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1. Deutsche Zusammenfassung

1.1 Einleitung

1.1.1 Epidemiologie von plattenepithelialen Tumoren des Kopf-Hals-Bereichs (HNSCC)

Plattenepitheliale Karzinome des Kopf-Hals-Bereichs (HNSCC, engl. head and neck squamous cell
carcinoma) stellen eine heterogene Tumorentitat dar, zu der sowohl Tumore der Lippe und der
Mundhohle als auch des Pharynx (Nasopharynx, Oropharynx, Hypopharynx) und des Larynx geho-
ren. Insgesamt machen HNSCC derzeit die achthdufigste Tumorentitat weltweit mit mehr als
800.000 jahrlichen Fallen aus (54). Hierbei sind die Hauptrisikofaktoren zur Tumorentstehung
Tabak- und Alkoholkonsum sowie, insbesondere beim Oropharynxkarzinom, die chronische Infek-
tion mit einem Hochrisikotyp des Humanen Papillomavirus (HPV) (22, 30, 42). Ein GroRteil der
erkrankten Patienten ist mannlich, das mittlere Erkrankungsalter liegt bei etwa 65 Jahren (29, 54).
Die Prognose bei Diagnosestellung ist derzeit weiterhin schlecht. Zwar liegt die 5-Jahres-
Uberlebensrate im lokal begrenzten Tumorstadium bei 68-84%, im regional fortgeschrittenen
Tumorstadium jedoch nur noch bei 33-65% und beim Vorliegen von Fernmetastasen bei 8-35%
(18, 52, 56). Aufgrund einer zumeist spaten Diagnosestellung, bei der Giber 60% der HNSCC Patien-
ten bereits im fortgeschrittene Tumorstadium Il oder IV sind, sowie des haufigen Auftretens von
Tumor-Rezidiven in bis zu 60% der Fille liegt die 5-Jahres-Uberlebensrate insgesamt zwischen 40-

65% (1, 49, 52).

1.1.2 Aktuelle Therapieoptionen des HNSCC

Zurzeit besteht die Standardtherapie im friihen Tumorstadium | oder Il aus einer operativen Re-
sektion des Tumors oder einer Strahlentherapie, je nach operativer Zuganglichkeit des Befundes
und Komorbiditdten des Patienten (29). Im fortgeschrittenen Tumorstadium Ill oder IV wird zu-
meist eine operative Entfernung des Tumors mit Resektion der drainierenden Lymphknoten (Neck
Dissection) in Kombination mit einer adjuvanten Strahlentherapie und gegebenenfalls einer
platinbasierten Chemotherapie durchgefiihrt (17, 29, 40). Bei inoperablem Befund, dem Vorliegen
von Fernmetastasen oder anderweitigen Kontraindikationen fiir eine Operation kann alternativ
eine definitive simultane Chemoradiotherapie (CRT) erfolgen (17, 29).

Mit Hilfe der genannten Therapiemoglichkeiten kdnnen zwar gute Erfolge bei der Behandlung der
Ersterkrankung erzielt werden, das haufige Auftreten von Tumor-Rezidiven wird jedoch nicht
verhindert (17). Im Rezidivstadium ist aufgrund von Voroperationen, Komorbiditdten oder
Radioresistenz der Tumorzellen eine chirurgische oder strahlentherapeutische Behandlung des
Tumors oft nicht mehr moglich (49). Zur Therapie von HNSCC Rezidiven stand daher lange nur

eine Platin-basierte Chemotherapie in Kombination mit Cetuximab, einem gegen den epidermal-



growth-factor-receptor (EGFR) gerichteten Antikérper, zur Verfligung. Die Ansprechraten auf
diese Therapie liegen bei 20-30% und die mediane Uberlebenszeit betrigt 10,1 Monate (49, 62).
Seit 2016 in den USA und 2017 in Europa sind die beiden gegen das programmed cell death
protein 1 (PD1) gerichteten monoklonalen Antikérper Pembrolizumab und Nivolumab zur
Therapie des rezidivierten oder metastasierten HNSCC zugelassen (9, 15). PD1 ist ein Immun-
Checkpoint Molekil, welches an der Zelloberfliche von T- und B-Lymphozyten exprimiert wird
und die entziindliche Aktivitat der Immunzellen inhibiert. Tumorzellen exprimieren haufig den
PD1 Liganden PDL1 (progammed death ligand 1) und kénnen durch die Bindung an PD1 eine
gegen sie gerichtete Immunantwort unterdriicken (16, 43). Die genannten Substanzen gehoren
zur Gruppe der Immun-Checkpoint-Inhibitoren und koénnen durch die Blockade der
immunsuppressiven PD1-PDL1 Interaktion eine aktive, gegen den Tumor gerichtete
Immunzellantwort generieren oder reaktivieren. In anderen Tumorentitaten, wie dem malignen
Melanom oder dem Nicht-Kleinzelligen Lungenkarzinom (NSCLC), wurden durch diese neuartigen
Therapiekonzepte bereits deutliche Behandlungserfolge erzielt (13, 41). Beim HNSCC ist die
Therapieansprechrate mit etwa 15% derzeit vergleichsweise gering und auch die Uberlebenszeit
der Patienten konnte im Vergleich zur bisherigen Standardtherapie mit einem Platinderivat und
Cetuximab nur geringfligig verbessert werden (9, 15).

Als wichtige Kriterien fir das Therapieansprechen auf Immun-Checkpoint-Inhibitoren werden zum
einen die PDL1-Expressionsstarke des Tumorgewebes, die mittels immunhistochemischer Analyse
bestimmt werden kann, und zum anderen die Zusammensetzung der Tumorimmunumgebung
angesehen (8, 25, 37). Zudem stellt die Tumormutationslast (TMB, engl. tumor mutational
burden) einen unabhangigen pradiktiven Faktor des Therapieansprechens dar (20). Hierbei wird
die Anzahl nicht-synonymer Mutationen des Tumors mittels Sequenzierung der nachsten
Generation (NGS, engl. next generation sequencing) bestimmt. Bei hoher TMB entstehen
vermehrt modifizierte Peptidsequenzen, die als Neoantigene Uber eine Prasentation mittels
Haupthistokompatibilitatskomplex | (MHC 1) eine antitumorale T-Zell-Immunantwort generieren
kénnen. Diese wiederum bildet eine entscheidende Grundlage des Wirkmechanismus von Immun-
Checkpoint-Inhibitoren.

In den verschiedenen Tumorentitaten ist zumeist eine Bestimmung der PDL1-Expression des
Tumorgewebes in der pathologischen Diagnostik erforderlich, um die entsprechende Substanz
gemaR den Leitlinien anwenden zu dirfen (8, 9). Hierzu wird tblicherweise der Anteil der Tumor-
zellen mit einer spezifischen membrandren immunhistochemischen Farbung gegen PDL1 an allen
Tumorzellen als ,,tumor positivity score” (TPS), der Anteil der Flache der positiv gefarbten Immun-
zellen an allen Tumor-Immunzellen als ,immune cell score” (IC) sowie der Anteil der Flache aller

positiv gefarbten Zellen an der Gesamttumorfliche als ,combined positivity score” (CPS)



bestimmt (8). Derzeit stehen hierfiir verschiedene anti-PDL1-Antikdrper-Klone zur Verflgung. In
den USA ist die Anwendung des in der Diagnostik zu verwendenden Antikdrper-Klons durch die
Federal Drug Administration (FDA) entsprechend der Zulassungsstudien zum Teil vorgeschrieben.
Beim fortgeschrittenen Nicht-Kleinzelligen-Lungenkarzinom (NSCLC) ist beispielsweise die An-
wendung von Pembrolizumab auf eine vorherige diagnostische Testung mit dem Antikorper-Klon
22C3 beschrankt (45). Die European Medicines Agency (EMA) schreibt jedoch keine Nutzung eines
spezifischen Antikorper-Klons vor (51). In Studien zum NSCLC und anderen Tumorentitdten konn-
ten vergleichbare Farberesultate bei Verwendung verschiedener Antikérper bestatigt werden,
beim HNSCC ist eine solche Studie noch ausstehend (51). Zur therapeutischen Anwendung von
Pembrolizumab ist beim HNSCC Rezidiv ein TPS > 50% in der Zweitlinientherapie nach Cisplatin-

Versagen beziehungsweise ein CPS = 1 in der palliativen Erstlinientherapie erforderlich (8).

1.1.3 Die immunologische Tumormikroumgebung und ihre Beeinflussung durch den Tumor-

metabolismus
Die immunologische Tumormikroumgebung (TIME, engl. tumor immune microenvironment) gilt
als essenzieller Einflussfaktor sowohl auf die Prognose als auch auf das Therapieansprechen bei
den meisten soliden Tumoren. Grundlegend lasst sich das Immunzellinfiltrat von Tumoren
entsprechend der prognostischen Relevanz in drei verschiedene Kategorien wie folgt einteilen (3,
37, 46, 48, 60):

1. ,HeiBe” (hot) Tumore mit einer dichten Infiltration durch antitumorale Immunzellen.
Hierzu zdhlen insbesondere CD8+ zytotoxische T-Zellen, CD4+ T-Helfer-Zellen und
Natdirliche Killerzellen (NK-Zellen) sowie eine hohe Expression zytotoxischer Proteine wie
Perforin und Granzym.

2. ,Kalte” (cold) Tumore mit Infiltration durch wenige der oben genannten antitumoralen
Immunzellen und vermehrt protumoralen Immunzellen wie regulatorischen T-Zellen und
myeloiden Suppressorzellen (MDSC engl. Myeloid-derived suppressor cells).

3. Vom Immunzellinfiltrat ,, ausgesparte” Tumore (excluded), bei denen sich lediglich in der
Peripherie des Tumors aktive Immunzellen finden.

Die beste Ansprechrate auf die neuartigen Immun-Checkpoint-Inhibitoren wird im Allgemeinen
und auch bei Kopf-Hals-Karzinomen bei ,heiBen” Tumoren erzielt (25). Zudem zeichnet sich diese
Gruppe von Tumoren durch eine bessere Prognose als immunologisch ,kalte” Tumore aus (48).

Beeinflusst wird das Tumorimmunzellinfiltrat unter anderem durch den Tumormetabolismus. Hier
ist seit langem der ,,Warburg-Effekt” bekannt, unter dem man die Energiegewinnung von Tumor-
zellen mittels anaerober Glykolyse statt aerober oxidativer Phosphorylierung trotz ausreichend

vorhandenen Sauerstoffs versteht (23). Durch die anaerobe Glykolyse kommt es in der extra-



zelluldaren Matrix von Tumoren vermehrt zur Akkumulation von Laktat. Dieses wiederum hat einen
immunsuppressiven Effekt auf zytotoxische T-Zellen und NK-Zellen und schiitzt so den Tumor vor
einer effektiven antitumoralen Immunantwort (31, 32, 38). Dementsprechend konnte fiir viele
Tumorentitaten einschlieRlich HNSCC gezeigt werden, dass ein anaerober Tumormetabolismus

mit einer ,kalten” TIME assoziiert und durch eine schlechte Prognose gekennzeichnet ist (31).

1.1.4 Fragestellung und Zielsetzung

Das Ziel der im Folgenden vorgestellten Studien war es, die TIME von Patienten mit Kopf-Hals-
Karzinomen besser zu charakterisieren und wichtige Einflussfaktoren zu bestimmen, um maogliche
neue immuntherapeutische Angriffspunkte zu erarbeiten und bestehende Therapiekonzepte zu
verbessern.

Zunachst stellten wir hierzu eine umfassende retrospektive Kohorte von Patienten zusammen,
von denen Tumormaterial zur weiteren Analyse und klinisch-pathologische Daten vorlagen. Diese
Kohorte wurde zur Erarbeitung der Forschungsfragen der ersten drei aufgefiihrten Originalarbei-
ten verwendet. Fiir die Originalarbeit 3 konnte zudem auf eine umfangreiche HNSCC Validierungs-
kohorte des Instituts fiir Pathologie der Universitatsklinik Bonn zuriickgegriffen werden.

In der Originalarbeit 1 arbeiteten wir heraus, ob es moglich ist, anhand der Verteilung und der
Zusammensetzung des Immunzellinfiltrats im routinemaRigen Hamatoxylin-Eosin (HE) gefarbtem
histologischen Schnitt eine Aussage Uber die Prognose zu treffen. Originalarbeit 2 widmete sich
der Frage, ob die Nutzung verschiedener anti-PDL1-Antikérper in der immunhistochemischen
Bestimmung der PDL1-Expression gleichwertige Ergebnisse erbringt. Auf der Evaluation der PDL1-
Expression ist in den meisten Fallen die weitere Therapieentscheidung zur Anwendung von
Immun-Checkpoint-Inhibitoren begriindet. Originalarbeit 3 beschaftigte sich mit Unterschieden in
der Zusammensetzung des Tumorimmuninfiltrats von Primartumoren und Rezidiven und deren
Einfluss auf die Rezidiventstehung sowie dem Zusammenhang mit einer vorangegangenen
Chemoradiotherapie (CRT). Das Ziel der in dieser Studie erstmals durchgefiihrten Differenzierung
des Immuninfiltrats des Tumorrezidivs vom Primartumor war es, eine immunonkologische
Grundlage zur Verbesserung der weiterhin stark eingeschrankten Therapiemoglichkeiten in der
Rezidivsituation zu schaffen. In Originalarbeit 4 fihrten wir eine bioinformatische in silico Analyse
von HNSCC anhand frei verfligbarer Expressions- und Mutationsdaten der The-Cancer-Genome-
Atlas (TCGA) Datenbank durch, um mdgliche neue therapeutische Angriffspunkte zu finden, die
einen Einfluss auf eine effektive antitumorale Immunantwort haben. Hierbei konnten wir die
Histon-Acetyltransferase E1A Binding Protein P300 (EP300) als wichtigen Modulator der TIME in
HNSCC sowie in einer Vielzahl anderer solider Tumorentitaten identifizieren und die

zugrundeliegenden Mechanismen mittels funktioneller Analysen weiter ausarbeiten.



1.2 Material und Methoden

1.2.1 Zusammenstellung von HNSCC Patienten Kohorten

Ein wesentlicher Bestandteil der Analysen der Originalarbeiten 1, 2 und 3 basiert auf zwei grof3en
retrospektiven HNSCC Patienten Kohorten. Von den Patienten lagen jeweils archivierte
Gewebeproben und ausfiihrliche klinisch-pathologische Daten vor. Die Hauptkohorte (Libeck)
bestand aus 419 Patienten, die in den Jahren 2001-2016 gemalR den aktuellen deutschen
Leitlinien am Institut fir Hals-Nasen-Ohrenheilkunde der Universitatsklinik Schleswig-Holstein,
Campus Libeck, behandelt wurden und deren Gewebeproben am Institut fiir Pathologie der
Universitat zu Liibeck archiviert wurden. Von 63 Patienten lagen sowohl Gewebeproben vom
Primartumor als auch vom korrespondierenden Tumorrezidiv und von 13 dieser Patienten
ebenfalls vom Zweitrezidiv vor. Die Validierungskohorte (Bonn) wurde zur unabhingigen
Validierung der Daten der Originalarbeit 3 genutzt und bestand aus 237 Primartumoren und 45
Rezidiven, die in Kooperation mit dem Institut flir Pathologie der Universitat Bonn zur Verfiigung
gestellt wurden.

Aus den vorliegenden Gewebeproben wurden zur weiteren Analyse Gewebemikroarrays (TMA,
engl. tissue microarray) erstellt. Hierzu wurde das jeweilige Tumorareal von einem erfahrenen
Pathologen am HE-Schnittpraparat markiert und mit dem zugrundeliegenden Paraffin-
Blockpraparat korreliert. Aus diesem wurden unter Verwendung eines semi-automatischen
Tissuearrayers (Estigen AlphaMetrix Biotech, Rédemark, Deutschland) drei reprasentative
Tumorareale von 0,6 mm Durchmesser ausgestanzt und in einen TMA-Paraffinblock Uberfihrt.
Auf diese Weise lieBen sich bis zu 180 Einzelproben von bis zu 60 Patienten auf einem
histologischen Schnitt darstellen.

Die jeweiligen Studien wurden von den Ethikkommissionen der Universitat zu Libeck und der
Universitdat Bonn entsprechend der Deklaration von Helsinki geprift und zugelassen. Von den
eingeschlossenen Patienten lag die generelle Einwilligung zur Teilnahme an wissenschaftlichen

Studien vor. Die Patientendaten wurden vor der weiteren Analyse anonymisiert.

1.2.2 Immunhistochemische Analysen

Zur spezifischen Identifizierung einzelner Immunzelltypen des Tumorimmuninfiltrats anhand der
Expression von Marker-Proteinen (Originalarbeit 3) sowie zur Evaluation der Farbeintensitat bei
Verwendung verschiedener anti-PDL1-Antikérper-Klone (Originalarbeit 2) wurden immunhisto-
chemische Farbungen erstellt. Hierzu wurden 4 um dicke Paraffinschnitte der zuvor erstellten
TMAs mit dem OptiView DAB IHC Detection Kit auf einem Ventana BenchMark Ultra (beide Roche,
Basel, Schweiz) gegen die folgenden Antikorper gemald den Herstellerangaben gefarbt: CD4 (SP35,
Ventana), CD8 (SP57, Ventana), CD20 (L26, Ventana), CD1A (EP3622, Cell Marque), CD68 (KP-1,



Ventana), CD56 (MRQ-42, Cell Marque), FOXP3 (236A/E7, Invitrogen), PD1 (NAT105, Cell Marque),
Tryptase (G3, Cell Marque), CD15 (MMA, Ventana), DC-LAMP (101E1.01, Novus Biologicals), PDL1
(verschiedene Klone: E1L3N (Cell Signaling Technology), SP263 (Ventana), SP142 (Ventana), 28-8
(Abcam), 22C3 (Agilent Dako Omnis)). Zur ldentifizierung von tertidren lymphoiden Strukturen
(TLS) in Originalarbeit 3 wurden zudem immunhistochemische Doppelfarbungen gegen CD20 (rot,
L26, Ventana) und ERG (braun, EPR3864, Abcam) am ganzen histologischen Schnittpraparat
durchgefihrt. Die Spezifitdit der angewendeten immunhistochemischen Farbung wurde jeweils
durch einen erfahrenen Pathologen bestatigt. Bei Auswertung der TMA-basierten
immunhistochemischen Farbungen wurde jeweils der Mittelwert aus drei TMA-Stanzen pro
Patient berechnet.

In Originalarbeit 2 wurden der TPS, IC und CPS der verschiedenen PDL1 Farbungen von zwei
unabhangigen Pathologen unter Verblindung gegeniliber den Patientendaten bestimmt, um
hierdurch die Situation in der Routine-Diagnostik bestmdglich abzubilden.

Die quantitative Auswertung der Zusammensetzung des Immunzellinfiltrats in Primartumoren und
Rezidiven in Originalarbeit 3 erfolgte unter Verwendung des semiautomatischen
Bildanalyseprogramms Definiens Developer XD 2.0. Hierbei wurde die Anzahl des jeweiligen
Immunzellsubtyps in Relation zur Tumorfliche in mm? anhand der Expression des jeweils
spezifischen Markerproteins bestimmt. Sowohl intratumorale Immunzellen als auch Immunzellen
im angrenzenden Tumorstroma wurden hierbei beriicksichtigt. Die in vitro Spheroid-Experimente
der Originalarbeit 3 wurden auf dieselbe Weise unter Verwendung von QuPath 0.1.2 ausgewertet.
Zur Analyse der TLS wurde mithilfe von QuPath 0.1.2 am ganzen histologischen Schnitt die Anzahl
der TLS, definiert als Aggregate von CD20+ B-Lymphozyten in Assoziation zu ERG+ Venulen, pro
Flache des peritumoralen Stromas in mm? nach Annotation durch einen gegeniiber den Daten

verblindeten erfahrenen Pathologen berechnet.

1.2.3 RNA Extraktion und Genexpressions-Analyse

In Originalarbeit 3 wurde die Expressionsstarke von 730 immunassoziierten Genen in vivo und in
vitro bestimmt. Hierzu wurde von 18 Patienten RNA aus den Paraffin-Blockpraparaten des
jeweiligen Primartumors und des korrespondierenden Rezidivs isoliert, indem sechs bis acht 8 um
dicke Schnitte des Paraffinblocks auf einem Glasobjekttrager aufgebracht wurden und das
jeweilige Tumorareal in Korrespondenz zum zugrundeliegenden HE-Schnitt mit einem Skalpell
entnommen wurde. Nach Deparaffinierung mit Xylen wurde die RNA des Gewebes unter
Verwendung des Maxwell RSC Instruments und des Maxwell RSC RNA FFPE Kits (beide Promega,

Madison, WI, USA) entsprechend den Herstellerangaben isoliert. Zudem wurde RNA aus in vitro



Spheroiden isoliert (vgl. 1.2.4). Hierzu wurde das RNeasy Mini Kit (Qiagen, Hilden, Deutschland)
entsprechend den Herstellerangaben verwendet.

Das nCounter PanCancer Immune Profiling Panel (NanoString Technologies, Seattle, WA, USA)
wurde zur Analyse der RNA-Expression der beschriebenen Proben entsprechend den
Herstellerangaben verwendet. Das genutzte Verfahren basiert auf einer direkten spezifischen
Hybridisierung des jeweiligen RNA-Transkripts mit einem farbcodierten Marker-Molekiil, sodass
kein vorheriges Umschreiben des RNA-Transkripts in cDNA wie bei anderen konventionell
genutzten Methoden notwendig ist. Nach erfolgter Hybridisierung wurden die farbcodierten
Proben mittels nCounter Digital Analyzer ausgelesen und die gewonnen Daten mittels nSolver 4.0

Analysis Software (beide Nanostring Technologies, Seattle, WA, USA) und R 3.5.0 ausgewertet.

1.2.4 Zellkulturexperimente

Zur weiteren funktionellen Aufarbeitung der in vivo Analysen der Originalarbeit 3 wurde ein
dreidimensionales Modell einer Kokultur von Tumorspheroiden und Immunzellen entwickelt, um
Auswirkungen einer haufig beim HNSCC Rezidiv vorkommenden Therapieresistenz in vitro
darstellen zu kénnen. Hierzu wurde aus der von einem Hypopharynx-Karzinom stammenden FaDu
Zelllinie die Cisplatin-resistente Zelllinie FaDu/CR entwickelt, indem die parentale Zelllinie
FaDu/WT liber 6 Monate mit von 0,1 pg/mL auf 0,7 pug/ml steigenden Konzentrationen von
Cisplatin NeoCorp (Hexal, Holzkirchen, Deutschland) behandelt wurde. Anschliefend wurde ein
Methyl-thiazolyl-tetrazolium bromide (MTT) assay zur Resistenztestung durchgefiihrt. Eine
strahlentherapieresistente Zelllinie FaDu/RR wurde in Kooperation mit der Arbeitsgruppe von
Prof. Anna Dubrovska des Zentrums fiir Medizinische Strahlenforschung in der Onkologie Dresden
zur Verfligung gestellt und bereits umfangreich charakterisiert. Alle Zelllinien wurden bei 5% CO,,
37 °C und 85% Luftfeuchtigkeit in Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific,
Waltham, MA, USA) mit 10% fetalem Kalberserum (Biochrom, Berlin, Deutschland), 1% Penicillin-
Streptomycin und 1% L-Glutamin (beide Thermo Fisher Scientific, Waltham, MA, USA) inkubiert.

Aus den Zelllinien FaDu/WT, FaDu/CR und FaDu/RR wurden dreidimensionale Tumorspheroide
geschaffen, indem je 20.000 Zellen in 20 pl Zellkulturmedium als herabhdngende Tropfen auf dem
Deckel einer 24-Well-Platte aufgebracht und fiir 5 Tage inkubiert wurden. Die an den Spitzen des
Tropfens entstandenen Spheroide wurden daraufhin in die vorher mit Agarose-Gel beschichteten
Vertiefungen der 24-Well-Platte zusammen mit 1 ml Zellkulturmedium Uberfihrt. Anschlieend
wurden 50.000 aktivierte mononukleadre Zellen des peripheren Blutes (PBMCs, engl. Peripheral
Blood Mononuclear Cells) hinzugefligt und die so erstellte Spheroid-Immunzell-Kokultur fir 72
Stunden inkubiert. PBMCs wurden zuvor aus dem Vollblut von gesunden Spendern mittels

dichteabhangiger Zentrifugation mit dem Ficoll-Paque Plus (GE Healthcare, Chicago, IL, USA)



isoliert und Uber 72 Stunden in RPMI-1640 Medium mit 1 pg/ml anti-CD3-Antik6rper, 5 pg/ml
anti-CD28-Antikérper und FaDu-Zell-Lysaten aktiviert. Zur weiteren Analyse wurden die
koinkubierten Spheroide entnommen, mit 4 % Formaldehyd fixiert und in Paraffin eingebettet.
Die Auswertung des Immunzellinfiltrats der Spheroide erfolgte mittels immunhistochemischer

Farbung wie unter 1.2.2 beschrieben.

1.2.5 Bioinformatische in silico Analyse

Die TCGA Datenbank sowie die L1000 Connectivity Map wurden zur in silico Analyse in
Originalarbeit 4 genutzt. Die TCGA Datenbank ist ein seit 2006 bestehendes amerikanisches
Projekt des National Cancer Institute und des National Human Genome Research Institute, das
derzeit molekulare Daten auf DNA-, RNA- und Proteinebene sowie histologische Schnittbilder und
klinische Daten von Uber 20.000 Primartumoren und assoziiertem Normalgewebe von 33
verschiedenen Krebsarten frei zur Verfligung stellt. Im Zuge von Originalarbeit 4 werteten wir
Mutations- und Genexpressionsdaten von 7564 Patienten und 18 Krebsentitdten aus, unter denen
530 Plattenepithelkarzinome des Kopf-Hals-Bereichs enthalten waren. Der Zugriff auf die Daten
erfolgte Uber die Plattform CBioPortal (https://www.cbioportal.org) und das Digital Slide Archive
(DSA, https://cancer.digitalslidearchive.org). Zur weiteren funktionellen Aufarbeitung wurde auf
Daten der L1000 Connectivity Map zuriickgegriffen. Diese stellt Informationen von 1,5 Millionen
Genexpressions-Profile verschiedener Zelllinien vor und 96 Stunden nach Inkubation mit etwa
5000 niedermolekularen Inhibitoren und etwa 3000 Reagenzien frei zur Verfligung und erlaubt so
Veranderungen der Genexpression zu untersuchen. Die Daten wurden mithilfe der

Analyseplattform Genevestigator (Nebion AG, Zirich, Schweiz) ausgewertet.

1.2.6 Statistische Auswertung

Folgende Programme wurden zur statistischen Auswertung in den jeweiligen Originalarbeiten
verwendet: IBM SPSS Statistics Version 25.0 fur Windows (IBM Corp., Armonk, NY, USA;
Originalarbeit 1, 3, 4), GraphPad Prism Version 8.3.0 (GraphPad Software, San Diego, CA, USA;
Originalarbeit 3, 4) und Python 2.7 (Canopy distribution 1.1.0.1371, Enthought, Austin, TX, USA;
Originalarbeit 2). P-Werte kleiner als 0,05 wurden als statistisch signifikant gewertet. Die im

Einzelnen verwendeten statistischen Tests werden jeweils im folgenden Ergebnisteil aufgefihrt.



1.3. Ergebnisse

1.3.1 Klinisch-pathologische Charakterisierung zweier unabhdngiger HNSCC Patienten Kohorten

(Originalarbeiten 1-3)

Die Grundlage der in vivo untersuchten Forschungsfragen der Originalarbeiten 1 bis 3 bildet die
retrospektive HNSCC Hauptkohorte (Libeck), welche in ihrer Zusammensetzung die Epidemiologie
von Kopf-Hals-Karzinom Patienten in Europa und den USA widerspiegelt. 22,5% der 419
eingeschlossenen Patienten waren weiblich, 77,5% mannlich. 27,7% zeigten in der
immunhistochemischen Analyse eine Expression von pl6 als Surrogat-Parameter fiir eine
Infektion mit dem Humanen Papillomavirus (HPV). 25,1% der Patienten entwickelten im
Untersuchungszeitraum ein Lokalrezidiv. Von 63 Patienten lag sowohl Tumormaterial vom
Primdrtumor als auch vom Lokalrezidiv und von 13 dieser Patienten ebenfalls vom Zweitrezidiv
vor. 20,8% der Primdartumore waren in der Mundhdhle, 12,2% im Hypopharynx, 33,7% im
Oropharynx und 27,2% im Larynx lokalisiert. Bei 6,2% lag eine andere Lokalisation des Primar-
tumors oder eine Krebserkrankung mit unbekanntem Priméartumor (CUP, engl. cancer of unknown
primary) vor. Die Falle teilten sich etwa zur Halfte in die niedrigen UICC Tumorstadien | oder Il und
die hohen Tumorstadien Ill oder IV auf. Die Fiinf-Jahres-Uberlebensrate betrug 61,9%.

Eine zweite unabhdngige HNSCC Patientenkohorte (Bonn) wurde in Originalarbeit 3 als
Validierungskohorte verwendet. Die Validierungskohorte enthielt 237 Primartumore und 45
Rezidive. Die klinisch-pathologischen Charakteristika glichen in ihrer Zusammensetzung der
Hauptkohorte. 71% der Patienten waren mainnlich, die 5-Jahres-Uberlebensrate betrug 64%,
29,4% der Tumore waren in der Mundhdhle lokalisiert, 8,7% im Hypopharynx, 35,9% im
Oropharynx und 26% im Larynx. Auch die Verteilung der Tumorstadien war vergleichbar zur

Hauptkohorte.

1.3.2 Routinediagnostische Charakterisierung des HNSCC Tumorimmuninfiltrats zur Prognose-

bestimmung (Originalarbeit 1)

Die prognostische Relevanz der Zusammensetzung des Tumorimmuninfiltrats in Kopf-Hals-
Karzinomen ist bereits durch mehrere Arbeitsgruppen beschrieben worden. Eine Ubertragung auf
die allgemeine Routinediagnostik ist bisher jedoch vor allem auch wegen haufig methodisch
aufwendiger Ansdtze noch nicht erfolgt. In Originalarbeit 1 teilten wir daher das
Tumorimmuninfiltrat von 289 Primartumoren und 42 Rezidiven der Hauptkohorte am Routine-
diagnostischen HE-Schnittprdparat in die bereits beschriebenen anerkannten Kategorien , heil3”,
ykalt“ und ,,ausgespart” ein und korrelierten diese mit den klinisch-pathologischen Daten.

Bei den Primadrtumoren konnte der Immun-Phanotyp mehrheitlich als ,ausgespart” (52,6%)

charakterisiert werden, wahrend die Gbrigen Tumore fast gleichermalen in die Kategorien "kalt"
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(24,2%) und "heiR" (23,2%) fielen. Bei den Rezidiven liel sich die Uberwiegende Mehrheit
entweder als "kalt" (47,6%) oder "ausgespart" (42,9%) und nur ein kleiner Teil als "hei" (9,5%)
definieren. Die Analyse der Uberlebensdaten nach der Kaplan-Meier-Methode ergab im Log-rank-
Test eine signifikant schlechtere Uberlebensrate der ,kalten” Primartumore im Vergleich zu den
»heilen” oder ,ausgesparten” Primartumoren (p<0.017, nach Bonferroni-Korrektur). Um zu
untersuchen, ob die HE-morphologische Kategorisierung des Immunfiltrats als unabhangiger
Prognosefaktor dienen kann, fihrten wir eine multivariate Cox-Regressionsanalyse in Bezug auf
das Tumorimmuninfiltrat, Patientenalter, UICC Stadium, T Stadium, Geschlecht, Grading und den
p1l6 Status durch. Sowohl das Immunzell-Verteilungsprofil (Hazard Ratio (HR)=0,527; p=0,003) als
auch der p16 Status (HR=0.353; p=0.001) stellten unabhdngige Prognosefaktoren in den
untersuchten Primartumoren dar. Bei den HNSCC Rezidiven zeigte sich ein Trend hin zu einer

schlechteren Uberlebensrate der ,kalten” Rezidive ohne statistisch signifikante Unterschiede.

1.3.3 Bewertung des HNSCC PDL1-Status in Abhangigkeit des verwendeten anti-PDL1-Antikorper-

Klons in der Routinediagnostik (Originalarbeit 2)

Zur Bestimmung der PDL1-Expression stehen derzeit verschiedene diagnostisch genutzte anti-
PDL1-Antikorper zur Verfligung, die an unterschiedlichen Positionen des PDL1 Molekiils binden.
Grinde fur die Verwendung verschiedener Antikorper-Klone kdnnen je nach Institution in
preislichen Unterschieden sowie dem jeweils verfligbaren Farbeautomaten liegen. Bisher lagen
noch keine Studienergebnisse zur Variabilitdit der Farbung und der darauffolgenden
Therapieentscheidung in Abhangigkeit des verwendeten Antikdrper-Klons im HNSCC vor.

Wir farbten daher die Primartumore und Rezidive unserer Hauptkohorte mit den fiir die Routine-
Diagnostik verfligbaren anti-PDL1-Antikérper-Klonen SP263, SP142, E1L3N, 28-8 und 22C3
immunhistochemisch an und bestimmten den jeweiligen TPS, IC und CPS durch einen erfahrenen
Pathologen. Hierbei zeigte sich eine deutliche Variabilitdt der Farbungen. Gemessen an der
klinischen Konsequenz einer Erstlinientherapie mit Pembrolizumab konnte an der getesteten
Kohorte bei Verwendung von SP142 in 14%, bei 22C3 in 18%, bei E1L3N in 48%, bei SP263 in 68%
und bei 28-8 in 78% eine Therapieempfehlung ausgesprochen werden. In der statistischen
Auswertung moglicher dhnlicher Farbungsmuster durch eine Hauptkomponentenanalyse (PCA,
engl. principal component analyis) zeigten sich Ahnlichkeiten des TPS der Antikdrper SP142, 22C3
und EL13N sowie 28-8 und SP263, die sich jedoch bei den entsprechenden ICs nicht
wiederfanden. Eine nicht-negative Matrix-Faktorisierung (NMF) zeigte eine Clusterbildung von
SP263 und 28-8 fiir k=2 Cluster, die jedoch eine niedrige kophenetische Korrelation besaR. Die

maximale kophenetische Korrelation wurde fiir k=10 Cluster erreicht und entsprach damit der
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Anzahl der eingesetzten Klone fiir den TPS und IC. Eine statistisch stabile Ahnlichkeit der

verschiedenen Farbungen bestand somit nicht.

1.3.4 Tumorimmunevasion im HNSCC Rezidiv_im Zusammenhang mit aktuellen Therapie-

konzepten (Originalarbeit 3)

Bisher beschrankt sich der Einsatz von therapeutisch genutzten anti-PD1-Antikérpern im HNSCC
auf rezidivierte oder metastasierte Tumore. Neben der PDL1-Expression des Tumorgewebes ist
ein entscheidender Faktor flir das Therapieansprechen die Zusammensetzung der TIME. Wir
arbeiteten daher in Originalarbeit 3 Unterschiede der TIME in Primdrtumoren und Rezidiven der
Haupt- und Validierungskohorte heraus und schlossen zur weiteren Aufarbeitung funktionelle in
vitro Untersuchungen an Tumorspheroiden an.

Zunachst analyisierten wir das Immunzellinfiltrat der Primartumore und der korrespondierenden
Rezidive der Hauptkohorte. Unterschiede in der Verteilung folgender Immunzelltypen wurden
hierbei betrachtet: CD8+ zytotoxische T-Zellen, CD20+ B-Lymphozyten, CD4+ T-Helfer Zellen (Th
Zellen), FOXP3+ regulatorische T-Zellen (Tregs), PD1+ Zellen, CD56+ Natirliche Killerzellen (NK-
Zellen), CD1A+ dendritische Zellen, DC-LAMP+ reife dendritische Zellen, CD68+ Makrophagen,
CD15+ neutrophile Granulozyten, Tryptase+ Mastzellen. Zusatzlich wurden Unterschiede in der
PDL1-Expression untersucht. Insgesamt konnten wir einen Trend hin zu einer Abnahme der
verschiedenen Lymphozyten-Subtypen vom Primartumor zum Rezidiv und insbesondere zum teils
vorhandenen Zweitrezidiv beobachten. Am deutlichsten zeigte sich dies als subtotale Depletion
der CD20+ B-Lymphozyten in den Zweitrezidiven (p=0,036). Auch die Dichte der CD8+
zytotoxischen T-Zellen als Hauptbestandteil einer aktiven antiumoralen Immunantwort nahm in
den Zweitrezidiven signifikant ab (p=0,045). CD56+ NK-Zellen und FOXP3+ Tregs nahmen ebenfalls
in den Zweitrezidiven signifikant ab (p=0,036 und p=0,047). Die Dichte der CD68+ Makrophagen,
CD15+ neutrophile Granulozyten und Tryptase+ Mastzellen, die allesamt eine myeloische
Abstammung aufweisen, zeigten in den Primartumoren und Rezidiven keine signifikanten
Unterschiede. CD1A+ dendritische Zellen stellten den einzigen Zelltyp mit signifikanter Zunahme
in den Erst- und Zweitrezidiven dar (p=0,013 und p=0,036). DC-LAMP+ reife dendritische Zellen
wiesen hingegen eine signifikante Abnahme in den Erst- und Zweitrezidiven auf (p=0,0023 und
p=0,0719).

Zur Validierung der Unterschiede im Immuninfiltrat von Primadrtumoren und Rezidiven unserer
Hauptkohorte fiihrten wir dhnliche Analysen in der Validierungskohorte (Bonn) durch. Hier
konnten wir die subtotale Depletion von B-Lymphozyten sowie eine deutliche Abnahme der CD8+

zytotoxischen T-Zellen in den Rezidiven bestatigen (beide p<0.0001). Der signifikante Anstieg
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CD1A+ dendritischer Zellen in den Rezidiven der Hauptkohorte bestatigte sich in der
Validierungskohorte nicht.

Da bereits bekannt ist, dass eine adjuvante Chemoradiotherapie (CRT) die TIME beeinflussen
kann, untersuchten wir im Folgenden, ob eine adjuvante CRT im Zusammenhang mit der
beobachteten Abnahme verschiedener Immunzellsubtypen in HNSCC Rezidiven steht. Hierzu
unterteilten wir unsere Hauptkohorte in eine Subgruppe, die eine CRT vor der Entstehung des
ersten oder zweiten Rezidivs erhalten hatte (n=35), und eine zweite Subgruppe, bei der die
chirurgische Tumorresektion die einzige Therapie vor der Entstehung des Rezidivs gewesen war
(n=28). In der Subgruppenanalyse zeigte sich eine deutliche CRT-Abhéangigkeit der Abnahme der
B-Lymphozyten in den Rezidiven. Bei vorausgegangener CRT nahmen die B-Lymphozyten von
durchschnittlich 471,3 Zellen/mm? in den Primartumoren zu 23,5 Zellen/mm? in den Rezidiven
stark ab (p=0,0006) wohingegen eine konstante Zahl an B-Lymphozyten von etwa 500 Zellen/mm?
in der Subgruppe der Rezidive nach alleiniger Resektion zu finden war (p=0,59).

Zur weiteren Aufarbeitung der TIME von Primartumoren und korrespondierenden Rezidiven nach
vorangegangener CRT schlossen wir bei 18 Patienten dieser Subgruppe eine Analyse des mRNA
Expressionsprofils von 730 immunassoziierten Genen mittels nCounter PanCancer Immune
Profiling Panel (NanoString) an. In einer nicht-lberwachten hierarchischen Clusteranalyse nach
euklidischer Distanz ergab sich hier fir k=2 eine signifikante Aufteilung der Primartumore und der
Rezidive nach CRT basierend auf einer insgesamt hoheren normalisierten Expression der
immunassoziierten Gene in der Gruppe der Rezidive nach CRT (p=0,018). Dieses Resultat zeigte,
dass sich in der RNA-Analyse die TIME der Primartumore und Rezidive nach CRT jeweils
untereinander starker dhnelten als die TIME des Primdrtumors und Rezidivs desselben Patienten.
In der weiteren Analyse der RNA-Expressionsdaten bestimmten wir unter Verwendung der
NSolver 4.0 Analyse Software die Infiltration durch verschiedene Immunzellsubtypen anhand der
RNA-Expression immunassoziierter Markerproteine. Diese Analyse bestatigte die Abnahme der
Gesamtzahl der tumor-infiltrierenden Leukozyten (TILs) (p=0,0004), den Verlust von B-
Lymphozyten/ TlLs (p<0,0001) und den Anstieg von dendritischen Zellen/ TILs (p=0,0002) in den
Rezidiven nach CRT, wie bereits in der proteinbasierten immunhistochemischen Aufarbeitung
beobachtet. Zudem zeigte die RNA-basierte Analyse einen relativen Anstieg der folgenden
myeloischen Zelltypen im Vergleich zur Gesamtzahl der TILs: Neutrophile Granulozyten (p=0,018),
Mastzellen (p=0,0057) und Makrophagen (p<0,0001). Bei der Auswertung einzelner stark
unterschiedlich exprimierter Gene der beiden Gruppen ergab sich die starkste Herunterregulation
in den Rezidiven nach CRT fiir CD20, CD19, CD79A und CD22, die alle Teil des B-Lymphozyten-
Rezeptorkomplexes sind. Zudem waren die Gene der Chemokininteraktion CCL19, CCR7, CXCL13,

CXCR5, CCL14 und LTB, die allesamt im Zusammenhang mit der Entstehung tertidrer lymphoider
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Strukturen (TLS) in der Tumorumgebung beschrieben sind, sowie ICAM-2 und ICAM-3, die zur
Leukozytenextravasion aus hochendothelialen Venulen in TLS beitragen, in den Rezidiven nach
CRT stark herunterreguliert.

Aufgrund der spezifischen Herunterregulation von Genen, die mit TLS und B-Lymphozyten
assoziiert sind, verglichen wir das Vorkommen von TLS an den Gewebeschnitten von je 12
gepaarten Primartumoren und Rezidiven mit und ohne vorherige CRT mittels
immunhistochemischer Doppelfarbung gegen CD20 als B-Lymphozyten Marker und ERG als
Marker fir hochendotheliale Venulen. Hierbei konnten wir eine signifikante Abnahme der Anzahl
der TLS an der Tumorflache in den Rezidiven nach CRT verglichen zu den korrespondierenden
Primartumoren feststellen (p=0,0113). In den Rezidiven ohne vorherige CRT zeigte sich relativ zu
den korrespondierenden Primartumoren kein signifikanter Unterschied der Anzahl der TLS
(p=0,5548).

Zur weiteren funktionellen Aufarbeitung einer moéglichen CRT-induzierten Veranderung der TIME
verglichen wir im Rahmen von in vitro Versuchen die parentale Zelllinie eines
Hypopharynxkarzinoms FaDu/WT mit der Cisplatin-resistenten Zelllinie FaDu/CR und der
strahlenresistenten Zelllinie FaDu/RR in einem Tumor-Immunzell-Kokultur-Modell. Als Modell zur
Analyse des Einflusses der Therapieresistenz gegeniliber zytotoxischen Therapien wurden
Spheroide der jeweiligen Zelllinie etabliert und mit aktivierten PBMCs von gesunden Spendern
koinkubiert. Anders als bei den vorausgegangen in vivo Untersuchungen fand sich hier insgesamt
eine hoéhere Immunzellinfiltration sowohl in den FaDu/RR als auch in den FaDu/CR Spheroiden
verglichen zu den FaDu/WT Spheroiden gemessen an einer Zunahme der CD45+ Leukozyten,
CD8+ zytotoxischen T-Zellen und CD4+ Th Zellen. Fur die FaDu/CR Spheroide war diese Zunahme
jeweils statistisch signifikant (p<0.0001), bei den FaDu/RR Spheroiden zeigte sich ein deutlicher
Trend ohne statistische Signifikanz fir die untersuchten Immunzellsubtypen. In den Spheroiden
beider therapieresistenter Zelllinien zeigte sich zudem eine signifikant héhere PDL1-Expression

(p<0,0001 fir FaDu/CR, p=0,0263 fiir FaDu/RR).

1.3.5 Die Histon-Acetyltransferase EP300 als Inhibitor einer effektiven antitumoralen

Immunantwort (Originalarbeit 4)

In Originalarbeit 4 fihrten wir auf Basis der TCGA Datenbank eine in silico Analyse durch, bei der
wir mogliche Korrelationen zwischen der Zusammensetzung der TIME und dem Vorkommen
spezifischer Genmutationen untersuchten. Hierzu unterteilten wir 530 Patienten der TCGA HNSCC
Kohorte in drei Gruppen entsprechend der folgenden Profile der TIME:

1. Eine immunaktivierte antitumorale TIME mit hoher Expression von Genen einer vor allem

durch T-Zellen vermittelten zytotoxischen Immunantwort.
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2. Eine immununterdriickte TIME mit niedriger Expression von Genen einer zytotoxischen
Immunantwort und hoher Expression von Markergenen myeloider Suppressorzellen und
Makrophagen.

3. Eine fehlende antitumorale TIME mit niedriger Expression aller immunassoziierten Gene
der anderen beiden Gruppen.

Die immunaktivierte Gruppe zeigte nach Kaplan-Meyer Methode und Wilcoxon-Vorzeichen-Rang-
Test im Vergleich zu den beiden anderen Gruppen das beste Gesamtiberleben (p=0,0619) und
krankheitsfreie Uberleben (p=0,0245) und reprasentierte somit die klinisch bekannte
prognostische Relevanz der Zusammensetzung der TIME, wie in Originalarbeit 1 beschrieben.

Zur ldentifizierung spezifischer nicht-synonymer Genmutationen, die mit einer bestimmten
Gruppe der TIME assoziiert sind, Gberpriften wir die 1519 am haufigsten mutierten Gene der
HNSCC Kohorte auf unterschiedliche Verteilungsmuster in den verschiedenen Gruppen. Insgesamt
zeigten 9 mutierte Gene eine signifikante Assoziation zu einem bestimmten Typ der TIME. Bei
Bericksichtigung des HPV-Status als wichtigen Einflussfaktor auf die Prognose und das molekulare
Tumorprofil waren sowohl in allen HNSCC als auch in der Gruppe der HPV-positiven und HPV-
negativen HNSCC lediglich der Mutationsstatus von TP53 und EP300 mit einer bestimmten TIME
assoziiert. TP53 Mutationen zeigten hierbei eine starke Korrelation zu einer fehlenden
antitumoralen TIME und bestatigten somit die methodische Validitdt unseres Ansatzes, da aus
vorausgegangen Studien bereits eine Inhibition der antitumoralen Immunantwort durch TP53
Mutationen bekannt ist (21). Mutationen von EP300 korrelierten mit einer immunaktivierten
TIME. EP300 ist eine Lysin-Acetyltransferase, die via Chromatin-Remodeling an der Regulation der
Transkription einer Vielzahl von Genen beteiligt ist und in der molekularen Struktur sowie der
Funktion in enger Verwandtschaft zum CREB binding protein (CBP) steht. Insgesamt ist EP300
hierdurch an vielfdltigen zelluldiren Prozessen beteiligt, zu denen insbesondere
Proliferationsprozesse, die Kontrolle des Zellzyklus und der Zelldifferenzierung sowie die Reaktion
auf DNA Schaden zéhlen (2).

Basierend auf der Korrelation von EP300 Mutationen mit einer immunaktivierten antitumoralen
TIME im HNSCC Uberpriiften wir im Folgenden, ob diese Assoziation sich auf weitere solide
Tumorentitaten Ubertragen Ilasst. Hierzu untersuchten wir 18 der haufigsten soliden
Tumorentitaten der TCGA Datenbank mit insgesamt 7564 Patienten auf das Vorhandensein von
EP300 Mutationen. Bei 3,1% (277) der Patienten lag eine EP300 Mutation vor. Die hochste
Mutationsfrequenz fand sich bei HPV-assoziierten Karzinomen des Kopf-Hals-Bereichs (15,4%)
und der Zervix (11,8%). Zur Bestimmung der Aktivitdit der antitumoralen Immunantwort
unterteilten wir die Tumore entsprechend Rooney et al. anhand der zytolytischen Aktivitadt in eine

Gruppe mit erhohter antitumoraler Aktivitdt und eine Gruppe mit erniedrigter antitumoraler
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Aktivitat (46). Als Malstab diente hierbei die simultane Hoch- oder Herunterregulation von
Perforin (PFN1) und Granzym (GZMB) als Effektormechanismen von aktivierten CD8+
zytotoxischen T-Zellen. Neben der bereits beobachteten Korrelation in HNSCC zeigten sich auch in
plattenepithelialen Karzinomen des Osophagus, Magenkarzinomen und Prostatakarzinomen eine
Korrelation der zytolytischen Aktivitat mit dem EP300 Mutationsstatus.

Aufbauend auf die Hypothese, dass der erhéhten zytolytischen Aktivitat bei EP300 Mutation ein
Funktionsverlust des Gens zu Grunde liegt, teilten wir in einem weiteren Schritt die Patienten der
18 soliden Tumorentitdten anhand des RNA-Expressionsstatus von EP300 zum z-Score=1 in je eine
Gruppe mit hoher und mit niedriger EP300 Expression ein. Hier zeigte sich eine starke Assoziation
der Herunterregulation von EP300 mit einer erhdhten zytolytischen Aktivitdt bei 17 der 18
Entitaten. Lediglich fir Mammakarzinome bestatigte sich diese Assoziation nicht.

Da bereits gezeigt wurde, dass EP300 die Transkription von Genen des Glucose-Metabolismus
induziert, und zudem bekannt ist, dass ein glykolytischer Tumormetabolismus durch die
Ansammlung von Lactat zu einer Inhibition der antitumoralen TIME fiihrt, untersuchten wir in
weiteren Analysen die Auswirkungen der EP300 Expression auf den Tumormetabolismus (27, 31).
Hierzu stellten wir verschiedene Stoffwechselgene zusammen, die entweder einen Glykolyse-
dominanten oder einen durch oxidative Phosphorylierung (OXPHOS) dominierten
Tumorstoffwechsel charakterisieren. Anhand dieser fiihrten wir eine Entitaten-lGbergreifende
metabolische Charakterisierung aller 18 soliden Tumoren der vorherigen Untersuchungen durch
und korrelierten die Ergebnisse mit der EP300 Expression. Im Vergleich zeigte sich hierbei ein
signifikanter Unterschied in der Frequenz der Hochregulation von Glykolyse- und OXPHOS-
assoziierten Genen bei Tumoren mit niedriger oder hoher EP300 Expression. Bei niedriger EP300
Expression liberwog signifikant ein OXPHOS-dominanter Tumormetabolismus, bei hoher EP300
Expression ein Glykolyse-dominanter Tumormetabolismus.

Zur weiteren Ausarbeitung dieser Ergebnisse fuhrten wir funktionelle in silico Analysen durch,
indem wir die frei verfigbaren Genexpressionsdaten der L1000 Connectivity Map des Broad
Instituts der folgenden 8 Zelllinien vor und nach Behandlung mit dem EP300 Inhibitor C646
verglichen: A375 (malignes Melanom), MCF7 (Adenokarzinom der Brust), A549 und HCC515
(Adenokarzinom der Lunge), PC3 (Prostatakarzinom), HEPG2 (Hepatozellulares Karzinom), HT29
(Kolorektales Karzinom) und HAL1E (immortalisierte Nierenzelllinie). Hier zeigte sich bei 3 der 8
Zelllinien (A375, MCF7 und PC3) ein signifikant herunterregulierter Glykolyse-assoziierter
Metabolismus nach Behandlung mit dem EP300 Inhibitor C646 im Vergleich zu DMSO Inkubation.
Bei den beiden Zelllinien HT29 und HEPG2 zeigte sich derselbe Trend ohne Signifikanz. Zudem
fand sich ein signifikant hochregulierter OXPHOS-assoziierter Metabolismus bei HA1E und HEP2G
nach C646 Behandlung, wohingegen dieser bei HT29 und HEP2G signifikant herunterreguliert war.
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1.4 Diskussion

Durch die in dieser Dissertationsschrift zusammengefassten Originalarbeiten konnte wir die TIME
von HNSCC aus verschiedenen Perspektiven genauer charakterisieren und neue Grundlagen zur
Verbesserung von Therapiemoglichkeiten sowie zur prognostischen Einschatzung schaffen.

In den Originalarbeiten 1 bis 3 stellten wir zur Beantwortung der Forschungsfragen die HNSCC
Hauptkohorte (Liibeck) zusammen und konnten zudem auf eine Validierungskohorte aus Bonn
zuriickgreifen. Beide Kohorten spiegelten die Tumorepidemiologie in Deutschland und Europa gut
wider. Es lag jeweils eine typische 3:1 Verteilung von mannlichen zu weiblichen Patienten vor und
auch der Altersdurchschnitt mit etwa 63 Jahren, eine 5-Jahres Uberlebensrate von etwa 60% und
eine typische Lokalisationsverteilung mit etwa 80% der Karzinome im Bereich der Mundhdéhle und
des Pharynx und etwa 20% im Bereich des Larynx entsprach der Zusammensetzung anderer
groBer HNSCC-Kohorten (65, 67). Der Anteil an HPV positiven Karzinomen war mit 27,7% in der
Hauptkohorte ebenfalls vergleichbar (55). Da sowohl bei kleinen T1 Karzinomen als auch bei
palliativ behandelten UICC Stadium IV Patienten oft nicht genligend Tumormaterial zur Erstellung
von TMAs vorlag, waren diese Tumore in unseren Kohorten im Vergleich zu epidemiologischen

Datenbanken methodisch bedingt etwas weniger reprasentiert (65, 67).

Durch unsere Analysen in Originalarbeit 1 konnten wir erstmalig einen moglichen Ansatz
aufzeigen, wie die Prognoserelevanz der TIME mit niedrigem Ressourcenaufwand in der
Routinediagnostik bestimmt werden kann. Im HNSCC und vielen anderen soliden Tumorentitdten
ist bereits bekannt, dass ein ,heiles” und auch ein ,ausgespartes” Immunzellinfiltrat mit einer
besseren Prognose assoziiert ist als ein ,kaltes” (3, 37, 48, 60). Zumeist wurde in den
zugrundeliegenden Studien das Immunzellinfiltrat durch Verwendung immunhistochemischer
Farbungen charakterisiert oder die RNA-Expression spezifischer Immunzell-Marker wurde
bestimmt, um die einzelnen Immunzellsubtypen darzustellen. Hierdurch lieBen sich detaillierte
Aussagen Uber die Zusammensetzung der TIME und die prognostische Auswirkung treffen.

Da zur Etablierung der routinediagnostischen Charakterisierung der TIME zur
Prognoseabschatzung aber vor allem ein zeiteffizientes und kostengiinstiges Verfahren notwendig
ist, nahmen wir in Originalarbeit 1 die Einordnung des Immunzellinfiltrats am in der Diagnostik
bereits verfligbarem HE-Schnitt in ,heiR”, ,kalt” und ,ausgespart” vor. Die Gruppe der ,kalten”
Tumore zeigte hierbei ein signifikant schlechteres Uberleben als die beiden anderen Gruppen.
Diese Korrelation hatte zudem in der multivariaten Analyse als unabhdngiger Prognosefaktor
neben dem p16 Status Bestand. Die dargestellte Methode zur Einordnung des Immunzellinfiltrats

kann nach weiterer Validierung somit als effektive Erganzung vor allem bei unklarem TNM-Status
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oder schwieriger Bestimmung des Tumor Gradings in der Routinediagnostik zur weiteren

Prognoseabschatzung durchgefiihrt werden.

In den beiden Originalarbeiten 2 und 3 fokussierten wir uns vor allem auf moégliche Ansatzpunkte
zur Verbesserung bestehender Therapiekonzepte beim HNSCC Rezidiv, da das Auftreten eines
HNSCC Rezidivs derzeit weiterhin maRgeblich die Uberlebenszeit limitiert und die Prognose der
Patienten auch nach Einfihrung der Immun-Checkpoint-Inhibitoren Pembrolizumab und
Nivolumab nicht grundlegend verbessert werden konnte (8, 9, 15).

Hierbei analysierten wir in Originalarbeit 2 die Varianz bei der immunhistochemischen
Bestimmung der PDL1-Expression in Abhangigkeit vom verwendeten anti-PDL1-Anikdrper-Klon in
der Routinediagnostik. Die Starke der PDL1-Expression dient als wichtiger Pradiktor fiir das
Therapieansprechen auf die beiden genannten Immun-Checkpoint-Inhibitoren und bildet ein
notwendiges diagnostisches Kriterium flir oder gegen die Entscheidung einer Therapie mit
Pembrolizumab beim HNSCC Rezidiv (9). In unserer Studie zeigten wir, dass es deutliche
Unterschiede der Farberesultate je nach verwendetem PDL1-Antikérper-Klon beim HNSCC Rezidiv
gibt. Lediglich zwischen den Antikorper-Klonen SP263 und 28-8 fand sich eine geringe
Vergleichbarkeit der Resultate. In der Konsequenz ergab sich aus der Varianz der Farberesultate
eine starke Abhangigkeit der spateren Therapieentscheidung fiir oder gegen die Anwendung von
Pembrolizumab vom verwendeten Antikdrper-Klon in der Routinediagnostik.

Vergleichbare Ergebnisse bei HNSCC konnte auch die Studie von de Ruiter et al. zeigen, in der
allerdings nur drei verschiedene Antikorperklone verglichen wurden (47). In vorausgegangen
Untersuchungen zu den verschiedenen diagnostisch genutzten anti-PDL1-Antikorper-Klonen in
anderen soliden Tumorentitaten, wie dem NSCLC, zeigten sich homogenere Farberesultate als
beim HNSCC (26, 58). Vergleichbar zu unseren Untersuchungen lag beispielsweise auch beim
NSCLC die geringste Sensitivitdat bei Verwendung des Antikérper-Klons SP142 vor. Neben
Unterschieden in Farbeprotokollen oder prdanalytischen Malnahmen kann maéglicherweise vor
allem auch die ausgepragte Tumorheterogenitdt von Kopf-Hals-Karzinomen im Vergleich zu
anderen soliden Tumoren als Grund fir die Diskrepanz der Farberesultate diskutiert werden (29,
35). Zudem kann der Glykosylierungs-Status des PDL1 Molekiils Einfluss auf die Bindung des
jeweiligen anti-PDL1-Antikorpers an sein Epitop nehmen (34).

Unabhadngig von diesen moglichen Zusammenhangen lieR sich aus den Untersuchungen der
Originalarbeit 2 ableiten, dass die Bestimmung der PDL1-Expression zur therapeutischen
Entscheidungsfindung im HNSCC mit Vorsicht betrachtet werden sollte und gegebenenfalls
verschiedene Antikdrper verwendet werden sollten, um die Sensitivitdt der Diagnostik zu

erhohen. Eine erste multizentrische Studie zur Etablierung einheitlicher diagnostischer Standards
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fir die Bestimmung der PDL1-Expression im HNSCC wurde parallel zu unserer Studie
veroffentlicht (11). Da derzeit alle von uns untersuchten Antikoérper in der Routinediagnostik in
Abhingigkeit vom jeweiligen Institut verwendet werden, ist eine Ubereinkunft Uber

reproduzierbare und vergleichbare Farbeprotokolle unbedingt notwendig.

Als weiterer essenzieller Faktor sowohl fir das Ansprechen auf eine klassische
Kombinationstherapie aus Strahlen- und Chemotherapie als auch fir das Ansprechen auf Immun-
Checkpoint-Inhibitoren gilt die TIME (37, 39). Daher untersuchten wir in Originalarbeit 3 die TIME
in HNSCC Rezidiven im Vergleich zu den korrespondierenden Primdrtumoren und setzten sie in
Kontext zu den bestehenden Therapiekonzepten. Hierzu evaluierten wir zunadchst das
Immunzellinfiltrat der Haupt- und Validierungskohorte mithilfe einer immunhistochemischen
Analyse der Expression immunzellspezifischer Markerproteine. HNSCC Primartumore und Rezidive
zeichneten sich dabei durch deutliche Unterschiede im Immunzellinfiltrat aus. Insgesamt kam es
in den Rezidiven zu einem Abfall fast aller Imnmunzellsubtypen. Insbesondere lag ein signifikanter
Abfall von CD8+ zytotoxischen T-Zellen und CD20+ B-Lymphozyten in beiden Kohorten vor. Diese
beiden Immunzellsubtypen stellen in HNSCC und anderen soliden Tumorentitdten einen wichtigen
Bestandteil einer aktiven antitumoralen Immunzellantwort dar und fiihren auf diese Weise zudem
zu einer Verbesserung des Gesamtiberlebens (3, 37, 46, 60). Insgesamt ist somit von einer
Immunevasion mit einer immunsupprimierten TIME im HNSCC Rezidiv im Vergleich zum
Primartumor auszugehen. Ein weiterer Beleg fiir eine Immunsuppression im HNSCC Rezidiv zeigte
sich in einem relativen Anstieg von FOXP3+ Tregs und PD1+ Zellen im Verhiltnis zu CD8+
zytotoxischen T-Zellen, die beide zu einer Hemmung einer antitumoralen Immunantwort flhren
konnen (16, 28). Lediglich CD1A+ dendritische Zellen waren in der Gruppe der HNSCC Rezidive der
Hauptkohorte signifikant haufiger zu finden. DC-LAMP+ dendritische Zellen, die zu einer aktiven T-
und B-Zell-vermittelten Immunantwort beitragen kénnen, nahmen in den Rezidiven hingegen ab
(57). Da dendritische Zellen insgesamt eine heterogene Gruppe darstellen, sind zur Einordnung
des Anstiegs CD1A+ dendritischer Zellen weitergehende Analysen notwendig (64).

Um einen moglichen Einfluss des vorausgegangenen Therapiekonzepts zu evaluieren, schlossen
wir eine Subgruppenanalyse an, in der wir Veranderungen des Immunzellinfiltrats von
Primartumoren und Rezidiven mit alleiniger Resektion des Primartumors der Gruppe mit
zusatzlicher adjuvanter CRT nach Resektion des Primartumors gegeniberstellten. In diesem
Zusammenhang ist bereits bekannt, dass eine CRT sowohl durch die Aktivierung von dendritischen
Zellen und einer dadurch bedingten Stimulation antigen-spezifischer zytotoxischer T-Zellen einen

immunaktivierenden Effekt haben kann, aber auch durch den zytotoxischen Effekt auf
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Immunzellen zur langfristigen Immundysfunktion fiihren und zudem eine Erhéhung protumoraler
myeloischer Immunzellsubtypen bedingen kann (12, 19, 53, 61).

In unserer Subgruppenanalyse zeigte sich die Abnahme antitumoraler Immunzellen lediglich in
der Gruppe nach adjuvanter CRT, nicht aber nach alleiniger Resektion. Vor allem CD20+ B-
Lymphozyten waren bei den Rezidiven nach CRT nahezu vollstindig zuriickgegangen, bei den
Rezidiven nach alleiniger Resektion zeigte sich hier keine signifikante Anderung. Somit konnten
wir eine Assoziation der Immunsuppression in HNSCC Rezidiven zu einer vorausgegangenen CRT
herstellen, die sich insbesondere in einer nahezu vollstandigen B-Lymphozyten Depletion zeigte.
B-Lymphozyten machen bis zu 25% der Immunzellen der TIME aus und kdnnen zu einer langfristig
aktiven antitumoralen Immunantwort durch die Generierung von Gedachtniszellen beitragen (33,
59).

Zur weiteren Aufarbeitung einer CRT-assoziierten Immunsuppression schlossen wir eine mRNA
Expressionsanalyse von 730 immunassoziierten Genen bei je 18 Primartumoren und Rezidiven in
der Gruppe nach adjuvanter CRT an. Diese Untersuchung bestatigte auch auf mRNA Ebene den
bereits immunhistochemisch beobachteten Riickgang der verschiedenen antitumoralen
Immunzellen, insbesondere der B-Lymphozyten, und zeigte zudem eine relative Zunahme
protumoraler myeloider Immunzellen wie neutrophiler Granulozyten, Mastzellen und
Makrophagen. AuRerdem zeigte sich in der Gesamtanalyse eine signifikant groBere Ahnlichkeit
der Rezidive und Primartumore jeweils untereinander als zu ihren korrespondierenden Rezidiven
mit einer Herunterregulation der meisten immunassoziierten Genen in den Rezidiven.

Hierbei waren vor allem Gene, die in die Initiation und Formation von tertidgren lymphoiden
Strukturen (TLS) involviert sind, am starksten herunterreguliert. TLS dhneln in ihrem Aufbau
sekundaren lymphatischen Organen und kommen insbesondere bei chronischen
Entzindungsreaktionen oder im Randbereich solider Tumore vor (14). In den letzten Jahren sind
TLS zunehmend in den Fokus immunonkologischer Forschung geriickt, da sie eine wichtige Rolle
bei der Aufrechterhaltung einer langanhaltenden und tumorspezifischen antitumoralen
Immunantwort spielen und somit zu einer Verlingerung der Uberlebenszeit und der lokalen
Tumorkontrolle in verschiedenen Entitdten und auch im HNSCC fihren (4, 10, 50).

Mittels immunhistochemischer Doppelfarbung gegen CD20 und ERG untersuchten wir in einem
weiteren Schritt die genaue Verteilung der TLS in unserer Hauptkohorte und konnten nachweisen,
dass die Reduktion der TLS in HNSCC Rezidiven in Assoziation mit einer vorausgegangenen
adjuvanten CRT steht, da diese in der Gruppe der Rezidive nach alleiniger Resektion nicht
beobachtet wurde. Diese Analyse legt nahe, dass eine CRT zur Reduktion von TLS beitrdgt und so

die antitumorale Immunantwort negativ beeinflusst.
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Zum weiteren Verstandnis wie eine Chemotherapie oder Radiotherapie sich auf das
Zusammenspiel von Tumorzellen und Immunzellen auswirkt, fihrten wir im Folgenden in vitro
Versuche zur funktionellen Aufarbeitung durch. Hierbei erstellten wir aus naiven FaDu/WT,
radioresistenten FaDu/RR und Cisplatin-resistenten FaDu/CR Zellen Spheroide und koinkubierten
diese mit PBMCs von gesunden Spendern. Sowohl FaDu/RR als auch FaDu/CR Spheroide zeigten
nach Koinkubation eine signifikant héhere Infiltration mit CD45+ Lymphozyten und eine hohere
PDL1-Expression als die Chemotherapie- und Radiotherapie-naiven FaDu/WT Spheroide. Diese
Ergebnisse wiesen auf eine hohere Immunogenitat der FaDu Zellen nach zytotoxischer Therapie in
vitro hin und stehen somit in Kontrast zu unseren in vivo Ergebnissen. Wir gehen davon aus, dass
die Zunahme an genetischen Alterationen und somit eine erh6hte Neoantigenlast zur erhéhten
Immunogenitdt der Spheroide nach zytotoxischer Therapie fiihrt (63). Da sich in vivo ein
gegenteiliger Effekt zeigte, ist von einem komplexeren multidimensionalen Prozess der Wirkung
zytotoxischer Therapien auf die TIME auszugehen, bei dem maoglicherweise vor allem auch die
lokale Stromakomponente sowie die Destruktion lokaler und systemischer Immunkomponenten
eine Ubergeordnete Rolle spielen kdnnte.

Insgesamt konnten wir in Originalarbeit 3 erstmalig aufzeigen, dass es im HNSCC Rezidiv zu einer
Immunsuppression kommt, die insbesondere durch eine Abnahme von B-Lymphozyten und TLS in
enger Assoziation zur vorherigen Durchflihrung einer CRT gekennzeichnet ist. Die protumorale
TIME im HNSCC Rezidiv kann zum einen zur schlechten Prognose beitragen und zum anderen ein
Grund fir das schlechte Therapieansprechen auf Immun-Checkpoint-Inhibitoren sein. Erst kiirzlich
konnte zudem von Helmink et al. gezeigt werden, dass das Vorhandensein von TLS das
Ansprechen auf Immuntherapien verbessert (24). Unsere Studie gibt somit Anlass, bisherige
Therapiekonzepte in Bezug auf ihre immunsuppressive Wirkung zu Uberdenken und
moglicherweise Immuntherapien schon in friheren Erkrankungsstadien bei noch erhaltener

aktiver antitumoraler TIME zu implementieren.

Das Ziel der Originalarbeit 4 war es, spezifische genetische Verdnderungen im HNSCC zu
identifizieren, die in Assoziation zu einem bestimmten Profil der TIME stehen und als mogliche
immuntherapeutische Angriffspunkte dienen kdonnen. Hierzu griffen wir auf die frei verfligbaren
Mutations- und Genexpressionsdaten der TCGA-Datenbank zuriick und unterteilten zunachst die
HNSCC Kohorte entsprechend der RNA-Expression spezifischer immunassoziierter Gene in 3
Subgruppen, die klinisch relevante Unterschiede in der Zusammensetzung der TIME aufwiesen.
Daraufhin identifizierten wir spezifische Mutationen, die signifikant haufiger in einer der 3
Gruppen vorkamen. Neben der bereits bekannten Assoziation von TP53 Mutationen mit einer

fehlenden antitumoralen Immunantwort konnten wir hierbei eine Korrelation zwischen EP300
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Mutationen und einer aktiven antitumoralen TIME als einzige weitere gruppenspezifische
Mutation aufzeigen, die unabhangig vom HPV Status Bestand hatte (21). Diese Korrelation
bestatigte sich auch in plattenepithelialen Karzinomen des Osophagus, Magenkarzinomen und
Prostatakarzinomen. Zudem konnten wir entitatsibergreifend in 17 soliden Tumorentitaten
einschlieRlich HNSCC eine Assoziation einer Herunterregulation von EP300 mit einer Zunahme der
zytolytischen Aktivitat feststellen.

EP300 ist als Lysin-Acetyltransferase via Chromatin-Remodelling und als Transkriptionscofaktor
von beispielsweise E2F an der Regulation einer Vielzahl zelluldrer Prozesse beteiligt (44). Auf der
einen Seite wird sowohl eine Tumorsuppressorfunktion von EP300 beschrieben, da es zur
Promotion anderer Tumorsuppressorgene wie TP53 oder RB1 beitragt (2). Auf der anderen Seite
besteht eine Assoziation zu einem aggressiveren Tumorwachstum und einer schlechteren
Prognose bei verschiedenen Tumorentitaten einschlieRlich HNSCC (5, 7).

Die Mechanismen, die zu dieser erhéhten Aggressivitdt fihren, sind bisher nicht bekannt.
Dennoch befinden sich EP300 Inhibitoren beispielsweise beim Prostatakarzinom in ersten
erfolgsversprechenden Austestungen (66). In Kohdrenz zu unseren Ergebnissen konnte in einem
Maus-Modell gezeigt werden, dass eine EP300 Inhibition in Wildtypmausen, nicht aber in
immundefizienten Ma&usen, zu einer Reduktion des Tumorwachstums fiihrt (36). Diese
Beobachtung hebt den in Originalarbeit 4 beschriebenen Effekt einer starkeren antitumoralen
Immunantwort bei niedriger EP300 Expression oder EP300 Mutation weiter hervor. Eine kirzlich
von Chen et al. veroffentliche Studie konnte die von uns erstmalig beobachtete Assoziation von
EP300 Mutationen mit einer erhdhten zytolytischen Aktivitat bestdtigen und zudem einen
Zusammenhang der Mutationen zu einer erhdhten genomischen Instabilitdt und einem besseren
Ansprechen auf PDL1-Inhibitoren herstellen (6).

In weiteren Analysen der Originalarbeit 4 konnten wir einen moglichen Mechanismus des
Einflusses der EP300 Expression auf die TIME beschreiben, indem wir einen Zusammenhang
zwischen kurzlich erschienen Studien zur EP300 abhangigen Induktion der Transkription von
Enzymen des Glucose-Metabolismus und dem Einfluss des Tumormetabolismus auf die TIME
herstellen konnten (27). Tumore mit einer hohen EP300 Expression zeichneten sich in unserer
RNA-Expressionsanalyse durch einen lberwiegend Glykolyse-abhangigen Tumormetabolismus
aus, wohingegen bei niedriger EP300 Expression ein OXPHOS-abhangiger Metabolismus iberwog.
Ein Glykolyse-abhdngiger Tumormetabolismus ist wiederrum durch die Akkumulation von Laktat
und dessen immunsuppressiven Effekt mit einer Abnahme der antitumoralen Immunantwort
assoziiert (31, 32). Auch in funktionellen in silico Analysen von 8 Zelllinien nach Behandlung mit
dem EP300 Inhibitor C646 bestatigte sich dieser Effekt im Sinne einer Abnahme der Expression

Glykolyse-assoziierter Gene.
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Insgesamt stellt eine Inhibition von EP300 somit einen neuen potentiellen immuntherapeutischen

Angriffspunkt zur Therapie von HNSCC und weiteren soliden Tumorentitdten dar.

Zusammenfassend konnten wir in den 4 vorgestellten Originalarbeiten neue Grundlagen zur
Verbesserung der Routinediagnostik und Therapie von HNSCC nach immunonkologischen
Gesichtspunkten erarbeiten. Eine Einordnung des Tumorimmunzellinfiltrats in die Kategorien
LheiB”,  kalt” und ,ausgespart” am HE-Schnittpraparat kdnnte nach weiterer Validierung
zuklnftig zur routinediagnostischen Prognoseabschatzung genutzt werden (Originalarbeit 1). Flr
die routinediagnostische Analyse der PDL1-Expression sollten bei derzeit starker Inhomogenitat
der Farbungen nach Moglichkeit mehrere anti-PDL1-Antikérper-Klone genutzt werden oder ein
einheitliches Farbeprotokoll durch multizentrische Studien etabliert werden (Originalarbeit 2). Die
TIME in HNSCC Rezidiven war durch eine Immunsuppression vor allem nach vorausgegangener
CRT gekennzeichnet und kénnte so malgeblich zur schlechten Prognose und dem schlechten
Therapieansprechen auf PDL1-Inhibitoren in HNSCC Rezidiven beitragen, sodass unsere
Ergebnisse in die Uberarbeitung bisheriger Therapiekonzepte miteinbezogen werden sollten
(Originalarbeit 3). Als moglichen neuen immuntherapeutischen Angriffspunkt konnten wir die
Lysin-Acetyltransferase EP300 ausmachen, dessen Expression via Modulation des Tumormeta-

bolismus mit einer Inhibition der antitumoralen Immunantwort assoziiert war (Originalarbeit 4).
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1.5 Kurzzusammenfassung

Plattenepitheliale Karzinome des Kopf-Hals-Bereichs (HNSCC) sind derzeit die achthaufigste
Tumorentitat weltweit und haben weiterhin eine schlechte Prognose. Insbesondere das haufige
Auftreten von Rezidiven fiihrt zu 5-Jahres-Uberlebensraten von unter 65%. Auch die Einfiihrung
des neuartigen Therapiekonzepts der Immun-Checkpoint-Inhibitoren in der Rezidivsituation
konnte die Prognose bisher nicht wesentlich verbessern und bleibt damit bisher hinter den
Erfolgen in anderen Tumorentitdaten zuriick. In den aufgefiihrten Originalarbeiten untersuchten
wir daher immunonkologische Ansatzpunkte, um die Therapie der Patienten und die
vorausgehende Diagnostik zu verbessern.

In Originalarbeit 1 beschrieben wir die von uns erstellte reprasentative HNSCC Kohorte aus 419
Patienten, die auch in den Originalarbeiten 2 und 3 verwendet wurde, umfangreich und setzten
sie in Kontext zu epidemiologischen Daten. Zudem konnten wir zeigen, dass eine Einordnung des
Tumorimmuninfiltrats in die Kategorien ,heiR”, ,kalt” und ,ausgespart” am Hamatoxylin-Eosin
gefarbten Schnitt eine unabhéngige Abschatzung der Prognose erlaubt.

In Originalarbeit 2 untersuchten wir die immunhistochemische Farbevariabilitdt verschiedener
routinediagnostisch verwendeter anti-PDL1-Antikorper-Klone. Die Evaluation der PDL1-Expression
stellt einen notwendigen diagnostischen Schritt vor der Durchfiihrung einer Therapie mit Immun-
Checkpoint-Inhibitoren dar. Unsere Analysen ergaben, dass beim HNSCC eine starke
Farbevariabilitat vorliegt, die dazu fihrt, dass die darauf begriindete Therapieentscheidung
malgeblich vom diagnostisch verwendeten anti-PDL1-Antikérper-Klon abhangt.

In Originalarbeit 3 konnten wir deutliche Unterschiede in der immunologischen
Tumormikroumgebung (TIME) von HNSCC Primartumoren und Rezidiven feststellen. Die Rezidive
waren durch eine immunsupprimierte und protumorale TIME gekennzeichnet. Der Verlust der
antitumoralen Immunantwort trat vor allem in Assoziation zu einer vorausgegangenen
Chemoradiotherapie auf und zeigte sich insbesondere im starken Verlust von B-Lymphozyten und
tertidaren lymphoiden Strukturen. Unsere Ergebnisse legen nahe, Immun-Checkpoint-Inhibitoren,
welche idealerweise eine praexistente antitumorale Immunantwort benoétigen, zu einem fritheren
Zeitpunkt in die Therapie von HNSCC einzubinden.

Durch in silico Analysen unserer Originalarbeit 4 konnten wir erstmalig die Lysin-Acetyltransferase
EP300 als Inhibitor einer antitumoralen Immunantwort sowohl im HNSCC als auch in einer
Vielzahl weiterer solider Tumorentitdten identifizieren. Zudem konnten wir zeigen, dass ein
moglicher Mechanismus der Immunsuppression durch eine hohe EP300 Expression in der
Induktion eines Glykolyse-dominanten Tumormetabolismus liegt. EP300 stellt somit einen

vielversprechenden neuen immuntherapeutischen Angriffspunkt dar.
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Zusammenfassend tragen die 4 Originalarbeiten somit nicht nur dazu bei, das komplexe
Zusammenspiel von Kopf-Hals-Karzinomen mit ihrer lokalen immunologischen Mikroumgebung
besser zu verstehen, sondern helfen auch konkrete Rickschliisse zu ziehen, wie neue
Therapiekonzepte zur optimalen Nutzung der TIME und Verbesserung der Prognose von HNSCC

Patienten etabliert werden kénnen.
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Background: Head and neck squamous cell carcinoma (HNSCC) represents a common
cancer worldwide. Past therapeutic advances have not significantly improved HNSCC
prognosis. Therefore, it is necessary to further stratify HNSCC, especially with recent
advances in tumor immunology.

Methods: Tissue microarrays were assembled from tumor tissue samples and were
complemented with comprehensive clinicopathological data of n = 419 patients. H&E
whole slides from resection specimen (n = 289) were categorized according to their
immune cell infiltrate as “hot,” “cold,” or “excluded.”

Results: Investigating tumor immune cell patterns, we found significant differences in
survival rates. Immunologic “hot” and “excluded” HNSCCs are associated with better
overall survival than “cold” HNSCC patients (p < 0.05). Interestingly, the percentage of
all three patterns is nearly identical in p16 positive and negative HNSCCs.

Conclusions: Using a plain histological H&E approach to categorize HNSCC as being
immunologic “hot,” “cold,” or “excluded” can offer a forecast of patients’ prognosis
and may thus aid as a potential prognostic tool in routine pathology reports. This
“hot-cold-excluded” scheme needs to be applied to more HNSCC cohorts and possibly
to other cancer types to determine prognostic meaning, e.g., regarding OS or DFS.
Furthermore, our cohort reflects epidemiological data in the national, European, and
international context. It may, therefore, be of use for future HNSCC characterization.

Keywords: HNSCC, FFPE, tumor microenvironment, hot, cold, excluded, p16, HPV

INTRODUCTION

HNSCCs are the 6th most common cancer in humans (1, 2). Today the common therapies consist
of surgery and/or chemoradiotherapy, which can have excruciating side effects. With the surgical
approaches, patients may suffer from visible defacements, scars, and functional impairments like
dysphagia or permanent voice changes. Chemoradiotherapy itself may lead to severe functional
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damages as well. Patients tend to suffer from dysphagia by
xerostomia and necrosis, atrophy and fibrosis of the bone and the
different parts of soft tissue (3).

Given these therapy-induced impairments, the prognosis is
still rather poor. With an increasing tumor stage, there is a
decreasing survival. For UICC stage IIT and IV, the 2-year survival
is around 30%. Thirty to fifty percentage develop a recurrent
disease (RD) which is mirrored in poor disease-free survival
(DFS) (1, 4-6). Changes in therapy regimes have not improved
this fate significantly for decades. The use of a neoadjuvant and
also of adjuvant chemotherapy is still controversial (4, 7-9).

Especially with growing knowledge about tumor immune
microenvironment (TIME), as described later in this
introduction, another promising therapy option was the
treatment with immune checkpoint inhibitors (ICI), with
PD-L1 and PD-1 as the most prominent ICIs. PD-L1 expression
on tumor cells is increased by irradiation of the tumor (10).
Administering antibodies against PD-L1 and PD-1 has shown
to be very successful in the treatment of several solid tumors,
e.g., melanoma of the skin (11). The effects of monotherapy with
these antibodies in HNSCC are, although a major improvement
to current chemotherapeutic treatment standards, rather
disillusioning in the overall survival (OS) (12, 13). In other
publications, it has been suggested that combinational therapy
might be a solution (14). However, the specific drug combination
with the most promising effect on patient outcomes has yet to
be found.

Clinical trials rely on biomarkers to select the most suitable
patients to receive costly therapy and prevent applying potentially
harmful drugs to patients that will not benefit. Thus, there is
a need for research tools that can be employed for preclinical
investigations. These would need to reflect typical patient features
and offer a representative cancer cohort in order to test if a
newly targeted antigen is actually present on tumor cells or tumor
immune cells. Ideally, they could then be used to shape opinion
as to whether a new drug should be considered to be passed on
into the clinical trial setting.

Intratumoral immune cells have recently advanced into the
focus of research groups regarding many solid tumors. Studies
have been investigating the TIME in regards to their structure
and contents, revealing a labyrinthian interdepending system
of cells and cytokines. In several studies, researchers tried
to adapt the TIME for better treatment response. Especially
irradiation of tumors could induce apoptosis in cancer cells,
leading to an antigen download on antigen-presenting cells
by an increased MHC expression. This might be important
for an increased treatment response by immune checkpoint
inhibitors. On the other hand, strong irradiation can lead to
lymphodepletion, so a lot of research is still needed (15). Studies
of our research team showed that the composition of immune cell
infiltrates contributes to improved chemoradiotherapy response
in HNSCC (16).

It has been widely accepted that TIME can be categorized
as being immunologic “hot” (immune cell infiltrates within
the tumor), “cold” (no immune cell infiltration), or “excluded”
(immune cells at tumor boundaries) (17, 18). Evaluation of
immune cell parameters showed an association with survival

TABLE 1 | Localization of primary tumors.

Anatomical site Frequency (absolute number)

cup? 3.1% (n=13)
Hypopharynx 12.2% (n = 51)
Larynx 27.2% (n=114)
Oral cavity 20.8% (n=87)
Oropharynx 33.7% (n=141)
Other 3.1% (n=13)

aCancer of Unknown Primary.

rates and allowed prediction of response to treatments (19).
In colorectal cancer, for instance, the observation of immune
cell density and localization allowed a more reliable prediction
of survival than the classical TNM system (20). Mainly the
categories “hot” and “cold” were defined by the presence of
lymphocytes, e.g., in melanomas (21). In HNSCC, the genomes of
two HNSCC cohorts were analyzed for cytokine expression and
the authors defined two patterns, namely high and low CD8+
T cell inflamed phenotype (22). However, genomic analyses are
very expensive and also error-prone. This is why we divided the
cancers as immunologically “hot,” “cold,” or “excluded” by the
distribution of immune cells based on H&E analysis.

However, there are still questions to be answered such as:
Do these categories exist in all solid tumor types? And can they
assist in predicting patient outcome? Hypothesizing that there is
a difference in the OS of HNSCC patients with different TIME
patterns in primary tumors (PT), these questions are pursued in
the study at hand to provide another piece in the highly complex
puzzle of tumor immunology.

RESULTS

Cohort Characteristics
We established a cohort of 419 HNSCC patients (22.5% female,
77.5% male) with 27.7% being pl6 positive. Tissue of n = 4
patients was not evaluable for p16.

The majority of HNSCC PT were located in the oropharynx,
larynx and oral cavity, followed by hypopharynx (Table 1).
Thirteen cases were cancers of unknown primary (CUP). 48.9%
of oropharynx squamous cell carcinoma (OPSCC) were pl6
positive and therefore met the criterion of the newly established
subtype of “pl6 positive oropharynx carcinomas” according
to the latest edition of TNM classification (23) and WHO
classification (24). Out of these, n = 43 were available to
TIME evaluation.

The cohort can be subdivided into two arms: patients with a
local RD (25.1%) vs. patients that did not experience a cancer
relapse (74.9%). Five-year survival rates ranged from 51.8 to
54.8% for oral cavity and hypopharynx cancer, respectively, to
65.0 and 67.2% for oropharynx and larynx cancer, respectively.
Five-year survival rate for the whole cohort was 61.9%, for
recurrent disease patients it was 55.3%. 87.6% of patients
had reported nicotine abuse, whereas 43.1% had acknowledged
alcohol abuse.
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TNM and UICC Stages

All cases were re-classified according to the edition of
TNM classification. 50.2% of patients were classified T1/T2 and
45.4% were classified T3/4. The remaining 4.3% were TX or
TO (as in CUP). This levels with 41.1% UICC stages I/II and
58.8% UICC stages III/IV (Figure 1, Table 2). No statistically
significant differences were found for “hot,” “cold,” or “excluded”
tumors when assessing TIME in early vs. late UICC stages
(Supplementary Figure 1).

PT therapy included surgery (78.8%), irradiation (59.5%) and
chemotherapy (30.9%). 52% of patients suffered from nodal
positive HNSCC, which was treated by surgery and irradiation
in 87% and by chemotherapy in 45.2%. 13.4% developed distant
metastasis (DM). 5.8% of patients reappeared with a second
cancer type.

8th

Intratumoral Immune Cell Pattern
Two hundred eighty-nine patients received resection as first-

line treatment. Their specimen of PT (n = 289) and RD
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FIGURE 1 | Overall Survival Data (OS, Kaplan Meier) for UICC stage. UICC
stage after re-assessment according to the eighth edition of TNM
classification. p < 0.05.

(n = 42) were categorized according to their immune cell
infiltrate as being “hot) “cold, or “excluded.” In PT, the
majority showed an “excluded” phenotype (52.6%) whereas the
rest was almost evenly divided as “cold” (24.2%) and “hot”
(23.2%). In RDs, the vast majority was either “cold” (47.6%) or
“excluded” (42.9%) with only a small portion being “hot” (9.5%).
Interestingly, immunologic “hot,” “cold,” and “excluded” tumors
were found in equal proportions in p16 negative and p16 positive
HNSCCs (Figure 2). 75.1% of pl6 positive PTs and 76.7% of
p16 negative PTs were immune infiltrated (meaning either “hot”
or “excluded”).

Survival data by Kaplan-Meier analysis and log-rank test
showed significantly lower OS for “cold” PTs when compared
to “hot” or “excluded” HNSCC (Figure 3A) after Bonferroni
adjustment of the p-values. Accordingly, 5-year survival rates
were worst for immunologic “cold” tumors.

We performed univariate and multivariate Cox regression
analyses to state whether the presence or absence of immune
cell infiltration of tumors (“hot” or “excluded” vs. “cold”
tumors) is a significant prognostic factor for the OS of HNSCC
patients and if it is independent of other prognostic factors
(Supplementary Table 1). We evaluated the three immune cell
patterns (“hot,” “cold,” “excluded”) and UICC stages, T stages,
pl6 status, sex, grading, and patient age for their prognostic
value regarding OS of HNSCC patients. In the univariate analysis,
it was revealed that the immune cell infiltration (Hazard Ratio
(HR) = 0.547; p = 0.005), pl6 expression (HR 0.344;
p = 0.001), T stage (HR = 1.927; p = 0.001), and UICC stage
(HR = 2.212; p < 0.001) were significant prognostic factors
for the OS. The multivariate analysis determined the immune
cell infiltration pattern (HR = 0.527; p = 0.003) and the p16
expression (HR = 0.353; p = 0.001) as independent prognostic
factors for the OS of HNSCC patients.

No significant difference was found for OS when assessing
TIME in RD (p > 0.05) (Figure 3B) and in TIME in regards
to plé status (p > 0.025 and p > 0.016, respectively)
(Figures 3C,D). Neither were there significant differences in DFS
for TIME in PT or RD (Figure 4).

Furthermore, no significant difference was found when
observing TIME in different PT locations. In the hypopharynx,
larynx, and oral cavity, roughly 55% were “excluded,” about 20%
were “hot” and circa 25% were “cold” (Supplementary Figure 2).
When analyzing OS in different PT locations, we found a better
OS for “excluded” oral cavity HNSCCs in comparison to “hot”

TABLE 2 | TNM and UICC stages.

T status Frequency (absolute number) N/M status Frequency (absolute number) UICC stage Frequency (absolute number)
TO/CUP 3.6% (n = 15) NO 42.6% (n = 176) I 22.0% (n =91)
T 22.6% (n =94) N1 17.7% (n =73) Il 19.1% (n =79)
T2 27.6% (n = 115) N2 25.2% (n =1 04) I 16.7% (n = 65)
T3 25.0% (n = 104) N3 14.0% (n = 58) v 43.1% (n =178)
T4 20.4% (n = 85) n/a (n=28) n/a (n=06)
> 0.7 (n=79) MO 86.6% (n = 362)
n/a (n=3) M1 13.4% (n = 56)
n/a (h=1)
Re-classification according to TNM (8th ediition) and UICC stage.
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4

FIGURE 2 | TIME in context with p16 status. Distribution of immunologic “hot,” “cold,” and “excluded” tumors were almost identical in p16 positive HNSCCs in
comparison to p16 negative HNSCCs.

and “excluded” oral cavity HNSCCs (p = 0.048, Figure 3G). No
significant differences were found for TIME in other PT locations
(Figures 3E-H).

We compared OS for resected PT in combination
with different therapy regimes. We found that “cold”
tumor show a worse OS than inflamed (i.e., “hot” plus
“excluded”) HNSCCs if the primary tumor was only treated
by surgery (Supplementary Figure3A) or by a combined
regimen of surgery with an adjuvant radiochemotherapy
(Supplementary Figure 3C). There was no difference
if the tumors were treated in a combined regimen of
surgery and adjuvant irradiation without chemotherapy
Supplementary Figure 3B).

DISCUSSION

Introducing ICI into cancer treatment dramatically changed the
fate of many cancer patients. Especially in melanoma patients,
there have been large improvements in DFS and OS (16, 25-27).
For patients with advanced HNSCC, the prognosis is still very
poor, even after the introduction of ICI therapy in HNSCC (28).
As alot of research effort is underway many clinical trial studies
compete for a limited number of participants. For wise guidance
of patients into clinical trials, we need preclinical tools to estimate
the success of new treatment agents.

Cohort Characteristics

We created a cohort of 419 HNSCC patients which is well-
representative of tumor epidemiology and tumor properties. This
cohort reflects the typical HNSCC patients’ characteristics with
a male to female ratio of ~3:1 (29, 30) and a mean age of 62
years for male and 63 years for female patients. We found a
positive pl6 status as a surrogate marker for HPV infection in
27.7% of all HNSCC tumors (~50% of all OPSCC tumors and

17% of non-oropharyngeal HNSCC) resembling other German
(23.5%) and multinational (25.9%) data (31-34). Frequencies in
cancer sites in German patients show the majority in the oral
cavity and pharynx [79%] and a minority in the larynx [21%]
which is also reflected by our cohort (29, 30). It also mirrors
the epidemiological data of national and European data [EURO-
CARE-5 Study (35)] regarding the 5-year survival rate of 61.9%.
With 22.6% of cases being staged as T1 (vs. 25% up to 44%
in Germany), our cohort seems to lack in T1 cancer patients.
This is most likely because—in order to set up a tissue-based
cohort—one needs a certain amount of tumor mass to construct
representative TMA cores. This naturally rules out small cancer
(such as many T1 diseases) that would not yield enough tumor
tissue. UICC stage IV stretches from 40% in larynx cancer to
75% in pharyngeal cancer and about half the cases of other
localizations (30). In our cohort, we found 43.1% of patients in
UICC stage IV. This, again, may be attributed to a selection bias
as our cohort is mainly based on resectable cancers that have
actually been surgically removed. UICC stage IV often reflects a
palliative setting where the patient may not benefit from tumor
surgery and may, therefore, undergo chemotherapy, irradiation,
or best supportive care instead. So less UICC stage IV tumor
material might have been available in the first place as we set up
the cohort.

TIME by H&E as a Prognostic Factor

TIME in cancers can be categorized as being either “hot,” “cold,
or “excluded” by observing the distribution of immune cells in
the tumor and its close neighborhood. An immunologic “hot”
or “inflamed” tumor offers immune cells distributed diffusely
throughout the tumor. A “cold” or “immune desert” tumor lacks
immune cells whereas an “excluded” tumor shows immune cells
in the desmoplastic septa of the tumor borders (18) (Figure 5,
Supplementary Figure 4). It is well-known that in several tumor
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FIGURE 3 | Overall Survival Data for TIME pattern. Immune cell infiltrates were classified as either “hot,” “cold,” or “excluded” tumors. (A,B) OS (Kaplan Meier) was
statistically different for TIME assessment in PT (o < 0.017), but not in RD (p > 0.025). (C,D). Neither was OS significantly different regarding p16 status (o > 0.017).
(G) A better OS for “excluded” oral cavity HNSCCs was observed in comparison to “hot” and “excluded” oral cavity HNSCCs (p < 0.017). (E,F,H). No significant
differences were found for TIME in other PT locations (p > 0.017).
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FIGURE 5 | Exemplified depictions of (A) “hot”, (B) “cold,” and (C) “excluded”
HNSCC. The upper row shows graphical TIME patterns with blue reflecting the
area of cancer cells, white representing stroma, and red dots flagging the
localization of immune cells. The lower row shows photomicrographs of
matching typical H&E slides.

types the “hot” tumors are associated with a better OS (36). It
has been shown that high counts of immune cells such as CD3-
and CD8-positive lymphocytes within the margins of the tumor
microenvironment predict a better clinical outcome in HNSCC
(37). Moreover, studies suggest a crucial role of tumor-infiltrating
lymphocytes (TIL) in the outcome of laryngeal squamous cell
cancer concerning DFS and OS and are therefore considered of
high interest in the assessment of clinical prognosis (38). We
applied the categories “hot,” “cold,” or “excluded” on HNSCCs
by reading routine H&E slides of resection specimens. To our
knowledge, this is the first study to investigate the immune cell
pattern in HNSCC by a plain histological approach.

Especially for “cold” tumors, our data showed significantly
worse survival courses with worse OS and 5-year survival
(Figure 3A). This is in accordance with a recent Cancer Genome
Atlas (TCGA) data analysis of squamous cell carcinoma that
also produced “cold” tumors to be associated with the worst
prognosis (39).

Characterizing TIME as being either “hot” “cold,” or
“excluded” can easily be done by any pathologist. It is also
more cost-effective and time-saving than immunohistochemical
analyses as it only requires standard H&E stained slides. These
categories, therefore, propose to be a cheap and intriguing
prognostic marker that may be considered to be included
in routine pathology reports for HNSCC. In daily routine
diagnostics, Figure 5 may be used as a reference for appreciating
typical TIME patterns in H&E slides. More (multi-centered)
studies need to be conducted to further distinguish this “hot-
cold-excluded” scheme as a potential prognostic tool.

TIME and TNM Staging

The best and universally applied prognostic system so far was
and still is grading and tumor staging by TNM/UICC. The H&E
categorization in “hot,” “cold,” and “excluded” could, however,
serve as a valuable amendment to it. Especially in an irresectable
setting, where no pTNM staging can be established, it might be
of use as an addendum to cTNM when assessed on an excisional
biopsy specimen. Supposedly, it could also aid in therapeutic
decision making when a cancer is right in between two stages.
However, before incorporating immune cell phenotypes as
predictive markers in clinical practice, further investigation of
TIME with special regard to representative classification systems
has yet to be conducted. We shall be eager to await validation
testing being performed on other cohorts and see the “hot-cold-
excluded” scheme being applied to verify prognostic meaning,
e.g., regarding OS or DFS. Within early and late UICC stages,
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there were no statistically significant differences in OS of TIME
categories (Supplementary Figure 1).

TIME, ICI Treatment and p16

Knowing distribution patterns of immune cell types in HNSCC
could now be used to elucidate if the immune type influences the
outcome of an ICI treatment. Our results reveal a minority of RD
to be “hot” (9.5%). So far, the only approved ICIs in Germany
for the treatment of HNSCC are nivolumab and pembrolizumab.
They are, however, solely approved for the treatment of RDs and
not for PTs. Before that, approval studies of these drugs were
mainly conducted on RD patients (28). These observations might
be a part of the explanation for the worse outcome of HNSCC
patients receiving ICI treatment when comparing them to other
cancer types like melanoma. This hypothesis still needs further
investigation. On the one hand, we must increase the patient
number when analyzing TIME in RD HNSCCs to get a better
estimate of the different immune types. On the other hand, we
have to generate new cohorts to analyze the histology of RDs of
patients before receiving an ICI treatment and compare it with
the outcome of these patients under ICI treatment.

Our data show that “cold” HNSCCs show a worse OS when
treated with resection only or with resection plus adjuvant
chemoradiotherapy. There was no difference if the treatment was
resection plus adjuvant irradiation (Supplementary Figure 3).
The findings in the resection only therapy group might reflect
that patients with a “cold” tumor do have a worse survival than
inflamed tumors in general as this treatment is without any
selective pressure of the cancer cells for therapy resistance. The
different results in the groups with an adjuvant treatment are
the more interesting ones because there is selective pressure
for treatment resistance. The decision criteria for an adjuvant
treatment are quite clear in the guidelines. If patients have
lymph node metastasis without extracapsular spread (N+ ECS-)
in the neck dissection they receive adjuvant irradiation only.
If they have ECS in the lymph node metastasis (N+ ECS+)
they receive combined adjuvant irradiation with platin-based
chemotherapy. The results presented here might mean that
patients suffering from “cold” N+ ECS+ HNSCC might not
benefit from adjuvant combined radiochemotherapy like patients
with an inflamed tumor. To get a better understanding it would
be important to know if N4+ ECS+ tumors that were treated with
resection plus adjuvant irradiation only because of chemotherapy
contraindications (e.g., kidney failure) would show a difference
in OS after separating into “cold” and “inflamed” tumors. If these
courses would show no difference between these two groups it
might show a better response of inflamed tumors after additive
chemotherapy in our presented data here. But if the “cold”
N+ ECS+ tumors still had a worse OS after treatment with
surgery and adjuvant irradiation only it might reflect that “cold”
N+ ECS+ tumors have a worse OS in comparison to inflamed
N+ ECS+ tumors in general. Our cohort limits the ability to
answer these questions. We are curious to see what other (bigger?
multi-center?) cohorts might show in retrospective studies when
analyzing TIME in regards to treatment outcomes.

In our cohort, we could show that immunologic “hot,” “cold,”
and “excluded” tumors are equally distributed in p16 positive and

negative HNSCCs. This might be an explanation of why there
was no difference in the subgroup analysis of HPV positive vs.
negative tumors in the KEYNOTE study series leading to the
FDA approval of pembrolizumab in the treatment of HNSCCs
(12, 13). However, the worst OS for p16 positive HNSCC lies
within the “excluded” tumors (Figure 3C) and not within the
“cold” tumors like the rest of the cohort. It seems worthwhile
mentioning that this finding is only a trend without statistical
significance. All tumors in this cohort were analyzed for p16
expression, independent of the site of origin. p16 itself is a tumor
suppressor which can also be expressed independently of HPV
status (40). So the p16 expression may not be driven by HPV after
all but may be caused by an upregulation of the tumor suppressor
p16 due to an overexpression of different other protooncogenes.
Creating subgroups within the p16 positive and negative OPSCCs
and non-OPSCCs, the subgroups would get too small to yield
significant results. It will be interesting to see results on this by
analyses on larger cohorts.

In the subgroup analysis of PT site of origin, the tumors of
the oral cavity showed a significant difference in OS (Figure 3G).
Only in this subgroup, the “excluded” tumors had significantly
better survival than “hot” or “cold” ones as this difference
could not be found in the other sites of origin. This might
be another indicator that HNSCCs are indeed a heterogeneous
group of cancers rather than one entity. In another study of
our group, the oral cavity HNSCCs also showed a significantly
lower expression of EVII in comparison to HNSCCs of the
oropharynx, hypopharynx, and larynx (41). The results presented
here might be another hint into this direction, but whether
another cytokine profile exists in oral cancers or other factors
lead to better survival in “excluded” tumors of the oral cavity
need further functional analysis in the future. The detachment
of pl6 positive OPSCCs is widely accepted and appreciated
by TNM and WHO (23, 24). If more unique features of oral
cavity HNSCCs are identified in the future they might meet
a similar fate like p16 positive OPSCCs and be declared as a
distinct entity.

HPV positive HNSCCs have been reported to be more
inflamed than HPV negative ones (37). Our data showed no
significant connection between pl6 status and TIME. When
re-grouping “hot” and “excluded” as immune infiltrated and
comparing this new category to “cold” tumors we could show
that immune infiltrated PTs did not track with p1l6 positive
status (Figure 2). Therefore, TIME cannot be used to predict
pl6 status by observing the tumor immune cell pattern. Our
cohort contains a limited number of cases with pl6 positive,
surgically resected OPSCC that were evaluable for TIME status.
Further testing is needed on larger OPSCC cohorts which allows
comprehensive analyses of the recently established p16 positive
OPSCC regarding the prognostic value of the categorization into
hot, cold, or excluded.

The results presented here are merely a stopover,
demonstrating the usefulness of tissue cohorts. We want to
use our cohort and the knowledge of the different TIME types
to investigate factors leading to either a “cold,” “excluded,” or
“hot” tumor to get a better understanding of cancer immunology
in HNSCC.
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Conclusion

In conclusion, we have constructed a large and well-characterized
tumor tissue cohort with comprehensive clinicopathological
data. The cohort is well-representative of HNSCC patients and
provides us with a subtle device to further investigate ICI-naive
HNSCC. Furthermore, we assessed TIME by reading the tumoral
immune infiltrate pattern. We showed that the categorization of
HNSCC as being either immunologic “hot,” “cold,” or “excluded”
results in statistically significant differences in OS. This cheap
and easy classification may, therefore, be an intriguing prognostic
tool that may be considered to be applied in routine pathology
reports of HNSCC, possibly even as an amendment to staging and
grading. However, further evaluation is warranted and validation
testing on other cohorts is needed. This “hot-cold-excluded”
scheme needs to be applied to more HNSCC cohorts and possibly
to other cancer types to determine prognostic meaning, e.g.,
regarding OS or DFS.

MATERIALS AND METHODS
Cohort Creation

This retrospective study was conducted following the Declaration
of Helsinki. It was approved by the local Ethics Committee
(Ethics Committee of the University of Luebeck, AZ 16-277).
The REMARK (Reporting Recommendations for Tumor Marker
Prognostic Studies) checklist (42) was consulted. Planning for
a target power of 80%, an effect size of 30%, and a standard
deviation of 60%, we aimed for a sample size of 62 patients per
group, summing up to a cohort of (at least) 186 patients.

German state law requires hospital staff to report all
first-time diagnosis of cancer to regional Cancer Registries
(“Krebsregister”). This is done by using the international code
of disease (ICD). For our study, we researched the hospital
database for ciphers for squamous cell carcinoma (ICD-O-3) and
head and neck regions [ICD-10, C section (43)]. This provided
us with a list of 1,266 patients. This list was double-checked
for redundancies and non-squamous cell malignancies of the
head and neck, e.g. lymphoma, melanoma, SNUC, etc. Those
cases were excluded. We then cross-referenced this list with
the clinical patient database (Agfa Orbis®) and the pathology
tissue database (Nexus®) using pseudonyms. Every case was
re-evaluated by a board-certified otorhinolaryngologist and a
board-certified pathologist regarding the anatomical site, cancer
type, and amount of available tissue. Cases were removed from
the cohort if they contained too little an amount of tumor
tissue or if tumor tissue had been used up during routine
diagnostic procedures. Clinical data were obtained from patients’
archives and Agfa Orbis® (list of clinicopathological features in
Supplementary Table 2).

Then, H&E slides and paraffin blocks were drawn from the
archives. After checking paraffin blocks for appropriate tumor
amount the cohort was finalized with n = 419 patients. Patient
data were anonymized. We assembled tumor tissue from PT,
lymph node metastasis (LM), RD, and DM. Tissue samples were
re-evaluated to classify each case according to the latest TNM
classification (8th edition) and UICC stages accordingly. p16
status was determined by immunohistochemical staining of p16

(p16 CINtec ready to use kit, clone E6H4™, mouse monoclonal
antibody, Roche Ventana Medical Systems, Tucson, AZ, USA).
Regions of interest (ROIs) were annotated on H&E slides and
paraffin blocks were matched. Three 0.1 cm cores (triplets) were
punched out of every tumor to reflect heterogeneity and were
then arranged in acceptor blocks as tissue microarrays (TMAs).
Each TMA contained tissue triplets of 55 cancers and 5 normal
mucosa samples.

Definitions of “Hot,” “Cold”, and

“Excluded”

For assessment of immune cell distribution status, we analyzed
H&E whole slides from those patients from our cohort that
underwent resection of PT (n = 289) or RD (n = 42). We
distinguished three categories to determine TIME by reading
H&E slides by the following criteria:

“Hot”—More than 2% tumor immune cells, of which more
than 50% are distributed diffusely throughout the tumor, i.e.
in the tumor stroma and between cancer cells.

“Excluded”—More than 2% tumor immune cells, of which
more than 50% are exclusively limited to tumor stroma areas.
“Cold”—Up to 1% tumor immune cells, regardless of location.

If both “hot” and “excluded” patterns were present the one
reflecting the majority was assigned. Two board-certified
pathologists (JRI, RK) assessed the slides using Olympus BX50
microscope with fluorite objectives with plano-correction
(Olympus Europa, Hamburg, Germany). They achieved
matching results in 96% (n = 276). A third pathologist (SP, head
of the department) was consulted to reach a consensus in the
discrepant cases. Figure 5 shows a graphical depiction of these
definitions and typical H&E impressions. More examples are to
be found in Supplementary Figure 4. Divergent interpretations
are shown in Supplementary Figure 5.

Statistical Analyses and Software

Statistical analysis was performed using IBM SPSS Statistics 25
for Windows (IBM Corp., Armonk, NY, USA). Sixty-months
OS and DFS were calculated by the Kaplan-Meier method
and log-rank test for statistical significance. Individuals lost
to follow-up were censored. Univariate and multivariate Cox
regression analyses were performed to evaluate the association
among the three immune profiles (“hot,” “cold,” “excluded”) and
UICC stages, T stages, pl6 status, sex, grading, and patient
age. Unless multiple hypothesis testing was applied. p < 0.05
were considered statistically significant. For multiple hypothesis
testing, we applied the Bonferroni method to adjust the p-
value as follows. Three hypotheses were tested for PT, namely
postulating a difference in the OS for different TIME patterns,
postulating a difference in the OS between pl6 positive and
negative PTs, and postulating a difference in the DFS of patients
with different TIME patterns. The Bonferroni adjusted p-value
was p = 0.05/3 = 0.017. Two hypotheses were tested to RD,
namely assuming a difference in the OS for different TIME
patterns, and assuming a difference in the DFS for different TIME
patterns. This newly adjusted p-value was p = 0.05/2 = 0.025.
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We used the following software to create artwork, edit
photomicrographs, and compile data visualization. Inkspace
(version 0.92.4, The Inkscape Project c/o Software Freedom
Conservancy, Brooklyn, NY, USA, https://inkscape.org/). Krita
(version 4.2.8, Stichting Krita Foundation, Deventer, The
Netherlands, https://krita.org). GIMP (version 2.10.14, The
GIMP Project /o GNOME Foundation, Orinda, CA, USA,
https://www.gimp.org). Some data visualization was aided by
Daniel’s XL Toolbox add-in for Excel (version 7.3.4, by Daniel
Kraus, Wiirzburg, German, www.xltoolbox.net).
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Background:The approval of immune checkpoint inhibitors in combination with specific
diagnostic biomarkers presents new challenges to pathologists as tumor tissue needs
to be tested for expression of programmed death-ligand 1 (PD-L1) for a variety of
indications. As there is currently no requirement to use companion diagnostic assays for
PD-L1 testing in Germany different clones are used in daily routine. While the correlation
of staining results has been tested in various entities, there is no data for head and neck
squamous cell carcinomas (HNSCC) so far.

Methods: We tested five different PD-L1 clones (SP263, SP142, E1L3N, 22-8, 22C3)
on primary HNSCC tumor tissue of 75 patients in the form of tissue microarrays. Stainings
of both immune and tumor cells were then assessed and quantified by pathologists to
simulate real-world routine diagnostics. The results were analyzed descriptively and the
resulting staining pattern across patients was further investigated by principal component
analysis and non-negative matrix factorization clustering.

Results: Percentages of positive immune and tumor cells varied greatly. Both the
resulting combined positive score as well as the eligibility for certain checkpoint inhibitor
regimens was therefore strongly dependent on the choice of the antibody. No relevant
co-clustering and low similarity of relative staining patterns across patients was found for
the different antibodies.

Conclusions: Performance of different diagnostic anti PD-L1 antibody clones in HNSCC
is less robust and interchangeable compared to reported data from other tumor entities.
Determination of PD-LL1 expression is critical for therapeutic decision making and may
be aided by back-to-back testing of different PD-L1 clones.

Keywords: HNSCC, PD-L1, checkpoint inhibitors, TMA, harmonization, therapy prediction, protein quantitation
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INTRODUCTION

In a growing number of solid tumors, immunotherapy by
checkpoint blockage targeting programmed death receptor 1
(PD-1) or its ligand programmed death-ligand 1 (PD-L1)
has become a standard treatment (1-9). The response to
the administration of most PD-1 or PD-LI inhibitors often
correlates with PD-L1 expression determined before therapy
using specific companion diagnostics for immunohistochemistry
(IHC) resulting in approval in combination with PD-L1
expression as a diagnostic biomarker (8, 9). In HNSCC, this
does not hold good for nivolumab which is approved for
administration after cisplatin failure, regardless of PD-L1 status
determined by IHC. For pembrolizumab, though, it is still
necessary to specify PD-L1 status by IHC. Interestingly, most
tumor boards still request PD-L1 status from the pathologists
to decide for or against a checkpoint inhibitor therapy regime.
While THC is a routine tool in modern pathology to investigate
diagnostic and predictive markers in tissue samples, its use in
PD-L1 expression analysis has raised several issues: (a) There are
different PD-L1 assays each specific to a therapeutic antibody
without a common standard. (b) Different scoring systems are
applied to different tumor types and indications. (c) Problems of
tumor heterogeneity, inter-institutional preanalytics, and inter-
/intra-observer variability are being addressed but are difficult
to solve (10). Several attempts have been made to compare
commercially available PD-L1 clones (11-14). For example, clone
22C3 (Agilent Dako Omnis, Santa Clara, CA, USA) showed
high concordance with SP263 (Ventana Medical Systems Roche,
Oro Valley, AZ, USA). For non-small cell lung cancer (NSCLC),
it was therefore recently CE-marked for interchangeable use
with 22C3 and 28-8 (Abcam, Cambridge, UK) (10). Some
pathology laboratories use less expensive PD-L1 clones such as
22C3 and E1L3N for different reasons. Like many hospitals,
they are dedicated to the economically efficient use of reagents
and resources. Similarly, some lack access to the specific
immunostainer platform that is necessary to carry out clone-
specific stains (e.g., Ventana Benchmark immunostainer for
SP263, both Ventana Roche), and there are no commercially
available ready to use kits for PD-L1 clones for the widely used
Leica Bond platform (Leica Biosystems, Wetzlar, Germany) (10).

Checkpoint and PD-L1 inhibitors like pembrolizumab,
atezolizumab, and durvalumab have been approved for first
or second-line treatment of PD-L1 positive advanced cancers
[e.g., NSCLC (2, 3, 15)], urothelial cancer (16), and triple-
negative breast cancer (17). Since then, pathologists are
required to report the PD-L1 status, which comprises one
or more PD-L1 scores depending on the tumor entity. The
tumor positivity score (TPS) is defined as the estimated
percentage of tumor cells showing partial or complete
membrane staining for PD-L1. It was developed for clone
22C3 as a biomarker for pembrolizumab (9, 18). The immune
cell score (IC) is based on the estimated area of PD-L1
positive tumor immune cells in relation to all tumor immune
cells. It was developed for SP142 in urothelial carcinoma,
NSCLC (15), and TNBC. The combined positivity score
(CPS) is supposed to reflect both tumor cell and immune

cell PD-L1 expression. It was also developed as a biomarker
for pembrolizumab.

In the USA, the Federal Drug Administration (FDA) restricted
the application of pembrolizumab for advanced NSCLC to those
patients whose tumor samples had been tested using the DAKO
22C3 pharmDx assay (the so-called companion diagnostic assay)
(18). In Europe though, the DAKO platform is not as widely used,
and the European Medicines Agency (EMA) does not demand a
mandatory specific PD-L1 IHC platform or clone (10).

For recurrent HNSCC, two therapeutic anti-PD-1 antibodies
are currently used: Nivolumab after cisplatin failure without PD-
L1 expression as a biomarker and Pembrolizumab after cisplatin
failure and with a TPS >50%. Pembrolizumab is also approved
for palliative first-line treatment of HNSCC with a CPS>1
with or without platinum-based chemotherapy. Thus, targeting
the same molecule, Pembrolizumab requires PD-L1 expression
to be demonstrated by IHC, while the use of Nivolumab is
not restricted.

MATERIALS AND METHODS

Tumor Material and Patient Data

The study was conducted according the Declaration of Helsinki.
Approval by the University of Luebeck Ethics Committee
was obtained (project code AZ 16-277). Tissue samples were
routinely fixated in 4% buffered neutral formalin for 12-24h.
After paraffin embedding the preserved tissue blocks were stored
at room temperature in our archives until they were retrieved.
We accessed our large and comprehensively clinicopathologically
characterized HNSCC cohort, as described before (19, 20). For
the study at hand, we selected those TMAs from our cohort
that contained tumor tissue of recurrent disease and matching
primary tumors (n = 75 patients). For patient details please refer
to Supplementary Table 1.

TMA Construction

H&E slides were annotated for regions of interest (ROI)
containing representative squamous cell carcinoma areas.
Corresponding paraffin blocks were matched. Manual Tissue
Arrayer 1 (Estigen AlphaMetrix Biotech, Rodermark, Germany)
was used to construct TMAs as seen in Figure 1. Briefly, 2 mm
diameter cores were punched out of the donor block’s ROI and
embedded into a paraffin recipient block. This was repeated three
times for each tumor sample resulting in three cores per patient.
One recipient block holds up to 60 triplets. Whenever possible,
meaning whenever enough representative tumor tissue could be
yielded, we created two more replicas of each TMA.

Immunohistochemistry and Evaluation

of Stains

3um thin slices were cut from the TMA recipients blocks
and put on glass slides (Figure 1). All immunohistochemical
stainings were performed on a Ventana BenchMark automated
staining system (Roche, Basel, Switzerland), as previously
described (21). Deparaffinization protocol according to EZ Prep
was followed by heat-mediated antigen retrieval (pH 8.4 buffer
for up to 32min; both Ventana Medical Systems Roche, Oro
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Valley, AZ, USA). Primary antibody was titrated and incubated
as follows.

- SP263: incubation for 20min at 36° (rabbit monoclonal
antibody with OptiView DAB IHC Detection Kit, both
Ventana Medical Systems Roche)

- SP142: incubation for 8min at 37° (rabbit monoclonal
antibody with OptiView DAB IHC Detection Kit, both
Ventana Medical Systems Roche)

- EIL3N: incubation for 60min at 36° (rabbit monoclonal
antibody, RTU, Cell Signaling, Danvers, MA, USA).
Counterstaining with haematoxylin (Ventana Medical
Systems, Tucson, AZ, USA) and the proper alkalinity was
ensured by washing with Bluing reagent, pH = 8.0.

- 28-8: incubation for 40 minutes at 37° (ab205921, rabbit
monoclonal antibody, Abcam, Cambridge, UK with OptiView
IHC Detection Kit, Ventana Medical Systems Roche)

FIGURE 1 | Construction of tissue microarray. Donor H&E slides were
annotated for the tumor region. The matching donor blocks were identified
and annotated as well. Three cores from the region of interest were punched
out and embedded in the recipient paraffin block. The recipient block could
then serve for multiple analyses, e.g., immunohistochemical stainings.

- 22C3: incubation for 40min at 37° (mouse monoclonal
antibody, Agilent Dako Omnis, Santa Clara, CA, USA
with OptiView DAB IHC Detection Kit, Ventana Medical
Systems Roche)

Tonsil tissue was employed as positive  control
(Supplementary Figure 1). PD-L1 IHC stains were then
evaluated by two independent pathologists. Tumors were
represented by three cores to address tumor heterogeneity.
PD-L1 scores were reported separately for each core. Mean
values of the three cores were calculated and used as input
for score calculation. The resulting expression data contained
the number and area shares of tumor and immune cells
with the expression as well as the ratio of tumor to immune
cell number [necessary to calculate the combined positive
score (CPS)]. The latter was calculated as the number of
positive immune and tumor cells divided by the number
of viable tumor cells, multiplied by and capped at 100. The
total positive score (TPS) was calculated as the percentage of
tumor cells with positive membrane staining, regardless of
staining intensity and continuance. The immune cell score
(IC) is the percentage of tumor area occupied by tumor
immune cells.

Statistical Analysis and Visualization

All statistical analyses were performed by custom scripts in
Python 2.7 (Enthought, Austin, USA, Canopy distribution
1.1.0.1371) including the scipy, numpy, sklearn, matplotlib,
seaborn and pandas packages. Non-negative matrix
factorization was performed based on the nimfa package
(22). Briefly, the data were z-score transformed, shifted
by the minimum value to turn negative into positive
values without changing data patterns, and factorized with
random seed, rank * 100 iterations and 100 runs. The
resulting data was further analyzed and visualized with the
scipy.cluster.hierarchy module.

magnification x100. Inlay magnification x200.

FIGURE 2 | PD-L1 staining pattern in HNSCC. Upper row: tumor cells. Lower row: immune cells. From left to right: 22C3, 28-8, E1L3N, SP142, and SP263. Original
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FIGURE 3 | Qualitative results. (A,B): Patients were ranked by their mean positive tumor and immune cells respectively to facilitate comparison across the different
antibody clones; (C): The combined positive score (CPS) was calculated for each patient and the resulting eligibility for pembrolizumab portrayed in binary
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Apart from Python visualization packages, we used
the following software to create artwork and edit
photomicrographs. Inkspace (version 0.92.4, The Inkscape
Project c/o Software Freedom Conservancy, Brooklyn, NY,
USA, https://inkscape.org/), Krita (version 4.2.8, Stichting
Krita Foundation, Deventer, The Netherlands, https://
krita.org), GIMP (version 2.10.14, The GIMP Project c/o
GNOME Foundation, Orinda, CA, USA, https://www.gimp.
org).

RESULTS

Tumor Material and Patient Data

As described previously, our cohort is well-representative for
HNSCCs and well-reflects the aggressive tumor behavior (19).
Briefly, our cohort mirrors the typical characteristics for HNSCC
patients: three-quarters were men with smoking and alcohol
as common nutritive-toxic pathogens. A little <1/3 were pl16
positive. The majority offered advanced stages (UICC III/IV) at
first-time diagnosis. About 25% of patients experienced a cancer
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relapse, half of which passed away within 5 years. The 5-year
survival for the whole cohort was about 60%.

Immunohistochemistry and Evaluation

of Stains

We performed immunohistochemical PD-L1 stains for five
clones (22C3, 28-2, E1L3N, SP142, and SP263) and estimated
TPS, IC, and CPS. All five clones delivered satisfactory staining
quality with 22C3 being the most discreet. SP142 offered a more
grainy aspect. E1L3N, SP263, and 28-8 showed a robust pattern
(Figure 2). Positive controls demonstrate staining success (tonsil
tissue, Supplementary Figure 1).

Statistical Analysis

To illustrate the variety of staining with different clones, the
mean share of positive stainings across clones was calculated and
the patient samples ranked by this order (Figures 3A,B). The
resulting distribution showed marked dispersion, which was also
mirrored by the resulting CPS (Figure 3C). As a relevant clinical
consequence, the individual eligibility of patients for first-line
pembrolizumab was assessed by CPS > 1 (Figure 3D). Thereby,
relevant differences between clones were observed with eligible
patients ranging from SP142 with 14%, 22C3 with 18% to E1L3N
with 48%, SP263 with 68%, and 28-8 with 78% of patients.
As other cutoffs are used in clinical trials we also calculated
alternative eligibility cutoffs for CPS1, CPS20, CPD50, and TPS50
(Supplementary Figure 2).

Apart from this qualitative assessment, the identification of
underlying staining patterns was approached by principal
component analysis (PCA) and non-negative matrix
factorization-based consensus clustering (NMF). While PCA
showed similarity between the tumor stainings of SP142, 22C3,
and E1L3N (Figure4A), no stable and relevant reduction of
dimensionality could be observed by NMF clustering (Figure 5)
indicated by maximum cophenetic correlation for k = 10
clusters (with n = 10 input samples (clones); Figure 4B). Some
co-clustering of SP142/22C3 tumor staining was observed as well
as less stable co-clustering of SP263 and E1L3N tumor staining.
SP263 and 28-8 co-clustered relatively strongly for k = 2 clusters,
mirrored by similar correlations in PCA and similar quantitative
results of the staining raw data. However, the cluster did not
prove to be stable in higher ranks (compare to quick drop in
cophenetic correlation, Figure 4B).

DISCUSSION

The introduction of immune checkpoint inhibitors in cancer
therapy considerably improved survival in several entities, e.g.,
melanoma and lung cancer (23, 24). For HNSCC, survival
improved compared to the previous standard of care. However,
the high hopes remained hitherto unfulfilled in large part. While
overall survival for recurrent disease is still significantly increased
in comparison with previous therapy regimens, the effect size
seems to be smaller than in melanoma (8, 25). Adverse effects
were significantly less severe than with chemotherapy. No more
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grade IV/V side effects were observed than with the comparator.
Still, checkpoint inhibitors do offer side effects, some of which
can be quite severe (e.g., pneumonitis, myocarditis). Against this
background accurate checkpoint inhibitor response prediction in
HNSCC patients is important.

Our data show a marked variation of staining results based
on the diagnostic antibody used. Both descriptive analyses
such as the basic share of positive cells as well as more
comprehensive statistical approaches reveal only weak staining
similarity, mostly between SP263 and 28-8 tumor staining.
Taken altogether this translates into considerably different
shares of patients being identified as eligible for second-
line monotherapy.

Several harmonization studies for the diagnostic detection
of PD-L1 expression were performed in different solid cancer
entities with most studies focusing on non-small cell lung
cancer (12, 14, 26-30). The results of the study presented
here are only partially mirrored by investigations in other
tumor entities. In two large studies of PD-L1 staining in
lung cancer, three out of four assays showed interchangeable
results (11, 31). In urothelial carcinoma, the different antibodies
directed against PD-L1 showed different staining positivities but
variance was still confined to an acceptable level. Here, too,
three out of four assays were virtually interchangeable (32).
In the above-mentioned studies, SP142 stained fewer samples,

which was also observed in our data with SP142 identifying
the fewest patients to be eligible for Pembrolizumab with
CPS > 1. In our study, the 22C3 clone showed CPS> =1
in surprisingly much <85% reported in the KEYNOTE-048
(8) study. This may be due to tumor heterogeneity, selection
bias, different pre-analytics, or staining platform protocols.
Whatever the reason, this stark contrast further encourages to
be cautions upon PD-L1 scoring results. Other comparative
studies in non-small cell lung cancer found a high concordance
in tumor cell scores for PD-L1 but apoor concordance in
immune cells. Similarly, our results demonstrate slightly better
concordance in tumor cell scoring compared to immune cells,
which might affect CPS variance overproportionally. Overall
comparability of scoring performance, however, was much
lower in our data regardless of cell type than described in
other entities.

The deviation of our results may in part root in the approach
taken: To stay as close to real-world routine diagnostics as
possible we did not average the results by multiple reviewing
pathologists. The pronounced staining heterogeneity nonetheless
suggests further systemic differences compared to other tumor
entities. In this context, a potentially relevant aspect has been
addressed by Lee et al. showing differences in the binding of Dako
28-8 before and after deglycosylation of FFPE samples (33). They
concluded that the binding of a diagnostic antibody directed
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against PD-L1 is affected by the glycosylation state of the PD-L1
molecule itself. Since every antibody binds to a different epitope
of the PD-L1 molecule, binding can be differentially affected by
the glycosylation status of PD-L1 in each sample. Different levels
of the inter-tumor variance of glycosylation patterns in HNSCC
and other tumors might explain our observations—at least for the
diagnostic antibodies that bind to the N-terminal extracellular
domain [28-8 and 22C3; (34)].

Apart from discussing fixed diagnostic/therapeutic antibody
pairs as companion diagnostic assays, it might be necessary
to take a closer look at preanalytical optimization. Different
glycosylation patterns in turn might not only be relevant in
blurring formal eligibility criteria but also in better prediction
of actual tumor biological behavior (33, 35). The different
diagnostic scores in use add further complexity but only the
CPS is currently applied clinically in HNSCC. We therefore
restricted our primary comparisons to the CPS, with similar
results for the TPS (Supplementary Figure 1). Given our present
data, CPS determination in HNSCC should be interpreted
with caution for therapeutic decisions. As CPS is crucial for
therapeutic decision making a conceivable solution may be
to establish an algorithm of testing various PD-L1 clones in
succession to determine the CPS. In a back-to-back testing
sequence, different PD-L1 clones could compensate for each
other’s “blind spots.”
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Purpose: Recurrent tumors (RT) of head and neck squamous cell
carcinoma (HNSCC) occur in up to 60%, with poor therapeutic
response and detrimental prognosis. We hypothesized that HNSCC
RTs successfully evade antitumor immune response and aimed to
reveal tumor immune microenvironment (TIME) changes of pri-
mary tumors (PT) and corresponding RTs.

Experimental Design: Tumor-infiltrating leukocytes (TIL) of
300 PTs and 108 RTs from two large independent and clinically
well-characterized HNSCC cohorts [discovery cohort (DC), vali-
dation cohort (VD)] were compared by IHC. mRNA expression
analysis of 730 immune-related genes was performed for 18 PTs and
RTs after adjuvant chemoradiotherapy (CRT). The effect of che-
motherapy and radiation resistance was assessed with an in vitro
spheroid/immunocyte coculture model.

Results: TIME analysis revealed overall decrease of TILs with
significant loss of CD8" T cells (DC P = 0.045/VC P<0.0001) and B
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lymphocytes (DC P = 0.036/VC P <0.0001) in RTs compared with
PTs in both cohorts. Decrease predominantly occurred in RT's after
CRT. Gene expression analysis confirmed loss of TILs (P = 0.0004)
and B lymphocytes (P < 0.0001) and showed relative increase of
neutrophils (P = 0.018), macrophages (P < 0.0001), dendritic
cells (P = 0.0002), and mast cells (P = 0.0057) as well as lower
overall expression of immune-related genes (P = 0.018) in RTs
after CRT. Genes involved in B-lymphocyte functions and num-
ber of tertiary lymphoid structures showed the strongest
decrease. SPP1 and MAPKI were upregulated in vivo and
in vitro, indicating their potential suitability as therapeutic
targets in CRT resistance.

Conclusions: HNSCC RTs have an immunosuppressive TIME,
which is particularly apparent after adjuvant CRT and might
substantially contribute to poor therapeutic response and
prognosis.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the sixth most
common cancer worldwide accounting for more than 600,000 cases
and 380,000 deaths annually (1, 2). In the United States, more than
two-thirds of patients are diagnosed at advanced stages of disease
leading to poor prognosis with 5-year survival rates ranging between
39% and 65% (3). A major factor contributing to poor prognosis is the
development of local recurrent tumors (RT) in up to 60% of
patients (4).

Standard-of-care treatment of HNSCC primary tumors (PT) in a
locally advanced setting consists of surgical resection of PT and
draining lymph nodes in combination with risk-adapted adjuvant
radiotherapy, with or without platinum-based chemotherapy. Alter-
natively, standalone definitive concurrent chemoradiotherapy (CRT)
isadministered (5, 6). Those treatment options are quite effective in the
primary disease setting, but cannot prevent high RT rates (7). Treat-
ment of recurrent HNSCC, which are often not accessible to surgery or
radiotherapy, has for a long time been limited to platinum-based
doublet chemotherapy in combination with the anti-EGFR antibody
cetuximab with a low median overall survival of 10.1 months (8, 9).
Recently, the two immunotherapeutic agents nivolumab and pem-
brolizumab, mAbs targeting the immune checkpoint molecule pro-
grammed cell death protein 1 (PD1), have been proven to contribute to
longer overall survival in comparison with standard chemotherapy in
pretreated recurrent or metastatic HNSCC in the two randomized
phase III trials CHECKMATE-141 and KEYNOTE-040 (10, 11). Fur-
thermore, pembrolizumab has shown prolonged overall survival as
first line treatment for recurrent or metastatic HNSCC, either in
combination with standard therapy or as single-agent therapy for
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Translational Relevance

The development of locoregional recurrences is one main reason
for the poor prognosis of head and neck squamous cell carcinoma
(HNSCC). Recurrent HNSCC shows low response rates to con-
ventional chemoradiotherapy (CRT) as well as immunotherapy.
Particularly, the administration of immunotherapy depends on a
favorable preexisting tumor immune microenvironment (TIME).
This study demonstrates an unfavorable, immunosuppressive, and
protumor TIME in HNSCC recurrences compared with corre-
sponding primary tumors on protein and mRNA expression levels
in two independent and clinically well-characterized patient
cohorts. Immunosuppression predominantly occurs in recur-
rences of patients who received CRT after resection of their primary
tumor and was associated with a decrease of tertiary lymphoid
structures. These results suggest an immunosuppressive TIME as
one major factor promoting HNSCC recurrences. Furthermore,
they support inclusion of immunotherapies at an early stage of
treatment to fully exploit its antitumor immune capacities and
avoid an immunosuppressive TIME.

patients with THC-proven programmed cell death protein ligand 1
(PDL1) overexpression (PDL1 combined positive score: >1; ref. 12).
Therefore, pembrolizumab and nivolumab have been included into the
latest treatment guidelines for recurrent and metastatic HNSCC (13).
Nevertheless, relative response rates stay below 15% and benefit to
median overall survival of 1.4 to 2.4 months is still poor (14).

Success of immunotherapies and of standard CRT is strongly
influenced by the preexisting tumor immune microenvironment
(TIME) and its alterations during therapy (15). Despite high variability
across different cancer entities, solid tumors such as HNSCC are
usually classified into three different TIME types according their
prognostic and predictive impact (16-21):

(i) Hot (inflamed) tumors with high numbers of effector immune
cells such as CD8" and CD4™ T cells as well as natural killer (NK)
cells.

(ii) Cold (noninflamed) tumors with enrichment of immunosup-
pressive cytokines, presence of regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSC) as well as scarcity of
CD8", CD4", and NK cells.

(iii) Immune-excluded tumors with absence of all types of
immunocytes.

Best response rates to immune checkpoint inhibitors are observed
for patients with an active antitumoral immune response of the first
type (22).

Considering high rates of RT's after successful eradication of PTs as
well as poor response rates and survival benefits of immune checkpoint
inhibitors in the recurrent setting, we hypothesize that RTs have
successfully escaped antitumor immune response, which is charac-
terized by a decrease of antitumor immune cells and activity and an
increase of protumor and immunosuppressive immune cells. Further-
more, we think that adjuvant CRT contributes to the immunosup-
pressive TIME of RTs.

To elucidate immunologic changes in recurrent HNSCC, we per-
formed in vivo characterization of the TIME of PTs and corresponding
RTs in two independent HNSCC cohorts via IHC and immune-specific
gene expression profiling. Furthermore, we compared the immunologic
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changes with an in vitro model of chemotherapy- and radiotherapy-
resistant HNSCC spheroids cocultured with immune cells.

Materials and Methods

Patient data and tumor material

Two large, independent, and clinically well-characterized HNSCC
cohorts were used for this study. The discovery cohort (Liibeck cohort)
consists of 63 patients with HNSCC, who were treated according to
local treatment guidelines at the Department for Otorhinolaryngology
of the University Hospital Schleswig-Holstein, Campus Liibeck,
Germany, between 2001 and 2016. All patients developed a local RT
(RT1) between 4 months to 11 years after clinically or radiologically
proven eradication of their PT. A total of 13 patients developed a
second RT (RT2). Overall survival data, patient characteristics, and
social histories were obtained from the Department for Otorhinolar-
yngology of the University Hospital Schleswig-Holstein, Campus
Liibeck, Germany. Formalin-fixed paraffin-embedded (FFPE) tumor
tissues were retrieved from the archives of the Pathology of the
University Hospital Schleswig-Holstein, Campus Liibeck, Germany
and tissue microarrays (TMA) were constructed from representative
tumor areas. Three 0.6 mm cores of each tumor specimen were
assembled into TMA blocks. Human papillomavirus (HPV)-status
was assessed by p16 IHC staining and HPV-DNA PCR testing.

The second cohort was an independent validation cohort (Bonn
cohort) consisting of 237 PTs and 45 unmatched RTs established as a
TMA-based cohort with three 0.6 mm cores for each tumor specimen at
the Institute of Pathology of the University Hospital Bonn (Bonn,
Germany). An overview of the two independent cohorts and the setup
of the study is displayed in Supplementary Fig. S1. The study was
approved by the Institutional Review Board (IRB) of the University
Liibeck (Liibeck, Germany) and the University Hospital of Bonn (Bonn,
Germany), which follow the declaration of Helsinki. Included
patients signed a hospital-internal general consent form to partic-
ipate in research and education, which dispensed with additional
written consents for this study according to the IRB, as patient data
were anonymized at the source.

IHC

THC was performed on 4-um-thick paraffin-embedded TMA sec-
tions as described previously (23). The OptiView DAB IHC Detection
Kit was used on a Ventana BenchMark Ultra (Roche) for the following
antibodies: CD4 (SP35, Ventana), CD8 (SP57, Ventana), CD20 (L26,
Ventana), CD1A (EP3622, Cell Marque), CD68 (KP-1, Ventana),
CD56 (MRQ-42, Cell Marque), FOXP3 (236A/E7, Invitrogen), PD1
(NAT105, Cell Marque), PDL1 (E1L3N, Cell Signaling Technology),
Tryptase (G3, Cell Marque) CD15 (MMA, Ventana), and DC-LAMP
(101E1.01, Novus Biologicals). Quantitative analysis of immune cell
infiltration was determined using a semiautomated image analysis
software (Definiens Developer XD 2.0, Definiens). For each immune
cell subtype infiltration, intensity was measured as count of immune
cells per mm* tumor tissue. Intratumoral immune cells as well as
immune cells at the tumor margin were considered. An experienced
pathologist blinded to clinical information manually quantified the
percentages of PDL1-expressing tumor cells. Mean values from up to
three TMA cores for each tumor specimen were calculated. On
average, 2.6 cores for PTs and RTs and 2.7 cores for RT2 were analyzed.
In vitro spheroid experiments, as described below, were analyzed in the
same manner using QuPath 0.1.2 (24). IHC double staining against
CD20 in red (alkaline-phosphatase-reaction) and ERG (EPR3864,
Abcam) in brown (3,3'-Diaminobenzidine) was performed on whole
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slides and analyzed using QuPath 0.1.2 (24). Representative areas
containing tumor and peritumoral stroma were annotated on the
digitized slide and an experienced, board-certified pathologist, blinded
to the data, counted the number of tertiary lymphoid structures (TLS),
defined as CD20" B-lymphocyte aggregates around ERG" venules.
Afterward, the number of TLS per mm? tumor was calculated.

RNA extraction

RNA from FFPE tissue was extracted using six to eight 8-um-thick
sections on a glass slide. Sections were deparaffinized with Xylene. An
experienced pathologist marked representative areas containing only
tumor tissue on an hematoxylin and eosin slide, which was then used
for microdissection. Representative tumor tissue was scratched from
the glass slide using a 11x feather disposable scalpel. RNA isolation
was performed using the Maxwell RSC RNA FFPE Kit on the Maxwell
RSC Instrument (Promega) according to manufacturer’ instructions
without using mineral oil because samples have already been depar-
affinized. RNA from in vitro experiments was isolated using the
RNeasy Mini Kit (Qiagen) as indicated by the manufacturer. RNA
concentration and purity were assessed with a NanoDrop 1000
spectrophotometer (NanoDrop Technologies) and the Qubit RNA
HS Assay Kit on the Qubit 2.0 fluorometer (Invitrogen).

Gene expression analysis

RNA from 18 PTs and their corresponding RTs from the discovery
cohort was used for gene expression profiling via the nCounter
PanCancer Immune Profiling Panel (NanoString Technologies) as
described previously (25). All patients received CRT between resection
of the primary tumor and development of recurrence. Digital data
acquisition via the nCounter Digital Analyzer (NanoString Technol-
ogies) was performed at the Institute of Pathology of the Hannover
Medical School. NSolver 4.0 Analysis Software (NanoString Technol-
ogies) as well as R 3.5.0 were used for data analysis. Gene expression
analysis of in vitro experiments was performed in the same manner.

Cell lines and culture conditions

FaDu cell line (26) was purchased from the Leibniz Institute DSMZ -
German Collection of Microorganisms and Cell Cultures (DSMZ) and
was grown in a 5% CO, incubator at 37°C and 85% humidity. FaDu
cells were maintained in DMEM (Thermo Fisher Scientific) containing
10% FBS (Biochrom), 1% penicillin-streptomycin antibiotics (Thermo
Fisher Scientific), and 1% L-Glutamine (Thermo Fisher Scientific).

The cisplatin-resistant cell line FaDu/CR was developed by con-
tinuously exposing FaDu cells to increasing doses (0.1-0.7 pg/mL) of
cisplatin NeoCorp (Hexal) for over 6 months. Methyl-thiazolyl-
tetrazolium bromide (MTT) assay as originally described by Mosmann
and colleagues was performed to assess cisplatin resistance of FaDu/
CR cells compared with untreated FaDu/WTT cells (27). The radiation-
resistant cell line FaDu/RR was generously provided by the research
group of Professor Anna Dubrovska and tested for radiation resistance
by clonogenic assay as described previously (28).

Peripheral blood mononuclear cell isolation and activation

Peripheral blood mononuclear cells (PBMC) were isolated from
fresh heparinized blood of healthy donors using Ficoll-Paque Plus (GE
Healthcare) density gradient centrifugation and activated as described
in Supplementary Fig. S2.

Spheroid immune cell cocultures

Spheroids were created by the hanging drop method and further
processed as displayed in Supplementary Fig. S2. Briefly, 20,000 FaDu/
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WT cells, FaDu/CR cells, or FaADu/RR cells were suspended in 20 UL of
complete culture medium and placed on the lid of a 24-well plate. After
5 days, hanging drops were transferred into agarose-coated wells
containing 1 mL of complete culture medium. Activated PBMCs were
added. Two healthy donors were used for all PBMC experiments.
FaDu/WT and FaDu/CR or FaDu/RR were treated with the same
PBMCs of one donor for each experiment. Spheroid immune cell
cocultures were incubated for 72 hours. After harvest, spheroids were
fixed in 4% formaldehyde and embedded in paraffine. Histologic
specimens were analyzed by IHC as described above. Three indepen-
dent experiments were performed.

Statistical analysis

Paired two-tailed ¢ test was applied for discrimination of immune
cell markers of THC analysis of the discovery cohort. Welsh ¢ test was
used for discrimination of THC analysis of the validation cohort.
Multivariate ANOVA was used to test correlations between clinico-
pathologic parameters and TIME characteristics in both cohorts.
Fisher exact test was applied for clustering of PTs and RTs after CRT
in k = 2 cluster via Euclidean distance based on mRNA expression.
Unpaired two-tailed t test was performed for discriminating mRNA-
based immune cell infiltration scores and mRNA expression scores of
immune-related genes between PTs and RTs after CRT as well as for
comparing resistance to cisplatin of cell lines in MTT test and to
radiotherapy in clonogenic assay. P values less than 0.05 were con-
sidered statistically significant. For mRNA-based analysis, P values
adjusted for multiple testing by the Benjamini-Hochberg procedure
(Q = 0.05) are listed in Supplementary Table S1. IBM SPSS Statistics
version 25.0 for Windows (IBM Corp.) and GraphPad Prism version
8.3.0 for Windows (GraphPad Software) were used for statistical
analysis.

Results

Clinicopathologic characteristics of the two independent
HNSCC cohorts

TIME studies of primary and recurrent HNSCC were based on two
independent patient cohorts. Patient and tumor features of the dis-
covery cohort (Luebeck cohort) are listed in Table 1. This cohort
consists of 63 patients (oral cavity, oropharynx, hypopharynx, larynx)
with available PT, corresponding first recurrence (RT1) and for 13
patients also corresponding second recurrence (RT2). A total of 58 RTs
(92%) were locoregional recurrences (52 local RTs, 6 regional lymph
node RTs) and 5 RTs (8%) were distant metastases. A total of 51
patients (81%) underwent surgical resection of PT with complete
resection in 95.2% of cases. Radiotherapy was performed in 31
(49.2%) patients with an average total radiation dose of 61.7 Gray
(Gy; SD = 6.7 Gy). In addition, 20 (64.5%) patients with radiotherapy
also received platinum-based chemotherapy. Mean 5-year overall
survival rate was 41.4%.

A second independent patient cohort (Bonn cohort) was used as a
validation cohort, consisting of 237 PTs and 45 RTs. Details of the
second cohort are displayed in Supplementary Table S2.

Characterization of the TIME of HNSCC PTs and RTs reveals
immunosuppression in RTs

First, we aimed to define differences between the TIME of primary
and recurrent HNSCC by analyzing the number and subtype com-
position of tumor-infiltrating leukocytes (TIL). The following immune
cells were characterized on the basis of THC marker expressions: CD8™
cytotoxic T cells, CD20" B lymphocytes, CD4" Th cells, FOXP3™"
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Table 1. Clinical and pathologic characteristics of the HNSCC discovery cohort (Libeck).

N = 63 (%)

Mean age (y) [SD] 60.7 [10.8] T Stage PT (n = 62) T Stage RT (n = 53)
Sex 44 (69.8) male Tl 10 (16.1) Tl 8 (15.1)
p16 status 8 (12.7) positive T2 21 (33.9) T2 10 (18.9)
HPV DNA status 8 (12.7) positive T3 20 (32.3) T3 1 (20.8)
Anatomic site T4 nQ7.7) T4 24 (45.3)

Oral cavity 17 (27)

Oropharynx 17 (27) N Stage PT (n = 62) N Stage RT (n = 56)

Hypopharynx 6 (9.5) 0 37 (59.7) 0 35 (62.5)

Larynx 23 (36.5) 1 6 (9.7) 1 7 (12.5)
Differentiation PT (n = 58) 2 16 (25.8) 2 14 (25)

Well 5(8.6) 3 3(4.8) 3 0 (0)

Moderate 41 (70.7)

Poor 12 (20.7) M Stage PT (n = 62) M Stage RT (n = 49)
Surgery of PT 51(81) 0 61(98.4) 0 42 (85.7)
Time between PT and RT (m) [SD] 31[35.8] 1 2 (1.6) 1 7 (14.3)
Patients with second RT 13 (20.6)

Radiotherapy + chemotherapy between PT and RT 31(49.2)

Abbreviations: m, months; PT, primary tumor; RT, recurrent tumor; vy, year.

Tregs, PD1" cells, CD56" NK cells, CD1IA™ dendritic cells, DC-
LAMP+ mature dendritic cells, CD68" macrophages, CD15" neu-
trophil granulocytes, tryptase+ mast cells, and PDL1 expression.

In the discovery cohort, a general trend toward a decrease of TILs
from PTs to first and especially to second corresponding RTs
was observed for various lymphocyte subtypes (Fig. 1A and B).
The highest change was observed for CD20" B lymphocytes.
They showed a subtotal depletion in RTs with an average of
488.5 cellsymm” in PTs and 20.6 cells/mm” in RT2 (P = 0.036).
CD8™" T cells, as one of the major antitumor immunocyte types, also
strongly decreased from 383.4 cells/mm” in PTs to 152 cells/mm” in
RT2 (P = 0.045). CD56" NK cells significantly decreased from
54.3 cells/mm? in RT1 to 37.4 cells/ymm? in RT2 (P = 0.036).
FOXP3™" Tregs decreased from an average of 32.2 cells/mm? in PTs
t0 16.9 cells/mm? in RT2 (P = 0.047). The loss of antitumor CD8" T
cells relatively outweighed the absolute loss of FOXP3" Tregs,
demonstrated by a trend toward a decreased CD8"/FOXP3" T-cell
ratio from 142.3 in PTs to 24.2 in RT2 (P = 0.39; Supplementary
Fig. $3). The average absolute count of immunosuppressive PD1"
cells was not substantially altered between PTs (37.1 cells/mm?),
RT1 (44.4 cells/mm’) and RT2 (28.4 cells/mm?). The CD8/PD1
ratio, however, decreased in analogy to the CD8"/FOXP3" ratio
from 16.6 in PTs to 5.9 in RT2 (P = 0.058). PDL1 expression did not
significantly change between PTs, RT1, or RT2.

CD68" macrophages, CD15" neutrophil granulocytes, and
tryptase+ mast cells did not show significant changes between PTs,
RT1, or RT2 (Fig. 1C and D). Corresponding to previous ratios,
CD8*/CD15" ratio also decreased from 6.6 in PTs to 2.1 in RT2s
(P =0.3375) and CD8/CD68 ratio from 6.1 in PTs to 4.8 in RT1s and
2.7 in RT2s (P = 0.2932; Supplementary Fig. $3). CD1A™ dendritic
cells were the only immunocyte subtype, which significantly increased
from a mean count of 96.9 cells/mm?in PTs to 149.9 cells/mm?in RT1
(P = 0.013) and 219.6 cellsyfmm? in RT2 (P = 0.036). DC-LAMP—+
mature dendritic cells in contrast decreased from a mean count of
50.5 cells/mm? in PTs to 29.2 cells/mm? in RT1 (P = 0.0023) and 17.1
cells/mm* in RT2 (P = 0.0719). Correspondingly, the CDIA/
DC-LAMP ratio significantly increased from 4.6 in PTs to 15.0 in
RT1 (P = 0.0013; Supplementary Fig. S3).
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To validate our observations of the discovery cohort, we performed
similar analyses in our independent validation cohort (Bonn cohort).
Here, we could confirm the strong loss of CD20" B lymphocytes with a
decrease from an average of 345.9 cells/mm” in PTs to 84.7 cells/mm”
inRTs (P<0.0001) as well as aloss of CD8™" T cells from 733.2 cells/mm?
in PTs to 347.3 cells/mm? in RTs (P < 0.0001; Fig. 1E). CD1A " dendritic
cells were not increased, but slightly decreased from average
235.2 cells/mm? in PTs to 207.1 cellsymm? in RTs (P = 0.50).
FOXP3" Tregs tended to decrease from 66 cells/mm® in PTs to
46.7 cells/mm? in RTs (P = 0.14) and the CD8/FOXP3 ratio showed
a comparable decrease to the discovery cohort from 85.8 in PTs to
26.3 in RTs (P = 0.062). A display of TIME changes via dot plot
diagrams reflecting the distribution of immunocyte types across
patients of the two cohorts as well as a display for matched tumor
samples only is listed in Supplementary Fig. S4. In addition, a
correlation of the immune cell infiltration of PTs to clinicopath-
ologic parameters for the discovery cohort and the validation cohort
can be found in Supplementary Table S3A and S3B.

Adjuvant CRT contributes to loss of CD20" B lymphocytes in
RTs

Because adjuvant CRT is known to have a wide range of immune-
modulatory effects, we aimed to evaluate its impact on the TIME of
RTs with previous CRT (15). To further elucidate the effect of CRT on
the TIME, the discovery cohort was therefore divided into two
subgroups: (i) Patients with CRT before development of first or second
RT [CRT-treated (CRT-t) RTs, n = 35]. (ii) Patients with surgical
resection only before development of RT (n = 28).

Our analysis revealed that loss of CD20" B lymphocytes was CRT
dependent. In patients with CRT after resection of PT, subtotal
depletion of B lymphocytes from an average of 471.3 cells/mm? in
CRT-naive (CRT-n) PTs to 23.5 cells/mm? in corresponding CRT-t
RTs was observed (P = 0.0006; Fig. 2A). Patients with surgical
resection only showed no significant change in B-lymphocyte counts
(432.6 cells/mm? in preoperative PTs to 576.8 cells/mm” in postop-
erative RTs, P = 0.59; Fig. 2B). While CD8" T cells did not change,
CD4™" T cells tended to decrease in CRT-t RTs (P = 0.092) and tended
to increase in postoperative RTs after surgery only (P = 0.099). An
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Figure 1.

Protein expression analysis by IHC evaluation of the TIME of HNSCC PTs and RTs with loss of antitumor immunity in RTs in two independent cohorts. A and C,
Representative IHC TMA pictures of the discovery cohort comparing tissue from PTs (top) to corresponding RTs (bottom) with lymphocyte lineage markers in A and
myeloid lineage markers as well as PDL1in C. Selected TMA pictures show three representative patients of the cohort with matched PT and RT pictures (patient 1: CD8,
CD20, CD4, FOXP3, PD1, Tryptase, DC-LAMP; patient 2: CD1A, CD68, CD56, CD15; patient 3: PDL1). B and D, Chart diagrams of the average count of indicated immune
cell subtypes per mm? tumor tissue in PT (n = 63), corresponding first RT (RT1,n = 63), and corresponding second RT (RT2, n = 13). General trend toward less immune
cellinfiltration in RT2 compared with PT with significant decreases for CD8" T cells, CD20" B lymphocytes, and FOXP3™ T cells. CDIA " dendritic cells were the only
immune cell subtype with a significant increase from PT to RT1and from PT to RT2, while DC-LAMP+ mature dendritic cells decreased in RT1. (*, P< 0.05; **, P< 0.01).
E, Chart diagrams of an independent validation cohort (Bonn) confirming loss of antitumor immunity in RTs via IHC-based analysis of protein expression with average
count of indicated immune cell subtypes per mm? tumor tissue in PTs (n = 265) and RTs (n = 47). General tendency toward less immune cell infiltration in RTs and
significant decrease of CD8™ T cells and CD20™" B lymphocytes as well as a strong trend toward decrease of CD8/FOXP3 ratio. In contrast to the discovery cohort, the
count of CDIA™ dendritic cells was not altered in RTs in the validation cohort. (****, P < 0.0001).
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Figure 2.

The TIME of patients with recurrent HNSCC after adjuvant CRT is immunosuppressed in comparison with the TIME of patients without adjuvant CRT. A, Chart
diagrams of the mean count of indicated immune cell subtypes per mm? tumor tissue or percentage of expressing tumor cells (PDL1) in corresponding CRT-n PTs and
CRT-t RTs of the discovery cohort with a subtotal depletion of CD20™" B lymphocytes as well as a significant increase of CD1A™ dendritic cells, significant decrease of
PDL1expression, and a trend toward decreased CD4™ T cells and CD8/FOXP3 ratio in CRT-t RTs (n = 35; ***, P < 0.00T; *, P < 0.05). B, Chart diagrams of the mean
count of indicated immune cell subtypes per mm? tumor tissue in preoperative (preOP) PTs and corresponding postoperative (postOP) RTs from patients who only

had surgical resection of the tumor (n = 28).

increase of CD1A™ dendritic cells and a decrease of the CD8/FOXPS3 ratio
in RTs was also more pronounced after CRT exposure. DC-LAMP+
mature dendritic cells, on the other hand, had a stronger decrease in
postoperative RTs (P = 0.0203) than in CRT-t RTs (P = 0.0653). In
addition, CRT-t RTs had a significant decrease of PDLI expression from
12.4% in CRT-n PTs to 2.9% in CRT-t RTs (P = 0.049).

PTs and RTs after CRT show distinct mRNA expression profiles
of immune-related genes

To elucidate differences in the TIME of PTs and RTs after CRT on
transcriptomic level, we performed mRNA expression analysis of 730
immune-related genes for 18 patients from our discovery cohort using
nCounter PanCancer Immune Profiling Panel (NanoString Technol-
ogies). Only patients from the subgroup with adjuvant CRT after
resection of PT were selected for transcriptomic analysis.

Unsupervised hierarchical clustering via Euclidean distance, as
shown in Fig. 3A, showed a significant separation of PTs and RTs
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after CRT, instead of a patient-specific clustering of PTs and their
corresponding RT's (k =2, P = 0.018). The clustering of PT's was based
on an overall higher normalized expression score of immune-related
genes than in RTs after CRT. This is remarkable, as it demonstrates
that the TIME of different PTs and RTs after CRT is more similar than
the TIME of the PT and RT of the same patient.

Next, we used NSolver 4.0 Analysis Software (NanoString Tech-
nologies) to create immune cell infiltration scores for various immu-
nocyte subtypes based on mRNA expression of marker genes as
implemented in the nanostring panel (Supplementary Table S4). Here,
we confirmed the decrease of total TILs (P = 0.0004), loss of B
lymphocytes/TILs (P < 0.0001) and increase of dendritic cells/TILs
(P = 0.0002) from PTs to RTs after CRT on transcriptomic level
(Fig. 3B). In addition, we discovered a significant increase of mast cells
(P = 0.0057), macrophages (P < 0.0001), and neutrophils (P = 0.018)
relative to total TIL count in RTs. Interestingly, all the former cell types
belong to the myeloid lineage, which have variable roles in cancer
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Analysis of mRNA expression levels of immune-related genes in PTs and RTs after CRT. A, Hierarchical clustering of matched PTs and corresponding RTs after CRT
(n =18) of the discovery cohort, displayed as a heatmap with row wise z-scores of log, transformed normalized read counts (nanostring) for 730 immune-related
genes. Close clustering of PTs with mostly high expression levels of immune-related genes on the left and RTs after CRT with mostly low expression levels on the right
side. B, Immune cell infiltration based on mRNA expression profiles in PTs and RTs after CRT. Decrease of the total count of TILs and B-lymphocyte fraction as well as
increase of dendritic cell, mast cell, macrophage, and neutrophil fraction in RTs. €, Venn diagram of all genes from the nanostring PanCancer Immune Profiling Panel
with significantly differential expression levels in PTs and RTs after CRT. Significantly downregulated genes are displayed in black and upregulated genes in red.
Genes are arranged according to their immune functions as color coded in the annotations below. D, Volcano plot of normalized RNA-expression scores in PTs and
RTs after CRT, displaying genes involved in B-lymphocyte functions in red (P,q;: adjusted P value by Benjamini-Hochberg procedure).

immunity including antitumor, but also protumor inflammation-
promoting functions (29).

We also assessed additional genes with significantly differential
expression between PTs and RT's after CRT (Fig. 4C). A set of 7 genes
was found to be significantly upregulated in RTs: SPPI, HRAS,
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MAPK1, PSENI, RELA, ITCH, and PRPF38A. Strongest upregulation
was observed for SPP1, as measured by log, fold change (log,FC: 1.52).
On the other hand, 160 genes appeared to be significantly down-
regulated in CRT-t RTs. Downregulated genes were predominantly
cytokines, genes from the TNF family and genes involved in cellular
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The number of TLS significantly decreases
after adjuvant CRT. A, Representative whole
slide, IHC pictures of a CRT-n PT and the
corresponding CRT-t RT of one patient. TLS
are displayed as CD20" lymphoid aggre-
gates (red) around ERG™ venules (brown,
asterisk). The CRT-n PT shows several TLS in
the vicinity of tumor infiltrates. The CRT-t RT

CRT-t

has only a few CD20" B lymphocytes with-
out TLS formation. B, Representative whole
slide, IHC pictures of a preOP PT and the
corresponding postOP RT with formation of
several TLS withinand around the tumor and
no significant change in the postOP RT.
C, Chart diagrams of the average count of
TLS per mm? tumor tissue in CRT-n PT and
corresponding CRT-t RT (n = 12) as well as

preOP PT and corresponding postOP RT
(n = 12). TLS are significantly decreased in

CRT-t RTs in comparison with CRT-n PTs,
while there is no significant differences
between preOP PTs and postOP RTs.
D, Scatter plot of relative decreases in TLS

preop frequencies for CRT-t RTs (corresponding
CRT-n RT = 1) and for postOP RTs (corre-
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mean (*, P < 0.05).
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adhesion as well as genes important for T-cell, B-lymphocyte, and
NK-cell functions and their cytotoxic capacities (Fig. 3C and D). The
strongest downregulation was observed for MS4A1 (log,FC: —2.90),
respectively CD20, as well as CDI9 (log,FC: —1.87), CD79A (log,FC:
—1.83), and CD22 (log,FC: —1.54), which are all components of
B-lymphocyte receptor signaling (30). Furthermore, the ligands and
receptors CCL19 (log,FC: —1.91), CCR7 (log,FC: —1.90), CXCL13
(log,FC: —1.65), CXCRS5 (log,FC: —1.46), CCL14 (log,FC: —1.45), and
LTB (log,FC: —1.22), which play crucial roles in the formation of TLS
and in chemotaxis of B lymphocytes, as well as ICAM-2 (log,FC:
—0.82) and ICAM-3 (log,FC: —0.56), which are essential to retain

OF8 Clin Cancer Res; 2020

leukocytes in TLS through specialized high endothelial venules (HEV),
were also strongly downregulated in RTs after CRT (31).

As the pattern of strongly downregulated genes was mostly asso-
ciated with B lymphocytes and TLS, we aimed to further define the
presence of TLS and their dependency of CRT. An IHC double stain
labeling CD20" B lymphocytes (red) and ERG™ venules (brown) was
used to detect TLS on whole slides of 12 matched preoperative PTs and
postoperative RTs without CRT as well as 12 matched CRT-n and
CRT-t tumors. CD20" B-lymphocyte aggregates around ERG+
venules as marker for TLS were found in intratumoral fibrous bands
and in the peritumoral desmoplastic stroma (Fig. 4A and B). While
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mean TLS numbers per mm* were significantly lower in CRT-t RTs
(0.14 TLS/mm?) than in CRT-n PTs (0.64 TLS/mm?, P =0.0113), only
small changes were observed after surgery from an average of
0.36 TLS/mm? in preoperative PTs to 0.23 TLS/mm? in postoperative
RTs (P = 0.5548; Fig. 4C). Although the mean TLS number per mm?
tended to be slightly lower in the preoperative PTs compared with
CRT-n PTs, this difference was not significant (P = 0.1950) and is
considered to be within the range of pathophysiologic variations of the
TIME across different patients with HNSCC. Relative changes of TLS
frequencies in CRT-t RTs normalized to their matched CRT-n PTs in
comparison with postoperative RTs normalized to their matched
preoperative PTs also demonstrated a trend toward a more pro-
nounced TLS loss in CRT-t RTs (0.32) as compared with postoperative
RTs (0.91, P = 0.1010; Fig. 4D).

Effect of chemotherapy and radiation resistance on the TIME in
an in vitro spheroid model reveals both differences from and
similarities to CRT-t RTs in vivo

Because our in vivo studies showed striking changes of the TIME
after exposure to CRT, we aimed to further investigate whether tumor
cell resistance to cytotoxic therapy plays a role for these immunologic
changes.

First, we created a chemotherapy-resistant HNSCC cell line via
long-term treatment of the hypopharyngeal squamous cell carcinoma
cell line FaDu with cisplatin (FaDu/CR). A radiation-resistant FaDu
cell line (Fadu/RR) was provided by the research group of Anna
Dubrovska. Cisplatin and radiation resistance in comparison with
wildtype FaDus (FaDu/WT) were determined via MTT assay and
survival colony formation assay (Fig. 5A and B). As we hypothesized
that cytotoxic therapy resistance leads to differences in antitumor
immune response, we created an in vitro model of tumor cell spher-
oids, which can be cocultured with immunocytes, to subsequently
analyze quantity and quality of spheroid-infiltrating immunocytes
(Supplementary Fig. S2).

Coincubation of FaDu/WT and FaDu/CR spheroids with activated
PBMCS of healthy donors showed significant differences in immu-
nocyte infiltrations. Importantly, coincubation of spheroids with
immune cells was performed in the absence of cisplatin to avoid direct
cytotoxic effects on PBMCs. In contrast to the previously observed
lower immune infiltration of CRT-t RT's in vivo, FaDu/CR spheroids
were characterized by a significantly higher immune cell infiltrate
than FaDuw/WT spheroids as indicated by an increase of CD45"
leukocytes from an average of 11.8 cells/mm? in FaDu/WT spheroids
to 133 cells/mm? in FaDu/R spheroids (P < 0.0001; Fig. 5C and E).
Because of previous activation of T cells with anti-CD3 and anti-CD28
incubation of isolated PBMCs, most spheroid infiltrating leukocytes
were CD4" Th cells with a mean increase from 5.2 cells/mm?® in
FaDw/WT spheroids to 33.5 cells/mm® in FaDu/R spheroids
(P < 0.0001) or CD8" cytotoxic T cells with a mean increase from
8.1 cells/mm? in FaDu/WT spheroids to 70.8 cells/mm? in FaDu/CR
spheroids (P < 0.0001). Moreover, in contrast to the HNSCC cohort,
PDL1 expression was significantly increased from a mean relative
score of 0.05 in FaDu/WT spheroids to 0.32 in FaDu/CR spheroids
(P <0.0001). Spheroid-infiltrating leukocytes also tended to be higher
in FaDu/RR spheroids with the strongest increase for CD8" cytotoxic
T cells from 31.3 to 84.8 cells/mm? (P = 0.0557). Analogous to FaDu/
CR spheroids PDL1 expression was significantly upregulated in FaDu/
RR with a mean relative score of 0.30 in FaDu/WT to 0.40 in FaDu/RR
(P < 0.05).

In summary, the in vitro experiments indicated a higher immuno-
genicity of tumor cells after gaining cisplatin resistance in contrast to
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the immunosuppressive TIME in CRT-t RTs of the in vivo cohort.
Radiation resistance caused a similar, but weaker effect in the in vitro
experiments. To still analyze overlapping molecular changes between
the cohort and the in vitro model, we also performed mRNA expres-
sion analysis of FaDu/WT spheroids and FaDu/CR spheroids. Com-
parison with PTs and RTs after CRT revealed five genes, which were
simultaneously significantly upregulated in CRT-t RTs as well as in
FaDu/R spheroids: SPP1, MAPK1, PSEN1, RELA, and ITCH (Fig. 5D).
On the other hand, 16 genes were simultaneously downregulated
in vivo and in vitro with highest in vitro downregulation of ENG
(log,FC: —2.18) and IL24 (log,FC: —1.27).

Discussion

High rates of RTs are still a major factor leading to poor prognosis of
HNSCC. Although immune checkpoint inhibitors have been included
in the latest treatment guidelines of recurrent HNSCC, response rates,
and overall survival benefit stay low (14). As the TIME is one main
factor influencing CRT response as well as efficacy of immune
checkpoint inhibitors, there is an urgent need to better define the
TIME of HNSCC RTs (13, 32).

Comparative immune cell infiltration analyses of PTs and RT's in
two independent cohorts revealed major differences. Significant loss of
CD8" cytotoxic T cells and CD20" B lymphocytes in RTs as well as
general trend toward less immune infiltration of RTs was observed in
both cohorts and indicates a shift from antitumor immune response in
PTs to immunosuppression in RTs (17, 33). This conclusion is
supported by multiple studies demonstrating improved overall sur-
vival and local tumor control of HNSCC and other solid malignancies,
which are highly infiltrated by CD8" cytotoxic T cells and CD20" B
lymphocytes (16, 18, 19). From a therapeutic perspective, a CD8-do-
minant T-cell infiltration is considered to be one key factor for
successful immune checkpoint therapy (22, 32). An additional hint
for local immunosuppression in RT's was the increase of CD8/FOXP3
and CD8/PD-1 ratio, as FOXP3" Tregs and PD-1" cells are both
known for dampening the antitumoral immune response (14, 34).
According to the discovery cohort, the decrease of TILs (CDS8",
CD20", FOXP3", CD56™" TILs) was particularly evident in RT2s. We
think that this suggests a stepwise development of an immunosup-
pressive TIME in HNSCC over the course of repeated recurrence
development. In addition, we found a significant increase of CD1A™"
dendritic cells in RTs in our discovery cohort, which was not confirmed
in our validation cohort. Dendritic cells generally form a heterogenous
group of different subtypes harboring both antitumor and protumor
capacities (35, 36). A selective assessment of DC-LAMP+ mature
dendritic cells, in contrast, showed a significant decrease in RTs.
DC-LAMP+ dendritic cells support an efficient T cell-mediated
antitumor immune response as well as a close interaction with
B lymphocytes in the context of TLS and are of prognostic and
predictive significance in different tumor entities, including
HNSCC (37, 38).

The direct impact of CRT on immunologic functions is known to
harbor immune-stimulating as well as immunosuppressive effects (15).
Most relevant immune-stimulating effects include attraction and
activation of dendritic cells, which can activate tumor antigen-
specific CD8" CTLs (39, 40). Nevertheless, CRT also impedes the
development of an effective antitumor immune response and can lead
to long-term immune dysfunction in HNSCC (41). E.g., CRT kills not
only tumor cells, but also immunocytes over the course of treatment.
Furthermore, it has been shown to increase the number of circulating
Tregs, PD-1-expressing cells, and MDSCs in HNSCC (42, 43).
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Figure 5.

Immunocyte infiltration in cisplatin- or radiation-resistant FaDu spheroids and correlation of immune-related gene expression to CRT-t RTs. A, Concentration-
dependent gain of resistance to cisplatin according to MTT assay after exposing FaDu/WT to increasing concentrations of cisplatin for over 6 months and thereby
selecting cisplatin-resistant FaDu cells (FaDu/CR). B, Survival colony formation assay for FaDu/WT and FaDu/RR to increasing doses of radiation. C and D,
Representative pictures of CD45™" cell infiltration and PDL1 expression in FaDu/WT versus FaDu/CR spheroids and FaDu/WT versus FaDu/RR spheroids. E, Mean
count of indicated immune cell subtypes per mm? spheroid tissue with significant increases of CD45", CD8*, and CD4™ cells and PDL1 expression in FaDu/CR
spheroids compared with FaDu/WT spheroids. F, Analogous evaluation to (E) for FaDu/RR with significant upregulation of PDL1expression and trends toward higher
numbers of CD45", CD8™, and CD4™ cells for FaDu/RR spheroids. G, Comparison of fold changes of immune-related genes based on mRNA expression scores
between in vivo CRT-n PTs and CRT-t RTs and in vitro FaDu/WT and FaDu/CR spheroids. Only significantly upregulated or downregulated genes are displayed.
Simultaneously upregulated genes of in vivo and in vitro studies are in the upper right quadrant (red), simultaneously downregulated genes in the lower left quadrant
(blue; ***, P < 0.001; **, P< 0.01; *, P < 0.05).
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Consecutively, we wondered, if the deprivation of antitumor
immune response in RTs is related to CRT. Therefore, we selectively
analyzed the subcohort of patients, who were exposed to adjuvant CRT
before development of their RT (CRT-t RT) and compared them with
patients, who had no CRT prior to RT development (postOP RTs).
Here, the significant decrease of immunocytes with antitumor capac-
ities was reserved to CRT-t RTs, but not observed in postOP RTs.
Correspondingly, we assume that the shift toward an immunosup-
pressive TIME is related to the previous CRT exposure. Most remark-
ably, CD20" B lymphocytes showed a nearly complete depletion in
CRT-t RTs, whereas patients with resection only had no significant
changes of CD20" B lymphocytes. Intratumoral B lymphocytes
account for up to 25% of all TIL-subtypes across different cancer
entities and are mostly associated with prolonged survival (20, 44, 45).
Functional mechanisms of the antitumor capacity of B lymphocytes
include long-term antigen presentation, which supports formation of
CD4" and CD8™ memory T cells at the tumor site, tumor-reactive
autoantibodies, recruitment of other antitumor leukocytes via cytokine
release and direct tumor cell killing via granzyme or TNF-related
apoptosis-inducing ligand (TRAIL) signaling (45-47). Some subtypes
of B lymphocytes, on the other hand, especially lately described
regulatory B cells (Bregs), have pro-tumor effects, such as IL10-
mediated suppression of cytotoxic immune responses and TGFf3-
mediated modulation of CD4" T cells to immunosuppressive
Tregs (46, 48).

To further elucidate CRT-associated shift to a more protumor and
immunosuppressive TIME in RTs and to better specify depletion of B
lymphocytes, we performed mRNA expression analysis of 730
immune-related genes via nanostring profiling. According to unsu-
pervised hierarchical clustering, the TIMEs within the group of PTs or
CRT-t RTs were closer related than the TIMEs of a PT and its
corresponding CRT-t RT. This observation ties in with recent findings
revealing that RTs after CRT often seem to be unrelated to their
corresponding PT when compared for copy-number alterations (49).

Subtype-specific immune cell infiltration scores based on mRNA
expression of marker genes confirmed the significant decrease of total
TILs and B lymphocytes as well as the significant increase of dendritic
cells from PTs to RTs. Furthermore, nRNA-based analysis revealed a
significant increase of neutrophils, mast cells, and macrophages
relative to total TILs in RTs. The later immune cell types are all
associated with an immunosuppressive TIME leading to reduced
survival in various cancer entities and have also been found to be
increased in patients plasma after CRT (29, 42, 50).

In the next step, we evaluated genes, which were significantly
differentially expressed between PTs and RTs after CRT. Overall,
most genes of the immune panel were downregulated with only a
few exclusions demonstrating upregulation in RTs. Corresponding to
our previous results, strongest downregulation could be observed for
genes, which are involved in B-lymphocyte receptor signaling. Highly
significant loss of CD27, which is predominantly known as a marker
for memory B cells, in combination with nearly no alteration of CD38,
which is known as a marker of early stages of B-cell development and of
Bregs, indicated that depletion affects particularly long-lasting mem-
ory B cells (51). On the other hand, IL10, a major protumor mediator of
Bregs, was also significantly downregulated in CRT-t RTs (46). In
addition, we found that many of the highly downregulated genes are
crucially involved in the initiation and growth of TLSs as well as in the
retention of leukocytes to TLS through specialized HEVs (31, 52, 53).
TLSs are ectopic lymphoid formations, which occur at sites of chronic
inflammation, as in autoimmunity disease or cancer, and share
common characteristics with secondary lymphoid organs (31). They
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mostly develop at the tumor margin and recent studies could dem-
onstrate that they essentially contribute to a long-lasting and tumor-
specific immune response by an interplay of follicular dendritic cells,
CD8" and CD4" T cells, as well as CD20" B lymphocytes (31, 52).
Thus, the existence of TLS at the tumor sites is associated with
prolonged survival and local tumor control in various entities includ-
ing HNSCC (31, 54). In our subsequent analyses, we could confirm a
significant decrease of TLS in RTs after CRT using IHC-based whole
slide evaluations. This decrease was insubstantial in postoperative RTs,
who had not yet received CRT.

As we could reveal that an immunosuppressed TIME of RTs is
highly associated with previous CRT treatment of the PT, we wanted to
further investigate the role of cytotoxic therapy on the TIME in vitro.
Our aim was to examine, if tumor cell resistance to cancer therapies
per se leads to changes in the T cell-mediated cytotoxic immune
response as the common final path of antitumor immune response.
Our cell culture studies focused on chemotherapy resistance to cis-
platin and resistance to radiation, which regularly occurs in HNSCC
RTs. We used a three-dimensional spheroid/immune cell coculture
model of wildtype FaDu cells (FaDu/WT) and compared it with
cisplatin-resistant FaDu cells (FaDu/CR) or radiation-resistant FaDu
cells (FaDu/RR) coincubated with PBMC:s of healthy donors. Here, we
observed significantly higher infiltration with CD45" leukocytes,
which were predominantly CD4 " and CD8™ T cells, and higher levels
of PDLI1 expression in FaDu/CR spheroids. FaDu/RR also had a higher
PDLI expression and tended to have higher lymphocyte infiltrates, in
particular, CD8™" T cells. These results indicate overall higher immu-
nogenicity of FaDu spheroids resistant to cytotoxic therapies. We
assume that the higher immune infiltration in resistant FaDu cells can
be explained by their accumulation of genetic alterations elicited by
DNA damages. Although we did not know the HLA subtype of our
healthy PBMC donors and therefore have to assume that it might
oftentimes not have matched the HLA subtype of FaDu cells
(HLA-A*01:01), this systematic error does not affect our results as
we analyzed relative differences. In summary, our cell culture results
form a contrast to our in vivo results with an immunosuppressive
TIME in CRT-t RTs. Our in vitro results support the stimulating
effects of cisplatin and radiation on antitumor immune response
and exclude a direct immunosuppressive effect of tumor cells on
immunocytes in vitro. In addition, the spheroid/immunocyte cocul-
ture make clear that the multidimensional impact of cytotoxic therapy
is more complex in patients with HNSCC. The local and systemic
immune response as well as the role of stromal components, which
interact with the local immune response and are highly affected by
radiotherapy, probably lead to an immunosuppressed TIME in RTs
in vivo.

Because resistance to cytotoxic therapy and changes in immune cell
infiltration were more pronounced in FaDu/CR spheroids, these were
used for further molecular analyses. Our aim was to discover potential
relevant therapeutic targets contributing to cisplatin resistance and RT
development by elaborating specific genes showing significant mRNA
upregulation or downregulation in vivo after CRT as well as in vitro
after cisplatin exposure. Mutually upregulated genes in vivo and
in vitro include SPP1, MAPKI, and PSENI. SPPI, also known as
osteopontin, represents a cytokine, which is mostly secreted by tumor
or stroma cells and substantially modulates the TIME by attracting
protumor myeloid cells as well as facilitating tumor progression and
metastasis (55). Consequently, its upregulation might be a major
functional mechanism leading to the increase of myeloid cells in
CRT-t RTs in vivo. Lou and colleagues furthermore showed that SPP1
is frequently upregulated in cisplatin-resistant HNSCC and leads to
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poor prognosis (56). RAS/MAPK activation has recently been asso-
ciated with reduced TILs in patients with breast cancer (57) and with
disease relapse as well as therapeutic resistance in HNSCC (58).

In summary, we could for the first time demonstrate that HNSCC
RTs are characterized by an immunosuppressive TIME suggesting
tumor immune evasion as one major factor promoting tumor recur-
rence. In addition, we elaborated that an immunosuppressive TIME
predominantly occurs in CRT-t RTs, but not in RTs after surgical
resection only. CD20" B lymphocytes as well as chemokines involved
in B-lymphocyte chemotaxis and formation of tertiary lymphoid
structures seem to be particularly subjected to the immunosuppressive
TIME in CRT-t RTs. Finally, our mRNA expression analyses revealed
new potential targets, as SPP1, which could help minimize the immu-
nosuppressive effect of CRT. Our results are of particular therapeutic
relevance, considering the rising application of immune checkpoint
inhibitors in RTs on the one hand and the immunosuppressive TIME
in RTs on the other hand. Our studies support the inclusion of
immunotherapies at an early stage of treatment to fully exploit the
antitumor immune activity and to avoid therapy resistance due to an
immunosuppressive TIME.
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In silico analysis reveals EP300 as a
panCancer inhibitor of anti-tumor
Immune response via metabolic
modulation

Rosemarie Krupart?5%, Christian Watermann?>, Christian Idel?, Julika Ribbat-Idel?,
Anne Offermann?, Helen Pasternack?, Jutta Kirfel?, Andrew G. Sikora* & Sven Perner':?

The tumor immune microenvironment (TIME) of head and neck squamous cell carcinomas (HNSCC)
and other solid malignancies is a key determinant of therapy response and prognosis. Among other
factors, itis shaped by the tumor mutational burden and defects in DNA repair enzymes. Based on

the TCGA database we aimed to define specific, altered genes associated with different TIME types,
which might represent new predictive markers or targets forimmuno-therapeutic approaches. The
HNSCC cohort of the TCGA database was used to define 3 TIME types (immune-activated, immune-
suppressed, immune-absent) according to expression of immune-related genes. Mutation frequencies
were correlated to the 3 TIME types. Overall survival was best in the immune-activated group. 9 genes
were significantly differentially mutated in the 3 TIME types with strongest differences for TP53 and
the histone-acetyltransferase EP300. Mutations in EP300 correlated with an immune-activated TIME.
In panCancer analyses anti-tumor immune activity was increased in EP300 mutated esophageal,
stomach and prostate cancers. Downregulation of EP300 gene expression was associated with higher
anti-tumor immunity in most solid malignancies. Since EP300 is a promoter of glycolysis, which
negatively affects anti-tumor immune response, we analyzed the association of EP300 with tumor
metabolism. PanCancer tumor metabolism was strongly shifted towards oxidative phosphorylationin
EP300 downregulated tumors. In silico analyses of of publicly available in vitro data showed a decrease
of glycolysis-associated genes after treatment with the EP300 inhibitor C646. Our study reveals
associations of specific gene alterations with different TIME types. In detail, we defined EP300 as a
panCancer inhibitor of the TIME most likely via metabolic modulation. In this context EP300 represents
a promising predictive biomarker and an immuno-therapeutic target.

The tumor immune microenvironment (TIME) has emerged as a critical factor determining prognosis and ther-
apy response across most solid tumors. In immunogenic tumors, such as breast and colon cancers or non-small
cell lung cancers, the quantity and quality of tumor infiltrating lymphocytes has prognostic significance compa-
rable to the TNM-classification'. The TIME is highly variable across different cancer entities and cancer subtypes
as well as over the course of cancer progression and treatment®’. Nevertheless, solid tumors can generally be
classified into different categories according to their specific TIME profiles. We can distinguish at least three
different TIME types in solid tumors, considering their prognostic impact and the quantity and quality of tumor
infiltrating leukocytes>*:

I. Tumors with a predominantly anti-tumor TIME, characterized, among other factors, by a high number
of CD8+ cytotoxic T cells (CTLs) and other lymphocytes such as CD4 T helper cells, natural killer (NK) cells,
regulatory T cells (Tregs), B lymphocytes, plasmocytoid dendritic cells as well as elevated levels of granzyme and
perforin.
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II. Tumors with a predominantly pro-tumor TIME, characterized by few infiltrating lymphocytes and a high
number of infiltrating myeloid cells, in particular M2 macrophages and myeloid derived suppressor cells (MDSC).

III. Tumors with an immune-absent TIME, characterized by an overall absence of tumor infiltrating
leukocytes.

Factors regulating the TIME composition are not understood in a detailed fashion. The attraction of tumor
infiltrating myeloid cells is considered to depend on the production of chemokines such as VEGE, GM-CSF and
TGF-3 by tumor immune and stromal cells’. The amount of tumor infiltrating CD8 CTLs and their cytolytic
activity, in contrast, is primarily influenced by the immunogenicity of the tumor. Tumor cells express antigens,
which can induce a targeted anti-tumor immune response, when presented to T cells via major histocompatibility
complexes (MHC) by antigen presenting cells (APC). Several mechanisms can lead to the formation of tumor
antigens. One mechanism is the expression of germ-line genes (“cancer-testis antigens”). In healthy persons these
are only expressed by male germ line cells and are usually not presented by MHC to induce T cell tolerance during
thymic maturation. Another source of tumor antigens are oncogenic viruses, such as Human Papilloma Virus
(HPV) or Epstein-Barr Virus (EBV), which can encode antigenic peptides. Over the last years tumor mutations
(mostly non-synonymous point mutations) have been brought into focus as another source of tumor antigens.
These lead to modified peptide sequences (“mutational neoantigens”), which can induce a T cell response, when
presented by MHC®. The amount of non-synonymous mutations (tumor mutational burden/TMB) has been
shown to correlate with anti-tumor immunity, outcome and response to treatment with immune checkpoint
inhibitors*’. Further investigations have elaborated the role of a functional antigen presenting machinery, to
make optimal use of the TMB for an anti-tumor immune response®. Tobacco- and alcohol-induced squamous
cell carcinomas of the head and neck, the esophagus and the lung are among the cancers with a high mutational
load’. A high TMB and high CD8 CTL infiltrates predict particularly in head and neck squamous cell carcinoma
(HNSCC) a benefit from PDL-1 inhibitor treatment'’. In this study we aimed to discover specific mutations
associated with specific TIME profiles and therefore constituting predictors for response to immune checkpoint
inhibition or as potential adjuncts to improve efficacy of current immunotherapeutic agents.

Materials and Methods

The Cancer Genome Atlas (TCGA) database analysis. TCGA data bank analysis was performed on the
cBioPortal for Cancer Genomics website (http://www.cbioportal.org) with access to clinical data, gene mutations
and gene expression levels. All analyses were based on TCGA data provided by cBioPortal until December 2018.
HPYV status were deduced from a previous extensive characterization of the TCGA database by Rooney et al.*.

Characterization of tumor immune microenvironment (TIME) types. Molecular TIME types were
defined according to mean expression levels of transcriptomic cell markers (z-Score = 0), as outlined in Fig. 1A.
Genes used for transcriptomic cell type markers were selected from the TCGA database study by Rooney et
al*. A focus was put on genes with established immunohistochemical markers in diagnostic pathology work-up
(CD45, CD8A, FOXP3, CD79A, CD68, Granzyme, Perforin). Based on an additional study, S100A9 was included
as a gene expression marker for myeloid derived suppressor cells'!. Correlation of molecular TIME types with
histological tumor appearances was performed using the digital slide archive (DSA, https://cancer.digitalslide-
archive.org), which provides scanned Hematoxilin- and Eosin- (H&E-) stained tumor tissue slides of the TCGA
cohorts'%. One board-certified pathologist (R. K.), experienced in head and neck pathology, performed slide
evaluations. The following criteria were applied to assign the histological tumor slides to the 3 TIME types:

- Immune-activated: Rich lymphoplasmocytic infiltrate in the desmoplastic peritumoral stroma and at least
occasional presence of tumor infiltrating lymphocytes (TILs)

- Immune-suppressed: Presence of neutrophils, eosinophils, macrophages or mast cells in the desmoplastic
peritumoral stroma and at least occasional presence of tumor infiltrating neutrophils, eosinophils, macrophages
or mast cells

- Immune-absent: Few immunocytes in the desmoplastic peritumoral stroma and mostly absence of tumor
infiltrating immunocytes.

Cytolytic activity was used as a measurement of anti-tumor immune response. Analogous to Rooney et al.
cytolytic activity was based on simultaneous upregulation of GZMB (granzyme) and PFN1 (perforin) according
to mean gene expression levels (z-Score = 0). EP300 upregulation was determined according to mean EP300
expression with a z-Score = 1.

The tumor immune subtypes C1- C6 were downloaded from the Supplementary Files of the publication by
Thorsson et al. for further correlations!?.

Annotation of mean total mutation count and specific non-synonymous gene mutations in the
TCGA database. The total number of non-synonymous gene mutations per HNSCC patient were accessed
via cBioPortal, in order to compare the mean total mutation count in different TIME types. In the next step, only
genes with a mutation frequency of at least 10x in the HNSCC TCGA cohort were selected for further analysis.
This represents a mutation frequency of 1.95% and could include several non-synonymous mutations in one gene
of one patient as well as one mutation in one gene of several different patients.

Metabolic characterization of the TCGA database. Metabolic characterizations of tumors were exe-
cuted via analyses of gene expression levels involved in energy metabolism. The Glucose Metabolism RT? Profiler
PCR array and the Mitochondrial Energy Metabolism RT? Profiler PCR array by Qiagen (Hilden, Germany)
served as configuration standards to compile lists of relevant genes for metabolism studies. Based on genes repre-
sented in these arrays a glycolysis-dependent and an oxidative phosphorylation- (OXPHOS-) dependent tumor
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Figure 1. Gene expression-based tumor immune microenvironment (TIME) subtypes in HNSCC are clinically
relevant and reflect histological phenotypes, but do not correlate with tumor mutational burden. (A) List of
genes defining different TIME subtypes. (B) Patient subgroups with immune-activated, immune-suppressed
and immune-absent TIMEs with best overall and disease free survival for immune-activated TIME patients.

(C) Histological pictures of one representative immune-activated tumor with strong lymphocytic immune cell
infiltrate (patient TCGA-CV-A468), one immune-suppressed tumor with a background of eosinophils and
neutrophils (patient TCGA-BA-A6DA) and one immune-absent tumor without any immunocytes (patient
TCGA-CN-5376). (D) Non-synonymous mutation counts for all HNSCC TCGA patients and for the three
TIME subtypes subdived by HPV status with no signficant differenes between the groups.

metabolism were defined (z-Score = 0). Based on our own previous studies the glucose transporter 1 (GLUT1)
as well as lactate dehydrogenase A and B (LDHA, LDHB) were added to the glycolysis-dominant gene list'*'*.

In summary the glycolysis-dominant list consisted of 24 enzymes and transporters involved in glucose and
pyruvate/lactate metabolism: ALDOA, ALDOB, ALDOC, BPGM, ENOI, ENO2, ENO3, GALM, GCK, GPI,
HK?2, HK3, PFKL, PGAM2, PGK1, PGK2, PGM1, PGM2, PGM3, PKLR, TPI1, GLUT1, LDHA, LDHB.

The OXPHOS-dominant list was composed of 31 mitochondrial proteins necessary for the formation of com-
plex I - V of the respiratory chain: ATP12A, ATP5A1, ATP5F1, ATP5G3, ATP5], ATP50, ATP6V1C2, LHPP,
OXA1L, PPA1, COX4I1, COX5B, COX6B1, COX7A2, COX8A, BCSIL, UQCRCI1, UQCRH, SDHA, SDHC,
NDUFA1, NDUFA2, NDUFA5, NDUFA8, NDUFB2, NDUFB5, NDUFB8, NDUFC2, NDUES3, NDUEFS6,

NDUFV1.
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The Visualization of metabolic tumor phenotypes was achieved by the word cloud generator www.wort-
wolken.com.

Metabolic characterization of cell lines after EP300 inhibition. The L1000 Connectivity Map
data (L1000 CMap), provided by the Broad Institute, was used to study the effects of EP300 inhibition on cell
metabolism in different cell lines'®. The analyses were performed with Genevestigator (Nebion AG, Zurich,
Switzerland). The following experiments of the L1000 CMap were included into the study: 1. Controls: Cell
lines treated with DMSO for 24 hours (10 replicates for each cell line). 2. Cell lines treated with 10 uM C646
for 24 hours (3-6 replicates for each cell line). Matched data was available for 8 different cell lines (A375, A549,
HAI1E, HCC515, HEPG2, HT29, MCF7, PC3). EP300 mutation and baseline expression status was extracted from
cBioPortal. The glycolysis-dominant list of genes was expanded by an addition of 30 glycolysis genes provided
by Genevestigator. This led to a total of 52 genes with available L1000 CMap gene expression data to characterize
a glycolysis-associated metabolism. 112 OXPHOS-related genes provided by Genevestigator were added to the
OXPHOS-dominant gene list yielding a total of 116 genes with available gene expression data.

Statistical analysis. Disease free and overall survival of different TIME types were calculated by
Kaplan-Meyer method and Wilcoxon test for statistical significances. Fisher’s exact test was applied to compare
gene mutation frequencies between different TIME groups. Additionally, the distribution of cases with upreg-
ulated and downregulated anti-tumor immunity in EP300 mutated and EP300 wildtype tumors were tested for
statistical significance by Fisher’s exact test. Upregulation frequency of each metabolic gene in EP300 high and
low tumors was also compared by Fisher’s exact test. Unpaired two-tailed t-test was used to compare means of all
upregulated genes of one metabolic phenotype in the panCancer analyses. The metabolic phenotype of cell lines
after C646 treatment was compared by paired t-test. P values less than 0.05 were considered statistically signifi-
cant. Statistical analyses and graph creations were performed with Prism 8 (GraphPad, San Diego, CA).

Précis. The lysine-acetyltransferase EP300 inhibits anti-tumor immune response via modulation of tumor
metabolism and might therefore represent a new target for combinatory immuno-therapeutic approaches.

Results

Tumor immune microenvironment subtypes in head and neck squamous cell carcinomas are
associated with specific gene mutations. First, we aimed to identify gene mutations associated with
different TIME subtypes within the HNSCC cohort of the TCGA database. At the time of the computational anal-
yses (last updated 12/2018) the TCGA HNSCC cohort consisted of 530 patients with available clinical, proteomic
and genomic data. We started the evaluation with the creation of three TIME subtypes based on gene expression
profiles of immune-related genes as outlined in Fig. 1A:

1. An immune-activated TIME with high expressions of genes involved in cytotoxic T cell response.

2. An immune-suppressed TIME with low expression of genes involved in cytotoxic T cell response and high
expression of the macrophage defining gene CD68 and S100A9, a gene with good specificity for myeloid derived
suppressor cells'’.

3. An immune-absent TIME with downregulation of all immune-related genes used for subtype stratification.

Patients with upregulation or downregulation of genes as outlined in Fig. 1A (z-Score = 0) were included
into the respective TIME subtypes. In summary, this yielded 20 patients for the immune-activated group, 35
patients for the immune-suppressed group and 100 patients for the immune-absent group. The remaining 375
patients of the TCGA HNSCC cohort were excluded from further analyses, as they did not consistently fit into
one of the immune gene profiles of Fig. 1A. In order to ensure clinical relevance of the gene expression-based
TIME classification, we tested its impact on overall and disease free survival of the three groups (Fig. 1B). This
resulted in a well-defined segmentation with best overall (p =0.0619) and disease free (p =0.0245) survival for
the immune-activated group compared to the combination of the immune-suppressed and immune-absent
group. A further comparison of clinical and tumor characteristics for the three different TIME types and the
complete TCGA cohort is summarized in Table 1. The TCGA HNSCC cohort contained significantly more
patients with immune-absent TIME than with immune-activated TIME (100 versus 20). The number of
HPV-positive patients was significantly higher in the immune-activated group as in the other groups (45% versus
15% in the immune-suppressed and 6% in the immune absent group). Correspondingly, the immune-activated
group also contained significantly more oropharyngeal squamous cell carcinomas. Furthermore patients
of the immune-activated group had a lower average number of cigarette pack years. These findings of the
immune-activated group reflect to a large extent the features of HPV-induced HNSCC, which are typically
located in the oropharynx, frequently show a strong anti-tumor immune infiltrate and are not necessarily asso-
ciated with a history of tobacco abuse'*!"”. Regarding tumor stage patients with stage IV tumors accumulated
in the immune-suppressed group (75% of immune suppressed tumors versus 48% of immune-absent tumors).
We also evaluated the scanned tumor tissue slides, as provided by cBioPortal and the Digital Slide Archive
(DSA, www. https://cancer.digitalslidearchive.org), for histological representativeness of each TIME subset.
Overall the molecular TIME types were well reflected by their histological appearances (Fig. 1C). The histolog-
ical appearances matched for 18 of 20 tumors in the immune-activated group (1 tumor had an immune-absent
histological appearance, 1 tumor was not evaluable). 20 of 35 tumors had matching histological appearances
in the immune-suppressed group (7 tumors had an immune-activated histological appearance, 5 tumors an
immune-absent histological appearance, 3 tumors were not evaluable). The immune absent group showed match-
ing histological appearances in 46 of 100 cases (47 tumors of this group demonstrated an immune-suppressed
histological appearance, 5 tumors an immune-activated histological appearance, 2 tumors were not evaluable).
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TCGA HNSCC Immune activated Immune suppressed Immune absent
Number 530 20 (4%) 35 (7%) 100 (19%) p <0.0001
Mean age (y) 60.9 58.55 60.2 61.5 ns
Male sex 386 (73%) 18 (90%) 28 (80%) 81 (81%) ns
HPV positive 77 (15%) 9 (45%) 5 (14%) 6 (6%) p<0.03
Anatomical site
Oropharynx 82 (16%) 12 (60%) 4(11%) 8 (8%) p <0.0001
Oral cavity 320 (60%) 7 (35%) 20 (57%) 62 (62%) p<0.05
Hypopharynx 10 (2%) 0 2(5.7%) 1 (1%) ns
Larynx 117 (22%) 1(5%) 9 (26%) 29 (29%) p<0.03
Stage
I 21 (4%) 3 (15%) 1(3%) 4 (4%) ns
1I 99 (19%) 2(10%) 2(6%) 20 (20%) p<0.05
III 107 (21%) 4(20%) 5 (16%) 26 (26%) ns
v 288 (56%) 11 (55%) 24 (75%) 48 (48%) p<0.05
Differentiation
G1 64 (13%) 0(0%) 2(6%) 9 (9%) ns
G2 311 (61%) 9 (53%) 21 (64%) 63 (64%) ns
G3 125 (25%) 7 (41%) 10 (30%) 25 (26%) ns
G4 7 (1%) 1(6%) 0(0%) 1(1%) ns
Social history
Smoking (pack years) 46 (n=299) 27(n=9) 50 (n=18) 48 (n=61) p<0.03
Drinks/day 3.2(n=222) 2.8(n=38) 3.8(n=11) 3.6 (n=45) ns
Recurrence/Progression 145 (36%, n=398) | 3 (21%,n=14) 14 (47%, n=30) 32 (42%,n=77) ns

Table 1. Patient and tumor characteristics of the complete TCGA HNSCC cohort and the three different TIME
subtypes (signifcant differences compared to underlined values are marked with bold type). ns =not significant.

Next, we investigated, if there were differences between the tumor mutational burden of the complete TCGA
HNSCC cohort and the different TIME subtypes. The overall number of non-synonymous mutations was, how-
ever, very heterogeneous and did not significantly differ between the TIME subtypes. Consideration of HPV
status did also not significantly affect the mutational count distribution (Fig. 1D).

Afterwards, we wanted to find out, if the different TIME subtypes accumulate distinct mutations. For this
purpose, a list of mutated genes within the HNSCC cohort was compiled. This included only non-synonymous
mutations as annotated by cBioPortal. At least 10 mutations had to be annotated for one gene across 512 profiled
HNSCC samples to be included into the gene list. This represents a mutation frequency of 1.95%, to ensure feasi-
bility of statistical work-up and clinical relevance. A total of 1519 mutated genes were included into the analysis.
TP53 had the highest mutational load with 446 mutations (mutation frequency 71.48%), followed by TTN and
FAT1 with 379 (mutation frequency 41.60%) and 144 (mutation frequency 22.46%) mutations, respectively. Next,
the list of 1529 mutated genes was used for a patient database query among the three different TIME subtypes
(Fig. 2). Since HPV-positive HNSCC are considered a distinct molecular HNSCC entity, gene mutations were
correlated for all HNSCC patients as well as for the subsets of HPV-positive and HPV-negative patients. A total
of 9 and 11 mutated genes were significantly associated with one specific TIME subtype for all HNSCC and the
subset of HPV-negative HNSCC, respectively. In HPV-positive HNSCC, 8 mutated genes tended to associate
with specific TIME subtypes. Only 2 genes (TP53 and TTN), however, were found to be significantly enriched
in one TIME subtype. In general, most genes were significantly associated with an immune-activated TIME,
except for TP53 mutations. Mutated TP53 strongly correlated with an immune-absent TIME in all HNSCC
subsets. This serves as a good internal control, as TP53 mutations are known to inhibit anti-tumor immune
response'®!?. Another mutated gene, which was significantly associated with an immune-suppressed TIME in all
HNSCC as well as in HPV-positive HNSCC, was FBXW?7. Additional gene mutations with tendencies towards an
immune-suppressed TIME in the HPV-positive subset were MAP3K13, MYO9A and NBPF1. EP300 was together
with TP53 the only mutated gene, which was associated with one TIME subtype across all HNSCC, HPV-negative
HNSCC and HPV-positive HNSCC. Its mutational status correlated with an immune-activated TIME. EP300 is a
lysine acetyltransferase similar to CREB binding protein (CBP) serving as a cofactor for the expression of numer-
ous genes. Hence, it regulates many different processes including proliferation, cell cycle, cell differentiation and
DNA damage response?.

In silico analyses suggest lysine acetyltransferase EP300 as a panCancer modulator of
anti-tumor immune response. Based on the association of EP300 mutations with an immune-activated
TIME in HNSCC, we consequently, wondered, if we could confirm this in other tumor types. Most of the com-
mon solid malignancies of the TCGA database were included for the analysis: Esophageal adeno- and squamous
cell carcinoma, lung adeno- and squamous cell carcinoma, breast carcinoma, gastric adenocarcinoma, cholangi-
ocellular adenocarcinoma, pancreatic adenocarcinoma, hepatocellular carcinoma, colorectal adenocarcinoma,
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Figure 2. Correlation of gene mutation frequencies with TIME subtypes revealing EP300 mutation as
significantly associated with an immune-activated TIME: Significant association of gene mutation frequencies
with specific TIME subtypes for 9 genes of all HNSCC (A), 11 genes of HPV-negative HNSCC (B) and 8 genes
of HPV-positive HNSCC. Mutations in TP53 and EP300 are found in all three groups.

renal clear cell carcinoma, adrenal carcinoma, bladder carcinoma, prostate adenocarcinoma, endometrial car-
cinoma, cervical carcinoma, melanoma. The analysis included a total of 7564 patients with an overall EP300
mutation prevalence of 3.1% (277 patients). The highest mutation frequency was found in HPV-associated car-
cinomas (15.4% of HPV-positive HNSCCs and 11.8% of uterine cervical carcinomas). Lung adenocarcinomas,
breast carcinomas and prostate carcinomas had the lowest mutation frequency with 0.3%, 1.1% and 1.2%, respec-
tively (Fig. 3A). Next, we compared the anti-tumor immunity with the mutational status of EP300. We used gene
expression profiles of the pore-forming and proteolytic proteins perforin (PFN1) and granzyme (GZMB), to
define the anti-tumor immune response. The simultaneous upregulation of PFN1 and GZMB, which are secreted
by CD8 + CTLs, has been defined as cytolytic activity by Rooney et al. and has been shown to correlate with neo-
antigen load*. We defined tumors with simultaneous upregulation of PRF1 and GZMB (CytAct Up, z-Score = 0)
as tumors with increased anti-tumor immunity. Tumors with a simultaneous downregulation of PRF1 and GZMB
(CytAct Down) were defined as tumors with downregulated anti-tumor immunity. Besides HNSCC, upregulation
of cytolytic activity significantly correlated with EP300 mutation in esophageal squamous cell carcinomas, gastric
carcinomas and prostate carcinomas (Fig. 3A).

Since we hypothesized that mutation-associated functional limitations of EP300 lead to an immune-activated
TIME, we wondered, how EP300 expression correlates with anti-tumor immune response. We divided patients
of all 18 solid malignancies in EP300 low and high expressers according to a z-Score = 1. This yielded a total of
916 patients with downregulated EP300 and 1181 patients with upregulated EP300. Assessing all tumor entities
separately, EP300 downregulation was strongly associated with increased cytolytic activity in almost all cancer
entities, except for carcinomas of the breast (Fig. 3A).

We also correlated EP300 expression with the recently described tumor immune profiles by Thorsson et al.'®.
These are based on TCGA data of more than 10000 tumors and stratify tumors into six different subtypes: C1
(wound-healing), C2 (Interferon-~ dominant), C3 (inflammatory), C4 (lymphocyte-depleted), C5 (immunolog-
ically quiet), C6 (TGF-(3 dominant). Immune subtype C2 is characterized by the highest M1/M2 macrophage
polarization and the highest CD8 count. Consistent with our analyses, EP300 mutated tumors and tumors with
decreased EP300 expression showed significantly more frequently a C2 immune subtype (Suppl. Fig. 1). The
C3 immune subtype, in contrast, was more frequently present in EP300 wildtype tumors and tumors with high
EP300 expression. The C3 subtype is defined by elevated Th1 and Th17 genes.

Overall distribution of EP300 mutations within the TCGA panCancer cohort correlated with results of
previous studies®®. The histone acetyltransferase domain KAT carried the most mutations with a total of 62
non-synonymous mutations (22.2% of all EP300 mutations). The other functional domains had low mutation
frequencies ranging from 8 in the TAZ1 domain (transcriptional adapter zinc finger 1, 2.9% of all EP300 muta-
tions) to 15 in the BR-PHD domain (bromodomain-plant homeodomain, 5.5% of all EP300 mutations, Fig. 3C).
In contrast, the highest frequency of EP300 mutations, which also had an upregulated cytolytic activity in the
tumor, were observed in the TAZ1 domain (37.5%, n = 3) and the interferon binding domain IBID (33.3%, n =3,
Fig. 3D). On the other hand, KAT domain mutations associated with increased cytolytic activity were only found
17% of cases (n=4).

EP300 overexpression is associated with a glycolytic tumor metabolism. The association of
EP300 expression with decreased anti-tumor immunity raises the question about a functional mechanism of
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Figure 3. PanCancer correlation of EP300 mutation and expression status with anti-tumor immunity. (A)
Display of EP300 mutation frequency for 18 common solid malignancies (n = 7564) and association with
cytolytic activity in comparison to EP300 wt tumors. HNSCCs, esophageal SCC, stomach carcinomas and
prostate carcinomas have a significantly higher cytolytic activity in EP300 mut tumors. (B) PanCancer
correlation of EP300 expression status with anti-tumor immunity for 18 solid malignancies showing a
significantly higher cytolytic activity in in EP300 low tumors. (C) PanCancer distribution of EP300 mutations
with most mutations at the lysine acetyltransferase domaine KAT. (D) Percentage of EP300 mutations with
increased cytolytic activity relative to all mutations with spiking mutation counts at TAZ1 and IBID. Mut:
mutated; wt: wildtype; CytAct: cytolytic activity; ADCA: adenocarcinoma; Ca: carcinoma; SCC: squamous
cell carcinoma; HCC: hepatocellular carcinoma; RCC: renal clear cell carcioma; cholang: cholangiocellular;
TAZ: Transcriptional adapter zinc finger; KIX: kinase inducible domain of CREB interacting domain; BR:
Bromodomain; PHD: Plant homeodomain; IBID: Interferon binding domaine.

EP300 inhibiting the tumor immune response. We and others have previously shown that tumor metabolism is
an important determinant of the tumor immune microenvironment'*!>?!, Namely a glycolytic tumor metabolism
with accumulation of lactate in the tumor microenvironment leads to an inhibition of cytotoxic T cells and to
an unfavorable TIME. On the other hand, an oxidative phosphorylation- (OXPHOS-) dominant tumor metab-
olism supports a strong anti-tumor immune response. Just recently the metabolism-modulatory functions of
EP300 have been described in more detail. Among others, these studies revealed EP300’s role in promoting genes
involved in glycolysis and demonstrated that EP300 inhibition leads to a disruption of glucose metabolism?>%*.
Consequently, we hypothesized that EP300 upregulation is associated with a glycolysis-dominant tumor metabo-
lism, whereas EP300 downregulation correlates with an OXPHOS-dominant tumor metabolism.

First, we compiled lists of metabolic genes defining a glycolysis-dominant or OXPHOS-dominant metabo-
lism. These genes were based on the publicly available collections of the glucose and OXPHOS metabolism RT?
Profiler PCR Array, as provided by Qiagen (Hilden, Germany).

Next, we performed a panCancer metabolic characterization including all 18 solid malignancies mentioned in
the study. Tumors were distinguished according to EP300 expression into EP300 high (n=915) and EP300 low
(n=1181) tumors. Upregulation frequency (z-Score = 0) of all metabolic genes in both groups were calculated
(Fig. 4A). 14 of 24 glycolysis-associated genes were significantly upregulated in EP300 low tumors, while 4 of
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Figure 4. PanCancer analyses of metabolic phenotypes in relationship to EP300 expression: (A) Absolute
upregulation frequency of 24 genes involved in glycolysis and 31 genes invovled in OXPHOS with significant
upregulation of all OXPHOS genes, except for ATP12A in EP300 low tumors and significant downregulation of
14 glycolysis genes in EP300 low tumors. (B) PanCancer expression of metabolic genes (red: 24 genes involved
in glycolysis; blue: 31 genes involved in OXPHOS) with predominance of glycolytic genes in EP300 high tumors
and predominace of OXPHOS-associated genes in EP300 low tumors. Font size is relative to upregulation
frequency. (C) Relative upregulation frequency of glycoyltic and OXPHOS-associated genes with a dominantly
glycolysis-dependent metabolism in EP300 high tumors and an OXPHOS-dependent metabolism in EP300 low
tumors. ** p <0.01, ***p < 0.0001.

24 glycolysis-associated genes were downregulated. All OXPHOS-related genes were significantly upregulated
in EP300 low tumors, except for ATP12A. Comparing the two tumor metabolism types, EP300 high tumors
were dominated by an upregulation of glycolysis-associated genes, while in EP300 low tumors OXPHOS-related
genes dominated (Fig. 4B). Assessing the mean upregulation frequency for all glycolysis-associated and
OXPHOS-associated genes EP300 low and EP300 high tumors were significantly different with a predominantly
OXPHOS-dependent metabolism for EP300 low tumors (Fig. 4C).

We also performed a panCancer comparison of the tumor metabolism in EP300 wildtype (n=4694) and
EP300 mutated (n=233) tumors (Suppl. Fig. 2). Differences were only subtle, however glycolysis-related as well
as OXPHOS-related genes were significantly more frequently upregulated in EP300 mutated tumors.
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Figure 5. Metabolic effects of EP300 inhibition on eight cell lines via in silico analysis. (A) List of cell lines with
EP300 mutation and expression status (z Score = 1). (B,C) Baseline metabolic characterization with signifcant
upregulation of genes involved in OXPHOS in cell lines with EP300 mutation (A375, MCF?7) and trends
towards a decrease of genes involved in glycolysis in cell lines with low EP300 expression (A549, HCC515, PC3).
(D-E) Changes of mean gene expression levels after treatment with the EP300 inhibitor C646 with a significant
downregulation of glycolysis-associated genes (mean expression level of 52 genes) in A375, MCF7 and PC3 as
well as a significant downregulation of OXPHOS-associated genes (mean expression level of 112 genes) in HT29
and HEPG2. In HAE1E OXPHOS genes significantly increased after C646 treatment. NA: No alteration; wt:
wildtype; mut: mutated. *p < 0.05, **p < 0.01, ***p < 0.001.

In silico modeling demonstrates decreased glycolytic metabolism in cell lines after EP300 inhi-
bition. Since our previous results suggested an association of EP300 expression with a glycolytic tumor metab-
olism, we wondered, if EP300 inhibition leads to changes in cell metabolism. The publicly available Connectivity
Map (CMap) at the Broad Institute was used to investigate the effect of EP300 inhibition on gene expression
profiles of different cell lines'®. This database includes perturbations with the small molecule C646, a widely used
and specific inhibitor of EP300%.

First we assessed the EP300 mutation and expression status (z-Score = 1) of the eight cell lines, analyzed by
CMap (Fig. 5A). These include the Melanoma cell line A375 and the breast adenocarcinoma cell line MCF7 with
EP300 mutations (X711_Splice and R1356%, respectively). Furthermore it includes two pulmonary adenocarci-
noma cell lines A549 and HCC515 as well as one prostate carcinoma cell line (PC3) with relative downregulation
of EP300 expression. Additionally, the hepatocellular carcinoma cell line (HEPG2), the colorectal adenocarci-
noma cell line (HT29) and the immortalized human kidney cell line HA1E were included, which have no altera-
tions in EP300. Upregulation of EP300 was not observed in any cell line. Metabolic characterization of the eight
cell lines showed a significant upregulation of OXPHOS-associated genes for the two cell lines (A375 and MCE7)
with EP300 mutations (Fig. 5B). On the other hand, glycolysis-associated genes tended to be downregulated in
the two cell lines (A549 and HCC515) with decreased EP300 expression (Fig. 5C). Next we investigated changes
in cell metabolism after treatment with the EP300 inhibitor C646. 3 of 8 cell lines (A375, MCF7 and PC3) had
a significantly downregulated glycolysis-associated metabolism after C646 treatment in comparison to DMSO
incubation (Fig. 5D). Two additional cell lines, HT29 and HEPG2, tended to a decreased glycolytic metabolism
after C646 treatment. Additionally, OXPHOS-related metabolism was significantly downregulated in HT29 and
HEPG?2, whereas it significantly increased in HA1E after C646 exposure.

Discussion

Over the last years the TIME of HNSCC and other solid malignancies has been extensively studied elaborating
tumors with favorable, anti-tumor or unfavorable, pro-tumor immune microenvironments*!>2>-28, We are, how-
ever, far away from a detailed understanding of the TIME and how we can further exploit it for best therapeutic
effects. In HNSCC, for example, overall response rate to immune checkpoint inhibition is only 20%%. Detection
of PD-L1 expression in the tumor via immunohistochemistry is currently the most widely used biomarker to
determine eligibility for treatment with the PD-1 inhibitor Pembrolizumab®. It is approved by the FDA for 15
different tumor types. In a recent meta-analysis, it was predictive in 28.9% of cases, whereas in 53.3% it was
not predictive®. Analyses of microsatellite instability and the tumor mutational burden are other factors, which
can be used to enrich for patients likely to respond to immunotherapy. Nevertheless, we only have a limited
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understanding, which patient will benefit from immunotherapy and how we can expand the efficacy of check-
point inhibition for patients with an immunotherapeutic ineligible TIME.

This study aimed to extend our knowledge on the association of the tumor genome and specific TIME types,
in order to detect new biomarkers and therapeutic targets for immunotherapies. We started with HNSCC, as
this is a tumor entity with a relatively high mutational burden. Additionally, the TIME of HNSCC is known
to be associated with treatment response, but HNSCC often show a limited response to immunotherapeu-
tic approaches®"*2 In the first part of the study, we defined 3 different, clinically-relevant TIME subtypes in
HNSCC based on immune-related gene expressions. In the next step we could connect about 8-11 altered genes
(depending on the HPV status) to a specific TIME type. The association of TIME subtypes with mutated genes
appeared to depend on the HPV status (HPV-positive or HPV-negative) of the tumor underlining the differ-
ences of these two distinct molecular entities. Furthermore, the diverging gene list between HPV-negative and
HPV-positive HNSCC demonstrate that it is hardly possible to connect the HNSCC TIME subtypes to specific
genetic alterations. It is rather a multifactorial combination of tumor genetic properties and host immune defense.
Additionally, it is important to mention that we probably discovered only a limited number of genes with poten-
tial immune-oncological relevance. Our analysis approach included 155 of 530 patients of the HNSCC TCGA
cohort, who fit into one of the immune subgroups. The strict definition of our immune subgroups prevented
bigger cohorts for the screening approach. But this made it, on the other hand, more likely that genes with a sig-
nificant association with one of the subgroups have a relevant connection to the TIME.

EP300 was besides TP53, the only mutated gene, which was associated with a specific TIME in HPV-negative
as well as HPV-positive HNSCC. We therefore focused on EP300 for further analyses, as it has not drawn much
attention to its role in tumor immune activity. EP300 is a lysine acetyltransferase similar to CREB-binding pro-
tein (CBP). It regulates the cell cycle as a transcriptional coactivator, e. g. of E2E, and via histone modification
through acetylation. EP300 and CBP bind to more than 16000 genes in human cells leading to a wide range of
functions in healthy and tumor tissue****. On the one hand, EP300 may have tumor suppressive functions by
promoting other tumor suppressors as TP53, RB1 or BRCA1?. On the other hand, EP300 overexpression has been
described to be associated with poorer outcome and higher aggressiveness in several tumors including HNSCC
and cutaneous squamous cell carcinomas, colorectal cancers and hepatocellular carcinoma®-3%. It is, however,
still unclear, how EP300 overexpression promotes aggressiveness of tumors. So far EP300 has rarely been asso-
ciated with tumor immunity. Two studies elaborated the role of EP300 for regulatory T cell differentiation and
function®**’. More importantly, Liu et al. showed that EP300 inhibition reduced tumor growth in wild type, but
not immune-deficient mice and increased tumor infiltration as well as activity of cytotoxic T cells and decreased
Tregs®.

Our in silico analyses indicate a tumor promoting effect of EP300 via immunosuppression. Based on the pan-
Cancer analyses of our study we were able to further dissect a potential functional background of EP300-related
tumor immune suppression. We observed an immune-activated TIME in several EP300 mutated as well as most
EP300 downregulated tumors across many different solid malignancies. Evaluation of the location of EP300
mutations associated with increased anti-tumor immunity demonstrated that there is no specific EP300 mutation
responsible for tumor immune-modulatory effects. Most EP300 mutations are located in the histone modifying
KAT domain. Focusing on EP300 mutations with anti-tumor immunity association, we detected mutation spikes
in the TAZ1 and IBID domain. While TAZ1 binds among others the transcriptional factor HIF1, which is the
key factor of tumor metabolism, IBID binds IRF-3, which is involved in innate immunity control*'. This gives a
first suggestion, that the TAZ1 and IBID domain might play functional roles in modulating the TIME.

Another exciting incidental finding of our study is the association of EP300 mutations with HPV infection.
Just recently an association of EP300 mutations and intragenic EP300 deletions were discovered for HPV-positive
oropharyngeal squamous cell carcinomas in two independent studies*>**. The HPV proteins E2 and E7 have been
described to bind to EP300%>#%". Functional analyses suggest that EP300 is necessary to initiate E2 induced viral
transcription and replication. Recruitment of EP300 together with retinoblastoma protein by E7 is suspected
to be a key factor in retinoblastoma protein dependent disruption of the cell cycle control. At this point further
assessments of the location of HPV-associated EP300 mutations and functional in vitro studies would, however,
be needed to explain the high EP300 mutation frequency in HPV-related cancer.

Recent studies have shown that EP300 is a promoter of glycolysis and inhibition of EP300 leads to inhibi-
tion of glucose metabolism?>%. Tumor cell glucose metabolism, however, is known to exert inhibitory effects
on T cell proliferation, tumor infiltration by T cells and T cell guided anti-tumor immune response*. In our
panCancer metabolic studies we could demonstrate that tumors with high EP300 expression have a pre-
dominantly glycolysis-associated metabolism. Tumors with low EP300 expression, on the contrary, had an
OXPHOS-dominated metabolism. In silico analyses of cell lines treated with the EP300 inhibitor C646 under-
lined this observation. We observed changes of metabolism-related genes in 6 of 8 cell lines after C646 treatment.
Glycolysis-associated genes significantly decreased in 3 cell lines and tended to decrease in 3 additional cell lines.
OXPHOS-associated genes decreased in 2 cell lines and increased in 1 cell line. Taken together, we see an inhibi-
tion of tumor cell metabolism in cell lines already after inhibition of EP300 for a short period of time (24 hours).
Our cell line studies indicate that changes in the tumor metabolism could be the link between EP300 expression
and tumor immune evasion.

We think that our results support testing the inclusion of EP300 inhibitors into immunotherapeutic
approaches. By now there exist several EP300 and EP300/CBP specific inhibitors, which have shown promising
tumor inhibiting effects in vitro and in preclinical studies**~*. The anti-tumor effects of the selective EP300 and
CBP inhibitor CCSS1477 are currently investigated in a clinical trial of metastatic castration resistant prostate
cancer and other advanced solid tumors (NCT03568656).

This in silico study allows the correlation of EP300 with different tumor characteristics over a large number of
tumors and cancer entities. Thereby our results give exciting perspectives, how to expedite research focuses for
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EP300 and how to integrate it into preclinical and clinical therapeutic approaches. Preclinical experiments inves-
tigating the effect of EP300 inhibition on the TIME, for example in syngeneic mouse models, would constitute a
next step to assess EP300 as an immune-oncological target.
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