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1. Einleitung

Mit der Zulassung des Checkpoint-Inhibitors Ipilimumab 2011 wurde der grolRe Erfolg der T-
Zell vermittelten Immuntherapien eingeleitet (1). Seither haben sich viele
Behandlungskonzepte der Onkologie grundlegend verandert und folgerichtig wurde diese
bahnbrechende Entdeckung 2018 mit dem Nobelpreis flir Physiologie und Medizin fir Tasuku
Honjo und Jim Allison honoriert. Checkpoint-Inhibitoren verdeutlichten wie keine andere
Therapie zuvor das Potenzial von T-Zellen fir die Therapie von metastasierten
Tumorerkrankungen. Im Zentrum dieser Therapie steht die unspezifische Aktivierung von T-
Zellen und daraus resultierend die Interaktion von T-Zell-Rezeptoren (TZR) und Peptiden,
welche auf humanen Leukozytenantigenen (HLAs) den T-Zellen prasentiert werden.

Seitdem hat die Entwicklung und Zulassung von Immuntherapien rasant zugenommen und
neben den unspezifischen Immuntherapien ricken immer mehr auch spezifische
Immuntherapien in den Mittelpunkt der Forschung und der klinischen Praxis. Den vorlaufigen
Hohepunkt erlangte diese Entwicklung mit der Zulassung von Tebentafusp (2), einem
Fusionsmolekiil, welches einerseits das Peptid YLEPGPVTA aus dem Melanom-assoziierten
Protein gp100 im Kontext von HLA-A*02:01 mit Hilfe eines TZR erkennt und mit der zweiten
Halfte des Molekils T-Zellen Gber deren CD3 Antigen bindet. Dies fuhrt zur Aktivierung der T-
Zellen, welche dann Uber die Freisetzung zytotoxischer Substanzen wie Granzyme und
Perforine die Tumorzellen zerstéren. Dieses Medikament stellt die erste zugelassene
Therapie dar, welche mittels eines TZR Tumorzellen erkennen und zerstéren kann und zu
einem verlangertem Gesamtliberleben von Patientiinnen mit metastasiertem
Aderhautmelanom gegenuber der Standardtherapie mit Chemotherapie fuhrt (3). Dies
verdeutlicht, dass die weitere Entwicklung von TZR basierten Immuntherapien ein wichtiges
Forschungsfeld der Onkologie darstellt, welches in den kommenden Jahren hoffentlich weiter
zur Verbesserung der klinischen Versorgung von Patient:innen mit Tumorerkrankungen

beitragen wird.

1.1 Molekulare Grundlagen der Prasentation von HLA Liganden

Fir den Erfolg der oben genannten Therapien ist es unumgéanglich, dass die erkannten
Zielpeptide, welche zur Aktivierung der T-Zellen fiihren, an der Oberflache der Tumorzellen
prasentiert werden. Die Prasentation von Peptiden auf HLA Komplexen kann hierbei auf zwei
unterschiedlichen Unterformen von Komplexen stattfinden, HLA Klasse | und Klasse Il. Da die
Expression von HLA Klasse Il Proteinen in erster Linie antigenprasentierenden Zellen
vorbehalten ist und viele Tumorarten somit keine HLA Klasse Il Prasentation aufweisen,
beschrankt sich diese Arbeit auf die Peptide, welche auf HLA Klasse | prasentiert werden.

HLA Komplexe der Klasse | wiederum finden sich auf allen kernhaltigen Zellen des



menschlichen Kérpers sowie auf Thrombozyten und sofern kein funktioneller Verlust vorliegt
auch auf allen Arten von Tumorzellen.

Der klassische Prasentationsmechanismus verlauft dabei in Grundztigen folgendermalen (4):
Wenn Proteine nicht mehr bendtigt werden oder bei deren Produktion ein Fehler aufgetreten
ist, werden diese Proteine ubiquitiniert und Uber das Proteasom degradiert. Die resultierenden
Peptide werden Uber einen Transporter TAP1 (peptide transporter involved in antigen
processing 1) in das endoplasmatische Retikulum eingebracht und dort nach eventueller
Kulrzung der Peptide durch Aminopeptidasen im endoplasmatischen Retikulum (ERAP1) mit
Hilfe von Chaperonen auf HLA Komplexe geladen. Uber vesikularen Transport erreichen dann
diese Peptid:HLA Komplexe die Zellmembran und werden dort den T-Zellen prasentiert.
Entscheidend fir den gesamten Prozess ist hierbei dessen Komplexitat im Kontext der
Evolution. Eine hohe Diversitat der prasentierten Peptide hat sich offensichtlich als
evolutionarer Vorteil erwiesen, weswegen das HLA Protein System einen sehr starken
Polymorphismus aufweist. Aktuell sind knapp 40,000 unterschiedliche HLA Allele beschrieben
(5), welche sich in ihren Eigenschaften bezlglich der Peptidprasentation teils relevant
unterscheiden. Dies erweitert dadurch nochmals die Moglichkeiten des Immunsystems
mdglichst vielen unterschiedliche Zielstrukturen den T-Zellen zu prasentieren.

Einer der gréRten biologischen, aber auch therapeutischen Vorteile dieses Prozesses ist die
Tatsache, dass dieser Prasentationsmechanismus es erlaubt, auch intrazellulare Proteine
dem Repertoire mdglicher Targets fur Immuntherapien hinzuzufugen. Dies ist von besonderer
Relevanz, da etwa nur ein Drittel des menschlichen Proteoms an der Zelloberflache
prasentiert wird (6) und die verbleibenden zwei Drittel deutlich schwierig pharmakologisch
erreichbar sind. Um dieses grof3e Repertoire an Zielmolekulen nutzbar zu machen, ist es aber
unerlasslich, die exakte Aminosauresequenz der Peptide zu identifizieren, da diese die
Grundlage fur alle nachfolgenden spezifischen T-Zell-Therapien darstellt. Aus diesem Grund
sollen nun auch die Regeln fir die Prasentation von Peptiden auf HLA Klasse | Komplexen
noch etwas detaillierter beleuchtet werden.

Auf Grund ihrer hohen genetischen Homologie sind alle HLA Klasse | Allele, und hier
insbesondere, die sogenannten klassischen A-,B-, und C-Allele, in der Lage, Peptide von einer
Lange von 8-12 Aminosduren zu prasentieren (7). Praferiert werden hierbei neun
Aminosauren, wobei sich auch HLA-Allele finden, welche Uberproportional haufig Peptide von
8 Aminosauren Lange prasentieren wie z.B. HLA-B*08. Verantwortlich hierfur ist die
sogenannte Bindungsfurche in Kombination mit Bindetaschen im HLA Komplex, welche durch
ihre biochemischen Eigenschaften das Repertoire an Peptiden definiert, welches von einem
bestimmten Allel gebunden werden kann (8). Wenige HLA-Allele, z.B. HLA-A*24:02, HLA-
B*07:02 oder HLA-B*35:01 sind dartber hinaus in der Lage deutlich langere Peptide (bis zu

25 Aminosauren Lange) zu komplexieren, wobei die Peptide dann N- oder C-terminal Uber die



gewohnlichen Grenzen der Bindungsfurche hinausragen oder stark gebogene
dreidimensionale Ausrichtungen einnehmen (9). Die Besonderheit der HLA-Komplexe liegt an
deren spezifischen Bindemotiven, welche sich in erster Linie aus der Physik der Bindetaschen
ergeben, welche ihrerseits Aminosauren mit ahnlichen biochemischen oder biophysikalischen
Eigenschaften wie GréRe, Ladung oder Hydrophobizitat praferieren. Diese Aminoduren
werden zusammen als Ankeraminosauren bezeichnet. Die Bindetaschen treten hierbei meist
an Position 2 des Peptids sowie an dessen C-Terminus auf. Zur Veranschaulichung fuhrt

Tabelle 1 einige HLA Allele mit deren bevorzugten Ankeraminosauren auf.

Tabelle 1. Beispiele von Bindemotiven verschiedener HLA Allele

HLA Allel Praferierte Aminosauren | Praferierte  Aminosauren
1. Tasche 2. Tasche

HLA-A*02:01 L, LM V,L, I, M

HLA-A*03:01 L, V,I,T K, Y

HLA-B*07:02 P LM, V,I,F

HLA-B*40:01 E L, M

(E=Glutaminsaure, F=Phenylalanin, I=Isoleucin, K=Lysin, L=Leucin, M=Methionin, P=Prolin,
T=Threonin, V=Valin, Y=Tyrosin)

Nach der erfolgreichen Isolation von HLA Liganden sind diese Bindemotive hilfreich bei der
Zuordnung welche Peptide auf welchen HLA Komplexen prasentiert werden. Das folgende

Kapitel soll die einzelnen Schritte der Isolation von HLA Liganden nun naher beleuchten.

1.2 Immunopeptidomik als Goldstandard der Targetidentifikation

In Anbetracht des grof3en Erfolgs von T-Zell basierten Immuntherapien ist es erstaunlich, dass
erst Mitte der 1980er erstmals gezeigt werden konnte, dass Peptide auf HLA Komplexen
prasentiert und von T-Zellen erkannt werden (10). Anfang der 1990er Jahre wurden dann
Techniken entwickelt, welche es erlaubten, die auf den HLA Komplexen prasentierten Peptide
systematisch zu analysieren (11-12). Die Grundlage dieser Technik bildet die
Immunprazipitation von HLA Komplexen in Kombination mit der anschlieRenden Trennung
von Peptiden und HLA Molekilen und schlief3lich die Identifizierung der Peptidsequenzen
mittels Hochleistungsflissigchromatographie gekoppelter Tandem-Massenspektrometrie
(HPLC-MS/MS). Diese Technik wird heute unter dem Begriff der Immunopeptidomik
zusammengefasst und ist die einzige verfigbare Technik, welche es zweifelsfrei erlaubt
diejenigen Peptide zu definieren, welche auf der Zelloberflache von Tumorzellen prasentiert
werden. In den vergangenen Jahren wurden nicht nur die Techniken zur biochemischen

Isolation von HLA Liganden kontinuierlich weiterentwickelt (13,14), sondern auch die



massenspektrometrischen Analyseverfahren (15,16) sowie die bioinformatische Auswertung
(17,18). Insgesamt sind wir nun dadurch im Stande aus wenigen Millionen Tumorzellen
Tausende von HLA Liganden zu isolieren (19) und in Bezug auf deren Eignung als
tumorspezifische Immuntherapietargets zu untersuchen. Die einzelnen Schritte sollen nun im
Detail erlautert werden.

Fir den ersten Schritt der Immunprazipitation ist es unumgéanglich das zu untersuchende
Zellmaterial (Zellen aus Zellkultur, Tumorproben, Organoide etc.) zu lysieren. Hierbei sollten
fur die Herstellung der Lysepuffer nicht-ionische Detergenzien verwendet werden, da ionische
Molekille im Massenspektrometer zu deutlichen Hintergrundsignalen fihren, welche die
Messungen beeintrachtigen. Neben dem nicht-ionischen Tensid n-Octyl-3-D-glucopyranosid
(OPG) wird auch sehr haufig das zwitterionische Molekdl 3-[(3-
Cholamidopropyl)dimethylammonium]-1-propansulfonat  (CHAPS) verwendet.  Beide
Substanzen sind nicht-denaturierend und eigenen sich besonders fur die Aufreinigung von
membrangebundenen Proteinen wie den HLA Komplexen. Nach Inkubation der Zellen und
anschlielRender Zentrifugation wird das resultierende Proteinlysat mit Antikdrpern inkubiert,
welche klassischer Weise entweder an einer Affinitatssdule oder unterschiedlichen Beads
immobilisiert werden. Bei der Verwendung von Protein-A-Beads wird der gebundene
Antikoérper haufig chemisch mit Natriumtetraborat gecrosslinkt um eine spatere Ko-Elution des
Antikorpers zu verhindern, was die weitere Aufreinigung der HLA Liganden erschwert und die
Wiederverwendung der Beads ermdglicht (15). Eine andere Methode basiert analog den
Beads auf der Verwendung von Sepharose. Diese spezielle Sepharose tragt jedoch
Cyanobromid (CNBr) Seitenketten, welche mittels Saure aktiviert werden und somit einen
nukleophilen Angriff von primaren Aminogruppen ermdglichen. Diese werden meist von N-
Termini von Proteinen bereitgestellt, welche dann kovalent an die Sepharose gekoppelt
werden und somit ebenfalls nicht nach erfolgreicher Immunpréazipitation mit den HLA
Komplexen eluiert werden. Die zur Herstellung der Affinitdtschromatographie verwendeten
Antikorper sind meistens (wie auch in den spater diskutierten Publikationen) gegen humane
Proteine wie z.B. die Klasse | Moleklle HLA-A,B,C (Klon W6-32) oder Klasse Il Komplexe wie
z.B. HLA-DR (Klon L243) gerichtet. Alternativ konnen jedoch auch Antikorper gegen
mausspezifische MHC Komplexe (z.B. Klon Y-3 gegen H2-Kb) oder TZR-imitierende
Antikoérper zur Evaluation der Targetspezifitat verwendet werden. Im direkten Vergleich dieser
beiden Strategien zur Pravention der Elution der Antikdrper hat sich ein kleiner Vortell
gegenuber der CNBr-Verlinkung gegenliber dem Natriumtetraborat basierten Verfahren
gezeigt, was in einer ca. 20% hoheren Ausbeute an unterschiedlichen HLA Liganden bei der
CNBr-Methode widerspiegelt (13).



Diese mit Antikdrper beladenen Saulen oder Beads sind dann in der Lage die HLA Komplexe
aus den Proteinlysaten spezifisch herauszufiltern. Nach kurzem Waschen des
Affinitdtsmaterials kann dann eine Elution, z.B. mit Trifluoressigsaure erfolgen, welche am
weitesten verbreitet ist. Diese flhrt nicht nur zum Herauslésen der HLA Komplexe, sondern
denaturiert auch leicht die freigesetzten HLA Komplexe, so dass diese die nicht-kovalent
gebundenen Peptide aus der Bindungsfurche freigeben. Es resultiert somit ein Gemisch aus
Anteilen des HLA Komplexes (a-Kette sowie f2-Mikroglobulin) und der bis dahin gebundene
Peptide. Um diese nun voneinander zu trennen, haben sich drei Methoden etabliert. Die
alteste und unkomplizierteste nutzt Zentrifugationskonzentratoren mit Membranen, welche
Molekile gemal ihrer molekularen Masse selektionieren kdnnen. Werden hier Filter mit einer
SelektionsgrofRe von 3 kDa verwendet, kénnen die deutlichen schwereren und gréReren
Peptidketten (o-Kette sowie [2-Mikroglobulin) von 44 kDa und 12 kDa den Filter nicht
passieren, wohingegen die Peptide, welche meist zwischen 0,8 und 1,5 kDa liegen problemlos
filtriert werden. Demgegenuber steht ein Verfahren, welches nicht auf dem unterschiedlichen
Gewicht oder GroRRe, sondern auf der resultierenden Hydrophobizitat der Molekile basiert.
Hierbei wird das Gemisch aus a-Kette, 32-Mikroglobulin und Peptiden auf eine tC18 Saule
geladen, welche vor allem mittels van-der-Waals-Wechselwirkungen diese an die
vorhandenen Kohlenstoffmolekiile bindet. Nun kénnen mittels definierter Konzentrationen
eines unpolaren Losungsmittels wie Acetonitril (meist ca. 30%) die Peptide selektiv eluiert
werden, wohingegen die deutlich starker mit der Saule wechselwirkende a-Kette und das 32-
Mikroglobulin an dieser verbleiben. Diese Methode hat sich als deutlich potenter gegentber
dem Filter erwiesen (13), wobei der genaue Mechanismus hierflr nicht abschlief’end geklart
werden kann. Es kann spekuliert werden, dass der Filter doch nicht so gut wie erwartet die
Peptide passieren lasst. Eine andere Vermutung ware, dass die Peptide teilweise nicht
komplett aus den HLA Komplexen durch die Trifluoressigsaure herausgelést werden und das
Acetonitril diesen Prozess bei der Variante mit der tC18 Saule beglnstigt. Man kann sich
hierbei jedoch leicht vorstellen, dass Peptide gemal ihrer unterschiedlichen Hydrophobizitat
besser oder schlechter von der tC18 Saule eluieren wenn eine konstante Konzentration an
Acetonitril verwendet wird. Eine der Publikationen wird sich noch im Detail mit diesem Problem
befassen. Um eine moglichst grole Bandbreite an unterschiedlichen Acetonitril-
konzentrationen fur die Elution verwenden zu kénnen, hat insbesondere die Arbeitsgruppe um
Anthony Purcell ein Verfahren entwickelt, bei welchem sie diesen Elutionsschritt mittels einer
eigenen HPLC durchfihren und die entstehenden Fraktionen als separate Proben
weiterverwenden und im Massenspektrometer messen. Dies hat zu einer signifikanten
Zunahme der Ausbeute an HLA Liganden gefuhrt. Der zusatzliche HPLC Schritt sowie die

Uber zehnfache Erhéhung der Messzeit am Massenspektrometer durch die VergréRerung der



Probenzahl haben jedoch dazu gefiihrt, dass diese Methode bisher nur punktuell verbreitet ist
(14). Alle diese Methoden fiihren zu einer suffizienten Trennung von Peptiden und
Komponenten des HLA Komplexes, welche die weitere Analyse ermoglicht. Dennoch bleibt
dies wohl der wichtigste und teilweise stark unterschatzte Schritt der Isolation, da viele HLA
Liganden an diesem Punkt verloren gehen oder insuffizient eluiert werden, was eine spatere
Detektion im Massenspektrometer erschwert oder unmoglich macht.

Die isolieten Peptide kénnen nun in eine Kombination aus HPLC und
Tandemmassenspektrometer eingespeist werden. Da eine ausfihrliche Einfiihrung in die
Massenspektrometrie den Rahmen der Arbeit sprengen wirde und nicht den Schwerpunkt
meiner Arbeit darstellt, wird diese nicht im Detail dargestellt werden. Kurz zusammengefasst
erlaubt die HPLC erneut eine Auftrennung aller zu analysierenden Peptide gemafR ihrer
biochemischen Eigenschaften, allen voran gemafl ihrer Hydrophobizitat. Kleine
Peptidmengen, werden aus der HPLC kommend meist in einem Elektrospray ionisiert,
welches durch die Konzentration von lonen auf engem Raum entsteht. Der genaue
Mechanismus ist nach wie vor nicht eindeutig geklart, die wahrscheinlichste Erklarung ist
jedoch, dass sogenannte Coulomb-Explosionen die Bildung des Elektosprays initiieren. Die
so entstandenen lonen konnen nun vom Massenspektrometer angesammelt, detektiert,
gefiltert und letztlich fragmentiert werden. Hierbei ist zum einen zu erwahnen, dass die
Entwicklung der sogenannten Orbitrap Massenspektrometer die Analyse von HLA Liganden
entscheidend vorangebracht hat (20). Im Vergleich zu friheren Time-of-flight
Massenspektrometern, welche an Hand der unterschiedlichen Flugzeit das Masse-zu-
Ladung-Verhaltnis eines Molekiils errechneten, nutzen Orbitrap Massenspektrometer die
Tatsache, dass lonen, welche tangential um eine spindelférmige Elektrode oszillieren, mit
einer Kreisfrequenz oszillieren, die zu deren Ladung-zu-Masse-Verhaltnis proportional ist.
Somit lasst sich das Ladung-zu-Masse-Verhaltnis aus der Kreisfrequenz berechnen, was eine
deutlich schnellere Messung der Peptide erlaubt. Essenziell fur die Bestimmung der
Aminosauresequenz ist jedoch die zweistufige Messung der Peptide. Zuerst wird die Gesamt-
Masse-zu-Ladung bestimmt und im Anschluss werden bestimmte oder alle Peptide meist
durch die Kollision mit inerten Edelgasen fragmentiert. Die Fragmentierung der Peptide mit
den starksten Signalen in der ersten Messung wird dabei als ,data dependent acquisition*
(DDA) und die Fragmentierung aller Peptide als ,data independent acquisition® (DIA)
bezeichnet. Letztere rickt immer mehr in den Vordergrund, da verbesserte
Analysealgorithmen die Auswertung dieser Daten erleichtern und damit auch Peptide mit
niedriger Abundanz besser detektierbar machen (15). Die Analyse aller dieser Daten beruht
jedoch auf der Tatsache, dass die durch Kollision entstehenden Fragmente, welche dann
wiederum vom Massenspektrometer detektiert werden, unterschiedliche Masse-zu-Ladung-

Verhaltnisse aufweisen und dass jeder proteinogenen Aminosaure mit Ausnahme von Leucin



und Isoleucin ein individueller Wert zugeordnet werden kann. Dies ermoglicht dann ahnlich
einem Sequenzierungsverfahren das schrittweise Aufschllisseln der einzelnen Aminosauren
innerhalb einer Peptidsequenz. Dabei ist zu betonen, dass auch hier die automatisierten
Algorithmen zur Bestimmung dieser Sequenzen erhebliche Fortschritte gemacht haben,
wobei leider die wissenschaftliche Grundlage dafiir bei den kommerziellen Programmen nicht
offengelegt wird. Auch wenn open-source Algorithmen vorhanden sind und eine hinreichend
gute Analyse erlauben, sind manche kommerzielle Programme diesen in vielen Aspekten
weiterhin Uberlegen (17,18). Insbesondere die ,de novo Sequenzierung®, einem Verfahren bei
welchem der Zuordnung der Aminosauresequenz keine Datenbank fiir die annotierbaren
Sequenzen zu Grunde liegt, bleibt komplex und kann nur von wenigen Algorithmen
zufriedenstellend gel6st werden (16).

Zusammenfassend lasst sich allerdings sagen, dass alle Schritte von der Isolation bis zur
Analyse von HLA Liganden in den vergangenen Jahren eine deutliche Verbesserung erfahren
haben und nur dadurch die Immunpeptidomik als weiteres Puzzleteil der ,Multi-omics®
anerkannt werden kann auch wenn sie neben der Genomik und Proteomik noch einen
untergeordneten Stellenwert in der allgemeinen Wahrnehmung einnimmt. Fir die
Identifikation von Zielstrukturen flr T-Zell basierte Therapien bildet sie jedoch den
unumstoBlichen Goldstandard und ist die einzige Methode, welche die Prasentation von HLA
Liganden beweisen kann. Welche Arten von tumorspezifischen Peptiden isoliert werden

kénnen soll nun der Inhalt des folgenden Abschnitts sein.

1.3 Untergruppen von tumorspezifischen Zielantigenen

Auf der Suche nach tumorspezifischen Targets fur Immuntherapien kommt immer wieder die
Frage auf, welche Gruppen von Antigenen sich als ideale Kandidaten erweisen. Hierbei steht
vor allem die Tumorspezifitat im Vordergrund, welche sich aus einer exklusiven Expression
des Antigens in den Tumorzellen ableitet. Hieraus ergeben sich unterschiedliche Subgruppen
von Antigenen, welche die Mehrzahl der adressierten Targets darstellt. Es muss jedoch betont
werden, dass eine Tumorspezifitdt auch bei vorhandener Expression eines Genes in
gesundem Gewebe auf dem Level der Immunpeptidomik vorhanden sein kann, da
unterschiedlichste Aspekte der Antigenprozessierung in den verschiedenen Geweben die
Prasentation der HLA Liganden entscheidend beeinflussen.

Dennoch ist die wohl am haufigsten untersuchte Gruppe die der Cancer-Germline Antigene
(CGAs). Der Grund hierfiur liegt in deren oft Tumorentitdten Uberspannenden aberranten
Expression und hohen Expressionsfrequenz innerhalb einzelner Tumortypen wie z.B. am
Bespiel von MAGE-A4 deutlich wird, ein CGA dessen Expression in einer Studie in einem
Drittel aller Tumorproben von Osopahguskarzinomen, Ovarialkarzinomen und Kopf-Hals-

Tumoren nachgewiesen werden konnte (21). Es ist aber sehr wichtig zu betonen, dass per
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Definition diese Gene zusatzlich neben den Tumoren beinahe ausnahmslos im Hoden und
dem Ovar exprimiert werden. Auflerdem konnten viele CGAs, welche als tumorspezifisch
eingeordnet wurden, nach genauer Analyse sowohl auf dem Expressionslevel als auch als
HLA Liganden in weiteren Organen wie dem Uterus oder Osophagus nachgewiesen werden,
wie das Beispiel des PRAME Proteins gut illustriert (22). Des Weiteren ist zu beachten, dass
viele CGAs eine hohe Sequenzhomologie aufweisen, was in Verbindung mit
unterschiedlichen Expressionsmustern der vermeintlich tumorspezifischen CGAs bereits
fatale Nebenwirkungen zur Folge hatte: Eine Zielsequenz aus MAGE-A3, welche von einem
TZR erkannt werden sollte, wurde in sehr ahnlicher Weise vom neuronal exprimierten MAGE-
A12 prasentiert, was zu neurologischen Toxizitaten mit Todesfolge in friihen klinischen
Studien gefuhrt hat (23). Im Gegensatz dazu definieren viralen Antigene eine deutlich kleinere,
aber sehr wichtige Gruppe an Antigenen, welche eine nochmals héhere Tumorspezifitat
aufweisen, da sie direkt in die Onkogenese der Tumoren involviert sind. So konnten zum
Beispiel HLA Liganden aus dem E7 Protein des Humanen Papillomavirus wiederholt in Proben
von Zervixkarzinomen nachgewiesen werden ohne dass bisher ein Nachweis in gesunden
Gewebeproben gelang (24).

Die wohl interessanteste Gruppe fir tumorspezifische Targets stellen die HLA Liganden aus
,public neoepitopes” dar. Dies sind HLA Liganden, welche aus mutierterten Onkogenen
stammen, welche fur die Entstehung des Tumors unerlasslich sind (25, 26), wie z.B. KRAS-
Mutationen im Pankreaskarzinom. Hierdurch erreichen diese HLA Liganden nicht nur eine
sehr hohe Tumorspezifitdt per se, sondern es sollten auch alle Subklone des Tumors
therapeutisch angehbar sein, da diese alle von den entsprechenden Onkogenen abhéangig
sind. Da diese Untergruppe scheinbar ideale Targets zur Verfigung stellt, ist ihre
systematische Erforschung von sehr groflem Interesse. Es muss dennoch betont werden,
dass die haufig angewandte Strategie der Vorhersage von public neoepitopes in silico und
der nachfolgende Nachweis einer T-Zell Aktivierung durch diese Peptidsequenzen kein
Beweis fir die therapeutische Aktivitat dieser Sequenzen darstellt, da nur der Nachweis deren
Prasentation auf der Tumorzelloberflache diese HLA Liganden als relevante Targets definiert.
Zum Nachweis dieser Prasentation haben sich inzwischen Uberexpressionssysteme etabliert,
welche systematisch Kombinationen aus HLA Allelen und mutierten Onkogenen in einer Zelle
Uberexprimieren und mittels Immunpeptidomik die Prasentation von mutierten HLA Liganden
evaluieren (27). Der Grund hierfiir ist, dass in vielen Zelllinien public Neoepitopes sehr schwer
nachzuweisen sind, da sie oft nur in sehr geringer Anzahl prasentiert werden und somit die
Sensitivitat der Massenspektrometrie an ihre Grenzen stof3t. Dies illustriert andererseits die
Mechanismen der Immunsurveillance, da diese HLA Liganden bewusst von den Tumoren
schlecht prasentiert werden, um eine Elimination durch das Immunsystem zu vermeiden. Dies

wird unter anderem von einer Arbeit unterstitzt, welche zeigen konnte, dass unter dem
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immunologischen Selektionsdruck der Immuncheckpointblockade vor allem diejenigen HLA
Allele von Tumoren deletiert werden, welche in der Lage sind diese mutierten Onkogene zu
prasentieren (28). Dies relativiert teilweise die Eignung dieser Gruppe als ideale Targets,
wobei die positiven Aspekte der Tumorspezifitdit und der breiten Anwendbarkeit Uber
Tumorentitaten hinweg diesen Nachteil wahrscheinlich mehr als ausgleicht.

Zwei weitere Gruppen von potenziellen Zielstrukturen leiten sich in ahnlicher Weise von den
biologischen Unterschieden von Tumoren und Normalgewebe ab. Einer liegt in den
unterschiedlichen Phosphorylierungsmustern, welche Uber die Aktivierung von pathogenen
Signalwegen zur Prasentation von phosphorylierten HLA Liganden fihrt, welche sonst
womoglich nicht prasentiert werden wurden. Mehrere Arbeiten haben mogliche
tumoragnostische Targets in Form von phosphorylierten HLA Liganden identifiziert und
konnten zugleich zeigen, dass die Immunogenitat dieser Liganden essenziell von der
Phosphorylierung abhangig ist (29-31). Das Problem bei der systematischen
Targetidentifikation bei phosphorylierten HLA Liganden ist jedoch das Fehlen einer guten
Kontrollgruppe in gesunden Geweben. Der bereits erwahnt HLA Ligand Atlas mit seiner
systematischen Analyse des Immunopeptidoms gesunder Gewebe hat diese leider nicht auf
post-translational modifizierte HLA Liganden ausgeweitet, so dass die Tumorspezifitat dieser
Targets leider deutlich schwerer zu beantworten ist. Ein ahnliches Problem tragt die Gruppe
der sogenannten kryptischen HLA Liganden. Dies fasst in den meisten Definitionen diejenigen
Peptide zusammen, welche durch unkonventionelle Transkription und Translation entstehen.
Beispiele hierfur sind eine veranderte ribosomale Prozessierung der mRNA, d.h, alternative
Reading Frames (32) oder die Transkription und Translation von sonst irrelevanten
genomischen Regionen, wie z.B. von Long Terminal Repeats (LTRs) aus ehemals retroviralen
genomischen Sequenzen, welche noch in humaner DNA kodiert sind und durch die Therapie
mit epigenetisch wirksamen Substanzen wieder aktiviert werden kénnen (33).

Die letzte Gruppe in dieser Aufzéhlung sind diejenigen HLA Liganden, welche ihre Spezifitat
dadurch erlangen, dass sie ausschliellich unter der Einwirkung von bestimmten
Medikamenten in Tumorzellen prasentiert werden. Als Beispiel seien hier ALK- und RET-
Inhibitoren genannt, flr welche nicht nur gezeigt werden konnte, dass diese direkt das
Wachstum von Tumorzellen hemmen, sondern auch das Immunpeptidom relevant derart
verandern, dass bisher unbekannte HLA Liganden prasentiert werden und diese von T-Zellen
erkannt werden kdnnen (34). Hierbei handelt es sich allerdings um ein Prinzip, welches sich
stark verallgemeinern lasst, da die pharmakologische Manipulation von Tumorzellen durch die
Veranderungen auf dem Level des Proteoms zu einer Anderung des Immunpeptidoms fiihren.
Inwieweit Tumorspezifitdt durch diese Modulation des Immunpeptidoms erlangt werden kann,

muss fur viele Wirkstoffe jedoch noch abschlieRend geklart werden.
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AbschlieRend soll aber nochmals betont werden, dass es fur beinahe alle diese HLA Liganden
erst die Immunpeptidomik war, welche es ermdglichte deren Existenz zu beweisen und sie
als relevante Targets der Immuntherapien zu definieren. Deshalb ist es fur die im folgenden
Kapitel vorgestellten therapeutischen Ansatze zwingend erforderlich, die Prasentation der

Targets auf den Tumorzellen in relevanter Anzahl nachzuweisen.

1.4 Therapeutische Ansatze fiir T-Zell basierte Immuntherapien

Vor dem Hintergrund der technischen Verbesserungen in Bezug auf die Immunpeptidomik,
d.h. der Isolation und Analyse von HLA Liganden, sind wir nun in der Lage immer mehr
tumorspezifische Targets fur T-Zell basierte Immuntherapien zu definieren. Hierbei war die
Publikation des ,HLA Ligand Atlas“ von grof3er Bedeutung, da dieser erstmalig systematisch
eine Vielzahl an gesunden Gewebeproben einer immunpeptidomischen Analyse unterzog uns
damit erlaubt die Tumorspezifitdt von HLA Liganden enger einzugrenzen (22).

Zusatzlich zu den neuen Erkenntnissen im Bereich der Immunpeptidomik waren es aber
Fortschritte in der Medikamentenentwicklung und insbesondere dem Bioengineering, welche
nun drei unterschiedliche Therapieansatze erlauben, welche alle in klinischen und
praklinischen Studien bertcksichtigt werden (35). Einer der altesten Ansatze besteht darin,
eine Vakzinierung mittels Peptiden oder RNA durchzufiihren, welche tumorspezifische HLA
Liganden kodieren und somit zu einer Verstarkung der Immunantwort gegen Tumorzellen
fuhren sollen. Da initiale Ansatze mit alleiniger Vakzinierung keine positiven klinischen
Ergebnisse erbrachten (36), ist nun die Kombination mit Checkpoint-Inhibitoren zum Standard
geworden, welche zu deutlich besseren klinischen Resultaten, z.B. auch im adjuvanten
Setting der Therapie des Pankreaskarzinoms fihrten (37). Insgesamt ist es auch
wahrscheinlich, dass Vakzinierungsstrategien zur Unterstltzung der Immunsurveillance in der
Adjuvanz erfolgversprechender erscheinen, da die immunsuppressiven Mechanismen der
Tumoren noch nicht vollstandig etabliert sind. Im Anschluss an die Vakzinierung erfolgt im
Rahmen der Studien dann ein Immunmonitoring, welches reaktive T-Zell Klone gegen die HLA
Liganden der Vakzinierung nachverfolgt und tber deren VergréRerung die Erfolgsaussichten
der Therapie abzuschatzen versucht. Auch wenn dieses Vorgehen sich als Goldstandard
etabliert hat, soll hier darauf hingewiesen werden, dass eine Evaluation der Prasentation der
Targets essenziell ware. Auf Grund der Kirze der Zeit fir die Zusammenstellung einer
individuellen Vakzine erscheint dies oft nicht moglich (37), obwohl es fir die sinnvolle
Interpretation der Ergebnisse hoch relevant ware. Die Nutzung von HLA Liganden aus CGAs
mit gesicherter Prasentation stellt hier eine gute Alternative dar, welche bis heute nicht in
einem hinreichend guten Setting klinisch evaluiert wurde, da Immunpeptidom Daten sehr

lange nicht als Standard in die Auswahlkriterien integriert wurden.
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Die aktuell wohl am haufigsten genutzte Herangehensweise ist die Isolation von T-Zell-
Rezeptoren gegen tumorspezifische HLA Liganden mit dem Ziel einer adoptiven T-Zell
Therapie. Dies beinhaltet die genetische Modifikation von aus Patient:innen gewonnenen T-
Zellen ex vivo, welche zur Expression eines tumorspezifischen TZR fihrt, und die
anschliefender Ruckgabe der T-Zellen nach einer lymphodepletierenden Chemotherapie.
Nach initialen Rlckschlagen in frihen Kklinischen Studien (23,38) sind nun zuletzt
vielversprechende Ergebnisse fur HLA Liganden aus den Genen MAGE-A4 (39) und CTG1B
(40) publiziert worden. Eine grofe technische Herausforderung stellt in diesen Studien das
Screening der Patient:innen dar, da neben der Evaluation der korrekten HLA-Status auch die
Expression der Targetantigens in den Tumorzellen mittels Biopsie bestatigt werden muss.
Auch wenn diese beiden Komponenten die Voraussetzungen flr eine Prasentation des HLA
Liganden sind, lassen sich dennoch keine sicheren Schlusse Uber die Prasentation ziehen.
Eine Evaluation der Korrelation zwischen HLA Liganden Prasentation und klinischen
Ansprechen ist demnach eine Frage, welche von hochster Relevanz ist, aber bis heute in den
oben genannten Studien leider unbeantwortet bleibt.

Eine Strategie, welches dieses Problem umgeht und sich ebenfalls schon lange in klinischer
Erprobung befindet, ist die Nutzung von tumor-infiltrierenden Lymphozyten (TILs). Ausgehend
von der Annahme, dass den Tumor infiltrierende Immunzellen diesen effektiv bekampfen,
werden Lymphozyten aus diesen Tumoren expandiert, den Patientiinnen wieder
zurlickgeflhrt und die Expansion dieser Zellen mit Interleukin-2 unterstiitzt. Diese Strategie
hat zu einer deutlichen Verbesserung des progressionsfreien Uberlebens bei der Behandlung
des Melanoms gefiihrt im Vergleich zur Immuncheckpointblockade (41). Trotz dieses Erfolges
bliebt die Frage, ob diese Strategie gut auf andere Tumore Ubertragbar sein wird, da dies eine
hohe Immunogenitat des Tumors voraussetzt, da nur dadurch funktionelle TILs isoliert werden
koénnen. Eine adoptive T-Zell Therapie mit einem spezifischen TZR erscheint daher fir andere
Tumorentitaten erfolgversprechender.

Die wohl innovativste Strategie im Bereich der T-Zell basierten Immuntherapien ist der Einsatz
von T-Zell-imitierenden ,chimeric antigen receptor (CAR)-T-Zellen oder bispezifischen T-Zell-
imitierenden Molekulen. Vor allem die zuerst genannte zellulare Therapie vereint die Vorteile
der spezifischen Expansion einer potenten CAR-T-Zell Therapie mit der Spezifitat von T-Zell-
Rezeptoren und derem unerreichten Repertoire an moglichen Zielstrukturen. Die Isolation
eines T-Zell-imitierenden Agens ist jedoch aufwandig und wird meist dadurch erreicht, dass
mittels hochdiverser Phagenbibliotheken (mindestens 100 Milliarden Klone) Proteine
identifiziert werde, welche spezifisch Peptide in Kombination mit HLA Komplexen gleichsam
einem TZR erkennen koénnen. Obwohl die meisten dieser Medikamente sich noch in
praklinischer Entwicklung befinden (42,43), gibt es auch schon friihe klinische Daten fur den

Einsatz von TZR-imitierenden CAR-T-Zellen (44). Der wohl gréf3te Unterschied zwischen T-
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Zellen mit endogenen oder transduzierten TZRs und TZR-imitierenden CAR-T-Zellen ist die
deutlich héhere Anzahl an HLA Liganden, welche fir eine suffiziente Aktivierung von TZR-
imitierenden CAR-T-Zellen nétig ist. Dies bedeutet im Umkehrschluss, dass relevante Targets
dieser Therapie sich gut mittels Immunpeptidomik nachweisen lassen, da diese HLA Liganden
im Bereich der ublichen Sensitivitdt der Massenspektrometrie liegen. Bezuglich der héheren
Schwellenwertes der Aktivierung muss jedoch betont werden, dass inzwischen CAR-T-Zellen
entwickelt wurden, welche auch von Targets mit niedriger Abundanz erfolgreich aktiviert
werden (45). Dieses Konzept lieRe sich problemlos auch auf TZR-imitierenden CAR-T-Zellen
Ubertragen. Ein weiterer klarer Vorteil liegt in der Tatsache, dass die Erkennung von HLA
Liganden unabhangig von der Immunogenitat dieser Peptide erfolgt, da die Erkennung nicht
auf thymischer Selektion, sondern auf reiner biochemischer Interaktion beruht. Dies erweitert
das Repertoire an moglichen HLA Liganden als Zielstruktur auf beinahe jedes Protein des
menschlichen Proteoms. Zusammenfassend lasst sich also sagen, dass T-Zell basierte
Immuntherapien ein hohes Zukunftspotenzial haben und die Definition von neuen Targets

mittels Immunopeptidomik ein wichtiger Schritt fir den Erfolg dieser Therapien darstellt.

2 Eigene Arbeiten

2.1 Fragestellung

Vor dem Hintergrund des hohen Potenzials von TZR-basierten Therapien und der
Notwendigkeit des Nachweises der Prasentation der angegangenen HLA Liganden mittels
Massenspektrometrie, ergeben sich somit essenzielle Fragen fur die Entwicklung von

Medikamenten, welche Tumorzellen Uber HLA Liganden erkennen und eliminieren sollen:

- Erstens, welchen Stellenwert nimmt die Art und Weise der HLA Liganden Isolation ein
und wie Iasst sich diese weiter verbessern - insbesondere vor dem Hintergrund vieler
unterschiedlicher Isolationsstrategien?

- Zweitens, wie lasst sich das Immunpeptidom pharmakologisch so verdndern, dass
Tumorzellen HLA Liganden effektiver prasentieren und hierdurch entweder neue
Zielstrukturen oder bestehende Targets in grofierer Anzahl prasentiert werden?

- Dirittens, erlaubt die systematische Analyse des Immunpeptidoms die Identifikation
eines tumoragnostischen HLA Liganden, welcher therapeutisch von einer TZR-

basierten Therapie genutzt werden kann?

Insgesamt beschaftigen sich demnach die folgenden Arbeiten mit der gesamten Pipeline von
der Isolation von HLA Liganden Uber deren Modulation bis hin zur Entwicklung eines neuen
Therapeutikums und gibt somit eine breite Ubersicht, wie meine Forschungsarbeit die
Entwicklung von spezifischen Immuntherapien gegen HLA Liganden beeinflusst und

vorangebracht hat.
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2.2. Optimierung und Standardisierung der HLA Liganden Isolation
2.2.1 Optimierung der HLA Liganden Isolation

Originalarbeit 1

Klatt MG, Mack KN, Bai Y, Aretz ZEH, Nathan LI, Mun SS, Dao T, Scheinberg DA. Solving
an MHC allele-specific bias in the reported immunopeptidome. JCI Insight. 2020;5(19).

Diese Studie unterstreicht die Bedeutung der Identifizierung von HLA-Klasse-l-gebundenen
Peptiden durch Immunprazipitation und Massenspektrometrie. Diese Technik ist
entscheidend fir das Verstdndnis der T-Zell-Immunitdt und die Entwicklung von
Immuntherapien. Umso wichtiger ist es, dass die Isolation der HLA Liganden effizient und
vollstandig erfolgt, da eine inkomplette Isolation zu Verzerrungen innerhalb der mdéglichen
Targets fur Immuntherapien fiihren.

In dieser Arbeit wurde festgestellt, dass etablierten Isolationstechniken einen bisher
unbekannten Bias fur Peptide mit geringerer Hydrophobizitdt aufweisen. Da die
Hydrophobizitdt von HLA Liganden mit ihrer Immunogenitat korreliert, ist zudem die
Identifizierung besonders hydrophober HLA Liganden flir wirksame Immuntherapien
entscheidend. Um diesen Bias zu uberwinden, wurden in dieser Arbeit hohere
Konzentrationen von Acetonitrii (ACN) bei der Trennung von HLA Liganden und ihren
Komplexen verwendet. Diese Anpassung erhdhte die Anzahl an identifizierten HLA Liganden
um das Zwei- bis Dreifache und verbesserte den Nachweis von Peptiden aus CGAs um 50%.
Hierbei ist zu betonen, dass die Effizienz der HLA Liganden lIsolation zwischen den
verschiedenen HLA Allelen variierte, was wahrscheinlich auf die Hydrophobizitat der
Ankeraminosauren zuritickzuflihren ist. Somit profitieren manche HLA Allele und Patient
starker von der optimierten Isolation als andere.

AbschlieRend konnten wir nachweisen, dass eine hdhere Hydrophobizitat der isolierten HLA
Liganden, die durch héhere ACN-Konzentrationen erreicht wird, Auswirkungen auf die T-Zell-
Erkennung hat. Immunogene HLA Liganden weisen im Allgemeinen eine hohere
Hydrophobizitat an ihren TZR-Erkennungsstellen auf, was sich bei deren Erkennung durch
TZRs als energetisch gunstig erweisen kann. Die Verwendung héherer ACN-Konzentrationen
verbesserte somit nicht nur die Anzahl identifizierter HLA Liganden, sondern erhéhte auch die
Erkennung potenziell immunogener Epitope, insbesondere fiir das gut charakterisierte HLA-
A*02 Allel.

Zusammenfassend lasst sich sagen, dass die Studie einen bedeutenden Fortschritt bei der
Isolierung und Identifizierung von HLA-Klasse-l-gebundenen Peptiden darstellt, der den
bisherigen Bias in bestehenden Methoden behebt und das Potenzial fur eine effektivere

Identifizierung von Targets flr Immuntherapien erhoht.
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Solving an MHC allele-specific bias in the
reported immunopeptidome
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New York, New York, USA.

Identification of MHC class I-bound peptides by i ification of MHC compli and
subsequent analysis by mass spectrometry is crucial for under ling T cell imr logy and
immunotherapy. Investigation of the steps for the MHC ligand isolation process revealed biases

in widely used isolation techniques toward peptides of lower hydrophobicity. As MHC ligand
hydrophobicity correlates positively with immunogenicity, identification of more hydrophobic
MHC ligands could potentially lead to more effective isolation of immunogenic peptides as targets
forimmunotherapies. We solved this problem by use of higher concentrations of acetonitrile for
the separation of MHC ligands and their respective complexes. This increased overall MHC ligand
identifications by 2-fold, increased detection of cancer germline antigen-derived peptides by 50%,
and resulted in profound variations in isolation efficacy between different MHC alleles correlating
with the hydrophobicity of their anchor residues. Overall, these insights enabled a more complete
view of the immunopeptidome and overcame a systematic underrepresentation of these critical
MHC ligands of high hydrophobicity.

Introduction
Defining the landscape of peptides presented on major histocompatibility complex (MHC) proteins pro-
vides better understanding of T cell immunity and supports the identification of immunotherapy targets
(1-3). Several peptide isolation techniques have been standardized, but not benchmarked, resulting in vari-
ous distinct experimental approaches (4-7). Though direct comparisons of these techniques remain sparse
(8, 9), existing data point toward differences in the subsets of isolated MHC ligands depending on the type
of protocol. Additionally, we hypothesized that anchor amino acid characteristics in distinct MHC alleles
could influence isolation of the bound peptides in an allele-specific and method-dependent manner.
Therefore, we investigated several aspects of the isolation process to identify potential biases intro-
duced by the biochemical characteristics of these approaches. Separation of the MHC ligand and complex
appeared to be the dominant step yielding ligandome variations, which were usually skewed toward an
underrepresentation of MHC ligands of higher hydrophobicity. Using hydrophobicity-dependent isolation
via C18 cartridges in conjunction with increased concentrations of acetonitrile (ACN) enabled a more
comprehensive collection of MHC ligands and their complexes; the number of unique peptide isolations
was increased by about 2-fold with substantial enrichment for more hydrophobic peptides. Furthermore,
the largest increases in identified MHC ligands were seen for MHC alleles with anchor site preferences
for highly hydrophobic amino acids, e.g., HLA-A*02. Therefore, new methods might restore a previous
imbalance within peptide isolation approaches and provide a more useful representation of the ligandome.
Finally, hydrophobicity of MHC ligands correlates positively with their immunogenicity (10). We cor-
roborated these data through an HLA-A*02-specific reanalysis of a published data set, which led to the
assumption that the number of potentially immunogenic epitopes might be elevated in our new MHC
ligand subsets with higher hydrophobicity. This hypothesis was further supported by higher predictions of
immunogenicity through the T cell recognition score by Calis et al. (11) when 9-mer HLA-A*02 ligands
identified through different ACN elution conditions were investigated. Furthermore, our analysis identified
76 cancer germline antigen—derived (CGA-derived) peptides from 3 cell lines. Eleven of these HLA ligands
have not been described before to our knowledge, including 2 binders from the well-studied immunogenic
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CGAs, cyclin Al (12, 13), and MAGE-A12 (14, 15); the latter peptide was identified only in the group with
the highest concentration of ACN.

Overall, this study discovered a bias in the known immunopeptidome that favors more hydrophilic and
possibly less immunogenic peptides. Resolution of the problem by more stringent biochemical isolation
conditions could have broad implications for the fields of immunology and immunotherapy because it has
the potential to redefine and enlarge the repertoire of identified MHC ligands and to deepen the under-
standing of the immunopeptidome.

Results

Separation of MHC ligands and complexes is the most influential step for MHC ligand isolation and highly protocol
dependent. As many MHC isolation strategies differ widely, we compared method variations using 50 mil-
lion BV173 cells per condition. Alterations were made at (a) the level of cell lysis, (b) antibody coupling/
column preparation, and (c) the separation of MHC ligand and complex (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.141264DS1). No
significant differences were seen between the use of the detergent 3-([3-cholamidopropyl] dimethylam-
monio)-1-propanesulfonate (CHAPS) and the combination of octyl-B-p-glucopyranoside and sodium
desoxycholate (OGP/SDC), although there was a trend for superior performance of CHAPS (Supplemen-
tal Figure 1B and Supplemental Table 1).

Similarly, no major changes in peptide yields were observed for antibodies either bound or cross-linked
to protein A—Sepharose beads or for covalent coupling of antibodies to a cyanogen bromide—activated Sep-
harose 4B (Supplemental Figure 1C and Supplemental Table 1). A clear dose-dependent correlation was
seen for the amount of antibody used (R? = 0.994), allowing an optimal recovery of unique MHC ligands
when at least a total of 0.5 mg of W6/32 antibody was used (Supplemental Figure 1D and Supplemental
Table 1). All subsequent experiments were therefore performed with 0.5 mg of W6/32 antibody.

However, in the third step, separation of ligand and complex, we identified profound differences com-
pared with the standard conditions. We compared 3 kDa size-exclusion spin filters (which segregate MHC
peptide and complex by centrifugal force and only allow passage of the much smaller ligands whereas
subunits of the MHC complex are retained) with C18 cartridges. These C18 columns bind the eluted
MHC complexes and peptides that were previously dissociated by the use of 1% trifluoracetic acid (TFA)
through hydrophobic interactions. By using polar reagents, such as a mixture of 30% ACN/0.1% TFA,
MHC ligands are separated from the much more hydrophobic MHC complexes that remain bound to the
C18 column. With C18 cartridge separation, we observed 2.5 times more unique MHC peptides compared
with size-exclusion spin columns (Figure 1A). We assumed that the ACN elution was superior because of
a more effective separation of more hydrophobic MHC ligands with stronger binding to the MHC binding
groove. To test this hypothesis, we expanded this experimental approach by splitting immunopurified MHC
complexes from AML14, JMN, or BV173 cells equally into 3 fractions; bound every fraction to separate
C18 columns; and then eluted peptides with 30%, 40%, or 50% ACN. For all cell lines, the increased con-
centrations of ACN led to improved peptide recovery, with over 2-fold increases for AML14 and JMN and
30% for BV173 (Figure 1B). These data led to the hypothesis that these differences in recovery improvement
may be related to the specific biochemical characteristics of the HLA alleles, which will be discussed later.

Hydrophobicity of eluted MHC ligands correlates with concentrations of ACN used for MHC ligand isolation. Because
the use of higher concentrations of ACN led to a consistent increase in unique MHC ligand identifications,
we next asked whether the chemical properties of the eluted ligands differed between isolation conditions. We
used the grand average of hydropathicity index (GRAVY) (16) as a scale for hydrophobicity of a peptide, which
is expected to increase when ligands are isolated with more polar reagents. Indeed, with higher concentrations
of ACN, significant changes in the peptides’ average hydrophobicity were observed in BV173 cells (Figure 1C).
In contrast, no significant difference in hydrophobicity was seen with MHC ligands isolated by the most com-
monly used isolation techniques (size exclusion or C18 cartridges eluted with 30% ACN).

Similar trends for the relationship between ACN and hydrophobicity were observed in AML14, JMN,
and BV173 cells. In AML14 cells the increment from 40% to 50% ACN led to significant differences where-
as for JIMN and BV173 in the highest ACN groups, GRAVY scores were not statistically significant (Figure
1D). Importantly, every isolation condition led to a different set of MHC ligands, related to the method of
isolation (Figure 1, E and F; and Supplemental Table 2). However, higher concentrations of ACN always
gained more newly isolated unique HLA ligands than they lost (Supplemental Figure 2).
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Figure 1. Characterization of MHC ligands eluted from C18 cartridges with various concentrations of ACN. (A) Comparison of size-exclusion spin filters
and (18 cartridges with 30% ACN elution. (B) Relative changes for the yields of unique HLA ligands between different ACN elution conditions in AML14,
JMN, and BV173 cells. (C) GRAVY scores for MHC-assigned peptides in BV173 cells. (D) GRAVY scores of different ACN elution conditions in AML14, JMN,
and BV173 cells. (E) Venn diagram for size-exclusion spin filters and C18 cartridge experiments. Data sets were used from the experiment depicted in

C. (F) Venn diagram for different ACN elution conditions in AML14, JMN, and BV173 cells. Data sets were used from experiments shown in D. Data were
normalized to samples with lowest yield of unique HLA ligand identifications. Key: 30% ACN in red, 40% ACN in green, and 50% ACN in blue. For A and B
mean with SD is indicated. In € and D whiskers show range of GRAVY scores from min to max. Boxes show mean with SD. One-way ANOVA test was used
for multiple comparisons. ****P < 0.0001.

Efficiency of MHC ligand isolation is MHC allele dependent. Because the hydrophobicity of anchor amino
acids might influence the isolation process, we then asked whether the efficiency of ligand elution varied
among MHC alleles. Such a result could further imply that the aforementioned bias in MHC ligand iso-
lation could affect some MHC alleles and therefore some patient samples more than others. To test this
hypothesis, we analyzed HLA assignments of ligands via netMHCpan 4.0 and normalized results to the
30% ACN specimens. While peptides increased with ACN concentrations for most alleles, HLA-A*30
showed a decrease by 25% in the total number of unique isolated MHC ligands with higher ACN (Figure
2A). The other MHC alleles demonstrated increases from 20% to over 400% in higher ACN conditions
with high variation between individual alleles. Importantly, these profound differences in hydrophobic-
ity and HLA allele-dependent increase in HLA ligands could not be achieved by the use of higher cell
numbers, e.g., 200 million BV173 cells instead of 16.7 million, both eluted only with 30% ACN (Sup-
plemental Figure 3 and Supplemental Table 2). The only MHC allele shared between the 3 studied cell
lines, HLA-A*02:01, always showed at least a 2-fold increase in unique MHC ligand isolations. Because
the most evident explanation for MHC allele dependency of this method would be a correlation with
anchor amino acid characteristics, we calculated GRAVY scores for amino acids at positions 2 and 9 in
all identified 9-mer MHC ligands for each allele, separately. Three major groups were identified that cor-
related with the average increase in MHC ligands per condition on the respective alleles: scores ranging
from -1 to +1, scores from +1 to +3, and scores more than +3 (Figure 2B). For the first group with the
most hydrophilic anchor residues (A*30:01, B¥15:10, B¥18:01, B*44:02), only small effects (+25%) were
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Figure 2. HLA allele-specific characterization of HLA ligands eluted from different ACN conditions. (A) Relative changes for the yields of unique
HLA ligands between different ACN elution conditions and HLA alleles. HLA ligands were assigned to respective alleles by netMHCpan using a

2% rank cutoff. Results are normalized to the 30% ACN condition. (B) GRAVY scores for anchor amino acids (positions 2 and 9) in 9-mer HLA
ligands. (C) GRAVY scores for complete 9-mer HLA ligands. In A and C whiskers indicate min to max. All experiments were performed in biological
duplicates. In B mean with SD is indicated.

observed for alleles. The second subgroup (A*32:01, B*51:01, C*03,04, C*12:03, C*14:02) showed more
varying effects, with increases between 50% (B*51:01) and 400% (A*32:01). More reliable trends were
detected for the third group (A*02:01, B*08:01, C*05:01, C*07:01), with a constant 2- to 3-fold increase
in unique MHC ligands between ACN subgroups.

To further determine the potential contribution of auxiliary anchors or other amino acid residues to the
MHC allele-dependent isolation, we investigated the changes in the hydropathy of the complete peptide in
an MHC allele- and ACN concentration-dependent manner. For all MHC alleles average hydrophobicity
of eluted peptides went up with higher ACN concentrations, indicating that the effect was not solely attrib-
utable to anchor amino acid characteristics (Figure 2C).

High concentrations of ACN for MHC ligand isolation might support identification of i genic MHC ligands
and improve detection of CGA-derived MHC ligands. Next, we asked whether the observed higher hydrophobic-
ity of the isolated MHC ligand could have implications for T cell recognition. On average, immunogenic
MHC ligands display higher hydrophobicity compared with nonimmunogenic MHC-binding peptides (10)
at their TCR recognition site. Therefore, we reanalyzed the provided data set by Chowell et al. focusing on
HLA-A*02 binders. For HLA-A*02-binding 9-mer peptides, the GRAVY score was significantly higher
in the immunogenic peptide group compared with the nonimmunogenic control group (Figure 3A). Even
stronger differences in the average GRAVY were observed if the score was calculated only at the TCR rec-
ognition site (positions 4 to 8) (Figure 3B and Supplemental Table 3) (17). Interestingly, similar differences
in GRAVY were observed for our cell lines among the various ACN concentrations (Figure 3C), especially
between 30% ACN and higher concentrations.

We then asked if prediction algorithms for T cell recognition of MHC ligands can detect differences
between the subgroups of peptides eluted in different ACN conditions. We used the T cell recognition
score defined by Calis et al. (11) and included all 9-mer HLA-A*02 ligands detected in our study, because
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this algorithm is only validated for 9-mers and the most robust changes in the immunopeptidome were
described for the HLA-A*02 allele. Strikingly, we observed significantly higher scores for the 40% and
50% ACN data sets compared with the 30% data set, further supporting our hypothesis that higher
concentrations of ACN might support the isolation of more immunogenic HLA ligands (Figure 3D and
Supplemental Table 3).

Finally, as another surrogate for immunogenicity of identified MHC ligands, we analyzed the detection
of peptides from CGAs, as these antigens provide valuable targets for cancer immunotherapy (18, 19). We
collected a list of 225 curated CGAs (Supplemental Table 3) (20) and matched these antigens to our data sets.
For JMN, BV173, and AML14 cells, 8, 30, and 41 MHC ligands from CGAs were identified, respectively.
Of importance, 88% (7/8), 27% (8/30), and 51% (21/41) of these subsets of peptides were exclusively found
in the 40% and 50% ACN settings (Figure 3E). From a total of 76 CGA-derived detected peptides, 11 had
not been described in the literature before. Moreover, 5 out of these 11 MHC ligands (45%) were only made
detectable by use of 40% and 50% ACN in the elution conditions (Figure 3F), and 2 of the newly identified
MHC ligands were derived from cyclin A1 (12, 13) and MAGE-A12 (14, 15), 2 antigens reported to be highly
immunogenic. Though the MHC ligand from cyclin A1 could be detected in all 3 settings for the AML14 cell
line, the MAGE-A12 peptide was identified only in a 50% ACN sample of JMN cells (Table 1).

Discussion

Though various MHC isolation protocols are consistently used in the field, direct comparisons of these
methods are scarce. We compared parameters of MHC ligand isolation, such as cell lysis conditions or
antibody column preparation, and did not observe significant differences. CHAPS, however, was the deter-
gent with the most favorable characteristics as consistent with the literature (9). Whereas one recent study
showed higher yields with size-exclusion filters compared with C18 columns (9), in our experiments C18
cartridges eluted with ACN yielded 2.5 times more unique MHC ligands as compared with size-exclusion
spin filters. To further investigate the effect of ACN on MHC ligand elutions, we increased concentra-
tions of ACN up to 50% and detected even better recovery of MHC ligands in 3 cell lines, with over
2-fold increases in unique identifications. To determine the changes of abundance for specific HLA ligands
between different ACN elution conditions in correlation to their GRAVY score, future studies might use
stable isotope labeling of HLA ligands (21), which would allow a more precise characterization of changes
in the immunopeptidome when using higher ACN concentrations for isolation of HLA ligands.

One study that used concentrations of ACN higher than 30% (22) pooled elutions of different ACN
concentrations but did not investigate them separately. To reduce the risk for coelution of MHC complex-
es with the peptides when higher ACN concentrations were used, we performed solid-phase extractions
before the sample was injected into the mass spectrometer (23).

With more unique MHC ligands identified in the samples of higher ACN concentrations, we hypothe-
sized that the major differences in unique peptide yields can be attributed to the more hydrophobic properties
of isolated MHC ligands. In contrast, for size-exclusion filters and C18 cartridges eluted with 30% ACN, the
most commonly used strategies for separation of peptides and MHC complexes (4-7), no significant differ-
ences related to the hydrophobicity of identified peptides were detected. This implies that large subsets of
peptides might be missed with standard isolation protocols and that the MHC ligands isolated within these 2
subgroups might be biased toward lower hydrophobicity. This indicated that for the most complete data sets
of MHC ligand isolations, various ACN elution concentrations should be employed; e.g., C18 cartridges can
be eluted sequentially with 30%, 40%, and 50% ACN, and elution fractions can either be analyzed separately
or pooled for a single MS analysis. This idea is further supported by recent data using HPLCs with ACN
gradients for peptide MHC separation, resulting in higher yields compared with C18 cartridges (9). Based on
the results shown here, we believe that this HPLC approach could further benefit from gradients up to 40% or
50% ACN. The upper limit of ACN might be cell line dependent as observed for the 3 lines used in this study.

Moreover, MHC allele-dependent differences in hydropathy of eluted ligands have been described
before (24) and are in line with the respective hydrophobicity of their anchor amino acids. Consistent with
these results, we observed a correlation between the hydrophobicity of anchor amino acids and the total
increase in unique MHC ligands per allele when using more stringent elution conditions. Importantly, for
HLA-A*02 a 2-fold increase was observed in every cell line even if the number of total ligands did not
increase dramatically. In contrast, the use of higher cell numbers did not lead to an increase of mean hydro-
phobicity to a similar extent as seen with 40% ACN or to an HLA allele-specific increase of HLA ligands.
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Figure 3. Correlation of hydrophobicity and i icity. Epitopes eluted from CGAs. HLA-A*02 9-mer HLA ligands from Chowell et al. (10) were

retrieved and GRAVY scores of immunogenic and nonimmunogenic peptides calculated for (A) the whole peptide and (B) amino acid positions 4 to 8. (C)
GRAVY scores for positions 4 to 8 of 9-mer peptides identified in different ACN conditions. (D) T cell recognition score for 9-mer HLA-A*02 binder. (E) Venn
diagrams for peptides derived from CGAs in different ACN elution conditions. Color key is the same as that for Figure 1. (F) Known and potentially novel
peptides from CGAs. In A, B, C, and D, whiskers indicate min to max. Boxes show mean with SD. Experiments were performed in biological duplicates. One-
way ANOVA test was used for multiple comparisons. **P < 0.01; ****P < 0.0001.

Because HLA-A*02 is the best characterized HLA complex in the field, these analyses highlighted the
importance of the findings and suggested that the number and characteristics of HLA-A*02 binders might
have been systematically underestimated by the field.

Furthermore, the presence of hydrophobic amino acids at the TCR recognition site is thought to be a
hallmark of TCR recognition because of improved binding kinetics, including a reduced desolvation penal-
ty (10, 25). Because our improved strategy led to the identification of MHC ligands of higher hydrophobic-
ity, we further investigated their characteristics at the TCR recognition site, which supported the trend seen
before with more hydrophobic peptide segments between positions 4 and 8 of a 9-mer peptide in the 40%
and 50% ACN elution samples. This might imply that our approach leads to more MHC ligands and to the
discovery of peptides with greater chance of immunogenicity. Further support for this hypothesis was pro-
vided by immunogenicity predictions of HLA-A*(2 restricted 9-mer HLA ligands from different elution
conditions, which showed a highly significant difference (Figure 3D) in T cell recognition score, indicating
higher potential for immunogenicity with increasing concentrations of ACN.

Another positive aspect of our method is the improved recovery of CGA-derived HLA ligands. On
average, 50% more peptides from CGAs were detected in the 40% and 50% ACN samples compared with
the 30% ACN samples.

In this study we discovered the importance of improving separation conditions for MHC ligands from
their complexes for mass spectrometry analysis of the immunopeptidome. Our data suggest that current
isolation protocols do not sufficiently separate peptides from MHC complexes after they have been dissoci-
ated by TFA, especially for MHC alleles with anchor amino acids of high hydrophobicity, e.g., HLA-A*02,
which leads to a significant bias in the published immunopeptidome. Resolving the problem by the use of
more polar conditions to separate MHC ligands and complexes not only will allow a more complete char-
acterization of the immunopeptidome but also allows the possibility of identification of MHC ligands of
higher immunogenicity due to the positive correlation of MHC ligand hydrophobicity and immunogenicity.
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Table 1. Potentially previously undescribed epitopes of CGAs

Peptide sequence HLA assignment (% rank) Source protein Sample
ASRDVFLLK A*30:01(0.006) KIF2C BV173_40%
DARHNVSRV B*51:01(0.2259) DCAF12 AML14_30%, AML14_40%,
AML14_50%
EPFTKAEmM B*08:01(0.378) MAGE-A12 JMN_50%
IPHRPQQAI B*51:01(0.0522) CCNA1 AML14_30%, AML14_40%,
AML14_50%
IVDsPEKL C*05:01(0.34) NUF2 AML14_30%, AML14_50%
KESESHNSF B*44:02 (0.05) TEX15 AML14_30%, AML14_40%,
AML14_50%
KLRAESYNEW A*32:01(0.4128) KDM5B AML14_50%
RTKFFEDLILK A*30:01(1.178) ATAD2 BV173_50%
SEGESSKSY B*44:02 (0.0098) TEX15 AML14_30%, AML14_40%,
AML14_50%
SEKEPGQQY B*44:02 (0.0057) RHOXF2 AML14_40%
YHDGIEKAA B*15:10 (0.379) NUF2 BV173_30%

For peptide sequences: m, oxidized methionine; s, phosphorylated serine.

Methods

Cell lines. AML 14 cells were a gift from Ross Levine (Memorial Sloan Kettering Cancer Center, New York,
New York, USA), and JMN cells were maintained at Sloan Kettering Institute. BV173 cells were provided
by H.J. Stauss (University College London, London, United Kingdom). All cell lines were HLA typed by
the Department of Cellular Immunology at Memorial Sloan Kettering Cancer Center. All cell lines were
maintained in RPMI medium and supplemented with 10% FBS and 2 mM glutamine.

Immunopurification of HLA class I ligands. For immunopurification several variations of different proto-
cols were employed (5-8). Suspension cells were harvested through direct resuspension, and adherent cell
lines were harvested after incubating 15 minutes with CellStripper solution (Corning, catalog 25056CI).
Harvested cells were pelleted and washed 3 times in ice-cold sterile PBS (Media Preparation Core, Memo-
rial Sloan Kettering Cancer Center). For all comparisons of protocols, 50 million BV173 cells were used
per experiment. In 1 experiment, 200 million BV173 cells were used with a 30% ACN isolation strategy.
For experiments comparing different concentrations of ACN, 50 million cells were used as well, but TFA
eluates were later split into 3 equal portions. Then, cells were lysed in 7.5 mL of either 1% CHAPS (Milli-
poreSigma, catalog C3023) or 0.25% SDC (MilliporeSigma, catalog 30970) in combination with 1% OGP
(MilliporeSigma, catalog O8001), all dissolved in PBS, supplemented with protease inhibitors (cOmplete,
Roche, catalog 11836145001). The combination strategy was used only once for a direct comparison with
CHAPS. All other experiments were exclusively performed with CHAPS. Cell lysis was performed for 1
hour at 4°C, lysates were spun down for 1 hour with 20,000g at 4°C, and supernatant fluids were isolated.

Affinity columns were prepared according to the protocols mentioned above in 3 variants.

For variant 1, 40 mg of cyanogen bromide-activated—-Sepharose 4B (MilliporeSigma, catalog C9142) was
activated with 1 mM hydrochloric acid (MilliporeSigma, catalog 320331) for 30 minutes. Subsequently, 0.5
mg (and for the experiments considering amount of antibody usage, 0 pg, 50 pg, 200 pg, 500 pg, or 1000 pg)
of W6/32 antibody (Bio X Cell, catalog BE0079) were coupled to Sepharose in the presence of binding buffer
(150 mM sodium chloride, 50 mM sodium bicarbonate, pH 8.3; sodium chloride: MilliporeSigma, catalog
S9888; sodium bicarbonate: MilliporeSigma, catalog S6014) for at least 2 hours at room temperature. Sep-
harose was blocked for 1 hour with glycine (MilliporeSigma, catalog 410225) and washed 3 times with PBS.

For variant 2, 100 pg of protein A-Sepharose beads (Thermo Fisher Scientific catalog 15918014) were
incubated with 0.5 mg of W6/32 antibody in PBS overnight at 4°C and then washed 3 times.

For variant 3, 100 pg of protein A-Sepharose beads were incubated with 0.5 mg of W6/32 antibody
in 0.2 M sodium borate buffer (MilliporeSigma, catalog B3545) overnight at 4°C, then cross-linked with 20
mM dimethyl pimelimidate (MilliporeSigma, catalog 80490), and finally washed 3 times in PBS.

Supernatants of cell lysates were run over the different types of columns through peristaltic pumps
(Pharmacia Biotech, Model P-1) with 1 mL/min flow rate overnight in a cold room. Affinity columns
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were washed with PBS for 30 minutes and water for 30 minutes, then run dry, and HLA complexes were
subsequently eluted 5 times with 200 pL 1% TFA (MilliporeSigma, catalog 02031). For experiments
where different settings for MHC ligand and complex isolation were investigated, the TFA eluates were
pooled and then split in as many portions as settings were investigated (mostly 3 portions for the 30%,
40%, and 50% ACN settings, a fourth portion if spin filters were examined).

For separation of HLA ligands from their HLA complexes, C18 columns (Sep-Pak C18 1 cc Vac Car-
tridge, 50 mg sorbent per cartridge, 37-55 um particle size, Waters, catalog WAT054955) were prewashed
with 80% ACN (MilliporeSigma, catalog 34998) in 0.1% TFA and equilibrated with 2 washes of 0.1%
TFA. Samples were loaded, washed again with 0.1% TFA, and eluted in 400 pL of 30%, 40%, or 50%
ACN in 0.1% TFA. For separation by size-exclusion filters 0.5 mL 3 kDa—cutoff filters were used (Milli-
pore Sigma, catalog UFC5003). Before use spin filters and tubes were prewashed with 1% TFA overnight
to reduce polyethylene glycol content. Samples were then loaded into the filters and spun at 14,000g for
40 minutes. Flow-throughs were used for further analysis. Sample volume was reduced by vacuum cen-
trifugation for mass spectrometry analysis.

Solid-phase extractions. In-house C18 minicolumns were prepared as follows: for solid-phase
extraction of 1 sample, 2 small disks of C18 material (I mm in diameter) were punched out from
CDS Empore C18 disks (Thermo Fisher Scientific, catalog 13-110-018) and transferred to the bottom
of a 200 uL. Axygen pipette tip (Thermo Fisher Scientific, catalog 12639535). Columns were washed
once with 100 pL 80% ACN/0.1% TFA and equilibrated 3 times with 100 uL 1% TFA. All fluids were
run through the column by centrifugation in mini tabletop centrifuges, and eluates were collected
in Eppendorf tubes. Then, dried samples were resuspended in 100 pL 1% TFA and loaded onto the
columns, washed twice with 100 uL 1% TFA, run dry, and eluted with 50 uL. 80% ACN/0.1% TFA.
Again, sample volume was reduced by vacuum centrifugation.

Liquid chromatography-tandem mass spectrometry analysis of HLA ligands. Samples were analyzed by
high-resolution/high-accuracy liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Lumos
Fusion, Thermo Fisher Scientific). Peptides were separated using direct loading onto a packed-in-emitter
C18 column (75 pm ID/12 cm, 3 pm particles, Nikkyo Technos Co., Ltd.). The gradient was delivered at
300 nL/min increasing linearly from 2% buffer B (0.1% formic acid in 80% ACN)/98% buffer A (0.1%
formic acid) to 30% buffer B/70% buffer A, over 70 minutes. MS and MS/MS were operated at resolu-
tions of 60,000 and 30,000, respectively. Only charge states 1, 2, and 3 were allowed. The isolation win-
dow was chosen as 1.6 thomsons, and collision energy was set at 30%. For MS/MS, maximum injection
time was 100 ms with an automatic gain control of 50,000.

MS data processing. MS data were processed using Byonic software (version 2.7.84, Protein Metrics)
through a custom-built computer server equipped with 4 Intel Xeon E5-4620 8-core CPUs operating
at 2.2 GHz and 512 GB physical memory (Exxact Corporation). Mass accuracy for MS1 was set to
6 ppm and to 20 ppm for MS2. Digestion specificity was defined as unspecific, and only precursors
with charges 1, 2, and 3 and up to 2 kDa were allowed. Protein FDR was disabled to allow complete
assessment of potential peptide identifications. Oxidization of methionine; phosphorylation of serine,
threonine, and tyrosine; as well as N-terminal acetylation were set as variable modifications for all
samples. Samples were searched against UniProt Human Reviewed database (20,349 entries, http://
www.uniprot.org, downloaded June 2017) with common contaminants added. Peptides were selected
with a minimal log probability value of 2, indicating P values for peptide spectrum matches of less
than 0.01 and duplicates removed.

Assi of peptide sequences to HLA alleles. To assign peptides that passed the MS quality filters described
above to their HLA complexes that they most likely bind to, we used the netMHCpan 4.0 algorithm (24) with
default settings. No binding affinity predictions were enabled. Therefore, all peptides with affinity percentage
ranks below 2 were considered binders.

Prediction of HLA ligand immunogenicity. T cell recognition score was calculated for 9-mer HLA-A*02
binders using the online platform via IEDB (http://tools.iedb.org/immunogenicity/) (11).

Statistics. All graphs except Venn diagrams were drawn with GraphPad Prism 7. For statistics built-in
analyses from GraphPad Prism were used. One-way ANOVA tests with Tukey’s multiple-comparisons test
were used for comparing GRAVY scores in different isolation conditions. Venn diagrams were prepared
using the BioVenn online platform (26). P values less than 0.05 were considered significant.
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2.2.2 Standardisierung der HLA Liganden Isolation
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Klatt MG, Aretz ZEH, Curcio M, Gejman RS, Jones HF, Scheinberg DA. An input-controlled
model system for identification of MHC bound peptides enabling laboratory comparisons of
immunopeptidome experiments. J Proteomics. 2020;228:103921.

Diese Studie hatte sich zum Ziel gesetzt, eine Standardisierung zu entwickeln, um die sehr
heterogene Landschaft der unterschiedlichen Strategien zur HLA Liganden Isolation
vergleichbarer zu machen. Die Charakterisierung von HLA gebundenen Peptiden mittels
Massenspektrometrie ist komplex, und es fehlt an standardisierten Protokollen, was
Vergleiche zwischen den verschiedenen Isolationsmethoden  unterschiedlicher
Arbeitsgruppen schwierig macht. Insbesondere die Standardisierung der Menge der
eingesetzten HLA Liganden kann dazu beitragen, Unterschiede in der Isolationstechnik zu
egalisieren und somit eine bessere Vergleichbarkeit herzustellen.

Hierzu wurde ein Modellsystem entwickelt, welches aus drei Zelllinien besteht, die genau
definierte Peptid:HLA (pHLA) Komplexe prasentieren. Zwei dieser Zelllinien wurden
gentechnisch so verandert, dass sie nur einen einzelnen pHLA exprimieren, und die dritte war
eine Standardzelllinie, die mehrere unterschiedliche pHLAs prasentiert, was dem
physiologischen Setting entspricht.

TZR-imitierende Antikorper, welche spezifisch nur den zu isolierenden pHLA Komplex binden,
ermdglichten zudem die genaue Messung der Anzahl an pHLA pro Zelle mittels
Radioimmunoassays und Durchflusszytometrie. Diese Quantifizierung war entscheidend fur
die Festlegung des numerischen Inputs an pHLA-Molekillen pro Experiment und somit die
Basis der Standardisierung.

Die nachfolgende lIsolation der HLA Liganden und die massenspektrometrische Analyse
zeigte eine robuste Korrelation mit dem pHLA-Input, verdeutlichte aber auch die
Auswirkungen der Diversitat des Immunopeptidoms auf den Nachweis spezifischer HLA
Liganden durch die Verminderung des signal-to-noise Verhaltnis. Dennoch erméglicht diese
Methode standardisierte Vergleiche von immunpeptidomischen Experimenten sowohl
innerhalb als auch zwischen verschiedenen Labors. Sie eignet sich besonders fur HLA-A*02-
positive Zelllinien und kénnte in Zukunft auf andere HLA-Allele ausgeweitet werden.
Zusammenfassend lasst sich sagen, dass diese Studie ein Modellsystem etabliert, welches
den Input von HLA-gebundenen Peptiden fir die Immunpeptidom Analyse standardisiert und
damit vergleichbare immunpeptidomische Experimente in verschiedenen

Forschungseinrichtungen erleichtert.
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ABSTRACT

Characterization of MHC-bound peptides by mass spectrometry (MS) is an essential technique for immunologic studies. Many efforts have been made to quantify the
number of MHC-presented ligands by MS and to define the limits of detection of a specific MHC ligand. However, these experiments are often complex and
comparisons across different laboratories are challenging. Therefore, we compared and orthogonally validated quantitation of peptide:MHC complexes by radio-
immunoassay and flow cytometry using TCR mimic antibodies in three model systems to establish a method to control the experimental input of peptide
MHC:complexes for MS analysis. Following isolation of MHC-bound peptides we identified and quantified an MHC ligand of interest with high correlation to the
initial input. We found that the diversity of the presented ligandome, as well as the peptide sequence itself affected the detection of the target peptide. Furthermore,
results were applicable from these model systems to unmodified cell lines with a tight correlation between HLA-A*02 complex input and the number of identified
HLA-A*02 ligands. Overall, this framework provides an easily accessible experimental setup that offers the opportunity to control the peptide:MHC input and in this
way compare immunopeptidome experiments not only within but also between laboratories, independent of their experimental approach.

Significance: Although immunopeptidomics is an essential tool for the characterization of MHCbound peptides on the cell surface, there are no easily applicable
established protocols available that allow comparison of immunopeptidome experiments across laboratories. Here, we demonstrate that controlling the peptide:MHC
input for immunopurification and LC-MS/MS experiments by flow cytometry in pre-defined model systems allows the generation of qualitative and quantitative data

that can easily be compared between investigators, independently of their methods for MHC ligand isolation for MS.

1. Introduction

Identification of peptides presented on major histocompatibility
complex (pMHC) molecules by immunopurification and subsequent
mass spectrometry (MS) is a crucial technique for understanding T cell
immunity and design of immunotherapies [1,2]. Additionally, MS offers
not only a qualitative, but also a quantitative approach to measure the
amount of an HLA ligand of interest on the cell surface [3]. However,
the isolation processes, as well as LC-MS/MS analyses of MHC-pre-
sented peptides, are complex procedures with numerous variables that
can differ between laboratories. Furthermore, it has been reported that
sample handling leads to losses of up to 97-99% of pMHCs during MHC
ligand isolation [4], and therefore the isolation method is an important
factor that can substantially bias experimental procedures. Therefore,
there has been a call for “standardized protocols leading to comparable
results between different laboratories” independently of their isolation
method or the analytical approach used [5].

To address the problem of inter-laboratory comparability we

investigated the sensitivity and robustness of input-controlled MHC li-
gand isolations and subsequent untargeted MS to mimic standard MHC
ligand identification experiments and to demonstrate that the in-
vestigated model systems can provide the basis for comparable inter-
laboratory model experiments.

Briefly, our model consisted of three major steps, see Fig. 1: First,
we used three cell line models expressing a pMHC of interest. Two of
the cell lines are transporter associated with peptide presentation (TAP)-
deficient which were genetically engineered with the PresentER genetic
system [6] to express only a single pMHC (H2-Kb:SIINFEKL or HLA-
A*02:RMFPNAPYL) on the cell surface of each cell; the third cell line
was EL4-OVA, which presents the SIINFEKL epitope, among other
peptides normally found on the cell. The amount of pMHC presented on
the cell surface was determined with two orthogonal methods, radio-
immunoassay and flow cytometry, the latter being the technique we
envision to be used when inter-laboratory comparisons are performed,
because of its widespread availability. We were able to quantitate the
number of cell surface ligands precisely because we also had available

* Corresponding author at: Molecular Pharmacology Program, Sloan Kettering Institute, Memorial Sloan Kettering Cancer Center, New York 10065, USA.

E-mail address: scheinbd@mskcc.org (D.A. Scheinberg).
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TCR mimic monoclonal antibodies that bind to the pMHC epitope. The
measurement of the exact numbers of pMHC on a single cell in com-
bination with cell number and transduction efficiency (ranging between
16.6 and 94.6%) then allowed us to define the numerical input of
PMHC molecules per experiment.

Second, immunopurification of pMHC, elution of MHC ligands, and
MS analyses were performed using a merged protocol from two dif-
ferent publications [7,8]. However, for inter-laboratory comparisons,
the parameters of this multistep procedure can be varied, and are not of
interest for the final readout of the experiment.

In the last step, acquired untargeted MS data were analyzed with
whole proteome databases to mimic standard MHC ligand isolation
experiments. Precursor intensities were used for relative quantitation
and to determine the detection threshold for the model MHC ligands. Of
note, only MS1 data were used to define the limit of detection, MS2
spectra were used to validate that the respective precursor signal ac-
tually corresponds to the target sequence and to identify other MHC
ligands present in the sample. Finally, these quantitative, input-con-
trolled results, which include the detection limit as well as the p-values
for peptide spectrum matches (PSMs), can then be used for intra-la-
boratory comparisons if identical processing software and parameters
are utilized.

As it is crucial for our approach to ensure a reliable technique for
the standardized pMHC input we characterized and compared two or-
thogonal assays in three model systems. Radio-immunoassay and flow
cytometry with commercially available quantitation beads were uti-
lized to determine the copy number of pMHC complexes on the cell
surface of two TAP-deficient cell lines (RMA-S and T2) that were
transduced with PresentER construct expressing H2-Kb:SIINFEKL or
A*02:RMFPNAPYL, respectively. Additionally, EL4-OVA cells were
analyzed as they also present H2-Kb:SIINFEKL on the cell surface; as
this cell line is not TAP-deficient, many other MHC ligands are dis-
played simultaneously, as might be expected in a typical im-
munopeptidome experiment. For quantitation of H2-Kb:SIINFEKL, the
antibody 25-D1.16 was used; for A*02:RMFPNAPYL, we used the TCR
mimic antibody ESK1[9]. All cell lines were repeatedly tested by
radioimmunoassay and flow cytometry-based quantitation for the total
amount of MHC class I complexes displaying the ligand of interest (H2-
Kb or HLA-A*02) and the copy number of the specific pMHC (Fig. 2A.)
The observed much higher number of MHC molecules on T2 cells versus
RMA-S cells can be explained by the bigger cell size of T2 cells com-
pared to RMA-S cells as both cell lines are TAP-deficient. EL4 cells on
the other hand express more MHC molecules on the cell surface com-
pared to RMA-S cells as EL4 cells are TAP-sufficient. Moreover, for the
two presentER transduced cell lines the ratio of target peptide:MHC to
total MHC was much higher for SIINFEKL compared to RMFPNAPYL.
This difference might occur as the presentER system cannot perfectly
mimic the physiological peptide:MHC loading which might result in
these differences or through different levels of TAP-deficiency in these
two cell lines.

Although the radioimmunoassay systematically detected 3-fold
higher copy numbers of whole MHC and specific pMHC, the two
quantification methods were highly correlated (R? = 0.994) (Fig. 2B.)
This difference in absolute numbers of cell surface molecules read by
these two methods is likely because the number of fluorescent moieties
on each antibody might not be exactly 1, and is not disclosed by the
manufacturer, whereas the specific activity of the radioimmunoassay
can be calculated to determine the exact number of CPM per antibody
molecule units. Another explanation for the discrepancy between the
two methods might be that for flow cytometry Fc receptor blocking
reagents were used, whereas for the RIA no such reagents were used
which could result in more unspecific Fc receptor mediated binding.

However, as flow cytometry is more broadly available to most la-
boratories, we chose this method as the standard quantitation assay to
determine the input of pMHC in our MS experiments.

Immunopurification experiments were performed for all three

Journal of Proteomics 228 (2020) 103921

model systems after copy numbers of specific MHC ligands and trans-
duction efficiency were determined by flow cytometry to define the
initial amounts of pMHCs that were used in every experiment. All ex-
periments were carried out in technical duplicates or triplicates. For the
identification of the target MHC ligands we used the Byonic software
[10] searching against the complete human or mouse proteome (plus
ovalbumin) and for calculating the precursor intensities skyline soft-
ware [11] was utilized. Importantly, for all model systems the MHC
ligand of interest could be detected with p-values for peptide spectrum
matches (PSM) < 0.01 and precursor intensity by peak area always
correlated well with the pMHC input. For the RMFPNAPYL peptide
immunoprecipitated from the PresentER T2 cells, 4.8 fmol of pMHC
input were sufficient for detection whereas for the MHC ligand SIINF-
EKL, that was also displayed and isolated from the PresentER system,
10 amol of pMHC was the limit of detection when only detection of the
precursor was considered. Of note, for samples with 100 and 10 amol
H2-Kb:SIINFEKL input target sequence identification via MS2 spectra
through Byonic was only feasible with p-values for PSM of < 0.05 and
0.83 respectively, see Fig. 2C, D and Table 1. Consistent with the re-
ports of T-cell epitopes associated with impaired peptide processing
(TEIPPs) [12] we detected a small set of peptides presented by H2-Kb
and H2—Db complexes in RMA-S cells and by HLA-A*02 molecules in
T2 cells which showed the known characteristics of TEIPPs such as
above average peptide length and suboptimal affinity to MHC com-
plexes (Suppl. Table 1).

In contrast to RMA-S cells, for high confidence detection of the
SIINFEKL peptide in the EL4-OVA setting, a much higher input of 727
fmol was needed, see Fig. 2E and Tablel. This required increase in
input of over 700-fold is most likely to be the consequence of higher
background in the EL4-OVA model system that continues to present
cytoplasmic peptides, compared to the TAP-deficient RMA-S cells. To
illustrate this possibility, we identified all MHC binders that were de-
tected with p-values < 0.01 and that were assigned to either H2-Kb,
H2-Kb or HLA-A*02 alleles by netMHCpan 4.0 [13] algorithm with a
standard 2% rank cutoff for MHC binders. On EL4-OVA cells, over 150
times more background MHC ligands were identified compared to
RMA-S PresentER SIINFEKL cells. These background MHC ligands could
lower the sensitivity for detection of any particular pMHC either during
the immunopurification or the LC-MS/MS analysis steps (Suppl.
Table 1). As the correlation between peptide:MHC complex input
measured by flow cytometry and identification of MHC ligands seemed
robust, we also asked if these results could be transferred to unmodified
HLA-A*02 positive cell lines used in classic immunopeptidome experi-
ments. We quantified the HLA-A*02 surface levels from 6 different cell
lines using the BB7.2 antibody by flow cytometry and subsequently
performed immunoprecipitation and MS analysis on 10 million cells per
cell line so that the input of HLA complexes was only affected by the
different HLA-A*02 surface levels. Strikingly, there was as very strong
correlation (R? = 0.993) between HLA-A*02 complexes per cell and the
number of identified unique HLA-A*02 ligands (Fig. 2F and G, Suppl.
Table 1) Additionally, a calculation of the average number of HLA-A*02
complexes per peptide necessary for detection in the 6 different cell
lines showed that for 5 out of the 6 cell lines, molecule concentrations
ranged between 1.8 and 5.1 fmol, which represents the thresholds seen
in our presentER model system very well. This theoretical number is
then thought to benchmark the complete immunopeptidome isolation
process including all variables in one specific laboratory and will allow
interlaboratory comparison

Defining easy to implement model systems and approaches that
allow comparison of immunopeptidomic experiments between labora-
tories is a problem that has not been addressed by the field in a sa-
tisfactory manner. Using identical cell numbers or cell pellets shared
between laboratories can still be biased by shipment or numerous other
factors as well as variable expression and presentation of MHC ligands.
In this study, we demonstrated that using cell lines that are engineered
to display an MHC ligand of choice either exclusively or in combination
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Fig. 2. Comparison and orthogonal validation of flow cytometry-based quantitation of pMHC and radioimmunoassay. (A) Copy numbers of specific pMHC and total
MHC determined by radioimmunoassay and flow cytometry-based quantitation. (B) Visualization and linear regression of the results in (A). All data points are the
mean of technical triplicates and all quantitations have been performed at least twice with similar results.
Relative quantitation of input-controlled immunopeptidomics experiments. (C-E) Relative quantitation by precursor intensity measured by peak area with skyline

software for.

T2-PresentER:RMFPANPYL (C), RMA-S-PresentER:SIINFEKL (D) and EL4-OVA cells (E). Quantitation was calculated by skyline software and time window for
quantitation was 30 s before and after the detection of the target sequence in MS2 spectra.
Correlation of HLA-A*02 complex input and number of identified HLA-A*02 binding peptides in unmodified cancer cell lines. (F) Sample and input characteristics (G)
Correlation of HLA-A*02 complex input and identified A*02 assigned HLA ligands. Error bars in 2B and 2G as well as deviations in 2A and 2F indicate SD.

Table 1

Overview of experimental input by cell number and molecules, p-values for MHC ligand identification and number of other identified MHC ligands.

RMA-S PresentER SIINFEKL EL4-OVA T2 PresentER RMFPNAPYL
# of cells [cells] input p-value diversity # of cells [cells] input p-value diversity # of cells [cells] input p-value diversity
[pMHC] for PSM  [MHC [pMHC] for PSM  [MHC [pPMHC]  for PSM  [MHC

[target] ligands] [target] ligands] [target] ligands]

180 M 61 fmol < 0.01 11 80 M 727 fmol < 0.01 318 85 M 29 fmol < 0.01 9

60 M 20 fmol < 0.01 2 40 M 363 fmol n.d. 255 28 M 9.5 fmol < 0.01 6

30 M 10 fmol < 0.01 6 10M 90.9 fmol n.d. 117 14 M 4.8 fmol < 0.01 3

15M 5.1 fmol < 0.01 6 3.3M 30.0 fmol n.d. 32 7M 2.4 fmol n.d. 2

7.5M 2.5 fmol < 0.01 3 1.7M 15.4 fmol n.d. 22 3.5M 1.2 fmol n.d. 0

3M 1.0 fmol <0.01 2

0.3 M 0.10 fmol < 0.05 2

0.03 M 10 amol 0.83 2

Transduction efficiencies for MS experiments: RMA-S:SIINFEKL = 16.6%, EL4-OVA = 93.7%, T2:RMFPNAPYL = 94.6%. n.d. = not detected.

with other MHC ligands can form the basis to solve this problem. Flow
cytometry-based quantitation of the target MHC ligand, e.g. with the
H2Kb:SIINFEKL specific antibody 25-D1.16 has been shown through
orthogonal validation by radioimmunoassay to be a reliable method to

provide a measurement of exact input of pMHCs which allows an intra-

and interlaboratory standardization of immunopeptidomic experi-
ments. Inmunopurification and analysis of the isolated MHC ligands by
LC-MS/MS demonstrated a robust correlation with the pMHC input, but
also illustrated the strong effect of the diversity of the im-
munopeptidome for the detection of a defined MHC ligand. In EL4 cells,
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the detection of the MHC ligand SIINFEKL required over 700 times
higher input of peptide:MHC complexes than in the PresentER system,
in which presentation of cytoplasmic peptides is reduced. These dif-
ferences might have been overcome by performing a targeted MS ex-
periment; in order to mimic more realistic experimental procedures, we
assumed in all experiments to be agnostic of the peptide sequence of
interest. However, in a single peptide MHC displaying system, detection
of the SIINFEKL and the RMFPNAPYL peptide was feasible with p-va-
lues for PSM < 0.01 with an input of 1 and 5 fmol of pMHC, respec-
tively. If higher p-values were accepted SIINFEKL would be identified
with only 10 amol of pMHC input. Immunopeptidomic experiments are
usually performed in systems with hundreds to thousands of different
PMHCs displayed and therefore a single epitope model does not reflect
the complexity of a biological sample. On the contrary, having back-
ground-free model systems might allow better optimization of the iso-
lation protocol as there are fewer confounding variables. However,
when we applied the idea to control the input of an immunopeptidome
experiment by flow cytometry to 6 HLA-A*02 positive cell lines we
observed a tight correlation between the amounts of HLA-A*02 com-
plexes per cell and the numbers of identified A*02 HLA ligands.
Furthermore, the theoretical amount of HLA complex input sufficient
for HLA ligand detection was around 5 fmol in 5 out of 6 samples which
overlaps well with the thresholds of detection seen in the PresentER
model systems. Calculation of this theoretical parameter can then be
used to characterize the complete immunopeptidome isolation and
identification setup from cell lysis to peptide identification in a certain
laboratory and can furthermore be compared to other laboratories in-
dependent of their isolation methods or mass spectrometry instruments
used.

Therefore, reporting the amount of input material by flow cyto-
metry quantification of surface MHC may help to make experiments
comparable within and between laboratories.

Altogether, studies of both the PresentER and EL4-OVA system
provided a highly controlled model to either optimize protocols within
laboratories or to compare performance of isolation techniques between
different laboratories independently of all variables in the im-
munopurification and peptide analysis workflow. The method also
provides an even more broadly applicable system for HLA-A*02 posi-
tive cell lines and could be further expanded to other common HLA
alleles in the future; in the case of A*02, the input of total A*02 com-
plexes can be easily determined and the number of identified HLA-A*02
binders thus allows average estimation of a laboratory- or method-
specific threshold of detection for comparison between laboratories.

2. Materials and methods
2.1. Cell lines

T2, MCF-7, MDA-MB231 and EL4-OVA cell lines were purchased
from American Type Culture Collection (ATCC). T2 cells were main-
tained in IMDM media, MCF-7 and MDA-MB231 in DMEM media and
EL4-OVA cells in RPMI media adjusted to contain 1.5 g/1 sodium bi-
carbonate, 4.5 g/1 glucose, 10 mM HEPES and 1.0 mM sodium pyruvate
and supplemented with 0.05 mM 2-mercaptoethanol and 0.4 mg/
ml G418. RMA-S cells were a generous gift from the Schietinger Lab at
MSKCC. BV173 was provided by H. J. Stauss (University College
London, London, United Kingdom), AML14 was a gift from Ross Levine,
SUDHL4 was provided by Ana Younes and all the aforementioned cells
were maintained in RPMI media. All media were supplemented with
10% FBS and 2 mM glutamine.

2.2. Cloning the PresentER cassette and different PresentER contructs
All cloning was performed as described previously [6]. The Pre-

sentER cassette as well as the SIINFEKL and RMFPANPYL minigenes
can be found at Addgene (Cat. #102942 and #102944).
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2.3. Production of retrovirus and transduction

HEK293T Phoenix amphoteric cells were transfected with poly-
ethylenimine (PEI) and PresentER plasmid (15 pg DNA: 45 pg PEI) in
10 cm TC plates. Virus was harvested every 12 h, pooled, concentrated
with Clontech Retro-X and frozen. T2 cells were spinoculated with virus
in non-TC treated 6-well plates at 32 °C x 2,000 x g for 2 h with 4 pg/ml
of polybrene. RMA-S cells were spinoculated with virus in non-TC
treated 6-well plates at 32 °C x 1,000 xg for 2 h with 4 ug/ml of
polybrene. The volume of viral supernatant that led to 1/3 maximal
transduction efficiency was established for each batch of virus produced
by transduction with serial dilutions of viral supernatant. Transduced
cells were selected with 1 pg/ml (T2) or 4 ug/ml (RMA-S) of puromycin
for 2-3 days and transduction efficiency determined by GFP levels.

2.4. Antibodies and labeling reagents

ESK1 monoconal antibody specific for HLA-A*02:RMFPNAPYL was
purified by Eureka Therapeutics and used for either radioimmunoassay
or flow cytometry. H2-Kb:SIINFEKL specific antibody 25-D1.16 and H2-
Kb specific Y3 were purchased from BioXcell (Cat. #BE0207 and
#BE0172) and used for either radioimmunoassay or flow cytometry.
The BB7.2 clone was purified at the MSKCC antibody core facility. For
flow cytometry ESK1 and 25-D1.16 were labeled with Innova
Biosciences Lightning Link kits (Cat. #703-0010) according to manu-
facturer's protocols to results in an equimolar ratio of antibody and
fluorophore. For H2-Kb and HLA-A*02 quantitation Y3-PE and BB7.2-
PE antibodies were purchased from BioLegend (Cat. #141603 and
#343305).

2.5. Quantitation of surface molecules by flow cytometry

For flow cytometry-based quantitation experiments BD Quantibrite-
PE kits were used (BDBiosciences, Cat. #340495) according to the
manufacturers protocol. Flow cytometry was performed with a standard
protocol and a dilution of the above mentioned antibodies at 1:100 for
30 min on ice. Flow cytometry data were collected on a Fortessa (BD
Biosciences) and analyzed with FlowJo V9.9.

2.6. Radioimmunoassay

ESK1, 25-D1.16, BB7.2 and Y-3 was labeled with '?°I (PerkinElmer)
using the chloramine-T method. Antibody (100 pg) was reacted with
1 mGi '*I and 20 pg chloramine-T, quenched with 200 pg Na-meta-
bisulfite, then separated from free '2° using a 10DG column and
equilibrated with 2% bovine serum albumin in PBS. Specific activities
of products were in the range of 4-8 mCi/mg. PresentER or EL4-OVA
cells (only cells with transduction efficiencies > 95% were used) and
respective wildtype variants (T2, RMA-S and EL4) were harvested. Cells
were washed once with PBS and re-suspended in 2% human serum in
PBS at 107 cells/ml on ice. Cells (10° per tube, in duplicate) were in-
cubated with '**I-labeled antibody (1 pg/ml) for 45 min on ice, then
washed extensively with 1% bovine serum albumin in PBS on ice.
Bound radioactivity was measured by a gamma counter, specific
binding was determined, and the number of bound antibodies per cell
was calculated from specific activity. For final copy numbers unspecific
background binding of T2, RMA-S or EL4 cells was subtracted.

2.7. Immunopurification of HLA class I ligands

For immunopurification affinity columns were prepared as follwos:
40 mg of Cyanogen bromide-activated-Sepharose® 4B (Sigma-Aldrich,
Cat# C9142) was activated with 1 mM hydrochloric acid (Sigma-
Aldrich, Cat# 320331) for 30 min. Subsequently, 0.5 mg of W6/32
antibody (BioXCell, Cat #BE0079) and for mouse cell lines 0.5 mg M1/
42.3.9.8 antibody (BioXCell, Cat #BE0077) was coupled to sepharose in
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presence of binding buffer (150 mM sodium chloride, 50 mM sodium
bicarbonate, pH 8.3; sodium chloride: Sigma-Aldrich, Cat# S9888, so-
dium bicarbonate: Sigma-Aldrich, Cat#S56014) for at least 2 h at room
temperature. Sepharose was blocked for 1 h with glycine (Sigma-
Aldrich, Cat# 410225). Columns were equilibrated with PBS for
10 min. Suspension cells were harvested directly, adherent cell lines
after incubating 15 min with CellStripper solution (Corning™, Cat#
25056CI) and washed three times in ice-cold sterile PBS (Media pre-
paration facility MSKCC). For presentER and EL4-OVA cells number of
cells used is indicated in Table 1, for all other experiments 107 cells
were used. Afterwards, cells were lysed in 7.5 ml 1% CHAPS (Sigma-
Aldrich, Cat# C3023) in PBS, supplemented with protease inhibitors
(cOmplete, Cat# 11836145001) for 1 h at 4 °C. Lysate was spun down
for 1 h with 20,000 g at 4 °C. Supernatant was run over column through
peristaltic pumps with 1 ml/min flow rate overnight in cold room.
Affinity columns were washed with PBS for 30 min, water for 30 min,
then run dry, and HLA complexes subsequently eluted five times with
200 pl 1% trifluoracetic acid (TFA, Sigma/Aldrich, Cat# 02031). For
separation of HLA ligands from their HLA complexes tC18 columns
(Sep-Pak tC18 1 cc Vac Cartridge, 50 mg Sorbent per Cartridge,
37-55 pm Particle Size, Waters, Cat# WAT036820) were prewashed
with 80% acetonitrile (ACN, Sigma-Aldrich, Cat# 34998) in 0.1% TFA
and equilibrated with two washes of 0.1% TFA. Samples were loaded,
washed again with 0.1% TFA and eluted in 400 pl 30% ACN in
0.1%TFA. Sample volume was reduced by vacuum centrifugation for
mass spectrometry analysis.

2.8. LC-MS/MS analysis of HLA ligands

Samples were analyzed by high resolution/high accuracy LC-MS/
MS (Lumos Fusion, Thermo Fisher). Peptides were desalted and con-
centrated prior to being separated using direct loading onto a packed-
in-emitter C18 column (75um ID/12 cm, 3 pm particles, Nikkyo
Technos Co., Ltd. Japan). The gradient was delivered at 300 nl/min
increasing linear from 2% Buffer B (0.1% formic acid in 80% acetoni-
trile) / 98% Buffer A (0.1% formic acid) to 30% Buffer B / 70% Buffer
A, over 70 min. MS and MS/MS were operated at resolutions of 60,000
and 30,000, respectively. Only charge states 1, 2 and 3 were allowed.
1.6 Th was chosen as isolation window and collision energy was set at
30%. For MS/MS, maximum injection time was 100 ms with an AGC of
50,000.

2.9. Mass spectrometry data processing

Mass spectrometry data was processed using Byonic software (ver-
sion 2.7.84, Protein Metrics, Palo Alto, CA) through a custom-built
computer server equipped with 4 Intel Xeon E5-4620 8-core CPUs
operating at 2.2 GHz, and 512 GB physical memory (Exxact
Corporation, Freemont, CA). Mass accuracy for MS1 was set to 6 ppm
and to 20 ppm for MS2, respectively. Digestion specificity was defined
as unspecific and only precursors with charges 1,2, and 3 and up to
2 kDa were allowed. Protein FDR was disabled to allow complete as-
sessment of potential peptide identifications. Oxidization of methionine
was set as variable modifications for all samples. T2 samples were
searched against UniProt Human Reviewed Database (20,349 entries,
http://www.uniprot.org, downloaded June 2017) and RMA-S cells as
well as EL4-OVA cells were searched against UniProt Mouse Reviewed
Database (17,033 entries, http://www.uniprot.org,downloaded August
2019) supplemented with the ovalbumin protein sequence. All data-
bases included target decoys derived from the reversed sequences of all
included proteins. Peptides were selected with a minimal log prob.
value of 2 corresponding to p-values from PSMs < 0.01. We added false
positive hits that were identified after selection for peptides of 8-12
amino acids in length and assigned to HLA-A*02 complexes via
netMHCpan (Suppl. Table 1). For AML14 false positive peptide identi-
fications without HLA assignment were also included in the Suppl.
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Table 1). The calculated FDR based on these false and true positive
identifications was < 1% for all analyzed samples reassuring our se-
lection for the logprob filter value of 2. For relative quantitation skyline
software (version 3.1, MacCoss Lab Software) was used. Masses of
precursors of peptide target sequences were searched in all relevant.raw
files and peak areas of all replicates compared. We enabled matching
mass and retention times of target precursors to other samples to ensure
highest sensitivity and detection in all relevant samples independently
of selection for MS2 fragmentation. For quantitation only time windows
30 s before and after the identification of the correct MHC ligand se-
quence were considered.

2.10. Assignment of peptide sequences to HLA alleles

To assign peptides which passed the above-mentioned MS quality
filters to their HLA complexes which they most likely bind to we used
the netMHCpan 4.0 algorithm [13] with default settings. No binding
affinity predictions were enabled. Therefore, all peptides with affinity
%ranks below 2 were considered binder.

2.11. Software

All graphs were drawn with Graphpad Prism 7.
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2.3. Pharmakologische Modulation des Immunpeptidoms

2.3.1 Epigenetische Modulatoren

Originalarbeit 3

Bourne CM, Mun SS, Dao T, Aretz ZEH, Molvi Z, Gejman RS, Daman A, Takata K, Steidl C,
Klatt MG*, Scheinberg DA*. Unmasking the suppressed immunopeptidome of EZH2-mutated
diffuse large B-cell lymphomas through combination drug treatment. Blood Adv.
2022;6(14):4107-4121. *geteilte Letztautorenschaft

Ein sehr haufiger Mechanismus der Immunevasion ist der Verlust oder die Downregulation
der HLA Expression und somit der Uber das Immunpeptidom prasentierten Peptide.
Besonders haufig wird dieser Mechanismus in Lymphomen beobachtet und Ziel dieser Arbeit
war es, das durch die Downregulation unterdriickte Immunpeptidom pharmakologisch
wiederherzustellen und die Tumoren somit einer Immunantwort erneut zuganglich zu machen.
Diffus groRRzellige B-Zell-Lymphome (DLBCLSs) stellten fur die Fragestellung eine besonders
geeignete Entitat dar, da sie neben der Downregulation von HLA auch oft EZH2-Mutationen
aufweisen, von welchen nachgewiesen wurde, dass deren Inhibition zu einer Heraufregulation
der HLA Expression fuhrt. Diesen Mechanismus konnten wir replizieren und erweiterten ihn
auf Kombinationstherapien mit Decitabin und Tazemetostat sowie Interferon (IFN)-y. Hierbei
wirken Decitabin als DNA demethylierende Substanz und Tazemetostat als spezifischer
EZH2-Inhibitor. Insbesondere die Kombination der beiden Medikamente verbesserte in dieser
Arbeit nachweislich die IFN-y abhangige HLA Hochregulierung in EZH2-mutierten DLBCL-
Zelllinien. Diese Hochregulierung wurde fir die Zelloberflachenexpression von HLA Klasse |
und Il beobachtet, wobei Decitabin im Vergleich zu Tazemetostat eine etwas starkere
Hochregulierung als Einzelsubstanz zeigte.

Darlber hinaus modulierten diese Medikamente einzelne HLA-Allele unabhangig voneinander
und verstarkten die Transkription der Antigenprasentationsmaschinerie in DLBCLs. Dies
deutet darauf hin, dass diese Wirkstoffe das Repertoire des Immunpeptidoms signifikant
beeinflussen und zu einer Wiederherstellung des sonst maximal supprimierten HLA
Ligandoms fuhrt. Das wiederhergestellte Repertoire des Immunpeptidoms war in der Anzahl
der prasentierten HLA Liganden sogar wieder mit dem von gesunden B-Zellen vergleichbar.
Aus qualitativer Sicht ist aber zu betonen, dass innerhalb diese neuen Immunopeptidoms viele
HLA Liganden identifiziert wurden, welche sich aus lymphomtypischen Antigenen ableiteten
und zu grofRen Teilen auch nicht auf gesunden Geweben nachweisbar waren.

Insgesamt zeigt diese Studie das Potenzial von Kombinationstherapien mit epigenetischen
Modulatoren in DLBCLs, da diese Immunpeptidom nicht nur quantitativ deutlich
heraufregulieren, sondern auch qualitativ zur Prasentation von HLA Liganden fihrt, welche

als tumorspezifische Targets in zuklnftigen Studien genutzt werden kénnen.
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m Exploring the repertoire of peptides presented on major histocompatibility complexes

L (MHCs) helps identify targets for immunotherapy in many hematologic malignancies.
» Combination therapy . . .
. However, there is a paucity of such data for diffuse large B-cell lymphomas (DLBCLs),
of IFN-y with . X . . Lo
epigenstic requlators which might be explained by the profound downregulation of MHC expression in many
Iepags ‘o Iargeg DLBCLs, and in particular in the enhancer of zeste homolog 2 (EZHZ2)-mutated subgroup.
sieesss i dhe Epigenetic drug treatment, especially in the context of interferon-y (IFN-vy), restored MHC
immunopeptidome expression in DLBCL. In DLBCL, peptides presented on MHCs were identified via mass
of DLBCL. spectrometry after treatment with tazemetostat or decitabine alone or in combination

Jse//:dny wouy papeojumoq

S HILA el with IFN-y. Such treatment synergistically increased the expression of MHC class I E
proteins RGS13 and surface proteins up to 50-fold and the expression of class II surface proteins up to z
E2F8 may provide threefold. Peptides presented on MHCs increased to a similar extent for both class I and %
DLBCL-specific class I MHCs. Overall, these treatments restored the diversity of the immunopeptidome
targets for to levels described in healthy B cells for 2 of 3 cell lines and allowed the systematic
immunotherapy. search for new targets for immunotherapy. Consequently, we identified multiple MHC

ligands from the regulator of G protein signaling 13 (RGS13) and E2F transcription factor
8 (E2F8) on different MHC alleles, none of which have been described in healthy tissues
and therefore represent tumor-specific MHC ligands that are unmasked only after drug
treatment. Overall, our results show that EZH2 inhibition in combination with decitabine
and IFN-y can expand the repertoire of MHC ligands presented on DLBCLs by revealing
suppressed epitopes, thus allowing the systematic analysis and identification of new

potential immunotherapy targets.

Introduction
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Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma type in the western hemisphere.
About 80% of patients with DLBCL can be cured by using standard chemoimmunotherapy—rituximab
plus cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP)—-but successful treatment
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remains challenging in patients who have relapsed DLBCL.!
Because the R-CHOP regimen can cause considerable toxicity,
which is poorly tolerated by older patients,? therapeutic agents that
minimize adverse effects while still demonstrating antitumor efficacy
are attractive. Immunotherapy has seen remarkable antitumor effi-
cacy and on-tumor specificity,>® and the identification of neoepi-
topes that are specific to cancer cells can maximize on-tumor
efficacy while minimizing off-target effects on healthy tissue.”® Cur-
rently, there are a number of cell surface targets for antibody thera-
pies.'® Identification of suitable targets for T-cell immunotherapy
relies on immunoprecipitation of major histocompatibility complexes
(MHCs) and subsequent analysis of the bound peptides via mass
spectrometry (MS), which has been performed on both solid and
liquid cancers.'"1®

The immunopeptidome of DLBCL has not been well characterized
to date; only 1 other study has examined the immunopeptidome of
DLBCL at steady state.'” The lack of systematic descriptions of the
immunopeptidome of DLBCL may be a result of the inability of
DLBCL cells to downregulate antigen presentation and evade
immune recognition, which masks neo-epitopes and the complete
immunopeptidome.'® Downregulation of antigen presentation is also
implicated in immune checkpoint blockade escape.'* To overcome
this downregulation, chemotherapies that upregulate antigen pre-
sentation are being explored in combination with immune check-
point blockade in numerous cancer types.'®> One mechanism for
downregulation of HLA expression and antigen presentation is tran-
scriptional silencing by repressive epigenetic marks.?®2® Epigenetic
modifiers and immunotherapy are also being explored as rational
combination therapeutics for their efficacy at relatively nontoxic
doses and their ability to selectively reprogram cancer cells.242°%°

Promoter DNA methylation silences transcription of the downstream
gene. Cancer cells dysregulate DNA methylation to silence antitu-
mor genes. Decitabine, a DNA demethylating agent, covalently
binds to the DNA methyltransferases to block deposition of DNA
methylation. Because cancers silence antigen presentation using
DNA methylation, DNA demethylating agents are actively being
explored in preclinical models and in the clinic alongside checkpoint
blockade inhibitors and other immunotherapies.®'2® Given that
DNA methylation correlates with other repressive epigenetic modifi-
cations, they may need to be targeted to overcome coordinated
silencing pathways.

The oncogenic functions of EZH2 are being uncovered.>*3® Activat-
ing mutations in the catalytic pocket of EZH2 such as those at tyro-
sine 641 (Y641) cause excessive deposition of H3 lysine 27
trimethylation (H3K27me3), which is associated with repressed
transcription.?® These mutations are common in DLBCL and are
linked to tumor progression.3*®® Agents that block EZH2 function,
such as tazemetostat, bind the S-adenosyl methionine pocket caus-
ing competitive inhibition.2®7*® Similar to DNA methylation, the
EZH2 function in silencing antitumor immune responses has also
been implicated by recent evidence.2*2> In line with these find-
ings, EZH2 can directly recruit DNA methyltransferases to polycomb
repressive complex 2 (PRC2) target genes to further stabilize gene
silencing.®® In DLBCL, more than half the de novo DNA methylation
events overlap with PRC2 target genes, many of which are involved
in the interferon-y (IFN-y) pathway.*° Although manipulation of a sin-
gle epigenetic mark can reprogram transcription, epigenetic pro-
grams are highly coordinated*’ and therefore, targeting multiple
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epigenetic silencing pathways could more effectively activate
expression of antitumor genes than treatment with a single agent.
Understanding how combinatorial epigenetic treatment impacts
potential responses to immunotherapy could have an immediate
high clinical impact.

Here, we explored the therapeutic potential of combining EZH2 inhi-
bition that uses tazemetostat with DNA demethylation through deci-
tabine in the presence of IFN-y. Both EZH2 inhibitors and DNA
demethylating agents positively regulated antigen presentation in
EZH2-mutated DLBCL cell lines and demonstrated combinatorial
effects on transcriptional activation of antigen presentation from
both class | and Il MHCs. The induced large increase in MHC sur-
face expression of suppressed epitopes, especially in combination
with IFN-y, enabled the comprehensive MS analysis of the normally
heavily suppressed immunopeptidome of these DLBLCs. The drugs
induced 10-fold to more than 200-fold increases in total numbers of
identified peptides presented by MHC class | molecules, tracking
with strong upregulation of MHC expression. For HLA class Il mole-
cules, a twofold to threefold upregulation of the HLA complex level
also translated into a more diverse ligandome. However, no clear
tumor-specific immunotherapy targets could be identified from this
subtype of HLA ligands. Still, our data demonstrated the feasibility
of identifying immunotherapy targets in DLBCLs by using MS.
Among the many newly presented HLA ligands, several highly
cancer-specific HLA ligands were identified that can serve as poten-
tial targets for immunotherapy design and combination therapies in
DLBCL.

Materials and methods
Cell culture and sources

Cells were maintained in RPMI 1640 with penicillin and streptomy-
cin supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 5 mM L-glutamine. All cells were maintained at 37°C in
5% CO,. SUDHL-4 (A*02:01, B*15:01, C*03:04, DRB1*15:01),
DB (A*02:01, B*18:01, C*05:01, DRB1*03:01), WSU-DLCL2,
and Karpas 422 cells were from the Christian Steidl Laboratory
(British Columbia Cancer Research Centre). SUDHL-6 (A*02:01,
A*23:01, B*15:01, B*49:01, C*03:03, C*07:01, DRB1*01:01,
DRB1*04:01), RI-1 (EZH2 WT), U9-293 (EZH2-WT), and SUDHL-
10 were provided by Anas Younes, MD (Memorial Sloan Kettering
Cancer Center). HLA typing was performed by the American Red
Cross. Human cells were obtained after written informed consent
from donors on protocols approved by the Memorial Hospital Insti-
tutional Review Board.

Drug treatments

Decitabine (Sellekchem, Cat. No. S1200) in dimethyl sulfoxide
(DMSO), tazemetostat (Sellekchem, Cat. No. S7128) in DMSO,
and IFN-y (R&D Systems, 285-IF-100/CF) in 1% FBS were admin-
istered in vitro using the same treatment schedule: cells were
treated with noted concentrations (decitabine 125-2000 nmol/mL,
tazemetostat 312.5-5000 nmol/mL, IFN-y 1-100 ng/mL) of each
drug for 48 hours. Media was refreshed and new drug was added
for an additional 48 hours. Untreated cells were given vehicle
DMSO and media and were cultured for the duration of the drug
treatment.
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Flow cytometry

Cells were treated as indicated in the respective figures. Cells were
harvested, washed with phosphate-buffered saline (PBS), and
labeled in staining buffer (2% FBS and 0.1% sodium azide in PBS)
for 30 minutes with a 1:400 dilution of fluorescein isothiocyanate
(FITC) mouse anti-human HLA-A2 (clone BB7, BioLegend) and allo-
phycocyanin (APC) anti-human HLA-A, -B, or -C (clone W6/32,
BioLegend). Cells were washed after incubation with staining buffer
and were analyzed by using a Fortessa flow cytometer (BD Bio-
sciences) or a Guava flow cytometer (Millipore). Live cells were
gated for analyses.

Western blot

Cells were treated as indicated in the respective figures. Total
cell lysate was extracted with NP-40 buffer and were quantified
by using a detergent compatible (DC) protein assay (Bio-Rad).
Then, 15 to 30 pg of protein was loaded and run on 4% to 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis gels.
After a 1-hour block with 5% milk at room temperature, immuno-
blotting was performed by using rabbit anti-H3K27me3 (Cell Sig-
naling, Cat. No. 9733). Antibodies were probed at the
manufacturer's recommended dilution overnight at 4°C before a
secondary antibody, goat anti-rabbit horseradish peroxidase con-
jugate (Jackson ImmunoResearch, Cat. No. 111-035-144), was
used for imaging. Blots were stripped with Restore Western Blot
Stripping Buffer (Thermo Fisher Scientific, Cat. No. 21063),
re-blocked with 5% milk, and re-probed with mouse anti-H3
(active motif, AB_2650522), followed by goat anti-mouse horse-
radish peroxidase conjugate (Jackson ImmunoResearch, Cat. No.
115-035-146) as a loading control.

Quantitative reverse-transcriptase polymerase
chain reaction

Untreated vehicle control and drug-treated cells were harvested and
washed once with PBS. Cells were lysed in RLT buffer with
B-mercaptoethanol, and RNA was extracted using Qiagen RNEasy
Kit (QIAGEN, Cat. No. 74134). Extracted RNA was then converted
to complementary DNA (cDNA) by using the one-step qSCRIPT
cDNA solution. Then 5 ng of isolated cDNA per sample was mixed
with 1X target primer and 1X endogenous control primer in Perfecta
master mix (Quantabio, Cat. No. 95118). Reactions were performed
in a thermocycler. Primers used in this study are Hs00388675_m1;
human TAP1, Hs00241060 _m1; TAP2, Hs00984230_m1; human
B2M, Hs01058806_g1; human HLA-A, Hs00818803_g1; human
HLA-B, Hs00740298 g1; and human HLA-C (Thermo Fisher
Scientific).

Immunopurification of HLA ligands

HLA class | ligands (HLA-A, -B, and -C) and HLA class Il ligands
(HLA-DR) were isolated as described previously from all harvested
cells.*? In brief, 40 mg of cyanogen bromide—activated-Sepharose
4B (Sigma-Aldrich, Cat. No. C9142) was activated with 1 mmol/L
hydrochloric acid (Sigma-Aldrich, Cat. No. 320331) for 30
minutes. Subsequently, 0.6 mg of W6/32 antibody (Bio X Cell,
BE0079; RRID: AB_1107730) or L243 antibody (Bio X Cell,
BE0306; RRID: AB_2736986) was coupled to Sepharose in the
presence of binding buffer (150 mmol/L sodium chloride [Sigma-
Aldrich, Cat. No. S9888], 50 mmol/L sodium bicarbonate [pH 8.3;
Sigma Aldrich, Cat. No. S6014) for at least 2 hours at room
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temperature. Sepharose was blocked for 1 hour with glycine (Sig-
ma-Aldrich, Cat. No. 410225). Columns were washed twice with
PBS and equilibrated for 10 minutes. DB, SUDHL-4, and SUDHL-
6 cells were treated with the indicated drugs. Cells (5 X 10° to
1.5 X 107) were harvested and washed 3 times in ice-cold sterile
PBS (Media Preparation Facility, Memorial Sloan Kettering Cancer
Center). Afterward, cells were lysed in 1 mL 1% CHAPS (Sigma-
Aldrich, Cat. No. C3023) in PBS, supplemented with 1 tablet of
protease inhibitors (COmplete™ Protease Inhibitor Cock-
tail, Sigma-Aldrich Cat. No. 11836145001) for 1 hour at 4°C. This
lysate was spun down for 1 hour at 20000g at 4°C. Supernatant
was run over the affinity column through peristaltic pumps at 1 mL/
minute overnight at 4°C. Affinity columns were washed with PBS
for 15 minutes and run dry; subsequently, HLA complexes were
eluted 5 times with 200 mL 1% trifluoracetic acid (TFA; Sigma/
Aldrich, Cat. No. 02031). To separate HLA ligands from their HLA
complexes, tC18 columns (Sep-Pak tC18 1 cc VacCartridge, 100
mg sorbent per cartridge, 37-55 mm particle size, Waters, Cat.
No. WAT036820) were prewashed with 80% acetonitrile (ACN;
Sigma-Aldrich, Cat. No. 34998) in 0.1% TFA and were equili-
brated with 2 washes of 0.1% TFA. Samples were loaded, washed
again with 0.1% TFA, and eluted in 400 mL 30% ACN in 0.1%
TFA followed by 400 mL 40% ACN in 0.1% TFA and then in 400
mL 50% ACN in 0.1% TFA. Sample volume was reduced by vac-
uum centrifugation for MS analysis.

LC-MS/MS analysis of HLA ligands

Samples were analyzed by using high-resolution/high-accuracy
liquid chromatography-tandem MS (LC-MS/MS; Lumos Fusion,
Thermo Fisher Scientific). Peptides were desalted using ZipTips
(MilliporeSigma; Cat. No. ZTC18S008) according to the manu-
facturer's instructions and concentrated by using vacuum centrifu-
gation before being separated using direct loading onto a packed
in-emitter C18 column (756 wm inside diameter x 12 cm, 3 pm
particles; Nikkyo Technos). The gradient was delivered at 300
nL/minute increasing linear from 2% buffer B (0.1% formic acid in
80% acetonitrile)/98% buffer A (0.1% formic acid) to 30% buffer
B/70% buffer A over 70 minutes. MS and MS/MS were operated
at 60 000 and 30 000 resolution, respectively. Only charge
states 1, 2, and 3 were allowed. The isolation window of 1.6 Th
(mass/charge) was chosen, and the collision energy was set at
30%. For MS/MS, the maximum injection time was 100 ms with
an automatic gain control of 50 000.

MS data processing

MS data were processed using Byonic software*® version 2.7.84
(Protein Metrics) through a custom-built computer server equipped
with 4 Intel Xeon E5-4620 8-core central processing units operating
at 2.2 GHz and with 512 GB of physical memory (Exxact). Mass
accuracy was set to 6 ppm for MS1 and to 20 ppm for MS2 spec-
tra. Digestion specificity was defined as unspecific, and only precur-
sors with charges of 1, 2, or 3 and size of up to 2 kDa were
allowed. Protein false discovery rate was disabled to allow complete
assessment of potential peptide identifications. Oxidation of methio-
nine, N-terminal acetylation, and phosphorylation of serine, threonine,
and tyrosine were set as variable modifications for all samples. All
samples were searched against the UniProt Human Reviewed Data-
base (20349 entries; http://www.uniprot.org; downloaded June
2017). To detect mutated HLA ligands, mutated proteins according
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to the collection of mutations from the Catalogue of Somatic Muta-
tions in Cancer (COSMIC) database were included in our afore-
mentioned database.** Peptides were selected with a minimal "log
prob" value of 2 (as defined by the byonic software) corresponding
to a P value <.01 for peptide spectrum match in the given database
and were HLA assigned by netMHCpan 4.0*° based on a 2% rank
cutoff as set as default by netMHCpan. For HLA class Il ligands, no
binding predictions were performed.

Statistical methods

Experiments in shown in Figures 1-4 and supplemental Figures 3,
4, and 9 were analyzed using analysis of variance (ANOVA) fol-
lowed by a post hoc Tukey's test to determine the significance of
individual groups. IFN-y dose-response experiments in Figure 4 and
supplemental Figure 5 were analyzed by using a Student t test
between control and treated conditions. Graphs and plots were
made using R programming and Graphpad Prism.

Results

Decitabine and tazemetostat improved
IFN-y-responsive HLA upregulation in
EZH2-mutated DLBCL cell lines

To understand how decitabine, a potent DNA demethylating
agent, and tazemetostat, a highly specific EZH2 inhibitor, might
have an impact on antigen presentation, we first measured HLA |
cell surface expression in EZH2-mutated DLBCL cell lines via
flow cytometry. We selected cell lines to be HLA-A*02:01—posi-
tive because that represents the most common HLA haplotype in
the Western Hemisphere and therefore is of broad interest. A
complete overview of the cell lines used in our study, their HLA
types, and the assays we performed can be found in supplemen-
tal Table 1. Tazemetostat decreases global H3K27me3 with 96
hours of drug treatment (supplemental Figure 1). The concentra-
tions of each drug were determined by dose-response curves on
the SUDHL-4 cell lines by using concentrations that lead to upre-
gulation of HLA without excessive loss in viability (supplemental
Figure 2). Both DB and SUDHL-6 treated DLBCL cell lines vari-
ably upregulated HLA | and HLA-A*02 cell surface expression
when treated with 1 pM tazemetostat, 125 nM decitabine, or a
combination of both (Figure 1A-D). Interestingly, decitabine led
to a more robust upregulation of HLA as monotherapy compared
with tazemetostat. Nonetheless, the combination of both decita-
bine and tazemetostat lead to the highest and most significant
upregulation of HLA-A, -B, and -C in both cell lines. Trends
toward increased HLA | expression were also observed for
the EZH2-mutant DLBCL cell lines WSU-DLCL2, SUDHL-4,
SUDHL-10, but not Karpas 422 (supplemental Figure 3). One
potential explanation for the variable responsiveness might be the
baseline HLA class | expression as determined by expression
data from the Cancer Cell Line Encyclopedia (CCLE).*® Here,
we observed an inverse correlation between the HLA-A, -B, and
-C expression and the strength of HLA upregulation. For exam-
ple, the differential expression between DB and Karpas 422 cells
was more than 170-fold, indicating strong repression by DB
cells. Therefore, DB cells have the potential to upregulate HLA
whereas the potential of further upregulation in Karpas 422 cells
is limited (supplemental Table 2). Furthermore, when DLBCL cell
lines were treated with IFN-y in addition to the aforementioned
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treatment schema, there was a cooperative increase in total HLA
| expression, which reached more than 50-fold upregulation for
DB cells, fivefold upregulation for SUDHL-6 cells, and more than
50-fold upregulation for DB cells when HLA-A*02 alone was
assessed (Figure 1E-H). Similarly, modest trends in increased
HLA expression were seen in WSU-DLCL2, SUDHL-4, and
SUDHL-10, but not Karpas 422 (supplemental Figure 4).

To determine whether tazemetostat synergizes with decitabine in
HLA | upregulation, we performed a matrix titration of decitabine in
the presence of tazemetostat and 100 ng/mL IFN-y and tested for
HLA-A*02. Indeed, any concentration of tazemetostat shifted the
expression of HLA-A*02 at each decitabine concentration tested
(supplemental Figure 5A,C). Similarly, a shift in expression was seen
by a tazemetostat titration in the presence of different concentra-
tions of decitabine (supplemental Figure 5B-C). In addition, tazeme-
tostat alone showed a dose-dependent increase in HLA expression
in SUDHL-4 and DB cells in the presence or absence of IFN-y
(supplemental Figure 6). To demonstrate that decitabine and taze-
metostat can increase IFN-y responsiveness, we performed 10-fold
dilutions of IFN-y in the presence of 125 nM decitabine and 1 uM
tazemetostat. DB and SUDHL-6 cells showed significantly higher
responses to IFN-y, again reaching 50-fold upregulation for DB cells
and increases up to sixfold for SUDHL-6 cells when treated with
epigenetic modifiers (supplemental Figure 5D-E). We tested
whether EZH2 wild-type (wt) DLBCL cell lines also upregulate HLA
after treatment with tazemetostat. Tazemetostat strongly upregulated
HLA-A, -B, and -C on the EZH2-mutated cell line SUDHL-4, but
had little to no upregulation of HLA on the EZH2 wt cell lines RI-1
and U9-293 (supplemental Figure 7A,C,E). Interestingly, decitabine
had a sizable effect on HLA upregulation regardless of EZH2 muta-
tion status. Taken together, these results demonstrated that decita-
bine and tazemetostat upregulate HLA in EZH2-mutant DLBCL,
whereas decitabine can upregulate HLA in a broader subset of
DLBCLs.

Decitabine and tazemetostat modulated individual
HLA alleles independently and upregulated the
transcription of antigen presentation machinery

in DLBCL

Given the general upregulation of HLA after treatment with tazemeto-
stat or decitabine, we further evaluated the impact of these drugs on
transcription of each HLA allele individually as well as their impact on
other components of the antigen presentation machinery by using
quantitative reverse-transcriptase polymerase chain reaction (QRT-
PCR). SUDHL-6 cells showed a progressive increase in transcription
of each allele, which was most prominent in the triple treatment
group. In addition, confirming results from previous reports, IFN-y
upregulated HLA-B transcription more profoundly than HLA-A and
HLA-C (Figure 2A-C).*” DB cells similarly showed a progressive
increase in expression of HLA-A and HLA-B loci when treated in
combination with IFN-y, decitabine, and tazemetostat (Figure 2D,E).
Decitabine had a stronger impact on HLA upregulation compared
with tazemetostat. Remarkably, HLA-B expression was increased
500-fold with IFN-y treatment, which could be improved to about
1500-fold with combination decitabine, 1000-fold with combination
tazemetostat, and 2200-fold in the triple treatment group across 2
independent biological replicates. For the DB cell line, HLA-C levels
were undetectable. SUDHL-4 cells also showed significant
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Figure 1. D (DAC) and (TAZ) up HLA protein in DLBCL cell lines. (A-D) Cells were treated with indicated 125 nM decitabine or

1 pM tazemetostat. DB and SUDHL-6 cells were assayed for HLA-A, -B, and -C or HLA-A-02 expression by flow cytometry. (E-H) Cells were treated as in panels A-D along
with 100 ng/mL IFN-y. Analysis of variance (ANOVA) was performed using either untreated (panels A-D) or IFN-y alone (panels E-H) as control, followed by a post hoc
Tukey's test for individual experimental groups. Mean + standard deviation (SD) is shown for 3 technical replicates per 2 biological replicates. ns, not significant. *P < .05;

**P < .01; **P < .001; ***P < .0001.
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