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Abstract

Major histoconpatibility complex (MHC) class | molecules present fragments of the cellular
proteome, in the form of short peptides, to the cell surface for the inspection by cytotoxic T
cells. This process is a crucial immunosurveillance mechanism used to induce ep@ropr
immune responses against intracellular pathogens and cancer. In order to generate optimal T
cellmediated immune responses, prior to their export to the cell surface, MHC class |
molecules undergo a process known as peptide selection. Optimal pegaidetion is

facilitated by two intracellular peptide editors, tapasin and TAPBPR. TAPBPR was shown to
shape the peptide repertoire presented on MHC class | at the cell surface, either by directly
catalysing peptide exchange on MHC class | moleculesasdogiating with the quality control
enzymeUDRglycoprotein glucosyltransferase(GT), which selects optimaHlipaded MHC

class | molecules for export to the cell surface.

Given that unlike tapasin, TAPBPR could catalyse peptide editing on MH®ulé&solwn in

solution, | sought to test whether TAPBPR could also function as a peptide exchange catalyst on
MHC class | molecules present on the surface of cells. By examining the artefactual expression
of TAPBPR at the cell surface upon exgoression| developed two novel cellular assays which
allowed me to explore the function of TAPBPR as a peptide exchange catalyst on plasma
membraneexpressed MHC class | molecules. | showed that, when given access the cell surface,
TAPBPR can promote efficientgpiele exchange on surface expressed MHC class | molecules.
These assays allowed me to demonstrate that the83200p of TAPBPR was essential for its
peptide exchange function. Moreover, | revealed that residue L30 within the loop was both
necessary and $ficient for the efficient ability of TAPBPR to dissociate peptides from MHC

class | molecules that typically accommodate hydrophobic anchor residues in their F pocket.
This enabled me to propose a new mechanistic model for TAR®RERted peptide editingl

further addressed the molecular basis governing the compatibility between TAPBPR and MHC
class | molecules, by screening a wide panel of human leukocyte antigen (HLA) class | allotypes
for their relative propensities to undergo peptide editing by TAPBRRBPR displayedckear
functionalpreference for HLA molecules, particularly for members of the A2 and A24
supertypes, over H:B and-C molecules. This preference appears to be driven by specific

molecular features of the MHC class | F pocket, in particular residues H114 and Y116.



Findly, | explored the potential translational applications of using TAPBPR as a peptide
exchange catalyst on surfaexpressed MHC class | molecules. | demonstrated that
recombinant TAPBPR can be utilised to load immunogenic peptides of choice directly onto
plasmamembrane expression MHC class I, thus overriding the internal antigen presentation
pathway. Subsequently, | revealed that, TAPBPR can be used to induecmédiated killing of
tumour cells. These findings highlight a potential therapeutic apjpdinaof TAPBPR in

increasing the immua recognitionof tumours.
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1. Introduction

1.1.Role of MHC molecules in the immune system

1.1.1. Antigen presentation

The process of antigen presentation is crucial for Froetliated immune recognition dfoth
extracellular and intracellulgzathogens as well as othecellular abnormalitiesAntigen
presentationis the process by which cetlssplaysmall fragments of the cellular proteona
their surfacefor inspection byr cells The peptides presented at the cell surface laseded
onto major histocompatibility (MHC) moleculdBy ampingthe peptide pool presentedn
MHC molecules, T cells will recognise peptides derived from foreign or abnormal pieins
target these cell$or destruction. Thus, the process afitigen presentation enabl€eE cell

immunosurveillancef infections and canceand thuslies at the core of adaptive immunity

T cell receptors (TCRs), expressed on the surface of T cells, can repegtides presented on

two different classes of MHC moleculetass | and clasqHatz et al., 1973a, Katz et al., 1973Db,
Rasenthal and Shevach, 1973, Shevach and Rosenthal, 1973, Zinkernagel and Doherty, 1974)
MHC class | moleculese present in all nucleated cells in the bayd presentpeptidesto T

cellsthat express the coeceptor CD8 (CD& cellsYSwain, 1983, Emmrich et al., 1986, Gao et

al., 1997)CD8T cells, also known as cytotoxic T lymphocy€&ELs)are effector T cells that

kill target cells upomecognition of foreign peptides bound to MH@ss | moleculesMHC class

| molecules present peptides mainly derived from intracellular sources and thus confer
protection against intracellular pathogens, such as viruses, or against tumour development.
contrast, MHC class Il molecul® only expessed in professional antigen presenting cells
(APCsandpresentpeptidesto T cellexpressing the surface-receptor CD4 (CDZ cells)

(Janeway et al., 1988, Swain, 1983p4¢ OStf & I NBE NBFSNNBR (2 I a
modulate the activation of other immune cells, such as B cells or macrophages. The peptides
presented on MHC class Il molecules are derived mainly from extracellular sources. Thus, MHC
class Il molecules protect against either extracellular or intravesicathdogens, such as

bacteria or parasites.



1.1.2. Function in innate immunity

In addition to heir role in presenting antigenic peptides to T ctdisthe generation of

adaptive immune responseMHCclassl molecules play a key role in the immunosurveillance
mechanisms of natural killer (NK) cells. Killer cell immunoglotikérreceptors (KIRs), found

on the surface of NK cells, detect expression levels of M&kSl at the cell surface. In case a
celldownregulates its MHC class | expression, for instance due to viral infection or
tumorigenesis, it will fail to send inhibitory signals to the NK cells vieniétiRated recognition
and will hence be susceptible to killing by NK d&lsre et al., 1986, Lijpggren and Karre,

1990) Although themajority of KIRs serve inhibitory functions, there are a few KIRs that
transmit activating signals upon recognition of specific MHC class | tg§Metstta et al., 1995,
Stewart et al., 2005)Apart from KIRMHC class | mole@s are also recognized by leukocyte
immunoglobulinlike receptors (LILRS), found predominantly on the surface of myeloid lineages
(Colonna et al., 1997, Cosman et al., 1997, Cella et al., . 192Rs expressed on professional
APCs such as macrophages or dendritic (RIBsmodulate cytokine release and expression of
costimulatory molecules, thus influencing the signalling of theses tellhe adaptive immune
system. In contrast to the interactions of Midlassl molecules with T cell receptors (TCRS),
which occur strictly in a peptiddependent manner, the recognition of MHtassl by KIRs and

LILRs are considerably less sensitive to the bound pepiitarajan et al., 2002)

1.2.MHC in health and disease

As its name suggests, the MHC wastdrically discovered in the field of transplantatiaviore

than a century ago, the existence of a geneticiba$ compatibility in tissue transplants was

first proven by Little and Tizziérittle and Tyzzer, 19168)Ypon performing tumour
transplantations in mice, they discovered that hybrid mice from two inbred strains allowed for
the growth of tumour transplanted from either parental strain donor, however tumours
transplanted between two unrelated mouse strainsreeejected. Later, Gorer demonstrated
that the observed transplant rejection was a result of an immune reaction from the donor
(Gorer and Schutze, 193&ollowing allogeneic and xenogeneic transplantations in rabbits,
formation of antibodies specific for the donor tissues was observed in the serum of the
recipient(Gorer and Schutze, 193&orer attributed histocompatibility to a set of antigenic

molecules, later discovered to be encoded in a specific genomic region, étndéermed the
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the MHC locus in mice. Intense efforts towards unravelling the genetic and immundlogica
complexity of the MHC were made in the following decades, dirikernagend Doherty
demonstrated that T cellmduced by viral infection recognize infected cells in an antigen

specific, MH@estricted manne(Zinkernagel and Doherty, 1974) was later understood that

in addition to their roles in viral infections and transplantatiédiiCare crucial for confeing
protection against other pathogens (e.g. bacteria or parasigesjvell as canceandare

generally responsible for thieduction of autoimmuse reactiongBodmer, 1987, Trowsdale and

Knight, 2013)

Pathogens areonsidered to be thenain drive forthe extraordinarypolymorphism irthe MHC
genes(Zinkernagel and Doherty, 1979, Lederberg, 1998ies in chickes which in contrast

to mammals posses®nly one dominantly expressédHCclass bllele d 6 KS YA YA Yl f S
(Kaufman et al., 1999, Kaufman et al., 198aye revealed striking correlation betweethe
dominantMHCclass | allelexpressed and their susceptibility éither Rous sarcoma viruand

al NB 1 QavirkKaufirarsasd Wallny, 1998jhe explanation for the observed

association of a particular MHlelewith disease outcome was based on the distinct peptide
repertoire presented on each MHC class | molecule, enabling highly-slketdic T cell

responses.

In humanspolymorphismin MHCmolecules has beemainlyassociated witldifferent

progression levelef viraldiseases, such as acquired immune deficiency syndrome)(AaHiS
susceptibility tcautoinflammatory conditiongankylosingspondylitis rheumatoidarthritis, type

1 diabetessystemic lupugrythematosu$, drug hypersensitivitye(g.abacavir) and cancer

(lling et al., 2012, Trowsdale and Knight, 2013, NarardninciCarrington, 2017However,

given that humans expss a multigene family of MHC class | and class Il molecules and are thus
more capable of controlling pathogens, the majority of hunidhlCassociatedliseasesre

autoimmune(Trowsdale and Kght, 2013)

1.3.The MHC region

Located on chromosome 6, the human MiGion also known as the human leukocyte

antigen (HLA), encompasses approximately 3.6 Mbps and comprises a high number of genes
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involved in immune response generati@@ampbell and Trowsdale, 1993, Forbes and
Trowsdale, 1999)The MHC gene family is/atled into three subgroups, based on their
distribution along the chromosome: class I, class Il and class lll. The class éneguies the
heavy chaingf three classical HLAassl genes (HLAg), namely HLA, -B and-C, andhree
non-classical HL&lassl genes (HLAb), namely HLA ,-Fand-G. The class Il region includes the
h-| y Rchains of each of the three Hichssll molecules HLADR-DQ and DP, as well as
variouscomponentsof the cellular machinery responsible for the processing and loadirké] &t
class molecules with peptide fragment§inally, the class Il region, which sits in between the
class | and class Il regions, does not contain any elements of the antigen presepsftiovay,
comprising mostly genes encoding for cytokines and elements of the complement system

(Campbell ad Trowsdale, 1993, Forbes and Trowsdale, 1999)

1.4.The structure of MHC class | molecules
al/ Oflaa L Y2tS0Odz Sa O2yarad 2F F GNIyayvYSyYoN.
and anon-covalently attached, conservembluble light chain, bet2-Y A ONR2 3t ) dzf Ay 6 ]
(Figure 13 (Bjorkman et al., 1987% K S h ha®d#&rholegllar weight of 48a andconsists
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membranedistal superdomainvhichincludesii 6 2 I yGA LI NI £ £ St h KStfAOSa
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proximal region of MHClassl moleculegBjorkman et al., 1987 he peptide binding groove of
MHC class | molecules is restrictive with respect to the peptide length, which is typically
between 8 and 1 amino acid¢Figure b) (Fremont et al., 1992Madden et al., 1991 Specific
amino acidof the groove typically compose six binding pocket$-Jf&igure k) (Garrett et al.,
1989) which accommodate the corresponding side chains of the bound peptide, known as
anchor residues. Therefore, the peptide specificity of a particular MHC class | molecule, also
known as its peptide binding motif, is determined by the shape, depth and cloditepeptide
binding groove and of its individual binding pockets. The affinity of a peptide for a particular
MHC class | molecule is partly determined by the interactions between the anchor residues of
the peptide and the pockets of the MHassl groove (Falk et al., 1991, Madden et al., 1991,
Matsumura et al., 1992Guo et al., 1992)n addition, peptide affinity is also determined by the

hydrogen bonds betweengtN and G termini with specific tyrosine residues at the two ends of



the groove(Madden et al., 1992)Consequently, both the shape/sequence and the length of

the peptide are crucial for its ability to stably bind to an MHC class | molecule.

LY FTRRAGAZ2Y (2 R SabiyNogatgtabiy anchbrgddntoltbe MIAGACRS 0 &
binding groove, the sequence of the peptide is also crucial for the recognition of peytide
(PMHC)Xlass complexes by the TQRladden et al., 1992, Zhang et al., 199ince eaciCR
recognizes a distinct pMHC conformation, both the overall shape of the peptide as well as its
impact on the overall conformatroof the class | binding groove is critical for the interaction
with the TCR. Specifically, the peptide residues that generally play the highest impact on TCR
recognition are either the anchor residuesually foundat positions 2 and 9 of the peptide,

that drive the affinity of the peptiddor MHC class br, typicallythe oneson positiors 4-6, via

their direct interactiors with the TCR.

Figurel: Sructure of the MHC class | molecul®ymolimage of the crystal structure of HiBR7
(PDB ID 1HSA) shown as4d side view of the entire MH&assl HGI .m-peptide complex orlj) as a
top view of the peptide binding groovén b) highly polymorphic amino acid residues across differg
alleles are highlighted in yellowc) (Representation of the specificity pocketd-Avithin the peptide
binding groove, as described by Ramsbottom efRémsbottom et al., 2018)




1.5. Polymorphisms in MHC class | molecules and relevance in immune responses

The MHC class | locus contains the most polymorphic genes in humans, comprising over 10,000
alleles. The vast majority of polymorphisms foundHipA class | moleculegside at the sites of
the peptide binding groove that determine the peptide specifiotyndividual HLAlassl
moleculegFigure 1h. Consequently, although many different Htlass allaypesare

structurally similar, each individual ajge can bind and present a distinct set of peptides, thus
eliciting highly specific CD8 cell reponses. The peptide repertoire presented by a particular
HLAclassl molecule profoundly influences the susceptibility of an individual to infectious
diseases or autoinflammatory conditions. For instance, specific pairs of HLA claypésillio

that differ in only oneamino acidrespectively, such as HiBX57:03 and HLAB*57:02, HLA
B*35:01 and-B*35:03 or HLA*42:01 andB*42:02, are associated with significantly different
progression rates of the human immunodeficiency virus (HIV), mainly via thenediffeeptide
sets presented for immune recognitig@ao et al., 2001, Kloverpris et al., 2012a, Kloverpris et
al., 2012b) Similarlysingle amino acid differences across different ldla&sl pairs at

positions key for determining peptide specificibhgve also been shown to strongly influence
predisposition tospecificautoinflammatory disease For instanceankylosingspondylitis is
associated with the presence of HBA27:05, but not HLA*27:06 or B27:09(Fiorillo et al.,
1998) while birdshot chorioretinopathy shows a strong association with-B¥29:02, but not
with HLAA*29:01(LeHoang et al., 1992)

1.6. ThecanonicalMHC class | antigen processing and presentation pathway

1.6.1.Generation of antigenic peptides

Antigenic peptides that bind in the peptide binding groove of MHC class | molecules are
generated in the cytosol, as a result of proteasomal degradd&ayure 2. It iscurrently
understoodthat these peptides originate from the turnover of sploteins, defective

ribosomal praluctsand proteinsof foreign origin, such as viral siom other intracellular
parasitegEisenlohr et al., 2007, Yewdell et al., 1996, Rock et al., 2014, Rock and Goldberg,

1999) Theconstitutivelyexpresse®6S proteasome degrades cellular proteins into peptides of
6



appropriate length for translocation into the endoplasmic reticulum (ER) lumen. Upon exposure
to inflammatory stimulisuch as IFdlor TNF' Bhree constitutively expressed subunits of the
proteasome are replaced kwo specializedubunits encoded in the MHC regiamamelythe

low molecular mass poylpeptid¢sMP)2 and 7(Brown et al., 1991, Glynne et al., 1991, Kelly et
al., 1991a, OrtiNavarrete et al., 1991and bythe multicatalytic endopeptidase compldike 1
MECL1, which is not encoded itne MHC regior{Groettrup et al., 1996, Nandi et., 1996)

This version of the proteasome is knoas he immunoproteasome. The immunoproteasome
displays a different cleavage profile compared to the constitutive proteasome, showing
enhanced cleavage after hydrophobic amino acid residDeiscoll et al., 1993, Gaczynska

al., 1994) Thus the immunoproteasomés more efficient at degrading proteins of foreign

origin (i.e. viral proteins) and at generating antigenic peptides. It is thus highly abundant in

antigen presenting cells and plays a vital role during infection.

1.6.2.Transport of pepides into the ER

Following proteasomal degradation, peptides of appropriate length and sequence are
transported from the cytoplasm into the ER lumen by the transporter associated with antigen
processing (TAP) protein compl@everson et al., 1990, Spies et al., 1990, Trowsdale et al.,
1990) The TAP belongs to the AbiAding cassette (ABC) transporter family and consists of
two subunits, TAP1 and TAP2, encoded in the MHC refiddl and TAP2 generally form

heterodimers that are imbedded in the ER membrane.

It has been shown that in TAflEficient cells, the surface expression of MHC class | molecules
is drastically reduced and that the rate of degradation of MHC class | megasutnhanced

(Salter and Cresswell, 1986, Spies et al., 1992, Spies and DeMarsM®&@byer, TAPT mice

are deficient of peripheral CD& cells specifically, due to the severely impaired MHC class |

expression at the surface of thymocyt@&n Kaer et al., 1992)
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Figure 2:Qassical MHC class | antigen processing and presentation pathadgptedfrom Blum et
al. (Blum et al., 2013Following their import into the ER lumen, nascent MHC class | heavy chai
acquire Nlinked glycan, whiclre subsequently trimmed to a single glucose residue (G) by
glucosidases 1 and 2 (Gls I/GLS I1). Calnexin (CNX) binds ttirtkedNylucose residue of the MHC
class. KSI gé& OKIAY YR Y2RdzZ I 4S5S4 A Gnd Ork@dsseribjed
the peptidereceptive MHC class | heterodimers associate with the PLC, composed of calreticul
(CRT), ERp57, TAP and tapasin, which ensures their proximity to the influx of peptide into the F
loading with higkaffinity peptides MHC class | moleas loaded with higlaffinity peptides are
exported from the ER and trafficked to the cell surface.-§uifomally loaded MHC class | moleculeg
are recruited by UGT1, which reglucosylates them and recycles them to the PLC for a subsequ
round of peptide eding. Peptides are generated from the proteasomal degradatioaithfer DRiPs
or native proteinthat are generated by the translation of mMRNA of either self or foreign (e.g. vira|
origin. These peptides are translocated into the ER by TAP and further trimmed by ER
aminopeptidases (ERAAP/ERAP1 and ERAP?2).




1.6.3Peptide trimming in the ER

Once translocted in the ER lumen, peptides undergo further processing by the endoplasmic
reticulum aminopeptidaseassociated with antigen processi(§RAR/2 in humans and ERAAP

in mice)(Saric et al., 2002, Serwold et al., 200=2yure 2. ERAP1, either free or in complex

with ERAP2 (ERAP1/2), veposed to trim precursor peptides from theirtdrminus to their
correct length allowing them to efficiently bind into the MHC class | peptide binding groove.
Although some studies have proposed that ERAP works in synergy with the MHC class |
molecule n trimming peptides to the correct length for binding, the crystal structures of both
ERAP1 and ERAP2 suggest that these enzymes are more suited for processing free peptides
rather than MHC classalssociated peptide@Nguyen et al., 2011Based on these findings, it
KFra 0SSy adzd3aSadSRayiaki@ MNbef! 3 NEJzAiS22 O NO\ Yo ALYSILNG A
point at which the peptides dissociate from ERAP and are ready for loading onto MHC class |
moleculegChang et |, 2005, Nguyen et al., 201 Begarding the role of ERAP in the

generation of immune responses, previous work has shown that in the absence of IERAP1
mice, the CD8T cellmediated immune responses to certain viral epitopekeither vaccinia or
lymphocytic choriomeningitis virud CMV) originare enhanced, however to others these
responses are either reduced or unchand¥®ark et al., 2006)rhus, ERAP1 has only been
shown to play a critical role in tHgerarchy of immunodominance in viral infections, however

it has not been proven so far to significantly affect the overall ability of the immune response
to combat viral infectionsERAAP however was demonstrated to confer protection against non
viral infections, such @Boxoplasma gondiERAAP mice were no longer able to present an
immunodominant and protective epitope derived frohoxoplasma gondénd thus enabled

the uncontroled replication of the pathoge(Blanchard et al., 2008)nterestingly, apart from

its role ininfections,multiple studies have also proven the importancee®#AP1n certain
autoimmune diseases humans associated with specific MHC class | all@®sns et al., 201,
Pazar et al., 2010, Wellcome Trust Case Control et al., 208ely, specific alleles of the

highly polymorphic ERAP1, with increased catalytic activity, showed @a&sgitiation rate to
ankylosing spodylitis in HLAB27-positive patientyEvans et al., 2011, Pazar et al., 2010)
Moreover, ERAP1 was revealed to influence psoriasis susceptibility across individuals carrying
HLAC*06:02(Genetic Analysis of Psoriasis et al., 2010, Sun et al.,.Z0#}Ye studies together
highlightthe extreme consequencex aberrant peptidetrimmingon MHC classantigen

presentationin human health and disease.



1.6.4 Early folding and assembly of MHC class | dimers

Upon translocation in the ER lumen, the MHC class | heavy chain undertjokedN

glycoslylatiorat residue As#86 (Bjorkman et al., 1987, Parham et al., 1971t)e glycosylated

heavy chain then recruits the lentchaperone calnexin, which facilitates its correct folding.

Calnexin is a transmembrane protein and together with its soluble homologue, calretisulin,

involved in thechaperoningand quality control of glycoproteins in the ERammond et al.,

1994, Hebert et al., 1995, Peterson et al., 19@a)nexinalsorecruitsER protein 57ERp57,

an ERresident protein disulphide isomeragEDI), which ensures the proper disulphide bond
F2NXIFGA2Y Ay GKS h o heBwW dhhidfuthe2sibiligiig $he mdletuleOf | &a L
(Zhang et al., 2006The calnex#ERpP57 complex protects the folded MHC clde=alvy chain

FNRY RSAINIRFIGAZ2Y YR &dzoaSljdsSyate Syl o6fSa Ada
(Vassilakos et al., 1996)ssembly of the MC classHeavy chains A (i.f was shown to be

significantly reduced in the absence of calngXiassilakos et al., 199@) more recent study
demonstrated the importance of the-Nhked glycosylation for the chaperomeediated folding

and assembly of the MHC class | heavy chaim dimer, as mutabn of the Nlinked

glycosylation site on the MHC class | heavy chain (N86Q) abolished chaperone binding and

hence severely impaired the dimer formati@Rizvi et al., 2011Following assembly, the

resulting highly unstable peptideeceptive MHC class | heterodimer recruits the peptide

loading complex.

1.6.5.The peptide loading complex

As its name implies, the peptide loading complekC)s responsible for the loading of empty
MHC class | molecules with optimal peptides prior to their export from th@-[gRre 3. The

PLC consists of the TAP transporter, the lectin chaperone calreticulin, ERp57 and tapasin.
Within the PLC, calreticulisassociate to the monoglucosylated glycan of MHC class |
molecules, tapasin is bound to the Midl@ssl heavy chairfSadasivan et al., 1996, Ortmann et
al., 1997) while ERp57 associates to both tapasin and calreticaditing as a bridge between

the two chaperonegFrickel et al., 2002Y AP is linked to the MHIassl molecule by tapasin
(Ortmann et al., 1997, Sadivan et al., 1996)n contrast to calnexin, which was associated

with early folding events of MHC class | molecules, calreticulin was suggested to participate in

the later stages of MHC class | assem®Btydies using calreticulideficient cell lines revealed a
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critical rok of calreticulin in the peptide loading of MHC class | molecules rather than in the
SFNIe [aasSyvyofe »a@aoxtal,2000) a4 L | yR |

Regarding the sequence of events leading to the assembly of the PLQrréra @iew is that
calreticulin associates first to the MHt@ssl heavy chainas it replaces calnexin following the

I & &2 OA | dn® the edvy dhaifGao et al., 2002, Chapman and Williams, 2010, Hulpke
and Tampe, 2013pubsequentlythe MHC classdalreticulin complex recruitdhe

preassembled ERp&@pasinTAP complexOrtmann et al., 1997, Sadasivan et al., 1996, Hulpke
and Tampe, 2013Yhe recently identified structure of the PLC, achieved usingElp

enabled the direct visualisation of the different stages of PLC assembly onto MHC class |
moleculegBlees et al., 2017 his study confirmed the previously proposed model of assembly

of the PLC componentmto peptidereceptiveMHC class | molecules.

Upon acquiring higlaffinity peptides, MHC class | molecules are released from the PLC
(Spiliotis et al., 2000, Chapman and Williams, 2@b@d)are then subjected to further quality
control checkpoints in the pathwa@ne such checkpoint is represented by the UDP
glycoprotein glucosyltransferase 1 (UGMbich is responsible for reglucosylating MHC class |
molecules loaded with subptimal peptides and for their subsequent recycling back to the PLC
(Figure 3, for a subsequent round of peptide loadi(i¢hang et al., 2011, Wearsch et al., 2011)
Despite UGTL1 fulfilling a general role in the quality control machinery of glycopr¢8nunsa et

al., 1992, Trombetta et al., 1983his enzyme has been demonstrated to play@actionrole in

the selectionof optimallyloadedMHC tass | moleculefor export to the cell surfacé&Zhang et

al., 2011, Wearsch et al., 2011)

1.7.Function of tapasin on MHC class | molecules

The TARinding protein (TAPBP), also known as tapasin, was thelfgsbvered molecular
chaperone strictlyedicated to the MHC class | antigen presentation pathway. The gene
encoding for tapasin i®catedin the MHClocus, more specifically within the MHC class Il
region, similarly to TAP1/2ndtwo of the immunoproteasome subunits. Tapasin plays a crucial
role in the optimal loading of MHC class | molecwéh high-affinity peptidesand

consequently on their efficient expression at the cell surfadeerefore, tapasin is crucial for

the generation obptimal CD8T celmediated immune responses. Tapa&itfils several
molecular functionsvhich aredescribedn-depth below.
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1.7.1.Assembly of the PL@&nd binding to MHC class |

The entire assembly of the PLC revolves around the presence of t@makits ability to

interact with MHC class | molecul@sgure 2) Tapasin is a type | transmembrane glycoprotein
that forms a direct interaction with each of the other components of the peptide loading
complex, as well as with MHC cla¢Brickel et al., 2002, Gao et,&002, Ortmann et al., 1997,
Sadasivan et al., 1996, Blees et al., 20fihging all these molecules together for the loading
process. Despite the ability of tapasin torfoa direct interaction with the MHC claskdavy
chain it requires the presence of the entire PLC in order to stably associtiéAMCclass |
molecules. Moreover, once tapasin can no longer accesMti€class | moleculajpon

loading it with a highkaffinity peptide,the entire PLC disassembi&piliotis et al., 2000)

Despite the lack of a higiesolution structure of tapasin ioomplex with MHC class I, the
interaction sites between the two proteins has been heavily investigabedthe MHC class |
side, the affinity for tapasin has been attributed to the amino acid residues on positiors 222
HHGZ F2dzy R A (Buhietkal§ 1999 YuRtAlY, 1989on mutation of these

residues, MHC class | loses its ability to interact with tapasin and subsequently with TAP.
Interestingly, the same residues of MHC class | were previehselyn to be essential for the
interaction with CD§Gaoet al., 1997, Salter et al., 1990) a more recent study, it was
suggested that the resiges 333335 of the tapasin IgC domain are key for the interaction with
the 222229 loop of MHC clasgTurnquist et al., 2001, Turnquist et al., 2002)

The second interaction site between the two pristeappears to be involving residues 1234

of MHC class I, spanning the two beta sheets and the loop connecting them, found underneath
0 K S-1 rfegion(Beissbarth et al., 2000, Lewis et al., 1996, Paquet and Williams, 2002; Peace
Brewer et al., 1996, Yet al., 1999) Mutation of specift amino acids in this region has been

shown to abolish tapasin binding as well as to severely impair surface expression of MHC class |
moleculesBased on the solved crystal structure of tapasin in complex with E@u#ig et al.,

2009) the 122134region of MHC class | has bemiggestedo interact with set of positively

charged amino acid residue found in the IgV domain of tapasin, at the TN6 and TN7 sites.
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1.7.2Bridging TAP and MHC class |

Tapasiris able to bind simultaneously to the TAP transporter and to MHC class I, thus physically
bridging the two main participants in the peptide loading process, namely the source of peptide
and the peptide acceptaiSadasivan et al., 1996, Blees et al., 20Ifis ensures the proximity

of the peptidereceptive MHC class | molecules to 8ie of peptideinflux into the ER lumen,
providing the availability of a peptideéch environment during the loading process. Moreover,

by physically associating with TAP, tapasin was shown to be important for the stabilization and
function of TAP in theell. In the absence of tapasin, TAP was shown to undergo increased ER
associated degradation (ERADehner et al., 1998 hese findings were further backed up by

the observation that tapasin transfections into tapasieficient 721.220 cellsvhich are

defective in MHC class | peptide peesation (Greenwood et al., 1994)escued surface

expression of MHC class | molecules, as well as their recognition by CEBIB(Ortmann et al.,

1997, Lehner et al., 1998)

1.7.3.Peptide editing on MHCIassl molecules

1.7.3.1.0Optimisation of peptide presentation on MHC class |

In addition to stabilizing peptideeceptive MHC class | molecules to facilitate their loading with
peptide, tapasin is also responsible for ensuring that only-hifjhity peptides bounda MHC

class | molecules are exported for presentat{blowarth et al., 2004, Purcell et al., 2001,

Williams et al., 2002)n doing so, tapasin catalyses the process refezed - & & LJISLJI A RS
SRAGAYIE T | Ol ropthntllg loafidd Pefotidgs Bfloyied affinitdzdor ones of higher
affinity, until MHCclassl molecules acquire optimal peptides. Tapasiadiated peptide

editing is thus crucial for the presentation of stablyund antigens on MHC class | molecules at
the cell surface and for generating the appropriate immune responses. In tageaient

cells, a wide panel of MHC class | molecules suffer a significant decrease in their ability to load
and present cargo at thcell surface. Moreover, tapasdeficient mice display a severe

impairment in the CDS8T cell and NK cethediated immune responses, associated with

reduced level of MHC class | surface expression and with an altered peptide repertoire towards

less stab} bound peptidegGarbi et al., 2000, Grandea et al., 2000)
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1.7.3.2.Proposed mechanisms of peptide editing

To enable efficient loading of MHC class | molecules with peptides of high affinity, tapasin is
thought to catalyse the dissociatiorf lmw-affinity peptides loaded onto MH€lassl, allowing

their replacement with peptides of higher affinity. Two assays were developed to directly
assess the ability of tapasio edit peptides on MHC class | molecules. First, Chen and Bouvier
have shown, by tethering recombinant versions of tapasin and MHC class | refolds via a leucine
zipper, that tapasin directly facilitates dissociation of {affinity peptides from class |
moleculegChen and Bouvier, 20073econd, Wearsch and Cresswell showed that recombinant
tapasinERp57 conjugates promote peptide binding to MHC class | molecules found
intracellularly and also edited pepis on these molecules to maximize their affirfityearsch

and Cresswell, 2007)

In trying to characterize the mechanisms of tapemediated peptide exchangeased orthe
LINPLI2ASR AYyUiSNI OGAz2y aAlidgionothie&BSoassi grdaled Ay 6 A 0
(Dong et al., 2009)nultiple studiesspeculatedhat tapasin actively decreases the binding
energy between the @rminus of the suboptimally loaded peptides and the MHC class |
binding groovgVan Hateren et al., 201.0Moreover, tamsn was proposed tstabilizethe

empty F pocket of the MHEassl binding groove to facilitate a subsequent round of peptide
loading(Sieker et al., 2007, Zacharias and Springer, 2@Mge tapasin was suggested to bind
exclusively to peptideeceptiveconformations of MHC class | molecules, it is believed that
tapasin traps the open conformation of MH@ssl moleculedoaded with lowaffinity

peptides conformationswhich are highly unstable and occur transiently during sporadic partial
dissociation bthe peptide(Elliott, 1997, Elliott and Williams, 2005, Yu et al., 1999, Wright et
al., 2004) In doing so, tapasin shifts tkeguilibrium between the two conformations of the
peptide-loaded MHQlassl molecule towards the open/receptive state, promoting the
dissociation of thdound lowaffinity peptide and its subsequent exchange by kadimity
ones(Praveen et al., 2010, Wright et al., 2004)

In accordancewith these predictionsa morerecent study relying on molecular dynamics
simulation suggested that tapasin mediates peptide dissociation from MHC olesd I(i -0r3
g1 NE Y bydcfvBiWpullingl K S-1 helix region of the binding groove away from the
peptide (Fisette et al., 2016)rhis in turn wouldlisrupt hydrogen bonds between the peptide

binding groove and the-@rminus of the peptidethusdecreasing thi binding energyln
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addition, this model predicted that tapasadditionally stabilizes the F pocket of the class |

binding groove, facilitating the access of the incoming pepfitisette et al., 2016)

1.7.4 Allelic dependence of HLA class | on tapasin

Despite the suggestive role of tapasin in the optimal loading of MHC class | molecules and
hence in the expression of stable pMEI&ssl complexes at the cell surface, previous studies
have shown that HLA class | molecules exhibit a wide spectrum of depeies on tapasin for
optimal surface expressicend peptide presentationin other words, some HLA class |

allotypes seemed considerably more dependent on tapasin for efficient peptide presentation at
the cell surface than other®izvi et al., 2014, Williams et al., 2002, Wrigtalet2004) These
studies have address tapasindependency mainly as a readit of surface expression levels

or thermostability of MHC class | molecules, in the presence or absence of tapasin.
Interestingly, while most HLA class | allotypes show a clear reduction in surface expression
levels in the absnce of tapasin, there are a few, such as 1Bi44:05,-A*02:01 or-B*27:05,

that remain largely unaffecte(Park et al., 2003, Peh et al., 1998, Rizvi et al., 2014, Williams et
al., 2002)

Several studies haveuggested thatesidue 186 in particular, which is highly polymorphic in
MHC class | molecules, influestapasirdependenceby affecting the overajplasticityof the
MHCclasd F pocket and hence the availability of open M#iEs conformations, accessible

to tapasin(Sieker €al., 2007, Wright et al., 2004, van Hateren et al., 2015, Van Hateren et al.,
2010, Garstka et al., 2011pterestingly however, residue 116 was also suggested to influence
the specificity of the F pocket for peptide residy&arrett et al., 1989)however the extent to
which the MHQlasdl F pocket specificityfluences tapaskiilependency remains largely

unclear, given the lack of any clear correlation between the two.

These studies, having mainly assessed tapdespendency across HiBA\molecules, have
concluded that, generally, molecules belonging te Bw4 group are more dependent on
tapasin, in terms oéfficient folding and peptide loading, as well as regarding their successful
expression at the cell surfacdowever, there were multiple exceptisio this trend, with Bvé
molecules, such as HiBX08:01 orHLAB*15:03 displaying highr tapasindependence than
manyBw4 allotypegRizvi et al., 2014Moreover,Bw4 moleculesuch as B*44:05 displayed
low dependency on tapasin for stable surface expression levels amdgo most HLA
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molecules belonging to the Bw6 groupased on this work and the work of other groups
interrogating alleliedependence of HLA class | on tapd§lark et al., 2003there are currently

no precise criteria on which tapasttependence of HLA class | molecules is based.

1.8.Non-canonical MHC class | antigen peggation pathways

1.8.1.TARiIndependent peptide loading of MHC class | molecules

While the canonical pathway is the main source of pMHC class | complexes expressed at the
cell surfacethe acqusition ofantigenic pathway$HC class | moleculéspossible via
alternativepathways all of which occur independently of TAkRdiated translocation of

peptides into the ER lumeithis phenomenon was first observed in the human T2 cell line (a T
cell X B cell line expressing HAZ however lacking both TAP1 and TAE3Iter and Cresswell,
1986, Salter et al., 1985pespite the low surface expression levels of ARAn these cells,
analysis of the immunopeptidome revealed that the most abundant peptides presented on
HLAAZ2 were derived fronthe signal sequences bbth membrane and secreted proteins,
sequences required for the translocation of these proteins into the ER luaménvhich are

then cleaved byhe signal peptidaséHenderson et al., 1992, Wei and Cresswell, 199%)as

later shown that such peptides derived from protein signal sequeboesd to HLAA2 in T2

cells can even indudeD8 T celtmediated recognition{Henderson et al., 1993)loreover,
presentation of signal sequer-derived peptides was also discovered in FxPBressing cells,
however, naturally, at much lower abundang@duczko et al., 1993Yhe presentationf these
peptideshowever was restricted tdélLA class | moleculdsat typically accommodate
hydrophobic amino acid residues present at the€@ninus of the peptidesuch as HL-A2 and
HLAB?7, given the preferred cleavage site of the signal peptiddsezko et al., 1993, Wei and
Cresswell, 1992)

The importance of these alternative antigen presentation pathways haseakso highlighted
in vivag as patients with the TABeficiency syndroméGadola et al., 2000tharacterised by
mutations in TAPbr TAP2de la Salle et al., 20Q3)isplayed CD8l celimediated immune
responsesagainstEpsteinBarr virugdEBY infection (de la Salle et al., 2002, Lautscham et al.,

2001) These responses were found to be exclusively against viral epitopes predicted to get

16



loaded onto MHC class | molecules independently of TAP. Strikingly, TA&skeficient

patients appear to control such viral infections rather efficiently.

Having highlighted the importance of TAflependent pathways in the generation of immune
responses against intracellular pathogens, the exact mechanisms by which MsIC clas
molecules acquire peptides without the involvement of the PLC remain poorly understood.
There have been numerous reports addressing the various pathways used to generate and load
peptide epitopes onto MHC class | molecules, mainly focusing on the aculoiar and

endosomal compartmentas cellular sites for this proce@liveira and van Hall, 2013, Vyas et

al., 2008)

1.8.2.Crosspresentation

One alternative MHClassl presentation pathway, specific fthagocytiammune cells, is

known as crospresentation. In order to alert the adaptive immune system of infections
tumoursoccurring in peripheral tissuedendritic cellsPC3$ need to sample thaffected cells

and migrate to the lymph nodes, where they presém foreign or abnormal peptideto T

cellsin order to generate appropriate adaptive immune responses. This means that DCs must
first acquire the antigenic peptides either from intracellular sources of the infectedareils a
vaccination setting, fnm extracellular sources'he process by which phagocytic antigen
presenting cells (APCs) capture antigens from exogenous sources, load and present them on
their own MHC class | molecules is known as epogsentation.6Crosspriminge is another

term usedto describe this process, given that these crpsssented antigens are displayed by
the DCs for the priming of T cells against specific peptides of foreign (Bgman, 1976b,

Bevan, 1976a)

Intense efforts have been made in the pursuit of unravelling the mechanisms and pathways
governing crospresentation. The fact that MHC class | molecules have been shown toebe abl
to passively exchange peptides at pH values between 4.5 and 5.5 indicate that MHC class |
molecules could acquire exogenous antigens in the endocytic compartr{érasnme et al.,
1999, Stryhn et al., 1996) hree main endocytic flaways for crosgpresentations have been
presented thus far, namely cytosoic pathway, a vacuolar pathway ana phagosomeo-ER
pathway.The cytosat pathway(KovacsovieBankowski and Rock, 199B6yolves the

phagaytosed antigens being translocated into the cytosol from the phagosome (potentially via
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the Sec61 transporter), point where they undertake the canonical antigen presentation
pathway on MHC class | moleculbsthe vacuolar pathwagPfeifer et al., 1993, Schirmbeck et

al., 1995, Song and Harding, 199&ogenous antigens are directly processed inghey
phagosome by resident cathepsi(&hen et al., 2004 he resulting antigenic peptides are then
loaded onto MHC classriolecules (presumably by passively exchanging loadegbeptides)

which are recycled from the cell surface into the early phagosome via recycling endosomes.
Following their loading with the pathogeterived peptides, the mechanisms by which recycled
MHCclass | molecules are trafficked from the phagosome back to the plasma membrane
remain poorly understood. Finallyy the phagosoméo-ER pathway, the phagosome fgse

with the ER, enabling theansfer of both components of the canonical antigen preseptati
pathway and, potentially, components of tleemdoplasmic reticulurassociated protein
degradation ERAD pathwayfrom the ER to the phagosonf&uermonprez et al., 2003, Houde

et al., 2003) Thus,misfoldedsoluble proteins internalized through the phagosome could get
degraded in the phagosome, exported into the cytosol and then reacquired by the phagosome
as peptides and loaded onto MHC class | molecules via the PLC. This pathway however is the
mog controversial among the three, having been subjected to consistent critigsws and
Amigorena, 2019, Rock and Shen, 2005, Touret et al., 2005)

Despite the progress concerning the broad understagaf the potential routes of cross
presentation as well a®f the cellular and molecular participants to this processyéhis still a
clear lack ofinderstanding of the detailed molecular mechanisms by wkiabgenous antigens
internalized by phagocid cells gain acce$s and are loaded onto MHC class | moleculds
most interestingguestion in my opinion is regarding the means by which antigenic peptides
resulted from theexogenous sources get physically loaded onto MHC claséelcules. It

seems rather unlikely that exogenous antigens would simply replaceeaetides bound to
MHCclassl molecules, even in slightly acidic environments such as endocytic compartments,
without adedicatedmolecular chaperone to catalyse this Bange process. | base this
speculation on the comparison with MHC class Il molecules, which cannot exchange CLIP for
antigenic peptides found in endosomes/en during prolonged time periods, the absence of
the corresponding peptide exchange catalysAHIIM or while the negative regulator of HEA

DM, namely HLDQ is switched or(see section 110).
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1.9.Discovery of TAPBRR novel MHC classdledicated chaperone

For over two decades, tapasin was considered tthigesole MHC classdedicated chaperone.
However, several years ago, the Boyle lab has discovered another chaperone on this pathway,
namely the tapasirelated protein TAPBR(Boyle et al., 2013Pespite sharing 22% sequence
identity and 33% domain homology with tapasin, the gene encoding for TARRPRI)(is nd
located on the MHC locus, together with the other components of the pathwayatut
chromosome positiod2p13.3(Teng et al., 2002heara paralogous region of the MHDu

Pasquier, 2000However,similarly to the genes encoded in the MHC region, expression of

TAPBPR is al#eN -inducible(Landis et al., 2006)

1.9.1 Binding to MHC class | molecules

Similarly to tapasinfAPBPR was also shown to form a direct interaction with MHC class |
moleculegBoyle et al., 2013Moreover, the two chaperones were suggested to bind in a
similar orientation to the MHClassl molecules, given the same residues of the Mt#Ssdl
molecule were essential for its interactions with both tapasin addPBPRHermann et al.,
2013) Namely,interaction studies upon performing sH#irected mutagenesis revealed that
essential for the interaction with MHC class digatch stretching over residues between
positions 203 YR HTH 2V \SedsBfmAePBRR\EsHdEs completely conserved in
tapasin(Hermann et al., 2013Additionally, residues 33337 onthe IgC domain ofAPBPR,
partially conservedh tapasin, however present at homologous positions within the protein
structures, were showl 2 RNA @S [ a420AF GA2Y GAGK Sheanyk SNI
chairz 2 NJ Goiiskquéntly, TAPBPR and tapasin were shown to bind todids€in a

mutually exclusive mannéHermann et al., 2013)

Tworecently discoverectrystal structures of the TAPBRRICclass complex confirmed the
previouslydescribednteraction sites between MHC class | and TAPBP well as the resulting
orientation of TAPBPR onto MHiassl (Jiang et al., 2017, Thomas and Tampe, 2017)
Moreover, these crystal structures, together with the one obtained for the PLC by cryogenic
electron microscopy (cry&M), confirmed the siifar orientations of tapasin and TAPBPR when
bound to MHC:lasd (Hermann et al., 2013)

However,in contrast to tapasin, which binds to MHf{assl within the confines of the PLC,

TAPBPR capable of stably interacting with Mi{assl independently off AR tapasinor other
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components of the PLBoyle et al., 2013)n fact, TAPBPR is not part of the PbGr does it

bind to any component of the Pl(Boyle et al., 2013Jurthermore, TAPBPR also seems to

havea higher intrinsic affinity for MHC class | compat@tapasin, given that TAPBPR on its

own can form a stable interaction with MH{&assl (Boyle etal., 2013, Hermann et al., 2015b)
whereas tapasin requires either artificial tethering or the presence of the eRti@or stably
associatingvith MHCclass [Chen and Bouvier, 2007, Wearsch and Cresswell, 2B83¢d on
recent studies, it seenthat the ability of TAPBPR form stronger interactionsvith MHC class

| than tapasincould be partially attributed to particular residues in its IgC domain, such as Q334
or S335, which are not conserved in tapas$iermann et al., 2013)nd were suggested to be
Ay@2t SR Ay LRt NJ Ay dS MEAssheayyZhaigllanget ail, R0§7, h 0 R 2
Thomas and Tampe, 201 Additionally, TAPBPR seems to have a higher degree of
conformational plasticity thn tapasin, which appears to be more rigid by comparison, allowing
it to better mould onto the MHGlass molecule at individual interaction sit¢shomas and

Tampe, 2017)

Another difference in the binding to MHC class | between tapasin and TAPBPR is represented by
their relativedependengeson the Nlinked glycan on the MHC class | heavy chain. Given its
dependenceon the PLC for efficient association with MHC class | stapalieson the prior

recruitment of calreticulin on the MHC class | heavy chain. Therefore, mutation dFlihked
glycosylatiomrmotif on MHC class | was shown to impair tapasin bin{ifegincx and Boyle,

2018, Rizvi et al., 20LHowever, these nowlycosylated MHClassl moleculesdisplayedan

increased level of binding to TAPB[RRerincx and Boyle, 2018Jhese results are consistent

with previous work fom the Boyle lab, according to which MEI@ssl molecules show a higher
accessibility to TAPBPR in the absence of taglgmmann et al., 2013yuggesting that

TAPBPR could potentially sever overlapping functions.

1.9.2 Cellular trafficking

Despite its high abundance in the HRPBPR was shown to also traffic through the medial
Golgi compartmentFigure 3(Boyle et al., 2013)n constrast to tapasin, whose cellular
localization is restricted to the EBased on its ERetrieval motif KKXXJackson et al., 1990,
Lehner et al., 1998, Nilsson et al., 1988g tail of TAPBPR does not contain any obvious motif

associated with retention in the ER. Moreovepaain and TAPBPR were suggested to reside in
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different subcompartmentsof the ERINeerincx and Boyle, 2017, Boyle et al., 20T8pasin is
associated with the TAP transporter, being present in the pepticieregions. Since TAPBPR
does not bind TAP armhn beexported through thenedial Golgi, it was suggested to reside

mainly in the peptide poor, outer layers of the @&eerincx and Boyle, 2017, Hermann et al.,
2015a, KamhNesher et al., 2001)

1.9.3 Peptide editing

Similarly to tapasin, TAPBPR was shown to directly mediate peptide editing on MHC class |
moleculegHermann et al., 2015bMore specifically, in a sirail assay to the one used by Chen
andBouvier for tapasiiChen and Bouvier, 20Q#ecombinant TAPBPR was shown to enhance
the dissociation rate of fluorescentlgbelled peptides from recombinant MHC classfolds
(Hermann et al., 2015b, Morozov et al., 201Bpwever, as opposed to tapaswuthich requires
artificial tethering to MHClassl to mediate peptide dissociatiofChen and Bouvier, 20Q7)
TAPBPR was capable of catalysing this process without the heed artificial modifications
partly due to its seemingly higher affinity for MHC class | compared to tapdss further
suggested that TAPBPR aloneapable okditing peptides on MHCEIlassl molecules.

Regarding the molecular mechanisms used ARBPR in mediating peptide dissociation from
MHC class | moleculebe two recently characterised crystal structures of TAPBPR in complex
with MHC class | both revealed that, somehow similar to theddaggar model proposed for
tapasin(Fisette etal., 2016 ¢! t . t w | LILIS{1 Ndion Of 2he MbdiRlass pépéds h H
binding groove away from the-t€rminus of the peptidepresumably to promote peptide
dissociation(Jiang et al., 2017, Thomas and Tampe, 20b&upport of this idea is the finding
described by both structures, namely thaaFBPR binding to MHC class | molecules induces a
twist of the Y84 residue of MHasdl, involved in hydrogen bond formation with the C

terminus carboxyl group of the bound peptidewards the outside of the groové&his

proposed mechanism aGfAPBPHnhediated peptide dissociation was further confirmed by a
recent study relying onuclear magnetic resonan¢BIMR) analysis of the interactions between
soluble TAPBPR and MHC class | re{MdShan et al., 2018)

In addition to the interactioag A U K - iégion bf the MHElassl, Thomas and Tampe
claim to have captured a floppy loop region of TAPBPR in the proximity of theclsl$$C
binding groove and suggest that this loayght be involved iracilitating the dissociation of
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the Gterminus of bound peptideéThomas and Tampe, 201 However, this loop was poorly
resolved based on the raw diffraction data, with several side chains of the resolved structure
and even part of the peptide backbone falling outside of the electron density map. Moreover,
this loop was not resolved on the crystal structure by Jiang and colleédjaeg et al., 2017)
Therefore, alternative conformations of this loop regions are likely to occur and, moreover, the

impact of this region on the catalytic function of TAPBPR remains to be determined.

1.9.4 Interaction with UGT1

A study conducted in thBoyle lab revealed that TAPBPR recruits UGiflre J(Neerincx et

al., 2017)anenzyme previously shawto play a key role in the quality control machinery
involved in MHClasdl peptide presentatior{fZhang et al., 2011, Wearsch et al., 20TBHPBPR
appears to associate with UGTdvolvingthe only free cysteine residue of TAPBPR, at position
94.UGT1 was suggested to identify sojstimally loaded peptide to send them back to the
peptide loading complex for a subsequent round of peptide edifliys, he identification of
TAPBPR interactiowith UGT1 raised the question of whether TAPBPR, apart from directly
dissociating sutmptimally loaded peptides from MHC class |, acts as an additional checkpoint
on the pathway, by selecting peptides for presentation on Mk#Ss moleculesin supportof

the hypothesis that TAPBPR works in complex with UGT1 on selectinggiéidl@nolecules

for presentation is the finding that mutation of the C94 residue of TAPBPR, which abolished
interaction with UGT1, triggers a significant change in the MHC ledss®ciated

immunopeptidome(Neerincx et al., 2017)

1.9.5.Shaping the peptide repertoire presented on MHC class |

Naturally, given its ability to directly catalyse peptidesticiation from MHClassl molecules
(Hermann et al., 2015b, Morozov et al., 2046§ to recruit UGT{or recycing sub-optimally

loaded MHClassl molecules back to the PIEigure 3(Neerincx et al., 2017YAPBPR was

shown to significantly influence the repertoire of peptides presented at the cell surface
(Hermann et al., 2015bHowever, despite the similar peptide editing functions of tapasin and
TAPBPR, their effescon peptide presentation on MH&assl differ considerably. In contrast to
tapasin, which is crucial for the presentation of peptides stably bound to MHC class | molecules,

the effect of TAPBPR on the immunopeptidome was shown to be considerably subtler
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Whereas the absence of tapasin leads to a severe impairment in the stability of plsté$C
complexes and consequently of the surface expression levels ofdléd€ molecules

(Howarth et al., 2004, Williams et al., 200) the absence of TAPBPR, the oveeakls of
MHCclass molecules at steady state are not significantly affedt@dyle et al., 2013, Hermann
et al., 2015hb)In fact, only a relatively small pool of normally retained pM##8s complexes
escape to the cell surface in TAPRIRRcient cellsMoreover, the stability of individugiMHC
classl complexes appears to be only marginally decreasdtie absence of TAPBRBOYle et
al., 2013, Hermann et aR015b) Based on these finding# is currently unclear based on

which criteria TAPBPR selects pMHH3s complexes for export to the cell surface.

Our current understanding of the function of TAPBPR in antigen presentation is that TAPBPR
acts as an additical quality control checkpoint on the MHC class | pathway, by selecting
peptides for presentation on MH€assl molecules. TAPBRIRpears tdulfil this role by

directly dissociating subptimally loaded peptides from MH&assl molecules which have
gonethrough tapasiAamediated peptide editing or/and by recruiting UGT1 to reglucosylate the
resulting peptidereceptive MH&lassl molecules back to the PLC for a subsequent round of
editing. Upon facilitating the dissociation of bound peptides from MH&3sl molecules, it is
possible that TAPBPR subsequently enables the loading of incoming peptides, however this is
rather unlikely given the suggested localization of TAPBPR away from the pegiide

environment within the ENeerincx and Boyle, 2017, Neerincx et al., 2017)
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Figure3: Proposed model of TAPBPR function in the MHC class | antigen presentation pathway
taken from Neerincx and Boy{Bleerincx and Boyle, 201MAPBPR is thought to bisdb-optimally
loaded MHC class | molecules by the RIn@ caalyse the dissociation of the bound peptide.

Subsequently, TAPBPR either enables the association eéffiigity peptides or recruits UGT1, whig
reglucosylates the resulting peptigdeceptive MHC class | molecules and recycles them to the PL
a subsguent round of peptide editing. In contrast to tapasin, which solely localizes in the ER lur
TAPBPR traffics through the medial Golgi and potentially through the endosomal compartment
complex with MHC class | molecules.
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1.10. Similarities between MHC class | and class Il pathways

In contrast to MHC class | molecules, which get loaded with peptides in the ER lumen, MHC
class Il molecules acquire their antigens in late endocytic compartments. Upon their folding and
assembly inhe ER lumen, MHC class Il molecules recruit a transmembrane protein that
associates with the peptide binding groove of MHC clakadlwn asMHC class-Hssociated
invariant chain (li)in a similar fashion to antigenic peptidé¢sgure 4 (Kvist et al., 1982,
Machamer and Cresswell, 1982, Sung and Jones, .188it)chaperonguidesthe trafficking of
MHC class Il molecules from the ER lumen into late endos(Baé&e and Dobberstein, 1990,
Lotteau et al., 1990)while preventing their loading with peptide in the BlRewcomb and
Cresswell, 1993, Roche and Cresswell, 1989 invariant chain is cleavedarparticuladate
endosonal compartmentreferred to as the MHC class Il compartment (Mll&gying only the
short peptide associated with the MHassll groove, known as CL{étass Hassociatd

invariant chain peptidg(Cresswell et 311987, Reyes et al., 1991, Roche and Cresswell,.1991)

Similarly to MHC class | molecules, loading of antigenic peptides on MHC class Il molecules is
catalysed by a dedicated chaperone, HM¥, an MHC class Il homolog(@ho et al., 1991,

Denzin and Cresswell, 1995, Kelly et al., 1991b, Morris et al., 1994, Sloan et al. H gAY
directly mediates the dissociation of CLIP from MHC classndequentlyfacilitating the

association of antigenic peptid¢Bigure 4 (Denzin and Cresswell, 1995, Sloan et al., 1995,
Kropshofer et al., 1996, Vogt et al., 1998@preover,based on the discovery of the crystal
structure of HLADMin complex with HLAAR1(Pos et al., 2012HLADM wassuggested to use

a similar molecular mechanism as tapasin iarpoting peptide dissociation, with the mention

that, in contrast to tapasin, HLBM destabilizes the interactions between the MHC class I
groove &the Niterminus of the peptide, instead of at thet€rminus. Unlike the MHC class |
pathway, in addition ta peptide editor, the MHC class Il pathway comprises another
chaperone, namelthe MHC class Il homologi# ADO, which functions as negative regulator

of HLADM (Denzin et al., 1997, Kropshofer et al., 199dahl et al., 1996 HLADO inhibits

the HLADM-mediated release of CLIP and loading of antigenic peptides onto MHC class II
moleculegFigure 4. Based on its ability to regulate the peptide editor in the pathway,-BOA

has been proposed to shape the peptide repertoire presented on MHC clasgjptifoal
effectiveness, acting as an additional checkpoint in the pathway. In terms of its overall effect on

peptide selection, TAPBPR might be fulfilling a similar role on the MHC class | pathway.
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Figure 4: MHC class Il presentation pathw#gken from Roche and Furu(Roche and Furuta, 2015
Upon their folding and assembly in the ER lupdiC class Il dimers, consisting of the

GNI yaYSYOoNIyS OKFAya h yR I O6AYR G2 GKS A
ER through the Golgi and into early endosomes, via the cell suiifaese endosomes are then fuse
with the artigen processing compartment, where the li bound to MHC class Il molecules is clea
leaving only a small peptide (CLIP) attached to the peptide binding groove of MHC class Il. In t
compartment, HLADM, whose activity is regulated by HD®, catalses the exchange of CLIP with
exogenous peptide antigens internalized by pinocytosis. Once loaded with exogenous peptides
class Il molecules are transported to the cell surface.
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1.11.Aims

Structural predictions generated in the lab, basedio@previouslycharacterised interaction

sites between TAPBPR and MHC class based ordomain homology between TAPBPR and
tapasin have identified a loop region of TAPBPR, comprising residu8s,2# the interface

with the peptide binding groove of MHgass I. These predictions were made prior to the
discovery of the crystal structures of TAPBPR in complex with MHC (Jiasslet al., 2017,
Thomas and’'ampe, 2017)only one of which claimed to capture the same TAPBPR loop in the
proximity of the MHC class | groogEhomas and Tampe, 201Based on our structural
predictions, it was hypothesized that the-33 loop of TAPBPR could be a functional region
involved in peptide editing on MHC clagsibure21). Moreover, based on the amino acid
sequence of the loop, | speculated that TAPBPR potentially uses the loop to dissociate bound
peptides from MHC class | molecules by competing with part of the peptide for binding to the

groove of MHC class I.

Therefore the mainobjective of my PhD asto experimentallycharacteriseghe involvement of

the loop in the peptide editing function of TAPBPR. In order to address this question, my first
aim was to develop high throughputceltbased assawhich would allow med directly

measurethe ability of TAPBPR to mediate peptide exchange on MHC class | molecules on a
cellular membraneSubsequently, | sought to use this high throughput system to screen various
TAPBPR loop mutants for their ability to bind MHC class laulele and to mediate peptide
exchange. Finally,aimed to assess how polymorphism MHC classrolecules influence

their ability to interact with TAPBPR and theropensity to undergd APBPRhediatedpeptide
editing.
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2. Materials and Methods

2.1.Constructs

The cloning of fullength TAPBPR and TAPBPR®in the lentiviral vector pHRSIB56W

UbEM, which expresses the protein of interest under the control of the spleen-focusng
virus(SFFV) promoter and EGFP under the control of an ubiquitin promoter was previously
describedBoyle et al., 2013)rapasin was amplified from cDNA isolated from human foreskin
fibroblasts using primers tapasiiBamHifor and tapasi¥™-Notl-rev (Se€Table 1for primer
sequences) and was then cloned into the pHRSBRWUDEM vector. The chimeric constructs
TAPBPR'and tapasifiMwere generated using a twstep PCR procedure, whettee

ectodomain and transmembrane domains of either TAPBPR (amplified using primers
TAPBPY-BamHifor and TAPBPR-rev) or tapasin (amplified using primers tapa$iBamHi

for and tapasifiM-rev) were fused to the cytoplasmic tail of CD8 (amplified witmprs
TAPBPRfor and CD8 taiNotl-rev, or tapasifi™-for and CD8 taiNotl-rev, respectively).
TAPBPRwas produced using a similar procedure, in which the ectodomain of TAPBPR
(amplified with primers TAPBPRBamHifor and TAPBPRrev) was fused to the
transmembrane and cytoplasmic domains of tapasin (amplified using primers TAR&GRRd

¢l t.tw O2yaiNHzOla RSAONAROSR Ay (K
TAPBPR isoform, as this has been described as the only TAPBPR isofentirpeewide range

tapasi!'™-Notl-rev). ! f f

of tissues and cell lineBg¢yle et al., 2013

Table 1:Panelof primers used to generat¢he TAPBPR chimeric constructs

Primer name Primer sequenc® pM@ 0

TAPBPYc EcoRMor | GCGCGATATCAGCAGCCTCCATGGGCA

TAPBPY¢ Notl-rev GCGCGCGGCCGCTCAGCTGGGCTGGCTTACA

TAPBPR!¢ for GATGTTCCTGGGGCTTCAGAGACGAAGACGTGTTTGCAAATGTCC
TAPBPR!C rev GGACATTTGCAAACACGTCTTCGTCTCTGAAGCCCCAGGAACATC

tapasin''¢ BamHifor

GCGCGGATCCCGCAGCGCCATGAAGTCCCTGTCTCTGCTCC

tapasin''¢ Notl-rev

GCGCGCGGCCGCTCACTCTGCTTTCTTCTTTGAATCCTTG

tapasirtMg for

CTTCAAGGCACTGGGCTGGCGAAGACGTGTTTGCAAATGTCC

tapasirt™g rev

GGACATTTGCAAACACGTCTTCGCCAGCCCAGTGCCTTGAAG

TAPBPR for

CCTGGAGGTAGCAGGTCTTTCAGCCTTGGGAGTCATCTTTGC

TAPBPR rev

GTTCTCAAGGGAGGGCCCTGTTCTCCGCTCTGGTGGG

CD8 taikg Notl-rev

GCGCGCGGCAOGBRGACGTATCTCGCCGAAAGGC

TAPBPR solubtgfor

GCGCGCTAGCCACCATGGGCACACAGGAGGGC

TAPBPR solubterev

GCGCGCGGCCGCTCATCAGTGATGGTGATGGTGGTGTCTCCGCTCTG(
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TAPBPHP, in which amino acids 235 were replaced with glycine, alanine and serine

residues, was generated based on the TAPBRRplate, using the following procedure: first,
amino acids 2228 were mutated by quickhange PCR using primers M&2 and M22rev

(Table2). Subsequently, amino acids¢@@ were mutated using a twstep PCR procedure. In

the first step, the TAPBPR insert was dfigal in two separate pieces, starting from each side

of the mutation site (primers TAPBPRBamHifor and M29rev for the Nterminus-containing

side and primers M2or and TAPBPR-Notl-rev for the Germinus-containing side). In the

second step, the twpieces bearing complementary regions over the mutated site were used

in a second PCR reaction to amplify the entire TAPBPR mutated insert using primers"TAPBPR
BamHifor and TAPBPR-Notl-rev. TAPBPRCand TAPBPR4were generated from

TAPBPY and from TAPBPR Prespectively, using primers L36& and L30Gev or @G30L

for and @G30kev respectively Table 3, by quick change PCR. All TAPBPR and tapasin mutants
were cloned into the lentiviral vector pHRSOS6WUDEM.

Table 2:Panel of primes used to generate th&@ APBPR loop mutants

Construct Primer sequenc® pM@ U

M22-for GTCCTAGACTGTTTCCTGGTGGCGGCCGGTGGGAGCGGTGGAGCTCTCG(
M22-rev CACTGCTGGCGAGAGCTCCACCGCTCCCACCGGCCGCCACCAGGAAACAC
M29-for GCGGCCGGTGGGAGCGGTGGAGGTGGCAGCGGCGGTG

M29-rev TCCACCGCTCCCACCGGCCGCCACCAGGAAACAGTCTAGGAC
L30Gfor GTGGAGCTGGCGCCAGCAGT

L30Grev ACTGCTGGCGCCAGCTCCAC

@G30Lfor GGTGGAGGTCTGGGCGGCGGTGC

@G30krev GCACCGCCGCCCAGACCTCCACC

The luminal domains GFAPBPW', TAPBPR°and of all TAPBPR loop mutants were also cloned
in a PiggyBac transposon vector, using primer TARBRRBIefor and TAPBRBolublerev
(Table 3, to produce secreted versions of these proteins, containipglgHis tag at the €

terminus in a mammalian xpression system.

cDNA templates for the panel of HLA class | alleles used in this study were obtained from Peter
Parham (Stanford UniversityBlisabeth Chalmeau, (University Nantes, France), Jane Goodall
(University of Cambridge, UK), Ashley Moffet y@rsity of Cambridge, UK), Sebastian Springer
(Jacobs University, Bremen, Germany), Rajiv Khanna (Queensland Institute of Medical
Research, Australia), and Jim McCluskey (University of Melbourne, Australia). These were

amplified and cloned into the lentnal vector pHRSINCPfSIGW, as previously describ@byle
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et al., 2013) The HLAA*68:02VT construct was cloned by consecutive rounds of qusicknge
site-directed mutagenesis, using the HAA68:01"T construct as a template (sekable3 for
primer sequences). Since residue 116 was mutated last iptbcess, the HLA
A*68:02'116Pmutant was the final intermediate in this cloning process. The-Ait68:01°116Y
A*02:017116D A*02:01V12M A*(02:0F510% A*68:02112V, A*68:02°1055 B*27:05P116Y B*44;05114H
and C*01:02'%"were generated by quiekhange PR, using primers listed ifable3. All HLA
class | mutants were cloned into the pHRSINe®BW vectorHuman cytomegalovirugiCMVY
pp65 was cloned into the lentiviral vector pHREIBEWUbDLEM.

All the constructs used and generated in this work, namely eacltefudth TAPBPR, soluble

TAPBPR and HLA construct, were sequence verified.

Table3: Panelof HLA class | mutants

Primer name Seqguence 53'

A6801_V12M_Fwd CTACACTTCCATGTCCCGGC
A6801_V12M_Rev GCCGGGACATGGAAGTGTAG
A6801_M97R_Fwd CACCATCCAGAGGATGTATGGC
A6801_M97R_Rev GCCATACATCCTCTGGATGGTG
A6801_S105P_Fwd CGTGGGGCCGGACGGGC
A6801_S105P_Rev GCCCGTCCGGCCCCACG
A6801_R114H_Fwd GCGGGTACCACCAGGACGCC
A6801_R114H_Rev GGCGTCCTGGTGGTACCCGC
A6801_D116Y_Fwd GTACCACCAGTACGCCTACG
A6801_D116Y_Rev CGTAGGCGTACTGGTGGTAC

A6801_D116Yonly_Fwd | GTACCGGCAGTACGCCTAC
A6801_D116Yonly_Rev | GTAGGCGTACTGCCGGTAC

A2_Y116D_Fwd GTACCACCAGGACGCCTACG
A2_Y116D _Rev CGTAGGCGTCCTGGTGGTAC
B2705 D16Y Fwd GTACCACCAGTACGCCTACG
B2705 D1BY Rev CGTAGGCGTATITGGTAC

B4405 D114H_Fwd CGCGGGTATCATCAGTACGC
B4405_D114H_Rev GCGTACTGATGATACCCGCG

C0102_D114H_Fwd GCGGGTATCACCAGTACGC
C0102_D114H_Rev GCGTACTGGTGATACCCGC

A0201_V12M_Fwd CACATCCATGTCCCGGCC
A0201_V12M_Rev GGCCGGGACATGGATGTG
A0201_S105P_Fwd GACGTGGGGCCGGACTGG
A0201_S105P_Rev CCAGTCCGGCCCCACGTC
A6802_M12V_Fwd CTACACTTCCGTGTCCCGGC
A6802_M12V_Rev GCCGGGACACGGAAGTGTAG
A6802_P105S_Fwd CGTGGGGTCGGACGGG
A6802_P105S_Rev CCCGTCCGACCCCACG
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2.2.Cell lines

| S[FaZ I @FENRFYyOG 2F GKS | S[ I @8§ift ffom PaulyLéines K A OK
University of Cambridge, UK), HEK 293T (from Paul Lehner, University of Cambridge, UK), MCF

7 (human breast carcinoma), EL4 (mouse T cell ymphoma) cells and all derived cell lines were
maintainedin Dulbecco's Modified Eagle'ssaium (DMEM;SigmaAldrich, UK) supplemented

with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific), 100 U/ml penicillin and

100 pg/ml streptomycin (Gibco, Thermo Fisher Scientific), at 37°C with 2%d@duce

expression of endogenousipressed TAPBPR andnggulate the surface expression of MHC
Oftlraa L Y2fS0OdzZ Saz OStta 6SNB (UNBFUSR gAGK H
mouse origin, depending on the cell line, forcZ2 h.All cells were confirmed to be

mycoplasma negate (MycoAlert, Lonza, UK).

2.3.Lentiviral transduction and transfections

Lentivirus was produced in HR2R3T cells, by transfecting the cells watther the pHRSIN
C56WUbEMor pHRSINcPPIGWentiviral vector containing the insert of interesélong with

GKS LI O1F3Ay3a @SOG2NI LY azpwyddpm YR (GKS Sy @S
(Promega, UK). Transductions were performed by collecting-gon&ining supernatant at 48

h and again at 72 h and adding it onto target cells, througirenge filter, in the presence of 8
>IKY[ L2t & ANy 8K).O{AIYI

HeLa-TAPBPfcells(HeLaM© were transduced with each TAPBPR and tapasitefudjth
variantdescribed in this study. HeLadéll line deficient of the HL-A,-B and-C (HeL&l-HLA
ABC9 was transduced with each specified Hildssl constructs to generate a panel of HeLaM

cells expressing single individual Hil#sdl allotypes

2.4. Antibodies

TAPBPR was detected usaither PeTe4, a mouse monoclonal antibody (mAb) specific for the
native conformation of TAPBPR, raised against amino ac@®ga2f human TAPBFRoyle et

al., 2013)hat does not crosseact with tapasinHermann et al., 2013pr ab5741, a mouse

mADb raised against amino acids222 of TAPBPR that recognizes denatured TAPBPR (Abcam,

UK). Tapasin was detected using Pdsta mouse mAb specific for the native conformation of
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tapasin(Dick et al., 2002)or withR.gp48Na rabbit polyclonal antibody specific for the

denatured form of tapasiiSadasivan et al., 1998ind gifts from Peter Cresswell, Yale

University School of Medicine). MHC class | heavy chains were detected using the mouse mAb
HC10(Stam et al., 198&nd mAb HCAEStam et al., 199@ -m was detected using a rabbit
polyclonal antibody (Dako, UK). Folded MHC class | molecules present eitheecall surface

or coupled to SABs were detected using W6/32, aldldC class | mouse mAb that recognizes

' O2y F2NXIFGA2y Lt SLAG248 2 Byl RS Ayvn Ay LING a5¥ O
peptide (Barnstable et al., 1978DVAsz264 [SIINFEKIgeptide on H2K® was detected using the
mAb25D1.16 (Thermofisher). ThepsteirBarr Virusderived peptideLatent Membrane

Protein kos133[YLLEMLWRL] association with HLA*02:01 was detected using tHECR

like mAb LXSim et al., 2013 king gift from Paul MacAry, University of
Singapore)Calnexinwvas detected via western blot analysis using the rabbiygonal

antibody ADISPA860 (Enzo Life Sciences, UKinouselgG2a isotype control was also used as

a control (Sigmaldrich).

2.5.MHC class-binding peptides

Fluorescenthlabelled geptides specific to individual HLA class Itgies or to themouse MHC
class | molecule-8K° were derived from epitopeselected using SYFPEITHI database
(Rammensee et al., 1999he Immune Epitope Database and Analysis Resooirtee HIV
molecular immunology epitope databasevw.hiv.lanl.goy(Table 4. All peptides were

purchased from Peptide Synthetics, @ over 95% purityerified by HPLC.
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Table4: Fluorescentlyabelled MHC class-binding peptides used in this study

Peptide sequence Original epitope Origin MHCclasd allotypgs)specificity
NLVPK*VATV NLVPMVATV HCMV HLAA*02:01

YLLEK*LWRL YLLEMLWRL BV HLAA*02:01

IMDQK*PFSV IMDQVPFSV EBV HLAA*02:01

CLGGK*LTMV CLGGLLTMV EBV HLAA*02:01

LLGRK*SFEV LLGRNSFEV tumour-associated | HLAA*02:01

ELAGK*GILTV ELAGIGILTV tumour-associated | HLAA*02:01

RLLQK*TELV RLLQETELV tumour-associated | HLAA*02:01

YVVPFVAK*YV YVVPFVAKV self HLAA*02:01;-A*68:02 -C*02:02
ETVSK*QSNV ETVSEQSNV neoantigen HLAA*68:02

EGVSK*QSNG ETVSEQSNV neoantigen HLAA*68:02

KTGGPIYK*R KTGGPIYKR influenza virus HLAA*68:01

PYLFK*LAAI PYLFWLAAI EBV HLAA*23:01

RVLDK*VEKW N/A artificial HLAA*32:01

SRYWK*IRTR SRYWAIRTR influenza virus HLAB*27:05;-B*27:09
SPAIK*QSSM SPAIFQSSM HIV HLAB*07:02;-B35 -A30
SHETK*IIEL SHETVIIEL neoantigen HLAB*38:01

EEFGK*AFSF EEFGRAFSF self HLAB* 44:05

LNPSK*AATL LNPSVAATL HCV HLAC*01:02

SIINFEK*L SIINFEKL mouse ovalbumin | H-2K°

1 K*=lysine labelled witB-carboxytetramethylrhodmine [TAMRA]

2.6. Expression and purification of TAPBPR protein

In order to produce secretesblubleforms of either the TAPBPR loop variaotshe TN5

mutant of TAPBPR, the lumenal domains of these proteins were cloned into a modified version

of the PBT-PAF vector where the-Mrminal Protein A fusion was removed and-&e@ninal

His tag introduced.These soluble TAPBPR proteins were stably expressed in 293T cells using

the PiggyBac expression system. 48 hr after transfection, cells were transferred for at least 5

days into selection media (DMEM supplemented with 10% FBS, 1% pen/strep, 3 pg/mL

puromyan (Invivogen, San Diego, CA) and 700 pg/mL geneticin (Thermo Fisher Scientific, UK).

To induce protein expression, cells were harvested and transferred into DMEM supplemented

with 5% FBS, 1% pen/strep and 2 pg/mL doxycycline (SMpiniah, UK). After & days, the

media was collected and TAPBPR was purified umsokeHnitrilotriacetic acid Ni-NTA affinity

chromatography. The purity of the elution fractions assessed byPHNEE, followed by

Coomassie staining.
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2.7. Differential scanning fluorimetry (DSF)

Thermofluoranalysisvasperformed in 96well low-profile clear PCR plates for Viia7 cyclers

6! E&3ISYy 0 d wSInSisiel2® ap 25F3 HWNBESAOR2E ME LINRGSAY ¢f
Technologies) in PBBpH 7.4. The melting curve was performed usingia7 thermocycler

between 20°C and 95°C in 1°C steps with 20 s equilibration time per step and fluorescence

monitored on the ROX channel.

2.8.Flow cytometry

For analysis by flow cytometry, cells were first detacfrech the flaskdy trypsinisation and
thenwashed in 1% bovine serum albumin (BSA) dissolvedphdsphatebuffered saline ®BS)

at 4°C. Cells were then stained for 30 min &4n 1% BSA containing one of the following
antibodies: W6/32, PeTe4, PastaTCRike mAb L1, 2®1.16 or an isotypeonitrol antibody.
After washing the cells to remove excess unbound antibody, the primary amgbloound to

the cells were detected by incubation at 4°C for 25 min with goatraotise Alex&luor 647

IgG (Invitrogen Molecular Probes, Thermo Fisher Sé@n#ollowing three subsequent rounds
of washing, the fluorescence levels were detected using a BD FACScan analyser with Cytek

modifications and analysed using FlowJo (FlowJo, LLC, Ashland, OR).

2.9.Single antigen bead screen

o >[ LABScréek@hgle antigen HLA bead suspensi@me Lambda, Inc., CA, USkye
addedperwellofa9g St LJX I 0S YR AyOdzml G§SR gAGK SAGKSN
or TAPBPR®at 22°C, with rotation, for 60 min. The beads were washed three times in wash

buffer (One Lambda, Inc., CA, U$&remove any excess of soluble TAPERRsequently, the

beads werdirst incubated with PeTe4 antibody for 30 min, washed and then incubated with a
PEconjugated goat antimouse IgG (Abcam, UK) for another 30 min at 22ft€r A& subsequent

round of washing, cells were4ispended in 1x PBS and the TAPBPR levels bound to the beads

were measured by a usirige Luminex Fluoroanalyser systé@ne Lambda, Inc., CA, USAJ

analysed using thelLA Fusiot software (Ond_ambda, Inc., CA, USA).
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2.10.BFA decay assays

IFN- -stimulated HeLaHLAAB®Ccells, reconstituted with individual Hlchasd allotypes were
GNBFGSR ¢ AdK msAldriet diltgd in.regular nbeflidoadifférent time periods.
Cells were then harvested and the levels of MHC class | molecules present at the surface of
each cell line, at each time point, were measured by flow cytometry, by staining with the
W6/32 antibody.

2.11.Immunoprecipitation, gel ekctrophoresis and western blotting

ForimmuneLINB OA LA G GA 2y FNRY -dtikfated dl® tivee hargestdd, f & a | (
washed in PBS and then shfrpzen in dry ice for >5 min. Cells were then lysed in 1% triton X

100 YWR Radnor, PN), Trlsuffered saline (TBS) (20 mM THEI, 150 mM NaQ,5 mM

CaGl), whenever TAPBPR was pulled down, or in 1% digHbBi®, whenever tapasin was

pulled down,supplemented with 10 mMN-ethylmaleimide(NEM), 1 mM phenylmethylsulfonyl

fluoride (PMSF) (Sigr#ddrich), and protease inhibitor cocktail (Roche, UK) for 30 min at 4°C.
Nuclei and cell debris were pelleted by centrifugation at 13,000 x g for 15 min and supernatants
were collected TAPBPR was theulled down from the whole cell lgse usingprotein A

sepharose beads conjugatedttoe PeTe4 antibog at 4°C, over 90 min, with rotation

Following immunoprecipitation, beads were washed thoroughly in 0.1% deteif@8tto

remove unbound protein. For separation by gel electrophoresis simples were heated at

94°C for 10 min in sample buffer (125 mM Sl pH 6.8, 4% SDS, 20% glycerol, 0.04%
ONRY2LIKSy2f o0f dzS03> & dzinkrdfaBo¥tSayiall B Brdegta deféctten 1 Y a
samples by western blotting, proteins were transferred oatolmmobilon transfer membrane

(Merck Millipore). Membranes were blocked using 5% (w/v) dried milk and 0.05% (v/v) Tween

20 in PBS for 30 min and subsequently incubated with the indicated primary antibodylfr 1

h. After washing, membranes were incubdteith speciespecific HRfeonjugated secondary
antibodiesfor 1-2 h at room temperaturewashed and detected by enhanced

chemiluminescence using Western Lightning (Perkin Elmer, UK) and Super RX film (Fujifilm, UK).

Films were scanned on a CanoScan88@dikg MX Navigator Software (Canon, UK).

For immunoprecipitation of the TAPBPR fraction present at the plasma membrane, prior to

lysis, harvested cells were incubated with 2 ug PeTe4 antibody in 1% BSA in 1x PBS for 1 h with
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rotation at 4°C. Excess antitiypwas removed by washing the cells 5 times in 1x PBS at 4°C.
Subsequently, cells were lysed and thePBPR fraction originally present the plasma
membrane, bound to the PeTe4 antibody, was then precipitated using protein A sepharose
beads alone (GE Heattlwre) for 2 h at 4°C with rotatiomheintracellular fraction of TAPBPR
was pulleddown from the resulting flow througlusing the same procedure as the one used to

pull down TAPBPR from the whole cell lysate.

For pulldown experiments using soluble TAPBPR proteins, protein A sepharose precleared
feal S a3 -stimNBted HeLEMI APBPfcells were incubated witB pg ofthe soluble

TAPBPR variant for 90 min at 4°C. Immunoprecipitation of soluble TAPBPR was performed using
PeTe4 as above. Soluble TAPBPR variants were detected on western blots with-piudyais

primary antibody.

2.12.Peptide binding

Target cell lines were seeded at 25,8000 cells/well in 1-2vell plates and stimulated with

IFN @ C2ff2¢6Ay3a GKS aGAYdzZ FGA2Y LISNA2RI GKS OSf
incubated with 31 1 > [MER atJ&7AQThermo Fisher Scientific, UK)chse the peptide

binding was done in the presence of recombinant TAPBPR, the cells were treated with or

without recombinant TAPBPR. After 15 min, the desiraiiRAlabelled peptide was added to

the cells, at concentration dependent on the MEI@ssl moleaile tested, and incubated at

37°C for different time periods, dependent on the Midi@ssl molecule tested. In case the

peptide binding was facilitated by ovexpressed TAPBPR, the labelled peptide was directly

added to the cells, without using recombirtaPAPBPR. Following the peptide treatment, the

cells were washethree times inlx PB&nd harvested. The level of bound peptide/cell was

determined by flow cytometry, using the YelFL1 channel (Cytek).

2.13.Peptide exchange

HeLaMTAPBPf®cells, reconstituted with TAPBPRMere seeded at 25,000 cells/well and
stimulatedwithL Cb* @ ¢ KS OStfa 6SNBE GKSyYy g-laBekedR I yR G
peptide of interest diluted in optMEM for 15 min aB7°C, as described above. Following the
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binding step, the peptideontaining media was removed, the cells were washed and then
treated with media alone or with different concentrations of ntaibelled peptide for another
15 min at37°C. The cells were then washed and harvested and the lewaluwid peptide per

cell was determined by flow cytometry, using the YelFL1 channel (Cytek).

2.14.FluoroSpot T cell assay

2.14.1.Expansion of HCM¥pecific CD8T cells

CDS8T cells were isolated fromeripheral blood mononuclear ceBBMQ by magnetic
activated cell sortingMACS$, usinganti-CD8 direct beads (Miltenyi Biotec, Bisley, United
Kingdom)or magnetic separation and then resuspended in supplemented RPMI + 10% Fetal
Bovine Serum (FBS) (Invitrogen) + 10% heat inactivated autologonos serum. Cells were
stimulated with peptidepulsed irradiated autologous PBMC in the presence of 2.5 [U/ml
human recombinant H2 (National Institute for Biological Standards and Control, Potters Bar,
United Kingdom) in round bottom 96 well plates3a’Cand5 % CQfor 10¢ 14 daysFresh
media was replenished every five daybe pecificity of expanded CDJ cell cultures as
0$SaiGdSR dmofoPpatastagshponstnulation with HeLavl cells overexpressing both
HLAAZ2andpp65.TheHLAA2-redricted peptide from HCMV pp65 used in this studgsw
NLVPMVATV (pp&-s04).

Ethical approvdior this studywas obtained from the Addenbrookes National Health Service
Hospital Trust institutional review board (Cambridge Research Ethics Committeenddfo
written consent was obtained from all recipients in accordance with the Declaration of Helsinki

(LREC 97/092)
2.14.2 Experimental set up

Target cells (MGF or HeLaMHLAAB& reconstituted with HLAA*02:01 heavy chain) were

seeded at 80,000 cells/wellofagSt € LJX I 4GS |yR adAYdzZ ISR 6A0K
washed 3 times with Ix PBSY R A y Odzo | (1 S RwadmediolittMEM, gontaifing LINS

either soluble TAPBPR TAPBPRS, or without TAPBPR. After 15 min, 100 pMVPMVATV

peptide was added to the desired samples and incubated for another 60 min. Following peptide
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treatment, cells were washed 3 timesix PB&nd harvested. Each sample was then washed
again twicein 1x PBS and resuspended VKO 15 medié_onza, Slough, Ykt 1x16
cells/mL.Target cells were then irradiated for 20 min, in order to cease proliferation
throughout the experimentTriplicate wells oNLVPMVAT¥pecific CD8T cellan XVIVO 15
YSRAIF gSNB AyOdzml G§SR Ay O2 SR Cf dz2NBaLRi
Nacka Strand, Swedengither at 8,0000r at 4,000cells/well, with target cells, at 50,000
cells/well, at 37C in a humidified GGatmosphere for 20 hours. The cells and medium were
decanted from the plate and the assaypsdeveloped following the manatturer's

instructions. Developed plates were read using an AID iSpot reader (Autoimmun Diagnostika
(AID) GmbH, Strassberg, Germany) and counted using EliSpot v7 software (Autoimmun

Diagnostika).

2.15.Mice

OTI RAGZ2 mice were a generous gift from Suzanne Turner (Dept. of Pathology, University of

Cambridge) and were bred and housed in accordance with UK Home Office regulations.

2.16. Cytotoxicity assay

To generate OT cytotoxic T lymphocytes (CTL), spleens were extrdoved OFI RAG2 mice
YR aAy3aftsS OStf adzallSyaizya 2F alL) Syz0edSa
Bio-one). Splenocytes were stimulated with 10 nM Q344s4(SIINFEKL) peptidedprotech,

UK). After 3 days of cultureells were washedransferredinto fresh T cell median a daily

basisand used 34 days later. T cells were cultured in RPMI 1640 medium wgtbtemine

L3t |

(Gibco, Thermo Fisher Scientjfit0% heagA y I OGA G G SR C/ { - 6. A2&aSN} 0 X

mercaptoethanol, 1 mM sodium pyrutea(Gibco, Thermo Fisher Scienijfit0 mM Hepes
(SigmaAldrich), 50 1U/ml recombinant murine 4& (Peprotech, UKand 50 U/ml penicillin and

streptomycin Gibco, Thermo Fisher Scienfif{@ cell media).

The CytoTox96 NeRadioactive Cytotoxicity Ass@rémega) was used to measure EL4 target
cell death.TargetH-2° EL4 cells were washed the day prior to the experiment and resuspended
in fresh DMEM at 3x®0 4x1C cells/ml. The following morning, the EL4 cells were washed
once and resuspended in warm ofiEM at 5x10cells/ml. The cells were treated initially with
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M >a az2fdzoftS ¢!lt.tw Ff2yS 2NJ 6AGK O N SNJI | €
(SIINEKI.peptide or carrier alone was added to the cells for another 30 min. Cells were then
washedlxin OpttMEMand 2x in killing assay media (RPMI medium minus phenol red, 2% FCS)
andsubsequentlyesuspended in killing assay media at Bddlls/ml in a ound-bottom 96-

well plate. Effector OTT cellsvere washed in killing assay media once and then added to the

plate at titrated effector to target cell (E:T) ratios. Plates were incubated af 3nd after &

hours EL4 killing was assessed by releadacaifite dehydrogenase in the supernatant.

2.17.1solation of HLA peptides

HLA class | molecules were isolated from Hell&¥BP#®cells transduced with either

TAPBPY, TAPBP#°P or TAPBP#2Olusing standard immunoaffinity chromatographsing

the panHLA classdpecific antibody W6/32 (produced-hrouse), as described previously
(Kowalewski and Stevanovi€)1I3) Tissue typing confirmed the HeLaM cells express HLA
A*68:02,-B*15:03 and-C*12:03.These experiments were performed by Ana Marcu, from the
fro 2F t NRTFT® { (S ¥Fdf HbifgenGeimsin@)BA 6 6! YA DBSNEA G &

2.18. Analysis of HLA ligands by IMS/MS

Peptidesisolated from pulleedown MHC class | molecule®re analysed in five technical

replicates. Peptide samples were separated by nanoflow-pgjformance liquid

OKNRZ Yl G23INFLKe ow{[/YIy2Y ¢KSN¥Y2 CXAZBKBNI { OA S
PepMap rapid separation liquid chromatography column (Thermo Fisher Scientific) and a

gradient ranging from 2.4% to 32.0% acetonitrile over the course of 90Tmeeluted

peptides were analed in an onlinecoupled LTQ Orbitrap XL mass spectrometer (Thermo

Fisher Scientific) using a top five CID (collisnaluced dissociation) fragmentation method.

¢tKSaS SELINAYSyi{ia 6SNB LISNF2NX¥SR o6& !yl al NL

(Universityof Tubingen, Germany).
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2.19. Database search and Hladnotation

Spectra were annotated to corresponding peptide sequences by database seaosithe

human proteome ascludedin the SwisdProt database (20,279 reviewed protein sequences,
September 27 2013) by usingthe SEQUEST HT search en(fimg et al., 1994htegrated into
ProteomeDiscoverer 1.4 (Thermo Fisher Scientific). Data processing was performed without
enzyme specificity, with peptide lengthstrictedto 8¢12 amino acids, and methionine

oxidation set as dynamic modificatiofihe false discovery rate wasmputedusingthe

Percolator algorithniKall et al., 2007and set to 5%. HL&ass | allotyp@annotation was

performed using NetMHCpa.0, with a percentile rank threshold of 2%hese experiments

GSNBE LISNF2NX¥SR o0& !yl al NOdzZz 7T NPsiyofiTkidhgeh 6 2 F

Germany) and by Dr. Clemens Hermann (University of Cape Town, RSA).

2.20.Labelree quantitation

Labekree quantitation (LFQ)as usedas previouslylescribedNelde et al., 2018p assess the
relative peptide abundances between TAPBPRTAPBP#°P or TAPBPF®OLexpressing cells.
Relative quantitation of HLAeptideswas performed by calculating the area under the curve of
the respective precursor extracted ion chromatogréxiC)using ProteomeDiscoverer 1.4
(Thermo Fisher Scientific). For LFQ analisstotal injected peptide amount of all samples
was normalised prior to LRIS/MS analysis. Volcano plots weyeneratedusing an iFhouse R
script (v3.2) and idplaypairwise comparisons of the ratios of the mean areas for each
individualligandin the five LFEMS runs. Significant modulation was defined by an adjusted p
value 0f<0.01 and a fold change aflog. 2-fold change, as calculated by tvailed t-tests
implementing BenjaminHochberg correctionThese experiments were performed by Ana

al NDdzz FNRY GKS 106 2F toNmbAngen{Gerdany)y {GSTFl y20A

2.21. Statistics

Throughout the study,tatistics were performed as unpaired t tests using GraphPad Prism.
Data was summarised mainly as mea8D, unless otherwise specified. Significance was

determined based on p values. No tests for assessment of normality were performed.
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3. Chapter 3: Designg an assay to identify functional regions of

TAPBPR involved in peptide editing

3.1.Background

In order to explore thenolecular mechanismsf TAPBP#hediated peptide exchange on MHC
class | and to identify key functional regions of TAP&RBntial for this procestfirst needed
to establishan appropriate peptide exchange assay for TAPBWiBr to this work, the only
known assay to test the ability of TAPBPR to mediate peptide exchange on MHC class |
molecules was the one establishedthg Elliott lab (University of Southampton, UK)
collaboration withthe Boylegroup(Hermann et al., 2015ppased on the prexisting asay
designed by Cheand Bouvierfor tapasin(Chen and Bouvier, 20Q7)his assayhich was later
reproduced by another grouMorozov et al., 2016)relies on assessing the effect of the
luminal domain of TAPBPR alone on the dissociation of fluoresdabtjled peptides from

recombinant MHC class | refolds, in solution, by fluorescence pdlanZ&P) measurements.

However this assayexhibiteda number of important limitations whichbelieved would not
allow for efficient screening of TAPBPR mutants for their ability to edit peptides. The two most
concerning limitations of this assaere its low sensitivity and its extremely low throughput
nature. Regarding its sensitivity, addition of TAPBPR in the rartg@ ©1.0>M to

recombinant MHC class | molecules, refolded with faffmity fluorescentlylabelled peptides

in solution, indeed an extremely low diss@tion rate ofthe peptide (Hermann et al., 2015b)
This would leave little space for any intermediate peptide exchange phenotypes, potentially
corresponding to partially dysfunctional TAPBPR mutdrits could have been a result of
refolding he HLAA2 molecules only witindividualhigh-affinity peptidesof choice instead of
using a pool of peptides with different affinities for Aghich is what TAPBPR naturally
encounters inside the celRegarding the throughput of the experimental proceglueach
experiment requires manual generation of individual MHC class | refolds, with individual
peptides of choice, process whigknerallytakes between five and seven day€loreover,

once generating the refolds, the peptide exchange experiment spans ayérhburs.

| thus decided to establisan alternativesystem that would allow for a higher sensitivity of the

peptide exchangeead-out and one that would additionally exiole measuring TAPBPR
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mediated peptide exchange in a hitfiroughput manner. Such an assay would subsequently
allow me toexplore the molecular mechanisms of TAPBRBdiated peptide editing on MHC

class | molecules.

3.2.Results

3.2.1.TAPBPR igresent atthe cellsurface when oveexpressed in HelM cells

One interesting property of TAPBPR, previously described by the Boyle lab, is its ability to traffic
to the cell surface upon overxpression(Boyle et al., 2013)property which was not observed

for tapasin.It is important to mention that endogenousBxpressed TAPBPR has only been
detected intracellularly and that, only when ovexpresed, gets trafficked to the cell surface.

Since TAPBPR was shown to mediate peptide exchange on MHC class | alone, without the need
of additionalcellularfactors or nutation of the protein(Hermann et al., 2015b, Morozov et al.,
2016) its observed presence at the cell surface upon @sgression raised the intesting

guestion of whether TAPBPR retains its ability to function as a peptide exchange catalyst on
MHCclasd at this atypical location. If so, the presence of TAP&RIRe cell surfaceipon over
expressiorcouldallow meto measure TAPBRRediated peptide exchange dfiHCclass |
moleculeson a cellular membrané’he plasma membrane is arguably the only cellular location
where this process could be measured directly, as the luminal domains of the proteins are
exposed to tie extracellular spacesnabling direct access sfirface expressefHC class |

molecules to exogenousidded peptidege.g. quantifiable by floveytometry)

A HelLM cell line overexpressing TAPBPRwas created by reconstituting the TAPBPR knock

out HeLaMl cells (Helst®)(generated by Dr. Andreas Neerincx, University of

CambridgeHermann et al., 2015hyith TAPBP{ (HeLMX°TAPBPR"). TAPBP# wascloned

in lentiviral vector, upstream of an eGFP reporter gédeyle et al., 2013for assessing

transduction efficiencyRigure5a). | first tested HeLsIKCTAPBR'" cells for surface expression

levels of both TAPBPR aliHCclasd, by flow cytometry(Figure5b and5c). Whereas
SyR23Sy2dzatée SELINBaaSR ¢!t.tw ¢4 ltkatediidk® iSOGl o f
cells, the cells oveexpressing TAPBPRshowed a clear presence of TAPBPR at the surface
(Figure5b). Second, TAPBPR oepression led to a consideraldewn-regulation inMHC

class | surface expressiamhile the presence or absence of endogenous TAPBPR did not
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significantly alter the steady state level of MHC class | at the cell syAapee5c), as
previously describe@Boyle et al., 2013 ounderstandwhether HLAA and HLA molecules
were downregulatedo asimilarextent by over-expressoon of TAPBPR measured the levels of
HLAA (Figure5d) and HLA molecuks EFiguresc) respectively, on cells owexpressing
TAPBPR, and compared these levels to the ones detected on HeLaM and‘Plegtlv
Interestingly, whileHeLaMKCTAPBP cellsshowed a clear reductigrof almost 90%in the
surface expression of HtAAcompared to HeLaM cellBigure5b), the leves of HLAB were

very similar between these two cell lindsgure5c). This suggests that TAPBPR preferentially
decreaseexpression oHLAA moleculest the cell surface itHeLaM cells. However, this
phenomenon seems to be applicable solely for eeepressed TAPBPR, as knocking out

endogenous TAPBPR did not trigger any difference in MHC class | surface expression

(Figurebc-e).
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Figure5: Overexpressed TAPBPR is trafficked to the cell surface and dovgulates MHC class |
surface expressionTAPBPR was cloned upstream of an eGFP reporter gene in a lentiviral vectg
transduced into HeLal®cells for stable oveexpression (HeLaMTAPBPY). Histograms show the
levels of & eGFP expressianr of (b) TAPBPRG)(MHC class | molecules, recognized by the W6/34
mAb, @) HLAL Y2 f SOdzf Sax NBO2 3y A lepHRABamdleciilés Jeanized by H
the 4E mAb, at the surface of HeLaM, Hel3amd HeLaM°TAPBPY cells. For each measurement
a sample stained with an isotype control antibody was chosen as a negative control (dashed g
line). All histograms are representative of three indegent experiments.
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Toassesshe effect of TAPBPR on peptide exchange on MHC class |, | tested whether TAPBPR
over-expressiorcould facilitate the binding céxogenoushaddedpeptidesto the surface of
HeLaMXSTAPBPY cells To this end, | decided to efluorescentiylabelled peptidesvith high

affinity for MHC class which would permit quantifyinthe level of bound peptide per cell

using flow cytometry. The first peptide | used was ETMBRQSNMUETVSK*QSN\a
fluorescentlylabelled derivative of ETVSEQSNV, which was reported to be a carespenific
peptide, presented on H:A*68:02,which is arallele expressed in Heldacells(Hogan et al.,

1998) Ithustested the binding of ETVSK*QSNV to HE{AAPBPY cells and comared it to

the binding of the labelled peptide to HeLaM and HdK8cells.

3.2.2TAPBPR ovesxpression significantly promotes peptide binding to cells

In my initial experiment, | tested the binding of 10 uM ETVSK*(ERV*}to cells stimulated

g AlGK L4B8hat 37E id O@MEM Fgure 6). | usedthe peptide at 10 pM, athe peptide
concentrations used for previoustgported peptidepulsing experiments in human cells have
varied between 0 Y R p(a.g.referencegWills et al., 1996, Zehn et al., 20p@)Iso,|

chose optiMEM over regular DMEM due to the lack of protein that could potentiatgrfere
with the peptide bindingtocelld. Cb* A GAYdzZ F GA2Y & athg MHES A & NEB
class | levels on HEMECTAPBPY cells, since TAPBPR ogapression severely downregulates
MHCclass | surface expression in Helleells in the absencg ¥  [(FiQure 5(Boyle et al.,
2013) Uponperforming this experiment however, | observed a progressive increase in the
fluorescence of the cells, which continued even after 3 hokiigufe6a). Since even HeLaM
and HeLMX®cells showed a rapid and progressive increase in fluorescéncrcludedthat at
37°C, the fluorescence of these cells may reflect constant endocytosis of the exogenously
added peptidedue to active trafficking at the plasma membramdyich may occur both by
pinocytosis or via binding teHCclass imoleculesat the cell surfae. The rapid accumulation

of peptidewas also likely a result of usindngh peptide concentratiomn the experiment.

Nevertheless, the fluorescence signal observed for NECBAPBP cells was considerably
higher than the oneecorded forboth HeL&X%and HelLa&ells(Figure6b), despite the lower
HLAA*68:02levek on the surface oHeLM*XCTAPBPY cells(Figure5d). On the other hand,
presence or absence of endogenouskpressedAPBPR did not appear to influence the level

of peptide bindingo the cell surfaceKigure6éb). This result was encouraging, iashowed that
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over-expressed TAPBPR appeared to trigger an enhancement either in the bofdi¢C class

I-specific peptideso cellsor in their internalisation
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Figure6: Progressive internakation of peptides into cells at 37°qa) Following stimulation with
LCb' ¥F 2 NM celis(right), HeLa3"Pcells(left) and HeLaXPTAPBPY cells (rightwere
treated withoutpeptide (dashed greyine) or with D uM ETY for different time periodsiflack= 15
min, teal = 60 minorange= 180 mirn. (b) Comparison of the amount of peptide bound to each of t
cell lines in paned), upon incub#on of the cells witrETV*for 15 min.Samples treated without
peptide were chosen as negative controls (dashed grey [Tt amount of peptidbound
to/accumulated in the cells was measured by flow cytométhese histograms are representative
examples of three independent experiments.

To overcome the high amount of peptide internalization, | progressively decreased both the
peptide concentration and the exposure time of the cédishe fluorescent peptideln

addition,to understand how much ohie observed fluorescence level was due to Mit&Ssl-
independent peptide internalisationt,performed this analysis on HeLadlls in which the

heavy chains of HEA, -B and-C molecules had been knocked out (HdLdLAABCE9)(cell line
generated by Dr. Andreas Neerincx, University of Cambi{Ngeyincx and Boyle, 2018hd
compared the bound levels of fluorescent peptide to the ones observed on HeLaM cells and

HeLaMXTAPBPY cells(Figure?).
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Whenexplotingthe kinetics of thepeptide bindingto cells in the presence or absence of
TAPBPR at the cell surface, | observed, tbatn atextremelylow peptide concentrationsof 1
- 10 nM,HeLaMXSTAPBP cellsexhibiteda high level of peptide bindingvhereas HeLaM
cells did not show aignificant level of peptide binding until the peptide concentration was
raisedabovel00 nM(Figure7a). Moreover, HeLMKCTAPBPYR' cellsrequired ~100-fold less
peptide thanHeLaM cellso achieve an equivalerituorescencdevel, suggesting a clear
enhancement by TAPBPR in pepftoieding tocells. SinceMHC classdeficientHeLaM-HLA
ABCOcells appeared to begin fluorescing only when the peptidecentration wasncreased
G 2 ™ Aconcladed that the observed peptide binding to the MHC classitive cell linesit

lower peptide concentrations/as occurring strictly in an MHC claskependent manner

To understand how rapidly TAPBPR fatdi&geptidebinding toMHC class | moleculds,
treated the cell lines with 10 nMpeptide and measured the level of bound peptide after
different treatment periods. Strikingly, presence of TAPBPR at the cell surface triggered a
strongenhancement in peptide binding at the cell surfagihin only a few minutegFigure

7b). In factthe level ofpeptideboundto HeLMKTAPBPY cells after 5 minutesvastwice
highercompared tathe level observed onto HeLaM cells after 180 minsuch low peptide
concentration, there did not appear to be any peptide binding occurringeba-HLAABCE®
cells, even after 180 min of peptide treatment, indicating the lack of passive peptide

internalization.

These results demonstrate that TAPBPR mediates peptide loading onto cells extremely rapidly
and at very low peptide concentrationsi anMHGclass | dependent manndBased on these
findings, | decided to use 10 nM fluorescent peptide and a treatment period of 15 min as a

standard for interrogating TAPBfediated peptidebinding toMHC class | molecules.
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Figure7: Over-expressed TAPBPfacilitates peptide binding onto cell surface MHC class | molect
rapidly and at low peptide concatrations. (a) Doseresponseand ) time coursecurves showing the
level of exogenoug-addedETVSK*QSNWbnd(i 2  ¢si@riulatedHeLaM, HelLal®,
HeLaMCTAPBPW or HeLaMHLAABC cells treated with @) increasing concentration of
ETVSK*QSNYV for 15 mirvagth (b) 10 nM ETVSK*QSNV from 0 to 180 min at 37 °C. Line graphs
MFI + SD from three independent experimeritaken from lica et aflica et al., 2018a)

3.2.3.0verexpressed TAPBPR mediates peptldadingonto MHCclassl molecules

present at the cell surface

| was next interested in confirmirthat overexpressed TAPBPR was facilitating pepbaeling
onto the cell surfacgpool of MHCclassl molecules instead of ebling this procesm
intracellularcompartments (i.e. recycling endosomes). To this éperformed a similar

peptide bindingexperiment upon blocking cellular trafficking. In order to block both export and
import from the cell surface, | decided to perform the peptide treatment%t,4a temperature

at which all cellular trafficking ceas@reuer et al., 1995, Klausner et al., 1983, Sdrand

Carter, 1990)

Consistent with theeasults from the experiment performed at 32 with low peptide exposure,

| observed a cledncreasein the bindingof ETVSK*QSNW the HeLMXCTAPBPYR' cells
comparedto HeLaXCcells Figure8). Moreover, | found that peptide binding to
HeLaMXTAPBPY cells saturated afteonly 15 min Figure8a) and at very low concentrations
(Figure8b), suggesting that there was no progressive accumulation of the peptide into the cells
and that the fluorescence levektected reflected exclusively the amount of peptide bound at
the cell surfaceHowever, he level of peptide binding to HelMcells considerably increased
from the 15 min time point to the 60 miane Figure8a), as well as with increasing peptide

concentration(Figure8b), indicating that the binding rate of the peptide is significantly
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enhanced by TAPBPR oexpression. | excluded the possibility that the observed increase in
peptide binding to cells oveexpressing TAPBPR could be due to a higher binding capacity at

the cell surface, since cells ovexpressing TAPBREIplaya considerably lower amount of

surface expresseHLAA*68:02moleculescompared to HeLaKPcells(Figuresd).
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Figure8: Over-expressed TAPBPR promotes rapid peptide loading onto cell surface MHC class
molecules at 4°Qa) Time course and) doseresponse stograms showinthe level of
ETVSK*QSNV bound to the surface & -stimulatedHeLaMCTAPBPY (left panels)or HeLaM<©
cells(right panels)reated with either@m >a 9 ¢ £ { Y g 120 hiror WitBA ND.Jxmn >
ETVSK*QSNYV for 60 naind°C These histograms are representative examples of three independ
experiments Adapted from lica et a(llca et al., 2018h)

Finally to confirm that the observed TAPBRRdiated peptide binding onto MHC class |
moleculeswas occurrindgpasedon the affinity of the peptide for MHC clasd tested whether
TAPBPRasable to load peptidesf low affinity for MHC class | molecules onto the cell
surface For this purpose, | designed a fluorescetulyelled peptide with low affinity for H-A
A*68:02, namely EGVSK*QSNG {En9) kobtained by replacing the anchor residuen

positions 2 and 9 of the higaffinity peptide ETVSK*QSNV with glycine residues. In contrast to

the ETV*E¢ + n9a did not show any binding to HeM#CTAPBP cells(Figure9), suggesting
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that TAPBPR mediates peptide binding to MifSsl molecules present at the cell surface in a

peptide affinity-dependent manner.
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Figure9: Over-expressed TAPBPR does motdiate loading of low-affinity peptides ontocell
surfaceMHC class I molecules A & i 2 3N} Y& RSLIAOGAyYy3a fS@St 27
L C-stimulated HeLaXMPTAPBPY (blue)or HeLaMP(blackline)cells, upon treatment with 10 nM
9¢+nHKdF T2 NdehalCcefldtyeatdd Withautrpepdide were chosen as a negative cdn
(dashed grey line)his is a representative example of three independent experimdiatsen from
lica et al(llca et al., 2018b)

3.2.4TAPBPR present at the cell surface facilitates peptide loading onto Mldssl

molecules

To provide evidence that the pool of TAPBPR present at the cell surface, rather than-ts over
expression, is responsible for loading theface MHElassl molecules with exogenously

added peptide, we generated two chimeric TAPBPR constructs that deliver TAPBPR to different
subcellular compartments. Plasma membraaegeted TAPBPR (TAPBBRvas achieved by

fusing the luminal and transmemdine domains of TAPBPR with the cytosolic tail of CD8

(Nilsson et al., 1989onstruct generated by Dr. Andreas Neerincx, University of Cambyidge)
while an ERetained TAPBPR variant (TAPBRRI et al., 1997, Ortmann et al., 199v3s

achieved by fusing the luminal domain of TAPBPR with the transmembrane and cytosolic
domains of tapasin. Whereas TAPBR#Rs not detected at the cell surface upon over

expression, TAPBPYRshowed a high surface expression lefiure 10a and Db).

When testing the ability of thesEAPBPR chimeric proteittspromote peptide binding oo
MHCclassl molecules present at the cell surface, only cells expressing TAPSPRRed
enhanced binding of the HEA*68:02specifichigh-affinity peptides ETVSK*QSNV and
YVVPFVAK*VV*) Moreover, the level opeptide bindingfacilitated by TAPBPRcompared

to TAPBPY was proportional tathe relative surface expression levels of the two TAPBPR
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variants(FigurelOc, 10d and De). Consistent with previous observatiordsdure9), there was

no binding of the lowaffinity peptideEGVSK*QSM to any of the celines tested Figure De).
Together, hese findings confirm that TAPBPR present at the cell synfatteer than its
overexpressionpromotes exogenous peptide loading onto cell surface MHC class | molecules

in apeptide affinity-based manner
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FigurelO: TAPBPR present at the cell surface enhaneesgenouspeptide binding onto surface
expressed MHC class | moleculésandb) Surface expression profiles of TAPBRPR  Lti€died @)
HeLaM cells, HeLdor HeLaM°TAPBP cellsor on (b) HeLaM®© HeLaM°TAPBPR' or
HeLaMCTAPBPRcells (candd) Histograms show the typical peptide bindiegeldetectedwhen
the celllines depicted in either pana) orb) respectively weréincubated with ETVSK*QSNV at 10
nM, for 15 min at 37 °Qe) Bar charts summarizing the level of fluorescent peptidarad when cells
were incubated with 10 nMf EGVSK*QSNGrey) ETVSK*QSNW®ue), or YVVPFVAK1Yellow)for
15 min at 37 °C. Bars show mean fluorescence intensity (MID)ftom three independent
experiments. n/s not significant, PXX n ® PG npipPE nPpipipt M dza A-y' 3 g
tailedt test. Taken from lica et afllca et al., 2018b)
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For general referenceéhroughoutthisthesis peptides were classified as higHinity for a

specific MHC class | molecule simply based on their previously reported ability to stably bind to
the MHC class | molecule and based the compatibility betvileein anchor residues and the

MHC class | binding motReptides were classified as leaffinity for a specific MHC class |
molecule, based on the obvious lack of compatibility between thethanresidues and the

MHC class | binding motilo precise kinetic parameters were measured in this work for any

peptide-MHC class | interactions.

3.2.5.TAPBPR present on the plasma membrane associates with MHC class | molecules

at the cell surface

Giventhat TAPBPR promotes peptide loading of MitSsl molecules at the cell surfack,
wanted to confirm the physical association between TAPBPR andchBkCat this subcellular
location. For this purposé performed an immuneprecipitation experiment irwhichl
sequentially pulled down the fraction of TAPBPR present at the cell surfadbemthe
intracellular pool of TAPBPRhe leves of MHCclassl bound to the each individual TAPBPR

fractionwere measured byestern blot(Figure 11).

As expectedTAPBPR'and TAPBPR were present in high amounts in the cell surface pull
down fraction,while TAPBPRshowed negligible levels at the cell surface despite its high
abundance in the intracellular fraction. The cell surface TAPBPR pools from both TAPBPR
and TAPBPR-expressing celisonfirmedthe associatiorof TAPBPRith MHCclass | at the
plasma membranéFigure 1). However,as opposed to the intracellular fraction of TAPBPR
the extracellular fractiorf TAPBP#® showed noassociation with its known binding partner
UGT1(Neerincx et al., 2017yhich is an EResident enzymefurther verifying the lack of cross
contamination between the cell surface and the intracellularolvn fractions(Figurell).
Intracellularly,each of the three TAPBPR variants showed significant levels ottNBEC
bound However, only TAPBPRand TAPBPRshowed binding to UGT1, confirming the
predicted subcellular localization of th# APBR®"and TAPBPR mainly in the ER, while
TAPBPR'was expected to be present primarily through the secretory pathway.

Taken together, all these findingeicate the active involvement of TAPBPR in facilitating the

loading of exogenous peptides onto cell surface MKGs molecules.
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Figurell: Surfaceexpressed TAPBPR interacts with MHC class | molecules at the cell surface.
Western blotanalysis ofrnmunoprecipitationexperiments, where either theurfaceor the
intracellularpool of TAPBPRas pulled dowrfrom IFN -stimulated HeLaNPcells overexpressing
TAPBPW, TAPBP® or TAPBPR Membranes were stainefbr TAPBPR, MHfass (using HC10), o
UGT1 ompull-down samplesind lysatefractionsas indicatedThe daita shownhereis representative
of three independent experiment3.aken from lica et afllca et al., 2018b)

3.2.6. Qurface-expressed tapasin does not promote substantial peptide loading of

MHCclassl molecules

Since tapasin is also a peptide editor on MHC class | moletnéed,tested whether tapasirs

also capable of retaining its peptide editing function on MHC class | molecules, when delivered
to the cell surface. To target tapasin to the cell surface, we generated another chimeric
construct, fusing the luminal and transmembrane domains of tap@sihe cytosolic tail of

CD8 (tapasit) (construct generated by Dr. Andreas Neerincx, University of Cambritige)
expected, upon oveexpression| only detectedapasirt™at the cell surface, whereas

tapasi¥"was not(Figure12a).

Whenl| measued the ability of the two tapasin variants to modulate exogenous peptide
binding to cell surface MH&ass molecules, while tapasifi did not show a significant

enhancement in the loading of YVVPFVAK*V, cells expressing tafdisishow a slightly
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higher leel of bound peptide compared to the parental H& eell line(Figure1l2b and 12¢).
However, this difference wasl0-fold lower than the one recorded for TAPBFEFigure Dd

and 10e), indicating that TAPBPR is a much more efficient peptide loading catalyst than tapasin

at the cell surface. In fact, we speculate that the slight increase in peptide loading observed
upon overexpression of tapasfifis morelikely due to the export of pptide-receptive MHC
classl molecules together with tapadiMto the cell surfacegr to the disruption of the peptide
loading complex by this abundant plasma membrésgeted tapasin variantather than

tapasin directly catalysing peptide exchange.
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Figurel2: Over-expressed tapasin present at the cell surface does not mediate efficient peptide
loading onto surface expressed MHC class | molecusSurface expression profiles of tapasin,
detected using the mAb Pastd Y ti@died @) HeLaM cells or on HeLaddlls transduced with
either tapasi®'™ or with tapasifi™. (b) Histograms shoingthe typical peptide binding level detected
when the cell lines depicted in parmlwere incubated witlH0 NMETVSK*QSNYV for 15 min at 37 °
(c) Bar tarts summarizing the level of fluorescent peptide bound when cells were incubated wit
nM of the low-affinity peptideEGVSK*QSNG (grey)with either of the higkaffinity peptides
ETVSK*QSNYV (blue) or YVVPFVAK*V (yellow) for 15 min at 37 °C. Bansamdworescence
intensity (MFI) £ SD from three independent experiments. n/s not significaRbiK* n ® PYKE
0.001, using unpaired twtailedt test. Taken from lica et afllca et al.2018b)
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My results are consistent with thgreviousdifferencesreported between TAPBPR and tapasin

in modulating peptide exchange on recombinant MHC class | refolds, in which TAPBPR alone
efficiently mediates peptide dissociatigilermann efal., 2015b, Morozov et al., 2016h

contrast, tapasin requires artificial tetheg to MHC:lassl or other cofactors in order to

promote peptide exchangéChen and Bouvier, 2007, Wearsch and Cresswell, 2007)

3.2.7.TAPBPR functions as a peptide exchange catalyst on MHC class | molecules at

the cell surface

There are two conceivable mechanisms by which TAPBPR mediates peptide loadithg on ce
surface MHlassl molecules: it could either drag peptigeceptive MH&lassl molecules
along with it through the secretory pathway to the cell surface or it could actively exchange the

endogenous peptides presented on MEl@ss for the exogenougtadded ones.

To address this question, | designed an assay to directly test whether TARBEdpable of

actively mediating peptide dissociation fracell surfaceexpressedMHCclassl molecules. First,
cells were treated witlL0 nM offluorescently laklled peptide to prime the peptideeceptive
MHCclassl molecules present at the cell surface. Subsequently, the cells were washed
thoroughly to remove any excess of unbouhgbrescentpeptide. Finally| tested the ability of

cells overexpressing TAPBPR to dissociate the bound fluorescent peptide in the presence of an
excess of unlabelledompetitor peptideswith different affinities for HLAA*68:02(Figurel13a).

The level of peptide dissociation was rsaeed by the decrease in fluorescence levels of the
cells, upon applying the unlabelled competitdhe treatment periods with both the

fluorescent peptide and the nefluorescent competitor were 15 min, in order to diminish

peptide internalsation and toquantify binding and dissociation of the peptides strictly to cell
surface MHClass moleculesUsing this technigud,observed a high dissociation of both
ETVSK*QSNV¥Wigurel3cand 13e) and YVVPFVAK{Figurel3b and 13d), in the presence of
high-affinity competitor peptides (either ETVSEQSNV or YVVPFVAKY), but not in the presence
of the lowaffinity peptide EGVSEQSNG.
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Figurel3: TAPBPRresent at the cell surfacactively mediates peptide exchange @urface
expressed MHC class | moleculé®). Schematidepictionof the experimentalset-up used to

measure peptidalissociatiorby plasma membrandound TAPBPRo-€0  LcSEimulated
HeLaM*°TAPBPY cells were incubated with 10 nbf either (b andc) YVVPKVAK*V at &nde)
ETVSK*QSNYV for 15 min at 37 °C, then wastwdughlyto remove unbound peptideThe
dissociationevelof the fluorescent peptides was subsequentigasuredn the presencer absence
of increasing concentrations of then-labeled competitor peptides YVVPFVAKYV (YVV), ETVSE(
09¢C+£0Z2 2NJ 9Dz {vehichwerD added tb teffsn 15 dnin at 37 °Cb(@ndd) Histograms
showing the typical dissociatiofevelsof the boundfluorescent peptide observed following
incubation with 2000M competitor peptide. ¢ ande) Line graphs shawgthe percentage of
fluorescent peptide remainingn the cell surfaceSD following treatment with increasing
concentrations ofthe non-labeled peptidesfrom three independent experimentédaptedfrom lica
etal.(llca et al., 2018h)
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These results suggest thalasma membranexpressedrAPBPR directly promotes peptide
exchange on MHC class | molecudased on theffinity of the incoming peptideRemarkably,
within only 15 min of exposure to the ndabelled competitor, roughly 80% bbth
ETVSK*QSN¥Wigurel3c and 13gand YVVPFVAK{Figurel3b and 13d dissociated from
MHC class | in the presence of their respective-ladrelled equivalents. This again highlights
the high efficiency of TAPB®#ediated peptide dissociation from cellirfaceexpressed MHC

class I, especially given the relatively hafhinity of the dissociated fluorescent peptides.

It is important to point out that although the binding of YVVPFVAKiyure Bb) to cells over
expressing TAPBPR appeared as a sihglp $luorescence peak, the binding of ETVSK*QSNV
appeared bimodal in comparisdrigure1l0b and 13d). We believed that this is due to the
higher affinity of YVVPFVAK*V compared to ETVSK*QSNV, which alloreadhtsaturaion in
its binding to thesurface pool of MHC class | molecudgen at such low concentrations and
short exposure times as the one used in the experiment. To test this hypothassgssed the
bindingpatter of ETVSK*QSN¢ross the entire cell populatiaover-expressing TAPBRRen
peptide was addedor different time periods(Figure Ha) and atdifferent concentrations
(Figure #b). As expectedpnce thepeptide exposure wasither increased over 60 mirk{gure
14a) or addedat concentratiors )XLOONM (Figure Hb), the binding of ETVSK*QSNV was
brought up to comparable levels and distribution as the binding of YVVPFVa&d{ad to cells
at 10 nM for 15 minKigure Bb). The higher affinity o¥ VVPFVAK*bmpared toETVSK*QSNV
is also backed up by the higher disstioiarates of both fluorescent peptides used in the
peptide exchange assays, in the presenc¥\6YPFWYV than in the presence BTVEQSNV
(Figure Bb-e).
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Figure 4: Peptide loading by oveexpressed TAPBRMth varying peptideexposure.L C¢

stimulated HeLM“°TAPBP cellswere treated with ETVat 37°C, (@) at 10 nMfor different time
periods or b) at different peptide concentrations for 15 min. Histograms are representative exan
of three independent experiment# cell sample treated without fluorescent peptidas included as
a negative controfgrey dashed line)raken from llca et aflica et al., 2018h)

Tofurther confirm that the peptide exchange observed cell surface MHC clasis the assay
performed at physiological temperature occurs exclusively at the cell surface and that the
fluorescent peptide is not exchange in endosomal compartmermgainperformed the

peptide exchange assay at 4°C, to block cellular traffid@reuer et al. 1995, Klausner et al.,
1983, Schmid and Carter, 199B)gure B). Surprisingly, TAPBPR retains its ability to mediate

peptide dissociatiorfFigure ba and Bb) from MHCclass molecules at low temperatures,

albeit at a significantly slower ra{€igure bb).
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Figurel5: Cell surface TAPBPR mediates peptide exchange on surapeessed MHC class |
molecules even at 4{aandb0  Lcgimulated HeLWIXTAPBPROSf f a 6 SNB Ay O
ETVSK*QSNYV for 60 min at 4°C, then washed thoroughly to remove unbound peptide. The
dissociation of ETVSK*QSNV was subsequently measured in the presence ofldieetied
competitor peptides ETVSEQSNV (ETV) or EGVSEQ@SNG (Hr) distograms showing the typica
dissociation levels &TVSK*QSNdbserved following incubation with 3M competitor peptides. (b)
Line graphs showing the percentageEdtVSK*QSN¥maining on the cell surface +SD following
treatment with increasing concentrations of the ndabelledpeptide ETVSEQSNV, added for eithe|
15 min (light blue) or 60 min (dark bluéom three independent experiment3.aken from lica et al.
(llca et al., 2018b)

When comparing the efficiencies of TAPBR&liated peptide dissociation betweeny cellular
systemhere and the already established soluble syst@t#ermann et al., 2015byvhere the
luminal domain of TAPBPR alone was shown to enhance peptideidisso from HLAA*02:01

refolds, the difference is striking; in the soluble system, the dissociation reaction does not reach

equilibrium even after 6 fHermann et al., 2015byvhereas irmy cellular sys¢tm, more than

80% of the peptide is dissociated after only 15 min of applying an excess of unlabelled peptide.

This suggest that TAPBRTRdiated peptide dissociation is occurring at a much higher rata on
cellular membraneompared to in solution. Moreoveit is important to consider that, in

contrast to the soluble system, in the cellular assay, the proteins are under their naturally
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occurring conformations, namefgembraneboundand comprising their corresponding pest

translational modifications.

3.2.8.Soluble TAPBPRinds tocell surface HLA*68:02 class | molecules

Given thatl have shown that fullength TAPBPR delivered to the cell surface is capable of
actively promoting peptide dissociation from Midl@ssl molecules| asked whether the

luminal doman of TAPBPR alone (soluble TAPB&RRIed exogenously to celisould also

function as a peptide exchange catalyst on M#Ssl moleculesThis assay would thus serve

as an additional system to test TAPBR&liated peptide exchange on MHC class | mdéscu
Unlike overexpressing fullength TAPBPR, which clearly altered the surface pool of MHC class |
molecules Figurebd and Figure7), adding soluble TAPBPR exogenously onto the cell surface
allowed me to assess the peptide exchange abilitfAPBPR onto a pool of MHC class |

molecules present at steady state, presenting a natuadigurring peptide repertoire.

| thus expressed soluble TAPBPRontaining a @erminal polyHis tag in 293T cellssing the
PiggyBac inducible expression systeset up in the lab by Dr. Andreas Neerincx (University of
Cambridge)and purified it byNi-NTA affinity chromatographyJsing this system, soluble
TAPBPR protein was obtained in high yieldsQng/L of media) and at relatively high purity,
which was asssed by SDBAGE followed bgoomassie staininfigure ba).

Upon incubating HelM cells with 100 nM soluble TAPBPRor only 15 min) detected high
levels of TAPBPRbound to the cell surface. This binding was dependent orethibity of
TAPBPR to asciate withMHCclassl moleculegpresent atthe cell surfaceas the TN5 TAPBPR
mutant (TAPBPR, which cannot bind to MHElass (Hermann et al., 2013as not

detected bound to Helld cells(Figure Bb). Moreover, TAPBPR did not show any binding to
HeLa-HLAABCCcells(Figure Bb), which are deficient of MHC clas&idwever the binding
was restored once HeMaHLAABC cells were reconstituted with HEA*68:02 (Figure Bc).
These findings confirmed that soluble TAPBPR was exclusively binding tddadsi@olecules

present at the cell surface.
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Figurel6: Soluble TAPBPRssociatesvith MHC class | molecules present at the cell surface.
(a) Expression and purity dtfie luminal domain of TAPBPRsoluble TAPBPR), assessed by
coomassie staining of an SDS/PA&tey the protein waspurified from the culture supernatant using
Ni-NTAaffinity chromatographyE1X-E4representthe elution fractionscollected (b) Histograms
showing thebinding of the soluble versions of either TAPBR&either HeLaMblue line)or HeLa
HLAABCC(dashedblueline) cells or oTAPBPR®*t0 HeLaM cell¢red line), when TAPBPR was add
at 100 nM for 30 min at 37{c) Histograms showing the binding of either soluble TAPBgiRie) or
soluble TAPBP(red) to HeLaHLAABC cells reconstituted with HL-A*68:02. Cells treated with
no TAPBPR were chosen as a negative control (black line). These are representative exampleg
independent experimentsTaken from lica et afllca et al., 2018b)

3.2.9.Soluble TAPBPR facilitates peptide exchange onto suraqeressed
HLAA*68:02

| next explored the capacity of soluble TAPBPR to facilitate peptide exchange on cell surface
MHCclassl molecules, by testing its ability to replace endogenoipsgsented peptides on
MHCclass moleculeswith exogenoushadded fluorescently labelled p&des (Figure ). To

this end, cells were first incubated with 100 nM TAPBPR alone for 15 min, followed by
incubation with varying concentrations of fluorescent peptides with different affinities for
another 15 min. The amount of bound fluorescent peptides measured by flow cytometrin

a similar manner to the assays performed with cegpressed TAPBRIRgure Ta). | observed
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that soluble TAPBRRomoted the loading of both highffinity peptides ETVSK*QSNV and
YVVPFVAK*V, but not of the la#finity peptide EGVSK*QSNG to both HeLaM ¢€itgire b

and 17c) and to HeLM-HLAABC cells reconstituted with HL-A*68:02 (Figure T7d).

Negligible peptide binding was observed to HdLdLAABE cells in the presence of

TAPBPY (Figure Te) or to HeLaMcells in the presence of TAPBFHRFigurel7b, 17c and

17e), indicating that the peptide binding was occurring in an Mt#&Ssl-dependent manner.
Remarkably, presence sblubleTAPBPR allowed for a high level of exogenous peptide binding
at extremely low peptide concentrations, requirirj000fold less peptidehan in the absence

of TAPBPR to achieve similar levels of loaded pe(fidgire I7e). These results demonstrate

that the luminal domain of TAPBPR alone is capable of catalysing peptide exchange on HLA

A*68:02 molecules present at the cell surface with extremely high efficiency.
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without10nMof9 ¢ + { YFv{ bt 09¢+tfF0ZX ,++xtCx! YFz+t 06, tz%F
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3.2.10.Soluble TAPBP#&ssociates fromHLAA*68:02upon loading higkaffinity
peptides

Binding of TAPBPR and peptides to recombinant EIBK3 refolds was shown to occur in a
competitive manner, as loading of higfffinity peptides onto MHClassl molecules was shown
to lead to the dissociation of soluble TAPEFABrmann et al., 2015b, Morozov et al., 201I6)
was thus interested to test whether upon fadaliing the loading of exogenousidded high
affinity peptides onto cell surface MHassl molecules, TAPBPR would dissociate fkdirC
class I. To this end, | measured the level of soluble TAPBPR bound to the surface of HeLaM cells,
upon treatment with ornwithout peptide. The results showed that, indeed, binding of
ETVSK*QSNV and YVVPFVAK*V, but not of thaffimity peptide EGVSK*QSN@ggered
significant dissociation of soluble TAPBPR from cell surfacedMBiC moleculeson HeLaM

cells Figurel8a). The same results were obtained when running these experiments onMHeLa
HLAABC cells reconstituted with HL-A*68:02 Figurel8a). Treatment withYVVPFVAK*V
triggered a higher dissociation level of soluble TAPBPR from cell surfacel&gdkl@han
treatment with ETVSK*QSNWhich was consistent with the relative abilities of the two
peptides to bind to HLA*68:02(Figurel8a). Moreover, increasing concentrationstbe high
affinity peptidesE TVSK*QSMNnd YVVPFVAK*ut not of the lowaffinity peptide
EGVSK*QSN(&d to an increasing level of TAPBPR dissociation from the cell s(Ffgaee

18b and18c). Together, this data clearly supports the competitive binding model between
TAPBPR and peptide to Midi@ssl. In other words soluble TRBPR dissociates endogenously
presented peptides from cell surface Mididssl molecules, consequently attachingfHC

class I, however itetaches from MHC classmce the boundviHCclass | molecule acquires a

high-affinity peptide.
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Figurel8: Soluble TAPBPR dissociates from surfaemg@ressed MHC class | molecules upon bindin
of high-affinity peptides.L C4stimulated HeLaM cells and H&llaHLAABC cells reconstituted with
HLAA*68:02 (HeLaA*68:02) were incubated with or without 100 nM solulIAPBPY for 15 min at
37°C, followed by incubation with or without different concentrations of EGVSK*QSNG, ETVSK
or YVVPFVAK*V for 15 min at 37°C. Subsequently, the amount of TAPBPR remaining on the ¢
surface was detected by staining with the BAR specific mAb PeTé&4). Histograms showing
TAPBPR binding to either HeLaM cells (left) or 4¢B8&:02 cells (right), in the presence or absenc
of 10 nM EGVSK*QSNG, ETVSK*QSNV or YVVPRWAKtograms showing TAPBPR binding to
HelLaA*68:02 cellsn the presence of increasing concentrations of either ETVSK*QSNV (top) or
EGVSK*QSNG (bottor(g) Line graphs showing the remaining percentage of TAPBPR bound to
cell surface in the presence of increasing concentrations of EGVSK*QSNG, ETVSK*QSNV or
YWVPFVAK*\£SD from three independent experimenisaken from lica et aflica et al., 2018b)
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3.2.11.Soluble TAPBPR mediates peptide exchange on MId€sl molecules in a

peptide affinity-based manner

To assess whether the observed enhancement in peptide loading by TAPBPR was restricted to
HLAA*68:02 or whether TAPBPR can ftimig as a peptide exchange catalyst on other human
MHC class | moleculdssxtendedmy analysis by exploring the ability of TAPBPR to load various
peptides onto HLA*02:01 (Figure19). To this end, | reconstituted He\laHLAABCG cells

with HLAA*02:01 and performed a similar peptide binding experiment as the one described
above, this time however using HA&02:01-specific peptidesSatisfyinglyTAPBPRas

capable of efficiently loadg peptideson HLAA*02:01 as wel(Figurel9a and19b). However,

it proved to function considerably less efficiently on FA*@2:01 compared to HL-A*68:02,
requiringa 10fold higher TAPBPR concentration in order to provide a comparable level of
peptide loadingAs expected, TAPBPR only facilitatesl loading of peptide reported to bind

to HLAA*02:01 onto HelUsI-HLAABC cells overexpressing HL-A*02:01, namely
NLVPK*VATHHCMVderived),YVVPFVAK*gelfpeptide) andY LLEK*LWREBVderived)
(Figurel9a and19b). Correspondingly, TAPBPR was able to load peptides specific for other
HLAclasd allotypes namely forHLAA*68:02 (ETVSK*QSNV)HItAB*27:05 (SRYWK*IRTR)

onto HLAA*02:01 Surprisingly however, the loading of the other ERYived peptidetested,
CLGGK*LTM¥pecificfor HLAA*02:01, was not significantly enhanced in the presence of
soluble TAPBP(Rigurel9a and19b). This could be a result of the potentially lower affinity of
this peptide for HLAA*02:01, compared to the other peptide tested, which would not allow i

to outcompete the bound soluble TAPBPR from the resulted pepédeptive HLAA*02:01
moleculesTaken together, these results show that TAPBPR can function as a peptide exchange
catalyst on different MHClassl molecules at the cell surfaceased orthe affinity of the

incoming peptide
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3.3.Discussion

Although TAPBPR naturally functions as an intracellular peptide exchange catalyst on MHC class
| molecules, | have demonstrated that, when artificially given access to thechdskl

molecules present strictly at theell surface, TAPBPR retains its ability to mediate peptide
exchangeMoreover, both the soluble and the filingth versions of TAPBPR were capable of
efficiently catalysing peptide exchange on surfaspressed MHC class | moleculdsave

therefore developed two novel assays to assess TARB&dRated peptide exchange on MHC

class | molecules in a cellular system, which complements the previously established technique
using soluble MHClassl refolds(Hermann et al., 2015b, Morozov et al., 20163how that

human TAPBPR promotes peptide exchamgeifferent MHC:lassl molecule and that the

efficiency of TAPBPRediated peptide exchange is dependent on MelC class | allotype and

on theaffinity of the incoming peptide for the corresponding MEI&ssl molecule.

However, there wera fewchalkenges encountered throughout the development of these
assays, mostly due to active trafficking at the plasma membrane. Most notably, the continuous
export of new pMHGlassl molecules made difficult to perform kinetic measurements of
TAPBPRhediated petide dissociatiorat physiologicatemperature Moreover, due to the
significantlevel of peptide internalizatiorgither via MHC class | by pinocytosigFigure?),

low peptideexposuresvere used to best highlight the level of TAPBR&liated peptide
exchange on MHE€lass moleculesoccurring strictly at the cell surfag¢Bigures 0, 17 and 19).

To cease cellular trafficking, | performed the same assays on cells incubated at 4°C and still
observed a high enhancement in peptide binding on cell surface 8/l&k$@ by TAPBP{igure

8). However, the magnitude of the effect of TAPBPR on peptidengdit 4°C was significantly
reduced compared to the one recorded at physiological temperatures, most likely due to the
reduced protein dynamics at lower temperatures. To inhibit cellular trafficking at physiological
temperatures, one would need to treahé cells with anixture of inhibitors, to block both
cellularexport(e.g. brefeldin AFujiwara et al., 198&nd import(e.g. dynasorédMacia et al.,
2006) which | have not attempted imy peptide exchange assays due to the high likelihood of

this causing high toxicity levels to the cells.

Nonetheless, despite these mild shortcomings, these novebeskd peptide exchangesays,
specific for TAPBPR, offer a number of advantages over the previously establistiexbcell

assay used to measure TAPBR&liated peptide exchange on bacterial MEl@sdl refolds
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(Hermann et al., 2015b, Morozov et al., 201@iyst, in contrast to the celiee systemmy

assays test the interactions between TAPBPR and MHC class | molecules in their naturally
occurring transmembrane conformations, either for both TAPBPR anddi&id€, or for MHC
classl alone, thus taking into account the restrictions imposed on the pnstély a cellular
membrane. Secondlp contrast to the bacterial MHC class | refolds, which are refolded using
individual peptides of choicdHCclassl molecules present at the cell surface are loaded with
a pool of different peptides, spanning a relativavide affinity spectrum, creating less bias and
broader range of ligands for TAPBPIBlieve that this is the main reason why the cellular
assays show a much higher efficiency of TARBE&dRated peptide exchange compared to the
celkHree assay, with th exchange reaction saturating within minutes at the cell surface, which

is manyfold quicker than the one observed in solution.

Given the higher sensitivity of the cellular system over thefoedl one for assessing TAPBPR
mediated peptide exchange onHCclassl molecules, as well as its consistent results across
different MHCclassl molecules] decided to use these assays as functional reatfor

investigating the catalytic mechanism of peptide exchange by TAPBPR.
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4. Chapter 4. Characterising the involvement of tk&2-D35 loop of
TAPBPR in its peptide editing function

4.1.Background

Prior to the recent publications of the crystal structure of TAPBPR in complex with MHC class I,
previous members of the Boyle lab, in collaboration with Dr. Janet Deane (CIMR, University of
Cambridge), docked the structure of TAPBPR, obtained via homuolodgiling based on the

known tapasin structur¢éPDB IELBF8UjDong et al., 20099nd on mutagenesis data which

revealed critical regions for the TAPBMRCclassl interaction(Hermann et al., 2013pnto

the structure of HLAA*02:01(PDB ID 3HLAFigure20a). This docking model revealed a region

of TAPBPR, stretching from residues 22 to 35, to be in closaty to the peptide binding

groove of MHC class |, more specifically near the F pocket of the gifeiguee20b). This

region contains a loop, which appears to be different from the homologous loop of tapasin. The
tapasin loop is significantly shortand was not captured in the crystal structufadgure

20b)(Dong et al., 2009)

loop

10-0-0-®@

©

21-@®00e®
peptide @@ D©©-@OODN

Figuee 20: Predicted interaction of the TAPBPR loop with the peptide binding groove of MHC clg
(@) Docking nodel of TAPBPR (pink) orttth AA*02:01 (heavy chain iblue andi -m in cyan)(PDB ID
3HLA)pased on interaction studiegb) Top paneldepictionof the predictedproximity of theK22
D35 loop ofTAPBPR to the peptidending groovebased on the positions of residues K22 and D3
(viewed from the top of complex shown in pam@&llower panel, schematiepresentationof the
amino acidsequence®f the TAPBPRop and of the homologous loop of tapagiRDB IE3F8V)
compared to the length and orientation ofamer peptide. Taken from lica et afllca et al., 2018a)
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The tworecently publishedtrystal structures of TAPBRRcomplex with MHC class | molecules
(Jiang et al., 2017, Thomas and Tampe, 26a@port our model, showing a similar orientation
of TAPBPR onto MHilassl (Figure21a). Moreover, the structure from Thomas and Tampe
confirms the localization of the TAPBPR laothe proximityof the MHC class | F pocket
(Thomas and Tampe, 201 However, the positioning and orientation of the loop in the two
structures is poorly described. In the structure by Jiang et al, the loop was not sufficiently well
ordered and is thus missing from the odged crystal structure. The loop does appear in the
structure by Thomas antiampe however it was poorly modelled, with multiple atoms, not
only of the side chains but also belonging to the backbone of the loop, falling outside of the
electron density othe structure(Figure21b). This indicates that multiple conformations of the
loop are possibland casts doubt on the presence of the unconventional short helix in the

middle of the loopasdescribed in the structure.

Figure21: The loop of TAPBPR was poorly modelled in the crystal structure of TAPBPRcIEKE
complex.(a) Overlay of two recent-Kay structures of TAPBPR in complex with MHC class | (PDH
5WER and 50PI) coloured similarity to our TAPBPRdIAHSE docking mode(Figure20, panela).
The position of the TAPBPR loop is circled (black dashed tin&hg electron density map K2k,
green mesh) and the resolved model (brown sticks, residuesd323 of the TAPBPR loop (PDB ID
50PI). The two views of the loop and electron density shown are rotated by 90 defa&es.from
lica et al(llcaet al., 2018a)

Although the two crystal structures clearly highlight the conformational changes undergone by
MHCclassl molecules, upon binding to TAPBPR, which offer insight into how TAPBPR could
potentially mediate the dissociation of peptides from MEl@sdl, they only show the starting

point and the end point of this process. It is therefore crucial to understaadrtechanism
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behind TAPBRRediated peptide dissociation from MHass and whether this loop of
TAPBPR indeesrves a catalytic function

Using my novel cellular peptide exchange assagcific for TAPBPRI{apter 3, | could now
attempt to design angcreen TAPBPR loop mutants for their ability to edit peptides on cell

surfaceexpressed MHC class | molecules in a-thghughput manner.

4.2.Results

4.2.1. Designing and expressing TAPBPR loop mutants

First, to test whether the presence of the loop was important for the peptide exchange
function of TAPBPRdésigneda mutant in which | replaced all 14 residues of the loop with
either glycine, alanine and serimesidues in order to generate a potentily functionless loop
mutant (Jloop)Table5). Second, based on the work by Springer and colleagues, whasghow
that dipeptides, specifically carrying long hydrophobic residues on position 2, are able to bind
into the F pocket of the MH@assl peptide bnding groovgSaini et al., 2013, Saini et al.,

2015) | decided to target the leucine residue on position 30 of TAPBPR, the only long
hydrophobt residue of the loop. | thus generated two additional TAPBPR mutants, one by
replacingthe L30 residue alonwith a glycine (L30G) and the other by reconstituting the L30
residuealoneonto the empty loop mentioned above (@G3(QLable5). This vould inform on
whether L30 is either necessary and/or sufficient for the ability of TAPBPR to mediate peptide

dissociation from MHClassl.

Table5: Panel of TAPBPR loop mutangenerated on both fullength and soluble TAPBPR

TAPBPR variant Loop sequence
WT KDGAHRGALASSED
Jloop AAGGSGGGGSGGAA
L30G KDGAHRGAASSED
@G30L AAGGSGAGGGAA
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| first tested whether the changes mattethe loop affected the overall stability or

conformation of TAPBPR. Upon oepression in HelM®cells, all thredull-length TAPBPR
mutants showed similar expression levels as TAPB@Rjure 22. Moreover, the levels of
MHCclassl and UGT1 pulled down on each TAPBPR variant via iopregipitation were very
similar to one another, suggesting that mutating the loop did not alter the stability of TAPBPR
or its ability to interact with its known binding partnefiSigure 23.

TAPBPR variant
3 a
0}
S ® 38
B I S I
o | WB:TAPBPR 0
m
Q. | WB:MHC | ...._35
2 .
& |WB:UGTH e
WB:TAPBPR = s e s -05
: - -
. WB:MHC | -eee
§ WB:UGT1 T i
| . H
WB:Calnexin e aunauna.

Figure22: Mutation of the loop does not alter expression levels of TAPBPR, nor its ability to
interact with MHCclassl and UGT1TAPBPR loop variants listedlable5, overexpressed in
HeLaM©cells, were immunoprecipitatedising the TAPBR#pecific mAb PeT4, from the
correspondingvhole cell lysates. Western blot analysis was done on thedowin samples to
measure relative levels of MHass and UGT1 bound. The lysates were also sthine TAPBPR to
highlight the relative expression levels of the loop mutants. The lysates were blotted for calnexi
loading control. This is a representative example of three independent experimierken from lica
et al.(llca et al., 2018a)
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4.2.2.The K22D35 loop of TAPBPR is an essential region for mediating peptide
dissociation from HLAA*68:02

| next tested the ability of the TAPBPR loop mutants to mediate peptide exchange on MHC class
| molecules, usinthe novel cellular pepde exchange assayghich | developedFirst,l

assessed whether the ovexpressed loop mutants, present at the cell surface, facilitate

peptide dissociation from MHEassl molecules, using an identical experimentalgptas the

one previously described figure 15

Upon treating the cell lines ovaxpressing each TAPBPR variant with the fluorescent peptide
YVVPFVAK*¥at has high affinity for HLA*68:02, surprisingy, all TAPBPR variants showed a
similar increase in peptide loading onto the cell surfdeigure Ba). As previously mentioned,
this could have been a result of the high number of peptideeptive MHElassl molecules
brought along to the cell surfaceylif APBPR through the secretory pathway. However, when
then tested the ability of the TAPBPR loop variants to actively dissociate the fluorescent
peptide fromHLAA*68:02in the presence of an excess of tbguivalentnon-labelled
competitor peptide YVVRRRAKMFigure Bb), in contrast to the efficient peptide dissociation
(associated with the decrease in fluorescence of the cells) observed with TAKPBPR
TAPBPRCor-expressing cellshowed very littledissociatiorof the fluorescent peptidgFigure

23c, 231 and 239. These results indicate that the KPB5 loop is indeed essential for the

ability of TAPBPR to dissociate peptides from MHC class | molecules.
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Figure23: The K22D35 loop of TAPBPR is essential for mediating peptisociation.

(a) Histograms showingypical peptide bindingo the surface of. C4reated cellsoverexpressing
each of the TAPBPR loop variautiéer cells werdncubated with 10 nM YVVPFVAK*V peptide for
min at 37°C(b) Schematidepictionof the experimentalset-up used to compare the efficien@f
peptidedissociation activitypy plasma membranbound TAPBPRwith the plasma membrane
bound TAPBPR loop mutants). Histogramslepictingthe level of dissociation of YVVPFVAKYVV*)
in the absence (blue line) and presence of 100 nM-iadelled competitor peptide YVVPFVAKV

f Ay SO (abklirge)ie) GrapHs bhbw tePercemageod 0
quorescent peptide YV\AVAK*\(YVV*) remainingafter the addition ofd) 100 nM or €) increasing
concentrations of the nottabelled competitor peptide YVVPFVAKY a percentage of the bound
level of YVVPFVAK*V observed in the absenaeagimpetitor peptide Error bars show

0

5

+002N) y3S

Kb{5®PFFFFLIXKNdPannmZ
experiments.Taken from llca et afllca et al.,
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4.2.3L.30 is a crucial residue for the peptide exchange function of TAPBPR on
HLAA*68:02

Next, to assess the involvement of the L30 residue of the loop in the peptide exchange function
of TAPBPRused the same assay to test the ability of TAPEP&hd TAPBPR3to mediate

peptide dissociation fronsurfaceexpressedHLAA*68:02molecules As observed above with
TAPBPY and with TAPBPFIRP, both TAPBPRCand TAPBPR3 were shown to facilite

loading of exogenousigdded peptides onto cell surface HRAAG8:02(Figure Ba). However,
TAPBPRSwas completely incapable of dissociating the bound fluorescent peptide, even in
GKS LINBaSyOS 2F m >a defidule BS 236 &IR3CRAiXingIP, i A G 2 NJ
mutating L30 residue alone led to the same impairment in the ability of TAPBPR to dissociate
peptide, as mutating the entire loop. Moreover, the crucial role of the L30 residue in peptide
exchange was confirmed by the fact that TAPE®R on which residue L30 alone was
reconstituted on a fully dysfunctional loop, was restored to a functional peptide exchange
catalyst on HLA*68:02, albeit with a reduced efficiency compared to TAPBRgure 3c,

23d and 23& More exactly, the presee of TAPBPRAat the cell surface led to a dissociation

level of about 75% of the fluorescent peptide form the cell surface, in the presence of 100 nM
unlabelled competitor, while in the presence of TAPBB® about 55% of the fluorescent

peptide was @ssociated. For the same concentration of unlabelled competitor used, the
dysfunctional TAPBPR loop mutants, TAPBPRnd TAPBPfC both showed very slight
dissociation levels of florescent peptide, which could be attribute@iA®BPfhdependent

exchange of the labelled peptide by the néabelled peptide, which was added in high excess
(Figure 3d and 238. To further highlight the impact of the loop and of the L30 residue on the
peptide exchange function of TAPBPR, while TAPRPiE TAPBPIR3%promoted rapid and

highly efficient peptide dissociation even at competitor concentrations as low as 10 nM,
TAPBP®Pand TAPBPRGwvere extremely inefficient at exchanging the fluorescent peptide
forthenonf 6 St f SR LIS LJi A RS mpefitd BeptideviaSugedRigure Be). 2 F 02
Taken together, these results clearly indicate that residue L30 of the TAPBPR loop is both

necessary and sufficient for the peptide exchange function of TAPBPR.
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4.2.4 Mutation of L30 residue severely impairs thgeptide exchange ability of soluble
TAPBPR on HEA*68:02

Having shown that soluble TAPBPR capable of promoting efficient peptide exchange on a
cell surface MHC class | moleculébsapter 3, | used soluble TAPBR#®p mutantsas a second

mean to assssthe importance of the loofor peptide exchangdn contrast to oveexpression

of TAPBPR, which appears to be dragging pepadeptive MHlassl molecules along with it

to the cell surface through the secretory pathway, the use of soluble TAPBPR allows us to
overcome this problem, by simply adding TAPBPR exogenoustydmodified cell lines. This

way, TAPBPR will only have access to cellciiveHCclassl molecules folded with peptides of

relatively high affinities.

The soluble versions of the TAPBPR loop mutants were produced by cloning the luminal
domains of TAPBPR mutants upstream of a polyHis tag, expressing the protetiSKn283T
celsand finally purifying thenfirom tissue culture supernatartty NiNTA affinity
chromatography. All mutants showed high purity levels, as assessed by coomassie staining
(Figure 24a). Differential scanning fluorimetry revealed that all TAPBPR loop valiaut a

highly similar melting temperatur@f approximately65°G suggesting that mutations made to

the loop had not altered the overall stability of TAPEPBure 2b).
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Figure24: The soluble versions of the TAPBPR loop variants stegwivalent thermostabilityto
TAPBPK'. (a) Relative expression and purity levels of soluble variants of WT, L30G, @G30L, an
@loop TAPBPR, after their purificatioarfr the culture supernatant using INIiT Aaffinity
chromatography (b) Differential scannig fluorimetry showing that the three TAPBPR loop mutant
have equivalent melting points and thermal denaturation profiles as TAPBPse graphs are
representative examples of two independent experiments, ran with triplicate samples Eakén
from llca et al.(llica et al., 2018a)
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Remarkably, when assessing the ability of the TAPBPR loop mutants to mediate peptide
exchange on HL:A*68:02expressedn HelLaM cells, the resaltising the soluble proteins

were highly consistent with the results obtainading theover-expresgd the full-length

TAPBPR mutan{figure %). Namely, when measuring the loading of ETVSK*QSNV onto the
surface of HeLaM cells, TAPBP®as the most efficient peptide exchange catalyst, followed
by TAPBPTR3 which exhibited ~33% of the peptide exchange activity observed for TAPBPR
(Figure Baand 250. Again, both TAPBPRPand TAPBPfCwere highly inefficient at
catalysing peptide exchange on HA#68:02, both showing only ~3% of the catalytic activity of
TAPBPY'. The same hierarchy in the peptide exchange ability across the TAPBPRrlanfsv
(WT>@G30L>L30G>TN5) was maintained over a wide range of TAPBPR concefiguiiens
250), as well as when using another HA%68:02specific peptide, YVVPFVAKRQure 24 &
25b).
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Figure25: Soluble TAPBPR loop mutants exhilsievere impairment in their ability to mediate
peptide exchange on surfacexpressed HLA*68:02 molecules(a) Histograms showing the typical
Tt dz2NBAOSyYd LISLI A RéqtedbHelaR seysincubaied Bith & withéut 1000hM o
each exogenougladded soluble TAPBPR variant for 15 min at 37°C, followed by treatment with
nM of either ETVSK*QSNV (left) or YVVPFVAK*V (right) for an additional S®luieTAPBPRS, a
TAPBPR variant which cannot bind to Mi##3sl (Hermann et al., 2013)s included as aegative
control. (b) Bar graphsummarisinghe results inpanela). () Doseresponse curves &ETVSK*QSNV
0 A Y RA Yy Freafedl Hel aMixel)lsuponincubaion with increasing concentrations efchsoluble
TAPBPR variant prior to the addition of 10 nM ETVSK¥YQBMXor bars represent ME#SD from four
AYRSLISYRSYU SELISNARYSY(ao iafed tesBKraken from hca etza(lfca/
et al., 2018a)

4.2 5L30 residue is essential for the stable association of soluble TAPBPR with

peptide-loaded MHC class | molecules

| have thus far shown thatable association of soluble TAPBPR with suéxpeessed MHC

class | moleculdgads to aigh level of peptide dissociatidrom MHC class I. In turn, TAPBPR

dissociates from surfaeexpressed MHC class | molecules ujpading exogenoug-added
high-affinity peptides(Figure 2(. These observationsonfirmed the previous studies which
suggested that binding of TAPBPR and peptides to 83l occurs in a competitive manner
(McShan et al., 2018, Morozov et al., 2QIR)us) hypothesized that TAPBPR can only bind

stablyto cell surface MHClassl molecules if capable of first dissociating the endogenous
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peptides presented on then. To test this hypothebimeasured the ability of the loop mutants
to bindto HeLaMHLAAB® cells reconstituted with HL-A*68:02(Figure ). Satifyingly,

upon incubating the cells with 100 nM of each TAPBPR loop vgriatTAPBPR binding
hierarchy was the same #sat observed foipeptide exchange ability
(WT>@G30L>L30G/3loop>TiHyure Ba). This result suggests that, indeed, TAPBPR with an
impaired ability to mediate peptide exchange cannot access Bl&K3l molecules loaded with
peptides of relatively high affinity, such dsetones expressed on the surfaafecells

Asl had previouslyshown that the fulHlength TAPBPR loop mutant®re capable of associating
with MHCclassl molecules intracellularly upon ovexpressionFigure 22, | tested the ability
of the soluble vesions of thdoop mutants to associate with the total pool of Midiass
molecules from cell lysates, by immaprecipitation experimentgFigure Bb). In contrast to
their ability to bind to MHEIlassl molecules present exclusively at the cell surfatles@uble
loop mutants were shown capable of binding to Mél&ssl from thewhole-celllysates of
HeLaXOcells(Figure Bb). Thisconfirmed that mutating the loop of soluble TAPBPR did not
impair its intrinsic ability to associate with MH{assl, but onlyimpactedits peptide editing
function. Nonetheless, there were slighttwer amounts of MHEIlassl pulled down on
TAPBPRCoPand TAPBR-3°G compared to TAPBPR A major difference between the cell
surface pool and the total cellular pool of Midi@ssl is theintracellularavailability of peptide
receptive conformationsBased ormy results,l speculated that TAPBR@riantswith an
impaired ability to edit peptides are still capable of binding to peptideeptive MHlassdl
molecules, however, in contrast to functional TAPBPR moledhkgscannot access peptide
loaded MHClasdl, due to their inability to dissociate the peptidEhis is consistent with
previous findings according to which binding of TAPBPR and peptide to MHC class | occurs in a

mutually exclusive mannéHermann et al., 2015b, McShan et al., 2018, Morozov et al., 2016)

To further support thisiypothesis | tested the relative ability of the TAPBPR loop mutants to
bind to cell surface MBclassl moleculesfollowing pre-incubaion of HeLaM cells at 26°@,
conditionwhich increassthe expression of peptideeceptive MH&lassl molecules at the cell
surface(Ljunggren and Karre, 1990, Schumacher et al., 1990FAPBPR loop mutants, but not
TAPBPW, showed a considerably increased binding to surface &lbk3l at 26°C compared

to at 37°C(Figure 26¢ and 26dIn fact, the defective TAPBPR mutants, TAPBPand
TAPBPRS showed the highest increase in binding to surface MHd€sl, of ~Zfold.
TAPBP®Olexhibitedan increased binding of ~2f6ld, while the binding level of TAPBPR
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was not significantly changg@igure &d). Consistent withhis result was the corresponding
increase in ability of the loop mutants to promote loading of the high affinity peptide

ETVSK*QSMNA! 26°C compared to 37{Eigure e and 26).

Moreover, incubation of cells cultured at 26°C with YVVPFVAK*V, to prendiiCclass
molecules with high affinity peptide prior to testing TAPBPR bin@igmire 273, resulted in a
strong reduction in the binding of TAPBIPRto the cell surface, while the binding of
TAPBPY was unaffectedFigure 27b and 27cThis proues further confirmation that the
observed association of TAPBPR with cell surface &##$€ molecules is dictated by the
ability of TAPBPR to dissociate the endogenous peptide presented orclsié$Cat steady

State.
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Figure26: Residuesk22D35 are essential fothe ability of soluble TAPBPR t@ssociate with
peptide-loaded MHCclassl molecules (a andc) Histogramshowing the bindingf eachsoluble
TAPBPR loop variant to HeL#MAABtC cellsover-expressing HL-A*68:02, uponincubaion with
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TAPBPRpuit 2 gy & argated H2baNi®cells incubated with soluble TAPBPR loop mutants
TAPBPRSis included as a neNHCclass binding control.This datds representative of three
independent experimentdviembranes were stained for TAPBPR, using arpamyHis mAbfor MHC
class | heavy chain and for UG{).Bar graptsummarising the TAPBPR bindind-elaMHLA
ABC%A*68:02 cdbk at 37°C with 26°C from three independent experiments. Error bars represer
/+SD. €) Histograms shoingtypicallevels of boundf f dz2 NB a OS y (i -stidlatkiNaREM
cells treatedwith or without 100 nM soluble TAPBPR variants for 15 min at,Z6ficwed by
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AAIYATFAOLI YOGS FLKNDPAPI FFLKNDPAMI fajfled Lidsis. Taken m
from llca et al(llca et al., 2018a)
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Figure 27: Peptide priming to cell surface MHC class | inhibits the binding of TAPBPR with a m
loop. L CtimulatedHeLaMHLAAB® cellsreconstituted with HLAA*68:02were treated with or
without 10 nMYVVPFVAK*V for 15 min at 26°C. Excess peptd¢hen washedff and cells were
incubated with 100 nM of either soluble TAPBP& TAPBPR. (a) Histograms showing the level
of YVVPFVAK*V peptide bound to HeLaM cells, prior to the addition of soluble TADBPR. (
Histograms showing the level obbind TAPBPR(left) or TAPBPRP(right) on cell treated with or
without peptide. €) Bar graphs summarise the results in pasjeError bars show/+SD.n/s =not
significantf F F LKA ®n nm  dza Aaijed ttedry, hdsekl diliSdRindépenglent experiments.
Taken from lica et aflica et al., 2018a)
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4.2.6 Mutation of the K22D35 loop of TAPBPR alters the peptide repertoire

presented on MHC class |

Having shown that th&22D25 loop of TAPBPR is essential for mediating efficient peptide
dissociation from MHClassl molecules, we were interested in assessing whether mutation of
the TAPBPR loop alters the peptide repertoire presented on M&ksl on cells.To this end,

well Kdza O2 YLI NBR GKS A YormzatrdHE MECseRsecdhstituted L Cb !
with either TAPBPR, TAPBPR°P or TAPBPREOL in collaboration with Ana Marcuom Prof.
{GSTFryYy {0STFlLy20A0Qa ft106 6! yADBSNEAGE 2F ¢dzoAy
(University of Cape Town, R§RApure 2§. We found considerable changes in the peptides
presented on MHElassl between cells expressing TAPBP&hd TAPB ', Namely, while

1276 peptides were found in both cell lines, 461 peptides were only found in cells expressing
TAPBPY and 550 peptides were only present in cells expres$gBPRP (Figure 28).

Labelfree quantitation by mass spectrometry realed changes in the abundance of a high
number of peptides betweeAPBP and TAPBP°°’, among the peptides found in both cell
lines, 193 exhibited increased abundancd APBPYR™-expressingells, while 222 exhibited
increased abundance IFAPBPRP-expressingells(Figure 2®). These results demonstrate

that mutation of the K22D35 loop of TAPBPR triggers significant changes in the peptide
repertoire presented on MHC class | molecul&®then compared the peptides presented on
MHCclassl betweencells expressing either or TAPBPRNd TAPBPR0L to assess the impact

of the L30 residue of TAPBPR on its ability to mediate peptide editing. Although there were still
significant differences in the peptide repertoires between the two cell linrespnstitution of

L30 residue alone on the empty TAPBPR loop appeared togsduwe of the changes in

peptide abundance observed upon mutating the entire TAPBPR(fogpre 2& and 28I).

Finally, upon assignment of the peptides presented on MId€sl molecules to the different

MHC class | protein products found in HeLaM cells, namelyA#62502, HLAB*15:03 and
HLAC*12:03, a very similar distribution was observed for all three TAPBPR loop véfigots

28c and 28d.

However, in the experiments psented abovdFigure 28ad), the peptides were eluted for
analysis straight after harvesting the cells. In other wowgsthink thatthe cellsmay not have
beenallowed to recover their steady state surfaesels ofeither MHCclassl or TAPBPR
following the use of trypsinyhich could have potentially diminished the ability of TAPBPR to

dissociate peptides from MHC clas®/e thusperformed the immunepeptidomics analysis on
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cells which were allowed to recover at 37°C following trypsinisdfogure 2&-h). We
anticipatedthat this additional recovery period would also enable eegpressed TAPBPR

and TAPBP#3% but not TAPBPRP, to actively dissociate a fraction of the peptides
presented on MHClassl and thus further highlight the effect of this catalytic region of TAPBPR
on peptide editing. First, #aresults of thigxperimental seup confirmedthe changes in the
peptide repertoire presented on MH&assl upon mutation of the TAPBPR loffigure28e

and 28). However, this time, there was a significant difference in peptide distribution across
the different HLAclasd allotypes found in HeLaM cells between cells expressing TAPBRR
TAPBPRP (Figure 28 and 28h. Namely, based on a preseabsence approach, only 29% of
the peptides analysed were now assignable to A88:02 in TAPBPRexpressing cells,
compared to 37% in cells expressigPBPR°P. Interestingly, compared to when assigning
the peptides immediately following cell hartesgy, the percentage of HLA*68:02assignable
peptides remained the same in cells expressing TAPBRPRut decreased considerably for
TAPBPY (Figure 28). Consistent with this, when assigning only the upregulated peptides
recorded for each cell line, remarkably, more than 80% of the peptidesgpated in
TAPBPRP-expressing cells were assignable to #*88:02, compared to only ~20% for
TAPBPY (Figure 28). In keeping with these findings, we observed similar chaimgése
peptide repertoire assigned to HAX68:02 upon reconstitution of L30 alone onto the
dysfunctional loop, as the ones observed for TAPBHRgure 28 and 28h. To highlight the
reproducibility of theseresults, the comparison across the five teaal replicates within this
dataset are shown iigure 29These findings indicate that TAPBPR, containing a functional
loop, dissociates a proportion of the peptides loaded onto tAE@8:02 in cells, but this effect

is much less pronounced on HBA15:03and HLAC*12:03. Moreover, it appears that

mutation of the L30 residue of the TAPBPR loop leads to atlésgentpeptide selection on

this HLAclasdl allotype and thus further supports the involvement of this residue in the

catalytic function of TAPBP

84



Data set 1: Post-trypsin
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Figure28: Mutation of the TAPBPR loop alters the peptide repertoire presentedMHC class | in
cells.Peptidesetswere eluted from MHElass complexsisolatedvia immunoprecipitation on the
W6/32mAb¥F N2 Y -induCdul HelLakPcellsover-expressing TAPBPRTAPBP# P or TAPBP#:30:
Peptides werdghen analysed using H@S/MS.(acd) Cells were frozen immediatelfpllowing harvest
using trypsinwhilein (ech), cells weregiven a recovery periodf 30 min at 37°Cin mediaafter
harvestingand prior to freezing.Thesequences of th@entified peptides are availablein the Dryad
Digital RepositoryfOl: https://doi.org/10.5061/dryad.p5k0156{a ande) Venn diagrams compag
allthe identified peptidesbetween TAPBPRand either TAPBPRP (left) or TAPBPR3(right), by a
presence/absence approactn &ndf) Volcano plots summaiigg labelree quantitation displayhe
relativeabundance of each shared peptidetween two cells lingspaired similarly as ia) ande).
Coloued dotsindicatethe peptides which aresignificantly either upor dowrt modulatedbetween
two cell linesafter applying an adjusted-ypalue 0f<0.01. r= number of significantlyp- or down
modulated peptides, % the fraction of significantly modulated peptides ispecificcell lineof the
total pool of shared peptidegc andg) Bar graphslepictingthe assignment of the shared peptides
identified ina) ande) to eachindividualMHCclasd allotype found in HeLaM celfsILAA*68:02,-
B*15:03 or-C*12:03) unassigned peptidegppearin orange (rest)(d andh) Bar graphs depictinthe
significantly modulated peptides ly) andf) matched toeach individual MH€lass allotype using
the NetMHCpa#.0. Taken from lica et afllca et al., 2018a) his data was generated and analyse(
08 !yl al NDdzZ FTNRY (KS t+06 2F tNRFTd {GSTlLY
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Figure29: Technical reproducibility othe immunopeptidome analysis by LMS/MS.The peptide
elution and immunopeptidome analysis were performed in 5 technical replicates for each d&s
Venn diagrams showing the peptidome overlaps among the 5 replicates within one expefiment
Bar graphslisplay the percentage of peptides found ib but of the 5 replicates for each of the
TAPBPR loop variaakpressing cell lineShesequence®f the identified peptidesare available

in the Dryad Digital RepositoffpOl: https://doi.org/10.5061/dryad.pk0156) Taken from lica et al.
(llca et al., 2018aYhese data were generated and analysed by Ana Marcu, from the lab of Prof.

To further explore this observed preference of TAPBPR foiA4#6&02 overHLAB*15:03 and
HLAC*12:03, | assessed the ability of soluble TAPBPR to bind to eactasilAllatype,

chemicallycoupled to bead¢Table6). To this end, | incubated the beads with soluble TAPBPR
at room temperature, washed the beattsoroughly and measured the level of TAPBPR on each

bead set by flow cytometry. This binding experiment revealed a strong interaction between

TAPBPY and HLAA*68:02, but a lack of stable association with either H*A5:03 and HLA
C*12:03(Table6). Thisclear preferential association of TAPBPR across thecldkd allatypes
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expressed in HeLaM cells likely explains the observed reduction only in the peptides assignable
to HLAA*68:02 by TAPBPR carrying a functional loop. Consistent with this hypotudsise
TAPBP®°Pshowed considerably weaker binding to HA%68:02, compared to TAPBPR

Together, these findings demonstraieat the loop, and especially the L30 residue, is

important for the ability of TAPBPR to shape the peptide repertoire preseah MHC class |
molecules in cells, particularly on HAA68:02(Table6).

Table6: Binding of TAPBPRariantsto eachHLA class | allotype found in HeLaM cells

HLA class | allotype TAPBPW no TAPBPR TAPBPRoP W6/32
A*68:02 14461 +(139) | 418.3 (x31.1)| 2576.3 +(19.6) 23344
B*15:03 21.7 +(2.3) 6 (+ 10.4) 17.3 £(1.5) 23670
C*12:03 249 +(12) 146 (+16.8) 175 +(14.8) 23814

- values are displayed in normalized MFI units

4.2.71L.30 enables TAPBPR to mediate efficient peptide exchange on M&ksI

molecules that accommodate hydrophobic residues in their F pocket

Given the proximity of the TAPBPR loop to the F pocket region ofdi&id€l (Figureb)

(Thomas and Tampe, 20138k well ashe crucial role played by the L30 residue the TAPBPR
loop in the ability of TAPBPR to mediate peptide exchdhRgrires 23 and 29, | hypothesized
that the TAPBPR loop facilitates peptide dissociation from kIB&3l, by inserting its L30
residue into the MHGlassl F pocket, thus competing with thet€minus of the peptide. If
correct, this competitive binding would only be possilidée MHCclassl molecules that can

accommodate a leucine or similar hydrophobic residues in their F pocket.

To test this hypothesisassessed the involvement of the TAPBPR loop in peptide exchange on
two other MHCclassl molecules, HL-A*02:01 and FRKP, to which TAPBPR has been

previously shown to bin@Boyle et al., 2013, Morozov et al., 2088)d which, similarly to HL-A
A*68:02, have F pocket specificities for hydrophobic resigR@snmensee et al., 1999)
Compared to HLA*68:02, HLAA*02:01 binds similar residues in both B and F pocket, whereas
H-2K° has an entirely different peptide binding motif, the only similarity being that it also
accommodates hydrophobic residues in its F po¢kagure30a). Given the ability of both HEA
A*02:01 and 2K to accommodate a leucine residue in their F pockptedicted that the

ability of TAPBPR to mediate peptide exchange on them would be heavily dependent on L30.
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Tothis end | designed fluorescentiabelled peptides of high affinity for both HiA%02:01
(NLVPK*VATVsed previously ii€hapter 3 and H2K® (SIINFEK})(Saini et al., 2015nd

tested their binding to the surface of either HdllaHLAABC cells reconstituted with HL-A
A*02:01, or tothe mouse cell lin€L4which expresses-BK, respectively, in the presence of
the different TAPBPR loop mutar{fiSgure30b and 3@). As expected,observed a similar
hierarchy in the ability of the TAPBPR loop variants to mediate peptide exchange as the one
obtained for HLAA*68:02(Figure 293, with TAPBP® being the most efficient, followed by
TAPBPPE3OL while TAPBPIRPand TAPBPRGwere both highly inefficien(Figure 3@). For
instance, when measuring the bindingdf VPK*VATV to HiA&02:01-expressing cells,
TAPBPEESL TAPBPRPand TAPBPR exhibited ~54%, ~23% and ~32% of the catalytic activity
of TAPBP, respectivelyFigure30b and 3).
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Figure30: TAPBPR edits peptides in a ledppendent manner only on MH€lassl molecules withF
pocketspecificities for hydrophobic peptide residueé&) Comparison of the-& pocket specificities
among the peptide binding grooves of HAA68:02, HLAA*02:01, H2K® and HLAA*68:01.

(b) Binding othe I LILINR LINR | 0 S ¥ f dz2 NdBaie® Sef avHLAIBCR ransdScedi 2
either with HLAA*02:01or with HLAA*68:010r to mouse EL4 cells (which expresgH), in the
presence or absence of 1 UM soluble TAPBPR variant for 15 min at 37°C, followed by incubatiq
10 nM NLVPK*VATV (for HAA02:01) for 60 min, 1 nM SIINFEK*L (fe2Kd) for 30 min or 100 nM
KTGGPIYK*R (for HAA68:01) for 60 min at 37°Cc)(Bar graph summarising the peptitteading
levels mediated by the soluble TAPBPR variants, as describgdemor bars represent MHF SD
based on four independent experiments. ***%%0.0001, ***p >.001, *p>X.05, using unpaired
two-tailed ttests.(d) Structure of MHClass seenfrom above the binding groovéPDB ID 4HWZ)
and the different amino acids between HBAA68:02 and;A*68:01 highlighted in redlTaken from llca
et al.(llca et al., 2018a)

We observed a similar trend in the ability of the TAPBPR mutants to load anoth&ZHLA
specific peptideYLLEK*LWRL, as well as when testing peptide binding t&BieApressed on

a different cell line, namely MERFigure31). Similarly, when assessing the binding of the H
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