& (Streblow& et& al.,&

1999).& The&MOI& (ad197& to& cell)& and& timespan& to&use& for&optimal& surface&expression&of&MPXV?197&was&

varied&and&shown& in&Figure&4.1A.&The&vast&majority&of& the& live&cells& (84.3%)&expressed&MPXV197?FLAG&

after& 72& hours&when& an&MOI& of& 6&was& used& (Fig.& 4.1B).& The& figures& contained& in& this& thesis& focus& on&

MPXV197& but& we& observed& similar& characteristics& with& the& other& two& proteins,& as& published& in&

(Alzhanova& et& al.,& 2014).& I& also& repeated& experiments& in& Figures& 4.1& and& 4.2& with& Vaccinia& virus&

engineered&to&express&CPXV?219.&Here,&CPXV219&expressed&from&a&Vaccinia&vector&displayed&the&same&

cell& surface& expression& and& functional& paralysis& of& T& cell& clones,& suggesting& that& the& adenoviral& vector&

was&not&playing&a&role&in&these&phenotypes.&

&

MPXV197$is$sufficient$to$interfere$with$TCcell$activation$to$multiple$stimuli$

$ To& test&whether& transiently& expressed&MPXV197&was& capable& of& inhibiting& T& cell& stimulation& I&

used&Ad?197&or&control&Ad?infected&BEAS2B&cell&line&as&antigen&presenting&cells&for&human&T&cell&clones&in&

an&ELISPOT&assay& (Fig.&4.2).&Human&T& cell& clones& that&are& restricted&by&either& classical& (HLA?B)&or&non?

classical&(HLA?E)&MHC&class&I&molecules&were&used.&&BEAS2B&epithelial&cells&were&infected&with&either&Ad?

197&alone&or&together&with&Ad?TA&to&induce&MPXV197&expression.&These&cells,&as&well&as&&



Meermeier&Dissertation&

&128&

&

&

$&

&

& &

%
 o

f M
ax

. 

Surface staining 
FLAG-MPXV197

MOI of ad-197 in BEAS2B cell line

MOI = 6
MOI = 2
No virus

72 hour conditions
A B

Figure$4.1.$Optimization$and$Quantification$of$Expression$of$MPXVC197$in$BEASC2B$cell$line$

(A)&Bar&graphs&depicting&staining&of&MPXV?197?C?terminal?FLAG&on&the&surface&of&BEAS2B&cell& line.&

Hours&indicate&the&time&since&the&cell&line&was&infected&with&the&adenovirus&expressing&MPXV197&at&

various&multiplicity&of&infection&(MOI)&listed&on&the&x?axis.&&

(B)&Histogram&overlay&of&MPXV?197?C?terminal?FLAG&surface&expression&on&BEAS?2B&cell& line&after&

72&hours&post&adenoviral&transduction&(Blue?&MPXV?197,&Red&–&MOI&2,&Green&–&MOI&6).&&
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appropriate&controls,&were&then&incubated&with&human&M.-tuberculosis?specific&CD8+&T&cell&clone&D466?

D6&recognizing&peptide&CFP2?12&peptide&presented&by&HLA?B&(Lewinsohn&et&al.,&2007)&and&clone&D160&1?23&

which&is&stimulated&by&pronase?digested&M.-tuberculosis&cell&wall&in&the&context&of&HLA?E&(Heinzel&et&al.,&

2002).&As&shown&in&Fig.&4.2B,&stimulation&of&both&clones&was&inhibited&by&MPXV197.&Moreover,&MPXV197&

also&prevented&Ag?independent&stimulation&of&these&T&cell&clones&by&phytohaemagglutinin&(PHA),&a&lectin&

that& activates& the& TCR&by& carbohydrate& cross?linking.&Additionally,&MPXV197&was& able& to& inhibit& T& cell&

stimulation&even&when&expressed&by&tertiary&cells&not&involved&in&antigen&presentation&(experiment&not&

shown,&set&up&Fig.&4.2&bottom).&Taken&together& these&data&demonstrate& that&MPXV197& is& sufficient& to&

recapitulate& the& T& cell& unresponsiveness&mediated& by&MPXV& for& human& T& cells& regardless& of& the& TCR&

stimulus.&

& Effector&function,&like&production&of&cytokines,&is&activated&in&T&cells&upon&a&series&of&signals.&In&

order& to& activate& effector& function& in& T& cell& clones,& stimulation& by& peptide?MHC& through& the& TCR& is&

required.& Naive& T& cells& require& additional& costimulatory& signaling& through& CD28& and& cytokines,& as&

compared&to&T&cell&clones.&Following&TCR&ligation,&co?receptors&CD4&or&CD8&on&the&T&cell&associate&with&

MHC& for& stabilization,& and& because& the& cytoplasmic& tails& of& CD4& and& CD8& recruit& Lck,& this& results& in& a&

stable&association&of&Lck&and& its&CD3&chain&substrate&within&the&TCR&complex.&Lck& is&a&protein&tyrosine&

kinase&that&can&phosphorylate&the&ITAMs&within&the&CD3&cytoplasmic&tails.&&Phosphorylation&of&the&CD3&

chain&creates&binding&sites&for&ZAP?70&in&the&TCR&complex&and&activates&it.&ZAP?70&is&then&responsible&for&

phosphorylating& and& activating& transmembrane& protein& LAT& (linker& for& activation& of& T& cells)& and& then&

SLP?76& (SH2?domain& containing& protein& with& a& role& in& cytoskeletal& rearrangements).& Activated& LAT&

attracts&phospholipase&C,&which&begins&classical&signaling&through&the&phosphoinositol&pathway&and&Ca2+,&

and& also& Grb2,& which& begins& signaling& through& the& Ras/MAPK& pathway.& Costimulation& on& the& T& cell’s&

surface&activates&protein&kinase&C&(PKC)&which&can&be&further&activated&by&diacylglycerol&from&&
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Figure$4.2.$MPXV197$inhibits$TCRCdependent$T$cell$stimulation&(A)&Schematic&of&experimental&

set?up.&The&top&experiment&set?up&was&used&to&generate&the&data&shown&here.&The&bottom&

experimental&set?up&(uses&an&APC&that&did&not&express&MPXV197)&yielded&similar&results.&(B)&

Human&Mtb?specific&CD8+&T&cell&clones&D466?D6&and&D160?1–23&were&stimulated&with&BEAS?2B&

cells&transduced&with&Ad?MPXV?197/Ad?TA&or&Ad?TA&only&in&the&presence&of&CFP102?12&peptide&or&

pronase&digested&Mtb&cell&wall,&respectively.&For&MHC?independent&stimulation,&both&clones&

were&incubated&with&PHA.&The&number&of&IFN#+&T&cells&was&measured&by&ELISPOT.&Experiment&

was&performed&three&times&with&representative&results.&Error&bars&refer&to&the&SEM&of&two&

replicate&wells.&(C)&Human&Mtb?specific&CD8+&T&cell&clones&D466?D6&and&D160?1–23&were&treated&

with&nothing&(UN),&ad?control&(inactive&MPXV197),&or&ad?MPXV197,&and&then&stimulated&with&

PMA?ionomycin.&The&number&of&IFN#+&T&cells&was&measured&by&ELISPOT.&Experiment&was&

performed&three&times&with&representative&results.&Error&bars&are&the&SEM&of&two&replicate&wells.&
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$

&
phospholipase&C&by&TCR&ligation.&These&pathways&culminate&in&activation&of&a&range&of&T&cell&transcription&

factors:&Ap?1,&NFAT,&and&NFkB.&&

& To& further& determine& whether& T& cells& were& only& unresponsive& to& TCR?proximal& stimuli& TCR&

stimulation& was& by?passed& by& activating& T& cell& clones& with& phorbol& myristate& acetate& (PMA)& which&

activates&PKC&and&the&Ca2+&ionophore&ionomycin&to&mimic&co?stimulation&and&TCR&ligation,&respectively.&

In&contrast&to&antigen?&and&TCR?specific&stimulation&from&the&previous&panel,&MPXV?197&did&not&interfere&

with&T&cell&stimulation&by&PMA?ionomycin&(Fig.&4.2C).&These&data&suggest&that&later&stages&of&intracellular&

T& cell& signaling& remains& viable& after& exposure& to& MPXV197,& and& that& MPXV197& counteracts& TCR?

dependent&signal&transduction&upstream&of&PKC&and&calcium&flux&receptors/channels.&

& Due&to&the&observation&that&B22R&family&proteins&are&able&to&functionally&paralyze&T&cell&clones&

in-vitro,&we&hypothesized&that&they&might&act&the&same&way&in-vivo.&The&function&of&B22R&family&proteins&

seems&to&be&specific&to&non?human&primate&and&human&T&cells,&therefore&the&Fruh&Lab&tested&the&in-vivo&

effects&in&rhesus&macaques&infected&intrabronchially&with&a&non?lethal&dose&of&WT&MPXV&(strain&derived&

from&the&2003&U.S.&outbreak)&or&MPXV&Δ197.&Blood&and&bronchoalveolar&lavage&(BAL)&fluid&samples&were&

collected& at& defined& days& post& infection& to& determine& the& kinetics& of& virus& replication& (Figure& 4.3).& All&

rhesus&macaques&developed&a& fever,&pock& lesions,&detectable& lung&viremia,&and&virus& specific&CD4&and&

CD8&T&cells.&Two&of& four&animals& infected&with&WT&MPXV&had& to&be&euthanized&before& the&end&of& the&

study&due&to&severity&of&symptoms.&The&lung&viremia&in&each&animal&was&comparable,&indicating&similar&

viral& inoculum.&By&the&end&of&the&study,&animals& infected&with&WT&MPXV&had&higher& lung&viremia&than&

MPXVΔ197.&In&stark&contrast,&viremia&was&not&detectable&in&the&blood&of&MPXV&Δ197&infected&animals,&

indicating&that&it&was&controlled&at&the&site&of&infection.&Animals&with&WT&MPXV&infections&had&viral&loads&

in&the&blood&starting&~&day&7&and&resolving&around&~&day&17&(Alzhanova&et&al.,&2014).&&

& &&
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Figure$4.3.$MPXV)197$is$attenuated$in#vivo$[Performed$by$Fruh$Laboratory]$

Four& female& rhesus&macaques& (RM)&were& inoculated& intrabronchially& with& 2e5& PFU& of& MPXV&

US2003& (WT)& or&MPXV)197&on&day& 0.&Whole& blood,& BAL,& and& PBMC& samples&were& taken&on&

indicated&dpi.&Viral& loads&determined&by&qPCR&in&BAL& (A)&and&whole&blood&(B)&of&WT&(blue)&or&

MPXV)197&(red)?infected&RM.&&

&
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With& regard& to& the& immune& response& similar& or& higher& T& cell& responses&were& induced& in&MPXVΔ197?

infections& compared& to& WT& (Alzhanova& et& al.,& 2014).& T& cells& from& the& blood& of& MPXVΔ197?infected&

animals&were&also&able&to&respond&better&ex-vivo&to&polyclonal&anti?CD3&stimulation&than&those&from&WT&

MPXV&infections&(Alzhanova&et&al.,&2014).&These&data&suggests&that&MPXV197&is&able&to&induce&systemic&T&

cell&functional&paralysis&in-vivo-and&that&the&lack&of&this&protein&attenuates&MPXV&virulence.&&&

& We&showed&that&MPXV197,&like&its&CPXV&and&VARV&orthologues,&is&sufficient&to&abrogate&human&

CD8+&T&cell&clone&activation&in&an&MHC?dependent&and&MHC?independent&manner,&we&wanted&to&know&

how.&Non?specific&T&cell&stimulation&that&bypasses&the&TCR,&circumvented&the&functional&paralysis&elicited&

by& MPXV197,& suggesting& that& it& abrogates& signaling& nearby& to& the& TCR.& In& order& to& determine& the&

molecular&mechanism&of&MPXV197’s&inhibition&of&T&cell&activation,& I&analyzed&the&intracellular&signaling&

environment&through&phospho?flow&cytometry.&To&perform&this&analysis,&T&cell&clone&D466?D6&was&pre?

incubated&overnight&in&the&presence&of&BEAS2B&cells&expressing&MPXV?197&or&controls.&The&controls&we&

used&were&BEAS2B&and&T&cell&only&and&BEAS2B&expressing&an&inactive&MPXV?197.&The&inactive&MPXV?197&

does&not&contain&a&transmembrane&domain.&First,&it&was&determined&whether&a&phosphorylation&cascade&

unique& to& T& cells& but& unrelated& to& the& TCR,& IL?2/IL?2& receptor/STAT5& was& interrupted& by& MPXV& 197.&

Normally,& IL?2&binds&to& IL?2&receptor&on&the&surface&of&T&cells&and&transduces&a&signal& intracellularly& to&

activate& and& phosphorylate& the& transcription& factor& STAT5.& As& shown& in& Figure& 4.4A,& STAT5& is&

progressively&phosphorylated&at&a&amino&acid&single&site&in&T&cells&over&6&minutes&after&the&addition&of&IL?

2.&The&right&panel,&and&4.4B,&shows&that&this&phosphorylation&is&not&affected&by&MPXV?197&or&any&of&the&

control&proteins.&This&suggested&to&us&that&MPXV?197&does&not&target&cytokine&signaling&in&the&target&T&

cell.&Due&to&this&signaling&cascade&being&intact&in&the&presence&of&MPXV?197,&this&data&suggests&that&the&

effect&of&MPXV197&is&to&more&directly&inhibit&TCR&signaling&instead&of&generally&inhibiting&kinase&activity.&

& One& of& the& first& steps& of& the& TCR& signaling& cascade& upon& recognition& of& antigen& MHC& is& the&

phosphorylation&of&CD3&&as&part&of&the&T&cell&receptor&complex.&To&determine&whether&this&step&is&&
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Figure$4.4.$MPXVC197$does$not$affect$ILC2$receptor$or$CD3$signaling$

(A)& Histogram& overlay& of& phosphorylated& tyrosine& 694& of& STAT?5& in& T& cell& clone& D466?D6& after&

treatment&with& recombinant& human& IL?2& over& a& timespan&of& one& to& six&minutes& (y?axis).& The& left&

panel& shows& the& response& by& D466?D6& that& had& been& incubated& overnight& in& the& presence& of&

control&inactive&MPXV197,&whereas&the&right&panel&shows&D466?D6&post?treatment&with&MPXV197.&

Isotype& control& antibody& staining& is& shown& on& top& with& dashed& lines;& resting& pSTAT5& (red);& IL?2&

treatment&(blue).&Experiment&was&performed&three&times&with&similar&results.&

(B)&Bar&graphs&depicting&the&geometric&mean&intensity&(MFI)&of&pSTAT5&in&D466?D6&given&IL?2&that&

had&been&pre?incubated&with&BEAS2B&cell&line&expressing&transactivator&(TA),&MPXV197&(ad?197),&or&

both,&compared&to&untreated&T&cell&clone.&&

(C)&Histogram&overlay&of&phosphorylated&tyrosine&142&of&CD3& &after&treatments&listed&on&the&y?axis&

(right).& Isotype& control& antibody& staining& is& shown&on& top&with& dashed& line;& resting& pCD3&& (red);&

PHA&treatment&(blue).&Experiment&was&performed&two&times&with&similar&results.&

&
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targeted& by& MPXV197,& T& cell& clone& D466?D6& was& stimulated& with& PHA& and& the& phosphorylation& of&

tyrosine&142&in&an&ITAM&of&CD3& after&10&minutes&was&quantified&by&flow&cytometry&(Figure&4.4C).&Upon&

stimulation,& there&was& not& a& difference& between& T& cell& clones& treated&with& no& virus,& control& virus,& or&

MPXV?197&indicating&that&this&step&of&the&signaling&cascade&was&not&targeted&by&MPXV197.&

& The& phosphorylation& cascade& triggered& by& a& TCR& engagement& of& MHC?antigen& culminates& in&

calcium& ion& flux& into& the& cytosol& of& a& T& cell.& & Prolonged&elevation&of& intracellular&Ca2+& is& important& for&

signal& transduction& into& the& nucleus& by& NFAT& transcription& factor& activation& and& cytoskeletal&

rearrangements.&NFAT&activates&the&transcription&of&pro?inflammatory&genes&on&its&own&and&in&synergy&

with&other&transcription&factors,&for&example,&genes&that&encode&for&cytokines&like&IL?2,&TNF?!,&and&IFN?#.&

The&intracellular&Ca2&+&concentration&in&resting&T&cells&is&maintained&at&100nM,&whereas&the&extracellular&

Ca2+&concentration& is& 1mM,& resulting& in& a& large& concentration& gradient& of& ion& across& the& plasma&

membrane& (Lewis,& 2001).& Following& the& engagement& of& the& TCR& with& a& pMHC& on& an& APC,& the&

intracellular& Ca2+&concentration& can& increase& to& 1uM&through& the& sequential& operation& of& two&

interdependent&processes:&(1)&Release&of&phospholipase&C&(PLC)?dependent&intracellular&Ca2+&stores,&and&

(2)&extracellular&Ca2+&influx&through&plasma&membrane&Ca2+&channels&(Lewis,&2001).&&

& To&determine&whether&MPXV197&affects&a&T&cell’s&ability& to&modulate&Ca2+& ,&T&cell& clones&were&

pre?treated& overnight& with& MPXV197& or& controls,& then& loaded& with& a& fluorescent& dye& that& indicates&

cytosolic& Ca2+.& Using& a& flow& cytometer,& resting& levels& of& Ca2+& (0?60& seconds)& were& compared& to& PHA?

stimulated&levels&of&Ca2+.&A&representative&dot&plot&in&Figure&4.5A&reveals&the&rapid&elevation&of&ion&levels&

upon&TCR&stimulation&of&T&cell&clone&D466?D6.&MPXV?197,&but&not&a&control&inactive&MPXV197,&blocked&

the&influx&of&Ca2+&upon&TCR&dependent&stimulation&(Fig.&4.5B,&left&two&panels).&The&results&from&multiple&

experiments&are&summarized&in&Figure&4.5C.&In&contrast&TCR&independent&ionomycin&stimulation&of&Ca2+&

was&not&affected& (Fig.&4.5B,& right& two&panels).& Ionomycin& is& an& ionophore& that& is&used&as&a& reagent& to&

force&calcium&ions&into&the&cytosol;&it&does&so&by&acting&as&an&ion&shuttle&that&is&permeable&to&cell&&
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Figure$4.5.&MPXVC197$blocks$intracellular$Ca2+$flux&

(A)&Flow&cytometry&dot&plot&showing&representative&cytosolic&calcium&levels&in&D466?D6&T&cell&clone&

during&an&initial&60&second&resting&period,&followed&by&addition&of&PHA&stimulus&at&60&second&time&

point.& Experiment& is& representative& of& three& different& T& cell& clones& analyzed& over& three&

independent&experiments&(HLA?B&restricted&D466?D6&T&cell&clone;&MR1?restricted&T&cell&clone&D426?

B1;&HLA?E& restricted& clone& D160&1?23).& (B)& Kinetics& analysis& of&MFI& of& cytosolic& Ca2+& over& time& in&

D466?D6&T&cell&clone.&The&left&two&panels&show&T&cell&clone&response&to&PHA&stimulation,&whereas&

the&right&panels&are&representative&of&the&response&to&ionomycin&treatment.&The&top&panels&show&

the&response&by&D466?D6&pre?incubated&with&BEAS2B&cells&that&express&inactive&MPXV?197,&and&the&

bottom&panels&show&the&response&by&D466?D6&pre?incubated&with&BEAS2B&cells&that&express&MPXV?

197.&Experiment&was&performed&three&times&with&similar&results&as&summarized&in&(C),&which&shows&

the& fold& change& in& ion& concentration& upon& addition& of& ionomycin& stimulus& across& three&
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membranes.&These&results&indicate&that&MPXV197&most&likely&exerts&it&effect&on&T&cell&activation&at&the&

stage&of&or&upstream&of&PLC&activation.&&

Chapter(4(Discussion(

&
& The& goal& of& this& project&was& to& further& define& the& repertoire& of& proteins&OPXV&used& for& T& cell&

evasion&and&understand&specific&suppressive&mechanisms&used&to&directly&inhibit&human&T&cell&activation.&

In-vivo-studies&using&MPXV&show&that&MPXV197&is&crucial&for&the&in-vivo&virulence&of&this&virus&in&a&rhesus&

macaque&model.&The&deletion&mutant&MPXV)197&did&not&establish&blood&viral&titers&above&the&limit&of&

detection& in& any& of& the& challenges.& We& hypothesized& that& OPVX& B22R& family& proteins,& specifically&

MPXV197,& are& able& to& cause& inhibit& T& cell& activation& through& directly& interacting& with& the& T& cell& and&

experiments&were&performed&to&elucidate&the&mechanism.&

& The&data&presented&in&this&thesis&indicate&that&the&mechanism&of&B22R&proteins&is&likely&focused&

at&proximal&TCR&signaling&and&does&not&involve&apoptosis.&&T&cells&were&also&tracked&for&apoptosis&over&a&

24?hour&time&span&and&their&viability&was&not&affected.&Moreover,&antigen&specific&T&cells&were&still&able&

to& bind& relevant& tetramers& (Alzhanova& et& al.,& 2014)& and& transduce& a& signal& immediately& intracellularly&

from&the&TCR&in&the&presence&of&MPXV197.&This&suggests&that&the&structure&of&the&TCR&and&co?receptor&

are&not&affected&by&MPXV197.&However,&MPXV197& reduced& the&TCR& signal& cascade& from& reaching& the&

point& of& Ca2+& release.& These& results& indicate& that& the& evasion& mechanism& likely& occurs& after& TCR&

engagement&with&peptide&MHC&and&inhibits&TCR&signal&transduction&proximal&to&the&TCR.&&

& CD8+&T&cells&detect&and& lyse&virus& infected&cells& through&recognition&of&viral&peptides&displayed&

on&MHC& class& I& directly& or& indirectly& by& cross& presentation.& The& conclusion& that& B22R?family& proteins&

inhibit&T&cell&function&directly&was&unexpected&as&many&dsDNA&viruses&inhibit&antigen&presentation&and&

induce& the& secretion& of& T& cell& suppressive& factors.& Nevertheless,& there& are& some& viral& proteins& that&

directly&interact&with&T&cells.&For&example,&the&human&cytomegalovirus&(CMV)&protein&UL11&is&expressed&
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from&the&surface&of&the&infected&cell&where&it&can&interact&in-trans-with&T&cell&CD45,&a&large&phosphatase&

molecule&(Gabaev&et&al.,&2011).&Upon&binding,&UL11&alters&the&structure&and&inactivates&CD45&so&that&it&

cannot&perform&its&function&in&the&TCR&signaling&cascade.&Specifically,&when&the&T&cell& interacts&with&an&

APC,&CD45&activates&the&Src&family&kinase&Lck.&Based&on&our&data&that&show&that&phosphorylation&of&the&

TCR&complex&was&still& intact,&B22R&family&proteins&most& likely&do&not&operate&through&this&mechanism.&

CMV&can&also&upregulate&pro?apoptotic&ligands&on&the&surface&of&infected&dendritic&cells&that&can&induce&

apoptosis& in& activated& T& cells& (Raftery& et& al.,& 2001).& B22R& family& proteins& most& likely& do& not& operate&

through& this&mechanism,&as& the& treated&T&cells&are& functionally&paralyzed&but&do&not&apoptose.&Lastly,&

Kaposi's&sarcoma?associated&herpesvirus&encodes&a&homolog&of&human&CD200&(called&vOX2)&which& is&a&

potent&inhibitor&of&T&cell&activation&by&binding&to&CD200&receptor&on&the&surface&of&T&cells&(Misstear&et&

al.,&2012).&T&cells&uniquely&express&the&CD200R&which& is&a&transmembrane&negative&regulatory&protein.&

Signaling& through&CD200R&activates&cytosolic&Ras?GAP&which&prevents&activation&of&PI3K,&Akt,&and&Erk,&

kinases&necessary&for&TCR&signal&transduction.&&B22R&family&proteins&could&act&through&CD200R&and&this&

represents& a& logical& target.&Overall,& B22R& family&proteins&do&not& share& any&homologous&domains&with&

other&viral&so&I&hypothesize&that&they&use&a&novel&mechanism.&&

& The& exact&mechanism& through&which& B22R& family& proteins& act& remains& elusive.& Based& on& our&

data&presented& in& this& chapter,& I&would&hypothesize& that&B22R& family& proteins& target& and& inactivate& a&

transmembrane& T& cell& protein& with& function& in& regulating& TCR& signal& transduction.& There& are& many&

candidate& proteins& expressed& on& both& CD8+& and& CD4+& that& have& been& reviewed& recently& for& the&

regulatory& T& cell& field& and& cancer& immune& checkpoint& field& (Chen& and& Flies,& 2013;& Pardoll,& 2012).&

Candidate& proteins& that& act& in& concert&with& the& TCR& but& oppose& co?stimulation& include& CTLA?4,& PD?1,&

BTLA?4,&TIM3,&TIGIT,&CD160,&LAG?3,&LAIR?1,&B7?1,&B7?H1.&However,& the&majority&of& these&receptors&are&

not&constitutively&expressed&on&resting&T&cells,&but&are&upregulated&after&activation&or&during&exhaustion.&

Therefore,& it& is& less& likely& that&B22R& family& proteins& target& these& T& cell& proteins,& as& the&mechanism&of&
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action&occurs& in& less&than&one&hour&and&acts&on&T&cells&regardless&of&their&activation&state.& It&would&be&

more& likely& that& B22R& family& proteins& target& a& T& cell& surface& protein& with& an& essential& role& in& T& cell&

activation& leading& to& cytokine& production.& Direct& cell& contact& was& required& for& suppression& of& TCR&

signaling&in&T&cells,&yet&the&inhibited&state&of&T&cells&was&sustained&after&removal&of&MPXV&infected&cells&

from&the&co?culture.&Therefore,&B22R&family&proteins& likely&alter&a&cell& surface&protein& in&a& long?lasting&

fashion&or&in&a&way&that&triggers&an&alteration&of&the&intracellular&environment.&&

&& MPXV?mediated&suppression&might&involve&a&parallel&mechanism&to&what&is&used&by&T?regulatory&

T&cells.&CD4+&T?regulatory&cells& inhibit&conventional&T&cell&activation&through&many&mechanisms,& in&part&

they& directly& inhibit& TCR& signaling.& Recently& Peter& Krammer’s& group& has& been& investigating& a&

phenomenon& whereby& T?regulatory& cells& rapidly& suppress& TCR?induced& signaling& events& and& Th1&

cytokine& production&within& 1& hour& of& co?culture& (Schmidt& et& al.,& 2011).& This&mechanism& requires& cell?

contact&and&Ca2+&influx&is&blocked&immediately&after&TCR&stimulation.&The&exact&mechanism&has&not&been&

discovered&yet,&but&might&inform&us&to&a&possible&mechanism&for&B22R&family&proteins.&q&

& Taken&together,&the&most&logical&targets&of&B22R&family&proteins&are&CD200?receptor&(discussed&

above),& linker&of& activation& (LAT),& plasma&membrane&Ca2+& channels,& or& T& cell& immunoreceptor&with& Ig&

and&ITIM&domains&(TIGIT)&or&the&TIGIT?related&molecule&CD96.&B22R&family&proteins&could&interact&with&

LAT& on& the& T& cell& surface.& This& large& transmembrane& protein& localizes& in& lipid& rafts& and& is& the& main&

scaffold&for&kinases&that&mediate&TCR&signal&transduction.&LAT&is&activated&by&phosphorylation&by&ZAP?70.&

LAT& is& responsible& for&bringing&key&kinases&within& the&proximity&of& the&TCR;& therefore,& if& it& is&excluded&

from&the&area&of&the&plasma&membrane&where&it&localizes&upon&TCR&activation&or&if&its&phosphorylation&is&

reduced,& then&B22R&could&hinder& signal& transduction.&B22R& family&proteins&might&also& target&a&T&cell’s&

essential& plasma& membrane& Ca2+& channels& to& prevent& calcium& influx& that& is& necessary& for& full& signal&

transduction.& In& the&presence&of&MPXV197,&we&observed&that&TCR&stimulation&was&unable& to&cause&an&

influx&of&Ca2+.& In&contrast,&when& ionomycin&was&added&as&a&Ca2+&membrane&shuttle&or&positive&control,&
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the&T&cell’s& intracellular&Ca2+& levels&were&elevated.&This&phenotype&could&be&caused&by&B22R&if& it&blocks&

the& Ca2+& channel& in& the& plasma&membrane.& Lastly,& B22R& could& engage& TIGIT& or& TIGIT?related& protein&

CD96& that& are& expressed&on& the& T& cell& and&NK& cell& plasma&membrane,&more& constitutively& than&other&

inhibitory& receptors.& TIGIT& and& CD96& are& transmembrane& proteins& that& are& characterized& by& their&

immunoreceptor& tyrosine?based& inhibitory& motif& (ITIM)& domains& in& the& cytoplasmic& tail& (Chan& et& al.,&

2014).&The&natural&ligands&for&TIGIT&and&CD96&are&nectin?like&proteins,&including&the&poliovirus&receptor,&

CD155.&After& ITIM?possessing& inhibitory& receptors& interact&with& their& ligand,& their& ITIM&motif&becomes&

phosphorylated&by&enzymes&of&the&Src&kinase&family,&allowing&them&to&recruit&the&phosphatases&SHP?1&

and&SHP?2,&or&the&inositol?phosphatase&called&SHIP.&This&mechanism&would&act&to&shut&off&TCR&signaling&

quickly&as&it&does&not&require&new&protein&synthesis&and&phosphatases&inhibit&the&activation&of&molecules&

involved&in&TCR&transduction.&If&B22R&family&proteins&do&target&TIGIT&or&CD96&the&mechanism&might&be&

able& to& inhibit& NK& cells& as&well.&While& each& of& these& hypotheses& could& be& tested& individually,& I&would&

suggest& a& future&experiment& in& the& form&of& a& screen& to&directly& test&which&T& cell& surface&proteins& can&

interact&with&MPXV197.&A&co?immunoprecipitation&procedure,&similar& to&the&one&employed& in& (Gabaev&

et& al.,& 2011)& would& suit& this& question& well.& Because& the& study& of& membrane& proteins& is& notoriously&

difficult,&I&would&propose&to&stabilize&recombinant&MPXV197&on&a&planar&lipid&bilayer&and&then&incubate&

it&with&the&membrane&fraction&of&proteins&derived&from&T&cell&clones.&Then&protein&complexes&could&be&

analyzed&by&a&co?immunoprecipitation&process.&&

& How&the&B22R& family&proteins&engage& the& target&T&cell& is& still&unknown.& In&all,&deciphering& the&

mechanism&of&action&of&B22R?family&proteins,&a&conserved&large&protein&expressed&by&virulent&OPXV,&will&

give& us& information& about& novel& direct& methods& to& inhibit& TCR& activation& and& represent& possible&

therapeutic&avenues&for&modulating&T&cell&function.&&

& & (
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Chapter(4(Materials(and(Methods(
&
Cells$and$Cell$Lines$$

BEAS?2B& human& bronchial& epithelium& cells& were& maintained& in& Dulbecco's& modified& Eagle's& medium&

(DMEM,& Mediatech,& Manassas,& VA)& supplemented& with& 10%& fetal& bovine& serum& (FBS,& Hyclone&

Laboratories,&Inc,&Logan,&UT).&M.-tuberculosis?specific&T&cell&clones&were&rapid&expanded&and&maintained&

as&previously&described&(Lewinsohn&et&al.,&2007).&&

$

In#vitro$Expression$of$OPXV$Immunomodulatory$Proteins$

To&study&T&cell&responses&to&MPXV&197,&BEAS?2B&cells&were& infected&with&Ad?tTA&(8&MOI)&or&Ad?197&(6&

MOI)&and&Ad?tTA&(1.7&MOI)&for&72h.&Alternatively,&to&study&T&cells&responses&to&CPXV&219&the&cells&were&

pretreated&with& 10& nM& ST246& kindly& provided& by& SIGA& Technologies& (Corvallis,& OR)& and& infected&with&

VACV& wild& type& or& VACV?219& recombinant& virus& (2& MOI,& 10�M& ST246)& for& 2h.& The& ST246& drug& was&

included&at&all&other&stages&of&the&experiments&utilizing&VACV&infected&BEAS?2B&cells.&&$

$

Adenoviral$vectors$and$tags$(Created&by&the&Fruh&Lab)$

Protein& expression& vectors:& Codon?optimized& sequences& of& the& C?terminal& 3xFlag&

(DYKDHDGDYKDHDIDYKDDDDK)& fusions& of& MPXV197& and& VARV& B22R& proteins& were& synthesized& at&

GenScript&(Piscataway,&NJ).&All&coding&sequences&were&cloned&into&pCDNA3.1&vector&(Life&Technologies).&

The&resulting&plasmids&were&used&for&construction&of&the&recombinant&adenoviruses&viruses.&To&achieve&

the&protein& expression& these& viruses&were& co?infected&with&Ad?TA& virus& expressing& transactivator& (TA)&

protein.&We&used&an&inactive&form&of&MPXV197&as&a&negative&control&in&our&experiments.&This&protein&did&

not&contain&a&transmembrane&domain&and&was&validated&to&not&cause&the&inactive&T&cell&phenotype.&&

$

Flow$cytometry$
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All&flow&cytometry&was&performed&on&a&Fortessa&18?parameter&flow&cytometer&(BD).&Fluorescence&minus&

one&(FMO)&and&isotype&controls&were&used&for&optimal&gating.&Doublets&were&excluded&based&on&FSC?H&

and&FSC?A,&SSC?H&and&SSC?A,&lymphocytes&were&identified&based&on&FSC?A&and&SSC?A,&then&CD8&and&CD3&

expression.&Surface$staining$for$FLAG:$BEAS2B&cell& line&was&analyzed&for&expression&of&MPXV197&on&its&

surface& by& staining& for& the& C?terminal& FLAG& tag.& Briefly,& polyclonal& anti?FLAG& or& isotype& control& was&

added&to&harvested&BEAS2B&cells&at&1&µg/ml&for&15&minutes&at&4C,&then&washed&and&fixed.&Staining$for$

Phosphorylation:$ Treated& T& cell& clones& were& immediately& fixed& in& 2%& paraformaldehyde.& Following&

fixation,& the& cells&were&permeabilized& in& ice& cold& 100%&methanol& for& 30&minutes.& Then& the& cells&were&

washed& in&FACS&buffer& to&sufficiently& remove&the&methanol&and&stained&with&the& following&antibodies,&

anti?CD8&(clone&RPA?T8,&1:50&dilution,&Biolegend),&anti?CD3&(OKT3,&1:50&dilution,&Biolegend),&anti?CD3z?

pY142& (1:10& dilution,& BD),& or& anti?STAT5?pY694& (1:20& dilution,& BD),& or& isotype& controls& (used& at& a&

matching& concentration& to& their& corresponding& phospho?specific& antibody),& for& 45& minutes& at& 4°C.&

Isotype&controls&were&used&to&optimize&staining&with&phospho?specific&antibodies.&A&minimum&of&30,000&

CD8+& events&were& collected& for&MFI& analysis& across& samples.& Data&was& analyzed& using& FlowJo&Version&

9.9.3.&&

$

ELISPOT$with$D466CD6$and$D160$1C23$

To&study&T&cell& responses& to&MPXV&197,&BEAS?2B&cells&were& infected&with&Ad?TA& (8&MOI)&or&Ad?197& (6&

MOI)&and&Ad?TA&(1.7&MOI)&for&72h.&Alternatively,&to&study&T&cells&responses&to&CPXV&219&the&cells&were&

pretreated& with& 10&M& ST246& kindly& provided& by& SIGA& Technologies& (Corvallis,& OR)& and& infected& with&

VACV& wild& type& or& VACV?219& recombinant& virus& (2& MOI,& 10�M& ST246)& for& 2h.& The& ST246& drug& was&

included& at& all& other& stages& of& the& experiments& utilizing&VACV& infected&BEAS?2B& cells.& & Indicated&Mtb?

specific& T& cell& clones& were& co?incubated& with& infected& BEAS?2B& cells& for& 3h& or& overnight& and& then&

stimulated& with& peptide& CFP2?12& (clone& 466?D6),& pronase& digested& Mtb& cell& wall& (clone& D160?23),& & or&
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phytohemagglutinin& (PHA)& in& IFN?#& Ab& (clone& 1?D1K,& MABTECH& AB,& Nacka& Strand,& Sweden)& coated&

ELISPOT&plates&as&previously&described& (Lewinsohn&et&al.,& 2007).& The& staining&was&detected&with& IFN?#&

mAb& conjugated& to& horseradish& peroxidase& (HRP)& (clone& 7?B6?1,&MABTECH)& and& developed& using& AEC&

Vectastain<Elite&kit-(Vector&Laboratories,&Burlingame,&CA).&

$

MPXV$Animal$challenge$[Performed&by&the&Fruh&Lab]$

All& animal& experiments&were& reviewed& and& approved& by& the&OHSU& Institutional& Animal& Care& and&Use&

Committee.& Eight& adult& female&RM&animals&were&utilized& for& in<vivo& studies&of& the&T& cell& responses& to&

MPXV&US2003&wild&type&(WT)&and&MPXV�197&mutant.&Cohort&1&(WT)&included&animals&29437&(WT?1;&7&

year?old),&29785&(WT?2;&10?year?old),&21111&(WT?3;&13?year?old),&and&28689&(WT?4;&13?year?old).&Cohort&

2& (KO?197)& included& animals& 29792& (197?1;& 8?year?old),& 29398& (197?2;& 11?year?old),& 29424& (197?3;& 13?

year?old),&28664&(197?4;&10?year?old).&The&animals&were&infected&intrabronchially&with&5x105&PFU/animal&

of& WT& and& the& mutant& viruses& delivered& in& 1ml& of& phosphate?buffered& saline& (PBS).& Blood& and&

bronchoalveolar& lavage& (BAL)& samples& were& collected& on& the& day& of& infection& (day& 0)& and& later& on&

indicated&days&post& infection.&Peripheral&blood&mononuclear&cells&(PBMC)&were&isolated&from&blood&by&

centrifugation&via&Histopaque&gradient.&

$

Stimulation$and$Quantification$of$ILC2$Signaling$

T&cell&clone&was&maintained&in&a&rapid&expansion&flask&with&low&dose&IL?2&(0.5ng/ml)&for&24&hours.&Then,&

the&T&cell&clone&D466?D6&was&co?incubated&overnight&in&the&presence&of&the&BEAS2B&cell&line&expressing&

nothing& (empty& vector),& transcriptional& activator& (adTA),& adTA& and& a& control& inactive& version& of&

MPXV197,& or& adTA& and& MPXV197.& Treated& T& cell& clones& were& then& harvested& from& the& adherent&

BEAS2Bs,&washed,&and&stimulated&with&recombinant&human&IL?2&(50&ng/ml&Immunex)&for&fifteen&minutes&

at&37C.&The&cells&were&then&fixed,&permeabilized,&and&stained&as&described&above.&Specifically,&the&level&



Meermeier&Dissertation&

&145&

of&phosphorylated&STAT5&was&quantified&by& staining&with& the&antibody& specific& to& the&phosphorylated&

transcription&factor&(1/50&dilution,&BD&PhosFlow)&or&the&appropriate&isotype&control.&

$

Stimulation$and$Quantification$of$phosphoCCD3&$

T& cell& clone& D466?D6& was& co?incubated& overnight& in& the& presence& of& the& BEAS2B& cell& line& expressing&

nothing& (empty& vector),& transcriptional& activator& (adTA),& adTA& and& a& control& inactive& version& of&

MPXV197,& or& adTA& and& MPXV197.& Treated& T& cell& clones& were& then& harvested& from& the& adherent&

BEAS2Bs,&washed,&and&stimulated&with&phytohemagglutinin&(PHA,&10&µg/ml)&for&ten&minutes&at&37C.&The&

cells& were& then& fixed,& permeabilized,& and& stained& as& described& above.& Specifically,& the& level& of&

phosphorylated&CD3?zeta&was&quantified&by& staining&with& the&antibody& specific& to& the&phosphorylated&

tyrosine&142&(1/10&dilution,&BD&PhosFlow).&

$

Stimulation$and$Quantification$of$Cytosolic$Ca2+$

T&cell&clone&D466?D6&was&harvest&from&its&rapid&expansion&flask&on&day&14,&washed,&and&rested&overnight&

in&low&dose&IL?2&(0.5ng/ml)&with&or&without&MPXV&treatments.&The&next&day,&the&cells&were&loaded&with&

0.5uM&cytosolic&Calcium&dye&eFluor&514& (eBioscience)& for&30&minutes&at&37C,&by& following& the&manuf.&

instructions.& Then& the& cells& were& washed& twice& in& media,& suspended& at& 1e6& cells/mL& on& ice,& and&

transported& to& the& flow& cytometer.& & There,& each& sample&was&warmed& to& 37C& in& a&water& bath,& PI&was&

added& to& measure& viability& of& cells,& and& a& 60& second& resting& measurement& of& cytosolic& calcium& was&

taken.& Then,& stimulus&was& added& (5&µg/ml&PHA,&or& 1&ug/ml& ionomycin)& and&a& subsequent& five?minute&

measurement&was&taken.&Data&was&analyzed&using&the&FlowJo&kinetics&software&on&version&9.9.3.&The&60&

second&resting&measurement&(geometric&mean&of&channel&measuring&cytosolic&Ca)&was&used&to&set&the&

threshold&value&for&each&sample.&The&moving&smoothed&average&cytosolic&Ca&level&for&all&live&CD3+CD8+&

cells&in&the&sample&is&presented.&
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&

Chapter(5(Thesis(Summary(and(Conclusions(
&
& MR1&and&the&T&cells&it&activates&provide&the&field&of&immunology&with&a&new&paradigm&whereby&a&

conserved&antigen&presentation&molecule&can&present&small&metabolites&that&are&essential&to&microbes,&

as&patterns&of&infection&to&activate&a&family&of&semi?invariant&TCRs.&Our&focus&has&been&to&determine&the&

role& of& diversity& in& MR1?restricted& TCRs& to& detection& of& microbial& infection& and& whether& or& not& this&

process& allows& for& selectivity& in& antigen& recognition.& The& results& presented& in& Chapter& 3& of& this& thesis&

formally& demonstrate& the& existence& of& MR1?restricted& T& cells& that& use& a& non?TRAV1?2& semi?invariant&

TCR.& While& these& cells& are& much& rarer& than& MR1?restricted& T& cells& expressing& the& TRAV1?2& TCR,& this&

finding&demonstrates&that&assumptions&about&the&use&of&a&single&semi?invariant&TCR&by&MR1?restricted&T&

cells&must& be& reassessed.& The& definition& of&MAIT& cells& as& a& discrete& family& of& T& cells& that& use& a& semi?

invariant&TCR,&are&enriched&at&mucosal&sites,&and&have&innate&like&qualities&is&not&questioned&by&the&data&

in& this& thesis.& It& remains& to& be& determined& whether& non?TRAV1?2& MR1?restricted& TCRs& share& these&

qualities&and&the&unique&developmental&pathway&in&the&thymus.&&

& Pertaining&to&the&thymic&development&of&MR1?restricted&T&cells,&the&data&from&Chapter&3&of&this&

thesis& led&us& to&ask&whether&MR1?restricted&T&cells& that&used&non?TRAV1?2+&TCRs&were&more& frequent&

during&T&cell&development&in&the&thymus,&prior&to&exposure&to&microbial&antigens.&Through&T&cell&cloning&

of&MR1?restricted&thymocytes&identified&by&a&tetramer,&we&discovered&all&of&them&to&express&a&TRAV1?2+&

TCR.&This&data&supports&a&scenario&where&TRAV1?2+&T&cell&selection&in&the&thymus&is&favored&over&other&

TCRs.&Further&research&into&how&MAIT&cells&are&selected&on&MR1+&hematopoietic&cells&in&the&thymus,&and&

whether& a& ligand& is& involved,&will& give& insight& into& the& relationship& between& TRAV1?2+& TCRs& and&MR1&

during&development.&

& The&ability&of&the&MR1?restricted&TRAV12?2+&TCR&to&recognize&S.-pyogenes&infection&necessitates&

a& reevaluation& of& the& family& of& ligands& that& MR1& can& present,& as& S.- pyogenes& does& not& create& the&
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previously& defined& ligands.&While& the& nature& of& the&MR1?ligands& that& alternative&MR1?restricted& TCRs&

can& recognize& remains& elusive,& it& is& clear& that& MR1?restricted& TCRs& can& share& cross& reactivity& to& the&

previously& defined& Vitamin?B& derived& ligands,& as& presented& in& Chapter& 3.& Unpublished& data& from& our&

collaboration&with&the&Rossjohn&Laboratory&(Monash&University),&suggests&that&the&TCR&of&the&D462?E4&T&

cell&clone&“docks”&over& the&MR1?antigen&groove& in&a&distinctive&way& from&MAIT&TCRs.&This&mechanism&

could&allow&the&D462?E4&TCR&to&recognize&different&antigens&that&may&be&presented&in&a&different&part&of&

the&MR1& antigen& binding& groove.& Further& research& into& the& nature& of& the&MR1?ligands& created& by& S.-

pyogenes& infection&will& give& the& field& insight& into& the& repertoire&of& antigens& that& can&be&presented&by&

MR1.&&

& &

& &
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&

&

&

&

& &

Appendix Table 1
Nucleotide sequences of the junctional regions surrounding the CDR3 and T cell receptor of D462-E4

Nucleotide sequence CDR3 
Amino 
Acid

CDR3
Length

V Gene Name J Gene Name

CATCAGAGACTCCCAGCCCAGT-
GATTCAGCCACCTACCTCTGTGC-
CGTGAGAGATGCAGGCAACATGCT-
CACCTTTGGAGGG

CAVRDAGNMLTF 36 TCRAV12-02 TCRAJ39-01

AACATGAGCCCTGAAGACAGCAG-
CATATATCTCTGCAGCGTGGGGGGGGA-
CAGCCTTATAGGCAATCAGCCCCAG-
CATTTTGGTGAT

CSVGGDSLIGNQPQHF 48 TCRBV29-01 TCRBJ01-05
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&

&
&
Appendix&Figure&1.&Flow&cytometry&gating&strategy&for&the&CD8+&PBMC&T&cell&stimulation&assay.&

&

All&events&were&first&gated&on&a&uniform&cell&size&using&area&parameters&and&then&for&single&

events&using&area&versus&height&parameters.&Then&T&cells&were&selected&for&expression&of&CD3&

and&exclusion&of&a&dye&indicating&their&viability&(Live?dead).&Finally,&T&cells&that&expressed&CD8,&

but&not&CD4,&were&analyzed&for&their&intracellular&cytokine&expression.&&

Appendix Figure 1. Flow cytometry gating strategy for the PBMC stimulation assay 
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&
&

Appendix&Figure&2.&Dot&plots&showing&the&phospho?specific&staining&levels&of&CD3&(left)&or&ZAP70&(right)&

of&clone&D462?E4&across& independent&experiment&repetitions.&The&Y?axis&shows&the& fold&change&of& the&

geometric&mean&fluorescence&intensity&when&the&unstimulated&T&cell&measurement&was&normalized&to&1.&&

&

& &

Appendix Figure 2. Summary of experiments analyzing phosphorylation states of CD3
and ZAP-70 within treated D462-E4 T cell clone

CD3-zeta pY142 ZAP-70 pY493
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&

&
&
&
Appendix&Figure&3.&Flow&cytometry&gating&strategy&for&MR1/Ag&tetramer&staining.&

&

All&events&were&first&gated&on&single&cell&events&using&area&and&height&parameters.&Then&cells&

were&selected&for&expression&of&CD3&and&exclusion&of&a&dye&indicating&their&viability&(Live?dead).&

Next,&cells&were&gated&on&a&uniform&lymphocyte&size.&Finally,&T&cells&that&did&not&express&CD4&

were&analyzed&for&their&ability&to&bind&the&MR1&tetramer.&&

& &

Appendix Figure 3. Flow cytometry gating strategy for MR1/Ag tetramer staining

FSC-A

FS
C

-H

SSC-A

S
S

C
-H

Live-dead

C
D

3

S
S

C
-A

C
D

4

FSC-A CD8a



Meermeier&Dissertation&

&152&

Bibiolography$of$Cited$Works$
$

Adams,&E.J.,&and&Luoma,&A.M.&(2013).&The&adaptable&major&histocompatibility&complex&(MHC)&fold:&
structure&and&function&of&nonclassical&and&MHC&class&I?like&molecules.&Annual&review&of&immunology-31,&
529?561.&

Alberola?Ila,&J.,&Takaki,&S.,&Kerner,&J.D.,&and&Perlmutter,&R.M.&(1997).&Differential&signaling&by&lymphocyte&
antigen&receptors.&Annual&review&of&immunology-15,&125?154.&

Altman,&J.D.,&Moss,&P.A.,&Goulder,&P.J.,&Barouch,&D.H.,&McHeyzer?Williams,&M.G.,&Bell,&J.I.,&McMichael,&
A.J.,&and&Davis,&M.M.&(1996).&Phenotypic&analysis&of&antigen?specific&T&lymphocytes.&Science-274,&94?96.&

Alzhanova,&D.,&Edwards,&D.M.,&Hammarlund,&E.,&Scholz,&I.G.,&Horst,&D.,&Wagner,&M.J.,&Upton,&C.,&Wiertz,&
E.J.,&Slifka,&M.K.,&and&Fruh,&K.&(2009).&Cowpox&virus&inhibits&the&transporter&associated&with&antigen&
processing&to&evade&T&cell&recognition.&Cell&host&&&microbe-6,&433?445.&

Alzhanova,&D.,&and&Fruh,&K.&(2010).&Modulation&of&the&host&immune&response&by&cowpox&virus.&Microbes&
and&infection&/&Institut&Pasteur-12,&900?909.&

Alzhanova,&D.,&Hammarlund,&E.,&Reed,&J.,&Meermeier,&E.,&Rawlings,&S.,&Ray,&C.A.,&Edwards,&D.M.,&Bimber,&
B.,&Legasse,&A.,&Planer,&S.,-et-al.&(2014).&T&cell&inactivation&by&poxviral&B22&family&proteins&increases&viral&
virulence.&PLoS&pathogens-10,&e1004123.&

Amanna,&I.J.,&Slifka,&M.K.,&and&Crotty,&S.&(2006).&Immunity&and&immunological&memory&following&
smallpox&vaccination.&Immunological&reviews-211,&320?337.&

Anthony,&D.A.,&Andrews,&D.M.,&Watt,&S.V.,&Trapani,&J.A.,&and&Smyth,&M.J.&(2010).&Functional&dissection&of&
the&granzyme&family:&cell&death&and&inflammation.&Immunological&reviews-235,&73?92.&

Arstila,&T.P.,&Casrouge,&A.,&Baron,&V.,&Even,&J.,&Kanellopoulos,&J.,&and&Kourilsky,&P.&(1999).&A&direct&estimate&
of&the&human&alphabeta&T&cell&receptor&diversity.&Science-286,&958?961.&

Beadling,&C.,&and&Slifka,&M.K.&(2005).&Differential&regulation&of&virus?specific&T?cell&effector&functions&
following&activation&by&peptide&or&innate&cytokines.&Blood-105,&1179?1186.&

Becattini,&S.,&Latorre,&D.,&Mele,&F.,&Foglierini,&M.,&De&Gregorio,&C.,&Cassotta,&A.,&Fernandez,&B.,&Kelderman,&
S.,&Schumacher,&T.N.,&Corti,&D.,-et-al.&(2015).&T&cell&immunity.&Functional&heterogeneity&of&human&
memory&CD4(+)&T&cell&clones&primed&by&pathogens&or&vaccines.&Science-347,&400?406.&

Bendelac,&A.&(1995).&Positive&selection&of&mouse&NK1+&T&cells&by&CD1?expressing&cortical&thymocytes.&The&
Journal&of&experimental&medicine-182,&2091?2096.&

Bendelac,&A.,&Savage,&P.B.,&and&Teyton,&L.&(2007).&The&biology&of&NKT&cells.&Annual&review&of&immunology-
25,&297?336.&

Bidgood,&S.R.,&and&Mercer,&J.&(2015).&Cloak&and&Dagger:&Alternative&Immune&Evasion&and&Modulation&
Strategies&of&Poxviruses.&Viruses-7,&4800?4825.&



Meermeier&Dissertation&

&153&

Birkinshaw,&R.W.,&Kjer?Nielsen,&L.,&Eckle,&S.B.,&McCluskey,&J.,&and&Rossjohn,&J.&(2014).&MAITs,&MR1&and&
vitamin&B&metabolites.&Current&opinion&in&immunology-26,&7?13.&

Blom,&B.,&and&Spits,&H.&(2006).&DEVELOPMENT&OF&HUMAN&LYMPHOID&CELLS.&Annual&review&of&
immunology-24,&287?320.&

Blum,&J.S.,&Wearsch,&P.A.,&and&Cresswell,&P.&(2013).&Pathways&of&antigen&processing.&Annual&review&of&
immunology-31,&443?473.&

Bogdan,&C.,&Rollinghoff,&M.,&and&Diefenbach,&A.&(2000).&Reactive&oxygen&and&reactive&nitrogen&
intermediates&in&innate&and&specific&immunity.&Current&opinion&in&immunology-12,&64?76.&

Brady,&B.L.,&Steinel,&N.C.,&and&Bassing,&C.H.&(2010).&Antigen&receptor&allelic&exclusion:&an&update&and&
reappraisal.&J&Immunol-185,&3801?3808.&

Braud,&V.M.,&Allan,&D.S.,&O'Callaghan,&C.A.,&Soderstrom,&K.,&D'Andrea,&A.,&Ogg,&G.S.,&Lazetic,&S.,&Young,&
N.T.,&Bell,&J.I.,&Phillips,&J.H.,-et-al.&(1998).&HLA?E&binds&to&natural&killer&cell&receptors&CD94/NKG2A,&B&and&
C.&Nature-391,&795?799.&

Brigl,&M.,&and&Brenner,&M.B.&(2004).&CD1:&antigen&presentation&and&T&cell&function.&Annual&review&of&
immunology-22,&817?890.&

Brigl,&M.,&van&den&Elzen,&P.,&Chen,&X.,&Meyers,&J.H.,&Wu,&D.,&Wong,&C.H.,&Reddington,&F.,&Illarianov,&P.A.,&
Besra,&G.S.,&Brenner,&M.B.,&and&Gumperz,&J.E.&(2006).&Conserved&and&heterogeneous&lipid&antigen&
specificities&of&CD1d?restricted&NKT&cell&receptors.&J&Immunol-176,&3625?3634.&

Cann,&J.A.,&Jahrling,&P.B.,&Hensley,&L.E.,&and&Wahl?Jensen,&V.&(2013).&Comparative&pathology&of&smallpox&
and&monkeypox&in&man&and&macaques.&J&Comp&Pathol-148,&6?21.&

Carlson,&C.S.,&Emerson,&R.O.,&Sherwood,&A.M.,&Desmarais,&C.,&Chung,&M.W.,&Parsons,&J.M.,&Steen,&M.S.,&
LaMadrid?Herrmannsfeldt,&M.A.,&Williamson,&D.W.,&Livingston,&R.J.,-et-al.&(2013).&Using&synthetic&
templates&to&design&an&unbiased&multiplex&PCR&assay.&Nature&communications-4,&2680.&

Cerundolo,&V.,&Silk,&J.D.,&Masri,&S.H.,&and&Salio,&M.&(2009).&Harnessing&invariant&NKT&cells&in&vaccination&
strategies.&Nature&reviews.&Immunology-9,&28?38.&

Chakraborty,&A.K.,&and&Weiss,&A.&(2014).&Insights&into&the&initiation&of&TCR&signaling.&Nature&immunology-
15,&798?807.&

Chan,&C.J.,&Martinet,&L.,&Gilfillan,&S.,&Souza?Fonseca?Guimaraes,&F.,&Chow,&M.T.,&Town,&L.,&Ritchie,&D.S.,&
Colonna,&M.,&Andrews,&D.M.,&and&Smyth,&M.J.&(2014).&The&receptors&CD96&and&CD226&oppose&each&other&
in&the&regulation&of&natural&killer&cell&functions.&Nature&immunology-15,&431?438.&

Chen,&L.,&and&Flies,&D.B.&(2013).&Molecular&mechanisms&of&T&cell&co?stimulation&and&co?inhibition.&Nature&
reviews.&Immunology-13,&227?242.&

Cho,&C.T.,&and&Wenner,&H.A.&(1973).&Monkeypox&virus.&Bacteriol&Rev-37,&1?18.&



Meermeier&Dissertation&

&154&

Cho,&H.,&Bediako,&Y.,&Xu,&H.,&Choi,&H.J.,&and&Wang,&C.R.&(2011).&Positive&selecting&cell&type&determines&the&
phenotype&of&MHC&class&Ib?restricted&CD8+&T&cells.&Proceedings&of&the&National&Academy&of&Sciences&of&
the&United&States&of&America-108,&13241?13246.&

Choi,&W.I.,&Kim,&M.Y.,&Jeon,&B.N.,&Koh,&D.I.,&Yun,&C.O.,&Li,&Y.,&Lee,&C.E.,&Oh,&J.,&Kim,&K.,&and&Hur,&M.W.&
(2014).&Role&of&promyelocytic&leukemia&zinc&finger&(PLZF)&in&cell&proliferation&and&cyclin?dependent&
kinase&inhibitor&1A&(p21WAF/CDKN1A)&gene&repression.&The&Journal&of&biological&chemistry-289,&18625?
18640.&

Chua,&W.J.,&Truscott,&S.M.,&Eickhoff,&C.S.,&Blazevic,&A.,&Hoft,&D.F.,&and&Hansen,&T.H.&(2012).&Polyclonal&
mucosa?associated&invariant&T&cells&have&unique&innate&functions&in&bacterial&infection.&Infection&and&
immunity-80,&3256?3267.&

Coccia,&E.M.,&Passini,&N.,&Battistini,&A.,&Pini,&C.,&Sinigaglia,&F.,&and&Rogge,&L.&(1999).&Interleukin?12&induces&
expression&of&interferon&regulatory&factor?1&via&signal&transducer&and&activator&of&transcription?4&in&
human&T&helper&type&1&cells.&The&Journal&of&biological&chemistry-274,&6698?6703.&

Coles,&M.C.,&and&Raulet,&D.H.&(2000).&NK1.1+&T&cells&in&the&liver&arise&in&the&thymus&and&are&selected&by&
interactions&with&class&I&molecules&on&CD4+CD8+&cells.&J&Immunol-164,&2412?2418.&

Colombetti,&S.,&Basso,&V.,&Mueller,&D.L.,&and&Mondino,&A.&(2006).&Prolonged&TCR/CD28&engagement&
drives&IL?2?independent&T&cell&clonal&expansion&through&signaling&mediated&by&the&mammalian&target&of&
rapamycin.&J&Immunol-176,&2730?2738.&

Condos,&R.,&Rom,&W.N.,&and&Schluger,&N.W.&(1997).&Treatment&of&multidrug?resistant&pulmonary&
tuberculosis&with&interferon?gamma&via&aerosol.&Lancet-349,&1513?1515.&

Constant,&P.,&Davodeau,&F.,&Peyrat,&M.A.,&Poquet,&Y.,&Puzo,&G.,&Bonneville,&M.,&and&Fournie,&J.J.&(1994).&
Stimulation&of&human&gamma&delta&T&cells&by&nonpeptidic&mycobacterial&ligands.&Science-264,&267?270.&

Cooper,&A.M.,&Dalton,&D.K.,&Stewart,&T.A.,&Griffin,&J.P.,&Russell,&D.G.,&and&Orme,&I.M.&(1993).&Disseminated&
tuberculosis&in&interferon&gamma&gene?disrupted&mice.&The&Journal&of&experimental&medicine-178,&2243?
2247.&

Corbett,&A.J.,&Eckle,&S.B.,&Birkinshaw,&R.W.,&Liu,&L.,&Patel,&O.,&Mahony,&J.,&Chen,&Z.,&Reantragoon,&R.,&
Meehan,&B.,&Cao,&H.,-et-al.&(2014).&T?cell&activation&by&transitory&neo?antigens&derived&from&distinct&
microbial&pathways.&Nature-509,&361?365.&

Cowley,&S.C.,&Sedgwick,&J.D.,&and&Elkins,&K.L.&(2007).&Differential&requirements&by&CD4+&and&CD8+&T&cells&
for&soluble&and&membrane&TNF&in&control&of&Francisella&tularensis&live&vaccine&strain&intramacrophage&
growth.&J&Immunol-179,&7709?7719.&

Davis,&M.M.,&and&Bjorkman,&P.J.&(1988).&T?cell&antigen&receptor&genes&and&T?cell&recognition.&Nature-334,&
395?402.&

Davis,&M.M.,&Krogsgaard,&M.,&Huppa,&J.B.,&Sumen,&C.,&Purbhoo,&M.A.,&Irvine,&D.J.,&Wu,&L.C.,&and&Ehrlich,&L.&
(2003).&Dynamics&of&cell&surface&molecules&during&T&cell&recognition.&Annual&review&of&biochemistry-72,&
717?742.&



Meermeier&Dissertation&

&155&

De&Calisto,&J.,&Wang,&N.,&Wang,&G.,&Yigit,&B.,&Engel,&P.,&and&Terhorst,&C.&(2014).&SAP?Dependent&and&?
Independent&Regulation&of&Innate&T&Cell&Development&Involving&SLAMF&Receptors.&Frontiers&in&
immunology-5,&186.&

Dik,&W.A.,&Pike?Overzet,&K.,&Weerkamp,&F.,&de&Ridder,&D.,&de&Haas,&E.F.,&Baert,&M.R.,&van&der&Spek,&P.,&
Koster,&E.E.,&Reinders,&M.J.,&van&Dongen,&J.J.,-et-al.&(2005).&New&insights&on&human&T&cell&development&by&
quantitative&T&cell&receptor&gene&rearrangement&studies&and&gene&expression&profiling.&The&Journal&of&
experimental&medicine-201,&1715?1723.&

Doolan,&D.L.,&and&Hoffman,&S.L.&(2000).&The&complexity&of&protective&immunity&against&liver?stage&
malaria.&J&Immunol-165,&1453?1462.&

Downie,&A.W.,&McCarthy,&K.,&Macdonald,&A.,&Maccallum,&F.O.,&and&Macrae,&A.E.&(1953).&Virus&and&virus&
antigen&in&the&blood&of&smallpox&patients;&their&significance&in&early&diagnosis&and&prognosis.&Lancet-265,&
164?166.&

Dusseaux,&M.,&Martin,&E.,&Serriari,&N.,&Peguillet,&I.,&Premel,&V.,&Louis,&D.,&Milder,&M.,&Le&Bourhis,&L.,&
Soudais,&C.,&Treiner,&E.,&and&Lantz,&O.&(2011).&Human&MAIT&cells&are&xenobiotic?resistant,&tissue?targeted,&
CD161hi&IL?17?secreting&T&cells.&Blood-117,&1250?1259.&

Eckle,&S.B.,&Birkinshaw,&R.W.,&Kostenko,&L.,&Corbett,&A.J.,&McWilliam,&H.E.,&Reantragoon,&R.,&Chen,&Z.,&
Gherardin,&N.A.,&Beddoe,&T.,&Liu,&L.,-et-al.&(2014).&A&molecular&basis&underpinning&the&T&cell&receptor&
heterogeneity&of&mucosal?associated&invariant&T&cells.&The&Journal&of&experimental&medicine-211,&1585?
1600.&

Eckle,&S.B.,&Corbett,&A.J.,&Keller,&A.,&Chen,&Z.,&Godfrey,&D.I.,&Liu,&L.,&Mak,&J.Y.,&Fairlie,&D.P.,&Rossjohn,&J.,&and&
McCluskey,&J.&(2015).&Recognition&of&Vitamin&B&precursors&and&byproducts&by&Mucosal&Associated&
Invariant&T&cells.&The&Journal&of&biological&chemistry.&

Edghill?Smith,&Y.,&Golding,&H.,&Manischewitz,&J.,&King,&L.R.,&Scott,&D.,&Bray,&M.,&Nalca,&A.,&Hooper,&J.W.,&
Whitehouse,&C.A.,&Schmitz,&J.E.,-et-al.&(2005).&Smallpox&vaccine?induced&antibodies&are&necessary&and&
sufficient&for&protection&against&monkeypox&virus.&Nature&medicine-11,&740?747.&

Edholm,&E.S.,&Albertorio&Saez,&L.M.,&Gill,&A.L.,&Gill,&S.R.,&Grayfer,&L.,&Haynes,&N.,&Myers,&J.R.,&and&Robert,&J.&
(2013).&Nonclassical&MHC&class&I?dependent&invariant&T&cells&are&evolutionarily&conserved&and&prominent&
from&early&development&in&amphibians.&Proceedings&of&the&National&Academy&of&Sciences&of&the&United&
States&of&America-110,&14342?14347.&

Eidson,&M.,&Wahlstrom,&J.,&Beaulieu,&A.M.,&Zaidi,&B.,&Carsons,&S.E.,&Crow,&P.K.,&Yuan,&J.,&Wolchok,&J.D.,&
Horsthemke,&B.,&Wieczorek,&D.,&and&Sant'Angelo,&D.B.&(2011).&Altered&development&of&NKT&cells,&
gammadelta&T&cells,&CD8&T&cells&and&NK&cells&in&a&PLZF&deficient&patient.&PloS&one-6,&e24441.&

Fergusson,&J.R.,&Smith,&K.E.,&Fleming,&V.M.,&Rajoriya,&N.,&Newell,&E.W.,&Simmons,&R.,&Marchi,&E.,&
Bjorkander,&S.,&Kang,&Y.H.,&Swadling,&L.,-et-al.&(2014).&CD161&defines&a&transcriptional&and&functional&
phenotype&across&distinct&human&T&cell&lineages.&Cell&reports-9,&1075?1088.&

Ferretti,&J.J.,&McShan,&W.M.,&Ajdic,&D.,&Savic,&D.J.,&Savic,&G.,&Lyon,&K.,&Primeaux,&C.,&Sezate,&S.,&Suvorov,&
A.N.,&Kenton,&S.,-et-al.&(2001).&Complete&genome&sequence&of&an&M1&strain&of&Streptococcus&pyogenes.&
Proceedings&of&the&National&Academy&of&Sciences&of&the&United&States&of&America-98,&4658?4663.&



Meermeier&Dissertation&

&156&

Flynn,&J.L.,&Chan,&J.,&Triebold,&K.J.,&Dalton,&D.K.,&Stewart,&T.A.,&and&Bloom,&B.R.&(1993).&An&essential&role&
for&interferon&gamma&in&resistance&to&Mycobacterium&tuberculosis&infection.&The&Journal&of&
experimental&medicine-178,&2249?2254.&

Flynn,&J.L.,&Goldstein,&M.M.,&Chan,&J.,&Triebold,&K.J.,&Pfeffer,&K.,&Lowenstein,&C.J.,&Schreiber,&R.,&Mak,&T.W.,&
and&Bloom,&B.R.&(1995).&Tumor&necrosis&factor?alpha&is&required&in&the&protective&immune&response&
against&Mycobacterium&tuberculosis&in&mice.&Immunity-2,&561?572.&

Fogg,&C.,&Lustig,&S.,&Whitbeck,&J.C.,&Eisenberg,&R.J.,&Cohen,&G.H.,&and&Moss,&B.&(2004).&Protective&immunity&
to&vaccinia&virus&induced&by&vaccination&with&multiple&recombinant&outer&membrane&proteins&of&
intracellular&and&extracellular&virions.&Journal&of&virology-78,&10230?10237.&

Gabaev,&I.,&Steinbruck,&L.,&Pokoyski,&C.,&Pich,&A.,&Stanton,&R.J.,&Schwinzer,&R.,&Schulz,&T.F.,&Jacobs,&R.,&
Messerle,&M.,&and&Kay?Fedorov,&P.C.&(2011).&The&human&cytomegalovirus&UL11&protein&interacts&with&the&
receptor&tyrosine&phosphatase&CD45,&resulting&in&functional&paralysis&of&T&cells.&PLoS&pathogens-7,&
e1002432.&

Gadola,&S.D.,&Dulphy,&N.,&Salio,&M.,&and&Cerundolo,&V.&(2002).&Valpha24?JalphaQ?independent,&CD1d?
restricted&recognition&of&alpha?galactosylceramide&by&human&CD4(+)&and&CD8alphabeta(+)&T&
lymphocytes.&J&Immunol-168,&5514?5520.&

Galy,&A.,&Verma,&S.,&Barcena,&A.,&and&Spits,&H.&(1993).&Precursors&of&CD3+CD4+CD8+&cells&in&the&human&
thymus&are&defined&by&expression&of&CD34.&Delineation&of&early&events&in&human&thymic&development.&
The&Journal&of&experimental&medicine-178,&391?401.&

Georgel,&P.,&Radosavljevic,&M.,&Macquin,&C.,&and&Bahram,&S.&(2011).&The&non?conventional&MHC&class&I&
MR1&molecule&controls&infection&by&Klebsiella&pneumoniae&in&mice.&Molecular&immunology-48,&769?775.&

Germain,&R.N.&(2002).&T?cell&development&and&the&CD4?CD8&lineage&decision.&Nature&reviews.&
Immunology-2,&309?322.&

Gherardin,&N.A.,&Keller,&A.N.,&Woolley,&R.E.,&Le&Nours,&J.,&Ritchie,&D.S.,&Neeson,&P.J.,&Birkinshaw,&R.W.,&
Eckle,&S.B.,&Waddington,&J.N.,&Liu,&L.,-et-al.&(2016).&Diversity&of&T&Cells&Restricted&by&the&MHC&Class&I?
Related&Molecule&MR1&Facilitates&Differential&Antigen&Recognition.&Immunity.&

Godfrey,&D.I.,&Uldrich,&A.P.,&McCluskey,&J.,&Rossjohn,&J.,&and&Moody,&D.B.&(2015).&The&burgeoning&family&of&
unconventional&T&cells.&Nature&immunology-16,&1114?1123.&

Gold,&M.C.,&Cerri,&S.,&Smyk?Pearson,&S.,&Cansler,&M.E.,&Vogt,&T.M.,&Delepine,&J.,&Winata,&E.,&Swarbrick,&
G.M.,&Chua,&W.?J.,&Yu,&Y.Y.L.,-et-al.&(2010a).&Human&Mucosal&Associated&Invariant&T&Cells&Detect&
Bacterially&Infected&Cells.&PLoS&biology-8,&e1000407.&

Gold,&M.C.,&Cerri,&S.,&Smyk?Pearson,&S.,&Cansler,&M.E.,&Vogt,&T.M.,&Delepine,&J.,&Winata,&E.,&Swarbrick,&
G.M.,&Chua,&W.J.,&Yu,&Y.Y.,-et-al.&(2010b).&Human&mucosal&associated&invariant&T&cells&detect&bacterially&
infected&cells.&PLoS&biology-8,&e1000407.&

Gold,&M.C.,&Ehlinger,&H.D.,&Cook,&M.S.,&Smyk?Pearson,&S.K.,&Wille,&P.T.,&Ungerleider,&R.M.,&Lewinsohn,&
D.A.,&and&Lewinsohn,&D.M.&(2008).&Human&innate&Mycobacterium&tuberculosis?reactive&alphabetaTCR+&
thymocytes.&PLoS&pathogens-4,&e39.&



Meermeier&Dissertation&

&157&

Gold,&M.C.,&Eid,&T.,&Smyk?Pearson,&S.,&Eberling,&Y.,&Swarbrick,&G.M.,&Langley,&S.M.,&Streeter,&P.R.,&
Lewinsohn,&D.A.,&and&Lewinsohn,&D.M.&(2013).&Human&thymic&MR1?restricted&MAIT&cells&are&innate&
pathogen?reactive&effectors&that&adapt&following&thymic&egress.&Mucosal&immunology-6,&35?44.&

Gold,&M.C.,&McLaren,&J.E.,&Reistetter,&J.A.,&Smyk?Pearson,&S.,&Ladell,&K.,&Swarbrick,&G.M.,&Yu,&Y.Y.,&Hansen,&
T.H.,&Lund,&O.,&Nielsen,&M.,-et-al.&(2014).&MR1?restricted&MAIT&cells&display&ligand&discrimination&and&
pathogen&selectivity&through&distinct&T&cell&receptor&usage.&The&Journal&of&experimental&medicine-211,&
1601?1610.&

Greenaway,&H.Y.,&Ng,&B.,&Price,&D.A.,&Douek,&D.C.,&Davenport,&M.P.,&and&Venturi,&V.&(2013).&NKT&and&MAIT&
invariant&TCRalpha&sequences&can&be&produced&efficiently&by&VJ&gene&recombination.&Immunobiology-
218,&213?224.&

Gumperz,&J.E.,&Miyake,&S.,&Yamamura,&T.,&and&Brenner,&M.B.&(2002).&Functionally&distinct&subsets&of&
CD1d?restricted&natural&killer&T&cells&revealed&by&CD1d&tetramer&staining.&The&Journal&of&experimental&
medicine-195,&625?636.&

Haddad,&R.,&Guardiola,&P.,&Izac,&B.,&Thibault,&C.,&Radich,&J.,&Delezoide,&A.L.,&Baillou,&C.,&Lemoine,&F.M.,&
Gluckman,&J.C.,&Pflumio,&F.,&and&Canque,&B.&(2004).&Molecular&characterization&of&early&human&T/NK&and&
B?lymphoid&progenitor&cells&in&umbilical&cord&blood.&Blood-104,&3918?3926.&

Hammarlund,&E.,&Dasgupta,&A.,&Pinilla,&C.,&Norori,&P.,&Fruh,&K.,&and&Slifka,&M.K.&(2008).&Monkeypox&virus&
evades&antiviral&CD4+&and&CD8+&T&cell&responses&by&suppressing&cognate&T&cell&activation.&Proceedings&of&
the&National&Academy&of&Sciences&of&the&United&States&of&America-105,&14567?14572.&

Hansen,&S.G.,&Wu,&H.L.,&Burwitz,&B.J.,&Hughes,&C.M.,&Hammond,&K.B.,&Ventura,&A.B.,&Reed,&J.S.,&Gilbride,&
R.M.,&Ainslie,&E.,&Morrow,&D.W.,-et-al.&(2016).&Broadly&targeted&CD8(+)&T&cell&responses&restricted&by&
major&histocompatibility&complex&E.&Science-351,&714?720.&

Harriff,&M.J.,&Cansler,&M.E.,&Toren,&K.G.,&Canfield,&E.T.,&Kwak,&S.,&Gold,&M.C.,&and&Lewinsohn,&D.M.&(2014).&
Human&lung&epithelial&cells&contain&Mycobacterium&tuberculosis&in&a&late&endosomal&vacuole&and&are&
efficiently&recognized&by&CD8(+)&T&cells.&PloS&one-9,&e97515.&

Harriff,&M.J.,&Karamooz,&E.,&Burr,&A.,&Grant,&W.F.,&Canfield,&E.T.,&Sorensen,&M.L.,&Moita,&L.F.,&and&
Lewinsohn,&D.M.&(2016).&Endosomal&MR1&Trafficking&Plays&a&Key&Role&in&Presentation&of&Mycobacterium&
tuberculosis&Ligands&to&MAIT&Cells.&PLoS&pathogens-12,&e1005524.&

Harris,&J.,&and&Keane,&J.&(2010).&How&tumour&necrosis&factor&blockers&interfere&with&tuberculosis&
immunity.&Clinical&and&experimental&immunology-161,&1?9.&

Hashimoto,&K.&(2016).&MR1&discovery.&Immunogenetics.&

Hashimoto,&K.,&Hirai,&M.,&and&Kurosawa,&Y.&(1995).&A&gene&outside&the&human&MHC&related&to&classical&
HLA&class&I&genes.&Science-269,&693?695.&

Hashimoto,&K.,&Nakanishi,&T.,&and&Kurosawa,&Y.&(1992).&Identification&of&a&shark&sequence&resembling&the&
major&histocompatibility&complex&class&I&alpha&3&domain.&Proceedings&of&the&National&Academy&of&
Sciences&of&the&United&States&of&America-89,&2209?2212.&



Meermeier&Dissertation&

&158&

Heinzel,&A.S.,&Grotzke,&J.E.,&Lines,&R.A.,&Lewinsohn,&D.A.,&McNabb,&A.L.,&Streblow,&D.N.,&Braud,&V.M.,&
Grieser,&H.J.,&Belisle,&J.T.,&and&Lewinsohn,&D.M.&(2002).&HLA?E?dependent&presentation&of&Mtb?derived&
antigen&to&human&CD8+&T&cells.&J&Exp&Med-196,&1473?1481.&

Held,&K.,&Beltran,&E.,&Moser,&M.,&Hohlfeld,&R.,&and&Dornmair,&K.&(2015).&T?cell&receptor&repertoire&of&
human&peripheral&CD161TRAV1?2&MAIT&cells&revealed&by&next&generation&sequencing&and&single&cell&
analysis.&Hum&Immunol.&

Hintz,&M.,&Reichenberg,&A.,&Altincicek,&B.,&Bahr,&U.,&Gschwind,&R.M.,&Kollas,&A.K.,&Beck,&E.,&Wiesner,&J.,&
Eberl,&M.,&and&Jomaa,&H.&(2001).&Identification&of&(E)?4?hydroxy?3?methyl?but?2?enyl&pyrophosphate&as&a&
major&activator&for&human&gammadelta&T&cells&in&Escherichia&coli.&FEBS&letters-509,&317?322.&

Hogquist,&K.A.,&Baldwin,&T.A.,&and&Jameson,&S.C.&(2005).&Central&tolerance:&learning&self?control&in&the&
thymus.&Nature&reviews.&Immunology-5,&772?782.&

http://www.poxvirus.org/&the&Poxvirus&Bioinformatics&Resource&Center.&&(University&of&Alabama&at&
Birmingham,&The&University&of&Victoria).&

Huang,&S.,&Gilfillan,&S.,&Cella,&M.,&Miley,&M.J.,&Lantz,&O.,&Lybarger,&L.,&Fremont,&D.H.,&and&Hansen,&T.H.&
(2005).&Evidence&for&MR1&antigen&presentation&to&mucosal?associated&invariant&T&cells.&The&Journal&of&
biological&chemistry-280,&21183?21193.&

Huang,&S.,&Gilfillan,&S.,&Kim,&S.,&Thompson,&B.,&Wang,&X.,&Sant,&A.J.,&Fremont,&D.H.,&Lantz,&O.,&and&Hansen,&
T.H.&(2008).&MR1&uses&an&endocytic&pathway&to&activate&mucosal?associated&invariant&T&cells.&The&Journal&
of&experimental&medicine-205,&1201?1211.&

Huang,&S.,&Martin,&E.,&Kim,&S.,&Yu,&L.,&Soudais,&C.,&Fremont,&D.H.,&Lantz,&O.,&and&Hansen,&T.H.&(2009).&MR1&
antigen&presentation&to&mucosal?associated&invariant&T&cells&was&highly&conserved&in&evolution.&
Proceedings&of&the&National&Academy&of&Sciences&of&the&United&States&of&America-106,&8290?8295.&

Ishitani,&A.,&Sageshima,&N.,&Lee,&N.,&Dorofeeva,&N.,&Hatake,&K.,&Marquardt,&H.,&and&Geraghty,&D.E.&(2003).&
Protein&expression&and&peptide&binding&suggest&unique&and&interacting&functional&roles&for&HLA?E,&F,&and&
G&in&maternal?placental&immune&recognition.&J&Immunol-171,&1376?1384.&

Jackson,&A.,&Kondilis,&H.D.,&Khor,&B.,&Sleckman,&B.P.,&and&Krangel,&M.S.&(2005).&Regulation&of&T&cell&
receptor&beta&allelic&exclusion&at&a&level&beyond&accessibility.&Nature&immunology-6,&189?197.&

Jo,&J.,&Tan,&A.T.,&Ussher,&J.E.,&Sandalova,&E.,&Tang,&X.Z.,&Tan?Garcia,&A.,&To,&N.,&Hong,&M.,&Chia,&A.,&Gill,&U.S.,-
et-al.&(2014).&Toll?like&receptor&8&agonist&and&bacteria&trigger&potent&activation&of&innate&immune&cells&in&
human&liver.&PLoS&pathogens-10,&e1004210.&

Joachims,&M.L.,&Chain,&J.L.,&Hooker,&S.W.,&Knott?Craig,&C.J.,&and&Thompson,&L.F.&(2006).&Human&alpha&beta&
and&gamma&delta&thymocyte&development:&TCR&gene&rearrangements,&intracellular&TCR&beta&expression,&
and&gamma&delta&developmental&potential??differences&between&men&and&mice.&J&Immunol-176,&1543?
1552.&

Joosten,&S.A.,&van&Meijgaarden,&K.E.,&van&Weeren,&P.C.,&Kazi,&F.,&Geluk,&A.,&Savage,&N.D.,&Drijfhout,&J.W.,&
Flower,&D.R.,&Hanekom,&W.A.,&Klein,&M.R.,&and&Ottenhoff,&T.H.&(2010).&Mycobacterium&tuberculosis&



Meermeier&Dissertation&

&159&

peptides&presented&by&HLA?E&molecules&are&targets&for&human&CD8&T?cells&with&cytotoxic&as&well&as&
regulatory&activity.&PLoS&pathogens-6,&e1000782.&

Kawano,&T.,&Cui,&J.,&Koezuka,&Y.,&Toura,&I.,&Kaneko,&Y.,&Motoki,&K.,&Ueno,&H.,&Nakagawa,&R.,&Sato,&H.,&Kondo,&
E.,-et-al.&(1997).&CD1d?restricted&and&TCR?mediated&activation&of&valpha14&NKT&cells&by&
glycosylceramides.&Science-278,&1626?1629.&

Keane,&J.,&Gershon,&S.,&Wise,&R.P.,&Mirabile?Levens,&E.,&Kasznica,&J.,&Schwieterman,&W.D.,&Siegel,&J.N.,&and&
Braun,&M.M.&(2001).&Tuberculosis&associated&with&infliximab,&a&tumor&necrosis&factor&alpha?neutralizing&
agent.&N&Engl&J&Med-345,&1098?1104.&

Kennedy,&R.B.,&Ovsyannikova,&I.G.,&Jacobson,&R.M.,&and&Poland,&G.A.&(2009).&The&immunology&of&smallpox&
vaccines.&Current&opinion&in&immunology-21,&314?320.&

Kjer?Nielsen,&L.,&Patel,&O.,&Corbett,&A.J.,&Le&Nours,&J.,&Meehan,&B.,&Liu,&L.,&Bhati,&M.,&Chen,&Z.,&Kostenko,&L.,&
Reantragoon,&R.,-et-al.&(2012).&MR1&presents&microbial&vitamin&B&metabolites&to&MAIT&cells.&Nature-491,&
717?723.&

Klein,&F.,&Feldhahn,&N.,&Lee,&S.,&Wang,&H.,&Ciuffi,&F.,&von&Elstermann,&M.,&Toribio,&M.L.,&Sauer,&H.,&
Wartenberg,&M.,&Barath,&V.S.,-et-al.&(2003).&T&lymphoid&differentiation&in&human&bone&marrow.&
Proceedings&of&the&National&Academy&of&Sciences&of&the&United&States&of&America-100,&6747?6752.&

Konno,&A.,&Okada,&K.,&Mizuno,&K.,&Nishida,&M.,&Nagaoki,&S.,&Toma,&T.,&Uehara,&T.,&Ohta,&K.,&Kasahara,&Y.,&
Seki,&H.,-et-al.&(2002).&CD8alpha&alpha&memory&effector&T&cells&descend&directly&from&clonally&expanded&
CD8alpha&+beta&high&TCRalpha&beta&T&cells&in&vivo.&Blood-100,&4090?4097.&

Kovalovsky,&D.,&Uche,&O.U.,&Eladad,&S.,&Hobbs,&R.M.,&Yi,&W.,&Alonzo,&E.,&Chua,&K.,&Eidson,&M.,&Kim,&H.J.,&Im,&
J.S.,-et-al.&(2008).&The&BTB?zinc&finger&transcriptional&regulator&PLZF&controls&the&development&of&
invariant&natural&killer&T&cell&effector&functions.&Nature&immunology-9,&1055?1064.&

Laugel,&B.,&Lloyd,&A.,&Meermeier,&E.W.,&Crowther,&M.D.,&Connor,&T.R.,&Dolton,&G.,&Miles,&J.J.,&Burrows,&S.R.,&
Gold,&M.C.,&Lewinsohn,&D.M.,&and&Sewell,&A.K.&(2016).&Engineering&of&Isogenic&Cells&Deficient&for&MR1&
with&a&CRISPR/Cas9&Lentiviral&System:&Tools&To&Study&Microbial&Antigen&Processing&and&Presentation&to&
Human&MR1?Restricted&T&Cells.&J&Immunol.&

Le&Bourhis,&L.,&Dusseaux,&M.,&Bohineust,&A.,&Bessoles,&S.,&Martin,&E.,&Premel,&V.,&Core,&M.,&Sleurs,&D.,&
Serriari,&N.E.,&Treiner,&E.,-et-al.&(2013a).&MAIT&cells&detect&and&efficiently&lyse&bacterially?infected&
epithelial&cells.&PLoS&pathogens-9,&e1003681.&

Le&Bourhis,&L.,&Martin,&E.,&Peguillet,&I.,&Guihot,&A.,&Froux,&N.,&Core,&M.,&Levy,&E.,&Dusseaux,&M.,&
Meyssonnier,&V.,&Premel,&V.,-et-al.&(2010).&Antimicrobial&activity&of&mucosal?associated&invariant&T&cells.&
Nature&immunology-11,&701?708.&

Le&Bourhis,&L.,&Mburu,&Y.K.,&and&Lantz,&O.&(2013b).&MAIT&cells,&surveyors&of&a&new&class&of&antigen:&
development&and&functions.&Current&opinion&in&immunology.&

Lederberg,&J.&(1959).&Genes&and&antibodies.&Science-129,&1649?1653.&



Meermeier&Dissertation&

&160&

Lee,&P.T.,&Benlagha,&K.,&Teyton,&L.,&and&Bendelac,&A.&(2002).&Distinct&functional&lineages&of&human&
V(alpha)24&natural&killer&T&cells.&The&Journal&of&experimental&medicine-195,&637?641.&

Lee,&Y.J.,&Wang,&H.,&Starrett,&G.J.,&Phuong,&V.,&Jameson,&S.C.,&and&Hogquist,&K.A.&(2015).&Tissue?Specific&
Distribution&of&iNKT&Cells&Impacts&Their&Cytokine&Response.&Immunity-43,&566?578.&

Leeansyah,&E.,&Ganesh,&A.,&Quigley,&M.F.,&Sonnerborg,&A.,&Andersson,&J.,&Hunt,&P.W.,&Somsouk,&M.,&Deeks,&
S.G.,&Martin,&J.N.,&Moll,&M.,-et-al.&(2013).&Activation,&exhaustion,&and&persistent&decline&of&the&
antimicrobial&MR1?restricted&MAIT?cell&population&in&chronic&HIV?1&infection.&Blood-121,&1124?1135.&

Leeansyah,&E.,&Loh,&L.,&Nixon,&D.F.,&and&Sandberg,&J.K.&(2014).&Acquisition&of&innate?like&microbial&
reactivity&in&mucosal&tissues&during&human&fetal&MAIT?cell&development.&Nature&communications-5,&
3143.&

Lefkowitz,&E.J.,&Wang,&C.,&and&Upton,&C.&(2006).&Poxviruses:&past,&present&and&future.&Virus&Res-117,&105?
118.&

Lefranc,&M.P.&(2003).&IMGT&databases,&web&resources&and&tools&for&immunoglobulin&and&T&cell&receptor&
sequence&analysis,&http://imgt.cines.fr/.&Leukemia-17,&260?266.&

Lefrancois,&L.,&and&Obar,&J.J.&(2010).&Once&a&killer,&always&a&killer:&from&cytotoxic&T&cell&to&memory&cell.&
Immunological&reviews-235,&206?218.&

Lepore,&M.,&Kalinicenko,&A.,&Colone,&A.,&Paleja,&B.,&Singhal,&A.,&Tschumi,&A.,&Lee,&B.,&Poidinger,&M.,&Zolezzi,&
F.,&Quagliata,&L.,-et-al.&(2014a).&Parallel&T?cell&cloning&and&deep&sequencing&of&human&MAIT&cells&reveal&
stable&oligoclonal&TCRbeta&repertoire.&Nature&communications-5,&3866.&

Lepore,&M.,&Kalinichenko,&A.,&Colone,&A.,&Paleja,&B.,&Singhal,&A.,&Tschumi,&A.,&Lee,&B.,&Poidinger,&M.,&
Zolezzi,&F.,&Quagliata,&L.,-et-al.&(2014b).&Parallel&T?cell&cloning&and&deep&sequencing&of&human&MAIT&cells&
reveal&stable&oligoclonal&TCRbeta&repertoire.&Nature&communications-5,&3866.&

Lewinsohn,&D.A.,&Winata,&E.,&Swarbrick,&G.M.,&Tanner,&K.E.,&Cook,&M.S.,&Null,&M.D.,&Cansler,&M.E.,&Sette,&
A.,&Sidney,&J.,&and&Lewinsohn,&D.M.&(2007).&Immunodominant&tuberculosis&CD8&antigens&preferentially&
restricted&by&HLA?B.&PLoS&Pathog-3,&1240?1249.&

Lewinsohn,&D.M.,&Briden,&A.L.,&Reed,&S.G.,&Grabstein,&K.H.,&and&Alderson,&M.R.&(2000).&Mycobacterium&
tuberculosis?reactive&CD8+&T&lymphocytes:&the&relative&contribution&of&classical&versus&nonclassical&HLA&
restriction.&J&Immunol-165,&925?930.&

Lewis,&R.S.&(2001).&Calcium&signaling&mechanisms&in&T&lymphocytes.&Annual&review&of&immunology-19,&
497?521.&

Lion,&J.,&Debuysscher,&V.,&Wlodarczyk,&A.,&Hodroge,&A.,&Serriari,&N.E.,&Choteau,&L.,&Ouled?Haddou,&H.,&
Plistat,&M.,&Lassoued,&K.,&Lantz,&O.,&and&Treiner,&E.&(2013).&MR1B,&a&natural&spliced&isoform&of&the&MHC?
Related&1&protein,&is&expressed&as&homodimers&at&the&cell&surface&and&activates&MAIT&cells.&European&
journal&of&immunology.&

Lopez?Sagaseta,&J.,&Dulberger,&C.L.,&Crooks,&J.E.,&Parks,&C.D.,&Luoma,&A.M.,&McFedries,&A.,&Van&Rhijn,&I.,&
Saghatelian,&A.,&and&Adams,&E.J.&(2013a).&The&molecular&basis&for&Mucosal?Associated&Invariant&T&cell&



Meermeier&Dissertation&

&161&

recognition&of&MR1&proteins.&Proceedings&of&the&National&Academy&of&Sciences&of&the&United&States&of&
America-110,&E1771?1778.&

Lopez?Sagaseta,&J.,&Dulberger,&C.L.,&McFedries,&A.,&Cushman,&M.,&Saghatelian,&A.,&and&Adams,&E.J.&(2013b).&
MAIT&recognition&of&a&stimulatory&bacterial&antigen&bound&to&MR1.&J&Immunol-191,&5268?5277.&

Lopez?Sagaseta,&J.,&Kung,&J.E.,&Savage,&P.B.,&Gumperz,&J.,&and&Adams,&E.J.&(2012).&The&molecular&basis&for&
recognition&of&CD1d/alpha?galactosylceramide&by&a&human&non?Valpha24&T&cell&receptor.&PLoS&biology-
10,&e1001412.&

Lu,&Y.,&Cao,&X.,&Zhang,&X.,&and&Kovalovsky,&D.&(2015).&PLZF&Controls&the&Development&of&Fetal?Derived&IL?
17+Vgamma6+&gammadelta&T&Cells.&J&Immunol-195,&4273?4281.&

Luoma,&A.M.,&Castro,&C.D.,&and&Adams,&E.J.&(2014).&gammadelta&T&cell&surveillance&via&CD1&molecules.&
Trends&Immunol-35,&613?621.&

Maillard,&I.,&Weng,&A.P.,&Carpenter,&A.C.,&Rodriguez,&C.G.,&Sai,&H.,&Xu,&L.,&Allman,&D.,&Aster,&J.C.,&and&Pear,&
W.S.&(2004).&Mastermind&critically&regulates&Notch?mediated&lymphoid&cell&fate&decisions.&Blood-104,&
1696?1702.&

Mali,&P.,&Yang,&L.,&Esvelt,&K.M.,&Aach,&J.,&Guell,&M.,&DiCarlo,&J.E.,&Norville,&J.E.,&and&Church,&G.M.&(2013).&
RNA?guided&human&genome&engineering&via&Cas9.&Science-339,&823?826.&

Martin,&E.,&Treiner,&E.,&Duban,&L.,&Guerri,&L.,&Laude,&H.,&ne,&Toly,&C.,&cile,&Premel,&V.,&Devys,&A.,-et-al.&
(2009a).&Stepwise&Development&of&MAIT&Cells&in&Mouse&and&Human.&PLoS&biology-7,&e54.&

Martin,&E.,&Treiner,&E.,&Duban,&L.,&Guerri,&L.,&Laude,&H.,&Toly,&C.,&Premel,&V.,&Devys,&A.,&Moura,&I.C.,&Tilloy,&
F.,-et-al.&(2009b).&Stepwise&development&of&MAIT&cells&in&mouse&and&human.&PLoS&biology-7,&e54.&

Mastroeni,&P.,&Villarreal?Ramos,&B.,&and&Hormaeche,&C.E.&(1992).&Role&of&T&cells,&TNF&alpha&and&IFN&
gamma&in&recall&of&immunity&to&oral&challenge&with&virulent&salmonellae&in&mice&vaccinated&with&live&
attenuated&aro?&Salmonella&vaccines.&Microb&Pathog-13,&477?491.&

McWilliam,&H.E.,&Eckle,&S.B.,&Theodossis,&A.,&Liu,&L.,&Chen,&Z.,&Wubben,&J.M.,&Fairlie,&D.P.,&Strugnell,&R.A.,&
Mintern,&J.D.,&McCluskey,&J.,-et-al.&(2016).&The&intracellular&pathway&for&the&presentation&of&vitamin&B?
related&antigens&by&the&antigen?presenting&molecule&MR1.&Nature&immunology-17,&531?537.&

Meermeier,&E.W.,&Laugel,&B.F.,&Sewell,&A.K.,&Corbett,&A.J.,&Rossjohn,&J.,&McCluskey,&J.,&Harriff,&M.J.,&Franks,&
T.,&Gold,&M.C.,&and&Lewinsohn,&D.M.&(2016).&Human&TRAV1?2?negative&MR1?restricted&T&cells&detect&S.&
pyogenes&and&alternatives&to&MAIT&riboflavin?based&antigens.&Nature&communications-7,&12506.&

Meierovics,&A.,&Yankelevich,&W.J.,&and&Cowley,&S.C.&(2013).&MAIT&cells&are&critical&for&optimal&mucosal&
immune&responses&during&in&vivo&pulmonary&bacterial&infection.&Proceedings&of&the&National&Academy&of&
Sciences&of&the&United&States&of&America-110,&E3119?3128.&

Mingueneau,&M.,&Kreslavsky,&T.,&Gray,&D.,&Heng,&T.,&Cruse,&R.,&Ericson,&J.,&Bendall,&S.,&Spitzer,&M.H.,&Nolan,&
G.P.,&Kobayashi,&K.,-et-al.&(2013).&The&transcriptional&landscape&of&alphabeta&T&cell&differentiation.&Nature&
immunology-14,&619?632.&



Meermeier&Dissertation&

&162&

Minogue,&T.D.,&Daligault,&H.A.,&Davenport,&K.W.,&Bishop?Lilly,&K.A.,&Broomall,&S.M.,&Bruce,&D.C.,&Chain,&
P.S.,&Chertkov,&O.,&Coyne,&S.R.,&Freitas,&T.,-et-al.&(2014).&Complete&Genome&Assembly&of&Streptococcus&
pyogenes&ATCC&19615,&a&Group&A&beta?Hemolytic&Reference&Strain.&Genome&Announc-2.&

Misstear,&K.,&Chanas,&S.A.,&Rezaee,&S.A.,&Colman,&R.,&Quinn,&L.L.,&Long,&H.M.,&Goodyear,&O.,&Lord,&J.M.,&
Hislop,&A.D.,&and&Blackbourn,&D.J.&(2012).&Suppression&of&antigen?specific&T&cell&responses&by&the&Kaposi's&
sarcoma?associated&herpesvirus&viral&OX2&protein&and&its&cellular&orthologue,&CD200.&Journal&of&virology-
86,&6246?6257.&

Moody,&D.B.,&and&Porcelli,&S.A.&(2003).&Intracellular&pathways&of&CD1&antigen&presentation.&Nature&
reviews.&Immunology-3,&11?22.&

Moss,&B.,&and&Shisler,&J.L.&(2001).&Immunology&101&at&poxvirus&U:&immune&evasion&genes.&Semin&Immunol-
13,&59?66.&

Mucida,&D.,&Husain,&M.M.,&Muroi,&S.,&van&Wijk,&F.,&Shinnakasu,&R.,&Naoe,&Y.,&Reis,&B.S.,&Huang,&Y.,&
Lambolez,&F.,&Docherty,&M.,-et-al.&(2013).&Transcriptional&reprogramming&of&mature&CD4(+)&helper&T&cells&
generates&distinct&MHC&class&II?restricted&cytotoxic&T&lymphocytes.&Nature&immunology-14,&281?289.&

Murali?Krishna,&K.,&Altman,&J.D.,&Suresh,&M.,&Sourdive,&D.J.,&Zajac,&A.J.,&Miller,&J.D.,&Slansky,&J.,&and&Ahmed,&
R.&(1998).&Counting&antigen?specific&CD8&T&cells:&a&reevaluation&of&bystander&activation&during&viral&
infection.&Immunity-8,&177?187.&

Napier,&R.J.,&Adams,&E.J.,&Gold,&M.C.,&and&Lewinsohn,&D.M.&(2015).&The&Role&of&Mucosal&Associated&
Invariant&T&Cells&in&Antimicrobial&Immunity.&Frontiers&in&immunology-6,&344.&

Nauciel,&C.,&and&Espinasse?Maes,&F.&(1992).&Role&of&gamma&interferon&and&tumor&necrosis&factor&alpha&in&
resistance&to&Salmonella&typhimurium&infection.&Infection&and&immunity-60,&450?454.&

Neefjes,&J.,&Jongsma,&M.L.,&Paul,&P.,&and&Bakke,&O.&(2011).&Towards&a&systems&understanding&of&MHC&class&
I&and&MHC&class&II&antigen&presentation.&Nature&reviews.&Immunology-11,&823?836.&

Niederberger,&N.,&Holmberg,&K.,&Alam,&S.M.,&Sakati,&W.,&Naramura,&M.,&Gu,&H.,&and&Gascoigne,&N.R.&
(2003).&Allelic&exclusion&of&the&TCR&alpha?chain&is&an&active&process&requiring&TCR?mediated&signaling&and&
c?Cbl.&J&Immunol-170,&4557?4563.&

Norcross,&M.A.&(1984).&A&synaptic&basis&for&T?lymphocyte&activation.&Annales&d'immunologie-135D,&113?
134.&

Panchanathan,&V.,&Chaudhri,&G.,&and&Karupiah,&G.&(2006).&Protective&immunity&against&secondary&
poxvirus&infection&is&dependent&on&antibody&but&not&on&CD4&or&CD8&T?cell&function.&Journal&of&virology-
80,&6333?6338.&

Pardoll,&D.M.&(2012).&The&blockade&of&immune&checkpoints&in&cancer&immunotherapy.&Nat&Rev&Cancer-
12,&252?264.&

Parra?Cuadrado,&J.F.,&Navarro,&P.,&Mirones,&I.,&Setien,&F.,&Oteo,&M.,&and&Martinez?Naves,&E.&(2000).&A&
study&on&the&polymorphism&of&human&MHC&class&I?related&MR1&gene&and&identification&of&an&MR1?like&
pseudogene.&Tissue&Antigens-56,&170?172.&



Meermeier&Dissertation&

&163&

Patel,&O.,&Kjer?Nielsen,&L.,&Le&Nours,&J.,&Eckle,&S.B.,&Birkinshaw,&R.,&Beddoe,&T.,&Corbett,&A.J.,&Liu,&L.,&Miles,&
J.J.,&Meehan,&B.,-et-al.&(2013).&Recognition&of&vitamin&B&metabolites&by&mucosal?associated&invariant&T&
cells.&Nature&communications-4,&2142.&

Petersen,&T.N.,&Brunak,&S.,&von&Heijne,&G.,&and&Nielsen,&H.&SignalP&4.0:&discriminating&signal&peptides&from&
transmembrane&regions.&Nature&methods-8,&785?786.&

Porcelli,&S.,&Yockey,&C.E.,&Brenner,&M.B.,&and&Balk,&S.P.&(1993).&Analysis&of&T&cell&antigen&receptor&(TCR)&
expression&by&human&peripheral&blood&CD4?8?&alpha/beta&T&cells&demonstrates&preferential&use&of&
several&V&beta&genes&and&an&invariant&TCR&alpha&chain.&The&Journal&of&experimental&medicine-178,&1?16.&

Purbhoo,&M.A.,&Boulter,&J.M.,&Price,&D.A.,&Vuidepot,&A.L.,&Hourigan,&C.S.,&Dunbar,&P.R.,&Olson,&K.,&Dawson,&
S.J.,&Phillips,&R.E.,&Jakobsen,&B.K.,-et-al.&(2001).&The&human&CD8&coreceptor&effects&cytotoxic&T&cell&
activation&and&antigen&sensitivity&primarily&by&mediating&complete&phosphorylation&of&the&T&cell&receptor&
zeta&chain.&The&Journal&of&biological&chemistry-276,&32786?32792.&

Quigley,&M.F.,&Almeida,&J.R.,&Price,&D.A.,&and&Douek,&D.C.&(2011).&Unbiased&molecular&analysis&of&T&cell&
receptor&expression&using&template?switch&anchored&RT?PCR.&Curr&Protoc&Immunol-Chapter-10,&Unit10&
33.&

Radtke,&F.,&Wilson,&A.,&Mancini,&S.J.,&and&MacDonald,&H.R.&(2004).&Notch&regulation&of&lymphocyte&
development&and&function.&Nature&immunology-5,&247?253.&

Raftery,&M.J.,&Schwab,&M.,&Eibert,&S.M.,&Samstag,&Y.,&Walczak,&H.,&and&Schonrich,&G.&(2001).&Targeting&the&
function&of&mature&dendritic&cells&by&human&cytomegalovirus:&a&multilayered&viral&defense&strategy.&
Immunity-15,&997?1009.&

Reantragoon,&R.,&Corbett,&A.J.,&Sakala,&I.G.,&Gherardin,&N.A.,&Furness,&J.B.,&Chen,&Z.,&Eckle,&S.B.,&Uldrich,&
A.P.,&Birkinshaw,&R.W.,&Patel,&O.,-et-al.&(2013).&Antigen?loaded&MR1&tetramers&define&T&cell&receptor&
heterogeneity&in&mucosal?associated&invariant&T&cells.&The&Journal&of&experimental&medicine-210,&2305?
2320.&

Reantragoon,&R.,&Kjer?Nielsen,&L.,&Patel,&O.,&Chen,&Z.,&Illing,&P.T.,&Bhati,&M.,&Kostenko,&L.,&Bharadwaj,&M.,&
Meehan,&B.,&Hansen,&T.H.,-et-al.&(2012).&Structural&insight&into&MR1?mediated&recognition&of&the&mucosal&
associated&invariant&T&cell&receptor.&The&Journal&of&experimental&medicine-209,&761?774.&

Reis,&B.S.,&Rogoz,&A.,&Costa?Pinto,&F.A.,&Taniuchi,&I.,&and&Mucida,&D.&(2013).&Mutual&expression&of&the&
transcription&factors&Runx3&and&ThPOK&regulates&intestinal&CD4(+)&T&cell&immunity.&Nature&immunology-
14,&271?280.&

Riegert,&P.,&Wanner,&V.,&and&Bahram,&S.&(1998).&Genomics,&isoforms,&expression,&and&phylogeny&of&the&
MHC&class&I?related&MR1&gene.&J&Immunol-161,&4066?4077.&

Robins,&H.S.,&Campregher,&P.V.,&Srivastava,&S.K.,&Wacher,&A.,&Turtle,&C.J.,&Kahsai,&O.,&Riddell,&S.R.,&Warren,&
E.H.,&and&Carlson,&C.S.&(2009).&Comprehensive&assessment&of&T?cell&receptor&beta?chain&diversity&in&
alphabeta&T&cells.&Blood-114,&4099?4107.&

Rodgers,&J.R.,&and&Cook,&R.G.&(2005).&MHC&class&Ib&molecules&bridge&innate&and&acquired&immunity.&
Nature&reviews.&Immunology-5,&459?471.&



Meermeier&Dissertation&

&164&

Rosat,&J.P.,&Grant,&E.P.,&Beckman,&E.M.,&Dascher,&C.C.,&Sieling,&P.A.,&Frederique,&D.,&Modlin,&R.L.,&Porcelli,&
S.A.,&Furlong,&S.T.,&and&Brenner,&M.B.&(1999).&CD1?restricted&microbial&lipid&antigen?specific&recognition&
found&in&the&CD8+&alpha&beta&T&cell&pool.&J&Immunol-162,&366?371.&

Rossjohn,&J.,&Gras,&S.,&Miles,&J.J.,&Turner,&S.J.,&Godfrey,&D.I.,&and&McCluskey,&J.&(2014).&T&Cell&Antigen&
Receptor&Recognition&of&Antigen?Presenting&Molecules.&Annual&review&of&immunology.&

Rothenberg,&E.V.,&Zhang,&J.,&and&Li,&L.&(2010).&Multilayered&specification&of&the&T?cell&lineage&fate.&
Immunological&reviews-238,&150?168.&

Rottenberg,&M.E.,&Gigliotti?Rothfuchs,&A.,&and&Wigzell,&H.&(2002).&The&role&of&IFN?gamma&in&the&outcome&
of&chlamydial&infection.&Current&opinion&in&immunology-14,&444?451.&

Sabri,&A.,&Grant,&A.V.,&Cosker,&K.,&El&Azbaoui,&S.,&Abid,&A.,&Abderrahmani&Rhorfi,&I.,&Souhi,&H.,&Janah,&H.,&
Alaoui?Tahiri,&K.,&Gharbaoui,&Y.,-et-al.&(2014).&Association&study&of&genes&controlling&IL?12?dependent&IFN?
gamma&immunity:&STAT4&alleles&increase&risk&of&pulmonary&tuberculosis&in&Morocco.&The&Journal&of&
infectious&diseases-210,&611?618.&

Sandstrom,&A.,&Peigne,&C.M.,&Leger,&A.,&Crooks,&J.E.,&Konczak,&F.,&Gesnel,&M.C.,&Breathnach,&R.,&Bonneville,&
M.,&Scotet,&E.,&and&Adams,&E.J.&(2014).&The&intracellular&B30.2&domain&of&butyrophilin&3A1&binds&
phosphoantigens&to&mediate&activation&of&human&Vgamma9Vdelta2&T&cells.&Immunity-40,&490?500.&

Savage,&A.K.,&Constantinides,&M.G.,&and&Bendelac,&A.&(2011).&Promyelocytic&Leukemia&Zinc&Finger&Turns&
on&the&Effector&T&Cell&Program&without&Requirement&for&Agonist&TCR&Signaling.&J&Immunol-186,&5801?
5806.&

Savage,&A.K.,&Constantinides,&M.G.,&Han,&J.,&Picard,&D.,&Martin,&E.,&Li,&B.,&Lantz,&O.,&and&Bendelac,&A.&
(2008).&The&transcription&factor&PLZF&directs&the&effector&program&of&the&NKT&cell&lineage.&Immunity-29,&
391?403.&

Schindler,&H.,&Lutz,&M.B.,&Rollinghoff,&M.,&and&Bogdan,&C.&(2001).&The&production&of&IFN?gamma&by&IL?
12/IL?18?activated&macrophages&requires&STAT4&signaling&and&is&inhibited&by&IL?4.&J&Immunol-166,&3075?
3082.&

Schmidt,&A.,&Oberle,&N.,&Weiss,&E.M.,&Vobis,&D.,&Frischbutter,&S.,&Baumgrass,&R.,&Falk,&C.S.,&Haag,&M.,&
Brugger,&B.,&Lin,&H.,-et-al.&(2011).&Human&regulatory&T&cells&rapidly&suppress&T&cell&receptor?induced&
Ca(2+),&NF?kappaB,&and&NFAT&signaling&in&conventional&T&cells.&Science&signaling-4,&ra90.&

Seach,&N.,&Guerri,&L.,&Le&Bourhis,&L.,&Mburu,&Y.,&Cui,&Y.,&Bessoles,&S.,&Soudais,&C.,&and&Lantz,&O.&(2013).&
Double?positive&thymocytes&select&mucosal?associated&invariant&T&cells.&J&Immunol-191,&6002?6009.&

Seet,&B.T.,&Johnston,&J.B.,&Brunetti,&C.R.,&Barrett,&J.W.,&Everett,&H.,&Cameron,&C.,&Sypula,&J.,&Nazarian,&S.H.,&
Lucas,&A.,&and&McFadden,&G.&(2003).&Poxviruses&and&immune&evasion.&Annual&review&of&immunology-21,&
377?423.&

Seguin,&M.C.,&Klotz,&F.W.,&Schneider,&I.,&Weir,&J.P.,&Goodbary,&M.,&Slayter,&M.,&Raney,&J.J.,&Aniagolu,&J.U.,&
and&Green,&S.J.&(1994).&Induction&of&nitric&oxide&synthase&protects&against&malaria&in&mice&exposed&to&
irradiated&Plasmodium&berghei&infected&mosquitoes:&involvement&of&interferon&gamma&and&CD8+&T&cells.&
The&Journal&of&experimental&medicine-180,&353?358.&



Meermeier&Dissertation&

&165&

Sharma,&P.K.,&Wong,&E.B.,&Napier,&R.J.,&Bishai,&W.R.,&Ndung'u,&T.,&Kasprowicz,&V.O.,&Lewinsohn,&D.A.,&
Lewinsohn,&D.M.,&and&Gold,&M.C.&(2015a).&High&expression&of&CD26&accurately&identifies&human&bacteria?
reactive&MR1?restricted&MAIT&cells.&Immunology.&

Sharma,&P.K.,&Wong,&E.B.,&Napier,&R.J.,&Bishai,&W.R.,&Ndung'u,&T.,&Kasprowicz,&V.O.,&Lewinsohn,&D.A.,&
Lewinsohn,&D.M.,&and&Gold,&M.C.&(2015b).&High&Expression&of&CD26&Accurately&Identifies&Human&
Bacterial?Reactive&MR1?restricted&MAIT&cells.&Immunology.&

Sherwood,&A.M.,&Desmarais,&C.,&Livingston,&R.J.,&Andriesen,&J.,&Haussler,&M.,&Carlson,&C.S.,&and&Robins,&H.&
(2011).&Deep&sequencing&of&the&human&TCRgamma&and&TCRbeta&repertoires&suggests&that&TCRbeta&
rearranges&after&alphabeta&and&gammadelta&T&cell&commitment.&Science&translational&medicine-3,&
90ra61.&

Sjostedt,&A.,&North,&R.J.,&and&Conlan,&J.W.&(1996).&The&requirement&of&tumour&necrosis&factor?alpha&and&
interferon?gamma&for&the&expression&of&protective&immunity&to&secondary&murine&tularaemia&depends&
on&the&size&of&the&challenge&inoculum.&Microbiology-142-(-Pt-6),&1369?1374.&

Snyder,&J.T.,&Belyakov,&I.M.,&Dzutsev,&A.,&Lemonnier,&F.,&and&Berzofsky,&J.A.&(2004).&Protection&against&
lethal&vaccinia&virus&challenge&in&HLA?A2&transgenic&mice&by&immunization&with&a&single&CD8+&T?cell&
peptide&epitope&of&vaccinia&and&variola&viruses.&Journal&of&virology-78,&7052?7060.&

Stoffel,&W.,&and&Hofmann,&K.&(1993).&TMbase&?&A&database&of&membrane&spanning&proteins&segments.&
Biol.&Chem.&Hoppe?Seyler-374,&166?171.&

Strasser,&A.,&Jost,&P.J.,&and&Nagata,&S.&(2009).&The&many&roles&of&FAS&receptor&signaling&in&the&immune&
system.&Immunity-30,&180?192.&

Streblow,&D.N.,&Soderberg?Naucler,&C.,&Vieira,&J.,&Smith,&P.,&Wakabayashi,&E.,&Ruchti,&F.,&Mattison,&K.,&
Altschuler,&Y.,&and&Nelson,&J.A.&(1999).&The&human&cytomegalovirus&chemokine&receptor&US28&mediates&
vascular&smooth&muscle&cell&migration.&Cell-99,&511?520.&

Stroynowski,&I.,&and&Forman,&J.&(1995).&Novel&molecules&related&to&MHC&antigens.&Current&opinion&in&
immunology-7,&97?102.&

Sullivan,&L.C.,&Hoare,&H.L.,&McCluskey,&J.,&Rossjohn,&J.,&and&Brooks,&A.G.&(2006).&A&structural&perspective&
on&MHC&class&Ib&molecules&in&adaptive&immunity.&Trends&Immunol-27,&413?420.&

Takaba,&H.,&Morishita,&Y.,&Tomofuji,&Y.,&Danks,&L.,&Nitta,&T.,&Komatsu,&N.,&Kodama,&T.,&and&Takayanagi,&H.&
(2015).&Fezf2&Orchestrates&a&Thymic&Program&of&Self?Antigen&Expression&for&Immune&Tolerance.&Cell-163,&
975?987.&

Thomas,&S.Y.,&Scanlon,&S.T.,&Griewank,&K.G.,&Constantinides,&M.G.,&Savage,&A.K.,&Barr,&K.A.,&Meng,&F.,&
Luster,&A.D.,&and&Bendelac,&A.&(2011).&PLZF&induces&an&intravascular&surveillance&program&mediated&by&
long?lived&LFA?1?ICAM?1&interactions.&The&Journal&of&experimental&medicine.&

Tilloy,&F.,&Treiner,&E.,&Park,&S.H.,&Garcia,&C.,&Lemonnier,&F.,&de&la&Salle,&H.,&Bendelac,&A.,&Bonneville,&M.,&and&
Lantz,&O.&(1999).&An&invariant&T&cell&receptor&alpha&chain&defines&a&novel&TAP?independent&major&
histocompatibility&complex&class&Ib?restricted&alpha/beta&T&cell&subpopulation&in&mammals.&The&Journal&
of&experimental&medicine-189,&1907?1921.&



Meermeier&Dissertation&

&166&

Titus,&R.G.,&Sherry,&B.,&and&Cerami,&A.&(1989).&Tumor&necrosis&factor&plays&a&protective&role&in&
experimental&murine&cutaneous&leishmaniasis.&The&Journal&of&experimental&medicine-170,&2097?2104.&

Tree,&J.A.,&Hall,&G.,&Pearson,&G.,&Rayner,&E.,&Graham,&V.A.,&Steeds,&K.,&Bewley,&K.R.,&Hatch,&G.J.,&Dennis,&M.,&
Taylor,&I.,-et-al.&(2015).&Sequence&of&pathogenic&events&in&cynomolgus&macaques&infected&with&
aerosolized&monkeypox&virus.&Journal&of&virology-89,&4335?4344.&

Treiner,&E.,&Duban,&L.,&Bahram,&S.,&Radosavljevic,&M.,&Wanner,&V.,&Tilloy,&F.,&Affaticati,&P.,&Gilfillan,&S.,&and&
Lantz,&O.&(2003).&Selection&of&evolutionarily&conserved&mucosal?associated&invariant&T&cells&by&MR1.&
Nature-422,&164?169.&

Treiner,&E.,&Duban,&L.,&Moura,&I.C.,&Hansen,&T.,&Gilfillan,&S.,&and&Lantz,&O.&(2005).&Mucosal?associated&
invariant&T&(MAIT)&cells:&an&evolutionarily&conserved&T&cell&subset.&Microbes&and&infection&/&Institut&
Pasteur-7,&552?559.&

Tsukamoto,&K.,&Deakin,&J.E.,&Graves,&J.A.,&and&Hashimoto,&K.&(2013).&Exceptionally&high&conservation&of&
the&MHC&class&I?related&gene,&MR1,&among&mammals.&Immunogenetics-65,&115?124.&

Tubo,&N.J.,&Pagan,&A.J.,&Taylor,&J.J.,&Nelson,&R.W.,&Linehan,&J.L.,&Ertelt,&J.M.,&Huseby,&E.S.,&Way,&S.S.,&and&
Jenkins,&M.K.&(2013).&Single&naive&CD4+&T&cells&from&a&diverse&repertoire&produce&different&effector&cell&
types&during&infection.&Cell-153,&785?796.&

Ulbrecht,&M.,&Martinozzi,&S.,&Grzeschik,&M.,&Hengel,&H.,&Ellwart,&J.W.,&Pla,&M.,&and&Weiss,&E.H.&(2000).&
Cutting&edge:&the&human&cytomegalovirus&UL40&gene&product&contains&a&ligand&for&HLA?E&and&prevents&
NK&cell?mediated&lysis.&J&Immunol-164,&5019?5022.&

Urdahl,&K.B.,&Sun,&J.C.,&and&Bevan,&M.J.&(2002).&Positive&selection&of&MHC&class&Ib?restricted&CD8(+)&T&cells&
on&hematopoietic&cells.&Nature&immunology-3,&772?779.&

Ussher,&J.E.,&Bilton,&M.,&Attwod,&E.,&Shadwell,&J.,&Richardson,&R.,&de&Lara,&C.,&Mettke,&E.,&Kurioka,&A.,&
Hansen,&T.H.,&Klenerman,&P.,&and&Willberg,&C.B.&(2014).&CD161++&CD8+&T&cells,&including&the&MAIT&cell&
subset,&are&specifically&activated&by&IL?12+IL?18&in&a&TCR?independent&manner.&European&journal&of&
immunology-44,&195?203.&

van&Schaik,&B.,&Klarenbeek,&P.,&Doorenspleet,&M.,&van&Kampen,&A.,&Moody,&D.B.,&de&Vries,&N.,&and&Van&
Rhijn,&I.&(2014).&Discovery&of&invariant&T&cells&by&next?generation&sequencing&of&the&human&TCR&alpha?
chain&repertoire.&J&Immunol-193,&5338?5344.&

van&Wilgenburg,&B.,&Scherwitzl,&I.,&Hutchinson,&E.C.,&Leng,&T.,&Kurioka,&A.,&Kulicke,&C.,&de&Lara,&C.,&Cole,&S.,&
Vasanawathana,&S.,&Limpitikul,&W.,-et-al.&(2016).&MAIT&cells&are&activated&during&human&viral&infections.&
Nature&communications-7,&11653.&

Vantourout,&P.,&and&Hayday,&A.&(2013).&Six?of?the?best:&unique&contributions&of&gammadelta&T&cells&to&
immunology.&Nature&reviews.&Immunology-13,&88?100.&

Vavassori,&S.,&Kumar,&A.,&Wan,&G.S.,&Ramanjaneyulu,&G.S.,&Cavallari,&M.,&El&Daker,&S.,&Beddoe,&T.,&
Theodossis,&A.,&Williams,&N.K.,&Gostick,&E.,-et-al.&(2013).&Butyrophilin&3A1&binds&phosphorylated&antigens&
and&stimulates&human&gammadelta&T&cells.&Nature&immunology-14,&908?916.&



Meermeier&Dissertation&

&167&

Vitreschak,&A.G.,&Rodionov,&D.A.,&Mironov,&A.A.,&and&Gelfand,&M.S.&(2002).&Regulation&of&riboflavin&
biosynthesis&and&transport&genes&in&bacteria&by&transcriptional&and&translational&attenuation.&Nucleic&
Acids&Res-30,&3141?3151.&

Waid,&T.H.,&Thompson,&J.S.,&Siemionow,&M.,&and&Brown,&S.A.&(2009).&T10B9&monoclonal&antibody:&a&
short?acting&nonstimulating&monoclonal&antibody&that&spares&gammadelta&T?cells&and&treats&and&
prevents&cellular&rejection.&Drug&Des&Devel&Ther-3,&205?212.&

Walker,&L.J.,&Kang,&Y.H.,&Smith,&M.O.,&Tharmalingham,&H.,&Ramamurthy,&N.,&Fleming,&V.,&Sahgal,&N.,&Leslie,&
A.,&Oo,&Y.,&Geremia,&A.,-et-al.&(2011).&Human&MAIT&and&CD8alphaalpha&cells&develop&from&a&pool&of&type?
17&pre?committed&CD8+&T&cells.&Blood.&

Walker,&M.J.,&Barnett,&T.C.,&McArthur,&J.D.,&Cole,&J.N.,&Gillen,&C.M.,&Henningham,&A.,&Sriprakash,&K.S.,&
Sanderson?Smith,&M.L.,&and&Nizet,&V.&(2014).&Disease&manifestations&and&pathogenic&mechanisms&of&
group&a&Streptococcus.&Clinical&microbiology&reviews-27,&264?301.&

Walter,&L.,&and&Gunther,&E.&(1998).&Isolation&and&molecular&characterization&of&the&rat&MR1&homologue,&a&
non?MHC?linked&class&I?related&gene.&Immunogenetics-47,&477?482.&

Wang,&H.,&Kadlecek,&T.A.,&Au?Yeung,&B.B.,&Goodfellow,&H.E.,&Hsu,&L.Y.,&Freedman,&T.S.,&and&Weiss,&A.&
(2010).&ZAP?70:&an&essential&kinase&in&T?cell&signaling.&Cold&Spring&Harb&Perspect&Biol-2,&a002279.&

Weiss,&A.&(2010).&The&right&team&at&the&right&time&to&go&for&a&home&run:&tyrosine&kinase&activation&by&the&
TCR.&Nature&immunology-11,&101?104.&

Weiss,&J.M.,&Bilate,&A.M.,&Gobert,&M.,&Ding,&Y.,&Curotto&de&Lafaille,&M.A.,&Parkhurst,&C.N.,&Xiong,&H.,&
Dolpady,&J.,&Frey,&A.B.,&Ruocco,&M.G.,-et-al.&(2012).&Neuropilin&1&is&expressed&on&thymus?derived&natural&
regulatory&T&cells,&but&not&mucosa?generated&induced&Foxp3+&T&reg&cells.&The&Journal&of&experimental&
medicine-209,&1723?1742,&S1721.&

Willcox,&B.E.,&Willcox,&C.R.,&Dover,&L.G.,&and&Besra,&G.&(2007).&Structures&and&functions&of&microbial&lipid&
antigens&presented&by&CD1.&Curr&Top&Microbiol&Immunol-314,&73?110.&

Willcox,&C.R.,&Pitard,&V.,&Netzer,&S.,&Couzi,&L.,&Salim,&M.,&Silberzahn,&T.,&Moreau,&J.F.,&Hayday,&A.C.,&Willcox,&
B.E.,&and&Dechanet?Merville,&J.&(2012).&Cytomegalovirus&and&tumor&stress&surveillance&by&binding&of&a&
human&gammadelta&T&cell&antigen&receptor&to&endothelial&protein&C&receptor.&Nature&immunology.&

Wizel,&B.,&Nystrom?Asklin,&J.,&Cortes,&C.,&and&Tvinnereim,&A.&(2008).&Role&of&CD8(+)T&cells&in&the&host&
response&to&Chlamydia.&Microbes&and&infection&/&Institut&Pasteur-10,&1420?1430.&

Wucherpfennig,&K.W.,&Allen,&P.M.,&Celada,&F.,&Cohen,&I.R.,&De&Boer,&R.,&Garcia,&K.C.,&Goldstein,&B.,&
Greenspan,&R.,&Hafler,&D.,&Hodgkin,&P.,-et-al.&(2007).&Polyspecificity&of&T&cell&and&B&cell&receptor&
recognition.&Semin&Immunol-19,&216?224.&

Yamaguchi,&H.,&and&Hashimoto,&K.&(2002).&Association&of&MR1&protein,&an&MHC&class&I?related&molecule,&
with&beta(2)?microglobulin.&Biochemical&and&biophysical&research&communications-290,&722?729.&



Meermeier&Dissertation&

&168&

Yamaguchi,&H.,&Tsukamoto,&K.,&and&Hashimoto,&K.&(2014).&Cell&surface&expression&of&MR1B,&a&splice&
variant&of&the&MHC&class&I?related&molecule&MR1,&revealed&with&antibodies.&Biochemical&and&biophysical&
research&communications-443,&422?427.&

Yoshida,&A.,&Koide,&Y.,&Uchijima,&M.,&and&Yoshida,&T.O.&(1994).&IFN?gamma&induces&IL?12&mRNA&
expression&by&a&murine&macrophage&cell&line,&J774.&Biochemical&and&biophysical&research&
communications-198,&857?861.&

Yu,&W.,&Jiang,&N.,&Ebert,&P.J.,&Kidd,&B.A.,&Muller,&S.,&Lund,&P.J.,&Juang,&J.,&Adachi,&K.,&Tse,&T.,&Birnbaum,&M.E.,-
et-al.&(2015).&Clonal&Deletion&Prunes&but&Does&Not&Eliminate&Self?Specific&alphabeta&CD8(+)&T&
Lymphocytes.&Immunity-42,&929?941.&

Zhang,&N.,&and&Bevan,&M.J.&(2011).&CD8(+)&T&cells:&foot&soldiers&of&the&immune&system.&Immunity-35,&161?
168.&
&


