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Einleitung 1

1. Einleitung

1.1 Glioblastoma multiforme

Das Glioblastoma multiforme (GBM) ist der haufigste, bésartigste Hirntumor astrozytarer
Herkunft, definiert sich {ber ein aggressiv-diffuses Wachstum und wird nach
WHO-Klassifikation als Gliom des Grades 4 bezeichnet 2. GBMs umfassen Uber die Halfte
(=57 %) aller Gliome und sind am haufigsten in den Frontal- und Temporallappen lokalisiert
34 Dabei konnen sie de novo entstehen (primar) oder sich aus einem Astrozytom
niedrigeren Grades entwickeln (sekundar) 6. Mit einer Inzidenz von = 3/100.000 Einwohner
pro Jahr (USA) wird das GBM typischerweise im hoheren Alter (Durchschnittsalter: 65
Jahre) und haufiger bei Mannern diagnostiziert "°. Zu den prognostischen Faktoren
gehodren neben dem Alter, dem Allgemein- und dem neurologischen Zustand spezifische
molekulare Alterationen. Diese schlieRen u.a. den Promotormethylierungsstatus des DNA-
Reparaturenzyms 08-Methylguanin-DNA-Methyltransferase (MGMT), Mutationen in den
Genen Isocitratdehydrogenase, v-Raf murine sarcoma viral oncogene homolog B, das
Tumorsuppressor Retinoblastom-Protein1 (Rb71), telomerase reverse transcriptase-
Promotor, Deletionen im Chromosom 10 (phosphatase and tensin homolog (PTEN),
epidermal growth factor receptor (EGFR)-Alteration und platelet-derived growth factor
receptor A), CDK4/6 Amplifikationen, sowie homozygote cyclin-dependent kinase
inhibitor2A/B (CDKN2A/B)-Deletionen ein 71914 Als Konsequenz dieser unterschiedlichen
genetischen Aberrationen und oftmals variablen phanotypischen und epigenetischen
Zustanden weisen GBMs eine erhebliche inter- und intratumorale Heterogenitat auf 576,
Wahrend Tumorsuppressor53 (TP53)-Mutationen sowie eine EGFR-Uberexpression
oftmals bei primaren und sekundaren GBMs nachweisbar sind "7, ist ein Verlust von PTEN
typischerweise mit primaren GBMs und das Fehlen von Chromosom 19q zusammen mit
TP53-Mutationen mit sekundaren GBMs assoziiert 8%, Prognostisch und therapeutisch
relevant fir das Ansprechen auf das Alkylanz Temozolomid (TMZ) ist der MGMT-
Promotorstatus. MGMT entfernt Alkylgruppen von der Of Position des Guanins und
konterkariert die Wirkung von Alkylanzien wie TMZ . Epigenetische Modifikation mittels
(Hyper-) Methylierung des MGMT-Promotors fihren zu einem Verlust bzw. einer geringen
Menge an funktionellem MGMT-Protein und damit zu einer unzureichenden Reparatur der
DNA-Alkylierung 2'.

Die Standardtherapie des GBM untergliedert sich in mehrere Saulen %224, Zu den
Grundpfeilern gehort die moglichst vollstandige Resektion (Gesamtiberlebensvorteil: 3-6
Monate) '+, gefolgt von einer Radiotherapie (RT) (entsprechend = 12 Monate), die mit
TMZ begleitet wird (= 15 Monate; 5-Jahresiliberlebensrate: 5-7 %) °78102528  Eine
zusatzliche, seit Marz 2020 zugelassene, Behandlung basiert auf elektrischen
Wechselfeldern (tumor treating fields (TTF)) mit dem Ziel, einen Arrest der
Tumorzellproliferation zu induzieren. Diese Therapie kann unabhangig vom MGMT
Promotormethylierungsstatus erwogen werden 32%3°, Bei neu diagnostizierten GBM wurde
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mit TTF plus TMZ-Erhaltungstherapie das mediane Uberleben signifikant verlangert (~ 21
Monate) ?°. Die Prognose bleibt trotz multimodaler Behandlungsansatze und dem
fortschreitenden Verstandnis der zugrunde liegenden molekularen Veranderungen
ungunstig. Zudem tritt in nahezu allen Fallen ein Rezidiv mit schlechterer Prognose und
verandertem molekularen Muster auf (medianes Gesamtiiberleben: 2-9 Monate) *'-34. Eine
ineffiziente Verabreichung von Medikamenten Gber die Blut-Hirn-(Tumor)-Schranke, eine
immunsuppressive Tumor-Mikroumgebung (iTM), die Entwicklung von Resistenzen und die
Heterogenitat stellen wesentliche Ursachen fiir ein Therapieversagen dar -7, Zahlreiche
Studien haben zudem das Vorhandensein pluripotenter stammzell-ahnlicher GBM-Zellen
(glioma stem-like cells (GSCs)) nachgewiesen, die fur die Bildung, die Invasivitat und das
Wiederauftreten von GBM mitverantwortlich sind 3. Auch neuronale Stammzellen tragen
ursachlich zur GBM-Entwicklung in der subventrikuldren Zone durch somatische Driver
Mutationen bei 3°4°. Viele molekulare Mechanismen wurden mit der Resistenz von
GSCs/neuronalen Stammzellen gegeniiber zytotoxischen Therapien in Verbindung
gebracht, darunter Mechanismen, die den G.-M-DNA-Schadens-Checkpoint und
verschiedene Signalwege (Notch, kappa-light-chain-enhancer of activated B-cells,
enhancer of zeste homolog 2 und Poly(ADP-ribose)-Polymerasen), sowie die WNT/B-
Catenin-Signalkaskade einschlieRen 38444 |n aktuellen Studien werden vermehrt
Therapiekonzepte evaluiert, die auf spezifischer Inhibition von Signalwegen basieren, um
die Prognose der betroffenen Patientinnen bei gleichzeitiger Reduktion therapie-
assoziierter Nebenwirkungen und Pravention von Resistenzen zu verbessern 333545-47,

1.2 Kopf-Hals-Tumoren

Kopf-Hals-Tumoren stehen paradigmatisch flr die Heterogenitdt von Tumoren und
reprasentieren weltweit die sechsthaufigste Tumorentitat “4-%°. Diese entspringen dem
mukosalen Epithel der Mundhdhle, des Naso-, Oro- und Hypopharynx, des Larynx, sowie
der Speicheldriisen 4°®'. Der vorherrschende histologische Typ von Kopf-Hals-Tumoren
sind Plattenepithelkarzinome (head and neck squamous cancer carcinoma (HNSCC)) °'.
Die Pravalenz variiert regional und wird im Allgemeinen mit der Exposition gegenlber
Karzinogenen, beispielsweise dem Tabakkonsum und dem Ubermafigen Alkoholabusus in
Verbindung gebracht. Zunehmend werden Tumoren, die im Oropharynx mit ausgepragten
klinischen, histopathologischen und molekularen Merkmalen entstehen, mit einer friiheren
Infektion onkogener high-risk Stamme des humanen Papillomavirus (HPV), wie etwa HPV-
16 und -18, in Verbindung gebracht %2 Im Allgemeinen haben Manner ein hoheres
Erkrankungsrisiko mit einem medianen Diagnosealter fUr nicht viral-assoziierte HNSCC von
66 Jahren und fir HPV-assoziierte Oropharynxkarzinome bzw. Epstein-Barr-Virus-
assoziierte Nasopharynxkarzinome von ~ 50 Jahren %55, Therapeutisch betrachtet haben
HPV-positive HNSCC eine bessere Prognose, da sie empfindlich gegenlber
Radiochemotherapie (RCT) sind ”. Obwohl ein Teil der pramalignen oralen Lasionen, die
sich als Leukoplakie oder Erythroplakie prasentieren, zu invasivem Krebs fortschreiten,
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stellt sich die Mehrheit (= 58 %) der Patientinnen im lokal-regional fortgeschrittenen
Stadium vor, ohne dass eine klinische Vorgeschichte einer Pramalignitat vorliegt 4%5'. Dies
geht mit einer schlechten Prognose (5-Jahres-Uberlebensrate < 50 %) bei fortgeschrittenen
HPV-negativen HNSCC-Patientlnnen einher 8. Dariiber hinaus wurden zwar verschiedene
Tumorsuppressor-Mutationen wie TP53, CDKNZ2A und Notch festgestellt, jedoch keine
spezifischen Driver Mutationen °°%'. Der Behandlungsansatz richtet sich nach
anatomischer Lokalisation, dem Stadium, pathologischen Merkmalen, funktionellen
Uberlegungen und den Wiinschen der Patientinnen. In der Regel erfolgt eine chirurgische
Resektion, ggf. mit einer adjuvanten hypofraktionierten RT oder einer RCT #°. In erster Linie
werden die Wirkstoffe Cisplatin, Carboplatin, 5-Fluorouracil (5-FU) und/oder Taxane
eingesetzt, aber auch Gemcitabin, Vinorelbin und Methotrexat kommen zur Anwendung 2.
Mit Ausnahme der Tumorerkrankung der Mundhdhle im Frihstadium oder des Larynx
erfordert die Behandlung dieser Tumoren einen multimodalen Ansatz mit multidisziplinarer
Betreuung “°. HNSCC weisen eine hohe Tumormutationslast und Immunzellinfiltration auf,
weshalb sie fur Immuntherapien pradestiniert sind 8. Daher sind Immuncheckpoint
Inhibitoren, wie Pembrolizumab und Nivolumab, die auf das programmed cell death protein
1 (PD-1) abzielen, fur rezidivierende und metastasiete HNSCC in der Erst- und
Zweitlinienbehandlung zugelassen %%, Eine weitere Behandlungsoption bieten die
zielgerichteten Therapieansatze. Zu diesen zahlt u.a. der monoklonale Antikorper
Cetuximab, welcher sich gegen EGFR richtet und von der Food and Drug Administration
als Strahlensensibilisator oder in Kombination mit Chemotherapie fiir die Behandlung eines
rezidivierten Tumors zugelassen ist %. Neben diesem existieren noch weitere EGFR-
gerichtete monoklonale Antikdrper, aber auch weitere Wachstumsfaktorrezeptor-Inhibitoren
7. Die Implementierung zusétzlicher zielgerichteter Therapien zur Verbesserung der
Prognose wird dringend bendtigt. 2019 berichtete eine Phase-2-Studie Uber
vielversprechende Ergebnisse bei Platin-resistentem bzw. Cetuximab-resistentem HPV-
negativen HNSCC, die Palbociclib und Cetuximab erhielten .

1.3 Immun-Escape-Mechanismen

Maligne Gliome, wie GBMs, aber auch HNSCC, sind durch eine lokale und systemische
Immunsuppression gekennzeichnet, die die Wirksamkeit von diversen, insbesondere
immuntherapeutischen Behandlungsansatzen beeintrachtigt °*-"'. Tryptophan (Trp), eine
essentielle Aminosaure, wird Uber den Kynurenin-Signalweg (KS) verstoffwechselt,
wodurch eine Vielzahl von Metaboliten mit entscheidenden Funktionen bei der
Neurotransmission und der Regulierung von Immunreaktionen entstehen 2. Eine
Uberaktivierung des KS, vornehmlich durch die Indolamin 2,3-dioxygenase (IDO1) und
Tryptophan 2,3-dioxygenase (TDO2) Uberexpression sowie nachgeschalteter
Effektormechanismen, einschlieBlich  der  Aryl-Hydrocarbon  (AHR)-vermittelten
Transkription, fuhrt zu einer iTM und ist mit einer schlechten Prognose bei diversen
Tumorentitaten assoziiert 7'*77. Die lokale Immuntoleranz wird durch Anergie und
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Apoptose von CD8* T-Zellen, Aktivierung von regulatorischen T-Zellen (Treg), sowie durch
Akkumulation von immunsuppressivem Kynurenin (KYN), welches u.a. von dendritischen
Zellen und myeloiden Suppressorzellen sezerniert wird, gefordert 788" (Abb. 1).
Niedermolekulare Inhibitoren, die auf den Trp-Abbau abzielen, werden derzeit in klinischen
Studien getestet, jedoch hat ein Grofteil bisher lediglich heterogene Ergebnisse in der
Immuntherapie erzielt >77. Dies verdeutlicht, dass die Uberwindung der iTM u.a. bei GBM
und HNSCC eine besondere therapeutische Herausforderung darstellt, die es mit
vielversprechenden Ansatzen zu tUberwinden gilt.
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Abbildung 1: Wirkung des Trp-Abbaus auf Zellen in der Tumormikroumgebung. Die Auswirkungen des
Trp-Katabolismus (Indolamin 2,3-dioxygenase, IDO1; Tryptophan 2,3-dioxygenase, TDO2; Kynurenin
Oxoglutarattransaminase, KAT; Kynureninase, KYNU; Kynurenine 3-monooxygenase, KMO; Chinolinat-
Phosphoribosyltransferase, QPRT; Anryl-Hydrocarbonrezeptor, AHR) sowie immunsuppressiver Metaboliten
(Adenosin, IL-10, TGFB, PGE2, TNFa, VEGF-A) und der Trp-Metaboliten auf Mac (Makrophagen), DZ
(dendritische Zellen), MDSC (Myeloide Suppressorzellen), TZ (T Lymphozyten; T-Helfer-Zellen (TH1),
regulatorische (Tregs) und cytotoxische T-Zellen (CD4*, CD8*)) und NK (Natirliche Killerzellen) (= Immun-
evasion) sowie auf die Tumorzellen (= EMT, klonogenes Uberleben, Medikamentenresistenz) sind dargestellt
727781 Grafik wurde mit Biorender erstellt.

1.4 Replikative Immortalitat durch konstitutive CDK-Aktivierung

Die meisten Tumoren, einschliellich GBM und HNSCC, weisen Genomveranderungen auf,
die zur konstitutiven Aktivierung von Cyclin-abhangigen Kinasen (CDKs) fiihren 82, Das
wiederum mundet in eine unkontrollierte Zellproliferation, bei der viele Schutzmechanismen
aufler Kraft gesetzt werden und eine Deaktivierung von Zellzykluskontrollpunkten erfolgt 34~
87, CDKs gehotren zur Familie der konservierten Serin/Threonin-Proteinkinasen. Unter
physiologischen Bedingungen spielen sie in Verbindung mit ihren zugeordneten
regulatorischen Untereinheiten, den Cyclinen, eine wichtige Rolle bei der Kontrolle der
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Zellzyklusprogression (CDK 1-4, 6, 7, 11), der Transkriptionsregulation und mRNA-
Prozessierung sowie der DNA-Reparatur (CDK 5, 7-11) 888 (Abb. 2).
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Abbildung 2: Die Zellzyklusphasen, die damit verbundenen CDK/Cyclin-Komplexe und die CDK-
Inhibitoren. An der Progression sind mehrere CDK-Cyclin-Komplexe beteiligt, darunter CDK1/2/4/6 und
verschiedene Cyclin-Klassen (Typ A, B, D, E). In der G1-Phase ist die Synthese von Cyclin D erhéht, dort
arbeitet es mit CDK4/6 zusammen, um den Eintritt und das Fortschreiten durch G1 bzw. G1/S-Ubergang zu
fordern. Wahrend in der S-Phase und den letzten Stadien von G2 Cyclin A stark exprimiert, kontrolliert CDK2-
Cyclin A die Phosphorylierung von Proteinen, die an der DNA-Replikation beteiligt sind. In der G2-Phase ist der
Hauptregulator CDK1. Die gebildeten Komplexe vermitteln auch die Transkriptionsregulation, die mRNA-
Verarbeitung und die zellulare Differenzierung. Grafik erstellt mit Biorender.

Weiterhin steuern die CDKs verschiedene Prozesse der Zellteilung, einschliellich der
mitotischen Progression, epigenetischen Regulation und Selbsterneuerung von
Nervenzellen (CDK 5, 12-20) 89-%, Die Kinaseaktivitat von CDK-Cyclin-Komplexen wird
durch verschiedene korpereigene CDK-Inhibitoren (CDKi) kontrolliert ®. An der CDK 4/6
Regulation sind die Mitglieder der Ink4-Familie (u.a. p16™%4) peteiligt ® und an der
Regulation der Aktivitaten der Cyclin D-, E-, A- und B-abhangigen Kinase-Komplexe (CDK
2, 4 und 6) partizipieren die Cip/Kip Mitglieder (u.a. p21©P') % |m Zentrum dieses
Signalweges steht das Rb1, welches den Ubergang von der G1 zur S-Phase mit Hilfe des
Transkriptionsfaktors E2F kontrolliert ' (Abb. 2). Das Ungleichgewicht zwischen CDKs und
CDK:i fiihrt zu einer abnormalen Zellproliferation und férdert die Tumorprogression %1%, So
weisen etwa 24 % aller malignen Erkrankungen genomische Veranderungen in Cyclin-
sensibilisierenden Genen bzw. CDK-Signalwegen auf 8. CDK5 fordert die Invasion und
Migration durch Herunterregulation des Aktin-regulierenden Proteins Caldesmon 02103,
CDK8 wurde als Koaktivator des B-Catenin-Signalwegs bei kolorektalen Karzinomen
identifiziert '® und CDK10 verursacht eine Resistenz gegen eine endokrine Therapie beim
Mammakarzinom '%°. Aufgrund ihrer wesentlichen Rolle zum Erhalt der zellularen
Homoostase % und des Befundes, dass die Cyclin D1 (CCND1)/CDK4/6—-CDKN2A
(p16'™N*4A)—Rb-Achse in mehr als der Halfte der GBM- und HNSCC-Falle verandert ist,
eignen sich CDKs hervorragend als therapeutische Angriffspunkte '°6-1°, CDK4/6i binden
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an den ATP-Spalt der Ziel-CDK, greifen in die Phosphorylierung des Rb-Proteins ein und
fuhren so zu einem G1-Zellzyklusarrest. Drei oral verfligbare CDK4/6i (Palbociclib,
Ribociclib, Abemaciclib) sind fiir die Behandlung von HR* HER2- Mammakarzinomen
zugelassen %1% Zuy den pradiktiven Biomarkern fir das Ansprechen von CDKA4/6i
gehéren CCND1-Veranderungen und die Inaktivierung von CDKN2A/B 4. Dabei ist
Palbociclib durch gréfere Substituenten gekennzeichnet. Diese sterischen Eigenschaften
sind furr die hohere Selektivitat gegentiber CDK4/D1/D3 und CDK6/D6 verantwortlich 1. Im
Gegensatz dazu weist Abemaciclib einen kleineren Substituenten auf, weswegen es sich
leichter in die inaktive ATP-Tasche einbettet und andere Kinasen, einschliellich GSK3a/3
und CaMKII a/Bly, beeinflusst. Die Blockierung des G1-Zellzyklus, die Hemmung der DNA-
Synthese und der pRb in verschiedenen Zellmodellen untermauern den Wirkmechanismus
der CDK4/6i 16117122 J{ingste Studien haben gezeigt, dass CDK4/6i das Tumorwachstum
auch durch andere Mechanismen unterdriicken, einschlielich der Induktion von
Seneszenz, durch Zellstoffwechselregulation und durch die Verstarkung der antitumoralen
Immunantwort 2324, Neben der CDKi-Behandlung Rb-positiver Mammakarzinom-Modelle
erwies sich diese Therapieform bei einer Vielzahl weiterer humaner Xenograft-Modelle,
unter anderem GBM und HNSCC, als wirksam 73119-122.125-131 - Aktuell laufen eine Phase-I-
Studie mit einem ERK-Inhibitor in Kombination mit Abemaciclib (NCT04391595) und eine
Phase-II-Studie mit Abemaciclib bei rezidivierten GBM (NCT02981940). In einer Studie mit
HPV-negativen HNSCC-Patientinnen wird die Immunmodulation durch Abemaciclib
evaluiert (NCT04169074). Im Gegensatz zu den selektiven CDK4/6i haben multi-CDKi
bisher keine klinische Zulassung erhalten 2432 |hre Fahigkeit, gleichzeitig auf CDKs
einzuwirken, die am Zellzyklus und an der Transkription beteiligt sind, lasst vermuten, dass
sie vielseitiger und wirksamer sein konnten, als die selektiven CDK4/6i 33, Der multi-
CDK7/12/13i THZ1 ist in der Lage, Apoptose zu induzieren, das Tumorwachstum zu
hemmen und Resistenzen in murinen Xenograft-Modellen zu verhindern 3413, |n
Nasopharynx-Ca und GBM-Zellen zeigt THZ1 eine ausgepragte antineoplastische Aktivitat
durch Modulation von Super Enhancern %3, Der multi-CDK1/2/5/9i Dinaciclib hemmt
bereits im nanomolaren Konzentrationsbereich das Zellwachstum '¥’. Es ist gegen ein
breites Spektrum solider und hamatopoetischer Tumormodelle wirksam und weist ein
gunstiges Sicherheits- und pharmakokinetisches Profil bei Mausen auf 37138, Die Induktion
von Apoptose konnte flir mehrere Zelllinien, darunter Melanom-, Osteosarkom-, feline orale
SCC- und GBM-Zellen beschrieben werden und hat sich bei refraktarer chronisch
lymphatischer Leukdmie als klinisch wirksam erwiesen 38144 Aktuell wird Dinaciclib in
klinischen Phase-l/lI-Studien eingesetzt; eine Phase-llI-Studie wurde bereits
abgeschlossen '%3145-149 Eine synergistische Wirksamkeit wurde in Kombination mit Bcl-
2/Bcl-xL-Inhibitoren nachgewiesen 2. Dies belegt die grundsatzliche Wirksamkeit von
CDKi und zeigt das Potential von CDKi-basierten Kombinationstherapien, die an
unterschiedlichen molekularen Zielstrukturen ansetzen.
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2. Zielstellung

Eine umfassende genomische Charakterisierung verschiedener Tumorentitdten hat
wichtige tumorrelevante Signalwege aufgedeckt, die nahezu universell auf genetische oder
epigenetische Veranderungen abzielen, die die Aktivitat dieser Signalwege regulieren. Zu
den haufigsten Veranderungen in GBM und HNSCC zahlt die die CDKN2A (p16'N4A)—Rb-
Achse. Folglich wurden CDKs als therapeutische Zielstrukturen flr die praklinische
Anwendung interessant. Gleichzeitig stellt das immunsuppressive Tumormikromilieu eine
besondere Herausforderung fiur die Therapie dar. Um das Tumorwachstum effektiv
kontrollieren zu kdnnen, mussen verschiedene Faktoren berlcksichtigt werden. Diese
wurden im Rahmen der vorliegenden Arbeit adressiert.

Das Ziel dieser Promotionsarbeit war zunachst eine umfassende in vitro-Analyse zur
Relevanz des Kynurenin-Stoffwechselweges in Patienten-abgeleiteten GBM-Zelllinien. Im
zweiten Teil der Arbeit erfolgte die Untersuchung eines zielgerichteten CDK-
Inhibierungsansatzes an GBM-Zellen im 2D- bzw. 3D-Modell und im dritten Teil fand eine
Evaluierung einer kombinierten CDKi-Chemotherapie-basierten Behandlung an HNSCC in
vitro und in vivo statt, um schlieflich einen Beitrag zum besseren Verstandnis der zugrunde
liegenden Mechanismen zu leisten.

Folgende Ansatze wurden dabei verfolgt:

I.  Untersuchung des Expressionsstatus von Schlisselgenen und Metaboliten im Trp-
Katabolismus basal und unter Einfluss von TMZ, Dinaciclib und dem IDO-Induktor
Interferon-y (IFN-y).

[I.  Evaluierung der antitumoralen Wirkung von Abemaciclib, Palbociclib und Dinaciclib.
Hierbei wurden sowohl Mono- als auch Kombinationsansatze getestet und die
zugrunde liegenden funktionellen und molekularen Mechanismen im 2D- und 3D-
Modell identifiziert.

[ll.  Detaillierte Charakterisierung der Wirksamkeit eines kombinierten CDKi-
Chemotherapie-Ansatzes an HNSCC-Zelllinien unter Berlcksichtigung der
Relevanz der zeitlichen Applikation und Aufklarung der funktionellen
Veranderungen in vitro und in vivo.
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3. Methoden

Detaillierte Informationen zum methodischen Ablauf kbnnen den zitierten Literaturstellen
sowie den angefligten Originalpublikationen enthommen werden.

3.1 Zelllinien, Inhibitions- und in vivo-Versuche

In der vorliegenden Dissertation wurden, je nach Versuch und Publikation, bis zu 13
Patienten-abgeleitete GBM-Zelllinien (HROGO02, -04, -05, -06, -10, -15, -24, -36, -38, -52,
-63, -73, -75) sowie HNSCC-Zelllinien UT-SCC-14 (primarer Zungentumor) und UT-SCC-
15 (Rezidiv, Lymphknotenmetastase) verwendet. 2D-Kulturen wurden in Vollmedium
(DMEM/F12 + FCS, Glutamin, Pen/Strep.) bei 37 °C, befeuchteter Atmosphare und 5 %
CO; kultiviert. 3D-GBM-Spharoide (GBS) und GSC wurden, wie in ' beschrieben,
kultiviert. Folgende CDKi wurden genutzt: Abemaciclib (10 uM), Palbociclib (1 oder 10 yM),
THZ1 (5 oder 20 nM), Dinaciclib (5, 10 oder 100 nM). Die HNSCC-Zelllinien wurden mit
folgenden Chemotherapeutika (CT) behandelt: 5-FU (0,32 ug/ml), Cisplatin (0,05/ 0,5
pg/ml), Cetuximab (0,5 pug/ml). IFN-y (50 ng/ml) diente der IDO-1 Stimulation. Bei GBM war
TMZ (10 uM) die Referenz. Alle Substanzen wurden 1x oder 2x 72h (Dosis: <ICs)
verwendet. Die Experimente wurden mindestens in drei biologischen Replikaten
durchgefuhrt. Alle Tierversuche wurden vor Beginn durch das Landesamt fur
Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern gemaf
dem deutschen Tierschutzgesetz und der EU-Richtlinie 2010/63/EU genehmigt
(Aktenzeichen: 7221.3-1-066/18). Die Mause wurden in der zentralen Versuchstierhaltung
der Universitdtsmedizin Rostock gezuchtet und erhielten Enrichment. Wahrend des
Versuchs wurden die Mause in Kafigen des Typs Il mit Futter-Pellets und Leitungswasser
ad libitum gehalten. HNSCC-Xenotransplantate wurden durch subkutane Flankeninjektion
in NMRI Foxn1™-Mause erzeugt, nach Tumorbildung (~50 mm3) den Behandlungsgruppen
zugeordnet und regelmaflig das Tumorvolumen (Tv) bestimmt. Die Totung der Tiere
erfolgte anhand definierter Abbruchkriterien. AnschlieRend wurden die Tumoren
eingebettet und mit HE gefarbt.

3.2 Funktionelle Analyse zellbiologischer Parameter

Die Zellviabilitdt wurde im 2D-Modell mit dem fluorometrischen Calcein-(AM)-Farbstoff bzw.
mit der Kristallviolettfarbung zur Biomassebestimmung und in den 3D-Kulturen
luminometrisch mit dem CellTiter-Glo® 3D bewertet. Mittels Immunfluoreszenzfarbung (IF)
wurden diverse Proteine bzw. Strukturen intra- und extrazellular durch spezifische
Antikérper/Substanzen markiert und angefarbt. Zu diesen zahlten u.a.:

- IDO1: Enzym des Trp-Abbaus; Calretikulin (CalR): Nachweis immunogener Zelltod (ICD)
- p53, p21 Waf1/Cip1, p16 bzw. B-Galaktosidase-Aktivitat: Seneszenz

- H2A . XPhospho (Ser139): DNA-Schaden und -Reparatur

- HLA-ABC, CD279 (PD-1), Phalloidin green (Aktinfilament)

- MitoTracker: Polarisation mitochondriale Membran, LysoTracker: saure Organellen
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- ERTracker: ER, ImagelT Hypoxia: Hypoxie
Analyse: inverses Licht-/Fluoreszenzmikroskop (Leica DMI 4000B) oder konfokales
Lasermikroskop (Zeiss Elyra 7). Quantifizierung: Software ZEN (Zeiss) bzw. FlJI-ImageJ.
Durchflusszytometrische Analysen umfassten:

- YO-PRO1/PI-Farbung: Apoptose und Nekrose, CalR-Translokation als Nachweis fir ICD

- MitoSOX Red: reaktive mitochondriale O,-Spezies

- CD107a/b (LAMP1/2) und Rab7a: spat-endosomale Marker
Die durchflusszytometrischen Messungen und Auswertungen erfolgten am
FACSCalibur™ bzw. FACSVerse™ mittels FACSuite™/ Cell-Quest-Pro-Software.
Zur Beurteilung der Zellmatilitat, Migration und Invasion wurden im 2D-Modell ein wound
healing Assay und ein modifiziertes Boyden-Chamber-Assay durchgefihrt. Die 3D-
Invasionsfahigkeit wurde anhand des Eindringvermdgens der Zellen aus ihren Spharoiden
in eine Matrigel-Matrix beurteilt. Zellkulturtiberstande (un-/behandelt) wurden gesammelt
und die KS-Metaboliten (Trp, KYN, Kynureninsaure (KYNA)) mit Hilfe eines LC/MS (AB
Sciex 5500 QTrap™, in Kooperation am Institut fur Immunologie und
Transfusionsmedizin, Greifswald) gemessen. Die Impedanz wurde mit einem ECIS Z0,
ausgestattet mit einer 96-Well-Array-Station mit interdigitalen Elektroden, gemessen (in
Kooperation mit PD Dr. rer. nat. Nadja Engel, Klinik und Poliklinik fur Mund-, Kiefer- und
Plastische Gesichtschirurgie, Rostock).

3.3 RNA-Isolation, cDNA-Synthese, quantitative RT-PCR und
Microarray-Analyse

Die Gesamt-RNA (un-/behandelt) wurde isoliert, in cDNA umgeschrieben und die Targets
mittels quantitativer real-time PCR unter Verwendung von Tagman-Genexpressionsassays
(IDO1, TDO2, KMO, HAAO, KAT1/2/3/4, KYNU, QPRT und Housekeeping Gen: GAPDH/j3-
Aktin) an einem Light Cycler Viia7 analysiert. Die Zielgen-mRNA wurde auf GAPDH/B-Aktin
normalisiert und das Expressionslevel kalkuliert: 22T (ACt = Ctzieigen — CtHousekeeping Gen). ZUr
genauen Erfassung der molekularen Veranderungen wurde die RNA von HROG63-Zellen
(unbehandelt, Dinaciclib) extrahiert, quantifiziert und die Expressionsprofilierung (Affymetrix
Human Clariom S Array) durchgefiihrt (in Kooperation mit Herrn Dr. Dirk Koczan, Core
Facility Micro-Array-Technologie, Rostock). Die primare Datenanalyse, einschlie3lich der
SST-RMA Normalisierung, wurde mit der Affymetrix TAC-Software vorgenommen.

3.4 Statistik

Alle Werte sind als Mittelwert (MW) + SD/SEM angegeben. Die Unterschiede zwischen
un-/behandelten Zellen wurden mittels One- oder Two-way ANOVA nach Uberpriifung der
Normalitdtsannahme (Shapiro-Wilk-Test) ermittelt. Wenn die Normalitat nicht gegeben war,
wurde der Kruskal-Wallis-Test angewendet. Die Kaplan-Meier-Uberlebensanalyse wurde
unter Anwendung des Log-Rank-Tests (Mantel-Cox-Test) durchgefiihrt. Die statistische
Auswertung erfolgte mit GraphPad PRISM Software, Version 8.0.2. Als Signifikanzkriterium
wurde p < 0,05 angenommen.
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4. Ergebnisse

Die Resultate der Promotionsarbeit sind in drei Originalpublikationen mit Impact Factor
veroffentlicht:

Riess C, Schneider B, Kehnscherper H, Gesche J, Irmscher N, Shokraie F, Classen CF,
Wirthgen E, Domanska G, Zimpfer A, Strider D, Junghanss C, Maletzki C. Activation of the
Kynurenine Pathway in Human Malignancies Can Be Suppressed by the Cyclin-Dependent
Kinase Inhibitor Dinaciclib. Front Immunol. 2020 Feb 14;11:55.
https://doi.org/10.3389/fimmu.2020.00055

Impact Factor 2022: 7.561

Riess C, Koczan D, Schneider B, Linke C, Del Moral K, Classen CF, Maletzki C. Cyclin-
dependent kinase inhibitors exert distinct effects on patient-derived 2D and 3D glioblastoma
cell culture models. Cell Death Discov. 2021 Mar 15;7(1):54
https://doi.org/10.1038/s41420-021-00423-1

Impact Factor 2022: 7.109

Schoenwaelder N, Salewski I, Engel N, Krause M, Schneider B, Muller M, Riess C, Lemcke
H, Skorska A, Grosse-Thie C, Junghanss C, Maletzki C. The Individual Effects of Cyclin-
Dependent Kinase Inhibitors on Head and Neck Cancer Cells - A Systematic Analysis.
Cancers (Basel). 2021 May 15;13(10):2396.

doi: 10.3390/cancers13102396

Impact Factor 2022: 6.639

Im Folgenden werden die wesentlichen Ergebnisse zusammengefasst. Neben den
lllustrationen im Text sind weitere Abbildungen den Verdffentlichungen im Anhang
(Abschnitt 8.4) zu entnehmen.


https://doi.org/10.3389/fimmu.2020.00055
https://doi.org/10.1038/s41420-021-00423-1
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4.1 Dinaciclib hemmt die IFN-y induzierte KS-Aktivitat

Der basale Expressionsstatus verschiedener KS-verwandter Gene wurde in 13
verschiedenen GBM-Zelllinien untersucht (Abb. 3A). IDO1 war schwach exprimiert und
wurde in 11/13 GBM-Proben nachgewiesen. TDOZ2 und KYNU waren in allen GBM-Proben
konstitutiv héher exprimiert als IDO1. In 1/3 klinischen GBM-Resektaten war IDO1 auch
immunhistochemisch nachweisbar. Wahrend die IDO1-Genexpression in 5/5 untersuchten
GBM-Zelllinien durch IFN-y induziert und der KS damit aktiviert wurde, war die
Genexpression von TDO2 und KAT3 reduziert (Abb. 3B). Auf Proteinebene war ebenso in
HROGO05 eine starke IDO1 Hochregulation zu beobachten sowie eine marginale in
HROG63 Zellen (Abb. 3D).
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Abbildung 3: Spezifische Analyse des KS in GBM-Zellen auf Gen-, Protein- und Metabolitebene; basal,
unter Stimulation und unter Behandlung. A basale relative mRNA-Expression (272€T) von IDO1, TDO2,
KYNU, KAT2, KAT3 und KAT4 normalisiert auf GAPDH in 13 GBM-Zelllinien. B relative mRNA-Expression
(272€Ty von IDO1 und TDO?2 unter IFN-y Stimulation normalisiert auf GAPDH in fiinf GBM-Zelllinien. C relative
mRNA-Expression (272€T) von IDO1 und TDO2 unter dem Einfluss von TMZ, D und IFN-y und der SIM-Gabe
der Substanzen mit IFN-y normalisiert auf GAPDH in finf GBM-Zelllinien. D Immunfluoreszenz (IF) zum
Nachweis von IDO1 an einer ausgewahlten GBM-Zelllinie einzeln unter dem Einfluss von TMZ, D und IFN-y
sowie unter SIM-Gabe der Substanzen mit IFN-y (MaRstab: 20 ym). E Metabolitenspiegel in GBM-Zellen
einzeln, unter Therapie oder in SIM- oder SEQ-Gabe. Das KYN/Trp-Verhaltnis in GBM-Zellen wurde durch
Division der KYN-Werte durch die Trp-Werte ermittelt. Kir — Kontrolle, TMZ — Temozolomid, D — Dinaciclib, Kom
— Kombination, SIM — simultan, SEQ — sequentiell.

In weiterflihrenden Analysen wurde Uberprift, ob TMZ und Dinaciclib, auch in Kombination
mit IFN-y, einen Einfluss auf die KS-vermittelte Gen-, Protein- und Metabolitebene ausiiben
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(Abb. 3C). Hierbei zeigte sich, dass TMZ in 3/5 Fallen IDO1 herunterregulierte. Die
Genexpression von KAT2, KAT4 und KMO war zelllinien-spezifisch heterogen. Die
TMZ/IFN-y-Kombination, eine Nachahmung der in vivo-Situation, fiihrte in 2/4 GBM-Proben
zu einer starkeren Hochregulation. Die Zugabe von Dinaciclib entweder zu IFN-y oder TMZ
reduzierte die mMRNA-Expression von IDO1 deutlich. Andere KP-verwandte Gene wie TDO2
und KAT171-4 wurden in ahnlicher Weise herunterreguliert. Dies konnte auch auf
Proteinebene bestatigt werden, indem Dinaciclib das IFN-y-induzierte IDO1 effektiv
blockierte, wahrend TMZ allein sowie in Kombination mit IFN-y den Proteinspiegel stark
erhohte (Abb. 3D). Der IFN-y-induzierende Stimulus konnte in einer Dreier-Kombination
nicht weiter unterdriickt werden. Die KS-bezogenen Metabolite Trp, KYN und KYNA waren
unter Zugabe von TMZ oder Dinaciclib nur geringfligig beeinflusst (Abb. 3E). Wie erwartet
waren der Trp-Abbau und der KYN-Spiegel unter IFN-y oder in Kombination mit TMZ stark
erhoht. Im Gegensatz dazu blieb dies unter Dinaciclib im Vergleich zur Kontrolle
unverandert. Somit ist Dinaciclib in der Lage, die IFN-y-vermittelte und damit
héchstwahrscheinlich auch die Chemotherapie-induzierte IDO1-Hochregulierung in GBM-
Zellen zu blockieren.

4.2 Selektive CDKi weisen ein groRes therapeutisches Potential im 2D-
und 3D-GBM-Modell auf

In weiterfuhrenden Untersuchungen wurden neben Dinaciclib auch die selektiven CDK4/6i
Abemaciclib und Palbociclib und das Standardtherapeutikum TMZ in Mono- und
Kombinationstherapie eingesetzt. Neben verschiedenen morphologischen Veranderungen,
wie der Bildung kleiner Vakuolen und Zellschrumpfung bei Dinaciclib und einem
multivakuolaren Phanotyp bei Abemaciclib, fuhrte die Monotherapie der beiden CDKi
Dinaciclib und Abemaciclib zu einer stark verminderten Viabilitdt in den funf getesteten
Zelllinien (Abb. 4A). AnschlieRend wurde eine simultane (SIM) und eine sequentielle (SEQ)
Kombinationsbehandlung durchgefihrt. Dabei lie3 sich feststellen, dass der Zeitpunkt des
Einsatzes der einzelnen Kombinationspartner die Wirksamkeit beeinflusst: In 3/5 Fallen
potenzierte (Synergismus) die SIM-Behandlung von Dinaciclib und Abemaciclib die
antitumorale Wirkung der Monotherapie. Bei der SEQ-Behandlung von Dinaciclib und TMZ
war ebenfalls ein synergistischer Effekt in 4/5 Fallen nachweisbar, wohingegen sich die
anderen Behandlungsschemata meist antagonistisch auswirkten (Abb. 4A). In den 3D-
Kulturen blieben die zytotoxischen Auswirkungen weitestgehend erhalten, wobei die GSCs
deutlich empfindlicher gegenliber den CDKi waren als die GBSs. Die Behandlung mit
Palbociclib und TMZ hatte in beiden Modellen einen geringen bzw. keinen Einfluss auf
Viabilitdt und Morphologie. Aus diesem Grund wurde der Fokus in den weiteren Analysen
auf die Behandlung mit den CDKi Abemaciclib und Dinaciclib und als Referenz TMZ gelegt.
In funktionellen Analysen wurde Uberprift, welchen Einfluss die CDK-Inhibition auf
verschiedene zellulare Parameter hat. Anhand einer Apoptose/Nekrose-Analyse konnte
exemplarisch an HROG63 gezeigt werden, dass die Nekrose der dominierende Zelltod bei
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Dinaciclib war, wohingegen Abemaciclib eher eine friihe Apoptose ausloste. Die duale
CDK-Inhibition von Abemaciclib und Dinaciclib induzierte eine Mischform aus Apoptose und
Nekrose (Abb. 4B). Der immunogene Zelltod, u.a. charakterisiert durch die Translokation
von Calretikulin (CalR), war durch keine der Behandlungsschemata induzierbar und spielte
daher eine untergeordnete Rolle (Pub. Il Abb. 2C). Im Anschluss wurde die Ursache der
zytoplasmatischen Vakuolbildung und der Einfluss der CDKi auf die Mitochondrien
untersucht. Eine CDKi-induzierte lysosomale Aktivierung liel sich vor allem unter
Abemaciclib in den Zelllinien HROGO05 und HROG63 erkennen. Daruber hinaus war eine
mitochondriale Dysfunktion unter CDKi-Therapie nachweisbar, die sich durch
Hyperpolarisation der mitochondrialen Membran (MMP) und mitochondrialen oxidativen
Stress (Mito-ROS) in HROGO05 auszeichnete (Abb. 4C, linke Bildreihen und unten rechts).
Auch in den 3D-Modellen zeigten sich erhéhte MMP unter Dinaciclib (Pub. Il, Abb. 3G).
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Abbildung 4: Viabilitat, Invasivitdt und mitochondriale Funktionalitdt in GBM-Zellen nach CDKi- und
TMZ-Behandlung. A links: Quantitative Analyse der Zellvitalitdt (% vs. Ktr = 100 %). n = 5; MW + SEM, =p <
0,01; *p < 0,05 vs. Kitr (One-way-ANOVA). rechts: Bliss-Unabhéngigkeitsmodell — SIM/SEQ-Behandlung mit
Dinaciclib sowie Abemaciclib oder TMZ aller getesteten Zelllinien im 2D- und 3D Modell. Wenn A<1 wirkten
Substanzen synergistisch (griines Muster); bei A=1 wirkten Substanzen additiv (gelbes Muster); bei A>1 wirkten
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die Substanzen antagonistisch (oranges und rotes Muster); Grafik wurde mit Biorender erstellt.
B Durchflusszytometrische Analyse des Zelltods (in %): frih apoptotisch (YO-PRO-17), spat apoptotisch (YO-
PRO-1*/PI*), nekrotisch (PI*). n = 3, MW %= SEM, *+p < 0,001; *p < 0,05 vs. Kir (Two-way ANOVA). C
Vakuolisierung unter CDKi-Therapie. linke Bildreihen: Reprasentative Darstellung aus n = 3 von HROGO05 und
HROGG63. grin (Lyso) = saure Komponenten, rot (MitoT) = MMP, mittige Bildreihe: rot (MitoT) = MMP
(mitochondrialer Ursprung), blau (ERT) = endoplasmatischer Ursprung, rot (Dextran) = Macropinocytose-
Ursprung (Mafstab: 50 uym). rechts oben: Quantitative durchflusszytometrische Analyse der LAMP1/Rab7a*-
Zellen in %. n = 3, MW+ SEM, #*xp < 0,001; *xp < 0,01 vs. Kontrolle. (One-way-ANOVA). rechts unten:
Quantitative durchflusszytometrische Analyse der Mito-ROS. Anteil MitoSox*-Zellen in %. n = 3, MW + SEM, *p
< 0,05 vs. Ktr (One-way-ANOVA). D Einfluss auf 3D-Invasivitat. Reprasentative Darstellung aus n = 3, HROGO05,
d1 und d7, (Maf3stab: 250 ym). E Seneszenzinduktion durch Aktivierung von p16/p21 und R-Galactosidase.
links: Reprasentative Darstellung aus n = 3, HROGO05. blau = Dapi, orange = p16, griin = p21, (Mastab: 50
um). rechts: Quantitative Analyse der X-Gal-positiven Zellen im Verhaltnis zur Gesamtzellzahl, HROGO05, n = 3,
MW+ SEM, #xxp < 0,001; *p < 0,05 vs. Ktr., (Two-way-ANOVA). F Quantitative Analyse der y-H2AX-Foci-Anzahl
im Verhaltnis zur Gesamtzellzahl mit Bestrahlung (+ B) und ohne Bestrahlung (- B). Zellkerne wurden als positiv
deklariert, wenn mehr als 20 Foci/Kern sichtbar waren, HROGO05, n = 3, MW £ SEM, *xxp < 0,001; *xp < 0,01
vs. Kitr. (Two-way-ANOVA). G Waterfall-Plot des RNA-Expressionsniveaus (Fold-Change) von HROGG63,
ausgewahlte Gene: p < 0,001. Limma wurde hier zur Berechnung des P-Wertes verwendet, n = 3. Ktr —
Kontrolle, TMZ — Temozolomid, D — Dinaciclib, Ab — Abemaciclib, SIM — simultan, SEQ — sequentiell.

Einige groRe CDKi-induzierte Vakuolen in HROGO05 waren weder positiv fur MMP noch fir
eine lysosomale Aktivitat, den ER-Tracker oder 10 kDa Dextran (Abb. 4C, Mitte). In diesen
Behandlungsschemata wurde die Vakuolisierung von einer hoheren Abundanz der spat-
endosomalen Marker LAMP1 und Rab7a in HROGO0S begleitet (Abb. 4C, rechts oben). Der
Einfluss auf die Migration und Invasion im 2D-System lief3 sich zwar nicht durch Dinaciclib
verandern, allerdings konnte die GBM-Matilitat in beiden Zelllinien vollstandig verhindert
werden (Pub. I, Abb. 5). Beide CDKi unterdruckten die Invasivitat von GB- und GSC-
Spharoiden Uber einen Zeitraum von 7d in beiden Zelllinien effektiv, wohingegen TMZ diese
gleichermalen verstarkte (Abb. 4D). Zusatzlich zu den beschriebenen Effekten induzierten
die CDKi Abemaciclib und Dinaciclib Seneszenz Uber die Aktivierung von p16/p21 (Abb.
4E). Lediglich Dinaciclib induzierte y-H2AX-Foci, ein Nachweis fur DNA-
Doppelstrangbriiche, die nach einer kombinierten CDKi-Strahlentherapie verstarkt
auftraten (Abb. 4F). SchlieBlich wurde die starke globale zytotoxische Wirkung von
Dinaciclib in HROG63 durch eine Genexpressionsanalyse bestatigt. Hierbei wurden u.a.
Gene, die an der Regulierung und Progression des Zellzyklus, der Transkriptionsregulation
und der Zellmigration beteiligt sind, stark herunterreguliert, wahrend das Expressionsniveau
von Chemotaxis-vermittelnden Genen und DNA-Stress- und Schadigungsgenen signifikant
hochreguliert wurde (Abb. 4G). Erstaunlicherweise beeintrachtigte Abemaciclib die
Koloniebildung in einer Langzeitbehandlung besser als Dinaciclib. Die kombinierte Gabe
beider CDKi war aber im Stande, einer intrinsischen/erworbenen Resistenz in HROGO05
effektiv entgegenzuwirken (Pub. I, Abb. 8).
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4.3 Implementierung eines kombinierten CDKi/Chemotherapeutika-
Ansatzes bei HNSCC-Modellen

An den HNSCC-Zelllinien UT-SCC-14 und UT-SCC-15 wurde schliel3lich das
therapeutische Potential eines kombinierten Behandlungsansatzes basierend auf den CDKi
Dinaciclib, Palbociclib und THZ1 sowie den HNSCC-Standardtherapeutika 5-FU, Cisplatin

und Cetuximab evaluiert.
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Abbildung 5: CDKIi/CT-Kombination erhoht anti-tumorale Effekte in HNSCC iiber verschiedene
Mechanismen in vitro und in vivo. A Quantitative Viabilitdtsanalyse der UT-SCC-14 (oben) und UT-SCC-15
(unten) im SIM- und SEQ-Schema. links: Bliss-Unabhangigkeitsmodell — SIM-Behandlung der Zelllinien UT-
SCC-14 und UT-SCC-15 mit jeweiligen Subtanzen. Grin indiziert synergistische Wirkung, gelb weist auf
additiven Effekt hin und orange/rot deutet jeweils eine antagonistische Wirkung an. Grafik wurde mit Biorender
erstellt. rechts: Relative Biomasse (% vs. Ktr). n=3-4; MW+SD, *+p<0,0002; *p<0,002; *p<0,05 vs. Ktr. (Mann-
Whitney U-Test); #p<0,002; #p<0,05 vs. CDKi (Kruskal-Wallis-Test). B Durchflusszytometrische Analyse des
Zelltods (in %); links: Apoptose-Nekrose-Assay von UT-SCC-14 (oben) und UT-SCC-15 (unten): frih
apoptotisch (YO-PRO-1*), spat apoptotisch (YO-PRO-1*/PI*) oder nekrotisch (PI*); n = 4-5, MW £ SD, Kruskal-
Wallis-Test; spat apoptotisch # p < 0,05 vs. Kitr; nekrotisch * p < 0,05, ** p < 0,01 vs. Kitr; rechts: immunogener
Zelltod (CalR*) von UT-SCC-14 (oben) und UT-SCC-15 (unten), MW + SD, One-way-ANOVA, n = 3-4, * p <
0,05, ** p < 0,01, *™* p < 0,001 vs. Ktr. C Phanotypisierung und Zellzyklusanalyse von UT-SCC-14. oben:
Quantitative durchflusszytometrische Analyse des Phanotyps (PD-1 und HLA-ABC in %), n > 3; MW + SD, * p
< 0,05, *™ p < 0,01, vs. Ktr, One-way-ANOVA. unten: Quantitative durchflusszytometrische Analyse des
Zellzyklus mit Angabe der Zellen in der G1-, S- und G2-Phase (in %), n > 3; MW £ SD, * p < 0,05, ** p < 0,01
vs. Ktr. D Impedanzmessung und Immunfluoreszenzfarbung des Zytoskeletts und weiterer Kompartimente.
links: Reprasentative Darstellung verschiedener Kompartimente unter Behandlung von UT-SCC-14 (Mal3stab:
50 um): erste Bildreihe: rot (MitoT) = mitochondriale Aktivitat, griin (Lyso) = saure Komponenten, blau =
endoplasmatischer Ursprung; zweite Bildreihe: griin (Phalloidin green) = Aktinfilament, blau (DAPI) = Zellkern;
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rechts oben: Realzeit Impedanzmessung von (un-) behandelten UT-SCC-14; rechts unten: Quantitative
durchflusszytometrische Analyse der Vakuolbildung von UT-SCC-14, dargestellt ist der prozentuale Anteil
(LAMP1*/Rab7a*), n > 3, MW % SD, * p < 0,05 vs. Ktr. E in vivo Therapieansatz. links: Tumorwachstumskurve
und Kaplan-Meier-Uberlebenskurve: Berechnung Tumorvolumen (Tv): Tv des jeweiligen Tages x (Vt)/ Tv zu
Beginn des Experimentes; Log-Rank-Test (Mantel-Cox), UT-SCC-14: Ktr (n = 8 Mause); Cis/D/Kombination (n
=7 Mause/Gruppe); UT-SCC-15: Kir (n = 10 Mause); Cis/D (n = 7 Mause/Gruppe); Kombination (n = 5 Mause);
MW+SEM, * p < 0,05 vs. Dinaciclib. rechts: Reprasentative Darstellung der HE-gefarbten Tumorproben der
einzelnen Behandlungsgruppen. Malstab: 20x. Ktr — Kontrolle, D — Dinaciclib, P — Palbociclib, Cis — Cisplatin,
5-FU — 5-Fluorouracil, Ctx — Cetuximab, Kom — Kombination, SEQ — sequentiell, CalR - Calretikulin.

Beide Zelllinien waren empfindlich gegentiber der Monoapplikation der CDKi. Die dualen
SIM-CDKi-Behandlungen fihrten bei den UT-SCC-14 (berwiegend zu additiven bzw.
synergistischen Effekten, welche zum Teil auch bei den UT-SCC-15 erzielt wurden. Die
SIM-CDKIi/CT-Kombinationen waren dagegen hauptsachlich antagonistisch. Eine
Ausnahme bildeten Cisplatin in Verbindung mit Dinaciclib (UT-SCC-14) sowie Cetuximab
mit Dinaciclib oder THZ1 (UT-SCC-15). Im SEQ-Ansatz wurden die CDKi entweder vor oder
nach den CT verabreicht. Eine starkere Biomassereduktion ergab sich, mit Ausnahme der
SEQ-Palbociclib/Cisplatin bzw. Cetuximab-Gabe, wenn zunachst die CT und im Anschluss
Dinaciclib verabreicht wurde (Abb. 5A, Pub. Ill, Abb.1). In weiterfihrenden funktionellen
Analysen wurde gezeigt, dass Dinaciclib und deren Kombinationen Nekrosen ausldsten,
wohingegen THZ1 und deren Kombinationen Apoptose und eine Mischform hervorriefen
(Abb. 5B, links). Die CalR-Translokation, die anhand CalR-positiver Zellen und des mittleren
Fluoreszenzsignals erfasst wurde, wurde hier durch Dinaciclib, dessen Kombinationen
sowie durch die THZ1/5-FU Applikation hervorgerufen (Abb. 5B, rechts). Auch die
immunologisch relevanten Marker HLA-ABC und PD-1 waren nach Dinaciclib-, dessen
Kombinationen und Palbociclib-Behandlung speziell bei den UT-SCC-14 erhéht (Abb. 5C,
oben). Zusatzlich zeigte sich eine malige Seneszenzinduktion nach CDKi-Therapie (Pub.
ll, Supplement). Ein signifikanter G1-Arrest lie} sich nach kombinierter THZ1/5-FU-
Therapie (UT-SCC-14) beobachten, wahrend dies bei den UT-SCC-15 nur nach Palbociclib
und 5-FU-Monotherapie der Fall war (Abb. 5C, unten). Die Zellimpedanz, welche
Aufschluss  Uber  Zellschichtveranderungen, Adhasionseigenschaften und die
Membranintegritat gibt, wurde massiv durch Dinaciclib und die Kombinationen verringert,
hauptsachlich bedingt durch Zellablésung (Abb. 5D, rechts oben). Bestatigt wurden die
Daten der Zellimpedanzmessung durch das Anfarben des Aktinfilaments (Abb. 5D, zweite
Bildreihe). Bei THZ1 konnte ein leichter Impedanzanstieg verzeichnet werden, der sich
auch in verstarkten Stressfasern widerspiegelte. Im Gegensatz dazu verstarkten Cisplatin
und 5-FU die Aktinausbreitung. Der Kombinationsansatz aus THZ1/5-FU flhrte zu einem
verzogerten Impedanzabfall ebenfalls einhergehend mit einem Abldsen der Zellen (Abb.
5D, rechts oben). Durch die Behandlung induzierte Doppelstrangbriiche wurden anhand
von y-H2AX-Foci bestimmt und konnten lediglich bei Palbociclib sowie den THZ1/5-FU
basierten Therapien verzeichnet werden (Pub. lll, Abb. 4). In Kongruenz mit den zuvor
erhobenen Daten (Pub. Il, hier 4.3) konnte bestatigt werden, dass Dinaciclib und die
Kombinationen einen Einfluss auf die MMP in beiden Zelllinien ausiibten. Palbociclib, THZ1
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oder Cisplatin induzierten die Bildung von Lysosomen in UT-SCC-14-Zellen (Abb. 5D, erste
Bildreihe). Eine hohere Abundanz der spat-endosomalen Marker LAMP1 und Rab7a wurde
Zelllinien- und therapiespezifisch nachgewiesen. Hier konnte ein Anstieg nach Dinaciclib,
Palbociclib und 5-FU bei den UT-SCC-14 und nach SIM-Palbociclib/Dinaciclib-Gabe bei
den UT-SCC-15 festgestellt werden (Abb. 5D, rechts unten). Die Zellmotilitdt war, wie in
Pub. Il beschrieben, auch hier durch Dinaciclib und in Verbindung mit THZ1 bei den UT-
SCC-14 stark beeintrachtigt. Diese Effekte wirkten sich auch auf die Invasivitat der UT-
SCC-14-Zellen aus (Pub. lll, Supplement). Abschlielend wurden die in vitro-Daten von
Dinaciclib und Cisplatin im in vivo-Modell validiert. UT-SCC-14 Xenografts zeigten ein
schlechtes Therapieansprechen, da lediglich ein geringer Einfluss auf das Tumorwachstum
zu verzeichnen war. Im Gegensatz dazu wurde das Tumorwachstum bei den UT-SCC-15
Xenotransplantaten deutlich reduziert, am ausgepragtesten bei der Kombination. Die
Immunbhistologie bestatigte dabei die beobachteten Ergebnisse. Wahrend bei den UT-SCC-
14 Transplantaten eine anfangliche Nekrose bei Dinaciclib und Cisplatin Monotherapie zu
sehen war, lield sich bei den UT-SCC-15 Transplantaten eine deutliche Nekrose in allen
Behandlungsmodalitaten erkennen (Abb. 5E).
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5. Diskussion

Das haufige Auftreten von Rezidiven und die Resistenz gegenlber der konventionellen
Therapie stellen sowohl beim GBM als auch bei HNSCC eine grofte Herausforderung dar.
Bisherige Bestrebungen, die Prognose der betroffenen GBM-Patientlnnen zu verbessern,
haben in den letzten 50 Jahren nur zu einer marginalen Verbesserung gefiihrt 415152 Aych
die Uberlebensrate bei HNSCC hat sich in den letzten drei Jahrzehnten nur moderat
gebessert '3, Genomische Alterationen in den CDKs und die Generierung eines
immunsuppressiven  Mikromilieus sind dabei entscheidende Faktoren 154157
Therapeutische Ansatze basierend auf der Inhibition der CDKs werden aktuell in
praklinischen und klinischen Studien evaluiert 45154157-162  7yr Steigerung der
therapeutischen Effektivitdit werden zunehmend multimodale Behandlungsprotokolle mit
klassischen Chemotherapeutika, Biologika wie beispielsweise monoklonalen Antikdrpern
und immuntherapeutischen Ansatzen, aber auch zielgerichteten Therapien eingesetzt
45,106,160,163-166  CDK-Inhibitoren gehdren zur Klasse der zielgerichteten Substanzen und
wurden in der vorliegenden Dissertationsschrift als Therapeutika verwendet.

Der Fokus der vorliegenden Arbeit lag neben der grundsatzlichen Relevanz des KS beim
GBM vor allem auf der detaillierten Charakterisierung der zellbiologischen Effekte nach
CDKi Mono- sowie Kombinationstherapie mit Chemotherapeutika bei GBM und HNSCC.
Hierzu wurden die CDKi sowohl simultan als auch sequentiell an Patienten-abgeleiteten
GBM-Zelllinien im 2D- und 3D-Modell in vitro und an HNSCC im 2D- und am
Xenotransplantatmodell eingesetzt. Diese Behandlungsansatze besitzen einen innovativen
Charakter und stellen eine vielversprechende Strategie dar.

5.1 Analyse IDO1-assoziierter Gene und Metaboliten und Suppression
des KS durch Dinaciclib

IDO1, aber auch TDO2, sind in verschiedenen Entitaten, wie etwa malignen Gliomen und
HNSCC, konstitutiv Uberexprimiert und durch eine lokale und systemische Immun-
suppression gekennzeichnet. Dies korreliert mit der Aggressivitat und dem Tumorgrad
73167170 In dieser Arbeit konnte gezeigt werden, dass der KS in den untersuchten GBM-
Zelllinien bzw. primdren Geweben aktiv ist und zu einem iTM beitragt. Dies ist
charakterisiert durch eine geringe basale /IDO7- und eine konstitutiv hohe TDOZ2-
Expression. Obwohl IDO1 normalerweise nicht oder nur in sehr geringen Mengen im Gehirn
exprimiert wird, steigt es bei entziindlichen Prozessen rasch an. Dabei wird IDO1 in 96 %
der malignen Gliome exprimiert 7172 Auch TDO2 mRNA war bereits in einer Reihe von
menschlichen Tumorproben detektierbar, darunter auch beim GBM '3'74 Um die
immunvermittelte entzindliche TM nachzuahmen, wurde das Zytokin IFN-y verwendet.
IFN-y induziert IDO1, wodurch der Trp-Serumspiegel sinkt und der KYN-Metabolit ansteigt
75 So wurde unter IFN-y-Stimulation die Expression von /IDO7 sowohl auf Gen- als auch
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Proteinebene hochreguliert. Dahingegen verhielt sich die Genexpression von TDOZ2 und
KAT3 unter Stimulation invers. Wahrend TMZ IDO1 auf der mRNA-Expressionsebene
negativ beeinflusste, stieg die Menge des resultierenden Proteins an. Dieses kdnnte
entweder auf eine verldngerte Halbwertzeit des Proteins aufgrund einer verringerten
Abbaugeschwindigkeit oder auf eine bevorzugte Translation wahrend des zellularen
Stresses zuruckzufuhren sein. Die IFN-y-Stimulation in Kombination mit TMZ war hingegen
von einer erhéhten IDO7-Expression und einer vermehrten KYN- und KYNA-Produktion
begleitet. Der Anstieg des Trp-Katabolismus und der KYN-Produktion (KYN/Trp-Verhaltnis)
werden haufig als indirekter Indikator flr die kumulativen Aktivitaten von TDO2, IDO1 und
IDO2 verwendet '"%'77. Einige Tumoren, wie GBM, koénnen IDO71 als adaptiven
Resistenzmechanismus exprimieren, wobei IDO1 Gber IFN-y von Tumor-infiltrierenden T-
Zellen induziert wird '8, Darliber hinaus weisen Gliome und glioneuronale Tumoren eine
erhohte Trp-Aufnahme und einen erhohten Trp-Abbau in vivo auf '7°. Angesichts dieser
Beobachtung kénnte dies eine Erklarung fir die (erworbene) Arzneimittelresistenz und das
Rezidiv-Verhalten bei GBM liefern. Aus diesem Grunde sollten IDO1 Inhibitoren auf TMZ
basierte Therapieansatze untersucht werden. In dieser Studie war lediglich Dinaciclib in der
Lage, den KS unabhangig vom Kombinationspartner zu beeintrachtigen, da es die IFN-y-
induzierte IDO1-Hochregulation nach gleichzeitiger Behandlung wirksam unterdruckte. Es
ist allerdings davon auszugehen, dass es sich eher um eine indirekte Beeinflussung
handelt, da GBM-Zellen mit einer starken IDO-Expression nach Dinaciclib-Behandlung nur
eine geringflgig veranderte IDO-Proteinabundanz aufwiesen. Nach langeren oder
wiederholten Behandlungszyklen kénnte sich dieser beobachtete Effekt noch verstarken
lassen. So wurde bereits von mehreren praklinischen Studien in Erwagung gezogen, (nicht)
selektive IDO-Inhibitoren in Verbindung mit Chemo- und/oder Strahlentherapie zu
verabreichen, um synergistische Effekte zu erzielen 8. SchlieRlich konnte dieses
Phanomen Auswirkungen auf weitere immuntherapeutische Ansatze haben und der zu
diesem Zeitpunkt ermittelte KYN/Trp-Index dabei ein relevanter klinischer Malstab als
prognostischer Wert flir GBM-Patientinnen sein '8,

5.2 Mechanistische Erkenntnisse zu CDKs auf Viabilitat, Invasion,
Vakuolisierung und mitochondriale Beeintrachtigung in GBM-
Zellen

Alle getesteten GBM-Zelllinien waren sowohl im 2D- als auch im 3D-Modell empfindlich
gegenuber Abemaciclib und Dinaciclib. Demgegenuiber wurden nur marginale zytotoxische
Effekte durch Palbociclib erzielt. Abemaciclib und Palbociclib werden als selektive CDK4/6i
beschrieben. Abemaciclib unterscheidet sich jedoch strukturell von Palbociclib. In der
Konsequenz weist Abemaciclib eine andere Selektivitat fir CDK4/6 und andere Kinasen
auf 82, Dieser Umstand konnte eine Erklarung fiir die hier beobachtete unterschiedliche
Zytotoxizitat liefern. Damit sprechen die Daten flir eine zukinftige Anwendung von
Abemaciclib und Dinaciclib anstelle von Palbociclib bei der Behandlung von GBM-
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Patientinnen, auch unter der Berlcksichtigung der Permeabilitat von Abemaciclib tber die
Blut-Hirn-Schranke. Sowohl Abemaciclib als auch Dinaciclib fuhrten zur Bildung saurer
Kompartimente mit unterschiedlicher Intensitat. Abemaciclib induzierte eine frihe
Apoptose, wahrend Dinaciclib primar Nekrose hervorrief. CDKi-vermittelte Apoptose ist in
verschiedenen Tumormodellen beschrieben worden 126.141.154.183-189 " |m Gegensatz dazu
wurde die Autophagie erst kirzlich fir Abemaciclib beschrieben 9191 und nur eine
Veroffentlichung deskribierte die zytoprotektive Rolle der Autophagie unter Dinaciclib-
Therapie '%2. Wie bereits fiir einen anderen pan-CDKi (Flavopiridol) gezeigt, sind
Veranderungen der LC3B-llI-Aggregation und die verringerte Expression von
p62/Sequestosome1 mdgliche Ursachen 3. Die GBM-Motilitat war durch beide CDKi stark
beeintrachtigt, wohingegen die Migration und Invasion im 2D-System starker durch
Abemaciclib beeinflusst wurde. Beide CDKi waren jedoch im Stande, die Invasivitat von
GBS und GSC erheblich zu inhibieren. In anderen Studien wurde bereits eine verringerte
Motilitdt unter CDKi-Behandlung beschrieben: Die Hemmung von CDK4 konnte die
Invasion, metastatische Ausbreitung und das Fortschreiten eines duktalen Adenokarzinom-
Modelles verringern '**. In anderen Berichten wurde sogar die Beteiligung von CDK5,
CDK2, CDK9, Cyclin-B/CDK1, Vimentin, Snail, COX-2 und PGE2 an der metastatischen
Ausbreitung vermutet 195197 Auffallend war, dass TMZ das invasive Wachstum in beiden
3D-Modellen gleichermalen verstarkte. Ubereinstimmend mit diesen Ergebnissen
beobachteten Kochanowski et al. eine gesteigerte Invasivitat in MGMT"9"-GBM-Zellen
unter langfristiger TMZ-Belastung '®®. Durch die CDK-Inhibition waren die behandelten
Zellen metabolischem Stress ausgesetzt. Dieser ist durch eine UbermaRige Aktivitat der
Mitochondrien  sowie eine eminente  ROS-Produktion  gekennzeichnet '
Dementsprechend konnte eine CDKi-induzierte mitochondriale Dysfunktion festgestellt
werden, charakterisiert durch MMP sowie Mito-ROS. Auch in einer anderen Studie
induzierte eine CDK4/6i Applikation ROS-Bildung und eine gesteigerte Mito-Aktivitat 2.
Zusatzlich zu den bisher beschriebenen Effekten war die Behandlung mit Abemaciclib
ebenso durch die Bildung eines multivakuolaren Phanotyps charakterisiert. Dies wird auch
in anderen Publikationen Ubereinstimmend beschrieben 201-203, Einige groRe CDKi-
induzierte Vakuolen waren dabei fur die verschiedenen Tracker unempfindlich. Das lasst
darauf schlieRen, dass die Vakuolen nicht aus den Mitochondrien oder dem ER
entstammen. In diesem Fall wurde die Vakuolisierung von einer héheren Abundanz der
spat-endosomalen Marker LAMP1/2 und Rab7a begleitet. Der beobachtete Phanotyp
ahnelt oberflachlich einer speziellen Form des Zelltods, der Methuosis. Diese ist durch die
Bildung multipler zytoplasmatischer Vakuolen gekennzeichnet, die von Endosomen durch
Forderung der Makropinozytose stammen 204206,

GBM-Zellen kdnnen eine intrinsische und/oder erworbene Strahlenresistenz aufweisen
207,208 Unter den hier verwendeten Substanzen war nur Dinaciclib in der Lage, diese
Resistenz umzukehren, indem es y-H2AX-Foci, einen DSB-Biomarker, induzierte. Ein
kombinierter CDKi-Strahlentherapieansatz verstarkte diesen Effekt. Dieser Vorgang ging
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mit einer Herunterregulierung von CDK7 und der strahlenresistenz-vermittelten SIRT3
MRNA-Expression einher (Pub. Il, Abb. 7). Auf dieser Grundlage lasst sich die Hypothese
aufstellen, dass die CDKi-Behandlung den oxidativen Stress der Zellen erhoht, DSB
induziert und die Seneszenz potenziert, um den Zelltod auszulésen. Dinaciclib ist im
direkten Vergleich mit anderen getesteten CDKi zytotoxischer. Dies lasst sich
wahrscheinlich auf die globale Aktivitat bei der Beeinflussung mehrerer CDKs zuruckfuhren.
Bestatigt durch die Microarray-Daten liel3 sich vergegenwartigen, dass die Wirkungsweise
von Dinaciclib noch komplexer ist als bislang angenommen. Dazu gehért nicht nur die
Unterbrechung des Zellzyklus, sondern auch der induzierte Zelltod Uber zahlreiche
Mechanismen, wie etwa die gestorte DNA-Schadensreparatur, genomische Instabilitat,
gestdrte  Transkriptions-regulierung, Induktion von dysregulierten Mitochondrien,
Seneszenz und Autophagie.

5.3 Bedeutung der CDKi-Therapie bei HNSCC in vitro und in vivo

Um die Effekte der zielgerichteten CDK-Inhibition einzeln und in Kombination mit
Chemotherapeutika genauer zu charakterisieren und die Wirkmechanismen zu
identifizieren, wurden funktionelle zellbiologische Parameter in vitro ermittelt und in vivo
validiert. Hierbei spielte der Kombinationspartner zusammen mit der zeitlichen Reihenfolge
der einzelnen Substanzen eine entscheidende Rolle. So wirkte die SIM CDKi-Gabe, nicht
aber die duale Applikation mit CT, synergistisch. Die SEQ Anwendung flihrte zu
heterogenen Ergebnissen. Theoretisch sollten CT von einer vorherigen CDKi-Behandlung
profitieren. Dies war jedoch nur bei Palbociclib-Vorbehandlung der Fall und bestatigt die
Ergebnisse einer kirzlich durchgefiihrten Studie, in der Uber eine intrinsische Resistenz in
Form einer c-Myc und Cyclin E Hochregulation bei einer SEQ-Cisplatin/Palbociclib Gabe
berichtet wurde 2%°. Ein weiteres Argument fir eine CDKi-Erstlinientherapie liefert der
Schutz normaler hamatopoetischer Stamm- und Vorlauferzellen durch einen G1-Arrest
sowie die Aufrechterhaltung der Antitumorimmunitat 2'°. Dies konnte kirzlich in einer
Phase-lI-Studie von SCLC unter Trilaciclib-Therapie beobachtet werden 212", Bei den
beiden multi-CDKi war die SEQ Anwendung der Erstlinien-CT der Zweitlinien-CT
uberlegen. Mechanistisch betrachtet war die Zytotoxitat auf eine frihe Apoptose mit einem
anschlieBenden Ubergang zur Nekrose zuriickzufiihren. Auch Hossain et al. konnten eine
Apoptoseinduktion unter Dinaciclib beobachten '2. Ganz im Einklang damit verringerte sich
die Impedanz unter Dinaciclib Mono- und Kombinationstherapie massiv, welches mit
Veranderungen der Zellform und der Organisation des Zytoskeletts einherging. Dies
wiederum kann die Zell-Zell-Kontakte tber Adhasionsmolekiile, die elektrische Kopplung
und die Passage durch Gap Junctions beeintrachtigen 2'3. Bei der THZ1/5-FU-Kombination
konnte ein verzogerter Impedanzabbau beobachtet werden, vermutlich hervorgerufen
durch 5-FU. Umgekehrt bewirkte die THZ1-Therapie einen geringfligigen Impedanzanstieg,
begleitet von einer Aktinumstrukturierung der Stressfasern. Stressfasern erhdhen die
zelluldre Steifigkeit und verringern die Motilitat 2'42'®.  Die Verschiebung der
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Aktinorganisation und Beeinflussung der Impedanz kénnte damit eine der wichtigsten
Reaktionen auf die CDKi-Behandlung sein. AulRerdem ist davon auszugehen, dass der
Aktinfilamentumbau und der Impedanzabfall auch Einfluss auf die Suszeptibilitat gegenuber
immunvermittelter Zytolyse haben konnte und die Wirksamkeit immuntherapeutischer
(Kombinations-)strategien beeinflusst 2'72'®, Im Rahmen dieser Arbeit lieB sich eine erhohte
CalR-Translokation bei der SEQ THZ1/5-FU- und bei der Dinaciclib- Applikation gegentber
HNSCC-Zellen erkennen. Neben dieser war ebenso eine Hochregulation von MHC | und
PD-1 ersichtlich. Auch Hossain et al. stellten einen Dinaciclib-vermittelten ICD bei
Kolonkarzinomzellen fest 2'2. Wie bereits in Publikation Il beschrieben, konnte auch bei dem
HNSCC-Modell eine MMP nach CDKi-Behandlung verzeichnet werden. In einem finalen in
vivo-Experiment wurden schliellich Dinaciclib und Cisplatin aufgrund der vorherigen
komplexen in vitro Wirkmechanismen ausgewahlt. Wahrend die Therapien bei den UT-
SCC-14-Modell kaum einen Effekt erzielten, war eine ausgepragte Inhibition der
Proliferation speziell unter der Kombination bei den UT-SCC-15-abgeleiteten Xenografts zu
verzeichnen. Die Diskrepanz des Ansprechens koénnte in dem Staging der Tumoren
begriindet liegen, so dass fortgeschrittene Tumoren sogar eher von der Therapie profitieren
als niedrig-gradige. Dies sollte prospektiv an einem gréReren Patientinnen-Kollektiv
evaluiert werden.

Zusammenfassend konnte in dieser Dissertation gezeigt werden, dass die CDKs wesentlich
an der Proliferation, Invasivitat und Malignitat von Tumorzellen beteiligt sind. Eine Inhibition
der CDK flhrte einerseits zu einer indirekten Hemmung des IFN-y-induzierten-KS,
andererseits zu einer Beeintrachtigung der Viabilitdt, bedingt durch eine mitochondriale
Dysfunktion und ausgepragte Vakuolisierung bei GBM-Zellen. Auch das HNSCC-Modell
lieferte weitere Beweise flr die komplexe Wirkungsweise und therapeutische Aktivitat der
CDKi. Fur die Zukunft gilt es, die Wirkung der Substanzen weiter zu charakterisieren und
mit weiteren zielgerichteten bzw. immunverstarkenden Ansatzen zu kombinieren, um die
daraus resultierenden Ergebnisse in vivo- bzw. am Organ-on a Chip-Modell zu validieren
und so zur Verbesserung der bestehenden Therapiestrategien beizutragen.
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6. Zusammenfassung und Ausblick

Aufgrund des aggressiven Charakters stellen die Behandlungen des Glioblastoma
multiforme (GBM) und der Kopf-Hals-Tumoren (HNSCC) eine besondere Herausforderung
dar. Zusatzlich kdnnen genomische Veranderungen, die zur konstitutiven Aktivierung bzw.
Uberexpression von Cyclin-abhéngigen Kinasen (CDK) filhren und damit zu einem
immunsuppressiven Tumormikromilieu beitragen, entscheidend den Tumorprogress
beginstigen. Die noch immer infauste Prognose von GBM-Patientinnen sowie die nach wie
vor hohe HNSCC-Morbiditats- und Mortalitatsrate unterstreicht die Notwendigkeit, neue und
wirksamere Behandlungsoptionen zu entwickeln.

Im ersten Teil der Arbeit wurde das Expressionsmuster von Schlisselgenen und
Metaboliten des Tryptophan-Katabolismus basal und unter Einfluss des Zytokins IFN-y, des
Standardtherapeutikums Temozolomid (TMZ) und des multi-CDK Inhibitors (CDKi)
Dinaciclib an Patienten-abgeleiteten GBM-Zelllinien untersucht. Dabei konnte gezeigt
werden, dass der Kynurenin-Signalweg (KS) in den untersuchten GBM-Zelllinien und
Geweben aktiv ist. Dies ist durch eine heterogene basale Indolamin 2,3-dioxygenase-
Expression (/IDO1) und konstitutiv exprimiertes Tryptophan 2,3-dioxygenase (TDO2)
charakterisiert. Unter IFN-y-Stimulation wurde IDO1 auf Gen- und Proteinebene induziert,
wohingegen TMZ die IDO7T mRNA-Menge negativ beeinflusste. Im Gegensatz dazu war die
IFN-y-Stimulation in Kombination mit TMZ von einer erhéhten IDO7-Expression und einer
vermehrten Kynurenin- und Kynureninsaure-Produktion begleitet. Lediglich Dinaciclib war
nach gleichzeitiger Gabe der Kombinationspartner in der Lage, die IFN-y-induzierte IDO1-
Hochregulierung wirksam zu unterdriickten und damit den KS wahrscheinlich indirekt zu
beeintrachtigen.

Im zweiten Teil der Dissertation wurde das antitumorale Potential der selektiven CDK4/6i
Abemaciclib und Palbociclib, sowie des multi-CDKi Dinaciclib im 2D- und 3D-GBM-Modell
analysiert. Abemaciclib und Dinaciclib beeintrachtigten die Viabilitdt in beiden Modellen
signifikant, einhergehend mit deutlichen morphologischen Veranderungen sowie
verminderter Motilitat und Invasion. Zusatzlich induzierten beide CDKis Seneszenz, eine
mitochondriale Dysfunktion und eine Hyperpolarisation der mitochondrialen Membran.
Wahrend nach der Behandlung mit Abemaciclib vor allem eine Zunahme von sauren
Kompartimenten zu beobachten war, 16ste Dinaciclib DNA-Doppelstrangbriiche aus, die
durch Radiatio noch verstarkt wurden. Die Gabe beider CDKi wirkte synergistisch, die
Kombination mit TMZ antagonistisch. Eine Genexpressionsanalyse bestatigte die globale
Wirkung von Dinaciclib durch stark signifikant veranderte Gene — u.a. des Zellzyklus, der
Transkriptionsregulation, der DNA-damage response und des Stress-Segments. In einem
Langzeitversuch wurde in einem der mit Dinaciclib behandelten Falle eine
Resistenzentwicklung beobachtet, die jedoch durch Abemaciclib verhindert werden konnte.
Die Wirksamkeit von Palbociclib war insgesamt schwacher und zelllinienspezifisch, TMZ
hatte kaum messbare antineoplastische Effekte auf das GBM-Wachstum.



Zusammenfassung und Ausblick 24

Auf Basis dieser Befunde wurde im dritten Teil der Arbeit die therapeutische Wirksamkeit
verschiedener CDKi (Palbociclib, Dinaciclib und THZ1) einzeln und in Kombination mit
Chemotherapeutika (5-FU, Cetuximab, Cisplatin) in HNSCC-Modellen genauer
charakterisiert und die Wirkmechanismen identifiziert. Dabei ergaben sich individuelle
Effekte, die in der Heterogenitat dieser Tumorentitat begriindet liegen. Die simultane duale
CDKi-Applikation und die sequentielle Therapie, bei denen zunachst die
Chemotherapeutika und im Anschluss die CDKi gegeben wurden, waren hier am
effektivsten. Wie zuvor bereits im zweiten Teil beobachtet, 16ste Dinaciclib auch bei den
HNSCC hauptsachlich Nekrose aus, wobei ein Part des immunogenen Zelltods, die CalR-
Translokation, bei dieser Tumorentitat eine groRere Rolle zu spielen schien. Auch die
immunologisch relevanten Marker HLA-ABC und PD-1 wurden nach Dinaciclib- und
Palbociclib-Behandlung vermehrt nachgewiesen. Weiterhin konnte gezeigt werden, dass
die Zellimpedanz unter Dinaciclib deutlich beeintrachtigt war, was ebenfalls mit einer
eingeschrankten Invasivitat einherging. Das in vivo-Modell zeigte eine zelllinienspezifische
Suszeptibilitat mit dem besten Therapieansprechen bei der Kombinationsapplikation aus
Dinaciclib und Cisplatin.

Zusammenfassend belegen die Ergebnisse dieser Promotionsarbeit die hohe Wirksamkeit
der CDKi allein und in Kombination. Besonders das gezeigte breite Wirkspektrum deutet
auf ein grolles therapeutisches Potential beim GBM und HNSCC hin. Hierbei wurden
neuartige Wirkmechanismen identifiziert, die eine ideale Ausgangsbasis fur die kinftige
Nutzung dieser Substanzen als innovative Therapiestrategie fur GBM- und HNSCC-
Patientinnen sowohl in der Primar- als auch in der Rezidivsituation darstellen.
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8. Anhang

8.1 Abkirzungsverzeichnis
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8.5.1 Activation of the Kynurenine Pathway in Human Malignancies Can Be
Suppressed by the Cyclin-Dependent Kinase Inhibitor Dinaciclib.
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Indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO2) are the key
enzymes of tryptophan (TRP) metabolism in the kynurenine pathway (KP). Both enzymes
function as indicators of immunosuppression and poor survival in cancer patients. Direct
or indirect targeting of either of these substances seems thus reasonable to improve
therapy options for patients. In this study, glicblastoma multiforme (GBM) as well as
head and neck squamous cell carcinomas (HNSCC) were examined because of their
different mechanisms of spontaneous and treatment-induced immune escape. Effects
on gene expression and protein levels were examined. Accompanying assessment of
TRP metabolites from treated GBM cell culture supernatants was conducted. Our results
show a hetercgeneous and inversely correlated expression profile of TRP-metabalizing
genes among GBM and HNSCC cells, with low, but inducible /DO expression upon IFNy
treatment. TDO2 expression was higher in GBM cells, while genes encoding kynurenine
aminotransferases were mainly confined to HNSCC cells. These data indicate that the
KP is active in both entities, with however different enzymes involved in TRP catabolism.
Upon treatment with Temozolomide, the standard of care for GBM patients, IDO7 was
upregulated. Comparable, although less pronounced effects were seen in HNSCC upon
Cetuximab and conventional drugs (i.e., 5-fluorouracil, Gemcitabine). Here, /[DO7 and
additional genes of the KP (KYAT 1, KYAT2, and KMQ) were induced. Vice versa, the novel
yet experimental cyclin-dependent kinase inhibitor Dinaciclib suppressed KP in both
entities. Our comprehensive data imply inhibition of the TRP catabolism by Dinaciclib,
while conventional chemotherapeutics tend to activate this pathway. These data point
to limitations of conventional therapy and highlight the potential of targeted therapies to
interfere with the cells’ metabolism more than anticipated.

Keywords: targeted therapy, solid tumor models, tryptophan metabolites, IDO1, chemotherapy
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INTRODUCTION

Tumor cells release immunosuppressive factors that shape a
tolerogenic environment and enable progression and invasion.
Indoleamine 2,3-dioxygenase (IDO1) is an intracellular
monomeric, immune-checkpoint molecule that degrades
the essential amino acid I-tryptophan along the kynurenine
pathway (KP) (1, 2). Like other immune checkpoints, including
programmed cell death protein 1 and cytotoxic T-lymphocyte-
associated protein 4, IDO suppresses the hosts’ antitumor
immunity by inducing apoptosis in T- and natural killer cells
(3). As a direct consequence of this, many cancer and cancer-
associated cells express IDOI (mesenchymal stromal cells,
myeloid-derived suppressor cells, dendritic cells, endothelial
cells, tumor-associated macrophages, and fibroblasts) (3-6).
IDO1 is influenced by interferon-y (IFNy) (7-9), nitric oxide
(10), pro- [interleukin (IL)-1f, tumor necrosis factor o] and
anti-inflammatory (IL4, IL10, transforming growth factor
B) cytokines. IDOI activity inhibits T-cell activation and
proliferation and even mediates regulatory T-cell recruitment
to the tumor microenvironment, provoking local immune
tolerance. In head and neck squamous cell carcinomas
(HNSCCs), IDOI inversely correlates with programmed
cell death protein ligand 1, which constitutes an important
prognostic biomarker for immune-checkpoint inhibition (11).
The increased IDOI1 activation decreases intratumoral TRP
levels, resulting in tumor starvation and increase in kynurenine
(KYN) metabolites (which are toxic to lymphocytes) (12). This
immune exhaustion may be further boosted by conventional
chemotherapeutics, leading to decreased efficacy. Therefore,
IDO1 overexpression in the tumor microenvironment intimately
impairs patients’ outcome and may serve as a future prognostic
predictor and drug target (13-18).

In the KP, most studies focused on IDO1 because this molecule
is amenable to pharmacological intervention (19-22), and a
couple of specific and global IDO inhibitors [including natural
compounds (17, 23, 24)] already entered clinical trials, mostly
reporting safe application and efficacy (stable disease at best
outcome) (25). Current trials are evaluating the efficacy of IDO1
inhibitors in combination with chemotherapy, radiotherapy,
and other immunotherapies including cytotoxic T-lymphocyte-
associated protein 4 blockade (11, 22). The latter is based on
the observation of an enhanced lytic ability of tumor-antigen-
specific T cells upon IDOI inhibition and decreased numbers
of local immunosuppressive cells such as regulatory T cells
and myeloid-derived suppressor cells (20, 26). The efficacy and
toxicity data from recent clinical trials with IDO1 inhibitors is
reviewed in Yentz and Smith (27). In most cases, however, overall
survival was not significantly improved, leaving the future role
for this combination therapy in question (28). More key enzymes
are involved in TRP metabolism: tryptophan 2.3-dioxygenase
(TDO2), a member of the oxidoreductases family, catalyzes the
same initial step of the KP as IDO1 (2). Thus, TDO2 has been

Abbreviations: CDKI, cyclin-dependent kinase inhibitor; GBM, glioblastoma
multiforme; HNSCC, head and neck squamous cell carcinoma; TDO1, indoleamine
2,3-dioxygenase; TFN, interferon; KYAT, kynurenine aminotransferase; KP,
kynurenine pathway; PBMC, peripheral blood mononuclear cells; SCC, squamous
cell carcinoma; TDO2, tryptophan 2,3-dioxygenase.

shown to be constitutively and highly expressed in various cancer
cells such as malignant glioma and HNSCC (29, 30). More
importantly, TDO2 also has immunomodulatory functions by
promoting immune tolerance. This, in turn, promotes survival,
growth, invasion, and metastasis and decreases patients’ survival
(just like IDOT) (13, 22, 31, 32).

In this study, we performed a comprehensive analysis on the
expression status of genes belonging to the KP. HNSCC and
glioblastoma multiforme (GBM) were picked as prime examples
for different spontaneous and treatment-induced immune escape
mechanisms. Therefore, expression changes were determined
under standard and targeted therapy, and results were compared
among each other.

MATERIALS AND METHODS

Tumor Cell Lines and Culture Conditions
Patient-derived GBM cell lines (N = 13; HROGO02, HROGO04,
HROGO05, HROG06, HROG10, HROG15, HROG24, HROG36,
HROG38, HROG52, HROG63, HROG73, HROG75) and
HNSCC cell lines (N = 6; FADU, Detroit-562, Cal-33,
PE/CA/P]-15, UT-SCC-14, UT-SCC-15) were either established
and basically characterized in our lab or originally obtained from
the German collection of cell cultures (DSMZ; Braunschweig,
Germany). UT-SCC14 and UT-SCC15 cells were kindly provided
by Prof. R. Grenman [University of Turku, Finland (33)]. All
cells were routinely cultured in our lab and maintained in
full medium: Dulbecco’s modified Eagle Medium/HamsF12
supplemented with 10% fetal calf serum, glutamine (2 mmol/L),
and antibiotics (medium and supplements were purchased from
PAA, Colbe, Germany). For functional analysis, cell lines from
each tumor entity were chosen, and all subsequent experiments
were performed with these lines only.

IFNy Stimulation

Cells were cultured in six-well plates or ibidi chamber
slides, incubated overnight and treated with IFNy
(50 ng/ml, Immunotools, Friesoythe, Germany) for 24
and 72h, respectively. Thereafter, cells were harvested and
further processed.

Cytostatic Drugs and Targeted Substance
Cytostatics used in this study included 5-fluorouracil (5-FU)
(2.5uM), Cisplatin (0.2 M), Gemcitabine (0.0002pM), and
Cetuximab (0.34 uM) for HNSCC, as well as Temozolomide
(10 uM, TMZ) for GBM (pharmacy of the University Hospital
Rostock). CDKi Dinaciclib (10 or 100nM) was used as
experimental targeted drug. All substances were used in doses
below the ICsq as determined before.

Apoptosis/Necrosis Assay

A Yo-Pro-1/Pl-based assay for discriminating early apoptotic,
late apoptotic, and necrotic cells was applied as described
before (34).

Hemolysis Assay
Hemolytic activity of Dinaciclib was determined by hemoglobin
release from whole blood cells after 2h of incubation. Briefly,
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whole blood of healthy donors (N = 5) was seeded in 96-
well plates and treated with increasing Dinaciclib doses (ranging
from 1, 5, and 10 uM). Negative controls were left untreated,
and positive controls (=maximum lysis) were treated with
1% sodium dodecyl sulfate. Following the incubation period,
cell-free supernatants were transferred into a new 96-well
plate, and absorption was measured on a plate reader at
560 nm (reference wave length, 750 nm). Hemolytic activity was
quantified according to the following formula and corrected for
spontaneous hemolysis (=untreated controls):

%Hemolysis = ((ODs5gonmsample
—ODsggnmbuffer)/ODsgpnmmax — ODsgpnmbufler) < 100

In addition, peripheral blood mononuclear cells’ (PBMC)
viability (N = 5) were determined by Calcein AM staining.
This was done upon 24h incubation at the above-mentioned
doses. Fluorescence measurement and quantification were done
as described (34).

IDO1 Immunofluorescence

Tumor cells were treated with 50 ng/ml of IFNy (Immunotools),
TMZ, Cetuximab, or Dinaciclib for 24h in chamber slides,
respectively. Cells were washed with phosphate-buffered saline,
fixed in 4% paraformaldehyde w/o methanol (Thermo Scientific,
Darmstadt, Germany) for 20 min, washed again, followed by
cell permeabilization in 0.3% Triton X—100/5% normal bovine
serum in phosphate-buffered saline for 60 min. Cells were then
incubated overnight at 4°C in monoclonal rabbit IDO1 primary
antibody (1:100; Cell Signaling Technology, Frankfurt/Main,
Germany). Cells were washed, labeled with fluorochrome-
conjugated secondary antibody using goat antirabbit secondary
antibody (1:250, Boster Biological Technology, Pleasanton CA,
USA), and incubated in the dark for 2h. Cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI), and cells
were analyzed with a Zeiss LSM-780 Confocal Laser Microscope
(Zeiss, Jena, Germany). Quantification of staining intensity
was done using the Image] software. Therefore, channels were
split into red, green, and blue. Subsequently, integrated density
profiles of the same size were measured in the green channel.

IDO1 Immunohistochemistry on Patients’
Tumor Samples

Primary antibody against IDO1 (rabbit IgG, clone D5J4E,
Cell Signaling Technology, dilution 1:200) was used. All
samples were pretreated for 20min at 97°C and pH 6.9.
Standard immunoperoxidase technique was applied using an
automated immunostainer (DAKQ link) with diaminobenzidine
as chromogen. IDO1 expression was defined as cytoplasmatic and
membranous staining in >1% inflammatory cells.

Quantification of Tryptophan, Kynurenine,
and Kynurenic Acid in Cell Culture
Supernatant by Liquid Chromatography

Tandem Mass Spectrometry System
The basis for the measurement was the method of Fuertig et al.
which was adapted to the system used here (35).

Sample Preparation

Cell culture supernatant was mixed 1:1 with internal
standards [10 uM D5-kynurenic acid (Buchem BV, Apeldoorn,
Netherlands), 10puM D5-phenylalanine (Cambridge Isotope
Laboratories, Inc. Andover, MA, United States), 5pM
D4-kynurenine (Cambridge Isotope Laboratories), 10puM
D5-tryptophan (Sigma Aldrich, Hamburg, Germany), 10 uM
D3-quinolinic acid (Buchem BV), 5.5nM 15N5-8-hydroxy-2-
deoxyguanosine (Cambridge Isotope Laboratories)], and with
10 pl of mobile phase (0.4% formic acid, 1% acetonitrile in
water). Reagents were gently shaken on a mixer, and 150 pl
of ice-cold methanol was added. Samples were incubated
overnight at —20°C to allow protein precipitation. On
the following day, samples were centrifugated at 0°C and
18,000xg for 15min. Supernatants were transferred to a
new tube, and the liquid phase was removed by evaporation
at 30°C among vacuum. Solid samples were stored until
measurement at —20°C. Afterwards,
reconstituted in 100 pl of acidified mobile phase. Samples
were incubated at 40°C (1h), centrifuged (4°C, 18,000xg,
5min), and clear supernatant (100 pl) was transferred onto a
96-well plate.

dried extracts were

Liquid Chromatography Tandem Mass Spectrometry

Measurements were performed on an AB Sciex 5500 QTrap™
mass spectrometer (AB SCIEX, Darmstadt, Germany) with
electrospray ionization in positive mode combined with a
high-performance liquid chromatography system (Agilent 1260
Infinity Binary LC, Santa Clara, United States) including a
degasser unit, column oven, autosampler, and a binary pump.
Twenty microliters of the supernatant was injected and separated
using a VisionHT C18 column (100 x 2.1 mm; particle size,
3 um; Grace, MD, United States). To prevent contamination,
a precolumn (VisionHT C18, Guard 5 x 2mm) was used
additionally. The temperature of the column oven was set at
15°C. The flowrate was set to 0.4 ml/min, and the sample
was separated in a total run time of 11 min using solution A
(water 4+ 0.1% formic acid + 0.01% trifluoroacetic acid) and
solution B (MeOH + 0.1% formic acid + 0.01% trifluoroacetic
acid) with the following gradient: 0-2.8 min, 97% A, 3% B;
2.8-33min, 70% A, 30% B; 3.3-4.4, 40% A, 60% B; 4.5-
5.0 min, 40% A, 60% B; 5.0-5.5, 5% A, 95% B; 5.5-6.9 min,
5% A, 95% B; 6.9-7.0 min, 97% A, 3% B; 7.0-11.0 min, 97% A,
3% B.

The eluate between 0.5 and 9 min was introduced into the
mass spectrometer and analyzed in MRM mode. The ion spray
voltage (IS) was 4,000V, the curtain gas flow was 40.0 psi, and the
ion source temperature were set at 550°C.

Internal standards were used for metabolite quantification
(Table 1). Data analysis, including peak integration and
concentration determination, was performed with Analyst
software (Version 1.5.1, AB Sciex, Darmstadt, Germany).

RNA Isolation, cDNA Synthesis, and

Quantitative Real-Time PCR

Total RNA was isolated with RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturers’ instructions. RNA
was reverse transcribed into complementary DNA (cDNA) from
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1 pg RNA using 1 pl dNTP mix (10mM), oligo (dT)15
primer (50 ng/pl), 1 pl reverse transcriptase (100U), and 4
pl 5x reverse transcription buffer complete (all purchased
from Bioron GmbH, Ludwigshafen, Germany). Final reaction
volume was 20 pl (filled with RNAse free water). ¢cDNA
synthesis conditions were as follows: 70°C for 10min, 45°C
for 120min, and 70°C for 10min. Target ¢cDNA levels of
human cell lines were analyzed by quantitative real-time PCR
using TagMan Universal PCR Master Mix and self-designed
TagMan gene expression assays either labeled with 6-FAM-3’
BHQ-1 or 5 HEX—3' BHQ-1 to be used as duplex: IDOI,
TDO2, KMO, HAAO, KYAT1/2/3/4, KYNU, QPRT, and GAPDH

TABLE 1 | Internal standards.

or fl-actin were used as housekeeping genes. Reaction was
performed in the light cycler Viia7 (Applied Biosystems, Foster
City, USA) with the following PCR conditions: 95°C for
10 min, 40 cycles of 15s at 95°C, and lmin at 60°C. All
reactions were run in triplicates. The messenger RNA (mRNA)
levels of target genes were normalized to GAPDH/B-actin.
Reactions were performed in triplicate wells and repeated
four times. The general expression level of each sample
was considered by calculating 27T (ACt = Clurger -

Cygo usekeeping genes ).

Statistical Analysis
All values are reported as mean £ SD. After proving the
assumption of normality, differences between controls and

Analyte Q1 mass(m/z) Q3mass(m/z) CE() DP(v) treated cells were determined using the unpaired Student’s ¢-
test. If normality failed, the non-parametric Mann-Whitney U-
Tryptephan 205.1 1180 28.0 890 test was applied. Statistical evaluation was performed using
d5-Tryptophan 2101 1221 37.0 31.0 GraphPad PRISM software, version 5.02 (GraphPad Software,
Kynurenine 209.1 94.1 19.6 4.0 San Diego, CA, USA). In case of multiple comparisons, two- or
dd-Kynurenine 213.1 1401 21.0 39.0 one-way ANOVA on ranks (Bonferroni’s multiple comparison
Kynurenic acid 190.1 162.0 24.0 85.0 test) was used. The criterion for significance was taken
ds-Kynurenic acid 195.1 167.1 24.0 65.0 to be p < 0.05.
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FIGURE 1 | Relative messenger RNA (mRNA) expression of IDO1, TDO2, KYNU, KYAT2, KYATS, and KYAT4 in glioblastoma multiforme (GBM) and head and neck
squamous cell carcinoma cells (HNSGCC). The graphs indicate the mRNA expression normalized to the housekeeping genes (2~2CT). GBM (N = 13, HROG02,

HROGO04, HROGO5, HROGO8, HROG10, HROG15, HROG24, HROG36, HROG38, HROGS2, HROGE3, HROG73, HROG75) and HNSCC cell lines [N = 8; FADU,
Detroit-562, Cal-33, PE/CA/PJ-15, UT-SCC14, UT-SCC-15 (33)).
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FIGURE 2 | IDC1 immunohistochemistry. Representative images of primary glioblastoma multiforme (GBM) [HROG36 (a,b), HROGE3 (¢,d), and HROG73 (e,f)] and
head and neck sguamous cell carcinoma (HNSCC) [HNSCCO6 {g,h), HNSCCO2 {i,j), HNSCCO1 (k,l)] samples. Left panel: Routine HE staining. Right panel: Note the
focal IDO1 expression on tumor-infiltrating lymphocytes exclusively in HNSCC cases. HNSCC case 1 (g,h): tonsil (HPVPe™2); cage 2 (i,j): mouth base (HPV"29&e,
relapse); case 3 (k,l): larynx (HPV#9alve) Pictures were taken at 20x and 10x magnification, respectively.

HNSCC

RESULTS

Basal IDO1 and Related Genes in GBM and

HNSCC Cell Lines

While IDOL itself is not the only mechanism by which tumors
can resist immune-mediated killing, we studied the expression
status of different KP-related genes on a panel of human
GBM and HNSCC cell lines. These experiments revealed not
only differences between both entities but also a heterogeneous
profile of all tested genes among cell lines (Figure 1). IDOI
was differently expressed by most glioma samples (11/13)
analyzed. In general, IDOI was only detectable at very low levels
(Figure 1). TDO2, the other rate-limiting enzyme of the KP
(36), was constitutively expressed by all glioma samples, and
expression was even higher in comparison to [DOI. Generally,
expression status for TDO2 and kynurenine hydrolase (KYNU)
was higher in GBM, while HNSCC expressed more kynurenine
aminotransferases (KYAT) (Figure 1), Hence, these data indicate
that the KP is active in both entities, with however different
enzymes being involved in TRP catabolism.

Still, tumor cell lines grown in vitro not necessarily
represent the in vivo situation; we therefore analyzed the IDO1
abundance in clinical resection specimens (Figure 2). In GBM,
IDO1 was detectable in one of three cases (representative
images are shown in Figure 2). By contrast, HNSCC samples
presented with IDO1 but only on a small fraction of tumor-
infiltrating lymphocytes (Figure2). Although not analyzed
systematically, the only HPVP¢ cage in this small cohort
showed highest IDO1 abundance, nicely reflecting the tumors’
immunogenicity (11, 37).

Gene Expression and Protein Changes

Upon IFNy Stimulation

IDO1 is an IFNy-inducible enzyme. Upon stimulation,
the KP is activated to induce immunosuppression. In vitro
stimulation with IFNy mimics the in vivo situation of an
inflammatory microenvironment. Hence, upon immune-
mediated inflammation, IDOl-negative tumor cells may
upregulate IDOI as resistance mechanism.
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FIGURE 3 | Relative messenger RNA (MRNA) expression of IDO1, TDO2, KYNU, KYAT2, KYATS3, and KYAT4 as well as IDO1 protein abundance following interferon-y
(IFNy) stimulation in glioblastoma multiforme (GBM) and head and neck squamous cell carcinoma (HNSCC) cells. The cell cultures were either untreated or treated
with IFNy (50 ng/ml) for 24 h. (A) The graphs indicate the mRNA expression normalized to the housekeeping genes (2-*CT). GBM N = 5 cell lines (HROGO2,
HROGOS5, HROGS2, HROGE3, HROGTS); HNSCC, N = 4 cell lines (FADU, Detroit-562, Cal-33, PE/CA/PJ-15). (B) IDO1 immunofluorescence in selected cell lines.
Cell nuclei were stained with DAPI, and IDO1 was depicted by monoclonal rabbit IDO1 primary antibody (1:100; Cell Signaling Technology), followed by secondary
antibody (1:250, Boster Biological Technelogy Pleasanton, CA, United States) labeling. Cells were analyzed with a Zeiss LSM-780 Confocal Laser Microscope.

Original magnification 20 x.

Using five individual GBM cell lines, IDOI expression was
inducible in all cases (Figure 3A). Upregulation of IDOI was high
on protein levels in HROGO5 cells and marginal in HROG63
(Figure 3B). TDO2 and KYAT3 were suppressed upon IFNy
stimulation in three of five samples and hardly detectable in one
cell line, supporting data from a recent publication (38). KYNU
was not affected by IFNy stimulation (Figure 3A).

Just as in GBM, IDOI was inducible in HNSCC cells
(Figure 3A). Immunofluorescence revealed focal expression of
singular cells with different intensity (Figure3B). Of note,
IFNy stimulation even induced upregulation of KYATI, KYAT2,
KYAT3, and KYAT4 (Figure 3A and data not shown), most likely
constituting a compensatory mechanism as described before in
experimental autochthonous tumor models (39).

Interference With the KP of Cytostatic and
Targeted Therapies

Next, we examined whether cytostatic and targeted drugs have
an influence on the KP. For GBM, TMZ was chosen, and for
HNSCC, 5-FU, Cisplatin, Gemcitabine, as well as Cetuximab

Frontiers in Immunology | www.frontiersin.org

were used. As a targeted yet still experimental agent, the potent
and specific CDKi Dinaciclib was applied to cells of both entities.

Before this experiment, drug doses were carefully tested
in dose-response analyses (data not shown) along with
discrimination of apoptosis and necrosis. Generally, drugs used
in this study tended to induce necrosis, while apoptosis, if
present, was only detectable at early time points. Exemplary
results for the HNSCC cell line Detroit-562 are given in
Supplementary Figures 1A,B. While cytostatics are well-known
to affect normal cells’ viability, the impact of the CDKi
Dinaciclib on immune and red blood cells is less clear.
We therefore performed a hemolysis and leukocyte viability
assay. In this experiment, no toxicity was seen against normal
cells (Supplementary Figure 1C). Even at high concentrations,
Dinaciclib impaired cellular viability/integrity only marginally
(Supplementary Figure 1C).

TMZ is an oral alkylating agent that methylates DNA
at the O° position of guanine causing cell cycle arrest at
G2/M. It is used as standard of care for GBM. However,
acquired resistance, a process not fully understood, leads to
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FIGURE 4 | Relative messenger RNA (mRNA) expression of 1001, KYATT, KYAT2, KYAT3, KYAT4, and KMO upon cytostatic drugs and targeted therapy in
glioblastoma multiforme (GBM) cells. Graphs indicate the mRNA expression of selected kynurenine pathway (KP}-related genes normalized to the housekeeping
genes (2-*CT). Results show data of three independent experiments. "p < 0.05; p < 0.01 vs. control. Two-way ANOVA,

major limitations in treatment. Here, TMZ downregulated
IDOI in three of five GBM cell lines but led to increased
expression in HROG52 and HROG63—a paired GBM cell line
established from the very same patient (primary lesion and
upon relapse) (Figure 4). Gene expression of KYAT2, KYAT4,
and KMO was heterogeneous. Generally, there was a trend
toward higher expression of those genes but with cell-line-
specific differences (e.g, KYAT3: p < 0.05 vs. control in
HROGO5 cells; Figure4). KYNU expression was not affected
by TMZ (data not shown). Interestingly, the combination
of IFNy and TMZ that mimics the in vivo situation led
to similar or even stronger IDOI upregulation compared to
IFNy alone in two out of four glioma samples (Figure 5).
Adding Dinaciclib to either IFNy or TMZ lowered the mRNA
expression of IDOI massively. Other KP-related genes like

TDO2 and KYATI-4 were similarly downregulated (Figure 5).
Supplementary Table for Figure 5 provides a detailed statistical
analysis of each cell line in relation to the individual
treatment regimens.

In HNSCC cells, Cetuximab was the only IDOI-inducing
substance (exemplary results for Detroit-562 cells are given in
Figure 6). Beyond that, the cytostatics as well as Cetuximab
induced at least one of the KP-related genes (p < 0.05 vs.
control), implicating activation of this pathway via different
effectors. By adding Dinaciclib to cytostatic drugs, this effect
was abrogated, even in the presence of IFNy (Figure 6 and
data not shown). Of note, Dinaciclib alone as well as in
combination with other substances eftectively suppressed all KP-
related genes, implying inhibition of the TRP catabolism by
this CDKi.

Frontiers in Immunology | www.frontiersin.org

February 2020 | Volume 11 | Article 55



Anhang

50

Riess et al.

Tryptophan and Cancers Drug Response

1.5x10°2 = 1.040°
— 3007 , 4 i 515 . 1 a
5 A 5 3 a A
T s0d0° a4 ° o =t
c -2 4
8 § 10 2 400
e 2 g
8 2 © 5
a8 o 3 3
g . X 5040 g 20407 °
3 3 = o I
o o <
B &+ R *° - e X 0
0 0-
© S ol
& F S & &S & F N
5§ & & o © 5 5§ &
& ¢ < s 9 o &
+ IFNy + IFNy + IFNy
— 20072 154102 5.0x10-2
] 5 £ aoaos
& ‘ 4.0:10-
< 15402 o ° 8 A ® N °
s 5 10407 5 ,
a ° b — 3 3040 °
o 1.002 o n o
£ . = o : " 8 20407
i a % » % o 50«0°{ *° _i_ _} % u;i : A " _f a
-3 (]
R 5.040 f o5 I [ £ o | i g 104072 -% i = %
> > Py _5%.
>
k ol % e ¢ o o * 0 a ° * ol—2 —
& F S S R R & & E S
5 & & S S & & & R
< IS < o & <° &
+ IFNy + PNy T IFNy

FIGURE 5 | Relative messenger RNA (MRNA) expression of IDOT, TDO2, KYATT, KYAT2, KYAT3, and KYAT4 upon concomitant treatment with interferon-y (IFNy) and
cytostatic drugs in glioblastoma multiforme (GBM) cells. The cell cultures (M = 5, HROGO02, HROGOS, HROGS2, HROGE3, HROG?5) were either left untreated or
treated with IFNy (50 ng/ml) for 24 h. Treatments were performed simultaneously, i.e., IFNy £ TMZ, and/or Dinaciclib. Graphs indicate the mRNA expression of
selected KP-related genes normalized to the housekeeping genes (2~ CT). Results show data of three independent experiments. A statistical report is given in

Supplementary Table for Figure 5.

Dinaciclib Blocks IFNy-Induced IDO1
Expression in GBM and HNSCC Cells

Considering the active downregulation of KP-related genes by
Dinaciclib, we investigated whether this CDKi is able to inhibit or
reverse IFNy-induced IDO1 upregulation in GBM and HNSCC
cells on a protein level. TMZ and Cetuximab were included as
active inductors of IDOI and associated KP-related genes.

IFNy and selected drugs were added simultaneously for 72 h.
Dinaciclib effectively blocked IFNy-induced IDO1 protein in
both entities, while TMZ alone as well as the combination with
[FNy strongly enhanced IDO1 protein level (Figure 7). Hence,
mRNA expression data were nicely confirmed.

When Dinaciclib was combined with IFNy and TMZ, the
IDO1-inducing stimulus of these latter substances was far too
strong to be suppressed (Figure 7). However, the low number of
residual cells in this combination hints toward additive or even
synergistic effects independent from IDO1 (Figures 7A,B).

While IDO1 was highly inducible in GBM cells only, we then
determined protein level upon IFNy-prestimulation approaching
the in vivo situation. The cytotoxic effect of Dinaciclib was
preserved; however, levels of IDO1 enzyme were not significantly
altered (Supplementary Figures 2A,B). Comparable results were
obtained for TMZ. Virtually, all residual cells showed positive
staining; still there was a trend toward lower intensity in
monotherapy and in combination (Supplementary Figure 2B).

Taken together, the CDKi Dinaciclib is able to block TFNy-
mediated and thus most likely even chemotherapy-induced
IDOI upregulation in GBM and HNSCC cells. However, blunt
interference with this TRP-metabolizing enzyme is unlikely.

Treatment Induced Influence on

KP-Related Metabolites

Qur data revealed IDO1 induction by TMZ, which is reversible
by Dinaciclib. Thus, we examined the influence on KP-related
metabolites in GBM cell lines.

TRP, KYN, and the downstream metabolite kynurenic acid
(KYNA) were quantified by MS using cell culture supernatants
of GBM cell lines (Figures8A,B). TRP was catabolized
after 24h from all cell lines among all treatment regimens.
Adding TMZ or Dinaciclib in monotherapy marginally affected
TRP consumption as well as KYN and KYNA production.
Stimulation with either TFNy or a combination of TMZ
resulted in greatly enhanced TRP depletion and increased
KYN levels, although to varying degrees in the different cell
lines (Figure 8A). Small amounts of KYNA were produced
constitutively and to a greater extent after IFNy mono- and TMZ
combination in all cell lines (Figure 8A). In contrast, KYNA level
remained unchanged upon Dinaciclib in combination with IFNy,
confirming immunofluorescence results (please see Figure 7 for
details). The same was true for the KYN/TRP ratio, being only
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FIGURE 6 | Relative messenger RNA (MRNA) expression of IDO1, KYATT, KYAT2, KYAT3, KYAT4, and KMO upon cytostatic drugs and targeted therapy in head and
neck squamous cell carcinoma (HNSCG) cells. Graphs indicate the mRNA expression of selected KP-related genes normalized to the housekeeping genes (2-4CT).
Results show data of three independent experiments using HNSCC cell line Detroit-562. *p < 0.05; *p < 0.01. One-way ANOVA (Bonferroni’s multiple

comparisen test).

affected in samples treated with IFNy as well as the combination
of IFNy and TMZ (Figure 8B).

These data underline our gene and protein expression
data. The CDKi Dinaciclib is directly or indirectly capable of
blocking the KP. TMZ particularly in combination with the
proinflammatory cytokine IFNy accelerates TRP consumption
accompanied by KYN and KYNA production in GBM cells.

DISCUSSION

The finding that high IDOI expression is associated with
shorter survival in cancer patients made IDO1 a promising target
either by specific inhibitors or indirectly by immunomodulation.

A recent study described dramatically suppressed tumor growth
upon IDO! knockdown by increasing the number of CD4"
and CD8' T cells in murine GBM models (9). However, the
exact mechanisms underlying IDO1 and thus TRP metabolism
along the KP remain unclear. Therefore, we focused on the
expression of IDOI and IDO-related KP genes and their potential
involvement in immune evasion in experimental models of
HNSCC and GBM.

We were able to show that the KP is active in both entities,
with different enzymes involved in TRP catabolism. Of note,
basal IDOI expression was low and inversely correlated with
TDO2. In the only prior study on primary GBM cultures, similar
results were described with constitutive TDO2 expression in
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FIGURE 7 | Indoleamine 2,3-dioxygenase (DO1) protein abundance in selected glioblastora multiforme (GBM) and head and neck squamous cell carcinoma
(HNSCC) cells upon cytostatic drugs and targsted therapy. The cell cultures [(A) GBM: HROGOS; (B) HNSCC: Detroit-562] were either left untreated or treated with
IFNy (50 ng/ml) for 24 h. Treatments were performed simultaneously, i.e., IFNy £ TMZ, Cetuximab, and/or Dinaciclib. Cell nuclei were stained with DAPI. Original
magnification 20x. (G,D) Quantification was done to score staining intensity in untreated and treated HROGO0S and Detroit-562 cells. This was carried out using

ImagedJ software as described in Material and Methods.

most GBM cell cultures (29). In here, TDO2 likely promotes
tumor growth by suppressing antitumor immune responses
2, 31). KP products are considered as therapeutic targets
because IDOI and other genes of the TRP metabolism are not
expressed in healthy brain tissue, but gradually increase with
GBM dedifferentiation (low vs. high grade GBM). In HNSCC,
different results on IDOI are documented, and expression is
heterogeneous among different HNSCC cell lines. Of note, IDO1
abundance of primary resection specimen and cultured cells
seems to be independent from anatomical site and HPV status
(40). Still, IDO1 is a useful marker for progression of in oral
squamous cell carcinoma (41). In esophageal squamous cell
carcinoma, progression and metastasis correlates with strong
inflammation at the tumors’ invasive front and disturbed TRP
metabolism (42). These cumulative data highlight the biological
relevance of the KP in malignancies and may explain why IDO1 is
barely detectable upon long-term in vifro culture. By mimicking
the inflamed microenvironment and thus taking a step closer to
the in vivo situation, IFNy was added as strong IDO1 inductor

Frontiers in Immunology | www.frontiersin.org

(43). While GBM cells responded with the expected IDOI
upregulation on mRNA expression and protein level as well as
accelerated TRP consumption, this molecule was barely inducible
in HNSCC cells. It is conceivable that this is due to the duration
of in vitro culture. GBM cells were established recently and thus
used in defined low passages (<P40), whereas half of the HNSCC
cell lines were long-term cultures with more or less unknown
passage [Detroit-562 as well as UT-SCC14 and UT-SCCI15 (44)
are the only exceptions; <P40]. Cell lines may acquire additional
mutations overtime changing their protein expression. Another
in vitro limitation is that experiments were conducted without
immunological pressure. In vivo studies are desirable to verify
the results.

Indirect effects of TRP metabolism include interference
with other biological functions like migration, angiogenesis,
and cell growth regulation (18, 40). To investigate the
influence of anticancer drugs on TRP catabolism, we performed
a comprehensive analysis using conventional chemotherapy
(TMZ, 5-FU, Cisplatin, Gemcitabine) and targeted drugs
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(Cetuximab, Dinaciclib). The KP-related gene expression and
metabolites were determined in residual cells. In GBM, the
standard of care drug TMZ was applied either with or without
[FNy stimulation. While this substance affected IDOI on the
expression level, the amount of the resulting protein increased.
This may be explained by either increased protein’s half-life due
to a reduced rate of degradation or the preferential translation
during cellular stress. In previous studies, exposure of several
cultured human malignant glioma cell lines, primary neurons,
and a neuroblastoma cell line to IENy reduced TRP levels in
culture medium accompanied by increased IDO1 expression and
KYN production (29, 45). Our results confirm these data, and in
addition, we were able to demonstrate that IFNy stimulation in
combination with TMZ stimulated KYN and KYNA production
and TRP catabolism in GBM cell cultures. The increase in TRP
catabolism and KYN production (KYN/TRP ratio) is widely used
as indirect indicator of the cumulative activities of TDO2, IDOI,
and IDO-2 (38, 46). The KP in brain tumors is likely triggered
by IFNy from immediate surrounding tissue (29, 47, 48). Thus,
IDOI expression in brain tumor cells is likely to be triggered
when IFNY is produced from activated T cells and/or microglia
and neurons. Furthermore, gliomas and glioneuronal tumors
have an elevated tryptophan uptake and catabolism in vivo (49).

Given our observation on a further enhanced KP activity upon
TMZ treatment, this might provide an explanation of (acquired)
drug resistance and final relapse. Hence, IDO1 blocking agents
should be investigated in TMZ-tailored therapeutic approaches.

In HNSCC cells, KP activation was different. KP-related
genes were exclusively induced by standard drugs, and only
Cetuximab induced IDOI. Additional upregulated genes
involved kynurenine aminotransferases, responsible for
synthesizing a neuroprotectant, and KMO. While the specific
biochemical activity of these molecules and biological relevance
in cancer is barely examined, we interpret this result as one
possible mechanism of resistance upon therapy—a finding quite
common after conventional chemotherapy and usually also
being associated with poor response toward neoadjuvant therapy
in other entities (50).

Mechanistically, this can be attributed to the secretion of
proinflammatory substances, such as prostaglandin E2 or high-
mobility group protein Bl by dying tumor cells, secondary
contributing to KP activation. By accumulating TRP, toxic
metabolites of tumor cells actively shape an immunosuppressive
microenvironment. Breaking down this shield is one of the main
objectives in pharmacological inhibition of KP. Questions remain
why most inhibitors failed in clinical trials, and mechanisms are
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only just beginning to become clear. A fact worth mentioning
is the functional redundancy of IDO1, IDO-2, and TDO2 (51),
augmenting the risk of mechanistic bypass.

Dinaciclib is a potent and specific CDK inhibitor of CDK1,
CDK2, CDK5, and CDK9. Preclinical studies showed that this
inhibitor is capable of decelerating tumor growth in numerous
cancer entities via cell cycle arrest and apoptosis induction (52,
53). In our study, Dinaciclib was the only KP-inhibiting substance
tested here. Of note, impairment of the KP was independent from
the combination partner, and this CDKi effectively suppressed
IFNy-induced IDOI upregulation after simultaneous treatment.
While this result was completely unexpected and has—to the
best of our knowledge—not been described previously, our data
do not support the idea of blunt interference with the KP.
GBM cells with strong IDOI expression showed only marginally
reduced IDO1 protein level after Dinaciclib treatment. This
effect might be boosted after long or repeated treatment cycles.
In line with these findings, several preclinical studies already
proposed synergistic effects of selective and unselective IDO1
inhibitors when administered in conjunction with chemo- and/or
radiotherapy (4). This may finally have impact for second-
or third-line immunotherapeutic approaches. Therefore, the
late KYN/TRP index is indeed a relevant clinical benchmark
providing prognostic value for GBM patients (54).

Summarizing our findings, we provide evidence for the
relevance of TRP catabolism in malignancies especially in the
context of standard therapy. The CDKi Dinaciclib was identified
as indirect KP inhibitor. Lastly, specific KP inhibition may
increase the efficacy of standard drugs by restoring immune
function and thus improve patients’ outcome.
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Cyclin-dependent kinase inhibitors exert distinct
effects on patient-derived 2D and 3D glioblastoma
cell culture models
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Claudia Maletzki?

Abstract

Current therapeutic approaches have met limited clinical success for glicblastoma multiforme (GBM). Since GBM
harbors genomic alterations in cyclin-dependent kinases (CDKs), targeting these structures with specific inhibitors
(CDKis) is promising. Here, we describe the antitumoral potential of selective CDKi on low-passage GBM 2D- and 3D
models, cultured as neurospheres (NSCs) or glioma stem-like cells (GS5Cs). By applying selective CDK4/6i abemaciclib
and palbociclib, and the more glebal CDK1/2/5/9- dinaciclib, different effects were seen. Abemaciclib and dinaciclib
significantly affected viability in 2D- and 3D models with clearly visible changes in morphology. Palbociclib had weaker
and cell line-specific effects. Motility and invasion were highly affected. Abemaciclib and dinaciclib additionally
induced senescence. Also, mitochondrial dysfunction and generation of mitochondrial reactive oxygen species (ROS)
were seen. While autophagy was predominantly visible after abemaciclib treatment, dinaciclib evoked y-H2AX-positive
double-strand breaks that were boosted by radiation. Notably, dual administration of dinaciclib and abemaciclib
yielded synergistic effects in most cases, but the simultaneous combination with standard chemotherapeutic agent
temozclomide (TMZ) was antagonistic. RNA-based microarray analysis showed that gene expression was significantly
altered by dinaciclib: genes involved in cell-cycle regulation (different CDKs and their cyclins, SMC3), mitosis (PLKT, TTK),
transcription regulation (IRX3, MENT), cell migration/division (BCART), and E3 ubiquitination ligases (RBBPs, FBXO32)
were downregulated, whereas upregulation was seen in genes mediating chemotaxis (CXCL8, L6, CCL2), and DNA-
damage or stress (EGR1, ARC, GADD45A/B). In a long-term experiment, resistance development was seen in 1/5 cases
treated with dinaciclib, but this could be prevented by abemaciclib. Vice versa, adding TMZ abrogated therapeutic
effects of dinaciclib and growth was comparable to controls. With this comprehensive analysis, we confirm the
therapeutic activity of selective CDKi in GBM. In addition to the careful selection of individual drugs, the timing of each
combination partner needs to be considered toc prevent resistance.

Introduction
Cyclin-dependent kinases (CDKs) play indispensable
roles in a variety of biological processes, including cell-
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cycle control, oncogenic transcription, DNA-damage
repair, and stem cell self-renewal’®. In most cancers,
genomic alterations in specific CDKs either result in
constitutive activation or loss of endogenous modulators,
including those of the pl6/CDK4-Cyclin-D/pRb path-
way”. This imbalance pushes cell-cycle progression and
malignant transformation®’. CDK inhibitors (CDKi's)
specifically targeting these proteins are widely applied in
(pre-)clinical oncological research'*~®, CDKi has syner-
gistic activity when applied in conjunction with other

Open Access This article islicensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and repraduction
inany medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Cormmons license, and indicate if

changes were madle, The images or other third party meterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material, If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder, To view a copy of this license, visit http//creativecommaons. org/licenses/by/4.0/.
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targeted drugs, such as BRAF and MEK inhibitors for
malignant melanomas®. Most clinical trials have con-
firmed manageable toxicity profiles, with clinical respon-
ses in many cases and even significantly prolonged overall
survival in selected patients cohorts®. To date, the three
FDA-approved CDK4/6i abemaciclib, palbociclib, and
ribociclib are a front-line treatment in combination with
hormonal therapy for metastatic HR'-HER2™ breast
cancer (BC)™'?. Numerous ongoing clinical phase II and
III studies evaluate the therapeutic potential in other
entities. Functionally, CDK4/6 are cell-cycle-regulatory
proteins that initiate the G,—S-phase transition by inter-
action with D-type cyclins and regulating Rb phosphor-
ylation to activate or repress gene transcriptionz’“.

GBM is the most common and aggressive primary
brain tumor'®. Current therapeutic approaches using
surgery and combined radio-/chemotherapy have met
limited clinical success, contributing to the extremely
poor 5-year survival rate of <3%'*'*, Genomic analysis
revealed alterations in the pl6/CDK4-Cyclin-D/pRb
pathway'® as well as specific interphase CDKs, namely
CDKI1 and CDKS5. The latter is strongly associated with
tumor initiation'®. As for GBM, a few studies have
investigated the potential of CDKi’s. Raub et al. descri-
bed the antitumor activity of abemaciclib in an ortho-
topic glioblastoma rat model showing promising effects
that were additive in combination with TMZ'®, Another
recent study even recommended nanoparticle encapsu-
lated with dinaciclib in combination with radiation
therapy for GBM via targeting tumor-associated
macrophages'”.

Here, we report the successful elimination of GBM cells
by CDKi application with several morphology changes,
including cell differentiation and vacuolization. We show
that abemaciclib and the more global acting CDKi dina-
ciclib have individual effects on patient-derived 2D- and
3D models that result in senescence, autophagy, and
mitochondrial impairment. By performing long-term
in vitro treatment, developing resistance against dinaci-
clib can be prevented by abemaciclib, but not che-
motherapy. These results are highly encouraging to move
forward with this strategy.

Results
CDKi treatment impairs viability in 2D- and 3D-cultured
GBM cells

In a preliminary pilot experiment, we applied the three
CDKi’s dinaciclib, abemaciclib, and palbociclib in mono-
and combination therapy with TMZ/radiation for 144 h
using mostly clinically relevant doses. Abemaciclib is the
only exception. Here, higher doses were applied.

As determined by light microscopy, several morphology
changes were observed in GBM 2D cultures after dina-
ciclib and abemaciclib treatment. Exemplarily shown for
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HROGO5 and HROG®63, dinaciclib treatment-induced
small vacuoles and cell shrinkage. Abemaciclib-treated
cells were enlarged, accompanied by a flattened structure
and a striking multivacuolar phenotype (Fig. 1A). Notably,
such morphological changes were seen in all cell lines and
resulted in reduced cell viability (Fig. 1D). Palbociclib was
less effective and TMZ treatment had no impact on via-
bility and morphology at the doses used.

Then, we performed simultaneous and sequential
combination regimens (72h each, dose: IC,y). The
simultaneous treatment describes the concomitant
administration of two substances, whereas the sequential
regimen is characterized by consecutive administration of
the respective drugs. In this comparative setting, only
simultaneous, but not sequential treatment with dinaci-
clib and abemaciclib synergistically potentiated antitumor
effects of the monotherapy in 3/5 cases (Supplementary
Table 1). With regard to TMZ, a synergistic effect was
observed when this drug was added after dinaciclib, while
the simultaneous treatment was mostly antagonistic.
Combination of abemaciclib and TMZ showed also no
benefit (Supplementary Table 1). Dual CDK blockade
with dinaciclib and palbociclib was again only antagonistic
(Supplementary Table 1).

In the 3D spheroids, cytotoxic effects of CDKi's were
preserved. Still, we observed differences between indivi-
dual 3D cultures, in which GSCs were more susceptible
toward CDKi’s than NSCs (Fig. 1B, C). In detail, dinaciclib
and abemaciclib impaired GSC and NSC morphology,
contributing to a significantly reduced viability (Fig. 1D).
Here again, palbociclib had cell line-specific and only
minor impact on viability. TMZ did not have any effect on
3D cultures (Fig. 1B, C). With regard to the combination,
we again identified striking differences between simulta-
neous and sequential regimens and also between indivi-
dual 3D cultures (Fig. 1D).

To sum up these findings, the timing of each combi-
nation partner influences effectiveness. Our results favor
the sequential instead of the simultaneous treatment in
both 2D- and 3D-cultured GBM cell lines. Also, palbo-
ciclib had lower activity against GBM cells than the other
CDKi’s dinaciclib and abemaciclib. Consequently, we
focused on the latter two agents in further experiments.

CDKi's induce apoptotic and necrotic cell death

To describe the effects of CDKi’s in more detail, we then
performed flow cytometric apoptosis/necrosis analysis
and focused on drug monoapplication. Figure 2 shows
HROG®63 as an example. Dinaciclib evoked necrosis,
abemaciclib triggered early apoptosis (Fig. 2A, B). Dual
CDK inhibition induces a mixed response but was not
able to enhance cytotoxic effects (Fig. 2A, B). Immuno-
genic cell death, a common result of CDKi therapy, was
not inducible by either treatment (Fig. 2C).
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CDKi's impair mitochondrial function and evoke
methuosis-like processes

Then, we analyzed the cause of cytoplasmic vacuole
formation after CDKi treatment and screened the GBM
cells for autophagy induction. Autophagy is responsible
for maintaining cellular homeostasis, but promotes cell
death after long-term stress. We indeed observed CDKi-
induced lysosomal activation in HROGO05 and HROG63,
primarily in abemaciclib-treated cells (Fig. 3A). While this
was hardly the only explanation for the observed mor-
phology changes, we checked whether CDKi treatment
causes mitochondrial damage. The mitochondrial mem-
brane potential (MMP) increased in the 2D culture upon
dinaciclib and abemaciclib, indicative of mitochondrial
hyperpolarization (Fig. 3A). Such mitochondrial dys-
function may lead to oxidative stress and ROS production.
Indeed, mono- and dual-CDKi administration additionally
increased mitochondrial reactive oxygen species (mito-
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ROS) levels (Fig. 3B), which corresponds to an increased
MMP. TMZ alone or in combination with dinaciclib did
not boost MMP and mito-ROS levels (Fig. 3A, B).
Intensified MMP signals were partially accompanied by a
higher intensity of the acidic activity. In HROG63 cells,
MMP signals and acidic compartments overlapped, while
this was not the case in HROGO5 (Fig. 4A). Also, CDKi-
induced huge vacuoles in HROGO5 cells were neither
positive for MMP, lysosomal activity, ER-Tracker, nor
Dextran (Fig. 3C-E). Hence, CDKi may block the lyso-
somal processing of these vesicles.

So, we next investigated the origin of vacuole formation.
By measuring LAMP-1/-2 and Rab7a via flow cytometry,
single- and dual-CDKi application increased the percen-
tage of LAMP1/2-Rab7a-positive cells. The cell line
HROGO5 showed the most pronounced morphological
changes with massive vacuolization and LAMP1/2-Rab7a
abundance under CDKi therapy (Fig. 3C-F). These
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Fig. 2 Analysis of cell death induction by CDKi. A, B Quantitative analysis of cell death using flow cytometric YO-PRO-1/PI staining after incubation
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detected by using a LSM-780 confocal laser microscope. 2D-cultured cells were stained with anti-Calreticulin Rabbit mAb (Alexa Fluor® 488
Conjugate) and Flash Phalloidin™ Red 594 to visualize surface-exposed CalR and filamentous actin (scale bar C: 50 pm).

cumulative data are indicative of the induction of early
methuosis-like processes.

To see whether similar mechanisms are present in 3D
cultures, we next checked mitochondrial activity and hypoxia
within NSC and GSC spheres (Fig. 3G). In both culture
models, MMP was seen at the edge of the spheres. Mito-
chondrial hyperpolarization was especially seen after dina-
ciclib and abemaciclib treatment of NSC. Dual-CDKi
treatment and dinaciclib in combination with TMZ accel-
erated the abundance of MMP signals, which were also
visible in the inner sphere (Fig. 3G, upper part). Additional
hypoxia analysis revealed that NSC had more hypoxic cores
than GSC—irrespective of the applied treatment schedule
(Fig. 3G, lower part). Mono- and dual-CDKi application
increased hypoxia in these cells. In GSC, hypoxic cores
increased after dinaciclib and abemaciclib monotherapy. The
combination of CDKi’s or with TMZ did not boost hypoxia
significantly. Hence, hypoxia plays a minor role here.
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Taken together, CDKi alone or in combination triggers
a specific and uncommon mode of cell death that is
characterized by a multivacuolar phenotype and signs of
early methuosis.

CDKi's trigger senescence induction in 2D- and 3D-
cultured GBM cell lines

Senescence can be triggered by different damaging stimuli,
including telomere shortening (replicative senescence), oxi-
dative DNA damage, and a persistent DNA damage
response. Here, senescence is likely provoked by either ROS
in hyperpolarized mitochondria (oxidative DNA damage) or
accumulation of YH2AX foci that represent a subset of
repair-proof lesions that seem to persist (DNA-damage
response). Hence, we examined the activity of
B-galactosidase, as well as activation of p16/p21 in selected
2D- and 3D models as markers of senescence (Fig. 4).
Senescence induction was observed in HROGO5 and
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Fig. 4 CDK inhibition induces senescence via activation of p16/p21 and B-galactosidase. 2D- and 3D-cultured GBM cells (A, C, D) were treated
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indicative for senescence. Representative images are shown (scale bar: A: 50 um; €: 200 pum). B Quantitative analyses of X-Gal-positive 2D-cultured
cells in relation to the whole-cell number/image. € Representative images of GBM demonstrate an increase in p16 and p21 after CDK inhibition. The
cell was treated as indicated, fixed, permeabilized, and stained with p21 Waf1/Cip1 (12D1) rabbit mAb (Alexa 488 conjugate) (green) and pl16
antibody (JC8): sc-56330 Alexa 546 (orange) (scale bar: D: 20 um). N= 3 independent experiments, mean £ SEM; ™"P < 0.001; P < 0.05 vs. control;
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HROG63 cells, with, however, interindividual differences
(Fig. 4A, B). Mono- and dual application of dinaciclib and
abemaciclib was most effective. TMZ induced senescence in
HROGO5 cells, the combination with dinaciclib boosted the
effects (Fig. 4A, B). The expression of senescence markers
pl6 and p21 increased in HROGO5 cells after CDKi treat-
ment and underlines the results of the p-galactosidase
staining. pl6 was detected in the nucleus and cytoplasm of
the cells, whereas p21 was only found in the nucleus. Dual
application of both CDKi leads to strong nuclear induction
of pl6. p21 expression was strongly elevated after dinaciclib
and TMZ treatment. In some cases, e.g., in the combination
regimens, colocalization of both markers was seen (Fig. 4C).
Comparable, though less pronounced effects of
[B-galactosidase staining were observed in 3D cultures and
again mainly visible in HROGO5 cells (Fig. 4D). To sum up,
CDKi’s trigger senescence via activation of p21 and p16.

CDKi's interfere with invasiveness and migratory potential
of 2D- and 3D-cultured GBM cell lines

In subsequent experiments, the impact of CDKi’s
treatment on cell motility as prerequisites for invasiveness
and metastasis was studied in 2D- and 3D cultures.
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First, a wound-healing assay was done. Figure 5A, B
shows representative images of 2D-cultured HROGO5
cells along with quantified scratch areas. Control and
TMZ-treated cells proliferated appeared normal and
almost closed the wound within 3 days (scratch comple-
tion after 7 days). Dinaciclib completely prevented GBM
cell proliferation, which was characterized by cell
shrinkage and cell death, leading to scratch areas higher
than at day zero (Fig. 5A, B). Abemaciclib treatment
decelerated wound healing and scratches did not fully
close within the specified time of seven days (Fig. 5A, B).
Dual CDKi treatment had comparable effects as the
monotherapy; the addition of TMZ had no influence.

In a subsequent Matrigel-based invasion—migration
assay, the migration and invasiveness of GBM cells
slightly increased under dinaciclib treatment, likely con-
stituting to some kind of escape. Abemaciclib reduced
migration/invasion in HROGO5 cells and led to a sig-
nificant 4-fold decrease in HROG®63 cells (Fig. 5C, P < 0.01
vs. control).

To determine the effect of CDKi on GBM spheroids, we
finally implanted defined individual NSC and GSC of cell
line HROGO5 in Matrigel and monitored sphere
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outgrowth (Fig. 5D). Control cells showed high basal
invasiveness into the Matrigel in which NSCs were much
more invasive than GSCs. CDKi treatment with dinaciclib
or abemaciclib reduced their invasiveness, in some cases
they did not even penetrate into the matrix (Fig. 5D).
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However, TMZ treatment was not able to prevent inva-
siveness of spheroids, which was even higher than in the
control. The main body of the implanted spheroid (NSC)
was partially disintegrated due to the massive penetration
into the matrix.
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H2AX

Hence, these findings nicely confirm the therapeutic
potential of selective CDKi's to prevent invasion and
migration. However, the addition of TMZ has a minor
effect.

CDKi’'s have a minor impact on double-strand breaks and
radiosensitivity

Thereafter, we evaluated the effects on signaling and
DNA-damage repair. Double-strand breaks (DSB) were
determined by y-H2AX staining, which promotes chro-
matin remodeling and the assembly of repair proteins
(Fig. 6). Monotherapy of 2D-cultured cells with dinaciclib,
but not abemaciclib elevated y-H2AX foci to a degree
comparable to TMZ. Dual CDKi treatment or in combi-
nation with TMZ was not able to potentiate the effects of
the monotherapy.

Then, we examined radiation-induced DSB. Radiation
itself had little impact on y-H2AX foci, but dinaciclib
pretreatment boosted DSB. No such radiosensitizing
effect was seen for abemaciclib. TMZ likewise induced
radiation-induced DSB, but in combination with dinaci-
clib, this effect completely vanished in HROGO5 cells
whereas this was not the case in HROG63 cells.

Microarray analysis identifies molecular alterations upon
dinaciclib and confirms the therapeutic activity

As a part of our study, we conducted microarray ana-
lyses of 2D-cultured HROG63 cells, either treated with
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dinaciclib or left untreated (Fig. 7 and Supplementary
Table 2). Among the 8008 genes in this analysis having a
fold change of 2 and a P value of <0.05, 4447 were up- and
3561 downregulated.

The most downregulated genes were BCARI, PLKI,
TTK, SIN3A, CENPF, and SMC3, all being involved in
cell-cycle and mitosis inhibition. Genes mediating tran-
scription regulation (RBBP6, IRX3, RTFI, and MENI),
chromosome remodeling (HIST1HI1B), and those encod-
ing for E3 ubiquitination ligases (RBBP6, FBX(032, CLILI)
were also strongly downregulated. The expression levels
of CXCLS, ARC, EGRI, TFPI2, GADD45B, CCL20, EGR],
PTGS2, JUNB, FOS, CCL2, DUSP2, IERS, and IL6 mRNA
significantly increased. CDKs that were downregulated
involved the known targets CDK1 (CCNA2, Bi/2) and
CDK9 (CCNK, Ti) as well as other CDKs, including
CDK7 (CCNA2, B1/2, E1), CDK12 (CCNK), CDK17, and
CDK20. While senescence was already confirmed by SA-
B-Gal staining, senescence-associated genes (SERPINB2/
El, BTG2, and NEK4) were also elevated. The same
applies to genes regulating autophagy and apoptosis. The
former were upregulated (L/LK2, MAP1LC3A/B, BECN]I,
ATGI2, DRAM?2, SQSTMI, and EI24), the latter (CASP
genes) showed mostly downregulation. CASPS5 is the only
exception.

Taken together, these molecular data nicely underpin
our findings on the complex effects of the multi-CDKi
dinaciclib on GBM cells.
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Resistance development can be abrogated by combined
CDK inhibition

Finally, we studied resistance development under
ongoing treatment. A long-term treatment approach of
ten repetitive weekly cycles was carried out on 2D-
cultured cells. Crystal-violet and calcein-AM/Mito-
Tracker staining were used to visualize effects (Fig. 8).

Dinaciclib long-term treatment completely inhibited
colony formation in 3/5 cases. Interestingly, most colonies
were seen in HROGO5 cells that already displayed the
weakest sensitivity toward dinaciclib in 2D short-term
therapy. Hence, is it likely that a pre-existing resistant
clone was responsible for outgrowth. The other cell line
was HROG®63, showing small colonies after dinaciclib
long-term exposure. Notably, no colony formation was
seen after repetitive abemaciclib treatment (Fig. 8). Hence,
we formally confirm the therapeutic activity of this CDKi.
As anticipated and in addition to the minor effects after
short-term exposure, TMZ did not influence colony for-
mation, with growth comparable to controls. Adding
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dinaciclib to TMZ prevented colony formation in one
case (HROG52), but abrogated the therapeutic effect in
the remaining cell lines (Fig. 8). The combination of both
CDKi was effective in four cases; still, continued growth
was seen in cell line HROG63. It is therefore tempting to
speculate that the same clone seen with long-term dina-
ciclib monotherapy was responsible for colony formation
in this setting.

Summing up, these data provide evidence that intrinsic
rather than acquired resistance plays a role in CDKi
treatment failure.

Discussion

In this study, we provide functional evidence for the
antitumoral effects of mono- and dual treatment with
CDKi on low-passage GBM models and identify
mechanisms of response. Notably, all patient-derived
GBM cell lines tested in this study were sensitive to
abemaciclib and dinaciclib, while the overall response to
palbociclib was weaker and additionally cell line-specific.
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Abemaciclib is structurally distinct from palbociclib, with
higher selectivity for CDK4 than CDK6 and targeting
additional kinases, including GSK3a/f and CAMKII o/p/
v, which may explain the individual effects of the two
CDK4/6i seen here. In support of this, we also observed
different responses to the CDK4/6i in the 3D-spheroid
system. By including two individual 3D-culture models
(NSC, GSC) that closely resemble in vivo features, these
data favor prospective abemaciclib and dinaciclib appli-
cation instead of palbociclib in treating GBM patients—
also due to the blood-brain-barrier permeability of abe-
maciclib. To underpin this, the mode of cell death was
studied in more detail. Here, we focused on abemaciclib
and dinaciclib. While both agents induced autophagy with
different intensities, abemaciclib additionally increased
early apoptotic cells, while dinaciclib predominantly
evoked necrosis. CDKi-mediated apoptosis has been
described in various tumor models® %, By contrast,
autophagy was only recently described for abemaciclib**
and just one publication described the cytoprotective role
of autophagy under dinaciclib therapy in NSCLC®.
Though not analyzed in detail here, LC3B-1I aggregation
and decreased p62/sequestosomel expression levels are
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likely alterations as earlier shown for flavopiridol, another
pan—CDKiZ(’. In addition to the effects described above,
abemaciclib and dinaciclib induced senescence via acti-
vation of pl6/p21 and likewise evoked DNA-damage
response, also confirmed by changes in mRNA expression
pattern.

Cell motility and invasion are prerequisites for tumor
progression and metastasis. Here, abemaciclib decelerated
motility and migration/invasion of GBM cells. Dinaciclib
completely prevented GBM motility, but was unable to
affect migration/invasion in the 2D system. Other studies
already described reduced motility in solid tumors under
CDKi treatment. CDK4 inhibition was shown to decrease
invasion, metastatic spread, and tumor progression in a
RB-high pancreatic ductal adenocarcinoma model*. One
report even suggested the involvement of CDK5 in the
metastatic spread; another trial proposed the contribution
of vimentin, Snail, COX-2, and PGE2*% Strikingly,
both CDKi prevented invasiveness of NSC and GSC
spheroids. Although the natural invasive behavior was
higher in NSC compared to GSC, TMZ equally enhanced
invasive growth in both 3D models. In NSC, the main
body of the implanted spheroid was partially disintegrated
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into the matrix. In addition to CDK4 and CDKS5, cyclin-B/
CDKI1 may play a role in tumor cell spreading, motility,
and invasion®"*?, Previous studies have also shown that
inhibition of CDK2/9 in triple-negative BC cells and
CDK9 inhibition in osteosarcoma cells decreased migra-
tion by preventing phosphorylation of CDK-mediated
Smad3 and RNA POL-Il in triple-negative BC**3%,

We further demonstrated mitochondrial dysfunction
characterized by elevated MMP levels and overproduction
of mito-ROS. The results from the 2D system were
additionally confirmed in 3D models showing elevated
MMP upon dinaciclib. While the inner sphere showed
less MMP signals, they were visible on the edge of the
sphere. Mono- and dual CDKi increased hypoxia in NSC,
indicating loss of mitochondrial function mainly in the
inner sphere®~°,

We, therefore, hypothesize that mono- or dual CDKi
treatment increases oxidative stress, induces DSB, and
potentiates senescence to trigger cell death®~**, While
MMP signals and acidic compartments overlapped in 2D-
cultured HROG63 cells, this was not the case in cell line
HROGO5. Intriguingly, we also observed multiple huge
vacuoles in CDKi-treated cells. CDKi seemed to trigger
the uptake of 10-kDa dextrans and the acidotropic agent
in small vacuoles, but rarely in the most enlarged ones.
Also, huge vacuoles were insensitive for ER-Tracker and
MMP, suggesting vacuoles also did not originate from the
mitochondria or endoplasmic reticulum. Here, vacuoli-
zation was accompanied by a higher abundance of
LAMP1/2 and Rab7a, which are late endosomal markers
formed in the early stages of methuosis. Methuosis is a
nonapoptotic cell death phenotype defined as the accu-
mulation of large fluid-filled cytoplasmic vacuoles that
originate from macropinosomes*®. Here, these char-
acteristics superficially may resemble methuosis(-like)
processes in addition to the appearance of apoptosis“.
Recent data from the literature support this mechanism,
as some antineoplastic agents, including abemaciclib
promote  vacuolization, which may lead to
methuosis?*****,

GBM cells may have intrinsic and/or acquired radio-
resistance. Dinaciclib, but not abemaciclib induced y-
H2AX foci that were boosted after combined CDKi
radiotherapy. The induction of DSBs was accompanied by
downregulation of CDKI and SIRT3, the latter being
known to mediate radioresistance™®, Hence, dinaciclib
reversed radioresistance.

By directly comparing the cytotoxic activity of abema-
ciclib and dinaciclib, the latter was more potent, likely due
to the global activity in targeting multiple CDK. Finally,
the strong cytotoxic effects of dinaciclib were confirmed
in the microarray data of HROG63 cells. Genes involved
in cell-cycle regulation/progression, mitosis, transcription
regulation, cell migration/adhesion/division, and those
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encoding for E3 ubiquitination ligases were strongly
downregulated, whereas the expression level of
chemotaxis-mediating and DNA-damage or stress genes
was significantly upregulated. The upregulation of DDR
genes such as GADD45A/B which affects aurora-A and
Nek2 and therefore promotes genomic instability and
histone alterations*”** along with reduced CDKI and
SIRT3 expression may explain the treatment-induced
accumulation of y-H2AX. While CDKs are not only
involved in cell-cycle progression, they play also crucial
roles in neuronal differentiation, transcription regulation,
and migration/invasion. Here, several CDKs and their
corresponding cyclins are downregulated. Among them,
CDK1 is required for successful completion of M-phase
but also contributes to DNA-damage repair, checkpoint
activation, and the progression of senescence escape by
modulating the survivin pathway in glioma cells**°,
Though dinaciclib is widely described as CDK1/2/5/9i, we
also detected downregulation of genes encoding for
CDK9, CDK12, and CDK20 which may have an impact on
the protein level. CDK20 promotes cell growth and
facilitates radio-chemoresistance in lung cancer cells®.
CDK12, a transcriptional regulator of homologous
recombination that shares sequence homology with
CDK9, was previously identified as a target of dinaciclib in
BC cells. The therapeutic effect included resensitization to
a PARP inhibitor yielding durable regression in a patient-
derived xenograft model®®. Dinaciclib has an even more
complex mode of action than previously anticipated. This
not only involves cell-cycle arrest, but also cell death via
numerous mechanisms: impaired DNA-damage repair,
genomic instability, disturbed transcription regulation,
and induction of dysregulated mitochondria, senescence,
and autophagy. Whether abemaciclib likewise alters gene
expression on such a global level, is a matter of specula-
tion and has to be addressed prospectively. Still, our
complex set of data indicate that similar mechanisms are
altered by abemaciclib. Quite in line, long-term treatment
with abemaciclib prevented colony formation even better
than dinaciclib. Small viable colonies in some cases might
be best explained by single outgrowing clones either
intrinsically resistant or rapidly acquiring resistance upon
therapeutic pressure. Residual cells showed MMP signals,
with reduced viability, indicative of nonintact or almost
dying cells.

Summarizing our findings, we show that abemaciclib and
dinaciclib, but not palbociclib, inhibited GBM viability/
motility, and invasion through multiple mechanisms: senes-
cence, autophagy, necrosis/apoptosis, and mitochondrial
dysfunction. We additionally provide mechanistic insights
regarding the single-agent activity of dinaciclib. Our data
support the idea of using CDKs as therapeutic targets in
GBM and suggest dual CDKi application as a new ther-
apeutic approach in clinical trials.
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Materials and methods
Patient-derived tumor cell lines and culture conditions
Patient-derived GBM cell lines (N=5; HROGO02,
HROGO05, HROG52, HROG63, HROG75) were estab-
lished in our lab and basically characterized, including
molecular analysis and MGMT promoter methylation
status®. 2D cell cultures were cultured in full medium
and incubated at 37 °C in a humidified atmosphere of 5%
COy: Dulbecco’s modified eagle medium: nutrient mix-
ture F-12 supplemented with 10% FCS, L-glutamine
(2mmol/1), and antibiotics (100 U/ml penicillin/100 pg/
ml streptomycin) (all from Pan Biotech, Aidenbach,
Germany). 3D GBM neurosphere cells (NSC) and glioma
stem-like cells (GSC) were cultured in ultra-low-
attachment (ULA) plates (Greiner Bio-One, Kremsmiin-
ster, Austria) in a defined medium. NSC was grown in
serum-containing medium (=sphere medium), whereas
GSC was cultivated in serum-free medium containing
stem cell-inducing additives (=stem cell medium) (+ 1x
B-27% supplement (50%) (Gibco™, Life Technologies™,
Carlsbad, USA), +20ng/ml recombinant human epi-
dermal growth factor (rhEGF), + 10ng/ml bFGF
(Immunotools, Friesoythe, Germany). Prior treatment,
cells were incubated until spheroids form (~72-96 h).
Using this methodology, a single well-defined spheroid
with cell line-specific appearance of a particular size was
generated.

Cytostatic drugs and targeted substance

The cytostatics included the CDKi’s (all from Sell-
eckchem, Munich, Germany) abemaciclib (10 uM), pal-
bociclib (10 uM), and dinaciclib (10 or 100 nM). TMZ
(10 uM) was obtained from MSD (Haar, Germany). All
substances were used in doses below the ICs, as deter-
mined in the preliminary dose-finding study (range
10 nM 10 pM).

Viability and senescence assays

Cell viability was assessed by calcein-acetoxymethyl
(AM) (Biomol GmbH, Hamburg, Germany) fluorometric
assay in 2D culture as described in ref. **. 3D cultures
were analyzed luminometric using the CellTiter-Glo® 3D
cell viability assay (Promega, Walldorf, Germany)
according to the manufacturer’s instruction. CellTiter-
Glo® 3D luminescence signal was read with a microplate
reader (Infinite® M200, Tecan Group, Switzerland). In
addition, ten cycles of single and combined therapy were
done in long-term treatment. Readout was done by Cal-
cein AM + MitoTracker Red (Cell Signaling Technology,
Frankfurt/Main, Germany) and crystal violet staining
(0.2%, Sigma-Aldrich, St. Louis, USA). Senescence-
associated P-galactosidase (SA-B-gal, Cell Signaling
Technology, Cambridge, UK), as well as apoptosis and
necrosis using flow cytometry-based Yo-Prol/propidium
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L . . . 54,55
iodide staining, was measured as described in refs. ” 55,

For pl6 and p21 detection, cells were fixed with 2% par-
aformaldehyde (PFA) w/o methanol (15 min, Thermo
Fisher Scientific, Darmstadt, Germany), washed twice,
permeabilized, and blocked with 2% BSA, 0.5% Triton X-
100 in PBS for 60 min and stained with p21 Wafl/Cipl
(12D1) rabbit mAb (Alexa 488 Conjugate) (green) (1:300,
Cell Signaling Technology) and pl6 antibody (JC8): sc-
56330 Alexa 546 (orange) (1:50, Santa Cruz Biotechnol-
ogy, Dallas, TX) overnight at 4 °C. Nuclei were counter-
stained with DAPI and cells were analyzed on a Zeiss
LSM-780 Confocal Laser Microscope (Zeiss, Jena,
Germany).

Immunogenic cell death assays

GBM cells were treated for 72 h. Cells were fixed in 4%
PFA w/o methanol (30 min)). Surface-exposed Calreticu-
lin (CalR) was detected using an anti-Calreticulin Rabbit
mAb (Alexa Fluor® 488 conjugate) (1:50; overnight, Cell
Signaling Technology), followed by filamentous actin
staining (Flash Phalloidin™ Red 594 (1:20, 20 min, Biole-
gend). Nuclei were counterstained with DAPI and cells
analyzed on a Zeiss LSM-780 confocal laser microscope.

Cs-137 y-irradiation

Cs-137 y-irradiation (2Gy) was performed 24 h after
treatment using an IBL 637 (CIS Bio-International,
Codolet, France), followed by 3-day incubation at 37 °C
and 5% CQO,. Double-strand breaks (DSB) were assessed
with y-H2AX staining. For the latter, cells were fixed with
4% PFA/PBS, washed twice, permeabilized (0.5% Triton
X-100, 15 min), blocked in 1% BSA (45 min), and incu-
bated with Alexa Fluor® 594 anti-H2A.X Phospho
(Ser139) antibody (1:1000, overnight, 4°C) (Biolegend).
Nuclei were counterstained with DAPI and analyzed on a
Zeiss LSM-780 confocal laser microscope.

In vitro wound-healing assay and 2D cellular migration/
invasion assay

A wound-healing assay was done as described in ref. >,
data acquisition was made using a Leica DMI 4000B
microscope (Leica, Heidelberg, Germany). Then, a modified
Boyden chamber technique (ThinCerts, Greiner Bio-One)
with and without Matrigel-coated membranes (Corning,
Corning, USA) was applied according to Ramer et al.*”.

Tumor spheroid invasion assay

After sphere formation, 96-ULA well plates were placed
on ice; half of the medium was removed, and reagents
were added at a twofold final concentration (+ EGF =to
stimulate invasion) into U-bottom wells containing ice-
cold matrigel (Corning). Spheres were monitored for
7 days and images were taken at 24h to 3-day intervals
with a final record on day 7 (Leica DMI 4000B).
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MitoTracker” Red CMXRos, MitoSOX™ Red, LysoTracker™
Green DND-26 ER Tracker ™ Blue-White DPX, and Dextran
Alexa Fluor™ 594; 10,000 MW

MitoTracker CMXRos (8-(4’-chloromethyl) phenyl-
2,3,5,6,11,12,14,15-octahydro-1 H,4 H,10 H,13 H-diquino-
lizino-8 H-xanthylium chloride), LysoTracker Green, ER-
Tracker™ Blue-White (Dapoxyl) DPX and Molecular
Probes™ Dextran, Alexa Fluor™ 594; 10,000 MW, anionic,
fixable dyes were prepared according to the manu-
facturer’s instructions (Cell Signaling Technology,
Thermo Fisher Scientific). Mitochondria (MitoTracker
Red CMXRos, 20nM), ER (ER Tracker, 500 nM), and
acidic components (LysoTracker, 50 nM) were stained
(30 min, 37 °C) 72 h post treatment; Dextran (100 pg/ml)
was given simultaneously with treatment and incubated
72h. Images were taken on fluorescence microscopy
(Leica DMI 4000B). MitoSOX™ Red (5 pM, 30 min, 37 °C,
Thermo Fisher Scientific) was used as indicator of mito-
chondrial superoxide and analyzed via flow cytometry
(FACS Verse, BD Bioscience, Franklin Lakes, USA).

LAMP1/2, Rab7a measurement

Vacuole formation was quantified on cells stained with
CD107a, CD107b (lysosomal-associated membrane pro-
teins 1 and 2, LAMPI1, LAMP2), and GTPase Ras-related
protein (Rab7a; 30 min, 4 °C, + intracellular staining) (all
purchased from Biolegend). The analysis was done on a
FACS Verse.

Image-iT hypoxia reagent

3D cultures were maintained, plated, and treated as
described. Hypoxia reagent (Thermo Fisher Scientific)
was added (10 pM, 3 h, 37 °C). The medium was replaced
and cells kept in the incubator (24 h). Cells were imaged
using a fluorescence microscope (Leica DMI 4000B).

Microarray analysis of RNA expression profiles

RNA of treated and control HROG63 cells (5 x 10°
cells/treatment) were extracted employing RNeasy Plus
Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol. The total RNA was quantified on a
spectrophotometer (NanoDrop 1000, Thermo Fisher
Scientific) and integrity confirmed using the Agilent
Bioanalyzer 2100 with an RNA Nano chip kit (both from
Agilent Technologies, Waldbronn, Germany). Expression
profiling was performed by taking advantage of the
Affymetrix Human Clariom S Array (Affymetrix/Thermo
Fisher Scientific, Santa Clara, USA), which interrogates
over 20,000 well-annotated genes. Therefore, the so-called
Whole Transcriptome protocol was employed described
in ref. 5%, Primary data analysis was performed with the
Affymetrix Transcriptome Analysis Console (TAC) soft-
ware, including the SST-RMA for normalization. Gene
expression data were log-transformed. Limma was used
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here to calculate the P value. A change was considered
significant when the Limma eBayes P value met the cri-
terion P<0.05 at fold changes >|2|, i.e., expression
increments or declines larger than two.

Image processing

Quantification of the images was done by using the FIJI-
Image] software as follows:

Staining intensity was determined by dividing the
channels into red, green, and blue. Subsequently, inte-
grated density profiles of the same size were measured in
the respective channels.

For manual identification of scratch area (=open
wound area), captured images were converted to grays-
cale. Finally, a threshold, a band-pass, and minimum filter
were applied. Region of interest(s) (ROI) could then be set
and scratch area analyzed. The scratch area [um?] was
plotted over the time for each substance. Data are pre-
sented as mean.

Statistics

All values are given as mean + SEM. After proving the
assumption of normality, differences between controls
and treated cells were determined by using the unpaired
Student’s t-test viability determination. In the case of
multiple comparisons, one- or two-way ANOVA on ranks
(Bonferroni’'s multiple-comparison test) was applied.
Statistical evaluation was performed using GraphPad
PRISM software, version 5.02 (GraphPad Software, San
Diego, CA, USA). The criterion for significance was taken
to be P <0.05.
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8.5.3 The Individual Effects of Cyclin-Dependent Kinase Inhibitors on Head
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Simple Summary: This study examined the therapeutic potential of a combined therapy approach,
based on clinical approved drugs (5-FU, Cisplatin, cetuximab) and cyclin-dependent kinase inhibitors
(CDKi, dinaciclib, palbociclib, THZ1). We identified individual effects on head and neck squamous
cell carcinoma cells, including induction of apoptosis/necrosis, and senescence as well as reduced
invasiveness. Besides, we describe the relevance of the sequential timing of each combination
partner to achieve synergistic effects. Another interesting finding of our study is the upregulation of
immunologically relevant molecules on the tumor cell surface under certain CDKi-drug combinations.
Here, dinaciclib and palboclicb had highest impact on immunogenicity, which even exceeded effects
of the standard drugs. Finally, a therapeutic in vivo approach partially confirmed cell line-based
results. Here, effective tumor growth control was seen when cisplatin was combined with dinaciclib.
However, antitumoral effects were highly individual and nicely confirm the heterogeneity of this
tumor entity.

Abstract: Cyclin-dependent kinase inhibitors (CDKi “s) display cytotoxic activity against different
malignancies, including head and neck squamous cell carcinomas (HNSCC). By coordinating the
DNA damage response, these substances may be combined with cytostatics to enhance cytotoxicity.
Here, we investigated the influence of different CDKi’s (palbociclib, dinaciclib, THZ1) on two
HNSCC cell lines in monotherapy and combination therapy with clinically-approved drugs (5-FU,
Cisplatin, cetuximab). Apoptosis/necrosis, cell cycle, invasiveness, senescence, radiation-induced
v-H2AX DNA double-strand breaks, and effects on the actin filament were studied. Furthermore, the
potential to increase tumor immunogenicity was assessed by analyzing Calreticulin translocation
and immune relevant surface markers. Finally, an in vivo mouse model was used to analyze the
effect of dinaciclib and Cisplatin combination therapy. Dinaciclib, palbociclib, and THZ1 displayed
anti-neoplastic activity after low-dose treatment, while the two latter substances slightly enhanced
radiosensitivity. Dinaciclib decelerated wound healing, decreased invasiveness, and induced MHC-I,
accompanied by high amounts of surface-bound Calreticulin. Numbers of early and late apoptotic
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cells increased initially (24 h), while necrosis dominated afterward. Antitumoral effects of the selective
CDKi palbociclib were weaker, but combinations with 5-FU potentiated effects of the monotherapy.
Additionally, CDKi and CDKi/chemotherapy combinations induced MHC 1, indicative of enhanced
immunogenicity. The in vivo studies revealed a cell line-specific response with best tumor growth
control in the combination approach. Global acting CDKi’s should be further investigated as targeting
agents for HNSCC, either individually or in combination with selected drugs. The ability of dinaciclib
to increase the immunogenicity of tumor cells renders this substance a particularly interesting
candidate for immune-based oncological treatment regimens.

Keywords: targeted therapy; combination strategies; immunogenic cell death; xenograft model

1. Introduction

Mammalian cell cycle is controlled by cyclin dependent kinases (CDKs) [1]. In tu-
mors, CDKs are dysregulated and CDK/cyclin complexes frequently overexpressed [2—4].
Tumor cells bypass the CDK4/6-Rb axis because it is critical for cell cycle entry and cell
proliferation [5]. The knowledge about these mutations is a chance to identify molecular
targets for pharmacological interventions [6]. Indeed, several CDK inhibitors (CDKi’s) been
developed for cancer treatment. Additionally to the highly selective and FDA-approved
CDKi’s palbociclib, ribociclib, and abemaciclib, multi- and pan-CDKi'’s are now entering
clinical trials. These include, among others, dinaciclib that targets CDK1, CDK2, CDKS5,
and CDK9 [7,8], and THZ1, which is active against CDK7, CDK12, and CDK13 [9,10].

Advances in understanding of pathobiology and molecular characteristics have con-
tributed to the introduction of novel therapy approaches. Still, the treatment of solid tumors
remains challenging. Additionally to intrinsic resistance mechanisms, the development
or outgrowth of single subclones after therapy promotes immune escape and complicates
precision medicine.

Head and neck cancers are paradigmatic for tumor heterogeneity. They can be found
in the oral cavity, pharynx, larynx, salivary glands, nasal cavity, and paranasal sinuses [11].
The predominant histological type of head and neck tumors is squamous cell carcinomas
(HNSCC) [11]. HNSCC is the 7th most common cancer worldwide [11-13]. Risk factors
include tobacco, alcohol, and human papillomavirus (HPV) infection. The latter drives
tumor formation in the oropharynx with distinct clinical, histopathological, and molecular
characteristics [14,15]. Around 58% of the patients present with loco-regionally advanced
disease at diagnosis and this patient cohort has a poor prognosis [11]. Hence, the imple-
mentation of targeted therapies in standard treatment schedules constitutes a promising
and urgently needed approach for improving treatment and outcome. In 2019, a multi-
center, multigroup, phase 2 trial reported promising activity outcomes in patients with
platinum-resistant or cetuximab-resistant HPV-unrelated HNSCC receiving palbociclib
and cetuximab [16]. Though combination strategies are promising, the sequential timing of
each combination partner remains debatable [17-19]. To move forward, we here employed
simultaneous and sequential combination strategies of clinically approved therapeutics
and CDKi’s for treating HNSCC with the aim to identify the best strategy.

2. Results
2.1. CDKi Treatment Impairs Viability and Exerts Synergistic Effects in Combination Therapy

UT-SCC-14 and UT-SCC-15 were used as in vitro cell culture models, since these cells
are representative for primary and recurrent HNSCC. Both cell lines were susceptible
to standard drugs and CDKi’s in clinically relevant doses (below 1 pM for CDKi's and
<90 ug/mL for cytostatic drug), as determined in preliminary experiments. For combina-
tion experiments, standard drugs 5-Fluorouracil (5-FU), Cisplatin, and cetuximab as well as
CDKi’s (dinaciclib, palbociclib, THZ1) were applied in doses below the ICsq (Figure 1A,B;
cetuximab is the only exceptions, here ICsy doses were used). The time course of treatment
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considered each cell lines” doubling times and attempted to mimic the in vivo situation.
Therefore, cells received two treatment cycles of 72 h.
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Figure 1. Simultaneous and sequential treatment schedules. (A) Biomass quantification after monotherapy with 5-FU,
Cisplatin, and cetuximab (1 x 72 h). Doses used here were determined before using classical dose response curve analysis.
Read out was done by crystal violet staining and biomass in relation to untreated controls quantified. In (B) the Bliss
Independence model was used to calculate potential synergistic effects. The green color indicates a synergistic and red
color an antagonistic effect of the simultaneous combinations. (C-E) Sequential treatment: (C) dinaciclib [0.005 uM], (D)
palbociclib [1 uM], and (E) THZ1 [UT-5CC14: 0.02 uM; UT-5CC-15: 0.005 uM] in comparison to 2 x 72 h CDKi monotherapy
(first bar of each graph). Drug doses were as follows: 5-FU [0.32 ng/mL]; Cisplatin [UT-SCC14: 0.5 pg/mL; UT-SCC-15:
0.05 ug/mL]; cetuximab [0.5 ug/mL]. Mann Whitney U-test (1 = 34 independent experiments) # p < 0.05, ## p <0.01 vs.
1st CDKi; Kruskal Wallis test (1 = 3—4 independent experiments) * p < 0.05, ** p < 0.01 vs, monotherapy. The 1 x 72 h
monotherapy with 5-FU, Cisplatin or Cetuximab confirms that the potential enhancing effect of sequential combination
therapy is not due to the single administration of these substances but the effect of the 2 x 72 h CDKi monotherapy (in the
left bar) is actually enhanced.

In a first series, simultaneous combinations were applied (Figure 1B). Notably, dual
CDKi treatment was synergistic or additive in UT-SCC-14 and partially in UT-SCC-15 cells
as determined by biomass quantification. Here, combinations of dinaciclib with palbociclib
or THZ1 were synergistic (Figure 1B). CDKi/drug combinations were mainly antagonistic.
The only exception was seen for Cisplatin in conjunction with dinaciclib (UT-5CC-14) and
cetuximab with dinaciclib or THZ1 (UT-SCC-15).
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To test if the effect of a 2 x 72 h CDKi monotherapy can be boosted, sequential
combinations were performed (Figure 1C-E). The first bar of each graph shows CDKi
monotherapy, followed by the sequential combination treatments. CDKi were either given
before or after standard therapy. The sequential treatment with dinaciclib (Figure 1C)
revealed higher biomass reduction in both cell lines when standard therapy was given first.
There was a strong reduction for all three combinations in UT-SCC-14 and UT-5CC-15. The
sequential treatment with palbociclib yielded opposite results (Figure 1D). Here, palbociclib
pretreatment prior to Cisplatin or cetuximab was better than the other way around. The
order of 5-FU application had no leverage. For the sequential combination with THZ1
(Figure 1E), cell line-specific responses were seen. UT-SCC-14 cells” viability was more
affected when 5-FU was given first and second THZ1. Comparable effects were seen after
THZ1/Cisplatin treatment in UT-SCC-15 cells. Still, the other combinations were only
effective when the standard drug was given before.

The aforementioned findings nicely confirm the heterogeneous response pattern
of HNSCC.

2.2. CDKi’s Induce Apoptotic and Necrotic Cell Death and Mediate Calreticulin Translocation

To investigate the effects of different treatments on the two cell lines, an apoptosis-
necrosis assay was performed on selected treatment schedules (Figure 2A,B). Cells were si-
multaneously treated with CDKi’s and drugs (5-FU, Cisplatin) for 24 and 72 h (Figure 2A,B).
Short-term dinaciclib monotherapy mainly induced early apoptotic and necrotic cell death.
The other monotherapies had minor or no impact on cell viability. After 72 h, overall cell
death was higher in treated cells, but with individual differences. Dinaciclib alone or in com-
bination induced necrosis, THZ1 and its combinations triggered apoptosis or a mixed form
of apoptosis and necrosis (Figure 2A,B). Additionally to the induced cell death, senescence
was studied, since this is a common response to CDK inhibition (Figure 51). These experi-
ments revealed senescence induction by specific CDKi's (e.g., dinaciclib) or its combination
with standard drugs (e.g., 5-FU). However, senescence was not the dominating cellular
response here, suggesting a minor role. UT-SCC-14 cells clumped together, especially
under dinaciclib monotherapy and combination therapy, while UT-SCC-15 cell clusters
were disrupted. The combination of THZ1 and 5-FU had similar effects to dinaciclib.

Then, the ability to induce immunogenic cell death was measured after 72 h by de-
tecting calreticulin (CalR) on the tumor cells’ surface (Figure 2C). The proportion of CalR
positive cells and the mean fluorescence intensity signal (MFI) (Figure 2D) were recorded.
Dinaciclib induced CalR translocation in monotherapy and combination therapy signifi-
cantly. Notably, the combination of THZ1 and 5-FU likewise induced CalR translocation.
While these findings already hint towards immune stimulating properties, we additionally
checked for immunologically relevant markers (Figure 3A,B). The abundance of HLA-ABC
(MHC class I) and PD-1 on tumor cells was examined. A significant increase in MHC
class I was seen after dinaciclib monotherapy and combination therapy as well as upon
palbociclib treatment of UT-SCC-14 cells (Figure 3A). The MHC class I abundance changed
marginally in UT-SCC-15 cells irrespective of the treatment schedule used (Figure 3B). This
was, however, likely because of the high basal MHC class I abundance, which was about
80%. Still, dinaciclib and their combinations tended to upregulate MHC class I, finally
yielding ~100%. PD-1 was upregulated by certain treatments. This did, however, not reach
statistical significance (Figure 3A,B).
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Figure 2. Apoptosis/necrosis assay and detection of immunogenic cell death (ICD). For (A,B) apoptosis /necrosis assay,
cells were stained with Yo-Pro 1 iodide and PI. Cells that were positive for Yo-Pro 1 iodide were defined as early apoptotic,

cells that were positive for Pl were defined as necrotic, and double positive cells were defined as late apoptotic. Apopto-
sis/necrosis assay was done after 24 h and 72 h. (A) Representative dots plots showing distribution of viable and dead
cells (either apoptotic or necrotic). (B) Quantitative analysis of apoptotic and necrotic cells subdivided into early apoptotic
(Yo-Prol*/PI7), late apoptotic (Yo-Prol* /PI*) and necrotic ((Yo-Prol~ /PI*). (C,D)) ICD was detected after 72 h treatment
by staining CalR on the cell surface. In both assays, 10,000 events were measured and the percentage of cells showing CalR
translocation and the mean fluorescence intensity (MFI) of CalR™ cells are provided. Drug doses were as follows: dinaciclib
[0.02 uM]; palbociclib [1 uM]; THZ1 [UT-SCC14: 0.02 uM; UT-SCC-15: 0.005 uM]; 5-FU [90 ug/mL]; Cisplatin [0.1 pg/mL].
(B) Kruskal Wallis Test (n = 4-5 independent experiments); late apoptotic # p < 0.05 vs. control; necrotic * p < 0.05, ** p < 0.01
vs. control (D) Iway ANOVA (n = 3—4 independent experiments) * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control.
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Figure 3. Phenotyping and cell cycle analysis. Phenotyping of (A) UT-SCC-14 and (B) UT-SCC-15 cells using multi-color
flow cytometry. Therefore, cells were stained after 48 h treatment with test substances using the following antibodies:
anti-HLA-ABC antibody (MHC I) and anti-CD279 (PD-1). Drug doses were as follows: IFN-y [50 ng/mL]; dinaciclib
[0.02 uM]; palbociclib [1 uM]; THZ1 [UT-SCC14: 0.02 pM; UT-SCC-15: 0.005 uM]; 5-FU [90 ug/mL]; Cisplatin [0.1 pg/mL].
1 way ANOVA (n > 3 independent experiments) * p < 0.05, ** p < 0.01, vs. control. (C-E) Cell cycle analysis. Ethanol-fixed
cells were stained with PI. (C) Representative histograms showing distribution of cell cycle phases in control cells and upon
therapy. (D,E) Quantitative cell cycle analysis showing amounts of cells in G1, S, and G2 phase. Drug doses were as follows:
dinaciclib [0.005 uM]; palbociclib [1 uM]; THZ1 [UT-SCC14: 0.02 uM; UT-SCC-15: 0.005 uM]; 5-FU [90 ug/mL]; Cisplatin
[0.1 ug/mL]. Tway ANOVA (n = 3 independent experiments) * p < 0.05, ** p < 0.01 vs. control.

2.3. CDKi Induce Cell Cyclce Arrest

Due to the mode of action of CDKi’s, cell cycle analysis was done on residual tumor
cells (typically below 50%; Figure 3C-E). Representative histograms for all treatments are
given in Figure 54. The number of residual cells after dinaciclib treatment was low. In
these, tumor cells’ cycle distribution was quite similar to controls. In UT-5CC-14 cells, a
lucid G1 arrest was only seen after combined THZ1 and 5-FU therapy (p < 0.05 vs. control),
while the remaining treatments had a minor impact on the cell cycle. UT-5CC-15 cells had
significant changes after palbociclib and 5-FU monotherapy, but not in the combinations.

2.4. CDKi’s Have Minor Impact on Double-Strand Breaks and Radiosensitivity

Treatment-induced double-strand breaks (DSBs) were determined by fluorescence
microscopy using y-H2AX (Figure 4). H2AX is phosphorylated by kinases after DNA
double-strand breaks on serine 139. CDKi monotherapy or combination therapy itself had
minor impacts on y-H2AX foci, which were hardly detectable (Figure 4). To test if the
applied regimens may enhance radiosensitivity, we then checked for irradiation-induced
DSBs using 2 Gy (Figure 4B). Indeed, numbers of y-H2AX-positive cells increased, with
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highest amounts in cells treated with palbociclib. With regard to the combinations, y-
H2AX foci were primarily seen in palbociclib-or THZ1- based combinations with 5-FU. By
contrast, such radiosensitizing effects were not seen in combinations with dinaciclib and
may thus constitute a specific consequence of palbociclib or THZ1 treatment.

Monotherapy
A Control dinaciclib palbociclib THZ1
dinaciclib +
palbociclib THZ1 + 5-FU
o . . .
Monotherapy
B Control dinaciclib palbociclib THZ1 5-FU
dinaciclib +
palbociclib THZ1 + 5-FU
. . . .

Figure 4. y-H2AX staining of UT-SCC-14 cells. In order to detect a potential radiosensitizing effect of
the test substances, cells were treated 24 h with selected monotherapy and combination therapies
and then irradiated with 2 Gy using an IBL637. (A,B) We had three control groups. The first was
completely untreated, the second was treated with the test substances but not irradiated, and the
third was only irradiated but not treated with the test substances. Drug doses were as follows:
dinaciclib [0.005 uM]; palbociclib [1 uM]; THZ1 [0.02 uM]; 5-FU [0.32 pg/mL]; y-H2AX staining was
performed 6 h after irradiation. Cell nuclei were stained with DAPIL. [mages were taken on a Zeiss
LSM-780 Confocal Laser Microscope.

2.5. CDKi’s Remodel the Actin Filament

Live cell monitoring via impedance measurements is particularly suitable for studying
alterations in the cell monolayer, in the adhesion properties, and in the membrane integrity
in real time. While the impedance increased over time in untreated control cells, dinaciclib
treatment massively reduced impedance (Figure 5A,B). For palbociclib treated UT-5CC-14
cells, the measured impedance slightly decreased after 48 h, while THZ1 monotherapy
slightly increased impedance (Figure 5A). Notably, the combination of THZ1 and 5-FU
caused a delayed impedance breakdown in both cell lines. Here, impedance increased
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within the first 20 h. Thereafter, the impedance stagnated for approximately 3 h, and then
decreased for the next 48 h until no impedance was detectable. Dinaciclib in conjunction
with cytostatics (Cisplatin, 5-FU) induced a complete and irreversible breakdown.

UT-SCC-14 UT-SCC-15

w
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—— Control

—+—0.02 uM dinaciclib
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Time [h]
dinaciclib + D dinaciclib +
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control

monotherapy
THZ1 5-FU

5-FU combination combination

Figure 5. Impedance measurement and cytoskeletal staining. (A,C) UT-5CC-14 and (B,D) UT-SCC-15 cells. Cells were
seeded in a 96-well ECIS array plate with 20 interdigitated electrodes/well and treated with selected test substances to
investigate the impact of the treatment schedules. Drug doses were as follows: dinaciclib [0.02 uM]; palbociclib [1 pM];
THZI1 [UT-SCC14: 0.02 uM; UT-SCC-15: 0.005 uM]; 5-FU [90 pg/mL]; Cisplatin [0.1 pg/mL]. Impedance was monitored
in real-time. The analysis of cell-cell contacts was performed by 4000 kHz using ECIS Software. Then, actin staining was
performed with phalloidin green. Cell nuclei were stained with DAPL Analysis was performed with a Zeiss LSM-780

Confocal Laser Microscope. Original magnification 200,

To confirm the impedance data, actin fibers were stained 72 h after treatment
(Figure 5C,D). Untreated UT-5CC-14 cells form a typical monolayer with a cortically
formed cytoskeleton and less stress fibers within the cells. Dinaciclib itself caused massive
cell detachment and consequently cell death. Nearly all UT-SCC-14 cells were detached
after dinaciclib treatment, while some UT-SCC-15 cells remained attached and spread.
Cytostatics (Cisplatin, 5-FU) intensified actin abundance in both cell lines.

THZ1 strengthened the formation of stress fibers in both cell lines that increases
cellular stiffness and changes the motility properties [20]. This finding adds to the higher
impedance under THZ1 treatment compared to the untreated control. THZ1 in combination
with 5-FU caused higher cytotoxic effects, so most cells were detached.

2.6. Influence on Mitochondria, Lysosomes, the Endoplasmatic Reticulum and Vacuole Formation

CDKi-based treatments induced cytoplasmic vacuole formation. Hence, we checked
the influence of the treatment schedules on mitochondria, lysosomes, and endoplasmatic
reticulum (ER) (Figure 6). In both cell lines, mitochondrial activity increased after dinaciclib
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monotherapy and combination therapy (Figure 6). Monotherapy with palbociclib, THZ1,
or Cisplatin induced lysosome formation, but only in UT-SCC-14 cells. An effect of the
treatments on the ER could not be demonstrated. After 5-FU treatment, the mitochon-
drial activity of UT-SCC-15 cells slightly increased that was reversed by THZ1. Cisplatin
monotherapy had opposite effects that were neutralized by the combination partners
(Figure 6B).

Monotherapy )
THZ1 5-FU Cisplatin

uT-scc-14

A control dinaciclib palbociclib

CD107a*/Rab7a” cells [%]

£ < > £ K q\'}\ \e\o ‘}\s é\,o‘}b @o
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Figure 6. Influence on mitochondria, lysosomes, ER, and vacuole formation (A,C) UT-SCC-14 and (B,D) UT-SCC-15 cells.
(A,C) To investigate the effect of the test substances on the mitochondrial activity, the lysosome formation, and the ER, cells
were treated for 72 h with test substances and stained with MitoTracker (red), LysoTracker (green), and ER-Tracker (blue).
Drug doses were as follows: dinaciclib [0.02 uM]; palbociclib [1 uM]; THZ1 [UT-SCC14: 0.02 uM; UT-SCC-15: 0.005 pM];
5-FU [90 pg/mL]; Cisplatin [0.1 pg/mL]. Representative merged images are shown. For the control, a separated fluorescent
image is shown. Analysis was performed with a ZEISS Elyra 7 Confocal Laser Microscope. (C,D) Cells were stained for
CD107a and Rab7a as a hint for vacuole formation and measured via flow cytometry. The percentage numbers of double
positive cells are shown. Drug doses were as follows: dinaciclib [0.02 pM]; palbociclib [1 uM]; THZ1 [UT-SCC14: 0.02 pM;
UT-SCC-15: 0.005 uM]; 5-FU [90 pg/mL]; Cisplatin [0.1 ug/mL]. lway ANOVA (2 = 3 independent experiments) * p < 0.05
vs. control.

Cells were stained for specific late endo-lysosomal markers CD107a (LAMP1) and
Rab7a to confirm above findings (Figure 6C,D). The GTPase Rab7a is primarily associ-
ated with late endosomes and LAMP1 is typically considered lysosomal [21]. Cell line
specific responses were observed, with UT-5CC-14 cells showing higher numbers of these
late endo-lysosomal markers after treatment. In detail, dinaciclib, palbociclib, and 5-FU
monotherapy resulted in the highest increase of positive cells (p < 0.05 5-FU vs. control)



Anhang

83

Cancers 2021, 13, 2396

10 0f 20

(Figure 6C). The combinations could not boost effects. In UT-SCC-15 cells, highest numbers
of CD107a* /Rab7a* cells were detected after dual CDK inhibition (palbociclib + dinaciclib)
(Figure 6D), implying that lysosomal formation plays a minor role here.

2.6.1. CDKi's Reduce Invasiveness and Migratory Potential

An assay was performed to explore the migration potential of cells to a cell free space
under treatment. The cell line UT-SCC-14 filled the scratch within 24 h; the same was
true for THZ1 and 5-FU monotherapy and combination therapy (Figure S2A). The toxic
activity of dinaciclib induced cell death within 72 h and an accordingly incomplete scratch
closure. Adding THZ1 to dinaciclib delayed migration, so the scratch was filled after 48 h.
Using an invasion assay, the ability of cells to escape from the toxic environment was then
investigated. For this experiment, selective treatments were included based on the obtained
results shown before. The invasive cells from treatment medium were put in relation to
invasive cells from control medium. CDKi treatment with dinaciclib significantly reduced
invasiveness (Figure S2B). Effects were even stronger when two CDKi’s were combined
(dinaciclib + THZ1), but not by adding 5-FU. Still, these data confirm the potential of
CDKi's to interfere with cellular invasion.

2.6.2. In Vivo Results

Finally, a xenograft mouse model was used to test if in vitro results can be transferred
in vivo. For this proof-of-concept study, dinaciclib and Cisplatin were chosen as therapeu-
tics and given alone or in combination (Figure 7A). We decided to use this combination,
since dinaciclib had strong antitumoral effects in all previous analyses and Cisplatin is the
accepted standard of care for HNSCC patients.

UT-SCC-14 xenografts showed a poor treatment response. Monotherapy had no
influence on tumor growth and the combination was only able to decelerate growth
(Figure 7B). In contrast, UT-SCC-15 xenograft growth was significantly reduced under
therapy (Figure 7B). Dinaciclib and its combination with Cisplatin decreased the tumor vol-
ume to a minimum, the latter even stopped tumor growth until the experimental endpoint
(two months follow-up). As a consequence of the better treatment response, mice chal-
lenged with UT-SCC-15 lived longer compared to those harboring UT-SCC-14 xenografts
(Figure 7C). The outcome was best in the combination with a median survival of 63 days
(vs. control 42 days, p < 0.05). As for dinaciclib monotherapy, mice had to be euthanized
mostly because of tumor ulcerations. Hence, the poorer survival in both cases is not justi-
fied by the tumor volume as an endpoint but due to ethical aspects. Histology of residual
tumors confirmed the different treatment responses. UT-5CC-14 xenografts presented with
initial necrosis that increased after dinaciclib treatment (Figure 7D). After Cisplatin therapy,
beginning necrosis with initial inflammatory reaction was visible, but also vital tumor tis-
sue. In the combination, keratinized squamous cell carcinoma containing degenerated cells
was found. In addition, neutrophilic infiltration was observed. The UT-SCC-15 xenograft
sections of control mice showed characteristics of a keratinizing squamous cell carcinoma
with developing necrosis. After dinaciclib treatment, degenerated and early apoptotic cells
became prominent with surrounding necrosis. Cisplatin monotherapy primarily induced
necrosis. The dark spot in the center of the image is degenerated keratinized squamous ep-
ithelium. Necrosis was dominating in the combination with some swollen cells, indicative
of early cell damage in the initial stage.
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Figure 7. Invivo therapy approach. (A) Schematic overview over the treatment protocol with given doses of the test

substances. (B) Tumor growth curve. Tumor volume was calculated as tumor volume at day x (Vt) divided through
the tumor volume at the therapy start (V0). (C) Kaplan-Meier survival curve and Log-rank (Mantel-Cox) test. UT-
SCC-14: control (rn = 8 mice); Cisplatin/dinaciclib/combination (1 = 7 mice/group); UT-5CC-15: control (1 = 10 mice);
Cisplatin/dinaciclib (n = 7 mice/group); combination (# = 5 mice); * p < 0.05 vs. dinaciclib. (D) Representative images of the
HE stained tumors of each treatment group. Magnification 20, Scale bar.

3. Discussion

CDKi’s are being applied in clinical trials to treat solid and hematological malignancies
(e.g., NCT04169074, NCT04391595, NCT03981614, and NCT01627054). For locally advanced
or metastatic breast cancer, the CDK4/6 inhibitors palbociclib, ribociclib, and abemaciclib
are FDA approved in combination with endocrine therapy [22,23]. Though approval for
HNSCC is still pending, first preclinical and clinical reports are promising [16,24,25].

Our study adds another piece of evidence and identifies the CDK4/6 inhibitor palbo-
ciclib as well as the global acting CDKi's dinaciclib and THZ1 as promising candidates for
HNSCC treatment. We additionally describe the strong dependency on (a) the combination
partner and (b) the temporal order of applying each substance to reach therapeutic effects.
Notably, simultaneous dual CDKi treatment, but not the combination with standard drugs,
worked synergistically in our settings. The sequential application yielded heterogeneous
results, depending on the CDKi used for combination. In theory, chemotherapeutic drugs
should benefit from prior CDKi treatment by completing their effects [26,27]. However,
this was only seen here when the CDK4/6 inhibitor palbociclib was used as first treatment,
confirming findings from a recent study in which intrinsic resistance was reported when
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Cisplatin was given before palbociclib because of drug-induced c-Myc and Cyclin E upreg-
ulation [19]. Though not analyzed in detail here, comparable molecular alterations can
be anticipated. Besides direct antitumoral effects, another argument for applying specific
CDKi’s in the first-line is the protection of normal hematopoietic stem and progenitor cells
via transient G1 cell cycle arrest induction and the maintenance of antitumor immunity to
boost the patient’s tolerability towards chemotherapy [28]. This “positive” side effect was
recently observed in phase II trials on patients with small-cell lung cancer receiving the
CDK4/6 inhibitor trilaciclib [28,29]. Hence, a favorable outcome can indeed be speculated
if CDK4/6 inhibitors are applied in the first-line. For the more global acting CDKi’s, such
beneficial responses are very unlikely. Instead, leukopenia and neutropenia were reported
as direct consequences of the complex mode of action, including interference with RNA
polymerase I binding [30-32]. These systemic toxicities constitute a major limitation and
clinicians will have to cope with this challenge. With regard to the sequential application
applied here, first-line chemotherapy was superior to second-line chemotherapy. This regi-
men was comparable to or even better than two cycles of dinaciclib or THZ1 monotherapy.
Mechanistically, effects were due to early apoptosis with a shift to necrosis afterward. Quite
in line with this, Hossain et al. also observed apoptosis induction by short-term dinaciclib
treatment [33]. Notably, THZ1, had a minor impact on apoptosis, though this was described
in literature in an nM range and thus was comparable to doses used here [34]. This might
be best explained by some kind of delayed apoptosis induction but not intrinsic apoptosis
resistance of our HNSCC cells. In support of this, the specific CDK4/6 inhibitor palbociclib
triggered apoptosis in both cell lines, confirming recent observations [35]. Senescence,
another CDKi-induced cellular stress response, was also seen here; however, it was not as
profound as described in the literature [36]. Hence, senescence may either play a minor role
in HNSCC or it was an early event and thus undetectable after two rounds of treatment.
The strong cytotoxicity of dinaciclib and certain CDKi/drug combinations argue in favor
of the latter.

Quite in line with this, impedance reduced massively under dinaciclib monotherapy
and combination therapy that was accompanied by remarkable changes in cell shape
and cytoskeletal organization. This, in turn, may impair cell-cell contacts via adhesion
molecules, electrical coupling, and passage through gap junctions [37]. A comparable,
but delayed impedance breakdown was achieved when THZ1 was combined with 5-FU,
likely because of the 5-FU’s mechanism of action [38]. Such a delayed effect under 5-FU
treatment was also seen in the wound healing assay. Conversely, THZ1 monotherapy
slightly increased impedance, accompanied by re-organization of cortical actin into stress
fibers. These stress fibers increase the cellular stiffness and reduce the motility [20,39,40].
We therefore propose the identified shift in actin organization as main response towards
drugs applied in this study that has to be addressed in more detail prospectively. By
performing a direct comparison of the two cell culture models used here, it is obvious
that the cell line UT-5CC-15, established from a nodal recurrence of a primary tongue
carcinoma [41], shows more cortical actin than intracellular stress fibers. In the UT-SCC-14
cells, it is exactly the other way around. The cortical actin filaments are important to
create tension, leading to gradients that generate changes in the shape which are important
during cell migration, cell division, and tissue morphogenesis [42]. Also, we hypothesize
that the remodeling of the actin filament makes the cells more vulnerable to immune
cells. A prerequisite—among others—for this is the induction of immunogenic cell death
(ICD) in tumor cells to activate phagocytes [33,43,44]. Actually, we observed increased
Calreticulin (CalR) translocation upon combined THZ1 /5-FU treatment. While this effect
was not visible under monotherapy, we suggest this treatment regimen as a promising
strategy for immunotherapeutic approaches. Notably, dinaciclib was similarly able to
induce CalR translocation and upregulation of the immunologically relevant marker MHC
class T to an extent comparable to THZ1/5-FU combination therapy. This makes dinaciclib
particularly interesting in the context of immunotherapy, as hypothesized before [33,45].
Hossain et al. treated murine CT26 colon cancer cells for 24 h with different dinaciclib
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concentrations (0.05 uM-25 pM) and identified a linear increase in CalR translocation. The
readout in this study was the mean fluorescence intensity, which was around 1200 after
treatment with 0.05 uM dinaciclib [33]. In our work, a concentration of 0.02 1M dinaciclib
yielded an MFI around 2000 for UT-SCC-14 and an MFI of around 1500 for UT-5CC-15
cells. Though the MFI is not directly comparable among different studies, it still confirms
previous findings. Additionally to this, the observed upregulation of MHC class I enhances
antigen presentation and ultimately stimulates CD8*-T-cells to finally promote antitumor
immunity [46].

Radiotherapy is the mainstay of therapy for HNSCC patients and can be combined
with immunotherapy. While radiotherapy itself has the potential to reprogram the tumor
microenvironment, several drugs including CDKi’s have been identified as radiosensi-
tizers [24,47,48]. However, the CDKi s used here had a minor impact on double-strand
breaks and radiosensitivity. Radiosensitization, if any, was seen after combining palbo-
ciclib or THZ1 with 5-FU. Wang et al. reported palbociclib-induced DNA damage in an
p53-independent manner and repressed DNA damage repair ability via RAD51 down-
regulation [35]. THZ1 inhibits CDK7, CDK12, and CDK13 [49] and was described as
radiosensitizer in a study on medulloblastomas [50]. Genes involved in homologous recom-
bination such as Brca2, Rad51, and Rad50 were downregulated, accompanied by increased
YH2AX-foci post irradiation [50]. Another study likewise confirmed increased amounts
of y-H2AX foci upon THZ1 treatment [51]. Hence, THZ1 has the potential to sensitize to
radiation and impair recovery from radiation-induced DNA damage. The fact that another
target of THZ1, CDK12, selectively controls the expression of genes involved in the DNA
damage response, supports this theory [52]. The question remains why such effects were
undetectable in our study. Apart from the radiation dose (2Gy), the time is a critical factor
for detecting or missing a clear radiation response. Hence, it is conceivable that we have
simply missed certain effects.

Another common response towards CDKi treatment is cell cycle alteration. Palbociclib
induced a G1 phase arrest that complies with its mode of action and has been described in
the literature [53-55]. Combined THZ1 and 5-FU therapy yielded comparable results in
both cell lines that can be explained as follows: 5-FU limits the availability of thymidylate
and inhibits the DNA synthesis [56,57]. THZ1 impairs CDK2 activity via inhibition of
CDK?7 [58,59]. CDK2 is required for the transition from G1 to S phase, blocking this
CDK thus holds the cell cycle [49]. This has profound biological effects. In a very recent
study on patient-derived glioblastoma models, we described the CDKi-induced loss of
mitochondrial function in pioneering work, characterized by a multivacuolar phenotype
and signs of early-methuosis [60]. Methuosis, a non-apoptotic cell death phenotype, is
defined by the accumulation of large fluid-filled cytoplasmic vacuoles that originate from
macropinosomes [61]. With regard to the HNSCC cells used here, dinaciclib monotherapy
and combination therapy strengthened the mitochondrial activity. However, methuosis did
not seem to play a major role, as late endosomes and vacuoles markers CD107a and Rab7a
exclusively increased under CDKi or 5-FU monotherapy. Hence, CDKi’s have indeed
different effects on individual tumor cells.

In a final in vivo proof-of-concept experiment, dinaciclib and Cisplatin were chosen
based on the following criteria: Dinaciclib has complex effects on HNSCC tumor cells,
including growth inhibition, prevention of migration/invasion, and cytotoxicity. Besides,
dinaciclib is a potent ICD inducer and a promising candidate for combined immunother-
apies. Cisplatin is a well-known cytostatic drug approved as 1st line HNSCC treatment
and widely applied in the clinic [11,62,63]. Additionally, preclinical reports on combined
dinaciclib-Cisplatin application are promising, as recently shown for a subcutaneous ovar-
ian cancer xenograft model in nude mice [64]. Here, the combination approach was likewise
superior to either single treatment and most effective in suppressing UT-SCC-15 growth.
While this cell line was established from a nodal recurrence, it is tempting to speculate
that advanced tumors may even benefit more from this regimen than lower-stage tumors.
However, this has to be tested on a larger series of (matched) tumor samples. However, the
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accelerated growth of UT-5CC-15 xenografts under Cisplatin monotherapy is worth men-
tioning. Intrinsic resistance is unlikely, since these cells showed good sensitivity in vitro.
Also, acquired resistance can be excluded because tumors grew constantly under treatment.
Comparable effects were not reported in the literature. We can therefore only assume that
outcomes may be improved by changing the treatment schedule (i.e., dose, application
route, and the number of injections). Still, the complex interaction of tumor, normal stromal,
and immune cells influences outcomes—a major contributing factor that can only partially
be considered in vitro [65].

To sum up these findings, we provide another piece of evidence for the therapeutic
activity of CDKi’s, their complex mode of action, and the rationale to combine targeted
agents with “conventional” drugs or even immune-restoring approaches to succeed in the
long run.

4. Materials and Methods
4.1. Tumor Cell Lines and Culture Conditions

Two patient-derived cell lines: UT-SCC-14 and UT-SCC-15, were used. The UT-SCC-14
was established from a primary tumor of the tongue and the UT-SCC-15 derived from
a nodal recurrence of the same origin. Both cell lines are HPV negative. Cells were
maintained in full medium: DMEM /HamsF12 supplemented with 10% fetal calf serum
(FCS), glutamine (2 mmol/L) and antibiotics (medium and antibiotics were purchased
from Pan Biotech, Aidenbach, Germany, FCS from Sigma-Aldrich, Darmstadt, Germany
and glutamine from Biochrom, Berlin, Germany) and kept in low passages.

4.2. Cytostatic Drugs and Targeted Substances

The approved cytostatic drugs 5-FU (50 mg/mL) and Cisplatin (1 mg/mL), the ap-
proved therapeutic antibody cetuximab (5 mg/mL) and the targeted substances dinaciclib,
palbociclib, and THZ1 (all 10 mM) were used. 5-FU, Cisplatin and cetuximab were pur-
chased from the pharmacy of the University Hospital Rostock, dinaciclib and palbociclib
from Selleckchem, Munich, Germany, and THZ1 from Hycultec, Beutelsbach, Germany.

4.3. Dose Response Curves and Combination Therapy

For dose response curves, cells were seeded in 96 well plates in three technical repli-
cates per cell line and incubated for 24 h at 37 °C and 5% CO;. Afterwards, cells were
treated for 2 x 72 h in monotherapy with the different test substances in concentrations
ranging between 0.05 pg/mL and 1 mg/mL for approved drugs and 1 nM and 1 uM for
CDKi’s. Thereafter, various combinations were tested in simultaneous and sequential
settings. Doses used for combinations were as follows: 5-FU [0.32 pg/mL or 90 ng/mL)],
Cisplatin [0.05 pg/mL, 0.5 pg/mL, or 0.1 ug/mL], cetuximab [0.5 ug/mL], dinaciclib
[0.005 uM or 0.02 uM], palbociclib [1 uM], and THZ1 [0.02 uM or 0.005 uM] depending
on the treatment duration of each substance (1 x 72 h or 2 x 72 h). Readout was done
by crystal violet staining. In sequential combination therapy, two different approaches
were applied. Firstly, the cells were treated with the standard therapy for 72 h and the
CDKi's afterwards, and secondly, the administration was done in reverse order. To rule
out the possibility that the single 72-h administration of the approved therapeutics is
responsible for the potentially stronger effect, they were tested in monotherapy for 72 h.
Potential synergistic or additive effects between the substances in a 2 x 72 h simultaneous
combination approach were analyzed with the Bliss Independence model.

4.4. v-H2AX Staining

Tumor cells were treated for 24 h in Chamber Slides with selected concentrations and
combinations of the test substances and then irradiated with 2 Gy (Cs-137 y-irradiation;
IBL 637, CIS Bio-International, Codolet, France). y-H2AX staining was performed 6 h
after irradiation. Cells were washed with phosphate-buffered saline (PBS), fixed in 4%
paraformaldehyde w/o methanol (Thermo Scientific, Darmstadt, Germany) for 30 min,
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washed again, followed by cell permeabilization in 0.5% Triton X—100 (Sigma-Aldrich,
Darmstadt, Germany) for 15 min. After blocking the unspecific binding sites with 1%
bovine serum albumin (Serva, Heidelberg, Germany), cells were incubated with the mon-
oclonal y-H2AX antibody (1:100; BioLegend, San Diego, CA, USA) over night at 4 °C.
Cells were washed and nuclei stained with 4',6-diamidino-2-phenylindole (DAPI) (AAT
Bioquest, Sunnyvale, CA, USA). Analysis was performed with a ZEISS Elyra 7 Confocal
Laser Microscope (Zeiss, Jena, Germany).

4.5. Apoptosis-Necrosis Assay, Phenotyping, and Immunogenic Cell Death

Apoptosis-necrosis was determined after 24 and 72 h treatment, phenotyping was
done after 48 h, and determination of immunogenic cell death (ICD) was recorded af-
ter 72 h treatment. Cells were analyzed on a Flow Cytometer (BD FACSVerse™, BD
Pharmingen, San Jose, CA, USA). Data analysis was done using the BD FACSuite software
(BD Pharmingen).

For Apoptosis-necrosis, cells were stained for 20 min at room temperature with 0.2 pM
Yo-Pro 1 iodide (Thermo Scientific, Ex/Em 491/509 nm; blue laser 488 nm) and 20 pg/mL
Propidiumiodide (PI) (Sigma-Aldrich, Darmstadt, Germany; Ex/Em: 535617 nm; blue
laser 488 nm). PI was added shortly before flow cytometry. For phenotyping, cells were
stained for 30 min at 4 °C with FITC anti-HLA-ABC antibody (MHC T) (1:50; Immuno-
Tools, Friesoythe, Germany) and APC anti-CD279 (PD-1) (1:50; both from BioLegend, blue
(488 nm) and red (633 nm) laser). ICD was detected by staining translocated CalR on
the cell surface. Cells were incubated for 30 min at 4 °C with the polyclonal rabbit CalR
primary antibody (1:50; Abgent, San Diego, CA, USA). Cells were washed and labeled with
FITC-conjugated secondary antibody (donkey anti rabbit, 1:50; BioLegend), and incubated
again for 30 min at 4 °C. In order to exclude non-specific binding of the FITC-labeled
secondary antibody, control cells were additionally stained with the secondary antibody
without using the primary antibody. For CalR quantification, the number of cells that were
positive for the secondary antibody was subtracted from the CalR+ secondary antibody
stained cells.

4.6. Cell Cycle Assay

Cell cycle was determined after 48 h of treatment. Cells were harvested, counted, and
resuspended with 1 mL ice cold 70% ethanol. Cells were incubated overnight at —20 °C,
washed again, and incubated with 0.5 mL 0.25% TritonX-100 for 15 min on ice. Cells were
washed and resuspended in RNAse A (100 pg/mL), supplemented with PI (20 ng/mL).
After 30 min incubation on ice, cells were analyzed on a Flow Cytometer (FACSCalibur, BD,
San Jose, CA, USA). Data analysis was done using BD Flow]o software (BD Pharmingen,
San Diego, CA, USA).

4.7. Influence on Mitochondria, Lysosomes, ER, and Vacuole Formation

The influence on mitochondria, lysosomes, and the ER was examined with immunoflu-
orescence staining. Cells were seeded in Chamber Slides and stained after 72 h treatment.
Then, cells were washed and the staining with MitoTracker Red CMXRos (20 nM, CellSig-
naling Technology, Danvers, MA, USA) and ER-Tracker Blue-White DPX (1 uM, Invitro-
gen) was done simultaneously for 35 min at 37 °C. Cells were washed and stained with
LysoTracker DND-26 (50 nM, CellSignaling Technology) for 2 min at room temperature.
Analysis was performed on a ZEISS Elyra 7 Confocal Laser Microscope (Zeiss).

Additionally, vacuole formation was analyzed after 72 h treatment using specific
antibodies. Cells were harvested and incubated with Alexa488 anti-CD107a antibody
(Biolegend, 1:50 in 0.1% BSA) for 30 min at 4 °C. Then, cells were washed and resuspended
in 0.5 mL FluorFix™ Buffer (Biolegend) for 20 min at room temperature. Afterwards,
cells were washed twice with 1x intracellular staining perm wash buffer and incubated
with Alexa594 anti-Rab7a antibody (Biolegend, 1:50 in 0.1% BSA) for 30 min at room
temperature. The reaction was stopped with PBS and washed before cells were resuspended
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in 200 pL PBS (+2 mM EDTA). Cells were analyzed by flow cytometry on a Flow Cytometer
(FACSAriall, BD, blue (488nm) and yellow-green (561 nm) laser). Data analysis was
performed using BD FACSDiva software (BD).

4.8. Senescence

Senescence-associated (-galactosidase (SA-p-gal, Cell Signaling Technology, Cam-
bridge, UK) was analyzed after 72 h of treatment. Cells were washed and fixed. After a
second washing step, cells were stained with a Galactosidase Staining Solution. Therefore,
cells were incubated at 37 °C overnight in a dry incubator and checked for senescence
the following day under a microscope. To analyze the number of senescent cells, Image]
was used.

4.9. Impedance Measurement and Actin Staining

Impedance was measured with a commercial Electric Cell-Substrate Impedance Sens-
ing system (ECIS Z0; Applied Biophysics, New York, NY, USA) equipped with a 96-well
array station (Applied Biophysics) to monitor time and frequency dependent complex
impedance, Z (t, f). Cells were grown on a 96-well ECIS array plate with 20 interdigitated
electrodes/well (96W20idf PET; ibidi GmbH, Gréfelfing, Germany). Prior to cell seeding,
electrodes were stabilized with serum-free media overnight in the incubator with high
humidity at 37 °C and 5% CO,. Impedance measurements were performed directly in
the treatment medium in the incubator, allowing real-time monitoring of all impedance
alterations at 11 frequencies (0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64 kHz) in a 180-s
interval. 24 h after cell seeding, treatment was added for 72 h. Analysis of cell-cell contacts
was performed by 4000 kHz using ECIS Software (Applied Biophysics).

To confirm the results of the impedance measurement, the actin filament was stained
with phalloidin (1:300; Invitrogen, Darmstadt, Germany). Therefore, cells were treated
for 72 h in Chamber Slides, fixed, permeabilized, stained, and analyzed as described
for y-H2AX.

4.10. Wound Healing and Invasion Assay

A wound healing assay was done in 12-well plates. After formation of a confluent
cell layer, a defined scratch was set. Medium was removed, cells were washed with cell
culture media, and the corresponding treatment based on the most promising simultaneous
combinations was added. Scratch closure was documented by light microscopy routinely
during the following 72 h.

For the invasion assay, inserts (8.0 pm translucent; Greiner bio-one, Frickenhausen,
Germany) were coated with 70 uL Matrigel (1:25 in serum free media; Corning, NY, USA)
and cells seeded in serum free, treatment containing media. The inserts were placed in a
24-well plate containing 750 uL. media with 10% FCS and incubated for 72 h. Invasiveness
was analyzed by WST-1 assay. The inserts were placed into a new 24-well plate containing
WST-1 in serum free media. WST-1 containing medium without cells served as a blank.
After 2.5 h of incubation, absorption was measured at a wavelength of 450 nm.

4.11. In Vivo Study
4.11.1. Ethical Statement

The German local authority approved all animal experiments: Landesamt fiir Land-
wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (7221.3-1-
066/18), under the German animal protection law and the EU Guideline 2010/63/EU. Mice
were bred in the animal facility of the University Medical Center in Rostock under specific
pathogen-free conditions. All animals received enrichment in the form of mouse-igloos
(ANT Tierhaltungsbedarf, Buxtehude, Germany), nesting material (shredded tissue paper,
Verbandmittel GmbH, Frankenberg, Deutschland), paper roles (75 x 38 mm, H 0528-151,
ssniff-Spezialdidten GmbH), and wooden sticks (40 x 16 x 10 mm, Abedd, Vienna, Austria).
During the experiment, mice were kept in type III cages (Zoonlab GmbH, Castrop-Rauxel,
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Germany) at 12-h dark:light cycle, the temperature of 21 £ 2 °C, and relative humidity of
60 & 20% with food (pellets, 10 mm, ssniff-Spezialdiaten GmbH, Soest, Germany) and tap
water ad libitum.

4.11.2. Experimental Protocol

Xenografts were generated by injecting 5 x 10° cells of UT-SCC-14 or UT_SCC-15 (in
50 pL PBS) subcutaneously in the right flank of 6-8 weeks old female NMRI Foxn1™ mice.
Two weeks later, mice bearing tumors of ~50 mm?® were allocated to treatment groups
(Figure 7). Tumor diameters were measured with caliper every three to four days. Tumor
volumes were calculated as (length x width?)/2. Mice were euthanized before tumors
reached 1500 mm?3. Tumors were embedded in Cryomatrix (Thermo Scientific, Darmstadt,
Germany) and used for HE staining.

4.12. Statistics

All values are expressed as mean + SD (in vitro analysis) or mean &= SEM (in vivo ther-
apy approach). Differences between controls and treated cells were determined by using
one-way ANOVA (Bonferroni’s Multiple Comparison Test) after proving the assumption
of normality (Shapiro-Wilk test). If normality failed, the Kruskal Wallis test was applied.
This information is given in the figure captions. Kaplan-Meier survival analysis was done
by applying the log rank (Mantel Cox) test. Statistical evaluation was performed using
GraphPad PRISM software, version 8.0.2 (GraphPad Software, San Diego, CA, USA). The
criterion for significance was set to p < 0.05.

5. Conclusions

Cyclin-dependent kinase inhibitors (CDKi) have broad therapeutic potential. Here,
we show that CDKi’s can be combined with standard cytostatic drugs and that dual CDK
inhibition is at least as successful as CDKi/drug combinations. These findings contribute
to our understanding of how the treatment of HNSCC can be improved prospectively. The
complex effects exerted by specific CDKi-combinations include apoptotic and necrotic cell
death as well as methuosis, an uncommon form of cell death, associated with vacuolization
of macropinosome and endosome compartments. Dinaciclib and THZ1 were most effective
and even better in combination with 5-FU. Another novel finding is the impact on actin
fibers and motility properties of tumor cells by specific CDKi’s. Prospective studies should
focus on the effects on immune cells—especially because of the CDKi’s potential to increase
tumor immunogenicity.
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