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l. Studien der kumulativen Dissertation
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Die Studien sind im Anhang ab Seite 51 zu finden.




Zusammenfassung

Il. Zusammenfassung

Tierexperimente leisten einen unverzichtbaren Beitrag zur Aufklarung und Therapie humaner
Erkrankungen. Wissenschaftler sind durch Ethik und Gesetze verpflichtet, das Leiden der ein-
gesetzten Versuchstiere auf ein Minimum zu reduzieren. Dazu ist eine objektive und robuste
Einschatzung der Belastung von Versuchstieren noétig. Bisher ist jedoch nur wenig dariber
bekannt, wie robust die Belastung von Versuchstieren anhand etablierter Methoden einge-
schatzt werden kann. Da das Pankreaskarzinom durch das Fehlen effektiver Therapien wei-
terhin eine groRRe Belastung fur Patienten und das Gesundheitssystem darstellt, wurden die
Untersuchungen in dieser Arbeit an einem syngenen, orthotopen Mausmodell des Pankreas-
karzinoms vorgenommen. Studie | befasste sich mit der Eignung verschiedener Methoden der
Belastungsanalyse zur Unterscheidung von Tieren in diesem Modell vor und nach der Induk-
tion durch orthotope Injektion von Pankreaskarzinomzellen. Studie Il untersuchte, ob mannli-
che und weibliche Tiere im Modell unterschiedliche Belastung erfahren. Darliber hinaus wurde
in den Studien | und IIl evaluiert, ob Methoden der Belastungsanalyse geeignet sind, Tiere vor
und nach der Induktion des Modells mit und ohne Therapie zu unterscheiden und ob es Un-
terschiede in der Belastung zwischen Tieren mit und ohne Therapie gibt. Eine Schlussfolge-
rung von Studie | war, dass die Unterscheidung von Tieren vor und nach Induktion eines Pan-
kreaskarzinommodells nur mit wenigen Methoden zuverlassig maoglich ist. Im spateren Verlauf
des Modells eignete sich insbesondere die Kérpergewichtsveranderung als aussagekraftiger
Parameter. Studie lll zeigte, dass mannliche und weibliche Tiere in der spaten Phase des
Modells unterschiedliche Belastung erfahren, was auf geschlechtsspezifische Unterschiede im
Tumormodell zurtickzufiihren sein kdnnte. In den Studien | und Il wurde keine zusatzliche
Belastung durch die verwendeten Therapien festgestellt. Dies kann bedeuten, dass es keine
zusatzliche Belastung durch die Therapien gab, oder dass die verwendeten Methoden nicht
sensitiv genug sind, um eine zusatzliche Belastung zu erfassen. In den Studien Il und Il wurde
eine neue Kombinationstherapie aus BI-3406, Trametinib und BKM120 in verschiedenen hu-
manen und einer murinen PDAC-Zelllinie sowie im syngenen, orthotopen Mausmodell auf ihre
Wirksamkeit untersucht. Dabei wurde auch der Einfluss des Geschlechts der verwendeten
C57BL/6J-Mause auf die Effektivitat der Therapie analysiert. Die untersuchte Therapie wirkte
sowohl in den humanen als auch in der verwendeten murinen Zelllinie synergistisch hinsicht-
lich der Inhibition der Proliferation und der Induktion des Zelltods. Im Tierversuch konnte die
Wirksamkeit der Therapie jedoch lediglich in mannlichen Tieren nachgewiesen werden. In
weiblichen Tieren wurde die therapeutische Effektivitat sehr wahrscheinlich durch geschlechts-
spezifische, immunsuppressive Effekte beeinflusst. Dennoch stellt diese Therapieoption einen
vielversprechenden Ansatz dar und sollte im Hinblick auf die dringend benétigten effektiven

Therapien des Pankreaskarzinoms weiter erforscht werden.
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. Einleitung

31 Belastungseinschétzung in Tierversuchen

Das Prinzip der 3R gilt seit seiner Veroffentlichung 1959 durch Russell und Burch' als Grund-
lage fur die Implementation aktueller Tierschutzrichtlinien in der Wissenschaft. Das Ersetzen
(Replacement) durch Alternativmethoden, die Reduktion (Reduction) der Tierzahlen und die
Verbesserung von Tierversuchen (Refinement) zur Reduktion des Leidens auf ein unvermeid-
liches Minimum, gelten dabei als die MalRgabe tierexperimenteller Forschung. Dieser An-
spruch hat 2010 mit der Richtlinie 2010/63/EU und 2013 mit der Novellierung des deutschen
Tierschutzgesetzes Einzug in europaische und nationale Gesetzgebung gefunden?3. Damit
sind Wissenschaftler rechtlich unter anderem dazu verpflichtet, MalRnahmen zur Verbesserung
der Versuchsdurchfiihrung und damit zur Reduktion des Tierleides auf ein Minimum zu imple-
mentieren. Dies setzt voraus, dass der Zustand und das Leiden von Versuchstieren objektiv
mittels evidenzbasierter Methoden quantifiziert werden kann*. Diese Methoden sollten ideal-
erweise sensitiv genug sein, um Belastung auch in Beutetieren wie Mausen oder Ratten zu
erfassen. Diese Tiere unterdriicken instinktiv Zeichen von Schmerz und Leid®® und stellen die

Mehrheit der in der EU und Deutschland verwendeten Versuchstiere dar’.

Methoden zur Einschatzung der Belastung von Versuchstieren messen in der Regel physiolo-
gische Parameter wie Korpergewicht®'® oder Konzentrationen von Stresshormonen im
Kot'"2, klinische Anzeichen von Belastung anhand klinischer Scoring-Systeme''* sowie An-
derungen in natlrlichen Verhaltensweisen wie Nestbau- und Buddelverhalten oder der Aktivi-
tat im Laufrad''°. All diese Methoden haben sich bisher als nltzlich darin erwiesen, die Be-
lastung von Versuchstieren zu evaluieren und Abbruchkriterien in Form von humanen End-
punkten zu etablieren?-2®, Jedoch ist bisher wenig dariiber bekannt, wie robust diese Metho-
den kranke von gesunden Tieren unterscheiden kdnnen. Robustheit wird hier im engeren
Sinne als Stabilitat der aus Experimenten gezogenen Schlussfolgerungen gegeniber Veran-
derungen wie verschiedenen Tiermodellen, therapeutischen Interventionen oder der Variation
der zugrunde liegenden Daten verstanden?*. Zur Uberpriifung der Verlasslichkeit verschiede-
ner Methoden zur Belastungsevaluation eignen sich Grenzwertoptimierungskurven, welche im
Englischen als receiver operating characteristic (ROC) curves bezeichnet werden. ROC-Kur-
ven finden in der Klinik regelmafig Anwendung, um die Leistungsfahigkeit diagnostischer
Tests zu evaluieren®>2%, Als Parameter der Leistungsfahigkeit gilt die Flache unter der Kurve
einer ROC, auch als area under the curve (AUC) bezeichnet. Die AUC entsteht durch die
Darstellung der richtig-positiv Rate (Sensitivitat) und der falsch-positiv Rate (1 - Spezifitat) mit
Hilfe verschiedener Schwellenwerte. Eine diagonale Linie flhrt zu einer AUC von 0,5 und ist
gleichbedeutend mit einem diagnostischen Test, der Testsubjekte, wie zum Beispiel Erkrankte

und Gesunde, nicht besser als der Zufall voneinander unterscheiden kann?’. Die AUC ist damit
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ein Leistungsparameter der Unterscheidungsfahigkeit von Vorhersagemodellen?®. Da ROC-
Kurven als solches wenig intuitiv zu interpretieren sind, kann die AUC als einfach verstandli-
cher Parameter dienen, um verschiedene Methoden der Belastungseinschatzung in Tierexpe-
rimenten zu vergleichen. Solch einfach zu vergleichende Parameter sind eine Grundvoraus-
setzung, um den gesetzlichen Anforderungen an Wissenschaftler und Tierversuche gerecht

zu werden®.

Da viele Tiermodelle, allen voran in der onkologischen Forschung, dazu dienen, neue Thera-
pien zu evaluieren, kdnnen Methoden der Belastungsanalyse gleichermal’en dazu geeignet
sein, um potentielle Nebenwirkungen dieser Therapien unabhdngig von gesetzlich vorge-

schriebenen toxikologischen Analysen?® bereits friihzeitig im Tierversuch zu erkennen3®3',

3.2 Das Pankreaskarzinom

Maligne Veranderungen des exokrinen Pankreas machen 95% der Tumorerkrankungen des
Pankreas aus. Der Grofdteil davon sind duktale Adenokarzinome (PDAC). Das Pankreaskar-
zinom hat mit einer 5-Jahres Uberlebensrate von ca. 10% unverandert eine der schlechtesten
Prognosen aller soliden Tumorerkrankungen®2. Die Grundlage der kurativen Behandlung ist
die Resektion des Karzinoms, welche zum Zeitpunkt der Diagnose nur noch fir 15 — 20% der
Patienten infrage kommt®3. Uber 50% der Patienten sind bei Diagnose bereits von Metastasen
betroffen und ein Grof3teil der Patienten nach Resektion entwickeln ebenfalls Metastasen, was
auf das Vorhandensein kaum diagnostizierbarer Mikrometastasen zuriickgefiihrt wird3234, Ne-
oadjuvante, adjuvante und palliative Chemotherapie sind daher die Grundpfeiler der Therapie
des Pankreaskarzinoms. Als Erstlinientherapie hat sich die Behandlung mit FOLFIRINOX (Fo-
linsaure, 5-Fluorouracil, Irinotecan und Oxaliplatin) und als Zweitlinientherapie die Behandlung
mit nab-Paclitaxel und Gemcitabin etabliert®®6, Allerdings sind Resistenzen gegen die etab-
lierten Therapieoptionen haufig, was die Forschung an neuen, zielgerichteten Therapien un-

abdingbar macht?’.

Eine Reihe von Mutationen in Tumorsuppressor — und Protoonkogenen sind assoziiert mit der
Initiation und Progression des Pankreaskarzinoms von der pankreatischen intraepithelialen
Neoplasie (PanIN) zum PDAC?. Tumorsuppressoren wie TP53, CDKN2A und SMAD4 verlie-
ren durch Mutationen haufig ihre schitzende Funktion (loss-of-function), wahrend das Pro-
toonkogen KRAS durch Mutationen in der Regel konstitutiv aktiviert ist. Uber 90% der Patien-

ten sind von Mutationen in mindestens einem dieser Schliisselgene betroffen®,

Eine Sonderrolle in den genetischen Veranderungen, welche zum PDAC fihren, nimmt KRAS

(Kirsten rat sarcoma viral oncogene homolog) ein, da Mutationen in diesem Gen in der Regel
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am Anfang der Progression stehen und in annahernd jedem PDAC zu finden sind*’. KRAS ist
eine GTPase und fungiert als Signaltransduktionsprotein, indem es nach Bindung von GTP
nachfolgende Signalwege, allen voran den MAPK-Signalweg, aktiviert und damit unter ande-
rem die Steuerung der Zellproliferation entscheidend beeinflusst*!. KRAS benétigt fiir seine
Funktion Guanin-Austauschfaktoren (GEFs), welche GDP von der Bindungsstelle verdrangen
und zur Aktivierung durch Bindung von GTP fuhren sowie GTPase-aktivierende Proteine
(GAPs), welche die Hydrolyse von GTP zu GDP und damit die Inaktivierung katalysieren, da
die intrinsische GTPase-Aktivitat von KRAS nur gering ist*2. KRAS funktioniert dementspre-

chend als binarer, molekularer Schalter.

Die haufigste Mutation im humanen KRAS-Gen betrifft das Codon 12 in Exon 2, welches in
Uber 90% der PDAC verandert ist*3. Unter den dadurch verursachten Aminosaureaustauschen
(G12D, G12V, G12R, G12C) ist G12D (Glycin zu Aspartat) mit ca. 40% mit Abstand am hau-
figsten vertreten**. Die verschiedenen Mutationen haben unterschiedliche biochemische Kon-
sequenzen, welche vor allem die intrinsische und GAP-katalysierte GTP-Hydrolyse betreffen.
So ist zum Beispiel die intrinsische GTP-Hydrolyserate durch G12C-Mutationen gegentber
dem Wildtyp kaum verringert, wohingegen G12D-Mutanten nur noch knapp ein Drittel der
GTP-Hydrolyserate des Wildtyps aufweisen*®. Gemeinsam ist den meisten KRAS-Mutanten,
dass ihre durch GAPs katalysierte GTP-Hydrolyserate 50 — 1000fach gegentiber dem Wildtyp
verringert ist*. Dies fihrt in der Endkonsequenz zu einer annahernd konstitutiven Aktivierung
von KRAS, da GTP nicht mehr effektiv zu GDP hydrolysiert wird, wodurch nachfolgende Sig-
nalwege, wie Raf/MAPK und PI3K/Akt, ebenfalls tiberaktiviert werden*®.

KRAS galt aufgrund seiner ungewdhnlich ,glatten® Proteinstruktur ohne bekannte allosterische
Bindungsstellen*” sowie der im picomolaren Bereich liegenden Bindungsaffinitat zu GTP*® die
langste Zeit als ,undruggable“. Dieses Mantra hat sich in den letzten Jahren stark gewandelt*’
und es wurden mit den G12C-spezifischen Inhibitoren Adagrasib*® und Sotorasib® die ersten
mutationsspezifischen KRAS-Inhibitoren vorgestellt. In klinischen Studien mit diesen Inhibito-
ren wurden gute Ergebnisse erzielt und 2021 mit Sotorasib der erste mutationsspezifische
KRAS-Inhibitor von der FDA fur den Einsatz zur Behandlung von Lungenkrebs zugelassen.
Allerdings betrifft die G12C-Mutation nur ca. 2% der PDAC-Patienten, weshalb diese klini-
schen Durchbriiche fiir die Therapie des PDAC bisher kaum von Bedeutung sind®'. Der kirz-
lich vorgestellte G12D-spezifische Inhibitor MRTX1133 birgt groRes Potential fur die Behand-
lung des PDAC und wird derzeit klinisch evaluiert®®3. Eine Alternative zu mutationsspezifi-
schen Inhibitoren stellen sogenannte pan-KRAS-Inhibitoren dar®*. Da einige der mutierten Al-
lele je nach Krebsart nur in sehr wenigen Patienten vorkommen, bilden pan-KRAS-Inhibitoren

eine kosteneffiziente Ausgangsbasis fir die Therapie dieser Patienten, wo die Entwicklung
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eines mutationsspezifischen Inhibitors 6konomisch nicht sinnvoll erscheint. Weiterhin kdnnen
pan-KRAS-Inhibitoren das Fundament einer Zweitlinientherapie stellen, fur den Fall das Re-
sistenzen gegen mutationsspezifische Inhibitoren im Therapieverlauf auftreten, was wahrend
Therapie mit G12C-spezifischen Inhibitoren bereits beobachtet werden konnte®>°¢. Einer die-
ser pan-KRAS-Inhibitoren ist BI-3406, entwickelt von Boehringer Ingelheim®’. BI-3406 bindet
die katalytische Doméne des GEF Son of Sevenless Homolog 1 (SOS1) und verhindert so die
Interaktion mit KRAS-GDP, was dazu fuhrt, dass KRAS im inaktiven GDP-beladenen Zustand
verbleibt>’. In Kombination mit Trametinib (MEK1/2-Inhibitor) hat BI-3406 erfolgreich der adap-
tiven Resistenz gegen MEK1/2-Inhibition entgegengewirkt, welche durch Feedback-Mecha-
nismen im MAPK-Signalweg und daraus resultierender Reaktivierung der Signaltransduktion
zustande kommt®”-%°, Inhibitionen im MAPK-Signalweg kénnen aulRerdem zur kompensatori-
schen Uberaktivierung des PI3K/Akt-Signalweges fiihren, einem der Haupteffektoren im
KRAS-Signalweg®®6'. Da KRAS essentielle Ablaufe in der Zelle reguliert, ist die Funktion der
Signaltransduktion durch diverse Feedback-Mechanismen redundant gesichert, was zur Folge
hat, dass ein Inhibitor vermutlich niemals zu einer anhaltenden Inaktivierung der onkogenen
KRAS-Signaltransduktion fiihren wird®2. Die Interdependenz innerhalb der Signaltransduktion
lasst daher verschiedene Strategien der kombinierten Inhibition zu. Buparlisib (BKM120) ist
ein zugelassener pan-Klasse 1 PI3K-Inhibitor, mit dem als einzelnes Therapeutikum bisher
kaum klinisch relevante Ergebnisse erzielt werden konnten®. In Kombination mit Trametinib
wurden in einigen Krebsarten gute Ergebnisse erzielt, wobei das PDAC nicht dazu gehort®.
Dies lasst darauf schliel3en, dass die Signaltransduktion an weiteren Stellen im Signalweg

unterbrochen werden muss. Eine Kombination aus BI-3406 (pan-KRAS-Inhibitor), Trametinib

Abbildung 1: Strategie einer kom-

binierten Inhibition von
KRAS:SO0S1, MEK1/2 und PI3K
Die kombinierte Inhibition von
Rezeptor-Tyrosinkinase r_\. @
KRAS:SOS1, MEK1/2 und PI3K
B e D T kdénnte eine geeignete Strategie
AP ((sos1 ) sein, um Feedback-Mechanismen
f zu unterdricken und eine dauer-
— hafte Unterbrechung der Signal-
(akniv)
( \ transduktion zu gewahrleisten, wel-
TN che Proliferation und Uberleben der
1 l Karzinomzelle vermittelt.
AKT Trametinib ———|
| |

s

Proliferation, Differenzierung, Uberleben
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(MEK1/2-Inhibitor) und BKM120 (pan-Klasse 1 PI3K-Inhibitor) kénnte sich als geeignet erwei-
sen, die Lucke einer effektiven PDAC-Therapie zu fullen (Abbildung 1).

Verschiedenste Tiermodelle sind etabliert, um praklinisch neue PDAC-Therapien zu evaluie-
ren. Am haufigsten genutzt werden genetisch veranderte (GEMMs), syngen implantierte und
vom Patienten abgeleitete (Xenograft) Modelle®®. Jedes Modell hat Vor — und Nachteile und
wird fur spezifische Fragestellungen genutzt. GEMMs eignen sich vor allem, um die Karzino-
genese vom PanlIN bis zum Karzinom sowie die beteiligten Gene und Signalwege nachzuvoll-
ziehen. Es existiert eine lange Liste von genetischen Modellen, in denen KRAS mit seinen
verschiedenen mutierten Allelen exprimiert wird und gleichzeitig Tumorsuppressoren, wie
TP53, gezielt ausgeknockt sind®®. Flr gezieltes Suchen nach antitumorigenen Substanzen
sind GEMMSs aufgrund ihrer langen Latenz und hohen Kosten weniger geeignet. In der Prakli-
nik werden zu diesem Zweck vor allem Xenograft-Modelle genutzt, in denen humane Tumor-
zellen, oftmals von Patienten abgeleitet, implantiert werden®. Der groRe Vorteil dieser Modelle
besteht in der Translation, da humane Zellen eingesetzt werden und so die Nahe zum Zielor-
ganismus gegeben ist. Das ist allerdings nur in Mausstammen wie NOD.Cg-
Prkdcsl12rg™"|SzJ (NSG) mdglich, welche immundefizient sind und damit Zellen anderer
Spezies nicht abstoRen®. Darin liegt gleichermafen der groRe Nachteil von Xenograft-Model-
len, denn die Implikation des Immunsystems in Progression und Therapie des Tumors kann
nicht analysiert werden. Einen Kompromiss bieten syngene Modelle. Da Mausstamme wie
C57BL/6J ingeziichtet®” sind, werden die Tiere dieses Stammes als syngen angesehen. Das
Implantieren von Tumorzellen aus einem Tumor mit demselben genetischen Hintergrund ist
eine zeit — und kosteneffiziente Methode, um beispielsweise orthotope Tumore zu induzieren
und antitumorigene Substanzen zu testen. Ebenso ist die Analyse der Immunantwort moglich,

da der Stamm immunkompetent ist.

Als immer wichtiger wird auch die Einbeziehung des Geschlechts als biologische Variable an-
gesehen® 7% Jahrzehntelang vernachlassigt, zeigt sich inzwischen, dass das Geschlecht ein
maRgeblicher Faktor fiir die Uberlebenswahrscheinlichkeit und das Ansprechen auf bestimmte
Krebstherapien ist’""4. In Bezug auf Tiermodelle verschiedener Karzinomentitaten hat sich
herausgestellt, dass Geschlechtshormone ein entscheidender Modulator der adaptiven Im-
munantwort sind’*>’8, Diese Interaktionen lassen sich in immundefizienten Mausstdmmen nicht
nachvollziehen, weshalb syngene Modelle hier von gro3em Vorteil sind. Daher verwendeten
wir ein syngenes, orthotopes Modell, um den Einfluss des Geschlechts auf die Wirkung der

Kombinationstherapie aus BI-3406, Trametinib und BKM120 zu evaluieren.
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3.3  Zielstellung der Arbeit

Studie | hatte die Analyse zum Ziel, wie robust verschiedene Methoden der Belastungsanalyse
zwischen gesunden und kranken Tieren in verschiedenen Tiermodellen, nach verschiedenen
Interventionen und in verschiedenen Kohorten unterscheiden kdnnen. Innerhalb dieser Arbeit
wurde dabei besonderer Fokus auf das Modell des Pankreaskarzinoms gelegt. In Studie Il
sollte Uberprift werden, ob Kombinationstherapien aus Trametinib, BKM120 und entweder
Sotorasib oder BI-3406 geeignet sind, in humanen Pankreaskarzinomzelllinien mit verschie-
denen mutierten KRAS-Allelen die Proliferation zu inhibieren und den Zelltod zu induzieren.
Innerhalb der vorliegenden Arbeit wurde ein besonderer Schwerpunkt auf die Kombination BI-
3406, Trametinib und BKM120 sowie auf Zelllinien mit G12D oder G12C-KRAS-Mutation ge-
legt. Studie Il sollte Aspekte der beiden vorangegangen Studien kombinieren und einerseits
evaluieren, ob sich innerhalb des Modells des Pankreaskarzinoms Unterschiede in der Belas-
tung von mannlichen und weiblichen Mausen ergeben und andererseits, ob die in Studie Il in
humanen Zellen getestete Therapie in einem syngenen, orthotopen Mausmodell des Pankre-
askarzinoms Wirksamkeit zeigt, zusatzliche Belastung durch Nebenwirkungen auslost und ob

sich Unterschiede in der Wirksamkeit zwischen den Geschlechtern ergeben.
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V. Methoden

Die in den jeweiligen Studien verwendeten Materialien und Methoden sind in den entsprechen-
den Publikationen im Anhang ab Seite 51 detailliert aufgelistet und beschrieben. Folgend sind
nur die Methoden beschrieben, die fur das Verstandnis der in dieser Arbeit vorgestellten Er-

gebnisse von Bedeutung sind.

4.1 Studie |

In dieser Studie wurden keine neuen tierexperimentellen Daten generiert, sondern anhand
bereits publizierter Daten verschiedene Methoden der Belastungsanalyse in unterschiedlichen

Tiermodellen auf ihre Generalisierbarkeit, Robustheit und Reproduzierbarkeit untersucht.

411 Tiermodelle

Die in dieser Studie verwendeten Tiermodelle werden hier nur in Klrze beschrieben. Ausfihr-
lichere Angaben sind in der Publikation im Anhang sowie in den zugrundeliegenden Publikati-
onen zu finden. Fiir die Transmitterimplantation” wurden mannliche C57BL/6J Mause (Medi-
analter: 17,3 Wochen) in Narkose mit Isofluran laparotomiert und ein ETA-F-10 Transmitter
(Data Sciences International, St. Paul, USA) in die Bauchhéhle eingesetzt. Die Elektroden
wurden am grof3en Brustmuskel und den schragen Bauchmuskeln mit Nahten fixiert und das
Peritoneum sowie die Oberhaut mit Nahten (Johnson & Johnson Medical GmbH, Norderstedt,
Deutschland) verschlossen. Die Prozedur dauerte 45 — 50 Minuten. Fur das Modell des Pan-
kreaskarzinoms® wurden mannliche C57BL/6J Mause (Medianalter: 18,6 Wochen) mit Isoflu-
ran narkotisiert und anschlieRend laparotomiert. Es wurden 5 L einer 6606PDA-Zellsuspen-
sion (2,5 x 10° Zellen) mit Hilfe einer 25 uL Spritze (Hamilton, Reno, USA) in das Pankreas
injiziert. Das Abdomen wurde wie zuvor beschrieben mit Nahten verschlossen. Die Prozedur
dauerte 15 — 20 Minuten. Ab Tag 4 nach Zellinjektion wurde den Tieren taglich intraperitoneal
Metformin (125 mg/kg in PBS, Merck, Darmstadt, Deutschland) und a-Cyano-4-hydro-
xyzimtsaure (15 mg/kg in 50% DMSO, Tocris Bioscience, Bristol, UK) oder die entsprechende
Vehikellosung injiziert. Fiir das Modell der Gallengangsligatur®’ wurden mannliche BALB/cAN-
Crl Mause (Medianalter: 10,9 Wochen) mit Isofluran narkotisiert und anschlief3end laparoto-
miert. Der Hauptgallengang wurde mit drei chirurgischen Knoten ligiert und zwischen den bei-
den distalen Ligationen durchtrennt. Das Abdomen wurde wie zuvor beschrieben mit Nahten
verschlossen. Die Prozedur dauerte 25 — 40 Minuten. Den Tieren wurde einen Tag vor Gal-
lengangsligatur bis zum Ende des Experimentes taglich der NLRP3-Inflammasom-Inhibitor
MCC950 (20 mg/kg, Sigma-Aldrich, St. Louise, USA) oder die Vehikelldsung (Wasser) intra-
peritoneal injiziert. Zur chemischen Induktion eines Leberschadens wurde mannlichen

BALB/cANCrl Mausen (Medianalter: 10 Wochen) zweimal in der Woche intraperitoneal
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0,25 mL/kg Tetrachlorkohlenstoff (CCls, Merck Millipore, Eschborn, Deutschland) injiziert.
Chronische Pankreatitis® in mannlichen C57BL/6J Mausen (Medianalter: 15,3 Wochen) wurde
durch kontinuierliche intraperitoneale Injektion (drei Injektionen im Abstand einer Stunde an
drei Tagen der Woche) von Cerulein (50 ug/kg in 0,9% NaCl, Bachem, Bubendorf, Deutsch-
land) ausgeldst und bis zum Ende des Experimentes aufrechterhalten. Der microRNA-21-In-
hibitor (MIRCURY LNA™ microRNA-21a-5p inhibitor; # 339203 YCO0070656, Sequenz: TCA-
GTCTGATAAGCT) und die entsprechende Kontrolle (miRCURY LNA™ microRNA-21a-5p
control; # 339203 YCO0070657, Sequenz: TCAGTATTAGCAGCT) wurden von Qiagen (Hil-
den, Deutschland) gekauft, in PBS gel6st und in einer Konzentration von 10 mg/kg an Tag 0

(Beginn der Cerulein-Injektionen) und Tag 14 des Experimentes subkutan injiziert.

4.1.2 Belastungsanalyse

Die Belastung wurde anhand des Korpergewichts, des Buddelverhaltens, des Nestbauverhal-
tens, eines klinischen Belastungsscores und der Konzentration fakaler Kortikosteronmetabo-
lite evaluiert. Jeder Parameter wurde an zwei Zeitpunkten (pre 1 und pre 2) vor und direkt nach
der jeweiligen Intervention (siehe Tiermodelle) evaluiert. Die jeweiligen Phasen des Experi-
mentes (early, middle, late) richteten sich nach der Gesamtlange des Experimentes (z.B. BDL
14 Tage versus PDAC 37 Tage). Fur Details siehe Publikation im Anhang. Das Buddelverhal-
ten wurde mithilfe einer Réhre (Lange 15 cm, Durchmesser 6,5 cm) gefullt mit 200 g Nah-
rungspellets evaluiert'®®. Die Réhre wurde 2 — 3 h vor der Dunkelphase im Kéfig platziert und
die in der Rohre verbliebenen Pellets nach jeweils 2 h und 17 + 2 h gewogen. Das Nestbau-
verhalten wurde mittels eines Baumwollnestlets (5 cm Quadrat aus gepresster Baumwolle,
Zoonlab GmbH, Castrop-Rauxel, Deutschland) evaluiert, welches 30 — 60 Minuten vor der
Dunkelphase im Kafig platziert und am nachsten Morgen (9:30 £ 2 h) ausgewertet wurde. Die
Auswertung entspricht dem System von Deacon'®, erweitert um einen sechsten Auswertungs-
punkt: Das Nest sieht aus wie ein Krater und 90% des Umfangs des Nestes sind hdher als die
Kdrperhéhe der eingerollten Maus. Der Belastungsscore basiert auf bereits publizierten
Scores®8 und wurde in der hier verwendeten Form bereits publiziert®®. Innerhalb des Scores
sind verschiedene Kriterien (Spontanverhalten, Fluchtverhalten, Zustand des Korpers etc.) zu-
sammengefasst. Um die Konzentration von Kortikosteronmetaboliten im Kot zu bestimmen,
wurde der Kot Uber 24 h im Kafig gesammelt, flr 4 h bei 65 °C getrocknet und bei -20 °C
gelagert. AnschlieRend wurden 50 mg getrockneter Kot mit 1 ml 80% Methanol extrahiert und

die Konzentration mittels eines 5-pregnane-3,11,21-triol-20-one ELISA":85%7 bestimmt.
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4.1.3 Statistik
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Abbildung 2: Beispiele fiir ROC-Kurven
Zwei fiktionale Datensatze der Verdnderung des Korperge-

wichts von Mausen (pre = gesund, post = krank) sollen beispiel-
haft der Erklarung von ROC-Analysen dienen. Das Auftragen
der verschiedenen Cut-Offs (Kérpergewichtsdnderungen der je-
weiligen Tiere) dient der Konstruktion einer ROC und der Be-
rechnung der AUC. A: Die Veranderung des Korpergewichts
lasst theoretisch eine perfekte Unterscheidung von gesunden
und kranken Tieren zu (AUC = 1), da es Cut-Off Werte gibt, an
denen sich die Datensatze nicht tberschneiden (-1,41% bis -
1,67%). B: Ein Cut-Off zwischen -1,21% und -1,15% Kd&rperge-
wichtsanderung erlaubt eine Diagnose von kranken Tieren mit
90% Sensitivitat (9 von 10 kranken Tieren werden erkannt) und
einer Spezifitdt von 80% (8 von 10 Tieren werden als gesund
klassifiziert). C: Da sich beide Datensatze komplett iberschnei-
den, fuhrt eine mit allen Cut-Offs konstruierte ROC zu einer AUC

von 0,5.

Alle Graphen und die statistische Ana-
lyse wurden mit GraphPad Prism 8
(GraphPad Software Inc., San Diego,
USA) erstellt bzw. durchgefuhrt. Um zu
evaluieren, wie gut die jeweiligen Belas-
tungsparameter zwischen gesunden
und kranken Tieren unterscheiden kon-
nen, wurden ROC-Kurven genutzt.
ROC-Kurven setzen sich aus der Sen-
sitivitat (richtig-positive Rate) aufgetra-
gen gegen 1 - Spezifitat (falsch-positive
Rate) Uber eine Reihe verschiedener
Schwellenwerte zusammen. Die Flache
unter dieser Kurve wird als Area Under
the Curve (AUC) bezeichnet.

wurde die AUC mit dem entsprechen-

Hier

den 95% Konfidenzintervall als Leis-
tungsparameter verwendet (Abbildung
2). Eine AUC von 1 entspricht einer per-
fekten Unterscheidungsfahigkeit zwi-
schen gesunden und kranken Tieren
(Abbildung 2A). Der Wert der AUC kann
zwischen 0,5 und 1 liegen (Abbildung
2B). 0,5 entspricht dabei keiner Unter-
scheidungsfahigkeit des Belastungspa-
rameters zwischen den Datensatzen
(Abbildung 2C). Zusatzlich zum Leis-
tungsparameter der AUC enthalt die
Analyse einen p-Wert, welcher anzeigt,
ob die jeweilige AUC sich signifikant von
einer AUC von 0,5 unterscheidet. Die-
ser p-Wert dient als Vergleichsbasis
zwischen den Parametern (siehe Er-

gebnisse der Studie 1).

11



Methoden

4.2 Studie Il
4.2.1 Inhibitoren

BI-3406 (KRAS:SOS1-Inhibitor, Chemietek, Indianapolis, USA), BKM120 (pan-PI3K-Inhibitor)
und Trametinib (MEK1/2-Inhibitor) (beide gekauft von Absource Diagnostics GmbH, Minchen,
Deutschland) wurden in DMSO in einer Konzentration von 10 mM gel6st und bei -80 °C gela-

gert.

4.2.2 Zelllinien und Zellkultur

Die Zelllinie AsPC-1 wurde von der Universitatsmedizin Greifswald und die Zelllinie MIA PaCa-
2 wurde von Prof. Robert Jaster (Universitdtsmedizin Rostock) zur Verfiigung gestellt. Die
AsPC-1-Zellen wurden in RPMI1640 Medium (PAN Biotech GmbH, Aidenbach, Deutschland)
mit 10% FCS und 1% Penicillin-Streptomycin-Lésung (P/S, 10000 U/mL, 10 mg/mL; PAN Bi-
otech GmbH) kultiviert. MIA PaCa-2-Zellen wurden in DMEM (PAN Biotech GmbH) mit 10%
FCS und 1% P/S kultiviert.

4.2.3 Assays

Die Zellen wurden nach Zugabe der Inhibitoren fur 72 h bei 37 °C und 5% CO2 inkubiert.

Tabelle 1: Verwendete Konzentrationen fur kombinierte Inhibitor-Applikation

Zelllinie BI-3406 [uM] Trametinib [uM] BKM120 [uM]
AsPC-1 4 0.001 0.3
MIA PaCa-2 4 0,0025 0,6

4.2.3.1 Proliferation

Die Analyse der Zellproliferation wurde mithilfe einer Trypanblau (Sigma-Aldrich Chemie
GmbH, Steinheim, Deutschland) Farbung durchgefiihrt. Die Zellen wurden in einer Konzent-
ration von 3,3 x 10* Zellen/mL in 24-Well Platten ausgesat (1,5 mL pro Well). Die Inhibitoren
wurden in den Konzentrationen aus Tabelle 1 hinzugegeben und die Zellen 72 h nach Inkuba-

tion mittels Zahlkammer gezahlt. Die mit DMSO behandelte Kontrollgruppe entspricht 100%.

4.2.3.2 Quantifizierung der Biomasse

Die Analyse der Biomasse der Zellen wurde mittels Kristallviolett (KV) Farbung durchgefihrt.
Die Zellen wurden in einer Konzentration von 3,3 x 10* Zellen/mL in 96-Well Platten ausgesét
(150 pL pro Well). Die Zugabe der Inhibitoren und die Inkubation erfolgten analog zur Analyse

der Proliferation. Nach Inkubation mit den Inhibitoren wurden die Zellen mit PBS gewaschen

12
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und mit 0,2% KV-L6sung fur 10 Minuten auf einem Schuttler bei Raumtemperatur (RT) inku-
biert. Die Zellen wurden zweimal mit PBS gewaschen, es wurde 1% SDS-Ldsung hinzugege-
ben und 10 Minuten bei RT inkubiert. Die Absorption bei 570 nm wurde auf einem Promega
GloMax®-Multi Microplate Multimode Reader gemessen. Die mit DMSO behandelte Kontroll-
gruppe entspricht 100%.

4.2.3.3 Apoptose und Nekrose

Die Apoptose und Nekrose der Zellen wurden mittels Durchflusszytometrie mit Annexin-V-
FITC (BD GmbH, Heidelberg, Deutschland) und Propidiumiodid (PI, Sigma-Aldrich Chemie
GmbH) analysiert. Die Zellen wurden nach der Behandlung mit den Inhibitoren und dem
DMSO-Vehikel geerntet und gewaschen. AnschlieRend wurden die Zellen mit Annexin-V-FITC
(5 uL fr 15 Minuten bei RT) und PI (20 pg/mL direkt vor der Messung) inkubiert und mit einem
FACSVerse™ (BD GmbH) Durchflusszytometer gemessen. Annexin-V-/Pl- Zellen wurden als
vital, Annexin-V+/PI- Zellen als friihe apoptotische Zellen und Annexin-V+/Pl+ Zellen als spate
apoptotische/nekrotische Zellen betrachtet. Die Daten wurden mit der BD FlowJo™ Software
(BD GmbH) analysiert.

4.2.3.4 Evaluation der Inhibitor-Kombinationen

Die Wechselwirkung zwischen den Inhibitoren wurde anhand des Bliss-independent-Modells
bewertet. Die Wechselwirkung der Hemmstoffkombination wurde anhand der Differenz zwi-
schen der beobachteten (Eo) und vorhergesagten (Ep) Hemmung der Kombinationstherapie
bestimmt. Bei der Anwendung von zwei Inhibitoren wurde Ep mit der folgenden Gleichung
berechnet: Ep = Ea + Eg - Ea X Eg, wobei Ea und Eg die relative Hemmung der Einzelinhibitoren
A und B sind. Bei der Anwendung von drei Inhibitoren wurde Er mit der folgenden Gleichung
berechnet: Ep = Ea + Eg + Ec - EA X Eg - EA X Ec - Es X Ec - Ea X Eg X Ec, wobei Ea, Eg und Ec
die relative Hemmung der Einzelinhibitoren A, B und C sind. Eo > Ep deutet auf eine synergis-
tische Wirkung hin, Eo = Ep auf eine additive Wirkung und Eo < Ep deutet auf eine antagonis-
tische Wirkung hin. Die Bliss-Werte fur die Inhibitor-Kombinationen wurden auf der Grundlage

der Ergebnisse der Proliferation und Quantifizierung der Biomasse berechnet.

4.2.4 Statistik

Jedes Experiment wurde in mindestens 3 biologisch unabhangigen Wiederholungen durchge-
fuhrt. Die Ergebnisse der Proliferationsanalyse, der Quantifizierung der Biomasse und der

Analyse der Apoptose/Nekrose wurden als Mittelwert + Standardabweichung (SD) angegeben.
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Die statistische Signifikanz wurde mittels einfaktorieller ANOVA oder Kruskal-Wallis-Test (je-
weils nach einem Test auf Normalverteilung) analysiert und wie folgt dargestellt: *: p < 0,033,
**: p < 0,002, ***: p <0,001.

4.3 Studie Il
4.3.1 Inhibitoren

BI-3406 wurde von Boehringer Ingelheim (Ingelheim am Rhein, Deutschland) tiber das opnMe
Innovationsportal zur Verfiigung gestellt. Trametinib und BKM120 wurden von Chemietek ge-
kauft. Fur in vitro Untersuchungen wurden alle Inhibitoren in DMSO gel6st und in den angege-
ben Konzentrationen verwendet. Fur in vivo Untersuchungen wurden die Inhibitoren in einer
Mischung aus 60% Phosal50PG (Lipoid GmbH, Ludwigshafen, Deutschland), 30% PEG400
(Merck KGaA) und 10% Ethanol (99,6%, unvergallt) geldst.

4.3.2 Zelllinie und Zellkultur

Die 6606PDA-Zelllinie war ein freundliches Geschenk von Prof. Tuveson (Cold Spring Harbor
Laboratory, USA)®. Die Zellen wurden in DMEM (4,5 g/L Glucose, PAN Biotech GmbH) mit
10 % fetalem Kalberserum (FCS, PAN Biotech GmbH) und Penicillin/Streptomycin (100 U/ml,
PAN Biotech GmbH) kultiviert.

4.3.3 Assays

Die Zellen wurden nach Zugabe der Inhibitoren fir 48 h bei 37 °C und 5% CO: inkubiert.

4.3.3.1 Proliferation

Zur Evaluation der Zellproliferation wurden 6606PDA-Zellen in einer Dichte von 2 x 10® Zellen
in 96-Well Platten (Greiner Bio-One GmbH, Frickenhausen, Deutschland) ausgesat und 5-
Brom-2'-Deoxyuridin (BrdU, Merck KGaA, Darmstadt, Deutschland) hinzugegeben. Die Quan-
tifizierung erfolgte mit einem kolorimetrischen Zellproliferations-ELISA-Kit (Roche Diagnostics,
Mannheim, Deutschland) gemall den Empfehlungen des Herstellers. Die Absorption wurde
bei 450 nm mit einem Perkin Elmer Victor X3 Modell 2030 Multilabel Plate Reader (PerkinEl-
mer, Waltham, USA) gemessen.

4.3.3.2 Apoptose und Nekrose

6606PDA-Zellen wurden in einer Dichte von 3 x 10* Zellen in 12-Well Platten (Greiner Bio-One

GmbH) ausgesat und Apoptose und Nekrose wurden analog zu Studie Il analysiert.
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4.3.3.3 Evaluation der Inhibitor-Kombinationen

Die Wechselwirkung zwischen den Inhibitoren wurde wie in Studie Il evaluiert.

4.3.4 PDAC-Tiermodell und Therapie

Die orthotope Zellinjektion wurde wie in Studie | beschrieben vorgenommen. Anders als in
Studie | wurden hier sowohl mannliche als auch weibliche C57BL/6J Mause verwendet (zwi-
schen 16 und 23 Wochen alt) und es wurden jedem Tier zusatzlich 50 pyL einer 6606PDA-
Zellsuspension (in HBSS, PAN Biotech GmbH) mit einer Konzentration von 7 x 10° Zellen/mL
intravends mittels eines Katheters ((0.28 mm ID, 0.61 mm OD), Smiths Medical International
Ltd., Hythe, UK) in die laterale Schwanzvene injiziert. An Tag 4 nach Operation wurden die
Tiere in Behandlungsgruppen randomisiert (Vehikel oder eine Kombination aus BI-3406,
Trametinib und BKM120). Die Testsubstanzen und das Vehikel wurden vom 4. Tag bis zur
Euthanasie am 36. Tag Uber eine orale Schlundsonde an 5 Tagen der Woche verabreicht. Die
pro Schlindelung verabreichten Wirkstoffkonzentrationen waren: BI-3406 in einer Konzentra-
tion von 50 mg/kg (2 x pro Tag), Trametinib in einer Konzentration von 0,1 mg/kg (2 x pro Tag)
und BKM120 in einer Konzentration von 30 mg/kg (1 x pro Tag). An Tag 36 nach der Injektion
der Tumorzellen wurden die Mause ein letztes Mal geschliindelt und BrdU (2,5 uL/g Korper-
gewicht, 20 mg/mL) 1,5 — 2 Stunden vor der Euthanasie durch zervikale Dislokation in tiefer
Narkose (4 — 5 Vol.-% Isofluran) intraperitoneal injiziert. Tumore, Lungen und Lebern wurden
entnommen und entweder in 4 % PBS-gepuffertem Paraformaldehyd (PFA, Formafix GmbH,

Dusseldorf, Deutschland) oder in flissigem Stickstoff konserviert.

4.3.5 Belastungsanalyse

Die Analyse der Belastung erfolgte wie bereits fur Studie | beschrieben.

4.3.6 Statistik

Alle Daten wurden mit GraphPad Prism 8 (GraphPad Software Inc.) analysiert und als Box-
Plot (einzelne Datenpunkte, Whisker zeigen Minimum und Maximum) oder als Balkendia-
gramm dargestellt. Die Uberlebenswahrscheinlichkeit wurde mittels Kaplan-Meier-Schatzer
evaluiert. Die statistische Signifikanz wurde je nach Anzahl der unabhangigen Variablen und
den Datenmerkmalen mit unterschiedlichen Methoden ermittelt. Einzelheiten sind in den Ab-
bildungslegenden der Abbildungen 5 — 7 im Ergebnisteil der Studie 11l und der entsprechenden

Publikation zu finden. Unterschiede mit p < 0,05 wurden als signifikant angesehen.

15



Ergebnisse

V. Ergebnisse
5.1 Studie |

Ziel dieser Studie war es, mittels ROC-Kurven zu evaluieren, wie gut verschiedene Methoden
der Belastungsanalyse zwischen gesunden und kranken Tieren (nach einer chirurgischen In-
tervention oder Induktion einer gastrointestinalen Erkrankung) unterscheiden kénnen. Gleich-
zeitig wurde die Generalisierbarkeit, Robustheit und Reproduzierbarkeit der Methoden und der
daraus resultierenden Interpretationen betrachtet. Besonderer Fokus soll hier auf dem Modell

des Pankreaskarzinoms liegen.

Die Veranderung des Koérpergewichts nach Implantation eines Transmitters soll als Beispiel
fur die Unterscheidungsfahigkeit zwischen gesunden und kranken Tieren dienen (Abbildung
3A — C). Der Vergleich des Korpergewichts zwischen einem Zeitpunkt vor der Transmitterim-
plantation (pre 1) mit dem Tag direkt danach (post) zeigt, dass die Tiere Gewicht verlieren
(Abbildung 3A) und die mit diesen Daten generierte ROC-Kurve (AUC 0,90, 0,75 — 1,00 95%
K1) eine signifikant bessere Unterscheidung ermdglicht, als es eine Methode mit einer AUC
von 0,50 wirde (p = 0,0028). Bei Veranderung der Ausgangsdaten (pre 2) bleibt diese
Schlussfolgerung bestehen (Abbildung 3B). Eine Darstellung der Kérpergewichtsveranderung
als prozentuale Veranderung nach dem Eingriff (post) verglichen mit der Veranderung zwi-
schen den beiden Basistagen ((pre 1 — pre 2) x 100/pre 2) ermoglicht eine noch bessere Un-
terscheidung beider Datensatze und damit eine AUC von 1,00 (perfekte Unterscheidungsfa-
higkeit) mit einem p-Wert von 0,0002 (Abbildung 3C).

Um die verschiedenen Methoden der Belastungsanalyse (Koérpergewicht (BW), Buddeln (B),
Nestbauverhalten (N), Belastungsscore (DSC) und FCM) miteinander vergleichen zu kénnen,
wurden die p-Werte in einer Heatmap dargestellt (Abbildung 3D — F). Nur zwei Methoden (Kor-
pergewicht und FCM) waren in der Lage, Tiere vor und nach orthotoper Injektion von
6606PDA-Zellen in das Pankreas zu unterscheiden (Abbildung 3D, roter Rahmen). Zur Uber-
prufung, wie replizierbar diese Erkenntnis ist, wurden die Methoden zur Belastungsanalyse in
zwei Kohorten von Tieren untersucht, die zu einem spateren Zeitpunkt verschiedene Thera-
pien erhalten haben (Abbildung 3E). Die Ergebnisse in beiden Gruppen waren annahernd
identisch und die Methoden innerhalb dieses Modells damit als replizierbar anzusehen. Um zu
evaluieren, ob kranke und gesunde Tiere uber die Progression des Pankreaskarzinommodells
hinweg unterschieden werden kénnen, wurden die verschiedenen Methoden in der frihen,
mittleren und spaten Phase mit dem jeweiligen Wert vor Zellinjektion verglichen (Abbildung
3F). Anhand der prozentualen Veranderung des Kérpergewichts konnte zwischen Tieren vor
Zellinjektion und in der mittleren und spaten Phase des Krankheitsverlaufs unterschieden wer-

den, in der frihen Phase nur anhand des Buddelverhaltens (Abbildung 3F, roter Rahmen).
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Abbildung 3: ROC-Kurven als Instrument zur Einschatzung der Diskriminierungsfahigkeit von Methoden
der Belastungsanalyse

Streudiagramme und ROC-Kurven beschreiben die Veranderungen des Kérpergewichts von Mausen nach der Im-
plantation eines Transmitters (A — C). Die ROC-Kurven wurden durch Auftragen der Sensitivitat (richtig-positive

Rate) gegen 1 - Spezifitat (falsch-positive Rate) generiert. Das Koérpergewicht einen Tag nach der Implantation
(post) wird verglichen mit dem Korpergewicht 5 Tage vor der Implantation, dargestellt als Zeitpunkt pre 1 (A), oder
mit dem Kérpergewicht 2 Tage vor der Implantation, dargestellt als Zeitpunkt pre 2 (B). Die prozentuale Korperge-
wichtsdnderung zwischen den beiden Tagen vor der Implantation wird mit der prozentualen Kérpergewichtsande-
rung zwischen dem postoperativen Tag und dem Zeitpunkt pre 1 verglichen (C). Evaluation der Unterscheidungs-
fahigkeit der Methode zwischen Tieren vor und nach der Implantation eines Transmitters anhand der Flache unter
der Kurve (AUC), des Konfidenzintervalls (Cl) und des p-Wertes, der angibt, wie signifikant der Unterschied zur
Referenzlinie (rote gestrichelte Linie, keine Unterscheidungskraft) ist. N = 10 Mause. D: p-Werte zeigen an, wie
signifikant unterschiedlich zu einer AUC von 0,5 (keine Unterscheidungskraft) die jeweiligen Belastungsparameter
(BW = Korpergewicht, B = Buddelverhalten, N = Nestbauverhalten, DSC = Belastungsscore, FCM = fakale Korti-
kosteronmetabolite) zwischen Tieren vor und nach Injektion von Pankreaskarzinomzellen unterscheiden kénnen
(roter Rahmen = C57BI/6J Mause vor und nach Injektion von Pankreaskarzinomzellen, N = 14). E: Reproduzier-
barkeit und Robustheit der Unterscheidungsfahigkeit der einzelnen Methoden der Belastungseinschatzung. Beiden
Gruppen (A und B) wurden 6606PDA-Zellen orthotop injiziert und zu einem spateren Zeitpunkt erfolgte eine Be-
handlung entweder mit Vehikel (N = 7) oder CHC + Met (N = 7). F: p-Werte zeigen an, wie signifikant unterschiedlich
zu einer AUC von 0,5 (keine Unterscheidungskraft) die jeweiligen Belastungsparameter zwischen Tieren vor Injek-
tion von Pankreaskarzinomzellen und wahrend der einzelnen Phasen des Experimentes (frih, mittel, spat) unter-

scheiden kénnen (roter Rahmen, N = 14 Mause).
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5.2  Studiell

In dieser Studie wurden der SOS1:KRAS-Inhibitor BI-3406 und der KRAS-G12C-Inhibitor So-
torasib in verschiedenen Konzentrationen sowie in Kombination mit Buparlisib (BKM120) und
Trametinib in humanen Pankreaskarzinomzelllinien mit verschiedenen Mutationen getestet.
Hier wird im Detail nur auf Kombinationen mit BI-3406 und Zelllinien mit KRAS-G12D bzw.
G12C-Mutation (AsPC-1 und MIA PaCa-2) eingegangen.

BI-3406 allein erzielte selbst in der hochsten getesteten Konzentration von 10 uM nur einen
maximalen inhibitorischen Effekt von 50% bezogen auf Proliferation und Biomasse der ver-
schiedenen Zelllinien (Abbildung 4A). Die Kombination von BI-3406 mit BKM120 oder Trame-
tinib flihrte zu signifikant verringerter Proliferation und Biomasse in AsPC-1-Zellen verglichen
mit der DMSO-Kontrolle (Abbildung 4B). Die Dreifachkombination aus BI-3406, BKM120 und
Trametinib wirkte dabei signifkant besser als jegliche Zweifachkombination (Abbildung 4B).
Fir alle getesteten Kombinationen konnte ein synergistischer Effekt festgestellt werden. Die
Dreifachkombination wirkte ebenso besser als jegliche Zweifachkombination in der Induktion
von Apoptose und Nekrose in AsPC-1-Zellen (Abbildung 4C). In MIA PaCa-2-Zellen zeigte
sich ein vergleichbares Bild. Die Zweifachkombinationen aus BI-3406 und BKM120 oder
Trametinib verringerten Proliferation und Biomasse der Zellen signifikant gegenuber der Kon-
trolle (Abbildung 4D). Die Dreifachkombination erzielte auch hier signifikant verringerte Prolife-
ration und Biomasse verglichen mit den Zweifachkombinationen (Abbildung 4D). Ebenso
konnte ein synergistischer Effekt aller getesteten Kombinationen festgestellt werden. In der
Induktion des Zelltodes war die Dreifachkombination auch in dieser Zelllinie signifikant besser

als jegliche Zweifachkombination (Abbildung 4E).
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Abbildung 4: Inhibition von Proliferation und Induktion von Zelltod durch BI-3406 allein und in Kombination
A: Anderung der Proliferationsrate und Biomasse in verschiedenen humanen PDAC-Zelllinien durch Exposition mit

verschiedenen Konzentrationen von BI-3406. B: Proliferation und Biomasse von AsPC-1-Zellen 72 h nach Zugabe
von 4 uM BI-3406, 0,001 yM Trametinib und 0,3 yM BKM120 allein oder in Kombination und Analyse des Syner-
gismus mittels Bliss-independent-Modell. C: Analyse des Zelltodes (Apoptose + Nekrose) in AsPC-1-Zellen 72 h
nach Zugabe von 4 yM BI-3406, 0,001 uM Trametinib und 0,3 yM BKM120 allein oder in Kombination. D: Prolife-
ration und Biomasse von MIA PaCa-2-Zellen 72 h nach Zugabe von 4 pM BI-3406, 0,0025 yM Trametinib und
0,6 yM BKM120 allein oder in Kombination und Analyse des Synergismus mittels Bliss-independent-Modell. E:
Analyse des Zelltodes (Apoptose + Nekrose) in MIA PaCa-2-Zellen 72 h nach Zugabe von 4 yM BI-3406, 0,0025 yM
Trametinib und 0,6 yM BKM120 allein oder in Kombination. N = mind. 3 unabhéangige biologische Replikate. Die
Daten sind als Mittelwert + Standardabweichung (SD) angegeben. Die Signifikanz eines Behandlungseffekts im
Vergleich zur DMSO-Kontrolle wurde mittels einfaktorieller ANOVA bestimmt und als *: p < 0,033, **: p < 0,002, ***:
p < 0,001 dargestellt. Die Signifikanz des Behandlungseffektes fiir zwei Inhibitoren im Vergleich zu drei Inhibitoren
wurde durch einfaktorielle ANOVA bestimmt und als # (Proliferation), § (Biomasse): p < 0,033; ##, §§: p < 0,002,
#H; §88: p < 0,001 dargestellt. Bl: BI-3406; T: Trametinib; B: BKM120; Ep: vorhergesagter Effekt durch das Bliss-
independent-Modell; Eo: beobachteter Effekt.
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5.3  Studielll

Die in Studie Il in vitro getestete Kombination aus BI-3406, Trametinib und BKM120 wurde in
dieser Studie in einem syngenen, orthotopen und metastasierten Modell des Pankreaskarzi-

noms in weiblichen und mannlichen Mausen C57BL/6J getestet.

Zunachst wurden die Unterschiede zwischen Mannchen und Weibchen ohne therapeutische
Intervention (Vehikelgruppe) evaluiert. Mannliche Mause hatten eine signifikant geringere
Uberlebenswahrscheinlichkeit als weibliche (Abbildung 5A). Das Tumorgewicht 36 Tage nach
Tumorzellinjektion war in Weibchen signifikant geringer als in Mannchen (Abbildung 5B), ob-
wohl es keinen Unterschied in der Proliferation der Tumorzellen zwischen den Geschlechtern
gab (Abbildung 5C). Die Anzahl CD8-positiver Zellen im Tumor war in Weibchen signifikant
hoher als in Mannchen (Abbildung 5D).

In den Belastungsparametern Kérpergewicht, Buddeln und dem Belastungsscore ergaben sich
signifikante Unterschiede zwischen Mannchen und Weibchen in der spaten Phase des Expe-
rimentes (Abbildung 5E — G). Das Kdrpergewicht der mannlichen Tiere war am Ende des Ex-
perimentes signifikant gegenuber dem der Weibchen verringert (Abbildung 5E). Ebenso war
das Buddelverhalten der mannlichen Tiere signifikant gegentiber dem der weiblichen Tiere
verringert (Abbildung 5F). Der Belastungsscore in mannlichen Mausen war signifikant erhdht
im Vergleich zu weiblichen Mausen in der spaten Phase (Abbildung 5G). Das Nestbauverhal-
ten und die Konzentration fakaler Kortikosteronmetabolite unterschieden sich hingegen nicht

signifikant zwischen den Geschlechtern (Abbildung 5H —1).
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Abbildung 5: Unterschiede in Uberlebenswahrscheinlichkeit, Tumorgewicht, -proliferation und -infiltration
sowie Belastung zwischen Mannchen und Weibchen im PDAC-Modell

A: Uberlebenswahrscheinlichkeit von Weibchen und Mannchen (Kaplan-Meier-Schétzer und Log-Rang Mantel-
Cox-Test, * p < 0,05). B: Tumorgewicht lberlebender weiblicher und mannlicher Tiere 36 Tage nach 6606PDA-
Zellinjektion (t-Test fir unabhangige Stichproben mit Welch-Korrektur, * p < 0,05). C: Vergleich der Tumorzell-
proliferation in Uberlebenden weiblichen und mannlichen Tieren 36 Tage nach 6606PDA-Zellinjektion (t-Test fir
unabhangige Stichproben mit Welch-Korrektur, NS). D: Vergleich CD8a-positiver Zellen in iberlebenden weiblichen
und mannlichen Tieren 36 Tage nach 6606PDA-Zellinjektion (Mann-Whitney-Test, * p < 0,05). E — I: Kdrperge-
wichtsanderung (E), Buddelverhalten (F), Belastungsscore (G), Nestbauverhalten (H) und fékale Kortikosteronme-
tabolite (I)verglichen zwischen Uberlebenden weiblichen und méannlichen Tieren (zweifaktorielle ANOVA mit Mess-
wiederholung und Sidak-Post-hoc-Test, * p < 0,05). Pra, akute, friihe, mittlere und spate Phase entsprechen den

Phasen des Experimentes. Details der Methodik sind der Publikation zu entnehmen.
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Die Wirkung der in Studie Il erfolgreich an humanen Zelllinien getesteten Dreifachtherapie
sollte in dieser Studie anhand der fur die Tumorinduktion verwendeten, murinen Zelllinie
6606PDA (KRAS-G12D-Mutation) verifiziert werden. Die verwendeten Konzentrationen (BI-
3406: 10 yM, Trametinib: 0,064 uM, BKM120: 1 yM) entsprachen gerundet der halben 1Cs flir
die Inhibition der Proliferation der einzelnen Verbindungen (Fig. S4, Studie I11%). Im Vergleich
zur DMSO-Kontrolle, den einzelnen Therapeutika und den Zweifachkombinationen verringerte
die Dreifachtherapie die Proliferation der Zellen signifikant mehr (Abbildung 6A). Fur alle ge-
testeten Kombinationen konnten synergistische Effekte in der Inhibition der Proliferation fest-
gestellt werden (Abbildung 6B). Die Dreifachkombination induzierte signifikant mehr Zelltod
als die DMSO-Kontrolle, die einzelnen Therapeutika und die Kombination aus BI-3406 und
BKM120 (Abbildung 6C). Auch fir die Induktion des Zelltodes konnten fiir alle Kombinationen
synergistische Effekte festgestellt werden (Abbildung 6D).

Nach erfolgreicher in vitro Evaluation wurde die Dreifachtherapie in vivo in weiblichen und
mannlichen C57BL/6J-Mausen getestet, welchen orthotop und intravenés murine 6606PDA-
Pankreaskarzinomzellen injiziert wurden. Den Tieren wurde taglich, auler am Wochenende,
zweimal BI-3406 und Trametinib sowie einmal BKM120 oder ausschlielich die Vehikelldsung
per Schlundsonde verabreicht.

Weder in weiblichen noch in mannlichen Tieren konnte bis zum Ende des Experimentes eine
signifikante Verbesserung der Uberlebenswahrscheinlichkeit durch die Therapie erreicht wer-
den (Abbildung 7A — B). In weiblichen Tieren erreichte die Therapie keine signifikante Veran-
derung des Tumorgewichtes verglichen mit der Vehikelgruppe (Abbildung 7C), wahrend das
Tumorgewicht in mannlichen mit der Therapie behandelten Tieren signifikant verringert war
(Abbildung 7D). Die auf das durchschnittliche Tumorgewicht mit Vehikel behandelter Tiere des
jeweiligen Geschlechts normalisierte Therapieeffektivitdt war signifikant hdher in Mannchen
als in Weibchen (Abbildung 7E). Auf die Proliferation der Tumorzellen hatte die Therapie weder
in Weibchen noch in Mannchen einen signifikanten Einfluss (Abbildung 7F — G). Die Anzahl
der CD8-positiven Zellen im Tumor wurde in Weibchen durch die Therapie signifikant negativ
beeinflusst (Abbildung 7H), wahrend in Mannchen keine signifikante Anderung beobachtet
wurde (Abbildung 71).
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Abbildung 6: Inhibition von Proliferation und Induktion von Zelltod durch BI-3406 allein und in Kombination
in 6606PDA-Zellen

A: Anderung der Proliferationsrate von 6606PDA-Zellen nach 48 h Inkubation mit 10 uM BI-3406 (BI), 0,064 uM
Trametinib (T) und 1 yM BKM120 (BKM) einzeln oder in Kombination (N = 6, Vergleich mit Dreifachkombination,
einfaktorielle ANOVA mit Dunnet-Post-hoc-Test, * p < 0,05). B: Analyse der Synergie der drei Therapeutika in der
Inhibition der Proliferation mit dem Bliss-independent-Modell. C: Induktion des Zelltodes von 6606PDA-Zellen nach
48 h Inkubation mit 10 uM BI-3406 (BI), 0,064 uM Trametinib (T) und 1 yM BKM120 (BKM) einzeln oder in Kombi-
nation (N = 10, Vergleich mit Dreifachkombination, Kruskal-Wallis-Test mit Dunn-Post-hoc-Test, * p < 0,05). D: Ana-

lyse der Synergie der drei Therapeutika in der Induktion des Zelltodes mit dem Bliss-independent-Modell.
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Abbildung 7: in vivo Effekte der Dreifachtherapie (BI-3406, Trametinib, BKM120) im Vergleich zum Vehikel
in mannlichen und weiblichen Mausen

A, B: Uberlebenswahrscheinlichkeit von weiblichen (A) und ménnlichen (B) Tieren, die entweder eine Dreifachthe-
rapie aus BI-3406, Trametinib und BKM120 oder Vehikelldsung erhalten haben (Kaplan-Meier-Schatzer und Log-
Rang Mantel-Cox-Test, NS). C, D: Tumorgewicht in weiblichen (C) und mannlichen (D) Tieren, die entweder eine
Dreifachtherapie aus BI-3406, Trametinib und BKM120 oder Vehikellésung erhalten haben (C: t-Test fir unabhan-
gige Stichproben, NS; D: Mann-Whitney-Test, * p < 0,05). E: Ansprechen der Therapie als auf das durchschnittliche
Tumorgewicht der mit Vehikel behandelten Tiere des gleichen Geschlechts normalisierter Quotient in Prozent, ver-
glichen zwischen Weibchen und Mannchen (Mann-Whitney-Test, * p < 0,05). F, G: Tumorzellproliferation in weib-
lichen (F) und mannlichen (G) Tieren, die entweder eine Dreifachtherapie aus BI-3406, Trametinib und BKM120
oder Vehikelldsung erhalten haben (t-Test flr unabhangige Stichproben, NS). H, |: CD8a-positive Zellen in weibli-
chen (H) und mannlichen (1) Tieren, die entweder eine Dreifachtherapie aus BI-3406, Trametinib und BKM120 oder
Vehikellésung erhalten haben (H: Mann-Whitney-Test, * p < 0,05, I: t-Test fur unabhangige Stichproben, NS).
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VL. Diskussion
6.1 Belastung im Modell des Pankreaskarzinoms und durch therapeutische

Intervention

Experimentelle Prozeduren sind belastend fiir Labortiere®. Diese Belastung kann sich negativ
auf das Ergebnis und die Validitat wissenschaftlicher Studien auswirken®'®2, Refinement, das
Verbessern experimenteller Prozeduren in tierexperimentellen Studien, steht als eine der drei
grundlegenden Saulen des 3R-Prinzips dafir, die Belastung von Tieren wahrend dieser expe-
rimentellen Studien zu minimieren. Das setzt voraus, dass die Belastung von Tieren in Versu-

chen verlasslich evaluiert werden kann.

Im Rahmen dieser Arbeit wurde in Studie | untersucht, inwieweit verschiedene Methoden der
Belastungsanalyse geeignet sind, um in einem syngenen, orthotopen Modell des Pankreas-
karzinoms Tiere vor und nach Induktion des Tiermodells zu unterscheiden. Desweiteren wurde
in Studie Ill die Frage beantwortet, ob mannliche und weibliche Tiere innerhalb des Modells
unterschiedliche Belastung erfahren. In den Studien | und lll wurde ebenfalls evaluiert, ob Me-
thoden der Belastungsanalyse geeignet sind, Tiere vor und nach Induktion des Modells mit
und ohne Therapie zu unterscheiden und ob es Unterschiede in der Belastung zwischen Tie-

ren mit und ohne Therapie gibt.

Bezogen auf das Modell des Pankreaskarzinoms zeigte sich in Studie I, dass nur wenige Me-
thoden geeignet sind, um Tiere vor und nach Injektion von Karzinomzellen zu unterscheiden.
Die Analyse des Buddelverhaltens sowie die Analyse der FCM waren geeignet, um Tiere vor
und direkt nach Induktion des Modells zu unterscheiden. Eine Erklarung daflir, warum andere
Methoden in der Unterscheidung scheiterten, kann sein, dass die Injektion von Karzinomzellen
rein als Intervention keine Belastung ausldst, die mit Methoden wie der Analyse des Korper-
gewichts, dem Nestbauverhalten oder dem klinischen Belastungsscore gemessen werden
kann. Ebenso kann ein Einfluss der perioperativen Analgesie angenommen werden. Beson-
ders fir den Parameter des Buddelverhaltens hat sich gezeigt, dass perioperative Analgesie
das Buddelverhalten nach Laparotomie verbessern kann®. Im Vergleich mit zum Beispiel der
Implantation eines Transmitters zeigt sich, dass jegliche Methode geeignet ist, Tiere vor und
direkt nach der Implantation anhand der akuten Belastung zu unterscheiden. Die Implantation
eines Transmitters nimmt deutlich mehr Zeit in Anspruch und flhrt sehr wahrscheinlich auch
nach dem Eingriff zu reduziertem Wohlergehen, da der Transmitter ein erhebliches Volumen
im Bauchraum einnimmt. Dies wird umso deutlicher, wenn man die Belastung, welche durch
eine Transmitterimplantation verursacht wird, direkt mit der Belastung durch Karzinomzellin-
jektion vergleicht. Kumstel et al. konnten zeigen, dass alle hier besprochenen Belastungspa-

rameter auf signifikant hdhere Belastung durch eine Transmitterimplantation verglichen mit der
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Injektion von Karzinomzellen hindeuten’. Daher ist es denkbar, dass einige dieser Methoden
nicht sensitiv genug sind, die durch die Injektion der Karzinomzellen ausgeloste Belastung zu
erfassen. Die Unterscheidungsfahigkeit von Tieren direkt vor und nach Injektion von Karzi-
nomzellen anhand der Buddelaktivitat und FCM konnen als robust angesehen werden, da in
zwei verschiedenen Kohorten die gleichen Ergebnisse erhalten und daher die gleichen
Schlussfolgerungen gezogen wurden. Die Analyse im Zeitverlauf des Tiermodells zeigte, dass
grundsatzlich nur die Kérpergewichtsanderung geeignet ist, um Tiere vor Injektion der Karzi-
nomzellen und in der mittleren bzw. spaten Phase zu unterscheiden. Tumorerkrankungen sind
generell progressiver Natur und Kachexie als Symptom einer Tumorerkrankung ist in vielen
Karzinommodellen zu beobachten®. Daher wird die Inklusion des Kérpergewichts als Para-
meter fiir die Bewertung einer Kachexie in praklinischen Krebsstudien empfohlen®%. Ebenso
gilt die Anderung des Kérpergewichts als einer der zuverlassigsten Parameter, um humane
Endpunkte flr verschiedenste Tiermodelle zu definieren®. Allerdings gilt dies nicht uneinge-
schrankt fir alle Tumormodelle, da vor allem schnell wachsende Tumore einen Verlust des
Korpergewichts maskieren kénnen®” und daher zusatzliche Methoden, wie der Body-Condition
Score (BCS)® oder das um das Tumorgewicht bereinigte Kérpergewicht®® notig sein konnen.
Weiterhin zeigte sich, dass speziell fur orthotope Modelle des Pankreaskarzinoms reduziertes
Wohlergehen und Gewichtsverlust mit dem Ort der orthotopen Zellinjektion assoziiert sein kén-
nen. In einer Vergleichsstudie zwischen Tumorzellinjektionen in den Kopf und den Schwanz
des Pankreas wurde festgestellt, dass Tiere durch Injektionen in den Pankreaskopf durch In-
vasion des Tumors in das Duodenum und durch Verschluss des Gallengangs friher eine Be-
eintrachtigung des Gesundheitszustandes entwickelten und friiher verstarben®. In dieser Stu-
die wurden ausschlieR3lich mannliche Tiere verwendet und auch im Rahmen der vorliegenden
Arbeit konnte innerhalb von Studie Il signifikant haufiger invasives Tumorwachstum in mann-
lichen Tieren beobachtet werden (Fig. 1F, Studie 111°). Dies kénnte ebenso darauf hindeuten,
dass je nach Krankheitsmodell einige Parameter der Belastungsanalyse nur eine geschlechts-
spezifische Aussagekraft haben.

Allgemein war in Studie | die Generalisierbarkeit der Methoden tber verschiedene Tiermodelle
hinweg gering, was dafur spricht, dass je nach Tiermodell unterschiedliche Methoden verwen-
det werden sollten, um die Belastung von Tieren optimal zu erfassen. Diese Ergebnisse spie-
geln sich auch in dem Bestreben wider, Belastung mit Hilfe von multiparametrischen ,,compo-

site scores” zu analysieren®10",

Innerhalb von Studie Il wurde untersucht, ob sich mannliche und weibliche Tiere in der Belas-
tung wahrend des Experimentes unterscheiden. Grundsatzlich unterschieden sich mannliche
und weibliche Tiere anhand ihrer Belastung nur in der spaten Phase des Experimentes signi-

fikant. Mannchen verloren mehr Kérpergewicht, zeigten weniger Buddelaktivitdt und hatten
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einen héheren Belastungsscore. Das Nestbauverhalten und FCM unterschieden sich auch in
der spaten Phase nicht signifikant zwischen den Geschlechtern. Da méannliche Tiere im Karzi-
nommodell mit signifikant hoherer Wahrscheinlichkeit vor Ende des Experimentes anhand de-
finierter Endpunkte euthanasiert werden mussten und ebenso signifikant grof3ere Tumore aus-
bildeten, war eine grundsatzlich héhere Belastung zu erwarten. Dabei muss jedoch beachtet
werden, dass fur die Auswertung der Belastung nur Tiere analysiert wurden, die bis zum Ende
des Experimentes Uberlebt haben. Tiere, die bereits fruher hohe Belastung erfahren haben
und aufgrund dieser euthanasiert wurden, sind nicht in die Auswertung eingegangen. Ebenso
muss beachtet werden, dass ein Verlust des Kérpergewichtes von mehr als 10% auch immer
in einem erhdhten Belastungsscore resultiert. Der signifikant héhere Verlust des Kdrperge-
wichtes und der signifikant erhdhte Belastungsscore in Mannchen missen also im Zusam-
menhang betrachtet werden. Geschlechtsunterschiede in Inzidenz, Mortalitat und Auspragung
verschiedener Krebserkrankungen sind klinisch etabliert und in aller Regel sind Manner starker
betroffen als Frauen”'%219 |n verschiedenen immunkompetenten Tumormodellen konnten
diese Geschlechtsunterschiede ebenfalls beobachtet werden und vor allem die Inhibition der
adaptiven Immunantwort durch Androgene in mannlichen Tieren als ursachlicher Faktor aus-
findig gemacht werden’>1%41%_Unterschiede in der adaptiven Immunantwort konnten auch in
dem in dieser Arbeit besprochenen Modell beobachtet werden, da mannliche Tiere signifikant
weniger intratumorale CD8-positive Zellen aufwiesen als weibliche. Ebenso konnten Metasta-
sen und invasives Tumorwachstum signifikant haufiger in Mannchen beobachtet werden (Fig.
1E und F, Studie 111?°). Die héhere Belastung in Mannchen hat also mit hoher Wahrscheinlich-

keit einen physiologischen Ursprung in der deutlich starkeren Auspragung des Tumormodells.

Weiterhin wurde im Rahmen der Belastungseinschatzung in Studie | und Il untersucht, ob sich
die Therapie des Pankreaskarzinoms in einer veranderten Belastung niederschlagt. In Studie
| wurde der Frage nachgegangen, ob Tiere vor Injektion der Karzinomzellen und danach an-
hand der Therapie (Vehikel oder Metformin + CHC) unterschieden werden kénnen (Fig. 4,
Studie 1'%). Keine der untersuchten Methoden war in der Lage, Tiere vor und nach Injektion
der Karzinomzellen zu unterscheiden, unabhangig von der verabreichten Therapie. Das kann
bedeuten, dass die Interventionstherapie (Metformin + CHC) nicht plétzlich dazu fuhrt, dass
Tiere vor und nach Injektion der Karzinomzellen + Therapie unterschieden werden konnen und
die Therapie daher nicht zu einer erhdhten Belastung fuhrt. Allerdings sind die meisten der
untersuchten Methoden, je nach Fragestellung, ohnehin kaum in der Lage zwischen Tieren
vor und nach Zellinjektion zu unterscheiden, moglicherweise weil das Modell kaum Belastung
verursacht oder die Methoden nicht sensitiv genug sind, um diese zu erfassen. Ebenso wurden

hier die Daten aus den verschiedenen Phasen (frih, mittel, spat) des Experimentes gepoolt
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und mit der Praphase verglichen und desweiteren die Vehikelgruppe nicht mit der Interventi-
onsgruppe sondern nur die jeweiligen Gruppen vor und nach Injektion der Zellen + Therapie
verglichen. Die Aussagekraft der Daten im Hinblick auf eine potentielle Belastung durch die
Therapie ist daher mit Einschrankungen zu betrachten.

In Studie 11l wurde eine mdgliche Belastung durch die Therapie anhand der bisher besproche-
nen Belastungsparameter (Fig. S8, Studie 1112°) sowie laborchemischer Parameter (AST, ALT,
Kreatinin, LDH, C-Peptid; Fig. 5, Studie 1113%) im Vergleich der Vehikelgruppe mit der Therapie-
gruppe (BI-3406 + Trametinib + BKM120) pro Geschlecht analysiert. Im Vergleich der Belas-
tungsparameter gab es lediglich einen signifikanten Unterschied im Belastungsscore zwischen
mit Vehikel und mit der Therapie behandelten weiblichen Tieren. Alle anderen Parameter un-
terschieden sich weder in Mannchen noch in Weibchen signifikant. Der signifikant erhdhte
Belastungsscore in weiblichen mit Therapie behandelten Tieren war nicht durch einen signifi-
kanten Korpergewichtsverlust im Vergleich mit der Vehikelgruppe bedingt, sondern mafgeb-
lich durch die Beobachtung eines gestraubten Fells, welches mit 2 bewertet wird. Diese Be-
obachtung ist generell sehr subjektiv und abhangig vom Beobachter. Die Interpretation, dass
die Therapie weibliche Tiere Ubermalig dazu veranlasst ihre Fellpflege zu vernachlassigen,
ist moglich aber wenig wahrscheinlich, da keine anderen Parameter auf eine erhohte Belas-
tung hinweisen. Weiterhin ergab die Analyse der laborchemischen Parameter in beiden Ge-
schlechtern eine signifikant erhohte C-Peptid Plasmakonzentration. Diese Erhéhung kann auf
den Wirkmechanismus von BKM120 zurtckgefuhrt werden, welches uUber die Inhibition der
PI3K ein Insulin-Feedback auslést und so ebenfalls die C-Peptid Plasmakonzentration er-
hoht'97-1%, Da es in Mannchen keine signifikanten Unterschiede in der Belastung zwischen mit
Vehikel und Therapie behandelten Tieren gab und in Weibchen der Unterschied in der Belas-
tung lediglich auf der subjektiven Beobachtung des gestraubten Fells in therapierten Tieren
beruhte, spiegelte sich die signifikante Erhéhung der C-Peptid Plasmakonzentration scheinbar
nicht in der Belastung der Tiere wider. Grundsatzlich sind die hier verwendeten Methoden der
Belastungsanalyse zumindest teilweise geeignet, um unterschiedliche Belastung wahrend
Therapie des orthotopen Pankreaskarzinommodells zu evaluieren®®. Daher kann geschluss-
folgert werden, dass die hier verwendete Therapie keine zusatzliche Belastung in den Tieren
auslost oder die verwendeten Methoden der Belastungsanalyse nicht sensitiv genug sind, eine

zusatzliche Belastung durch die Therapie zu erfassen.

Zusammenfassend ist zu sagen, dass nur wenige Methoden geeignet sind, um Tiere vor und
nach Induktion des Pankreaskarzinommodells zu unterscheiden. Im spateren Verlauf des Mo-
dells bietet sich vor allem die Korpergewichtsanderung als Parameter zur Unterscheidung an.

Weiterhin zeigte sich, dass mannliche und weibliche Tiere in der spaten Phase des Modells
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unterschiedlich stark belastet sind, was durch die geschlechtsspezifische Auspragung des Tu-
mormodells erklart werden kann. Weiterhin ist die Analyse der zuséatzlichen Belastung durch
eine therapeutische Intervention grundsatzlich maéglich, jedoch konnte weder fur die in Studie
I noch die in Studie Il verwendete Therapie eine zusatzliche Belastung festgestellt werden,
wobei diese Interpretation vor allem mit Blick auf die Analyse in Studie | mit Bedacht betrachtet

werden sollte.

6.2 Effektivitdit der kombinierten Inhibition von SOS1, MEK1/2 und PI3K in vitro

und in vivo

KRAS-Mutationen zéhlen zu den haufigsten Treibermutationen in diversen Krebsarten''°. Die
Auswahl an wirksamen und zielgerichteten Therapien hat sich in den letzten Jahren zwar er-
weitert, doch fir die haufigste PDAC-Mutation, G12D, existieren bislang keine spezifischen,
zugelassenen Therapien. Da bereits kurz nach der Markteinfihrung Resistenzen gegen
G12C-Inhibitoren wie Sotorasib beobachtet wurden®, spielt die Suche nach effektiven Kombi-

nationstherapien weiterhin eine wichtige Rolle.

Im Rahmen dieser Arbeit wurde in Studie Il und Studie Il eine bis dahin ungetestete Kombi-
nationstherapie aus BI-3406, Trametinib und BKM120 in verschiedenen PDAC-Zelllinien (hu-
man und murin) sowie in einem syngenen, orthotopen Mausmodell auf ihre Wirksamkeit un-
tersucht. Zusatzlich wurde der Einfluss des Geschlechts der verwendeten C57BL/6J Mause

auf die Wirksamkeit der Therapie analysiert.

Die alleinige Applikation von BI-3406 erwies sich in Konzentrationen von bis zu 10 uM als
unzureichend, um die Proliferation und Biomasse verschiedener humaner PDAC-Zelllinien um
mehr als 50% zu verringern. In Kombination mit Trametinib und BKM120 zeigten sich starke
synergistische Effekte und sowohl in AsPC-1 (G12D) als auch in MIA PaCa-2-(G12C) Zellen
konnten Proliferation und Biomasse effektiv verringert und Zelltod induziert werden. Interes-
santerweise wirkten im Vergleich Kombinationen mit Sotorasib statt BI-3406 in AsPC-1-Zellen
nur additiv (Fig. 4a, Studie 11''") und ein synergistischer Effekt konnte nur in MIA PaCa-2-Zellen
bestatigt werden (Fig. 4d, Studie 11'""). Dies unterstreicht, dass wahrend Kombinationen mit
Sotorasib effektivin G12C-mutierten Zellen eingesetzt werden kénnen, Kombinationen mit Bl-
3406 ein breiteres Wirkspektrum bieten und so die Grundlage einer Therapie verschiedenster
KRAS-mutierter Tumore bilden kénnen.

Die Ergebnisse der Experimente mit Kombinationen aus BI-3406, Trametinib und BKM120
konnten gréRtenteils in der murinen Zelllinie 6606PDA reproduziert werden. Die Dreifachkom-

bination verringerte die Proliferation und induzierte den Zelltod in synergistischer Weise.
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Trametinib als einzelne Verbindung war in der angewandten Konzentration bereits sehr effek-
tiv darin, Zelltod in 6606PDA-Zellen zu induzieren. In Kombination mit BI-3406 und BKM120
ergaben sich so zwar synergistische Effekte, allerdings keine signifikant besseren Ergebnisse
verglichen mit Zweifachkombinationen aus Trametinib und BKM120 oder BI-3406. Bereits in
Studie Il konnte Trametinib in AsPC-1-Zellen signifikant mehr Zelltod induzieren als die DMSO-
Kontrolle, obwohl um den Faktor 6 geringere Konzentrationen verwendet wurden als fur die
Inkubation der 6606PDA-Zellen in Studie Ill. Andere humane G12D-Zelllinien, wie PANC-1
oder SW1990, sind eher mit erhohter Resistenz gegenliber MEK-Inhibition assoziiert''>'"® und
die Sensitivitat der AsPC-1 Zelllinie gegenuber MEK-Inhibition kdnnte unter anderem durch
die zusatzlichen Mutationen in SMAD4 und CDKN2A begriindet sein''?2. Da die murine
6606PDA-Zelllinie ahnlich sensitiv auf alleinige MEK-Inhibition reagiert, sollten fur zukinftige
Studien mit dieser Zelllinie mégliche Mutationen in weiteren Schlisselgenen mittels Whole
Exome Sequencing (WES) aufgeklart werden.

Im Tierversuch zeigte sich, dass die Therapie lediglich in Mannchen eine effektive Wirkung
entfaltete. Die Therapie verringerte nur in mannlichen Tieren verglichen mit der Vehikelgruppe
das Tumorgewicht signifikant, erhéhte die Uberlebenswahrscheinlichkeit geringfiigig und
fihrte zu etwas weniger invasivem Tumorwachstum (Fig. 4G, Studie 1112%). Die Therapie ver-
ringerte in keinem der beiden Geschlechter die Proliferation der Tumorzellen im Vergleich zur
Vehikelgruppe signifikant. Diese Ergebnisse deuten auf einen erheblichen Einfluss des Ge-
schlechts auf die Wirksamkeit der Therapie hin. Die Expression von Rezeptoren fir Ge-
schlechtshormone auf PDAC-Zellen wurde bereits nachgewiesen''*"1¢ und insbesondere R-
Estradiol soll in der Lage sein, PDAC-Zellen fiir Chemotherapie zu sensitivieren''. Im Rahmen
der Studie Il kamen wir in Zellkulturexperimenten, die evaluieren sollten, welchen Einfluss
sowohl mannliche als auch weibliche Sexualhormone auf die Effektivitat der getesteten Drei-
fachtherapie haben, zu gegensatzlichen Ergebnissen (Fig. S6, Studie 111%°%). R-Estradiol verrin-
gerte in physiologischen Konzentrationen''” die Effektivitat der Therapie signifikant, sowohl im
Vergleich zur Kontrolle ohne Sexualhormone als auch im Vergleich zur Therapie + Testoste-
ron. Daher ist ein direkter, inhibitorischer Effekt auf die Therapie durch weibliche Sexualhor-
mone durchaus denkbar. Desweiteren sind Geschlechtsunterschiede in Pharmakodynamik
und —kinetik weithin publiziert''®'°. Als zugrundeliegende Mechanismen sind unter anderem
die geschlechtsspezifische Expression von Effluxpumpen und metabolisierenden Enzymen
sowie der direkte Einfluss von Sexualhormonen beschrieben'?°-123, Dies kann direkten Einfluss
auf die systemische Verflugbarkeit und Eliminierung verabreichter Substanzen haben. Fur die
in Studie Il und Ill verwendete Substanzklasse der niedermolekularen Verbindungen (small
molecules) scheint der systemische Substanzspiegel nur ein suboptimales Korrelat flr den
Substanzspiegel am Wirkort, wie zum Beispiel im Tumor, zu sein'?*. Daher wurde in Studie I

in einem Teil der Tiere sowohl im Plasma als auch im Tumor der Wirkstoffgehalt mittels LC/MS-
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MS bestimmt (Tabellen 1 und S8, Studie I11%). Dabei wurde festgestellt, dass zum Zeitpunkt
der Euthanasie weder im Tumor noch im Plasma bedeutsame Unterschiede in den Medi-
ankonzentrationen zwischen Mannchen und Weibchen vorherrschten. Obwohl die Interpreta-
tion dieser Daten weitgehend durch eine geringe Stichprobengré3e limitiert ist, bleibt die wich-
tige Aussage, dass die Therapie in beiden Geschlechtern ihren Zielort, den Tumor, erreicht.
Unter anderem die Verringerung der Anzahl der CD8-positiven Zellen durch die Therapie in
Weibchen deutete auf einen geschlechtsspezifischen inhibitorischen Effekt auf die adaptive
Immunantwort hin. Sowohl Trametinib als auch BKM120 sind als potente Inhibitoren der Im-
munzellproliferation, -aktivierung und -funktion in der Literatur beschrieben'?>'2°_ In therapier-
ten weiblichen Tieren wurden verglichen mit der Vehikelgruppe sowohl die Anzahl CD8-posi-
tiver Zellen als auch die PD-L1-positive Flache (Fig. S13A, Studie 1118%) im Tumor signifikant
verringert, was in mannlichen Tieren (Fig. S13B, Studie I11%°) nicht beobachtet wurde. Die PD-
L1-positive Flache in mit Vehikellosung behandelten Weibchen war stark assoziiert mit immu-
nologischen Lasionen, gepragt durch verschiedene, in den Tumor infiltrierende Immunzellen.
In einigen klinischen Studien verschiedener Krebserkrankungen hat sich die PD-L1-Expres-
sion auf Immunzellen als positiver prognostischer Faktor herausgestellt'3%'33, weshalb die Ver-
ringerung der Anzahl der CD8-positiven Zellen und der PD-L1-positiven Flache in therapierten
Weibchen zusammengenommen als Hinweis auf die immunsuppressive Wirkung der Therapie
interpretiert werden kann. Auch das Auftreten von Lungenmetastasen in weiblichen Tieren
wurde nur unter Therapie beobachtet (Fig. 4H, Studie 111®°). Zusammengenommen lassen
diese Daten den Schluss zu, dass die Therapie vor allem in Weibchen immunsuppressive
Effekte hat, welche eine effektivere Therapiewirkung, wie sie in mannlichen Tieren beobachtet
wurde, verhindern. Limitiert wird die Aussagekraft dieser Daten vor allem durch die Verwen-
dung von nur einem Tiermodell. Syngene, orthotope Karzinommodelle sind effizient, da sie mit
wenig Aufwand und Kosten relevante Ergebnisse liefern konnen'4. Jedoch ist die translatio-
nale Nahe von (Patienten-abgeleiteten) Xenograft-Modellen in Allograft-Modellen nicht gege-
ben®. Allerdings waren die geschlechtsspezifischen immunologischen Effekte, wie sie im hier
verwendeten syngenen Modell beobachtet wurden, in einem immuninkompetenten Tierstamm
unentdeckt geblieben. Dies unterstreicht sowohl die Wichtigkeit der Implikation des Immun-
systems als auch der Inklusion beider Geschlechter in praklinische Therapiestudien, da Ge-
schlechtsunterschiede im klinischen Alltag durchaus ernsthafte Konsequenzen wie Unterdo-

sierung oder schwere Nebenwirkungen haben kénnen'"9:135.13¢,

Zusammenfassend wirkt die Therapie sowohl in humanen als auch in der verwendeten muri-
nen Zelllinie synergistisch in der Inhibition der Proliferation und der Induktion des Zelltods. Im

Tiermodell konnte eine Wirkung nur in mannlichen Tieren gezeigt werden und die Wirksamkeit
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der Therapie wird durch geschlechtsspezifische, immunsuppressive Effekte in Weibchen be-
einflusst. Nichtsdestotrotz bietet die Therapie das Potential fir weitere Studien, da effektive

Therapien des Pankreaskarzinoms weiterhin dringend bendtigt werden.
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Simple Summary: It is in the interest of the general public as well as the scientific community to
optimize the wellbeing of animals during scientific research. To reach this goal, methods need to be
defined which can reliably evaluate the wellbeing of animals. In this study, we assessed whether
various methods, such as measuring body weight, burrowing activity, nesting behavior, a distress
score and fecal corticosterone metabolites can differentiate between healthy mice and mice after
surgical intervention or during the progression of a gastrointestinal disease. The ability of each
method to differentiate between these two states of wellbeing was different between distinct surgical
interventions and gastrointestinal diseases. These data suggest that scientists cannot rely on a single
method, but have to combine many methods when assessing the wellbeing of animals.

Abstract: An essential basis for objectively improving the status of animals during in vivo research
is the ability to measure the wellbeing of animals in a reliable and scientific manner. Several non-
invasive methods such as assessing body weight, burrowing activity, nesting behavior, a distress
score and fecal corticosterone metabolites were evaluated in healthy mice and after three surgical
interventions or during the progression of four gastrointestinal diseases. The performance of each
method in differentiating between healthy and diseased animals was assessed using receiver oper-
ating characteristic curves. The ability to differentiate between these two states differed between
distinct surgical interventions and distinct gastrointestinal diseases. Thus, the generalizability of
these methods for assessing animal wellbeing was low. However, the robustness of these methods
when assessing wellbeing in one gastrointestinal disease was high since the same methods were
often capable of differentiating between healthy and diseased animals independent of applied drugs.
Moreover, the replicability when assessing two distinct cohorts with an identical surgical intervention
was also high. These data suggest that scientists can reach valid conclusions about animal wellbeing
when using these methods within one specific animal model. This might be important when optimiz-
ing methodological aspects for improving animal wellbeing. The lack of generalizability, however,
suggests that comparing animal models by using single methods might lead to incorrect conclusions.
Thus, these data support the concept of using a combination of several methods when assessing
animal welfare.

Keywords: distress of animals; suffering; severity assessment; 3Rs; animal welfare science

1. Introduction

Since Russell and Burch proposed the 3Rs (replacement, reduction and refinement
of animal experiments) as principles for humane experimental procedures in 1959 [1],
scientists and governments have adopted and expanded these principles. The passing
of Directive 2010/63/EU in 2010 made the assessment of animal wellbeing in scientific

Animals 2022, 12, 2927. https:/ /doi.org/10.3390/ani12212927
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procedures mandatory in the European Union [2]. In a similar fashion, animal welfare reg-
ulations are implemented and enforced by Animal Care and Use Committees in the United
States [3]. While the legal framework in all member states of the EU explicitly demands
prospective and retrospective assessment and classification of the severity of procedures,
scientists struggle to implement objective, evidence-based and validated methods to assess
animal wellbeing in the face of ever-expanding quantities of animal models for diseases.

In general, the assessment of animal wellbeing is often based on physiological parameters
such as body weight [4-6] or fecal corticosterone metabolites (FCMs) [7-11]. In addition,
clinical signs of distress [12,13]) or behavior such as nesting [14-18] burrowing [18-21] or
wheel-running [22,23] are also often assessed as indicators for wellbeing of rodents. Although
it is believed that a combination of different methods yields a more precise conclusion than
relying on single parameters [24-26], these single parameters should ideally be sensitive
enough on their own to discriminate between distressed and non-distressed animals. Thus, it
is of interest to check each method if it reliably detects distress when study design (different
disease models or therapeutic interventions) or input data (different datasets, baseline data)
are varied. In clinical settings, receiver operating characteristic (ROC) curves are often used
to measure the performance of a diagnostic test [27-30]. These curves are generated by
plotting sensitivity (true positive rate) versus 1-specificity (false positive rate) using a range of
thresholds. A diagonal line indicates no discriminatory power (diseased versus non-diseased)
of the diagnostic test. This diagonal line equals an area under the curve (AUC) of 0.5. An AUC
of 1 indicates that a diagnostic test has 100% sensitivity and 100% specificity and, therefore,
has perfect discriminatory power. The AUC was originally also described as corresponding to
the probability of classifying a randomly chosen diseased subject as diseased with a higher
suspicion than a random non-diseased subject [31]. Thus, the AUC is a measure of the
discriminative ability of prediction models [32]. The AUC can serve as an easy-to-use metric
to define and compare the diagnostic ability of different methods to differentiate between
two states (e.g., healthy versus diseased). As scientists and governmental agencies would like
to base their decisions on robust methods, which can define animal wellbeing with a high
replicability, it is an important step in the area of animal welfare science to compare these
methods for their diagnostic capabilities.

In accordance with Goodman et al. [33] and the Subcommittee on Replicability in
Science [34], we define the term replicability as follows: “Replicability refers to the ability
of a researcher to duplicate the results of a prior study if the same procedures are followed
but new data are collected. That is, a failure to replicate a scientific finding is commonly
thought to occur when one study documents relations between two or more variables and a
subsequent attempt to implement the same operations fails to yield the same relations with
the new data” [34]. For example, replicability is given when a second experiment applies
the same procedures and confirms the conclusion of a first experiment. Robustness refers
to the stability of experimental conclusions to variations in either baseline assumptions
or experimental procedures [33]. For example, a method for assessing animal wellbeing
would be robust when the same conclusion can be reached and when minor methodological
changes are implemented. Robustness is related to the concept of generalizability, which
refers to the persistence of an effect in settings different from and outside of an experimental
framework [33]. For example, a method for assessment of animal wellbeing would have
very high generalizability when it can measure animal wellbeing in diverse animal models.

In this study, we applied ROC curves to assess if burrowing activity, nesting activity,
changes in body weight, a distress score and FCMs can distinguish between healthy and
distressed animals after diverse surgical interventions or during the progression of four
different gastrointestinal diseases. In extension of this goal, we evaluated the replicability
of conclusions when using distinct cohorts of animals. Furthermore, we assessed how
robust conclusions are when using different baseline data, different methods of presenting
data or using different therapeutic interventions (vehicle or therapy). This compilation of
data should also give a first impression on the generalizability of these methods, when
assessing various surgical interventions and gastrointestinal diseases. Please note that
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this project was not started with a clearly defined hypothesis. Thus, the following data
interpretation is exploratory rather than confirmatory research.

2. Materials and Methods
2.1. Animals
2.1.1. Study Concept and Animal Husbandry

This study did not use new animals, but re-evaluated data generated for previous
projects with the novel focus on summarizing and comparing the performance of distinct
methods when differentiating between healthy mice and mice after surgical intervention or
during a disease. Mice, which had to be euthanized during the experiment, were excluded
from the analysis. During the experiments, all mice were kept single-housed in type III cages
(Zoonlab GmbH, Castrop-Rauxel, Germany) at a 12 h light-dark cycle (dark: 7 pm-7 am), a
temperature of 21 & 2 °C and relative humidity of 60 4 20% with food (pellets, 10 mm, ssniff-
Spezialdidten GmbH, Soest, Germany) and tap water available ad libitum. Enrichment was
provided by nesting material (shredded tissue paper, Verbandmittel GmbH, Frankenberg,
Germany), a paper roll (75 x 38 mm, H 0528-151, ssniff-Spezialdidten GmbH) and a wooden
stick (40 x 16 x 10 mm, Abedd, Vienna, Austria). The health of the animal stock was
routinely checked (Helicobacter sp., Rodentibacter pneumotropicus, and murine Norovirus
were detected in few mice; these animals were not used for any experiments). All animal
experiments were approved by the German local authority: Landesamt fiir Landwirtschaft,
Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (-1-062/16, -1-019/15,
and -1-002/17).

2.1.2. Surgical Interventions and Induction of Diseases

For the transmitter implantation, methodological details and some data were pub-
lished previously [35]. In brief, male C57BL/6] mice (age: 17.3/17.0-17.45, median/
interquartile range in weeks) were anaesthetized on day 0 with isoflurane, a midline laparo-
tomy was performed and an ETA-F-10 transmitter (Data Sciences International, St. Paul,
MN, USA; weight: 1.6-1.7 g) was placed in the abdominal cavity. The negative electrode
was lead subcutaneously to the right pectoralis major muscle, where it was fixed by sutures.
The positive electrode was guided subcutaneously to the left side and was sutured onto the
external oblique muscle. The peritoneum and the skin lesion was closed with sutures as
described previously [35]. The surgical procedure took 45-50 min.

For the pancreatic cancer model, male C57BL/6] mice (age: 18.6/18.6-19.7, me-
dian/interquartile range in weeks) were anaesthetized on day 0 with isoflurane, the abdom-
inal cavity was opened by laparotomy and 5 pL of a cell suspension containing 2.5 x 10°
6606PDA cells was injected slowly into the pancreas using a 25-uL syringe (Hamilton
Syringe, Reno, NV, USA). The abdominal cavity was closed with sutures as described pre-
viously [36]. The surgery lasted 15-20 min. Starting on day 4, and after cell injection, mice
were intraperitoneally injected on a daily basis with either metformin (Met; 125 mg/kg
in phosphate buffered saline) and a-cyano-4-hydroxycinnamate (CHC; 15 mg/kg in 50%
dimethylsulfoxide) or the corresponding vehicle solutions until euthanasia on day 37. More
methodological details and some data were published previously [36].

For the ligation of the bile duct, methodological details and some data were published
previously [26]. In brief, male BALB/cANCrl mice (age: 10.9/9.6-13.7, median/interquartile
range in weeks) were anaesthetized on day 0 with isoflurane and the abdominal cavity
was opened by laparotomy. The common bile duct was ligated by three surgical knots
and was then transected between the two distal ligations. The abdominal cavity was
closed by absorbable sutures and the skin lesions were sewed using a prolene suture. The
surgical procedure took 25-40 min. In order to evaluate the possible therapeutic efficacy of
NLRP3, inflammasome inhibitor MCC950 (Sigma Aldrich, St. Louise, MO, USA), 20 mg/kg
MCC950 or aqua (vehicle) was intraperitoneally injected (volume: 10 pL/g body weight)
daily from day 1 before BDL to day 13 after BDL. The mice were euthanized on day 14 after
bile duct ligation.
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When inducing intoxification with carbon tetrachloride, male BALB/cANCrl mice
(age: 10.0/7.9-10.4 median/interquartile range in weeks) were intraperitoneally injected
on days 0, 4, 7, 11, 14, 18, 21, 25, 28, 32, 35 and 39 with 0.25 mL/kg body weight CCly
(Merck Millipore, Eschborn, Germany, code 1.02209.1000, volume: 1 uL/g body weight
after 4x dilution with corn oil). The experiment ended on day 42. Methodological details
and some data were published previously [26].

Chronic pancreatitis was induced with cerulein (Bachem, H-3220.0005, Bubendorf,
Switzerland), which was dissolved in 0.9% sodium chloride and was administered by
consecutive intraperitoneal injections (dosage: 50 ug/kg, volume: 5 uL./g body weight,
three hourly injections/day; three days/week (on days 0, 2, 4, 7,9, 11, 14, 16, 18, 21, 23,
25, 28 and 30) into male C57B1/6] mice (age: 15.3/14.7-15.3 median/interquartile range
in weeks). The microRNA-21 inhibitor (miRCURY LNA™ microRNA-21a-5p inhibitor;
cat. # 339203 YCO0070656, sequence: TCAGTCTGATAAGCT) and its corresponding
control (miRCURY LNA™ microRNA-21a-5p control; cat. # 339203 YCO0070657, sequence:
TCAGTATTAGCAGCT) were purchased from Qiagen (Hilden, Germany), resuspended in
PBS and injected subcutaneously at a dosage of 10 mg/kg (volume: 5 uL/g body weight)
on day 0 and day 14. The experiment ended on day 33 after the first cerulein injection.
Methodological details and some data were published previously [37].

The following refinement measures were implemented. Before surgical intervention,
a single subcutaneous injection of 5 mg/kg carprofen (Rimadyl®, Pfizer, GmbH, Berlin,
Germany) was applied (volume: 2uL/g body weight) and the eyes of the mouse were
kept wet by using eye ointment (Jenapharm, Jena, Germany). During as well as after
surgical intervention, the mice were warmed by a warming plate or a warming lamp. In all
experiments, 1250 mg/L metamizol (Ratiopharm, Ulm, Germany) was provided daily in
the drinking water until euthanasia was performed on the animals.

2.2. Assessment of Animal Wellbeing

In order to evaluate animal wellbeing, the body weight, burrowing activity, nesting
behavior, the distress score and FCMs were assessed for each mouse at distinct time points.
All these parameters were evaluated at two time points before (pre 1, pre 2) and directly
after surgical intervention (post). For example, the distress score was evaluated on day
0 (30 min after finishing surgery), burrowing and nesting activity was assessed from the
evening of day 0 to the morning of day 1 and on day 1 after surgery, body weight was
determined and feces were collected (see Suppl. Figure 51). In order to get an overview of
the wellbeing of animals during the progression of a disease, all parameters were assessed
during the early (cholestasis: day 1-2; CCly intoxication: day 4-5; pancreatic cancer:
day 4-8; chronic pancreatitis: day 2-3), middle (cholestasis: day 4-5; CCly intoxication:
day 18-19; pancreatic cancer: day 18-19; chronic pancreatitis: day 16-17) and late phase
(cholestasis: day 13-14; CCly intoxication: day 39—40; pancreatic cancer: day 34-35; chronic
pancreatitis: day 30-31) of each disease.

The burrowing activity was analyzed using a tube (length: 15 cm, diameter: 6.5 cm)
filled with 200 g of food pellets [18,19]. The tube was placed into the mouse cage 2-3 h
before the dark phase and the remaining pellets were weighed after 2 h (for C57BI/6] mice)
or 17 £+ 2 h (for BALB/cANCrl mice).

To analyze nest-building behavior, a cotton nestlet (5 cm square of pressed cotton
batting, Zoonlab GmbH, Castrop-Rauxel, Germany) was placed into the cage 30 to 60 min
before the dark phase. The nests were scored in the morning of the following day at
9:30 £ 2 h, by using a scoring system developed by Deacon [18]. However, a 6th score
point was added to this scoring system. This score defined a perfect nest: The nest looked
like a crater and more than 90% of the circumference of the nest wall was higher than the
body height of the coiled-up mouse.

In addition, the wellbeing of mice was evaluated by assessing multiple parameters
with the help of a distress score sheet. This score sheet was based on other score sheets [5,38]
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and previously published by our group [39]. The score summarizes various defined criteria
(e.g., spontaneous behavior, flight behavior, or general body conditions).

In order to assess the concentration of fecal corticosterone metabolites [7], feces dropped
within 24 h in the home cage were collected, dried for 4 h at 65 °C and stored at —20 °C.
Afterwards, 50 mg of dry feces were extracted with 1 mL 80% methanol for subsequent
analysis using a 5x-pregnane-34,113,21-triol-20-one enzyme immunoassay [7,10,40,41]

2.3. Data Presentation and Statistical Analysis

Graphs and all biostatistical analysis were done using GraphPad Prism8 (GraphPad
Software Inc., San Diego, CA, USA). To determine how well a parameter distinguishes
between healthy and diseased animals, we used the ROC curve analysis and determined
the area under the curve (AUC) with corresponding 95% confidence intervals (CI) as a
measurement for the performance of the methods. In addition, this software gives the
asymptotic p-value that determines if the AUC is significantly different from an AUC of
0.5 (an AUC of 0.5 suggests no discriminative ability of a diagnostic test). For examples
of ROC curve analysis and explanatory notes, see Suppl. Figure 52. GraphPad Prism
computes a p-value (two tailed) using the z ratio, which was calculated using the equation
z = (A — 0.5)/SE. Since the p-value considers both the AUC and data variability, we used
the p- value for giving a representative overview in the form of heat maps. Differences
with p = 0.01-0.05 were considered to be significant, and differences with p < 0.01 were
considered to be highly significant.

3. Results

We first assessed animal wellbeing before and after a commeon surgical intervention
using the intraperitoneal implantation of a telemetric transmitter. When comparing the
body weight on the day after transmitter implantation (post) to a day before transmitter
implantation (pre 1), a reduction in body weight was observed (Figure 1A). The ROC curves,
measuring the performance of this method in differentiating between these two states of
animal wellbeing (healthy animals versus animals after surgical intervention), yielded an
AUC of 0.90 with a 95% confidence interval of 0.75-1.00 (Figure 1A). The discriminatory
power of this method was, therefore, significantly higher (p = 0.0028) than methods without
any discriminative power, yielding an AUC of 0.5. When choosing another day as baseline
(pre 2), the same conclusion with a similar AUC was reached (Figure 1B).

Another way of presenting data is comparing the percentage in body weight change
between the two time points, (pre 1—pre 2) x 100/ pre 2, before surgical intervention, and the
percentage in body weight change between the day after surgical intervention and the first
time point, (post—pre 2) x 100/pre 2. Transmitter implantation caused a reduction in body
weight (Figure 1C), and the performance of this method reached a very high AUC of 1.00 with
a 95% confidence interval of 1.00-1.00 (Figure 1C). The discriminatory power was, therefore,
also significantly higher (p = 0.0002) than methods without any discriminative power. All
three ways of calculating changes in body weight led to the same conclusion that measuring
body weight could differentiate quite well between animals before and after implantation of a
transmitter. However, the third method had the highest discriminative power.

In a similar manner, we evaluated burrowing activity, nesting behavior, a distress
score and FCMs for their discriminative power to differentiate between animals before
and after transmitter implantation. Burrowing activity, nesting behavior, the distress score
and FCMs could very well discriminate between animals before versus after telemeter
implantation (see Suppl. Figure S3).
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Figure 1. Scatter plots and ROC curves describe changes in body weight of mice when implanting a
telemetric transmitter. The ROC curves are generated by plotting sensitivity (true positive rate) versus
1-specificity (false positive rate). The body weight one day after transmitter implantation (post) is compared
to the body weight 5 days before transmitter implantation, presented as timepoint pre 1 (A), or to the
body weight 2 days before transmitter implantation, presented as time point pre 2 (B). The percentage in
body weight change between the two days before transmitter implantation is compared to the percentage
in body weight change between the postoperative day and pre 1 (C). The classifier performance of this
method in differentiating between animals before and after implanting a transmitter was characterized by
the area under the curve (AUC), the confidence interval (CI) and the p value indicating how significant the
difference was to the reference line (red dotted line indicating no discriminative power). n = 10 mice.
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The same evaluations were done with two other surgical interventions, laparotomy
followed by injection of cancer cells into the pancreas or laparotomy followed by bile duct
ligation. In order to give an overview on the discriminative power of body weight, burrow-
ing activity, nesting activity, the distress score and FCMs on all three surgical interventions,
we plotted the p-values in a heat map (Figure 2) and presented AUC, 95% confidence
interval and the number of data points analyzed in Suppl. Table S1. All methods (body
weight change, burrowing, nesting distress score and FCMs) had a very high discrimina-
tive power (p < 0.01), when differentiating between animals before and after transmitter
implantation (Figure 2). However only two methods, the evaluation of burrowing activity
and assessing FCMs, had a very high discriminative power (p < 0.01) when differentiating
between animals before and after cell injection into the pancreas (Figure 2). Three methods
(the evaluation of burrowing activity, nesting behavior and assessing a distress score) had
a very high discriminative power (p < 0.01) that differentiated between animals before
and after bile duct ligation (Figure 2). A fourth method, assessing the body weight of the
animals, had only a very high discriminative power, when comparing the percentage in
body weight change. Comparing the body weight of mice as raw data (measured in grams)
before and after bile duct ligation had, however, very low discriminative power (p > 0.05).

discriminative power of methods

BW B N DSC FCM

transm. impl. pre 1
" transm. impl. pre 2  1p>0.05
E transm. impl. A%
=
g cell inject. pre 1 0.8722 0.9999
*2 cell inject. pre 2 0.3346  0.9999 nd - {p=0.01-0.05
= - o~ <
i} cell inject. A% nd. nd. nd
g BDL pre 1
»

BDL pre 2
BDL A%

p<0.01

Figure 2. The heat map presents the p-value, which indicates how significant the discriminative power
of each method was when differentiating between animals before and after surgical intervention.
A laparotomy with transmitter implantation (transm. impl.), cancer cell injection into the pancreas
(cell inject.) or bile duct ligation (BDL) was performed. The change in body weight (BW), burrowing
activity (B), nesting behavior (N), a distress score (DSC) and fecal corticosterone metabolites (FCMs)
was assessed. Animal wellbeing after transmitter implantation was compared to a timepoint, pre 1,
or to another time point, pre 2, before implantation with most methods. In addition, the percentage
of body weight change and burrowing activity between the two days before transmitter implantation
is compared to the percentage in body weight change between the postoperative day and pre 1.
The heat map differentiates between no (p > 0.05), a high (p = 0.01-0.05) and a very high (p < 0.01)
discriminative power. Data analysis was not done (n.d.) for percent calculations of non-metric data
(N, DSC) or for FCMs after BDL, since corticosterone metabolites need a functional bile duct so that
it can be assayed in the feces. Transmitter implantation: n = 10 mice. Cell injection: n = 14. BDL:
n =14 for N (n = 7 vehicle-treated and n = 7 MCC950-treated) and n = 16 for BW, B and DSC (n =9
vehicle-treated and n= 7 MCC950-treated).

These results indicate that some of these methods lack generalizability, because their
suitability to differentiate between healthy and distressed animals was dependent on the
specific surgical intervention. Alternatively, it might also be possible that the predictive power
of the methods cannot be replicated, even when the same surgical intervention is performed.
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To assess this hypothesis, we analyzed two groups of mice before and one day after
a laparotomy with cell injection into the pancreas. Since treatment with a drug started
four days after cell injection, these groups were treated as identical during data collection.
For this surgical intervention, a high (p = 0.01-0.05) or very high (p < 0.01) discriminative
power was observed in both groups, group A and group B, for the evaluation of burrowing
activity and FCMs (Figure 3A; for AUC and confidence interval see Suppl. Table S2). Thus,
the conclusion, based on which methods can differentiate between healthy animals and
animals after this surgical intervention, can be replicated. However, a high variability in the
p value was sometimes observed in these experiments, possibly because we only analyzed
a few (n =7) mice. As a next step, we assessed if methods can differentiate between healthy
and distressed animals in a robust manner when an identical surgical intervention has been
performed but different therapies were applied. Both cohorts had the identical surgical
intervention, a bile duct ligation, but were intraperitoneally injected either with MCC950 or
a vehicle solution (Figure 3B; for AUC and confidence interval see Suppl. Table 52). A high
(p = 0.01-0.05) or very high (p < 0.01) discriminative power was observed for the evaluation
of body weight change, burrowing activity, nesting behavior and assessment of the distress
score when differentiating between animals before and after bile duct ligation, independent
of which cohort was analyzed (Figure 3B).

A
discriminative power of methods
%BW B N DSC  FCM
@ 2 X h x 2
£ p>005
S cell inject. (A) 4 04822 00253 07015 08998 00350 :
£
£ p = 0.01-0.05
E cell inject. (B) 4 0.7983 05653 09999  0.0350
= p<0.01
5
(7]
B . e .

discriminative power of methods

%BW B N psc
£
2 ) p>0.05
g BDL (vehicle)
] -
= p=0.01-0.05
S BDL (MCC9s0)
o p<0.01
3
w

Figure 3. Replicability and robustness of the discriminative power of each method when assessing animal
welfare. The heat map indicates the discriminative power when differentiating between animals before
and after cell injection (cell inject.) into the pancreas (A). Both groups of animals (group A and B) received
identical treatment. The discriminative power when differentiating between animals before and after bile
duct ligation (BDL) is also presented in form of a heat map (B). Mice were treated with either a drug
(MCC950) or vehicle solution (vehicle). The percentage in body weight change (%BW), burrowing activity
(B), nesting behavior (N), a distress score (DSC) and fecal corticosterone metabolites (FCMs) was assessed.
The heat maps present the p-values differentiating between no (p > 0.05), high (p = 0.01-0.05) and very high
(p < 0.01) discriminative power between animals before and after surgical intervention. Since corticosterone
is metabolized in the liver, no FCMs were analyzed after BDL (n.d.). For cell injection of cohort A (treated
at a later time point with vehicle): n = 7. For cell injection of cohort B (treated at a later time point with
CHC and Met): n = 7. For BDL and vehicle treatment: n = 7 mice (for N) or n = 9 (for %BW, B and DSC).
For BDL and MCC950 treatment: 1 = 7 (for %BW, B, N and DSC).
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We then assessed animal wellbeing before and during various gastrointestinal diseases.
For each gastrointestinal disease, we compared two different cohorts, one treated with a
specific drug and the other cohort with the respective vehicle solution. Change in body
weight, burrowing activity, nesting behavior and the distress score had high (p = 0.01-0.05)
or very high (p < 0.01) discriminative power when discriminating between healthy animals
and animals during bile duct ligation-induced cholestasis (Figure 4; for AUC and confidence
interval see Suppl. Table S3). This was observed in the animal cohort treated with MCC950
and in the animal cohort treated with the respective vehicle solution. However, only one
method, evaluation of nesting behavior, had very high (p < 0.01) discriminative power
when discriminating between healthy animals and animals with CCly-induced liver fibrosis
(Figure 4). Again, this was observed in the animal cohort treated with MCC950 and in the
cohort treated with the vehicle solution. None of the tested methods could differentiate
well between healthy animals and animals with pancreatic cancer (Figure 4). This was
observed in both cohorts of animals, independent of the animals that were treated with
a-cyano-4-hydroxycinnamate and metformin or the vehicle solution. When analyzing an
animal model for chronic pancreatitis, the change in body weight, burrowing activity and
nesting behavior had high (p = 0.01-0.05) or very high (p < 0.01) discriminative power
when differentiating between healthy animals and mice suffering from chronic pancreatitis
(Figure 4). FCMs had only significant discriminative power when mice with chronic
pancreatitis were treated with the vehicle solution, but not when they were treated with
the microRNA-21 inhibitor (Figure 4).

discriminative power of methods

%BW B N DsC FCM

cholestasis (vehicle) nd.

{p>0.05

cholestasis (MCC950) nd.

CCI4 intox. (vehicle) 4 0.5791 nd.

CCl4 intox. (MCCO50)4 incr.  0.1761 09999 .4

L {p=0.01-005
cancer (vehicle)4 0.1000 0.8319 08113 0.9999 0.9788

diseases

cancer (CHC+Met)+ 0.0800 0.3532 0.2029 0.5775 0.9577

pancreatitis (vehicle) 0.3841 0.0477 p <0.01

pancreatitis (miR-21 inhib.) 08618 0.1992

Figure 4. Heat map presenting the p-value, which indicates how significant the discriminative power of
each method was when differentiating between animals before and after induction of a disease (pooling
the data from early, middle and late disease phase). Two groups of mice with cholestasis, intoxification by
CCly, pancreatic cancer or chronic pancreatitis were either treated by the indicated drugs or by a solution
lacking the drug (vehicle). The percentage in body weight change (%BW), butrowing activity (B), nesting
behavior (N), the distress score (DSC) and fecal corticosterone metabolites (FCMs) was assessed. The heat
map differentiates between no (p > 0.05), high (p = 0.01-0.05) and very high (p < 0.01) discriminative power.
Since corticosterone is metabolized in the liver, no FCMs were analyzed during diseases with liver damage
(n.d.). Since mice showed an increase rather than a decrease in body weight after treatment with CCly,
we did not consider this to be an indication of reduced animal welfare (incr.) and did not show the data.
Mice used for cholestasis: n = 7 (vehicle-treated for N), n = 9 (vehicle-treated for %BW, B and DSC), n =7
(MCC950-treated for %BW, B, N and DSC). Mice used for CCl4 intoxification: n = 6 (vehicle-treated for N),
1 = 3 (vehicle-treated for %BW, B and DSC), n = 6 (MCC950-treated for N) and 7 = 7 (MCC950-treated
for %BW, B and DSC). Mice used for pancreatic cancer: n = 7 (vehicle-treated for %BW, B, N, DSC and
FCM), n = 7 (CHC and Met treated for %BW, B, N, DSC and FCM). Mice used for chronic pancreatitis:
n = 8 (vehicle-treated for %BW, B, N and DSC), n = 8 (miRNA21 inhibitor treated for %BW, B, N, DSC
and FCM).
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We then assessed animal wellbeing separately during three different time points, the
early, middle and late phases of each gastrointestinal disease. Change in body weight,
burrowing activity, nesting behavior and the distress score had high (p = 0.01-0.05) or very
high (p < 0.01) discriminative power when discriminating between healthy animals and
cholestatic animals at all phases of cholestasis (Figure 5). However, only nesting behavior
had high (p = 0.01-0.05) or very high (p < 0.01) discriminative power when differentiating
between healthy animals and animals with CCls-induced liver fibrosis (Figure 5; for AUC
and confidence interval see Suppl. Table 54). In the animal model for pancreatic cancer,
body weight had high (p = 0.01-0.05) discriminative power only during the middle and
late phase of cancer progression, whereas burrowing activity had very high (p < 0.01)
discriminative power only during the early phase of cancer progression (Figure 5). In
the animal model for chronic pancreatitis, changes in body weight, burrowing activity
and nesting behavior had very high (p < 0.01) discriminative power when differentiating
between healthy and diseased animals. However, FCMs only had high (p = 0.01-0.05) or
very high (p < 0.01) discriminative power in the early and late phases of chronic pancreatitis.

discriminative power of methods

%BW B N DsC FCM

cholestasis early
cholestasis middle
cholestasis late
CCH4 intox. early
CCH4 intox. middle
CCl4 intox. late
cancer early
cancer middle
cancer late
pancreatitis early
pancreatitis middle
pancreatitis late

I 1p>0.05

0.5205
0.1620

incr.

incr.

incr.
0.3953
0.0308
0.0203

0.1405
L 1 p=0.01-0.05

diseases

0.7304 0.7477 0.6133

0.9634
0.1543

p<0.01

Figure 5. Heat map presenting the p-value, which indicates how significant the discriminative power
of each method was when differentiating between animals before and at the early middle or late
phase of a disease (pooling the data from mice treated with drugs and mice treated with vehicle). The
percentage in body weight change (%BW), burrowing activity (B), nesting behavior (N), distress score
(DSC) and fecal corticosterone metabolites (FCMs) was assessed. The heat map differentiates between
no (p > 0.05), high (p = 0.01-0.05) and very high (p < 0.01) discriminative power. Since corticosterone
is metabolized in the liver, no FCMs were analyzed during diseases with liver damage (n.d.). Since
mice showed an increase rather than a decrease in % body weight after treatment with CCly, we did
not consider this to be an indication of reduced animal welfare (incr.) and decided not to present the
p-value. Mice used for cholestasis: n = 14 for N (n = 7 vehicle-treated and n = 7 MCC950-treated),
n =16 for %BW, B and DSC (1 = 9 vehicle-treated and n = 7 MCC950-treated). Mice used for CCl4
intoxification: n = 12 for N (n = 6 vehicle-treated and n = 6 MCC950-treated), n = 10 for %BW, B and
DSC. (n = 3 vehicle-treated and n = 7 MCC950-treated). Mice used for pancreatic cancer: 1 = 14 for
%BW, B, N, DSC and FCM (# = 7 vehicle-treated and n = 7 CHC and Met treated). Mice used for
chronic pancreatitis: 1 = 16 for %BW, B, N, DSC and FCM (n = 8 vehicle-treated and n = 8 miRNA21
inhibitor treated).

4. Discussion

The presented data suggest that the replicability of conclusions about the wellbeing
of animals when analyzing body weight, burrowing, nesting, the distress score or FCMs
can be high. Moreover, the robustness of these methods when varying calculation methods
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or drug treatment can also be quite high. However, the generalizability of these methods,
when used for different animal models, seems to be low.

Several limitations in the interpretation of these data exist. First of all, ROC curves do
have advantages but also some limitations. An advantage is that ROC curves can analyze
ordinal, non-continuous data [42]. This was essential for the analysis of non-continuous
data, such as the distress score or the score for nesting activity. However, ROC analysis
with few and unevenly distributed ordinal data may cause unreliable estimations [42]. We
observed few and unevenly distributed data points especially when evaluating the distress
score. Thus, future work should critically evaluate, how reliable ROC analysis is when
describing the diagnostic ability of the distress score. In addition, we want to emphasize
that we analyzed three to five methods simultaneously to differentiate between healthy and
diseased animals without correcting for the accumulation of the alpha error. This might
also contribute to an overestimation of the benefit of these methods when differentiating
between healthy and diseased animals. Another limitation is that ROC curves derived from
small-sample data sets may not always reliably reflect a classifier’s true performance [43].
The sample size for reliably determining if the method is better than random guessing
depends on the AUC and the allocation ratio [44]. For example, for an AUC = 0.95 (a Type I
error = (.05, a power of 0.8, and an allocation ratio of 3) n = 3 and n = 9 data points, whereas
for an AUC = 0.65 (a Type I error = 0.05, a power of 0.8, and an allocation ration of 3) n = 29
and n = 87 data points are suggested [44,45]. Thus, methods described by ROC curves with
low AUC will especially benefit from a higher number of data points.

Another major limitation of this study, but also of many studies in the area of animal
welfare, is that one measures differences between healthy animals and animals after a
surgical intervention or induction of a disease. Any difference observed is often interpreted
as proof of reduced wellbeing. One should be aware that this is only one possible interpreta-
tion. This limitation is especially evident when only one method supports the interpretation
of reduced wellbeing. For example, when repetitively injecting CCly into mice, only nesting
behavior was reduced (Figure 5). No reduction of body weight, burrowing activity and
no increase in the distress score was noticed. This suggests that nesting activity is either
the most sensitive method to detect distress or CCly causes a specific change in nesting
behavior independent of inducing distress. Consistent with the second hypothesis is the
observation that CCly can change protein expression, reduce the number of neurons in
the brain [46] and can also lead to brain damage [47]. Such changes in the central nervous
system could influence complex behavior such as nesting activity.

Another limitation is that only one data set described replicability (Figure 3A). It
demonstrates that two out of five methods (burrowing and FCMs) can differentiate between
the state of the animals before and after an surgical intervention and that this conclusion
can be replicated with a second set of data (Figure 3A). One could attempt to quantify
replicability by describing that the conclusion concerning all five methods was replicated
to 100%. Thus, between the two sets of experiments, the identical methods had or did not
have discriminative ability between healthy mice and mice after this surgical intervention.
However, please note that this conclusion is based on p < 0.05, which determines if the
AUC is significantly different from an AUC of 0.5. Such a p-value is a completely arbitrary
threshold [48] and there is the danger of over-interpreting conclusions based on such an
arbitrary p-value [49-51]. However, this approach helps to simplify observations and
to present a simplified overview in the form of a heat map in order to notice patterns
in complex data and suggest hypotheses, which can be verified or falsified in future
experiments. This experiment suggests that an intra-laboratory replicability can be given
for a certain experimental set up (Figure 3A). It does not demonstrate that replicability is
given for all other surgical interventions.

Several data sets support the concept that a high robustness is given, when different
ways of defining the baseline during an experiment are evaluated (Figure 1, Figure 2 and
Figure 51). Using data measured on different days before a surgical intervention did not
have a major influence on the conclusion, or whether a method can differentiate between
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the distress level before and after a surgical intervention. However, when analyzing a
laparotomy with bile duct ligation, there was a difference when using raw data or the
percentage in body weight change between two time points (A% compared to pre 1 or
pre 2 in Figure 2). Using the percentage in body weight change was very well suited to
differentiate between distress levels before and after surgical intervention, whereas using
raw data (body weight in g) did not differentiate well between these two levels of distress.
Please note that in this experiment, animals with a high variability in age were used (age:
10.9/9.6-13.7, median/interquartile range in weeks). Thus, we suggest that the percentage
in body weight change rather than raw data should be used, especially when evaluating
the distress of animals of different ages and therefore different body weights.

Several data sets support the conclusion that these methods can differentiate well
between two levels of distress in a robust manner when treating animals, for example,
with a drug or control vehicle (Figures 3B and 4). Only one exception was noticed when
analyzing FCMs during chronic pancreatitis (Figure 4). Analyzing FCMs could differentiate
with a high (p = 0.0477) discriminative power between healthy mice and mice with chronic
pancreatitis when these mice were treated with a vehicle solution. However, FCMs failed
to differentiate between these two states of distress (p = 0.1992) when the mice were treated
with an miR-21 inhibitor. As mentioned above, such a conclusion is based on p < 0.05,
an arbitrary threshold. Because p = 0.0477 is very close to this arbitrary threshold, one
should avoid over-interpreting this result. This overall robustness to small changes in the
experimental protocol suggests that these methods are well suited to assess measures of
refinement during animal experiments.

When evaluating, if a method can discriminate between healthy and diseased animals
at different disease phases, the robustness for some methods was high, but for other meth-
ods it was lower (Figure 5). For example, nesting activity had a high or low discriminative
power in all four animal models independent of the phase analyzed (100% robustness).
Burrowing, however, was or was not a good method to discriminate in all phases only in
three of four animal models (75% robustness). These data demonstrate that the capability
of methods to measure differences between healthy and diseased animals can vary during
the course of a disease.

The generalizability of some methods was surprisingly low. This was observed when
analyzing three different surgical interventions, but also when assessing four gastroin-
testinal diseases (Figures 2 and 4). For example, nesting behavior could differentiate well
between healthy mice and mice after a laparotomy with transmitter implantation and
after a laparotomy with bile duct ligation (Figure 2). However, nesting behavior could
not differentiate well between healthy mice and mice after a laparotomy with cancer cell
injection. The same was observed when using the distress score (Figure 2). To explain these
results, one could assume that a laparotomy with cancer cell injection causes less distress
than the other two surgical interventions and that nesting behavior and the distress score
are not sensitive enough to measure these low levels of distress. Sometimes, the length
of a surgical intervention can be a good indication for the complexity of the intervention
and for the complications after the intervention [52]. Indeed, a laparotomy with cancer cell
injection was done within 15-20 min, whereas a laparotomy and transmitter implantation
or a laparotomy with bile duct ligation took 45-50 min or 25 to 40 min, respectively. This
supports the hypothesis that a laparotomy with cancer cell injection might cause less dis-
tress than the other two surgical interventions. However, the concept that nesting behavior
has very low sensitivity when detecting the distress of animals seems to be in contrast to
data presented in Figure 4. Thus, it supports the hypothesis described above, whereby
CCly might reduce nesting activity directly without reducing animal welfare.

When analyzing gastrointestinal diseases, nesting behavior had the highest general-
izability of all methods tested, since it could actually discriminate between healthy and
diseased animals in three out of four animal models (75%), whereas burrowing activity
could only discriminate in two out of four animal models (50%).
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A low generalizability of methods could also be explained by the assumption that
certain methods only work well in specific mouse strains. However, strain specificity of
certain methods cannot explain the observed lack of generalizability in this study. For
example, analyzing change in body weight, burrowing activity and the distress score
discriminated well between healthy and diseased animals when analyzing cholestasis
in BALB/c mice. These methods failed, however, during CCly intoxication using the
same mouse strain. Similarly, nesting could discriminate well between healthy mice and
mice suffering from chronic pancreatitis, but failed in mice with pancreatic cancer. Both
experiments were done with C57B1/6 mice.

The presented data demonstrate that different animal models can have diverse effects
on various read out parameters for distress. We suggest that mainly two aspects influence
whether these methods can differentiate between healthy and diseased mice in an animal
model. One major aspect is the level of distress experienced by an animal during the
experiment. A second aspect might be that some experiments might influence certain
read out parameters and that this is independent from the distress experienced by an
animal. Both aspects might reveal a biologically valid mechanism. This emphasizes the
need to evaluate distress with several methods and not rely on one or few methods for
describing animal wellbeing. However, we do not know yet what the methods with the
highest generalizability to assess distress are and how many methods suffice for a correct
evaluation of animal wellbeing. A few concepts have been tested to combine multiple
methods to reach a conclusion about animal welfare. For example, one can perform such an
analysis using z-scores [53], k-means clustering [54], principal component analysis [55,56]
binary logistic regression [36,37] or support vector machine classification [26]. Another
recently developed tool for a multivariate analysis of animal wellbeing is the Relative
Severity Score (RELSA), which was developed by Talbot et al. [25], and is currently tested
by various research groups [57]. In this study, we gave an overview on the ability of
several methods to differentiate between healthy and diseased animals. We hope that the
evaluation of additional animal models and methods will clarify within the following years,
which methods are most suitable to assess and compare animal welfare. When distress is
assessed, one key issue will be the question as to when the distress was actually measured.
Please note that it was our intention to always measure the maximal level of distress. For
example, we assessed the distress score always 30 min after an intervention, at a time point
when a high impact on the distress score was observed (see Suppl. Figure S1). The body
weight, however, was measured 24 h after the intervention because a reduction in body
weight can best be observed in the morning of the following day. We do not dare to predict
yet if such first steps towards a data-based evaluation of animal welfare will ever allow
us to define maximally allowed thresholds of distress an animal should be allowed to
experience in a scientific, non-arbitrary manner.

5. Conclusions

We conclude that ROC curves can evaluate the performance of certain methods when
differentiating between healthy and diseased mice. We suggest that this approach should
also be conducted when evaluating other methods (e.g., running activity or mouse grimace
scale). ROC curves or similar strategies might also be useful for assessing welfare of other
species, such as pigs or sheep. However, for each species, different methods might be espe-
cially valuable for assessing the welfare of animals. Assessing the replicability, robustness
and generalizability of the performance of certain methods in many different laboratories
could provide a basis for deciding which methods are most suitable for multivariate analy-
ses of animal wellbeing. Defining methods, which are highly replicable and robust might
support scientists when assessing measures of refinement or when comparing the severity
of animal models. However, so far, we have only analyzed a limited number of animal
models. There is still the need to explore the robustness of methods in additional to animal
models. Moreover, we also know little about the influence of sex and genetic background of
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animals on distinct methods or inter-personal as well as inter-laboratory differences when
assessing animal wellbeing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani12212927 /51, Figure S1: Timeframe of measuring animal
distress. Figure 52: Examples of Roc curve analysis. Figure 53: Presentation of classifier performance
of various methods. Tables S1-54: Supplemental information to Figures 2-5.
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Simple Summary: Small molecule inhibitors and targeted therapy are considered to have significant
potential for pancreatic ductal adenocarcinoma therapies. Preclinical studies of novel inhibitors
and inhibitor combinations can elucidate their acting mechanisms and provide valuable data for
in vivo research and clinical trials. We explored the antitumor efficacy of KRAS inhibitors BI-3406
and sotorasib alone or in combination with the downstream inhibitors trametinib and buparlisib
in PDAC cell lines, characterized by different KRAS mutational statuses. The two KRAS inhibitors
demonstrated different anti-tumor efficacy and displayed synergistic or additive effects, when
combined with downstream pathway inhibitors. These data emphasized the importance of KRAS as
a therapeutic target for PDAC and indicate two distinct mechanisms of KRAS inhibition and their
interactions with downstream pathway inhibitors.

Abstract: Kirsten rat sarcoma virus (KRAS) mutations are widespread in pancreatic ductal adenocarci-
noma (PDAC) and contribute significantly to tumor initiation, progression, tumor relapse/resistance,
and prognosis of patients. Although inhibitors against KRAS mutations have been developed, this
therapeutic approach is not routinely used in PDAC patients. We investigated the anti-tumor efficacy
of two KRAS inhibitors BI-3406 (KRAS::SOS1 inhibitor) and sotorasib (KRAS G12C inhibitor) alone
or in combination with MEK1/2 inhibitor trametinib and/or PI3K inhibitor buparlisib in seven
PDAC cell lines. Whole transcriptomic analysis of combined inhibition and control groups were
comparatively analyzed to explore the corresponding mechanisms of inhibitor combination. Both
KRAS inhibitors and corresponding combinations exhibited cytotoxicity against specific PDAC cell
lines. BI-3406 enhance the efficacy of trametinib and buparlisib in BXPC-3, ASPC-1 and MIA PACA-2,
but not in CAPAN-1, while sotorasib enhances the efficacy of trametinib and buparlisib only in MIA
PACA-2. The whole transcriptomic analysis demonstrates that the two triple-inhibitor combinations
exert antitumor effects by affecting related cell functions, such as affecting the immune system, cell
adhesion, cell migration, and cytokine binding. As well as directly involved in RAF/MEK/ERK path-
way and PI3K/AKT pathway affect cell survival. Our current study confirmed inhibition of KRAS
and its downstream pathways as a potential novel therapy for PDAC and provides fundamental data
for in vivo evaluations.

Keywords: pancreatic ductal adenocarcinoma; KRAS; kinase inhibitors; gene expression
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1. Introduction

Kirsten rat sarcoma viral oncogene homolog (KRAS) is one of the most frequently
mutated oncogenes in human pancreatic ductal adenocarcinoma (PDAC); oncogenic KRAS
mutations can be detected in approximately 92% of the PDAC genomes [1-6]. The KRAS
gene encodes the protein KRAS, which is a guanosine triphosphatase (GTPase), and regu-
lates signal transduction by cycling between active guanosine triphosphate (GTP) bound
and inactive guanosine diphosphate (GDP) bound statuses [7]. KRAS point mutations
downregulate the GTPase activity of RAS and prevent the GTPase from promoting the
conversion of GTP to GDP. The status of permanent GTP-binding activates downstream
signaling pathways, such as the PI3K/AKT pathway or RAF/MEK/ERK pathway, which
in turn leads to the initiation and development of PDAC [8]. Moreover, KRAS cooperates
with other common oncogenes, such as TP53, CDKN2A, BRCA3, SMAD4, etc., to cause the
initiation and development of PDAC [9-13].

KRAS mutations not only cause the initiation and development of PDAC, but they
also affect the efficacy of treatment routines and the long-term survival of patients. A
considerable number of studies have revealed that KRAS mutations lead to a poor prognosis
for patients, regardless of whether they undergo surgery [14]. At the same time, a study
pointed out that KRAS activation plays an important role in the resistance to gemcitabine
treatment and relapse after treatment [15]. Another study reported that specific KRAS
mutation subtypes (G12V, G12D, and G12A) shortened the median overall survival of
PDAC patients [16].

Due to the important role of KRAS in PDAC, a growing number of studies consider
KRAS as a target for the treatment of PDAC. Sotorasib is the first small molecule inhibitor
against KRAS G12C mutations and was approved by the FDA for the treatment of non-
small cell lung cancer (NSCLC) in 2021. Studies have reported that it can effectively
inhibit various cell lines that carry KRAS G12C mutations, including PDAC cell lines [17].
According to the recently disclosed CodeBreaK 100 clinical trial results, sotorasib displayed
good efficacy in the treatment of advanced KRAS G12C-mutated PDAC, with 8 of the
38 patients having a partial response and 32 of 38 patients displaying disease control. The
side effects of sotorasib are described as mild, as only a few patients were affected by
grade 3 diarrhea, fatigue, and abdominal pain; no grade 4 side effects were observed in the
patients [18]. Currently (2022), there are 18 clinical trials targeting KRAS by sotorasib in
progress [19]. However, almost all the clinical trials target NSCLC and colorectal cancer and
only a very small number of PDAC patients are enrolled. In addition, other reported KRAS
G12C inhibitors (adagrasib, JNJ-74699157, and LY3499446) have also achieved distinct
effects in cell experiments, and corresponding clinical trials are also ongoing [20,21]. At
the same time, inhibitors that directly target other KRAS mutations (e.g., K5-58 targeting
KRAS G12D) are under development.

Although the KRAS G12C inhibitors achieved satisfactory effects on its corresponding
mutation, KRAS G12C mutations accounted for only 1.42% of all KRAS mutated PDAC
patients. The specific inhibitors for KRAS G12D and G12V mutations, which currently
represent the majority (40.45% and 32.14%, respectively), are still under development
and have not yet entered any clinical trials [22]. Therefore, how to target other types of
KRAS mutations is also an urgent problem to be solved. It is well known that there are
dynamic positive feedback and negative feedback regulation loops in the RAS signaling
pathway. A key role in this feedback regulation is the guanine exchange factor son of
sevenless 1 (SOS1) [23]. In unstimulated cells, SOS1 hyperphosphorylation caused by
mitogen-activated protein kinase (MAPK) activation catalyzes the activation of RAS. At
the same time, SOS1 hyperphosphorylation in stimulated cells will cause it to separate
from cytosolic glutathione reductase (GRC2) and cause RAS inactivation [23,24]. Moreover,
down-regulation or loss of SOS1 lead to a decrease in the survival rate of tumor cells
carrying KRAS mutations [25]. Based on these studies, Hoffman et al. developed an
inhibitor BI-3406 that can block the interaction between SOS1 and KRAS. It can effectively
inhibit a variety of KRAS mutant tumor cell lines in vivo and in vitro, including KRAS
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G12C/V/S/A, and G13D, and also achieved excellent efficacy in the PDAC cell line
MIA PACA-2. Moreover, the experimental animals displayed good tolerance to BI-3406
treatment [26]. Therefore, BI 1701963, another inhibitor closely related to BI-3406, has
entered phase I clinical trials.

Although studies on the inhibition of KRAS have achieved encouraging results, there
are still limitations that exist, especially for PDAC. At present, most studies still focus on
NSCLS, while little attention has been paid to PDAC. There are also few studies that investi-
gate the combined application of multiple inhibitors. In the existing studies on PDAC, only
the MIA PACA-2 cell line was investigated. As a result, we were unable to evaluate the
efficacy of these KRAS inhibitors on PDAC cells carrying other KRAS mutations. Therefore,
we studied the efficacy of multiple KRAS mutation inhibitor BI-3406 and specific KRAS
mutation inhibitor sotorasib in different KRAS mutations and wild-type KRAS PDAC cell
lines. At the same time, we explored the efficacy of KRAS inhibitors and their downstream
pathways (PI3K/AKT/mTOR pathway and RAF/MEK/ERK pathway) inhibitors in com-
bination. RNA sequencing was performed after the combined application to explore the
mechanism of the influence of the multi-inhibitor combination on the pathway.

2. Materials and Methods
2.1. Kinase Inhibitors

BI-3406 (KRAS::5051 inhibitor) was purchased from Chemietek (Chemietek, Indi-
anapolis, IN, USA), sotorasib (KRAS G12C inhibitor), buparlisib (pan-PI3K inhibitor), and
trametinib (MEK1/2 inhibitor) were purchased from Selleck Chemicals (Absource Diagnos-
tics GmbH, Munich, Germany). According to the manufacturer’s instructions, all inhibitors
were separately dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich Chemie GmbH,
Steinheim, Germany) as a stock solution, at a final concentration of 10 mM. The stock
solutions were stored at —80 °C and diluted into corresponding working concentrations
before each experiment.

2.2. Cell Lines and Cell Culture

PDAC cell lines ASPC-1, BXPC-3, CAPAN-1, COLO357, PATU8902, and T3M4 were
kindly provided by the University Medicine Greifswald and MIA PACA-2 was kindly
provided by Prof. Robert Jaster from Rostock University Medical Center. ASPC-1, BXPC-3,
COLO357, and T3M4 were cultured in RPMI1640 medium (PAN-Biotech, Aidenbach, Ger-
many), supplemented with 10% heat-inactivated fetal calf serum (FCS) (PAN-Biotech) and
1% penicillin-streptomycin solution (P/S) (10,000 U/mL penicillin, 10 mg/mL strepto-
mycin) (PAN-Biotech). CAPAN-1 was cultured in RPMI1640 medium, supplemented with
15% heat-inactivated FCS and 1% P/S solution. MIA PACA-2 was cultured in DMEM
medium (PAN-Biotech), supplemented with 1% heated-inactivated FCS and 1% P/S solu-
tion. PATU8902 was cultured in DMEM/F12 medium (PAN-Biotech), supplemented with
10% heated-inactivated FCS and 1% P/S solution. After verifying that all cell lines were
not contaminated by mycoplasma, these PDAC cell lines were maintained in a 5% CO;
incubator with a humidified atmosphere at 37 °C.

2.3. Inhibitor Application Experiments

For the single inhibitor application experiments, the PDAC cell lines were seeded at a
density of 3.3 x 10* cells per milliliter in a 24-well plate (in total, 1.5 mL per well, for cell
proliferation assay) or a 96-well plate (in total, 150 pL per well, for biomass quantification
assay). After 24 h, the supernatant was discarded and media containing increasing concen-
trations (range from 0.1 to 10 uM for BI-3406, 0.001 to 10 pM for sotorasib) of inhibitors or
vehicle (DMSO, as control) were added to the corresponding PDAC cell lines.

The results of single inhibitor application and related experiments were comprehen-
sively analyzed, and specific PDAC cell lines and inhibitor concentrations were selected for
further combined application experiments and the concentrations are listed in Table 1 (the re-
sults of the buparlisib inhibition assay are detailed in a previously published paper, and the
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results of the trametinib inhibition assay are detailed in the Supplementary Table 514) [27].
Inhibitor concentrations are displayed in Table 1. The PDAC cell lines were seeded in 6-well
plates (for RNA isolation), 24-well plates (for proliferation assay, morphological examina-
tion, and apoptosis/necrosis analysis), or 96-well plates (for biomass quantification assay).
After 24 h, the supernatant was discarded and media containing different combinations of
inhibitors were added to the corresponding PDAC cell lines.

Table 1. Inhibitor concentrations used for combined application.

Cell Lines BI-3406 Sotorasib Trametinib Buparlisib
ASPC-1 4 uM 4 uM 0.001 uM 0.3 uM
BXPC-3 4 uM 4 uM 0.001 uM 1uM

CAPAN-1 4 M 4 uM 0.005 pM 0.3 uM

MIA PACA-2 4 uM 0.005 uM 0.0025 uM 0.6 uM

The treated cells were incubated for 72 h at 37 °C with 5% CO,. At the indicated time
points, all cell experiments evaluated at least three biologically independent replicates.

2.4. Cell Viability Assays
2.4.1. Proliferation

Proliferation was evaluated by absolute counting, which was determined by trypan
blue (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) staining. After inhibitor expo-
sure in 24-well plates, the cells were harvested and washed with 1x PBS (PAN-Biotech).
Following the cells being stained with trypan blue, the number of viable cells was deter-
mined by counting with a hemocytometer. Proliferation was expressed as a percentage of
viable cells treated with the inhibitor to the vehicle-treated control (control = 100%).

2.4.2. Biomass Quantification

Biomass quantification was carried out by crystal violet (CV) staining. After exposure
to the corresponding inhibitors, cells in 96-well plates were washed once with PBS and
stained with 50 pL 0.2% CV solution on a shaker at room temperature for 10 min. Thereafter,
the plates were washed twice with PBS. To elute bound CV, 100 pL 1% sodium dodecyl
sulfate (SDS) was added to each well and incubated on a shaker at room temperature for
10 min. Finally, absorbances at a measuring wavelength of 570 nm and at the reference
wavelength of 620 nm were measured by a Promega GloMax®-Multi Microplate Multimode
Reader. The absorbance value of the reference wavelength was subtracted from that of the
corresponding measuring wavelength. The value of cells exposed to the vehicle was used
as a control and the value of culture media was used as the background. The background
value was subtracted from the control and experimental values. The amount of CV directly
correlates to cell biomass. The result is expressed as a percentage of the inhibitor-treated
group to vehicle-treated controls (control = 100%).

2.5. Apoptosis and Necrosis Analyses

Apoptosis and necrosis were evaluated by Annexin V FITC (Becton, Dickinson and
Company, Heidelberg, Germany) and propidium iodide (PI) (Sigma-Aldrich Chemie
GmbH) double staining by flow cytometry. After exposure to the vehicle control, and
both single and combined inhibitors, cells were harvested and washed twice with cold PBS.
After the washing step, the cell pellet was resuspended in 100 uL. Annexin V binding buffer
(1x) (Becton, Dickinson and Company), and incubated with 5 pL of Annexin V FITC for 15
min at room temperature in the dark. Then, cells were stained with PI (final concentration:
20 pg/mL) straightway before measurement. Unstained and single-stained cells were
used to determine the negative and positive boundaries and measured in each experiment.
Annexin V~ /PI" cells were considered to be viable cells, Annexin V* /Pl cells were
considered to be early apoptotic cells, and Annexin V*/PI* cells were considered to be late
apoptotic/necrotic cells. Flow cytometry measurement was performed on FACSVerse™
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(Becton, Dickinson and Company) and all data were analyzed by BD Flow]Jo™ software
(Becton, Dickinson and Company).

2.6. Evaluation of Combined Inhibitor Application

The interaction among the inhibitors was evaluated by the Bliss independent model.
The interaction of the inhibitor combination was determined by the difference between the
observed (Ep) and predicted (Ep) inhibition of the combination therapy.

In double inhibitor application, Ep was calculated with the following equation:

EP=EA+EB—EAXEB,

where E,4 and Ep are the relative inhibition of single-inhibitors A and B.
In triple inhibitor application, Ep was calculated with the following equation:

Ep=Es+Eg+Ec—Es x Eg —Ea x Ec — Eg x Ec — E4 x Eg x Eg,

where E,, Eg, and Ec are the relative inhibition of single-inhibitors A, B, and C.

Ep > Ep indicated a synergistic effect, Ep = Ep indicated an additional effect; Eq < Ep
indicated an antagonistic effect. Bliss values for inhibitor combinations were calculated
based on the results of proliferation and cell biomass of PDAC cell lines [28].

2.7. Examination of Cell Morphology Changes

Examination of PDAC cell line morphology changes was carried out by Pappenheim
staining. After 72 h of exposure to the vehicle control, single inhibitor, or combined
inhibitor, supernatants were collected and cells were harvested. After counting the cells,
we resuspended the cell pellet and adjusted the cell density of the control group and each
experimental group to 5 x 10* cells /200 uL. Then, 200 pL of the cell suspension was fixed
on a glass slide using Shandon Cytospin 3 centrifuge (Shandon, Frankfurt/Main, Germany),
and two cell slides were made for each group. After 24 h of air-drying, the slides were
stained with May-Griinwald solution (Merck, Darmstadt, Germany) for 6 min, washed
with phosphate buffer solution (pH = 7.2) (Merck) three times for 1 min, then stained with
Giemsa solution (1:10) (Merck) for 20 min, and washed with phosphate buffer solution
three times for 1 min again. After the slides were air-dried for 24 h, the morphology of
cells was examined and visualized with Evos XL Core Imaging System (Life Technologies,
Darmstadt, Germany), magnified 100 times. Each experiment was repeated 3 times to
eliminate random errors.

2.8. RNA Extraction

Total RNAs were extracted using the miRNeasy Mini Kit (QIAGEN GmbH, Hilden,
Germany) according to the manufacturer’s instructions. For each cell line, only the RNA
of the DMSO control group and the triple inhibitor application group were extracted. In
brief, at least 5 x 10° cells were harvested and washed twice with cold sterile PBS. Cell
pellets were resuspended in 700 puL QIAzol Lysis Reagent (QIAGEN GmbH), then the
aqueous phase that contains the total RNA of the lysed cells was extracted and purified by
a silica membrane of RNeasy Mini spin columns. At last, total RNA was eluted by 30 pL of
RNAse-free water.

After extraction, RNA concentrations, as well as OD 260/280 and OD 260/230 ratios,
were measured with the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).
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2.9. RNA Sequencing Analysis

The RNA quality was assessed using the Agilent RNA 6000 Nano Kit (Agilent Tech-
nologies Inc., Waldbronn, Germany) on the 2100 Bioanalyzer system (Agilent Technologies
Inc.). Only samples with an RNA integrity number (RIN) >8 were proceeded to DNA
library preparation using the Illumina Stranded mRNA Sample Preparation Kit (Illumina
Inc., San Diego, CA, USA). Briefly, 800 ng of total RNA was enriched for mRNA via poly-T
oligo-coated magnetic beads, and chemically fragmented under elevated temperature. The
RNA fragments were then reverse-transcribed into the first- and second-strand cDNA using
random hexamers. Double-stranded cDNA fragments were ligated with anchor primers
and PCR-amplified for 10 rounds, using 10bp unique dual index primers (UDIs). The qual-
ity of the libraries was evaluated for fragment length distribution on the Agilent DNA-1000
Chip (Agilent Technologies Inc.). The library concentration was quantified using a Qubit
dsDNA HS Assay kit (Life Technologies), normalized to 2 nM and equally pooled. The
multiplexing library pool was sequenced for 2 x 101 bp paired-end reads at a final loading
concentration of 750 pM on the NextSeq 2000 system and P3 Flow Cell at the sequencing
facility of Research Institute for Farm Animal Biology (FBN), Dummerstorf, Germany.

2.10. Data Pre-Processing and Differentially Expressed Genes (DEGs) Analysis

Sample de-multiplexing and FASTQ generation of raw sequencing reads were con-
ducted using on-board DRAGEN BCL Convert analysis workflow (Illumina). The data
were quality-checked pre- and post-processing using FastQC version 0.11.9 [29]. Data
pre-processing was performed using Trim Galore v.0.6.7 with the following options: -q
20—paired—stringency 3—length 20—illumine [29]. The remaining high quality paired
reads were then aligned to the reference genome, Homo_sapiens.GRCh38 from Ensembl
release 106 using Hisat2 version 2.2.1 [30]. The number of reads uniquely mapped to each
gene was extracted from the HISAT2 mapping results using HTSeq version 2.0.1, with the
following options: -f bam -r name—stranded = reverse -t exon -i gene_id -m union [31].
The resulting gene count data were further analyzed for DEGs using DESeq2 package [32].
DEGs that passed a threshold of | Loga (Fold Change) | > 1 and adjusted p value (padj) < 0.05
were considered analytically valuable and proceeded to Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis.

The GO and KEGG enrichment analysis were applied for the functional annotation and
pathway analysis using the gene set enrichment analysis (GSEA) [33,34]. The functional enrich-
ment analyses of DEGs were explored by R package clusterProfiler4.0 and Pathview [35,36]. GO
and KEGG enrichment analysis with a p-value < 0.05 and g-value < 0.25 were considered
to have a significant impact and were selected for further analysis.

2.11. Statistical Analyses

Each experiment was performed in at least 3 biologically independent repetitions.
Results of proliferation, biomass quantification, and apoptosis/necrosis analysis were
expressed as mean =+ standard deviation (SD). Statistical significance was determined by
one-way ANOVA (after proving the data within each group conformed to the Gaussian
distribution) or Kruskal-Wallis test (the data within each group conformed to the non-
Gaussian distribution) and displayed as follows: *: p < 0.033, **: p < 0.002, ***: p < 0.001
versus the control group.

3. Results
3.1. KRAS Status of the PDAC Cell Lines

The analyzed seven PDAC cell lines were characterized by the following KRAS muta-
tional statuses: one KRAS wild-type cell line (BXPC-3), one KRAS G12C (c.34G>T) cell line
(MIA PACA-2), one KRAS Q61H (c.183A>C) cell line (T3M4), two KRAS G12D (c.35G>A)
cell lines (ASPC-1land COLO357), and two KRAS G12V (¢.35G>T) cell lines (CAPAN-1 and
PATU8902). The information about each cell line includes the chromosomal location (#Chr),
the zygosity (hom: homozygous, het: heterozygous), reference base (Ref), observed base
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(Obs), allele frequency (VAF), base change, and amino acid substitution, which are listed in
Table 2. Thereby, COLO357 and T3M4 represent the only two cell lines characterized by a
heterozygotic KRAS genotype.

Table 2. KRAS status of PDAC cell lines.

Cell Line #Chr  Start End Ref Obs Zygosities VAF  Gene Base Change AA Change
BXPC-3 chrl2 25398284 25398284 G G hom 100 KRAS - -
ASPC-1 chr12 25398284 25398284 G A hom 100 KRAS NM_033360.2:¢.35G>A  G12D
COLO357 chrl2 25398284 25398284 G A het 238 KRAS NM_033360.2:c.35G>A  GI12D
CAPAN-1 chr12 25398284 25398284 G T hom 97.1 KRAS NM_033360.2:¢.35G>T G12V
PATUS902 chr12 25398284 25398284 G T hom 100 KRAS NM_033360.2:c.35G>T GI12V
MIA PACA-2  chrl2 25398285 25398285 G I hom 99.6 KRAS NM_004985.5:c.34G>T G12C
T3M4 chr12 25380275 25380275 A C het 326  KRAS NM_033360.2:c.183A>C Q61H
3.2. Single Application of KRAS Inhibitors BI-3406 and Sotorasib to PDAC Cell Lines
The KRAS G12C inhibitor sotorasib had almost no inhibitory effect on the KRAS Q61H
cell line T3M4 (Figure 1). At the highest tested concentration of 10 uM, cell proliferation and
biomass were reduced by only 6% and 0%, respectively. In addition, sotorasib displayed
similar inhibitory effects on KRAS wild-type and KRAS G12V cell lines, and the biomass of
cell proliferation decreases ranged from 25% to 38% at the concentration of 10 pM. Notably,
the inhibitory effects of sotorasib on ASPC-1 (VAF: 100) and COLO357 (VAF: 23.8), which
both carry KRAS G12D, are quite different; cell proliferation decreased by 50% and 37%, and
biomass decreased by 41% and 27%, respectively. Sotorasib appears to be more effective
against KRAS G12D mutations with high VAFE.
(a) (b)
Sotorasib - Proliferation Sotorasib - Biomass
== ASPC-1
= 100+ o) BXPC-3
gmn %100 —~ CAPAN-1
S 3 = GOLO357
§ aé === MIA PACA-2
= 2 ~~PATUB902
2 2
% 50+ % 50 ==T3m4
H £
Conrol 005 010 1 2 3 4 5 6 7 & 9 10 Control 005 010 1 2 3 4 5 6 7 B 8 10
Concentration (uM) Concentration (pM)

Figure 1. Proliferation (a) and biomass (b) changes in PDAC cell lines after exposure to different
concentrations of sotorasib.

As expected, sotorasib showed a very strong inhibitory effect on MIA PACA-2, which
carry a KRAS G12C mutation. A significant inhibitory effect can be observed at a concentra-
tion of 0.005 uM, while at 0.05 uM, cell proliferation and biomass were reduced by 69% and
60%, respectively (Figures 1 and 51, Supplementary Table S1).

Compared with the DMSO control group, the KRAS::5051 inhibitor BI-3406 demon-
strated a weak inhibitory effect on PDAC cell lines carrying KRAS G12V (CAPAN-1 and
PATU8902). At the highest test concentration of 10 uM, cell proliferation only decreased by
11% and 17%, and the biomass decreased by 12% and 21%, respectively (Supplementary
Table 52). In addition, the inhibitory effect of BI-3406 on the cell proliferation and biomass of
the KRAS wild-type cell line BXPC-3 is similar to the inhibition observed in the KRAS G12V
cell lines. The cell proliferation and biomass of BXPC-3 were reduced by only 15% and
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27% at the concentration of 10 uM. BI-3406 demonstrated an increased, but still limited,
inhibitory effect on the cell lines carrying the other three KRAS mutations (ASPC-1 and
COLO357, KRAS G12D; MIA PACA-2, KRAS G12C; T3M4, KRAS Q61H). At the highest
tested concentration, cell proliferation and biomass were only reduced between 30 and 50%
(Figures 2 and 52, Supplementary Table S2).

(a) (b)

BI-3406 - Proliferation BI-3406 - Biomass

== ASPC-1
BXPC-3

=== CAPAN-1

== COLO357

== MIA PACA-2

=~ PATUB902

== T3am4

=]
=
i

Percentage to 100% Control
@
=]
1

Percentage to 100% Control

0 T T T o T T T
Control 1 5 10 Control 1 5 10
Concentration (pM) Concentration (pM)

Figure 2. Proliferation (a) and biomass (b) changes in PDAC cell lines after exposure to different
concentrations of BI-3406.

3.3. Combined Applications of KRAS, PI3K, and MEK1/2 Inhibitors Enhance Inhibition of PDAC
Cell Lines

For BI-3406 in combination with trametinib and bupatrlisib, a significant increase in the
inhibition of cell proliferation and biomass was observed when compared with the DMSO
control group, regardless of whether double-inhibitor combinations or triple-inhibitor
combinations were tested (Figure 3 and Supplementary Tables S3 and 54). When comparing
the effect of the triple-inhibitor with the effects of the double-inhibitor, a significantly
increased inhibition in cell proliferation can also be observed in ASPC-1, BXPC-3, and MIA
PACA-2. In CAPAN-1, a significant increase was only observed when comparing the triple
therapy with the combination of BI-3406 and buparlisib. As for the other two combinations
(BI-3406 + trametinib, trametinib + buparlisib), no significant increase could be observed.
Moreover, we also observed similar inhibitory effects in the biomass quantification assay.

For the combination of sotorasib with trametinib and buparlisib, significant inhibition
of cell proliferation and biomass was observed in the triple combination compared to the
DMSO control group (Figure 4 and Supplementary Tables S5 and S6). The addition of
sotorasib significantly improved inhibition in ASPC-1 and MIA PACA-2 compared with a
single application of trametinib or buparlisib. In addition, when focusing on the efficacy of
the triple combination (sotorasib + trametinib + buparlisib) versus the double combination
(trametinib + buparlisib), a significant increase in inhibitory effect was only observed in
ASPC-1 and MIA PACA-2.
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Figure 3. Cell proliferation and biomass of ASPC-1 (a), BXPC-3 (b), CAPAN-1 (c), and MIA PACA-2
(d) after 72 h BI-3406, trametinib, buparlisib or inhibitor combination exposure, as well as analysis
of synergistic effect using Bliss independent model. Data are presented as mean + SD. Significance
of a treatment effect compared to the DMSO control was determined by one-way ANOVA and
displayed as *: p < 0.033, **: p < 0.002, ***: p < 0.001 (n > 3). The significance of the treatment effect
for double inhibition compared to triple inhibition was determined by one-way ANOVA and was
shown as # (proliferation), § (biomass): p < 0.033; ##, §§: p < 0.002, ###; §§§: p < 0.001. BI: BI-3406;
T: trametinib; B: buparlisib; NS: not significant; Ep: predicted inhibition by Bliss independent model;
Eg: observed inhibition.
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Figure 4. Cell proliferation and biomass of ASPC-1 (a), BXPC-3 (b), CAPAN-1 (c), and MIA PACA-2
(d) after 72 h sotorasib, trametinib, buparlisib or inhibitor combination exposure, as well as analysis
of synergistic effect using Bliss independent model. Data are presented as mean + SD. Significance
of a treatment effect compared to the DMSO control was determined by one-way ANOVA and
displayed as *: p < 0.033, **: p < 0.002, ***: p < 0.001 (n > 3). The significance of the treatment effect
for double inhibition compared to triple inhibition was determined by one-way ANOVA and was
shown as # (proliferation), § (biomass): p < 0.033; §&: p < 0.002, ###; §8§: p < 0.001. S: sotorasib;
T: trametinib; B: buparlisib; NS: not significant; Ep: predicted inhibition by Bliss independent model;

Ep: observed inhibition.
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3.4. Bliss Analysis Revealed the Synergistic Effects of Double- and Triple-Application

The Bliss prediction effects were calculated based on the results of proliferation and
biomass inhibition. For the BI-3406-based triple inhibitor combination, the Bliss predicted
that inhibition (Ep) is lower than the observed inhibition results (Ep) in all cell lines
(Figure 3). When focusing on comparing the double combination of trametinib + buparlisib
and the triple combination of BI-3406 + trametinib + buparlisib, ASPC-1, BXPC-3, and
MIA PACA-2 showed significantly higher inhibitory efficacy. However, this significant
improvement did not appear in CAPAN-1, suggesting that BI-3406 was not able to enhance
the inhibitory efficacy of trametinib + buparlisib in CAPAN-1. For the sotorasib-based
triple inhibitor combination, Ep was observed to be lower than Eg, in all cell lines. When
focusing on comparing the double combination of trametinib + buparlisib and the triple
combination of sotorasib + trametinib + buparlisib, only MIA PACA-2 demonstrated a
significant improvement in inhibitory efficacy. Furthermore, in the other three cell lines,
the inhibitory effects were not affected by the addition of sotorasib. These data indicated
that the sotorasib-based triple inhibitor combination is synergistic in MIA PACA-2 cells
that express the KRAS G12C mutant (using 0.005 pM sotorasib).

In the BI-3406-based double inhibitor combination, the combination of BI-3406 + trametinib
demonstrated a significantly increased inhibitory effect in all four cell lines (Figure 3).
The differences from Eg and Ep were between 20 and 43% (proliferation) and 23 and
36% (biomass) (Supplementary Table S4). The combination of BI-3406 + buparlisib also
demonstrated a synergistic effect in all four cell lines; the differences between Eg and Ep
were between 3 and 15% (proliferation) and 4 and 16% (biomass) (Supplementary Table 56).
In addition, for sotorasib, either in combination with trametinib or in combination with
buparlisib, synergistic effects were only observed in MIA PACA-2, with differences between
Ep and Ep of 7%, 21% (proliferation) and 8%, 32% (biomass), respectively (Supplementary
Figure S6). In the other cell lines that do not harbor the KRAS G12C variant, the difference
between Ep and Ep was almost 0, suggesting that sotorasib does not act synergistically in
these cell lines when combined with trametinib or buparlisib.

3.5. Combined Application of KRAS, PI3K, and MEK1/2 Inhibitors Induce Apoptosis and Necrosis
of PDAC Cell Lines

Apoptosis /necrosis assays were performed on ASPC-1, BXPC-3, CAPAN-1, and MIA
PACA-2 cells after exposure to BI-3406-based inhibitor combinations and MIA PACA-2
after exposure to sotorasib-based inhibitor combinations. Compared to the DMSO control
group, Annexin V/propidium iodide (PI) double staining revealed a significant increase in
induced apoptosis/necrosis, when using the triple-inhibitor combinations (Supplementary
Figures 53 and 5S4, Supplementary Table S7). These triple-inhibitor combinations also
significantly increased cell death when compared with all double-inhibitor combinations.
In addition, most of the double-inhibitor combinations caused a significant increase in cell
death when compared to the control group. Only in MIA PACA-2 cells, the combination of
BI-3406 and buparlisib was not able to significantly increase cell death.

Furthermore, the microscopic evaluation at 100 x magnification of Pappenheim stained
samples indicated that the cells clearly demonstrated signs of cell death, including nu-
merous vacuoles in the cytoplasm, splitting or breaking up of the nucleoli (karyorrhexis),
protrusions of the plasma membrane, and apoptotic bodies, as well as morphological
deformation (Figures 5 and S5). These morphological changes were also observed in the
samples that have been exposed to the double inhibitor combinations. However, there was
more evidence after the application of the triple inhibitor combination.
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Figure 5. Morphology changes in ASPC-1 (a), BXPC-3 (b), CAPAN-1 (c), and MIA PACA-2 (d)
after DMSO or triple inhibitor combination exposure. Magnification: 100x. 1 membrane bub-
bles, membrane bound apoptotic body, © vacuolization, T apoptotic body, T nuclear condensa-
tion/fragmentation; 1 rupture of the plasma membrane.

3.6. Comparative Analysis of Differentially Expressed Genes (DEGs) between BI-3406
Combination-Treated and Non-Exposed PDAC Cell Lines

Differential expression analysis revealed several genes that were differentially reg-
ulated in triple combination-treated cells, when compared with the DMSO control ex-
posed cells. For the combination of BI-3406 with trametinib and buparlisib, 587 DEGs
were identified in ASPC-1 cells, 423 DEGs in BXPC-3 cells, 1191 DEGs in CAPAN-1 cells,
and 1259 DEGs were identified in MIA PACA-2 cells (Supplementary Figures S6 and S7,
Supplementary Table S8). Of these DEGs, only 12 DEGs were shared among all the tested
PDAC cell lines (Figure 6a). In addition, in the top 25 up- and down-regulated genes
identified in the 4 cell lines (Figure 6b), no gene was shared by all cell lines.

(a)

[ ] AspPc-1
[ ] CAPAN-1
[ ] miA PACA-2

[]BXxPcC-3

BI-3406 Combination vs. DMSO
Figure 6. Cont.
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Figure 6. Number and overlap of DEGs in ASPC-1, BXPC-3, CAPAN-1 and MIA PACA-2 cell lines
after exposure to BI-3406 combination (a) and the top 25 up- and down-regulated genes before and

after BI-3406 combination exposure (b).

3.7. Comparative Analysis of DEG Changes Induced by BI-3406 Combination-Treated and
Sotorasib Combination-Treated in MIA PACA-2 Cell Line

For the sotorasib triple combination, only MIA PACA-2 cells were analyzed. Compared
to the DMSO control group, 928 DEGs were identified in MIA PACA-2 (Supplementary
Figure S7, Supplementary Table $9). Comprehensive analysis of DEG changes in MIA
PACA-2 using BI-3406 or sotorasib triple therapy revealed 778 DEGs that were up- or down-
regulated by both inhibitor combinations (Figure 7a). In the top 25 up- and down-regulated
genes, 17 overlapping up-regulated genes and 15 overlapping down-regulated genes were

observed (Figure 7b).
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Figure 7. Number and overlap of DEGs in MIA PACA-2 cell lines after exposure to sotorasib
combination or BI-3406 combination (a) and the top 25 up- and down-regulated genes before and
after inhibitor combination exposure (b).

3.8. Functional and Pathway Enrichment Analysis of DEGs Induced by Combination-Treated
PDAC Cell Lines

In order to assess the effect of inhibitor combinations on PDAC cell lines, GO and
KEGG pathway analysis was performed on all of the DEGs selected in result 3.6 for each
cell line.

For the BI-3406 triple inhibitor combination, GO and KEGG enrichment analysis
demonstrated different results in different PDAC cell lines. The number of GO terms,
including the biological process (BP), the cellular component (CC), and the molecular
function (MF), as well as the number of KEGG pathways caused by BI-3406 triple inhibitor
combination treatment, are displayed in Table 3. Detailed information is displayed in
Supplementary Figures S7-511 and Supplementary Tables 510 and 511.
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Table 3. GO term and KEGG pathway enrichment analysis of DEGs induced by BI-3406 triple
inhibitor combination treatment.

GO Term
PDAC Cell Line KRAS Mutation KEGG Pathway
Biological Process Cellular Components Molecular Functions
BXPC-3 Wild Type 847 49 96 24
ASPC-1 KRAS G12D 744 80 96 48
CAPAN-1 KRAS G12V 1447 116 168 59
MIA PACA-2 KRAS G12C 1053 76 120 66

Further analysis of the GO term function revealed that in the PDAC cell lines, DEGs
were involved in regulating the immune system, cell adhesion, cell migration, localization,
locomotion, and response to stimulus in biological process, cell membrane, and extracellular
functions in cellular components, as well as cytokine binding in molecular functions. KEGG
pathway enrichment analysis identified nine overlapping pathways, which were involved
in cancer, cellular community, cardiovascular disease, and immune regulation and directly
acting on PI3K/AKT and TNF pathways (Supplementary Table S11). Furthermore, the
expected RAS signaling pathway was not observed to be affected in all of the tested cell
lines. The KEGG pathway results revealed that the RAS pathway was affected in ASPC-1,
BXPC-3, and MIA PACA-2, but not in CAPAN-1.

For the sotorasib combination, 928 DEGs in MIA PACA-2 were involved in 849 BP,
39 CC, and 63 MF; KEGG analysis revealed that DEGs were enriched in 58 pathways,
which are mainly associated with cancer, signal transduction, and the immune system
(Supplementary Figure 512 and Supplement Tables 512 and 513).

Comparing the GO terms and KEGG pathway enrichment analysis of MIA PACA-2
in the two inhibitor combinations did not reveal major differences. The GO term demon-
strated that both inhibitor combinations were involved in similar cellular functions in
MIA PACA-2. KEGG analysis revealed that both inhibitor combinations were involved
in immune regulation, signal transduction (especially PI3K/AKT, TNF, and JAK-STAT
signaling pathways), metabolic activity, and cancer pathways (especially proteoglycans in
cancer). The BI-3406 triple combination additionally participated in the MAPK pathway;
however, this effect was not observed in the sotorasib triple combination (Supplementary
Tables S11 and 513).

4. Discussion

KRAS mutations are the most common mutations in PDAC patients and are charac-
terized by poor prognosis and resistance to general treatment [6,14]. Although a series
of targeted inhibitors have been developed for PDAC, so far, these inhibitors are still not
routinely used in clinical treatment. In our study, sotorasib, which targets the KRAS G12C
mutation, exhibited the expected inhibitory efficacy in MIA PACA-2, and significantly
inhibited cell proliferation and biomass even at very low concentrations (0.005 pM). At the
same time, sotorasib at 10 M exhibited a partial inhibitory effect on other tested PDAC
cell lines, except for T3M4 (KRAS Q61H). The cell proliferation and biomass decreased
by 32-50% and 24-41%, respectively. However, in T3M4, minimal inhibition of cell pro-
liferation and biomass was observed at all the concentrations tested. This may be due
to the fact that the Q61H mutation has the lowest intrinsic GTPase activity and requires
less upstream signaling to maintain a GTP-bound status [37]. In a previous report, the
maximum plasma concentration of sotorasib was 7.5 pg/mL (13.4 uM) [38]. The results
of this study demonstrated that sotorasib had inhibitory effects on KRAS G12D, G12V,
and wild-type PDAC cell lines at a concentration of 10 uM, which can be achieved in
clinical trials [38]. The incidence of serious adverse reactions at this concentration in clinical
trials is low, suggesting that sotorasib can potentially become an interesting option for the
development of novel approaches for the above-mentioned PDAC types [18,38]. Although
sotorasib is currently only approved for the treatment of KRAS G12C-mutated NSCLC, the
CodeBreaK100 study has confirmed its potential for the treatment of advanced KRAS G12C
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mutated PDAC with low side effects. At the same time, the clinical trials demonstrated
that the maximum plasma concentration is higher than 10 uM [18]. Combined with our
findings, sotorasib may also have inhibitory effects on KRAS G12D and G12V mutated
PDAC in vivo, suggesting that sotorasib may have further potential to treat KRAS wild
type and other KRAS G12-mutated PDACs besides KRAS G12C.

Using the multi-KRAS mutation inhibitor BI-3406, our results were comparable to
those previously reported in 2D cultures [26]. The biological response of cell lines carrying
the KRAS G12V mutation (CAPAN-1 and PATU8902) was similar to that of the wild-type
cell line BXPC-3, showing a decrease of only about 15% at 10 uM. In the cell lines car-
rying KRAS G12C and G12D mutations, the inhibition of cell proliferation and biomass
at 10 uM concentration was higher than 30%, up to 48.18%. In the previously reported
in vivo studies, the BI-3406 single-inhibitor demonstrated a good inhibitory effect on KRAS
G12C-mutated MIA PACA-2 cells, and the tumor volume of the two different doses of the
experimental group was significantly reduced compared with the control group. However,
even at the highest dose, BI-3406 was only able to inhibit tumor growth, but could not
reduce tumor volume below the baseline [26]. It is suggested that a single application of
BI-3406 does not have a strong inhibitory effect on PDAC cell lines both in vivo and in vitro.
Nonetheless, it demonstrated a distinct synergistic effect with downstream pathway in-
hibitors in combination inhibition, especially with the MEK1/2 inhibitor trametinib. The
combination of BI-3406 and trametinib demonstrated a synergistic effect in both KRAS-
mutated and wild-type PDAC cell lines, which is in agreement with previous reports, both
confirming the synergistic effect of BI-3406 and trametinib [26]. This is probably because
BI-3406 combined with trametinib can block the negative feedback regulatory mechanism
by reducing phosphorylated (p)-MEK and p-ERK levels, resulting in a strong synergistic
effect [26]. Since this regulatory mechanism exists both in KRAS-mutated and wild-type
cell lines, this double-inhibitor combination was also effective in the BXPC-3 cells. For
the combination of BI-3406 and buparlisib, a synergistic effect was only observed in MIA
PACA-2. Since buparlisib does not reduce p-MEK and p-ERK levels, it is highly likely that
it fails to activate the negative feedback loop, resulting in a small synergistic effect [26].

The double-inhibitor combination based on sotorasib also displayed a synergistic
effect, but mainly in MIA PACA-2 cells. Since RAS directly forms a complex with PI3K
to further activate the PI3K signaling pathway, inhibition of these two proteins greatly
reduces the activation of this pathway and might explain the synergistic effect of these two
inhibitors [39-42]. Additive effects were observed in ASPC-1, BXPC-3, and CAPAN-1 cells,
indicating that sotorasib might target an unknown target protein at a high concentration
and the inhibition of this target protein does not synergistically interact with inhibitors of
MEK and PI3K.

The efficacy of the triple-inhibitor combination of BI-3406, trametinib, and buparlisib
was significantly stronger than that of the double-inhibitor combination in ASPC-1, BXPC-3,
and MIA PACA-2 cells. However, in CAPAN-1 cells, there was no significant improve-
ment in the triple-inhibitor combination versus the double-inhibitor combination of bu-
parlisib and trametinib. Moreover, the KEGG pathway enrichment analysis revealed that in
CAPAN-1, the RAS pathway was not affected by the triple therapy, while the enrichment
of DEGs in the RAS pathway was observed in the other three cell lines. In addition, a
single application of BI-3406 did not significantly inhibit the proliferation and biomass
of CAPAN-1. Although BI-3406 has previously been reported to achieve good inhibitory
effects on KRAS G12V-mutated NSCLC cell lines, this antitumor effect appears to be poor
for PDAC cell lines [26]. This suggests that in PDAC cell lines, BI-3406 is less able to block
the interaction between KRAS G12V and SOS], at least not causing changes at the gene
expression level. This may account for the low response of the KRAS G12V cell lines to
BI-3406 and the inability of the BI-3406 to enhance the efficacy of downstream inhibitors in
CAPAN-1. Moreover, the triple inhibitor combination of sotorasib demonstrated only an
additive effect in ASPC-1, BXPC-3 and CAPAN-1, further confirming that the inhibition
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of non-KRAS G12C mutant cell lines by sotorasib is not affected by the changes in the
RAS/RAF/MEK/ERK pathway or PI3K/AKT pathway.

The BI-3406 triple inhibitor combination modulated immunity, cell adhesion, migra-
tion, and targeted cancer pathways in all four cell lines. This indicates that this inhibitor
combination can directly influence the pathophysiology of tumor cells, but might also
indirectly inhibit the growth of PDAC cells by modulating the immune system, as well
as cell-to-cell interactions. Furthermore, we observed that in all four cell lines, both triple
inhibitor combinations regulated DEGs, which are involved in the response to hypoxia.
These genes (ALDOA, IL6, IL6R, EGF, VEFG, PDK-1, ENO1, etc.) were all associated with
the hypoxia inducible factor-1 (HIF-1) pathway, suggesting that both combinations can act
on the HIF-1 pathway. Several studies have shown that HIF-1 is associated with tumor
growth in a variety of cancers, including PDAC [43]. Inhibition of mTOR blocks the transla-
tion of HIF-1 mRNA, and inhibition of ERK can also lead to inhibition of HIF-1 [44,45]. The
combination of the two inhibitors in this experiment affected both mTOR and ERK, leading
to changes in the downstream HIF-1 pathway, which seems to be another mechanism of
this inhibitor combination.

Altogether, our current study demonstrates the antiproliferative effects of KRAS
inhibitors alone or in combination with downstream inhibitors in PDAC cell lines in vitro.
Moreover, the dose of each inhibitor was greatly reduced when used in combination,
thereby reducing the side effects of the inhibitor. The KRAS::SOS1 inhibitor BI-3406 was
able to enhance the antiproliferative effect of downstream inhibitors in the KRAS wild-type,
KRAS G12C, and KRAS G12D mutant cell lines, but not for the KRAS G12V mutant cell
lines. The KRAS G12C inhibitor sotorasib mainly enhanced the anti-proliferative effect of
downstream inhibitors in KRAS G12C mutant cell lines.

5. Conclusions

Our current study demonstrates the effects of two KRAS inhibitors, BI-3406 and
sotorasib, as monotherapy for PDAC. This provides evidence for a potential extended
application of sotorasib in non-KRAS G12C mutated PDAC and the application of BI-3406
as a multi-KRAS mutated inhibitor in PDAC. In addition, these two KRAS inhibitors act
synergistically or additively with downstream pathway inhibitors, when reducing cell
proliferation and biomass in PDAC cell lines with different KRAS statuses. The two triple
combinations also demonstrated extraordinary effects in enhancing inhibitor efficacy and
reducing inhibitor dose. These data emphasize the importance of KRAS as a therapeutic
target for PDAC and validate two different mechanisms of KRAS inhibition and its in-
teraction with downstream pathway inhibitors. The current study provides novel ideas
for the drug treatment of PDAC; however, in vivo experiments and clinical trials are still
needed to observe the real efficacy and adverse reactions of these inhibitors and inhibitor
combinations for the treatment of PDAC.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers14184467 /s1, Figure S1: Cell Viability after 72 Hours
Sotorasib Exposure in PDAC Cell Lines; Figure S2: Cell Viability after 72 Hours BI-3406 Exposure
in PDAC Cell Lines; Figure S3: PDAC Cell Death Induction after 72 Hours BI-3406, Sotorasib,
Trametinib, Buparlisib or Inhibitors Combination Exposure; Figure S4: Apoptosis/necrosis Dot
Plot of PDAC Cell Lines after 72 Hours BI-3406, Trametinib, Buparlisib and Inhibitor Combination
Exposure; Figure S5: Morphology Changes of PDAC Cell Lines after 72 Hours BI-3406, Sotora-
sib, Trametinib, Buparlisib and Inhibitor combination exposure; Figure 56: DEGs after PDAC Cell
Lines Exposed to the Combination of BI-3401, Trametinib and Buparlisib; Figure S7: DEGs af-
ter MIA PACA-2 Exposed to the Combination of BI-3401, Trametinib and Buparlisib or Sotorasib,
Trametinib and Buparlisib; Figure 58: GO and KEGG Enrichment Analysis of ASPC-1 after BI-
3406+ Trametinib+Buparlisib Exposure; Figure 59: GO and KEGG Enrichment Analysis of BXPC-3
after BI-3406+Trametinib+Buparlisib Exposure; Figure $10: GO and KEGG Enrichment Analysis of
CAPAN-1 after BI-3406+Trametinib+Buparlisib Exposure; Figure S11: GO and KEGG Enrichment
Analysis of MIA PACA-2 after BI-3406+Trametinib+Buparlisib Exposure; Figure S12: GO and KEGG
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Enrichment Analysis of MIA PACA-2 after Sotorasib + Trametinib + Buparlisib Exposure. Table S1:
Cell Viability Sotorasib; Table S2: Cell Viability BI-3406; Table $3: Combination Inhibition (BI-3406
+ Trametinib + Buparlisib); Table S4: Bliss Independent Model (BI-3406 + Trametinib + Buparlisib);
Table 55: Combination Inhibition (Sotorasib + Trametinib + Buparlisib); Table Sé6: Bliss Independent
Model (Sotorasib + Trametinib + Buparlisib); Table S7: Combination Cell Death; Table S8: DEGs of
PDAC Cell Lines after Exposure to the Combination of BI-3406, Trametinib and Buparlisib; Table S9:
DEGs of MIA PACA-2 after Exposure to the Combination of Sotorasib, Trametinib and Buparlisib;
Table 510: GO Enrichment Analysis after PDAC Cell Lines Exposure to the Combination of BI-3406,
Trametinib and Buparlisib; Table 511: KEGG Pathway Enrichment Analysis after PDAC Cell Lines
Exposure to the Combination of BI-3406, Trametinib and Buparlisib; Table 512: GO Enrichment
Analysis after MIA PACA-2 Exposure to the Combination of Sotorasib, Trametinib and Buparlisib;
Table 513: KEGG Pathway Enrichment Analysis after MIA PACA-2 Exposure to the Combination of
Sotorasib, Trametinib and Buparlisib; Table S514: Cell Viability Trametinib.
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A Alanine

AKT Protein kinase B

BP Biological process

BRCA3 Breast cancer 3

C Cysteine

cC Cellular components

CDKN2A  Cyclin dependent kinase inhibitor 2A
Ccv Crystal violet

D Aspartic acid

DEG Differentially expressed gene
DMSO Dimethyl sulfoxide

Eo Observed inhibition

Ep Bliss predicted inhibition

ERK Extracellular signal-regulated kinase
FCS Fetal calf serum

G Glycine
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GDP Guanosine diphosphate

GO Gene Ontology

GRC2 Cytosolic glutathione reductase

GSEA Gene set enrichment analysis

GTP Guanosine triphosphate

H Histidine

HIF-1 Hypoxia inducible factor-1

KEGG Kyoto Encyclopedia of Genes and Genomes
KRAS Kirsten rat sarcoma virus

MEK Mitogen-activated protein kinase kinase
MF Molecular function

mTOR Mammalian target of rapamycin
NSCLC  Non-small cell lung cancer

P- Phosphorylated-

P/S Penicillin-streptomycin solution
PDAC Pancreatic ductal adenocarcinoma
PI Propidium iodide

PI3K Phosphoinositide 3-kinase

Q Glutamine

RAS Rat sarcoma virus

RIN RNA integrity number

SD Standard deviation

SMAD4  Mothers against decapentaplegic homolog 4
SOS1 Son of sevenless 1

TP53 Tumor protein P53

v Valine
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Simple Summary: Pancreatic ductal adenocarcinoma continues to be one of the deadliest cancers
worldwide. Preclinical studies involving animals rarely include sex as a major biological variable in
testing the efficacy of new drugs. In an animal model of pancreatic cancer, we analyzed the impact
of sex on the pathological features of the disease and on an experimental small molecule-based
therapy tested in vivo for the first time. While the therapy shows potential, the obtained results are
confounded by sex-specific effects. This study, therefore, highlights the importance of sex-inclusive
research while simultaneously providing a basis for further studies of the therapy tested.

Abstract: Preclinical studies rarely test the efficacy of therapies in both sexes. The field of oncology
is no exception in this regard. In a model of syngeneic, orthotopic, metastasized pancreatic ductal
adenocarcinoma we evaluated the impact of sex on pathological features of this disease as well as
on the efficacy and possible adverse side effects of a novel, small molecule-based therapy inhibiting
KRAS:SOS1, MEK1/2 and PI3K signaling in male and female C57BL/6] mice. Male mice had less tu-
mor infiltration of CD8-positive cells, developed bigger tumors, had more lung metastasis and a lower
probability of survival compared to female mice. These more severe pathological features in male
animals were accompanied by higher distress at the end of the experiment. The evaluated inhibitors
BI-3406, trametinib and BKM120 showed synergistic effects in vitro. This combinatorial therapy
reduced tumor weight more efficiently in male animals, although the drug concentrations were
similar in the tumors of both sexes. These results underline the importance of sex-specific preclinical
research and at the same time provide a solid basis for future studies with the tested compounds.

Keywords: PDAC; KRAS; SOS1; PI3K; MEK1/2; sex; small molecule; BI-3406; trametinib; BKM120

1. Introduction

For a long time, male animals and patients were predominantly used in both preclinical
and clinical biomedical research [1,2]. Results were often applied to women without
adequate justification, leading to potentially serious consequences for women [2,3]. The
underrepresentation of women in drug trials became particularly apparent when the U.S.
Food and Drug Administration (FDA) withdrew ten prescription drugs from the market
between 1997 and 2000, four of which have led to more severe adverse events in women.
This included the antihistamine Hismanal, which triggered torsade de pointes [3,4]. To
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address this issue, the 21st Century Cures Act in 2016 called on the National Institutes of
Health (NIH) to revise guidelines for the inclusion of women in clinical trials and outlined
requirements for reporting analyses by gender, race, and ethnicity in phase III clinical
trials [5]. Today, women represent 50% or more of participants in NIH-funded studies [6].

While progress has been made in incorporating female participants in clinical trials,
the extension of this inclusion to animal experiments is still insufficient [6,7]. The omission
of females from preclinical research was motivated by concerns among researchers about
potential variations induced by the estrus cycle, along with apprehensions about increased
costs [8,9]. However, since hormonal differences play an important role not only in the
development of diseases such as anxiety and depression, asthma, and inflammatory bowel
disease but also in pharmacokinetics, it was important to establish guidelines that define
sex as a biological variable [10-14]. Therefore, in 2016, the Association of Science Editors
published the SAGER guidelines (Sex and Gender Equity in Research), which regulate
reporting on sex and gender in scientific publications [2,15].

The lack of sex-specific investigations in preclinical and clinical studies becomes par-
ticularly evident within the field of cancer and cancer therapeutics [16]. An evolving
awareness emphasizes that sex not only shapes susceptibility to cancer but also influences
disease progression and responses to therapeutic interventions [17,18]. In general, men
exhibit elevated cancer incidence and mortality rates compared to women [17,18]. Sex
hormones have been identified as influential factors affecting both tumor growth and the tu-
mor microenvironment [19,20]. In addition, females exhibit heightened innate and adaptive
immune responses, resulting in a lower cancer incidence compared to males and a different
response to immunotherapies such as immune checkpoint inhibitors [19,21-23]. While men
appear to respond better to immune checkpoint inhibitors, women tend to respond better to
multimodal immunotherapies [23,24]. For example, a 2021 study by Kim et al. investigated
the impact of sex when treating pancreatic cancer patients with FOLFIRINOX [25]. This
study reported a markedly enhanced overall survival among females compared to males
despite a more rapid dose reduction during each treatment cycle.

Pancreatic ductal adenocarcinoma (PDAC) represents an enormous challenge due to
its heterogeneity, plasticity, and aggressive biological nature, making it the fourth leading
cause of cancer-related mortality with a 5-year survival rate of approximately 10% [26]. The
most frequently affected oncogene, at around 90%, is the Kirsten-rat sarcoma viral oncogene
homolog KRAS [27]. The mutation affects the GTPase activity of KRAS by altering the
homeostatic balance of GDP and GTP binding towards the active state [27]. This occurs
either by reducing GTP hydrolysis or by increasing the GTP loading rate [27,28]. As a
result, intracellular signaling pathways, such as phosphoinositide 3-kinase/ protein kinase
B (PI3K/AKT) or RAF/MEK/ERK, are activated and carcinogenesis is promoted [29].

An example of novel therapeutic agents successfully targeting specific KRAS muta-
tions is sotorasib, the first FDA-approved drug for the treatment of KRAS G12C-mutated
non-small cell lung cancer (NSCLC) [30]. Sotorasib’s mechanism of action is to prevent the
exchange of the inactive GDP-bound form to its active GTP-loaded state, thereby deactivat-
ing downstream signaling pathways [31]. However, G12C mutations occur only in about
1.5% of PDAC patients, with G12D mutations predominating at 39%, followed by G12V
mutations [32]. Hence, pan-KRAS therapies offer a treatment option that simultaneously
targets multiple KRAS mutations [33,34].

Hofmann et al. developed BI-3406, a son of sevenless homolog 1 (SOS1) inhibitor,
which decreases the formation of GTP-loaded RAS and limits the proliferation in a broad
spectrum of KRAS-driven cancers [35]. BI-3406 also blocks the feedback activation of RAS
signaling observed after the inhibition of MEK by trametinib. A combination of BI-3406 with
trametinib consequently led to a strong regression in KRAS-driven tumors [35]. However,
tumor growth stasis was observed in colorectal and pancreatic PDX models following
the combination of SOS1/MEK inhibitors, suggesting further feedback mechanisms and
the need for triple combination therapies to effectively disrupt KRAS signaling [35]. In
a previous study, we observed a considerable reduction in the growth of several human
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pancreatic cancer cell lines when buparlisib (BKM120, a pan-PI3K inhibitor) was combined
with BI-3406 and trametinib [36].

This study aimed to assess the efficacy and potential adverse side effects of a combina-
torial therapy using BI-3406, trametinib, and BKM120 in a pancreatic ductal adenocarci-
noma (PDAC) mouse model. In addition, the inclusion of male and female mice allowed
us to evaluate if sex influences cancer progression and therapeutic response.

2. Materials and Methods
2.1. Animals

C57BL/6] mice used in this study were bred under specified pathogen-free conditions
(SPF) in our animal facility. The health status of the animal stock was routinely checked
(Helicobacter sp., Rodentibacter heylii, and murine norovirus were detected in a few mice;
these animals were not used). For the duration of the experiment, all mice were single-
housed in type III cages (Zoonlab GmbH, Castrop-Rauxel, Germany) with a 12 h light-
dark cycle, a temperature of 21 4+ 2 °C and relative humidity of 60 + 20% with food
(pellets, 10 mm, ssniff-Spezialdidten GmbH, Soest, Germany) and tap water ad libitum.
Enrichment was provided by nesting material (shredded tissue paper, Verbandmittel
GmbH, Frankenberg, Germany), a paper roll (75 x 38 mm, H 0528-151, ssniff-Spezialdidten
GmbH), and a wooden stick (40 x 16 x 10 mm, Abedd, Vienna, Austria). All animal
experiments were approved by the German local authority: Landesamt fiir Landwirtschaft,
Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (AZ: 1-016/21).

2.2. Cell Culture and In Vitro Analysis

The 6606PDA cell line was a kind gift from Prof. Tuveson (Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, NY, USA) [37]. The Kras G12D mutation was verified by
sequencing and the sex of the cell line was determined by Jaridlc/d PCR [38] to be male
(Figure S1 and Tables 51-53). Sanger sequencing of the Kras PCR products was carried out
by LGC Genomics GmbH (Berlin, Germany) on an ABI 3730 XL DNA Analyzer (Applied
Biosystems, Waltham, MA, USA). The cells were routinely cultured in DMEM (4.5 g/L
Glucose, PAN Biotech GmbH, Aidenbach, Germany) supplemented with 10% fetal calf
serum (FCS, PAN Biotech GmbH, Aidenbach, Germany) and penicillin/streptomycin
(100 U/ml, PAN Biotech GmbH, Aidenbach, Germany). To analyze the effects of BI-3406
(a kind gift from Boehringer Ingelheim, supplied through their Open Innovation Portal
opnMe), trametinib and BKM120 (both bought from Chemietek, Indianapolis, IN, USA)
on proliferation and cell death alone and in combination, cells were seeded at a density of
2 x 10 (proliferation) in 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany)
or 3 x 10* (cell death) in 12-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany).
The substances were dissolved in DMSO and were added at the indicated concentrations
either alone or in combination and the cells were incubated for 48 h. Cell proliferation
was assessed by the addition of 5-bromo-2'-deoxyuridine (BrdU, Merck KGaA, Darmstadt,
Germany) and quantified with a colorimetric cell proliferation ELISA kit (Roche Diag-
nostics, Mannheim, Germany) according to the manufacturer’s recommendations. The
absorbance was measured on a Perkin Elmer Victor X3 model 2030 Multilabel Plate Reader
(PerkinElmer, Waltham, MA, USA). Cell death (apoptosis and necrosis) was assessed by the
addition of Annexin-V-FITC (BD Biosciences, Heidelberg, Germany) and propidium iodide
(Merck KGaA, Darmstadt, Germany) after incubation with test substances. Subsequently,
the cells were analyzed by flow cytometry (FACSVerse™, BD Biosciences, Heidelberg,
Germany). Inhibitor interaction for proliferation and cell death was evaluated by use of
the Bliss independent model as described before [36]. The interaction of the inhibitors
was determined by the difference between the observed (Ep) and predicted (Ep) effect
of the combination and deemed synergistic when E > Ep, additive when Eg = Ep and
antagonistic when Eq < Ep. For the analysis of the effects of the physiological and supra-
physiological concentrations of sex hormones (testosterone (86500), dihydrotestosterone
(10300), progesterone (P8783) and 17p-estradiol (E8875), all bought from Merck KGaA,
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Darmstadt, Germany), 6606PDA cells were seeded at a density of 5 x 10% and cultured as
described before with either 2% or 10% FCS and the sex hormones added at the indicated
concentrations for 48 h. Cytotoxicity and cell viability were assessed by CellTox™ Green
cytotoxicity assay and CellTiter-Glo® luminescent cell viability assay (both from Promega
GmbH, Walldorf, Germany). To evaluate the impact of sex hormones on the efficacy of
the combinatorial therapy at physiological concentrations, 6606PDA cells were cultured as
described before and BI-3406, trametinib, BKM120, and the respective sex hormones were
added at the indicated concentrations and incubated for 48 h. Cytotoxicity was assessed as
described before.

2.3. Pancreatic Cancer Model and Therapeutic Intervention

Female and male C57BL /6] mice, between 16 and 23 weeks old, were anesthetized
with 1-3 vol.% isoflurane. Carprofen (5 mg/kg) was injected subcutaneously as periopera-
tive analgesia and eye ointment was applied. During surgery, the mice were kept warm
on a heating plate at 37 °C. Each animal received an orthotopic and an intravenous cell
injection. For intravenous injections, 6606PDA cells were resuspended in Hank’s Balanced
Salt Solution (HBSS, PAN Biotech GmbH, Aidenbach, Germany); 50 uL of the cell sus-
pension (7 x 10° cells/mL) were injected into the tail vein through a catheter (Fine Bore
Polyethylene Tubing (0.28 mm ID, 0.61 mm OD), Smiths Medical International Ltd., Hythe,
UK). The orthotopic injection of tumor cells was performed as previously described [39-41].
Briefly, the abdomen was shaved, opened and the 6606PDA cells (2.5 x 10 cells in 5 pL
PBS/Matrigel (BD Basement Membrane Matrix (354248), Corning Inc., New York, NY, USA)
were injected with a 25 uL syringe (Hamilton, Reno, NV, USA) into the head of the pancreas.
Afterward, the abdomen was closed with two sutures (Johnson & Johnson Medical GmbH,
Norderstedt, Germany) and mice were placed in front of a heating lamp for 20-30 min;
3000 mg/L Metamizol (Novaminsulfon-ratiopharm 500 mg/mL, Ratiopharm GmbH, Ulm,
Germany) was added daily to the drinking water for continuous analgesia until the end of
the experiment. On day 4 after surgery, the animals were randomized into treatment groups
(either vehicle or a combination of BI-3406, trametinib, and BKM120). The compounds
were dissolved in a mixture of 60% Phosal50PG (Lipoid GmbH, Ludwigshafen, Germany),
30% PEG400 (Merck KGaA, Darmstadt, Germany) and 10% Ethanol (99.6%, undenatured).
Test substances and vehicle were administered by oral gavage from day 4 until euthanasia
at day 36 in a 5-days on/2-days off dosing scheme. The drug concentrations administered
per gavage were as follows: BI-3406 at 50 mg/kg (2 x per day), trametinib at 0.1 mg/kg
(2 x per day), and BKM120 at 30 mg/kg (1 x per day). Sham treatment was performed
with the vehicle solution. On day 36 after tumor cell injection mice were gavaged (vehicle
or drugs) and injected with BrdU (2.5 uL/g body weight at a concentration of 20 mg/mL)
1.5-2 h before euthanasia by cervical dislocation in deep narcosis (4-5 vol.% isoflurane).
Tumors, lungs, livers, and kidneys were harvested and preserved in either 4% PBS-buffered
paraformaldehyde (PFA, Formafix GmbH, Diisseldorf, Germany), TissueTek™ (Sakura
Finetek Germany GmbH, Umkirch, Germany) or snap frozen in liquid nitrogen for later
analysis. Sixty-four mice were used in total for all experiments, of which eight mice had to
be excluded due to perioperative complications.

2.4. Assessment of Animal Wellbeing

In order to evaluate animal wellbeing, the body weight, burrowing activity, nesting
behavior, distress score, and fecal corticosterone metabolites (FCMs) were assessed for
each mouse at distinct time points. For example, the distress score was evaluated on day 0
(30 min after finishing surgery), burrowing and nesting activity was assessed from the
evening of day 0 to the morning of day 1, and on day 1 after surgery the body weight
was determined and the feces were collected. In order to obtain an overview of animal
well-being over the course of the experiment, all the parameters were assessed before
the cell injection (day —4 to —3), during the acute (day 0 to 1), early (day 4 to 5), middle
(day 18 to 19) and late phase (day 35 to 36) of the experiment. The burrowing activ-
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ity was analyzed using a 3D-printed tube (length: 15 cm, diameter: 6.5 cm) filled with
200 g of food pellets. The tube was placed into the mouse cage 2-3 h before the dark
phase and the remaining pellets were weighed after 17 h on the next day. To analyze the
nest-building behavior, a cotton nestlet (5 cm square of pressed cotton batting, Zoonlab
GmbH, Castrop-Rauxel, Germany) was placed into the cage 30 to 60 min before the dark
phase. The nests were scored at 9:30 a.m. = 2 h on the next day by using a scoring system
developed by Deacon [42]. A sixth score point was added to this scoring system, which
defines a perfect nest: The nest looked like a crater and more than 90% of the circumference
of the nest wall was higher than the body height of the coiled-up mouse. In addition,
the wellbeing of mice was evaluated by assessing multiple parameters with the help of
a score sheet previously published [43]. The score summarizes various defined criteria
(e.g., spontaneous behavior, flight behavior, or general body conditions). In order to assess
the concentration of fecal corticosterone metabolites [44], feces dropped within 24 hin a
new cage were collected in every phase of the experiment and stored at —80 °C. Before
extraction, the fecal pellets were dried for 4 h at 65 °C and stored at —20 °C. Afterward,
50 mg of the dry feces were extracted with 1 mL 80% methanol for subsequent analysis
using a 5a-pregnane-3,113,21-triol-20-one enzyme immunoassay [44—46].

2.5. Tumor Volume (MRI)

For the quantification of tumor volume in vivo, a subset of both female and male
mice was scanned 2-7 days before euthanasia with a 7 T MRI (magnetic resonance imag-
ing, BioSpec 70/30, 7.0 Tesla, gradient insert: BGA-12S HP, transmit volume resonator
(86 mm inner diameter) and receive-only 2x2-array surface coil (all Bruker BioSpin GmbH,
Ettlingen, Germany). For scanning, animals were anesthetized with 1.0-2.5 vol.% isoflurane
and were placed in a supine position on the bed of the scanner. The scanning protocol
comprised three orthogonal morphological T2-weighted TurboRARE (Rapid Acquisition
with Relaxation Enhancement) sequences with the parameters specified in Table S4. Tumor
volume was further quantified in the axial slice faction with the software program ITK-
SNAP 3.8.0 [47]. During all imaging procedures, the breathing rate and body temperature
were monitored and the temperature of the animals was kept constant by a heating pad.
All sequences were triggered by respiration.

2.6. Concentration of Tested Compounds In Vive (LC-MS/MS)

Prior to an analysis by LC-MS/MS, all samples were subjected to appropriate work-up
in order to be able to analyze trametinib, BI-3406 and BKM120 in one single run. Therefore,
10 uL mouse plasma or shredded mouse tissue (tumor, liver, kidney) was mixed with 80 uL
acetonitrile; 10 uL of a 0.5 uM acridine orange solution was added as an internal standard.
After vortexing the samples for 5 min, they were centrifuged at 14,000 rpm (26,342 g) for
5 min; 2 uL supernatant was injected for LC-MS/MS analysis. In order to generate a
standard curve for the determination of the concentrations of trametinib, BKM120 and
BI-3406 in the mouse samples, the stock solutions of the substances in DMSO were seri-
ally diluted using human plasma; 10 uL of these plasma concentrations were processed
like the mouse samples. A concentration range of 0.5-5 uM was chosen for BKM120,
0.03125-2.5 uM for trametinib, and 0.25-5 pM for BI-3406. Separation was achieved using
a Shimadzu LC-20AD HPLC with a Multospher 120 C18 AQ column 125 x 2 mm, 5 pm
particle size (CS-Chromatographie Service GmbH, Langerwehe, Germany) coupled with
a guard column (20 mm x 3 mm, 5 um particle size). Water was chosen as mobile phase
A and acetonitrile as mobile phase B, both containing 0.2% formic acid. The flow rate
was 0.3 mL/min. A linear gradient from 20% B to 100% B within 4.5 min was chosen
for the separation. This step was held for 0.5 min, then immediately reduced to 20% B
and the column re-equilibrated for a further 3 min. The total run time was 8 min per
run. The oven temperature was set to 40 °C. Mass spectrometric analysis was carried out
on a Shimadzu LCMS-8050 triple quadrupole mass spectrometer. The substances were
measured in positive or negative mode. The respective transitions and associated mass
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spectrometric settings as well as the general settings of the triple quadrupole are shown in
Tables S5 and S6. Calculation of the concentration of the tested compounds was conducted
using the volume quantified by MRI-scanning to arrive at the molar concentrations in
the tumor.

2.7. Histology

After fixation for at least 24 h in 4% PBS-buffered PFA the left lung lobe was serially
cut into 4 um sections and stained with hematoxylin and eosin to assess metastasis. The
metastatic area was evaluated with QuPath 0.4.3. Tumors were fixed similarly and immuno-
histochemistry was subsequently performed for CD8a (1:100, 45M15-Biotin, eBioscience,
San Diego, CA, USA) with secondary detection by Streptavidin-AP (1:100, Invitrogen,
Waltham, MA, USA), anti-BrdU (1:50, BU20a, Dako, Hamburg, Germany) with secondary
detection by a HRP-conjugated antibody (polyclonal goat anti-mouse, 1:100, Dako, Ham-
burg, Germany) or anti-PD-L1 (1:200, D5V3B, Cell Signalling Technology, Danvers, MA,
USA) with secondary detection by an AP-conjugated antibody (goat anti-rabbit, 1:200,
97048, Abcam, Waltham, MA, USA). Detection of BrdU-positive (BrdU*) and CD8-positive
(CD8") cells as well as PD-L1-positive tissue was performed with QuPath 0.4.3.

2.8. Quantitative Real-Time Polymerase Chain Reaction (TagMan RT-qPCR)

Parts of the tumors were snap-frozen in liquid nitrogen during tissue harvest. Total
RNA was extracted using QIAzol lysis reagent and the RNeasy Mini Kit (both from Qiagen,
Hilden, Germany). Synthesis of cDNA was carried out with 100 ng of extracted RNA using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA,
USA). The calibrator consisted of RNA extracted from the lungs of four healthy female
wild-type C57BL/6] mice. TagMan qPCR was performed on a Bio-Rad IQ5 real-time gPCR
system (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) with probes (Applied Biosys-
tems, Waltham, MA, USA) for Gapdh (Mm99999915_g1), Ipo8 (Mm01255158_m1), Ifn-y
(Mm99999071_m1), [110 (Mm00439614_m1), 12 (MmO00434256_m1), Tnf-a (Mm00443258_m1)
and 116 (Mm99999064_m1) and the cycling parameters detailed in Table 57. Gapdh and
Ipo8 served as reference genes. Ct values were calculated using the QuantStudio software
(Version 2.1, Applied Biosystems, Waltham, MA, USA). The data were calculated as ACt
(CtAve Ref (Gapdhipos) _ (GO and AACE (ACtCalibrator _ ACY). Statistics have been analyzed
using the AACt values.

2.9. Blood Chemistry

Blood was drawn immediately before euthanasia by retroorbital bleeding. The blood
was subsequently centrifuged and the resulting plasma was stored at —80 °C for later
analysis. Parameters of blood chemistry (AST, ALT, creatinine, LDH) were quantified on a
cobas c111 (Roche Diagnostics, Mannheim, Germany) and c-peptide was quantified with a
mouse c-peptide ELISA kit (ALPCO, Salem, MA, USA) according to the manufacturer’s
recommendations. Five healthy animals of either sex have been used as controls.

2.10. Data Presentation and Statistical Analysis

All data were analyzed and graphed with GraphPad Prism (version 8.0.1, GraphPad
Software Inc., San Diego, CA, USA) and are presented as box plots (single data points
are depicted and whiskers indicate minimum and maximum) or as bar graphs. Statistical
significance was determined by different methods (for details see figure legends) based
on the number of independent variables and data characteristics. If the influence of two
independent variables (e.g., time and therapy) on one dependent variable (when using
combined data) was analyzed, a two-way repeated measure ANOVA with Sidak’s post-hoc
test was performed. If the influence of one independent variable on a dependent variable
was evaluated, the normality of data was checked by the Shapiro-Wilk normality test.
When two groups were compared and data were not paired, either the unpaired f-test
(with Welch's correction if sample sizes were unequal) or the Mann-Whitney rank sum test
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was performed. When analyzing more than two groups, either a one-way ANOVA with
Dunnett’s post-hoc test or a Kruskal-Wallis test with Dunn’s post-hoc test was performed.
Therapy response was calculated as a normalized quotient of the tumor weight of individual
drug-treated animals and the mean tumor weight of vehicle-treated animals.

individual tumor we.ight(trmted)) o100

1i he se = = - -
normalized therapy response = 100 ( wean tumor weight(vehicle)

The correlation between CD8* cells and tumor weight was assessed with Spearman
correlation and linear regression including confidence intervals. Survival was evaluated
by the Kaplan—-Meier estimator followed by a log-rank test. Differences with p < 0.05 were
considered to be significant.

3. Results
3.1. Key Pathological Features of the PDAC Model Are Sex-Dependent

Out of 15 male mice, eight had to be euthanized early due to reaching humane endpoints.
In contrast, none of the 15 female mice had to be euthanized early and thus their probability of
survival was significantly higher than in male mice (Figure 1A). The weight of the tumor in the
pancreas was significantly lower in female mice with a median weight of 266 mg compared
to male mice with a 625 mg median tumor weight (Figure 1B). The intravenous injection of
6606PDA cells led to the formation of small tumors in the lungs of 33.3% of male animals,
while no lesions were detected in female animals (Figures 1C-E and S2). Duodenal invasion
of the primary tumor is observed in a subset of animals (Figure 53). In this model, 73.3% of
male animals were affected by invasive tumor growth compared to 6.6% of female animals
(Figure 1F).

" 1500 .
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251 [ 1
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+— 771 0
10 20 3 G
Days @’\ &
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B lung metastasis B invasive tumor growth
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Figure 1. Differences in survival, tumor weight, lung metastasis, and invasive tumor growth between
female and male mice. (A): Probability of survival in female and male mice (Kaplan-Meier estimator
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and log-rank Mantel-Cox test, * p < 0.05). (B): Tumor weight in surviving female and male mice
36 days after orthotopic cell injection (unpaired f-test with Welch’s correction, * p < 0.05). (C,D):
Representative histological sections of lungs from female (C) and male (D) mice. The arrow in
D highlights a lung metastasis (scale bar = 250 pum). (E): Percentage of mice with histologically
detectable metastases (Fisher’s exact test, * p < 0.05). (F): Percent of mice with invasive tumor growth
(duodenal invasion, Fisher’s exact test, * p < 0.05).

3.2. Male Mice Experience More Distress in the Late Phase of the Experiment

During the experiment, parameters of animal wellbeing, such as body weight, burrow-
ing and nesting activity, a clinical distress score, and fecal corticosterone metabolites (FCMs)
were assessed. Body weight, burrowing, and the clinical distress score were significantly
different between the two sexes in the late phase of the experiment, where the burden of
disease is expected to be highest (Figure 2A-C). Body weight and the burrowing activity of
male mice were reduced compared to females and the clinical distress score was increased.
There was no significant difference in nesting activity and FCMs between male and female
mice over the course of the experiment (Figure 2D,E).
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Figure 2. Parameters of animal wellbeing in female and male mice. Body weight (A), burrowing
activity (B), distress score (C), nesting activity (D), and concentration of fecal corticosterone metabolites
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(FCMs, (E)) compared between surviving female and male mice (Two-way repeated measures
ANOVA with Sidak’s post-hoc test, * p < 0.05). Pre, acute, early, middle, and late refer to the
experimental phases as defined in the methods section.

3.3. An Experimental Small-Molecule-Based Therapy Shows Promising Results In Vitro

In order to evaluate the inhibitors of KRAS:SOS1, MEK1/2, and PI3K in 6606PDA cells,
a combination of 10 uM BI-3406, 0.064 uM trametinib, and 1 uM BKM120 was tested in vitro.
These concentrations correspond to approximately 50% of the IC5j value of each compound
for inhibiting the proliferation of 6606PDA cells (Figure S4). The combinatorial treatment
significantly reduced BrdU incorporation in 6606PDA cells when compared to the DMSO
control group, single drugs, or a combination of only two drugs (Figure 3A). For all possible
combinations of these drugs, the inhibition of proliferation was higher than what would
be expected with an additive inhibitory effect (Figure 3B). This demonstrates a synergistic
inhibition of proliferation. The combination of these three drugs also induced cell death in a
synergistic manner (Figure 3C,D). Physiological [48] and supraphysiological concentrations
of sex hormones (testosterone, progesterone, 173-estradiol, and dihydrotestosterone) have
no apparent concentration-dependent effect on the viability and cell death of 6606PDA cells
cultured with either 10% or 2% FCS (Figure S5). To evaluate if these sex hormones impact
the cytotoxic efficacy of the combinatorial therapy in vitro, 6606PDA cells were treated
with the combination of BI-3406, trametinib and BKM120 plus each sex hormone separately
(Figure S6). The combination of BI-3406, trametinib, and BKM120, with 173-estradiol
performed significantly worse than the control without sex hormones and the combination
with testosterone. However, all the tested sex hormones had a quantifiable negative impact
on the efficacy of the combinatorial therapy.
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Figure 3. SOS1, MEK1/2 and PI3K inhibitors reduce proliferation and induce cell death. (A): Incorpo-
ration of BrdU in cells exposed to vehicle control (DMSO), 10 uM BI-3406 (BI), 0.064 uM trametinib
(T), 1 uM BKM120 (BKM) or the indicated combinations of these drugs (ordinary one-way ANOVA
with Dunnett’s post-hoc test, * p < 0.05 compared with triple combination, N = 6). (B): The synergy of
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drugs in inhibiting proliferation was determined using the Bliss independent model. (C): In-
duction of cell death (apoptosis and necrosis, Kruskal-Wallis test with Dunn’s post-hoc test,
* p < 0.05 compared with triple combination, N = 10). (D): Analysis of synergy by the Bliss in-
dependent model for induction of cell death for all combinations of the three compounds.

3.4. Sex Impacts the Response to Therapy In Vivo

After confirming the high efficacy of the drugs in vitro, the triple combination of
inhibitors was tested in female and male C57BL /6] mice. Since BI-3406, trametinib, and
BKM120 had been safely tested in mice before with concentrations of 50 mg/kg, 0.1 mg/kg,
and 30 mg/kg, respectively [35,49], we utilized these concentrations in our study. One
out of thirteen female mice in the treatment group had to be euthanized, while all vehicle-
treated control animals survived until day 36 (Figure 4A). Of 13 drug-treated male mice, six
had to be euthanized, while 8 out of 15 vehicle-treated male animals had to be euthanized
(Figure 4B). The tumor weight of female animals was only slightly reduced by the com-
pounds with a median weight of 208 mg compared to 266 mg in vehicle-treated animals
(Figure 4C). In contrast, the tumor weight of male animals was significantly reduced to
a median weight of 99 mg compared to 625 mg in vehicle-treated male mice (Figure 4D).
The normalized therapy response was significantly higher in males compared to females
(Figure 4E). While invasive tumor growth was detected in 6.6% of untreated female ani-
mals, this percentage increased to 15.3% when treated with drugs (Figure 4F). However,
invasive tumor growth in male mice was reduced from 73.3% in untreated animals to
46.1% in drug-treated mice (Figure 4G). None of the female mice receiving vehicle solution
were affected by lung metastasis, while unexpectedly 30.7% of drug-treated animals had
detectable lesions in their left lung lobe (Figures 4H and S7A). In a similar manner, male
mice showed an increase in metastasis from 33.3% in vehicle-receiving animals to 50% in
drug-treated ones (Figures 41 and S7B).

To evaluate the concentration of each compound within the tumor, a subset of tumors
was subjected to LC-MS/MS analysis. As shown in Table 1, the calculated median con-
centrations were not markedly different between female and male animals. A comparison
with the concentrations used in vitro (Table 2) indicates that the median concentrations
of trametinib and BKM120 were higher within the tumor than the concentration used in
cell culture, while the median concentration for BI-3406 within the tumor was below the
concentration used in vitro. Similarly, concentrations in the plasma, liver and kidney were
evaluated in a subset of animals (Table S8). As before, no marked differences were observed
and trametinib could not be detected in the plasma of either sex.

Table 1. Measured concentrations (LC-MS/MS) of drugs in the tumor (median with 5-95% confi-
dence interval).

Male (N =4) BI-3406 (uM) Trametinib (uM) BKM120 (uM)
Median (5-95% CI) 2.4 (0.12-9.3) 0.21 (0.02-0.65) 2.1 (0.68-3.6)

Female (N = 6) BI-3406 (uM) Trametinib (uM) BKM120 (uM)
Median (5-95% CI) 3.8 (0.16-38) 0.16 (0.01-1.4) 2.4 (0.41-24)

Table 2. Used concentrations of drugs in vitro.

Concentrations used BI-3406 (uM) Trametinib (uM) BKM120 (uM)
in combination 10 0.064 1
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Figure 4. Effects of combinatorial therapy on survival, primary tumor weight, invasive tumor growth
and metastasis. (A,B): Probability of survival in female (A) and male (B) mice receiving either vehicle
or the drug combination consisting of BI-3406 (BI), trametinib (T), and BKM120 (BKM) (Kaplan-Meier
estimator and log-rank Mantel-Cox test, ns). (C,D): Tumor weight of surviving female (C) and male
(D) mice 36 days after tumor cell injection receiving either vehicle or combinatorial therapy ((C):
unpaired t-test, ns; (D): Mann-Whitney test, * p < 0.05). (E): Therapy response of animals receiving
therapy normalized to the mean tumor weight of vehicle-treated animals of the same sex (Mann—
Whitney test, * p < 0.05). (F,G): Percentage of female (F) and male (G) animals with invasive tumor
growth receiving either vehicle or combinatorial therapy (Fisher’s exact test, ns). (H,I): Percentage of
female (H) and male (I) animals with detectable lesions in serial histological slices of the left lung
lobe receiving either vehicle or combinatorial therapy (Fisher’s exact test, * p < 0.05).
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3.5. Impact of Combinatorial Therapy on Parameters Associated with Adverse Side Effects

When assessing potential adverse side effects of the combinatorial therapy, no significant
increases in transaminases (AST, ALT), creatinine and lactate-dehydrogenase (LDH) activity
were observed in the blood plasma (Figure 5A-H). However, the combination of these drugs
significantly increased the c-peptide concentration in both sexes (Figure 5L]). In addition, the
influence of these compounds on the wellbeing of animals was evaluated (Figure SSA-H).
The therapy had no significant impact on body weight (Figure S8A,B) and burrowing activity
(Figure S8C,D) of either sex. The distress score of drug-treated female mice was significantly in-
creased during the late phase of drug administration (Figure S8E). No significant difference in
distress scores was observed in male mice (Figure S8F). Neither nesting activity (Figure S8G,H)
nor FCMs (Figure S81J) of both sexes were impacted by these drugs.
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Figure 5. Effect of combinatorial therapy on blood chemistry. Analysis of AST (A,B), ALT (C,D),
creatinine (E,F), LDH (G,H), and c-peptide (I]) in blood plasma of surviving female and male mice
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receiving either vehicle or a combination of drugs consisting of BI-3406 (BI), trametinib (T) and
BKM120 (BKM). ((A,C,G,LJ): Mann-Whitney test, * p < 0.05; (B,D-F,H): unpaired f-test, ns). The
striped area indicates the physiological range of each parameter, analyzed from the blood plasma of
healthy female or male mice (N = 5 of each sex). For p-values of all tested differences see Table 59.

3.6. Quantification of Tumor Cell Proliferation, CD8" cells and PD-L1 Expression in Males
and Female

With the aim of determining the possible reasons for the marked differences in tumor
weight between vehicle-treated female and male mice, we analyzed tumor cell proliferation
and the amount of intratumoral CD8" cells in the primary tumor. The median tumor
cell proliferation did not differ significantly between the two sexes, with a median of
10% proliferating cells in females compared to 8.9% in males (Figure 6A-C). However,
the amount of CD8" cells per mm? was significantly different between female and male
animals. Female mice had a median of 639 CD8" cells/mm? tumor tissue compared to
263 CD8" cells/mm? in male animals (Figure 6D-F). In both sexes, there was an inverse
correlation between the amount of CD8" cells and the tumor weight (Figure S9A,B). A
comparison of relative gene expression of cytokines implicated in T cell activation (Ifi-y
and [12) and inflammation (1110, Il6 and Tnf-x) between the sexes revealed a significantly
higher relative Ifi-y gene expression in tumors of female mice (Figure S10A), while there
was no significant difference in the rest of the analyzed cytokines (Figure S10B-E). To
assess if the difference in intratumoral CD8” cells between the sexes was accompanied by
a difference in PD-L1 expression in the tumor, the PD-L1-positive area in tumors of both
sexes was analyzed. Surprisingly, the PD-L1-positive area in tumors was higher in females
compared to males (Figure S11A). While differentiating between tumor cells and immune
cells proved unfeasible in our non-multiplexed IHC setting, positive staining in females
(Figure 511B) predominantly coincided with inflammatory lesions containing immune cells,
which was rarely observed in males (Figure S11C).
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Figure 6. Tumor cell proliferation and intratumoral CD87 cells in vehicle-treated animals. (A,B):
Representative histological sections of anti-BrdU stained (brown nuclei) tumors of surviving female
(A) and male (B) vehicle-treated mice (scale bar = 100 um) and the quantitative analysis of the
percentage of BrdU* cells ((C), unpaired t-test with Welch’s correction, ns). (D,E): Representative
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histological sections of anti-CD8« stained (red) tumors of surviving female (D) and male (E) vehicle-
treated mice (scale bar = 100 pm) and the quantitative analysis of CDSa-positive cells per mm? ((F),
Mann-Whitney test, * p < 0.05).

3.7. The Combinatorial Therapy inhibits CD8* Cell Tumor Infiltration and PD-L1 Expression in a
Sex-Specific Manner

Similar to the evaluation of tumor cell proliferation and quantity of intratumoral
CD8" cells in vehicle-treated animals, both parameters were analyzed in mice treated with
combinatorial therapy. The drugs had no significant effect on tumor cell proliferation in
both sexes compared to vehicle-treated animals (Figure 7A-D). However, CD8"* cells were
significantly reduced in females treated with the drugs compared to vehicle-treated ones,
while the median amount of CD8* cells in males was barely affected (Figure 7E-H). More-
over, the negative correlation between the CD8" cell count and the tumor weight observed
in vehicle-treated mice (Figure 59) disappeared in female drug-treated mice (Figure 512A),
while it remained intact in male animals treated with these drugs (Figure S12B). Addition-
ally, the expression of PD-L1 was analyzed in the tumors. Similarly to the observed effects
on CD8" cells, PD-L1 expression was significantly reduced in the tumors of females treated
with BI-3406, trametinib, and BKM120 compared to those who received the vehicle solution
(Figure 513A). In male mice, the therapy had no significant effect on PD-L1 expression
(Figure S13B).
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Figure 7. Effect of combinatorial therapy on tumor cell proliferation and amount of intratumoral
CD8* cells. (A,B): Representative histological sections of anti-BrdU stained (brown nuclei) tumors of
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surviving female (A) and male (B) mice receiving a combination of drugs consisting of BI-3406 (BI),
trametinib (T) and BKM120 (BKM) (scale bar = 100 um) and the quantitative analysis of the percentage
of BrdU* cells in surviving female ((C), unpaired t-test, ns) and male ((D), unpaired t-test, ns) mice
treated with these drugs or vehicle. (E,F): Representative histological sections of anti-CD8c stained
(red) tumors of surviving female (E) and male (F) mice receiving these drugs (scale bar = 100 pm)
and the quantitative analysis of CD8«x-positive cells per mm? in female ((G), Mann-Whitney test,
* p < 0.05) and male ((H), unpaired f-test, ns) mice treated with drugs or vehicle.

4. Discussion

We evaluated the influence of sex on the pathological features of a syngeneic, or-
thotopic and metastasized model of pancreatic cancer. Sex exerted a strong influence on
survival, tumor weight, metastasis and tumor invasiveness. Male mice were more severely
impacted (Figure 1) and experienced more distress (Figure 2A-C). In addition, a better
therapy response was observed in males when using a combination of drugs consisting of
BI-3406, trametinib and BKM120 (Figure 4E).

The larger tumor size observed in male mice could neither be attributed to a greater
proliferation rate of tumor cells in male mice (Figure 6A-C) nor to a direct influence of
sex hormones on cell viability or cell death of 6606PDA cells in vitro, since we have not
observed a major reduction in cell viability or increased cytotoxicity when using more than
25 times the physiological concentrations of sex hormones typically found in C57BL/6]
mice (Figure S5) [48]. An immunological response to male-specific antigens could also
lead to reduced tumor sizes in female mice since the 6606PDA cell line was isolated from
a male mouse (Figure S1A). In transplantation studies, it was demonstrated that female
animals can develop a sex-specific immunological response to male antigens, which plays
a prominent role in graft rejection [50-53]. However, several studies involving syngeneic
tumor models show that male mice are more severely impacted, irrespective of the sex of
the cell line used [54-58].

While a response to male-specific antigens might not be likely, a stronger adaptive im-
mune response in female mice independent of sex-specific antigens is possible. Indeed, our
data show more intratumoral CD8* cells in female tumors, indicating a distinct immune re-
sponse in males and females (Figure 6D-F). This hypothesis is supported by several studies
analyzing the role of CD8™ cells in syngeneic tumor models and the impact of sex hormones
on adaptive immunity [54-59]. For example, Kwon and colleagues demonstrated that injec-
tion of bladder cancer cells leads to smaller tumors in female mice compared to male mice,
but that difference was reduced by depletion of CD8" cells [56]. In addition, several studies
demonstrated that androgens increased tumor volume and at the same time decreased
the number of CD8" cells within the tumor [57] or impaired their functionality [56-58].
Similar to more intratumoral CD8* cells, female mice also had a higher PD-L1 expression
(p = 0.0556) in tumors, when compared to males (Figure S11A). Expression of PD-L1 was
found on single cells and especially in inflammatory lesions within the tumors of female
mice (Figure S11A). Interestingly, there is clinical evidence, showing that PD-L1 expression
on immune cells correlates with improved outcomes in several different cancers [60-63].
This evidence is consistent with our observation that female mice have smaller tumors and
a better survival rate than male mice. Thus, our data as well as the cited literature support
the hypothesis that a reduced immune response in males leads to bigger tumors. This is
also consistent with epidemiological studies proving the higher incidence and mortality of
cancer in males [64].

In addition to analyzing the influence of sex on the pathological features of the can-
cer model, we also tested the efficacy of an experimental combination of drugs. BI-3406,
trametinib, and BKM120 inhibited the proliferation of murine pancreatic cancer cells very
efficiently in vitro in a synergistic manner (Figure 3A,B). The clinical relevance of this combi-
natorial treatment is also supported by a recent study of our group, demonstrating efficacy
in several human PDAC cell lines expressing relevant KRAS mutations [36]. However,
neither in vivo efficacy nor adverse side effects of this therapy were addressed in that study.
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In the present study, the therapy reduced the tumor weight with higher efficacy in male
mice, accompanied by a modest decrease in tumor invasiveness and increased probability
of survival (Figure 4). These promising results suggest that this drug combination might be
worth to be tested in additional studies since effective therapies for PDAC are still urgently
needed [65].

Furthermore, we investigated whether the drugs caused adverse side effects. To this
end, we assessed the parameters of organ damage and animal wellbeing. Compared to
vehicle-treated animals, the combination of these drugs had no significant impact on the
parameters of liver damage (Figure 5A-D), kidney function (Figure 5E,F), or tissue damage
in general (Figure 5G,H). Distress-related parameters (Figure S8) also support the hypoth-
esis that the therapy shows good tolerability in this model. Not unexpectedly, the triple
drug combination increased c-peptide concentrations significantly in the blood plasma
of both sexes (Figure 5L]). This is a common phenomenon in clinical trials with BKM120
and pan-PI3K inhibitors, in general, and indicates a limitation of therapies inhibiting this
signaling pathway [66]. However, preclinical evidence suggests that this side effect can be
ameliorated by metformin or a ketogenic diet [67,68]. In summary, the tested therapy is
efficacious in vivo and observed side effects can probably be managed.

However, as is evident from our in vivo data, drug efficacy in female animals is heavily
confounded by sex-specific factors (Figure 4E). Indeed, PDAC cells have been found to
express sex hormone receptors [69,70] and it has been shown that 3-estradiol can sensitize
PDAC cells to chemotherapy [71]. Interestingly, we observed the opposite effect in vitro.
Especially female sex hormones inhibited the efficacy of the tested drug combination
(Figure S6). Thus, it is possible that female sex hormones contribute to the observed
reduction in therapy efficacy in vivo. Sex differences in pharmacokinetics and pharmaco-
dynamics have also been reported previously [72-75]. The proposed mechanisms range
from sex-dependent expression levels of efflux transporters and metabolizing enzymes to a
direct impact of sex hormones [72,76-79]. This has a direct influence on the clearance and
systemic availability of the administered drugs. However, the systemic drug level is often
a poor substitute for the drug concentration at the target site (e.g. in the tumor), which
seems to be particularly true for small molecule inhibitors such as those used here [80].
In an attempt to test the hypothesis that the drug efficacy in females is confounded by
sex-specific differences in drug concentrations, we subjected tissue and plasma of a subset
of animals to analysis by LC/MS-MS. The data show that there is no meaningful difference
in the drug concentrations in tumors, as well as plasma, liver, or kidney between male and
female animals (Tables 1 and S8). Although these data are limited by small sample sizes,
the implications are important, as they prove that the compounds are bioavailable and
reach their intended target site in males and females alike. Thus, we conclude that other
mechanisms must cause higher drug efficacy in male mice. Interestingly, the pathways
inhibited by these drugs are also vital for immune cells such as lymphocytes [81-83]. Both
BKM120 and trametinib are known inhibitors of immune cell proliferation, activation,
and effector function [84-88]. Indeed, our data demonstrate that this drug combination
leads to immunosuppression primarily in female mice, demonstrated by the occurrence
of metastasis in drug-treated females, which was not detected in vehicle-treated animals
(Figures 4H and S7A). Furthermore, CD8" cells were significantly reduced in female mice
receiving therapy compared to those who received vehicle solution (Figure 7G). This was
not observed in male mice (Figure 7H). This reduction in CD8* cells was accompanied
by a significant decrease in PD-L1 expression in tumors of female mice (Figure S13A). In
female mice, PD-L1 expression was primarily found in inflammatory lesions within the
tumors (Figure S11A) and clinical evidence suggests that PD-L1 expression on immune
cells correlates with improved outcomes in several different cancers [60-63]. Based on these
findings, we hypothesize that these drugs cause more immunosuppression in female than
in male mice. This might prevent a strong reduction in tumor weight by the combinational
therapy, an effect clearly observed in male mice (Figure S14).
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The interpretation of the data presented in this study is subject to some limitations.
One limitation is the unbalanced sample sizes due to the significantly lower probability
of survival of male animals. However, unequal sample sizes are not inherently prob-
lematic, as the underlying problem of unequal sample sizes is often unequal variances.
Non-parametric tests like Kruskal-Wallis or Mann-Whitney do not make assumptions
about equal variances and unequal variances in f-tests can be corrected via Welch’s cor-
rection, which has been conducted when comparing groups with different sample sizes
(Figures 1B and 6C). Yet, ANOVA procedures strongly rely on the assumption of equal vari-
ances [89]. As there is no practical alternative for a two-way repeated measure ANOVA [90],
we have opted for its use here to interpret animal wellbeing between the two sexes
(Figure 2). Thus, these results have to be considered with care and further investigations
should strive for equal sample sizes if statistical inference is to be interpreted robustly.

Another limitation of this study is the use of an orthotopic syngeneic mouse model as
the only model. These models are easier to establish and more cost-efficient [91]. However,
therapy responses in allograft implantation models can depend on location [92] and used
cell lines [93], which leads to interpretations of results being specific to the features of
the cell line [94]. There is a multitude of different models used in preclinical PDAC re-
search, ranging from chemically induced models to genetically engineered or implantation
models [95,96]. Patient-derived xenograft models are considered a standard in preclinical
oncology because the use of human cell lines in treating human cancers is a clear trans-
lational advantage [97]. However, these models come with the important disadvantage
of immunoincompetence of the host mouse strain, which is a prerequisite to ensure the
engraftment of human cells in a different species. Sex differences based on immunological
differences, as have been observed in this study, would have been missed in a similar
study using immunocompromised strains. Genetically engineered models combine the
advantages of immunocompetence and in situ carcinogenesis but significantly prolong
experimental duration. Each of these models has advantages but also limitations. Therefore,
it is crucial to recognize that the results of this study can be interpreted only within the
context of the syngeneic orthotopic mouse model utilized. Replicating these findings across
diverse models is essential to confirm their robustness. A retrospective analysis comparing
clinical trial outcomes with preclinical data will be required in the future for assessing the
translational significance of sex-specific variations observed in preclinical models. This
issue holds significant importance, as disregarding sex-specific differences may lead to
serious consequences such as inadequate dosing or adverse drug reactions [73,98,99].

5. Conclusions

In summary, the novel experimental therapy tested in this study leads to reduced
tumor weight. Parameters associated with adverse side effects as well as animal wellbeing
indicate that the drugs are well tolerated, with the exception of an observed increase in
c-peptide plasma concentrations, which may be controlled by metformin or a ketogenic
diet. As novel therapies to combat PDAC are urgently needed, this drug combination
offers a promising basis for further studies. Sex-specific effects in female animals confound
the obtained results, emphasizing the importance of sex-specific research. These results
warrant further in vivo testing of these drugs in other models.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers16101901 /s1, Figure S1: Cell line sex determination and
Kras G12D mutation verification; Figure S2: Influence of sex on lung metastasis, Figure S3: Duodenal
invasion of the primary tumor, Figure 54: ICs; values for inhibition of proliferation (BrdU) for each
compound, Figure S5: Effects of physiological and supraphysiological sex hormone concentrations
on viability and cell death of 6606PDA cells, Figure S6. Impact of sex hormones on the efficacy of the
combinatorial therapy, Figure S7: Effect of the combinatorial therapy on the metastatic area in the lung,
Figure S8: Effect of combinatorial therapy on distress parameters, Figure 59. Correlation between the
amount of CD8* cells and tumor weight in vehicle-treated animals, Figure 510. Comparison of relative
gene expression of Ifi-y, 1110, I12, Tnf-x and 116 between both sexes, Figure S11. PD-L1 expression in
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tumors of female and male mice treated with vehicle, Figure S12. Correlation between the amount of
CD8* cells and tumor weight in animals treated with BI-3406, trametinib and BKM120, Figure S13.
PD-L1 expression in tumors of female and male mice treated with vehicle or BI-3406, trametinib and
BKM120, Figure S14. Visualization of hypothesized sex-specific effects, Table S1: Primers used for
PCR and sequencing, Table 52: PCR conditions (Jarid 1c¢/d), Table S3: PCR conditions (Kras G12D
and WT), Table S4: MRI sequences and parameters, Table S5: Parameters of the triple quadrupole
interface, Table S6: Mass spectrometric parameters of BKM120, BI-3406, trametinib and the internal
standard acridine orange, Table S7: TagMan qPCR conditions, Table S8: Measured concentrations
(LC-MS/MS) of therapeutics in the plasma, liver and kidney (median with 5-95% confidence interval),
Table 59: p-values for Figure 5.
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Figure S1. Cell line sex determination and Kras G12D mutation verification. A: Jarid 1c/d PCR to
verify the sex of the 6606PDA cell line. Lane 1: 6606PDA, lane 2 and 3: female C57BL6/J mice, lane 4
and 5: male C57BL6/] mice, lane 6: negative control. B: Verification of the G12D mutation (G to A
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substitution) by Sanger sequencing. C: Sequence of the Kras gene in a wildtype C57BL6/] mouse at
the same position.
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Figure S2. Influence of sex on lung metastasis. Median metastatic area (Lm?) in serial histological
section of the left lung lobe of female and male mice receiving vehicle solution.

Figure $3. Duodenal invasion of the primary tumor. The red circle shows the invasion into the du-
odenum and the red arrow shows the primary tumor.
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Figure 54. ICs0 values for inhibition of proliferation (BrdU) for each compound. ICs values for inhi-
bition of proliferation (BrdU) of 6606PDA cells for BI-3406 (A), trametinib (B) and BKM120 (C). Data
are shown as median with range. N = 5 for all compounds and concentrations tested.
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Figure S5. Effects of physiological and supraphysiological sex hormone concentrations on viability
and cell death of 6606PDA cells. The effects of physiological and supraphysiological concentrations
of testosterone (A, B), progesterone (C, D), 17f-estradiol (E, F), and dihydrotestosterone (G, H) have
been tested in cells cultured with either 10% FCS (A, C, E, G) or 2% FCS (B, D, F, H) for 48 h. Data
are shown as median with range. N = 3 for all sex hormones and concentrations tested.
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Figure 56. Impact of sex hormones on the efficacy of the combinatorial therapy. The impact of phys-
iological concentrations of either testosterone (8 ng/ml), dihydrotestosterone (0.2 ng/ml), progester-
one (30 ng/ml) or 17f-estradiol (3 pg/ml) on the efficacy of the combinatorial therapy have been
tested in 6606PDA cells cultured for 48 h with a combination of BI-3406 (BI, 10 uM), trametinib (T,
0.064 uM) and BKM120 (BKM, 1 uM). Data are shown as bar graphs with median and 95% CI. Each
combination has been compared to the control (BI+T+BKM, Kruskal-Wallis test with Dunn’s post-
hoc test, *p < 0.05) or each other (Ordinary one-way ANOVA with Tukey post-hoc test, #p < 0.05). N
=3 for all each combination. Test: testosterone, DHT: dihydrotestosterone, Prog: progesterone, Estr:
17f3-estradiol.
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Figure §7. Effect of the combinatorial therapy on the metastatic area in the lung. Median metastatic
area (um?) in serial histological sections of the left lung lobe of female (A) and male (B) mice receiv-
ing either vehicle or a combinatorial therapy consisting of BI-3406 (BI), trametinib (T) and BKM120
(BKM).
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Figure S8. Effect of combinatorial therapy on distress parameters. Body weight (A, B), burrowing
activity (C, D), distress score (E, F), nesting activity (G, H), and concentration of fecal corticosterone
metabolites (I, ]) in surviving female and male mice receiving either vehicle or a combinatorial ther-
apy consisting of BI-3406 (BI), trametinib (T) and BKM120 (BKM) (Two-way repeated measures
ANOVA with Sidak’s post-hoc test, *p < 0.05). Early, middle and late refer to the experimental

phases as defined in the methods section.
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Figure S9. Correlation between the amount of CD8* cells and tumor weight in vehicle-treated ani-
mals. Correlation plots (Spearman correlation) with linear regression including confidence intervals
(shaded area) of CD8" cells and tumor weight of vehicle-treated female (A, N = 15) and male (B, N =
7) mice.
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Figure 510. Comparison of relative gene expression of Ifu-y, 1110, li2, Tnf-a and 1i6 between both
sexes. Comparison of relative gene expression of Ifin-) (A, unpaired t-test, *p <0.05), 10 (B, unpaired
t-test, ns), 112 (C, unpaired t-test, ns), Tuf—zr (D, unpaired t-test, ns). and Il6 (E, unpaired t-test, ns)
between a subset of female and male mice treated with vehicle.
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Figure S11. PD-L1 expression in tumors of female and male mice treated with vehicle. A: Compari-
son of PD-L1-positive area in tumors of vehicle-treated female and male mice (Mann-Whitney test,
p =0.0556). B, C: Representative histological sections of anti-PD-L1 stained tumors of surviving fe-
male (B) and male (C) vehicle-treated mice (scale bar = 100 pm). The outlined area in B highlights
an inflammatory lesion predominantly seen in female mice.
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Figure S512. Correlation between the amount of CD8* cells and tumor weight in animals treated with
BI-3406, trametinib and BKM120. Correlation plots (Spearman correlation) with linear regression
including confidence intervals (shaded area) of CD8 cells and tumor weight of drug-treated female
(A, N =12) and male (B, N = 7) mice.
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Figure 513, PD-L1 expression in tumors of female and male mice treated with vehicle or BI-3406,
trametinib and BKM120. Comparison of PD-L1-positive area in tumors of vehicle and drug-treated
female (A) and male (B) mice (Mann-Whitney test,* p < 0.05).
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Figure S14. Visualization of hypothesized sex-specific effects. The combination of BI-3406, tramet-
inib and BKM120 reduces tumor growth in both sexes. This reduction is influenced by the inhibition
of immune cells predominantly in female animals. Made with biorender.com.
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Table S1. Primers used for PCR and sequencing.
Jarid1c/1d forward CTGAAGCTTTTGGCTTTGAG
Jarid 1c/1d reverse CCACTGCCAAATTCTTTGG
Kras-Exon 1-G12D fw2 259-278 TGGTTCCCTAACACCCAGTT
Kras-Exon 1-G12D rv2 625-649 TTAGAGTTTTACACACAAAGGTGAG
Kras-E 1-G12D fw1 400-41
ras-Exon 1-G12D fwl 400-419 TCTTTTTCAAAGCGGCTGGC
(used for sequencing)
Table S2. PCR conditions (Jarid 1c/d).
i VWR Taq DNA Mastermix (Avantor, Darm-
Mastermix
stadt, Germany)
Initial denaturing 94°C for 5 min
Denaturing (40x) 94°C for 20 s
Annealing (40x) 54°C for 1 min
Extension (40x) 72°C for 40 s
Table S3. PCR conditions (KRAS G12D and WT).
Mastermix PowerUp™ SYBR™ Green Master Mix (Ap-
a8 plied Biosystems, Waltham, USA)
UDG activation 50°C for 2 min
1 1 & ™ =
Activation (Dual-Lock™ DNA polymer 95°C for 2 min
ase)
Denaturing (40x) 95°C for 15 s
Annealing (40x) 55-60°C for 15 s
Extension (40x) 72°C for 1 min
Table 54. MRI sequences and parameters.
Parameters axial sagittal coronal
TE/TR (ms) 25/3476 35/4553 25/2500
Rare factor 8 8 8
Averages 4 4 4
FoV (mm) 320 x 200 32x20 32x32
Matrix size 255 x 160 240 x 160 255 x 255
Voxel size (mm) 0.125 x 0.125 0.125 x 0.125 0.125 x 0.125
Slice thickness (mm) 0.8 0.8 0.8
Slices 42 40 22
Sequisltonime 438 6:04 5:47
(min:s)
Table S5. Parameters of the triple quadrupole interface.
Interface ESI parameter Value
Nebulizing gas flow 3 L/min
Heating gas flow 10 L/min
Interface temperature 300 °C
Desolvation temperature 526 °C
DL temperature 250 °C
Heat block temperature 400 °C
Dry gas flow 10 L/min
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Table S6. Mass spectrometric parameters of BKM120, BI-3406, trametinib and the internal standard
acridine orange.

Precursor  Product D‘w ell Qi. Pre CE QS. Pre Measuring Measuring time
Rubetance (m/2) TR T mode (min)
(msec) V) V)
BKM120 411.3 367.1 515 -10 -35 -26 positive 0-3.5
BKM120 411.3 307.0 515 -11 -40 -22 positive 0-3.5
BKM120 411.3 238.95 515 -11 -46 -26 positive 0-3.5
BI-3406 463.3 205.95 100 -20 -35 -20 positive 4-6.5
BI-3406 463.3 190.9 100 -20 -50 -20 positive 4-6.5
BI-3406 463.3 276.05 100 -19 -28 -21 positive 4-6.5
BI-3406 461.2 375.15 100 13 33 12 negative 4-6.5
BI-3406 461.2 390.2 100 17 24 13 negative 4-6.5
BI-3406 461.2 331.1 100 13 52 14 negative 4-6.5
Acridine Orange 266.3 250.1 100 -14 -35 -28 positive 4-6.5
Acridine Orange 266.3 234.0 100 -14 -52 -26 positive 4-6.5
Acridine Orange 266.3 2221 100 -14 -34 -24 positive 4-6.5
Trametinib 616.1 490.85 100 -20 -34 -19 positive 6-8
Trametinib 616.1 254.15 100 -20 -40 -19 positive 6-8
Trametinib 616.1 226.05 100 -20 -50 -17 positive 6-8
Trametinib 614.1 531.0 100 24 28 24 negative 6-8
Trametinib 614.1 511.05 100 24 31 24 negative 6-8
Trametinib 614.1 126.9 100 24 50 11 negative 6-8

Table 57. TagMan qPCR conditions.

TagMan™ Universal Master Mix II, (Applied

Mastermix Biosystems, Waltham, USA)
UNG incubation 50°C for 2 min
Enzyme activation 95°C for 10 min
Denaturing (40x) 95°C for 15 s
Anneal / Extend (40x) 60°C for 1 min

Table S8. Measured concentrations (LC-MS/MS) of therapeutics in plasma, liver and kidney (me-
dian with 5 - 95% confidence interval).

Sex Sample BI-3406 Trametinib BKM120
Plasma (N = 4) 2.1 pM (1.2 - 4.6) -* 2.6 uM (1.8 -6.0)
Male Liver (N=3) 39 ng/mg (2.5-5.4) 0.42 ng/mg (0.089 — 0.69) 3.0 ng/mg (1.3 -5.1)
Kidney (N =3) 2.2 ng/mg (2.0-3.0) 0.13 ng/mg (0.084 - 0.17) 0.48 ng/mg (0.33 - 2.5)
Plasma (N = 6) 2.7 uM (0.82 -4.2) -* 4.6 UM (2.4 - 6.4)
Female Liver (N =3) 5.1 ng/mg (0.45 - 10) 0.39 ng/mg (0.30 - 0.48)s 2.4 ng/mg (0.31 -8.8)

Kidney (N =3) 2.7 ng/mg (0.055-9.1) 0.21 ng/mg (0.19 - 0.24)8 0.47 ng/mg (0.059 - 7.2)
# 25% of values below limit of detection (LOD). * 100% of values below limit of detection (LOD). §
33% of values below limit of detection (LOD).

Table 9. p-values for Figure 5.

Tested Difference p-value (Mann-Whitney test) p-value (unpaired t-test)
AST (female vehicle vs. therapy) 0.6923 -
ALT (female vehicle vs. therapy) 0.4634 -
creatinine (female vehicle vs. therapy) - 0.0604
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LDH (female vehicle vs. therapy) 0.6483 -

c-peptide (female vehicle vs. therapy) 0.0026 -
AST (male vehicle vs. therapy) - 0.6382
ALT (male vehicle vs. therapy) - 0.7057
creatinine (male vehicle vs. therapy) - 0.1680
LDH (male vehicle vs. therapy) - 0.1686

c-peptide (male vehicle vs. therapy) 0.0111 -
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