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Summary

Immunotherapywith immune checkpointinhibitors has largely improved survival of melanoma
patients. However, many patients still do not benefit framfar developed strateg® due to primary

or acquired resistance. In malignant melanoma, increased immune resistance is associated with the
downregulation of Microphtalmiaassociated transcription factor (MITF). MITF is a key regulator of
melanocyte proliferation and survival. In melanoma cells its decrease results in a dedifferentiated

phenotype which is concomitant with invasiveness and theragistance.

The aim of this work was to identify mechanisms of immune resistance if°Miitiman melanoma

cells. In order to discover genes that confer immune resistance inMi&lanomas, | performed a
functional highthroughput (HTP) RNAI screemgating 5202 genes in two melanoma cell lines derived
from one immunotherapy refractory melanoma patient. One of these cell linesyieleB6a expressed

low levels of MITF while the other, Mdel-86¢ expressed high MITF levels. The use of both cell lines
allowed for the discrimination of common and differential effects of the genes in the 'MIafd
MITH9" melanoma cell lines. 91 genes that caused a tumor cell intrinsic resistance against the attack

by cytotoxic T cells were identified by this screen eodfirmed in secondary validation experiments.

Thein vitrowork was paralleled by extensive bioinformatic analyses using pulilicand single cell
RNASq data sets of melanoma samples or patidetived melanoma cell lines. Immune resistance
(IR) genesvere shown to be c@xpressed in gene expression clusters. IR genes and gene clusters
showed heterogeneous expression patterns between patients but homogeneous expression within
individual patients and certain genes and clusters could be correlated tovavlITF expression.
Furthermore, IR genes were differentially expressed between melanoma cells and healthy cells within
the melanoma stroma, and between MITFand MITES" melanoma cells. Interestingly, MITrcells

still shared features with MITF" cells, but additionally with immunosuppressive canessociated

fibroblasts.

Several IR geneINMICC3SLC39A13VIOKand ZNF443 with a particular strong immune resistance
potential that were mostly differentially expressed in Mffinelanomas wereselected for further
functional assessment. These analyses revealed a protective role of these genes against apoptosis
induction through stimulation by T ceflerived cytotoxic ligands sucts ar'RAIL, TRFor IFN. |
performed extensive modef action analyses for two IR gen&sansmembrane and coilezbil domain

family 3(TMCCBandSolute carrier family 39 member ISLC39A1)30 uncover their mechanisms to
convey resistance in the MITFcell line MaMel-86a. TMCC3 which is located i tmembrane of the
endoplasmic reticulum (ER) protects MfTEnelanoma cells against ER stress and ensures apoptosis
resistanceby increasing the expression of aapoptotic molecules, especialbf those involved in

death receptor signaling such as CFBA& BC12. Upon treatment with death receptor ligand TRAIL
Vil



to which MaMel-86a showed primary resistance, apoptosis is executed in TMCC3 deficient cells.
SLC39A13/ZIP13 is a zinc transporter located in the Golgi apparatus that protect¥ d¢llEFagaist
IFN -mediated apoptosis. SLC39A13/ZIP13 controls STAT1 atdlENXpression and induces the

expression of antapoptotic BCi2, making the cells resistant against {Fiediated lysis.

In conclusion, | identified a variety of so far unknomrmune resistance genes in immunotherapy
refractory MITEY melanoma cells that regulate T cell and cytotoxic ligaretiiated rejection which

may represent novel targets for future immunotherapeutic interventions in malignant melanoma.
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Zusammenfassung

Der Einsatz von Immuncheckpoihthibitoren in Immuntherapien hat das Uberleben von Hautkrebs
patient:innen stark verbessert. Viele Patient:innen profitieren allerdings nicht von bisher entwickelten
Strategien aufgrund von primaren oder erworbenen Resistertdranismen. Im malignen Melanom
steht eine erhohte Resistenz im Zusammenhang mit der verminderten Expressibticrophtalmia
associated transcription factor (MITRUTF ist der Haupttranskriptionsfaktor in Melanozyten und
wichtig fur die Proliferation uind dasUberlebender Zellen In Melanomzellen ist eine Abnahme von
MITF mit einem dalifferenzierten Phanotyp verbunden, einhergehend mit erhdhter Zellinvasion und

Therapieresistenz.

Das Ziel dieser Arbeit war die Identifizierung Wmmunresistenzmechanismen in humanen Melanom
zellen mit geringer MIFExpression (MIT®). Um Gene zu identifizieren, welche Immunresistenz in
MITF"-Melanomen vermitteln, habe ich ein funktionelles Hochdurchsatzscreening auf Basis von RNA
Interferenz duchgeftihrt, bei dem 5202 Gene in zwei Melanomzelllinien getestet wurden, welche aus
einem Immuntherapigefraktaren Patienten generiert wurden. Eine der Zelllinien,-Nl-86a,
exprimierte geringe Level von MITF (MITEwahrend die andere, Mblel-86¢, tohe Level von MITF
exprimierte MITE9", Durch die Verwendung beider Zelllinien konnten gemeinsame und differenzielle
Effekte der getesteten Gene zwischen deiTF*"- und MITESMelanonzelllinien unterschieden
werden. 91 Gene, welche intrinsische R&miz gegeniiber der Attacke zytotoxischeZdllen
verursachten, konnten in diesem Screening identifiziert und in weiteren Validierungsexperimenten

bestétigt werden.

Parallel wurden umfassende bioinformatische Analysen mithilfe von 6ffentlichxihd Enzelzel
RNASqg-Datensatzen von Melanomproben oder Melanomzelllinien, welche aus Patient:innen
material gewonnen werden konnten, durchgefuhrt. Es konnte gezeigt werden|assnresistenz
(IRYGene in Genexpressionsclustern-dxprimiert sind. IRKGene und -Cluster zeigten heterogene
Expressionsmuster zwischen Patient:innen, jedoch homogene Expressionen innerhalb individueller
Patient:innen. Zuséatzlich konnten bestimmte Gene und Cluster mit geringerBAprEssion korreliert
werden. IRGene waren aul3erde sowohl zwischen Melanomzellen und gesunden Zellen innerhalb
des Melanomstromas als auch zwisctiTF*¥- und MITE9“Melanonzellen differenziell exprimiert.
Interessanterweise zeigteMITF"-Zellen einige Merkmale voMITR9"-Zellen, jedoch zusatztic

welche von immunsuppressiven Kredossoziierten Fibroblasten.

Mehrere GeneTMCC3SLC39A1310Kund ZNF443 mit ausgepragtem HRotential, welche zumeist
differenziell inMITR*"-Zellen exprimiert waren, wurden flr weitere funktionelle Analysen ausgéwah
Hier zeigte sich eine protektive Rolle der Gene gegeniiber der Induktion von Apoptose durch die

Stimulation mit zytotoxischen-ZeltLiganden wie TRAIL, TNF 2 R S Ninfas€eimder® Analysen zur
IX



Wirkungsweise der beiden Gene Transmembrane and codédlomain family 3STMCCBundSolute
carrier family 39 member 135 C39A)3vurden durchgefiihrt, um die genauen Mechanismdas
Resistenzcharakters d&HITE"-Zelllinie MaMel-86aaufzuschliisseliTMCC3 ist in der Membran des
Endoplasmatischen Retikulums (ER) lokalisiert und scMIE#*¥-Zellen vor EfStress. Es stellt die
Resistenz gegenlber Apoptose sicher, indemambiptotische Molekile induziert werdervor allem
jene, welche in Todesreptorsignalwegen involviert sind wie CFLAR undB®ei Behandlung mit
dem Todesrezeptorliganden TRAIL, gegeniiber welcherMb®ld@6a eine primare Resistenz zeigt,
wird die Apoptose in TMC@fefizienten Zellen ausgelost. SLC39A13/ZIP13 ist ein Zinktrégrspo
welcher im GolgApparat lokalisiert ist, und schutsITF"-Zellen vor IFNvermittelter Apoptose.
SLC39A13/ZIP13 kontrolliert die Expression von STAT1 urijllifeNd induziert die Expression von

anti-apoptotischem BGR, wodurch die Zellen resistegegeniber IFNvermittelter Lyse werden.

Zusammenfassend habe ich eine Auswahl bisher unbekannter Immunresistenzgene in Immuntherapie
refraktaren MITF"-Melanomzellen identifiziert, welche den Zelltod durciZdllen undzytotoxische
Ligandenregulieren und welche als neue Angriffspunkte in kunftigen immuntherapeutischen

Interventionen im malignen Melanom dienen konnten.



Table & contents

[DLCTolF= = 11 [o] o PO PP P PP PPPPPPOPPRPPPPPPPRIRIY Il
ACKNOWIEAGMENTS....ciiiiiiiiicice e e e e et e e e e e aa e e e e e e e e e e e e e e s s e e s e aaaan Il
YU 0= T PR P RPN Vil
ZUSAMIMENTASSUIND. 1. ttteeeee e e ettt e e e ettt e e e s s e e e e e e s s e e e e e e e s s b e reeeeessassnnneeeeeasannnnnneeend IX
TaDIE Of CONTENTS. ...t e e Xl
IS o o T = XVI
LISt Of TADIES. ... s e e e e e e e e XIX
Abbreviations and SYMDOIS. .........oii i XX
N 0o 18 ox 1 o] o H PP PPP P PPTPPRRPPPN 1
1.1 Cancer iMMUNOEILING........ccccciiiiiniiiiiiiiiie e e et e e e eaaeaaaeeeaeeaaa e e s s e s s s asasasrsnnseanrnnnes 1
1.1.1 The HallMarks Of CANCEL.........cuuiiiiiiiie ettt 1
1.1.2 The thre@ ES Of CANCEL.......oiiiiiiiiieeieee et e e e 2
1.1.3 Strategies Of tuMGFIMINATION..........cooiiiiiiiii e 3
1.1.4 Tumor eSCapes MECNANISITIS. .....uuuiiiiiiiiiiiiie e ee e 5
[T F- T (o] o - TP PP PUPPPPPPI 9
1.2.1 Microphthalmiaassociated transcription factor (MITE)............cccco i 9
1.2.2 Melanoma DIOIOGY.........uuuieeiiiiiiiiieee ettt 10
1.2.3 Melanoma plasticity and phenotype SWItChing..............uvvveiiiiiiiiiieeeiiieee e 11
1.2.4 Targeted therapies in malignant melanama............ccccccvvviieeiiiiie e, 13
L.3IMMUNOTNEIAPY... ..o e e e e e e e e e e e e e aaaeaaaeeaaeeaaeessaasaaaaans 13
1.3.1 Immunotherapies in malignant melanoma.............cccvvvviiiiiiiiiieeee e 14
1.3.2 Resistance mechanisms in malignant melanoma............cccoooviieeieieinniiiieee e 15

1.4 Highthroughput RNAI screens to identify hovel immune resistance genes and pathways in
PUMAN CANCEIS.....coiiiiie e e e s 17
1.5 TranscriptomiCs iN MElANOMI@.........c.uiiiiiiiei e 18
2 ODjJeCtiveS Of thiS PIrOJELL......eeiiiiiiiiiiii e e e e s e e e e e ane 20
Y = 10T = 1P PP PPPPPPPPPPN 21
3.1 INStrUMENESANG TEVICES. .....ceeeiiieiiiiiee et e e e e e e e 21
3.2 CONSUMADIES. ...t 22
3.3 Chemicals, reagents and SUPPIEMENLS...........uuviiiiieiiiiiiiiee e 23
3.4 Recombinant proteins and PePLIAES........cuviuriiiiiee it 25
3.5 ASSAY KitS...ueeeieiiee e ettt ettt e e e e r e e e e e e aaes 25
3.6 Cell CURUIE MEAIAL.....ciii it 26
ST BUIEIS . oo e e a e 26
3.8 CellS AN CRINIES.......ciiieiiiiiie e e e s e e e e e eane s 27



3.8.1 Eukaryotic cells and Cell INES........uuveeiieiiiiiiiiiee e 27

O I = - T (=] - OO PRPPP PP 28
3.9 Plasmids and lentiviral PartiCles............cooiiiiii e 28
T O @ 1o o] 18 Tox [=To 1o [T PP 28

3.10.1 PredeSigNed PriMEIS........uuuuuiiriiiiiiieieieeeieeeereeeeeeeaeaaaaaaaaaaaeeeaassssssssassassasssssssssnnsnnne 28

3.10.2 Individually desSigned PrIMEELS......ccoiiuiiiiiieee i e s 29
00 I S T USSR 29

3.11.1 SIRNA TIBIAIES ...ttt e e e e e s e e e e e e e e 29

BLLL.2 SIRN S ettt 30
312 ANTIDOMIES. ...t 31

3.12.1 FACS antiDOAIES........uveiiiiiiiiiiiei e 31

3.12.2 Western blot antiDOdIEs...........oooiiiiiiiii e 31
I B ST 1T L =TSP PP PP PPPPPPRPPPN 32
3.14 Additional R packages and SOftWALE...........uuiiiiiiiiiiiieeieeceeee e 33
.15 DAl SEIS..ciiiiiiie i 33

Y L= 0T Lo L PP O PP PPT T RPPPPPP 34
4.1 Cell CUUrE METNOMUS. ... .. e e e e e 34

4.1.1 Culture of tumor cell lines and T CellS.........c.ccvviiiiiiiiiiii e 34

4.1.2 Thawing and freezing of tumor cell lines and T.cellS..........vvevvveiinn, 34

4.1.3 Stable plasmid transfection of NEI-86.............ccccccuuuiviiiiiiiiiiieeereee e 34

4.1.4 Lentiviratransduction Of MaMEl-86..............eiiiiiiiiiiiiiiieee e 35

4.1.5 Reverse SIRNA tranSfeCiON. ........oouuiiiiiii e 36

4.1.6 EXpansion Of FIUT CELS..........coii e 36

4.1.7 Polyclonal activation of T CeLS.......ou e 37
4.2 Molecular biology tECNNIQUES..........uuiiiiiiiiiiii et a e 37

4.2.1 Transformation of plasmids into competent bacteria...........ccccccovviiviiieee e, 37

4.2.2 RNA isolation and reverse tranSCrPUON. .........ouuvireie et 38

el = 0= o To || = O = U PRSRPR 38

4.2.4 Reatime quantitative PCR (QPCR)....oiviiiiiiiiiiiee e 38

4.2.5 Protein iSOIATION .......ciiiiiiiiiiee ettt 39
4.3 IMmUNOIOGICAl tECNNIQUES. ......eeiiiiiiiiiiiee et e e e e e anes 39

4.3. 1 WESEEIN DIQL......coi i 39

4.3.2 Enzymdinked immunosorbent assay (ELISA).......ooo s 40

A.3.3 FIOW CYLOMEIIY. ..oeeeiiieeeeee ettt et e e e e et e e e e e eeaeaaeaaaaaaaeens 40
R @Y (0] (0 (o1 VA= T T: 1V TSRO P P PO PPPPPPPPPP 41

4.4.1 General setup Of CYLOtOXICILY @SSAYS .. uueieeiirurrrriiieereiiiiireieeeesssibrrr e e e e e s ssibeneeeeeeeaanes 41

XIl



4.4.2 LUCITErasS®asSEd rEATOUL..........eeuieieeie ittt et e et e et e e e e s et e e e s e e eaereerareeereesennss 41

4.4.3 Reatime live Cell IMagING.......ooouiiiiiieeiie e 42
4.5 Highthroughput RNAI SCIEEIS........eiiiieiiiiiiiie et e e 42
4.5.1 Pipetting of SIRNA [IDrari@s..........cccoiiiiitieeee e 42
4.5.2 Primary highhroughput RNAI SCrEENS.........cceevieiiiiiiii e 42
4.5.3 Secondary validatidnghthroughput RNAI SCreens............covvviiiiiiiienieeiiiiiiieeeeeene 43
4.6 BioiNfOrmMatiC @NalYSES........eeeiiiiiiiiiiie e 43
4.6.1 Analysis of higthroughput RNAI SCIrEENS........coiiiiiiiiiie e 43
Y2 0] 4] = 7= =T o P 44
4.6.3 Weighted gene eexpression network analysis (WGCNA).......ccccccvvviiiiiien, 44
4.6.4Generation Of NEAIMAPS. ... ...uuiiii it e e e e e e 45
R RIS T= U | - AU 45
4.7 StatiStiCal EVAIUALION........eeiiiieiiieeeiee et ee s 46
B RESUILS. .. eeee ettt ettt e e ettt e e e e ettt e e e e e e b bt e e e e e e e anaba e e e e e e e e nnarraeeeeeeeans a7
5.1 Characterization of melanoma Cell lINeS............uuviiiiiiiiiiiiiiie e 47
5.1.1 Selection of melanoma Cell INES...........cooiii i a7
5.1.2 Level of resistance of MIFFfand MITE9"melanoma cells.............ccoeevveecreeieecineenene, 48
5.1.3 Expression of apoptosis inducing ligands by CD8+ T cells and their corresponding receptors
ON e TUMOT CEIIS.....oc i e e e e ae 50
5.1.4 Primary resistance of Mdel-86 to death receptor ligands.............cccvvveeeeiiiiiiiinnnnnn. 54
5.2 Setup of a higthroughput RNAI SCrEEIN.........ccuiiiiiiiie e 55
5.2.1 Rapid expansion of flu Specific T CellS.........ccccuiiriiiiiiiiiiiiiie e, 57
5.2.2 Optimization of siRNA transfection, flu peptide concentration and effector to target ratio
FOr MA-MEI-8B......cc et e e e e e e e e e e e e e e e e e e e s e e e e e e e e e e a e 57
5.2.3 Selection of controls for MEEI-86............coeeeeeeieeeiii e 60
5.3 Highthroughput (HTP) screens reveal novel immune resistance genes..........ccccccevvvnes 61
5.3.1 Performance of the primary HTP SCreeN.........uvvvviviiieiiiiiiiiiiiiiieeieeeeeeee 61
5.3.2 Design of a siRNA library for a secondary validation SCreen...........ccccvvvvvvvvevvennen. 65
5.3.3 Performance of the secondary validation SCreen............ccccveeiviviiiiiiee e 66

5.4 Bioinformatic analyses reveal clusters okgpressed immune resistance genes with inter
individual @XPreSSION PALIEINIS. ........u i i i et e et e e e e e e e e e e e e e e e e e e e e e e e e s e s e nnneeeeeenees 70

5.4.1 Melanoma and healthy tissues upregulate different sets of immune resistance.gefiés
5.4.2 Immune resistance genes areed@ressed iN CIUSTerS..........cvvvvveeeiiviiieieee e 12
5.4.3 Cluster expression is intadividually heterogeneous...............eeveeeiiiiiveeeeee e 75
5.4.4 Immune resistance gene expression can be correlated to MITF expression status/7

5.4.5 Patienierived melanoma samples reveal MfTEell subset that shows upregulation of
IMMUNE FESISTANCE GENES ... iiiiieiiie ettt e e et e e e e s e e e e s e e e e e e s anbeeees 79



5.5 Functional validation of immune resiStanCe geNES.........cccvuvieiieiiiiriieiiieiieeeee e 82
5.5.1 Primary functional validation of peelected immune resistance genes..................... 82
5.5.2 Immunoregulatory potential of candidate genes is independent of T cell specificity6
5.5.3 Immune resistance genes show intrinsic protective effects in the tumor.cells........ 89
5.5.4 Silencing of immune resistance genes sensitizes tumor cells to death receptor.liga@ds

5.6 TMCC3 and SLC39A13 use different mechanisms to prevent tumor cell apoptosis.....92
5.6.1 The relationship between the expression of MITF and that of TMCC3 or SLC39A93

5.6.2 Supernatant of activated FIuT cells induces TMCC3 expressian............cccccceeeeeennee 94
5.6.3 Simultaneous knockdown of TMCC3 and SLC39A13 does not increase tumor cell rejection
DY FIUT CEIIS ..o 95
5.6.4 Ceculture with FIuT cells downregulate expression of receptors that are important for
antigen expression as well as inductioraPbpPLoSIS.......ccevvvvviii 96
5.6.5 Downregulation of TMCC3 and SLC39A13 alter receptor exprpesiga................... 100
5.6.6 Downregulation of TMCC3 and SLC39A13 sensitiddeliidba to apoptosis by regulating
the expession of caspases and BE L. 101
5.6.7 TRAIL treatment increases caspase activity in TMCG3:diltaMel-86a................... 103
5.6.8 TMCC3 silencing activates Akt survival pathway................ccooeeceeiiiiiiiiieree, 103
5.6.9 TMCC3 silencing results in perturbation of ER homeastasis..........cccvvveveeeeeeennenn. 105
5.6.10 IFNtreatment increases caspase activity in SLC39A13 silencddWi@ba.............. 106
5.6.11 SLC39A13 silencing shifts STAT1/STAT3 ratio to induce apoptosis................... 107
5.6.12 Overexpression of TMCC3 decreases Flumhedihted tumor cell death................. 108
L Yo U L= (o] o 1P PEEPT PP 110
6.1 MITF downregulation increases resistance of melanoma.cells..................ccoeee s 110
6.2 A highthroughput RNAI screen in melanoma..............eoveeiiiiiiiiiiieiiniiiieee e 111
6.2.1 Rationale and deSIGN........ouiiiiiiiiii e 112
6.2.2 Optimization of the screening ProtoCoL...........ccccciiiiiiiiiiiiiiiieereeee e 113
6.2.3 Performance girimary and validation SCreens................ooooeeieeecccccccinniininneeeeeeee 115
6.3 Selection of novel immune resistance genes for functianalyses.................cccccveeeinnnnns 117
6.3.1 Performance of bioinformatic analySES..........oocuuiiiiiiiiiiiiiee s 117
6.3.2 Hit selection and refInemENL.............uuuiiiiiiiie e 120
6.4 TMCC3 and SLC39A13 as immune resistance genes in melanoma............ccccccceeeee.. 123
6.4.1 TMCC3 and SLC39A13 knockdown changes the expression of receptors important for
antigen presentation and apoptosis iINAIDEY ..............eeveiiiiiiiiiiieee e 124
6.4.2 Structure and fuNCtion Of TMCC3.........uuiiiiiiiiiei e 125
6.4.3 TMCC3 sensitizes melanoma cells to FiRAdliated apoptoSIS......ccvvvvvvvieieeeeeeeennnnn. 126
6.4.4 Downregulation of TMCC3 induces perturbation of ER homeostasis.................... 127
6.4.5 Structure and function of SLC39AL3/ZIPA3........cccoiiiiiiiiiieeeiiiiieee e 128



6.4.6 SLC39A13/ZIP13 sensitizes melanoma cells‘tarielated apoptosis by increasing

STATL/STATI rAL0. i e i e i ee e e e e e e e e e e e e e aaaaaaaaaeeens 129

6.5 Translational implications of SLC39A13 and TMCC3 in malighant melanoma............ 130
RETEIBNCES . ...ttt e e e e 132
F Y o] 01T o 1 146
[ SUPPIEMENTAIY FIQUIES ..ottt e e e e e e 146
[I. Supplementary TabIES...........ooiiiii e 151

XV



List of Figures

Figure 1: The Hallmarks Of CanCeL...........uuiiiiii et 1
Figure 2: Members of the TNF and TNFR superfamilies as well @tFIFNR...................c.ovvveeee. )
Figure 3: Immune checkpoint molecules expressed by T.CellS........cccvvimiiiiieieiiieiiiiiieiieeeeee, 7
Figure 4: Regulation of the MFMFPIOMOTOL............cooiiii i e e e e 10
Figure 5: The six cell states of melanoma plastiCity...........ccccvviiiiiieiiiiiiiiieeee e, 12
Figure 6: Phenotype switching and therapy resistance in melanoma................cccccceeeeeeeeen. 16
Figure 7: BUIK VS. SCRIBBC..........coi i it r e e e e e e e e e e e e e e e e e e e e e e e e e e e e s s e e s aaana 19
Figure 8: Differential expression of MITF betweenW-86a and MaMel-86¢ cells.................... 47

Figure 9: Expression of HAR and GFP on Mdel-86a and MaMel-86¢ before and after
transfection and transduction Of CRIIS...........uiii i 48

Figure 10: Differential apoptosis sensitivity of Mal-86a and Maviel-86¢ and impact of PD1

KNOCKAOWN. ...t e e e e e e e e et e e e e e e e nb b e e e e e e e e e annnnneeeeee s 50
Figure 11: Expression of cell death inducing ligands on different T cell sources.................... 52
CAIdzNB mMHY {SONBGAZY 2F ¢bCh..LyR.LCb1..0.85RATTSNE
Figure 13: Expression of death receptors onlMie-86a and MaMel-86¢..............ccevvvvveviiinnenn.... 54
Figure 14: Susceptibility of Mdel-86 to T cetderived cytotoxic agents...............ccceeeeeeennnnnnns 55

Figure 15: Experimental sap of the highthroughput RNAI screens and luciferds&sed cytotoxicity
L2 LTS Y 56
Figure 16: Specificity of FIUT cells after rapid expansian...........cccccceeeee e, 57
Figure 17: Optimization of transfection and-cualture settings for the higithroughput RNAI screens
AN CYLOTOXICITY BSSAYS. ... vvveteeeeiiuittereeeessiaitttee e e e e e s aetbe e e e e e e sssssbe e e e e e e e s s nbbae et e e e saaannbeeeeaeeseannnees 59

Figure 18: Performance of controls for the hitsihoughput RNAI screens in Mdel-86a and Ma

1] 1 o PSP P PP PP PPPPPPPPPTN 61
Figure 19: Performance of the controls in the primary kigloughput (HTP) RNAI screens........ 63
Figure 20: Outcome of the highroughput (HTP) RNAI SCreens.........cccoviiiiiiiiiieeiiiiiiiiieeeeene 64
Figure 21: Selection of library genes for a secondary validation SCIEeN............cccvvvreeeeernninnd 65

Figure 22: Performance of the controls in the secondary validationthiglughput (HTP) RNAI

S (=TT . TR 67
Figure 23: Performance of controls and selected genes in the secondary validatighrbigghput
I T AN T o (= 1 PSR 69
Figure 24: Expression of Immune resistance (IR) genes in melanoma and diféskimy tissues. 72
Figure 25: Weighted gene -®xpression network analysis (WGCNA) in melanoata ses............ 74

Figure 26: Differential expression patterns of immune resistance (IR) genes nomelaata sets/6

XVI



Figure 27: Significant uand downregulation of immune resistance (IR) genih respect to MITF
expression iN Melanoma data SEL.........cccccciiiiii e e e e e e e e e e e 78
Figure 28: Malignant MITF'and MITE" cell subsets in patierderived melanoma samples....... 80
Figure 29: Overexpression of immune resistance (IR) genes in cell clusters of melanoma patients.
Figure 30: Performance of validated immune resistance (IR) genes inandelution Kill asay.....84
Figure 31: Knockdown efficiency of selected immune resistance (IR).genes......................... 85
Figure 32: Impact of immune resistance genes on Fluesllated tumor cell rejection............. 86
Figure 33: Impact of immune resistance genes on tumor cell rejection mediated by-MABdlls

=X o I | T 38
Figure 34: Impact of immune resistance genes on supernateatiated tumor cell rejection....... 89
Figure 35: Impact of immune resistance genes on tumor cell rejection mediated by TRAIL.080FN
Figure 36: Cytotoxicity profiles of the immune resistance (IR) genes..........cccccevveerniniivieneeenn. 92
Figure 37: Relationship of gene expression between MITF and TMCC3 or SLC39A13......... 93
Figure 38: Expression of TMCC3, SLC39A13 and MITF after various treatmenkdedfgda........ 94

Figure 39: CGanockdown of TMCC3 and SLC39A13 ifE86a.................cooeeeeiiieiiiii e, 95
Figure 40: Flow cytometry analysis afteradture of MaMel-86a with FIuT cells....................... 97
Figure 41: Regulation of surface receptors aftecattiure of MaMel-86a with FIuT cells.......... 100

Figure 42: Regulation of surface receptors upon knockdown of TMCC3 and SLC39A13.....101

Figure 43: Expression of apoptotic genes in TMCC3 or SLC39A13 proficient/deficMat-86a.102

Figure 44: Expression of apoptotic genes in TMCC3 proficient/deficieiMét86a upon TRAIL

LTS U1 41T o PP PP 103

Figure 45: Expression of AKT pathwealated genes in TMCC3 proficient/deficient Wkel-86a

without and With TRAIL tre@tMeNL...........ooviiiiiiiiiiieeee e e 104

Figure 46: Expression of ER stredated genes in TMCC3qgficient/deficient MaMel-86a without

and With TRAIL tre@lMEIt..........oeiiiiiiiiiiiieie et e e e e e e s e e aeeas 106

Figure 47Expression of apoptotic genes in SLC39A13 proficient/deficiedi®ey ¢ | dzLJ2y L Cb!
LTSN 1TCT 0 PP TP PP P PP PP PPPRPP 107
CAIdzNB nyY 9ELINBAAAZ2Y -rdafed gehe¥ir SLEIDALB prdticient@dficient LI (i K &
Ma-Mely ¢ I A K2dzii +FyR .6A0K. .. LChi.  dNBL.GY.Sy.0.%0.108

Figure 49: Overexpression of TMCC3 and SLC39A13 and their impact enelizeéid rejection109

Supplementary Figure 1: ComBs#q to remove dataset specific batch effects........................ 146
Supplementary Figure 2: Knockdown efficiency of selected immune resistance (IR).genes147
Supplementary Figure 3: Impact of immune resistance genes on tumor cell rejection mediated by

(0377 (0] (o ) (o [T =T o [0 LS 1 PP PPPPPPPPPPPPRP 148

XVII



Supplementary Figure 4: Impact of immune resistance genes on tumor cell rejection mediated by
L0320 (o) w3l [T = o Uo = | SRR RRRRRRRR 149
Supplementary Figure 5: Expression of control and immune resistanes gedifferent melanoma

(o7 I o =T =] £ 150

XVIII



List of Tables

Table 1: INStrumeNtS @nd GEVICES.......oiiiiiiiiee et e e e e s e e aee s 21
Table 2: CONSUMADIES..........ooiiiii e 22
Table 3: Chemicals, reagents and SUPPIEMENLS..........oooiiiii e 23
Table 4: Recombinant proteins and PePLides............oooiiiiiiiiicciiii e e 25
TaDIE 5: ASSAY KilS...oiiiiiiiiiiiiiiiee e e e e e e e e 25
Table 6: Cell CUUre MEIA. .........ooiiiiiiie e 26
TADIE 7 BUITEIS. ...t e e 26
Table 8: Ekaryotic cells and Cell lINES.........cooi i 27
1o (o il =T (o (] - PSP PPPP PP PPPPPPPPPTN 28
Table 10: Plasmids and l[entiviral PartiCles.............ccuvviviiiiiiiiiiiecce e 28
Table 11: PrEleSIgNed PriIMEIS......coi ettt e e e s s e e e e e e e ssbrereeeeeeeaaan 28
Table 12: Individually deSigned PriMELS.........ouvi it 29
Table 13: SIRNA TIDIAIES. ... e e eeeens 29
TaADIE 14: SIRNAS. ..ottt a et e e e e e e e e e e e aaaaa e 30
Table 15: FACS antiDOMIES ......coouiiiieiiiii et 31
Table 16: Western bIot antiDOAIES...........oviiiiiiiiie e 31
TADIE 17: SOMWEALE.....ceiiiiiie ittt e s e et e e s b e e e s anbe e e e e 32
Table 18: Additional R packages and SOftWare............ccccceeee e 33
TADIE 19: DALA SELS......ueeiieiiiiie ettt ettt eas 33
Table 20: Summary dfuciferasebased Kill assays and quantitative réiale PCR........................ 83
Supplementary Table 1: siRNAdity of the secondary validation screen.........ccccccevvevieeennen.... 151

XIX



Abbreviationsand symbols

Units

# Number

% Percent

°C DegreeCelsius

H1g Microgram

pl Microliter

UM Micromolar

pum Micrometer

cm Centimeter

g G force ¢entrifugation)

g Gram

h Hour

kDa Kilodalton

I Liter

M Molar

mg Milligram

min Minute

ml Milliliter

mM Millimolar

MOl Multiplicity of infection

ng Nanogram

nM Nanomolar

rem Rounds per minute

S Second

TPM Transcripts per million

U Enzyme unit

Vv Volt

viv Volume per volume

wiv Weight per volume
Chemicals

AMP I RSy 2 &nogofhogphate
ATP Adenosinep -triphosphate
CQ Carbon dioxide

ddHO Doubledistilled water
DMSO Dimethylsulfoxid

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid
G418 Geneticin

HO Water

H,SQ Sulfuric acid

MgSQ Magnesium sulfate
NaCQ Sodium carbonate

NacCl Sodum chloride

bl I/ hi Sodium hydrogen carbonate
Tris Tris(hydroxymethyl)aminomethane

XX



Greek letters

Tl

ACT
AFBS
AG
AKT
AR1
APC
ASE
ATF
ATP
AXL

B

i Ha
B2M
BAD
BAK
BAX
BCC
Bcl2
BCEXL
BCSC
BH
bHLHLZ
BID
BiP
BMP
BOK
BRAF
BRN2

C

CAF
CAMK1D
CAMP
CAR

CD
CDH24
CDK
CEACAM
CFLAR
cFLIP

Alpha
Beta
Gamma
Delta
Delta
Kappa

Adoptive cell therapy
Animakree blocking solution
Adrenal gland
AKTSerine/Threonine Kinase
Activator protein 1
antigenpresenting cell
Antigenspecific expansion
Activating Transcription Factor
I RSy 2 trpkloSphate

AXL Receptor Tyrosine Kinase

Beta2 microglobulin

Beta2 microglobulin

BCL2 Associated Agonist Of Cell Death
BCL2 Antagonist/Killer

BCL2 Associated X

Basal cell carcinoma

B-cell ymphoma 2

B-cell ymphomaextra large

Breast cancer stem cell

Bcl2 homology

Basic domain helgtoopghelix leucine zipper
BH3 interacting domain death agonist
Bindinglmmunoglobulin Protein

Bone morphogenetic protein

BCL2 Related Ovarian Killer

v-Raf murine sarcoma virahcogene homolog B
Brain2

Cancerassociated fibroblast

Calcium/Calmodulin Dependent Protein Kinase 1D

Cyclic adenosine monophosphate

Chimeric antigen receptor

Cluster of differentiation

Cadherin 24

CyclinDependent Kinase

Carcinoembryonic AntigeRelated Cell Adhesion Molecule
CASP8 And FADD Like Apoptosis Regulator

cellular FLIGHhibitory protein

XXI



CGA
CHOP
CLL
CLM
CMV
CREB
CRISPR
Ct

CTL
CTLA
CV ratio
CXCL

D

DC
DcR
DD
DGE
DISC
DLL1
DNA
DNMT
DPBS
DR
DSB
dsRNA

ET

EC
ECM
EGF
ELISA
ELN
EMT
ER
ERBB3
ERK

FACS
FADD
FAK
FAS
FasL
FBS
FluT
FMT

Cancer germline antigen
C/EBP homologous protein
Chronic lymphocytiteukemia
Complete Lymphocyte Medium
Cytomegalovirus

cAMP Responsive Element Binding Protein 1
Clustered regularly interspaced palindromic repeat

Cycle threshold

Cytotoxic T lymphocyte
Cytotoxic T lymphocyte antigeh
Cytotoxicity/viability ratio

GX-C motif chemokine ligand

Dendritic cell

Decoy receptor

Death domain

Differential gene expression
Deathinducing signaling complex
Delta like Canonical Notch Ligand 1
Deoxyribonucleic acid

DNA methyltransferase
Dulbecco's Balanced Salt Solution
Death receptor

Doublestand break
Doublestranded RNA

Effector to target

Endothelial cell

Extracellular matrix

Epidermal growth factor
Enzymeinked immunosorbent assay
Elastin

Epitheliaimesenchymal transition
Endoplasmic reticulum

ErbB2 Receptor Tyrosine Kinase 3
Extracellulasignatregulated kinase

Fluorescencectivated cell sorting
Fasassociated death domain protein
Focal adhesion kinase

Fas Cell Surface Death Receptor
Fas Ligand

Fetal Bovine Serum

Flu peptide specific dell

Fecal microbiota transplantation

XX



G

Gal3 Galectin 3

GAPDH Glyceraldehyde3-Phosphate Dehydrogenase
GCK Glucokinase

GJc2 Gap Junction Protein Gamma 2

gp100 Glycoprotein 100

GRM6 Glutamate Metabotropic Receptor 6

GTEX GenotypeTissueExpression

GTPase Guanosine triphosphate hydrolase enzyme
H

HAT Histone acetyltransferase

HDAC Histone deacetylase

HDGF Heparin Binding Growth Factor

I LCmh Hypoxiainducible factor lalpha

HLA Human leukocyte antigen

HRP Horseradisiperoxidase

HTP Highthroughput

HVEM Herpesvirus entry mediator

I

IAP Inhibitor of apoptosis

ICBT Immune checkpoint blockade therapy

ICI Immune checkpoint inhibitor

ICM Immune checkpoint molecule

IFNGR Interferonrgamma receptor

IFN Interferonr-gamma

IgG Immunoglobulin G

IL Interleukin

IPRES Innate antiPD1 resistance gene signature
IR Immune resistance

IRE1 InositoFRequiring Protein 1

IRF1 Interferon regulatory factotl

ISG Interferon signaturegenes/Interferonstimulated gene
ITAM Immunoreceptor tyrosingbased activation motif
ITGAX Integrin Subunit Alpha X

J

JAK Janus kinase

JNK JUN NTerminal Kinase

JUN Jun ProteOncogene, AR Transcription Factor Subunit
L

LAG3 Lymphocyte activation gerg

LAT Linker For Activation Of T Cells

Lck LCK Proté®ncogene, Src Family Tyrosine Kinase
LGALS3 Galectin 3

LIGHT TNF Superfamily Member 14 (TNFSF14)
LOESS Locally estimated scatterplot smoothing
LRRN1 Leucine Rich Repebleuronal 1

XXII



LT
[ ¢ w
Luc

M

MAP
MAPK
MART1
MCI1R
MCI-1
MDA
MDM2
MDSC
MEK
MFI
MHC
miR
MIT/TFE
MITF
MLANA
MMP
MOK
MOMP
MRNA
MSH
MW
auv

N

NBR1
NCBI
NCSC
NF1
NFS .
NGFR
NGS
NGS
NK cells
NKG2D
NMSC
NRAS
NSCLC
NY-ESGL

o

OPG
OPN
OR10H1
ORF
OXPHOS

Lymphotoxin
Lymphotoxin beta receptor
Luciferase

Mitogen-activated pathway
Mitogen-activated pathway kinase
Melanoma Antigen Recognized BZdlls 1
Melanocortin 1 receptor

Myeloid Cell Leukaia Sequence 1
Melanoma differentiation antigen

Murine double minute 2

Myeloid-derived suppressor cell
MAPK/ERK kinase

Mean fluorescence intensity

Major histocompatibility complex
microRNA

Microphthalmia/transcription factor E
Microphthalmiaassociated transcription factor
Melan-A

Matrix metalloproteinase

MOK Protein Kinase

Mitochondrial outer membrane permeabilization
Messenger RNA

Melanocytestimulating hormone
Molecular weight

Macrophage

Neighbor of BRCAL gene 1

National Center for Biotechnology Information
Neural crest stem cell

Neurofibromin 1

Nuclear factokappalight-chainenhancer of activated-Bells

Nerve growth factor receptor

Nextgeneration sequencing

Next generation sequencing

Natural killer cell

Killer Cell Lectin Like Receptor K1 (KLRK1)
Norrmelanoma skin cancer

Neuroblastoma RAS viral oncogene homolog
Nonsmaltcell lung cancer

New York esophageal squamous cell carcindma

Osteoprotegerin

Osteopontin

Olfactory Receptor Family 10 Subfamiliyieimber 1
Open reading frame

Oxidative phosphorylation

XXIV



P

p P-value

p53 Tumor Protein P53

PBMC Peripheral blood mononuclear cell

PBS Phosphate buffered saline

PCA Principle component analysis

PCR Polymerase chain reaction

PD1 Programmed cell death 1

PDAC Pancreatic ductal adenocarcinoma

PDL Programmed cell death 1 ligand

t D/ mh PPARG Coactivator 1 Alpha

PI3K PhosphoinositeB-kinase

PKB Protein kinase B

PLXNA3 Plexin A3

PMEL Premelanosome protein

POU3F2 POU Class 3 Homeobox 2

PP2A Protein Phosphatase 2 Phosphatase Activator
PRDX4 Peroxiredoxir

PSMC Proteasome 26S Subunit, ATPase
PSMD Proteasome 26S Subunit, N&T Pase
PTEN Phosphatase and tensin homolog
PUMA P53Upregulated Modulator Of Apoptosis
R

RAF rapidly accelerated fibrosarcoma

RAS Rat sarcoma

RELA RELA Prot®ncogene, NlKB Subunit p65
REP Rapid expansion protocol

RIP Receptorinteracting protein

RISC RNAinduced silencing complex

RLU Raw luciferase unit

RNA Ribonucleic acid

RNAI RNA interference

RNASeq RNA sequencing

ROR2 Receptor tyrosine kinase like orphan receptor 2
ROS Reactive oxygen species

RPMI Roswell Park Memorial Institute

RT Reverse transcription

RT Reverse transcription

RTK Receptor tyrosine kinases

S

S1PR1 Sphingosinel-Phosphate Receptor 1
SAPK StressActivated Protein Kinase

SCC Squamous cell carcinoma

SCRNASeq  Single cell RNA sequencing

SHP ProteinTyrosine Phosphatase Ndéteceptor Type (PTPN)
SIK3 Saltinducible Kinase 3

SiRNA Small interfering RNA

SKCM Skin cutaneous melanoma

SLC13A2 Solute Carrier Family 13 Member 2
XXV



SLC39A13
SMC

SOX
SPNS3
SRA

Src

STAT

T

TAA
TAE
TALEN
TAM
TBS
TCGA
TCR
TEAD
TERT
TEX28
TGF
TIGIT
TIL
TIM-3
TLR
™
TMCC3

TMEM132E

TNF
TNFR
TNFRSF
TNFRSF14
TNFSF
TOM
TP53
TRADD
TRAF
TRAIL
Treg
T-VEC
TYR

U

UBC
UCsC
UMAP
UPR
uv

VEGF
VISTA

Solute Carrier Family 39 Member 13
Starved melanoma cell

SRYrelated highmobility group box
Spinster Homolog 3

Sequence Read Archive

Sarcoma

Signal transducer and activator of transcription

Tumorassociated antigen
TrisacetateEDTA
Transcriptioractivatorlike effector nuclease
Tumor associated macrophages
Trisbuffered saline

The Cancer Genome Atlas

T cell receptor

Transcriptional enhanced associate domain
Telomerase reverse transcriptase
Testisexpressed 28

Transforming growth factor

T cell immunoglobulin and ITIM domain
Tumorinfiltrating lymphocyte

T cell immunoglobulin and mucin domain 3
Toltike receptor

Transmembrane

Transmembrane and Coilécoil Domain Family 3

Transmembrane Protein 132E

Tumor necrosis factor

TNF Receptor

Tumor necrosis factor receptor superfamily
TNF Receptor Superfamily Member HVEN)
Tumor necrosisdctor (ligand) superfamily
Topological overlap matrix

Tumor Protein P53

TNFR4associated death domain protein
TNF Receptor Associated Factor
TNFrelated apoptosigsnducing ligand
Regulatory T cell
Talimogendaherparepvec

Tyrosinase

Ubiquitin C
University of California Santa Cruz

Uniform Manifold Approximation and Projection for Dimension Reduction

Unfolded protein response
Ultraviolet

Vascular endothelial growth factor
V-domain Ig suppressor of T cell activation



WGCNA
WISP1
Wnt

XIAP

Z

ZART0
ZFN
ZIP13
ZNF443

Weighted gene c@&xpression network analysis
Whnt-inducible signaling protein 1
Wingless/Integrated

X-Linked Inhibitor Of Apoptosis

Zeta Chain Of T Cell Receptor Associated Protein Kinase 70
Zincfinger nuclease

Zinc Transporter 13

Zinc Finger Protein 443

XXVII



1 Introduction

1.1Cancer immunoediting

1.1.1 TheHallmarks of Cancer

LY wnnni 52dAtra 1IyFrKFY YR w20SNI ! @ 2SAyoSNH
/' yOSNDR® ¢KSeg t221SR oFO1 Fd I ljdzr NISNI 2F | OSy
cellsacquiredifferent geneticcapabilities in a multistep process to convert into malignant cglls Six

alterations or hallmarks were declared that cells can exploit to circumvent defense mechanisms: self
sufficiency in growth signals, insensitivity to agwtowth signals, tissue invasion & metastasis, limitless
replicative potential, sustained angiogesis and evasion of apoptosis. As almost another quarter of a

century has passed since and research has progressed remarkably, new common features of cancer
were discovered. In 2011, two emerging hallmarks as well as two enabling characteristics ofmhaligna

cells were added to the previous six hallmafggd ! Y2y 3 (GKSYI WS@IRAYy3I AY
described the ability of cancer cells to disable immune cell function. In 2022, that list was
complemented by another four proposed features that are commonly existent in cancer, resulting in

the current 14 hallmarkg3].

Sustaining Evading
proliferative signaling growth suppressors
Unlocking Nonmutational
phenotypic plasticity epigenetic reprogramming
Deregulating N V4 Avoiding immune

cellular
metabolism

destruction

Resisting cell Enabling
death replicative
immortality
S @ Tumor-promotin
instability & - .

4 inflammation
mutation

Senescent Cel]s\[ Q ﬂ Pc_)lqurphic
microbiomes

Inducing or accessing Activating invasion &
vasculature metastasis

Figurel: The Hallmarks of Cancer.
Adapted from HanahgrCancer Discov. 20232)].

Figurel illustrates an overview of all hallmarks and characteristics that are so far described to be
established by cancer cells for successful tumor development. Since the original six hallmarks in 2000,

it is now clearer that not only genetic alterations cobtrie to the formation of cancer but also
1



epigenetic and immunoreactive mechanisms as well as-malignant cells[2, 3]. The tumor
microenvironment plays an essential part in which inflammatory immune cells, casseciated
fibroblasts, endothelial cells and otheell types along with microbes induce heterotypic signaling
within the tumor and to malignant cells. Hence, tumor cells can establish phenotypic plasticity and

effector immune cell function is impaired, adding complexity to cancer pathogenesis.

1.1.2 Thehree Es of cancer

A few years after declaration of the first six hallmarks of cancer, another landmark review proposed
WeKS ¢KNBS 9a& 27 [4].ITheseSvbid tervied etiyhidafion Aequilibfidrand escape,
descrbing the conflicting effects that emerge from the interaction between tumor and immune cells.
Paul Ehrlich described in 1909 that immune cells keep the development of tumors in check, assuming
GKS AYYdzyS aedaidsSyQa NRtS Ayfmalgnat SeNJ5|slm B0574rt St &
Macfarlane Burnetntroduced the concept of cancer immunosurveillance for the first time by which
cancer cells are eliminated by immune cell recognition of neoantiffe§ Over the 28 century, not

only didin vivocancer models improve, but also research conducted on cellular and molecular levels
has advanced the field of cancer immunology furtfgr Thus, it was finally demonstrated that the
AYYdzyS aeaidSy R2Say®lisbutobdldeves promyta tidir gr@wthiilodyed, e
GSNY WAYYdzy2SRAGAY3IQ g+ a AYGNRRdIZOSR O2YLINRAAY 3

When cells acquire hallmarks of cancer and tumors evolve, the surrounding tissue is remodeled, and
the inmate immune system is activatdd]. As a resulta primary antitumor responses initiated and
amplified while the cells of the adaptive immune system recognizing tumor antigens are stinjdlated

8]. The occurring tumespecific immune responge mainly responsible for the successful rejection of

the cancer. When eradication mechanisms fail to reject malignant cells, the elimination phase
transitions into the equilibrium phadd, 9] Here, the immune system continuestemgettumor cells,

but mutated and resistant cell variants emerge with reduced immunogenicity. The authors of the initial
review consider the equilibrium phase to be probably the longest of the three plis&snally, tumor
cellhariants acquire enough immunoevasive capacities enabling their expansion in an immunologically
intact environment and the tumor becomes clinically relevght9]. Inthe escape phase, malignant

cells are either undetectable for immune cells or they establish an immunosuppressive
microenvironment that involves tferent mediators or other cell types. The following chapters will
give a deeper insight into how immune cells can fight cancer cells and which resistance mechanisms

are established to prevent tumor cell death.



1.1.3 Strategies of tumor elimination

Succesful elimination of cancer cells by the immune system is terargdumor immunity. Innate and
adaptive immune responses work mutually and efficiently together in order to eradicate malignant
cells[10]. When a tumor emerges, immune cells are able to sense modifications in tissue anatomy and
tissue and cell metabolisid1]. Cells of the innate immune system such as natural killer (NK}or ¢

cells use receptors like NKG2D to recognize ligands that are induced and presented by cancerous cells
[4]. In the onset of antitumor immunity, mediators for example Interferon 6 LCb* 0 | N3 LINBR
have a first antiproliferative, proapoptotic and angiostatic effect on the tumor ddlls12]
Furthermore, the production of chemokines amplifies immune cell recruitment. Activated NK cells can
kill tumor cells via NFrelated apoptosisnducing ligand (TRAIb) perforindependent mechanisms

leading to the release of cancer cell antigehkereleased tumorassociated antigenare collected

and processed by dendritic cells (DCs) and finally presented ajor rhistocompatibility complex

(MHC) classes | and Il to T lymphocy&s In lymph nodes, T cells are primexttivated and they

finally infiltrateinto the tumor. Here, T cells tap their full potential to recognize and kill tumor cells by

a variety of mechanisni$].

Cytotoxic CD8+ T lymphocytes (CTLs) are powerful effector cells that induce apoptosis in their target
cells by direct celtell interactiong13]. Their T cell receptor (TCR) recognizes the antigenic peptide
presented on MHC class | proteins on the tumor cells. Subsequently, an immunological synapse
betweenthe tumor celland T cells formed and stabilized by intercellular adhesion molec{l€s.

Apart from the TCR complex,-oeceptor CD8 binds to the MHCsubunit and the T cell and its killing
machinery are activated. As a result, prosurvival pathways and proteins within the CTL enhance
persisterce of the immune cell. Furthermore, deaithiducing ligands are expressed, and cytotoxic

granules are released via exocytosis into the synapse in order to Kill the cancgt3ell4]

Vesicles that are released contain among other proteins perforin and granZyi3e$erforins are

responsible to create pores in the cell membrane of the target cells to facilitate the entry of granzymes

[15, 16] Alternatively, a cocktail of cytotoxic molecules is endocytosed into the tumor cell and perforin

and granulysin perforate the endosomal membrdié, 17] Granzymes are serine proteases that,

upon entry or release into the cytoplasm of the tumor cells target proteins such as lamituBylin
andcaspase$l5]® DN} yi &yS . Aa GKS o0Sad aiddRASR YSYOSNI
caspases like caspa8eand-7 but aswell their direct substrates in order to induce apoptodi8]. Of

note, the T cell protects itself from damage by production of granzyme inhibitors called serpins or by
surface expression of cathepsin B that disables perforin by protedisjs On the other hand,

granzyme B targets extracellular proteins such as fibronectin and laminin in order to restrict cancer

cell invasion and enhance lymphocyte infiltratid9].



As mentioned previously, IFNs a cytokine that is secreted by NK cells. CTLs are also capable to
produce large amounts of IFN I ¥ { S NJ[1R, Q@] k Kiridsids ligier to thanterferon-gamma
receptor (FNGROnN the target cell that consists of two monomers IFNGR1 and IF[eGR2] Binding
induces anus kinasssignal transducer and activator of transcriptiGhbAKSTAT) signaling, in which
mainly STAT1 activation induces Interferon Signature Genes (ISG) such as interferon regulatery facto
1 (IRF1). IRFL activation can further induce apoptosis and tumor suppression and furthermore,
upregulation of MHC class[21, 23] Hence, tumor cells increase their presentation of tumor

associated antigens and can therefore be targeted more efficiently by CTLs.

Another group of ligands that are expressed by cytotoxic T cells belongs tarttor necrosis factor

(TNF) ligand superfamily that bind to respective members of the TNF receptor (TNFR) superfamily.
Overall, both superfamilies include 19 ligands and 29 receptors that regulate diverse events in target
cells such as survival and apogis as well as differentiatidg24]. Not all ligands are expressed by CTLs
and not all receptors are expressed by tumor cellst theing the case, | here focus on the most

relevant ones for this project.

The ligands TNF 0 ¢ b, EaSLGHNESF6), TRAIL (TNFSF10) and LIGHT (TNFSF14) are expressed on the
surface of the T cells and can be proteolytically cleaved and released intgttheadlular space, all as
homotrimers[25, 26] While Lymphotoxi#? (LT'k ¢ b C{ CmMU0 R2Say Qi Ll2aasSaa N
and is directly secreted and builds trimers| I(TNFSF3) remains bound to the cell membrane via its
transmembrane domain and forms homatrérs or heterotrimers with LT[25, 27] Several ligands

can bind to multiple trimeric receptors, namely TNFRIKRSFIATNFRZINFRSF)BFASTNFRSHS

Death receptor {DR4/TNFRSF10A), DREFRSF10Bierpesvirus entry mediator (HVEMNFRSF1)4
andLymphotoxin beta receptor (LRTNFRSH325]. Figure2 illustrates the different ligandeceptor

interaction possibilities. Of note, membrafmmund and soluble forms of TNFR ligands can induce
downstream signaling with varying degree, ajwadepending on the ligangceptor pair. After

receptor ligation, different pathways are activated in the target cadht canlead to apoptosis and
necroptosis or alternatively, to proliferatiof28]. FAS, TNFR1, DR4 and DR5 possess intracellular so
called death domains (DD) that are crucial for apoptosis and necroptosis inductioasdnot
insufficient presurvival and antapoptotic signaling, liganteceptor complexes recrukasassociated
deathdomain protein (FADD3s well as procaspas¥[25, 29] Theresulting deathinducing signaling

complex (DISC) finally induces tumor cell apoptosis. Alternatively, low ca®padevity results in

induction of necroptosis byeceptorinteracting protein 3 (RIP3)inding to RIP128]. TNFR2, HVEM

andLTw R2y Qi LJ2 & a SkutrathBrdudeRucléagfatdr Ragpalight-chainenhancer of

activated Bcells (NFB) andActivator protein 1(AR1) signaling by recruitment ofNF Receptor
Associated FactdiTRAF) protein®5]. While this is more associated with psarvival functions, L'R
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is able to induce tumor cell death in a reactive oxygen species (ROS) dependefhizagechanism

was shown to activate caspase signaling or to induce apoptosis in a casgagendent way30, 31]

TNFa LIGHT LTal [32

@ o) TRAIL o
) @

FasL
FAS TNFRT TNFR2 HVEM LTRR DR4  DR5 IFNYR
Figure2: Members of the TNF and TNFR superfamilies as well as #fN IFNR.
Ligands on top are expressed and mostly released by immune cells and bind to their respective receptors on the

target cells to regulate diverse cell functions or, as in tumor cells, to induce apoptosis. Adapted fretmaguo
Pharmaceutics. 20225]. Created with BioRender.cof82].

1.1.4Tumor escapes mechanisms

When cancer cells develop features in order to grow in an intact immune environment, the third phase

2F AYYdzy2SRAUGAY I 0S3IA Y4 Hers Nd&iRs ofité®dr elndnation: bydde LIK | & ¢
immune system fail as the cancer celéselopedvariousresistance mechanisnte avoidimmune cel

mediated cytotoxicityor to suppress immune cell functions. Some tumors are infiltrated with immune
cellssuk & bY FyR ¢ OSftfa FyR NBFSNNBR (2 |a WK23GQ

by immune norinfiltration [33].

Cold tumors show reded levels of attractants such &X-C motif chemokine ligan@ (CXCL9) or
CXCL10 which results in decreased T cell infiltrd8dh This is enhanced by expressionvafscular
Endothelial Growth FactqVEGF)esulting in the downregulation of adhesion molecules for T cells on
endothelial cells of the blood vess¢85]. At the same time, production of Interleukin 10-{i@) and
prostaglandin Eby the malignant cells induces expression of FasL on tletkelial cells that
stimulates apoptosis of emerging effector T cells. Within the tumor, an immunosuppressive
microenvironment is promoted by the presence of immunosuppressive cells such as regulatory T cells
(Treg) Or cancefassociated fibroblasts (CAfjat produce extracellular matrix (ECM) proteins like
collagen and laminif86]. Also, factors suchas1lDand NI ya F2 N¥Y Ay 3 dCGEH ighbk FI OG 2
the function and maturation of dendriticells[37]. Hence, DCs downregulate-sdmulatory molecules
like CD80/CD86 and MHteventing T cell activation and proliferation. If the TCR complex is formed
but co-stimulation is missing, th& cells become unresponsive, commonly termed T cell arj@8jy
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In hot tumors, partially similar mechanisms are exploited by tumor cells. Downregulation of MHC class
I molecules on the surface and decreased antigen presentation on tumor cells tieadduced
recognition by CTL&83]. This is achieved through various mechanisms such as antigen depletion or
genetic or transcriptional alterations fdHC [39]. Besides, immunosuppressive cells and molecules

in the tumor microenvironment are paof the tumor escape mechanisms. M2 turressociated
Macrophages (TAM) expressl, VEGF and matrix metalloprotases (MMP) promoting tissue
remodeling, angiogenesis and tumor progress[df]. Myeloid-derived suppressor cells (MDSCs)
increase the suppression of immune cells by production of arginase 1, prostaglandibCEand TGF

[41]. TGF has a broad range of functions from tissue regeneration to proliferation and apoptosis. In
the cantext of immunosuppression in the tumor, TGRhibits effector T and NK cells and at the same
time promotes the generation ofefcells[42]. TegCells themselves show immunosuppressive features

as hey are able to producedl0and TGF G KSNBX o & A Y LJ A NX y43) Additionally;R ¢ OS
Treg Cells express cytotoxic T lymphocyte antige(CTLAL) which binddike CD28 taCD80/CD8®n

antigenpresenting cells (AP@)erefore reducing cestimulatory signals to effector T cells

CTLA belongdgo a group of proteins called immune checkpoint molecules (ICM). When immune cells
are activated due to infections or by transformed cells, ICM are important to limit effector functions
in order to potect healthy tissue from damagd4]. Aspreviouslydescribed, CD8+ T cells are fully
activated when T cells receive multiple signals through the TCR, CD8-stimdwatory receptor CD28

[14]. Upon binding of CD8 to MHC | on AR@®sine kinasd.ck phosphorylatesnmunoreceptor
tyrosinedbased activation motif§I TAMSs) of the intracellular CD3 domains of the TCR. Recruitment,
phosphorylation, and activation of downstream signaling proteins such as7@Afhd LAT are
important for TCR signaliff@4, 45] Activation of CD28 follows TCR/CD8 activation by binding to its
ligands CD80 or CD86 expressed by the APC leading to intracellular phosphorylation events that
promote survival signaling through PI3K/AKT and BIFL4]. Without CD28 activation, the Killing
machinery cannot be actitted, and T cells get anergic. Activation of T cells involves the upregulation
of coinhibitory ICM as a feedback mechanig#6]. Most prominent members are CTYA
programmed cell death 1 (PD, Lymphocyte activation geng (LAG3), T cell immunoglobulin and
mucindomain 3 (TIM3)andT cell immunoglobulin and ITIM domain (TIGHQr example, CTt4binds

to CD80/86 with higher affinity and avidity than C[J28, 48] The intracellular domain of CT4As
subsequentlyphosphorylated, resulting in activation ohpsphatase SHP2 an PP2A that abrogate
PISK/AKT and TCR signalid®]. Similarly, PEL has inhibitory intracellular domains that are
phosphorylated after binding of RPDto its ligand€Programmed Cell Death 1 Ligan(PDL1) and PD

L2. Phosphatases SHP1/SHP2 are recruited resulting in inhibition of PISK/AKT -&fdskkialing

[49].



Classically, ligands of inhibitory signaling @xpressed by APCs, but tumor cells exploit this mechanism
to impair immune cell activit§50]. Ligands such as R, PEL2 and Galecti® are upregulated on

the surface of malignant cells in order to suppress CTL activity resulting in increased tumor igell surv
[51]. PDL1 expression for example is hereby induced by tRAt is secreted by infiltrating T celis

an adaptive resistance mechanig®R]. Figure3 illustrates ICM and their ligands and how their

interadions impair TCR signaling and T cell function.

APC/ tumor cell
HVEM

PD-L1/PD-L2

CD80/CD86

Ceacam-1/Gal-9

Activation
Proliferation | «— <—"+— <—TCR
Survival

p:MHCII

B7-H3/ B7-H4

CD155/CD112

TIGIT S

Receptors Ligands

Figure3: Immune checkpoint molecules expressed by T cells.
Their ligands are expressed on antigen presenting cells (APC) or can be exploited by tumor cells to abrogate TCR
signalirg and immune cell function. Original figure was modified from Kdtlat., Front Immunol 2021 [50].

Another way of tumor escape is increased resistance to cell death of the malignant cell. This can be
achieved by different ways such as the regulation of apoptosis, autophagy and necroptosis and of
signaling of heat shock and proteasomal proteins as gdilyaepigenetic mechanisrfs3]. Next, | will

focus on mechanisms ofitee important groups of proteins: receptors that regulate apoptosis upon
binding of cognate ligands, the enzyme family of caspases and apoptosis regulating proteins like the

Bcl2 family.

As mentioned before, death receptors such as TNFR1, DR4 and DRGidog yf & | OGA @I (S
recruitment of FADD upon binding of TNF ligands. Addition@aMFRiassociated death domain
protein (TRADD9Nd inhibitor of apoptosis (IAP) proteins are recruited which activatéBNand AFL
signaling that are important for survival of the tumor cell, thus counteracting apoptosis indj2&on

54]. Also, the exmssion of death receptors itself can be regulated. The main mechanism of
downregulation of FAS, DR4 and DRS5 is by methylation of the gene and/or proi@®toAnother
mechanism that can reduce or prevent TNFR family induced apoptosis is the simultaneous expression
of decoy receptors (DcR). While TRAIL is bound by DcR1, DcB&eopmtotegerin(OPG), FasL and
LIGHT bind to DcR3. These receptors are either expressed on the cell surface but lack intracellular
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domains important for the induction of apoptosis or are secreted into the extracellular milieu. Decoy
receptors expressed by tumor It bind to the ligands in order for the tumor cells to escape
immunosurveillance and promote tumor growfb5, 56] Finally, tumor cells can secrete proteins like
matrix metalloproteinases (MMP) into the tumor environment that cleaveLFasd TRAIL off the

surface of effector cells, thereby reducing their cytotoxic poterjgal.

Furthermore, apoptosis of tumor cells is prevented by dysregulation of casf@gesviost of the
members of this enzyme family of endoproteases is involved in apoptosis induction. Ca8ppemsks

9 are secalled initiator caspasewhich are activated by dimerization and subsequently cleaved
autocatalyticallyj57, 58] Dimers of the executioner caspasgs6 and-7 are activated by cleavage by

the initiator caspases. Cleaved subunits build mature proteases that finally induce apoptosis by
destroying important structural proteins and enzynjgg]. Caspas® is activated during the intrinsic
pathway of apoptosis, in which different cellular stresses lead to the release of medsaicinsas
cytochrome drom the mitochondria. Caspasiis activated during the extrinsic pathwanediated by
extracellular ligands that bind to death receptors such as TNFR1 or DR5 resulting in recruitment to the
receptor complex and dimerization of caspa&kseActive caspas8 is also able to induce the intrinsic
pathway of apoptosis by cleavilBH3 Interating Domain Death Agoni¢BID)[59]. In tumor cells,

these pathways can be dysregulated to prevent apoptfsit The gene of caspasecan be silenced

by CpG methylation or deletdd8]. Furthermore, both Caspaskeand FADD can be M1 ubiquitinylated

to inhibit their function[60].

However, most of the regulation of the extrinsic and intrinsic apoptosis pathway is caused by other
pro- and anttapoptotic protens. Due to high homologyekular FLIGEhibitory protein (CFLIEFLAR
competes with caspas@ in building the DIS{28]. cFLIP has three different splice variants and all
inhibit initiation of the apoptosis signaling cascade by different mechanisms. Largei€Eld&ved by
caspase8 and can subsequently induce additional stovival NFB signaling. The previously
mentioned inhibitor of apoptosis proteins (IAPs) is another group that regulate programmed cell death
[61]. While XIAP prevents apoptosis signaling by binding to cashageand-9, clAP1 and clAP2
mediate resistancéifferently. Both proteins are recruited by death receptors like TNFR1 upon binding
of its ligand in order to ubiquitinylate proteins, thus preventing formation of the DISC and promoting
NFSB signaling. Finally, thB-cell lymphoma 2 (B&) family of pro- and antiapoptotic proteins
regulate the intrinsic apoptosis pathwd§2]. Theamount of different BeR Homology (BH) motifs
divides the members into three subfamilies that characterize their functionaBoptotic members

BAX, BAK and BOK promotgtochondrial outer membrane permeabilization (MONRhereby
initiating apoptosig63]. To counteract induction of cell deatpro-survival genes such as BZIBCL

XL and MCIL are expressed. BE& for instance prevents apoptosis by eithebinding to BAXor by



inhibiting caspase activity64]. BH3only subfamily members like BID, BAD or PUMA can either
antagonize presurvival genes or activate BAX and BAK. Tumor cells enhance escape mechanisms by
dysregulatng the expression fopro- and antiapoptotic proteins. Here, expression of psarvival
members like BGR and BCIXL are frequently increased. Alternativelymor cells can downregulate

the expression opro-apoptotic proteins, for example, the lack of expression of BAK andoBIt3

members is observed regularly in human can¢égs 64]

1.2Melanoma

Skin cancer is a worldwide public health concern, and the prevalence is on tf@5jisien Germany,
more than 300.000 people are diagnosed with skin cancer every lyeace being the most frequent
cancer type66]. Skin cancer is doed into two subgroups: nemelanoma skin cancer (NMSC) and
melanoma. NMSC represent about 95 % of skin cancersutiimeous squamous cell carcinoma (SCC)
and basal cell carcinoma (BG€)jng the most frequent typefs5]. Although melanoma represents
only the remaining 5 % of skin cancers, it is responsible for almost fivels thf all skin canceelated
fatalities [67]. The four main subtypes of melanoma are adeitiginous melanomalentigo
melanoma nodular melanomaand superficial spreading melanomthe latter being responsible for

about 70 % of all melanom#&8].

Malignant melanomas derived from melanocytes. These cells originate from the neural crest and are
finally distributed in the basal layer of the epidermis amaduce melanin, the pigment that is
responsible for the coloring of the skié5, 67] As the most abundant cell type of the epidermis are
keratinocytes, melanin produced by the melanocytes are transferred to the keratinocytes via
organelles called melanosom¢&8]. Multiple factors are involved in melaogte and melanoma
development that play important roles in skin homeostasis as well as the pathophysiology of

melanoma, one of them being MIT&D].

1.2.1Microphthalmiaassociated transcription factor (MITF)

Microphthalmiaassociated transcription factor (MITR$ the key transcriptional regulatoin
melanocytes regulating cell metabolism, proliferation and differentiation but also DNA damage repair,
cell survival and invasidiO, 71] It belongs to theMiT subfamilytogether with TFEBTFE3 and TFEC

as well as to thdasic domain helidoopchelix leucine zipper (bHELEE) classf transcription factors

that are able to bind DNA as dimerssatcalled Ebox sequencef/l]. TheMITFgene contains many
exons with several transcriptiohatart sites, resulting in different isoforms, of which MVIRs the

one specific for melanocytes. Directly upstream of this isoforms promotor, different transcription
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factors can regulate the expression of MITF sucBR¥elated highmobility group ba 10(SOX10),
cAMP Responsive Element Binding Prote{iCREBand Activating Transcription Factor(ATF4)]72,

73]. These can promote or repress transcriptionMifTFand are regulated by different signaling
pathways which is represented in more detail in Figufgl]. The synthesized MITF protein undergoes
posttranslational modifications such as phosphorylation, ubiquitylation and SUMOylation that
regulate its cellular localization, activity aslas its stability and degradation. MITF is able to bind to
tens of thousands of sites in the genome. However, in a study from 8trabit was reported that
MITF positively or negatively regulates 465 target genes effectfvdly As mentioned before, it
regulates a diverse set of cell functiofigl]. One typical function of differentiated melanocytes
induced by MITF is pigment biogenesis by upregulatidryodsinas€TYR) and MelaA (MLANA), but

it also regilates the cell cycle by enhanci@gclin Dependent Kinasg@DK2[75]. Additionally, MITF

can induce expression of BZ|therefore contributing to cell survival by inhibition of apoptosis. As an
example of MITF in a biological context, it mediates a skin protection mechasiameaponse to UV
radiation [76]. UV radiation stimulates keratinocytes to secretelanocytestimulating hormone

o0 h a { d ligand of thenelanocortin 1 eceptor (MC1Rdn melanocytes. Downstream, cAMP levels
are increased and CREB induces MITF expression that itself drives cell survival and pigmentation

processes to protect cells of the skin from damage caused by the UV radié&ion

HIPPO
PIBK B-catenin
Hedgehog cAMP IL-6  WNT  Cag+ PI3K

Hypoxia ? TGFB MAPK TGFB B-catenin cAMP ? MAPK

ODODDDDC w [

ATF4
. Repression of MITF @ ?

. Activation of MITF ER-stress
Nutrient limitation

MAPK

TGFB Repressive signaling

Figure4: Regulation of the MITH# promotor.
Pathwaysand downstream transcription factoropitively and negativéy regulate the transcription of theMITF
M isoform ofMicrophthalmiaassociated transcription factoAdaptedfrom Godinget al., Genes Dev. 201[91].

1.2.2 Melanoma biology

Different genetic, biological and environmental factors are contributing to melanomagenesis, in which
melanocytes are characterized byravmal proliferation[65]. UV radiation is the main trigger for
melanoma development as it can cause genetic damage and induce or repress several signaling

programs in thecell. Upon transformation, oncogenes are activated, tumor suppressor genes are
10



repressed, and genetic and epigenetic processes finally triggerpadiferation, prevention of
apoptosis, angiogenesis, tissue invasion and metastasis, making melanomashaggressive type

of skin cance[65].

Some mutations are very common between most melanomas. The kinase BRAF is in about half of all
melanomas hyperactivated usually due to a point mutation at codon 600 (WM [68]. BRAF

is a member of theapidlyaccelerated fibrosarcoma (RAF) family of serine/threonine kingsgsit is

part of the Mitogen-activated pathway (MAP) kinase/ERK signafiathway that is induced upon
activation of receptor tyrosine kinases (RTK#)e to binding of respective ligands lilpidermal

growth factor (EGFEF)Phosphoylation of RTK activates GTPases of the-flai8y resulting in
dimerization of RAF family proteins and further activation of the kinases MEK1/2 and HR®1/2
Finally, cell survival and proliferation are induced due to transcriptional regulation by the kinases.
Hence BRAFnutations in melanoma cells drive cell growth, but they are also associated to tumor cell
escape and metastagB8, 78] The GTPase NRAS is mutated in approximately 20 % of all melanomas,
usually at codon 6INRASKRY [68]. Here, GTPasactivity is compromised leading to accumulation

of RASGTP that promotes the MAPK/ERK signaling pathway as well-aampigalphosphoinositof3-
kinase(PI3K pathways Neurofiboromin 1(NF1) is a protein that controls RAS activity by AP
inhibition [67]. However, NR is frequently mutated in malignant melanoma which again promotes
MAPK and PI3K pathways. The PI3K/AKT pathway can further be constitutively enhanced by
inactivation of the umor suppressorPhosphataseand Tensin HomolodPTEN) due to genetic
mutations or epigenetic changgg8]. In 70 % of all melanomas, mutations in the promotor gene of
Telomerase Reverse Transcriptd$&RT) can be found. Activation of the TERT accordingly increases

telomerase production causing melanoma cell immortgdg)].

Melanoma has a high metastatic potential and distant metastases are the main cause of melanoma
patient deaths. Genetic alterations and induction of osteopontin (OPN) results in upregulation of NF
¢B-mediated activation of matrix metalloproteinases (MMI&), 79, 80] MMPs like MM remodel

the extracellular matrix facilitating the invasion of melanoma cells and finally leading to infiltration into
the blood stream. The expression @¥nt-inducible signaling protein 1 (WISPcontributes to
remodeling of the microenvironmej68]. WISP1 enables melanoma invasion by inhibitiecgdherin

and MITF promotingpitheliatmesenchymal transition (EMT91]. The following chapter will give a

deeper insight into EMT and phenotype switching in dependence of MITF.

1.2.3 Melanoma plasticity and phenotype siig
The expression of MITF can be used to measure the degree of differentiation in melanoma cells. MITF

is important for the differentiation from neural crest precursors to melanocytes, thus showing high
11



expression in differentiated melanocytes as welhadanoma cell$70]. Dedifferentiated melanoma
occurs when melanoma cells lose their typical morphological phenotype in which MITF and
immunohistochemical markers are dovagulated [82]. Accordingly, different transcriptional
programs are driving the differentiated and dedifferentiated along with intermediate melanoma
subtypeg[70, 83] Different cell states cexist within the same tumor and the phenotype of one cell

is not static[70]. These dynamics of the high plasticity in melanoma is often termed as phenotype

switching.

In recent years, states of melanoma cells were defined and characterized by their transcriptional
landscapes and expression of cell markers and by their featoreeming proliferation, invasion, and
therapy resistance. This was mainly achieved by experimental data and bioinformatic analyses of
patient-derived melanoma cell lines or melanoma patient matej&3-86]. So far, six states were
described: hyperdifferentiated (pigmented), melanocytic (differentiated), intermediate (transitory),
starved (SMC), dedifferentiated (undifferentiated) and neural crest stem(N€SGlke [87, 88]

Figure 5 illustrates the characteristics of the different states of melanoma plasticity. As
aforementioned, features of dedifferentiation are especially present in melanoma cells that are
becoming invasive and metastatic, and these are charactetigereduced proliferatiori70]. While
MITFis downregulated, other marker genes suchNexve Growth Factor Recept@GFR or AXL

Receptor Tyrosine Kinaaee upregulated.

GP100
ROR1 GP100 CD36 AXL &oiS NGFR“ GFRA2
Melan-A = Melan-A o \
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N FZD . _-" SOX6 Y.
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PAX3 ) paxa HEATE2 ® ) SOX10
~. SOX10 ¥ coxto - EGR3
Hyperdifferentiated Melanocytic Intermediate Starved-like melanoma Dedifferentiated Neural crest stem cell
(pigmented) state (differentiated) state (transitory) state cell (SMC) state (undifferentiated) state (NCSC)-like state
Proliferative state Invasive state
State-
specific MITF, Pigmentation MITF, SOX10 SOX6, NFATc2, EGR3 CD36 AXL NGFR, SOX10
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Figureb: The six cell states of melanoma plasticity.

Eachmelanomacell stateis characterized by the expressiondistinctive markersas well ady MITF activityand
features concerning proliferation, invasion, and therapy tolerari@gginal figure was modified from Huaeg
al., Front Oncol. 202188].

Epithelial to mesenchymal transition (EMT) is an important process in embryonic development that is
hijacked by cancer cells to dissociate and metazd89]. Microenvironmental conditions such as
inflammation or metabolic stress activapathways in melanoma cells and induce reprogramming to

a dedifferentiated and mesenchymiite cell state independent of genetic alteratiof@8]. General

transcriptional driers of EMT in melanoma aROU Class 3 HomeoboXPOU3F2/BRN2Activator
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protein 1 (APL) and the family ofTranscriptional enhanced associate domain (TBAdDscription
factors. BRN2 can be induced by high MAPK and PI3K signaling and binddviid ffpgomotor
repressing its expressiof88, 90] These signaling pathways and regulators can be activated by
cytokines such as TNAL-1 or TGF[88]. TGF is generally expressed by melanocytes to downregulate
proliferation and is often involved in phenotype switching. In EMT, it is associated to BRN2-And AP
but is also able to induce ATBAd HIFL, two regulators that are usually induced by metabolic stress
and finally suppresslITFwhile promoting dedifferentiation and the expression of marker genes like
AXLandReceptor Tyrosine Kinase Like Orphan Recepti@OR2[73, 88, 91] The upcoming chapters

offer closer reviews on how the high plasticity and EMT in melanoma contribute to therapy resistance.

1.2.4 Targeted therapies in malignant melanoma

Due to frequent genetic alterations such 8RAFand NRASmutations, targeted therapies for
melanoma have been developed aiming to downregulate hyperactivated MAPK sigie&ing0]

BRAF and MEK inhibitors like vemurafenib and trametinib, respectively, are widely used in combination
in BRAP2mutated melanoma patientf70]. Despite clinical benefit of targeted therapy, most tumors
acquire resistance within a few months to years. Initially, loss of MAPK signaling consequently
downregulates ERK activity and reprograms tumor cell sign@itjgAlternative transcription factors
enhance and stabilize RTKs |k&B2 Receptor Tyrosine Kinase(BRBB3), inducing psurvival
pathways such as PI3K/AKT. Melanoma cells that upregulate ERBB3 as well as AXL and other RTKs are
able to generate dedifferentiated and invasive signatures with low MITF expression and a resistant
phenotype[70]. On the other hand, MAPK pathway inhibition can also increase MITF expression,
resulting in transcription odPPARG Coactivator 1 AlptPaGCl) that drives oxidative phosphorylation
(OXPHO$93]. Cancer cells which upregulate OXPHOS increase ATP synthesis in order to maintain cell
proliferation[94, 95] Apart from intrinsic signaling, alterations in the microenvironment of the tumor
contributes to melanoma plasticity and resistance to BRAF and MEK inhibition. Finally, resistance can
be further achieved by reactivation of MAPK signaling due to additional mutations like gene
amplification ofBRAH70]. Figure6 in chapter 1.3.2 illustrates phenotyp®vitching and acquired
resistance during MARtargeted therapy.

1.3Immunotherapy

Immunotherapy is regarded as the fifth pillar of cancer therapy alongside surgery, chemotherapy,
radiation and targeted therap@6]® L G dziAf AT Sa FyR SyKFIyO0Sa (GKS AYY

cells in order to eradicate cancer and has prolonged survival of cancer pdi#gnisimunotherapy
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dates back to the 19 century when Wilhelm Busch and Friedrich Fehleisen observed regression of
tumors after accidental infections wiBtreptococcus pyogendsiscoveries in immunological research
such as the TCR, CH.Ar monoclonal antibodies led to clinical applicatioi€ngineered T cells or

inhibitory checkpoint inhibitors in 2010 and 2011, respectiy2é].

Cancer immunotherapy is diverse as it comprises the egjin of oncolytic viruses that selectively
lyse tumor cells or cytokines and vaccines promoting immune cell funf@®88]. In aloptive cell
transfer, autologous or allogenic T cell, NK cell or dendritic cell numbers and/or functions are improved
and administered to cancer patients to eradicate tumor 8. Here, T cells as strong effector cells
play a major role in cancer immunotherapy. In ptiee T cell therapies, tumdnfiltrating lymphocytes
(TILs) recognizing tumassociated antigens (TAASs) are expanded from biopsies by using Interleukin
2 (IL:2) to effectively kill cancer cells afterigfusion into the patienf7]. Alternatively, the TCR can be
genetically modified to increase specificity to tumor neoantigens. Finally, chimeric antigen receptors
(CARs) are engineered to express a specific set of extracellular and intesagdimains. These are
designed to maintain T cell viability and antitumor efficanyg are not restricted to antigen recognition

on MHC molecules. CAR T cell therapy shows severe toxicities as well as limited persistence of CAR T
cells and it is restricted to B cell leukemia or lymphoma due to reduced antigen variety and limited
tumor infiltration [7, 99, 100] Immune chekpoint blockade therapy (ICBT) represents another
approach in cancer immunotherapy that enhances T cell function to fight tumor cells. As described in
1.1.4 immune checkpoint signaling is an important mechanism of the immune system to limit immune
respon®gs and prevent autoimmunitfd01]. Tumor cells upregulate molecules such ad BROn order

to abrogate TCR signaling and T cell activation by ligation of their cognate receptorn®BDune
checkpoint inhibitors (ICI) represent a group of antibedie small molecules that prevent inhibitory
interactions of T cell§97, 101] ICIs boost immune cell function and have demonstrated strong
antitumor effects in solid tumors like NSCLC and melan{##a 102, 103] However, ICBT show
immunerelated adverse effects as well as limited resporades, especially treatment with single ICls
[101].

1.3.1 Immunotherapies in malignant melanoma

Due tohigh mutational burdeimn melanomathe diseasas well eligible formmunotherapy{104]. The
treatment of advanced melanoma with immunotherapies has improved median survival of patients
from six months to six years stage IV disease in the past decdd@5, 106] Il-2 was the first
immunotherapy agent in clinical use from 1998 but showed strong toxicity in patji#@f. Since

then, adoptive cell therapy (ACT), melanoma vaccaras oncolytic virus therapy liklimogene
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laherparepvec(T-VEC) were developed until in 2011, the first IClI was approved for metastatic

melanoma.

Ipilimumab is a human 1gG1 monoclonal antibody inhibiting €MwAich improved overall patient
survival[103, 107] Another immune checkpoint mechanism that is targeted byi$§Ghe PB1/PD-L1

axis. Melanoma cells overexpress-PDto circumvent immune responses by abrogating TCR signaling
in order to prevent effector T cell functigh05]. Pembrolizumab and Nivolumab are IgG4 monoclonal
antibodies both targeting PID expresedon T cells. featment with these antibodies improved patient
survival and showed less adverse events compared to chemotherapy as well as ipilifh08ab2].
Combination of antCTLA and antiPD1 with ipilimumab and nivolumab showed synergistic effects

in the treatment of advanced melanoma and finally pushed response ratemadian overall survival

to more than six years, in spite of increasing kigade adverse even{d 06, 113] Since then, other
combination therapies have been investigated and further proposed. Nivolumab was administered in
melanoma patients together with relatimab, agG4 LAG blocking antibody105]. LAG3 is related

to CD4 and is expressed bytieated T cells binding with high affinity to MH{104]. Melanoma cells

that express MHC Il therefore downregulate T cell function and promote tumor cell syhdigalTolk

like receptor9 (TLR9) agonists have been administered irdisionaly or subcutaneously to drive the
expression of cytokines in order to increase recruitment and activation of effector T cells, turning cold
tumors into hot tumorg[105]. So far, antCTLA4 and ati-PD1 antibodies are part of combination
therapies with TLR agonists, WEC or ACT, but alfaxal microbiota transplantation (FMfrpm anti

PD1 responder patients is tested to have an effect on response rates as the microbiome can influence

adaptiveimmune responsefL05, 116120].

Besides partially severe adverse events, the success of ICBT is limited by the expression of inhibitory
ligands on the tumor cells. Low expression oflAbr LAG consequently reduced progressifnee
survival in melanoma patientg121]. In general, still many patients do not benefit from

immunotherapy due to primary or acquired resistance mechanisms of melanoma in mosfi@ses

1.3.2Resistance mechanisms in malignant melanoma

Despite a plethora of strategies of tumor elimination by effector cells and various targeted therapies
and immunotherapies improving median overall survival, primary and acquired resistance mechanisms
in melanomaallow malignant cells to escape immune responses finally preventing tumor eradication
[105, 106] Broadly, resistance in melanoma as in other tumor types can be divided into two categories
either, redstant clones exist prior to immunotherapy and outgrow, or adaptive changes are initiated

during the immunotherapy122].
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Cell plastiity plays a critical role in the resistance of melanoma &8 A transcriptional innate anti
PD1 resistance gene signature (IPRES) was proposed by etugd. in which narkers of
dedifferentiated melanoma such #sXLand ROR2ogether with immunosuppressive genes likel0
and VEGRwvere higher expressed in nemesponder patient§123]. Phenotype switching also occurs
during immunotherapy leading to acquired resistance of melanpfa88] ACT or ICls that promote
immune function drive inflammtéon in the tumor which induces dedifferentiation of melanoma cells
[85, 124] Melanocytic antigens like Melah are downregulated, resulting in decreased recognition
and elimination by T cells. Phenotype switching facilitates infiltration of MDSCs that enhance
inflammationinduced dedifferentiation through the expression of WNT5A andi T@hd the
development of an immunosuppressive microenvironmgh5]. Dedifferentiated and invasive
MITEY AXI9M cells further express CD73 throughJun/AR1 signaling. CD73 increases the
immunosuppressive characteristics of the tumor microenvironment by generation of ader{88§ine
126]. Dedifferentiated neural crest stem @l (NCSQ)ke MITEY/NGFRY" cells show increased
expression of PID1 that drives T cell exhaustion through ICM signdli&y]. Figure6 illustrates

phenotype switching and acquired resistance during immunotherapy in malignant melanoma.
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Figure6: Phenotype switching and therapy resistance in melanoma.

Melanoma cel convertfrom a melanocytic MITE" to a dedifferentiated MITEY phenotype Despite initial
response to MAP¥argeted therapy (top) and immunotherapy (bottom), some melanoma cells acquire
resistance mechanisms that helps the tuntetisto survive andhe cancer tgprogress. Adapted from Huaret)

al., Front Oncol. 202188].

Like PEL1, expression of NGFR can be induced byth&tlis primarily released by cytotoxic T cells to

stimulate tumor cell death through JAK/STAT sign4li@g, 128] IFN | fivé@2expRession of MHC

| in order to increase antigen presentation to effector T cells. During immunotherapy, subclones with
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mutations in JAK1/JAK2 develop in melanoma that are resistaiftNo [128, 129] These clones
RS@St 2 L) NB a-nduded spopfosisibat are farther unable to upregulate MHC |. However,
loss ofHLAor B2Mis another reason why tumor cells acquire resistance to Thoedliated rejection

and hence T cebhased imnunotherapy[130-133].

Resistance to ICBT can additionally be achieved in tumors by T cell upregulation of alternatime immu
checkpoints not targeted by the therapy suchTédl-3, LAG3, TIGITand Vdomainlg suppressor of T

cell activation (VISTAY05, 122. In a lung adenocarcinoma mouse model, Koyatral. interestingly
showed that in antPD-1 resistant tumors, binding of the antibodies to-2inhduced upregulation of
LAG3, CTLAY and especiallyfIM-3 causing T cell exhaustion and acquired resistd8d]. Even in
matched samples from human melanoma patients @1l treatment induced the expression of

alternative immune checkpoints suchla8G3 andVISTAn T cell§135, 136]

Despite improved patient survival since the advent of immunotherapy, many patients do not benefit
from therapy on a longerm basis as innate and acquired resistance mechanisms help medacells
to efficiently evade immune responses. It is therefore inevitable that current therapies are improved,

and novel targets are identified to further improve therapy success.

1.4 Highthroughput RNAI screens to identify novel immune resistance games

pathways in human cancers
Highthroughput (HTP) genetic screening approacaes effective tools to discover novel genes and
mechanisms by disrupting the expression of target genes and studying their phenotypic consequences
[137, 138]. Fireet al. showed in 1998 irCaenorhabditiselegansthat doublestranded RNA (dsRNA)
caused interference stronger than single strafdi89]. Shortly afterwards, RNA interference was
introduced to human cell lines using-Rlicleotide small interfering RNA (siRNA) duplexes homologous
to the sequence of a targegiene to downregulate gene expressifd®0]. As genetic mutations often
lead to complete lossf-function, other tools were developed suchzscfinger nucleases (ZFNs) and
later, transcription activatotike effector nucleases (TALENis§erting mutations through double
stand breaks (DSB$)137] More recently, he advent of theclustered regularly interspaced
palindromic repea{CRISPFJas9 system transformed the landscape of genomic manipuldtldig
Originally discovered as an adaptive immune mechanism siggiruses, a guide RNA directs the
endonuclease Cas9 to specific regions of the human DNA introducing DSBs. HT Rwjielecsoeeens
enable simultaneous investigation of many phenotypes uponddganction of genes. Accordingly,
this was first introducedvith RNAI screens, although CRISPR screens became quite popular in recent

years[138, 142]
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Within this context, our group has developed a luciferhased RNAI screening approactdiscover

novel immune resistance genes that cancer cells employ to prevent elimination by [lL.48{1s15].

Upon transfectiorof cells,21-23 nucleotide siRNA duplexes are incorporated into RiAinduced
silencing complex (RIS@%2, 146] The siRNA is unwound within the RISC and guides it to the target
MRNA. siRNARNA base pairing activates the ribonuclease of the RISC effector complex to degrade
the mRNA, resulting in silencing of gene expres$iot6]. In our HTP assay system, luciferase
expressing cancezell lines were transfected with siRNA libraries targeting hundreds to thousands of
genes in a muhwell format[143-145]. Tumor cells were subsequently-caltured with cytotoxic T

cells in order to investigate if the knockdown of single genes increase-mexditted lysis of tumor

cells whch is measured by the remaining luciferase activity during the readout. In order to increase
the confidence in HTP RNAI screening approaches, positive and negative controls have to be included
and effects in largscale primary screens need to be validhie secondary screerj$42]. Overall,

RNAI provides a straightforward and fast method for HTP screens and so far several immuneeesista
genes in different tumor entities were identified by our group and successfully charact¢ti4gd

145),

1.5 Transcriptomics in melanoma

adzZ GA2YA0a FylfelSa YdzZ GALX S w2YSaQ adzOK | a GKS
[147]. Hereby, the insight into a dlibgical system and associations is facilitated to finally be able to

better understand mechanisms of different phenotypes and diseases. While bulk multiomics mainly
measured the average signal of many cells in one sample, single cell multiomics indteased
resolution and gave insight into the cellular heterogeneity of a bulk sample. Due to the relevance in

this project, | will focus here on transcriptomic data.

With Sanger sequencing as the figgneration sequencing technology in 1977, RNA sequencing has
enormously progressed over the past decades and has become the method primarily used in
transcriptome profiling148]. Nextgeneration sequencing (NGS) sped up ¢4 at low cost and high
accuracy and is nowadays widely dse cancer research. Especially the advent of single celt RNA
sequencing delineated intratumoral heterogeneity, therefore contributing to the understanding of

cancer evolution, the interplay of cells in the tumor microenvironment and drug resisiafide 148].

As with other tumors, patientlerived melanomas as well as melanoma cell lines were sojéct
RNAsequencing. In 2015, The Cancer Genome Atlas (TGCA) Network presented work on primary and
metastatic melanomas with bulk RMN&qg data d 329 sample$149]. Hierarchical clustering revealed
thethNBES Of dza i SNA WA VYYdz2$Q@ VEYNEIAT KK A KISywR GuB@INS @ & SR
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were more associated with the nervous system and embryonic development. Others performed bulk
RNASeq on melanoma samples of patients undergoing targeted oruinatierapies in order to
identify gene expression patterns that can predict therapy outcdt®3, 150, 151]Here, matched
patient samples before and after immunotherapy were usetuketucidate tumor evolution or the
development of resistance during therafiyB5]. RNASeq data on patienderived melanoma cell lines
enabled interpretation of melanoma plasticity and categorization into different phenotygpgs
melanocytic, mesenchymal, and NGARE [83, 85] Plasticity marker genes such B$TE AXLand
NGFRind gene regulatory networks were identified increasing the complexity as well as understanding
of melanoma biologySinglecell RNASeq data finally pushed the molecular resolution to the next
level, giving insight into the cellular heterogeneity of one melanoma tumor. While on the bulk level,
tumors were classified agITH9" or AXE9" it was now shown that both phetypes coexist in the
same tumor[70, 86] Transcriptional heterogeneity separated malignant cells from the tumor
microenvironment, revealing T cell exhaustion and drug resistance prog@&end 52, 153] Jerby
Arnonet al. showed tha a resistance program is expressed before the application of immunotherapy
as it is present in cold niches of the tuni@b2]. In this context, CDK4/6 inhibition seemed to have

beneficial effects on melanoma progression and therapy outcome.
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Figure7: Bulk vs. scRN/&eq.

While forbulk RNASq (B) approaches one sample provides averaged gene expression levels;SsgRMNA
delineates cellular heterogeneity with cell type specific expression patterns. Adapted from Guruptadad
Exp Med. 202[104].
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Singlecell transcriptomics have highly improved the resolution of tumors uncovering transcriptional
programs of cancer cells and the microenvironmg@4]. Despite better understanding of T cell
exhaustion and cancer cell heterogeneity and resistance, much remains to be unknoweaséucr
number of therapymatched samples as well as new technologies in multiomics will further facilitate

the interpretation of the complexity of cancer and treatment response.
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2 Objectives of this project

Despite the successful application afmune checkoint inhibitors such as monoclonal antibodies
against CTLA or PD1 in malignant melanoma, many patients stillmtm benefitfrom this therapyon

the long term due to primary and acquired cancer resistance mechanis@t. In melanoma,
resistance toimmunotherapies 8 associated with thelownregulationof the master regulator of
melanocytes MITF which is concomitant with a dedifferentiated and invasive phenotype of melanoma
cells[88].

| hypothesizel that melanoma cells, especially those with a low MITF expression use so far unknown
immune resistance mechanisms to circumvent immune responses. Furthermore, genes that convey
immune resistance are eexpressed in clusters working in tandem arash be correlated to low MITF
expression. In this project, | therefore auahto identify complementary immune resistance genes and
pathways that are responsible for the unresponsiveness to immunotherapies, especially it MITF

melanoma. | combirin vitroandin silicoapproaches to finally achieve the following objectives:

1. Implementation of a higkthroughput RNAIi screen for the identification of novel immune
resistance genes in melanoma using MPTand MITEY cell lines derived from the same
immunotherapy norresponder patient

2. In silicoanalyses for the identification of pression and c@&xpression patterns of immune
resistance genes that are associated to a Mtfhenotype in melanoma

3. Invitromode of action analyses of selected immune resistance genes for the discovery of the
mechanisms that MIT® melanoma cells us® evade immune responses

4. Evaluation on the applicability of selected immune resistance genes as novel therapeutic

interventions for malignant melanoma
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3 Materials

3.1 Instruments andevices

Tablel: Instruments anddevices

Instrument Company

3D shaker SU1030
ASSIST PLBigetting robot

Sunlab Instruments
IntegraBiosciences

Axio Vert.Al Microscope

Bolt® Mini Gel Tank

ChemiDoc Imaging System

Cold Plate Air Coolddeater/Coolef{CPAC)
CoolCell LX Freezing container
CryoCube® F740hi

DNA/RNA U¥leaver box UVC/WM-AR

EXClipTipt Electronic Adjustable Tip Spacing Multichannel
Equalizer Pipettes
F1-ClipTipt Multichannel Pipettes

F1-ClipTipt Variable Volume Single Channel Pipettes
FACSAnall Cell sorter

FACSLync

HEcaot 818R190 freezer

Heracetit 240i CQIncubator

Herasafet 2030i Biosafety Cabinet
Heraeus Freseo17 Centrifuge

Heraeus Multifuga X3FR

IBL 437C Blood Irradiator

Incucyte® SX5 LiellAnalysis Instrument
KS 4000 i control shaker

LGex 3410 MediLirfecezer

LKv 3910 MediLine fridge

MIX 6Magnetic stirrer

Multidropu CombiReagent Dispenser
NanoDropt 2000cSpectrophotometer
Neubauer improved Hemacytometer
Owbt EasyCast B2Mini Gel Electrophoresis Systems
PIPETBQY acu 2 Pipette controller
PowerEase 300W Power Supply
QuantStudiat 3 RealTime PCR System
Rotating mixer RM5

SCALA XPRESS fume hood

ZEISS

Life Technologies
Bio-Rad

Inheco

BioCision
Eppendorf
Biosan

Thermo Scientific

Thermo Scientific
Thermo Scientific
BD Biosciences
BD Biosciences
MVE

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

CIS Bio International

Sartorius

IKA

LIEBHERR
LIEBHERR
2mag

Thermo Scientific
Thermo Scientific
Assistent
Thermo Scientific
Integra Biosciences
ThermoScientific
Applied Biosystems
Hecht Assistent
Waldner



Single TEC Control (STC) with Blue Slot Module Inheco

SimpliAmpt Thermocycler Applied Biosystems

Tecan Spark 10Miicroplate Reader TECAN
ThermoMixer C Eppendorf
TransBlot Turbo Transfer System Bio-Rad

VOYAGER Electronic Pipeit€hannels
VortexGenie 2 Mixer

IntegraBiosciences
Scientific Industries

TW12 Water Bath Julabo

3.2 Consumables

Table2: Consumables
Material Company Catalog#
Cap for PCR microcentrifuge tubes nerbe plus 04-042-0500
Cell Culture FlasR5 cnt Greiner BieOne 690175
Cell Culture Flask5 cnd Greiner BieOne 658175
Cell Culture Flask75 cn? Greiner BieOne 660175
CELLSTAR® serological pipette 5 ml Greiner BieOne 606180
CELLSTAR® serological pipette 10 ml Greiner BieOne 607180
CELLSTAR® serological pipette 25 ml Greiner BieOne 760180
ClipTipt Pipette tips 20 ul ThermoScientific 94410213
ClipTipt Pipette tips 200 pl Thermo Scientific 94410313
ClipTipt Pipette tips 1250 pl Thermo Scientific 94410813
ClipTipt Pipette tipswith filter, 20 pl Thermo Scientific 94420213
ClipTipt Pipette tipswith filter, 125 pl Thermo Scientific 94420153
ClipTipt Pipette tipswith filter, 200 pl Thermo Scientific 94420313
ClipTipt Pipette tipswith filter, 1250 pl Thermo Scientific 94420813
CRYO.S, 2 ML Greiner BieOne 122278
CulturPlatewhite 96-well Perkin Elmer 6005680
CulturPlatewnhite 384-well Perkin Elmer 6007680
FACS tubesFalcon® 5 mL Round Bottom Corning 352008
FACS tubesFalcon® 5 mlith Cell Strainer Corning 352235
Falcon® 6vell clear flatMicroplates Corning 351146
Falcon®4-well clear flatMicroplates Corning 353047
Falcon®6-well clear roundMicroplates Corning 351177
GRIPTIP 12,5 pl Filter Tips, Low Retention IntegraBiosciences 6505
GRIPTIP 300 pl Filter Tips, Low Retention IntegraBiosciences 6535
MaxiSorpnt Clear FlaBottom Plate, 96well Thermo Scientific 439454
MicroAmpt Clear Adhesive Film Applied Biosystems 4306311
MicroAmp® Optical 98Vell Reaction Plate Applied Biosystems N8010560
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Microcentrifuge tube PP, 5ml nerbe plus 04-252-1000
Microplate, 96well, \tbottom clear Greiner BieOne 651101
Multichannel Reagent Reservoirs, 10 ml Integra Biosciences 4332
Multichannel Reagent Reservoirs, 25 ml Integra Biosciences 4312
Parafim® M VWR 2911212
PCRnmicrocentrifuge tube PP, 0.2ml nerbe plus 04-032-0500
SafelockCap microcentrifuge tube PP.5inl nerbe plus 04-212-1206
SafeSeal reaction tube, 0.5 ml, PP Eppendorf 72.704
SafeSeal reaction tub&,5 ml, PP Eppendorf 72.7®
SafeSeal reaction tub2ml, PP Eppendorf 72.695.500
Screw cap tube, 15 ml Sarstedt 62.554.001
Screw cap tube, 15 ml Greiner BieOne 188271
Screw cap tube, 50 ml Sarstedt 62.547.254
Screw cap tube, 50 ml Greiner BieOne 227261
Tissue Culture TeBtlates, éwell TPP 92006
Tissue Culture Test Plates@8ll TPP 92096

3.3 Chemicals, reagents and supplements

Table3: Chemicals, reagents and supplements
Material Company Catalog#
22a SNOI LI 2SGKEFy2f xdddmr SigmaAldrich M6250
I RSy 2 anogofhogphate disodium salAMP)  SigmaAldrich 01930
I RSy 2 atrploSphate disodium salt hydrate  SigmaAldrich A2383
(ATP)
Agarose NEEO ultuality Roth 2267.4
AIM W Medium Gibco 12055091
Ampicillin ratiopharm 6613441.00.0C
AnimatFree Blocking Solution (5X) Cell Signaling 15019
BD®Assay Diluent BD Biosciences 555213
BD® Clean Solution BD Biosciences 340345
BD® CS&T BD Biosciences 656505
BD FACSFlowSheath Fluid BD Biosciences 342003
Bio-Safet Coomassie Stain Bio-Rad 1610786
CD3 Monoclonal Antibody (OKT3), eBioscience  Invitrogen 16-0037-81
D-Luciferin Firefly Biosynth L-8200
Dimethylsulfoxid (DMSO) SigmaAldrich D2650
DNA Gel Loading Dye (6X) Thermo Scientific R0611
Dulbecco's Balanced Salt Solution (DPBS) Gibco 14190250
5dzf 6 SO02 a t K2 &L@okiS SigmaAldrich D1408
DTT BioChemica AppliChem Al1101
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90 KIy2f whe¢Lt! w! bt xdd Roth

Fetal Bovine SeruifrBS) SigmaAldrich
GelRed® Nucleic Acid Gel Stain Biotium
Geneticim Selective Antibiotic (G418 Sulfate) Gibco
GeneRuler 50 bp DNA Ladder Thermo Scientific
HEPES solution SigmaAldrich

Human AB Serum He#tactivated
Hygromycin B

IL-2 Proleukin®s

Incucyte® Cytotox Red Dye

KIOVIG Human normal immunoglobulin (1VIg)
LB Broth (Luria/Miller)

LB AgafLuria/Miller)

Lipofectaminet 3000 Transfection Reagent
Lipofectaminet RNAMAXTransfection Reagent
Magnesium sulfat¢MgSQ)

MILLIPLEX MAP Lysis buffer for Multiplexing
Nonfat dried milk powder

NucleaseFree Water (not DEFPTeated)
NuPAGt 4 bis 12 %, Bi$ris

NuPAGHE LDS Sample Buffer (4X)

NuPAGE MOPS SDS Running Bu{f2dX)
Opti-MEMM Reduced Serum Medium

Oxalic acid, ReagentPlus

PageRuler Prestained Protein Ladder
PenicillinrStreptomycin

Phenylacetic acid

Phosphatase Inhibitor Cocktail 3

Ponceau S solution

Protease Inhibitor Cocktail Set Ill, EEFrée
Puromycin Dihydrochloride

RecombinanBenzNuclease / Benzonase Protein

RPMI 1640 Medium

RPMI1640 Medium

S.0.C. Medium

Sodium carbonatéNaCQ)

Sodium chlorid¢NacCl)
Sodiumhydrogen carbonatéb I 1 /) h'i
Sulfuric acidH:SQ)

TAE Buffer (THacetateEDTA) (50x)

ValleyBiomedical
Gibco

Novartis
Sartorius
Baxter

Roth

Roth
Invitrogen
Invitrogen
SigmaAldrich
MerckMillipore
AppliChem
Ambion
Invitrogen
Invitrogen
Invitrogen
Gibco
SigmaAldrich
Thermo Scientific
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Calbiochem
Gibco

SPEED Biosystems

Gibco
SigmaAldrich
Invitrogen

Roth

VWR
MerckMillipore
Sigma Aldrich
Thermo Scientific

9065.3
F7524
41003
11811031
SM0371
HO0887
HP1022 HI
10687010
1003780
4632
EU/1/05/329
X968
X969
L3000008
13778150
M2643
43-040
A0830
AM9937
NP0335BOX
NP0007
NP0001
31985062
241172
26616
P4333
P16621
P0044
P7170
539134
A1113803
YCP1200
21875091
R8758
15544034
8563
27810
106329
30743
B49
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Tris(hydroxymethyl)aminomethan@ris) MerckMillipore 108382
Tritorm X-100 solution10 % SigmaAldrich 93443
Trypan Blue solution SigmaAldrich T8154
TrypsinEDTAsolution10x SigmaAldrich T4174
Tween® 20 for molecular biology AppliChem A4974
UltraPuret 0,5 M EDTA, pH 8,0 Invitrogen 15575020
Zombie Aqua Fixable Viability Kit BioLegend 423102
Zombie NIR Fixable Viability Kit BioLegend 423106

3.4 Recombinant proteins and peptides

Table4: Recombinant proteins and peptides
Protein/Peptide Company Catalog#
Matched peptideA*02:01-GILGFVFTL (Flu) Prolmmune POOZ0AE
Matched peptide A*02:04ELAGIGILTV (MAR) Prolmmune PO820AE
Recombinant Human FASL (TNFSF6) BioLegend 589404
Recombinant Human IFN PeproTech 300-02
Recombinant Human Light (TNFSF14) BioLegend 762304
Recombinant Human BT o6-¢ b C BioLegend 562604
Recombinant Human TRAIL (TNFSF10) BioLegend 752904
Recombinant HumamNFh Kindly povided by -

Daniela Mannel,
University of Regensburg

3.5 Assay kits

Table5: Assay kits
Material Company Catalog#
BD OptElIA Human IFN ELISA Set BDBiosciences 555142
BD OptElA Human TNF ELISA Set BDBiosciences 555212
BD OptElIA TMB Substrate Reagent Set BDBiosciences 555214
MyTagqt HS RedMix Bioline B1G25047
Piercet BCA Protein Assay Kit Thermo Scientific 23225
Piercet ECL Western Blotting Substrate Thermo Scientific 32209
PureLink HiPure Plasmid Midiprep Kit Invitrogen K210005
QuantiFast SYBR Green PCR Kit Qiagen 204056
QuantiNova SYBR Green PCR Kit Qiagen 208056
QuantiTect Rev. Transcription Kit Qiagen 205313
RNeasy Mini Kit Qiagen 74106
TransBlot Turbo RTA Mini 0.2 um Nitrocellulose  Bio-Rad 1704270

Transfer Kit
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Trident femto Western HRP Substrate GeneTex GTX14698

3.6 Cell culture media

Fetal Bovine Serum (FBS) was Heattivated by an incubation of 30 min at 56 °C before application
in the cell culture media.

Table6: Cell culture media

Medium Ingredient Amount

Complete Lymphocyte Medium (CLM) RPMI(Gibco) 500 m
Human AB Serum 50 ml
PenicillinStreptomycin 5m
HEPES 5m
2-Mercaptoethanol p nl

Complete RPMI RPMI (Sigmaldrich) 500 ml
FBS 50 ml
PenicillinStreptomycin 5ml

FIuT cell expansiamedium CLM 50 %
AlM-V 50 %

Freezing medium Aor FluT cells Fetal Bovine Serum (FBS) 60 %
RPMI 40 %

Freezing mediunB for FIuT cells Fetal Bovine Serum (FBS) 80 %
DMSO 20 %

Freezing medium Aor TIL412/MART T cells Human AB Serum 60 %
RPMI 40 %

Freezing mediunB for TIL412/MART T cells  Human AB Serum 80 %
DMSO 20 %

Freezing mediunfor tumor cells Fetal Bovine Serum (FBS) 90 %
DMSO 10 %

3.7 Buffers
Table7: Buffers
Buffer Ingredient Amount/
Concentration

1 % milk in TBS TBST

(Staining/washing solutiofor western blot) Nonfat dried milk powder 1 % (wi/v)

10 % milk in TB® TEST

(Blocking solutiorfor western blot) Nonfat dried milk powder 10 %(w/v)

AnimatFree Blockingolution ddHO

(Blocking/staining solutiofor western blot) AnimalFree Blocking Solutior 20 % (v/v)
(5X)

B2 Buffer ddHO
AMP 1mM
ATP 35 mM
DTT 415 mM

BL Buffer (pH,8) ddHO
EDTA 0,5 mM
HEPES 50 mM
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Oxalic acid
Phenylacetic acid

Coating buffer (pH 9,5) ddH:0
(ELISA) NaHC®
NaCQ
FACSuffer PBS
FBS
Luciferin solution ddH:0
D-Luciferin Firefly
Luciferase buffer BL Buffer
(Luciferasébased cytotoxicity assay) B2 Buffer
Luciferinsolution
1 M MgSQ@
Lysis buffer BL Buffer

0,07 mM
0,033 mM

100,0 mM
33,6 mM

2 %(vIv)
45 mM
2,2 % (VIV)

0,4 % (V/v)
2,8 % (VIV)

(Luciferasébased cytotoxicity assay) Tritorm X-100 solution 10 % 3 %(v/Iv)
MOPSSDSunning bufferlx ddH:0
(Western blot) MOPS SDS Running Buffer 5 % (V/Iv)
(20X)
PBST ddHO
(ELISA washingifier) PBS (10x) 10,00 % (v/v)
Tween 20 0,05 % (v/v)
TAE Buffe0,5x ddH.O
(Agarose gel electrophoresis) TAE Buffer (50x) 1 % (viv)
TBST TBS
(Western blotwashing solutioh Tween 20 0,05 % (v/v)
Trisbuffered saling TBS) 1x ddH:0
TBS (10x) 10 % (v/v)
Trisbuffered salingTB$ 10x ddH:0
Tris 150 mM
NacCl 100 mM
TransBlot Turbo Transfer bufferx ddHO
(Western blot) Ethanobk pdpZ y 272 20 %(v/v)
TransBlot Turbo Transfer 20 %(v/v)
buffer (5%
3.8 Cells andell lines
3.8.1 Eukaryatic cells and cell lines
Table8: Eukaryotic cells and cell lines
CellsCell line Origin Culture medium
FluT cells Healthy donor PBMCs CLM
Ma-Mal-86 Human metastatic melanoma  Complete RPMI

Ma-Mal-86 HLAA2+

Ma-Mal-86 HLAA2+ luc+

(University Hospital Essen,
Department of Dermatology)

Human metastatic melanoma Complete RPMI + 0,9

(University Hospital Essen, mg/ml G418

Department of Dermatology)

Human metastatienelanoma Complete RPMI + 0,9
(University Hospital Essen, mg/ml G418 + 0,6 pg/ml

Department of Dermatology)

Puromycin
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Ma-Mal-86a HLAA2+ Luc+ Human metastatic melanoma

transfected withan (University Hospital Essen,
overexpression plasmid Department ofDermatology)
MARTL T cells Human primary tumor tissue
TIL412 Human primary tumor tissue

3.8.2 Bacteria

Table9: Bacteria
Bacteria Origin

Complete RPMI + 0,9
mg/ml G418 + 0,6 pg/ml
Puromycin + 0,2 mg/ml
Hygronycin

CLM

CLM

5 | pcompetentEscherichia coli Kindly provided by the Division of Genetic Immunotherapy
Leibniz Institute for Immunotherapy (LIT), Regensburg

3.9 Plasmids and lentiviral particles

Tablel0: Plasmids and lentivirgbarticles

Product Company Catalog#
Clone ID

HLAA2_pcDNA3.1/G418(+) plasmid GenScript Customized
Luciferase (fireflypA-GFP (CMV, Puro) Lentivirus GenTarget Inc LVP020
SLC39A13 pcDNA3.1/Hygro(+) plasmid GenScript OHu74313C
TMCC3_pcDNAS.1/Hygro(+) plasmid GenScript OHu107341C

3.10Oligonucleotides

3.10.1 Pradesigned primers

Tablell: Predesigned primers
Primers GCompany Catalog#
RT2 gPCR Primer Assay for Human AXL Qiagen PPHO00248E
RT2gPCR Primer Assay for Human CD274 Qiagen PPH21094A
RT2 gPCR Primer Assay for Human CDH24 Qiagen PPH12992A
RT2 gPCR Primer Assay for Human CFLAR Qiagen PPH00333B
RT2 gPCR Primer Assay for Human DLL1 Qiagen PPH06024E
RT2 gPCR Primer Assay for HuriaaN Qiagen PPHO6895F
RT2 gPCR Primer Assay for Human GCK Qiagen PPH02294B
RT2 gPCR Primer Assay for Human GJC2 Qiagen PPH10823B
RT2 gPCR Primer Assay for Human GRM6 Qiagen PPH02353B
RT2 gPCR Primer Assay for Human ITGAX Qiagen PPHO0661F
RT2 gPCRrimer Assay for Human LRRN1 Qiagen PPH11746A
RT2 gPCR Primer Assay for Human MOK Qiagen PPH10931A
RT2 gPCR Primer Assay for Human NGFR Qiagen PPHO0821A
RT2 gPCR Primer Assay for Human PLXNA3 Qiagen PPH08323A

28



RT2 gPCR Primer Assay for HursarRR1 Qiagen PPHO1350F

RT2 gPCR Primer Assay for Human SIK3 Qiagen PPH21242A
RT2 gPCR Primer Assay for Human SLC13A2 Qiagen PPH10865A
RT2 gPCR Primer Assay for Human SLC39A13  Qiagen PPH06304A
RT2 gPCR Primer AssayHiorman SPNS3 Qiagen PPH22972A
RT2 gPCR Primer Assay for Human TMCC3 Qiagen PPH13586A
RT2 gPCR Primer Assay for Human TMEM132E = Qiagen PPH13922A
RT2 gPCR Primer Assay for Human ZNF443 Qiagen PPH12425A

3.10.2 Individually designed primers

All primer sequences were synthesized by Sighidrich/Merckand reconstituted in nucleaskee
water.

Table12: Individually designed primers

Primers Sequence
| dzY | -ctin Forward:TGGAGCGAGCATCCCCCAAA
ReverseTGGAGCGAGCATCCCCCAAA
Human HDGF Forward: CCAAAGACCTCTTCCCTTACGAG
Reverse: TGGTTCAGGCTCTTCCACACAG
Human MITF Forward: GAAATCTTGGGCTTGATGGA
Reverse: AGGAGTTGCTGATGGTGAGG
Human MOK Forward:TGTCCCCACAATGCCTCTCC
ReverseGCCCGCTTCTCTGTTTTCCTC
Human SLC39A13 Forward:TTCCCGTTGCTTGTCATTCCC
ReverseAAACACATTGCCCAAGAGTCCC
Human TMCC3 Forward:CATCAGACTCAGCGTGGGCT
ReverseAATGGTGTGGGCTGGTGTGA
Human TMCC30RF Forward:GCTGCAAGAGCCGGGTAGAA
ReverseGGCTGTCTGCAGTGAGTTTGAC
Human ZNF443 Forward:CTGGCTGGAACACGCATTGG
ReverseAAGCCCACTCTTCTCGGGTG
Human ZNF4430RF Forward:TGCAAACTTGGGAAAGCCTG

ReverseGTCGTAGAAAGCAAGTGAGCCA

3.11siRNAs

3.11.1 siRNA libraries

Tablel3: siRNA libraries
Library Company

Custom Cherrpick siRNA Library, SiGENOME SMARTpools, Horizon Discovery
target genes, 384 well format, vertical

RNAIi Chermpick Library 0.1 nmol, 174 wells, 3 plates, plate ty Horizon Discovery
96, VerticalSIGENOMBMARTpoo)s

RNAI Chermpick Library 0.1 nmol, 696 wells, 9 plates, plate ty Horizon Discovery
96, Vertica[SIGENOME individual sSiRNAS)
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3.11.2 siRNAs
Tablel4: siRNAs

SiRNA Gompany Catalog#
AllStars Hs Cell Death siRNA Qiagen 1027299
ONTARGETplus Human MITF siRNA, Set of 4 Horizon Discovery = LQ00867400
ONTARGETplus HUm@R10HKIRNASS Horizon Discovery = 302047905
ONTARGETplus Human SIK3 siRNA, s11 Horizon Discovery = J}00477911
ONTARGETplus Naargeting siRNAZ# Horizon Discovery | D-001810602
ONTARGETDplus Naargeting siRNA #3 Horizon Discovery  D-00181G03
ONTARGETplus Naargeting siRNA4¢ Horizon Discovery | D-001810604
SiGENOME Human AXL siRNA, set of 4 Horizon Discovery =~ MQ-00310403
SIGENOME HumaAMK1BiRNA, set of 4 Horizon Discovery = MQ-00494601
SIGENOME Human CD274 siRd¢A of 4 Horizon Discovery =~ MQ-01583601
SIGENOME HumaDH24iRNA, set of 4 Horizon Discovery = MQ-01898500
SIGENOME Huma&@FLARIRNA, set of 4 Horizon Discovery =~ MQ-00377206
SIGENOME HumddLL1siRNA, set of 4 Horizon Discovery = MQ-01330202
SIGENOME Humd&LNsiRNA, set of 4 Horizon Discovery =~ MQ-00930601
SIGENOME Humda®CKsiRNA, set of 4 HorizonDiscovery MQ-01081901
SIGENOME HumaBJC3IiRNA, set of 4 Horizon Discovery = MQ-02038G02
SIGENOME Huma®RM6siRNA, set of 4 Horizon Discovery = MQ-00562102
SIGENOME Huma#tDGFsIRNA, set of 4 Horizon Discovery = MQ-01978200
SIGENOME HumdmGAXiRNA, set of 4 Horizon Discovery = MQ-00800902
SIGENOME HumarGALSS8IRNASMARTPool Horizon Discovery =~ M-01060602
SIGENOME HumarRRNEIRNA, set of 4 Horizon Discovery = MQ-01948102
SIGENOME HumanOKsiRNA, set of 4 Horizon Disceery MQ-00483801
SIGENOME HumaMGFRSiIRNA, set of 4 Horizon Discovery = MQ-00934002
SIGENOME HumapR10HLIRNA, Horizon Discovery = D-02047901
SIGENOME HumaLXNA3IRNA, set of 4 Horizon Discovery = MQ-02093301
SIGENOME Humai1PREIRNA, set of 4 Horizon Discovery = MQ-00365502
SIGENOME HumaIK3XiRNA, Horizon Discovery | D-00477901
SIGENOME Huma&BLC13ARIRNA, set of 4 Horizon Discovery = MQ-00739201
SIGENOME Huma&LC39A18IRNA, set of 4 Horizon Discovery = MQ-00756800
SIGENOME HUm&PNS3iRNA, set of 4 Horizon Discovery =~ MQ-01895300
SIGENOME HumarMCC3iRNA, set of 4 Horizon Discovery = MQ-01387701
SiIGENOME HumarMEM132EiRNA, set of 4 Horizon Discovery =~ MQ-02329900
SIGENOME HumamFRSF1IRNA, set of 4 Horizon Discovery = MQ-00809600
SIGENOME HumasBCsiRNASMARTPool Horizon Discovery = M-01940801
SIGENOME HumaiNF443iRNA, set of 4 Horizon Discovery = MQ-01833501
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3.12 Antibodies

3.12.1FACS antibodies
Tablel5: FACS antibodies

Antibody GCompany Catalog#  Dilution
Alexa Fluor® 700 adtuman CD3 Antibody BioLegend 300424 1:50
APC anthuman CD120a Antibody BioLegend 369906 1:20
APC anthuman CD253 (TRAIL) Antibody BioLegend 308210 1:20
APC anthuman CD258 (LIGHT) Antibody BioLegend 318709 1:20
APC anthuman CD261 (DR4, TRRIL) Antibody BioLegend 307208 1:20
APC anthuman CD270 (HVEM, TR2) Antibody BioLegend 318808 1:20
APC anthuman CD274 (BM1,PDL1) Antibody BioLegend 329708 1:20
APC Flu Pentamer (A*02:0GILGFVFTL) Prolmmune FOO7AAE 1:10
APC Mouse Antluman HLAA2 BD Biosciences 561341 1:20
Brilliant Violet 42% anti-human CD95 (Fas) BioLegend 305624 1:20
Antibody 3

PEanti-human CD119(IFN w h  OK /I Ay BioLegend 308606 1:20
PE anthuman CD120b Antibody BioLegend 358404 1:20
PE anthuman CD178 (Fd9 Antibody BioLegend 306407 1:20
PE anthuman CD262 (DR5, TRRR2) Antibody BioLegend 307406 1:20
PEant-human L™ 04 b C! y(iAO02Re& BioLegend 503105 1:80
PE anthuman Lymphotoxin beta receptor Tw 0 BioLegend 322008 1:20
Antibody

V450 Mouse AntHuman CD8 BD Biosciences 560347 1:200
Isotype antibody Gompany Catalog#

't / a2 dzi SotypeTTBINFLT) Antibody BioLegend 40012

't/ a2dzaS L3IDHI X ¢ LA&2 BiolLegend 400222

't/ a2dz2AS L3IDHO ¢ L&zl BDBiosciences 555745

't/ az2dzaS L3IDHOX ¢ La BioLegend 400322

Brilliant Violet 424 Mouse 1gG1§ Isotype Citrl BioLegend 400158

Antibody _ ]

t9 az2zdzaS L3IDmMX ¢ Lazuuée BiolLegend 400112

t9 az2dzaS L3IDHOX ¢ Lazid BioLegend 400314

t9 wkd LIDHIX ¢ Lazide Ll BioLegend 400508

*Concentration of the isotype antibody was adjusted to the respective antggecific antibody.

3.12.2Western blot antibodies

Tablel6: Western blot antibodies

Antibody GCompany Catalog# Dilution
Akt (pan) (40D4) MousaAb Cell Signaling 2920 1:2000
Anti-TMCC3 antibody produced in rabbit SigmaAldrich HPAO014272 1:500
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Anti-mouse IgG, HRIhked Antibody Cell Signaling | 7076 1:2000
Anti-rabbit IgG, HRinked Antibody Cell Signaling 7074 1:2000
Bcl2 (124) Mouse mADb Cell Signaling | 15071 1:1000
BiP (C50B12) Rabbit mAb Cell Signaling 3177 1:1000
Caspase (D3R6Y) Rabbit mAb Cell Signaling | 14220 1:1000
Caspase (1C12) Mouse mAb Cell Signaling 9746 1:1000
Caspas® Antibody (Human Specific) Cell Signaling 9502 1:1000
CHOP (L63F7) Mouse mAb Cell Signaling 2895 1:1000
FLIP (D5J1E) Rabbit mAb Cell Signaling 56343 1:1000
GAPDH Antibody (0411) Santa Cruz SCA47724 1:2000
LwOmh é6mn/ mno wkooAld Y CellSignaling 3294 1:1000
Monoclonal AntiMicrophthalmia(MITF)antibody SigmaAldrich M6065 1:1667

produced in mouse

MOK Antibody Aviva OAANO03251 1:500

p53 (7F5) Rabbit mAb Cell Signaling 2527 1:1000
PhospheAkt (Ser473) Antibody Cell Signaling 9271 1:1000
PhospheBad (Ser136) (D25H8) Rabbit mAb Cell Signaling 4366 1:1000
PhospheNFS . Llcp o06{ SNpoc0 o CelSignaling 3033 1:1000
PhospheSAPK/JINK (Thr183/Tyr185) (81E11) Rak Cell Signaling 4668 1:1000
mADb
PhospheStatl (Tyr701) (D4ARabbit mAb Cell Signaling 7649 1:1000
PhospheStat3 (Ser727) Antibody Cell Signaling 9134 1:1000
SLC39A13 Antibodyniddle region Aviva ARP78987  1:500
Statl (D1K9Y) Rabbit mAb Cell Signaling 14994 1:1000
Stat3 (124H6) Mouse mADb Cell Signaling 9139 1:1000
XIAP (3B6) Rabbit mAb Cell Signaling 2045 1:1000
ZNF443 antibody [N1N2]A&rm GeneTex GTX115372 1:500
3.13 Software
Tablel7: Software
Software Developer
EndNote X7.8 Clarivate Analytics
FlowJo 10.8.1 Becton Dickinson & Company (BD)
GraphPad Prism 9.4.1 GraphPad Software, Inc.
ImageJ 1.53t Wayne Rasband (NIH)

Incucyte 2021C
Microsoft 365 Apps for Business

Essen BioScience Inc.
Microsoft

R4.1.1 R Core Team
Vialab IntegraBiosciences
Vialink IntegraBiosciences



3.14 Additional R packagesdsoftware

Apart from the base packages, additional packages were installed and used to conduct bioinformatic
analyses with thg@rogramming language R for statistical computing

Table18: Additional R packages and software

R package/software

Publication

Bioconductor

Gentlemaret al, Genome Biol. 200/4.54]

cell[HTS2 Boutroset al., Genome Bib 2006 [155]
ComBatseq Zhanget al., NAR Genom Bioinform. 202066]
ggfortify Tanget al, R J. 201A.57]

harmony Korsunskyet al., Nat Methods. 2019158]
network Butts, J. Stat. Softw. 200859]

Seurat Stuartet al,, Cell. 2019160]

tidyverse Wickhamet al,, J. Open Source Soft®019[161]
WGCNA Langfdéder et al, BMC Bioinformatics. 20Q862]
R package Author

aroma.light Bengtssornfl163]

data.table Dowle et al.[164]

dynamicTreeCut
dplyr

ggplot2

gplots

gprofiler2

hwriter
pheatmap

splots

sva

xlsx

3.15 Data sets

Tablel1l9: Data sets

Langfelderet al.[165]
Wickhamet al.[166]
Wickhamet al.[167]
Warneset al.[168]
Kolberget al.[169]
Pau[170]

Kolde[171]

Huberet al.[172]
Leeket al.[173]
Dragulesciet al.[174]

Data set Publication

GSE115978 JerbyArnonet al, Cell2018[152]
GSE134432 Wouterset al.,, Nat Cell Biol. 202[33]
SRP068803 Zhaoet al., Cancer Res. 201630]

TCGA TARGET GTEx Vivianet al, Nat Biotechnol. 2017175-177]

https://gtexportal.org/home/
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4 Methods

4.1 Cell culture methods

4.1.1Culture of imor cell lines and T cells

Wildtype and genetically modified Mdel-86 were cultured itomplete RPMI supplemented with the
required antibiotics as described in 3Ll8When cells reacheaore than 8890%confluency, cells were
washed once with DPBS and treated with 1x trypsin/EDTA for several minutes at 37 °C to detach from
the culture flaskDetachment was stopped by adding complete medium and cells were centrifuged for

10 min at 500 g and room temperature (RT). Cells were subcultured twice a week.

FIuT cells were thawed 6 h prior to each experiment and cultured in plain CLM at a conoaruféti

x 10 cells per ml. MART T cells and TIL412 were thawed 3 days prior to each experiment and cultured
in CLM supplemented with 80 U/ml of IL-2 at a concentration of 0,6 x $@ells per ml. 24 h before

the experiment, they were {2 depleted anctultured in plain CLM at a concentration of 0,6 X ddlls

per ml.

All cells were cultured at 37 °C and 5 %.CO

4.1.2 Thawing and freezing of tumor cell lines and T cells

Tumor cell lines and T cells were thawed using their respective mediglesasbed in 3.8. Culture
medium was supplemented with 75 U/fBenzonaseCryovials with frozen cells were thawed at 37 °C.
When defrosting was almost completed, prewarmed thawing medium was added dropwise to the cells
and cells were transferred to 10 raf thawing medium in a Falc@tube. Cells were centrifuged for

10 min at500 gand RT and were subsequently taken into culture as described in 4.1.1.

Before freezing, cells were collected and counted using a hemocytometer. Cells were pelleted for 10
min at 500 g and RT, tumor cell pellets were then directly resuspended in freezing medium.
Lymphocyte pellets were resuspended in freezing medium A and freezing medium B was added
dropwise in a ratio of 1:1. Cells were pipetted into cryovials which were inatedgitransferred to a
CoolCell LX Freezing contaileed stored at80 °C for at least 2 h. Afterwards, vials were moved to

the liquid nitrogen tank.

4.1.3 Stable plasmid transfection of Wiel-86
To stably express HiA2 in MaMel-86 wildtype cells, austomized pcDNA3.1 plasmid was used

containingthe ORF encoding foHLAA2 as well as foa geneticin (G418) resistanc®lasmid
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transfection was conductedsingLipofectamine P3008ccordingtol KS Y I y dzF I O dzZNB N a
Briefly,2,5 x 16 cells penvell were seeded into a treated\gell plate one day before the transfection.

Per well, 5 pg of plasmid DNA, 10 ul of P3000 reagent and 7,5 ul of Lipofectamine 3000 were combined
in a total of 250 pDOpti-MEMx. Upon transfection, cells weiiacubated in RPMI supplemented with

10 % FBS in the absence of antibiotics for 20 h at 37 °C and 5. ®h€Q medium was changed to
complete RPMI for 24 h and finally to complete RPMI supplemented with G418 in order to restrict cell
growth only to transécted cells. The correct concentration of the selection antibiotic was determined
previously in a titration experimenilransfectedVa-Mel-86a and Ma-Mel-86¢ were cultured in 0,4

mg/ml and 0,8 mg/miG418 respectivelyas these concentrations showed higbxicity in wildtype

cells. Approximately two weeks after transfection, FAZ expression was measured by flow
cytometry and MaMel-86 HLAA2+ were continuously cultured in 0,9 mg/ml G418 containing culture

medium to keep HLA2 expressiostable

The probcol for stable overexpression of immune resistance genes iMigle86a HLAA2+ Luc+ was
similar. Here, customized pcDNA3.1 plasmids contained a gene for a hygromycin resistance and either
an ORF encodinfpr the respectivémmune resistance gene or no atidnal gene (empty vector). 2,5

Hg of plasmid DNA, 5 pl of P3000 reagent and 3,75 pl of Lipofectamine 3000 per well were used and
the final culture medium contained 0,9 mg/ml G418, 0,6 pg/ml puromycin and 0,2 mg/ml hygromycin.
Gene expression was measuiteygl quantitative PCRells transfected witlanempty vectorserved as

a negative control

4.1.4 Lentiviral transduction of Mdel-86

For stable expression of luciferase, ynade lentivial transducing partickewere used that expressed
firefly luciferag 3 as well agyreen fluorescent proteiGFP) under the same CMV promotor.
Additionally, thevector encodes foam puromycin resistance gene under an RSV promotor. One day
before transduction 2,5 x 20Ma-Mel-86 HLAA2+ per well were seeded into a treatédavell plate. On

the day of transduction, medium was replaced with plain RPMI supplemented with 10 % FBS without
antibioticsand tumor cells were transduced with lentivirus at a multiplicity of infection (MOI) of 1.
Cells were incubated for 20 h at 37 @& % CO Afterwards, medium was changed to complete
RPMI supplemented with 0,9 mg/ml G418 for 24 h. Finally, medium was replaced again, and cells were
continuously cultured in complete RPMI containing 0,9 mg/ml G418 and puromycin. As previously, the
appropriate concentration of the selection antibiotic was determined in a titration experiment. Ma
Mel-86a and MaMVel-86¢ required a concentration of 0,6 pg/ml and 0,4 pg/ml of puromycin,

respectively. Approximately two weeks after transduction, transduatificiency andsFRexpression
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was measured by flow cytometry. Mdel-86 HLAA2+ Luc+ were then cultured in complete RPMI

supplemented with 0,9 mg/ml G418 and 0,6 pgfmaromycin.

4.1.5 Reverse siRNA transfection

In order to silence the genexpression of different target genes, cells were transfected with the
respective siRNA. siRNA stocks were diluted with nuclizasewater to 250 nM. 200 ul of siRNA
solution were pipetted into a-8vell plate. For successful transfer of siRNA into theenoglls, the
RNAIMAX transfection reagent was used. Per well, 4 ul RNAIMAX were added to 196 pl RPMI and the
mix was incubated for 10 min at RT. Subsequently, 400 ul RPMI were added to the mix and the total
volume was added to the siRNA in thevéll plate. RNAIMA>IRNA mix was incubated for 25 min at

RT allowing for formation of siRMNifid complexes. Meanwhile, wildtype or genetically modified-Ma
Mel-86 were collected from culture flasks. Per well, 2,5 Xtliénor cells were diluted in 1,2 ml of
complee RPMI to be added to the RNAIMAIRNA mix, resulting in a final SIRNA concentration of 25
nM. Cells were transfected for 48 h at 37 °C and 5 % KD transfection experiments in 9gell and
384-well plates, the described protocol was adapted proporéityy, maintaining a final siRNA
concentration of 25 nM. In 9&ell plates, 5000 Mdviel-86a and 10000 Mdlel-86¢ cells were seeded

per well and in 384vell plates, 2000 MdViel-86a and 4000 Mdviel-86¢ cells were seeded.

4.1.6 Expansion of FIuT cells

Flu pepide specific T (FIuT) cells were previously generateB bigdd ! @ 8 S baddNbzenSry S @6 S
aliquots for later expansion experimens78]. Briefly, CD8+ T cells were isolated frperipheral

blood mononuclear cells (PBMCEpm healthy donors. Flu peptide specific CD8+ T cells were
expanded by antigespecific expasion (ASE) in the presence of HAZ matched flu peptide
(GILGFVFTU)-2 and IE15 as well as irradiated feeder cdli<i4, 178].

For efficient expansion, the rapid expansion protocol introduced by Roseesbatgvas used179]. T

cells that were generated by the ASE were thawed in CLM and staine&lwiBentamefA*02:01-
GILGFVFT&$ described in 4.3.3 in order to identify flu peptide specific T (FIuT) cells which were sorted
by FACS. During the sorting, previously isolated PBMCs from three different donors were irradiated
with 60 Grayand used ageeder cellsfor the expansion. Expansion medium (described in 3.6) was
prepared and supplemented with 3000 U/midland 30 ng/ml antCD3 antibody{clone: OKT3)1 x

1C° sorted FIuT cells were amltured with 200 x 1®irradiated PBMCs (ratio 1:200) in 150 ml of
supplemented expansion medium in an upright T175 cell culture flask. Cells were incubated at 37 °C

and 5 % Cg&for 4 days. On day 5 after start of the REP, 100 ml of the medium was discarded and
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replenished with fresh expansion medium supplemented with 30001 lL-2. On days 7 and 11 after

start of the REP, 2/3 of the culture medium was discarded, cells were counted using a hemocytometer,
and remaining medium was replenished withsh expansion medium supplemented with 3000 U/ml

to adjust the cell number t6,6 x 16 cells per ml. REP was completed after 14 days. 0,8&dD cells

were used for a staining witklu Pentamerto conduct flow cytometry in order to measure the
proportion of flu peptide specific CD8+ T cells. Subsequently, expanded FIuT cellfozen as
described in 4.1.2.

4.1.7 Polyclonal activation of T cells

Activation was performed in an untreatedvéell plate. Wells were coated with 4 pg/ml ai@D3
antibody in 2 ml of DPBS overnight at 4°C. The plate was then washed twice with RPIBSv&re
seeded in CLM supplemented with 1 pg/mlia@D28 antibody at a concentration of 1 ¥ tells per
ml. 1,54 ml of cell suspension were used per well. Cells were stimulated {84 20at 37 °C and 5 %
CQ. Afterwards, T cell suspension was sterred to aFalco®tube and centrifuged for 10 min &00

g and RT. The supernatant was collected irdresh tube and used directly in experiments or

alternativelystoredat -20 °Cfor future use

4.2 Molecular biology techniques

4.2.1Transformation of plasmids into competent bacteria

Chemically competent DHZE. coliwere used for trasformation and amplification of overexpression
plasmids encodingMCC3r SLC39A18s well as an empty vector. 1 pg of plasmid was added to one
vial of 50 ul competent bacteria suspension and the mix was incubated for 10 min on ice. After a heat
shock of 45 s at 42 °C, cells were incubated for another 2 min on ice. 200.@l@fn%edium was
added and suspension was incubated for 1 h at 37 °C, shaking a@D@m. 50 ul of théacteria
suspension was transferred to an agar plate containing 100 pg/ml ampicillin and distributed by the
guadrant streaking method. The plate was incubabeédrnightat 37 °C. The next day, a single colony
was picked and inoculated in 10 ml of LB medium supplemented withd®@ pmpicillin The culture

was incubated for 8 Bhakingat 37 °C and 300 rpm. 100 pl of the culture was subsequently transferred
to 200 ml LB medium supplemented with 10§/ml ampicillinand incubated overnighghakingat 37

°C and 300 rpm. Finally, bacteria from the overnight culture were harvested by centrifugation for 15
min at 4000 g. Plasmid DNA was purified usingRbeeLink HiPure Plasmid Midiprep Killowing

GKS YIydzZFI OGdzZNBENRa AyaidNHzOG A 2fyed wates Gohcendratidn wést dzi S R
determined using thé&anoDropt 2000c SpectrophotometelDNA was stored a0 °C.

37



4.2.2 RNA isolation and reverse sarption

RNA was isolated from cell pellets of tumor cells. For pellet collection, cells were washed once with
DPBS and detached with trypsin/EDTA. Complete RPMI was added, and cell suspension was
centrifuged for 5 min at 500 g and 4 °C. PsHetre wasted once with cold DPBS. Supernatant was

discarded and pellstwere stored at-20 °C or used immediately for RNA isolation.

RNA isolation was conducted using RBeasy MinfKEN2Y v Al 3Sy | O0O2NRAyYy3I G2
instructions. RNA purity and concentration was measured using anoDropt 2000c
SpectrophotometerRNA was stored a80 °C. Measurement of the concentration was repeated after

each freezghaw cycle. Reversganscription was conducted using tiguantiTect Rev. Transcription
KtFNBY vAlF3ASY F2ft2gAy3 GKS YIydzZFlI OGdzNBENRA AyaidN

per reaction.

4.2.3 Enepoint PCR

In order to determine gene expression at MRNA |eR€R was performed using the @yTaqgt HS

Red Mixin a reaction volume of 25pul. Per reactionpllof predesigned primers or 506M self
designed primers were used. 100 ng of cDNA was used as template and water was used to reach final
reaction volume. Wate additionally served as contamination control in a sample without cDNA.
Default PCR program was initiated for 3 min at 95 °C, followed by 35 cycles of the following three steps:
denaturation for 30 s at 95 °C, primer annealing for 30 s at 60 °C and tdonfyga 30 s at 72 °C. PCR

was completed by a final stap at 72 °C for 5 min.

A 2 % agarose gel was prepared with agarose in 0,5x TAE buff@etiRdd® Nucleic Acid Gel Stain
(1:12.000). 23 ul of PCR samples were loaded on the agarose gel and run siiaatcositage of 120
V. Finally, DNA bands were visualized usingaihemiDoc Imaging System

4.2.4 Reatime quantitative PCR (gPCR)

In order to quantify mRNA expressioreattime quantitative PCR (qPCRps performed The
QuantiFastand QuantiNov&SYBR5reen PCR Iitwere used in a total reaction volume of 20 pl. Per
reaction, 10 pl of 2x SYBR Green mix and 10 ng of cDNA were applied as a t&itt@atpredesigned
primers were used in the PCR, 1 pl was used per reactiordé&sfned primers were afipd at300

nM end concentration for each primelVater was used to reach final reaction volume and as
contamination control in a sample without cDNA. Each sample was run in triplicates and gPCR was
performed using theQuantStudiat 3 RealTime PCR Systerim subsequent analysis, expression (Ct

value) of target gene was subtracted by the expression (Ct value) of the housekeepérAyetireas
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a normalization step. In order to calculate relative fold gene expression between different conditions,

analysis waperformed usinghe 2" ®'method[180].

4.2.5 Protein isolation

Whole protein lysatesvere extractedfrom cell pellets ofumor cells Pellet collection was performed

in the same manner as dedoeid in 4.22. Pellets were resuspended MILLIPLEX MAP Lysis buffer
supplemented with protease and phosphatase inhibitors (each 1:100). The resulting cell lysis was
performed at 4°C for 15 min under constant rotation. Afterwards, samples were centrifag&8 min

at 17.000 g and 4 °C. Supernatant containing the proteins was collected in fresh reaction tubes. For
measurement of protein concentration, tHeéiercet BCA Protein Assay Mias used according to the
manufacturer's instructions. Absorbance at aweglength of 562 nm was measured using frexan

Spark 10M Microplate Readd?rotein concentration was determined using a regression model of the

standards provided by the Kkit.

4.3 Immunological techniques

4.3.1 Western blot

Todetermine theexpression of target genest protein leve) western blot was performed. 30 ug of
protein extracted in 4.2.5 were diluted in water to a total volume of 18,75 pl. 6,25MUBAGE LDS
Sample Buffer(4X) supplemented with 10 &-Mercaptoethanolwere added and samples were
incubated for 10 min at 70 °GlUPAGE 4 - 12 %, Bidrisgel and 1XMOPS SDS Running Buffare
prepared in the electrophoresis chamber and 23 pl of each sample were loaded onto the gel.

Electrophoresis was performed for 15 min at §ahén for 90 min at 120 V.

For transfer of proteins onto a nitrocellulose membrane, fh@nsBlot Turbo RTA Mini 0.2 um
Nitrocellulose Transfer K | & dza SR® ¢ NI YAFSNI 0dzFFSNI 61 & LINBLI NJ
instructions and membrane and twoansfer stacks were equilibrated for 10 min in transfer buffer.

After gel electrophoresis was completed, the gel was removed from the chamber and transferred to
transfer buffer. One transfer stack was placed on the anode offthasBlot Turbo Transfer Siem,

followed by the membrane, the gel and the second transfer stack. A blot roller was used after each

step to remove air bubbles between the components, excessive transfer buffer was removed, and the
cathode was used to seal the system. Protein trans¥aes performed with the preprogrammed

LINP G202t a1l A3IK a2é gAGK | LINRPf2y3aASR RdzNI GA2Y 27F
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After completion of the protocol, successful transfer of protein from gel onto membrane was verified

by staining the nitrocellulose membrane wiBPonceau S solath according to the manufacturer's
instructions. Solution was removed by washing the membrane several times-h. TB& emaining

protein in the gel was stained usirBjo-Safetr Coomassie Staih OO2 NRAyYy 3 (2 GKS Yy

instructions.

For the develoment of the membrane, it was blockddr 1,5 h at RTh 10 % milk in TBE orAnimal

Free Blocking Solution (AFB&)detection of total or phosphgroteins, respectively. After a washing
step for 5 min in TB¥, membrane was stained with the primary &ty (see 3.12.2) in 1 % milk in
TBST or AFBS overnight at 4 °C. On the next day, the membrane was washed thrice for 10 min at RT
in 1 % milk in TB® or in cas@hospheprotein specific antibodiewere used previously, in plain TBS

T. Subsequently, the embrane was incubated for 1 h at RT with the appropriate secondary HRP
conjugated antibody diluted in 1 % milk in TB®r AFBS. Antibodies were diluted as described in
3.12.2. Afterwards, membrane was washed once with 1 % milk iATT@3lain TBS (phspho
proteins) for 10 min at RT. This was followed by a washing step i @B&finally in TBS, each for 10
min at RT. Lastly, membrane was dried andent femto Western HRP Substratas added onto the
membrane and incubated for 5 min in the dark for detection of proteins. For detection of the
housekeeper gen&APDHPiercet ECL Western Blotting Substrat@s applied for 1 min due to high
protein expression of the gene. Membrane wased and protein bands were visualized using the

ChemiDoc Imaging System

4.3.2 Enzymdéinked immunosorbent assay (ELISA)

In order to measure secreted cytokines TNJF IFN, cell supernatant was collected and centrifuged

for 5 min at 500 g to deposit tedebris. Supernatant was transferred to an untreated microplate or

reaction tubes and stored aR0 °C until the ELISA was performed. For conducting a sandwich ELISA,
BDOPtEIA9 [ L{! 1AdGa 4SNP dzaSR I 002 NRushgthdieanBpak Y I y dz
10M, absorbance at a wavelength of 450 nm was measured with a reference wavelength of 570 nm.
Cytokine concentration was determined by subtraction of the reference absorbance and a regression

modelof the standards.

4.3.3 Flowcytometry

Surface protein expression was measured by flow cytometry. Adherent tumor cells were detached
with 0,02 % EDTA in DPBS. During the staining, cold buffers were used, and all steps were followed by
washing steps, centrifugation for 5 min@0gand 4 °C and disposal of the supernatadup.to3 x 16
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tumor or T cells were transferred to one well of a V bottom microplate and washed with FACS buffer.
After centrifugation, Kiovig solution (1:20 in FACS buffer) was added and cells were incubated for 20
min on ice. Cells were washed with DPBS and staineddwitibie Aqua/NIR( (1:1000 in PBS) for 15

min at RT in thelark Staining was followed by a washing step with FACS b#lfePentamewas
centrifuged for 5 min at 14000 g and 4 °C to dispose protein aggregatego use for stainingFluT

cells were stained with Flu Pentamer (1:10 in FACS buffer) for 10 min at RT in the dark and washed
afterwards with FACS buffer. For the followingface protein staining, monoclonal fluorophere
conjugated antibodies were diluted in FACS buffer at a suitable concentration (see 3.12.1) and applied
to the cells for 30 min on ice in the dark. Appropriate isotype antibodies with the same Ig subclass and
fluorophore as the target antibody were applied in the same concentration as staining controls. After
the surface staining, cells were washed twice and afterwards resuspended in FACS buffer and
transferred to a FACS tube through a cell strainer. Samples aeguired with theFACSLynic and

FIuT cells were sorted using tH&ACBrian Il. Appropriate laser voltages and fluorophore signal
compensation was applied by using unstained and single stain controls. Flow cytometry was
subsequently analyzed using theftsvare FlowJo. Compensation was-applied and, if required,

geometric mean was used for measurement of mean fluorescence intensity (MFI) values.

4.4 Cytotoxicity assays

4.4.1 General setup of cytotoxicity assays

Genetically modifiedMa-Mel-86 were seeled to 6well, 96well or 384well plates without treatment

or transfected with siRNAs as described in 4.1.5. In lucifdvased cytotoxicity assays, cells were

seeded into white microplates, otherwise transparent plates were used. If not stated otheveke

were cultured for 48h until further treatment. In cytotoxicity assays with FluT or MARTells, Ma

Mel-86 were pulsed for 1 h at 37 °C and 5 % With 0,01 pg/ml flu peptidéSILGFVFHENd 10 pg/ml

MARTL peptide ELAGIGILTVespectively. Mediunof untreated or pulsed cells was removed and
melanoma cells were ecultured with FIuT, MART T cells or TIL412. Alternatively, cells were treated

with supernatant of polyclonally activated FIuT cells or with 100 ng/mé@dmbinant humar¢ b Ch X
TRAILIFA[ = [¢h S [LDI¢ 2NJ LCb! & 37 Cfarid®d % &GS NB & dzo & Slj dzS

4.4.2 Luciferasbased readout
In luciferasebased cytotoxicity assays, Méel-86 HLAA2+ Luc+ were treated for 20 h. Subsequently,
cell supernatant was discarded, and cellsrevlysed with 40 pl or 20 pl of lysis buffer per well in 96

well and 384well plates, respectively. After an incubation of 10 min at RT, equal amount of luciferase
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buffer was added per well and readout was performed immediately by measuring raw luciferiése

by luminescence with the Tecan Spark 10M

4.4.3 Reatime live cell imaging

In realtime cytotoxicity assaysncucyte® Cytotox Red Dye was adtteifla-Mel-86 HLAA2+ Luc+ at

start of treatmentat a final dilution of 1:4000. Microplates were transferred itib@ Incucyte SX5®
devicefor at least20 h at 37 °C and 5 % @@&very two hours, the device acquired the red signal of
dying cells indicated by Cytotox Red binding to DNA due to disruptitdnesenbrane integrity.
Additionally, GFP expression of cells was acquired. In the subsequent analysis Withutlyge 2021C
software, the area per well of the red signal was normalized to the green signal for determination of

cytotoxicity.

4.5 Highthroughput RNAI screens

4.5.1 Pipetting of siRNA libraries

For conduction of the higthroughput (HTP) RNAI screens, customized siRNA libraries were delivered
in 384well or 96well microplates as stocks from Horizon Discovery. The library was designedevith th
first four ortwo columns to be empty for later addition of control sSiRNAs. To conduct the screens in
technical duplicates with viability and cytotoxicity setting, SIRNAs were diluted and distributed to white
microplates using thASSIST PLpiBetting robot and electronic pipettes. Pipettes were programmed
using the Vialab softwar@&lucleasefree water was used to dilute the siRNAs to a concentration of 250
nM. Microplates were kept continuously on ice or during pipetting at 4 °C using a cooling thé on

robot to prevent siRNA degradation. Until implementation of the screen, plates were stor2d 2.

4.5.2 Primary higthroughput RNAI scresn
In the primary HTP scregna siRNA library was used comprising 5202 genes encoding for the whole
surfaceane as well as kinases and cell metaboligtated genes. Each gene was targeted by a
SMARTYpool of founon-overlappingsiRNAdargeting the mRNA dhe respective gene. The setup of
the screen was adapted from Khandeleahl.[143]and was conducted in 384ell microplates. The
library stocks were diluted and distributed as described inldubth the first four columns left empty.
Control siRNAs were diluted with nucledsee water to 250 nM on the day of the screen and pipetted
to the first four columns of the microplate. The readt was conducted similar to the reverse siRNA
transfectionand luciferasébased cytotoxicity assay as described in 4.1.5 and 4.4, respectively. Per
well, 0,05 ul of RNAIMAX transfection reagent was used and 20adéf86a HLAA2+ Luc+ and 4000
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Ma-Mel-86¢ HLAA2+ Luc+ were seeded, respectively. Final siRNA coatien was 25 nM in a final
volume of 50 pl. After 48 h of transfection, melanoma cells were pulsed with 0,01 pg/ml flu peptide
for 1 h at 37 °C and 5 % £Gubsequently, peptide containing medium was removed anéMdb86

were cultured in plain mediummithe viability setting or ceultured with FIuT cells in the cytotoxicity
setting. MaMel-86a were cecultured at an E:T ratio of 1:1 while Mé#el-86¢ were cecultured at an

E.T ratio of 0,5:1. After 20 h, tumor cells were lysed, and remaining lucifaciisdy was measured

as described in 4.4.2.

4.5.3 Secondary validation higiroughput RNAI scresn

The secondary validation screswere conducted simildy to the primary HTP screens described in
4.5.2. The library of the validation screen comprised @@&nes encoding for strong immunoregulatory
genes identified in the primary HTP screens as well as MITF alntl. AB in the primary scregreach

gene was targeted by a pool of four siRNAs. Additionally, each of the four sSiRNAs was used individually
to investigate offtarget effects and different effect sizes of the single siRNAs. The secondary screen
was conducted in 9@vell plates with the first two columns used for control siRNAs. Per well, 5000 Ma
Mel-86a HLAA2+ Luc+ and 10000 MAel-86¢c HLAA2+ Lucwere seeded, respectively.

4.6 Bioinformatic analyses
Bioinformatic analyses were conducted usthg programming language R for statistical computing
Default R packages were complemented by specific packages important for the respeeliyss. If

not stated otherwise, default arguments of functions were applied.

4.6.1 Analysis of highroughput RNAI screens

¢CKS 1 ¢t wb!A aONBSya gSNB Fylftel SR dzaaAy3a GKS LI O
and cytotoxicity settings fo the screens in Mael-86a and MaViel-86¢c. The function
Y2NXYIFfATStfFriSaocaldltSréydz GALE AOI i A-Pletvariabilitg AT ¢ w! 9
of raw luciferase units (RLU). This was followed by assigniagaeto each gene, estimag its effect

on the viability of cells compared to all other genes. Here, the function scoreReplicates() was used with
AaAFIYrea AyONBFrasSR YStlry2yl OStt RSHGK YSRAFGSR
followed by summarizeReplicates(sumiB ' ¢ YSI yé 0 d ¢KS &AONALIG 2F GKS
adapted from my former colleague Tillmann MichEl81]. The zscaes of viability and cytotoxicity

7

setting were first quantile normalized using thermalizeQuantileRartk0 Fdzy Ol A2y 2F (KS
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packageLy 2NRSNJ (2 ARSyi{dAFe SI OK 3ISy S oddiafedtyhmy 2 Y 2 R dzt
cell rejection, a regression model was applied to predict the cytotoxicity score from the viability score
usinglocally estimated scatterplot smoothing OESS). LOESS scores were calculated as difference
between the cytotoxicity &core andhe prediction model, and all genes were ranked by their LOESS

score with positive scores for genes that increased tumor cell death upon knockdown.

4.6.2 ComBaseq

To combine different transcriptomic data sets and correct batch effects that were inteaddoe to

varying origins of the data sets, ComBaS1lfi FTNRBY GKS LI Od &das thevdatdl Q & | 2
resulting in high statistical power while maintaining integer values of the raw count BatASeq data

from melanoma cell lines Miel-86a and MaMel-86¢ were publicly available vidCBI SRforoject

ID SRP0688)3Raw transcriptome data (FASTQ) was processed to a raw count matrkzbd A y & A ( dzi
NextGeneration Sequencing (NGS) core facilitfputerset al. published RNAeq data on patient

derived melanoma cell lines accessible via the Gene Expression OmaibEi34432Gene names of

the Woutersetal. Rl i aSia 6SNB O2y FSNI SR lgprofileny @S X gt 2 NRS N
to merge the raw count data with the Mslely ¢ OSf f sét.APyinSipleQconkpbnént analysis

(PCA) was conducted on legansformed raw count data using the prcomp() function before and

after the ComBaseq batch effect correction to investigate similarities of the different melanoma cell

lines according to datet and melanoma phenotype as well as efficiency of batch effect correction.

t/ ! gL & @GAadzad AT SR gAGK GKS 1dzi2L)X 2360 FdzyOliAazy

4.6.3 Weighted gene eexpression network analysis (WGCNA)

To identify ceexpression modules from a welation matrix of RNAS|j Rl GF X GKS LI O 3

gl & dzZaSR U AABICRECR B ANK WISySa gA0GK || LRaAAGAGS 021

be assigned to a cluster, signed networks were generated. If required, the analysis was conducted on

a specific sample subset like malignant cells in the J&rhgnet al.single cell RN&eq daa set. The

total list of genes in the data set was reduced to a list of 265 validated immune resistance genes and

controls. Normalized count or TPM expression datawaslo$el y a F2NX¥ SR 'y R 3ISySa

expression in any sample were excluded. WGCNA, a correlation matrix is transformed into a

weighted adjacency matrix by applying soft thresholding. A power value is applied to the correlation

matrix to emphasize on strong correlations. The functipickSoftThreshol@erbose = 5,

networkType="sigad") was used to determine the appropriate power value to obtain high similarity

and scalefree topology. If a network is scafeee, a few genes interact with a large number of other

3SySa oKAES (GKS YlI22NA(G& 4 2dz RyyQilie cdse id Biologidald K O2
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networks. Taking the power value into account, the adjacency matrix was generated with the function
adjacency(type = "signell"To cluster the genes from the adjacency matrix, a proximity measure was
applied, resulting in a topofical overlap matrix (TOM) to minimize noise and spurious associations.

The dissimilarity TOM was then used for hierarchical clustering with the function

KOf dza i o YSUK2RIéE @SNF3S¢0 (2 7FAY lcitkeDynanhdgdthddS || RSy
= "hykrid", deepSplit = 2 pamStage = FALSRinClusterSize 3), genes were assigned to modules of

at least threegenes Resulting clusters with module eigengenes, representing the general expression

of the majority of a cluster, were correlated to each otlzrd to marker genes as well as external

traits. Clusters with a module eigengene correlation coefficient of 0,75 were merged. The cluster
dendrogram was visualized with the functipfotDendroAndColorsfyhile the correlation heatmaps

were generated usinthe functionplotEigengeneNetworks(plotAdjacency = F)

4.6.4 Generation of heatmaps

LI NG FNRBY GKS 2D/ b! YR {Sdz2N> i Fylfearas KSIFGY!l
Data matrices were logansformed with samples as rows and genes as coturtirequired, genes

GSNBE 2NRSNBR FNBY LINBGA2dza 2D/ b! o0& dzaiAy3d aSiaoz
were either ordered manually or by hierarchical clustering by settinster_rows=Tn the pheatmap()

function. In analyses comparing tlexpression of immune resistance genes with statistical tests,

sample groups were defined and wilcox.test() was applied to impleméfdarancWhitney U testn a

genewise manner. ManiwWhitney U test was chosen due to the assumption that gene expression did

not follow normal distribution as some genes showed expression only in a subset of samples. The p

@l fdzSa 6SNB | R2dzaiSR F2NJ Ydzf GALX S (SadGAy3a dzaiy3

their adjusted pvalue.

4.65 Seurat

Singlecell RN&qanat 8Aa 6+ a LISNF2N¥YSR gAGK GKS aLISOALFEATS
and different subsets of malignant cells in patient melanomas. Raw count data from theAtredyy

et al.data set was used to create a Seurat object dtkeateSeuratObjefmin.cells = 3, min.features

= 100. Quality control was performed and cells were filtered with sulss#i¢et = nFeature_ RNA >

200 & nFeature_RNA < 10000 & nCount_RNA ¥ Zxa was subsequently normalized and scaled

and the top 2000 variable features weintegrated to perform PCA. The function RunHarmony() from

GKS LI O1F3S WKI NXY2YyeéQ -specific baleh &ficts.(SabseyieniyR cefis wede G A Sy
clustered with the functions FindNeighbamsduction = "harmony", dims = 30) and

FindClusters(rsolution = 0.5¥ollowed by RunUMARgduction = "harmony"”, dims =30) to perform
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Uniform Manifold Approximation and Projection for Dimension RedudtigMAP). UMAP plots were
visualized using the function DimPl&fuction = "umap). In order to assigred type identities to the
clusters, the expression of marker genes in the different clusters was visually investigated with the
DotPlot() function. According to marker gene expression, clusters were relabeled, merged or excluded.
To identify immune resiance genes as cluster marker genes the function FindAlIMarkdysgos =
TRUE, min.pct = 0.25, logfc.threshold = D\R&s applied and the resulting list of marker genes was
intersected with the list of immune resistance genes. Expression of genes wafizeid with the

functions DotPlot() or with averaged expression level®bideatmay).

4.7 Statistical evaluation

To measure statistical significances between different conditions in the experiments, the software
GraphPad Prism 9 was used. The choicthefstatistical test was dependent on the data that was
compared in the test. In single experiments or representative data an unpairedailed t-test was
chosen. For compiled data, a tvailed paired ttest between conditions that were not normalizeal t
each other, and a twdailed ratio paired ttest for normalized conditions were used. In case the
hypothesis implied a clear reduction in measured values, the tests were changed frotaileebto
one-tailed ttests. In all casesyalues below @5 wele considered significant with *p < 0,05, **p <
0,01, ***p < 0,001 and ****p < 0,0001.
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5 Results

5.1 aracerization of melanoma cell lines

5.1.1 Selection of melanoma cell lines

MITE as the master regulator in melanocyteplays an important role in cell plasticity and
melanomagenesig/0]. In order to identify novel immune resistance genes two melanoma cell lines
with different MITF expression levels were selected. In collaboration with tepaiment of
Dermatology from the University Hospital in Essen, the previously characterized melanoma cell lines
Ma-Mel-86a (MITE") and MaMel-86¢c (MITFY") were choser{130]. Ma-Mel-86a and-86¢ arecell

lines that were derived from the sanmeelanomapatientoriginaingfrom different lymph nodédesions

two months (MaMel-86a) and three years (Mislel-86¢) afterdiagnosis, respectively. The melanoma
patient received several immunotherapies including different pephbdsed vaccines as well as 'FN

and tumor lysate loaded dendritic cell vaccine. Immunotherapies and surgery led-year 8isease

free period, yet the patient deceased rapidly after melanoma recurr¢hge].

In order to validate differences in MITF expression, cDNA and protein lysates of iveM®& pair

were generated andMITFmMRNA and protein expression was measured by PCR and western blot
(Figure8). Quantitative PCRonfirmed thatMITFexpression on the mRNA level was reduced in Ma
Mel-86a by more than 95 % compared to Mkl-86¢ (Figure3B). Western blot results showed that
MITF protein expression was only detected in-Mal-86¢(Figure8C)

A B C
o 1.2+ 3
‘Ei 1.0 e e
= 4
o 2 o6
I -Actin = £ 4l GAPDH == saae
< 8 02 2 ©
@z\fb@b z\ﬂ’b g 0.2 ] ébg,b zc&
3 3 0.0——ﬁ- S S
\sb éb Ma-Mel-86a Ma—MIeI-Bsc & éo

Figure8: Differential expressiorof MITF between MaMel-86a and MaMel-86ccells

PCR and western blot analysis to measure the expression of MM&Nel-86a and MaMel-86c Ma-Mel-86
were lysed for RNA and protein isolatioA:B) RNA waseverselytranscribed into cDNA and gene expression of
MITFwas measuredy (A) conventional or (Bjuantitative reaitime PCR (qPCR). Expression of Awmta was
measured as reference gene and u$ednormalizationof MITFexpressiorin the gPCRMITFexpressiorin Ma-
Mel-86a is normalized to th#MITFexpression in MaVlel-86¢.Bars represent the mean of technical replicates
and error bars indicatstandard deviation. Significance between both tielés was calculated bgpplying an
unpaired twotailed ttest (**p<0,01). (C) Western Blot was performed to analyMITF protein expression
GAPDH expression was acquired as reference. B Representative data of three independerperiments.
Verena Babtontributed tothe generation of the data as aster's student under mgo-supervision.
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Ma-Mel-86 were characterized to be negative for HAR (Figure®, left panel).To make both cell lines
eligible forvarious ceculture and ctotoxicity experiments, cells were stably transfected with H{2A
on which sele@d peptides could be presented to cytotoxic T celidter transfection flow cytometry
analysis showed HEA2 expression in 98 % and 78 % of cells iAM@&86a and-86¢, repectively
(Figure9). For luciferasebasedcytotoxicity assaydMa-Mel-86 HLAA2+ cells were transduced with a
lentivirus expressing firefly luciferase. Under the same CMV prom@felPwas coeexpressed to
determine the transduction efficiency by flow cytometrifter transduction,GFP and therefore
luciferasewas expressed 00 % of MaMel-86a HLAA2+ cells and 91 % of Mdel-86¢c HLAA2+ cells
(Figure9). Furthermore, HLA2 expressio increased in Mdlel-86¢ to 92 %, making both Mdel-86

HLAA2+ Luc+ cell lines positive for both HAZand luciferase more than 90 %.
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Figure9: Expression of HLA2 and GFP on Milel-86a and MaMel-86¢ before and after transfetion and
transduction of cells.

Flow cytometry analysis to measure the expression of-A2Aand GFP in wiliype MaMel-86, HLAA2
transfected MaMel-86 and luciferase/GFP transduced Ml-86 HLAA2+ cellsMelanoma cells were stained

with isotype or HLAA2 specific antibodies. GFP expression was acquired simultaneously. Isotype control for GFP
were MaMel-86 HLAA2+ GFP negative cells. The bhistogramrepresents the isotype and the red one the
expression of HL-A2 and GFP, respectiveyates indicatehe percentage of cells expressing HAZ2and GFP,
respectively.

5.1.2 Level of resistance of MPFand MITE9"melanoma cells
A decrease of MITF activity is associated with a mem@une resistant phenotypen melanoma

patients[88]. Furthermore, MIT® cells show reduced expression of melaneaszociated antigens
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such as MART and gp100. To investigate whether ¥tel-86 shows a different level oésistance to

T cellmediated melanoma cell killinghe cell line pair was first ecultured with CD8+ melanoma
specific tumor infiltrating lymphocytes (Figut6). TIL412 which show specificity against MARIhd
gpl100 as well as MARTspecific TILs wengsed for the experiment (FiguDA&B). Thecytotoxicity
assayshowed that MaMel-86¢ (MITF9") werestronglykilled upon T cell encounter with increasing
tumor cell death in higher E:T ratios. Here, almost 70 % of tumor cells could be lysed byl N@dHS.
Ma-Mel-86a (MITE") were neither killed by TIL412 nor MART cells.

Additionally, MARTL T cells and flu peptide specific CD8+ T (FIuT) cells in the presence of their
respective antigenic peptide as well as supernatant of polyclonally actiVtddcells were used to
induce cell death (FigurC). Altogether, the results showed a higher tumor cell death of the TTF
cell line MaMel-86¢ (up to 90 %gEompared to MaMel-86a (55%).PDL1 is a well characterized
immune checkpoint molecul@CM) expressed on cancer cells to abrogate T cell receptor signaling and
decrease T cell functig®l]. Flow cytometry analyses showed expression oLPIn both cell lines
with higher expression in Milel-86a (FigurelOD, left panel). To determine whether R} protects
Ma-Mel-86 with different MITF status, melanoma cells werecattured with FluT cellspon PBL1
silencing. Downregulation of PLL increased tumor cell rejection by FIuT cells in MIM#Fa-Mel-86c,

but not in MITEY Ma-Mel-86a cells (Figur&0D, right panel)Taken together, MaMel-86¢c showed
increased susceptibility to T ceflediatedtumor cell lysisandincreasedcell death upon knockdown

of classical ICM RDL in contrast to MdJel-86a.
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Figurel0: Differential apoptosis sensitivity of MaMel-86a and MaMel-86¢ and impact of PIR1 knockdown.

(A-C) Luciferasebased cytotoxicity assay to measure the susceptibility ofNi&86 to CD8+ T cells and
supernatant of polyclonally activated T cells. -Mal-86 HLAA2+ Luc+ were cultured in plain medium,- co
cultured with different T cell sources or treated tvgupernatant. After 20 h of (egulture/treatment, cells were
lysed, and remaining luciferase activity was measured by luminescence. Raw luciferase units (RLU) were
normalized to RLU of cells cultured in plain medi&B) Melanoma cells were coultured with melanoma
specific T cell sources (A) TIL412 or (B) MARJecific T cells in different effector to target (E:T) rati@G3Ma-
Mel-86 were pulsed with MART or flu peptide for 1 h and subsequently-coltured with MARTL specific T

cells or flu petide specific T cells in different E:T ratios or treated with supernatant of FIuT cells that were
polyclonally activated for 24 KD) (Left panel) Flow cytometry analysis to measure the expression 4€flPD
expression on MaVel-86. Cells werestained with isotype or antigespecific antibodies. Grey histogram
represents PEL1 expression on Milel-86¢c and the black one the AL expression on Milel-86a while the
isotype control is represented by the dashed line. (Right panel) Lucifesss gtotoxicity. MaMel-86 HLA

A2+ Luc+ were reversely transfected with a #iargeting Scr or PID1 targeting siRNA for 48 h. Cells were pulsed
with flu peptide for 1 h and subsequently, melanoma cells were either cultured in plain mediumcaoitaced

with FIuT cells for 20 h. RLU were normalized to the Scr cor®D). Representative data ofR2. Bars represent

the mean of technical replicatesstandard deviation. Significances between both cell lines were calculated by
applying an unpaired twaailed t-test (*p<0,05, **p<0,01, ***p<0,001, ***p<0,0001, ns = not significant).

5.1.3 Expression ddpoptosisinducing ligands by CD8+ T cells and their corresponding
receptors on the tumor cells

Upon target cell encounter, CD8+ T cells secnetétiple mediaors such as TNE TRAIL and IFNo

induce apoptosis in the tumor ce[20, 25] As MaMel-86 were killed uporco-culture with cytotoxic

T cells or treatment with supernatant of polyclonally activated T cells, expressigmopfosisnducing
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ligands by T cells as well as the expression of their corresponding receptors on the tumaecells
investigated by floncytometry (Figurel1-13). Figure2 in chapter 1.1.3 illustrates ligandsd their
cognate receptorsAs those death ligands are mainly induced after activation of T[2@]125] ligand
expression was compared between nactivated and polyclonally activated T cells. Flow cytometry
analysis showed that neactivated T cells did not show expression of cytotoxic ligands (data not
shown). Howeverpolyclonally activated FIuT cells, MART cells and TIL4¥Xpresgd all tested
death inducing ligands TRAIL, FasL, Lymphaetoxind fartl LIGHT (Figufel). FluT cells showed the
highest surface expression of all four ligangS@ %) Additionally, ELISA was performed tietermine
secreted levels of TNFand IFN in the T cell supernatanBoth TNF and IFN were secreted only

upon activation ly alltestedpolyclonally activated T cell sources (Figige
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Figurell: Expression of cell death inducing ligands on different T cell sources.

Flow cytometry analysis to measure the expression of TRAIL, Fagind TIGH®N polyclonally activate@luT
cells(left panel) MARTL T cell{middle panel) and TIL41Zright panel) T cells were stained with isotype or
antigenspecific antibodies. The bludéstogramrepresents the isotype and the red one the surface expression of
the ligand.Indicated gateslescribe the percentage of cells expressingriéspective ligand.
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SandwictELISA to detect secretédb Ch | yhkhe du@matant of FIuT cells, MART cells and TIL412 that

were either unstimulated or polyclonally activated for 24 h. Concentration of cytokines was measured by
absorbanceBars represent the mean of technical replicatestandard deviation.

Fbw cytometry analysis of the tumor cells to investigate death receptor expression showed expression
of DR5/TRAILR2, TNFR1, FASREN.T R and HVEM in both melanoma cell lines;Mkil-86a and

86¢ (Figurd3). Both cell lines were negative for DR4/THRAIBSs well as TNFR2.IRM was expressed

at similar levels while HVEM was higher expressed in the"Wdéll line MaMel-86¢. The remaining

receptors showed higher expression on the MT¢ell line MaMel-86a.

In summary all testedactivated T cellsvere able to expressr secretecytotoxic ligands whiléoth
melanomacell lines expressed most apoptosidated receptors to a high degree which did not

correlate to the susceptibilitto T celmediated tumor cell rejection.
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Figurel3: Expression of death receptors on Mdel-86a and MaMel-86c.

Flow cytometry analysis to measure the expression of DR4/TRAILR1, DR5/TRAILR2, TNFR1, TNFRA,, FAS, IFN
LT R and HVEMN MaMel-86 cells Cellswere stained with isotype or antigespecific antibodies. The blue
histogramrepresents the isotype and the red one the expression of the rece@ates indicate th@ercentage

of cells expressing the respective receptor.

5.1.4 Primary resistance of Niéel-86 to death receptor ligands
To investigate to which extent single agents of the supernatant can induce apoptosis in the tumor cells
and todetermineif there are differences in the capacities between the ligands to induce tumor cell

death, MaMel-86a and-86c were treated with TRAIL, TNE QM aLIGHT as well as IFN
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individually (Figuré4). The results showed that neither TRAINF ~ € @of LXGHT could induce

apoptosis in the tumor cells. Only when the cells were treated WHN X (G dzy2NJ OStf RS
observed in both cell lines. MIT¥ melanoma cell line Mdviel-86¢ showed 38 % viability reduction

while 25 % of MaJlel-86a died, similato previous results in which exulture with T cells and

treatment with supernatant showed higher impact in N&el-86¢ (Figurel4). In summary, MaMel-

86 shoved primary resistance to death receptor liganoist nottoL C.b

Susceptibility of Ma-Mel-86 to T cell-derived cytotoxic agents
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Figurel4: Susceptibility of MaMel-86 to Tcell-derived cytotoxic agents

Luciferasebased cytotoxicity assay to measure the susceptibility of\téd86 HLAA2+ Luc+ to supernatant of

FIuT cells that were polyclonally activated for 24 h or single ligandessqut by T cells. After 20 h of treatment,

cells were lysed, and remaining luciferase activity was measured by luminescence. Raw luciferase units (RLU)
were normalized to RLU of untreated cells cultured in plain medium. Bars represent the vr&tandard
deviation of three independent experiments. Significances between individual treatment to medium were
calculated by applying a twiailed ratio paired ttest (*p<0,05, **p<0,01, ns = not significant).

5.2 Setup of a higthroughput RNAI screen

In order to identify novel immune resistance genes inMel-86, snall interfering RNA (siRNBased
hightthroughput (HTPRNA interference (RNAsgreens were performed. The original method of the
screen was established in our group by Dr. Nisit Khand¢iwal. Dr.! & && Menewe established

a protocol in our group to generate and expand efficiently flu antigen specific T cells (FIuT cells) as
effector T cell§rom peripheral bloodnononuclear cells (PBMCs) of HAZ+ healthy donorfl44]. To
successfully conduct the HTP RNAI screen, tumor cells stably express&2 FitAdLAA2-matched

flu peptide antigen presentation to FIuT cells as well as luciferase to perform a reportebgsee

readout after ceculture of tumor and T cells.

Figurel5 shows a sketch of the HTP screenget Briefly, MaMel-86 HLAA2+ Luc+ were reversely
transfected with siRNAs. After 48 h of transfection, cells were pulsed for 1 h with the flu peptide
GILGFVFThat originates from the Influenza M1 protein. SubsequgntiaMel-86a were cecultured

with flu specific T cells (FIuT). Apart from thiscatiure setting called the cytotoxicity setting, there is

also aviability setting of tumor cell culture in plain medium without FIuT ctdisleterminethe effect
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on thetumor cell viability by the siRNA transfection and/or downregulation of the target gense

The immunomodulatory effect of a gene is therefore apparent if there is a higher tumor cell death in
the cytotoxicity setting compared to the viability settingach compared to a netargeting siRNA
control. After 20 h of caulture, the remainingtumor cells werelysed,and luciferase activity was
measured which is proportional to thremainingnumber of MaMel-86. Immunomodulatory genes
would ideally not shovan impact on the viability of the cells but increase tumor cells lysis upen co

culture with FIuT cells represented by lower luciferase activity.
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Figurel5: Experimental setup of the highthroughput RNAI screens and luciferatmsed cytotoxicity assays.
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Ma-Mel-86 HLAA2+ Luc+ cells were reversely transfected with siRNAs for 48 h. Tumor cells were pulsed with
HLAA2-matched flu peptide for 1 h and subsequently either cultured in plain medium (viability settireg} or
cultured with flu specific T (FIuT) cells (cytotoxicity setting) for 20 h. Finally, remainiveM&6 HLAA2+ Luc+

were lysed and remaining luciferase activity was measured by luminesdereated withBioRender.confi32].

5.21 Rapid expansion of flu specific T cells

As mentioned before, Dr. & Nur Menege established mantigenspecific expansioprotocol in our
group to generate flu specific T cells and subsequently expand them hsingptid expansion protocol
(REP) previously introduced by Rosenbetgal. [179]. Briefly, CD8+ T cells were isolated from
peripheral blood mononuclear cells (PBMCs) of -WRA healthy donors and antigepecifically
expandedin the presence of flu peptide fawo weeks(Data not shown). In order to increase the
specific populatiorand the numberof CD8+ flu antigen specific T cells, antigen specifically expanded
FIuT were FAGS®rted by pentamer stainingSorted cell€1 x 16) were expanded using the REP in
which cellswere cultured in the presence of high2l. anttCD3 antibody and irradiated feeder cells
from three different healthy donors. After 14 dayslls were expanded 12dld andflow cytometry

analysis showed a proportion of 82 % of FIuT cells (Fig)re
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Figurel6: Specificity of FIUT ckafter rapid expansion.

Flow cytometry analysis to measure the proportion of flu specific CD8+ T cells after 14 days of expansion with
the rapid expansion protocol. Cells were stained veitti-CD8 antibody and Flu pentamer. All acquired events
were gated on lymphocytes and live cells to deterntime proportion of CD8+ flu specific T cells.

5.22 Optimization of siRNA transfection, flu peptide concentration and effector to target ratio
for MaMel-86

To investigate the optimal duration of siRiN#fediated knockdown of target genes in Ni&el-86,

melanoma cells were transfected with siRNiAsgeting Programmed Cell Death 1 Ligand PID(

L1/CD274 and SaHnducible KinaseSIK3 for 48 h and 72 h. Netargeting siRNA controls (Sc4d?

were used additionally in which no alteration of gene expression was expected. Gene expression of

PDL1and SIK3was evaluated by quantitative PCR after the described time points. Normalization to

non-transfected cells (Mock) showed a stronger downregulatioPB{f.1and SIK3after 48 h (8594
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%) compared to 72 h (246 %) (Figure7A). Also the Scr controls had less impact on the expression of

PDL1andSIK3after a transfection period of 48 h.

Coculture of MaMel-86 HLAA2+ Luc+ with FIuT require pulsing of melanoma cells with flu peptide

for recognition of tumor celldy FIuT In order to investigatedhe optimal coculture settings, a
cytotoxicity assaywas performed in which tumor cells were Ipad with different flu peptide
concentrationgFigure IB). The peptide concentrations 0.01, 0.001 and 0.0001 pug/ml were tested for

both melanoma cell lines Milel-86a HLAA2+ Luc+ aneB6¢c HLAA2+ Luc+ at an E:T ratio of 2:1. The

results of the luciferasbased readout confirmed that tumor cells were only effectively killed when

peptide was present (Figure7L 0 @ ¢ KS LISLIIARS 02y OSyiN} GA2Y ndnn
tumor cell rejection by FIuT cells while 0.01 and 0.001 pg/ml both led to tumblysid. | decided to

use the higher concentration of 0.01 pg/ml for future experiments and rather adapt the E:T ratios for

determination of the degree of the tumor cell death.

Consequently, | aimed to find an appropriate effector to target (E:T) ratioofibr melanoma cell lines.

The E:T ratios 2:1, 1:1 and 0.5:1 for-Mal-86a HLAA2+ Luc+ and 1:1, 0.5:1 and 0.25:1 for-Mel-

86¢ HLAA2+ Luc+ were used in a cytotoxicity assay. The results indicated that increasing E:T ratios
have higher impact in the MFF9" melanoma cell line M#lel-86¢ (Figure 1C). While all E:T ratios
resulted in a tumor cell death of approximately 50 % in-Wke-86a, tumor cell lysis was increased

from 65 to 90 % in Mdel-86¢ with growing E:T ratios. The ratios 0.5:1 and 1:1 wieosen for Ma
Mel-86¢c and MaMel-86a, respectively.
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Figure 17: Optimization of transfection and ceculture settings for the higithroughput RNAi screens and
cytotoxicity assays.

(A) Ma-Mel-86 were transfected with Scr2/3/4 or a pool of foBBL1or single sISIK3siRNAs for 48 or 72 h.
Additionally, melanoma cells were cultured hgut transfection (mock control). Cells were lysed for RNA
isolation and RNA was reversely transcribed to cDNA. QuantitativeimealPCR was performed to measure
gene expression dPDL1 and SIK3 Expression of Actiheta was measured as reference genedaused for
normalization ofPDL1and SIK3 Gene expression was normalized to expression levels of the mock control. Bars
represent the mean of technical replicatestandard deviation(B) Ma-Mel-86 HLAA2+ Luc+ were pulsed with
different concentration®f flu peptide for 1 h or cultured in the absence of flu peptide. Subsequently, melanoma
cells were either cultured in plain medium or-coltured with FIUT cells in a 2:1 effector to target (E:T) ratio for
20 h. Cells were lysed, and remaining lucifeiastévity was measured by luminescence. Bars represent the mean
of technical replicates standard deviation(C)Ma-Mel-86 HLAA2+ Luc+ were pulsed with flu peptide for 1 h
and subsequently, melanoma cells were either cultured in plain medium-ouitored with FIuT cells in different

E:T ratios for 20 h. Cells were lysed, and remaining luciferase activity was measured by luminescence. Bars
represent the mean of technical replicatestandard deviation.
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5.23 Selection of controls for Milel-86

Thesurface molecule RD1 is expressed by tumor cells to shift T cells expressing Programmed Cell
Death 1 (PE) into an exhausted cell state. Both molecules are used as targets in anbbsdy
immunotherapieqg105]. In the HTP screens, | aich#o identify novel immune resistance genes that
exert stronger immune resistance comparedalceady established immune checkpoint genes like PD
L1. Immunoregulatory genes identified by our group or described in literature that increase T cell
mediated rgection upon downregulation are used a®sitive controls and help to interpret the

outcome of the screen and the impact of novel genes (Fig8ye 1

Scrambled siRNA controls (Sd)2donot target any gene and were used as negative controls in the
kill assays and the HTP screens showing a similar phenotype asarsfected wildtype cells (Mock).
The Scr controls represent the condition to which the impacts of the gene knockdowns will be

normalized to. Finally, sSiRNAs targeting survival geoebas Ubigitin C UBG, or the commercially

gL AtlotS W/ Stf 5SIGKQ aAwb! 0201u4FAf ¢SNB dzaSR

efficiency but also helped to better assess the viability impact of the siRNA transfection or gene

knockdown.

The results bthe viability setting in the assay without FIuT ceHcedture showed that the MIT®
melanoma cell line Mdlel-86a was more susceptible to cell death after siRNA transfection compared
to Ma-Mel-86¢ (Figure 8). Reduced cell viability was measured wigiK3 1 siRNA or a pool of four
individualPDL1or Calcium/Calmodulin Dependent Protein Kinas¢GBMK1D siRNAs was used. In
agreement to that, using siRNA 1dBCor Cell Death resulted almost in a complete eradication of Ma

Mel-86a but only a fractio of around 3550 % of MaMel-86¢.

With regard to the immunomodulatory effects the results showed that there were differences for the
MITEY and MITES" melanoma cell lines of M&el-86 in the selection of positive controls. For Ma
Mel-86adownregulationof SIK3and alsotCAMK1Dmproved Tcelkmediated killing, whereafor Ma-
Mel-86cdownregulation ofOlfactory Receptor Family 10 Subfamily H MembgR10H}, Galectin 3
(LGALS3/Gd) as well asSIKZensitized tumor cells to T cell atta@kgure B). As observed previously,
knockdown of the welkstablished molecul®DL1did not result in an increased tumor cell rejection

in Ma-Mel-86a and demonstrated a weak effect in M&l-86c. The Scr controls showed similar
phenotypes as the mock ndition in both, the viability and cytotoxicity settingAll mentioned

positive and negative controls were included in the primary HTP screens.

Taken togetherfor both cell lines suitable control siRNAs were identifigth differences between

MITE" and MITE9" cell lines MaMel-86a andVia-Mel-86¢, respectively.
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Figurel8: Performance of controls for the higthroughput RNAI screens in Milel-86a and MaMel-86c¢.
Luciferasebased cytotoxicity assay to measure the impaatifferent controls on the viability of the melanoma

cells and the T cethediated rejection. MaMel-86 HLAA2+ Luc+ were transfected with the indicated siRNAs for
48 h or not transfected (mock control). If not stated with single numbers, a pool of foiwidod! siRNAs for the
respectivegene was used. Melanoma cells were pulsed for 1 h with flu peptide and subsequently cultured in
plain medium (viability setting) or etultured with FIuT cells with an E:T ratio of 1:1 for-Mal-86a and 0,5:1

for Ma-Mel-86¢ (cytotoxicity setting) for 20 h. Cells were lysed, and remaining luciferase activity was measured
by luminescence. Raw luciferase units (RLU) were normalized to RLU of Scr3 and Scr2, respectively. Bars
represent the mean of technical replicatestandad deviation. Significances between viability and cytotoxicity
setting were calculated by applying an unpaired #mded ttest (*p<0,05, **p<0,01, ***p<0,001,
****%n<0,0001, ns = not significant). Representative data of three independent experiments.

5.3Highthroughput (HTP) screens reveal novel immune resistance genes

5.3.1 Performance of the primary HTP screen

In the primary HTP screens a siRNA library comprising 5202 genes was used encoding for the entire
surfaceome like @rotein coupled receptors asell as kinases and cell metaboliseiated proteins.

Each gene was targeted by a pool of four indivicheed-overlappirg sSIRNAsThe MaMel-86 HLAA2+

Luc+ cells were transfected in a 38l format and the screen including the viability (culture of<el

in medium) and cytotoxicity (eoulture with FIuT cells) setting was conducted in technical duplicates
(Figures 2&20).
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Subsequently the screen was analyzed using the programming language R for statistical computing
gAGK GKS LI O[as|amsiefly todé &l té ¢omgare the raw luciferase unit results
originating from different plates and therefore to eliminate irfglate variability, plate normalization

was applied. Also, consistency in both technical replicates was determined by calculation of the
correlaion coefficient for all plate pairs. All genes were afterwards scored, meaning their location
among each other was estimated and their distribution was scaléd@2 NSO ® ¢ 2 ARSYyGATFe@
immunomodulatory potentigla differential score between theytotoxicity and viability score was
calculated and corrected by applying locally estimated scatterplot smoothing (LOESS). This resulted in
a final LOESS score ranking in which the genes with the highest immune resistance phenotypes receive
the highest scar and genes with opposite effects receive negative scores. The list of genes was filtered
to eliminate genes that showed high impact on the viability of the tumor cells. As in general higher
viability effects were observed for Mdel-86a the range for vidlity zscores was set betweef and

1 and for MaMel-86c¢ the range betweerR,5 and 1,5 was chosen.

Figure D shows the performance of the controls in the screens where blue dots represent the viability
setting and red ones the cytotoxicity setting. FHaositive controls a shifin zscorecan be seen
confirming their immunoregulatory impact. In agreement with previous kill assays the effects were
higher in MaMel-86a SIK31,SIK311,CAMK1Dpool) than in MaMel-86c OR10HX1,0R10HX5,

Gal3 pool). The Scr controls did not show immunomodulatory effects and LOESS scores were
comparable to the medium, especially for Scr3 and Scr4 (Fi@&20). As previously observed in the

kill assays, Cell Death siRNA and the knockdowBdiresulted in a lgh cell death of MaMel-86a

already in the viability setting while moderate effects wetsservedfor Ma-Mel-86c¢.
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Figurel9: Performance of the controls in the primary higthroughput (HTP) RNAI screens.

A siRNA library of 5208enes was used in the HTP screens. Additionally;taaeting Scr controls, the
GNFYya¥TSOliAazy O2y iNERf W/ St SIkg SAMKKXDRIOH1ands Sdlettird lwére LJ2 & A (0 A
included. Viability and cytotoxicity settings were applied as desdribe-igurel5. HTP screens were analyzed

dziAy3 GKS LINBINIYYAYy3I fFy3Idzq3S w F2NJ adtrdAadaort 02y
(RLU) were normalized plateise and transformed into -gcores for each duplicate in the viability and
cytotoxicity setting. Scatter plots show theszores of technical replicates of the controls for (A)Mei-86a and

(B) MaMel-86¢. Blueand red dots representthe zscores of the viabilityand the cytotoxicitysettings,

respectively.
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For both cell lines a set of immunoregulatory genes showing a higher impact on tumor cell rejection
by FIuT cells than the positive controls could be identified. FoiMdb86a the best performing
positive controlSIK3s1 occupied rank 96 of 4217 remainiggnes while for Mavel-86¢ the best
performing positive controlDR10H1s1 occupied rank 337 of 4733 (Fig@@B). Among the best
performinggenes Kits), genes that were previously identified in another HTP screen in our group could
be found or those thaare known for their immune resistance phenotype sucliasus Kinase(dAK2
-rank 12 in MaMViel-86a) andCASP8 And FADD Like Apoptosis RegufakirARLIP- rank 1 in Ma
Mel-86¢), corroborating the validity and reliability of the outcome of the HT&esw. Taken together,

the HTP screensglentified novel putative immune resistance gen@smelanoma that increased

susceptibility to T celinediated tumor cellrejection stronger thanpreviously established positive

controls
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Figure20: Outcome of the higkthroughput (HTP) RNAI screens.

This figure extendsigure 19. (A) The mean of -Bcores of both replicates of the viability setting were plotted
against the cytotoxicity settinfpr library and control gene®old lines indicate a-gcore of 0. Vertical faint lines
indicate the threshold of the viability score for further analysis. Some control and candidate genes are
highlighted.(B) Differential scores between viability and cytotoxicity scores were correbiedpplyingocally
estimated scatterplot smoothing (LOESShrary and control genes were filtered for viability thresholds in each
HTP screen and ordered by their LOESS score. High values indicate cytotoxic influence -orediated
rejection. Horinntal lines indicate a LOESS score of 0. Selected control and candidate genes are highlighted.
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5.3.2 Design of a siRNA library for a secondary validation screen

The primary screens made use of a siRNA library comprising 5202 genes in which each gene was
targeted by a pool of four individual siRNAs. In order to excludeugét effects as well as to validate

the findings from the HTP screef@ssecondary screen was performed. Héiés with strong immune
resistance phenotypes were selectéd.the validation screens, each gene was targeted eitheory

individual siRNAs or with pool of 4 siRNdeconvolution of the siRNA pool).

| selected hits with diverse effects to be included in the secondary screen library: genes that showed
either an immuneresistance phenotype in Milel-86a or in MaMel-86¢ in the primary screens as
well as common hits showing the effect in both cell lines. Téeoze thresholds for viability effects for

both cell lines stated in the previous chapter were applied and gdreshad a LOESS score of above
1,5 in MaMel-86a but below 1 in Mael-86¢c was considered a Mdel-86a specific hit and vice versa.
This selection criterion resulted in 111 and 41 of N&l-86c and MaMel-86a specific hits,
respectively Accordingly the number of MaMel-86¢ specific hits were reduced to 41 by selecting
those withthe highest LOESS score and/or wiith highest score difference compared to Niéel-86a
(LOES&R-mersec ¢ LOES®-mers6a). COommon hits were defined to have a LOESS score dhiaveoth cell

lines with a sum of both scores above 2,5. Due to their relevance for this project, | also indlided

and PDLYCD274in the library. Finally, a siRNA library comprising 174 genes was designed targeting
hits that showed strong effects Ma-Mel-86a and/or MaMel-86¢ in the primary HTP screens (Figure
21, SupplementaryTable J).

LOESS score Méel-86¢

-5 0 5
LOESS score M4el-86a

Figure2l: Selection of library genes for a secondary validation screen.

{OFGGSNI LX 20 6Fa ONBIGSR dzaAy3d GKS LINRPINI YYAYy3I I y3Adz
LOESS scores derived from the primary ‘ighughput (HTP) screens in Mdel-86a and MaViel-86¢ were

plotted against each other to select genfesg a secondary validation screen in both cell lines. Vertical and
horizontal faint lines indicate a LOESS score of 1. Viability thresholds were applied to each cell line to exclude
genes that showed a high impact on tumor cell viability after knockdd@®ed dots indicate common hits that

displayeda strong immunomodulatory effednh both cell lines, MaJel-86a and MaMel-86¢. Blue dots indicate
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Ma-Mel-86a specific hits with a LOESS score higher than 1,5 -Mdé#86a and lower than 1 in M&el-86c.

Greendots indicate MaMel-86¢ specific hits. LOESS score had to be higher than 1,5Mel26c and lower
than 1 in MaMel-86a. Altogether, 174 genes were selected to be tested in the validation s¢3egplementary
table 1)

5.3.3 Performance of the secomglavalidation screen

The secondary screen was performed in a similar manner as the primary HTP screens, the format was
changed from 384vell to 96well plates due to a smaller library size. S4m®ere included as negative
controls as well as Cell DeatRBIA as a transfection contr@IK31 and s11 an@AMK1Dvere used

as positive controls in M#el-86a whileOR10HX1,SIK31 andGal3 were used as positive controls

in Ma-Mel-86¢ (Figure22&23).

Subsequently, the analysis was performed as before wittS w LI O1F3S W/ Sttt ¢{HQ
to get a general overview of the performance of the controls and to assess the transformation of the
luciferase units to -Bcores (Figur@2). Here, Cell Death control worked well in both melanoma cell

lines. FoMa-Mel-86a the best positive control was ag&iK31 for which a shift in the scatter plist

observed as blue dots represent the viability setting while the red ones the cytotoxicity setting. This

shift is not visible foOR10HX1 or another control in Md/el-86¢c. On the other hand, medium and

Scr controls show a shift in the opposite direction.
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Figure22: Performance of the controls in the secondary validation hitiroughput (HTP) RNAi screens.

A sRNA library of 174 genes was used in the HTP screens. Additional indicated controls were included. As the
primary HTP screens, validation screens were conducted with a viability and cytotoxicity setting as described in
Figurel5. Analysis was conducted ngithe programming language R for statistical computing with the package

W/ Sttl1 ¢{nQd wl g  dzOA T SNI & Swisdzrrid transfosnvedl |ntd -gcdred NdB eagh2 NI | £ A |
duplicate in the viability and cytotoxicity setting. Scatter plots show tseares of technical replicates of the

controls for (A) MaVel-86a and (BMa-Mel-86¢. Blue dots representscores of the viability setting while red

dots represent &cores of the cytotoxicity setting.
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Additionally, raw luciferase units (RLU) werermalized to a Scr negative control in a platise
manner to directly compare the effects of the different siRNA treatments on the viability and
cytotoxicity in MaMel-86a and-86cfor each gene. In order to select the most appropriate Scr control
for each cell line, luciferase units of the medium condition were compared to the ones of the single
Scr controls. Finally, in Mdel-86a RLU for each gene were normalized to RLU of Scr4 while for Ma
Mel-86¢ values were normalized to RLU of Scr3 as those Scolsshowed highest similarity to the
medium condition (Figur@3). Normalized values of Cell Death siRNA reproduced findings of the
Cell[HTS2 analysis. Additionatipwnregulation ofSIK3by using siRNAsL and s1improved Tcell
mediated killing oMa-Mel-86awhile targetingGal3 and OR10HXhowed a similar phenotype Ma-
Mel-86c¢.

To improve comparability, | fitted the &core viability threshold from the primary screens to the
normalized values in the secondary screens. Finally, the thresholds for Scr normalization were set to
0,265 for MaMel-86a and 0,772 for Mdel-86c¢. In order to call gene a validated hit, the following
validation criteria were applied: the viability impact should be above the set thresholds and an
immunomodulatory effect should be seen for the siRNA pool as well as at least two individual SiRNAs
of the same gene. Amimunomodulatory effect was defined as a cytotoxicity/viability ratio (CV ratio)
>K0,85, meaning additional 15 % more tumor cells died in thewture setting with FluT cells.
Alternatively, if the CV ratio was above 0,85 a significardlpe between bdt settings was necessary,
determined by an unpaired twiailed students ttest. Finally, the phenotype should be reproduced in

the same cell line as it was shown in the primary screen. For genes that showed an effect on tumor cell

rejection by FIuT cells both cell lines, validation in one cell line was sufficient.
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Figure23: Performance of controls and selected genes in the secondary validation-thighughput (HTP) RNAI
screens.
After implementation of the HTP screens inMl-86, raw luciferase units (RLU) for each gene were normalized

to Scr4 negative control in Milel-86a and to Scr3 negative control in Ni#&el-86¢ in a platewise manner. Bar
plots show the normalized values in the viability (culture of melanoma cells im pladium, black bars) and
cytotoxicity (ceculture with FIUT cells, red bars) settings for the controls as well as the selected GEbAR
TMCC3and SLC39A13BIlots of library genes represent the different conditions using individual siRNAs or the
pool of four siRNAs. Bars correspond to the mean of the duplicattandard deviation.
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From a total of 174 genes, the secondary screen validated 91 genes (53,2 %). Additionally, there were
17 genes (9,9 %) that fulfilled the basic criteria but not in the natza cell line from which the hit
originated according to the primary HTP screen. FoiM&h86¢ more cell linespecific genes could be
validated (59,7 % compared to 24,4 % in-Mal-86a). From the common hits 18,4 % were validated

in both cell lines whil€9,4 % were validated in at least one of the cell lines. As already observed in the
primary HTP screening, genes that are known to manipulate tumor cell resistance to immune cells like
TNF Receptor Superfamily Member @NFRSF®&BCcR3) could also be validated by this secondary
screen. The phenotype @FLARvhich was especially strong in Méel-86¢ was reproduced in the
secondary screen yet due to a high viability impact it was not assigned as a validated hit2Bigure
shows theperformance ofCFLARS well as two more selected genes in the secondary validation HTP
screensas exampledn conclusionthe secondary screen validad the immune resistance phenotype

of 91 genedo regulate T celinediated tumor cell rejection

5.4 Boinformatic analyses reveal clusters ofexpressed immune resistance genes

with inter-individual expression patterns
Many patients danot respond to immunotherapiedue to the fact thatumor cells have developed
mechanisms to circumvent immune respond®s using complementary proteins and pathways to
those targeted by an immunotherapfl05]. This could be especiallyalid for resistant MITE"
melanomas. | hypothesized that immune resistance genes weregudated and in case one protein
or pathway is affected by immunotherapy, another gene can be upregulated by the tumdo cell

become resistant againapoptosis induced by immune czll

Forthis reason, different bioinformatianalyses were performed using the programming language R
for statistical computing. The analyses were mainly performed with expression data of genes that were
validated in the secondary HTP screens. Our group had pidyiperformed six HTP screens in tumor

cell lines of different entities: breast cancer, lung adenocarcinoma, pancreatic ductal adenocarcinoma
(PDAC), melanoma, multiple myeloma and glioblastoma. Each screen revealed a list of validated
immunoregulatory gaees that were also included in the analyses. Finally, known immune checkpoint
genes that are expressed on tumor cells as well as genes that were described to be positively or
negatively correlating with MITF were added to the list as controls. In totab266s were included

in the bioinformatic analyses.

Publicly available RNA sequencing data sets were used as expression data input. For this thesis, the
following data sets were of importance: bulk RSy data from Skin Cutaneous Melanoma (SKCM)

samples & The Cancer Genome Atlas (TCGA) and healthy organ samples fré@enbt/peTissue

70



Expression (GTEXx) projgdi75]. Furthermore, single cell RN&SIj RFGF FNRBY LI GASy ¢
tumors from JerbyArnonet al.[152]andbulk RNASeq data from patienderived melanoma cell lines

from Wouterset al.[83] was used. The single cell data set (Jekyonet al) provided an annotation

file that labeled each cell to@ LISOA FA O OStf GellsS tA1S WYIFfetaAylyidQ
al.) annotated each cell line by their phenotypeelanocytic (MITE"), intermediate (MITE", neural

crest stem cell like (MIF) or mesenchymal (MIPF). Additionally, blk RNASeq data was available

for Ma-Mel-86 [130]. Here raw sequencing data was kindly processed byfoyira G A (i dzi SQ& b
Generation Sequencing (NGS) core facility. Afterwards it was combined with the sequencing data of

the other melanoma cell lines (Woutees al.) and corrected for batch effects using ComBatj to be

able to analyze it as one data set (BlgmmentaryHgure 1).

5.4.1 Melanoma and healthy tissues upregulate different sets of immune resistance genes

To get a first impression of the expression of the immune resistance genes, | was interested how they
are expressed across different tissues fé@4). Gene expression in melanoma compared to a set of
healthy organs was investigated, using TCGA data for melanoma and GTEx data for healthy samples.
As the data originated from different projects and data sets, batch effects were expected. The
Univesity of California Santa Cruz (UCSC) developed the pipeline TOIL in which they processed the
TCGA and GTEXx data in a single analysis to remove any batch effect from the bioinformdfigékside
Although technical batch effects were possible to em no further batch effect correction was
performed to not overcorrect the data and lose biological information. Gene expression of the immune
resistance genes from the HTP screens were tested against each other in melanoma (TCGA) and Skin,
Colon, KidneyLiver, Lung, Pancreas, Adrenal Gland, Heart and Blood (GTEXx). Genes were ordered by
significant overexpression in the different data sets. Analysis was performed by my colleague Leonard

Bellersheim.

The heatmap is shown in Figuté. Every column represgs a single gene while rows represent single
samples. The coloured bar on the left side of the heatmap indicates the different tissues. The analysis
showed that melanoma as well as all healthy organs have a set of immune resistance genes that are
signifiantly upregulated. The first block of genes on the left represents genes which are upregulated
in melanoma, among themll TFwas presentBlood has a large set of genes overexpressed compared

to the other entities, but also many other genes that are lowregped indicated by the blue color.

The right half of the heatmap represents genes that are not uniquely overexpressed in a single entity.
Still, some genes show higher expression in melandmaummarymelanomaand healthy tissues

showed increased expssion of a specific set of immune resistance genes.
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Figure24: Expression of Immune resistan¢iR)genes in melanoma and different healthy tissues.

Analysis was conducted by using the programming language Btdtistical computing. Log2 transformed

normalized count expression data from the pipeline TOIL from the University of California Santa Cruz (UCSC) was
filtered for data of melanoma patients from TCGA and for healthy samples of skin, colon, kidneyutiger,

pancreas, adrenal gland (AG), heart and blood from the GTEX project. Expression of each gene was tested against
each other by applying a MaAWhitney-U-Testalways using two single data sets. Resultingalues were

adjusted for multiple testing andenes were ordered by their significance to be upregulated in the different data

sets. Expression data was transformed in&cores in a genwise manner and a heatmap was created using the

w LI O1F3IS WLKSIFGYFLIQ® ! yIf & a%iBefldrsheimJSNF2NYSR o0& Y& 02

5.4.2 Immune resistance genes areegpressed in clusters

In order to check for cexpression of immune resistance genes, a Weighted Gerexgression
bSGE2N] !yIfeaAra 02D/ b! 0 g1 & LISNF228)yBiRanalysish y3 (K
enables the identification of clusters of correlating genes that are defined as module eigengene (ME)
[162]. MEs could further be correlated to each other or to marker genes and external traits. Selected
parameters were dependent on the data seg, for TCGA data | decided to correlate the clusters to
marker genes of melanoma plasticity IIMeTF MelanA MLANAMART-1), TyrosinaséTYR andSRY

Box Transcription Factor 80X1pfor the melanocytic MITR" phenotypg AXLReceptor Tyrosine
Kinasg/AXL) for the mesenchymal MFFphenotypeor Nerve Growth Factor RecepttMGFRfor the
neurakcrest stem cell like MITE phenotype Additionally, | correlated the expression of the clusters

to the sample type, representing if the sample was obtaiftech a primary or a metastatic melanoma.

As this is a binary category, metastatic was labeled as 1 and primary as 0. Therefore, a positive
correlation means higher expression in metastasis and a negative correlation higher expression in
primary melanomaWCGNA was conducted to identify a signed correlation network meaning that
genes were only associated to the same cluster when they showed a high positive correlation and

negatively correlating genes were attributed to different clusters.
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WGCNA was condudatdor all three data sets: TCGA, JeAmonet al. and Wouterset al. together
with Ma-Mel-86. In all three data sets WGCNA was able to identify clusters-exmessed genes
(Figure25). Dendrograms of the WGCNA represent the distribution and propodfahe identified
clusters depicted by the colored bars at the bottom. In all three datalét$-related clusters could
be identified of whichMITFwas part of. Additionally, the correlation heatmaps demonstrated

negatively correlating modules tdITFand MITFclusters.

In the TCGA datavliITFwas attributed to the yellow module of the dendrogram (Fig@&d). The
correlation heatmap confirmed the correlation BiTFand the yellow cluster and demonstrated that
the yellow module was negatively correlatimgth the turquoise module (Figurg5B). Interestingly,
the turquoise module contained both MITF markers AXL and NGFRas well as known
immunoregulatory genes lik€D274/P-L1 and CFLARAdditionally, the turquoise module showed

positivecorrelation to the sample type, thus to metastatic melanoma.

Due to low gene expression of many genes in single ceHIB&ldata, correlations were more difficult

to find in the JerbyArnonet al. data set. Here, | only focused on the 2018 annotated malig cells

and excluded other cell types of the tumor microenvironment. The dendrogram revealed/hi&t

was part of the turquoise module that showed positive correlation to all melanocytic marker genes in

the correlation heatmap (Figuiz5C&D). The browmodule showed negative correlation to th&TF

cluster which contained the marker gedGFR AXLtogether with CFLARvere not part of the
GdzNJjdz2A &S o0dzi 2F (GKS @&Sftft2¢ Y2RdzZ MTBcKsiedK RARY Qi

In the Wouterset al. data set combined with expression data of Mkel-86, MITFwas again part of
the melanocytieassociated turquoise cluster in the dendrogram (FigBBE). In the correlation
heatmap the green module showed negative correlation tokHa&Fcluster and contaied AXLwhich
itself showed positive correlations to the pink, black and blue cluster (FRSiffe The other MIT®-

associated genBlGFRvas notconnectedto any cluster.

In conclusion, WGCNA in all data sets reveateekpression clusters of immune resistance genes that

in part,could be associated withositive or negative correlation to MIT#or MITFY markergenes.
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Figure25: Weighted gene caexpression network analysis (WGCNA) in mn@ma data sets.

Analysis was conducted by using the programming language R for statistical computing. Used défaBjets:
Normalized counts expression data from Skin Cutaneous Melanoma (SKCM) samples from(GIQ)GA.
Transcripts per million (TPM) expsésn data from annotated malignant cells from Jedayonet al. (EF)Batch
effect corrected normalized counts expression data from Woutdral. combined with normalized counts
expression data of MMel-86a and MaMel-86¢. (A-F) Expression data of allath sets were log2 transformed
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clusters of correlating immune resistan@R)genesdepicted by different colors. The position of melanoma

marker MITF, NGFR, AXand selected 1Benes(PDL1, TMCC3, SLC39ABthe dendrogram are highlighted.

(B, D, FCorrelation heatmap representing the correlation of the identified clusters to each other as well as to

the melanoma marker genédITF, MLANA, TYBOX10, NGRRRdAXL Additionally, the TCGA data (B) includes
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compared to primary melanoma and vice versa.

5.4.3 Cluster expression is intadivdually heterogeneous

As it was possible to identify clusters ofexpressed genes, | was interested how these expressions

were distributed within the sample populations (Fig@®. To get an impression of that, a heatmap

of the expression datawas genér& R dzaAy 3 GKS w LI O1F3S WLIKSIGYI LX
the dendrogram as the columns of the heatmap depicted by the colored bar on top of the heatmap.
Genewise standardization to-gcores was applied to see1gnd downregulation of genes compare

to the mean expression of each gene. Every single row was a sample, meaning a tumor sample (TCGA),

a melanoma cell line (Wouteet al. and MaMel-86) or a tumor cell (Jerbfrnonet al). Rows were

either clustered by the pheatmap function or groupeddatient (single cells) or phenotype (cell lines)

and ordered manually.

Upon hierarchical clustering by the pheatmap function, the TCGA data showed that the clusters are
heterogeneously expressed (Fig@a@A). Groups of patients share similar expressiotguas and can
therefore be stratified into different cohorts. Genes that were associated to one cluster show mutual
down- and upregulation and for some modules their relationship to each other is clearly visible as for

example a negative correlation beter the brown and the blue cluster.

For the single cell data set of JetAynonet al. the tumor cells were grouped by the patients from
which they originated, and patients were ordered by their md#fiFexpression with MITR"patients

being positioned fathe top of the heatmap (Figur@6B). Parts of white coloring in the heatmap
indicated that the immune resistance genes and clusters are in many cases not expressed in all cells.
Some clusters were exclusively expressed in one or a few patients odrajeneral, the heatmap
showed that the clusters are homogeneously expressed within a patient but show heterogeneous
expression patterns among the different melanoma patients. The turqubi$€F cluster was
expressed in many cells to different degreesome MITE" patient the brown cluster that contained

NGFRwvas upregulated which no other patient had expressed to comparable levels.

In the Wouterset al. and MaMel-86 data set the melanoma cell lines were grouped by their
phenotype: melanocytic (MITE), intermediate (MITEY, neural crest stem cell like (MITH or
mesenchymal (MIT®). Similar to the melanoma cells in the Jedayonet al. dataset, some genes

showed hardly any expression across all cell line samples (R§@g The turquois#ITFcluster is
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higher expressed in the MIT#fraction of melanoma cell lines and the green cluster is upregulated in

the MITEPY melanoma cellihes.

Taken together, immune resistance genes and-expression cluster showed inter-individual

expression pattersin all three data sets
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Figure26: Differential expression patterns of immune resistan¢dR)genes in melanoma data sets.
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This figure extends Figur@s. Analysis was conducted by using the programming language R for statistical
computing. Log2 expression data was transformed irdoares in a gene/ise manner and genes were ordered

by their postion in the dendrogram of the respective data set. On top of the heatmaps, the colored bar
represents clusters of the dendrogram previously identified by WGCNA (Riguideatmaps were created using
GKS w LI O113S WLKSI Y (AlHeatnay d?theaTICE@ACdata set. Jam ek WwekeDridaied Ryd
hierarchical clustering in order to group patients with similar expression patt¢éB)ddeatmap of the Jerby
Arnonet al. data set. Malignant cells were group by annotated patient ID (colored hahe left side of the
heatmap) and patients were ordered by their mean of the MITF expression. Patients with higher MITF expression
are positioned at the top of the heatmafC)Heatmap of the Wouterst al. dataset combined with expression
data of MaMel-86. Melanoma cell lines were grouped by their annotated phenotype (colored bar on the left
side of the heatmap) and groups were ordered by their MITF expression"¥ItEF lines are positioned at the

top of the heatmap. (Phenotypes: Mel = melanocyiiter = intermediate, NC = neurafest stem cell like, Mes

= mesenchymal).

5.4.4 Immune resistance gene expression can be correlated to MITF expression status

As whole clusters could be attributed to low or highiTFexpressionl investigated a genergene

wise correlation between the immune resistance genes dfdF (Figure27). For this purpose,
melanoma cells of Jerb§rnonet al.and melanoma cell lines of Woutegs al. together with MaMe-

86 were grouped into MIT® and MITE% and a statistichtest was applied to the expression data
between both groups in a gengise manner with subsequent correction for multiple testing. Due to
low expression for some genes, | assumed that the data was not normally distributed and applied a
MannWhitney-U-Ted. Genes were ordered by their adjustedvplue of the test in columns and

vertical red lines indicate the significance threshold.

Due to a high cell number, | chose a more stringent separation factor in the single cell data set-of Jerby
Arnonet al. (Figue 27A). The MIT® group was represented by cells with-gaa@re below 0 foMITR

but also foMLANAand TYRwhile the MITE%" fraction of cells had agcore above 0 for all three genes

to retrieve a clearer melanocytic cell population. From 2018 malignant cells 430 were attributed to the
MITP" group while 809 were categorized as MI¥"FNumerous genes could be attributed tioe

MITFY group withNGFRas the most significant gene (p = 7;@8). In the MITE" group, TYRMITF

and MLANAwere the most significant genes (p = 2,488 / 1,1 el85 / 1,7 el183, respectively),
underlining the reliability of the test. In total,84genes were significantly upregulated in MITF
melanoma cells while 89 showed significant upregulation in MIMTiRelanoma cells, interestingly
among themCD274PD-L1could be foundp = 0,04).

In the Wouterset al. dataset the cells were grouped byheir annotation in the publication (Figure
27B). Melanocytic and intermediate annotated cell lines together withN&-86¢ represented the
MITR9" group while mesenchymal and neural crest stem cell like annotated cell lines together with
Ma-Mel-86a represented the MITP group. MITFwas the gene with the highest significance in the
MITR9" group (p = 3,7 ©) whileAXLwas the most significant one in the MIFFgroup (p = 1,1 ®).
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In total, 21 genes showed significant upregulation in M{TRelanomacell lines while 44 genes were

significantly upregulated in MIT#® melanoma cell lines.

In conclusion MIT® and MITES"cells and cell lines showed sifjpant upregulation of specific sets of

immune resistance genes.
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Figure27: Significant upand downregulation of immune resistanc@gR)genes with respect to MITF expression
in melanoma data sets.
This figure extends Figur@s. Analysis was conducted by using the programming language R for statistical
computing.(A) Log2 expression data of JerBynon et al. was transformed into -5cores and malignant cells
were divided into a MITBR"group of cells with-scores of MITF, MLANA and TYR > 0 and d°Mgjféup of cells

with zscores of MITF, MLANA amiR < (B)Log2 expression data of Wouteztal. combined with expression
data of MaMel-86 was transformed into-gcores and melanoma cell lines were divided into the KATgroup
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tested against each other by applying a Mamhitney-U-Test in a genavise manner. The resultingyalues
were corrected for multiple testing and genes were ordered by their adjustedlyes. Heatmaps were created
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upregulation in the respective group (adted p < 0,05). Position of selected melanoma marker geMé&ER,
NGFR, AXland IRgenes(PDL1, TMCC3, SLC39A&& highlighted in the heatmap.
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5.4.5 Patienderived melanoma samples reveal NATEell subset that shows upregulation of
immune resistance genes
One type of analysis that is widely used in the scientific community for single celdgN#alysis is
Seuraff160]. With the help of cell marker genes, it identifies cell populatiortiata sets by comparing
GKSANI SELINB&aaAz2y LINPFAfSad ¢KS w LI O1F3S -w{ SdzNI
specific batch effects were used on raw count data of the JArnpnet al.data set in order to identify

malignant and MIT® malighant cell subsets in melanoma patient samples (Fig8829).

After conduction of quality control and harmony integration, 16 clusters were discovered (F&Are 2

A list of marker genes identified the malignant cell population in cluster 1, 5, 9 arxividllaas T cells,

B cells, NK cells, Macrophages, Endothelial cells, and ecassxmriated fibroblasts (CAFs) (Figure
28B&0). The two smallest clusters with unclear cell assignment were eliminated from further analysis.
By applying a list of markgenes to differentiate between MIPEand MITE cells, one large MITF!
(cluster 1) and three smaller MITF(cluster 5, 9, 11) malignant cell populations were identified as
melanocytic markers such BHTE TYRMLANAandPremelanosome Proteif?MHE) were upregulated

in cluster 1 (Figure8B&D). By applying a function to identify marker genes of each cell type and
overlaying the list of marker genes with the list of immune resistance genes identified by our HTP
screens | was able to identify immuresistance genes for each cell type that were upregulated (Figure
29A). Interestingly, the malignant MITFpopulation still shared gene expression with the MFI'F
population but at the same time, upregulated anottest of genes. This was not higherpegssed in

the MITH9" population but interestingly in part in the CAF population.
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Figure28: Malignant MITHS" and MITE" cell subsets in patientlerived melanoma samples.
Analysis was conducted by using the programminglanglS w F2NJ &4 GA A G A OF €
O 2 dzyArnoriet alidata SeNaRSYsubieétedl to \YlNyTcéntrol followed by
normalization and scaling of the data. Harmony integration removed pasipatific batch effects and cells were
clustered by their expression profilegA) UMAP plot of 16 identified clusters of cell®) UMAP plot with
relabeled cell populations after cell type identification and exclusion of clusters 14 and 15. (CAF = cancer
associated fibroblasts, EC = endothelial cells, #macrophages)GD) Dot plots representing the expression
patterns of maker genes to identify (C) melanoma cells among stromal cell populations and (D) subpopulations
of MITP9"and MITEY cells within the melanoma cell fraction of clusters 1, 5, 9 and 11.
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By checking for clusteassociatedmarker genes within the malignarcell subpopulation and
overlaying it with the list of immune resistance genes, genes that are differentially expressed between
the four malignant clusters were identified (Figu@B2.MITE MLANAand TYRare among those from
cluster 1, the MIT®" cluger. Cluster 5 showed upregulation of several proteasomal subunit genes like
Proteasome 26S Subunit, ATPage3IMC), PSMC3Proteasome 26S Subunit, N&TPase (PSMD),
PSMD&GNndPSMD13Also Heparin Binding Growth Fact@iDGFris among them, which is associated

to cancer cell transformation and metastasis.

In summary, Seurat analysis revealed that immune resistance geeesdifferentially expressed
between malignant cells and cells of the microenvironmast well as betweerthe clusters of

malignant cells.
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Figure29: Overexpression of immune resistan¢iR)genes in cell clusters of melanoma patients.

This figure extends FigureB2Analysis was conducted by using the programming language R foatistdt
computing.(A) Marker genes for each cell type were identified and genes were filtered for ther& Heatmap
represents expression of IR marker genes in the cell subsets (CAF =assumsated fibroblasts)B) Marker

genes for each cluster of malignant cells (cluster 1, 5, 9 and 11) were filtered for immune resistance genes.
Heatmap represents IR marker genes in the malignant clusters.
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5.5 Functional validation of immune resistance genes

The HTP screens togethwith the bioinformatics aimed to identify novel immune resistance genes
that showed an impact on tumor cell rejection by cytotoxic T cells, evémenapy resistantvITFY
melanomas. In order to finally understand the resistance mechanism, candfdafesther functional

validation were selected considering different parameters:

Strong immune resistance phenotype in the HTP screens, especiallyMeMgba (MITEY)
Association to a MIT® co-expression cluster
Negative correlation to MITF gene expression data

Low recognition in literature with regard to cancer and immunology

=A =/ =4 =4 =

Moderate to high expression levels in Méel-86, especially in Miel-86a (MITEY)

Validated hits from the HTP screens were filtered mainly for their recognitioneiratlire to be
included in functional analyses. Genes well known in cancer research with indications to or described
resistance mechanisms were excluded. With regard to hits that were selected by their performance in

the bioinformatic analyses, the geneachto be associated to MI'Pfacross multiple data sets.

5.5.1 Primary functional validation of ggelected immune resistance genes

According to the selection parameters total of 17 genes were preelected for validation. | also
included the controlgenes AXL. NGFR CFLARand HDGFwhich are either markers of MI'P{E
melanomas and/or genes that are known to play a role in cancer and immune resistance. Luciferase
based cytotoxicity assays for each gene were performed as in the HTP screens to chéaiptutir
onimmune resistance. Additionally, gene expression levels were measured by quantitative PCR. Table

20 shows the summary of theerformedexperiments.

Immune resistance phenotypes of hits validated from the HTP screens were accordingly confirmed in
the assays (Tab0). However, the effects in Milel-86¢ were not as strong as in the screen (Figure
30). Those genes that were added due to bioinformatialgses such adelta Like Canonical Notch
Ligand XDLL) orPlexin AFPLXNABshowed no or only weak immune resistance potential (T20)e
gPCR results demonstrated that many genes are expredded level{Q > 30). To narrow down the
list of candilates for further functional analysis | selected hits with the strong effects and those which
had a € value of less than 30, bottonditionspreferentiallyfulfilled in Ma-Mel-86a. Additionally, |
G221 GKS 3SySQa NBO2 Iy A (céorny Firklfy ithe Ndnairng geheg wefreh G S NI
MOK Protein Kinas@vMOK), Solute Carrier Family 39 Member (SLC39A)3Transmembrane and
CoiledCoil Domain Family BTMCC3 and Zinc Finger Protein 44&NF443 Of note, the protein
encoded bySLC39A1R prefeentially called ZIP13. For simplicity, | will stay with the name SLC39A13
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in the upcoming sections for both, gene and protein name. Fig@shows the results of the kill assays
for the remaining genes which show that several siRNAs of each gene aHedotmunoregulatory
potential of the melanoma cell. Additionally, the results @FLARndHDGFare displayed as control

genes.

Table20: Summary of Luciferasbased kill assays and quantitative retime PCR

Gene Origin Effect incytotoxicityassay Ctvalue in gPCR
Ma-Mel-86a | Ma-Mel-86c |Ma-Mel-86a | Ma-Mel-86¢

GJC2 Screen 29,4 29,7
MOK Screen 23,5 22,0
ITGAX Screen 33,4 26,9
SLC39A13| Screen 25,4 26,6
SLC13A2 |Screen 31,9 33,5
TMCC3 Screen 27,5 28,0
SPNS3 Screen 30,8 32,5
ZNF443 Screen 29,1 35,2
GRM6 Screen 31,5 34,1
DLL1 Bioinformatics 30,8 30,6
CDH24 Bioinformatics 30,4 32,1
ELN Bioinformatics 31,7 30,6
GCK Bioinformatics 31,0 32,2
LRRN1 Bioinformatics 31,3 31,9
TMEM132E Bioinformatics 32,8 32,2
S1PR1 Bioinformatics 27,0 31,1
PLXNA3 |Bioinformatics 26,4 27,6
AXL Bioinformatics 20,4 30,9
NGFR Bioinformatics 30,8 27,2
HDGF Bioinformatics 21,4 22,9
CFLAR Screen 25,2 26,1

AAAAA

[ 2fdzYy ahNAIAYyE AYRAOFIGSE AF (GKS 3ASyS gl a aSt SOGSR LIN
ofitsMITEPY | 382 O0A 1 GA2Y AY GKS 0A2AYT2NXYI GA Ocytoticity 8 8B ¢ . £ dzS
represents immune resistance phenotype in the luciferbasedcytotoxicity assays while grey color indicates

GKIFG y2 STTSOG ¢ t&alu® o &5 NIPS romwaluetiaivéns deteinined by quantitative

reaHime PCR with blue font highlighting av@lue below 30Amelie Barnreuthecontributed tothe generation

of theresultsasa student under myco-supervision.
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Figure30: Performance of validated immune resistan¢dR)genes in a deconvolution kill assay.

Luciferasebased cytotoxicity assay to validate the immune resistance phenotype of the candidateTdé0€3,
SLC39A13, MO#nd ZNF443and re-test the effect of CFLARand HDGF MaMel-86 HLAA2+ Luc+ were
transfected with individual or pooled siRNAs for 48 h. Melanoma cells were pulsed for 1 h and subsequently
cultured in plain medium (viability setting) or-calture with FIuT cells (cytot@ity setting) in an E:T ratio of 1:1

for Ma-Mel-86a and 0,5:1 for Mdlel-86¢. Cells were lysed, and remaining luciferase activity was measured by
luminescence. Raw luciferase units (RLU) were normalized to RLU of Scr3. Bars represent the mean of three
independent experiments- standard deviation. Amelie Barnreutheontributed tothe generation of the data

asastudent under myco-supervision.

After confirming the immunoregulatory capacity for several siRNAs from the remaining candidate

genes (Figur80), gPCR was performed to check for the downregulation of target garida-Mel-86

cellsupontransfection with sSiRNAFigure31). Just like in the previous cytotoxicity assays, individual

as well as the pool of siRNAs for each gene were used opptary Hgure 2). Taking the cytotoxicity

assays and gPCR data together, a single siRNA condition was chosen for each gene that showed a low

viability impact but a strong effect on the cytotoxicity as well as strong knockdown efficiency. Further

functional tesing of the genes was conducted with the pool of four sSiRNASMCC3MOKand
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SLC39A18ndwith siRNA #4or ZNF443 Concerning the gPCRBsultswith these siRNAgxpression

of TMCC3MOK SLC39A18nd ZNF443vas reducedn Ma-Mel-86aon average by 92 986 %, 95 %

and 43 % while in MMel-86¢ expression was reduced in average by 73 %, 39 %, 77 % and 40 %,
respectively(Figure31A). Western blot results showed downregulation of TMCC3, SLC39A13 and MOK
in Ma-Mel-86a, but hardly downregulation of ZNF443j(Fe31B). In MaMel-86¢ downregulation of

MOK was demonstrated by western blot. TMCC3 and SLC39A13 protein expression was difficult to
detect, despite moderate mRNA expression (T&e Contrarily, expression of ZNF443 was present,
although mRNA expreissm was low (€= 35,2). However, protein knockdown efficiency of this gene

was lowboth at mMRNA and protein level
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Figure31: Knockdown efficiency of selected immune resistan¢R)genes.

Ma-Mel-86 HLAA2+ Luc+ were transfected with Scr3, a pool of four SIRNABM@C3SLC39A18nd MOKor
ZNF4434 siRNA for 48 HA) Cells were lysed for RNA isolation followed by reverse transcription to cDNA.
Quantitative reattime PCR was used to measuarget gene expression. Expressioofin-betawas measured

as reference gene tnormalizegene expression and values were normalized to Scr3. Bars represent thetmean
standard deviatiorof three independent experiments. Significance between siRNASan3 for each cell line was
calculated byapplying aone-tailed ratio paired ttest (*p<0,05, **p<0,01)(B) Cells were lysed, and total protein

was extracted. Protein expression of target genes was measured by western blot. GAPDH expression was
acquiredas reference gene. Verena Babhtributed tothe generation of the data as aster's student under

my co-supervision.

To further validate themmunomodulatory roleof the hits that was observedhn the luciferasebased
cytotoxicity assay with FIUT cellanother assay system was chosen. Instead of measuring the
remaining cell viability by luciferase activity, a raale cytotoxicity assay was performed. Upon co
culture of MaMel-86 HLAA2+ Luc<tells with FIuT cells, tHacucyte® CytotoRedDyewas added to

measure tumor cell death. The Cytotox Dye enters cells with reduced cell membrane integrity and
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binds to DNA. The GFP signal of the Luc+ cells was used to measure the confluency of tiiegemai
cells to deduce the capacity of the tumor cells to continue proliferation. Every two hours green and
red signal were detected in thacucyte®nstrument and the red signal was normalized to the green
signal to measure tumor cell death in a time rangeto 2224 hours. The results of the real time
cytotoxicity assay confirmed the phenotypes that were observed previously (FRE)resiRNA
transfection and knockdown of all four candidate genes caused increased tumor cell death by FIuT cells
in Ma-Mel-86a. While the effects were low for ZNF443 and SLC39A13, silencing of MOK and TMCC3 as
well as the positive control CFLAR resulted istranger kill. In MaMel-86¢ similar effects were
observed (Figur82). Downregulation offie positive control CFLAR well as TMCCignproved T cell
mediated tumor cell kilvhereas silencing of MOK, SLC39A13 and ZNF443 showed low to no effects on

the immunoregulatory capacity of thda-Mel-86c¢ cells

Taken togetherthe four immune resistance gen&@MMCC3SLC39A1310KandZNF443howed strong

immune resistanc@henotypesand were therefore selected fanore extensive functional analyses.
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Figure32: Impact of immune resistance genes FluT celimediated tumor cell rejection.

Real time cytotoxicity assay to measure the impact of gene knockdown on the cytotoxicity of FIuT cMisl- Ma

86 HLAA2+ Luc+ were transfected with Scr3, a pool of four SIRNASM@C3, SLC39A13, MAKCFLARF
ZNF4434 siRNA for 48 h. Melanoma cells were pulsed with flu peptide and subsequently cultured in medium or
co-cultured with FIuT cells at an effector to target ratio of 1:1 for-Mal-86a and 0,5:1 for M&lel-86c.
Incucyte® CytotoRedDyewas added todbel dead cells and tumor cell death was measured every two hours
for 22 h. The signal of the Red Area was normalized to the Green Area, representing the confluency of the tumor
cells by detection of GFP. Representative data of two independent experiments.

5.5.2 Immunoregulatory potential of candidate genes is independent of T cell specificity
After performing cytotoxicity assays with FluT cells, immune resistance phenotypes of the four
candidate genes were tested using melanoma specific MARTd TIL41fh the luciferaseébased and

the reakiime cytotoxicity assay/(Figure33). As FigurelO showed high resistance of Mdlel-86a
against TIL412 and MARTT cells without prior pulsing with MARTpeptide, MaMel-86 HLAA2+

Luc+ were pulsed with MARITpeptidebefore ceculture with MARTL T cells to normalize antigen
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presentation between both melanoma cell lines. TIL412 were added without previous treatment to

see if tumor cells can be sensitized to apoptosis in an ardigapecific manner.

Similar tocytotoxicity assays using FluT cellscatiure of MaMel-86a with MARTL T cells showed
increased tumor cell lysis upon knockdown of candidate genes (R@&C). Although TIL412 are
not reactive to MaMel-86a in principle, knockdown of all candidatasd CFLAR increased tumor cell
death significantly in the luciferadmsed kill assay. Similarly in N&el-86¢c, gene knockdown
increased tumor cell lysis in-@ulture experiments with MART and TIL412 (FiguB3B&D). Here, co
culture experiments with TH12 showed stronger effects than in Méel-86a. In conclusion the
previously observed immune resistance phenotypk the candidate genes were confirmed in

cytotoxicity assagwith a differentT cellco-culture system.
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Figure33: Impact of immune resistance genes on tumor cell rejection mediated by MARITcells and TIL412.
Cytotoxicity assays to measure the impact of gene knockdown on the cytotoxicity of-MAR®lls and TIL412.
Ma-Mel-86 HLAA2+ Luc+ were transfected withrSca pool of four SiRNAs faiMCC3, SLC39A13, M@ICFLAR

or ZNF4434 siRNA for 48 h. In cytotoxicity assays with MARTcells, the melanoma cells were pulsed with
MART1 peptide for 1 h and subsequently cultured in plain medium (viability settingd-oultured with MART
1 T celldcytotoxicity setting) at an effector to target ratio of 1:1 for N&el-86a and 0,5:1 for M#el-86c. In
experiments with TIL412, Milel-86 were not pulsed and cultured in plain medium (viability setting) or co
cultured with TIL412 (cytotoxicity setting) at an effector to target ratio of 5:1 forM-86a and 2,5:1 for Ma
Mel-86c¢.(A-B) Luciferasebased cytotoxicity assay with (A) Niéel-86a and (B) Mavlel-86c¢. After ceculture of

melanoma cells with T cells for 20 h, cellere lysed, and remaining luciferase activity was measured by

luminescence. Raw luciferase units (RLU) were normalized to RLU of Scr3. Bars represent thetaretard
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deviation of three independent experiments. Significances between viability and cytotoxicity setting were
calculated by applying a twiailed paired ttest (*p<0,05, **p<0,01, **p<0,001)(GD) Realtime cytotoxicity

assay with (C) MMel-86a and (D) MdMel-86¢. Upon ceculture of tumor cell and T cellscucyte® CytotoRed

Dyewas added to label dead cells and tumor cell death was measured every two hours for 24 h. The signal of the
Red Area was normalized to the Green Area, representing the confluétioy umor cells by detection of GFP.
Representative data of two independent experimenterena Babtontributed tothe generation of the data as
aMaster's student under mgo-supervision.

5.5.3 Immune resistance genes show intrinsic protective effette tumor cells

As immune resistance of tumor cells can be caused eithatilyiting T cell function or by prevention

of tumor cell apoptosis, | aimed to investigate on which side the four candidate genes act. Hence, Ma
Mel-86 HLAA2+ Luc+ were treatl with supernatant of polyclonally activated FIuT cells in the
cytotoxicity setting instead of eoultured with cytotoxic T cells. The results showed that gene silencing
of TMCC3, MOK, SLC394ah8ZNF443esulted in an increased cell death upon cultuféwnor cells

in supernatant (Figur@4). In the luciferasdased cytotoxicity assay this effect is stronger inMl-

86a than in MaMlel-86c¢. In the reatime cytotoxicity assay for both cell lines the effect is strong for
TMCC3 and the positive contrdFICAR and weaker for the remaining three gefieken togetherall

genes showedhtrinsicprotective effectdan Ma-Mel-86 against the treatment with T cell supernatant.
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Figure34: Impact of immune resistance genes aupernatantmediated tumor cell rejection.

Cytotoxicity assays to measure the impact of gene knockdown on the cytotoxicity of supernatant of polyclonally
activated FIuT cellsvia-Mel-86 HLAA2+ Luc+ were transfected with Scr3, a pool of four sSiRNASMEE3,
SLC39A13, MO8t CFLARI ZNF443s4 siRNA for 48 h. Subsequently, cells were cultured in plain medium
(viability setting) or in supernatant of FIuT cells that were polyclonally activated for 24 h (cytotoxicity setting).
(A) Luciferasebased cytotoxicif assay with MaMel-86a and MaMel-86c¢. After treatment of melanoma cells
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with supernatant for 20 h, cells were lysed, and remaining luciferase activity was measured by luminescence.
Raw luciferase units (RLU) were normalized to RLU of Scr3. Bars repinesartin+ standard deviation of three
independent experiments. Significances between viability and cytotoxicity setting were calculated by applying a
two-tailed paired ttest (*p<0,05, **p<0,01, ***p<0,001)(B) Realtime cytotoxicity assay with Milel-86a and
Ma-Mel-86¢. Upon treatment of tumor cells with supernataimcucyte® CytotoRedDyewas added to label

dead cells and tumor cell death was measured every two hours for 24 h. The signal of the Red Area was
normalized to the Green Area, representihg confluency of the tumor cells by detection of GFP. Representative
data of two independent experimentd/erena Babtontributed tothe generation of the data as Rlasters

student under myco-supervision.

5.5.4 Silencing of immune resistance geswssitizes tumor cells to death receptor ligands

Figurel4 shows primary resistance of Mdel-86 to treatments with the death receptor ligands TRAIL,

TNP,FasL, T FyR [LDI ¢d Ly 2NRSNI G2

AYy@SaiAalrdsS AT &A

to apoptosisinduced bydeath receptor ligansgl cytotoxicity assays were performed by treating-Ma
Mel-86 HLA ub [ dzOb ¢ A (K LIw! L[LXDI &b Gha> @& 3 a

LCb! | ¥

35A shows exemplary results of the luciferasased cytotaicity assay in Midel-86a for TRAIL and
LCb: {GNBFiYSyiGd YYy201R246Y
with the weakest effect withSLC39A13iIRNA. On the other hand, SLC39A13 silencing increased
I L2 LJG 2 &A & dzbdhtymorke Banotherighiddd siich as TMCC3 and CFLAR. This was also

2T G(KS 3ISySa

ASyaAGAl

observed in the realime cytotoxicity assay measuring tumor cell death over a time of 48 h (R§ure

B). The whole set of results can be foun@ipplementaryHgures3 and 4
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or ZNF4434 siRNA for 48 h. Subsequently, cells were cultured in plain medium (viability setting) or treated with
100 ng/ml recombinant TRAIL or IFNytotoxicity setting)(A) Luciferasebased cytotoxicity assay with Mdel-

86a and MaMel-86c¢. After treatment of melanoma cells with TRAIL or IfiM 20 h, cells were lysed, and
remaining luciferase activity was measured by luminescence. Raw lueifenés (RLU) were normalized to RLU

of Scr3. Bars represent the meastandard deviation of three independent experiments. Significances between
viability and cytotoxicity setting were calculated by applying a-taited paired ttest (*p<0,05, **p<0,01,
***n<0,001, ns=not significant)(B) Realtime cytotoxicity assay with MMel-86a and Maviel-86¢c. Upon
treatment of tumor cells with TRAIL or FFNcucyte® CytotoRedDyewas added to label dead cells and tumor

cell death was measured every two hours 48 h. The signal of the Red Area was normalized to the Green Area,
representing the confluency of the tumor cells by detection of GFP. Representative data of two independent
experiments.Verena Babkontributed to the generation of the data as Masters student under myco-
supervision.

In order to increase the comparability of the impact of gene knockdown on the different treatments,

the ratio of cytotoxicity and viability setting (CV ratio) for each condition was determined. Thereby it

was investigated to which treatments and putative pathways a gene can contribute to resistance.
Generally, these resistance profiles were similar betweenMé&86a and MaMal-86¢ but as

observed before, effects in Milel-86a were stronger than in Milel-86¢, except for caulture

experiments with TIL412 (Figudé). In general, gene silencing in thBTHE'9" cell line MaMel-86¢ did

not sensitize the cells to treatment with FasL aill @ ¢a/ / o 1y201 R26y AYyONBI &
tumor cell death to the death receptor ligan@®P , TRAIL, FasL andL® / 2 Y LI NB®turéd 2 G KS
with FIuT and MART or treatment with supernatant of polyclonally activated FIuT cells, tumor cell

death was even increased when treated with TRAIL iAMdB86a (75 % vs. 60 %). There was no
SYKFyOSR FLRLIizara 2F GKS OStfa | Fooskdhe dodedsddi Y Sy U
F2NJ ahY YR %bCnnoX K2gSOSNJ] STFFSOha o6SNB 3ISYySN
increase of tumor cell death of about 20 @n the other hand, downregulation of SLC39A13 sensitized
Ma-Mel-86aagainst IFNstronger compared to & impact on TNFor TRAIL treatmentiowever, no

single treatment was able to induce tumor cell death to a similar level asiltore with T cells or

treatment with supernatant (Figurg6).

In summary, knockdown of immune resistance genes resulted irdsed sensitivity of Mdlel-86

towards cytotoxic ligandwith differential protective effects of the genes towardsngletreatments
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Figure36: Cytotoxicity profiles of the immune resistandgR)genes.

Summary of luciferasbased cytotoxicity assays. Mdéel-86 HLAA2+ Luc+ were transfected with Scr3, a pool of
four siRNAs fofTMCC3, SLC39A13, M@KCFLARr ZNF4434 siRNA for 48 Melanoma cells were cultured in
plain medium (viability setting) or ecultured with different T cell sources, treated with 100 ng/ml of single

cytotoxic ligands or the supernatant of polyclonally activated FIuT cells (cytotoxicity setting) for 20 h as described

in Fgures30, 33-35and Supplementary Figure Blormalized valuesf the cytotoxicity setting were divided by

values of the viability setting, resulting in the CV ratio. Bars represent the mean of the C\#rataslard
deviation of three independent experiments for all different treatments. Significances betweelityiahd each
cytotoxicity setting were calculated by applying a ttaded ratio paired itest (*p<0,05, **p<0,01, ***p<0,001,
no asterisk means not significant).

5.6 TMCC3 and SLC39A13 use different mechanisms to prevent tumor cell apoptosis

TMCC3 andL¥39A13 were selected for furtherode of action analysi® order to investigate how

exactly they impact immune resistance in the MITFcell line MaMel-86a. While TMCC3

downregulation showed increased cell death upon TRAIL treatment, SLC39A13 knotldeased

the susceptibilitytd. C b !

0KS Y2aldod ¢KSNBEF2NB=

L

LA O1 SR

s

ig2

in the tumor cells. Additionally, knockdown efficiency was strong on both, the mRNA and protein level

in Ma-Mel-86a. Both genes could also associated with MIT® in bioinformatic analysis: TMCC3 was

associated to the turquoise MITEgene cluster in the TCGA data as well as was part of the brown

single cell cluster in the Jerd#\rnonet al.data set that was upregulated in a MPFfpatient (Figurs
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25&26). Additionally, TMCC3 and SLC39A13 were each higher expressed in one of the thi¥e MITF
cell clusters in the Seurat analysis compared to the MIT€ll cluster (Suppmentary fgure5). Also,
SLC39A13 was higher expressed i cell lines compared to MIT# cell lines, although not
significantly (Figure?.

5.6.1 The relationship between the expression of MITF and that of TMCC3 or SLC39A13
In order to better understand if the expression of MITF and thegaelectedmmune resistance genes
influence each other in the MITEmelanoma cell line M#el-86a | checked for the expression of
TMCCandSLC39A1&fter transfection of tumor cells with Scr3MTFSIRNA (Figure7d\). The results
showed that neitheMMCC3or SLC39A18xpression was significantly affected by the downregulation
of MITF.

Furthermore, TMCC3 and SLC39A13 were silenced and alterations of the expreddidirwkre
investigated (Figure 7B). Here, results demonstrated that upon knockdown of TMGAOZFwas
induced significantly. In contrastMITF did not show changes in expression upon SLC39A13

downregulation.
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Figure37: Relationship of gene expression between MITF and TMCC3 or SLC39A13.

Quantitative reatime PCR to measerthe gene expression &ITE TMCC3nd SLC39A13Ma-Mel-86a HLA
A2+ Luc+ were transfected with Scr3 or a pool of four sSIRNAFNEC3 SLC39A1®r MITF for 48 h.
Subsequently, cells were lysed for RNA isolation followed by reverse transcription to QD& itative real
time PCR was used to measure target gene expression. Expresaicindfetawas measured to normalize gene
expression and values were normalized to Scr3. Bars represent the metandard deviationof three
independent experiments. Significance between siRNA and Scr3 was calculapglying atwo-tailed ratio
paired ttest (*p<0,05, ns=not significant}A) Expression oTMCC3nd SLC39A18pon MITF knockdown(B)
Expression ofITFupon knockdowrof TMCC3 and SLC39A13, respectively.
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5.6.2 Supernatant of activated FIUT cells induces TMCC3 expression

| also investigated whethefMCC3and SLC39A13re upregulated as a resistance mechanism in
response to cytotoxic ligands expressed by T cells to induce tumor cell apoptosis. For that reason,
expression of the two genes was measured after treatment ofNi86 with supernatant of
polyclonally activagd FIuT cellsTNE  #FNJ® 9 E LINS & & ANITFin GeEpongedts these? F

treatments was also investigated (Figui®.3

The results demonstrated th&tMCC3xpression was significantly increased by-?J8 in Ma-Mel-

86aupon treatment with thesupernatant of polyclonally activated FIuT cells wBil«C39A1iBduction

was not significant (Figure88). TNF (i NB | {in6t@lterithe BxprBssion of both genes whikeN

treatment had no impact on the expressionTICCand decrease&LC39A1Rvds significantly by

around 50 % (FigureBB&C).MITFwas downregulated significantly by 40 % in response to treatment

with supernatant (Figure@\).IFN GG NBF dYSyd t SR (2 HWTFekpfeadsio@dy A FA Ol
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Figure38: Expression of TMCC3, SLC39A13 and MITF after various treatments-bfdlA86a.

Quantitative reattime PCR to measure the gene expressioMbf TMCCand SLC39A1® MaMel-86a HLA

A2+ Luc after 20 h of culture in plain medium or treatment with 100 ng/mhTiMFFN  gup&tnatant of FluT
cells that were polyclonally activatefdr 24 h Subsequently, cells were lysed for RNA isolation followed by
reverse transcripjon to cDNA. Quantitative resime PCR was used to measure target gene expression.
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Expression oActinbetawas measured to normalize gene expression and values were normalized to those of
cells that were cultured in plain medium. Bars represent the mestandard deviatiorof (A) three or (EC) two
independent experiments. Significance between untreated and treated cells was calculasgplging atwo-

tailed ratio paired ftest (*p<0,05, ns=not significantfA) Expression ofMCC3SLC39A13and MITFupon
treatment with supernatant.(B) Expression oTMCC3SLC39A13and MITFupon treatment with TNF. (C)
Expression of MCC3SLC39A18nd MITFupon treatment with IFN.

5.6.3 Simultaneous knockdown of TMCC3 and SLC39A13 does not increase tumatioell reje
by FIuT cells

As a proportion of tumor cells survive after-colture with T cells or treatment with cytotoxic ligands,

| investigated whether combined knockdown of the genesld increase tumor cell lysis especially as

the hypothesisndicated that TMCC3 and SLC39A13 could impact different signaling pathways (Figure

39). Both genes were silenced simultaneously, and lucifebased and reatime cytotoxicity assays

were performed. The results showed that tumor cell death was not irsgédy combiningMCC3

and SLC39A18IRNAs, observed in both assay systems (Fik&B).

In order to exclude the possibility that only cells survived that were not affected by gene silencing of
the genes, gene expression was measured by gPCR in ceitedun plain medium and in remaining
cells after the ceculture with FIuT cells. The results demonstrated that gene knockdoWwiM@EiCand

SLC39A1®as present before and after erulture (Figure89C).
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Figure39: Ceknockdown d TMCC3 and SLC39A13 in-Mal-86a.

Ma-Mel-86a HLAA2+ Luc+ were transfected with Scr3 or a pool of four SIRNASM&C3or SLC39A18r
TMCC3+SLC39Af3 48 h. Melanoma cells were pulsed with flu peptide for 1 h and subsequently cultured in
plain medium(viability setting) or cecultured with FIuT cellécytotoxicity setting) at an effector to target ratio
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of 1:1.(A) Luciferasebased cytotoxicity assay. After-calture of melanoma cells with FIuT cells for 20 h, cells
were lysed, and remaining lucife@sctivity was measured by luminescence. Raw luciferase units (RLU) were
normalized to RLU of Scr3. Bars represent the mean of technical replicataadard deviation(B) Reaitime
cytotoxicity assay. Upon emulture of tumor cell and FIuT celiscucyte® CytotoRedDyewas added to label

dead cells and tumor cell death was measured every two hours for 48 h. The signal of the Red Area was
normalized to the Green Area, regsenting the confluency of the tumor cells by detection of GEB.
Quantitative reatime PCR to measure the expressiom MCCand SLC39A13After culture in plain medium or
co-culture of melanoma cells with FIuT cells for 20 h, cells were lysed farigiation followed by reverse
transcription to cDNA. Quantitative rediine PCR was used to measure target gene expression. Expression of
Actinbetawas measured as reference gene to quantify gene expression and values were normalized to Scr3 in
both, the viability and cytotoxicity setting. Bars represent the mean of technical replieasdard deviation.
Representative data of two independent experiments.

5.6.4 Ceculture with FluT cells downregulate expression of receptors thatrgertant for
antigen expression as well as induction of apoptosis
As simultaneous knockdown of TMCC3 and SLC39A13 did not increase tumor cell death compared to
a single knockdown, it was further investigated whether surface expression of receptors ¢hat ar
involved in tumor cell death was reduced in Scr3 and TMCC3 and/or SLC39A13 sileiMeb8da
cells. After ceculture with FIuT cells expression of DR5/TRAILR2, TNFR1, FAS, RfhcatiMell as the
expression of HL-A2 being responsible for flu peptidentigen presentation waanalyzedby flow
cytometry (FiguréQ). To characterize receptor expression on live or apoptotic cells a live/dead marker
was usedZombie NIR dye enters dying cells and therefore separates the population of dying and living
cells Zombie NIR staining interestingly showed that among the fraction of living cells two
subpopulations after FIuT emlture were present, mainly in TMCC3 silenced cells (Fig0Od.
Receptor expression was differentially investigated in the Zombi€iépulation (most viable cells)
and the Zombie NIR™population. FigurelOB shows exemplary histograms of the flow cytometry
analysis in which expression of DR5 and-BRAs lower in the NIR fraction, especially in the TMCC3

silenced cells.
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Figure40: Flow cytometry analysis after coulture of MaMel-86a with FIuT cells.

Ma-Mel-86a HLAA2+ were transfected with Scr3 or a pool of four SiRNAsSTMICC3or SLC39A1%r
TMCC3+SLC39Af8 48 h. Melanoma cells were pulsedth flu peptide for 1 h and subsequently cultured in
plain medium (viability setting) or exultured with FIUT cellécytotoxicity setting) at an effector to target ratio
of 1:1 for 20 h. Subsequently, cells were stained with Zombie NIR as well as motypigenspecific antibodies
for DR5/TRAILR2, TNFR1, RAS,b ‘and MLAA2. Representative data of three independent experime(As.
Dot plots representing the positivity of Zombie NIR in-Mel-86a in order to identify the fraction of living cells.

The upper lane shows plots for cells in the viability setting while the lower lane shows plots for cells in the

cytotoxicity setting after ceculture with FIuT cell§B)Histogram plots of DR5 (upper lane) and H2A(lower

lane) expression in all livinglts (left), in cells with medium Zombie NIR positivity (center) and in cells with low

97



Zombie NIR positivity (right). One plot represents the histograms for the isotype of Scr3 treated cells (pink curve)
as well as the staining with receptepecific antilodies in all different sSiRNA conditions afteradture of Ma
Mel-86a with FIuT cells.

How cytometry analysis demonstrated that upon-calture tumor cells downregulated the majority
of the acquired receptors (Figudd). Death receptors DR5/TRAILR2 @&ahFR1 as well as IHRL and
HLAA2 were lower expressed while expressiorFéiSvas increased. Receptor downregulation was
even more prominent in the Zombie N¥Rcell subpopulation, for example up to 80 % for!IRN after
co-culture. Here, TMCCS3 silenced cells also lost their phenotyipA®&ifpregulation. Regarding the €o
knockdown, the expression levels of the receptors were between those of the single knockidown

Ma-Mel-86a

Taken togetherypon ceculture with FIuT cells, Miel-86 decreased susceptibility to T ceflediated
rejection bydownregulaton of severalreceptors that areimportant for apoptosis induction and

antigen presentation.
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Figure41: Regulation of surface receptors after enlture of MaMel-86a with FIuT cells.

This figure extends FiguA®. Flow cytometry analysis was used to calculatejthd=| (MFI: mean fluorescence
intensity using the geometric mean), represet the difference between the MFI of receptstained cells and
the MFI of the respective isotyp@MFI was calculated for all acquired recept@B5/TRAILR2, TNFR1, FAS,
L Cb ‘and MILAAZ in the viability and cytotoxicity setting for all living cells (tefhe) and the cells with low
Zombie NIR positivity (riglpane)). Bars represent the mean pMFI+ standard deviatiorof three independent
experiments. Significances betweeiability and cytotoxicity setting were calculated agplying aone-tailed
paired ttest (*p<0,05, **p<0,01, ***p<0,001, ****p<0,0001, ns = not significant).

5.6.5 Downregulation of TMCC3 and SLC39A13 alter receptor exppesssen

In order to undersand increasedl cellmediated tumor cell death after silencing of TMCC3 and
SLC39A13, it was investigated if the downregulation of the two proteins alter the expression of surface
receptors that are important for apoptosis of Mdel-86a. In the context afhe previous experiment,

| also checked by flow cytometry analysis if the knockdown of TMCC3 and SLC39A13 altered the
expression of DR5/TRAILR2, TNFR1, FAR1RNd HLAZ2 per se(Figured?2).

The results indicated that TMCC3 silencing did not changexpeession of HLA2, IFNR1, TNFR1

and FAS(Figure42A). Surface expression of DR5/TRAILR2 was increased, although not significantly.
SLC39A13 knockdown on the other hand increased expression of DR5/TRANERA] IFNR1
significantly. Expression of HIAR was decreased with significance upon SLC39A1Risidewhile
TNFR1 expression was reduced insignificantly. Fig8B: shows exemplary histograms for the
expression of DR5, IFR1 and HLA2 after knockdown of TMCC3 and SLC39A412onclusion,
downregulation of TMCC3 or SLC39A13 altered the expressimtebtors that are important for

apoptosis induction and antigen presentatiqgrer se
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Figure42: Regulation of surface receptors upon knockdown of TMCC3 and SLC39A13.

This figure extends Figud®. Flow cytometry analysis was used to calculatejthg=I (MFI: mean fluorescence
intensity using the geometric mean), representing the difference between the MFI of reestaioed cells and

the MFI of the respective isotyp@MFI was calculated for allcquired receptorsDR5/TRAILR2, TNFR1, FAS,

L Cb ‘andMHLAA2 in the viability setting for all living cells in Scr3 and single knockdowns of TMCC3 and
SLC39A13(A) Bars represent the mean gifMFI + standard deviationof three independent experiments.
Significances between Scr3 and TMCC3 or SLC39A13 knockdown were calcdpayitny awo-tailed paired

t-test (*p<0,05, ns = not significan{B) Histogram plots of DR5 (lgfiane), L C b {centerpane) and HLAA2

(right pane) expression. One plot represents the histograms for the isotype of Scr3 treated cells (pink curve) as
well as the staining with receptespecific antibodies in all different sSiRNA conditions. Representative data of
three independent experiments

5.6.6 Downregulation of TMCC3 and SLC39A13 sensitivkeMi®a to apoptosis by regulating

the expression of caspases and-BCL
After demonstration of increased tumor cell lysis by various treatments upon knockdown of TMCC3
and SLC39A13 and alteratioh expression of receptors playing a role in antigen presentation and

apoptosis induction, tumor cell intrinsic pathways were further investigatadially, the protein
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expression of apoptic proteins such agleavedCaspase, Caspas® and Caspas@ aswell anti-

apoptotic gotein B-cell ymphoma ZBCE2) was measured by western blot (Figdi®.

The results showed that downregulation of TMCC3 and SLC39A13 impacted the expression of caspases
andBCH ® ¢a/ /o (y201R26Yy RARY QO butehakE@liCaspasSdainiS & & A 2 Y
Caspas@ expression and downregulated BZLCleavage of caspases, especially of caspasaild

be detected upon TMCC3 silencing. SLC39A13 knockdown did not alter the expression of&aspase

but increased expression of Casg8 and Caspas®. Furthermore, BGR expression was
downregulated. In contrast to TMCC3 silencing, cleavage of caspases is hardly present in the SLC39A13
knockdown cells.In summary, downregulation of both immune resistance geriacreased
susceptibility towardsumor cell death byupregulation of caspases as well as downregulation of BCL
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Figure43: Expression of apoptotic genes in TMCC3 or SLC3pAdfRient/deficient Ma-Mel-86a.

Ma-Mel-86a HLAA2+Luc+ were transfected with Scr3 or a pool of four SIRNASNGECr SLC39A1fr 48 h.
Cells were lysed, and total protein was extracted. Expression of TMCC3, SLC39218)dB&ittivity of Caspase
3/-8/-9 was detected by western blot. GAPDH expressias acquired as reference gene. Representative data
of two independent experiments. Verena Baointributed tothe generation of the data as Mlaster's student
under myco-supervision.
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5.6.7 TRAIL treatment increases caspase activity in TMCC3 silenkkd86za

As TRAIL showed strong capacity in inducing tumor cell death after TMCC3 knadkeowduction

of the caspase activity arttie expression of BE2 was monitored upon TRAIL treatment for 30 min,

2 h and 4 h by western blot (Figu4d). The results demonstrated that caspases were cleaved upon
TRAIL treatment preferentially in the TMCC3 silenced tumor cells. In Scr3 transfedeCiaspiase

as well as Caspasecleavage was present in later time points of TRAIL treatment, but in the TMCC3
knockdown cells this was highly increased.-B@kpression is not altered upon TRAIL treatment, and

it remained to be lower expressed in the T3 silenced cellsy summary,TRAIL treatment induced

apoptosis preferentially in TMCC3 deficient-Mel-86a.

% » % »
% % % %
& &S &S &
& & o &

LSELLELELL S

TRAIL - ‘SOmin‘ 2h ‘ 4h

TMCCS[-— —_— = - ‘

GAPDH e ‘

BCE2 |-—---—-—‘

GAPDH| }

N e G T W s WSS ¢—— uncl Casp8
= S | ¢— cl. Casps p43
Caspase3

— e " ¢— cl. Casp8 p18

GAPDH|-—*—-—-‘

— ——— —— — . | q—— UNC| CaSP9
— 1: cl. Casp9 p37
A cl. Casp9 p35

GAPDH)-—--‘

| ———— ———— | ¢— unCl. Casp3

Caspased

Caspase3

CIPD | e e e

Figure44: Expression of apoptotic genes in TMC@B8ficient/deficient Ma-Mel-86a upon TRAIL treatment.

This figure gtends Figurél3. Ma-Mel-86a HLAA2+ Luc+ were transfected with Scr3 or a pool of four siRNAs for
TMCC3or 48 h. Subsequently, cells were treated with 100 ng/ml of recombinant TRAIL for 30 min, 2 h or 4 h or
cultured in plain medium for 4 h. Cells weredy, and total protein was extracted. Expression of TME&8e

as in Figure 43BCLE2 and activityof Caspas&/-8/-9 were detected by western blot. GAPDH expression was
acquired as reference gene. Representative data of two independent experimentsiavBaicontributed to

the generation of the data as aster's student under mgo-supervision.
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5.6.8 TMCCS silencing activates Akt survival pathway

TMCC3 was described be able to regulate the activation &froteinkinase B[PKB/Akt). In breast

cancer stem cells, it was shown that a downregulation of TMCC3 is concomitant with a lower
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phosphorylation of AKT, therefore decreasing its actiyitg2]. Hence, the impact of TMCC3
knockdown on survival and apoptosidated downstream proteins of AKTag investigated upon
TRAIL treatment (Figuré5). Related to the experiment mentioned in %61 checked for the
expression of AKT, phosphorylated AKT (pAKT) and the phosphorylation of target Bfeih2s
Associated Agonist Of Cell De@BAD)RELA Prot®©ncogene, NHKB Subunip65 (pRELA) as well as
Tumor Protein P5853) andX-Linked Inhibitor Of Apoptos{XIAP).

While expression of total AKT was not impacted by the knockdown of TMCC3NteMba, TRAIL
treatment slightly decreased its expressioread h. In contrast to its reported impact on breast cancer

cells, TMCC3 downregulation did not decrease the phosphorylation of AKT but instead incr@ased it
Ma-Mel-86a. Like total AKT, pAKT expression was lower after 4 h of TRAIL treatment. Furthermore, a
higher phosphorylation of RELA and BAD and an increased expression of p53 and XIAP can be observed
in the TMCC3 silenced cells which is more prominentnup&AIL treatment (Figuréb). Taken

together, TMCC3 deficient M#lel-86a increased prsurvival AKT signaling as well as expression of

p53.
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Figure45: Expression of AKT pathwaglated genes in TMCQXoficient/deficient Ma-Mel-86a without and
with TRAIL treatment.

Ma-Mel-86a HLAA2+ Luc+ were transfected with Scr3 or a pool of four SIRNASMGIC3or 48 h. Subsequently,
cells were treated with 100 ng/ml of recombinant TRAIL for 30 min, 2 h or 4 h or cultured in plain meddim fo
h. Cells were lysed, and total protein was extracted. Expression of TMCC3 (same as #3HdguraKT, pAKT,
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pBAD, pRELA, p53 and XIAP was detected by western blot. GAPDH expression was acquired as reference gene.
The same GAPDH blots can be diggdagnore than one time due to detection of several proteins on the same
membrane. Representative data of two independent experiments. VerenacBabibuted tothe generation of

the data as aMaster's student under mgo-supervision.

5.6.9 TMCCS silencing results in perturbatioBRifomeostasis

As | observed contrary results to previously published data with regard to AKT phosphorylation and as
survival signaling by AKT was increased in TMCC3 sileneki&M®a, another mechanism dao be
responsible for the increased tumor cell death. TMCC3 is an important protein for the tubular network
of the endoplasmic reticulum (ER) by working together with atlastins to build 4vesejunctions
[183]. Therefore the expression of proteins regulated during ER stress was investigated, namely
Bindinglmmunoglobulin Proteir{BiP),C/EBP homologous prote{@HOR)total and phosphorylad
InositolRequiring Protein IRE®), phosphorylateddUN NTerminal Kinas€@INK)s well as thdarge
fragment of CFLAR as downstream target of pJNK. As in the experiment Tnabd.5.68 protein
expression was measured kvestern blot after knockdown of TMCC3 and upon treatment with TRAIL
in Ma-Mel-86a (Figurel6).

Results showedhat the expression of BiP was neither affected by knockdown of TMCC3 nor by
treatment with TRAILTMCC3downregulationresulted in decreased CHOP expressiompared to
Scr3but upon treatment with TRAIL expression levels became similar. TMCC3 knoakdowhalter
expression of total IRElbut induced phosphorylatiomf IREfL as well asof JNK. TRAIL treatment
enhanced levels of pIRE&Nd stronger opJNK especiallyin the TMCC3 silenced cells. After 4 h of
TRAIL treatment, phosphorylation of INK dasreasedTMCCXnockdownled to undetectable levels

of the large fragment of CFLARdeperdent of TRAIL treatment. In the Scr3 treated cells, TRAIL
treatment reduced CFLARXpression, but protein expression was still detectable (Figifije In
conclusim, TMCC3 deficient MMel-86ainduced ER stresshich is enhanced upon treatment with

TRAIL.
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Figure46: Expression of ER stresslated genes in TMCQ& oficient/deficient Ma-Mel-86a without and with
TRAIL treatment.

Ma-Mel-86a HLAA2+ Luc+ were transfected with Scr3 or a pool of four SIRNASMGIC3or 48 h. Subsequently,

cells were treated with 100 ng/ml of recombinant TRAIL for 30 min, 2 h or 4 h or cultured in plain medium for 4
h. Cells were lysed, and total pein was extracted. Expression of TMCC3 (same as in Figi#& 46), BiP,
CHOP, IRE1 pIRE1 »INK and CFLARas detected by western blot. GAPDH expression was acquired as
reference gene. The same GAPDH blots can be displayed more than one time dtextiod of several proteins

on the same membrane. Representative data of two independent experiments.

5.6.10 IFNtreatment increases caspase activity in SLC39A13 silencbteMba

Upon SLC39A13 silencihgC was the cytotoxic ligand with the strongest phenotype in terms of cell

death of MaMel-86a. In order to investigate expression of apoptasisted markers cells were

treated withIFN  F2NJ on YAYSE n K FYR HN KO/-80FahdBERAAZY |
were subsequently measured by western blot (Figdi®. In SLC39Al1proficient Ma-Mel-86a no

activation of Caspas®&/-8/-9 could be observedCaspase cleavage of all threeasuredcaspases

occurred only in the SLC39A13 knockdown cells aften 20 IFN (i NB | i ¥ Sxpiession. / [
remained to be downregulated in SLC39A13 silenced cells, only afterlBM of (4 NS  YSy i SELIN

is slightly increased but downregulated again after 20 h. In Scr3 treated cel2 8(iression
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remained unchangedniall conditionsIn summary,only SLC39A13 deficient Méel-86a induced

apoptosis after 20 h of treatment with IFN
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Figure47: Expression of apoptotic genes in SLC39pfdicient/deficient Ma-Mel-y ¢ | dzLJ2y L Cb* G NBI |
This figure extends FigudS. Ma-Mel-86a HLAA2+ Luc+ were transfected with Scr3 or a pool of four siRNAs for
SLC39A1fr 48 h. Subsequently, cells were treated with 100 ng/ml of recombinantfié™N80 min, 4 h or 20 h

or cultured in plain medium for 20 h. Cells were lysed, and total protein was extracted. Expression of SLC39A13
(same as in Figure 48 CL2 and Caspasg/-8/-9 was detected by western blot. GAPDH expression was acquired

as reference gene. Representativata of two independent experiments.
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5.6.11 SLC39A13 silencing shifts STAT1/STATS ratio to induce apoptosis

SLC39A13 was described to beolved in activation of Src/FAK pathway which is associated with cell

survival by activating among others tHa3K/AKT pathwagpr STAT3 signalingd.84]. Therefore,

expression and phosphorylation of AKT, STAT3 as well as STAT1 being downstream o IKNB Y | £ A y 3

was measured by western blot Ma-Mel-86a equally treated as in 5.@{Figure 8).

The results demonstrated that expression of AKT was neither affected by-8oackof SLC39A13 nor

IFN G NB I { YNey8h. PRoFphaaylation of AKT was slightly increased in the SLC39A13 silenced
cells,buFN A Y RdzOSR LIK2aLK2NERfFdA2y Ffaz2z Ay GKS { ONb
down in both conditions. SLC39A13 knockdown cells increased total STAT1 protein expifesion.

treatment increased STAT1 and STAT3 expression inayevith higher expression in the knockdown
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cells. Baseline phosphorylation of STAT3 was higher in the SLC39A13 silencedIE®Is bui NB | ( YSy
increased pSTAT3 in the Scr3 treated cells. However, after 20 h of treatment pSTAT3 levels were still
increasedn the knockdown cells. pSTAT1 was not present in both conditions withbut G NB I G Y Sy { d
IFN  AYRdzZOSR LI 2 a LK 2 NR®EI-86a hup tffe 1¥ef of pSITATA was higher anlthe
SLC39A13 silenced cells after 20 h of treatm@&aken together, SLC393\ deficient MaMel-86a

showed increased STATL1 signaling upon treatment with. IFN
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Ma-Mel-86a HLAA2+ Luc+ were transfected with Scr3 or a pool of four siRNASIQ@39A13or 48 h.
Subsequently, cells were treated with 100 ng/ml of recombinant fiBN30 min, 4 h or 20 h or cultured in plain

medium for 20 h. Cells were lysed, and total protein was extracted. Expression of SLC39A13 (same as in Figure
43/47), AKT, pAKT, STAT3, pSTAT3, STAT1 and pSTAT1 was detected by western blot. GAPDH expression was
acquired as reference gene. The same GABIBts can be displayed more than one time due to detection of

several proteins on the same membrane. Representative data of two independent experiments.

5.6.12 Overexpression of TMCC3 decreases Flumemiited tumor cell death
Asdownregulationof TMCG@ and SLC39A13 resulted in an increased tumor cell death upcultcoe

with FIuT cells and otheteath-inducingtreatments, | investigated if overexpression of these genes
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leads to a protective effect (Figur@y Stable transfection with an overexpremsiplasmid increased
TMCCand SLC39A18xpression in MaMel-86 HLAA2+ Luc+ more than 2€0Id on the mRNA level
compared to an empty vector control (Figur@®). Normalized to the empty vector control, the results

of the luciferasebased cytotoxicity asgy showed overexpression of TMCC3 and SLC39A13 resulted in
increased raw luciferase values without treatment (Fig®BY Upon ceculture with FIUT cells this is
enhanced for TMCC3 but not for SLC39A13. However, overexpression of TMCC3 dégneasedll

death to 18 % compared to 35 % in the empty vector control when normalized to the untreated
condition (Figure 9C). Here, SLC39A13 overexpression showed similar levels of tumor cell lysis as the
empty vector controlln conclusion, overexpressi@f TMCC3 showed protective effects towards FluT

cellmediatedlysis of MaMel-86a.
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Figure49: Overexpression of TMCC3 and SLC39A13 and timpiact onT celtmediated rejection.

Ma-Mel-86a HLAA2+ Luc+ were stably transfected with an empty vector or overexpression vector for TMCC3
and SLC39A1A) Cellswere lysedor RNA isolation which was reversaignscribed into cDNAGene expression

of TMCC3and SLC39A18as measuredy guantitative realtime PCR (gPCR). Expression of Amtta was
measured as reference gene and usedrformalizationof TMCC2Zind SLC39A1® the qPCR, respectively. Gene
expression was normalized to expression levels of cells transfected with an empty.\ats represent the

mean of technical replicates standard deviation(B-C) Luciferasebased cytotoxicity assay to investigate the
immunoregulatory effect of overexpression of TMCC3 and SLC39A13. Cells were cultured for 48 h in complete
medium. Subseqgently, cells were cultured in plain medium (viability setting) orcattured with FIuT cells
(cytotoxicity setting) in an E:T ratio of 1:1 for 20 h. Cells were lysed, and remaining luciferase activity was
measured by luminescence. Raw luciferase unitt){Rlere normalized to RLU of the empty vector cells (B) or

to the viability setting (C). Bars represent the mean of three independent experimetésmdard deviation
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6 Discussion

6.1 MITF downregulation increases resistance of melanoma cells

MITF is the key transcriptional factor of melanocytes and a marker of melanoma pld3tcig8] A
dedifferentiation of melanoma cells is concomitant with a more invasive and resistant phenotype. The
cell line pair MaViel-86 is derived from different lesionsf the same melanoma patient and were
reported to differ in their MITF expressigh30]. In a first experiment confirmed the phenotype of
Ma-Mel-86a as MIT®™ and MaMel-86¢ as MITE" cell line. Ceculture experiments with melanoma
specific tumor infiltrating lymphocytes (TILs) showed that onlyNW&-86¢c were efficiently killed by
these T cells. Mdel-86a weae not targeted by TIL412 or MARTSpecific T cells, even in higher E:T
ratios. These results confirmdtie expression of typical melanoma differentiation antigens (MDA)
such as MART and gp100 in M#el-86¢ making them susceptible to TIL412 and MARGecific T
cells[130]. Dedifferentiated MITP cells like MaVliel-86a lose MDAs and become resistant which
often occurs during immunotherapyl85]. The authors of theriginal study of MaVel-86 showed

that both tumor cell lines induced the expansion of T cell clones with hardly anyreass/ity[130].

For further experiments, it was therefore necessary to either increase the expression of antigens which
TIL412 and MART T cells can recognize or choose a melanamspecific T cell system. Addition of
MARTL1 peptide resultedn lysis of MaMel-86a upon ceculture with MARTL TILs. However, the
degree of tumor cell death was higher in the Mi¥Eell line MaMel-86¢. Ceculture of the cell lines

with FIuT cells after pulsing with flu peptide confirmed the increased resistaithe MITE" cell line.

After stable transfection, both cell lines highly expressed-ARAvhichpresented the Aznatched flu
peptide to FluTcdls generated from HLA2+ donorsHowever, HLAA2 independent treatment of
Ma-Mel-86 with supernatant of plgclonally activated FIuT cells demonstrated a higher tumor cell lysis
of Ma-Mel-86¢. ELISA of the supernatant showed that the supernatant contained cytotoxic molecules
like TNF and IFN. Death receptor ligands such as TRAIL, FaslandTLIGHT are expressed on the T
cell surface and were detected by flow cytometry. Initially surfexeressed ligands are proteolytically
cleaved from activated T cell$86]. Receptors of thdigands such as TNFR1, DR5 and FAS showed
generally a higher expression in N¥el-86a. Therefore, the T cell @ulture experiments and
treatment with FIuT supernatant underlines stronger cell intrinsic resistance mechanishesNMITF

low cell line. Degite receptor expression, treatment of Mdel-86 with individual ligands showed a
primary resistance to TRAIL, TNFasL, "Tand LIGHT. Resistance of melanoma cells against death
receptor ligands have been previously reportd@7]. As described in 1.1.4 different mechanisms
contribute to resistance like elevated peurvival and antapoptotic signaling28, 54] Also, the

soluble form of ligands like TRAIL and FasL show decreased cytotoxic p¢2&ti86] However,
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synergistic activity of several death receptor ligands anprove apoptosis induction in target cells
[188]. Furthermore, binding of several ligands to their cognate receptors on the tumor cells in close
proximity could enhanceeceptor oligomerization for successful signal transducfik8®]. Therefore,
despite resistance to death receptor ligands in individual treatments, they might still be able to
contribute to tumor cell lysis in treatment experiments witlpernatant. Individual treatment of IFN
induced tumor cell death in both melanoma cell lines which was more pronounced-MeWl86c. A
similar degree of tumor cell lysis was achieved as treatment with supernatant. Reducing the cytotoxic
effect of the suprnatant to the properties of IFNwvould be shortsighted as | observed cell apoptosis
mediated by IFNat concentrations above 1 ng/ml (data not shown) which was higher than in the
supernatant. Besides IFN I YR RS i K NBGGpkitagaht)cofdihsIdthgr Regtotoxic

molecules such as perforin and granzyme B whose expression have not been investigated.

PDL1 is upregulated on cancer cells in order to escape immune respdi@sit is the ligand for PD

1 which is expressed on T cells agaidreceptor interaction results in inhibition of T cell activation
and survival. The RDPDL1 axis has been the target of many antibody therapies inhibiting PD
(Nivolumab/Pembrolizumab) or Pl (Atezolizumab). In melanoma plasticity, higher expoessf

PDL1 is more associated with low MITF expression and it has been described that MITF contributes to
lysosomal degradation of PICL[88, 191, 192] This supports increased resistance of dedifferentiated
melanoma cells against Teltbased therapies. The patient Mdel-86 received different
immunotherapies although no PDPD-L1 treatment130]. Both MaMel-86 cell lines expressed high
levels of PEL1. The expression was higher in the MITéell line MaMel-86awhich can explain why

T cellmediated killing was decreased in-colture experiments with this cell line. Therefore, |
investigated whether downregulation of ALl would increase susceptibility to FluT -oedidiated

tumor cell lysis. MIT® cell line MaMel-86a showed reduction of viability upon siRNA transfection
but PDL1 silencing did not further improve T cell cytotoxicity. To a certain degree, this was the case
for the MITHE cell line MaMel-86c. The increased resistance of Mal-86a could be dudo
additional proteins that inhibit T cell function. Tumor cells are able to express various molecules
targeting different immune checkpoints to prevent antitumor immun[d93]. Alternatively, as
expression of PID1 was initially higher in Mislel-86a downregulation to a degree that is achieved by

SiRNA treatment might not be sufficient to overcome-PEmediated resistance.

6.2 A higkhthroughput RNAI screen in melanoma

Despie improved median overall survival in malignant melanoma patients since the advent of
immunotherapy, especially by immune checkpoint inhibitors, patients still die from this disease due to
primary or acquired therapy resistanfE05]. Melanoma is highly plastand phenotype switching of
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differentiated melanoma cells with increased expression of antigens to a dedifferentiated and invasive
state is common and associated with increased resistance to immunothg&pywVithin one tumor,
different phenotypes coexist, and resistant clones are able to outgrow during immunothgf@hy
Therefore, finding alternative targets for immunotherapy that increase activity of effector immune
cells even agast dedifferentiated, resistant tumor cells, are of great importance to further improve

patient survival rates.

6.2.1 Rationale and design

In order to identify novel immune resistance genes in melanoma, athiglighput (HTP) RNAI screen
was performed. Té original method of the RNAIi screen was developed in our group by Dr. Nisit
Khandelwal and resulted in the identification of several genes that tumor cells of different entities use
to circumvent immune cell respons§B43-145]. Interestingly, the lists of identified genes from the
different saeens showed small overlap, indicating tumor entity specificity of immune resistance
mechanisms. The cell lines used in this project were derived from lesions of the same melanoma
patient MaMel-86 at different phases of the disea$&30]. Among others, the cell lines showed
mutations inBRAFPTENand TP53 The patient received several immunotherapies such as tumor
lysateloaded DC vaccine and IFKut finally deceased after relapse. WhiMa-Mel-86¢ showed a
differentiated melanoma phenotype with high MITF expression;Ni&86a expressed low levels of
MITF while the receptor tyrosine kinase AXL was upregulated. In first experiments, | demonstrated
that the MITE" cell line MaMel-86a $iowed features of increased resistance, confirming the

phenotype of dedifferentiated melanoma cej&3].

The HTP screens were performed in both cell lines to identify immesistance genes that can
mediate resistance in melanoma in general but also to investigate whether there are selective
mechanisms in the different phenotypes. Due to the association to increased resistance, immune
resistance genes showing an effect in METFY cell line MaMel-86a were of particular interest and
importance. As the patient was HIAR negative, the cell lines were stably transfected with HARA

and transduced with luciferase for eligibility of the screening approach. Afterwards, botlinesl|
expressed high levels of HIA&2 and luciferase. Flu peptide specific cytotoxic T (FIuT) cells were chosen
as effector T cells in the screen. The protocol for the generation of FIuT cells from PBMC@ftHLA
donors was previously established in @soup by Dr. Aje Menee. Pulsing of tumor cell lines with
HLAA2 matched flu peptide resulted in recognition of the target cells by the FIuT cells and approved
to be an effective assay systdtd4, 194] Apart from adjustment of the &ctor to target ratio, the
degree of tumor cell death could also be regulated by defining an optimal peptide concentration. For

this project, the assay system was especially reasonable as typical melanoma differentiation antigens
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such as MART and gplOOtargeted by tumor infiltrating lymphocytes (TILs) like TIL412 are
downregulated upon dedifferentiation of melanoma hence making the Riififelanoma cell line Ma

Mel-86a resistant to ce@ulture with such T cells.

Since the first screen in our group moretha decade ago the used siRNA libraries were enlarged from
520 to 5202 genes. The library used in this project comprised genes encoding for the whole surfaceome
as well as kinases amgnes involved iell metabolism. Surface genes arep#rticular interest as

they are more likely to directly interact with the T cells potentially modifying T cell function.
Additionally, surface molecules are easier to target in a therapeutic approach as seen for the immune
checkpoint molecule PD1 targetel by monoclonal antibodies. Kinases are important regulators of
intrinsic cell signaling and in melanoma, frequent mutations result in increased MAPK signaling. Kinase
inhibitors against BRAF or MEK are in use and show improved survival of melanomas phtient

group both, surface molecules as well as kinases have been identified to mediate resistance-to T cell
mediated killing[143-145]. By enlarging the siRNA library to more than 5200 genes with additional
functions it was possible to identify yet unknown resistance mechanisms, even apthegsistant

MITEY melanoma cells.

Since the advent of CRISPR in genetic manipulation, CRISPR screens are nowadays widely used as
alternative to RNAIi. However, there are several advantages to use RNAi over CRISPR. Complete loss of

a target gene is notlaays favorable as knockout of genes with essential functions can be lethal for

the cells[137). Furthermo6 >~ / wL{tw OFy AYyUNBRdzOS NI yR2Y Ydzil @
reading frame (ORF) and makes it difficult to interpret the resulting phenotype. Here, transient
downregulation of transcriptional products is more straightforward. Finally, siBdsad RIAi is faster

as well as better represents the application of drugs which usually downregulate protein function

instead of preventing transcriptiof137].

6.2.2 Optimization of the screening protocol

In advance to the primary HTP screens, the setup of the cytotoxicity assay was optimized in terms of
appropriate transfection and coulture conditions as well as inclusion of positive and negative
controls. In a transfection experiment with siRNAs tamgptSiK3and PDL1, | showed that a
transfection of 48 h resulted in a more reduced gene expression compared to 72 hcultue
experiments, FIuT cells killed tumor cells only when cells were previously pulsed with flu peptide,
validating the efficiencyand reliability of the assay system. Increased concentration of flu peptide
accordingly resulted in increased tumor cell lysis. Higher effector to target (E:T) ratios enhanced tumor
cell death more in MaMel-86¢c compared to Md/el-86a. Overall, | chosepeptide concentration of

0,01 pg/ml for both melanoma cell lines with an E:T ratio of 1:1 foiMék86a and 0,5:1 for Mdiel-
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86c¢. This resulted on average in-80 % tumor cell lysis of Melel-86a and 6680 % lysis of Mel-
86¢c, respectively. Degree afimhor cell death was also dependent on the expansion experiment in

which FIuT cells were generated.

The selection of appropriate negative and positive controls was important to confirm the validity of
the approach and to interpret the outcome of the screfi®2]. Negative controls were siRNA
sequences that do not target any gene. Additionally, effects of positive controls were normalized to
sequenceindependent siRNAs due to higher similarity between targeting andtayeting siRNA
settings than to a setting without any siRNA treatment (mock). For my cytotoxicity assay and screening
approach | used positive control genes that are well ldgthed in the literature to have an impact on
resistance as well as genes that have been identified in our group to show the same phenotype.
Comparison of candidate genes to positive controls enabled me to assess the impact of novel immune
resistance geng Interestingly, differences between Mé4el-86a and MaMVel-86¢ were observed.

While in MaMel-86a, the kinas&IK3showed a strong impact on T celediated rejection of tumor

cells, in MaMel-86¢ this was the case f@R10H1 The kinase SIK3 was previgusientified in a
pancreatic cancer screen in our group having an impact oh -hinfeliated apoptosi§145]. Olfactory
receptor OR10H1 playiragsuperior role in MITE"cell line MaMel-86¢ was patrticularly interesting as
OR10H1 was identified in a melanoma screen in our group in which the melanoma cell line M579 was
used that showed expression of melanocytic marleénglarly to MaMel-86¢[181]. The performance

of positive controls therefore already indicated that different genes could mediate resistance in
melanoma cells with different phenotypes. Finally, transfection controls that compromised cell
viability were included such as siRNA tanggt!dBG2 NJ G KS W/ St f 5SIF0KQ &Awb!
Ma-Mel-86a resulted in complete loss of tumor cells while for-Mal-86¢, only 3660 % of tumor cells

died. Only upon ceulture with FIuT cells the proportion of dead melanoma cells increased.

Oveaall, MaMel-86a showed higher response to transfection controls thanN#d-86¢c. This was
accompanied by general stronger viability effects upon transfection as well as increased effect sizes of
immune resistance genes in cytotoxicity assays. Finalsees in later experiments, the knockdown
efficiency of most target genes was higheiMa-Mel-86a. Therefore, it is plausible that transfection
efficiency was enhanced in the MIFFFrcell line resulting in the observed phenotypeMITF orthe
differentiation status of melanoma cells could impact the transfectioncigficy. MITF is able to

regulate the transcription oDICER&ncoding Dicer, an important nuclease that processes dsRNAs to
SiRNAs before RISC asserfit®p, 196fp ! f 1 K2 dzZ3K O2YYSNOALFft& | dF At of
processing, increased Dicer expression could impact the amount of siRNA available for targeted gene
knockdown. MITHnduced Dicer expression could also be concomitant with counterregulatory

mechanisms to limit production of sSiRNAs. Furthermore, experimamestigating intracellular duplex

114

(



siRNA trafficking showed that siRMNpgid complexes are not simply incorporated into the cell to be
processed and integrated into the RISC. siRNA complexes can lose integrity by remaining in endosomal
structures or accumalke in perinuclear structures or the nucle{97]. MITF as key regulator in
melanocytes camegulate hundreds of other genesg, genes involved in lysosome and endosome
function [71]. Hence, differentiation status and differential gene exprassinight impact the
distribution and availability of sSiRNAs for gene knockdown. Of notemislanomacell line M579 as

well as another tested cell line with high MITF expression similarly showed decreased cell death upon
transfection with UBC siRNAorthey St f 5SI G KQI&IRI G y20 aK2gyo0

6.2.3 Performance of primary and validation screens

HTP screens in Mdlel-86a and MaMel-86¢c were performed in the viability setting in which sSiRNA
transfected tumor cells were cultured in plain medium andhe cytotoxicity setting in which cells

were cecultured with FIuT cells. Genes with an immunestsice phenotype ideally would not show

an impact on the viability of the cells but would enhance T-roelliated lysis compared to a nen
targeting siRNA control. As recommended, screens were conducted in technical duplicates to increase
the reliability ofobserved effect$142].

In the primary screens, each gene was targeted by a pool of fowoweriapping siRNAs. In the
subsequent angkis, the performance of control and library genes were scored, and the regressed
differential score termed LOESS score was used to rank all genes. | was able to reproduce the
phenotypes of the controls in previous cytotoxicity assays including the paifdantreased viability
impacts as well as cytotoxicity effects inMeely c @ | aAy3 GKS W/ Stf 5SIFGKQ
strong tumor cell death an8IK3vas the best performing positive control in Niéel-86a. In the LOESS
score ranking, it occupierank 96 among the library genes while in-Mal-86c¢, the best performing
positive controlOR10HIranked at position 337. Corroborating the reliability of the approach and
outcome of the screens, genes that were previously identified in our group ane tlilth known
resistance phenotypes were among the best performing candidafgdsccupied rank 12 in Milel-

86a and was alsolat in the M579 screefil81]. JAK2 is involved in psurvival JAKSTAT3 signaling

that promotes expression of ardéipoptotic proteins like BC2 or immunosuppressive checkpoint
molecules like PID1[198]. CFLARvas the strongeshit in the MaMel-86¢ screen. CFLAR is an anti
apoptotic protein that shows structural similarities to casp&4&99]. In death receptor signaling, it

binds to FADD in the DISC in order to prevent casfasduction and activity.

Despite various advantages of the use of SiRNAs in RNAi saremsncern of their use are etirget
effects and concomitantly the production of false positive results:t@ffet effects are sequence

dependent or independent and can be assigned to three categ@t®s, 200, 201]Due to partial
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degradation. Furthermore, siRNAs compete with endogenous miRNAs resulting in RISC saturation.
Therefae, miRNAs are not able anymore to execute their function properly. Finally, both siRNAs as
well as the delivery vehicles can activate -Tik#h receptors of the target cells which induce
inflammatory responses. It could be the combinationsefjuence depedence and independence
together with the differential gene and miRNA expression profiles in '®MI&Rd MITEI" melanoma

cells that result in general stronger viability impacts in-Mal-86a upon siRNA transfection. In order

to validate the findings offte primary screens and to identify false positivescondary screens were
performed in which the siRNA pool was deconvoluied2, 202] This means, apart from using the

pool of four siRNAs, each individual siRNA was used sepalatelgcted 174 genes to be tested in

the validation screens that showed either strong effects in both cell lines or differential effects in Ma
Mel-86a and MaViel-86¢. In order to define a geraes validated immune resistance gene, the pool and

at least two single siRNAs had to increase tumor cell lysis by at least 15 % compared to a Scr control as
described in 5.3.3. Another validation criterion comprised a viability threshold #viMa86a of Q265

and in MaMel-86c¢cof 0,772. The threshold of 0,265 in Méel-86a was very low, meaning that more

than 70 % of viability loss was in range. However, viability thresholds were adapted to LOESS score

thresholds in the primary screens to increase compiitsib

Normalization of the controls reproduced their phenotype in previous cytotoxicity assays confirming
that the implementation of the screen was generally successful. In contrast, Eguweows the z

score analysis of the controls which indicatestthagative controls increase the viability upon-co

Odzft G dzNB gAUGK Cfdz¢ OSftfa KA S IsidrdafahedeSep@senfdi N2 4
its localization within a distribution. As | aimed to validate strong phenotypes from the primagnscre

that distribution is shifted. In the cytotoxicity setting, many genes decrease tumor cell viability,
therefore increasing the-gcores of the negative controls. Overall, 91 of 174 library genes (53,2 %)
were validated in the secondary screens. Further® 17 genes (9,9 %) fulfilled the general criteria

but in the other cell line as in the primary screen. Similar to the primary screen, genes that are known

to mediate immune resistance lIKENFRSF6®ere validated, corroborating the reliability of the
approach. TNFRSF6B/DcR3 is a decoy receptor that binds to death receptor ligands such as FasL and
LIGHT to neutralize their function therefore preventing apoptosis of tumor fels Despite the
valdation of the majority of genes, the secondary screens at the same time identified false positive
phenotypes in the primary screens, underlining this important step in advance of functional analysis

of hits.
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6.3 Selection of novel immune resistance gdoefunctional analyses

6.3.1 Performance of bioinformatic analyses

Transcriptome analysis by Ri$&qg has become a popular tool to study the biology of cajizt].
Especially the advent of single cell R8q made it possible to define cancer heterogeneity and cell
subsets with distinct transcriptional profiles. Using bulk and sciSHé of patientderived melanomas

and melanoma cell lines lead to the discovery of marker genes and gene regulatory networks of specific
phenotypes of melanoma plasticity as well as signatuassociated with immune resistance and
therapy responsé¢83, 86, 123, 152]

Generally, differential gene expression (DGE) analysis of two or more conditions is applied to define
sets of genes or functions that can be ditried to one conditiof203]. Furthermore, Seurat analysis

on scRNASeq data is used to define cell populations by measuring the differential expression of marker
genes in identified cell clustef$60]. In DGE analysis, usually the exprassibthe whole genome is
investigated. In contrast, our group has validated more than 200 genes that are able to regulate T cell
mediated rejection of tumor cells in a tumor entigpecific context. This is an enormous advantage as
we can selectively invégate DGE of immune resistance (IR) genes in various data sets. For the
analyses in this project, | focused on bulk and scBB\data from human melanomas and patient
derived melanoma cell lines to investigate individuakgpression patterns and assations of gene
expression with théITFstatus. As a decrease of MITF is associated with invasion and immunotherapy
resistance[88], it was particularly interesting to identiffR genes that are upregulated in MPYF
potentially contributing to this melanoma phenotype. The screens inMé&&86 identified 91 genes

that regulated T celinediated rejection of tumor cells. For the bicinformatic analyses | also included
the 17 gens that showed an impact in the other melanoma cell line as in the primary screens. The
library of the validation screen was designed by applying thresholds of the LOESS scores and therefore
categorizing the genes into common and cell dapecifichits. Cdl line specificity did not exclude the
possibility that a gene showed an impact on cytotoxicity in the other cell line but rather that the gene
could not reach the LOESS score threshold. Hence, effects of some genes in the secondary screen were
expected ad therefore, including them in the bioinformatic analyses was appropriate. Furthermore, |
included validated genes that were previously identified by other HTP screens in our group. Thereby, |
was able to investigate their correlation patterns to melanespecifichits and MITE Additionally,

genes with a strong MIPE association were eligible for evaluation in functional assays as they
potentially failed to be included in the secondary library due to LOESS score thresholddawgeff

effects in the primary screen.

By using WGCNA | was able to identifyegpression clusters of IR genes. Analyses of bulkS$agA

data revealed larger clusters with stronger correlation patterns. This is expectable due to generally
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higher coverage of genes as many tgles contribute to the averaged gene expression data in one
sample while in scRN3eq data cell subsets are defined by differential gene expression with
occurrence of a higher number of zero read coy2®4]. In all data sets | was able to identif\iél =

related cluster. Part of the same cluster were also genes that are known to be upregulated by MITF
such asMLANA TYRand CEACAMvhich were added to the analyses as controls. Being able to
reconstruct their ceexpression in dendrograms and correlation heatmaps confirmed WGCNA to be an
appropriate method of choice and increased on the other hand the reliability of negatively ¢mgela
clusters and genes tITE In every data set used for WGCNA clusters were identified that showed
negative correlation to thtITFcluster andMITFitself. This was more prominent in the bulk RSéq

data due to the previously mentioned zero counts@RNASeq data which impedes high correlations.

In the bulk TCGA and melanoma cell line data the clusters that clearly anticorrelated/iWikh
contained the genéAXL AXL is a receptor tyrosine kinase that is a marker for mesenchymdtmITF
melanomag88]. Additionally, it was previously described that on the bulk level melanomas can be
categorized into MITE"and AXIi9"while this is not the case for the single cell le7@]. Herce, my
analyses were able to reconstruct these phenotypes. The only cluster that was negatively correlating
with MITFin the scRNAeq data set of Jerbdrnonet al.did not containAXLbut insteadNGFRvhich

is a marker gene afieural crest stem cell (NCHike MITE" melanomas[88]. According to single
expression data from the Human Protein Atlas, NGFR as well as other genes from the same cluster
such asTMCC3CDH24and LRRN1lare more associated to neuronal and glial c¢#65, 206]
Interestingly, the publication of the TCGA network described as well that the identifiecHdNTF
cluster was enriched ith genes associated to the nervous system and neuronal developfhé8i

By separation of the single cells in MTEnd MITES" cells and performing statistical tests between
both groups NGFRvas identified as the most significant gene upregulated in the RMPpBpulation.

In total, 48 genes showed significance in this population wHilEFand MITFregulated genes were
significantly upregulated in the MIT# population, underlining the rationale of the analyses. Similar
results were observed in the RMgeqdata of the patiemderived melanoma cell lines in which 21
genes showed significant upregulation in MITEell lines withAXLshowing the highest significance.
Heatmaps displayed in Figur26 show expression patterns between melanoma patients and
melanama cells. Hierarchical clustering of TCGA samples indicateththgene and alsthe cluster
expression is heterogeneous between patients and would allow to stratify the patients into cohorts
(Figure26A). Correlations between the clusters are visuaflpaent as for example the heatmap
shows a clear negative correlation between the brown and the blue cluster. The heatmap of the sScRNA
Seq data confirms heterogeneous expression of IR gene clusters between patients after grouping of
cells from the same paint (Figure26B). On the other hand, the expression of a cluster within a patient

is rather homogeneous. As previously mentioned, scBBd\data features higher number of zero read
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counts[204] which is also represented in the heatmap by white coloring. Clusters like the brown one
show mainly expression in one patient and in general some clusters show expression only in a few
patients or even cells while other clusters like the yellow, turquaiseé blue ones are expressed in
more patients but with varying degree. The iniadividual differences of IR gene expression can
underline the meaningfulness of personalized or precision medicine in which therapies aretailer

for each patient dependipon the profile of each tumd207].

The Seurat analysis of the scR8&q data set was performed to identify cell populations of patient
derivedmelanoma samples with a focus on subsets of malignant cells and their expression of IR genes,
independent of individual expression patterns. Patigpecific batch effects were therefore removed
by using harmony integration. By applying a list of celetgignature genes, | was able to assign cell
types to the identified clusters. In a next step, | differentiated between MIT&nd MITEY
populations within the four malignant cell clusters. Cluster 1 was identified as one larg&\ITigter
as MITFand melanocytic genes were identified as marker genes. Hence, clusters 5, 9 and 11 were
identified as MIT® cell populations. Seurat analysis enabled the determination of marker genes of
each cell type. The resulting list was filtered for IR genes &pliagted two interesting features. First,
malignant cells as well as cells of the microenvironment upregulated a specific set of IR genes. Second,
the MITPV cells showed higher expression of two sets of IR genes. On the one hand they still expressed
genes of the MITH" cluster although to a lower extent. Considering that MITEells still originate
from melanocytes, expression of MI™PEmarker genes compared to stromal cells was plausible. On
the other hand, MIT® cells upregulated a set of IR genthat were not expressed in the MI"PfE
population. In contrast, it was rather expressed by carassociated fibroblasts (CAFs). In a tumor,
CAFs contribute to an immunosuppressive environment by the secretion6ofiid TGF and are
associated withe@modeling of the extracellular matrix, invasion and modulation of therapy response
[208]. These features overlap with those MfTF*" melanoma cell§87, 88] Phenotype switching of
melanoma cells have also been described in the context of transdifferentiation in which cells can
convert into a CAlike or endothelialike phenotype[87, 209] Also, neuratifferentiation has long
been observed in melanonja10]. These everstare associated with melanoma progression and might
be induced during therapy to establish resistance. The expression of IR genes in the cell subsets
underline the trajectories from differentiation via dedifferentiation to transdifferentiation.
Identificaion of marker genes between the malignant clusters similarly showed clgptific IR gene
features. While in the MITE" clusterMITFand melanocytic genes are upregulated, others take over
in the MITEY population. Cluster 5 for example shows ined expression diDGFagrowth factor
which was shown to play a role in cell transformation and metas{a4is]. HDGF stimulated pfo
survival pathways such as MAPK or PI3K and the production of HDGF itself as well as factors like VEGF
by bindng to genomic DNA212]. Cluster 11 showed upregulation ®RDX4which is often
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overexpressed in cancer and is described to promote therapy resistance and protection of cell

homeostasis by regulating ROS metabolj2d8].

By investigating the differential expressiof IR genes between malignant melanoma and a set of
healthy tissues | similarly could identify sets of genes that were significantly upregulated in single
entities. Interestingly, some genes that showed higher expression in melanoma overlapped with
markergenes of MITE"and MITEY melanoma cells from the Seurat analysis includitfFandMOK

On the one hand, melanoma selective genes appear to be more biased towards general melanoma
associated genes like MITF making it difficultifferentiate between MITE" and MITEY. On the

other hand, scRN&eq data is successfully able to reproduce observations of bulkSReiAlata
despite the presence of other cell types in bulk samples. A large set of IR genes was upregulated in
blood sanples. Blood samples are comprised dfematopoietic stem/progenitor cellsand
differentiated lymphocytes, myeloid cells and erythrocyf2$4]. Various blood cell types express a
low number of different genes. In relative terms this results in a higher number of very high and very
low expressed genes which is represented by the intense coloring of the igethesblood samples in

the heatmap.

Despite increased understanding of melanoma biology due to bulk and single cell transcriptomics,
many mechanisms of melanoma resistance to targeted and immunotherapy remain unclear or at least
incomplete. New technologs and more studies on therajmgatched patient samples are necessary

to increase the resolution of the complexity of melanoma and therapy resistance. Investigating the
expression of validated immune resistance genes improves the interpretation but a drivgthe

limited sequencing depth that is currently possible in single cells. Comprehension of IR gene expression
by epigenetic mechanisms as well as posttranslational activity of IR proteins will be complemented by

broad multiomics studies.

6.3.2Hit sdection and refinement

The HTP screens identified a set of strong immune resistance genes eligible for functional analysis.
Bioinformatic analyses were performed to further select validated IR genes that showed strong
association to a low expression d¥lITF therefore putatively contributing to melanoma
dedifferentiation and therapy resistance. These features together with a low profile in literature
resulted in a preselection of 17 genes to +evaluate their impact on T cethediated rejection irMa-

Mel-86 in cytotoxicity assays.

As expected, luciferadgased cytotoxicity assays confirmed the immune resistance phenotype of

those genes that were identified in the Mdel-86 screen. However, those genes that were primarily
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selected due to an associati to a lowMITFexpression in the bioinformatic analyses, did not or hardly
increased T cethediated rejection upon knockdown. High impacts of these genes were less probable
as otherwise these genes would have performed well in the primary screens.eQuittér side, off

target effects of the individual siRNAs could have prevented immune resistance phenotypes of the
pool in the primary screens. Therefore;aealuation of genes identified by bioinformatic analyses was
reasonable. Low effects of these gesneould also be due to dependence on the cell line or tumor
entity. Bioinformatic analyses showed intedividual differences in the gene expression of IR genes
pointing to selective effects in cell lines. q°PCR analyses of the genes mostly confirmed highe
expression in the MIT¥ cell line MaMel-86a, but gene expression was in general low for various
genes (€Cvalue above 30). Low expression of target genes could therefore result in low impacts on T
cellmediated rejection. At the same time, complemant immune resistance mechanisms could
easily fill in upon downregulation. Alternatively, the identification of these IR genes proposes novel
biomarkers of resistant MITE melanomas that facilitate the interpretation of the disease but failed

to show bidogical impact, at least in Milel-86a. In general, omics studies discover many potential

biomarkers with only a few that survive podinical and clinical validatid215].

Finally, | selecte@MCC3, MOK, SLC39A13 and ZNgHRirther functional analyses due to their
higher mRNA expression levels and their performance in the cytotoss#gys as well as their low
recognition in the literature. Additionally, some genes showed upregulation in 'MITRVICC3,
SLC39A13, ZNF348 were selectively upregulated in melanoma compared to healthy tis80©%¢

not indicated in heatmap). For eaglene, | selected a single siRNA condition (pooled or individual
siRNAs) that showed low to moderate viability effects but enhanced cytotoxic potential of T cells as
well as reasonable knockdown efficiencies. Detection of knockdown on the protein levdlffiast

due to the availability of antibodies as the genes were not yet much of interest in research. While
knockdown of TMCC3, SLC39A13 and MOK was observedMeh&a, this was only the case for

MOK in MaMel-86c. Protein expression of TMCC3 an@3A13 was very low in the MI"Pfcell line
Ma-Mel-86¢. This was especially surprising for SLC39A13 as mMRNA expression was reasonably high.
The Human Protein Atlas describes several splice variants of SLC39A13 that could result in proteins
with different molecular size than the one predicted to be detected by the antij@@g]. Different
isoforms could be apparent in MIT¥Eand MITE" cell lines. Furthermore, it isgssible that mRNA and
protein expression show only limited correlati@2il6]. This is due to the regulation of transcription,

RNA degradation, translation and protein degradaf{@h7]. This would also contribute to the contrary
expression on MRNA and protein level of ZNF443 in both cell lines. Daghie iImRNA expression in
Ma-Mel-86a, the protein expression in both cell lines is comparable. Upon siRNA transfection, mRNA

levels drop by 40 % with hardly any changes on the protein level.
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The effects observed in the luciferabased cytotoxicity assayseve further confirmed in realime
cytotoxicity assays which measured the degree of dying cells upenltoe with cytotoxic T cells.
TMCC3 showed the strongest effects of the four candidates in both cell lines while MOK was especially
strong in MaMel-86a. To that point, experiments were performed with the FluT cell system. To
validate the findings, the effect of the genes was investigated iouttnire experiments with MART

T cells in the presence of MARDeptide and with TIL412. Both systems conéid the results of the
cytotoxicity assays with FIuT cells. Although-Miel-86a were initially not targeted by TIL412 due to

the lack of melanoma differentiation antigens gene knockdown resulted in a sensitization toward
TIL412mediated tumor cell killingThis was surprising as nactivated TIL412 did not show expression

or secretion of cytotoxic molecules. However, how IR gene knockdown remodeled the phenotype of
Ma-Mel-86a making them susceptible to TIL4h2diated lysis by for example induction of the
expression of melanoma differentiation antigens or release of mediators that lead to activation of

TIL412 was not further investigated.

In order to investigate whether IR genes modulate T cell function or increase the resistance of the
tumor cells intringially, tumor cells were treated with supernatant of polyclonally activated T cells.
Knockdown of all genes increased tumor cell lysis upon supernatant treatment. As T cells were absent
in the experiment, | concluded that the genes convey resistance mexhaniithin the melanoma

cells. Subsequently, | was able to show that knockdown of IR genes sensitized tumor cells to treatment
with cytotoxic ligands like TRAIL, TNFasL and IFNThis was particularly interesting as both cell lines
showed primary restance against death receptor ligands. In order to investigate how the proteins
contribute to resistance, | selected TMCC3 and SLC3@Ad@eper mode of action analyses. TMCC3
showed generally very strong phenotypes in the experiments. Treatment with. TRAlted even in

a stronger tumor cell death compared to -calture assays upon gene knockdown. In general
susceptibility to several death receptor ligands was affected inM@&86a. This was strongly in
contrast to SLC39A13 which is the reason thiggimowas additionally selected for mode of action
analyses. Of the single treatments, SLC39A13 silencing resulted in the sensitization mostly to IFN
treatment and not to death receptor ligandsherefore, two opposing and complementary signaling
pathways could be affected and could contribute to the resistance. As low MITF expression is
associated with increased resistance, functional analyses of TMCC3 and SLC39A13 were performed in
the MITEY cell line MaMel-86a. Here, protein expression was detectalaagd knockdown of these
genes resulted in decreased expression on the mRNA and protein level. Although both genes were
primarily selected due to their performance in the HTP screens, both genes were associated with
increased expression in MITFmelanomacells in the Seurat analysis. Additionally, TMCC3 was

associated with clusters identified by WGCNA that negatively correlated to the MITF clusters in the
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TCGA and the single cell RS&q data, further supporting the rationale for mode of action analyses of

these genes.

6.4 TMCC3 and SLC39A13 as immune resistance genes in melanoma

TMCC3 and SLC39A13 were selected for further mode of action analyses and were associated with
MITF" and an increased resistance. Therefore, | investigated whether the expression of the two genes
were affected by MITF or by various treatments of-Mal-86a. Downregulation of MITF did not
change the expression GIMCC3r SLC39A13but TMCC3 knockdown msasedMITFexpression.

MITF is a key transcription factor in melanocytes and its expression can be regulated by various
activating and repressing mechanisfii¢]. As TMCC3 silencing increased Froeliliated rejection of
Ma-Mel-86a, multiple pathways could be affected by the knockdaWwat induce MITF expression.
Treatment of MaMel-86a with supernatant of activated FIuT cells indu¢&tCC3Taken into account

that TMCC3 was identified as an immune resistance gene, it could well be upregulated as a resistance
mechanism of the tumor dis. While no significant difference 81.C39A18xpression was detected,
MITFexpression was downregulated upon treatment with supernatant. Inflammation and cytokines
such as TNFand I1:6 can induce phenotype switching addwnregulateMITF in melanomaetis[71,

88, 124] However, treatment of cells with TNElone did not alteMITFor TMCC3nRNA expression.

The expression GLC39A1®as only affected by IFNreatment. This was interesting as a knockdown

of this gene resulted in higher susceptibility of Ml-86a to IFN-mediated apoptosis.

As downregulation of TMCC3 and SLC39A13 resulted in an increased susceptibility towards T cell
mediated tumor cell lysi | investigated whether overexpression of the genes would increase the
protection against T cell attack. Mdel-86a were stably transfected with overexpression plasmids for
TMCC3 and SLC39A13 or with an empty vector control. The lucimaasd cytotoxdity assay showed
increased luciferase values when both genes were overexpressed, assuming that proliferation was
enhanced. Upon FluT cell calture, SLC39A13 overexpressing cells showed similar proportion of
dying cells as the empty vector control. Imbast, TMCC3 overexpression resulted in a decreased
degree of tumor cell death indicating that this gene increases resistance towardsTiedgled lysis.
SLC39A13 overexpression did not demonstrate the desired effect. As protein levels were alrbady hig
Ay o6AfRGELIS OStfaz AYyONBlIaSR SELINBaarAzy LRGSYyGAl
be supported by the fact that by treatment of Mdel-86a with T cell supernatant SLC39A13 is not

further increased while this is the case for TMCC3.
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6.4.1 TMCC3 and SLC39A13 knockdown changes the expression of receptors important for
antigen presentation and apoptosis induction

As downregulation of either TMCC3 or SLC39A13 increasediieckdited rejection of melanoma

cells, both genes were silencsimultaneously. The genes were associated to different clusters in the

bioinformatic analyses while in functional analyses TMCC3 showed protective effects against death

receptor ligands and SLC39A13 to!Ik ¢ KSNBEF2NB > L knpclidddiniesulied inSR 6 K S

an additive effect towards T cell cytotoxicity. Tumor cell death was not increased upon simultaneous

gene silencing, so | assessed whether the surviving cells afteitcwe with T cells werstill TMCC3

and SLC39A13 proficient to protect thanor cells. Knockdown was still present, so tumor cells were

apparently using a complementary resistance mechanism.

Flow cytometry analyses revealed that afteradture, expression of DR5, TNFRRN wm | yAR | [ !

was decreased, receptors that are inmant for apoptosis induction or antigen presentati¢2l8,

219]. Downregulated receptor expression was especially present in cells with the strongest viability
phenotype. The identified subset of cell death resistant cells that emerge during the experiment can
originate by two different hypotheses that represent thetegories described in 1.3.2: Either resistant

clones with low receptor expression existed prior teatdture with FIuT cells and outgrew during the
experiment or the receptors were downregulated in the course of the experiment. As untreated wild

type cels did not show receptor negative populations the knockdown would need théesasorfor

its generation. Generally, the second hypothesis is more probable. In the homeostatic resistance
model, clones emerge under immune pressure during treatm@g2?]. HLA and death receptor
expression can be downregulated by epigenetic, transcriptional and posttranslational silgZing

223]. The expression of HLA on the surface is further dependent on the stability of thpedtide
complex{224]® LT GKS LISLIIARS Aa NB¥ub@iSdets BsNahdHLA ilBoe O 2 Y LI
internalized, ubiquitinylated and proteolytically degraded. Moreover, it was shown in PDAC that NBR1
mediatesHLA internalization and localization to lysosomes foophaigymediated degradatiof225].

Similar to HLA HX 5wp YR LCb! wm SELINBaaA2Y [222/326]6S R2 6
Autophagy is induced by stress and is associated to tumor progression and drug resiagatjicé

was shown to induce STATS3 signaling in cancer cells to prevent sensitivity to T cell cytotoxicity.
Therefore, autophagic processes inM&l-86a could be induced by the FIuT cells to amte stress

tolerance and downregulate expression of HLA X2 5wp YR LCb' wm | & | NB
Additionally, expression of 8 by T cells can induce downregulation of TN2R&, 229] In contrast,

co-culture of MaMel-86a with FIUT cells resulted in stronger FAS expression which could be induced

08 L @ase of M&T cellR30]. However, sensitivity to FABduced apoptosis is not necessarily
increased by higher FAS expressj@gfl]. In cell lines that are initially resistant to FA8diated

apoptosis (like Mavel-86), stimulation of FAS is more tumorigenic as it stimulates pathimagé/ed
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in invasiveness and growf232]. At the same time, resistant cells often increase the expression of

FasL to induce apoptosis in T cells.

The analysis revealed thed-culture of MaMel-86a with FIUT cells generates an immune resistant cell
population by downregulation of receptors important for antigen recognition and induction of
apoptosis, potentially due to degradation initiated by autophagy. Additionally, Irebdethat the
knockdown of TMCC3 and SLC39A13 changed the receptor expressi@e Although TMCC3
knockdown did not alter expression significantly, there was an increase of DR5 expression. This could
be one aspect explaining the increased susceptibititf RAIL of TMCC3 deficient cells. SLC39A13
AAfSyOAy3a AyONBlIrasSR GKS SELINBa&aA2Yy -RBignficaplz C! { =
As SLC39A13 knockdown increased the susceptibility efitd@86a slightly to TRAIL and stronger to

L Cb ! iBcreéskd3eceptor expression could be a reason. On the other hand, downregulation-of HLA
A2 in SLC39A13 deficient cells can contribute to explain why TMCC3 showed a stronger IR phenotype
in coculture experiments with T cells. The expression levels of rdeeptors in simultaneous
knockdown of TMCC3 and SLC39A13 were constantly between those of the single knockdowns. As
there were no opposite effects in receptor alterations between TMCC3 and SLC39A13, flow cytometry
analysis could not clarify why there i® additive effect upon simultaneous knockdown. Overall,
altered receptor expression was no sufficient characterization of how TMCC3 and SLC39A13 protect

Ma-Mel-86a. This was further investigated by western blot analysis.

6.4.2 Structure and function oMICC3

Transmembrane and coilexbil domain family 3 (TMCCBglongsalong withTMCC1, TMCC2 and
TEX28 to theestisexpressed 28 (TEX2@)mily that typically containtwo transmembrane domains

and cytoplasmiccoiled-coil domaind183, 233] TMCC3 is highly expressed in the nervous system and
the testis, and it is located in the endoplasmic reticulum membrane (ER). Here, it works in tandem with
atlastins and lunapark in order to build thr@ey junctions of the tubular network of the ER33,

234]. The ER plays a major role in cell homeostasis being important for protein synthesis as well as
calcium and lipid metabolisfi235]. The network of the tubular ER is highly dynamic and characterized
by a rather gripheral cell localization and by thre&eay junctions that connect tubules with each
other. The smooth tubular network is not defined by high density of ribosomes and is therefore more
important for lipid synthesis, calcium signaling and contact sitestioer organelleg235]. Indeed,
TMCC13 have also been associated to the regulation of endosome trafficking from tH23BR
Downregulation of TMCC3 resulted in the decrease of thvag junctions and changes of the ER
morphology[183]. TMCC3 has been shown to bind to the3t3 protein familyj233, 234] The 143-3

protein family arephosphoserine/phosphothreoninbinding proteinsthat interact with various
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proteins to regulate for example their localization or actiy&87]. Overexpression of 13-3' reduced

the localization of TMCXto threeway junctions of the ER and the number of thigay-junctions
[234]. TMCC3 possesses a long cytepliz domain that can be phosphorylated which facilitates the
binding of 143-3' [183, 234] The kinase that is responsible for the phosphorylation is yet unknown
[234].

In cancer research, TMCC3 has not drawn much attention so far. TMCC3 protein expression was
reported to be upregulated irChronic lymphocytic leukemiéCLL) vs. healthy-@&lls [238]. In
pancreatic cancer, expression B¥1ICCand neighboring genes was induced by increased expression

of miR492[239]. miR492 expression was associated to cell proliferation and EMT by/S@&d3
signaling. Enhanced characterization of TMCC3 was performed in a study in breast cancer stem cell
(BCSC4[[182]. TMCC3 expression was increased in BCSCs and knockdown of TMCC3 resulted in
decreased cell migration and metastaisissitro andin vivg respectively. The authors described that

TMCC3 can interact with AKT with its cytoplasmic caitgtidomain in ordeto activate AKT182].

6.4.3 TMCCS sensitizes melanoma cells to FR&dlated apoptosis

As TMCC3 was described to interact with AKT and promote its activation in BR8FOswanted to
investigate how this impacts the sensitivity to apoptosis in-Wel-86a. AKT was characterized to
promote pro-survival signaling for example by inhibition of aapioptotic BA240]. | showed in my
experiments that TMCC3 downregulation increased susceptibility ofM#le86a towards TRAIL
treatment. Therefore, | investigated expression and activation of AKalsig and apoptosigelated
proteins upon TMCC3 knockdown and TRAIL treatment. In contrast to the published data, silencing of
TMCC3 did not reduce phosphorylation and thereby activation of AKT but promoted ithtelMg6a.
Consequently, pAKT target gend8AD and NKB/RELA were likewise phosphorylated and the
expression of arapoptotic XIAP was upregulated, especially during TRAIL treaf@#nt241] pAKT
activates MDM2, an E3 ubiquitin ligase leading to the degradation of p53 that induces ap{pto¥is

In TMCCS silenced cells, p53 expression was entamieieh is on the one hand contrary to increased
phosphorylation of AKT, but on the other hand it can contribute to increased tumor cell death upon

treatment. p53 is able to induce prapoptotic proteins and the expression of death recepi@42].

Apart from AKT pathwaselated genes, the expression of caspases andagruptotic BCi2 indicated
anti-survival features. B&.was downregulatednd caspas® and-8 were upregulated which favored
pro-apoptotic signaling. This supported increased tumor cell lysis upamlbare with FluT cells or
treatment with death receptor ligands like TRAIL. Accordingly, treatment with TRAIL induced caspase
cleavage much stronger in TMCC3 deficient cells. Caspase activity was also apparent in the absence of
TRAIL which explains the viability impacT MCC3iRNAireated cells. Expression of Casp&seas
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not increased potentially due to counter regulatory rhaaisms by increased AKT activatjda3]. In
conclusion, TMCC3 downregulation sensitized-Ni&d-86a towards apoptosis by death receptor

signaling which was counter regulated by increased AKT activity.

6.4.4 Downregulation of TMCC3 indupesturbation of ER homeostasis

In contrast to published data, my results showed that TMCC3 knockdown resulted in increased activity

of AKT and consequently of proteins downstream of AKT. | therefore had to investigate other
mechanisms how TMCC3 could praitéla-Mel-86a from T cell or TRAMediated lysis. As described
previously, TMCC3 is important for the generation of thwesy junctions of the tubular ER83]. In

the respective publication they investigated if downregulation of TMCC3 results in ER sto2€33n

cellsby measurement of the expression of BiP and CHOP, two important markers of ER stress. This was
not the case[183]. If ER homeostasis is disturbed by protein misfolding or disturbance of lipid and
calcium metaolism, ER stress occurs resulting in the unfolded protein response [2/PIRR45] In

the homeostatic condition, BiP binds to the three important protdimssitol Requiring 1 (IRE1), PKR

like ER kinase (PERK), and Activating Transcription Factor 6 [2dH6)f ER stress ocaurBiP
dissociates and IRE1, PERK and ATF6 are activated and induce the UPR in which different pathways try
G2 SAGKSNI NSaz2t@S GKS adNBaa aArddz G6A2y 2NJ AyRdzO!
in signaling cascades that stimulate apoptdsysphosphorylation of JNK and expression of CHOP,
respectivel\j244]. The results of my experiments showed that TMCC3 increased susceptibility to death
receptor ligandmediated apoptosis. Phosphoagéd JNK is able to promote death receptoediated

apoptosis via downregulation of CFLLARd in tandem with CHOP also of BOWhile upregulating
DR5[245-247]. Additionally, TMCC3 silencing promoted AKT activity. Increased activity of AKT and
expression of XIAP was shown to be induced to by ER §248&Js The published data and previous

results therefore supported the hypothesis thBMCC3 knockdown induces ER stress iiviédh86a.

Although TMCC3 downregulation did not induce ER stress in U20S cells, | did not exclude this possibility
in Ma-Mel-86a. In melanoma plasticity, MITFAXL"9" cells like MaMel-86a can be induced by
nutriend A GF NI GA 2y 2N Ay T {[88Y2%9] ATK&is/alsdridlicedSIlriGgHie UPRY R | ¢
and regulates CHOP expression potentially linking melanoma plasticity to susceptibility of ER stress
[244],

| therefore investigated if the knockdown of TMCC3 induces ER stress iMdi486a in order to

sensitize the cells to apoptosis which is counter regulated by increased AKT signaling. | measured the
SELINBaaAz2y FyYRKk2NJ LIK2aLK2NEf I (AL fiyp®Rhesized A\TMEC3/ | ht =
silencing resulted in phosphorylation of JNK and degradation of CkiAdR explains enhanced

susceptibility of tumor cell lysis upon TRAIL treatment and together with increased p53, could be

127



associated to increased DR5 expressjoJa G NB Y 2F WbY A& LwO9mh HKAOK
upon TMCC3 downregulation and indicates ER stress. The expression of other two proteins BiP and
CHOP was not induced by TMCC3 knockdown. CHOP expression under homeostatic conditions is in
general ery low and increases strongly upon ER stf256]. The high expression that was observed

in Scr3 cells could be due to expression of ATF4 that is associated with low MITF expression.,However
ATF4 expression was not measured in the experiment. A reason why there is no induction of CHOP
upon knockdown and potentially also of BiP could be due to general high protein expression that is not
FAINIKSN) SYKIyOSR® | 26 S 0SS NEnstrhdk theél pdssenbeBdf ERI dtresg. 2 T |
Furthermore, increased expression of p53 can also be attributed to ER [24@5251] Treatment of

¢w! L[ SYKFYyOSR LILw9mh FyR aGNRYy3aSNI LWbYZ S&ALISOA
phosphorylation levels of the BiP, CHOP,CALAR ¢St f a G2GFf Lw9mh RAR Yy
treatment. The degre and the precise source of the ER stress upon downregulation could further be
investigated by measurement of more ER stredated proteins as well as the involvement of calcium

due to the calcium storage function of the tubular ER netwblbwever, these measurements were

not part of this thesis.

Taken together, knockdown of TMCC3 induces ER stress-el486a that on the one hand induces
pro-survival signaling via AKT but also brings the cells into an apoptosis sensitive state. Dotonegula
of antiapoptotic proteins BGR and CFLAR combination with upregulation of DR5 mak&CC3
deficientMa-Mel-86a cells highly susceptible to TR&l&diated cell death.

6.4.5 Structure and function of SLC39A13/ZIP13

Solute Carrier Family 39 Memb#B (SLC39A13) whose gene product is preferentially called ZIP13
protein belongs to the.1\(1 subfamily of ZIP zinc transport¢?$2]. ZIP family members possess eight
transmembrane (TM) domains and enable zinc influx into the cytop[@5@]. Zincis an important
regulator of the function of enzymes such &sstone acetyltransferases (HATahd histone
deacetylases (HDACsgps well asDNA methyltransferases (DNMTgherefore regulating gene
expression by epigenetic mechanisms. Apart from bones, also skin is abundant of zinc, especially in the
epidermis[254]. Here, ZIP13 is mainly expressed by fibroblasts for the development of connective
tissue[255]. It was shown to be important fdrone morph@enetic proteinlBMP) and TGFsignaling

by regulating the nuclear localization of Smad proteins. In contrast to other family members, ZIP13 is
not located in the cytoplasmic membrane but located in the Golgi apparatus transporting zinc out of
the Golgi cenpartment. Both the N and the C terminus of the eight TM domain protein face the luminal
side on the GolgR52]. Between TM3 and TM4 resides a hydrophilic loop located in the cytoplasm that

is unigue from the other ZIP family members.
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A loss of SLC39A13 has been linked tosfiundylocheiro dysplastic form &hlersDanlos syndrome

which is characterized by alterations of the extracellular matrix (ECM) and skin fri@gi6ty257] In

terms of cancer biology, the gene has not been extensively studied. SLC39A13/ZIP13 was reported to
be higher expressed in pancreatic and breast cancers compared to respective hesstieg[2258,

259]. One study reported that SLC39A13/ZIP13 activatedrtioal adhesion kinasEAR/Srcsignaling
pathway in ovarian cancgt84]. Establishment of ZIP13 knockout cell lines showed reduced growth
potential and decreased generation of tunson viva Differential gene expression analyses between
wildtype and knockout cell lines revealed that ZIP13 is important for various pathways such-as ECM
receptor interaction, cytokine signaling and focal adhesion. Proteins like STAT3 and ERK that are
involved inFAK/Srcsignaling were downregulated upon ZIP13 knockd¢®8v]. FAK/Src pathway
activity promoting tumorigenesis and metastasis is well established in cancers likendipgncreatic
cancer[260]. As this pathway is required for mesenchymal invasion and related to inflammatory
signaling, it might well play a role in MPTeells such as Mblel-86a. Thestudy on ZIP13 in ovarian
cancer proposed its role in the Zinc distribution in the cell in order enable FAK/Src pathways signaling

and expression of proinflammatory and invasiatated gene$184].

6.4.6 SLC39A13/ZIP13 sensitizes melanoma cells tmBthated apoptosis bycreasing

STAT1/STATS3 ratio
MITEY cell line MaMel-86a was previously shown to have increased phosphorylation of STAT3
compared to the MITE"cell line MaMel-86¢[130]. This could indicate an increased activation of the
FAK/Src pathway upon dedifferentiation in melanoma. Knockdown of SLC39A13 increased the
susceptibility of MaMel-86a towards T cells as well asFIRN bindingto IFN w NBX &adz ¢a Ay Ol
JAKSTATL1 signaling that can induce apoptosis in the target canc§2Lel61] If STATL is absent,
STAT3 can be stimulated for psarvival signaling261]. | therefore decided to investigate the
expression and phosphorylation of STAT1, STAT3 as well as of AKT as anetberiyabpathway
that can be activated by FAK/Src. | determined protein expression upon SLC39A13 knockdown an
during IFN treatment. | was not able to reproduce the phenotype described in the publication, in
which it was shown that SLC39A13 deficiency decreased STAT3 expression and phosphaBdation
Knockdown of SLC39A13 did not change the expression of total STAT3 and even increased its
phosphorylation in MaViel-86a. On the other side, total STAT1 was upregulated making the cells more
LINPYS ASBRACHSR [LRLIG2arad ! LYy LCb: GNBFGYSY(d
increased, especially in the SLC39A13 silenced cells while phosphorylation of STAT3 showed small
changes. STAT1 activation in SLC39A13 proficient cells can explain cell MsmtMelfy c |  dzLJ2y L Cbhb
treatment. Knockdown of SLC39A13 however increases STAT1 expression prior to treatment and

enhances the phosphorylation to induce apoptosis. | therefore concluded, by increasing the ratio of
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STAT1/STAT3, Mdel-86a became more prone tapoptosis induction in ZIP13 deficient cells. In a
mathematical model this balance was similarly descrif2@R]. It determined if cancer cells are

promating apoptosis (high STAT1) or repress it (high STAT3).

Apoptosis in ZIP13 deficient Mdel-86a is also enhanced by the increased expression of caspases and
decreased expression of BZlupon gene knockdown. The previously described mathematical model

of STAT1/STAT3 balance further proposed that the higher STAT1 resultshd®@hregulation as

well as upregulation of prapoptotic BAX262]. Reduced BE2 expression was achieved by SLC39A13
R26yNB3IdzA  GA2Y 6A0GK2dzi LCb: GNBFIGYSylio [p6B) ¢m A&
However, experiments showed that transfection of U3A cells with STAT1 reduced B@hotor
FOGA@GAGE ¢ Al K6l Sirilaly, in UBANBphasph&rylated STAT1 was able to induce
expression of aspases 1, 2 and [265]. It is therefore possible that STAT1 is responsible for the
upregulation of other caspases upon SLC39A13 knockdown. STAT1 has additionally been described to
upregulate death receptors like FAS or DF&S]® | SNB > dzLINB 3 dzf | A Mgluced I & RS L
STAT1 activity. However, due to regulation of expression 62D caspases, it should not be ruled

out that also unphosphorylated STAT1 can ireddeath receptor expression. This could also explain

why downregulation of SLC39A13 resulted in altered expression of death receptor expression in Ma
Mel-86a. Another possibility was the previously mentioned autophagic processes. In fibrosarcoma, it

was slown that ZIP13 can inhibit autophad®66]. As autophagy could be a reason for reduced

receptor expression of DREY R LCb* wmX {[/ od! Mmok%Lt mo (Yy201R2%

therefore increasing the surface expression of the receptors.

Taken together, SLC39A13/ZIP13 increased the STAT1/STAT3 ratio which bilihgls8Bk into an
apoptosis sensitive state by dowmelation of BGR2 and which works in tandem with increased

IFN R1 expression to increase IFSTAT1 dependent apoptosis.

6.5 Translational implications of SLC39A13 and TMCC3 in malignant melanoma

As many melanoma patients still doot respond to immunotheapies and melanoma cells
dedifferentiate into MITE" cells and acquire resistance mechanisms, alternative targets are in need
to overcome tumor immunity. This project aimed to identify complementary resistance mechanisms
and identified with TMCC3 and S9813/ZIP13 two proteins that protected melanoma cells with low

MITF expression.

In immunotherapeutic approaches, antibody therapies and small molecules are used to improve
benefits for cancer patientf267]. Small molecules have the advantage of modulating intracellular

targets and pathways. As neither TMCC3 nor ZIP13 are expressed on the ced, dhdg are not
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eligible for antibody therapies and would rather be targeted by small molecules. TMCC3 has been
subjectof a patent for an antibody therapy for breast can¢268]. However, the patent was issued
before it was published that the protein is not expressed on the surfacthbugndoplasmic reticulum.
Downregulation of TMCC3 activated an ER stress response-Mdi&6a bringing the cell into an
apoptosis sensitive state that can be killed through death receptor signaling. Targeting TMCC3
intracellularly would be difficult athe protein is not an enzyme or a channel. Increased research on
the different domains of the protein is highly necessary for development of an appropriate therapy.
14-3-3' was shown to bind to phosphorylated TMCC3 which regulated the location of TM@C3 an
reduced the number of thregvay junctiong234]. However, the kinase that phosprylates TMCC3
remains unknown so far and inducing a kinase o334 activity would probably have very broad

effects in the target cells.

SLC39A13 downregulation sensitized-Meal-86a to IFN-mediated apoptosis by upregulation of

IFN wm | YR {eted lynmowhdkegMatibnfof BEL Inhibitors of Zinc transporters are under
development[269]. Although ZIP13 has not directly been targeted by an inhibitor, the ZIP7 inhibitor
NVSZP74 has been shown to target ZIP7 in the ER to regulate intracellular zinc levels. Therefd&e, ZIP1
could be similarly inhibited by a compound to reproduce the reported sensitivity to tumor cell

apoptosis.

Also, TMCC3 expression is elevated in the nervous system and the testis while SLC39A13 is highly
expressed in the bone and in hard and connectivesue [233, 269] Targeting these proteins
systemically could therefore be accompanied with severe adverse events and damage of healthy
tissues. Application of a drug at a specific location like the tumor microenvironment could be a@chieve

for example by % generation CAR T cells. As previously described, CAR T cells are not restricted to
antigen recognition on HLA and express synthetic receptors for improved T cell 488yig70] 4"
generation CRT cells a& designed to produce and release proteins such as cytokines or antibodies
upon activation[270]. Hence, activation of CAR T cells in the tumor microenmient could induce

the expression and secretion of alfinhibitory proteinsor mediatorstargeting TMCC3 and SLC39A13
locally.However, @plying CAR T cell therapy to MfTinelanoma would be concomitant wittwo

major difficulties. Despite successful application against hematological cancers, solid tumors like
YSEIYy2Yl RARYQU &K 2[&7l] AN thiekséldcyod of AiSappdapriaté medasoina
specific surface antigen for CAR T cell receptor activation is compromised. Melanoma differentiation
antigens (MDAS) are often targets for T cell therapy, but WS € | y2 Yl OSffa R2yQi
Alternative but more unspecific targets could be cancer germline antigens (CGA)-H&Yr even

better, neoantigens. Neoantigen therapy would be a higigysonalized, but also expensive approach

[271].
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Supplementary Figuréd: ComBatseq to remove dataset specific batch effects.
Raw count RN&eq data from Wouterset al. and MaMel-86 in triplicates was combined and subjected to

ComBatseq inorder to remove batch effects that were introduced due to the different origin of the two data
sets. Principle component analysis (PCA) was conducted to represent the similarity of the fAx@ésre and

(B) after ComBatseq. Red colored samples repemit RNASeq data of MaMel-86 while blue colored samples
represent cell lines from Wouters et al. The different symbols represent the melanoma cell line subtypes
melanocytic (MITE", intermediate (MITE", mesenchymal (MITF) and neurakcrest stem cell (NCS{iRe

(MITEW).
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Supplementary Figur@: Knockdown efficiency of selected immune resistan@®)genes.

Ma-Mel-86 HLAA2+ Luc+ were transfected with Scr3 and individual or pooled siIRINAMCC3, SLC39A13, MOK

or ZNF443or 48 h. Cells were lysed for RNA isolation followed by reverse transcription to cDNA. Quantitative
reaktime PCR was used to measure target gene expression. Expresficimdfetawas measured as reference

gene to rormalize gene expression and values were normalized to Scr3. Bars represent the mean of technical
replicates+ standard deviation.
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Supplementary Figure: Impact of immune resistance genes on tumor cedjection mediated by cytotoxic
ligands I.

Luciferasebased cytotoxicity assays to measure the impact of gene knockdown on the cytotoxicity of TRAIL,
TNP, FasL, I'T LIGHT or IFNMa-Mel-86 HLAA2+ Luc+ were transfected with Scr3, a pool of four siRNAs for
TMCC3, SLC39A13, MK FLARr ZNF4434 siRNA for 48 h. Subsequently, cells were cultured in plain medium
(viability setting) or treated with 100 ng/ml recombinant TRAIL,"TNRasL, LT, LIGHT or IFN(cytotoxicity
setting). After 20 h of treatment, cells were lysed, and remaining luciferase activity was measured by
luminescence. Raw luciferase units (RLU) were normalized to RLU of Scr3. Bars represent thetametard
devigion of three independent experiments. Significances between viability and cytotoxicity setting were
calculated by applying a twiailed paired ttest (*p<0,05, **p<0,01, ***p<0,001, ns=not significant).
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Supplementary Figure: Impact of immune resistance genes on tumor cell rejection mediated by cytotoxic
ligands II.

Realtime cytotoxicity assays to measure the impact of gene knockdown on the cytotoxicity of TRAILFZHNE

LT, LIGHT or IFPNMa-Mel-86 HLAA2+Luc+ were transfected with Scr3, a pool of four sSiRNAFRCC3,
SLC39A13, MOttt CFLARYI ZNF443s4 siRNA for 48 h. Subsequently, cells were cultured in plain medium
(viability setting) or treated with 100 ng/ml recombinant TRAIL,"TNFasL, T LIGHTor IFN (cytotoxicity
setting). Upon treatmentncucyte® CytotoRedDyewas added to label dead cells and tumor cell death was
measured every two hours for 48 h. The signal of the Red Area was normalized to the Green Area, representing
the confluency of the tumor cells by detection of GFP. Representative data of two indegengeeriments.
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