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ABKURZUNGEN

Abkiirzungsverzeichnis

CpG ODN - CpG-Oligodesoxyribonukleotid

CRC - kolorektales Karzinom (colorectal cancer)

FS — Folinséure

5-FU — 5-Fluoruracil

HDP — Antimikrobielle Peptide (Host defense Peptide)

dMMR — Mismatch Reparatur Defizienz (deficient DNA mismatch repair)
MHC — Haupthistokompatibilitits-Komplex (major histocompatibility complex)
PD-1 — programmierter Zelltod Protein 1 (Programmed cell death protein 1)
PD-L1 — programmierter Zelltod Protein 1 Ligand 1 (Programmed cell death 1 ligand 1)
PDX — Patienten-abgeleitetes Xenograft (Patient-derived Xenograft)

TLR — Toll-dhnlicher Rezeptor (Toll-like receptor)
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2 Einleitung

Gastrointestinale Neoplasien zéhlen neben den geschlechtsspezifischen onkologischen Erkran-
kungen zu den héufigsten Karzinomen und umfassen u.a. Pankreaskarzinome und kolorektale
Karzinome (colorectal cancer, CRC). Die Therapie stiitzt sich im Wesentlichen auf die drei klas-
sischen Sdulen bestehend aus Chirurgie, (multimodaler) Chemotherapie und Radiatio (Abb. 1).
Wesentliche Fortschritte insbesondere in dem molekularen Verstdndnis haben in den letzten De-
kaden dazu gefiihrt, das die Immuntherapie — komplementédr und in Kombination mit den klassi-
schen Verfahren — zunehmend die vierte Saule der Behandlungsoptionen in der Onkologie dar-
stellt (Abb. 1). Fiir die Gruppe der gastrointestinalen Neoplasien sind immunologische Therapie-
ansitze eher gering etabliert verglichen mit anderen Tumorentitdten wie beispielsweise den Non-
Hodgkin Lymphomen. Vor diesem Hintergrund wurden in der vorliegenden Arbeit verschiedene
immuntherapeutische Strategien zur Behandlung des Pankreaskarzinoms und CRC experimentell

in vitro und in vivo evaluiert.

Kolorektales Kartino } =
L -
Therapie

Chirurgie Chemotherapie Radiatio Immuntherapie
 Fa—|  Fa—  Fa— [—

Abbildung 1: Uberblick der drei klassischen Siulen der onkologischen Therapie, sowie der
Immuntherapie als vierte Sdule am Beispiel von Pankreaskarzinomen und kolorektalen Karzinomen.
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2.1 Epidemiologie und Atiologie gastrointestinaler Tumoren

Jahrlich erkranken ca. 17.000 Menschen in Deutschland an einem Pankreaskarzinom, die Inzi-
denz fiir das CRC ist mit ca. 61.000 Neuerkrankungen/Jahr in Deutschland deutlich hoher
(Robert-Koch-Institut, 2014; Robert Koch-Institut, 2016). Beide Geschlechter sind in etwa gleich
héufig betroffen. Aufgrund verbesserter Screening-Verfahren (Koloskopie-Screening) wird seit
ca. 10 Jahren eine leichte Abnahme der CRC Inzidenzraten, sowie ein kontinuierlicher Riickgang
der altersstandardisierten Sterberaten verzeichnet (Robert-Koch-Institut, 2014; Brenner, Stock
and Hoffmeister, 2015). Ein vergleichbarer Trend ist fiir Pankreaskarzinome nicht zu beobachten.
Epidemiologische Studien zeigen einen leichten, aber stetigen Anstieg hinsichtlich der Neuer-
krankungen aufgrund des demographischen Wandels (Bertz et al., 2010; Robert Koch-Institut,
2016). Angesichts der unglinstigen Prognose versterben fast genauso viele Patienten an diesem
Tumor (Khadka et al., 2018). Die relative 5-Jahres-Uberlebensrate liegt, auch nach kurativer In-
tention durch chirurgische Resektion, bei max. 15 % (Kommalapati ef al., 2018; Roth and Berlin,
2018), damit ist das Pankreaskarzinom eine Erkrankung mit infauster Gesamtprognose. Es stellt
die vierthdufigste Krebstodesursache in Deutschland dar (Bertz et al., 2010; Robert Koch-Institut,
2016) .

Die Atiologie beider Tumorerkrankungen ist multifaktoriell. Neben genetischen Pridisposi-
tionen, wie z.B. dem familidren atypischen multiplen Muttermal- und Melanom-Syndrom, sowie
dem Lynch Syndrom, spielen nutritive und umwelt-assoziierte Faktoren eine wesentliche Rolle
(Onkologie, 2013; Seufferlein et al., 2013). Zu diesen zdhlen u.a. Essgewohnheiten, wie eine
fett-, protein-, fleischreiche und ballaststoffarme Erndhrung, mangelnde korperliche Aktivitit,
Adipositas und ein chronischer Nikotin- bzw. Alkoholabusus (Seufferlein et al., 2013). Aufgrund
der Pravalenz in den wirtschaftlich weiter entwickelten Regionen (Europa = USA > Asi-

en/Afrika) stellen beide Krankheitsbilder typische Zivilisationskrankheiten dar.

2.2 Molekulare Pathogenesemechanismen

Das CRC ist ein sehr heterogenes Krankheitsbild. Ging man Anfang der 1990er Jahre mit der
Entdeckung der Adenom-Karzinom-Sequenz durch Fearon und Vogelstein noch von einem einzi-
gen Karzinogeneseweg aus (Fearon and Vogelstein, 1990), so ist heute bekannt, dass unterschied-
liche molekulare Mechanismen zur Entstehung eines CRC beitragen (Abb.2) (Muller, Ibrahim
and Arends, 2016).
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The Cancer Genome Atlas (2013) Consensus Molecular Subtypes (2015)
. Hypermutated (13%) | . CMS1: MSl-lImmune (14%)
dMMR, MSI, MLH1-sil, CIMP-high, I > Hypermutated, dMMR, MSI, MLH1-sil,
BRAF-mut, SCNA-low CIMP-high, BRAF-mut, immune infiltration
A > A 4
Ultramutated (3%)
ran
a ™

CMS2: Canonical (37%)
SCNA-high, WNT and MYC activation

CMS3: Metabolic (13%)
SCNA-low, CIMP-low, KRAS-mut, metabolic
deregulation, epithelial signature

CMS4: Mesenchymal (23%)

Mixed Features (13%)
Transition phenotype /
Intratumoural heterogeneity

Abbildung 2: Molekulare Klassifikation von CRC (Muller, Ibrahim and Arends, 2016). CIMP — CpG In-
sel Methylierungsphénotyp; CMS — Consensus Molecular Subtype (Ubereinstimmender molekularer Sub-
typ); dMMR - deficient DNA mismatch repair (Mismatch Reparatur Defizienz); EMT - Epithelial-
mesenchymale Transition; MSI — Mikrosatelliteninstabilitit; SCNA - Somatic Copy Number Alterations
(somatische Chromosomenanomalien); POLE/D1 — DNA Polymerase E/D1; MSS — Mikrosatellitenstabil.

Pankreaskarzinome entstehen aus Vorlduferldsionen, den sogenannten pankreatischen in-
traepithelialen Neoplasien. Durch Akkumulation von Mutationen in Tumorsuppressor- und Pro-
toonkogenen entwickeln sich diese Lasionen zum invasiven Karzinom - vergleichbar der Ade-
nom-Karzinom-Sequenz im Kolorektum. Zu den hdufigsten genetischen Verdnderungen zihlen
aktivierende Mutationen im KRAS Gen, sowie die Inaktivierung von 7P53, DPC4, CDKN2 und
BRCA-2. Eine detaillierte Ubersicht der aktuell bekannten molekularen Mechanismen findet sich
in (Oldfield, Connor and Gallinger, 2017).

23 Konventionelle Therapie des Kolorektalen Karzinoms

Das Standardtherapeutikum in der adjuvanten, aber auch palliativen Therapie des fortgeschritte-

nen CRC ist 5-Fluoruracil (5-FU), welches in Monotherapie und in Kombination mit anderen
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Wirkstoffen (u.a. dem Platinderivat Oxaliplatin/Folinsdure (FS) (=FOLFOX) bzw. dem To-
poisomerase I Inhibitor Irinotecan/FS (FOLFIRI)) eingesetzt wird (Leon ef al., 2011; Onkologie,
2013). Ergebnisse aus (pri-) klinischen Studien sind kontrovers, beschreiben jedoch haufig ein
gutes Ansprechen von chromosomal instabilen Tumoren. Hingegen scheinen nur ca. 30 % aller
Mismatch Reparatur-defizienten (AIMMR)-Tumoren von einer 5-FU basierten Therapie zu profi-
tieren (Juo et al., 2014). Auf molekularer Ebene ldsst sich dies wie folgt erkliren: dIMMR Tumo-
ren mit trunkiertem HSP1/0 Gen (Exon 9 Skipping Mutation (=HSP110AE9) sind sensitiv ge-
geniiber einer 5-FU-basierten Chemotherapie, bei Vorliegen von wildtypischem HSP110 kommt
es zur Resistenz (Dorard et al., 2011; Collura ef al., 2014). Die grundsétzliche prognostische Re-
levanz fiir ein Ansprechen auf 5-FU wird gegenwirtig in einer franzdsischen Studie retro- und
prospektiv (N~600 Patienten) erfasst (ClinicalTrials.gov Identifier: NCT02458664), wobei die
Ergebnisse noch ausstehen. Es ist wahrscheinlich, dass die Erhebung des HSP110 Mutationssta-

tus zukliinftig Bestandteil der pradiktiven Diagnostik sein wird.

2.4 Konventionelle Therapie des Pankreaskarzinoms

Die zytostatische Therapie des Pankreaskarzinoms basiert auf der Applikation der Nukleosidana-
loga Gemcitabin (2',2'-Difluordesoxycytidin) bzw. 5-FU/FS (=Mayo-Protokoll) (Oettle et al.,
2007; Seufferlein et al., 2013). Bei lokal fortgeschrittenen und/oder metastasierten und damit
nicht-resektablen Pankreaskarzinomen wird in der Erstlinientherapie Gemcitabin bzw. eine
Kombinationstherapie mit dem Epidermalen Wachstumsfaktor-Rezeptortyrosinkinase-Inhibitor
Erlotinib eingesetzt, gegebenenfalls in Kombination mit Radiotherapie (Seufferlein et al., 2013).
Alternativ kann auch eine Kombination von 5-FU/FS, Irinotecan und Oxaliplatin nach dem soge-
nannten FOLFIRINOX-Protokoll eingesetzt werden. Eine weitere Option stellt die Kombination
von Gemcitabin mit dem Taxan nab-Paclitaxel dar (Von Hoff et al., 2013). Allerdings fiihren alle
Therapiemodalitdten ausschlieBlich zur Verlangerung des Gesamtiiberlebens (Wang et al., 2015)
— eine Heilung bzw. Krankheitsstabilisierung wird nicht erzielt. Andere systemisch-unspezifische
sowie zielgerichtete Ansdtze haben gegenwirtig keinen klinischen Stellenwert — dies reflektiert

die infauste Prognose, sowie die Notwendigkeit alternative Therapieoptionen zu entwickeln.
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2.5 Maoglichkeiten der Immuntherapie

Heute gibt es eine Vielzahl aktiver (=direkte Immunstimulation) und passiver (=indirekte Im-
munstimulation) Strategien, um Tumoren immunologisch zu attackieren. Sie verfolgen das Ziel,
maligne Zellen durch die Induktion einer spezifischen T-Zell-gerichteten Immunantwort zu eli-
minieren und eine protektive Immunitdt gegeniiber residuellen Tumorzellen sowie potentiellen
(Mikro-) Metastasen/Rezidiven zu vermitteln. Eine Ubersicht der gegenwiirtig zur Verfiigung
stehenden Konzepte ist in Abb. 3 dargestellt.

[ lmmvatherapic ————

akfiv i
; ) ey
spezifisch unspezifisch zellulér humoral
- Autologe/allogene - Zytokine (L2, N, IL7, ef) - Adoptiver T-Zelltranafer (ex vivo - Monoklonale/Bisperifische
(bestrahl, ysierf) Liganden) Lymphozyten, Chimfre Antigenrezeptor - Immunkonjugate (Anfilrper +
- Onkolytische Viren (we. T-Ves)  T-Zellen) Zytstatische/radioaktive Partilced)

- Ex vivo simulieris NELAK/CIK Zellen
- Peptid-beladenc DCs

Abbildung 3: Ubersicht gegenwiirtig zur Verfiigung stehender immuntherapeutischer Konzepte. BCG —
Bacille Calmette Guerin; TLR — Toll like Rezeptor.

Die breiteste klinische Anwendung finden Immuncheckpoint-Inhibitoren (z.B. anti-
Programmed cell death protein 1(PD-1)/ Programmed cell death 1 ligand 1(PD-L1)), welche inner-
halb kiirzester Zeit die Immuntherapie revolutioniert haben (Carbone et al, 2017; Giroux
Leprieur et al., 2017). Der Wirkmechanismus dieser monoklonalen Antikorper basiert auf der
Hemmung der Rezeptor-Liganden-Bindung (,,Breaking the breaks®) zur Restoration der Immun-
antwort (Giroux Leprieur et al., 2017; Marin-acevedo et al., 2018).

Die erfolgreiche Anwendung dieser Strategie bei gastrointestinalen Tumoren wurde bislang
jedoch fast ausschlieBlich bei dMMR-assoziierten CRCs (ca. 15 % aller CRCs) nachgewiesen,
wohingegen alle anderen CRCs (ca. 85 % aller Fille), sowie Pankreaskarzinome nicht von dieser
Therapieform zu profitieren scheinen (Emambux et al., 2018; Marginean and Melosky, 2018).
Neuere Untersuchungen zeigen, dass, neben anderen Faktoren, das Antigenrepertoire resultierend
aus der Mutationslast (hyper- vs. hypomutiert) pradiktiv fiir die Wirksamkeit ist (Cogdill,
Andrews and Wargo, 2017; Chae et al., 2018). Pankreaskarzinome, sowie mehrheitlich auch
CRCs zihlen nicht im klassischen Sinne zu den immunogenen Neoplasien (Sun, Suo and Yan,

2016; Emambux et al., 2018), da sie eine geringe Anzahl tumor-spezifischer Neoantigene tragen
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bzw. nur solche, die keine starke Immunantwort auslésen (Zhang, Wolfgang and Zheng, 2018).
CRCs mit dMMR hingegen tragen eine hohe Frequenz Haupthistokompatibilitits-Komplex-I/II
(major histocompatibility complex, MHC)-restringierter Neoantigene auf der Tumorzelloberfla-
che (Schwitalle et al., 2008; Linnebacher et al., 2010; Yuza et al., 2017). Gleichzeitig zeichnen
sich diese Tumoren aber auch durch eine sehr hohe Abundanz von Immuncheckpoint-Molekiilen
aus, welche einer effektiven Immunantwort entgegenwirken (Chabanon et al., 2016; Sun, Suo
and Yan, 2016). Damit stellen dMMR-assoziierte Tumoren als einziger molekularer Subtyp des

CRC ideale Zielstrukturen fiir (Immuncheckpoint-Inhibitor-basierte) Ansétze dar.

Basierend auf diesen Daten erscheint es sinnvoll, weitere Strategien zu evaluieren, um auch Tu-
moren mit geringer/moderater Mutationslast einer Immuntherapie zugingig zu machen (Zhang,

Wolfgang and Zheng, 2018).

Aktive immuntherapeutische Strategien zur Behandlung gastrointestinaler Tumore

Die aktive Immuntherapie in Form einer unspezifischen (z.B. mikrobieller Stimulus bzw. Toll-
like Rezeptor (TLR) Agonist, proinflammatorische/immunstimulierende Agenzien) oder spezifi-
schen Immunstimulation (z.B. Tumorlysate, Peptide, Tumor DNA/RNA) stellt einen vielverspre-
chenden Ansatz zur Erhohung der Immunogenitit von Pankreaskarzinomen und CRCs dar. Sie
verfolgt das Ziel, dass Immunsystem polyklonal zu stimulieren und geht ursidchlich auf die Be-
obachtungen William B. Coleys und Rudolf Virchows zuriick (Coley, 1910, 1991; Ichim, 2005).
Das Prinzip der aktiv unspezifischen Immuntherapie wurde in einer vorangehenden Ubersichts-
arbeit dargelegt (Linnebacher et al., 2012). Es basiert auf einer direkten Schadigung der Tumor-
zellen u.a. durch mikrobielle Toxine, welche sekundér zur Aktivierung des nicht-adaptiven Im-
munsystems (Makrophagen, Granulozyten, NK-Zellen, dendritische Zellen) und — im Idealfall —
Generierung eines immunologischen Gedéchtnisses (zelluldr: Antigen-spezifische T-Zellen; hu-
moral: Antigen-spezifische Antikorper) fiihrt.

Die vorliegende Habilitationsarbeit adressiert verschiedene Aspekte im Bereich der immuno-
logischen Therapieansétze. So wurde in einer Reihe von in vivo Studien die Wirksamkeit bakteri-
eller Praparationen untersucht. Es konnte gezeigt werden, dass die einmalige systemische Gabe
von Clostridium novyi-NT Sporen zur kompletten Remission muriner Pankreaskarzinome durch
Stimulation des primér nicht-adaptiven Immunsystems fiihrt (Maletzki et al., 2010). Vergleichba-

re Befunde wurden in der nachfolgenden Arbeit erhoben, in der eine avitale bakterielle Préparati-
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on aus hitzeinaktivierten S. pyogenes and S. marcescens (= Coley’s Toxins) in vitro und in vivo
eingesetzt wurde ((Maletzki, Klier, et al., 2012); s. Anlage 1). Im ektopen in vivo Modell wurde
eine signifikante Beeinflussung des Tumorwachstums allerdings ausschlieBlich nach lokaler The-
rapie beobachtet, die systemische Applikation erzielte nur einen marginalen therapeutischen Ef-
fekt. Immunologische Verdnderungen waren primér nach lokaler Gabe, durch Induktion von y/d
T-Zellrezeptor-positiven Zellen nachweisbar.

Um die potentiell wirksamsten TLR Liganden fiir eine (prd-) klinische Anwendung zu identi-
fizieren, wurde weiterhin die Wirksamkeit verschiedener, definierter TLR Agonisten (-
kombinationen) im murinen Pankreaskarzinommodell untersucht ((Maletzki et al., 2013); s. An-
lage 2). Die Monoapplikation der TLR Liganden verzogerte das Tumorwachstum nach repetitiver
Gabe. Jedoch zeigten sich Unterschiede hinsichtlich der Effizienz (LPS > Resiquimod > Flagellin
> MDP). Die Kombination von drei TLR Liganden fiihrte in 4/5 Fillen zur kompletten Remissi-
on bzw. zur signifikanten Hemmung des Tumorwachstums in dem verbleibenden Fall. Begleiten-
de durchflusszytometrische Analysen zeigten eine bis zu 6-fache Reduktion des Anteils
CDI11b'Grl" myeloider Suppressorzellen sowohl nach Mono- (Resiquimod > LPS > MDP) als
auch Kombinationstherapie. Myeloide Suppressorzellen stellen eine heterogene Gruppe dar, wel-
che sowohl NK- als auch T-Zell-vermittelte Immunantworten supprimieren — dhnlich dem Wirk-
verhalten regulatorischer T-Zellen und tumor-assoziierter Makrophagen (Draghiciu et al., 2015).
Deren (selektive) Eliminierung zur Uberwindung der tumor-induzierten Immuntoleranz ist Ge-
genstand aktueller Arbeiten (Draghiciu et al., 2015; Adah et al., 2016; Liu et al., 2018) — die be-
obachteten Effekte nach TLR-vermittelter Immuntherapie erweitern das Spektrum vorhandener
Substanzen.

In einer nachfolgenden Studie zum CRC wurden dhnliche, jedoch weniger stark ausgeprigte
antitumorale, sowie immunmodulatorische Effekte nach Applikation verschiedener TLR Ligan-
den beobachtet (Stier et al., 2013). Es muss jedoch beriicksichtigt werden, dass durch den Einsatz
von Tumorzellen aus dem Kolorektum eine Entitdt gewdhlt worden, welche natiirlicherweise
stindig mit Bakterien bzw. bakteriellen Toxinen in Kontakt ist. Dieser schmale Grat zwischen
Aufrechterhaltung der Gewebshomdostase unter physiologischen Bedingungen und Stimulation
des Tumorwachstums nach chronischer Inflammation (Kluwe, Mencin and Schwabe, 2009;
Khajeh Alizadeh Attar et al., 2017) scheint entscheidend zur Wirksamkeit von TLR Liganden
beizutragen. So wurde in einer anderen Studie gezeigt, dass ein TLR3 Ligand Apoptose in huma-

nen Mammakarzinomzellen induziert, derselbe Ligand aber das Wachstum intestinaler Tumorzel-
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len fordert (Kluwe, Mencin and Schwabe, 2009; Pavelic, 2014). Dies ldsst den Schluss zu, dass
primér Tumoren aus einer ,,sterilen* Umgebung — wie dem Pankreas — fiir die gewéhlte Therapie-
form geeignet sind, wohingegen die Anwendbarkeit beim CRC fraglich ist.

Eine weitere Limitation des gewihlten Ansatzes stellt die Notwendigkeit zur lokalen Applika-
tion, sowie die fehlende Induzierbarkeit tumor-spezifischer Immunantworten dar, welche die Vo-
raussetzung flir die Entwicklung eines immunologischen Gedéchtnisses sind. Interessanterweise
bestdtigen die Befunde damit unsere vorangegangenen Untersuchungen zur Wirksamkeit avitaler
bakterieller Priparationen (Klier et al., 2011, 2012). Spezifische antitumorale Immunantworten
konnen folglich primér nach Stimulation mit vitalen Bakterien bzw. Kombinationen mit spezifi-
schen Stimulanzien erzielt werden (Maletzki et al., 2008). Die Vor- und Nachteile dieser mikro-
biellen Immuntherapie und deren potentielle Anwendbarkeit beim Pankreaskarzinom und dem
CRC sind in unserer Ubersichtsarbeit beschrieben (Linnebacher et al., 2012).

Neben dieser Form der aktiv-unspezifischen Immuntherapie, stehen auch spezifische Ansitze

durch Vakzinierung zur Verfiigung. Auf diese wird im Kapitel 2.7 ndher eingegangen.

2.6 In vitro und in vivo Modelle fiir praklinische Untersuchungen

Zur experimentellen Umsetzung wissenschaftlicher Fragestellungen stehen unterschiedliche Mo-
dellsysteme zur Verfligung, welche auch im Rahmen der Habilitationsarbeiten Anwendung fan-
den:
- in vitro 2D- und 3D-Zellkulturen: Langzeit-kultivierte Tumorzellen vs. Patienten-abgeleitete
Tumorzellen in niedriger Passage
- in vivo Tumormodelle: ektopes, syn-/xenogenes Tumormodell sowie Patient-derived Xeno-
graft (PDX) Modell vs. spontanes Tumorgenesemodell
Patienten-abgeleitete Tumorzellen bzw. PDX, idealerweise kurzzeitig passagiert (,,ultra-low-
passage®), erlauben eine reale Abbildung des Originaltumors (Marangoni et al., 2007; Byrne et
al., 2017). Idiosynkratische Charakteristika, wie inter- und intratumorale Heterogenitét, moleku-
lare Signatur, Oligoklonalitdt und Antigenitdt bleiben zumindest tempordr erhalten (Maletzki,
Gock, et al., 2015; Lai et al., 2017). Folglich ist die pradiktive Wertigkeit fiir nachfolgende in vi-
vo Studien besonders hoch. Aufgrund der Limitierung von Tumorfrischgewebe werden hédufig
langzeit-kultivierte allogene Tumorzellen verwendet (u.a. NCI-60 Panel — eine Kollektion von

Zelllinien unterschiedlichen Ursprungs, darunter 7x CRC (Reinhold et al., 2014)). Solche Tu-
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morzellen zeigen allerdings eine teilweise starke Adaptation an Kulturbedingungen. Diese korre-
liert mit der Kulturdauer und fiihrt in der Konsequenz dazu, dass die Zelllinien andere biologi-
sche und molekulare Charakteristika aufweisen als Primédrtumoren (Neri and Nicolson, 1981;
Barnes, Moy and Dickson, 2006). Das ist insbesondere bei dMMR-assoziierten Tumoren rele-
vant, welche aufgrund fehlender Reparaturmechanismen bei jeder Zellteilung neue Mutationen
akkumulieren kdnnen. So wurde kiirzlich in einer Studie an pédiatrischen Hirntumoren mit kon-
stitutioneller (=biallelischer) dIMMR nachgewiesen, dass Tumorzellen bis zu 600 neue Mutatio-
nen/Zellteilung akquirieren (Bouffet et al., 2016). Die resultierenden Tumoren sind ,,ultramutiert*
(i.d.R. nicht-synonyme Mutationen) und exprimieren ein komplexes Spektrum an Neoantigenen —

eine dhnliche Zunahme der Mutationslast bei dMMR-assoziierten CRC Linien ist wahrscheinlich.

Um die entsprechenden Modelle von CRC Patienten fiir priklinische Therapiestudien zu erhalten,
wurden analog zu einer vorherigen Arbeit (Dangles-Marie et al., 2007) zwei Ansétze verfolgt
(Abb. 4): (I) direkte in vitro Zellkultur primidrer CRC durch Homogenisierung des erhaltenen

Tumorstiicks nach chirurgischer Resektion; (II) indirekt nach in vivo Transfer eines ca.

lnu

3x3x3 mm grofBen Tumorstiicks in immunkompromitierte NMRI Foxnl™ Mé&use und nachfol-

gender Resektion der resultierenden PDX.

Zelllinie + Suffix
X oder/und P
v

amffassende
Charakierisierung

Individuelle, patienten-abgeleltete Tamormodelle
Abbildung 4: Experimentelles Protokoll zur Etablierung Patienten-abgeleiteter Tumormodelle fiir funk-
tionelle, molekulare und immunologische Untersuchungen. PDX — patient-derived Xenograft; X — Xeno-
graft; P — Patient. Maletzki et al., 2012.
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Mit dieser Methode wurden individuelle Tumormodelle von allen CRC Subtypen, sowohl huma-
nen, als auch murinen Ursprungs, generiert. Der Erfolg der Etablierung war relativ unabhéngig
vom molekularen Subtyp ((Maletzki, Stier, et al., 2012; Maletzki, Huehns, et al., 2015); s. Anla-
ge Teil 3 und 4; sowie (Maletzki, Gock, et al., 2015; Maletzki et al., 2016).

Die Kulturen wurden als epitheliale (EpCAM" bzw. CD104") Zellen charakterisiert und zeig-
ten ein heterogenes Oberflachenprofil. Interessanterweise wurde in einem Fall eine, im Vergleich
zum Primarius, de novo Mutation im KRAS Gen (c.176C>G (A59G) nachgewiesen ((Maletzki,
Huehns, ef al., 2015); s. Anlage Teil 4). Im Rahmen der Chemoresponsivititsanalysen haben wir
nicht nur zelllinienspezifische Unterschiede, sondern auch Differenzen zwischen dem in vitro
und in vivo Ansatz detektiert. Es zeigte sich beispielsweise, dass der Topoisomerase-I-Inhibitor
Irinotecan signifikant das Tumorwachstum in vivo hemmt (vs. moderates Ansprechen in vitro),
wohingegen der TLR4 Ligand Paclitaxel nur bei einem von drei dAMMR Tumormodellen thera-
peutisch wirksam war (vs. gutes Ansprechen in vitro) ((Maletzki, Stier, et al., 2012); s. Anlage
Teil 3). Des Weiteren konnten wir zeigen, dass die Kombination klassischer Zytostatika (5-FU
und Gemcitabin) mit dem globalen demethylierenden Agenz 5-Azacytidin keine Verstarkung des
antitumoralen Effektes bei hypermethylierten (= molekularer CRC Subtyp: CMS1 bzw. CMS3)
Zelllinien bewirkt ((Maletzki, Huehns, et al., 2015); s. Anlage Teil 4). Sowohl die simultane, als
auch sequentielle Applikation hatte primar antagonistische Wirkung und bestétigt Befunde einer
kiirzlich durchgefiihrten klinischen Phase I/Il Studie, in der 26 Patienten mit therapierefraktaren
CIMP CRC eine Kombination von 5-Azacytidin (75 mg/m*/Tag, subkutan D1-5) und CAPOX
(Capecitabin (=5-FU Vorstufe) und Oxaliplatin; alle drei Wochen) erhielten (Overman et al.,
2016). In dieser Studie wurde bei keinem der Patienten ein verbessertes klinisches Ansprechen
durch die Kombination von 5-Azacytidin mit CAPOX erzielt (Overman et al., 2016) — eine nahe-
zu vollstindige Translation der hier erhobenen in vitro Befunde. Folglich sollten Patienten-

individuelle Tumormodelle im Fokus préklinischer Responsepréidiktion stehen.

Neben diesen klassischen zytostatischen Substanzen gibt es Bestrebungen, neue und neben-
wirkungsarme Substanzen in die klinische Anwendung zu tiberfiihren. Einen interessanten Ansatz
bieten bestimmte antimikrobielle Strukturen, sogenannte Host Defense Peptide (HDP)
(Deslouches and Di, 2017). HDPs sind Effektormolekiile des nicht-adaptiven Immunsystems,
welche in einer Vielzahl von Organismen vorkommen (Schroder-Borm, Bakalova and André,

2005; Mahlapuu et al., 2016). Wihrend einige Studien die direkte, physikalische Storung der
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Zellmembranintegritit ohne spezifische Rezeptorinteraktion (Schréder-Borm, Bakalova and
André, 2005) bei langzeit-kultivierten Tumorzelllinien belegen, gibt es bislang keine Informatio-
nen zur Wirksamkeit gegeniiber kurzzeitig passagierten, Patienten-individuellen Zelllinien. Um
zu Uberpriifen, ob ein dhnliches Wirkverhalten vorliegt, wurde eine vergleichende Analyse
durchgefiihrt ((Maletzki et al., 2014); s. Anlage Teil 5). Zunichst konnte gezeigt werden, dass die
Abundanz von oberflichenpréisentiertem Phospatidylserin, welches als Marker fiir ein Anspre-
chen auf HDPs diskutiert wird (Schroder-Borm, Bakalova and Andrd, 2005) bei langzeit-
kultivierten Zellen hoher ist, als bei kurzzeitig passagierten Zellen ((Maletzki et al., 2014); s. An-
lage Teil 5). Dies stellt vermutlich einen Adaptationsmechanismus an die in vitro Kultur dar. So-
wohl langzeit-kultivierte, als auch Patienten-individuelle Zelllinien waren allerdings suszeptibel
gegeniiber einer HDP-vermittelten Onkolyse. Die Effekte waren primir auf Nekrose zuriickzu-
fiihren. In einem murinen PDX Modell (AIMMR Zelllinie HROC24, NMRI Foxn1™ Maus) wurde
schlieflich die Wirksamkeit der HDPs (1 mg/kg KG, intratumoral) in vivo analysiert. Hierbei
konnte erstmals die onkolytische Aktivitit bestitigt werden. Gewonnene Tumorresektate zeigten
eine erhohte Anzahl an Tumorzellapoptosen und -nekrosen. Hamatotoxische Nebenwirkungen
wurden nicht nachgewiesen. Dennoch konnte in diesem Ansatz keine selektive Wirksamkeit auf-
gezeigt werden, da ein irrelevantes Kontrollpeptid ebenfalls das Tumorwachstum beeinflusste.
Folglich miisste zundchst die Tumorselektivitit verbessert werden, bevor dieser Therapieansatz

weiter evaluiert wird.

Eine andere Anwendung der vorgestellten Modelle ergibt sich fiir immunologische Therapiean-
satze. Zelllinien und PDX Modelle stellen eine theoretisch unlimitierte und einfach herzustellen-
de Antigenquelle dar (Barnes, Moy and Dickson, 2006; Aurisicchio et al., 2018; Williams, 2018).
Bei der Verwendung von Gesamttumorlysaten wird ein breites Spektrum an (potentiell) immuno-
logisch relevanten MHC-I/II-restringierten Antigenen zur Verfiigung gestellt, um sowohl CD4",
als auch CDS8'-vermittelte T-Zellantworten auszuldsen bzw. praformierte, jedoch supprimierte
Immunantworten zu verstiarken ((Maletzki et al., 2018); s. Anlage Teil 6). Dies erlaubt nicht nur
eine repetitive Gabe in hoher Dosis, sondern bietet auch die Mdglichkeit, Hochrisikopatienten,
z.B. mit erblichen Tumorpridispositionssyndromen, wie dem Lynch Syndrom, prophylaktisch zu
vakzinieren. Eine Moglichkeit zur Umsetzung im murinen Tumormodell wird in Kapitel 2.7 né-

her beschrieben.
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2.7 Die aktiv-spezifische Immuntherapie am Beispiel dMMR-assoziierter

Neoplasien

Die Erkenntnis, dass dMMR-assoziierte Neoplasien ideale Zielstrukturen fiir aktiv-spezifische
Vakzinierungsansitze darstellen, geht auf verschiedene in vitro Analysen zuriick, in denen wir
und andere Arbeitsgruppen zeigen konnten, dass diese Tumoren Neoantigene exprimieren, die
von zytotoxischen T-Zellen erkannt werden (Saeterdal et al., 2001; Schwitalle et al., 2004;
Linnebacher et al., 2010; Garbe, Maletzki and Linnebacher, 2011). Mit diesem Wissen wurde
von der Radboud Universitit in Nijmegen bereits eine klinische Phase I/II Studie initiiert, in der
Lynch Syndrom Patienten sowohl prophylaktisch, als auch therapeutisch mit einem definierten
Mix aus spezifischen Peptiden vakziniert werden (ClinicalTrials.gov Identifier: NCT01885702).
Die Selektion der zur Vakzine eingesetzten Peptide erfolgte (I) aufgrund einer nachgewiesenen
hohen Mutationsfrequenz in dAMMR-assoziierten Tumoren (z.B. TGFSRII, AIM-2) und (II) der in
vitro bestitigten starken Immunogenitit (T-Zell-Stimulation) (Saeterdal et al., 2001; Schwitalle
et al., 2004). Dies unterstreicht die klinische Relevanz dieses Ansatzes. Da mit Ausnahme dieser
klinischen Studie bislang keine in vivo Untersuchungen vorlagen, wurde im Rahmen der vorlie-
genden Habilitationsschrift eine experimentelle Vakzinetherapie im spontanen MLH1"" Tumor-
genesemodell initiiert ((Maletzki ez al., 2018); s. Anlage Teil 6). Tiere mit ubiquitdrem Knockout
des MLHI Gens entwickeln innerhalb von neun Monaten Lynch Syndrom-&hnliche IMMR Ade-
nome/Adenokarzinome, Non-Hodgkin-Lymphome sowie andere Tumoren (Edelmann et al.,
1999). Mutationen treten -in Analogie zu dem humanen Krankheitsbild- sowohl in kodierenden
als auch nicht-kodierenden Bereichen von MLH1"" Tumorgenese-assoziierten Zielgenen auf
(Bacher et al., 2005; Maletzki et al., 2016). Folglich liegen &dhnliche Pathogenesemechanismen
zugrunde. Die repetitive prophylaktische Gabe des Vakzins (MLHl'/ " Tumorlysat 10 mg/kg KG
+/- Adjuvanz: CpG-Oligodesoxyribonukleotid (ODN) 1826 2,5 mg/kg KG, jeweils s.c.) fithrte zur
Immunstimulation und verzdgerte das Tumorwachstum gegeniiber Kontrolltieren ((Maletzki et
al., 2018); s. Anlage Teil 6). Die therapeutische Applikation verldngerte das Gesamtiiberleben
signifikant (11,5 (Lysat) und 12 Wochen (Lysat + CpG ODN 1826) vs. 3 Wochen (Kontrolle))
durch Krankheitsstabilisierung und Reduktion der Tumorlast in einigen Féllen. Dies war relativ
unabhingig von dem Adjuvanz CpG ODN 1826, welches als TLR9 Agonist antigen-spezifische
Immunantworten verstirken soll (Lubaroff and Karan, 2009; Tian et al., 2017). Im Rahmen unse-

rer Studie konnte kein verstiarkender Effekt durch CpG ODN 1826 nachgewiesen werden. Unab-
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hiangig vom Adjuvanz wurde in immunologischen Untersuchungen eine erhohte Reaktivitdt und
lytische Aktivitdit von Lymphozyten vakzinierter Tiere gegeniiber autologen und allogenen
MLH1”" Tumorzellen beobachtet. Damit bestitigen die Untersuchungen die Induzierbarkeit po-
lyklonaler T-Zell-vermittelter Immunantworten nach Vakzine und belegen die grundséitzliche
Wirksamkeit von autologen Vakzinen (Sun, Suo and Yan, 2016). Gleichzeitig wurden in Tumor-
resektaten mehr infiltrierende T-Zellen (CD4/CDS8") detektiert, jedoch auch vermehrt Immun-
Checkpointmolekiile (PD1/PD-L1; Lymphozyten-Aktivierungsgen 3) nachgewiesen, welche sehr
wahrscheinlich einen erworbenen Escape- bzw. Resistenzmechanismus darstellen (Abb. 5).

DAPICDI1( DAPI i DAPI( 1b DAPIC] DAPI 1 DAPI
CD4 CD8 Grl LAG-3 CD11b NKl1.1

- T
2
.

Abbildung 5: Immunzellinfiltration. Reprisentative immunfluoreszenzmikroskopische Darstellung von
Tumorresektaten vakzinierter Tiere (Lysat, Lysat + CpG ODN) im Vergleich zu einem Kontrolltier (Kon-
trolle). Kernfarbung mit DAPI, OriginalvergroBerung x200. LAG-3 - Lymphozyten-Aktivierungsgen 3;
Maletzki ef al., 2018.

Folglich stellen Kombinationsansitze, bestehend aus tumor-spezifischer Vakzine und Immun-
checkpoint-Inhibition, wie kiirzlich u.a. fiir Glioblastome (dendritische Zellvakzine + anti-PD-1
Antikorper + Kolonie-stimulierender Faktor 1 Rezeptor Inhibition) und Prostatakarzinome (anti-
zytotoxisches T-Zell-assoziiertes Protein 4 Antikorper + Granulozyten-Monozyten-Kolonie-
stimulierende Faktor-sezernierende zelluldre Vakzine) propagiert (Wada ef al., 2013; Antonios et
al., 2017), eine aussichtsreiche Therapieoption dar, um diesen Ansatz langfristig in die klinische

Anwendung zu iiberfiihren.



ZUSAMMENFASSUNG UND AUSBLICK

3 Zusammenfassung und Ausblick

In der vorliegenden Habilitationsschrift wurden verschiedene immunologische Fragestellungen

und immuntherapeutische Konzepte bei gastrointestinalen Tumoren adressiert und umgesetzt.

Zunichst konnte festgestellt werden, dass gastrointestinale Tumoren grundsétzlich fiir immunthe-
rapeutische Strategien geeignet sind. In Abhangigkeit der zugrunde liegenden Fragestellung kon-
nen zur Untersuchung sowohl langzeit-kultivierte, als auch Patienten-abgeleitete und damit ideal-
erweise kurzzeitig passagierte Zelllinien herangezogen werden. Dabei sollten potentielle biologi-
sche Veridnderungen, wie Wachstum, Oberflachenprofil, (Chemo-) Responsivitidt, molekulare
Signatur, und damit verbunden auch die Immunogenitit vor der Therapieentscheidung beriick-

sichtigt werden.

Der vorgestellte kombinierte Ansatz aus direkter (= aus Tumorfrischgewebe) und indirekter Zell-
kultur (= nach in vivo Transfer) erlaubt eine standardisierte und reproduzierbare Vorgehensweise,
um Patienten-abgeleitete Tumormodelle zu etablieren. Die resultierenden in vitro Kulturen stellen
eine gute Grundlage fiir Responsivitétstestungen dar. Die durchgefiihrten Untersuchungen zeigen
aber auch, dass eine Kombination von in vitro und in vivo Analysen notwendig ist, um valide

Aussagen beziiglich der Wirksamkeit neuartiger Substanzen machen zu kdnnen.

Die in vivo Umsetzung der Immuntherapie kann ausschlieBlich im immunkompetenten Wirt er-
folgen. Hierbei wurde zundchst im ektopen Transplantationsmodell die Effizienz der aktiv-
unspezifischen Immuntherapie nach Applikation von undefinierten bzw. definierten TLR-Mixen
vergleichend analysiert. Es zeigte sich, dass das Tumorwachstum, in Abhéngigkeit der untersuch-
ten Tumorentitit (CRC vs. Pankreaskarzinom) signifikant beeinflusst wird, die antitumorale
Wirksamkeit jedoch nach lokaler Applikation deutlich stirker ausgeprégt ist, als nach systemi-

scher Gabe. Ebenso ist ein definierter TLR-Mix effizienter, als die jeweilige Einzelsubstanz.

Aufgrund der Komplexitdt der immunologischen Mechanismen im Verlauf der Tumorgenese
wurde zusitzlich ein spontanes Tumorgenesemodell herangezogen und die Wirksamkeit einer
Vakzine hinsichtlich Tumorinzidenz, -wachstum und -mikromilieu erstmals préklinisch erfasst.
Es konnte nachgewiesen werden, dass die repetitive Gabe des Vakzins sowohl die Entstehung, als
auch Progression autochthoner dMMR-assoziierter Tumoren durch Stimulation des Immunsys-

tems verzogert.
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Insgesamt konnte in dieser Arbeit gezeigt werden, dass sowohl die unspezifische Immuntherapie
in Form von mikrobiellen Stimuli, als auch die spezifische Form einer Tumorvakzine vielver-

sprechende Ansétze zur Behandlung gastrointestinaler Tumoren darstellen.

Aus den gewonnenen Daten ergeben sich unterschiedliche Ansatzpunkte flir weitere wissen-

schaftliche und translationale Arbeiten.

Zum einen sollte die pradiktive Wertigkeit der in vitro durchgefiihrten Responseanalysen an Pati-
enten-abgeleiteten Tumormodellen in vivo unter Anwendung eines humanisierten murinen Mo-
dells verifiziert werden. Hierbei gibt es aktuell verschiedene Strategien, um die ,,ndchste Genera-
tion humanisierter PDX Modelle* fiir praklinische Immuntherapien zu etablieren (Williams,
2018). Im Idealfall werden hierbei autologe Immunzellen eingesetzt, um sowohl die MHC-
Kompatibilitit zwischen Tumor- und antigenspezifischen T-Zellen als auch die Aufrechterhal-

tung bzw. Wiederherstellung des Tumormikromilieus zu gewéhrleisten.

Hinsichtlich der Optimierung der Tumorvakzine gibt es viele Optionen. Diese umfassen neben
dem Einsatz definierter Peptide, auch die Kombination mit niedrig-dosierter Chemotherapie, so-
wie Immun-Checkpoint-Inhibitoren, um einer potentiellen Resistenzentwicklung entgegenzuwir-

ken.
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Several decades after Coley’s initial work, we here systematically analyzed tumoricidal as well as immunostimulatory effects
of the historical preparation Coley’s Toxin (CT), a safe vaccine made of heat-inactivated S. pyogenes and S. marcescens. First,
by performing in vitro analysis, established human pancreatic carcinoma cell lines responded with dose- and time-dependent
growth inhibition. Effects were attributed to necrotic as well as apoptotic cell death as determined by increased Caspase 3/7
levels, raised numbers of cells with sub-G1-DNA, and induced p21** expression, indicative for cell cycle arrest. Besides, CT
effectively stimulated human peripheral blood leukocytes (huPBL) from healthy volunteers. Quantitative gene expression analysis
revealed upregulated mRNA levels of selected Toll-like receptors. Flow cytometric phenotyping of CT-stimulated huPBLs identified
raised numbers of CD25"-activated leukocytes. In vivo, repetitive, local CT application was well tolerated by animals and induced
considerable delay of Panc02 tumors. However, systemic treatment failed to affect tumor growth. Antitumoral effects following
local therapy were primarily accompanied by stimulation of innate immune mechanisms. Data presented herein prove that the
historical approach of using killed bacteria as active immunotherapeutic agents still holds promise, and further careful preclinical

analyses may pave the way back into clinical applications.

1. Introduction

Chronic infection can lead to cancer. However, acute infec-
tion has beneficial effects and often contributes to complete
eradication of even large tumor burden. In this regard,
the use of microbial vaccines for immunotherapy is still
being re-examined. This therapeutic concept is based on
the early work of William Coley, an American surgeon in
the nineteenth century, who reported infection-associated
tumor regression over a century ago. Inspired by his findings,
he injected his first patients with vital Streptococcus pyogenes,
a gram-positive organism causing erysipelas. Coley observed
tumor shrinkage, but also lethal systemic infections. Thus,
he modified his treatment regimen and since 1893 he has
used a mixture of heat inactivated S. pyogenes and Serratia
marcescens. The inoculation of this bacterial vaccine, later

known as “Coley’s Toxin” (CT), marked the origin of modern
immunotherapy and Coley is also referred to as “father of
cancer immunotherapy” [1].

Discoveries of the last decades comprehensively deep-
ened our functional understanding of the immune system.
Coley himself believed that the effect of his bacterial mixture
is based on release of toxins affecting tumor but sparing
normal cells [2]. In fact, CT activates the innate as well
as the adaptive immune system by binding Toll-like (TLR)
and other pattern recognition receptors. With regard to the
bacterial nature of CT, this mixture contains unmethylated
CpG, lipoteichoic acid, and lipopolysaccharide (LPS), acting
agonistic with several TLRs [3]. Engagement of TLRs induces
an inflammatory cascade resulting in cytokine secretion and
immune cell activation [4]. This proinflammatory milieu
together with high fever breaks the tumor-induced immune
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tolerance and changes it to an antitumor immunity [5—
7]. However, his original hypothesis resting on an immune
reaction against a “toxin” present in the microbial material
that cross-reacts with and destroys the tumor cells fells more
and more into oblivion and up to now has only partly been
re-examined [1].

In the 1960s and 1970s, commercial CT preparations
were tested on small patient cohorts. In these experiments,
results were variable—presumably because of relatively short
treatment courses. Also, most of the patients were immuno-
compromised due to prior chemotherapy [8, 9]. Besides,
plenty immune mediators relevant for the inflammatory
process were used as single agents in cancer immunotherapy
[10-12]. But most of them failed to prove clinical efficiency.
Indeed, the benefit of CT treatment is supposed to base
on the chronological sequence of single immune mediators
to induce an optimal antitumor immune response. These
facts strengthen the usefulness of a comprehensive analysis
regarding the therapeutic potential of the toxin, generated
from the original protocol. In 2005, a Canadian company
(MBVax) started to produce CT and rekindle Coley’s pioneer
work. Since then, promising results for different tumor
entities were obtained. These findings are an inducement
for further investigations on the antitumoral efficiency of
CT. Given the lack of experimental data for pancreatic
carcinomas, we here picked up the idea of using CT for
cancer immunotherapy. We comprehensively analyzed the
potential of this toxin to affect tumor cell growth both in
vivo and in vitro, taking advantage of its intrinsic immune
stimulatory properties. We observed a direct impact on cell
growth, proliferation, and viability. Of note, proapoptotic
molecules in tumor target cells increased upon CT treatment.
In vivo, repetitive local CT applications effectively controlled
tumor growth by stimulating immune responses.

2. Material and Methods

2.1. Tumor Cell Lines, Human Peripheral Blood Lympho-
cytes (huPBL), and Culture Media. Human (AsPC-1, T3M4,
MIA PaCa-2, and BxPc-3) and murine (Panc02) pancreatic
carcinoma cell lines were maintained in DMEM/HamsF12
supplemented with 10% fetal calf serum (FCS), glu-
tamine (2mmol/L), and antibiotics (complete medium).
Human peripheral blood leukocytes (huPBL) were iso-
lated from blood of healthy donors with no known dis-
eases. Purification of huPBLs was performed by Ficoll
density-gradient centrifugation and subsequent cultivation
in IMDM supplemented with 10% fetal calf serum (FCS),
glutamine (2 mmol/L), and antibiotics. All media and sup-
plements were from PAA unless stated otherwise (Colbe,
Germany).

2.2. Preparation of Coley’s Toxin. Coley’s Toxin (CT) was
prepared following the original protocol. Briefly, A single
group A streptococcal isolate, S. pyogenes serotype M49
(strain 591), was cultured in Todd-Hewitt (TH) broth
(Oxoid Unipath, Wesel, Germany), supplemented with 10%
glucose, and allowed to grow for ten days in an incubator
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(37°C, 5% CO,). An aliquot was taken from the culture,
plated on sheep blood agar, and incubated overnight to
examine cell viability. Afterwards, the culture was seeded
with 2 mL of live S. marcescens (2 * 107 cfu/mL) and further
cultured at 25°C. Following a period of ten days, incubation
was terminated by heat sterilization (65°C for two hours) and
subsequent filtration. Bacterial inactivation was confirmed
after plating on sheep blood agar and overnight incubation.
Prior to cell treatment, CT was pelleted and diluted in sterile
complete medium to a final concentration corresponding to
5% 102, 2.5 % 10%, and 2.5 * 10° cfu/mL.

2.3. RNA Isolation, cDNA Synthesis, and Quantitative Real-
Time PCR. Total RNA from treated and untreated tumor
cells as well as from huPBLs was isolated with TRIzol
reagent according to the manufacturer’s instructions. RNA
was reverse transcribed into cDNA from 0.5 ug RNA using
the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Target cDNA levels were
analyzed by quantitative real-time PCR using TagManTM
Universal PCR Master Mix and predesigned TagMan gene
expression assays (Hs00180269_m1 (Bax), Hs00355782_m1
(p21™), Hs01014511_m1 (TLR2), Hs00152939_m1 (TLR4),
Hs00152825_m1 (TLR5), Hs00152973_m1 (TLRY), and
Hs99999905_-m1 (GAPDH, housekeeping gene control) in
an ABI Prism 7000 sequence detection system (Applied
Biosystems). PCR conditions were as follows: 95°C for
10 min, 40 cycles of 155 at 95°C, 1 min at 60°C. Reactions
were performed in triplicate wells and replicated three times.
Expression levels of the gene of interest are given in relation
to the housekeeping gene (ACt = Ctiqrger— Ctgappn). Relative
gene expression values are expressed as x-fold increase
compared to untreated (i.e., tumor cells or huPBL) cells,
whose expression was set to be 1.

2.4. Quantification of Cell Proliferation by BrdU Incorpora-
tion. Quantification of DNA synthesis was performed by
measurement of 5-bromo-2’deoxyuridine (BrdU) incorpo-
ration using BrdU labeling and detection enzyme-linked
immunosorbent assay (ELISA) kit (Roche). BrdU labeling
was initiated after 24 and 48 hours of incubation with or
without CT by addition of labeling solution at a final
concentration of 10 uM. Following the incubation period
of three hours, labeling was stopped and BrdU uptake was
quantified on a plate reader at 450 nm according to the
manufacturer’s instructions. Percentage of proliferating cells
was calculated compared to untreated control (=100%).

2.5. Cell Viability Staining. Cell viability was determined by
fluorescent staining using Calcein AM (Sigma, final concen-
tration: 2uM). Analysis was performed on a fluorescence
multiwell plate reader (Tecan Infinite M200, Crailsheim,
Germany) at an excitation wavelength of 485nm (emis-
sion 535nm). For estimation of cell viability, the relative
fluorescence intensities of Calcein AM-stained nontreated
cells (=live control) were set to be 100%, and fluorescence
intensities of the samples were calculated. Experiments were
performed in duplicates and replicated at least three times.
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2.6. Apoptosis Assays. Cells were grown to about 70% con-
fluence in 24-well culture plates and then incubated in 2 mL
complete medium with or without bacteria for 24 and 48
hours. At the end of treatment, the cells were harvested by
trypisinzation, pelleted by centrifugation, washed twice with
PBS and resuspended in 2mL ice-cold 70% ethanol for at
least 24 hours at —20°C. Afterwards, the cells were pelleted,
washed with PBS, and incubated for one hour in 200 uL
PBS containing 0.1% Tween 20 and 1 mg/mL RNase (Sigma
Aldrich, Munich, Germany) at room temperature. Following
the addition of 50 ug propidium iodide/10° cells (Sigma), the
samples were subjected to flow cytometric analysis which was
performed on a FACSCalibur Cytometer (Becton Dickinson)
using the Cellquest program. Ten thousand events were
measured for each sample.

Additionally, apoptosis induction was examined via cas-
pase activity. Cells were cultured in 96-well half-area plates
and treated with increasing CT doses for 24 and 48 hours.
Caspase 3/7 activity was quantified using the Promega
ApoTox-Glo Triplex Assay according to the manufacturer’s
instructions (Promega, Mannheim, Germany) and mea-
surement on a luminometer (Promega). Background lumi-
nescence (cell culture medium without cells and Caspase-
Glo 3/7 Reagent) was subtracted from all measurements.
Luminescence values of nontreated cells (negative control)
were set to be one and x-fold increases in caspase activity
of samples were calculated. Experiments were performed in
duplicates and replicated at least three times.

2.7. Flow Cytometric Phenotyping. HuPBLs were harvested
for phenotyping following 24 hours of exposure towards
increasing concentrations of CT. Therefore, huPBLs were
stained with the following FITC- and PE-conjugated mouse
antihuman monoclonal antibodies (mAbs): CD3, CD4, CD8,
CD25, CD16, and CD56 (1ug, Immunotools, Friesoythe,
Germany). Negative controls were stained with the appropri-
ate isotypes (Immunotools). Additionally, fractions of dead
cells were quantified after 24 hours, 72 hours, and 7 days
using propidium iodide (PI). Therefore, PI (1 mg/mL) was
given to cells directly prior to measuring. Phenotyping of
murine immune cells was conducted from blood samples
and spleens, following lysis of erythrocytes in lysis buffer
(0.17 M Tris, 0.16 M NH4Cl) and labeling with the following
FITC-conjugated rat antimouse mAbs: CD3, CD11b, CD19
(14g, Immunotools), hamster antimouse mAbs: CDl11c
(1 ug, Miltenyi Biotec, Bergisch-Gladbach, Germany) and
PE-conjugated rat antimouse mAbs: CD4, CD8, Grl (Ly6G)
(Miltenyi Biotec), and g/d TCR. Negative controls consisted
of spleen and blood lymphocytes stained with the appropri-
ate isotypes (BD Pharmingen). Samples were analyzed on
a FACSCalibur Cytometer (BD Pharmingen). Data analysis
was performed using CellQuest software (BD Pharmingen).

2.8. Co-Culture Experiments. Direct tumor cell killing in the
presence of huPBLs was examined by co-culture experiments
following 48 hours of incubation. Experiments were per-
formed as described before [13]. Data are given as x-fold
number of tumor cells compared to untreated controls.

2.9. Pancreatic Tumor Model and Treatment Regimen. Exper-
iments were performed on female 8-10-week-old C57Bl/6N
mice (Charles River, Fa. Wiga, Sulzfeld, Germany) weighing
18-20 g. All animals were fed standard laboratory chow and
given free access to water. Experiments were performed in
accordance with the German legislation on protection of
animals and the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National
Research Council; NIH Guide, vol. 25, no. 28, 1996).
Under brief ether anesthesia 1 * 10° Panc02 cells were
injected subcutaneously (s.c.) into the right hind leg. Tumor
growth was routinely controlled at least twice a week and
tumor volume was estimated according to the formula: V=
width? % length * 0.52. After tumor establishment animals
were subdivided into the following experimental groups:
animals received twice weekly intratumoral CT injections
(i.t., resuspended in 50 uL PBS), a total of six times (n = 5-7
per group). Another group was biweekly treated via tail vein
injection (i.v., six injections in total, n = 3-4). As controls,
one tumor-carrying group received PBS (vehicle) alone.

Tumor-carrying mice (treatment, control) were sacri-
ficed at day 28 or when they became moribund before tumor
volume reached 2000 mm?. At the end of each experiment,
blood samples, tumor, spleen, and mesenteric lymph nodes
were removed from the animals of all groups for further
analysis.

2.10. Statistical Analysis. Values are reported as the mean
+ SEM for in vitro and in vivo data. After proving the
assumption of normality, differences were determined by
using the unpaired Student’s ¢-test. If normality failed, the
nonparametric Mann-Whitney U-Test was applied. The tests
were performed by using Sigma-Stat 3.0 (Jandel Corp, San
Rafael, CA). The criterion for significance was set to P < 0.05.

3. Results

3.1. Inhibition of Tumor Cell Proliferation and Viability.
To evaluate the direct impact of CT on cell proliferation
and vitality, tumor cells were first treated with increasing
bacterial doses (corresponding to 5 * 102, 2.5 * 10%, and 2.5
* 10° cfu/mL). Electron microscopy following 24 hours of
treatment demonstrated close adherence of CT to tumor cells
via surface molecules, a characteristic common to S. pyogenes
and S. marcescens (Figure 1(a), upper panel). Moreover,
sustained structural integrity of bacteria was confirmed in
these analyses (Figure 1(a), lower panel).

Functional proliferation experiments displayed a time
and dose-dependent tumor cell growth inhibition (Fig-
ure 1(b)). As determined by BrdU incorporation, most
pronounced effects were observed for AsPC-1 cells. Cell
growth significantly decreased to 80% and 28% after 24
and 48 hours, respectively, (compared to untreated controls).
T3M4, BxPc-3, and MIA PaCa-2 cells were less susceptible
towards CT. Here, growth inhibition was rather transiently
with a maximum of 28% observed after 24 hours in T3M4
cells (highest dose).
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F1GURE I: Electron microscopy. (a) Representative pictures showing CT binding to tumor cells via surface molecules (upper panel). Sustained
cellular integrity despite heat inactivation was confirmed (lower panel). Cell proliferation and viability. (b) Tumor cells were seeded in 96-
well plates and cultured with increasing CT concentrations (corresponding to 5 * 107, 2.5 * 10%, and 2.5 % 10° cfu/mL) for 24 and 48 hours.
Thereafter, cell proliferation was estimated by BrdU uptake and quantification on a plate reader at 450 nm according to the manufacturer’s
instructions. Percentage of proliferating cells was calculated compared to untreated control (100%). (c) For estimating viability, tumor cells
were seeded in 24-well plates and treated with CT as described above. Following the incubation period (24 and 48 hours), the cells were
stained with Calcein AM and fluorescence intensity was measured on a plate reader (ex/em 485/535nm). Cell viability was calculated by
setting relative fluorescence intensities of Calcein AM-stained nontreated cells (live control) to 100%. Results show data of three separate
experiments each performed in duplicates. Values are given as the mean = SEM.

Antiproliferative effects could partly be attributed to
cytotoxicity. Numbers of viable tumor cells were diminished,
especially in the highest dose following a 48-hour incubation
period (Figure 1(c)). Again, CT-mediated killing was most
evident in AsPC-1 cells. Viability decreased time and dose
dependently. Comparable, though less pronounced, effects
were obtained for T3M4 and MIA PaCa-2 cells with a max-
imum of 20% dead cells (compared to untreated controls).
Viability of BxPC-3 was only marginally affected by CT.

3.2. Induction of Cell Cycle Regulators. As a first step towards
functionally understanding the growth inhibitory and cyto-
toxic capacity of CT on tumor cells, gene expression of the
cell cycle and DNA replication regulator p21%¥f as well as
apoptotic activator Bax was examined. Due to technical lim-
itations, gene expression could only be considered for three
out of the four cell lines studied. Analysis revealed increased
expression levels of both target genes (Figures 2(a) and
2(b)). In detail, p21“’af expression was transiently induced
in BxPC-3 target cells. T3M4 cells displayed a delayed
response with highest expression levels after 48 hours. In
those cells, expression correlated inversely with CT doses.
AsPC-1 cells, whose viability was most affected by CT,
reacted with sustained high p21%¥f expression. The effects
of CT on Bax gene expression were comparably mild, with

a fivefold upregulation in AsPC-1 as the most pronounced
phenomenon. As can be depicted from Figure 2(b) (lower
panel), expression was only slightly stimulated in the other
cell lines.

3.3. Apoptosis Induction following CT Exposure. Aforemen-
tioned analysis hinted towards potential contribution of CT-
induced apoptosis induction in tumor target cells. Conse-
quently, caspase activity as well as DNA fragmentation were
investigated next. Caspase 3/7 levels dose and time depen-
dently increased in all cell lines exposed to CT (Figure 3(a)).
Levels showed up to sevenfold increases in BxPC-3 cells
after 48 hours of treatment with intermediate and highest
CT doses. Supplemental to the prior observation on highest
susceptibility of AsPC-1 cells towards CT, maximal caspase
activation was found in these cells after 48 hours. Likewise,
DNA fragmentation, as determined by flow cytometric sub-
Gl-peak analysis, was most evident here (Figure 3(b)).
In MIA PaCa-2, T3M4, and BxPC-3 cells, the fraction
of apoptotic tumor cells also increased dose dependently
(Figure 3(b)).

Further determinations on cell cycle analysis revealed
rearrangement of cell phases. In line with increased p21%f
expression, cell cycle arrest and accordingly loss of G2/M
phase were apparent in CT exposed cells (Table 1). Therefore,
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FIGURE 2: Gene expression analysis. mRNA expression of (a) p21V*f and (b) Bax in tumor target cells following 24 and 48 hours CT
treatment. Quantitative real-time PCR was performed using predesigned TagMan gene expression assays. Results show data of three separate
experiments each performed in duplicates. Values are given as the mean = SEM.

mechanisms independent from apoptosis are also likely tobe ~ Given that CT is made of two bacterial species, that is,

involved in the exerted cytotoxic reactivity. the gram-negative S. marcescens and the gram-positive S.
pyogenes, we first determined mRNA levels of TLRs, known
to be activated by microbial ligands.

3.4. CT Activates Immune Cells in a Dose-Dependent Manner. These analyses showed a dose- and time-dependent

Next, CTs potential to stimulate huPBLs was examined. increase in TLR expression (Figure 4(a)). TLR2 displayed
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a maximal response after 72hours stimulation with the
highest CT concentration. Conversely, TLR5, the receptor for
flagellin, and TLRY, recognizing unmethylated CpG islands
of bacterial DNA, were transiently stimulated with up to
threefold increases following 24 hours. The effects of CT on
TLR4 could be neglected, since there was no stimulation at
any time.

Further flow cytometric analysis revealed a dose-depend-
ent rise in activated immune cells after 24 and 72 hours.
Numbers of CD25" cells increased more than threefold
(Table 2). Further analysis identified CD3*CD8"* cytotoxic
T cells to be the main responding cell population. Fractions
of CD3*CD4* T cells as well as CD16*CD56" NK cells were
only marginally influenced by CT.

Moreover, CT mediated no significant cytotoxicity
towards huPBLs. Numbers of PI" cells at 24 and 72 hours
of culture were always below 10% and thus comparable to
nonstimulated huPBLs (Figure 4(b)). Interestingly, there was
an inverse correlation between toxicity and CT dose. Highest
PI" levels were observed for lowest CT concentrations
following 7 days of culture (Figure 4(b)). This might be
best interpreted as a kind of missing stimuli at these low
concentrations, resulting in leukocyte cell death.

3.5. Boosted Antitumoral Effect by Adding huPBLs to the Cul-
ture. Based on the observation that CT acts as immunostim-
ulatory and antitumoral agent, a series of in vitro co-culture
experiments was performed by adding immunocompetent
cells and CT to tumor target cells (Figure 5).

Co-culture experiments demonstrated a boost of antitu-
moral effects. Viable tumor cell numbers notably decreased
after a 48 hours incubation period especially at higher CT
concentrations. Generally, antitumoral effects were rather
cell specific, than donor dependent. Obvious tumor killing
was found for T3M4 and BxPC-3 cells, while MIA PaCa-2
and AsPC-1 cells responded less.

3.6. Delayed Tumor Growth following Local Treatment.
Finally, an in vivo experiment was carried out to test
whether the observed in vitro findings on potent tumor
growth inhibition and immune stimulation are reproducible
in immunocompetent, tumor-carrying mice. Treatment of
established Panc02 tumors was attempted by repetitive
CT application. Two treatment protocols were employed,
including local as well as systemic application routes.

Both regimens were well tolerated by all animals. No
signs of tumor-associated clinical symptoms like anorexia
or weight loss occurred, consequently resulting in a 100%
survival rate (Figure 6(a)). Local CT application mediated
substantial tumor growth alteration. This was evident from
day 14 after treatment start until the end of experiments (day
28). Established Panc02 tumors macroscopically necrotized,
tended to break up, and revealed significant growth delay.
Specifically, at day 28, tumor volumes were about one-
fifth of control tumors (222.6 = 65.0 mm? versus 1103.8 +
144.4mm?, P < 0.05 versus control). By comparison, an
increase in the number of injections did not further improve

Clinical and Developmental Immunology

the therapeutic effect and thus resulted in equivalent tumor
volumes (data not shown).

Quite the opposite results were obtained following
systemic CT application. This regimen had no impact
on Panc02 tumor growth. Tumors continuously grew and
volumes were similar to controls until terminating the
experiment (Figure 6(b)). Therefore, local application is
more favorable than systemic.

3.7. Induction of Immune Cells following Local Therapy. Next,
the composition of circulating as well as splenic immune cells
was studied (Figures 5(c) and 5(d)). In these analyses, in
vivo findings could clearly be correlated with immunological
parameters. Mice locally treated with CT had significantly
increased numbers of circulating CD11c* dendritic and y/d
TCR* cells (P < 0.05 versus control). Moreover, levels
of myeloid derived suppressor cells (MDSC, CD11b*Grl*)
decreased exclusively after local CT therapy (Figure 6(c)).
Irrespective of the application route, T helper and cytotoxic
T cells as well as CD19* pre B cells were only slightly altered.
In striking contrast, locally as well as systemically applied
CT impacted splenic T and B cells (Figure 6(d)). Both
treatment groups had decreased numbers of these cell
populations. This dramatic decrease at day 28 possibly
reflects migration of immunological effector cells more into
lymphoid tissues than into the spleen. Numbers of y/§ TCR*
cells were significantly raised, especially in the local therapy
group (local 42.6 + 4.6% versus systemic; 17.4 = 4.2% versus
control 10.0 +2.4%). Expression levels of L-selectin (CD62L)
on lymphocytes and transferrin-receptor-positive (CD71)
cells remained comparable to controls (data not shown).
Taken together, these findings confirm our in vitro results
on potent stimulation of immune responses by CT. However,
they also prove dependency on the application route finally
contributing to efficient tumor growth control in vivo.

4. Discussion

The main objective of this study was to ascertain whether
a purely microbial-based approach, in the absence of addi-
tional (chemo- or targeted) therapies, can cure experimental
non-immunogenic tumors. We therefore picked up the his-
torical idea of using Coley’s Toxin (CT), a complex mixture
of gram-positive and gram-negative bacterial components,
as an active antineoplastic agent. Our work focused on
pancreatic carcinomas since this tumor entity is still one
of the most malignant ones with high mortality and poor
prognosis even with aggressive conventional and novel com-
binatorial therapies [14, 15]. Besides, successful eradication
of experimental pancreatic carcinomas by local application
of vital as well as avitalized gram-positive bacteria was
demonstrated by our group before [16, 17].

For potential clinical application of microbial-based
vaccines, several requirements need to be complied. These
include (I) reducing unspecific toxicity to normal, non-
neoplastic cells, (IT) preserving antitumoral and tolerance-
breaking immunostimulatory potential, and (III) applying
a standardized treatment protocol. As for the latter, no
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FIGURE 3: Apoptosis assay. (a) Increased Caspase 3/7 activity in tumor cells after CT treatment, as quantified using the Promega Caspase-Glo
3/7 Assay according to the manufacturer’s instructions and measurement on a luminometer. (b) Flow cytometric sub-G1 Peak analysis
following 24 and 48 hours of incubation with CT. Cells with DNA content lower than the G1 peak were considered to be apoptotic.
Results show data of three separate experiments each performed in duplicates. Values are given as the mean + SEM. (c) AsPC-1 cells show
characteristic sub-G1 peaks at 24 hours after treatment (representative results out of three independent experiments).

such standardization was done in the past. Hence, despite
Coley’s high profile, his work came under criticism. At that
time, 13 different preparations and various administration
routes (i.v., i.m., and i.t.) existed and some of these were
more effective than others [2, 18]. This may explain why
Coley’s results could not be reproduced by others. In order
to overcome this obstacle, we designed CT under constant,
standardized conditions according to the original protocol.
Results of our present study show that this preparation
acts as a potent antitumoral and immune-activating agent.
First, by performing a series of in vitro experiments, we were

able to induce cell death in tumor target cells. Interestingly,
a differential susceptibility towards CT was demonstrated.
While AsPC-1 cells responded with substantial cell death,
other cell lines were less affected. As central mechanisms
of CT-induced growth alteration, we could identify an up-
regulation of p21"¥f gene expression and loss of G2/M
phases, both indicative for cell cycle arrest. In line with the
established capacity of bacteria to induce apoptosis as well
as necrosis in target cells, we also observed both kinds of cell
death. Proteins (i.e., LPS, Flagellin) delivered by S. marcescens
may thus have preferentially induced necrosis, while factors
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FIGURE 4: Gene expression analysis and viability of huPBLs. mRNA expression of (a) TLRs in huPBLs following 24 and 72 hours stimulation
with CT. Quantitative real-time PCR was performed using predesigned TagMan gene expression assays. Results show data of three separate
experiments each performed in duplicates. (b) Viability of huPBLs as determined by flow cytometric PI staining. Prior to analysis, huPBLs
were stimulated with increasing doses of CT and cultured for 24 hours, 72 hours, and 7 days. Results show data from four different healthy
donors. Values are given as the mean + SEM.
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FiGure 5: Co-culture experiments. Tumor cells were Co-cultured with huPBLs of four different healthy donors in the presence of CT for
48 hours. Thereafter, numbers of viable tumor cells were quantified by flow cytometry using microsphere beads as calibrator. Untreated cells
without CT were set as 1 and all other data were given as x-fold increase. Experiments were performed in duplicates.

provided by S. pyogenes (i.e., streptokinase, streptolysin,
and lipoteichoic acid) led to apoptosis [1, 16, 19, 20].
Accordingly, caspase 3/7 activation and DNA fragmentation
were detectable in CT-treated tumor cells.

In addition to the capacity of directly compromising
tumor viability, CT was described as being a strong immune
stimulator [2, 21-23]. The bacterial DNA (CpG ODN)
present in this complex mixture may here be one of the
best known immune-activating candidates. CpG ODNs has
been found to improve antigen-presenting cell functions
and boost humoral as well as cellular Th1-directed immune
responses. They have shown promising results as adjuvants
for vaccines and in combination with radio- or immunother-
apy [3, 5, 24]. Several CpG ODN-based agents were already
included into clinical trials for exploring their safety and
efficacy in hematological and solid cancers [24-26] and
[http://www.clinicaltrials.org/]. The underlying mechanism
is due to activating TLRs, the most important innate immune
receptors [5, 7]. TLR signaling in immune cells is crucial for

regulating innate and adaptive immune responses, such as
DC maturation and antigen presentation as well as CD8" T-
cell toxicity [27, 28].

In our experimental setup, CT-stimulated leukocytes
from healthy donors could be effectively activated and
responded with up-regulation of TLR 2, 5, and 9. Likewise,
CD25 expression was significantly and sustainably induced
in these short-time-mixed leukocyte cultures. Though not
analyzed in detail, stimulation of y/§ T cells is very likely
[29]. Besides, secretion of Thl and other proinflammatory
cytokines (e.g., IFN-y, IL12, and TNF-«) by immune cells
belonging to both the innate and adaptive arm can be
anticipated, too. Hence, this mixture of TLR agonists likely
stimulates a complex cascade, each of which plays a unique
and vital role in orchestrating immune responses [30]. Quite
in line, we observed a boost of antitumoral effects when
leukocytes were added to tumor cells together with CT.
This co-culture system mimics the in vivo situation. Here,
tumor cell numbers massively decreased. Worth mentioning,
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FIGURE 6: In vivo analysis. (a) Survival curve of Panc02 tumor-carrying C57Bl/6N mice and (b) tumor growth kinetic. After tumor
establishment, mice received twice weekly i.t. or i.v. CT injections (six times in total (n = 3-7 mice per group). Control mice were given
PBS. Mice were monitored for 28 days with adherence to ethical requirements. (c), (d) Flow cytometric phenotyping of circulating (blood)
and splenic leukocyte subsets from tumor control and CT-treated animals. Values are given as mean = SEM; * P < 0.05 versus control; ¢-test.

#P < 0.05 versus control; U-test.

however, is the fact that boosted antitumoral effects were
rather tumor cell specific than dependent from the lympho-
cyte donor. T3M4 and BxPC-3 could be effectively killed
by CT and leukocytes. However, comparable results were
not obtained for AsPC-1 cells, which had been shown to
be highly susceptible towards CT-mediated lysis alone. This
can be attributed to a kind of tumor-escape mechanism.
These cells probably secrete immunosuppressive factors

(IL10, TGF-f), thereby preventing leukocyte stimulation and
immune-mediated lysis.

In a subsequent syngeneic in vivo tumor model, CTs’
potential to impact solid tumors was examined. Again, we
focussed on a non-immunogenic tumor, although it is clearly
established that low immunogenic tumors respond worse
than their immunogenic counterpart [2]. Nonetheless, we
observed strong oncopathic effects following local, repetitive
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administration in immune-competent mice bearing syn-
geneic Panc02 pancreatic carcinomas. This finally resulted
in significantly delayed tumor growth. Of particular interest
was the finding that maximal tumor growth control was
obtained after six injections. Increasing the number of
injections did not further boost therapeutic responses.
Hence, CT may thus be best combined with other (anti-
neoplastic) drugs rather than used as a single agent. In the
case of pancreatic carcinomas, this would probably include
gemcitabine, since this drug is still the most effective one [31,
32]. However, before further exploring such combinatorial
approaches possible intolerable toxic side effects (e.g., car-
diac, gastrointestinal, and hematological toxicity, anorexia,
neuropathy, arthralgia, and myalgia) have to be excluded
or at least minimized. Additional to identifying the optimal
nontoxic dose, a proper application route (i.e., systemic
versus local), an appropriate and feasible time schedule
(simultaneous versus consecutive therapy), and potential
synergistic or antagonistic effects of selected combinations
have to be evaluated. In our experiments, we even observed
differential responses using different application routes.
Systemic applications failed to affect Panc02 tumors. This
experimental observation fits to the historical fact of Coley
himself primarily treating patients with soft tissue sarcomas.
Those can be easily accessed and this might finally explain
Coley’s impressive clinical successes [2, 33].

In line with Coley’s intuitions of stimulating the immune
system to be effective in treating cancer, therapeutic effects
following local CT application could be attributed to sys-
temic immune activation primarily belonging to the innate
arm. These included significantly increased numbers of
circulating DCs and slightly reduced MDSC levels. MDSCs
are by definition immature and contribute to tumor-related
immunosuppression by inducing T- and NK-cell dysfunc-
tion [34]. Only recently, Zoglmeier and Coworkers described
that several TLR-Ligands (e.g., CpG, Poly I:C) block the
suppressive function of MDSCs by inducing maturation
and differentiation, however, without affecting their total
numbers [35]. These findings are in agreement with our
observations on only marginal reductions in total circulating
and splenic MDSC:s levels, but efficient tumor growth control
in vivo. We therefore hypothesize that local CT therapy was
able to convert MDSC functions that allowed for immune-
mediated tumor growth inhibition. Gaining deeper insights
into the underlying mechanisms is of particular interest for
subsequent follow-up studies.

Somewhat unexpected and yet partly unexplained
remains the massive increase in y/§ TCR* cells, especially
in spleens of locally treated mice. These cells provide a link
between innate and specific immune responses, capable of
mediating non-MHC-restricted tumor lysis [36]. Addition-
ally, they were found to act against invading pathogens by
producing IFN-y [37, 38]. In this regard, increased numbers
of /6 TCR* cells may here be best interpreted as a mixture
of both functions, that is, inducing Panc02 tumor lysis and
acting against invading bacterial components in order to
mediate host defense.

Taken together, we have shown that CT is still worth
being employed for cancer immunotherapy due to its
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direct antitumoral as well as indirect immunostimulatory
capacity. Accordingly, some standardized commercial bac-
terial extracts (MBVax, Vaccineurin, OK-432) comparable
to the original CT exist nowadays. However, they mostly
failed to prove effective in the clinics [9, 39]. Firstly,
high fever, frequently occurring following infusion, was
designated as being a stop criterion. Secondly, treatments
were usually short lived, and thirdly, most of the patients
were immunocompromised at time of treatment due to ear-
lier or concurrent chemotherapy. Hence, before translating
such microbial-based vaccines into clinical trials, carefully
deliberating in- and exclusion criteria as well as treatment
schedules is crucial.

5. Conclusions

In the era of increasing cancer incidence, the use of microbial
vaccines for immunotherapy is still being re-examined.
In this regard, the historical bacterial mixture of Coley’s
Toxin has here been shown of exhibiting antitumoral and
immunostimulatory potential in vitro as well as in vivo. Data
presented herein prove that this approach may provide a
basis for local repetitive administration into tumor-carrying
hosts, which would be best applied as combinatorial agent.
Hence, Coley’s Toxin still holds promise for further pre-
clinical analyses that could finally contribute to a successful
treatment regimen in vivo.
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Abstract Mistletoe extract (ME) is applied as an adju-
vant treatment in cancer therapy in thousands of patients
each year in Europe. The main immunostimulating com-
ponent of mistletoe extract, mistletoe lectin, recently has
been shown to be a pattern recognition receptor ligand and
hence is binding to an important class of pathogen-sensing
receptors. Pattern recognition receptor ligands are potent
activators of dendritic cells. This activation is a pre-
requisite for a full-blown T-cell response against cancer
cells. Pattern recognition receptor ligands are increasingly
recognized as important players in cancer immunotherapy.
We collect evidence from case studies on spontaneous
regression, from epidemiology, from experiments in a
mouse cancer model, and from protein structure compari-
sons to argue that a combination of mistletoe therapy with
other pattern recognition receptor ligand substances leads
to an increased immune stimulatory effect. We show that
mistletoe lectin is a plant protein of bacterial origin with a
3D structure very similar to shiga toxin from Shigella
dysenteriae, which explains the remarkable immunogenicity
of mistletoe lectin. Secondly, we show that a combination
of pattern recognition receptor ligands applied metronom-
ically in a cancer mouse model leads to complete remis-
sion, while single pattern recognition receptor ligands
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slowed tumor growth. Taken together, we propose to
combine mistletoe drugs with other pattern recognition
receptor ligand drugs to increase its efficacy in adjuvant or
even primary cancer therapy.

Keywords Mistletoe extract - Mistletoe lectin -
Pattern recognition receptor ligands - Shiga toxin -
Cancer immunotherapy

Introduction
Spontaneous regressions and remissions

Spontaneous regressions and remissions in cancer are still
regarded as a conundrum. However, by exhaustive scan-
ning of case studies, we could show that many, if not a
majority of spontaneous remissions, were preceded by an
acute feverish infection [1]. In a syngeneic pancreatic
carcinoma mouse model, we could confirm that a single
intra-tumoral injection of live Streptococcus pyogenes can
result in complete tumor regression [2].

Spontaneous regressions in cancer are regarded as a rare
phenomenon in case of larger tumors; yet, they occur in up
to 20 % of small breast cancer nodules [3]. If the link in
time between acute infect and regressions was not only
coincidental but causal, it should also precipitate as pro-
tection, such that a personal history of infections should
reduce the likelihood to develop cancer later. Subse-
quently, indeed, we found more than 30 studies which, as
an ensemble, appear to confirm this prediction (Table 1).

It should be emphasized that these were acute, fully
cleared infections, in contrast to chronic viral and bacterial
infections, which are causally related with up to 20 % of all
cancers [49].

@ Springer



ORIGINALARBEITEN

1284

Cancer Immunol Immunother (2013) 62:1283-1292

Table 1 Anti-correlation between acute, cured infections, and the likelihood to develop cancer

Observation Effect Year of Pathogen References
publication
Lower risk of cancer in syphilitic prostitutes Prophylactic 1725 Treponema pallidum [4]
Collection of 302 cases of spontaneous regression (44 complete Therapeutic 1918 Diverse [5]
remissions), 27/302 cases accompanied by infection (9 %), 69
cases where “incomplete operation (was) often accompanied by
postoperative fever” (28 %)
Low risk of cancer in tuberculosis patients Prophylactic 1929 Mycobacterium [6]
tuberculosis
Lower risk of cancer in malaria patients Prophylactic 1929 Plasmodium falc., [7, 8]
malariae, vivax
Of 300 cancer patients, 113 had no febrile infectious childhood Prophylactic 1934 Diverse [9]
diseases (FICD), while in 300 controls, 16 lacked FICD
Fewer childhood diseases, higher cancer risk in adults Prophylactic 1936 Diverse [10]
In a cohort of 300 cases of childhood leukemia, 26 spontaneous Therapeutic 1951 Diverse [11]
remissions were observed. 21/26 (80 %) were accompanied by
infection
Less benign ovary cysts in patients with childhood mumps Prophylactic 1960 Paramyxovirus [12]
parotitis
“...according to the Cancer Centre in Sao Paulo (Brazil), among Prophylactic 1963 Trypanosoma cruzi [13]
tens of thousands of cancer patients, only two gave a positive
Machado reaction (indicating chronic or recovered trypanosoma
infection), whereas among the remaining population, the number
suffering from this infection varies from 10 to 20 percent.”,
anecdotal remark
Lower cancer mortality in 5,460 survivors of typhoid fever Prophylactic 1970 Salmonella typhi Ref. 58 in [14]
Fewer physician visits, secondary illnesses, and hospital referrals Prophylactic 1970 Diverse [15]
in 150 controls versus 150 cancer patients
In 62/224 cases of spontaneous regression (28 %), either an Therapeutic 1971 Diverse [16]
infection or a persistent temperature elevation was observed
prior to regression
Occasional remissions in Hodgkin’s lymphoma after measles Therapeutic 1971 Morbillivirus [17]
attack
Patients developing empyema after lung cancer surgery have Therapeutic 1972 Diverse [18]
improved 5-year survival (50 % (n = 18) vs. 22 % (n = 411))
Lower incidence of mumps, measles, rubella in 300 patients with Prophylactic 1977 MMR viruses [19]
cancer of the ovary compared to control group
Lower incidence of mumps in patients with cancer of the ovary Prophylactic 1979 Paramyxovirus [20, 21]
compared to control group parotitis
Increased cancer risk with an odds ratio of 2.6 for missing history Prophylactic 1983 Diverse [22]
of infectious organ diseases, 5.7 for missing history of common
colds, and 15.1 for missing history of fever
Out of 353 individuals with a negative history of measles, 21 Prophylactic 1985 Diverse [23]
developed cancer versus | case in 230 controls with a positive
history of measles (p 0.001)
Much lower cancer rate in wool and hemp factories; wool or hemp Prophylactic 1985 Diverse [24]
dust can carry bacterial endotoxins.
Lower frequency of infections in the first year of life for children Prophylactic 1986 Diverse [25]
with leukemia
Lower cancer incidence after Herpes infections Prophylactic 1987 Herpes simplex [26]
Posttransfusional hepatitis in patients with acute myelogenous Therapeutic 1982, 1992 Hepatitis viruses [27, 28]
leukemia doubles survival rate
A history of common colds or gastroenteric influenza was found to  Prophylactic 1991 Common cold [29]

be associated with a decreased cancer risk (odds ratio 0.18 and
0.23 vs. population and hospital controls, resp.)

viruses
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Table 1 continued

Observation

Effect

Year of
publication

Pathogen

References

Inverse correlation between number of infections and mortality
from tumors in Italy in the period 1890-1960: each 2 %
reduction in number of infectious diseases was followed by a
2 % increase in tumors about 10 years later

Inverse association between number of carcinoma (but not breast
cancer) and febrile infectious childhood diseases (FICD);
association stronger for higher numbers of FICD and childhood
in pre-antibiotic times; strongest protection by rubella (379
cancer cases vs. 379 office matched controls)

Sixty-eight well-documented cases of spontaneous regression from
melanoma, preceded in 21 (31 %) cases by a febrile infection

Statistically significant inverse association between a reported
history of infections and glioma, meningioma (RR = 0.72, age-
and gender-matched population control of 1,509 cases)

Inverse correlation between melanoma risk and number of
recorded infections on one hand and between melanoma risk and
fever height on the other hand, leading to a combined reduction
of melanoma risk of about 40 % for people with a history of
three or more infections with high fever above 38.5 °C (age- and
gender-matched population control)

More than twofold higher incidence of cancer in Europe, GUS,
and US compared to Africa and Asia of 381 versus 156 (ten most
prominent cancer forms, age-standardized rate per 100,000
population; in Africa and Asia, a significant higher rate of
infections is assumed here

Prior immunization of melanoma patients with vaccinia or BCG is
associated with better survival (age-matched controls)

Dairy farmers, but not crop and orchard farmers, report one-third
less cancers than the average population; protection diminishes
over time after exposure is removed; dust in cattle houses can
carry bacterial endotoxins which frequently lead to unspecific
“day fever”

The 10-year survival for patients with osteosarcoma with infection
within 1 year after surgery (n = 41) was 84.5 % compared to
62.3 % in the non-infected group (n = 371)

After allogeneic stem cell transplantation, patients who had a
febrile infection (FI) before posttransplant day 21 (FI group) had
a lower probability of leukemic relapse (p < 0.001) and a higher
relapse-free survival rate (p = 0.012) than those patients who
did not have a FI before posttransplant day 21 (non-FI group)

Fourfold higher risk for Hodgkin lymphoma if tonsils are removed
at age <15 years

Reduced ALL (acute lymphoblastic leukemia) risk in kindergarten
children (frequent mutual infectious contaminations presumed)
(OR 0.8) or children with repeated common infections (OR 0.7)

Reduced risk for ALL in children visiting kindergarten

Reduced HL risk (Hodgkin lymphoma, 128 cases aged 5-14) and
NHL (non-Hodgkin lymphoma, 164 cases aged 2—15 years)
versus 1,312 controls. HL + kindergarten: OR 0.5;

HL + common infections + non-breast-feeding: OR 0.3;
NHL + birth order 3: OR 0.7; NHL + prolonged breast-
feeding: OR 0.5; NHL + frequent farm visits in early life:
OR 0.5; NHL + asthma: OR 0.6

Prophylactic

Prophylactic

Therapeutic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Prophylactic

Therapeutic

Prophylactic

Prophylactic

Prophylactic
Prophylactic

1998

1998

1998

1999

1999

2003

2005

2005

2007

2008

2010

2010

2010, 2011
2011

Diverse

Diverse

Streptococcus
pyogenes
Diverse

Diverse

Diverse

Vaccinia, BCG
vaccine

Diverse

Diverse

Diverse

Diverse

Diverse

Diverse

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[40]

[41]

[42, 43]
[44]

Two publications were found, which could not confirm inverse association between infection and cancer [45, 46], one, in a low impact journal
not listed in PubMed [47], reported an increased risk with mumps and whooping cough. All three publications are based on less than 200 cases. In
one study, an inverse correlation between childhood mumps and ovary cancer could not be confirmed [48]
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Coley’s cancer treatment using bacterial extracts

On a related line of evidence, it should be remembered that
Coley and contemporaries, between 1895 and 1936, by
injecting fever-inducing bacterial extracts prepared from
S. pyogenes and Serratia marcescens (“Coley’s toxin”),
“documented cases of the long-term survival of individuals
with malignancies that remain a major challenge to treat
now” [50] (see [51] for an impressive example reported
1928, to be downloaded from http://bioinfo.tg.th-giessen.de/
pamp-cancer/christian-1928-amjdsurg-coley.pdf). ~ Coley
used to increase the dosage of his extract on a per patient
basis until a body temperature of 39 °C or above could be
achieved [52]. He used a metronomic therapy regimen with
1-3 injections per week over month, thus stimulating the
innate immune system again and again, with longer treat-
ment resulting in better outcome.

As a biological mechanism underlying these three phe-
nomena (spontaneous regression, epidemiological protec-
tion, and Coley’s experiments), we suggested the unspecific
activation of dendritic cells (DC) by pattern recognition
receptor ligands (PRRL), for instance Toll-like receptor
(TLR) ligands [53]. In this sense, “Coley’s toxin” might be
regarded as a PRRL mix.

PRRL drugs as potential substitutes for a proliferative
infection

Pattern recognition receptor ligands act as mandatory co-
stimulatory signals in DC activation and are the most
potent activators of DC. DC activation, in turn, is needed
for a full-blown T-cell response against cancer cells.
Cancer tissues do not provide PRRL. DC activation by
PRRL in infected cancer patients presumably extends to
DC signalling both pathogen antigens and tumor antigens
[53], leading to clonal expansion, maturation, and activa-
tion of both pathogen-specific and tumor cell-specific
T-cell clones. We have outlined the immunological
explanation in more detail in [54]. The repeated application
of PRRL containing drugs, just like the repeated applica-
tion of bacterial extracts, might serve as a substitute
infection.

Immune-stimulating effects of mistletoe lectin
and PRRL are similar

Mistletoe extract (ME) is manufactured from the European
mistletoe Viscum album and available as pharmaceutical
preparation under various brands including Helixor, Isc-
ador, and Abnoba. ME therapy is an adjuvant treatment
applied to thousands of cancer patients each year in Europe
[55]. Immune-stimulating effects of ME depend largely on
mistletoe lectin-1 (ML) [56]. Physicians often report better

@ Springer

well-being and occasional remissions or disease stabilisa-
tions. Meta-analyses show small benefits of ME regarding
survival [57] and clear benefits with respect to quality of
life [58, 59]. Occasional cures have been reported after
very long repeated application in otherwise therapy naive
patients [60, 61].

Several immune-stimulating effects of ME or ML have
been observed. In vitro effects include increased cytokine
expression (IL-1b, IL-5, IL-6, TNF-alpha, and GM-CSF),
higher phagocytic uptake by macrophages, increased NK-
cell and cytotoxic T-lymphocyte (CTL) activity [62].
In vivo effects include increased counts of CD4 cells [63],
of DC infiltrating the primary tumor [64], of tumor antigen-
specific CD8+-T cells, of NK- and gamma-delta-T cells
[65].

Recently, it has been shown that the Korean variant of
mistletoe lectin (KMLC) is a TLR-4 ligand [66]. KMLC
and European ML have a sequence identity of 84 % and
thus the same 3D structures [67], so European ML pre-
sumably is a TLR-4 ligand as well.

The most prominent TLR-4-binding molecule is lipo-
polysaccharide (LPS). At first sight, it seems puzzling that
KMLC shares binding to TLR-4 with LPS, which has a
completely different molecular weight and 3D structure.
However, LPS binds not directly to TLR-4 but its binding
is mediated through scaffold proteins, including LPS-
binding protein (LBP), CD14 and MD-2 [68]. Thus, mis-
tletoe lectin binding to TLR-4 might as well be mediated
by respective scaffold proteins. Several cytokines, includ-
ing IL-1, IL-6, IL-12, TNF-alpha, and GM-CSF, show
elevated levels both upon PRRL application [69] and ML
application [68]; both KMLC [62] and LPS [70] increase
the production of IL-1 and IL-6 in antigen-presenting cells.

In this study, we elucidated the remarkable immunoge-
nicity of ML and set out to substantiate our hypothesis that
the application of a combination of PRRL has unleveraged
therapeutic potential.

Materials and methods

Bioinformatics

Sequence database searches were performed using Blast.
Alignment, 3D overlay and rendering of mistletoe lectin-1
(PDB-ID 1SZ6-A) and shiga toxin (PDB-ID 1R4P-A) were
done using PyMol.

Mouse experiments

Panc02 pancreatic tumor cells were injected s.c. (1 x 10°)

in C57BL/6J mice, leading to surface lesions of about
50 mm® after 7 days. PRRL (n = 5) or saline solution
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(control, n = 8) were injected s.c. (in 50 pl) 10 times over
21 days in regular intervals. Tumor size was measured at
each injection day. PRRL applied were flagellin (Sigma,
25 pg/kg BW) targeting TLR-5, LPS (2 mg/kg BW) tar-
geting TLR-4, MDP (100 pg/kg BW) targeting NOD-2,
Resiquimod (60 pg/kg BW) targeting TLR-7/8 or a com-
bination of LPS, Resiquimod and MDP. All chemicals
were purchased from Enzo, Lorrach, Germany. Mice were
killed at day 31 and residual tumor volume compared.
Content of myeloid suppressor cells (MDSC) in spleen
were analyzed by flow cytometry.

Body temperature was monitored wireless by subcuta-
neously implanted sensors (Respironics, PDT-4000
E-mitter).

Results

Mistletoe lectin chain A shares a striking structural
similarity with shiga toxin chain A

The remarkable immunogenicity of ML, a protein pro-
duced by a plant, so far is unexplained. ML is classified as
a protein with rRNA N-glycosylase activity, thus inhibiting
ribosomes leading to mild ML cytotoxic activity in vitro.
ML has two domains, the A-chain carrying the enzymatic
site and the B-chain acting as cellular-binding domain. The
closest related structure is ricin, with 49 % sequence
identity, the same EAAR motif at the active site (catalytic
residues E, R), similar length of both A- and B-chains, and
a very similar 3D structure extending over both chains.
Ricin is produced by the castor bean and exhibits a much
stronger cytotoxicity than ML. While ricin does not bind to
CD75s-ganglioside-linked cell surface receptors, a recom-
binant ML does [71]. Hence, the different toxicities might
be attributed to different cell-type binding preferences or
affinities of the B-chains.

Apart from the obvious relationship with ricin, we
noticed that shiga toxin, a bacterial protein, has a sequence
identity with ML at the borderline of significance (25 %
sequence identity over 263 residues alignment length and
Blast e value 0.00026). At this low sequence identity,
indicating considerable evolutionary divergence, one
would expect quite dissimilar functions and 3D structures.

To our surprise, both ML (PDB-Id 1SZ6 chain A) and
ricin A-chains turned out to be structurally related to shiga
toxin type-2 (PDB-Id 1R4P chain A). Shiga toxin is pro-
duced by Shigella dysenteriae and enterohemorrhagic
E. coli (EHEC) and is, like ricin, a strong cytotoxin.
Structural overlay of ML and shiga toxin showed that
secondary structure elements are in striking spacial match
(see Fig. 1): root mean square deviation (RSMD) is 2.1
over 240 residues. This almost perfect structural identity

therefore implies a common evolutionary origin [72]. Both
proteins share the same enzymatic activity and a conserved
4-amino acid active site motif (ML: EAAR, shiga toxin:
EALR). Thus, ML might be considered in vaccination
strategies against EHEC infections.

A lookup in the CATH database of related structures
[73] revealed that structural motifs similar to parts of ML
chain A (CATH IDs 3.40.420.10 and 4.10.470.10) can be
found in some other bacteria including particular strains of
E. coli and Streptomyces, but also in enterobacterial pha-
ges, and in a range of plants besides mistletoe.

Presumably, mistletoe, castor bean, and some other
plants have captured bacterial ribosome inhibitors by hor-
izontal gene transfer. The function of a toxin such as ML in
plants might be the rebuff of herbivores. The evolutionary
provenance of ML from bacteria can explain why human
Toll-like receptors, otherwise preferentially binding path-
ogenic substances, could be targeted by ME. Mistletoe
plant has strong immune stimulatory capacity because it
produces a bacterial toxin.

PRRL should be applied in combination

To resemble a proliferative infection and according to the
lessons to be learned from Coley’s experiments, from case
observations on spontaneous regressions [1] and epidemi-
ological findings (Table 1), we have suggested to apply
PRRL (1) in immuno-competent organisms, (2) in combi-
nation to address more than one PRR, (3) over a longer
fixed period (metronomic treatment regimen), and (4)
under appreciation of fever [53, 74]. To the best of our
knowledge, this paradigm has not been tested before.

Hence, we challenged C57BL6J mice with Panc02
autologous pancreatic tumor cells and applied single and
multiple PRRL 10 times over 3 weeks. While individual
PRRL slowed tumor growth, only the combination induced
complete remission in 4/5 mice. The tumor of the fifth
mouse in the combi group, which was the largest in the mix
group at treatment start, stopped tumor growth at day 14.
The tumor size difference between control and mix at day
31 is significant at the 1 % level (#-Test, p = 0.0068) (see
Fig. 2). The content of myeloid-derived suppressor cells
(MDSC) in spleen, a heterogeneous population of cells
expanding during cancer development with the ability to
suppress T-cell responses [75], was reduced by all PRRL
between twofold (MDP) to sixfold (Resiquimod, LPS),
indicating counterbalanced immune suppression upon
PRRL application.

Mice have limited capabilities to raise their body tem-
perature. Still, a PRRL such as LPS can raise the body
temperature of mice by about 1 °C (measured by subcu-
taneous wireless sensor, averaged over 24 h, data not
shown).
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Fig. 1 Structural identity of mistletoe lectin-1 (blue) and shiga toxin (orange) shown in 3 orientations. RMSD = 2.1 along residues 1-240

Discussion
Mistletoe therapy might be augmented by PRRL

Besides Coley’s seminal treatments for cancer patients
with bacterial extracts of S. pyogenes and S. marcescens
about a century ago, the application of pathogens in cancer
therapy has a long history [76]. A clinical success is the
of Bacillus Calmette-Guérin (BCG)
immunotherapy as treatment standard for non-muscle
invasive bladder cancer [77]. Repeated instillations with

administration

@ Springer

live BCG are necessary for a robust immune response.
Some facultative anaerobic bacteria like Bifidobacterium
bifidum [78], Clostridium novyi, and Salmonella typhimu-
rium are known to home preferentially into solid tumors
after systemic application, perhaps favouring hypoxic
tumor environments. Hoffman et al. used a genetically
modified strain of live S. typhimurium to treat prostate [79],
breast [80], pancreatic [81], spinal chord [82], lung [83],
and glioma [84] tumors in orthotopic or syngeneic mouse
models and achieved some impressive remission rates. The
authors suggest direct tumor killing effects; however,
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Fig. 2 CS7BL/6J mice (n = 5) 4550
were challenged with
autologous Panc02 tumor cells 1400
at day 0. PRRL treatment ""’E" -
started at day 7 and was £ Control
repeated 10x until day 28. PRR ‘s 1000
targeted were TLR-4 (LPS), E
TLR-5 (Flagellin), TLR-7/8 5 o § mop
(Resiquimod), NOD2 (MDP). 2 Flageliin

. : 600 Resiquimod
Mix contained LPS, H b
Resiquimod, and MDP. Error £ a0
bars are SEM. Tumor size I LPS
difference between mix and 200 N
control at day 31 is significant

(#-Test, p = 0.0068)

metronomic treatment was more effective and better tol-
erated compared to bolus or few applications [84], and
complete cure can be observed despite a residual well-
oxygenated tumor rim after treatment [85]. So innate
immune stimulation of an existing T-cell response as
suggested here could be an alternative explanation at least
in the immunocompetent mouse models.

The approval of live or even killed bacterial drugs
nowadays faces severe obstacles due to batch-to-batch
variability during production and the general lack of
structure—function relationship data, which are usually
requested by the authorities. Thus, drugs resembling a
proliferative infection, where clear structure—function
relationships can be established, are preferable compared to
bacterial extracts. We suggest that PRRL combinations
could serve as substitute infection. Different combinations
of PRRL could be compared and optimized for effectivity.

Several PRRL were tested in clinical trials, mainly as
adjuvants, to this end with uncertain benefits [86-88]. In
these trials, PRRL are applied as single substances, in
immunocompromised patients with a record of chemo-
therapy or radiation, a few times, with fever treated as toxic
side effect. Previously, we have suggested to change PRRL
therapy regimen and rather apply PRRL in immunocom-
petent cancer patients, in a metronomic fashion over
several weeks, under the appreciation of periods of short
(1-day) fever and in combination [53, 74].

Our preliminary results show (1) that single PRRL
applied metronomically can slow tumor progression, (2)
PRRL in combination and applied multiple times over
3 weeks can induce complete remissions, and (3) the count
of MDSC was reduced 2- to 6-fold after PRRL application.

While it is known that chronic CpG application in
tumor-free hosts can lead to expansion of MDSC and
T-cell suppression, the therapeutic application of CpG in
tumor-bearing mice decreased MDSC and blocked sup-
pressive activity on T-cell proliferation [89]. We confirmed

Time after challenge [d]

a similar decrease on MDSC count after PRRL application,
likely leading to a similar lift of T-cell suppression.

Protein PRRL like flagellin or ML are expected to
induce neutralizing antibodies after repeated application.
Yet, immune stimulatory effects of ME can be found in
patients after repeated application despite ML serum anti-
body titers. Innate immune responses can occur within
minutes, so innate responses are likely triggered before any
neutralization takes place, in particular upon s.c. or intra-
tumoral or peri-tumoral application. For i.v. application,
nonprotein PRRL might be preferable.

Mistletoe extract, in particular at higher dosages and at
the beginning of treatment, often leads to fever. Clinicians
with long experience in mistletoe therapy try to adjust a
fever-inducing dosage on a per patient basis. ME-induced
fever usually rises and declines within 1 day and lacks
potential severe side effects of fever induced by a prolif-
erative infection. Mistletoe therapy often is applied over
longer periods. Thus, our suggestions to apply PRRL in a
metronomic fashion and not suppressing fever are already
implemented by present-day ME therapy regimen, since
the main actor in ME, mistletoe lectin, is a PRRL of bac-
terial origin. To improve the outcome of mistletoe therapy,
we suggest to combine ML with other PRRL to extend the
range of PRR addressed.
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Abstract

Background: Colorectal cancer (CRC) represents a morphologic and molecular heterogenic disease. This heterogeneity
substantially impairs drug effectiveness and prognosis. The subtype of mismatch repair deficient (MMR-D) CRCs, accounting
for about 15% of all cases, shows particular differential responses up to resistance towards currently approved cytostatic
drugs. Preclinical in vitro models representing molecular features of MMR-D tumors are thus mandatory for identifying
biomarkers that finally help to predict responses towards new cytostatic drugs. Here, we describe the successful
establishment and characterization of three patient-derived MMR-D cell lines (HROC24, HROC87, and HROC113) along with
their corresponding xenografts.

Methodology: MMR-D cell lines (HROC24, HROC87, and HROC113) were established from a total of ten clinicopathological
well-defined MMR-D cases (120 CRC cases in total). Cells were comprehensively characterized by phenotype, morphology,
growth kinetics, invasiveness, and molecular profile. Additionally, response to clinically relevant chemotherapeutics was
examined in vitro and in vivo.

Principal Findings: Two MMR-D lines showing CIMP-H derived from sporadic CRC (HROC24: K-ras"*, B-raf™", HROC87: K-
ras"t, B-raf™"), whereas the HROC113 cell line (K-ras™", B-raf"*) was HNPCC-associated. A diploid DNA-status could be
verified by flow cytometry and SNP Array analysis. All cell lines were characterized as epithelial (EpCAM™) tumor cells,
showing surface tumor marker expression (CEACAM"). MHC-class Il was inducible by Interferon-y stimulation. Growth
kinetics as well as invasive potential was quite heterogeneous between individual lines. Besides, MMR-D cell lines exhibited
distinct responsiveness towards chemotherapeutics, even when comparing in vitro and in vivo sensitivity.

Conclusions: These newly established and well-characterized, low-passage MMR-D cell lines provide a useful tool for future
investigations on the biological characteristics of MMR-D CRCs, both of sporadic and hereditary origin. Additionally,
matched patient-derived immune cells allow for comparative genetic studies.
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Introduction MMR-D accounts for 15% of all CRCs [5]; with 3% being
associated with hereditary non-polyposis colorectal carcinoma
Developing preclinical cancer models has substantially contrib- (HNPCC), and the remaining 12% arise sporadically. MMR-D

uted to a more detailed understanding of colon carcinoma (CRC) results from functional inactivation of DNA mismatch repair
initiation and progression [1,2]. Pivotal to these studies has been (MMR) genes; to the most part MLH1 and MSH2. Irrespective of
the growing appreciation of the histological and genetical

some genetic and epigenetic differences that exist between these
heterogeneity that exists within CRC. At present, at least three

two types, there are several features common to both sporadic and

major molecular mechanisms, i.e. chromosomal instability, the inherited MMR-D tumors. They typically possess strong lympho-
CpG island methylator phenotype (CIMP) as well as high-degree cytic infiltration, an enhanced tumor cell apoptosis, and a distinct
of microsatellite instability (MSI or MMR-D for mismatch repair responsc to adjuvant chemotherapy (i.c. 5-fluoruracil- (5-FU) and
deficiency), have been identified as promoters of CRC carcino- cisplatin-based therapies) [7]. Correct prediction of cytotoxic
genesis [3-6]. agents’ efficacy is a crucial step to improve the outcome of patients

suffering from a MMR-D CRC. To date, the mutational status of
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K-ras is the most recognized predictive molecular marker in CRC.
Additional novel markers have been found to be helpful in
identifying patients likely to benefit from (e.g. EGFR-) targeted
therapics [8]. These include B-raf¥®*"* mutations and loss of
PTEN expression.

Mandatory for identifying accurate novel molecular markers
and for testing innovative treatment regimen is the availability of
suitable in vitro and in vivo models. Cell line establishment has been
described to be successful either directly from fresh tumor tissue or
from so-called xenopatients by engrafting tumor fragments in
immunocompromised mice before the i vitro culture step. For
both cases, maintenance of the original tumor’s cell differentiation,
morphology and molecular signature is initially warranted [9].
Although some of the resuling MMR-D CRC cell lines were
biologically examined and made commercially available [10], they
usually are of high passage and thus do not longer reflect the
biology of the original tumor, like growth behaviour, morphology
and mutational profile [11,12]. Therefore, the ongoing develop-
ment of novel low-passage MMR-D CRC lines is imperative.
Ideally, a complete set of cell lines, together with matched
xenopatients and autologous immune cells, should be at hand for
development of novel therapeutic approaches.

In this study, we describe a feasible and straightforward method
for establishing new MMR-D cell lines, along with their
corresponding xcnopatients. Subsequent detailed analysis of tumor
biology, genetic, as well as i vitro and in vivo chemosensitivity
towards selected antincoplastic drugs provides a ready basis for
preclinical evaluation of innovative treatment regimens. Such
patient-derived cell line sets are especially ideal tools to optimize
development of individualized therapeutic strategies in the near
future.

Materials and Methods

Tumor Preparation, Xenografting & Cell Line
Establishment

Primary CRC resection specimens were received fresh from
surgery, with informed written patient consent (n=10). All
procedures were approved by the Ethics Committee of the
Medical faculty, University of Rostock (Ethikkommission an der
Medizinischen Fakultat der Universitat Rostock, St.-Georg-Str.
108, 18055 Rostock, Germany; reference number II HV 43/2004)
in accordance with generally accepted guidelines for the use of
human material. Tumor samples were cut into small pieces. For
cryopreservation  and  subsequent  xenografting,  pieces
(3%x3%3 mm) were frozen (FCS, 10% DMSO) at —80°C.. Other
pieces were stored in liquid nitrogen for molecular analysis. Cell
culture was started from single cell suspensions, seeded on
collagen-coated plates in Quantum tumor medium (+10% FCS,
2 mM L-glutamine, antibiotics and antimycotics) and incubated at
37°C in a humidified atmosphere of 5% CO0y. All cell culture
reagents were obtained from PAA (Célbe, Germany), antibiotics
and antifungal agents were provided by the university hospital’s
pharmacy.

Medium was changed regularly. Initial passage into a 25 cm?
culture flask was performed when tumor cell growth was observed.
Continually growing cell cultures were further passaged and
regularly stocked in low passages.

For in vivo engraftment, six-week-old female NMRI nu/nu mice
were used as recipients. Mice were bred in the university’s animal
facility and maintained in specified pathogen-free conditions. All
cxperimental procedures were carried out in strict accordance
with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The

PLOS ONE | www.plosone.org

Developing Pre-Clinical Tumor Models

protocol was approved by the Committee on the Ethics of Animal
Experiments of the University of Rostock (Landesamt fiir Land-
wirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-
Vorpommern; Thierfelder Str. 18, 18059 Rostock, Germany;
permit number: LALLF M-V/TSD/7221.3-1.1-071-10). All
surgery was performed under Ketamin/Xylazin anesthesia (dose:
90/25 mg/kg bw), and all efforts were made to minimize
suffering. Subcutaneous (s.c.) tumor implantation was performed
as described [13]. Established xenografts (=1500 mm?) were
removed and underwent i vitro culture protocols as described
above.

Histology and Immunohistochemistry of Original Tumors

Histopathological examination of primary tumors was done
according to standard protocols for clinicopathological CRC
staging [14] and additional staging information was compiled from
patients’ clinical charts. H & E sections; B-catenin, MLH1, and
MSH2 immunostainings were obtained from paraffin-embedded
tumors.

Molecular Analysis

Molecular classification was done according to [3]. These data
as well as staging information compiled from the clinical charts are
summarized in Tables 1-3. MMR-D was examined using the
Bethesda panel and additionally the mononucleotide marker
Cat25 [15]. Mutational analyses of the APC, p53, K-Ras and B-
Raf**’" genes were done as described. Finally, DNA-methylation
in CIMP-sensitive promoters was traced by the MethyLight
technology with a modified marker panel originally published by
[16]. Chromosomal instability (CIN) was asscssed using SNP
Array 6.0 from Affymetrix (Cleveland, OH) according to
manufacturer’s instructions.

Generation of Peripheral B Cell Cultures from Primary
Tumors

B-lymphoid cell lines (B-LCLs) were generated from purified
peripheral blood leukocytes by Epstein-Barr virus (EBV)-transfor-
mation as described [17]. Outgrowing B-LCL cultures were
harvested, expanded, characterized, and frozen.

In vitro Growth Kinetics, Ploidy and Cell Cycle Analysis

Population doubling times were determined by viable cells
seeded into replicate 25 cm?” flasks and daily counted for seven
days. Ploidy and cell cycle analysis was conducted by flow
cytometry (FACSCalibur; BD Biosciences, Heidelberg, Germany)
as described [18]. Human blood leukocytes were used as diploid
controls.

Flow Cytometry and Cytokine Secretion Pattern of
Primary Cell Lines

Cell surface marker expression on established tumor cell lines
was traced by flow cytometry with and without IFN-y pre-
treatment using a panel of Abs (for details please see Table 4).
Samples were analysed using CellQuest software (BD Biosciences).
Cytokine release was determined from cell free supernatants,
harvested at different time points and quantified by ELISA
according to the manufacturer’s instructions.

Matrigel Invasion Assay

Tumor cells invasiveness was examined using a matrigel-based
assay according to [19] with minor modifications. Cells on the
lower surface were quantified after 72 hours of incubation by
MTT assay (Promega, Mannheim, Germany) and absorbance
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Table 2. Molecular characterization of MMR-D CRC cell lines.

Developing Pre-Clinical Tumor Models

Cell line (HROC.) Mutation

MMR-D status

P53 APC  K-Ras B-Raf BAT25 BAT26  CAT26 D55346 D175250 D25123
ex5 ex6 ex7 ex8 ex15 cd 12 cd13 V600OE
24p wt wt  wt  wt mut  wt  wt mut -5 -5 -8 +18 —6/wt —6/—4
87X wt mut mut wt o wt wt wt mut —6 —10/-6 —12 —2/+4 +2/wt 0
113P wt wt wt wt wt mut wt wt 0 -8 =E=5 0 —6/wt 0

wt — wildtype, mut - mutated, ex - exon, cd - codon.
doi:10.1371/journal.pone.0052485.t002

measurement at 490 nm (reference 620 nm). Data are expressed
as percentage invasion versus the highly invasive CRC line
HCT116 (unpublished own observation) set to 100%.

Mycoplasma and Viral Infection

Mycoplasma contamination was tested by the 16S-rRNA-gene-
based polymerase chain reaction (PCR) amplification method
from cell lysates. Amplification was carried out in a total volume of
25 ul (2 mM MgCly, 0.5 mM each primer (Metabion, Martins-

growth was controlled regularly and volume was estimated
according to the formula: V =width? * length * 0.52. All mice
(treatment, control) were sacrificed at day 21 or when they became
moribund before the tumor volume reached 2000 mm®. Tumors
were removed for further histological examinations.

Statistics
Values are reported as the mean = SD for in vitro data and

ried, Germany). Primers were: forward: 5'-GGC GAA TGG
GTG AGT AAC ACG-3'; reverse: 5'-CGG ATA ACG CTT Table 4. Flow cytometric phenotyping of primary MMR-D
GCG ACC TAT G-3' yielding an approximately 500 bp product CRC cell lines & MHC expression with and without IFN-y pre-
(conditions: 94°C, 5 min, 94°C,, 1 min; 60°C, 1 min; 72°C, 90 s; treatment (% positive cells).
40 cycles). Potential polyomavirus infection was tested from gDNA
according to [20]. PCR for detecting HBV, HCV, or HIV in
tumor cells was kindly performed by the Institute of Medical Antigen HROC24P HROC87X HROC113P
Microbiology, Virology and Hygiene (University of Rostock). CcD11b 0.0 00 00
. L e cDp1s 808 532 40.7
In \fltro and in vivo ;hemosen5|t|y|ty ‘ , = o) s s
Cells were seeded into 96-well microtiter plates (5x10” or
1x10* cells/well). Two days after plating, triplicate wells were €023 0 ) £0
treated with increasing drug concentrations (pharmacy of the cp28 00 00 00
university hospital Rostock). This procedure was repeated after CD34 0.0 0.0 0.0
three days of treatment (= two cycles). Cellular metabolic activity cDa3 0.0 0.0 0.0
in treated versus control wells was estimated by MTT assay as cDaa 60.4 491 429
described above. Drug effects were determined at the level of 50%
inhibition (ICs) compared to controls. 25 00 0o 00
Thereafter, response to selected therapeutics was tested i vivo. Aol o Ly Y
5x10° cells were injected s. c. into nude mice. Additionally, tumor CD45rb 78 83 58
fragments of HNPCC-derived xenografts (HROC29, HROC71) CDA45r0 0.0 0.0 0.0
were implanted s.c. into nude mice under anaesthesia (Ketamin/ cD50 00 0.0 0.0
Xylazin 90/25 mg/kg bw) and allowed to grow untl tumor D55 TS G e
establishment. Mice with established tumors received therapeutic o e - -
applications of selected drugs (i.p.; 20 mg/kg bw each, n=6-7 = : :
mice per group, twice weekly, six times in total). Tumor-carrying coss e LS los
mice receiving PBS (n=7 per group) served as controls. Tumor cD62L 0.0 0.0 0.0
CEACAM 53.9 12.7 63.4
Table 3. DNA-methylation profile of MMR-D CRC cell lines. co71 77 67.9 750
CcD80 11.2 56.9 753
EpCAM 99.5 98.9 99.3
Cell line ~ DNA-methylation HLA A2 00 00 89.2
MLH1 CDKN2A NEUROG1CRABP1 CACNA1IG MGMT MHCI - IFN-y 00 10 68
HROC24P  + + + + + + +IFN-y 0.0 1.0 93.8
HROC87X  + + + + + = MHC Il — IFN-y 0.0 0.0 0.0
HROC113P - - = = = + + IFN-y 942 733 95.0
+ - methylated; — - not methylated. Data are given from one representative experiment out of four replicates.
doi:10.1371/journal.pone.0052485.t003 doi:10.1371/journal.pone.0052485.t004
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|
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Figure 1. Scheme of the experimental protocol for cell line establishment either fresh from surgery specimens (= patient-derived
cell line) of following xenografting in nu/nu mice (=xenopatient-derived cell line). Established cell lines were comprehensively
characterized and routinely cyropreserved together with xenograft-tissue, immune cells, serum, and normal as well as primary tumor tissue in a
biobank. This procedure leads to generation of individualized, patient-derived tumor models available for functional analyses.

doi:10.1371/journal.pone.0052485.g001

mean * SEM for in vio data. Statistics were done on i vivo
experiments. After proving the assumption of normality, differ-
ences between saline and treated animals were determined by
using the unpaired Student’s ttest. If normality failed, the
nonparametric Mann—Whitney U-Test was applied. The tests
were performed by using Sigma-Stat 3.0 (Jandel Corp, San Rafacl,
CA). The criterion for significance was set to p<<0.05.

Results

Clinicopathological Patients’ Characteristics

In this study, ten cases of clinicopathological well-defined
MMR-D tumors were collected from a series of 120 CRC: cases.
Samples were obtained from resection specimens without prior
therapy. Clinicopathological patient’s characteristics are summa-
rized in Table 1. Seven samples were classified as sporadic MMR-
D tumors and three cases as HNPCC. Except for the two of the
latter cases (HROC29, HROC113), no distant metastases were
present in any of the MMR-D tumor patients.

PLOS ONE | www.plosone.org

Cell Line Establishment

To increase the success rate of tumor cell line establishment,
n vilro and in vivo approaches were combined: parts of surgical
tumor specimens were either directly processed for i vitro cell line
establishment or frozen native for subsequent xenopatient
generation (Figure 1) [21].

With this method, direct cell line establishment was successful
for 2/8 cases. The cell line HROC24P (P=direct cell line
establishment from patient) originated from a sporadic CRC
patient and HROC113P was derived from a HNPCC patient with
a germline MLH1 mutation.

In a parallel series of experiments, xenografting was performed
on 8/10 tumors by subcutancous implantation into immunocom-
promised recipients. Preservation of morphology was confirmed
by comparing histology of xenografts with the original tumor
(Figure 2).

Tumor growth was obtained in 62% and thus to a significantly
higher efficiency than the direct i vitro approach (Table 1I).
However, subsequent cell line establishment was so far only
successful in two cases, namely HROC24X and HROC87X

December 2012 | Volume 7 | Issue 12 | 52485
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primary

HROC24
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Figure 2. Morphology of primary MMR-D tumors and their corresponding xenografts. HE-histology representing maintenance of HROC24
tumor morphology following xenografting. The pan-cytokeratin staining is strongly positive, consistent with the tumors’ epithelial origin (left upper
and lower panel). HE-histology of HROC50 tumors (right upper and lower panel).

doi:10.1371/journal.pone.0052485.9002

(X = xenopatient-derived). For these two lines, continuous i vitro
growth was observed immediately after starting cultures.

Finally, detailed characterization was performed on the patient-
derived cell lines, HROC24P and HROCI113P, as well as the
xenopatient-derived line HROC87X. As determined by PCR, all
MMR-D lines were found free of contaminating mycoplasma or
human pathogenic viruses (SV40, JC/BK, HBV, HCV, and HIV;
data not shown).

Molecular Characterization

Comprehensive molecular classification on freshly established
MMR-D cell lines was paralleled by examinations on original
tumor material as well as on corresponding xenografts (HROC24
and HROCS87). This analysis revealed no difference in any of the
samples and hence data presented in Table 2 and 3 refer to the cell
lines only.

The MMR-D status was evidenced by using the advanced
Bethesda panel. All three cell lines exhibited instability in the six
markers analyzed. Mutations in tumor-associated genes varied
among cell lines. HROC24P and HROCS87X displayed high-
degree of CIMP (methylation in 6/6 markers), including MLH]1
promoter methylation. The HROC113P cell line showed charac-
teristic molecular features associated with the HNPCC syndrome
like mutations in codon 12 of the K-ras gene, but wildtype B-raf.
Moreover, methylation —except for MGMT- was absent. MMR-
D tumors are by definition devoid of or have very low levels of
CIN [3]. However, for this detailed characterization, we
performed a genomic analysis with very high resolution taking
advantage of the SNP Array 6.0. Even in this analysis, very low if
any instability on the chromosomal level could be detected with
the exception of HROC87X cells, which had an amplification of
13q and 15q (Figure 3A). HROC24P and HROC113P were close
to normal (Figure 3B, C).

PLOS ONE | www.plosone.org

Cell Morphology & Phenotyping

Determining morphology revealed tight adherence to the
bottom of the cell culture flasks. All cell lines were characterized
as cpithelial-like cells without contaminating fibroblasts. Initially,
HROC24P cells proliferated as tightly packed multi-cellular
islands (Figure 4 upper panel). Following serial passages, they
changed their morphology and appeared as rather undifferenti-
ated small, polygonal and round cells not strictly growing in
monolayer (Figure 4 upper panel). Morphology at later passages
was identical to HROC24X, which had been generated from a
xenopatient (Figure 4, upper panel). HROC87X cells displayed
comparable growth behaviour, forming small floating aggregates
or grape-like cell clusters (Figure 4 lower panel) with no change in
phenotype during long-term culture (=40 passages).

HROCT113P cells strictly grew as monolayers. In the initial cell
culture (<4 passages), two different cellular clones were observed.
After serial passages, numbers of large cells gradually decreased
and were entirely replaced by the dominant smaller cell clone
(Figure 4 lower panel). Unlike the other cell lines, they did not
grow to complete confluence.

The epithelial phenotype was confirmed by positive immuno-
reactivity for the epithelial cell adhesion molecule (EpCAM; each
>98%; Table 4) as well as expression of the tumor marker
CEACAM (Table 3). Further characterisation revealed compara-
ble expression levels for the cellular adhesion and migration
marker CD44 and the transferrin receptor CD71, whereas
heterogeneous expression of adhesion markers was observed
(CD15, CD58). High MHC class I expression was only observed
in HROCI113P cells, which were additionally found to be HLA-
A2 positive (Table 4). MHC class IT expression was absent on all
cells, but could —to varying degrees— be induced by IFN-y pre-
treatment (Table 4).
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Figure 3. SNP Array 6.0 for assessment of CIN in MMR-D cell
lines. Analysis was performed according to manufacturer’s instructions.
(A) HROC24P cells, (B) HROC87X cells, and (C) HROC113P cells.
doi:10.1371/journal.pone.0052485.g003

Growth Kinetics, Ploidy & Cellular Invasiveness

To get an idea on the i vivo growth behavior of the original
tumor, we examined growth kinetic and invasive potential of the
cell lines.

As anticipated, growth kinetics were quite different between
cells, with HROC24P growing more rapidly than HROC87X and
HROCI113P cells (33 vs. 50 and 41 hours; Figure 5A). In
subsequent cell cycle analysis, no statistical differences between the
three cell lines were found in terms of cell numbers in the GO/G1,
S, and G2/M phases. In line with the SNP Array 6.0 data, a
diploid DNA-status could be verified, too (Figure 5B).

PLOS ONE | www.plosone.org
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Apart from these findings, we observed considerable differences
with regard to the invasive potential (Figure 5C). Highest
invasiveness was found for HROC87X cells, which was above
the control cell line HCT116. Contrary, the cell lines HROC24P
and HROC113P were markedly less invasive.

Cytokine Secretion Pattern of MMR-D Tumor Cell Lines

Examining Thl and Th2 cytokine sccretion for several days
revealed a comparable pattern between cell lines (data not shown).
Highest levels were observed for the neutrophil-attracting
chemokine IL8. Values of the Th2 cytokine IL4 were identical
between all three lines, ranging from 110 to 230 pg/ml
(HROC24P vs. HROC113P cells, 4d culture). A similar pattern
was seen for IL10. IL6 production was quite low in the MMR-D
lines and mnone of them secreted detectable levels of the
immunostimulatory IFN-y.

In vitro Drug Response

As a first step towards establishing test systems that may predict
MMR-D chemosensitivity, an in vitro system was used. Exponen-
tially growing cells were treated for a total of six days. In order to
mimic the & vivo situation, cells received two chemotherapeutic
cycles and IC5 levels were calculated (Table 5).

These experiments revealed heterogeneous drug responses. In
detail, the two sporadic MMR-D cell lines (HROC24P,
HROC87X) were sensitive towards irinotecan-mediated growth
inhibition; with doses comparable to or even lower than plasma
concentrations in patients (Table 5). Interestingly, HROC113P
cells did not response to this compound. Comparable results were
obtained for 5-FU, with HROC24P being the most sensitive cell
line. Again, HROC113P cells showed relative resistance towards
5-FU. All cell lines were susceptible to cisplatin-induced growth
arrest.

Thereafter, sensitivity towards several additional cytostatic
drugs was tested. The microtubule-stabilizing compound pacli-
taxel showed effectiveness comparable to the standard drugs.
Again, highest efficacy was observed against HROC24P and
HROC87X cells, while it was less potent towards HROC113P
cells. A somewhat unexpected finding was the high responsiveness
towards gemcitabine. All three cell lines showed substantial
response, even at very low doses. Inhibition of cell proliferation
was achieved at concentrations well below plasma levels under
standard therapy.

In summary, in vitro chemosensitivity patterns to cytotoxic drugs
were very individual with the HNPCC-derived HROCI113
tending to be more resistant than their sporadic counterparts.

In vivo Tumorigeneicity & Drug Response

All three cell lines engrafted well and gave rise to growth i viwo.
Similar to the i vitro growth behavior, HROC24P tumors
displayed fastest growth, HROC87X tumors grew slowest and
HROCI113P tumors showed an intermediate growth rate. No
distant metastases were detected neither at necropsy, nor following
histologic examination of the inner organs (data not shown).

Subsequently, the effectiveness of chemotherapeutics was
studied i vivo (Figure 6). The topoisomerase-1 inhibitor irinotecan
mediated substantial tumor growth control. Unexpected from the
wn vitro results, most pronounced effects were obtained for
HROCI113P with more than 90% growth inhibition compared
to untreated mice. Tumors immediately stopped growing after the
first therapy cycle. This was evident until the end of experiments at
day 21 (Figure 6C). HROC24P and HROC87X tumors showed a
weaker, though still significant response to irinotecan. Tumors
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patient cell line xenograft cell line

Figure 4. Light microscopy of MMR-D CRC cell lines both directly after blist (P4) and following long-term /n vitro culture
(P40). (A) Morphology of patient-derived cell lines HROC24P and HROC113P. (B) Morphology of HROC24X and HROC87X. Both cell lines were
established from xenopatients as described in material & methods. Original magnification x100.

doi:10.1371/journal.pone.0052485.9004

tended to keep growing very slowly, finally resulting in sizes less Quite the opposite results were obtained for paclitaxel. Despite
than half of untreated tumors (Figure 6A, B). effective inhibition in vitro, this drug affected tumor growth only in
the HNPCC-associated HROC113P tumors (Figure 6C) while it
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Figure 5. /n vitro growth kinetic, ploidy analysis & invasiveness of MMR-D tumor cells. (A) Growth curve of HROC24P, HROC87X and
HROC113P cells in culture. The results shown are the mean population doubling times = standard deviation. Results were calculated from three
independent assays each performed in duplicates. (B) Exemplary DNA histograms of MMR-D tumor cells compared to normal cells (PBMC). All cells
were classified as diploid. (C) Tumor invasiveness was analysed using a matrigel-based assay. Quantification of cellular invasiveness was estimated by
MTT assay. Data are expressed as percentage invasion versus HCT116 cells (=internal positive control). All experiments were repeated at least three
times.

doi:10.1371/journal.pone.0052485.9005
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Table 5. ICs, values of antitumor drugs evaluated for MMR-D cell lines.

Cell line ICso value
irinotecan [uM] cisplatin [ug/ml] 5-FU [ug/ml] li I [uM] itabine [ug/ml]
HROC24P 22 20 0.2 <0.01 0.00015
HROC87X 0.9 17 0.8 <0.01 0.002
HROC113P 12.8 13 1.0 238 0.00018
plasma levels (pharmacokinetic) 10.0 20 20.0 50.0-70.0 6.0

doi:10.1371/journal pone.0052485.t005

had no or only marginal effect on HROC87X and HROC24P
tumor growth, respectively (Figure 6A, B).

Due to the high sensitivity of all MMR-D cell lines towards
gemcitabine in vilro, this drug was consequently applied therapeu-
tically in vivo. Most prominent antitumoral effects were observed
for HROC113P-tumors, finally leading to complete remission of
4/7 tumors (Figure 6C). HROC24P-tumor growth was also
effectively controlled (Figure 6A). HROC87X-tumors behaved
completely different (Figure 6B). Here, the tumor growth rate was
slightly enhanced by gemcitabine. These results let us hypothesize
that HNPCC' tumors might probably better respond to this
regimen. Consequently, we included two further HNPCC-
associated cases, 1.e. HROC29 and HROC71. Gemcitabine
effectively controlled HROC71 xenograft growth, but failed to
affect HROC29 tumors (Figure 6D, E).

Discussion

Advancement in molecular understanding of CRC biology has
emerged important for preclinical and early clinical studies. With
regard to MMR-D tumors, differential response up to chemore-
sistance was observed, yet these findings have so far not ended in
personalized treatment regimen [22]. This is, at least in part,
attributable to the paucity of well-characterized preclinical models.
Establishing novel low-passage MMR-D CRC lines and xenopa-
tients, which provide a virtually unlimited source of tumor
material [23,24,25], may thus help to improve preclinical
optimization of personalized therapy.

In this study, we picked up the idea of establishing and
characterizing patient-derived individual MMR-D tumor models
for testing treatment modalities. Firstly, to ameliorate the success
rate for CRC cell line establishment, an experimental strategy —
based on the combination of in vitro and in vivo approaches— was
elaborated. From ten MMR-D tumors included in this study, cell
line establishment was successful in three cases: Two cell lines
(HROC24 and HROC113) were directly established from surgical
resection specimens, whereas one cell line (HROC87) was
obtained subsequent to xenografting. In addition, a paired
xenograft cell line from the HROC24 tumor was obtained, too.
By combining xenografting and direct i vitro cell culture, even
more individual patient-derived cell lines, reflecting the original
tumors’ molecular signature, will probably become available in the
future. Moreover, preselection based on criteria like node
infiltration, advanced stage, and clevated CEA in serum may
increase the rate of successful tumor engraftment rate into
immunocompromised mice [25].

The three newly established MMR-D cell lines exhibited
variations in terms of morphology and growth kinetic. Confirming
their origin, they were recognized as epithelial tumor cells
(EpCAM", CEACAM") with heterogeneous adhesion (CD15,

PLOS ONE | www.plosone.org

Values are given as mean, resulting from at least three independent experiments each performed in triplicates.

CD44, CD58) and co-stimulatory marker (CD80) expression as
well as different cytokine secretion patterns. MHC class I was only
expressed by HROC113 cells. Whereas MHC-class II expression
was normally absent but inducible by Interferon-y stimulation.
These findings are of interest for development of immune-based
therapeutic concepts. Of note, paired immune cells, i.c. antigen-
presenting B-LCL and (effector) 'T" cells, offer the chance to work
in complete autologous settings. For the MMR-D models
described here, limited amounts of immune cells are available to
us.

Comparing molecular profiles of MMR-D cell lines with
original tumor material as well as matched xenopatients revealed
virtually no differences. Somehow unexpected, tumor-associated
mutations, MMR-D-status, DNA-methylation in CIMP-specific
promoters and LOH profiles remained identical between these
samples. It is noteworthy that cells were exclusively studied at early
in vitro passages (<50), thereby reflecting the original tumors’
biology and not a genotypic and phenotypic heterogeneity that
could arise following long-term culture [26]. The molecular
signatures found in the MMR-D cell lines corresponded well with
the pathways of carcinogenesis ascribed to them. These include B-
raf¥*"F mutations and high-degree promoter methylations in
CpG islands of sporadic tumors (HROC24P, HROC87X); and a
K-ras mutation but CIMP"* in the HNPCC-associated
HROCT113P. Which molecular markers predict patients’ clinico-
pathological outcome best is currently a matter of debate. Bae and
colleagues recently claimed that CIMP status might be crucial for
MMR-D CRCs response to cytotoxic chemotherapeutics [27].
They correlated clinicopathological features with CIMP status and
observed that patients with high level of methylation had worse
clinical outcome than their CIMP"™® counterparts. Also,
BRAFVSF mutations, which have never been found in CIMP™$
tumors, seem to be another independent prognosticator of poor
outcome and thus an important confounder to the prognostic role
of CIMP [28,29]. These findings further endorse the importance
of developing subtype-specific therapeutic strategies.

Additionally, it led us to hypothesize that even molecular closely
matched cancer cell lines may respond different towards certain
chemotherapeutics. Indeed, chemosensitivity varied between our
cell lines. MMR-D. Of particular interest was the difference in
terms of in vitro and in vivo response, especially of the HNPCC-
associated HROCT13P cells. MMR-DD tumors were described to
be more sensitive towards microtubule-stabilizing agents than their
CIN counterparts [22,29,30]. MMR-DMMR-DIn our study,
paclitaxel proved effective in vitro, but failed in vivo.

Of particular interest was the sensitivity towards gemcitabine,
the standard drug for treatment of pancreatic carcinoma — but not
of CRC [31]. 4/7 HROC113 xenopatients were cured with this
drug. Clinical studies showed controversial effects of gemcitabine
cither alone or in combination with other anti-neoplastic agents on
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Figure 6. /n vivo tumorigeneicity & response to selected chemotherapeutics. NMRI nu/nu mice either received s.c. injections of established
MMR-D cell lines (5 Mio. cells/mouse; A-C) or were s.c grafted with HROC29 and HROC71 tumor fragments (D, E). For analyzing in vivo drug response,
mice with established (A) HROC24, (B) HROC87 or (C) HROC113 tumors were treated with irinotecan, paclitaxel or gemcitabine (i.p.; 20 mg/kg bw
each, n=6—7 mice per group). HROC71 and HROC29 xenografts were given gemcitabine (i.p.; 20 mg/kg bw, n=5-6 mice per group). Therapeutic
regimens consisted of six injections in total, applied twice a week. Control animals received equivalent volumes of saline (n=6—7). Values of are
given as mean = SEM. *p<<0.05 vs. control, U-Test; #p<0.05 vs. control, t-test.
doi:10.1371/journal.pone.0052485.9006
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CRC patients [32-34]. These observations fit well with our results.
Effective growth inhibition was observed in two cases (HROC24,
HROC71) and ineffectivene two others (HROC29,
HROCS87). Response to gemcitabine seems thus quite individual.
This should, however, be tested on larger patient cohorts in order
to get more reliable information. Additionally, experiments may
be performed in nude rats, which were found to resemble humans
in terms of metabolism and drug pharmacokinetic profiles more
accurately than mice [25,35]. Limitations of our experimental
approach may be found in the comparably long time for obtaining
tumor models before testing responsiveness and/or drug resis-
tance. Particularly when facing metastases, drugs that proved to be
effective against the primary tumor often fail to affect metastatic
lesions. To expand the research in the future —especially for better
preclinical testing of approved and new therapies— short-term
primary cultures preserving to some extent the three-dimensional
tumor organization may be used instead [37].

These experiments shall be combined with systems biology-
based approaches for predicting patient outcome and responsive-
ness to conventional and novel, targeted treatment strategies [36].
Based on mathematically predicted system models, responses can
be validated in vitro and subsequently verified in xenopatients. This
will help to identify patients likely to benefit from optimal care,

in
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while sparing those unlikely to benefit. Thus, unnec
and costs are avoided.

Our comprehensive biobanking strategy for CRC includes the
collection of primary material (frozen and paraffin-embedded
tumor and normal tissue as well as lymphocytes) together with
established xenografts, patient as well as xenopatient-derived cell
lines and matched B-LCLs. Recently, we broadened this approach

sary toxicity

by collecting tumor samples and correlating clinical data from
multiple clinical centers in the context of a third-party funded
biobanking initiative  (http://www.northgermantumorbank-crc.
de).

This strategy may thus be ideal to address the question of
whether cell lines, xenopatients or both are suited models for
predicting treatment and response. If so, this strategy will pave the
way towards truly personalized therapy.
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Abstract

Patient-individual tumor models constitute a powerful platform for basic and translational
analyses both in vitro and in vivo. However, due to the labor-intensive and highly time-con-
suming process, only few well-characterized patient-derived cell lines and/or corresponding
xenografts exist. In this study, we describe successful generation and functional analysis of
novel tumor models from patients with sporadic primary colorectal carcinomas (CRC) show-
ing CpG island methylator phenotype (CIMP). Initial DNA fingerprint analysis confirmed
identity with the patient in all four cases. These freshly established cells showed character-
istic features associated with the CIMP-phenotype (HROC40: APC™, TP53™! KRAS™"; 3/
8 marker methylated; HROC43: APC™", TP53™", KRAS™""; 4/8 marker methylated;
HROC60: APC*, TP53™", KRAS""; 4/8 marker methylated; HROC183: APC™", TP53™",
KRAS™"; 6/8 marker methylated). Cell lines were of epithelial origin (EpCAM®*) with distinct
morphology and growth kinetics. Response to chemotherapeutics was quite individual
between cells, with stage I-derived cell ine HROC60 being most susceptible towards stan-
dard clinically approved chemotherapeutics (e.g. 5-FU, Irinotecan). Of note, most cell lines
were sensitive towards “non-classical” CRC standard drugs (sensitivity: Gemcitabin >
Rapamycin > Nilotinib). This comprehensive analysis of tumor biology, genetic alterations
and assessment of chemosensitivity towards a broad range of (chemo-) therapeutics helps
bringing forward the concept of personalized tumor therapy.

Introduction

Three main molecular pathways have been recognized in colorectal cancer (CRC). These
include I) chromosomal instability (CIN); II) microsatellite instability (MSI), and III) CpG
island methylator phenotype (CIMP). The latter subtype being first formulated by Toyota et al.
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[1], is defined by aberrant DNA methylation, leading to concordant promoter hypermethyla-
tion of multiple genes. CpG island DNA methylation occurs early in malignant transformation
[2] and consequently results in silencing of normal tumor-suppressor function and cancer for-
mation, independent of (physiological) age-related methylation. The CIMP subtype exists with
and without MSI, both showing distinct morphologic, molecular and most importantly, clinical
characteristics [3]. MSI-high/CIMP™" tumors, related to BRAFY®*E mutations and MLH1 pro-
moter methylation, are usually associated with low cancer-specific mortality, mostly due to
their natural immunogenicity [3]. By contrast, CIMP without MSI is independently related to
significantly worse outcome [3-5]. The unique molecular signature includes a high frequency
of KRAS mutations (>60%) and usually less extensive promoter methylation (designated as
"CIMP-Low” vs. CIMP-High in MSI" tumors) [6-8].

Determining the precise genetic and/or epigenetic alterations of each cancer case is impor-
tant to defining treatment strategies and predicting prognosis. To date, chemotherapy response
of CIMP" tumors is still controversial. Preceding studies reported different results on 5-FU-
based therapy, ranging from good response up to complete resistance [9, 10]. Very recently,
methylation inhibitors have become increasingly recognized as another option for treatment of
CIMP" tumors and hence, a clinical phase I/I1 trial has just been initiated (trial number:
NCTO01193517). In this study, metastatic colorectal cancer patients are being treated with Aza-
cytidine (5-Aza-2-deoxycytidine) and CAPOX (Capecitabine + Oxaliplatin). First results will
be published in 2016.

Additionally to attempts in improving treatment options, discovery of novel diagnostic and/
or prognostic CRC-specific (DNA methylation) markers is ongoing [11]. To reflect the com-
plexity and diversity of CIMP* tumors, both approaches may ideally be performed in patient-
individual tumor models. Here, such models generated from four individual CIMP* tumors
(CIMP-L and CIMP-H) are presented.

Material and Methods
Tumor preparation and cell line establishment protocol

Primary CRC cases were obtained upon resection, with informed written patient consent

(n = 4). All procedures were approved by the institutional Ethics Committee (Ethikkommis-
sion an der Medizinischen Fakultit der Universitat Rostock; St.-Georg-Str. 108, 18055 Rostock;
reference number IT HV 43/2004) in accordance with generally accepted guidelines for using
human material. None of the patients’ received prior tumor-related therapy. Upon surgical
removal, tumor samples were processed further as described [12, 13]. Briefly, pieces of tumors
(3 x 3 x 3 mm) were frozen viable (FCS, 10% DMSO) at -80°C for subsequent xenografting into
NMRI Foxn1™ mice. Other pieces were stored in liquid nitrogen for molecular analysis. Cell
culture was started from single cell suspensions, seeded on collagen-coated plates in complete
tumor medium and incubated at 37°C in a humidified atmosphere of 5% C0,. All cell culture
reagents were obtained from PAN Biotech (Aidenbach, Germany), antibiotics and antifungal
agents were provided by the university hospital’s pharmacy. Continually growing cell cultures
were serially passaged and regularly stocked in low passages.

For in vivo engraftment, five to six-week-old female NMRI Foxn
recipients. Mice were bred in the university’s animal facility and maintained in specified patho-
gen-free conditions in accordance with guidelines as put forth by the German Ethical Commit-
tee. All in vivo procedures were approved by the Committee on the Ethics of Animal
Experiments of the University of Rostock (Landesamt fiir Landwirtschaft, Lebensmittelsicher-
heit und Fischerei Mecklenburg-Vorpommern; Thierfelder Str. 18, 18059 Rostock, Germany;
approval number: LALLF M-V/TSD/7221.3-1.1-015-14). Subcutaneous (s.c.) tumor

1™ mice were used as
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implantation into both flanks was performed under Ketamin/Xylazin anesthesia (dose: 90/6
mg/kg bw), and all efforts were made to minimize suffering. Established xenografts (>1500
mm?) were removed and stored vitally for further analysis.

Tumor histology and immunohistochemistry

Histopathological examination of the primaries was done according to standard protocols for
clinicopathological CRC staging [14], and additional staging information was compiled from
patients' clinical charts. H & E sections and B-catenin immunostainings were obtained from
paraffin-embedded tumors.

Molecular analysis

Molecular classification, MSI and mutational analysis of tumor-associated genes (APC, TP53,
KRAS and B-Raf"*""), as well as DNA methylation in CIMP-sensitive promoters was done
as described [12, 13, 15]. All data including staging information compiled from the clinical
charts are summarized in Table 1. To classify CIMP, a combined panel covering eight markers
was applied. Analyzed markers resulted from those originally described by [16, 17]. On a basis
of this panel, tumors with 1-5/8 methylated promoters are being classified as CIMP-L and
with 6-8/8 methylated promoters as CIMP-H [18]. Chromosomal instability (CIN) was
assessed using SNP Array 6.0 from Affymetrix (Cleveland, OH) according to manufacturer’s
instructions.

In vitro growth kinetics and Matrigel® invasion assay

Population doubling times were determined by viable cells seeded into replicate 25 cm* flasks
(each 0.5 x 10° cells) and daily counted for five consecutive days. Cellular invasiveness was
examined using a Matrigel ® -based boyden chamber assay as described [12].

Flow cytometry and cytokine secretion pattern

Surface marker expression was done by flow cytometry with and without IFN-y (200 IU/mL
for 48 hours) pre-treatment using a panel of Abs (for details see Fig 1B). Samples were analyzed
using CellQuest software (BD Biosciences). Additionally, multi-color flow cytometry was done
on a FACSAria using following mAbs: anti-CD47-BV421, anti-CD36-PE, anti-CD73-BV510,
anti-CD95-FITC, anti-Foxp3-Alexa Fluor 647, anti-CD284-BV421, anti-CD276-PE, anti-
CD133-APC, anti-cFLIP-Alexa Fluor 488, anti-Indolamin-2.3-Dioxygenase-PE, anti-BIN1
(bridging integrator 1)-Alexa Fluor 488.

Table 1. Clinical and pathological characteristics of patients as well as cell line establishment protocol.

Tumor-ID Age/ Tumor Grade and uicc B-Catenin Direct cell line Cell line Corresponding Paired
Gender location TNM-Stage Stage translocation establishment from xenograft B-LCL
xenograft
HROC40 69/m descending G3T3N1MO Illa + + - + yes
colon
HROC43 72/m ascending G3T3N2MO0 Illb - + - - yes
colon
HROC60 71/m ascending G2T2NOMO | + + - + yes
colon
HROC183 59/f ascending G3T3N2MO Illb - + + + yes
colon

f-female, m—male, B-LCL-B lymphoid cell line, +—positive,—negative

doi:10.1371/journal.pone.0143194.t001
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Fig 1. Tumor histology. H & E sections of (A) HROC40-PDX and (B) its primary. Note the invasive edge
towards the right. Principal morphological features are retained in the PDX. B-catenin immunohistochemistry
of (C) HROC60-PDX and (D) its primary. Note nuclear B-catenin translocation at the invasive edge of both
tumors.

doi:10.1371/journal.pone.0143194.9001

Cytokine release was determined from cell free supernatants and quantified by ELISA
according to the manufacturer’s instructions.

Quality control

Quality controls included DNA Fingerprint (comparison of cell lines at different passages,
matched tumor and normal tissue, as well as corresponding B cells) from genomic DNA
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according to [13]. Additionally, cell cultures were checked for contaminating mycoplasma and
human viruses (SV40, JC/BK) [12].

In vitro chemosensitivity

Triplicate wells were exposed to increasing drug concentrations (pharmacy of the University
hospital Rostock). IC5, values of selected drugs were determined. In selected experiments, drug
combinations with Azacytidine (5-Aza-2’-deoxycytidine; 30uM) were used. Doses applied in
this setting were below the ICs value, as tested before. Cells received two or four treatment
cycles, a total of 7 and 14 days, respectively. Drug response was calculated upon crystal violet
staining and measurement at 570 nm (reference wavelength: 620 nm).

Statistics

Values are reported as the mean + SD. ICs, values were calculated using Sigma Plot 12.5 soft-
ware (Systat Software Inc., San Jose, CA) applying the four parameter logistic function stan-
dard curve analysis for dose response. Values are given as absolute numbers.

Results
Tumor histology

Primary tumors were moderately well differentiated (HROCs 40, 43, 60) or poorly differenti-
ated (HROC183) tubular adenocarcinomas. Principal architectural and cytological features of
the primaries were retained in the subcutaneous patient-derived xenografts (PDX; see Fig 1A
and 1B for an example). Nuclear B-catenin translocation, if present in the primary, was also
observed in the PDX (Fig 1C and 1D) and vice versa.

Patient characteristics and primary cell line establishment

Cell lines were established from primary resection specimens upon surgery (clinicopathological
patients’ data in Table 1). With the exception of HROCG60, all tumors were resected at an
advanced tumor stage (T3) showing regional lymph node infiltration, but no distant metasta-
ses. However, two out of four patients developed liver (HROC40) and brain (HROC43) metas-
tasis, respectively, within one year after initial removal of the primary.

All cell lines were established from patients’ tumor material. Additionally, a PDX-derived
cell line from HROC183 was obtained. Tumor cell cultures started to proliferative immediately
upon initial culture.

Of note, in vivo tumorigenicity was absent in three out of four cases (positive case:
HROC43, data not shown). Injecting cells at later passage (>40) and/or together with matrigel
did not increase tumorigenic potential.

As determined by PCR, no contaminating mycoplasma or human pathogenic viruses
(SV40, and JC/BK, data not shown) were detected within the CIMP" cell lines.

Cell morphology and phenotyping

Light microscopy revealed tight adherence to the bottom of the flasks (Fig 2A). In the early cell
culture (< 3 passages), several different epithelial-like cellular clones were observed. At later
passage, one cell clone dominated the culture in all cases. Morphologically, all cultures
appeared as multi-cellular islands forming aggregates or polygonal cell clusters. All but one of
the cell cultures were dominated by a phenotypically small cell clone. The exception is
HROCS60. In this cell line, flat-shaped adhesive cells with large nuclei, having an irregular size
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Fig 2. Morphology and phenotype of individual CIMP* cell lines. (A) Light microscopy of freshly
established tumor cell lines (all Passage 15). Cell lines were directly established from patients’ tumor material
as described in material and methods. Original magnification x100. (B) Phenotyping was conducted by flow
cytometry using fluorochrome-labeled mAbs as given on the x-axis. (C) MHC class Il expression as assessed
by flow cytometry with and without IFN-y (200 IU/mL for 48 hours) pre-treatment. Results are given as the
mean % of positive cells + standard deviation of three independent experiments.

doi:10.1371/journal.pone.0143194.9002

and silhouette were present. HROC60 cells were the only one that grew to complete
confluence.

Additional flow cytometric phenotyping confirmed their epithelial origin (>90% EpCAM™").
Detailed information on cellular phenotype is given in Fig 2B and 2C. In line with their immu-
nosuppressive phenotype, several molecules, known to be linked to cancer progression and
immune evasion, were highly expressed (>80%: CD47, CD274, CD276, and Indoleamine 2,3
dioxygenase-1). By contrast, an individual profile was seen for cFLIP (cellular FLICE (FADD-
like IL-1B-converting enzyme)-inhibitory protein), CD73, CD95 and CD133 (Fig 3).

Molecular features

The identity with the patient was verified by DNA fingerprint. Additional comprehensive
molecular classification of cell lines was paralleled by analyses on original tumor material.
Analyses identified differences in the KRAS gene mutational status between HROC60 tumor
and the corresponding cell line. In line with the dynamic molecular changes, these cells
acquired a ¢.176C>G (A59G) mutation in codon 13 of exon 2 during in vitro culture. However,
no further differences between original tumors and corresponding cell lines were evident. Data
presented in Tables 2 and 3 therefore refer to the cell lines only.

A consensus panel for determining cytosine methylation at promoter CpG islands of tumor
suppressor genes is only starting to take shape. We decided to use a combined panel covering
eight tumor-specific methylation markers [16-18]. Hence, three cell lines (HROC40 (3/8 meth-
ylated promoters), HROC43 and HROC60 (each 4/8 methylated promoters)) were defined as

PLOS ONE | DOI:10.1371/journal.pone.0143194 November 30, 2015 6/14
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Fig 3. Inmunosuppressive phenotype of CIMP* cell lines. Assessment of immune evasion markers was
conducted by multi-color flow cytometry using fluorochrom-labeled mAbs as given on the x-axis. Results are
given as the mean % of positive cells + standard deviation of three independent experiments.

doi:10.1371/journal.pone.0143194.g003

CIMP-L and the remaining cell line HROC183 (6/8 methylated promoters) exhibited a
CIMP-H phenotype. MSI was excluded by using the advanced Bethesda panel (0/6 marker).
Additionally, instability on the chromosomal level was analyzed by SNP 6.0 arrays (Fig 4). Cell
lines exhibited complex chromosomal aberrations, present as both deletions and insertions.
Besides, typical molecular characteristics associated with the CIMP phenotype were present,
i.e. KRAS mutations (codon 12 or 13 of exon 2 [19]), and BRAFY*? wildtype. By contrast, con-
flicting results have been reported for the TP53 gene [8, 20]. Here, mutations were evident in
all four cases.

Cytokine secretion profile

All cell lines secreted high amounts of CEA in a time-dependent manner (Fig 5A). A compara-
ble pattern was observed for CA19-9. However, this tumor marker was only detectable in
supernatants of HROC40 and HROC43 cells (Fig 5A). By contrast, IL-8, an autocrine growth
factor, was secreted by all four CIMP" lines (Fig 5A). None of the cell lines secreted detectable
amounts of IL-6, IL-10, TGF-B, or TNF-o.

Growth kinetics and invasive potential

As anticipated, growth kinetics were quite different between cells, with HROC40 and HROC60
growing more rapidly than HROC43 and HROC183 cells (Fig 5B). Apart from these findings,
we observed marginal differences with regard to their invasive potential (Fig 5C). All cell lines

Table 2. Mutational profile of CIMP* cell lines.

Mutation
Cell line TP53 APC KRAS BRAF PIK3CA
(HROC..) ex5 ex6 ex7 ex8 cd1 cd2 cd12 cd13 V600E ex9 ex20
40 wt wt wt mut wt wt wt mut wt wt wt
43 wt wt mut wt wt mut mut wt wt wt wt
60 wt wt wt mut mut wt wt mut wt wit wt
183 wt wt wt mut mut wt mut wt wt wt wt

wt-wildtype, mut-mutated, ex—exon, cd—-codon.

doi:10.1371/journal.pone.0143194.t002
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Table 3. Methylation marker and molecular classification of CIMP* cell lines.

DNA Methylation

HROC... MLH1 CDKN2A NEUROG1 CRABP1 CACNA1G MGMT IGF2 SOCSs2 RUNX3 Molecular type
40 = + + + = = = = = CIMP-L
43 - + + + - - - + CIMP-L
60 - + + + + - - - - CIMP-L
183 - + + + + - + - + CIMP-H

+—methylated;—not methylated.

doi:10.1371/journal.pone.0143194.t003

were less invasive than the control cell line HCT116. Highest invasion potential was seen for
HROCH43 cells, while the remaining three lines exhibited a comparable invasion pattern.

Response towards classical and novel drugs

To identify potential intrinsic resistance mechanisms, a panel of clinically approved and more
experimental targeted agents was applied in a 2-D in vitro culture system (Table 4).

Drug response was individual between cells, with HROC40 being more resistant than the
remaining three lines, especially towards Irinotecan (IC5q = 25.5 uM). All lines were susceptible
towards 5-FU, although conflicting results have been reported in the literature for this sub-
stance [9, 10]. A good response was seen towards Gemcitabine, the tyrosine kinase inhibitor
Nilotinib, and Rapamycin. Erlotinib did not prove to be effective against the cell lines tested
here.

Additionally, Azacytidine alone and in combination with chemotherapeutic drugs was stud-
ied. Here, ICs values for Azacytidine were above 30 M, even in the CIMP-H cell line
HROCI183. Longer incubation time increased the antitumoral effect of Azacytidine (Fig 6,
lower panel). Best effects were seen in HROC183 cells. Drug combinations, either given simul-
taneous or metronomic, slightly increased the antitumoral effect of Azacytidine (representative
data are given in Fig 6). However, the different drug combinations were not better than single
drug treatments and in virtually all cases; even antagonistic effects were observed (e.g. Azacyti-
dine + 5-FU or Irinotecan; Fig 6).

Discussion

To realize the idea of personalized medicine, we here report establishment of novel patient-
individual tumor models showing molecular features of CIMP. This subtype is associated with
opposed clinical performance; a good prognosis in terms of positive MSI status, while poor
response and short overall survival when patients tumors are MSI-negative. For the latter, an
aggressive tumor phenotype with tendency to early spread to distant organs and frequent che-
moresistance has been demonstrated [5].

Though no consensus regarding classification of CIMP exists yet, we decided to combine
generally accepted gene panels and marker thresholds [16-18]. Hence, three cases were classi-
fied as CIMP-L (HROC40, HROC43, and HROC60) and the remaining cell line HROC183
was CIMP-H. The latter represents a very rare subtype, since this phenotype is usually associ-
ated with MSI. Here, MSI was not present in any case. Similar genes were affected by DNA
hypermethylation (i.e. CDKN2A, NEUROGI, and CRABP1). The identified RUNX3
methylation in HROC43 und HROC183 confirms an advanced tumor stage. In line with the
recent literature, MGMT promoter methylation was absent, while KRAS exon 2 and TP53
gene mutations were present [8]. The exclusively high number of KRAS mutations in
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Fig 4. SNP Array 6.0 for assessment of CIN in CIMP* cell lines. Analysis was performed according to
manufacturer’s instructions. Data shown here result from three out of four CIMP* cell lines. (A) HROC40
cells, (B) HROC43 cells, and (C) HROCB60 cells. SNP Array on HROC183 did not yield evaluable data due to
quality control failure.

doi:10.1371/journal.pone.0143194.9004

CIMP-associated tumors has been explained as result of a favorable selection in the specific
CIMP-created environment, rather than a driving event of CIMP tumorigenesis [8]. Indeed,
abnormal DNA hypermethylation is already detectable in aberrant crypt foci, the earliest
lesions in the colonic mucosa [3, 8].

Cell lines generated in this study were directly obtained from parental tumor material. Addi-
tionally, PDX could be established in three out of four cases (not for HROC43). These PDX
models, showing high morphologic and molecular similarity with the corresponding patient
tumor, can subsequently be applied in pharmacologic studies to predict clinical response [21].
Prior to applying cost and time consuming PDX models, research is usually being performed
in cell culture systems. In the early 90s, the NCI panel, including 60 cell lines, has been formu-
lated for such studies [22]. This panel includes only a limited number of lines for any given
cancer and it does not consider patient-individual differences [23]. In case of CIMP, only few
cell lines have been made commercially available [24]. The accumulation of further mutations
and chromosomal aberrations are further drawbacks of cultured cells. Depending on the indi-
vidual tumor case and stage at resection (early vs. advanced), molecular changes cells undergo
during in vitro culture are already present after few passages. Here, HROC60 cells acquired a
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Fig 5. Secretion profile, growth kinetics and invasive potential of CIMP* cell lines. (A) Cytokine
secretion pattern was quantified by ELISA. Cytokine concentrations were determined by comparison with a
standard curve generated from serial dilutions of individual standards. Quantitative analysis of CEA, CA19-9
and IL8 secretion after one, three and six days of culture, respectively. (B) Growth kinetics of cells, counted
every 24 hours for five consecutive days using a Neubauer chamber. (C) Cellular invasiveness was
examined using a Matrigel®-based Boyden chamber assay. Quantification of cellular invasiveness was
estimated by MTT assay. Data are expressed as percentage invasion versus HCT116 cells (= internal
positive control). (A-C) Results show the mean + standard deviation of three independent experiments.

doi:10.1371/journal.pone.0143194.9g005
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Table 4. Drug response of CIMP* cell lines.

ICso
HROC. .. 5-FU Irinotecan Cisplatin Gemcitabine Taxol Erlotinib Nilotinib Rapamycin Azycytidine
[uM] [uM] [uM] [nM] [nM] [uM] [uM] [uM] [uM]
40 16 255 9.3 43 27.6 resistant 6.3 0.3 >30
43 1.5 45 27 9 45 62.5 6.9 0.2 >30
60 6.2 29 6.3 6.7 1.3 7.8 75 1.6 resistant
183 3.1 11.2 3.3 17.4 resistant 28 7 0.2 >30

doi:10.1371/journal.pone.0143194.t004

KRAS mutation that was not detectable in the parental tumor. This mutation most likely
reflects the rapid dynamic molecular changes that occur in tumor cells following high numbers
of cell divisions [25-27]. Alternatively, considering the genetic heterogeneity within tumors,
these cells may represent a single mutated clone that had not been recognized in the resection
specimen of parental tumor but gave rise to in vitro growth. However, the fact that this cell line
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Fig 6. Response to Aza-based drug combinations. Representative quantitative analysis of HROC40 (left graph) and HROC183 cells (right graph) treated
with Aza, standard drugs or combinations thereof. Cells received two (upper panel) or four (lower panel) treatment cycles in concentrations as indicated in the
material and methods section. Cytotoxicity was quantified upon crystal violet staining and measurement at 570 nm (reference wavelength: 620 nm). Results
show the mean + standard deviation of three independent experiments.

doi:10.1371/journal.pone.0143194.9006
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had been established from a very early stage tumor (UICC stage I), rather supports the first
hypothesis and underlines the necessity of using ultra-low passage cells, especially for preclini-
cal drug screening and evaluation (in especially when targeting the Ras/Raf pathway).

These freshly established cell lines were of epithelial (EpCAM®) origin, showing distinct
morphology and growth kinetics. In line with their immunosuppressive phenotype, several
molecules know to be related to immune evasion [28], apoptosis inhibition (cFLIP), tissue
invasion (CD73), metastasis and consequently poor outcome (CD274) were found to be over-
expressed. Moreover, all cell lines secreted high amounts of IL8 that has been linked to meta-
static spread, as well [29, 30].

Patient-individual tumor models not only aid evaluating the efficacy of therapeutic strate-
gies prior to therapy, but also help investigating resistance mechanisms of cancer cells—a major
clinical problem. Here, intrinsic resistance of individual cases was detected against Erlotinib
(HROC40) and Taxol (HROC183). Emphasizing the need for personalized medicine, an indi-
vidual response was obtained for the commonly used antineoplastic drugs 5-FU, Irinotecan,
Cisplatin, and Gemcitabine. Interestingly and in concert with our recent observation on CIN*/
non-CIMP-associated tumors, we here observed a good response towards the mTOR inhibitor
Rapamycin [13, 31]. On a molecular level, PIK3CA and/or TP53 gene mutations seem to corre-
late with sensitivity [32] and in fact, all CIMP cell lines described here carry a TP53 mutation.
Cai and colleagues only recently reported activity against CRC stem-like cells, providing
another rationale for mTOR-inhibitor tailored regimens [33].

All CIMP” cell lines were responsive to the tyrosine kinase inhibitor Nilotinib [34, 35]. In
the only prior study on CRC lines, a comparable growth inhibiting potential of Nilotinib could
be attributed to collagen receptor targeting [36].

In summary, our novel patient-individual tumor models (cell lines + PDX) of a rare and
very aggressive CRC subtype represent ideal tools to realize personalized medicine shortly.
Additionally to identifying (novel) molecular target structures, drug efficacy screening and
resistance mechanism identification can be done.

Conclusion

Patient-derived tumor models provide ideal tools for identification of novel biomarkers and
defining intrinsic resistance mechanisms. By combining in vitro and in vivo approaches, accu-
rate prediction of drug responses can be realized.
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ABSTRACT

Host defense peptides (HDP) constitute effector molecules of the innate immune
system. Besides acting against microbia and fungi, they exhibit broad and selective
oncolytic activity. The underlying mechanism is at least partially attributable to
elevated surface-exposed levels of phosphatidylserine (PS) on tumor targets. I n this
study, comprehensive analysis of NK-2-based derivatives (C7A, C7TA-D21K, and C7A-A)
was done on patient-derived ultra-low passage colorectal carcinoma (CRC) cell lines.
Peptides were designed to improve antitumoral potential. Mellitin was used as positive
control and a non-toxic peptide (NK11) served as negative control. Subsequently,
effectiveness of local HDP application was determined in xenopatients.

Generally, CRC lines displayed a heterogeneous pattern of surface-exposed PS,
which was usually below standard CRC cells. Of note, five out of seven cell lines
were susceptible towards HDP-mediated lysis (lytic activity of peptides: C7TA-D21K
> C7A-A= C7A). Oncolytic activity correlated mostly with surface-exposed PS levels.
Apoptosis as well as necrosis were involved in killing. In an in vivo experiment,
substantial growth inhibition of HROC24 xenografts was observed after HDP therapy
and, surprisingly, also after NK11 treatment.

These promising data underline the high potential of HDPs for oncolytic therapies
and may provide a rationale for optimizing preclinical treatment schedules based on
NK-2.

INTRODUCTION

Antimicrobial peptides, also referred to as Host
defense peptides (HDP), have originallg been identifie
as an alternative weapon against bacterial infections. This
is particularly important, as clinical handling of multi-
resistant bacterial variants is increasingly difficl t. These
peptides represent an ancient yet very effective part of
the innate immune system as §irt line of defense against
invading bacteria. They are ubiquitoud in nature and
were identifie in a variety of multi-cellular organisms
including insects, amphibians and mammals [1,2]. HDPs
exhibit a unique mode of action. Due to their cationic
amphipathic nature they preferentially bind to negatively

charged membranes [3-5] — a common characteristic of
bacterial membranes, thus making them a perfect HDP
target. HDPs incorporate into the membrane bilayers and
form pores in targeted membranes leading to unsustainable
cell homeostasis [6,7]. Additionally, HDPs penetrate
the cytoplasm and interact with essential intracellular
molecules. Unlike commonly used antibiotics, these
cationic peptides directly interact with the target cells’
lipid matrix instead of a specificazyne o recept a .
Drug resistance, either intrinsic or acquired, is a
growing problem in cancer therapy, as well. Although
recent years have seen major treatment advances, cancer
is still the third leading cause of death worldwide [8].
Surgery, chemotherapy, and radiation are the methods of
choice in oncological management. The major drawback
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Table 1: Clinical characteristics of patients and molecular data of the corresponding tumor

Tumor-ID | Age/ Gender | Tumor location |TNM-Stage | Tumor type

Molecular type

HROC18 65/f caecum

G2T2NOMO | primary adenocarcinoma

spStd

HROC24 [98/m

colon ascendens | G2T2NOMO | primary adenocarcinoma |[spMMR-D

HROC32 |83/f

colon ascendens | G2T4N2M1 | primary adenocarcinoma |spStd

HROC40 |69/m

colon ascendens | G3T4NOMO | primary adenocarcinoma |CIMP-H

HROC60 |71/m

colon ascendens | G2T2NOMO | primary adenocarcinoma |CIMP-H

HROC69  [62/m

colon ascendens | G3T3NoMx |primary adenocarcinoma |spStd

HROC80 72/m caecum

G2T3N2Mx | primary adenocarcinoma |spStd

HROCS87 | 76/f

colon ascendens | G3T3NOMO | primary adenocarcinoma |[spMMR-D

HROC107 |81/f

colon ascendens |G3T3NOMO | primary adenocarcinoma |spMMR-D

HROCI113 |41/f

colon ascendens | G3T4N2Mx | primary adenocarcinoma

Lynch
Syndrome

m — male, f— female, spStd — sporadic standard, spMMR-D — sporadic mismatch repait deficent, CIMP-H
— CpG island methylator phenotype high, HNPCC — hereditary non-polyposis colorectal carcinoma

of the latter two is the missing selectivity between
malignant and normal cells. Due to this unspecific
toxicity most patients suffer from severe side effects.
Additionally, there is growing evidence of multidrug
resistant variants resulting for example from increased
expression of multidrug resistance proteins. These proteins
discharge antineoplastic drugs out of the cell and make
them inefficent . This substantial problem emphasizes the
necessity for developing new oncolytic agents.

It has become apparent that HDPs are not only
effective against bacteria. Impressivd results from pilot
studies identifie selective killing of malignant, but not
normal cells by different HDPs [9-11]. Physiologically, the
outer membranes of mammal cells consist of zwitterionic
phosphatidylcholine and sphingomyelin without any net
charges. The negatively charged phosphatidylserine (PS)
is usually a component of the inner cell membranes’
leafle. Under certain conditions, like loss of membrane
asymmetry or cellular apoptosis, PS can be shifted to the
cell surface [12]. In this case, PS renders cells vulnerable
to lysis by cationic peptides like HDPs. Quite a number of
tumor cells exhibit increased levels of surface-exposed PS
[13,14]. This feature clearly distinguishes malignant from
normal cells and provides a rationale for HDP-based tumor
therapy [15,16]. For that reason, this study aimed at testing
the oncolytic potential of NK-2-based HDPs [17] against
patient-derived colorectal cancer (CRC) cell lines in order

to pave the way for further treatment optimizations based
on these peptides.

RESULTS

Peptide design

Peptides (C7A, C7A-D21K, C7A-A and NKI11)
used in this study were based on NK-2 (Table 2 and
[17]). £he most basic modifictim entailed replacement
of the non-functional sole Cys7 residue within the NK-2
sequence with an Ala residue (C7A). This substitution
has been shown to improve anti-cancer cell activity of
the lead structure NK-2 [17]. An enhancement of C7A’s
positive net charge was achieved by substituting Asp21
by a Lys residue (C7A-D21K). Moreover, peptide C7A
was shortened by deletion of a stretch of four amino acid
residues (including Asp21), resulting in peptide C7A-A.
In addition, we used melittin, the main lytic component
of bee venom as a well-known reference compound, and
NK11 as a non-toxic control peptide [21].
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Membrane intercalation of peptides monitored by figure 1D-F. In general, negatively charged PS triggers
FRET spectroscopy membrane intercalation of all peptides. With the exception
of melittin, no considerable intercalation was observed
into pure PC liposomes. Upon addition of peptides to

d linid d a £t b ; ; ¢ liposomes, we observed an immediate increase of the
etect lipid dependence of the membrane interaction o ponor Wceepior TA110, demonstrating a rapid interaction kinetic

antimicrobial peptides. For this, all peptides were added (Figure 1B, C). Intercalation of the NK-2 derivatives
to liposomes consisting of -zwitterionic PC alone, of a C7A, C7A-D21K, and C7A-A was pronounced into pure
mixture of PC and of negatively charged PS, as well as PS bilayers (Figure 1C, F) and slightly impaired into PC
of pure PS (Figure 1). All llpld.VCSlCIES were doped with bilayers containing 10% PS (Fig. 1B, E). NK11 interaction
dor?orl and. acceP‘_‘” dyes, peptides were add?d’ and the was visible only with pure PS vesicles, but negligible with
emission intensities of both dyes were monitored over other liposomes.

time. An increase of the fluorescence intensity of the donor
(1,,.,.,) and a simultaneous decrease of the fluorescence
intensity of the acceptor dye ([Am?m), i.e. areduced FRET
efficacy, indicated an increase in the overall mean distance

FRET spectroscopy served as a sensitive tool to

PS expression on tumor cells

between labeled phospholipids, and corresponded to an As a first step towards identifying HDP-susceptible
insertion of peptides into the lipid bilayer. For clarity, the cells, level of surface-exposed PS was determined using
L L Y- ratio 1s shown (Figure 1). our panel of low-passage CRC cell lines. For better

Insertion kinetics are shown representatively for estimating PS levels, amounts of AnnexinV bound to
peptide C7A-D21K (Figure 1A-C) and the maximum normal lymphocytes (PBL) and standard CRC cell lines
increase of T /1 is depicted for all peptides in (HCT116, SW48, TC71 and HDC114) were determined
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Figure 1: FRET spectroscopy. (A-C) Binding to and insertion of peptide C7A-D21K into phospholipid membranes. (A) C7A-
D21K was added at time point 50 s to liposomes (10 pM) consisting of pure PC, (B) a 90:10 molar mixture of PC:PS, and (C) of pure PS,
each doubly doped with the fluorescently labeled FRET pair NBD-PE (donor) and rhodamine-PE (acceptor). Intercalation was monitored
by measuring donor and acceptor fluorescence emission intensities. For better visualization only the quotient (I, /I, ) is shown.
Addition of the peptide solvent alone had no effect (dotted grey line). Peptide concentrations used: 0.2 uM (dotted black line, only in C),
0.4 uM (solid grey line, only in C), and 0.8 pM (solid black line). (D-F) Binding to and insertion of peptides at different concentrations into
phospholipid membranes. (A) Peptides were added to liposomes consisting of pure PC, (B) a 90:10 molar mixture of PC:PS, and (C) of pure
PS, each doubly doped with the fluorescently labeled phospholipid FRET pair NBD-PE (donor) and rhodamine-PE (acceptor). Intercalation
was monitored by measuring donor and acceptor fluorescence intensities. The relative increase of the I, /I, ratio 250 s after peptide
addition is shown (Increase of Innmﬂ,\mw (%) =(1,,,./1  pccepier (peptide) - 1 (control))*100). Peptide concentrations used: 0.2 pM
(open bars), 0.4 uM (grey bars), and 0.8 uM (black bars).
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Figure 2: Flow cytometric analyses. Surface-bound PS was detected on CRC cell lines following staining with APC-labeled
AnnexinV, (A) Representative histograms of AnnexinV-stained tumor cells (thick green line) and corresponding unstained controls (filled
purple histogram). (B) Amounts of surface-bound PS were quantified by calculating the quotient of the mean fluorescence intensities (MFI)
from unstained cells versus AnnexinV-stained cells. Results show data of three independent experiments (mean + SD).
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Figure 3: Short-term exposure of HDPs towards tumor cells. (A) Representative pictures showing morphological changes in
HROC24 cells upon HDP C7A-D21K exposure (25 uM). As a control, HROC24 cells were treated with NK11 (25 uM). (B) Quantitative
analysis of direct cytotoxicity towards tumor cells. Tumor cells were treated for 1h with increasing HDP concentrations. Thereafter, viability
was assessed using Calcein-AM staining. Remaining viable tumor cells were quantified in comparison to untreated controls, which were set
to be =1. Results show data of three separate experiments. Values are given as the mean x-fold increase + SD, *p<0.05 vs. NK11; **p<0.01

vs. NKI11.
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Table 2: Amino acid sequences of synthetic peptides used in this study

Peptide Sequence | Net charge2
NK-2 KILRGVCKKIMRTFLRRISKDILTGKK +10

#1 C7A KILRGVAKKIMRTFLRRISKDILTGKK +10

#2 C7A-D21K KILRGVAKKIMRTFLRRISKKILTGKK +12

#3 CTA-A KILRGVAKKIMRTFLRR ILTGKK +10

#4 NK11 KISKRILTGKK +6

#5 Melittin GIGAVLKVLTTGLPALISWIKRKRQQ +6

lall peptides were synthesized with an amidated C-terminus

2The net charge of the peptides was calculated by subtracting the number of Asp residues (the only
negatively charged amino acid residues present in the peptides) from all the positive charges (Lys, Arg and
the peptide s N-terminus). Since the C-terminus of all peptides used was amidated, it did not bear a negative

charge.
as well. CRC lines, PS levels tended to be lower (Figure 2).
Analysis revealed striking differences between However, fluorescence intensity was always higher than
individual cell lines, ranging from high (e.g. HROC69 and on normal lymphocytes that displayed PS at extremely low
HROC80) to low (e.g. HROC32 and HROC107) surface- level (quotient <3; data not shown). Starting from these
exposed PS. When comparing with established standard findings, CRC lines were classified as high, intermediate
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Figure 4: HDP-mediated cytotoxicity towards tumor cells. Quantitative analysis of direct cytotoxicity towards tumor cells
following a 24h incubation period with increasing HDP concentrations. Viability was assessed using Calcein-AM staining. Remaining
viable tumor cells were quantified in comparison to untreated controls, which were set to be =1. Results show data of three separate
experiments. Values are given as the mean x-fold increase £+ SD, *p<0.05 vs, NK11; **p<0,01 vs. NK11.
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(int) or low PS-harboring cells (Figure 2).

Response to HDPs according to PS-expression
status

To prove growth inhibiting and cytotoxic activity
of newly designed NK-2 analogues, tumor cells were
exposed to increasing peptide concentrations for 1h and
24h, respectively. Accordingato our classifictim, we
included three PS"" (HCT116, HROC18, and HROC24),
three PS™ (HROC40, HROC60, and HROCI113), and
two PS"(HROC32 and HROC107) surface-exposed cell
lines.

Short-term exposure revealed strong response
towards all peptides, with, however, cell line specific
susceptibility (Figure 3). Morphological changes even
appeared after a 10 min incubation period (representative

pictures for HROC24 exposed to peptides C7A and NK11,
respectively, are displayed in Figure 3A). Unspecific
killing was excluded by lack of NK11-mediated tumor
cell lysis (Figure 3).

Next, response after longer treatment schedules, i.e.
24h was examined. These analyses principally confire d
results from short-term exposure. HCT116 and HROC24
cells responded best; all tested HDPs exerted lytic
activity towards these two cell lines (Figure 4). Of note,
these peptides (C7A, C7A-D21K and C7A-A) were as
effective as the reference compound Mellitin. HROC60
cells showed weaker though still noticeable vulnerability.
In this cell line, obvious killing was obtained for C7A-
D21K (>40% lysis vs. control). By contrast, HROC40
cells were relatively resistant towards HDP-induced lysis,
even at high concentration (12.5 uM). When analyzing
susceptibility of PS* cell lines varying effects were
obtained (Figure 4). Viability of HROC107 and HROC113
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Figure 5: Apoptosis'necrosis assay and Western blot analysis. (A, B) HROC18 and HROC24 cells were exposed to increasing
HDP concentrations for a period of 24 hours. Tumor cells were stained with YO-PRO-1 for detecting early and late apoptotic tumor cells.
Priorto flo cytometric analysis, Pl was added to detect necrotic cells, as well. (A) Representative dot plots showing HDP-treated HROC24
cells at a concentration of 5 uM. Lower right quadrant: early apoptotic cells; upper right quadrant: late apoptotic cells; upper left quadrant:
necrotic aells. (B) For cell death quantifictia, values of background cell death (=untreated controls) were subtracted from values of HDP-
treated cells. Upper panel: HROC24 cell; lower panel: HROC18 cells. (C, E) Representative western blot results showing HDP-treated
HROC24 cells (20 pg of total protein per lane). (D, F) Quantitative analysis of BAX and HSP90 expression in HDP-treated cells was done
as described in material & methods. Expression levels of untreated cells were set to be =1 and x-fold increases of HDP-exposed cells were
calculated. Results show data of three separate experiments. Values are given as mean = SD.
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cells decreased dose-dependently. Of note, C7A-D21K Predominant necrosisinduction by HDPs
proved to be most effective in killing these tumor cells.
HROC32 cells did not respond well to HDPs. Overall,
these observations are indicative for partial involvement
of PS in the oncolytic action of HDPs.

To gain deeper inside into the type of cell death
induced by HDPs, selected tumor cell lines (namely
HROC24 and HROCI18, both PS"¢") were subjected to w
flo cytometric apoptosis/necrosis analysis. Using this
test, we observed predominantly necrosis in both cell
lines. Early apoptotic cells (YO-PRO-1*/PI") were found at
all concentrations (0.25 - 2.5 uM). However, levels were
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Figure 6: Hemolysis and lymphotoxicity assays. (A) Hemolytic activity of HDPs was determined by hemoglobin release from
whole blood cells after 120 min incubation. Negative controls were left untreated whereas positive controls (=maximum lysis) were treated
with 1% SDS. Hemolytic activity &as quantifie as described in the material and methods section. (B) PBLs were incubated in the presence
of increasing HDP concentrations for a period of 24 hours. Viability was analyzed using Calcein-AM and quantifie in comparison to
untreated controls, which were set to be =1. Results show data of six different healthy donors. Experiments were performed in triplicates.
Values are given as the mean x-fold increase + SD.
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Figure 7: In vivo growth kinetics and tumor cell apoptosis of HROC24 tumorsin NMRI Foxn1™ mice with or without
local treatment. (A) Therapy was performed by repetitive local application of HDPs C7A or C7A-D21K (1 mg/kg bw) every third
day (a total of 9 injections) (n=5 per group). Tumor-carrying control animals received either equivalent volumes of peptide NK11 or
saline (n=5 per group). Tumor volumes are given as x-fold increase vs. day 0 (V/V ) (start of treatment) £ SD. *p<0.05 vs. PBS. (B)
Representative immunoflur escence staining of apoptotic cells within HROC24 tumors. Cryopreserved tumor sections were stained with
anti-M30 CytoDeath antibody, followed by anti-mouse IgG FITC antibody and nuclear DAPI as described in material and methods.

www.impactjournals.com/oncotarget 7 Oncotarget



ORIGINALARBEITEN

always below 20 % (Figure 5A, B). Higher concentrations
increased the number of late apoptotic (YO-PRO-17/PI")
and necrotic (YO-PRO-17/PT") cells, respectively. Levels
of viable HROC24 cells fell to 17% (C7A-D21K and
C7A-A) and 25 % (C7A). Here again, peptides C7A-D21K
and C7A-A proved to be as effective in tumor killing as
melittin. HROC18 cells presented with marginally lower
lysis. In this cell line, C7A-D21K was the most effective
one and even slightly better than melittin (74 vs. 71 %
total killing; Figure 5B). Peptides C7A and C7A-A killed
up to 60% of cells.

Subsequent western blot analysis principally
confire d that necrosis is the primary reason for HDP-
mediated cell death. Protein expression levels of Bax and
HSP90 remained largely unchanged in HDP-responsive
cell lines (e.g. HROC24, HROC40, and HROCI113;
representative blots for HROC24 are given in Figure 5C).
The sole exception was seen for melittin. Here, HSP90
expression was dose-dependently induced (Figure 5D).
Cleaved PARP was not detectable at all.

HDPs exert no hemolytic, but lymphotoxic effects
in vitro

To examine if the observed,lytic effects were
tumor-specific whole blood was cultured in the
presence of increasing peptide concentrations for 24h.
Experiments revealed absent or minimal hemolysis,
with values below 20% even at high concentration (i.e.
melittin, dose: 12.5 uM, Figure 6A). In sharp contrast,
all peptides reduced viability of lymphocytes in a dose-
dependent manner (Figure $B). Effects were most likely
specific since NK11 did not affect lymphocyte viability.
Lymphotoxicity was independent from donor and gender.

HDP-mediated tumor growth arrest in vivo is
accompanied by increased tumor cell apoptosis

Finally, a proof of concept experiment was done
in vivo. Female NMRI Foxnl™ mice were inoculated
with HROC24 cells, the cell line that showed highest
vulnerability towards HDP-mediated killing in vitro.
Mice with established xenografts received repetitive local
injections of either peptide C7A or C7A-D21K. NK11
served as negative control. Melittin, which was applied
as positive control in vitro, was excluded from this
experiment due to its suspected high toxicity.

All treatment schedules were well tolerated by mice,
with no adverse side effects, like weight loss, anemia,
or ataxia. Application of peptide C7A demonstrated
most effectiveness (Figure 7A). Tumors immediately
reduced growing and macroscopically started to break
up (in 4/5 cases). Of note, this arrest was evident until
the end of experiments. A comparable initial delay was
obtained following peptide C7A-D21K therapy (Figure

7B). HROC24 xenografts presented with strong growth
retardation, though tumor growth was not completely
impeded, especially at later time points (day 17). Opposed
to C7A-treated tumors, no ulceration was observed.
Finally, tumor sizes reached 3.4-fold increases (vs. PBS
control: 10.3-fold). However, obtained effects were
rather independent from specific NK-2 therapy, since
control peptide NK11 induced tumor growth retardation
as well. Though growth delay occurred to a lesser extent
as compared to peptides C7A and C7A-D21Kathere was
still a significnt effect (4-fold vs. PBS control: 10.3-fold,
p<0.05). Thid fini g was completely unforeseen since no
antitumoral effects were found in vitro.

In line with the observed growth inhibition, all
HDP-treated tumors showed marked increased levels of
apoptotic tumor cells (Figure 7B). As given by positive
M30 CytoDeath staining, apoptosis was most strongly
induced in peptides C7A and C7A-D21K treated tumors,
respectively. Tumors that had been exposed to peptide
NK11 showed elevated cytokeratin 18 cleavage, as well.
Besides, all HDP-treated tumors were considerably more
necrotic than their untreated counterparts (data not shown).

DISCUSSION

HDPs have gained much attention as alternatives to
conventional chemotherapeutics; they bypass multidrug-
resistance mechanisms and exert additive oncolytic
effects in certain combinations [22, 23]. Due to the
limited number of experimental preclinical studies, we
here analyzed HDP action on a series of ultra-low passage,
patient-derived CRC cell lines. These cells provide ideal
models for testing novel drugs, since they closely resemble
the original tumors’ molecular and biological signature
[19, 24]. HDPs applied in this study were based on NK-2,
a porcine immune cell-derived peptide, whose selective
killing of different human cancer lines is well established
[10]. NK-2 derivatives exhibit reduced sensitivity towards
oxidation, show improved antibacterial and —most
importantly— oncolytic activity [17].

NK-2 associated cytotoxicity was shown to be at
least partially attributable to preferential binding towards
surface-exposed PS. In this study, varying levels of
surface-bound PS were detected on our freshly established
CRC lines, ranging from high (e.g. HROC24) to very
low (e.g. HROC32) levels, close to normal lymphocytes.
Amounts of surface-exposed PS were independent from (I)
molecular CRC subtype, i.e. chromosomal/microsatellite
instability or CpG-island and methylator phenotype,
that have been found to that impede drug response [25,
26]; (IT) the corresponding mutatienal profil (i.e. K-ras,
B-raf, p53, APC status); or (III) clinicopathological
parameters (gender, age, TNM stage). Besides, there was
no change over serial passages (at least from passage
10-50; data not shown), indicating that each tumor line
harbors its own individual PS profil. Nonetheless, we
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occasionally observed differences between our patient-
derived and “long-term” established standard cell lines,
with tendency towards higher surface-exposed PS on the
latter. On a basis of this initlal fini 1g, functional analyses
were done ifor definrg HDP-sensitivity and to test if
the above mentioned mechanism also accounts for CRC
lysis. Of note, all three newly designed NK-2 analogues
(C7A, C7A-D2K1 C7A-A) exhibited antitumoral
activities, even after short-term treatment schedules (1h).
Although there was a trend towards higher susceptibility
of cells displaying high PS surface-exposed levels (e.g.
HROC24), vulnerability towards HDPs was more likely
cell line and peptide specific Two out of seven cell lines
were completely resistant towards HDP-mediated lysis
(i.e. HROC40™ and HROC32"v). Generally, derivative
C7A-D21K proved to be most effective in killing CRC
lines. Hence, substituting Asp?' by a Lys residue yielded
higher antitumoral potential. Peptide C7A-A, which is
a shortened form of C7A-D21K, presented with killing
potential, as well. By deleting four amino acids (including
anionic Asp?! and cationic Lys?), the peptides’ oncolytic
activity was maintained. Moreover, these results provide
evidence for the active domain to be within this region.

Overall, ourdini rgs indicate partial PS-dependent
killing; yet, other mechanisms are likely to be involved
as well. As a consequence of HDP-associated cell injury,
apoptosis and necrosis play a role in cell death [10, 22, and
27]. Quite in line, we here also observed both modes with
a prevalence of necrosis. The rapid killing kinetic (<1h)
of NK-2 based derivatives further supports thid fini ng.
This strong membranolytic effect shouldueven make it
difficl t for tumor cells to develop resistance. This is of
particular meaning, since acquired resistance to (targeted)
cancer therapies is increasingly observed in the clinics and
represents a major problem [28].

A rather unexpected observation of the current
study was the massive cytotoxicity against normal
lymphocytes. Although erythrocytes were not affected by
HDPs, viability of lymphocytes dramatically decreased
upon HDP-exposure. This is in sharp contrast to previous
studies in which lymphotoxicity for NK-2 was designated
to be low or absent [10]. However, cytotoxicity towards
the vascular system has been demonstrated for some HDPs
[22]. Cathelicidin (=LL-37), an antimicrobial protein that
is produced by leukocytes, epithelial, and mucosal cells
is cytotoxic to human oral squamous carcinoma cells,
but also to human PBLs [29]. Comparable results were
reported for BMAP-27 & BMAP-28. These HDPs cause
apoptosis of leukemic cells, but also hemolysis of red
blood cells [30]. Though thid fini rg may limit in vivo
applicability, we still wanted to address the question
whether NK-2 based analogues have the potential to
control tumor disease in vivo. So far, only few studies
described successful in vivo application of oncolytic HDPs
in general [16, 27, 31] and neither applied NK-2 and/or
derivatives thereof. Here, immunocompromised nude mice

were engrafted with HROC24 cells. This cell line was
chosen on the basis of in vitro responsiveness and reliable
engraftment [19]. A total number of nine intratumoral
injections of peptide C7A or C7A-D21K resulted in a
notable tumor growth delay; tumors even stopped growing
for several days and remainedasignificnt ly smaller than
PBS-treated control tumors. This growth inhibition was
accompanied by increased induction of cellular apoptosis.
Of note, no adverse side effects, like hemolysis or
lymphotoxicity, were found. These peptides d¢ould thus
be identifie as potent and well tolerable antitumoral
compounds. This is particularly important since doses
applied here were lower than most of the published ones
for HDPs [27, 31]. Hence, tumor growth control might
be the result of: (I) suppressed tumor cell proliferation
(i.e. reduced Ki-67 expression); (II) direct tumor cell
killing (most likely via necrosis); and (IIT) angiogenesis
inhibition.

Contrary to our expectations, NK11 application
also affected HROC24 tumor growth in vivo. NK11 is an
11-residue derivative that was applied as an inactive and
thus nontoxic control. Nonetheless, HROC24 xenografa
growth was significntly impaired by this protein.
Additionally to the fact that prior studies on HDPs
excluded control peptides [16, 27, 31, and 32], several
reasons might explain this observation: Firstly, the applied
doses in vitro differed from those given in vivo. Secondly,
NK11 was injected repetitively in vivo, while it was only
once given to the cell culture. Thirdly, HDPs are known
to be potent immune stimulators, especially of the innate
immune system; hence unspecific immune activation is
very likely.

We therefore propose the following model: local
application of HDPs mediates rapid killing of tumor
cells. However, the tumor microenvironment (including
stromal cells) prevents parts of the tumor from lysis. Due
to their natural behavior, HDPs enter the bloodstream and
are recognized by the hosts’ immune system, primary
macrophages and NK cells. As a consequence, cells of
the immune systems’ innate arm infilrate tumors. fhis
proinflama ta'y local milieu helps controlling tumor
growth transiently. Due to the lack of adaptive immune
cells in nude mice, specific immune responses cannot
be induced, preventing xenografted tumors from being
completely eradicated. It is therefore conceivable that
NK-2 and its derivatives exert substantially stronger
antitumoral effects in immunocompetent hosts. Hence,
oncolytic designer HDPs represent a very promising tool
for inclusion into (chemotherapy-based) combinatorial
treatment strategies. Due to the potentially rather
unspecific mode of action, initial clinical studies should
focus on intratumoral application.
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MATERIAL AND METHODS

Tumor cell lines, lymphocyte preparation and
culture media

CRC cell lines HROC18, HROC24, HROC32,
HROC40, HROCS57, HROC60, HROC69, HROCS0,
HROC87, HROCI107, and HROC113 were established
in our lab from patients subsequent to surgical resection.
Molecular characterization was performed as described
before 18,19]. Clinical characteristics of patients and
molecular data of the corresponding tumor can be gathered
from Table 1. The CRC cell line HCT116 (Kras™, Braf*')
was originally obtained from the German collection of
cell cultures (DSMZ; Braunschweig, Germany) and
routinely cultured in our lab. For some experiments,
established CRC lines SW48 (Kras™, Braf*™), TC71,
and HDC114 (both Kras™, Braf*') were included as well.
Cells were maintained in full medium: DMEM/HamsF12
supplemented with 10% fetal calf serum (FCS), glutamine
(2 mmol/L) and antibiotics (medium and supplements
were purchased from PAA, Célbe, Germany). Peripheral
blood lymphocytes (PBL) were obtained from healthy
volunteers following Ficoll density-gradient centrifugation
(n=6).

Synthetic Peptides

All peptides were synthesized with an amidated
C terminus by the Fmoc solid-phase peptide synthesis
technique on an automatic peptide synthesizer (model 433
A, Applied Biosystems; Darmstadt, Germany) and purified
by HPLC as described [20]. Peptide stock solutions
(1 mM) were prepared by solubilization of the purified
and lyophilized peptides in 0.01% trifluoroacetic acid and
were stored at -20°C.

Lipids

Natural phospholipids L-a-phosphatidylcholine
(PC) from hen egg and L-a-phosphatidylserine (PS)
from porcine brain were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Fluorescently labeled
phospholipids ~ N-(7-nitrobenz-2-oxa-1,3-diazol-4yl)-
phosphatidylethanolamine (NBD-PE) and N-(lissamine
rhodamine B sulfonyl)-phosphatidylethanolamine
(rhodamine-PE) were from Molecular Probes (Eugene,
OR, USA). Lipid stock solutions were prepared in
chloroform.

Forster resonance energy transfer (FRET)
spectroscopy

Intercalation of peptides into liposome membranes
was determined FRET spectroscopy applied as a probe
dilution assay. Liposomes were prepared by dissolving
appropriate lipid mixtures (pure PC, a 90:10 molar
mixture of PC:PS, as well as pure PS, each doped with
1% of the donor dye NBD-PE and 1% of the acceptor
dye thodamine-PE) in chloroform and drying them under
a gentle stream of nitrogen. The resulting lipid film was
dispersed in 20 mM HEPES, 150 mM NaCl, pH 7.4,
sonicated for 30 min and subjected to 3-4 temperature
cycles from 4 to 60°C with an incubation period of
30 min at each step. Lipid dispersions were stored at 4°C
overnight before use. For the assay, donor fluorescence
(NBD) was excited at 470 nm, and donor (NBD, ID at
531 nm) as well as acceptor (rhodamine, IA at 593 nm)
emission intensities were monitored over time. An
increase of the ratio of the donor fluorescence intensity
to that of the acceptor fluorescence intensity (I, /I*e'r)
was interpreted as a membrane intercalation event. This
ratio depends on the Forster efficiency, therefore a rising
value means that the mean distance separation of donor
and acceptor dyes 1s raising. The assay was performed at
37°C.

AnnexinV staining of tumor cells and lymphocytes

AnnexinV staining was applied for detection of
surface-exposed phosphatidylserine (PS) on tumor cells.
Controls included lymphocytes from healthy volunteers.
Cells (2 x 10° cells/tube in PBS with Ca*'/Mg*") were
stained with APC (Allophycocyanin-) labeled AnnexinV
(5 pl/tube, Immunotools, Friesoythe, Germany) for 20min
at 4°C. Cells were washed, resuspended in 200 pl PBS
and subjected to flow cytometric analysis, which was
always performed on a FACSCalibur Flow Cytometer
(BD Pharmingen, Heidelberg, Germany). Data analysis
was performed from 20.000 events of each sample using
CellQuest software (BD Pharmingen). Dying or dead cells
were excluded by propidium iodide (PT). PI (1 mg/ml) was
applied directly to cells prior to measuring. Amounts of
surface-exposed PS were quantified by calculating the
quotient of the mean fluorescence intensities (MFI) from
unstained cells versus AnnexinV-stained cells.

Cell viability staining

This assay is based on Calcein-acetoxymethylester
(Calcein-AM; Invitrogen, Darmstadt, Germany) staining
to detect viable cells within a culture. Tumor and normal
(PBL) cells (1-2 x 10* cells/well in triplicates) were seeded
in 96-well plates and incubated overnight. Thereafter,
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peptides were added in increasing concentrations (ranging
from 0.25 puM — 12.5 uM). Untreated cells served as
living cell control. Medium was removed after 1h or
24h, respectively. Calcein-AM (4 mM) was added and
incubated for 30 min (37°C, 5% CO,). Analysis was
performed on e flurescence multi-well plate reader (Tecan i
Infinte® M200, Crailsheim, Germany) at an excitation
wavelength of 485 nm (emission 535 nm). For estimation
of cell viability, the relative flurescence intensities of
Calcein-AM-stained non-treated cells (=live control) were
set to be 1, anddlurescence intensities of samples were
calculated. Data of at least three independent experiments
each performed in duplicates are given.

Apoptosisnecrosis assay

Cell death was quantifie by YO-PRO-1
(Invitrogen) and PI double staining. Selected tumor cells
(HROC24 and HROC18, 1 x 10* cells/well) were seeded
in 24-well plates and incubated overnight. Thereafter,
peptides were added in increasing concentrations (ranging
from 0.25 puM — 12.5 uM). Untreated cells served as
living control. Following a 24-hour incubation period,
supernatants were collected; cells were trypsinized and
washed in PBS. Cells were stained with YO-PRO-1 (finl
concentration: 0.2 uM) for 20 min at room temperature.
Prior to lo  cytometric analysis, PI was added at a finl
concentration of 100 pg/ml. For cell death quantifict i,
values of background cell death (=untreated controls) were
subtracted from values of HDP-treated cells.

Hemolysis assay

Hemolytic activity of HDPs was determined by
hemoglobin release from whole blood cells after 120 min
incubation. Briefly, whole blood of healthy donors (n=6)
was seeded in 96-well plates and supplemented with
HDPs at given concentrations (ranging from: 0.25 uM
— 12.5 pM). Negative controls were left untreated and
positive controls (=maximum lysis) were treated with
1% SDS. Following the incubation period, cell-free
supernatants were transferred into a new 96-well plate
and absorption was measured on a plate reader at 540 nm
(reference wave length: 690 nm). Hemolytic activitydvas
quantifie acordirg to the folos g faomla

% hemolysis = ((OD OD

-0OD *100

max 540nm buﬂbr)

)/OD

540nm sample 540nm buffer 540nm

Western Blot analysis

Cellular protein extracts were obtained from HDP-
treated and control cells following incubation with lysis
buffer (1 M Tris, pH 7.5, 5 M sodium chloride, 0.25 M
ethylenediaminetetraacetic acid, 10% (v/v) triton-x

100, 4% (v:v) sodium azide, 0.1 M phenylmethaoe-
sulfonylflurice, protease inhibitor cocktail (Roche,
Mannheim, Germany)) on ice for 30 min. Cell lysates
were centrifuged by 10.000xg for 10 min at 4°C. Protein
concentration was determined using BCA Protein assay
kit (Merck Calbiochem, Darmstadt, Germany) according
to manufacturer’s instructions. Proteins (20 pg) were
separated on a 14% SDS-polyacrylamide gel and
transferred to polgvinylidene flurice membranes.
Membranes were blocked for 1h with blocking buffer
(Rockland, Gilbertsville, PA) prior to incubation with
primary antibodies against Bax, cleaved PARP, HSP90,
and B-actin (all New England Biolabs, Frankfurt am Main,
Germany). IRDye® 800 CW- and IRDye® 680 CW-
conjugated secondary antibodies (LI-COR-Biosciences,
Bad Homburg, Germany) were applied for 30 min.
Blots were scanned at a wavelength of 700 nm (for
detecting IRDye® 680) and at a wavelength of 800 nm
(for detecting IRDye® 800 CW) using an Odyssey®
Infrared Imaging System (LI-COR-Biosciences). Signal
integrated intensitids were quantifie applying the
Odyssey® software version 3.16. Probes were normalized
by calculating the ratio of the corresponding target protein
to B-actin signal.

In vivo tumor models and treatment regimen

Experiments were performed on female 8-10-
week old NMRI Foxnl1™ mice (Charles River, Sulzfeld,
Germany) weighting 18-20 g. All animals were fed
standard laboratory chow and given free access to water.
Trials were performed in accordance with the German
legislation on protection of animals and the Guide for
the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Research Council;
NIH Guide, vol.25, no.28, 1996). NMRI Foxnl™ mice
were challenged with 5 x 10 HROC24 cells. Mice with
established subcutaneous (s.c.) tumors received repetitive
local injections of peptide C7A or C7A-D21K (Img/
kg bw, dissolved in 50 pl) every third day (a total of 9
injections) (n=5 per group). As control, tumor-carrying
mice either received NKI11 (Img/kg bw, dissolved in
50 pl) or saline (50pl volume, n=5 per group). Tumor
growth was controlled three times a week at time point of
HDP injection and tumor volume was estimated according
to the formula: V= width? * length * 0.52.

Tumor carryingemice were sacrificd at day 28 or
when they became moribund before the tumor volume
reached 2.000 mm?®. At the end of each experiment,
tumors, blood and spleens were collected from the animals
of all groups for further analysis.

Phenotyping of murine immune cells was conducted
from blood samples and spleens, following lysis of
erythrocytes in lysis buffer (0.17 M Tris, 0.16 M NH,CI)
and labeling with the following FITC-conjugated rat
anti-mouse mAbs: CDI11b, y/6 TCR, and CD69 (lug,
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Immunotools), hamster anti-mouse mAbs: CDl11c (1 pg,
Miltenyi Biotec, Bergisch-Gladbach, Germany) and PE-
conjugated rat anti-mouse mAbs: Grl (Ly6G), CD62L
(Immunotools), and CD166 (ebioscience, Frankfurt,
Germany). Negative controls consisted of spleen and
blood lymphocytes stained with the appropriate isotypes
(Immunotool©.

Immunoflur escence

To study apoptotic cell death in vivo, 4 pm sections
of HDP-treated and control tumors were mounted on
poly-L-lysine-coated-slides. Following fixtim in ice-
cold methanol and blocking with 2% BSA (1h), cells
were incubated with mouse anti-M30 CytoDeath antibody
according to the manufacturer’s instructions (Roche,
Mannheim, Germany). A FITC-labeled anti-mouse IgG
antibody was used as secondary antibody (Dako Envision
Link, Hamburg, Germany). Cell nuclei were stained with
DAPI and slides were embedded in mounting medium
(Dako). Apoptotic cells were detected using a flur escence
microscope (Olympus, Miinster, Germany).

Statistical analysis

All values are expressed as mean + SD. After
proving the assumption of normality, differences between
controls and treated animals were determined by using
the unpaired Student’s {-test. If normality failed, the non-
parametric Mann-Whitney U-Test was applied. The tests
were performed by using Sigma-Stat 3.0 (Jandel Corp,
San Rafael, CA). The criterioa for significnce was set
to p<0.05.
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ABSTRACT

Mismatch-repair deficiency (MMR-D) is closely linked to hypermutation and accordingly, high
immunogenicity. MMR-D-related tumors thus constitute ideal vaccination targets for both therapeutic and
prophylactic approaches. Herein, the prophylactic and therapeutic impact of a cellular vaccine on tumor
growth and tumor-immune microenvironment was studied in a murine MLH1~"~ knockout mouse model.
Prophylactic application of the lysate (+/— CpG ODN 1826) delayed tumor development, accompanied by
increased levels of circulating T cell numbers. Therapeutic application of the vaccine prolonged overall
survival (median time: 11.5 (lysate) and 12 weeks (lysate + CpG ODN) vs. 3 weeks (control group),
respectively) along with reduced tumor burden, as confirmed by PET/CT imaging and immune stimulation
(increased CD37CD8* T - and NK cell numbers, reduced levels of TIM-3* cells in both treatment groups).
Coding microsatellite analysis of MMR-D-related target genes revealed increased mutational load upon
vaccination (total mutation frequency within 28 genes: 28.6% vaccine groups vs. 14.9% control group,
respectively). Reactive immune cells recognized autologous tumor cells, but also NK cells target YAC-1 in
IFNy ELISpot and, even more importantly, in functional kill assays. Assessment of tumor microenvironment
revealed infiltration of CD8" T-cells and granulocytes, but also upregulation of immune checkpoint
molecules (LAG-3, PD-L1).

The present study is the first reporting in vivo results on a therapeutic cellular MMR-D vaccine.
Vaccination-induced prolonged survival was achieved in a clinically-relevant mouse model for MMR-D-
related diseases by long-term impairment of tumor growth and this could be attributed to re-activated
immune responses.

KEYWORDS

cellular vaccine; MMR
deficiency; in vivo imaging;
tumor microenvironment;
target gene identification

Introduction malignancies in affected patients. Clinically, MMR-D related

Somatic hypermutation constitutes a molecular tumor
make-up for which immunotherapy might be most effec-
tive.' This phenomenon is attributable to alterations in the
DNA polymerases encoded by the POLE/DI genes, exposure
to external (cigarette smoking, UV radiation) and endoge-
nous mutagens.]'2 Besides, individuals who are inherited
deficient in DNA replication and repair processes develop
tumors with high mutational load mainly consisting of
insertions/deletions at repetitive DNA sequences ( = micro-
satellites). MSI-induced neoantigens arise mostly from cod-
ing microsatellite frameshift mutations in specific target
genes.> The high number of mutational events in coding
microsatellites leads to the microsatellite instability (MSI)
phenotype. Due to their high immunogenicity, these frame-
shift mutations are perfect targets for immunological
approaches.

Germline mutations in one of the mismatch repair
(MMR) genes (MLHI, MSH2, MSH6, PMSI, and PMS2)
represent the underlying molecular mechanism causing

tumor syndromes include the autosomal dominant Lynch
syndrome (LS) as well as their biallelic counterpart referred
to as constitutional or compound MMR-D (CMMR-D).’ LS-
affected patients develop tumors upon inactivation of the
second allele. Tumors predominantly manifest in the gastro-
intestinal system as well as in the endometrium and with an
average age of 45 years.’ By contrast, CMMR-D patients
are prone to develop a more complex spectrum of ultra-
mutated cancers during their (early childhood) life-time.
CMMR-D-associated tumors include hematological, Lynch-
like gastrointestinal tumors (GIT), and brain tumors.”
Despite biological and clinico-pathological differences, many
features are common to both diseases, based on the initial
driving MMR-mutations.>®’

However, when comparing with LS patients, the prognosis
for CMMR-D patients is extremely bad. CMMR-D-associated
tumors show intrinsic resistance mechanisms against several
known standard chemotherapeutic drugs, including O6-meth-
ylating agents.”'® This finding, together with the increasing
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evidence of a good response to immunotherapeutic drugs
inhibiting the PD-1/PD-L1 pathway even in the metastatic set-
ting,>'"'* provides a rationale for investigation of immune-
based strategies in general. Recent studies revealed that LS
patients’ own immune system is capable of recognizing a vari-
ety of neoantigens on the tumor cells’ surface; thus contributing
to a better prognosis.'*™*> Additionally to immune-checkpoint
inhibition, more “classical” strategies like application of autolo-
gous tumor lysate, containing a large repertoire of (shared)
MSI-specific tumor antigens, might be an effective treatment
regimen for hypermutated tumors. Given the extremely high
mutational load, these cancers are under selective pressure for
obliterating antigen presentation.'®™'® Hence, simultaneous
vaccination against a variety/multitude of tumor-specific anti-
gens may prevent (or delay) the phenomenon of antigen-escape
tumor cell variants."

We here analyzed the impact of a cellular-based vaccine on
tumor incidence, growth and immune response as a strategy to
vaccinate mice with spontaneously developing MLH1 ™'~
tumors, in both prophylactic and therapeutic settings. These
mice combine characteristics of LS and CMMR-D, with the lat-
ter being represented by an early lymphomagenesis, while GIT
development is seen at later age and thereby closely resembles
LS-associated neoplasia.

Results

Whole exome sequencing analysis for the identification
of vaccination antigens - a comparative analysis

Prior to vaccination, comparative whole exome sequencing
was done on an MLHI'~-derived GIT allograft (namely
MLH1 '~ A7450, which was used for vaccination) and the
corresponding parental tumor to analyze the mutanome of
these tumors (Fig. 1). Firstly, marked increases in total
mutational events in the allograft as compared to the pri-
mary were evident with regard to missense, nonsense and
silent mutations as well as the number of mutations per
type (Fig. 1A). As expected, the number of silent mutations
is high whereas the nonsense mutation rate is small in both
tumor samples. Focusing on the mutation type “nonsense”,
unexpectedly no SNP exclusive for the primary tumor and
only one mutation of the MSH3 gene, at position 93110760,
has been reported.

In the genomic genetic fingerprint (Fig. 1B) the focus is on
visualizing missense mutations in a pairwise fashion for the
allograft and for their parental counterpart. The primary tumor
shows three genes being mutated: ERBB2, IDH2 and ARIDIA,
where ARIDIA has eight mutations at different positions.
These positions are exclusively mutated in the primary tumor
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Figure 1. Comparative mutational analysis of MLH1~/~ GIT and allograft. (A) The statistics of each mutation type (missense, nonsense and silent) are shown for the
MLH1~/~ GIT allograft and the primary tumor as well as the exclusive distribution for each. Silent mutations are dominating both samples and missense mutations are
equally distributed. (B) Ideogram plots showing the genomic distributions of the missense mutations occurring in the annotated/known genes for both samples. All mis-
sense SNVs for MLH1~/~ GIT allograft and the primary tumor are shown in blue and yellow respectively with their corresponding coordinate on the mouse reference
genome mm9 cytoband. The exclusive missense SNVs for the MLH1~/~ GIT allograft and the primary tumor are shown in red and annotated with a corresponding ID con-
taining the SNV position and the affected gene name. (C) and (D) Missense mutations mapped on human protein sequences for the FHIT and the NFT genes, respectively.

These two specific genes are frequently mutated in CMMR-D related diseases.
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Table 1. Tumor development after prophylactic vaccination and tumor spectrum.
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median age of onset [weeks] tumor type [%] mice [%]
Intervention Lymphoma GIT Lymphoma GIT other unexpected death tumor free
CpG ODN 1826 26 325 60 20 20 0 0
ODN 1826 ctrl 26 385 60 20 10 10 0
Lysate 30 48 53.8 154 77 8.0 154
Lysate + CpG ODN 1826 325 46.5 41.2 235 11.8 58 17.7
Lysate + ODN 1826 ctrl 315 45 40.0 20.0 20.0 6.7 133

ctrl - control; GIT — gastrointestinal tumor; unexpected death - died under isoflurane anesthesia, found dead

(shown in red with the corresponding annotation containing
the position and the gene, all SNPs are in yellow). For ERBB2
only some positions are shown for better visualization. Interest-
ingly, the allograft has ARIDIA SNPs as well, but at different
positions (for comparisons please see supplementary Tables 1
and 2 summarizing the exclusive SNPs). Besides ARIDIA, the
other mutated genes are: CTNNBLI, FHIT, MET, MSH3,
MYOIB, NF1, POLE, POLDI, and SMAD2. POLE and POLDI
frequently mutated in MMR-D related diseases®®*' and
[Fig. 1C and D] show two or three mutated positions, respec-
tively. An additional analysis on insertions/deletions— known
to be interesting target structures for peptide-based vaccination
- identified 16 candidates with potential relevance (supplemen-
tary Table 3). The resulting proteins are involved in different
biological processes (such as signaling and growth control).

Delayed tumorigenesis after prophylactic vaccination
due to immune stimulation

Next, the impact of the cellular lysate prepared from the
MLH1™'~ GIT allograft was tested on tumor development in
syngeneic animals. A vaccination schedule is provided as sup-
plementary Fig. 1. Mice without any clinical signs of tumor
development (i.e. normal behavior, no ruffling of fur, normal
blood cell numbers) were included in this study and assigned
to the different treatment arms (lysate, lysate + CpG ODN
1826, lysate 4 control ODN 1826) and control groups (CpG
ODN 1826, control ODN 1826). Mice repeatedly received
applications of the vaccine to boost immune responses. CpG
was chosen based on a preliminary in vitro assay to study the
immune stimulatory effect of different adjuvants (Complete
Freund’s Adjuvant, a bacterial lysate from Streptococcus pyo-
genes,”> and CpG ODN 1826) (data not shown). In these
experiments, lymphocytes from both heterozygous and homo-
zygous mice (each n = 4) responded best towards CpG ODN
1826 in terms of activation (CD25", CD69") and viability.

Repeated application of the lysate was well-tolerated and
without any signs of vaccination-induced side effects. To
analyze the impact of the vaccine on the immune system,
blood samples were taken routinely from mice of all groups.
Mice of the vaccine groups (lysate +/— CpG ODN 1826
and control ODN 1826) had increased numbers of circulat-
ing T cells (Fig. 2A). Control mice did not show any altered
immune response. As assessed on day 84, all vaccinated
mice showed higher levels of cytotoxic T cells than control
mice (lysate + CpG ODN 1826 up to 22% vs. control:
8 %). NK cell numbers were elevated as well (lysate up to
40 % vs. control: 23 %).

In addition to the observed immune stimulation, vaccinated
mice lived longer than controls and developed tumors at later
time points (Fig. 2B). Two and three mice of each of the two
vaccination groups, respectively, even remained tumor free
until the experimental end point ( = 42 weeks), while all con-
trol mice displayed tumorigenesis within the expected time
frame, i.e. lymphomas at around 26 weeks and GIT at around
32.5 (CpG ODN 1826) or 38.5 weeks (control ODN 1826),
respectively (Table 1). Vaccination slightly delayed lymphoma
formation and GI tumorigenesis, the latter being detectable
around nine weeks later (lysate group) than in control mice
(Table 1). Unexpectedly, adding the adjuvant to the lysate
played a minor role and did not decelerate tumor development
when compared to the lysate.

Tumor microenvironment and target cell recognition
by lymphocytes of prophylactically vaccinated mice

To further investigate the observed immune stimulation, the
tumor microenvironment was studied in detail. Immunoflu-
orescence staining of GIT from vaccinated and control mice
revealed increased numbers of infiltrating CD4" and CD8*
T cells, both being located within the tumors (representative
images are shown in Fig. 3A). Besides, the immune-check-
point molecule PD-L1 was upregulated, mainly on macro-
phages, upon vaccination. Numbers of LAG-3- and NK1.1-
positive cells remained largely unchanged (Fig. 3A and data
not shown).

We next examined whether immune cells respond to stimu-
lation from tumor cells. Therefore, the reaction of peripheral
blood lymphocytes ( = during vaccination) and splenocytes (
= expe-rimental endpoint) co-incubated overnight with differ-
ent target cell populations was measured in a classical IFNy-
ELISpot assay. The two tested MLH1 ™/~ tumor target cell lines
triggered IFNy secretion of lymphocytes from vaccinated mice.
Of note, there was a trend towards higher recognition at later
time points, i.e. day 84. Strongest responses were seen in the
lysate-treated group, followed by lymphocytes from lysate +
adjuvant-treated mice (Fig. 3B). Control mice (CpG ODN 1826
and control ODN 1826) did not show any response towards
the target cells (Fig. 3B).

Prolonged survival after therapeutic vaccination

Next, the impact of our vaccine was investigated in a therapeu-
tic situation (supplementary Fig. 1). Mice with suspected GIT
underwent in vivo PET/CT imaging, which was paralleled by
weight monitoring and basic immune assays to determine the
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Figure 2. Prophylactic vaccination of MLH1~'~ mice with a cellular lysate. (A) Flow cytometric phenotyping of peripheral blood leukocytes. Blood samples were taken at
start of treatment ( = day 0) and regularly during the experiment. Given are the percentage numbers of positively stained cells as determined by gating on viable cells
from vaccinated (lysate (n = 12) +/— CpG ODN 1826 (n = 15) and ODN control (n = 12)) and control mice (CpG ODN 18260r control ODN 1826; n = 9 and n = 7 mice

per group, respectively). Values are given as mean = SD; “p < 0.05 vs. control; t-test. (B) Kaplan Meier survival curve of vaccinated and control MLH1

survival analysis, p = 0.017 Lysate + CpG ODN vs. control.
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Figure 3. Immunofluorescence of MLH1~/~ tumors and IFNy—ELISpot after prophylactic vaccination. (A) Tumor microenvironment was studied from GIT cryostat sections
of 4.um. Analyses were done on a laser scanning microscope (Zeiss) using 20x objectives. (B) Reactivity of PBL (during vaccination) or splenocytes (endpoint) against tar-
get cells (MLH1 ~/= 7450 T1 M1, MLH1~/~ 328, and YAC-1) was examined after overnight co-incubation. Lymphocytes were isolated from vaccinated and control mice at
different time points. Experiments revealed increased reactivity upon vaccination. Values are given as mean = SD.
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immune status before vaccination. When comparing with
tumor-free young mice, T cell levels (CD4*, CD8*, y/8 TCR*)
were slightly reduced in tumor-bearing hosts. Vice versa,
immune-suppressive molecules (i.e. LAG-3 and IDO) as well as
ALCAM (CD166) increased in numbers (Fig. 4A). Granulocyte
and NK cell numbers were not altered. As assessed by PET/CT
imaging, mice developed 3.2 £ 1.3 tumors on average with a
mean volume of 74.1 & 51.8 mm” (Fig. 4B, representative pic-
tures showing PET/CT scan of a healthy mouse (left) in com-
parison to tumor-bearing mice (middle: GIT, right: lymphoma)
are depicted in Fig. 4C). Tumorigenesis was accompanied by
continuous weight loss (~ 5 % during the last three weeks of
observation) and impairment of general behavior (ruffling of
fur, reduced mobility, and socio-physiological segregation).
Upon vaccination, general state of health was improved. Addi-
tionally to stabilizing weight, mice showed improved mobility
and parametric signs of disease vanished. Repeated PET/CT
imaging on day 28 post vaccination revealed disease control, with
tumor volumes being smaller than before vaccination (day 28:
lysate: 60.2 + 24.3mm’ and lysate + CpG ODN: 460 +
37.3mm’). In some cases, single tumor nodules even disappeared
(Fig. 4D). Disease control contributed to a better outcome and
improved overall survival. Median survival time after vaccination
was 11.5 £ 3.9 (lysate) and 12.0 &+ 5.8 (lysate + CpG ODN
1826) weeks, compared to three weeks in the control group
(median: 3.0 = 0.6 weeks) (Fig. 4E). Therapeutic response was
accompanied by immune stimulation in a way of reconstituting a
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“physiological” immune response. Of note, numbers of cytotoxic
T and NK cells as well as granulocytes gradually increased during
vaccination (Fig. 5). Amounts of TIM-3 positive T cells
decreased, while CTLA-4, PD-1 and PD-L1 were only transiently
down-regulated on immune cells (data not shown). Numbers of
helper T cells did not significantly change during vaccination.

Considering treatment of highly aggressive lymphomas,
median survival time upon vaccination with the GIT-derived
lysate was 6.0 £ 2.5 weeks and thereby slightly prolonged com-
pared to untreated control mice (2.0 & 1.1 weeks). This finding
suggests some overlapping but also different biological and
immunological mechanisms among the two tumor types arising
in MLH1 ™~ mice. Another interesting “single case” finding was
successful eradication of a skin cancer by subcutaneous lysate
application. The initial tumor (9 x 12 mm size) completely dis-
appeared after three repetitive injections and the mouse remained
tumor free for four months, before relapse. Re-administration of
the vaccine mediated measurable tumor shrinkage, but not com-
plete remission, and the mouse died from progressive disease
four weeks later (supplementary Fig. 2).

Tumor microenvironment reveals increased T cell
infiltration but also vaccine-induced up-regulation
of immune-checkpoint molecules

The in vivo results obtained hint towards involvement of anti-
tumoral immunological mechanisms. Consequently, tumor
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Figure 4. Therapeutic vaccination of MLH1~/~ mice with a cellular lysate. (A) Comparative flow cytometric analyses from young and old mice for determining immune
status prior to vaccination. * p<0.05 vs. young mice; t-test. (B) Tumor volume as determined by PET/CT in vivo imaging using radiopharmacon '"®F-FDG. Values are given
as mean = SD. Whiskers (error bars) above and below the box indicate the 90th and 10th percentiles. (C) and (D) PET/CT in vivo imaging. Tumor nodules were visualized
using radiopharmacom '®F-FDG. Given are representative summed images in axial (left) and coronal view (right) (C) For comparison, exemplary images of a tumor-free
mouse as well as mice with a GIT and lymphoma are shown. Arrows indicate detected tumors. The color scale indicates SUV. (D) Repeated imaging at day 28 after vaccine
revealed disappearance of single tumor nodules. Images at day 28 were taken from the same mouse as on day 0. (E) Kaplan Meier survival curve of vaccinated and control
MLH1~"~ mice. Log rank survival analysis. p<0.001 vs. control. p = 0.38 lysate vs. lysate + CpG ODN.
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Figure 5. Immune status of therapeutically vaccinated mice. Flow cytometric phenotyping of peripheral blood leukocytes. Blood samples were taken at start of treatment
( = day 0) and regularly during the experiment. Given are the percentage numbers of positively stained cells as determined by gating on viable cells from vaccinated
(lysate (n = 9) +/— CpG ODN 1826 (n = 7). Values are given as mean =+ SD; “p < 0.05 lysate vs. day 0; t-test; # p < 0.05 vs. lysate + CpG ODN vs. day 0; t-test.

resection specimens were examined for infiltrating immune
cells. Here, marked differences were seen between lysate and
lysate + CpG ODN 1826 treated mice. In the latter group, infil-
trating cytotoxic and helper T cell numbers markedly increased
(Fig. 6). Although numbers of infiltrating granulocytes
remained similar upon vaccination, their phenotype in lysate +
CpG ODN 1826 treated tumors changed. Double positive
CD11b*Gr1" myeloid-derived suppressor cells were exclu-
sively seen in this group; possibly documenting a compensatory
immune-escape mechanism. In support of these findings, PD-
L1 and LAG-3 were highly upregulated on infiltrating cells in
the MLH1™'~ tumor microenvironment. However, there was
no expression of PD-L1 on vaccine-induced infiltrating
CD11b" granulocytes, a mechanism reported to counteract
CD8" T cell mediated tumor cell lysis,”* (Fig. 6). NK cell num-
bers were not altered at all (Fig. 6).

Increased mutational load in MSI-target genes upon
vaccination

Prolonged survival of MLH1 ™/~ mice was at least partially
attributable to immune-stimulation. Since this might be
associated with selective pressure and an accordingly
increased mutational load, tumor resection specimens from
control and vaccinated mice were subjected to molecular
pathological analysis. Examination of coding microsatellites
in selected MSI-target genes was based on our previous study
to identify murine coding MSI target genes in MLHI1 ™'~
tumors.”

With this analysis, mutations were detectable in 31 %
(lysate) and 25 % (lysate + CpG ODN 1826) of analyzed
markers from vaccinated tumors, respectively (vs. 15 %

controls; Table 2). Increased mutation frequencies were found
in genes belonging to DNA repair (Lig4), signa-ling pathways
that regulate growth and metabolism (Grb14), and transcrip-
tional repression (Bend5). The latter gene shares functional and
structural similarity with its human ortholog and is mutated in
10 % of cultured MSI-H cell lines [Seltarbase.org]. Besides,
NKtrl, originally described to be present on the surface of natu-
ral killer cells to facilitate target cell binding, was more fre-
quently mutated in vaccinated than in control tumors (100%
(lysate) and 20% (lysate + CpG ODN 1826), respectively, vs.
9% in controls). In contrast, APC gene mutations, originally
found in every fourth MLH1 ™/~ —associated GIT as well as in
the allograft that was used for vaccination, were no longer
detectable (Table 2).

Additional direct comparison of such MSI-specific altera-
tions between vaccinated tumors and the allograft confirmed
an increased vaccination-induced mutational load. Here again,
some mutations were exclusively found upon vaccination,
forced by MSI" tumor cells to escape immune attack (Table 2).

Immune responses against MLH1~/~ targets upon
vaccination

Finally, lymphocytes from vaccinated mice were analyzed for
their tumor-recognizing and killing ability in immunological
standard assays. By determining the number of IFNy secreting
cells, recognition of MLH1 '~ target cell lines 328 and 7450 T1
M1 was confirmed (Fig. 7A). Numbers of reactive lymphocytes
increased during vaccination. How-ever, recognition was not
confined to tumor cells, since YAC-1 cells gave also rise to
IFNy secretion, especially at later times of vaccination (day 56
and endpoint).
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Figure 6. Immunofluorescence of MLH1~/~ tumors after therapeutic vaccination. Tumor microenvironment was studied from GIT cryostat sections of 4.m. Pictures were

done on a laser scanning microscope (Zeiss) using 20x objectives.

Results were confirmed on a functional level, in which sple-
nocytes from vaccinated mice were capable of lysing MLH1 ™/~
target cells. Of note, GIT and lymphoma target cells were both
efficiently killed. Nonetheless, lytic activity was not exclusively
antigen-restricted, since YAC-1 cells were again also recognized
and killed (Fig. 7B). This is particularly interesting since T and
NK cell proportions gradually increased upon vaccination.

Hence, repeated application of the lysate seems to favor the
induction of highly activated T as well as NK cells.

Discussion

In this study, we used a clinically relevant mouse model to
answer the question whether a cellular vaccine, prepared from a

A Lysate Lysate + CpG ODN
YACA 1 YAC-1 )
MLH1-- 328 MLH1-/- 328
—ay 0 e m— m— day 0
3 day 28 - == day 28
MLH1-/-7450 T1 M1 | — doy 56 MLH1-/-7450 T1 M1 = day 56
[ andpoint = endpoint
A 20 i “ e 0 20 40 60 B0
IFNy spots/10,000 leukocytes IFNy spots/10,000 leukocytes
B control Lysate Lysate + CpG ODN

100 | o MLHT ATaS0 T1 M1
—v— ML 328

.
80 {—8— YAC-1 TR ey

= mLnn ™ aaso TI

100 1 e povps aaso T4 Wt
—7— w1 328

. - - B0 —=— vACA
e F —=— YAGA
E ~ Lymphoma . = 2 L 25 —o— Lymphoma
F 60| 3 60 B T 3 601 4
H —_ + 3 I g
- =
g =l z — 1 g
: N0 — TV s @ e —— 3 40
e 1 i B — <+ z
H 1 it E] I ] 1 @
20 | 20 i 20
—a
o o
1:10 1:30 1:50 1:10 1:30 1:50 110 1:30 1:50
E:T Ratio E:T Ratio E:T Ratio

Figure 7. Functional immunological analysis. (A) IFNy—ELISpot and (B) Flow cytometric cytotoxicity assay. (A) Reactivity of PBL (during vaccination) or splenocytes (end-
point) against target cells (MLH1~/~ 7450 T1 M1, MLH1~/~ 328, and YAC-1) was examined after overnight co-incubation. Lymphocytes were isolated from lysate-treated
and control mice at different time points. These experiments identified increased reactivity post treatment. (B) Lytic activity of splenocytes against target cells (MLH1~/~
7450 T1 M1, MLH1~/~ 328, and YAC-1) was examined after 12h co-incubation. Lymphocytes were isolated from spleens of lysate-treated and control mice. Again, an

increased lytic activity upon vaccination was seen. Values are given as mean = SD.
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MSI-H GIT, constitutes a successful immunotherapeutic strategy
for MMR-D related diseases. In addition, we analyzed if this vac-
cine protects mice from tumors with known biological and
molecular pathological heterogeneity (GIT vs. lymphomas and
skin tumors), since MMR-D tumors (especially CMMR-D associ-
ated cases™) arise in virtually all cancer-prone organs and may
share immunogenic target structures.” We could show that: (I)
repeated application of the vaccine stimulates both, the innate
and the adaptive immune system, (II) it delays tumorigenesis of
different origin in naive mice, (III) it significantly prolongs sur-
vival of GI tumor-bearing mice by long-term impairment of
tumor growth, but (IV) it has only marginal entity-overlapping
antitumoral capacity in the therapeutic situation.

Application of tumor vaccines has a long-standing tradition
in tumor immunology with proven efficacy in pre—(clinical)
trials."**® Whole tumor lysates constitute an undefined mixture
of “altered self” antigens; hence, identifying vaccination anti-
gens is crucial for subsequent development of poly-epitope vac-
cines - made of stably presented T cell epitopes for activating
cytotoxic T and helper lymphocytes simultaneously. In this
study, we first analyzed the cancer mutanome of a GIT
MLH1~'~ allograft which was subsequently used for vaccina-
tion ( = lysate) and performed comparative analysis with the
parental tumor counterpart. Firstly, by whole exome sequenc-
ing, an increased number of mutational events was confirmed
in the allograft, a finding quite common to MMR-D-related
tumors. These tumors acquire novel mutations after each cell
cycle,”! putting them into the subtype of “ultra-mutated” can-
cers. Secondly, mutations identified in the allograft were
defined as true target antigens based on their physiological
functional role, i.e. involvement in different biological processes
(signaling, growth control; supplementary Table 1).

A high number of frameshift-derived neoantigens is
described in the literature for human MSI™ cancers [Seltarbase.
org] and some were even identified in the murine system.>’
Frameshift peptides (FSP) trigger T cell-mediated immune
responses in LS patients as well as in healthy mutation car-
riers."”” Consequently, clinical trials aiming to decelerate or
even prevent tumorigenesis in affected patients after repetitive
FSP-based vaccination have been initiated [trial numbers:
NCTO01461148 & NCT01885702]. Preliminary results from sin-
gle cancer patients describe FSP-specific immune responses in
a Phase I clinical trial.*” By contrast, much less is known about
the immunogenicity of CMMR-D associated cancers in terms
of tumor microenvironment and antigenic profile. In the only
prior published immunotherapeutic approach, two patients
with recurrent multifocal brain tumor received complete remis-
sion after treatment with Nivolumab.?® Besides, no experimen-
tal or clinical trials on CMMR-D immunotherapy have been
reported so far.

The MMR-D-related MLH1™/~ tumor model is ideally
suited to develop and test immunotherapeutic strategies in
order to not only substantially improve the clinical situation
for patients suffering from MMR-D-related tumors but more-
over also for the development of prophylactic strategies delay-
ing or on the long run even preventing tumor occurrence in
CMMR-D individuals.

To test the prophylactic capacity of the GIT allograft lysate,
we vaccinated mice repetitively prior to tumor formation.
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Vaccination was accompanied by increased levels of circulating
(cytotoxic and helper) T as well as NK cells. T cells were addi-
tionally found elevated in situ in tumor resection specimens.
Noticeably, numbers of both helper and cytotoxic T cells
increased upon vaccination, most likely explaining delayed
tumorigenesis. This approach did, however, not completely
inhibit tumor formation; with only 15 % of mice being tumor-
free at the experimental end-point.

The functional in vitro analysis confirmed initial immune
stimulation with immune cells from lysate (+/— CpG ODN
1826) treated mice recognizing to autologous tumor target cells,
especially at early time points. However, development of
immunological memory was obviously counteracted by devel-
oping tumor cells through immunoediting. Tumor cells are not
characterized by a conserved set of immunogenic antigens.
Accordingly, the tumor is sculpted with a preponderance of
tumor cells to which the immune system appears to be tolerant.
Mechanistically, this has additionally been attributed to (I) the
production of immunosuppressive cytokines (e.g. TGF-g, IL-
10) or soluble factors (e.g. ROS, NO)**?% (II) involving inhibi-
tory receptors (upregulation of CTLA-4 and IDO) and (III)
preventing co-stimulation (low amount of antigen-presenting
cells). Adding other adjuvants or applying tumor lysate-loaded
dendritic cells to ensure appropriate migration to T lymphocyte
areas in draining lymphoid tissues may provide a strategy to
improve therapy. Finally, conquering the plethora of adapta-
tions malignant cells develop along with restoration of an intact
CD4/CD8 interplay (“cancer immune cycle”) remains the main
challenge to increase tumor rejection rates in the preclinical
MLH1™'~ model.

Therapeutic lysate application in GIT-bearing MLH1 ™/~
mice significantly prolonged survival. PET/CT imaging with
"E.FDG, a sensitive parameter to monitor treatment
response,*” confirmed vaccination-induced disease control with
some tumor nodules even completely disappearing within four
weeks. Immune responses, characterized by elevated numbers
of cytotoxic T and NK cells as well as specific recognition of
MLH1™'~ GIT target cells by lymphocytes from vaccinated
mice accompanied the therapeutic response. Marked immune
cell infiltration was evident in residual tumors dominated by T
cells and granulocytes; but also immunosuppressive checkpoint
molecules expressed by the majority of cellular infiltrates.” In
cytotoxicity assays, reactivity was further emphasized by the
lymphocytes’ ability to kill MLH1 '~ tumor target cells. Inter-
estingly, we also observed a cross-reactivity of lymphocytes iso-
lated from lymphomas, hinting to the recognition of shared
tumor antigens. This is particularly surprising since in vivo
treatment of lymphomas did not significantly affect tumor
growth and overall survival. In support of these findings, a dis-
tinct mutational susceptibility of target genes among human
hematological and gastrointestinal (sporadic) MSI tumors was
reported.’’ Besides, immune responses observed in our study
were not exclusively antigen-restricted since NK cells target
YAC-1 were also lysed. Confirmed by flow cytometric pheno-
typing, a mixture of highly activated, efficiently target cell kill-
ing NK cells and cytotoxic T cells attack MLH1 ™/~ tumor
targets; the latter in an MHC-I restricted manner.*>**

Another interesting finding of this study was the increased
mutational load in selected MSI-target genes from vaccinated
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tumors, which likely constitutes some kind of escape mecha-
nism by triggering antigenic drift. Together with the missing
activation of T helper cells and upregulation of immune-check-
point molecules this best explains final disease progression and
treatment failure. Consequently, combining checkpoint-inhibi-
tion with vaccination represents a very promising strategy as
has only recently been proposed for experimental glioblastomas
(DC vaccine + anti-PD-1 antibody + colony stimulating factor
1 receptor inhibitor) and prostate cancer (anti-CTLA-4 anti-
body + GM-CSF-secreting cellular vaccine).”>**

Finally, we would like to bring forward the argument that
the MLH1 ™/~ mice that we used mirror — at least from an
immunological point of view - many features of clinical
CMMR-D. These include a biallelic MMR-D as the driver of
tumorigenesis and the high incidence and early manifestation
of lymphomas. Although not associated with clinically notice-
able immune defects, impairment of Ig class switch recombina-
tion has been frequently found in CMMR-D patients.”*** Even
though not analyzed in detail in this study, we observed a
slightly impaired response towards antigenic stimuli of
MLHI1™'~ lymphocytes when compared to lymphocytes from
heterozygous and wildtype mice. This fact in mind, we want to
emphasize that the overall success of the cellular lysate vaccina-
tion strategy used is unlikely to be over-estimating the underly-
ing potential. Due to the hypermutative nature of (C)MMR-D-
associated cancers, which allows such tumor cells to easily gain
novel (escape) mutations rapidly, multifaceted treatment strate-
gies will most likely be key to their successful long-term disease
management.

Materials and methods

Whole exome sequencing (WES) analysis. Comparative WES
analysis was done on MLH1™'~ GIT allograft 7450 and their
matched primary” using the Agilent SureSelectXT exome cap-
ture and sequencing via Genome Sequencer Illumina HiSeq in
paired-end mode (GATC, Konstanz, Germany; coverage: 90x
(primary) and 60x (allograft), respectively). Data preprocessing:
For each sequence read the base quality is inspected for low
quality calls and subsequently removed before proceeding with
further processing using a sliding window approach. This
means that bases with low quality are removed from the 3’ and
5’ ends. Additionally, bases are removed if the average quality
is below 15. The whole exome reads were mapped to the pub-
lished mouse genome build ENSEMBL mm9.64 reference using
Burroughs Wheeler Aligner (BWA)*® with the default parame-
ters. PCR duplicate reads were removed by using Picard
(http://picard.sourceforge.net) in order to prevent artificial cov-
erage brought on by the PCR amplification step during library
preparation. SNP and InDel calling was performed using the
GATK Unified Genotyper’”*® and the detected variants were
annotated based on their gene context using snpEff.*

Data visualization

The summarized mutational profiles with the corresponding
mutation type of the MLHI '~ GIT allograft and the primary
tumor were generated as stacked bar plot with ggplot2.** To
better compare the molecular profiles between the allograft and

primary tumor, whole genome ideograms were generated using
ggplot2 package*” as well as circlize package®' in R. The muta-
tion data were filtered for the exclusive SNVs for each condi-
tion (allograft or primary). Additional mutation filters such as
the mutation type (missense and nonsense) as well as those
mutations occurring in known annotated genes, were applied.
Next, the filtered mutations were presented as ideogram based
on the mm9 mouse assembly provided by the circlize pack-
age.*! The first track is the cytoband of the mm9 assembly. The
following tracks include SNVs belonging to same condition
(MLH1™'~ GIT allograft or primary tumor). Further details
about the overlaps in the mutation type profiles have been gen-
erated customized with the VennDiagram*? package in R. The
mutation mapper tool was utilized for mapping the mutations
and its statistics on a linear gene product (proteins of inter-
est).”>** For analysis, genes were chosen with high probability
of mutation based on knowledge from the human MMR-D
counterpart and general involvement in tumorigenesis.

MLH1~'~ mouse model and vaccine preparation

Homozygous mice were generated by breeding heterozygous
males and females of the >F5 generation. All animals received
standard laboratory chow and free access to water. Mice breed-
ing took place in the animal facilities (University of Rostock)
under specified pathogen-free conditions. Trials were per-
formed in accordance with the German legislation on protec-
tion of animals and the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources,
National Research Council; NIH Guide, vol.25, no.28, 1996;
approval number: LALLF M-V/TSD/7221.3-1.1-053/12). Mlhl
genotyping was done according to.*> In each generation, off-
spring of all three classes in the expected ratios were obtained
(i.e. about 20-25% homozygous mice).

The vaccine originated from a molecularly and immunologi-
cally well-characterized MLH1™'~ GIT,” grown as allograft in
NMRI Foxn1™ mice and serially passaged. The primary tumor
grew in the small intestine of a female MLH1 ™/~ mouse. Histo-
pathologically, the tumor presented as well-differentiated ade-
nocarcinoma with abundant extracellular mucin. Outgrowing
allografts were resected, homogenized and washed. The vaccine
was obtained after repetitive freeze/thaw cycles (n = 4), prior
to heat-shock (42°C, 5 min). Protein lysates were gamma irra-
diated (60 Gy) and frozen immediately in aliquots at -80°C
according to the procedure by.**

In vivo vaccination schedule

Mice were either vaccinated prophylactically or therapeutically.
In case of prophylactic application, 8-10 week-old homozygous
mice received four weekly subcutaneous injections of the vac-
cine (10 mg/kg bw, s.c, n = 12 mice) with or without CpG
ODN 1826 (Invivogen, tlrl-1826) as adjuvant or its irrelevant
control ODN 1826 (tlrl-1826¢; 2.5 mg/kg bw, s.c, n = 15 and
12 mice per group, respectively). Control mice were given
equivalent concentrations of CpG ODN or control ODN 1826
(n = 9 and n = 7 mice per group, respectively). Vaccination
was continued until tumor development (monthly injections:
2.5mg/kg bw, without adjuvant). Therapeutic vaccinations
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started after in vivo confirmation of GI tumor growth, as deter-
mined by small animal PET/CT imaging.”® Mice received four
weekly injections of the vaccine (10 mg/kg bw, s.c.) again with
or without CpG ODN 1826 (2.5 mg/kg bw, s.c,n=9and n =
7, respectively), followed by biweekly applications of the lysate
only (2.5 mg/kg bw) until tumor progression. PET/CT imaging
was repeated on day 28 of therapy. Control mice were given no
treatment. Blood samples were taken at start of treatment (pro-
phylactic and therapeutic) and regularly during the experiment.
Mice were sacrificed followed by collecting blood samples,
tumors and spleens from all animals for further analysis.

PET/CT imaging

Mice with suspected GIT or healthy control mice (n = 30 in
total) were anaesthetized by isoflurane (1.5-2.5 %, Baxter) sup-
plemented with oxygen. Mice received a mean dose of 16,91 +
1,73 MBq Radiopharmacon "*F-FDG intravenously via a micro-
catheter placed in a tail vein (1 h uptake). Afterwards, mice were
imaged in prone position in the Inveon PET/CT scanner (Sie-
mens Preclinical Solutions, Knoxville, TN, USA) for 15 min.
During measurement animals were kept at constant temperature
of 38 °C by an electrical heating pad and respiration was moni-
tored.” CT images were reconstructed with a Feldkamp algo-
rithm. PET data were first Fourier rebinned into a 2D dataset
from which real-space images were reconstructed with an
ordered subset expectation maximization (OSEM) algorithm
with 16 subsets and four iterations. Attenuation correction was
carried out using the CT data. Metabolic volumes and SUVs
were determined using Inveon Research Workplace 4.2 software.

Flow cytometry on blood samples

Blood samples were taken routinely from the retrobulbar
venous plexus of vaccinated and control MLH1™/~ mice, as
well as naive young homozygous mice (<14 weeks, n = 15).
Blood samples were stained with a panel of conjugated mono-
clonal antibodies (mAb, 1 ug each) followed by lysis of erythro-
cytes (155 mM NH,Cl (MERCK Millipore, 101145), 10 mM
KHCO; (MERCK Millipore, 104854), 0.1 mM EDTA (Appli-
chem, A5097)). Negative controls consisted of lymphocytes
stained with the appropriate isotypes (BD Pharmingen). Cells
were washed, resuspended in PBS and analyzed by flow cytom-
etry on a FACS Verse Cytometer (BD Pharmingen). Data anal-
ysis was performed using BD FACSuite software (BD
Pharmingen).

Microsatellite and coding microsatellite (cMS) frameshift
mutation analysis

The mutational profile of MLH1 ™~ tumors from vaccinated
mice was compared with those of control mice analyzing a
panel of n = 26 mononucleotide repeats in MSI target genes.
Genes included in this study were described before.” PCR con-
ditions were: 94 °C, 4 min (1 cycle); 94 °C, 30 s, 58 °C, 45 s and
72 °C, 30 s (35 cycles); and 72 °C, 6 min (1 cycle). Fluorescently
labeled DNA fragments were analyzed on a 3500 Genetic Ana-
lyzer. In each reaction, normal tail DNA served as microsatel-
lite stable (MSS) controls. Tumor samples were scored as
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instable if novel peaks were obtained compared to MSS controls
or if the ratio of peak areas in MLH1~'~ samples and stable
controls revealed values <0.50r >2.

Immunofluorescence

Cryostat sections of 4 ;um were air-dried and fixed in cold pure
methanol for 8 min. Unspecific binding sites were 2 hours
blocked in 2 % BSA (Roth, T844.4) followed by incubation with
1 g of the following FITC- and PE-labeled mAbs: CD4, CD8a,
CD11b, Grl (Immunotools), CD104, LAG-3, PD-1, NK1.1 and
PD-L1 (Biolegend). Sections were washed and nuclei were
stained with DAPI (0.5 pg/ml, Thermo Fisher Scientific, D1306).
Target protein visualization was done on a laser scanning micro-
scope (Zeiss, Jena, Germany) using 20x objectives.

IFNy-ELISpot assay

2.5 x 10 target cells/well (MLH1™/~ A7450, MLH1™/~ 328,
MLH1™'~ lymphoma cells, YAC-1) were seeded in IFNy-spe-
cific mAb (Mabtech, 3321-3)-coated, 96-well microtiter plates
and incubated for 2 hours. Peripheral blood leukocytes or sple-
nocytes (1 x 10*/Well) were added to targets in triplicates and
co-cultured overnight. Finally, bound antibody (Mabtech,
3321-6) was visualized by BCIP/NBT (KPL, Gaithersburg,
Maryland, USA); spots were counted using an ELISpot reader.
Presented are the numbers of IFNy-secreting cells per 10,000
effector cells corrected for background levels counted in the
absence of target cells, which was always <5 spots/well. Target
cells without effector cells showed no background level.

Flow cytometric cytotoxicity assay

In a more functional cytotoxicity assay, lytic activity of effector
cells against tumor target cells was determined by flow cytome-
try. Prior to co-culture, target cells (MLH1~/~ A7450, MLH1~/
~ 328, MLH1™'~ lymphoma cells, YAC-1) were labeled with
CFDA-SE (carboxyfluorescein diacetate succinimidyl ester,
Thermo Fisher Scientific, C1157; final concentration: 2 pmol/
1). Target cells without effector cells were used as negative con-
trols. Following co-incubation for twelve hours at an effector to
target cell ratio of 10:1, 30:1, and 50:1, propidium iodide (PI,
Sigma Aldrich, 11348639001; final concentration: 50ug/ml)
was added to measure target cell death based on CFDA/PI dou-
ble positive cells. Percentage (%) numbers of surviving cells
were calculated from differences between normal and co-cul-
tured cells in relation to the absolute number of measured
events.

Statistics

All values are expressed as mean + SD. After proving the
assumption of normality (Kolmogorov-Smirnov test), differen-
ces between vaccinated and control mice were determined
using the unpaired Student’s t-test. Kaplan-Meier survival anal-
ysis was done by applying log rank test. The tests were per-
formed by using Sigma-Stat 3.0 (Jandel Corp, San Rafael, CA).
The criterion for significance was set to p < 0.05.
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Abbreviations

CMMR-D

constitutional mismatch repair deficiency

CRC colorectal cancer

FSM frameshift mutation

GIT gastrointestinal tumor

LS Lynch Syndrome

MMR-D  mismatch repair deficiency
MSI microsatellite instability
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