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Referat:

Unter Verwendung eines mathematischen Himatopoese-Modells werden verschiedene Fragen
adressiert, die im Zusammenhang mit einer mdglichen Optimierung der gegenwértigen The-
rapie chronischer myeloischer Leukdmie (CML) stehen. Es handelt sich um ein agenten-
basiertes Modell, das heif3t, jede Zelle wird als einzelnes Objekt repriasentiert und gemaf} fest-
gelegter Regeln im Computer simuliert. Es werden proliferative von ruhenden Stammzellen
unterschieden, wobei sich der Proliferationszustand reversibel dndern kann. Das Modell ba-
siert auf der Annahme, dass sich normale und maligne Stammzellen in einem Wettbewerb um

gemeinsame Ressourcen befinden, wobei der CML-Klon einen kompetitiven Vorteil besitzt.

Es ist ungeklért, ob Tyrosinkinaseinhibitoren wie Imatinib (IM) in der Lage sind, die Erkran-
kung in jedem Fall zu heilen. Es gibt Evidenz, dass residuale leukdmische Stammzellen im
Knochenmark persistieren, welche in einem Ruhezustand (Go-Phase des Zellzyklus) von IM
nicht eradiziert werden konnen. Proliferativ aktive Zellen sind der IM-Wirkung hingegen aus-
gesetzt. Das Modell sagt voraus, unter welchen Bedingungen eine Kombinationsstrategie von

IM mit stammzellaktivierenden Substanzen Synergieeffekte hervorbringen konnte.

Ein verwandtes Problem ist die Frage, in welchen Fillen nach Reduktion der Tumorlast auf
ein mittels hochsensitiver Messmethoden undetektierbares Niveau ein Therapieabbruch ge-
rechtfertigt ist. Basierend auf dem dynamischen Modell wird in dieser Arbeit ein Pradiktor
vorgeschlagen, der vorhersagt, ob ein Patient nach Abbruch der Therapie einen molekularen
Riickfall zu erwarten hat. Zusétzlich wird approximativ ein modellunabhéngiger Pridiktor

angegeben, der die Vorhersage nur auf Basis klinisch messbarer Gro3en gestattet.
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EINFUHRUNG UND MOTIVATION

1. Einfithrung und Motivation

Chronische myeloische Leukdmie (CML) ist eine Erkrankung des hdmatopoetischen Systems,
die durch eine Mutation in einer einzelnen hamatopoetischen Stammzelle verursacht wird (1).
Im Gegensatz zu anderen Leukémien, beispielsweise akuter myeloischer Leukdmie (AML)
(2), sind CML-Tumorzellen zytogenetisch durch eine einzige chromosomale Aberration, das
sogenannte ,,Philadelphia-Chromosom* gekennzeichnet. Damit wird das verkiirzte Chromo-
som 22 bezeichnet, welches infolge einer Translokation das BCR-ABL-Fusionsgen tragt. Da-
bei handelt es sich um ein Onkogen, das in der Zelle transkribiert wird. Dadurch entsteht ein
neues Protein, die BCR-ABL-Tyrosinkinase, welche zu einer unkontrollierten Vermehrung
dieser Zelle beitrdgt (1). Das BCR-ABL-Fusionsprotein kann in mehr als 90% aller CML-Pa-
tienten nachgewiesen werden (3). Basierend auf dieser Tatsache wurden spezielle Tyrosin-
kinasehemmer (TKI) entwickelt, beginnend im Jahr 1996 mit dem Préparat Imatinib (IM) (4).
Man geht davon aus, dass diese Medikamente gezielt in Tumorzellen Apoptose induzieren,
normale Zellen im Gegensatz zu chemotherapeutischen Interventionen jedoch kaum negativ
beeinflusst werden (5). Durch diesen Einsatz von ,zielgerichteter Therapie® (,targeted

therapy*) wurde CML zu einer Modellerkrankung der Tumortherapie insgesamt (6).

Der Einsatz von TKIs fiihrt zu einer massiv verbesserten Prognose der Patienten. So stieg bei-
spielsweise das 5-Jahres-Uberleben neudiagnostizierter CML-Patienten von ungefihr 60%
(Interferon-o. [IFN-a] als medikamentdse Therapie der Wahl in der pria-IM-Ara) (7) auf etwa
90% (IM) an (8). Auch hinsichtlich des Zuriickdringens der Erkrankung, zum Beispiel in
Form des Erreichens einer vollstindigen zytogenetischen Remission, konnten erhebliche Ver-
besserungen erzielt werden: Nach 18-monatiger Behandlung betrug der Anteil der Patienten

etwa 15% (IFN-a plus niedrig dosiertes Ara-C) bzw. 75% (IM) (9).

Trotz des Erreichens vergleichsweise schneller und tiefer Remissionen mit Hilfe von Tyrosin-
kinasehemmern bei der Mehrzahl der Patienten ist es nach wie vor unklar, ob mit Hilfe dieser
Medikamente eine vollstindige ,,Heilung® der Erkrankung moglich ist. Unter Verwendung
hochsensitiver Messmethoden wie quantitativer Echtzeit-Polymerase-Kettenreaktion (qRT-
PCR) lassen sich bei vielen Patienten auch noch nach mehreren Behandlungsjahren geringe
Tumorzellanteile in peripherem Blut oder Knochenmark detektieren (10). Selbst bei negativer
PCR und anschlieBendem Abbruch der Behandlung kommt es bei einigen Patienten zu einem
molekularen Riickfall (11), was darauf hindeutet, dass kleine Tumorklone unterhalb der PCR-

Detektionsschwelle persistieren und nach Therapiestopp wieder expandieren konnen.
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Die Ursachen der interindividuellen Heterogenitit beziiglich Therapieansprechen sind weitest-
gehend unverstanden. Folglich ist eine Vorhersage des Langzeittherapieerfolgs bei kontinuier-
licher IM-Therapie derzeit nicht moglich. Dies gilt auch fiir das individuelle Risiko eines
molekularen Riickfalls nach Therapieabbruch, falls mittels PCR keine BCR-ABL-Transkripte
mehr nachweisbar sind. Da es Evidenz dafiir gibt, dass sich residuale Leukdmiestammzellen
(LSCs) in einem dormanten Zustand in so genannten Stammzellnischen, z.B. im Knochen-
mark, dem TKI-Einfluss entziehen (12), gibt es Bestrebungen, die Therapie mit Substanzen zu
kombinieren, welche ruhende Stammzellen in den Zellzyklus aktivieren konnen (13). Eine
Substanz, fiir die man (im Mausexperiment) stammzellaktivierendes Potenzial zeigen konnte,

ist interessanterweise das frither oft als CML-Monotherapie eingesetzte IFN-a (14).

Es ist das Ziel dieser Arbeit mit Hilfe eines dynamischen Modells zur Beantwortung der vor-
genannten offenen Fragen und damit zur Optimierung der gegenwirtigen CML-Behandlung
beizutragen. Bei dem Modell handelt es sich um ein einzelzellbasiertes Modell der hdmato-
poetischen Stammzellorganisation. Das Modell wurde urspriinglich von Ingo Rdder und
Markus Loffler fiir die Himatopoese der Maus entwickelt (15). Die Anwendbarkeit des Mo-
dells auf die humane Hamatopoese sowie speziell auf CML konnte von mir in meiner Di-
plomarbeit demonstriert werden (16; 17). Das Modell postuliert eine Dualitét zwischen proli-
ferativen und dormanten Stammzellen, welche ihren Zustand reversibel verdndern konnen.
Durch die Moglichkeit einzelnen Zellen verschiedene Parameterkonfigurationen zuzuordnen,
ist das Modell zur Beschreibung klonaler Kompetitionsphdnomene, zum Beispiel in Bezug

auf die Kompetition normaler und maligner Zellen um gemeinsame Ressourcen, geeignet.

Die Arbeit ist wie folgt aufgebaut: Zunichst (Abschnitt 1.1) wird in die biologischen Grund-
lagen eingefiihrt. AnschlieBend (Abschnitt 1.2) werden die klinischen Daten vorgestellt, wel-
che fiir die Modellanalysen zur Verfligung standen. In Abschnitt 1.3 wird das verwendete
mathematische Modell erldutert, in 1.4 werden bereits anderweitig publizierte Vorarbeiten
dargestellt. Im folgenden Kapitel 2 sind drei Publikationen zu finden, die im Rahmen der
Dissertation unter meiner Mitwirkung entstanden. Als Hauptpublikation ist dabei das Anfang
2013 in Blood verdffentlichte Paper (Abschnitt 2.3) anzusehen. Letztere Arbeit wird um
zusitzliche Ergebnisse ergénzt, welche im Paper keinen Platz fanden. Jede Publikation wird
im entsprechenden Abschnitt kurz zusammengefasst, gefolgt vom formatierten Origi-
nalmanuskript (inklusive Supplement). Um die jeweiligen Eigenanteile deutlich zu kennzeich-
nen, dient Abschnitt 2.4. Die Dissertation wird in Kapitel 3 durch eine Diskussion der wich-

tigsten Ergebnisse und einen Zukunftsausblick abgeschlossen.
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1.1 Biologische Grundlagen

1.1.1 Das humane himatopoetische System

Hauptaufgabe des hdmatopoetischen (blutbildenden) Systems ist die Produktion und Erhal-
tung (sowie im Falle einer Verletzung die Regeneration) samtlicher Arten von funktionalen
Blut- und Immunzellen. Man unterscheidet dabei verschiedene Linien: rote Blutkdrperchen
(Erythrozyten), Blutplattchen (Thrombozyten), sowie weile Blutkdrperchen (Leukozyten). Zu
letzteren zéhlen die Immunzellen (lymphoide Linie), darunter T-Lymphozyten und B-Lym-
phozyten, sowie Granulozyten, Monozyten und Makrophagen. Aufgrund der begrenzen Le-
bensdauer dieser Zellen (Granulozyten leben weniger als einen Tag, Erythrozyten immerhin
etwa vier Monate) muss der kontinuierliche Output dieser Zellen wihrend der gesamten Le-

benszeit des Organismus gewéhrleistet sein (18).
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Abbildung 1: Schematische Darstellung der Hamatopoese. Ausgehend von den hédmato-

poetischen Stammzellen entwickeln sich iiber Zwischenstufen funktionale Blutzellen.
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Die Hamatopoese findet vorwiegend im Knochenmark, aber auch im lymphatischen System
oder in der Milz statt. Ausgangszellen filir die Produktion sdmtlicher funktionaler Blutzellen
sind die himatopoetischen Stammzellen (HSCs). Wie in Abbildung 1 schematisch dargestellt
ist, entstehen ausgehend von diesen primitiven, undifferenzierten Zellen liber mehrere Zwi-
schenstufen (Progenitor- oder Vorlauferzellen) die entsprechenden Blutzellen (19). Ein hoher
kurzfristiger Bedarf an funktionalen Zellen kann auch durch Amplifikation auf Ebene der

Vorlduferzellen abgedeckt werden (20).

HSCs verfiigen iiber alle Eigenschaften, die der funktionalen Definition adulter Stammzellen
zugrunde liegen: Es handelt sich um eine heterogene Zellpopulation (z.B. in Bezug auf Zell-
zyklusaktivitidt oder Repopulationspotenzial) mit der Féhigkeit zu proliferieren, ein grofle
Zahl differenzierter Zellen zu produzieren, ihre Population zu erhalten oder zu erneuern sowie
nach Verletzung das hdmatopoetische System vollstindig zu regenerieren. Zur Ausnutzung
des proliferativen und regenerativen Potenzials besteht dariiber hinaus eine Abhéngigkeit von
geeigneten Mikroumgebungen (z.B. Stammzellnischen, vorwiegend im Knochenmark).
SchlieBlich besteht in den vorgenannten Funktionen Flexibilitit und Umkehrbarkeit, z.B. in

Bezug auf Proliferationsaktivitdt und Differenzierungsstatus (21).

1.1.2 Chronische myeloische Leukimie (CML)

Chronische myeloische Leukdmie (CML) ist eine klonale Storung der Himatopoese. Die Er-
krankung wird durch eine Mutation in einer einzelnen hdmatopoetischen Stammzelle indu-
ziert, in deren Folge es zu einer malignen Expansion und Uberproduktion von zum Teil unrei-
fen myeloischen Blutzellen kommt. Zytogenetisch sind die malignen Zellen durch eine re-
ziproke Translokation der Chromosomen 9 und 22 gekennzeichnet (siche Abbildung 2). Das
verkiirzte Chromosom 22 wird ,,Philadelphia-Chromosom® (Ph) genannt (22). Als Risiko-
faktor fiir das Auftreten der Aberration gilt die Exposition gegeniiber ionisierender Strahlung
oder bestimmten Chemikalien (23). Infolge der Translokation fusioniert das Gen BCR von
Chromosom 22 mit ABL von Chromosom 9 und bildet das BCR-4BL-Onkogen. Bei dessen
Genprodukt, dem Fusionsprotein BCR-ABL, handelt es sich um eine konstitutiv aktive
Tyrosinkinase, deren Transkription fiir die CML-Pathogenese sowohl notwendig als auch hin-
reichend ist. Indem ATP an das Fusionsprotein bindet, werden Tyrosinreste phosphoryliert.
Dies aktiviert Signaltransduktionswege, welche fiir libermaflige Proliferation, aber auch ver-
minderte Apoptose und gestorte Bindung ans Knochenmarkstroma verantwortlich sind (1)

(siehe hierzu auch Abbildung 3A).
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Abbildung 2: Entstehung des Philadelphia-Chromosoms. Durch eine reziproke Translokation
der Chromosomen 9 und 22 entsteht das sogenannte Philadelphia-Chromosom (Ph). Auf die-
sem Chromosom befindet sich das onkogene BCR-4BL-Fusionsgen.

Ph-Positivitit liegt bei etwa 90% der CML-Patienten vor. Aufgrund anderer, komplexerer
chromosomaler Aberrationen ist in der Mehrzahl der fehlenden 10% das BCR-ABL-Onkogen
dennoch nachweisbar (24). Diese Fille unterscheiden sich im klinischen Verlauf nicht

wesentlich von Ph-positiver CML und werden in dieser Arbeit nicht gesondert besprochen.

CML verléuft klinisch in der Regel in zwei oder drei Phasen. Die allermeisten Patienten wer-
den in der sogenannten chronischen Phase diagnostiziert. Diese ist durch eine lange Latenz-
zeit von etwa fiinf bis sieben Jahren und eine Koexistenz von normalen und malignen Zellen
gekennzeichnet. Fiir diese Phase sind MilzvergroBerung (Splenomegalie) sowie die Uberpro-
duktion weiller Blutzellen (Leukozytose), mit oft mehr als 30.000 pro Mikroliter Blut, cha-
rakteristisch. Ebenso werden im peripheren Blut unreife Vorlduferzellen der myeloischen
Linie (Myeloblasten) gefunden. An die chronische Phase schlieft sich in der Regel die
Akzelerationsphase an, in der sich die Zahl der Leukozyten pro Volumeneinheit weiter er-
hoht, die Milz weiter vergroBBert und der Blastenanteil im peripheren Blut bereits bis zu 30%
betrdgt. Auch eine progrediente Thrombozytose und Andmie sind oft zu beobachten. An die
Akzelerationsphase (manchmal auch direkt an die chronische Phase) schlieft sich die
Blastenkrise an. Bei dieser terminalen Phase der Erkrankung, welche unbehandelt innerhalb
weniger Wochen tddlich verlduft, betragt der Blastenanteil im peripheren Blut mehr als 30%.

Das Erscheinungsbild in dieser Phase entspricht dem einer akuten Leukédmie.
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Auch wenn CML durch eine einzige chromosomale Aberration gekennzeichnet ist, kommt es
im Verlauf der Erkrankung dennoch héufig zu klonaler Evolution. Von besonderer klinischer
Relevanz sind hierbei Mutationen der BCR-ABL-Kinasedoméne, da sie zu Therapieresistenz
fiihren konnen (25). Der Aminosdureaustausch im Onkoprotein ist fiir die jeweilige Mutation
namensgebend, wobei die Position im Molekiil und die Einbuchstaben-Abkiirzungen der be-
teiligten Aminosduren angegeben werden. So bedeutet T3151, dass Threonin an Position 315
durch Isoleucin ersetzt wird. In Folge des Selektionsdrucks tumorspezifischer Medikamente
wie Tyrosinkinasehemmer expandieren die mutierten Klone unter Therapie. Es ist noch unge-
klart, ob die Sekunddrmutationen stets (auf undetektierbarem Niveau) praexistieren oder teil-

weise erst wiahrend der Therapie entstehen (26).

1.1.3 Messungen der Tumorlast

Hauptmerkmal einer erfolgreichen CML-Therapie ist das Zuriickdrangen der malignen Zellen
zugunsten einer normalen Hadmatopoese. Um den Therapieerfolg zu quantifizieren, gibt es
verschiedene Moglichkeiten. Gelingt es, unter Therapie die Leukozytenzahl im peripheren
Blut auf unter 10.000 pro Mikroliter zu senken, wihrend gleichzeitig auch Thrombozytenzahl
und MilzgroBe wieder normale Werte aufweisen, spricht man von einer kompletten hidmato-
logischen Remission. Eine partielle hdmatologische Remission ist erreicht, wenn die

Leukozytenzahl auf unter 20.000 pro Mikroliter Blut sinkt.

Eine andere Moglichkeit, die Tumorlast zu bestimmen, besteht in der Zytogenetik. Dabei
werden mindestens 20 Knochenmarkzellen in der Metaphase lichtmikroskopisch auf das Vor-
handensein des Philadelphia-Chromosoms untersucht und dabei der Anteil der malignen Zel-
len an der Gesamtanzahl der untersuchten Zellen bestimmt. Zum Diagnosezeitpunkt betragt
dieser Anteil fast immer 100%. Eine komplette zytogenetische Remission liegt vor, wenn
keine einzige der untersuchten Zellen mehr Ph-positiv ist. Betrdgt der Anteil der Tumorzellen

maximal 35%, spricht man von einer partiellen zytogenetischen Remission.

Dariiber hinaus existieren mehrere molekulare Methoden zur Bestimmung der Tumorlast,
welche deutlich sensitiver als zytogenetische Untersuchungen sind, z.B. Fluoreszenz-in-situ-
Hybridisierung (FISH), Southern Blot oder Western Blot. Fiir diese Arbeit wesentlich ist die
Polymerase-Kettenreaktion (PCR). Mit diesem Assay lassen sich sehr kleine Mengen be-
stimmter Nukleotidsequenzen detektieren. Dabei wird im Allgemeinen ein kurzer, wohldefi-
nierter Abschnitt eines DNA-Strangs amplifiziert, das heiflt mit sogenannten Primern enzy-

matisch repliziert. Primer sind kurze artifizielle DNA-Segmente, welche komplementir zum
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Anfang und zum Ende des zu vervielfiltigenden DNA-Fragments sind. Zunichst werden die
Wasserstoffbriickenbindungen zwischen beiden Stringen der DNA aufgeldst, so dass diese
separiert vorliegen. Danach konnen sich die Primer an die Einzelstrange anlagern. Schlielich
werden die fehlenden Nukleotide mit Hilfe der DNA-Polymerase aufgefiillt. Um die Sensiti-
vitdt der Methode noch weiter zu erh6hen, kann eine sogenannte ,,Nested PCR* durchgefiihrt
werden. Dabei werden im Wesentlichen zwei PCRs hintereinander geschaltet. Bei der CML
handelt es sich bei dem zu amplifizierenden DNA-Abschnitt in der Regel um das BCR-ABL-

Fusionsgen oder eine deren mutierten Varianten (27).

Da die Standard-PCR keine Quantifizierung der Tumorlast ermdglicht, wurden Methoden wie
die quantitative Echtzeit-PCR (qRT-PCR) entwickelt, mit deren Hilfe die Menge eines be-
stimmten DNA- oder RNA-Molekiils innerhalb einer Probe bestimmt werden kann. Dabei
werden in die DNA fluoreszierende Farbstoffe eingelagert, was als Interkalation bezeichnet
wird. Je stirker die Fluoreszenz-Emission, das heil3t, je mehr Licht von den Farbstoffen re-

flektiert wird, desto hoher ist die Konzentration des entsprechenden genetischen Materials.

Der ermittelte Wert wird ausschlieBlich relativ zu einem im selben Assay gemessenen Kon-
trollgen angegeben, um eventuelle Schwankungen bei der Genauigkeit der DNA-Transkrip-
tion oder der Qualitit der Nukleinsduren zu kompensieren. Bei der CML werden am haufigs-
ten BCR, ABL oder GUS verwendet. Um die Ergebnisse verschiedener Labore vergleichen zu
konnen, wird der gemessene Tumoranteil (z.B. BCR-ABL/ABL) in einem weiteren Norma-
lisierungsschritt auf die sogenannte Internationale Skala (IS) umgerechnet (28). Hierbei wird
der ermittelte Wert mit einem laborspezifischen Faktor multipliziert. Mit Hilfe der qRT-PCR

lasst sich etwa eine CML-Zelle in einem Hintergrund von 10° Blutzellen detektieren (10; 29).

Bei einer Reduktion der Tumorlast um drei Logstufen ist von einer majoren molekularen Re-
mission (MMR) die Rede. Noch tiefere Remissionen werden in der Form MR™ geschrieben,
wobei ,,x* die Reduktion in Logstufen beziiglich Baseline-Level angibt. Bei MR* sinkt die
Tumorlast z.B. um 4,5 Logstufen auf 0,0032% (nach IS). Sind mittels qRT-PCR keine BCR-

ABL-Transkripte nachweisbar, spricht man von einer kompletten molekularen Remission.

Da die Sensitivitdt zwischen verschiedenen Assays unterschiedlich sein kann, geht einer qRT-
PCR-Messung héufig eine Plasmid-Verdiinnungsreihe voraus. Dabei wird die kleinste abso-
lute Anzahl an BCR-ABL-Transkripten bestimmt, die gerade noch detektierbar ist. Falls bei
der Messung der Tumorlast mit qRT-PCR keine BCR-ABL-Transkripte detektiert werden,

kann zusétzlich eine Nested PCR durchgefiihrt werden. Da es sich hierbei um eine qualitative
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Methode handelt, wird bei Detektion des Onkoproteins fiir die Berechnung des Tumoranteils
der Zihler (BCR-ABL) durch die kleinste positive BCR-ABL-Kopienzahl aus der Ver-
diinnungsreihe ersetzt. Damit wird der unbekannte wahre Wert durch eine obere Schranke
approximiert. Im Fall einer negativen (oder nicht durchgefiihrten) Nested PCR wird der BCR-

ABL-Transkriptlevel als null angenommen.

Die in dieser Arbeit verwendeten klinischen Daten der IRIS- und CML-IV-Studie (siche Ab-
schnitt 1.2) wurden ebenfalls in der vorgenannten Weise normalisiert. Der laborspezifische
Faktor der zur Universitit Heidelberg gehdrenden medizinischen Fakultdt Mannheim betragt
0,878 fiir BCR-ABL/ABL < 10%, ansonsten 1. Messwerte mit sehr niedriger Sensitivitét (ab-
solute Anzahl der ABL-Transkripte < 1.000) wurden ebenso wie Werte mit einem Transkript-

level von null fiir die mathematischen Anpassungen nicht beriicksichtigt.

1.1.4. Therapie der CML

Unbehandelt ist CML eine todliche Krankheit. Die derzeit einzige bekannte Heilungsmog-
lichkeit der Erkrankung besteht in der Transplantation von Knochenmark oder Stammzellen.
Hierfiir werden ein passender Spender (allogene Transplantation) oder nichtmaligne Stamm-
zellen des Patienten (autologe Transplantation) benotigt. Haufig liegt beides nicht vor. Darii-
ber hinaus ist die Prozedur mit einer erhdhten Frithmortalititsrate bzw. Folgeerkrankungen
wie chronischer Graft-versus-Host-Krankheit (GvHD) assoziiert. Es gibt jedoch medikamen-

tose Therapien, von denen die wichtigsten im Folgenden dargestellt werden.

Hydroxyharnstoff (HU)

Bei HU handelt es sich um ein Zytostatikum, das etwa ab den 60er Jahren des vorigen Jahr-
hunderts eingesetzt wurde. Es wirkt spezifisch auf Zellen in S-Phase, unabhéngig von deren
Genotyp. Durch Inhibition der Ribonukleotidreduktase blockiert das Medikament die DNA-
Synthese. Dadurch wird die Proliferation der Zellen verhindert, was schlieBlich zu Apoptose
fiihrt (30). Bedingt durch diesen Mechanismus kann in den meisten Patienten eine schnelle
hidmatologische Remission induziert werden, allerdings werden zytogenetische Remissionen
fast nie beobachtet. Das mediane Uberleben unter HU-Monotherapie betriigt etwa viereinhalb
Jahre (31). Auch heute wird HU noch vereinzelt eingesetzt, allerdings vorwiegend als Initial-

therapie zur schnellen Reduktion der Leukozytenzahl.
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Interferon-a (IFN-a)

IFN-a ist ein natiirliches Zytokin, das von Zellen des Immunsystems, z.B. Monozyten oder
Lymphozyten, als Reaktion auf das Vorhandensein von Tumorzellen oder Pathogenen produ-
ziert wird. Kiinstliches IFN-a wurde ab Mitte der 1980er Jahre als Therapie der chronischen
Phase eingesetzt, teilweise in Kombination mit niedrig dosierten Zytostatika wie Ara-C. Die
genaue Wirkungsweise des Medikaments ist dabei nicht abschlieBend geklart. Sicher ist, dass
IFN-a einen immunstimulierenden Effekt besitzt, indem es CML-Zellen fiir das Immun-
system ,,sichtbar* macht (32). Moglicherweise wird dadurch die gestorte Bindung an stromale
Knochenmarkzellen normalisiert (33). Ebenso wird vermutet, dass IFN-a die Expression des
BCR-ABL-Onkogens herunterreguliert (34). Wie in randomisierten Studien gezeigt, ist IFN-a-
Monotherapie einer HU-Therapie iiberlegen, beispielsweise hinsichtlich Uberleben, welches
unter IFN-o im Median flinfeinhalb Jahre betrdagt. Himatologische Remissionen konnen in der
Mehrzahl der Patienten induziert werden, oft jedoch langsamer als unter HU. Allerdings sind

zytogenetische Remissionen zu beobachten, von denen etwa 10% komplett und stabil sind (7).

Als Folge der Beobachtung von Resistenzen gegeniiber Tyrosinkinasehemmern (TKI; siche
nichster Abschnitt) hat [FN-a in den letzten Jahren wieder an Bedeutung gewonnen (35). Es
gibt Evidenz fiir einen synergistischen Effekt des Medikaments in Kombination mit TKI, der
zu einer Uberlegenheit im Vergleich zu TKI-Monotherapie fiihrt (36; 37). Als Ursache hierfiir
kommt neben der Immunstimulation noch ein zweiter Effekt in Frage: Im Mausexperiment
konnte gezeigt werden, dass IFN-a ruhende (d.h. in Gy-Phase befindliche) himatopoetische
Stammzellen in den aktiven Zellzyklus aktivieren kann (14). Da angenommen wird, dass
dormante LSCs fiir eine persistierende minimale Resterkrankung (MRD) unter TKI-Therapie
verantwortlich sind (12), konnte eine Rolle fiir [FN-a darin bestehen, diese Zellen zu aktivie-
ren, wodurch sie der TKI-Wirkung ausgesetzt werden. Fiir diese Uberlegungen limitierend
wirken sich jedoch die starken Nebenwirkungen der Kombinationstherapie aus. Darum wird
in aktuellen Studien fast ausschlielich auf pegyliertes IFN-a, welches aufgrund einer lange-

ren Halbwertszeit nur wochentlich oder seltener verabreicht werden muss, zurlickgegriffen.
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Abbildung 3: Molekularer Wirkmechanismus von Imatinib. A) CML-Mechanismus: Indem

Substratmolekiile der BCR-ABL-Tyrosinkinase phosphoryliert werden, werden Signaltrans-
duktionswege aktiviert, die fiir die CML-Pathogenese verantwortlich sind. B) Imatinib-Me-
chanismus: Indem Imatinib die ATP-Bindungstasche besetzt, konnen die Substratmolekiile

nicht mehr phosphoryliert werden, wodurch die onkogenen Signalwege blockiert werden.

Tyrosinkinasehemmer (TKI)

Bei TKIs handelt es sich um Medikamente, die gezielt die BCR-ABL-Tyrosinkinase inhibie-
ren. Das erste Medikament dieser Art war ab dem Ende der 1990er Jahre das zunichst als
STI571 bezeichnete Imatinibmesylat (IM; kurz: Imatinib) (4). Der Wirkmechanismus,
welcher in Abbildung 3 schematisch dargestellt ist, ist fiir alle bislang entwickelten TKIs im
Wesentlichen identisch. Wiahrend in Abwesenheit des Medikaments ATP an das Onkoprotein
binden und dadurch Substratmolekiile der BCR-ABL-Tyrosinkinase phosphorylieren kann
(Abbildung 3A), blockiert IM die ATP-Bindungstasche und verhindert damit die
Phosphorylierung des Substrats (Abbildung 3B). Das phosphorylierte Substratmolekiil
aktiviert onkogene Signaltransduktionswege, welche unter anderem eine unregulierte
Proliferation, eine reduzierte Apoptoserate und eine gestorte Bindung ans
Knochenmarkstroma bewirken (38). Obwohl diese Mechanismen auf molekularer Ebene gut
verstanden sind, sind es die resultierenden dynamischen Effekte auf CML-Zellen nicht. Klar
ist, dass IM selektiv auf BCR-ABL-positive Zellen wirkt und deren Proliferation hemmt (39).
Strittig ist, ob IM in Leukdmiezellen Apoptose induziert. Da man in diesen Zellen eine
erhohte Apoptoserate beobachtet (40), ist die Frage, ob es sich um einen direkten oder
indirekten Effekt, z.B. durch Abschwichung der Apoptoseinhibition, handelt. Dariiber hinaus

gibt es Evidenz in Form von in-vitro-Experimenten, dass dormante LSCs von IM nicht
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angegriffen werden (12). Ein Hinweis darauf ist auch, dass klinisch nach vielen Behandlungs-
jahren residuale CML-Zellen beobachtet werden (10) bzw. dass bei einigen Patienten in kom-

pletter molekularer Remission nach Therapiestopp ein molekularer Riickfall auftritt (11).

Fiir IM-Monotherapie konnte eine signifikante Uberlegenheit gegeniiber IFN-o. hinsichtlich
Remissionen und Uberleben demonstriert werden, auch in akzelerierter Phase und Blasten-
krise (9). Bei fast allen Patienten konnen schnelle himatologische und zytogenetische Remis-
sionen induziert werden (41). Bereits nach 12-monatiger Therapie weisen etwa 40% der Pa-
tienten eine MMR auf (42). Der Abfall der BCR-ABL-Transkriptlevel unter IM-Therapie ist
bei den meisten Patienten durch einen biphasischen Verlauf (auf der logarithmischen Skala)
gekennzeichnet: Wihrend ungefdhr im ersten Therapiehalbjahr ein sehr steiler Abfall zu be-
obachten ist, kommt es in der Folge zu einem deutlichen Abschwichen der Tumorlast-
reduktion (43). Ein typischer Verlauf ist in Abbildung 4 zu sehen. Man geht davon aus, dass
der steile initiale Abfall durch die schnelle Elimination proliferierender BCR-ABL-positiver
Zellen erklart wird, wihrend die abgeschwichte zweite Phase Ausdruck der langsamen Eli-
mination residualer LSCs ist (17). Hierfuir ursidchlich ist vermutlich, dass ruhende Knochen-

markzellen nur vergleichsweise selten in den Zyklus aktiviert werden (19).

BCR-ABL/ABL (%)

1q‘4 1q‘3 1q‘2 1q“ 19“ 19‘ 192

o 1 2 3 4 5 6 7
Zeit (Jahre)
Abbildung 4: Biphasischer Abfall der BCR-ABL-Transkriptlevel unter IM-Monotherapie.
Schwarze Kreise reprisentieren Datenpunkte (Messungen der Tumorlast mittels qRT-PCR)
eines typischen Beispielpatienten. Die roten Linien entstammen einem biphasischen Regres-

sionsmodell und dienen der Verdeutlichung der beobachteten Dynamik.
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Trotz der erheblichen Verbesserungen in Bezug auf Ansprechen und Uberleben im Vergleich
zu fritheren Standardtherapien, besteht ein wesentliches Problem der IM-Therapie im Auftre-
ten von Resistenzen gegeniiber dem Medikament. Die wichtigsten Resistenzmechanismen
sind hierbei die Uberexpression von BCR-ABL sowie Punktmutationen in der Kinasedomine
des Onkogens (44). Der letztgenannte Mechanismus, der ursdchlich fiir etwa 40% der
beobachteten Resistenzen ist, bewirkt eine Konformationsinderung der ATP-Bindungstasche,
was eine Bindung des IM-Molekiils erschwert bzw. verhindert. Das Auftreten von IM-Resis-
tenzen sowie IM-Unvertrdglichkeit fiihrte zur Entwicklung sogenannter TKIs der zweiten
Generation. Hierzu zihlen Dasatinib und Nilotinib. Beide Medikamente sind inzwischen fiir
CML-Behandlung zugelassen und werden voraussichtlich in Kiirze IM als Therapie der Wahl
bei de-novo-CML ablosen. Sie sind wirksam gegeniiber den meisten IM-resistenten Klonen
(auBer T315I) und IM in randomisierten prospektiven Studien in Bezug auf das Erreichen
kompletter zytogenetischer sowie majorer molekularer Remissionen signifikant iiberlegen
(45; 46). Da auch bei Gabe von TKIs der zweiten Generation Resistenzen auftreten und
insbesondere der aggressive Mutant T3151 mit einer sehr schlechten Prognose assoziiert ist,
befinden sich zur Zeit TKIs der dritten Generation in der klinischen Priifung. Hierzu zdhlen

Bosutinib und Ponatinib. Letztere Substanz inhibiert auch den T3151-Mutanten effektiv (47).
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1.2 Klinische Patientendaten

Fiir die in diese Arbeit eingeschlossenen Publikationen standen Patientendaten in anonymi-
sierter Form aus zwei verschiedenen CML-Studien zur Verfligung. Konkret handelt es sich
bei den Daten um individuelle Zeitverldufe der mittels qRT-PCR gemessenen Tumorlast in
Form des Quotienten BCR-ABL geteilt durch ABL. Wie im Abschnitt ,,Messungen der Tu-
morlast® erldutert, wurde bei negativer PCR héufig zusétzlich eine hochsensitive qualitative
PCR (Nested PCR) durchgefiihrt und bei positivem Ergebnis eine obere Schranke fiir den un-
bekannten wahren BCR-ABL/ABL-Wert angegeben.

1.2.1 IRIS-Studie

Bei der “International Randomized Study of IFN-a vs. STI571” (IRIS) handelt es sich um
eine prospektive zweiarmige randomisierte Phase-III-Therapiestudie, deren Ziel in einem
Vergleich von IFN-a (plus niedrig dosiertem Ara-C) und IM-Monotherapie bei neudiagnosti-
zierten CML-Patienten lag (41). Primdrer Endpunkt war Krankheitsprogression, die neben
Tod jedweder Ursache den Ubergang in akzelerierte Phase oder Blastenkrise sowie den Ver-
lust zuvor erreichter Remissionen einschloss. Sekundidre Endpunkte waren das Erreichen
kompletter hdmatologischer und partieller bzw. kompletter zytogenetischer Remission sowie
Sicherheit und Vertraglichkeit. Die Gesamtanzahl der weltweit eingeschlossenen Patienten
betrug 1.106, gleichverteilt auf beide Therapiearme (siche Abbildung 5). Bereits in der ersten
Zwischenauswertung nach 18 Monaten (9) zeigte sich die Uberlegenheit von IM hinsichtlich
Progressionsfreiheit und Erreichen von Remissionen so stark, dass in der Folge fast alle Pa-
tienten im IFN-0-Arm auf IM umgestellt wurden. IRIS wurde dadurch mit der Zeit zu einer
reinen Beobachtungsstudie fiir IM-Therapie. Nach achtjdhrigem Follow-up betrug das ereig-
nisfreie Uberleben etwa 81%, Progressionsfreiheit lag sogar bei 92% der Patienten vor. Fiir
eine Kohorte von 98 Patienten wurden zusitzlich die BCR-ABL-Transkriptlevel {iber die Zeit
monitoriert. Von diesen Patienten erreichten wihrend der Beobachtungszeit 86% eine MMR
(48). Fiir diese Arbeit standen die Daten von 69 Patienten aus dem IM-Arm (400 mg/d) zur
Verfiigung, was der vollstdndigen deutschen IM-Kohorte entspricht.

13
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— Interferon-a + Ara-C

— |matinib

Abbildung 5: Design der IRIS-Studie. In der zweiarmigen Studie wurde IFN-o-Therapie
(plus niedrig dosiertes Ara-C) mit IM-Monotherapie bei neudiagnostizierten CML-Patienten

verglichen. Pro Arm wurden 553 Patienten randomisiert (,,R* bedeutet Randomisierung).

1.2.2 CML-IV-Studie

Bei der sogenannten CML-IV-Studie der Deutschen CML-Studiengruppe handelte es sich
urspriinglich um eine prospektive vierarmige randomisierte Phase III-Therapiestudie. Dabei
sollte IM-Monotherapie mit zwei verschiedenen Kombinationstherapien verglichen werden,
darunter IM plus IFN-a sowie IM plus Ara-C. Der vierte Arm sah eine IM-Monotherapie
nach IFN-a-Versagen vor. Wihrend Patienten mit niedrigem und mittlerem Risiko die Stan-
darddosis von 400 mg IM pro Tag erhielten, wurden Hochrisikopatienten mit 800 mg/d thera-
piert. Dartiber hinaus sollte sich in jedem Arm nach etwaigem Therapieversagen eine allogene
Stammzelltransplantation anschlieen (siehe Abbildung 6). Es sollte erwdhnt werden, dass in

dieser Studie kein pegyliertes, sondern ,,normales* IFN-a zum Einsatz kommt.

» Imatinib

» Imatinib + Interferon-a

R

» Imatinib + Ara-C

» Imatinib nach Interferon-a

Abbildung 6: Urspriingliches Design der CML-IV-Studie. In dieser vierarmigen Studie sollte
IM-Monotherapie (bzw. IM nach IFN-a-Versagen) mit einer Kombinationstherapie aus IM
und IFN-a sowie IM und Ara-C verglichen werden. Bei Therapieversagen war in jedem Arm

eine sich anschlieBende allogene Stammzelltransplantation vorgesehen.
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Nach einer Pilotphase der Studie wurden die zwei Arme ,,Imatinib nach I[FN-a-Versagen* und
,Imatinib plus Ara-C* vorzeitig terminiert. Stattdessen konnten nun auch Patienten mit niedri-
gem und mittlerem Risiko 800 mg IM pro Tag erhalten, so dass fiir diese Dosierung ein eige-
ner Arm erdffnet wurde. Das modifizierte dreiarmige Studiendesign findet sich in Abbildung
7. Primdre Endpunkte der Studie waren hdmatologische Remission, komplette zytogenetische
Remission, komplette oder majore MR (vor allem nach 12-monatiger Therapie) sowie
progressionsfreies Uberleben, wobei ,,Tod* jede Todesursache einschlieBt und Progression als

Ubergang in akzelerierte Phase oder Blastenkrise definiert ist (49).

» Imatinib 400 mg/d

—> [matinib 400 + Interferon-a

— |matinib 800 mg/d

Abbildung 7: Modifiziertes Design der CML-IV-Studie. Bei neudiagnostizierten CML-Pa-
tienten werden IM 400 mg/d versus IM 800 mg/d versus IM 400 mg/d plus IFN-a verglichen.

Nach 5-jahrigem Follow-up waren insgesamt 1.537 Patienten randomisiert. Beziiglich des
Erreichens einer MMR nach 12 Therapiemonaten war der 800 mg-Arm (59%) dem 400 mg-
Arm (44%) sowie der Kombinationstherapie (46%) signifikant iiberlegen. Eine Uberlegenheit
der hohen Dosis zeigt sich auch in Bezug auf das Erreichen einer kompletten zytogenetischen
Remission. Hinsichtlich progressionsfreiem Uberleben und Gesamtiiberleben gab es keine
signifikanten Unterschiede zwischen den drei Armen (49). Das Gesamtiiberleben (alle
Studienarme zusammen betrachtet) nach fiinf Jahren ist kaum noch von einer vergleichbaren
»gesunden Kohorte in der Normalbevolkerung unterscheidbar. Fiir diese Arbeit standen die
Daten von insgesamt 280 Patienten aus dem 400 mg-Arm zur Verfligung. Durch Beschrén-

kung auf diesen Arm ist eine Vergleichbarkeit mit den Daten der IRIS-Studie gewéhrleistet.
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1.3 Mathematisches Stammzellmodell

Ursprungszelle der CML ist eine einzelne HSC, die durch eine genetische Aberration zu einer
LSC entartet. Durch Proliferation dieser Zelle entsteht der maligne Klon, der sich in fortwéh-
render Kompetition mit den normalen Zellen befindet, z.B. um gemeinsame Ressourcen oder
freie Bindungspldtze an stromale Knochenmarkzellen. Da die klonalen Kompetitions-
phidnomene primir auf Stammzellebene reguliert werden, gleichzeitig aber hinsichtlich ihrer
resultierenden zelluldren Dynamik potenziell eine intuitiv nicht mehr fassbare Komplexitét
erreichen, stellt ein theoriebasierter Ansatz in Form eines dynamischen Stammzellmodells ein

hilfreiches Werkzeug zur Erkldrung der beobachteten Krankheits- und Therapieeffekte dar.

Das verwendete Modell wurde urspriinglich von Réder und Loéffler fiir die Beschreibung der
Hématopoese in der Maus entwickelt (15). Da es keine Evidenz fiir wesentliche konzeptuelle
Unterschiede der himatopoetischen Stammzellorganisation zwischen Maus und Mensch gibt,
habe ich das Modell im Rahmen meiner Diplomarbeit an humane Daten angepasst (16).
Neben einer Beschreibung normaler Hdmatopoese im Menschen ist das Modell auch im
Stande, die Kompetition von normalen und malignen Zellen in der CML zu beschreiben,

sowohl in der behandelten als auch unbehandelten Situation (17).

Bei dem Modell handelt es sich um ein agentenbasiertes Modell (ABM), das heif3t, jede ein-
zelne Stammzelle entspricht einem sogenannten Agenten. Die Zellen werden in einem sto-
chastischen Prozess nach definierten Regeln simuliert. Die Zeit wird dabei diskretisiert be-
trachtet (A7 = 1 Stunde). Zu jedem dieser Zeitpunkte werden die Regeln angewendet und der
Status aller Modellzellen aktualisiert. Normale und maligne Zellen befinden sich gleichzeitig

im System und unterscheiden sich hochstens hinsichtlich ihrer Parameterwerte.

Die verwendete Modellklasse ist fiir klonale Kompetitionsphdnomene besonders geeignet, da
sich auch stochastische Fluktuationen im Falle sehr kleiner Zellzahlen beschreiben lassen.
Sowohl bei der Entstehung der CML als auch bei MRD kompetieren oft sehr kleine leukdmi-
sche Klone mit den normalen Zellen. Bei der Frage, ob solche Klone expandieren oder trotz
kompetitiven Vorteils ,,aussterben, spielen stochastische Effekte eine wesentliche Rolle.
Moglicherweise sind diese Effekte dafiir verantwortlich, dass BCR-ABL-positive Zellen tem-
porédr in sehr kleiner Zahl in gesunden Freiwilligen gefunden werden, ohne dass diese in der
Folgezeit eine CML entwickeln (50). Eine solche Sichtweise wiirde beispielsweise bei einer

mittelwertbasierten Modellierung unter Verwendung von ODEs verloren gehen.
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1.3.1 Modellbeschreibung

Jedes Zellobjekt wird durch ein Tripel von Eigenschaften (a(t), m(t), c(t)) beschrieben, wo-
bei m(t) € {A, Q} die Zugehorigkeit zu einer von zwei Signalumgebungen beschreibt. Wah-
rend proliferative Zellen in Q lokalisiert sind, befinden sich Stammzellen in Signalumgebung
A in einem Ruhezustand, das heiflt in Go-Phase des Zellzyklus. Das A-Kompartiment kann als
stromale Nische, z.B. im Knochenmark, interpretiert werden. Die Zellen kénnen zwischen
beiden Signalumgebungen reversibel wechseln. Die Variable a(t) € {0} U [@pin, Amax] stellt
eine zellspezifische Affinitdt dar, die als Neigung sich an Signalumgebung A zu binden, in-
terpretiert werden kann. Die dritte Eigenschaft c(t) € {0,1, ..., 7.} beschreibt die Position

innerhalb des Zellzyklus, wobei 7. die Zellzykluszeit bezeichnet.

Der Zellzyklus der proliferativen Zellen in Signalumgebung Q ist als Sequenz von, in dieser
Reihenfolge, G,-Phase, S-Phase und G,- bzw. M-Phase modelliert. Fixiert sind hierbei neben
der Gesamtzykluszeit 7. die Langen von S-Phase (7s) und kombinierter Go/M-Phase (g, /m),
so dass sich die Linge der G;-Phase (und nach Konstruktion gleichzeitig der Beginn der S-

Phase innerhalb des Zellzyklus) zu 75, = 7, — (TS + g, /M) berechnet.

Um einen Aktualisierungsschritt aller Zellen innerhalb des Modells durchfiihren zu kénnen,

wird die Anzahl aller Zellen mit a(t) > an,;, in A und Q (Ny(t) und Ng(t)) bestimmt. Nun

wird fiir jede Zelle der neue Zustand (a(t +1),m(t+1),c(t+ 1)) wie folgt berechnet:

Wenn sich eine Zelle in Signalumgebung A befindet, wechselt sie nach Q oder bleibt in A mit
Wahrscheinlichkeit @ bzw. 1 — w. Falls die Zelle in A bleibt, wird ihre Affinitit a(t) durch
Multiplikation mit dem Regenerationskoeffizienten » (r > 1) erhoht (a(t + 1) = a(t) - r),
solange a(t + 1) nicht die Regenerationsgrenze a,,, erreicht hat. Dieser Vorgang lésst sich
als Entdifferenzierungsschritt interpretieren. Falls die Zelle nach Q wechselt (m(t + 1) = Q),
wird ihre Zellzyklusposition auf den Beginn der S-Phase gesetzt (c(t + 1) = g, ), unabhin-

gig davon, an welcher Zyklusposition sich die Zelle vor dem Ruhezustand befand.

Wenn sich eine Zelle in Kompartiment Q befindet, wechselt sie nach A oder bleibt in ) mit
Wahrscheinlichkeit a bzw. 1 — a. Allerdings ist ein Wechsel in den Ruhezustand nur dann
moglich, wenn sich die Zelle in der Gi-Phase befindet (c(t) < 75,) und a(t) > ap, gilt.
Wenn die Zelle nach A wechselt, wird nur m(t + 1) = A gesetzt. Wenn die Zelle in Q ver-
bleibt, wird ihre Affinitdt a(t) durch Multiplikation mit dem Differenzierungskoeffizienten
1/d (d > 1) verringert (a(t + 1) = a(t)/d) und ihre Zellzyklusposition wird inkrementiert
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(c(t+1) =c(t) +1). Dies lasst sich als Differenzierungsschritt (sukzessiver Verlust der
Stammzelleigenschaft) interpretieren. Falls ein kompletter Zellzyklus abgeschlossen wurde
(c(t+1) =1.), wird c(t + 1) = 0 gesetzt und durch Generierung eines neuen identischen
Zellobjekts eine Zellteilung initiiert. Falls a(t + 1) die minimale Affinitit a,;, unterschreitet,
wird a(t + 1) = 0 gesetzt. Zellen mit dieser Eigenschaft werden im Modell als differenzierte
Zellen bezeichnet und stehen im Gegensatz zu den Stammzellen, welche durch die Eigen-
schaft a(t) > a,,;, charakterisiert sind. Differenzierte Zellen konnen nicht mehr in Signal-
umgebung A regenerieren, sondern setzen ihre Entwicklung in Q fort. Hierbei durchlaufen sie
zundchst eine proliferative Phase (mit Zellzykluszeit 7.), deren Lénge A, betrégt, gefolgt von
einer finalen Reifungsphase (4,,), in der nichtproliferative Progenitor- und reife Zellen zu-
sammengefasst sind. Letztgenannte Zellpopulation ldsst sich als Représentation des periphe-
ren Blutes interpretieren und wird im Modell zur Bestimmung der BCR-ABL/ABL-Werte ver-
wendet. Eine schematische Darstellung des Modells findet sich in Abbildung 8.

Q JOrolTErF e
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IOz irveE SIS TEO Ol ErZ e
S OrZE ST Lelerr

Verlust von Affinitat a

Amax fPh+ ka_ Anin a=0
a a
12N Wi
e Lo
A SISO O TErZ L E
SEFIIIIIEES ST

2
Ph

Zugewinn von Affinitat a

: D

Amax Amin

Abbildung 8: Schematische Darstellung des Stammzellmodells. Es werden proliferative (in
Signalumgebung Q) und nichtproliferative Stammzellen (in A) unterschieden. Normale (Ph")
und maligne (Ph") Zellen kompetieren um gemeinsame Ressourcen. Zellen konnen zwischen

A und Q reversibel wechseln, abhéngig von den Transitionscharakteristiken f, und f .
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Die Transitionswahrscheinlichkeiten a und @ héngen von der Affinitdt einer Zelle a(t), von
den festen globalen Parametern a,,;, und a,,.,, sowie von den Transitionscharakteristiken f,

und f;, ab. Die Berechnung letzterer erfolgt mit der Zellzahl im jeweiligen Zielkompartiment:

a="D ¢ (n0)

a

W = % fo(Na(®)).

Die Transitionscharakteristiken f; /,, werden durch eine sigmoidale Funktionsklasse modelliert:

1

N
Vl +V2 * exp <V3 ¢ ﬁ;z)

fa/u)(NA/Q) = + V4.

Die Parameter v;, V5, v3 und v, beschreiben die Form der Funktion, N, /q st ein Skalierungs-

faktor fiir Ny,q. Man kannvy, v,, vz und v, durch die anschaulicheren Werte fq/,,(0),

fa/w(NA/Q/Z), fa/w(NA/Q) SOWie fy /() = limNA/Q_,oo fejo (NA/Q) eindeutig bestimmen:

vy = (hihz — h3)/(hy + hs — 2hy)
Vo, =hy —V;

V3 = ln((h3 - V1)/V2)

Vg = fa/w(oo)-

Die oben eingefiihrten Hilfsvariablen hq, h, und h; lassen sich dabei wie folgt berechnen:

hl = 1/(f(x/u)(0) - fa/m(oo))
hy = 1/(fuyo(Naja/2) = fuyw())
hs = 1/(fajo(Naja) = fujw(e)).

Beispiele fiir die Transitionscharakteristiken fq /,, finden sich in Abbildung 9.

Fiir die Durchfithrung von Simulationsrechnungen liegt das Modell in zwei Implementationen
vor, welche sich nur in der Programmiersprache unterscheiden. Die erste Variante, welche
samtlichen in diese Arbeit eingeschlossenen Publikationen zu Grunde liegt, wurde in C++
programmiert. Dariliber hinaus wurde von mir eine Programmversion in R geschrieben, um

die Anwendung des Modells auch ohne tiefere IT-Kenntnisse zu ermoglichen.
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Abbildung 9: Beispiele fiir Transitionscharakteristiken f, und f,. Der Funktionswert der

Transitionscharakteristiken hdangt von der Anzahl der Zellen in Kompartiment A bzw. Q ab.

1.3.2 Allgemeine Modellannahmen

Es wird angenommen, dass normale und maligne Zellen gemeinsam im System vorhanden
sind und um gemeinsame Ressourcen kompetieren. Eine solche Ressource konnen beispiels-
weise freie Bindungspldtze an stromalen Knochenmarkzellen sein, die fiir die Selbsterhaltung
der Zellpopulationen von Bedeutung sind. Beide Zelltypen werden als in sich homogen be-
trachtet, das heif3t, Zellen des gleichen Typs sind durch identische Parameterwerte charakte-
risiert. Zwischen den Zelltypen werden jedoch unterschiedliche Parameterwerte angenom-

men, so dass leukdmische gegeniiber normalen Zellen einen kompetitiven Vorteil besitzen.

Die Parameterwerte der normalen Zellen sind so gewihlt, dass ein dynamisch stabilisiertes
Gleichgewicht (,,Steady State*) zwischen proliferativen (2) und ruhenden (A) Stammzellen
entsteht und aufrechterhalten wird. Dabei wird eng an Vorarbeiten angekniipft, in denen die
Parameter fiir verschiedene experimentelle und klinische Settings in Méiusen und Menschen
verifiziert wurden (51; 17); siehe auch 1.4. Der Ausstrom aus dem Stammzellkompartiment
trdgt zur Population der proliferativen Progenitorzellen bei, aus denen sich ein weiteres

Kompartiment, bestehend aus nichtproliferativen Progenitoren und reifen Blutzellen, speist.

Da dieses Kompartiment zum ,,peripheren Blut* korrespondiert, erfolgt auf Basis der darin
befindlichen Zellen die Berechnung der Tumorlast in Form der BCR-ABL/ABL-Werte. Auf-

grund einer starken Korrelation zwischen Tumorlastmessungen mittels Zytogenetik und qRT-
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PCR (52) werden BCR-ABL-Transkriptlevel durch Zellzahlen approximiert. Es wird ange-
nommen, dass das Kontrollgen (hier: 4BL) in jeder Zelle zweimal vorhanden ist, das Onkogen
BCR-ABL hingegen nur einmal. Sei n; die Anzahl der leukédmischen Zellen und n, die An-
zahl der normalen Zellen im ,,peripheren Blut®, dann gilt die folgende Beziehung:

n
BCR-ABL/ABL ~ ———— - 100%.
n, +2n,

Da eine Mutation in einer einzelnen HSC fiir die CML-Entstehung urséchlich ist, wird ange-
nommen, dass sich wihrend einer Steady-State-Hdamatopoese eine normale Zelle zu einer
malignen Zelle verindert. Technisch wird dies durch Anderung der Parameterwerte einer nor-
malen Zelle realisiert. Die Parameterwerte dieser Zelle werden dabei so gewéhlt, dass sie kon-
sistent mit einer Vielzahl klinisch beobachteter Charakteristika der CML-Entstehung sind,
darunter die lange Latenzzeit von fiinf bis sieben Jahren. Um die Kriterien erfiillen zu koénnen,
muss der neoplastische Klon gegeniiber dem Wildtyp einen Wachstumsvorteil besitzen. Ein
solcher Vorteil kann z.B. in veridnderten Interaktionen zwischen den LSCs und ihrer Mikro-

umgebung, modelliert durch verdnderte Transitionscharakteristiken f, und f,,, bestehen.

Es wird angenommen, dass die CML-Behandlung erfolgt, wenn der Anteil der leukdmischen
Zellen in der Population der nichtproliferativen Zellen 99% betrigt. Diese Zahl ist dadurch
motiviert, dass in fast allen Patienten zu Therapiebeginn mittels Zytogenetik 100% Ph-posi-
tive Metaphasen gemessen werden. Therapiespezifische Annahmen sind durch biologische
Beobachtungen hinsichtlich des jeweiligen Wirkmechanismus motiviert. So wird fiir IM an-
genommen, dass das Medikament selektiv die proliferative Aktivitit der Tumorzellen hemmt
und in diesen Zellen Apoptose auslost. Dies ldsst sich modelltechnisch durch eine reduzierte

Wabhrscheinlichkeit zur Aktivierung in den Zellzyklus @ sowie eine feste Killrate beschreiben.

Das Modell liegt in seiner oben beschriebenen allgemeinen Form sédmtlichen in diese Arbeit
eingeschlossenen Publikationen zu Grunde. Spezielle Modellannahmen sowie Modifikationen

des Modells werden in den jeweiligen Publikationen (bzw. deren Supplement) beschrieben.
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1.4 Vorarbeiten

Das Thema der CML-Modellierung mit Hilfe des im vorigen Abschnitt beschriebenen ABM,
insbesondere mit Fokus auf verschiedenen medikamentdsen Therapien, zdhlte bereits vor
meiner Doktorandenzeit zu meinen wissenschaftlichen Interessen. Dabei entstanden einige
Arbeiten, die als inhaltliche Vorarbeiten fiir diese Dissertation betrachtet werden miissen.
Hierzu zihlt neben meiner Diplomarbeit (16) und einer Nature-Medicine-Publikation mit
deren wichtigsten Resultaten (17) auch eine 2008 in der Zeitschrift Cells Tissues Organs
erschienene Arbeit, welche die Ergebnisse der Diplomarbeit ausfiihrlich darstellt.' Da das
dynamische Stammzellmodell urspriinglich fiir die Himatopoese der Maus entwickelt wurde
(15), wird darin die Anwendbarkeit des ABM auf die menschliche Hdmatopoese im Allge-
meinen sowie die CML im Besonderen gezeigt, sowie Modellannahmen fiir verschiedene
medikamentose CML-Therapien (inklusive IM) getroffen. Da es eine wichtige Grundlage fiir
die vorliegende Arbeit darstellt, wird dieses von mir in Erstautorenschaft verfasste Paper der

Dissertation im Folgenden komplett hinzugefiigt.

Unter Anwendung des ABM war das Ziel des Papers die Identifizierung eines Modell-
mechanismus, der einen kompetitiven Vorteil des malignen Klons gegeniiber den normalen
Zellen induzieren kann, so dass sowohl CML-Entstehung als auch Daten zu mehreren CML-
Therapien (HU, IFN-a, IM) konsistent erkldrt werden konnen. Beziiglich CML-Entstehung
waren die folgenden Kriterien zu erfiillen: (i) eine mehrjdhrige Koexistenz von normalen und
malignen Zellen bis zur klinischen Manifestation der Krankheit; (ii) eine sukzessive Verdrin-
gung der normalen Hamatopoese durch den malignen Klon; (iii) eine verglichen mit der nor-
malen Situation erhdhte absolute Zellproduktion; und (iv) eine verzogerte Ph-Positivitét in der

Population der dormanten HSCs verglichen mit der proliferativen Fraktion.

Drei verschiedene Szenarios sind in der Lage, die vier vorgenannten Kriterien zu erfiillen.
Dabei unterscheiden sich die malignen Zellen jeweils in zwei Parametern von den normalen
Zellen. Allen drei Szenarios gemeinsam ist der Unterschied in der Transitionscharakteristik f,
der die Wahrscheinlichkeit der Aktivierung ruhender LSCs in den Zyklus verglichen mit
normalen Zellen erhoht. Zusitzlich unterscheiden sich normale und maligne Zellen entweder

in ihrer Zellzykluszeit ., ihrer Differenzierungsrate d, oder ihrer Transitionscharakteristik f.

'Horn M, Loeffler M, Roeder I; Cells Tissues Organs. 2008;188(1-2):236-247
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Um die Szenarios zu diskriminieren, wurde gepriift, inwiefern sie klinische Daten zur CML-
Therapie reproduzieren konnen. Es zeigte sich, dass basierend auf entsprechenden Modell-
annahmen zu HU- und IFN-a-Therapie kein qualitativer Unterschied zwischen den Szenarios
besteht. Hinsichtlich IM-Therapie ist jedoch nur ein Szenario in der Lage, den biphasischen
Abfall der BCR-ABL-Transkriptlevel zu erkldren. Dabei handelt es sich um das Szenario, das
Unterschiede zwischen normalen und malignen Zellen in den Transitionscharakteristiken f;
und f,, annimmt. Eine Interpretation ist, dass als Pathomechanismus der neoplastischen Zellen

sowohl erhohte Zyklusaktivierung als auch gestérte Stromabindung eine Rolle spielen.

Aufgrund der momentanen ,,Renaissance von IFN-a im Rahmen einer potenziell synergisti-
schen Kombinationsstrategie mit TKIs, sind in der Riickschau die in diesem Paper in Bezug
auf IFN-a-Monotherapie getroffenen Annahmen von Interesse. Die postulierte Angleichung
der Modellparameter zwischen normalen und malignen Zellen unter Einfluss von IFN-a ldsst
sich als immunologischer Effekt interpretieren, trdgt aber nicht dem vermuteten
stammzellaktivierenden Potenzial des Zytokins Rechnung. Diese Moglichkeit wird

modellseitig in Publikation 2 (siehe ,,Eingeschlossene Publikationen®) ausfiihrlich betrachtet.
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Abstract

Chronic myeloid leukemia (CML) is a clonal hematopoietic
disorderinduced by translocation of chromosomes 9 and 22,
resulting in an overproduction of myeloid blood cells. CML-
specific characteristics include a latency time of several
years, a period of coexistence of malignant and normal cells
and an eventual dominance of the malignant clone. Differ-
ent drug therapies are available, most notably imatinib,
which inhibits the oncogenic BCR-ABL1 tyrosine kinase. Al-
though the chromosomal aberration causing CML is well
known, the resulting dynamic effects on the system behav-
ior are not sufficiently understood yet. Here, we apply an
already established mathematical model of hematopoietic
stem cell organization. Based on parameter estimates for
normal hematopoiesis, we systematically explore the chang-
es in these parameters necessary to reproduce CML-specific
characteristics regarding emergence and course of disease
as well as a variety of qualitative and quantitative clinical
data on CML treatment. Our results indicate that 1 or more

of the following mechanisms are compatible with the induc-
tion of a dominant clone in the proposed model: a retarded
differentiation process, a reduced turnover time or a defec-
tive cell-microenvironment interaction of the neoplastic
cells. However, in order to explain the massive overproduc-
tion of malignant cells, an unregulated and abnormal activa-
tion of leukemia stem cells into cycle has to be assumed ad-
ditionally. Based on our simulation results we conclude that
CML dynamics can most appropriately be explained by a
modulation of the cell-microenvironment interactions of
leukemia stem cells, including both the process of stem cell
silencing and activation into cycle.
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Introduction

Chronic myeloid leukemia (CML) is a clonal disorder
of the hematopoietic system. It is induced by mutation on
the hematopoietic stem cell (HSC) level and results in a
malignant expansion and overproduction of (immature)
myeloid blood cells [Mauro and Druker, 2001]. Cytoge-
netically, malignant cells are characterized by a recipro-
cal translocation of chromosomes 9 and 22 [Goldman
and Melo, 2003]. It has been demonstrated that radiation
is capable of inducing such a genetic aberration [Ichima-
ru et al., 1981]. However, the precise mechanisms as well
as the frequency of the occurrence are only incompletely
known. The shortened chromosome 22 is referred to as
Philadelphia chromosome (Ph) which carries the BCR-
ABLI fusion gene. Its gene product, the oncogenic BCR-
ABLI protein, is a constitutively activated tyrosine ki-
nase, the expression of which has been shown to be re-
sponsible for the pathogenesis of CML [Deininger et al.,
2000]. But even though these mechanisms within indi-
vidual malignant cells are well understood, the resulting
response of the system to the neoplasm on the cell popu-
lation level is yet to be elucidated.

If left untreated, CML is a fatal disease. The only
known curative treatment option of CML is stem cell or
bone marrow transplantation [Goldman and Gordon,
2006]. This procedure, however, is associated with a high
early mortality rate. Furthermore, several drug therapies
are available. Hydroxyurea (HU) is a cytotoxic drug
which specifically acts on proliferating cells, regardless of
genotype, by inhibition of ribonucleotide reductase and,
therefore, by inhibition of DNA synthesis. This effect
prevents cell division and eventually leads to apoptosis
[de Lima et al., 2003]. Currently, HU is primarily used as
initial therapy to reduce the leukocyte count to normal
levels before other treatment is applied. Interferon-a
(IFN-a) has been used for many years in the management
of patients in the chronic phase of CML, but the mecha-
nisms by which it induces growth inhibitory effects in
leukemia cells are not exactly known. Several different
mechanisms have been suggested. It is widely accepted
that IFN-« has an immunostimulating effect, that is, it
renders leukemia cells visible to the immune system [Par-
mar and Platanias, 2003]. One indirect consequence of
this immune effect may involve normalization of the ad-
hesion to bone marrow stroma [Bhatia etal., 1994]. Down-
regulation of the expression of the BCR-ABLI oncogene
might be another potential mechanism [Verma and Pla-
tanias, 2002].
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Within the last decade, imatinib (IM) has rapidly be-
come the front-line therapy for de novo CML. This drug
inhibits the oncogenic BCR-ABLI tyrosine kinase by oc-
cupying the ATP-binding site of the BCR-ABLI1 protein,
thereby preventing phosphorylation of its substrates
[Buchdunger et al., 1996]. This process ultimately results
in the switching off of downstream signaling pathways
that promote leukemogenesis [Savage and Antman,
2002]. Although these molecular mechanisms are well
known, it is not sufficiently understood how they trans-
late into the dynamic regulation of normal and leukemic
cell growth. It is known that IM selectively acts on leuke-
mia cells where it induces a proliferation inhibitory effect
[Druker et al., 1996] as well as an increase in the apo-
ptotic rate of actively proliferating cells [Oetzel et al.,
2000; Vigneri and Wang, 2001; Holtz et al., 2007]. Mo-
lecular monitoring of tumor load revealed that IM in-
duces a biphasic decline of BCR-ABLI transcript levels
during the first year of treatment. It is characterized by
an initially rapid followed by a moderate decline. Fur-
thermore, a rapid relapse upon treatment cessation can
be observed [Michor et al., 2005].

An important obstacle in the design of curative drug
therapies is the fact that relevant details of the system be-
havior, such as resistance to IM treatment [Tauchi and
Ohyashiki, 2004], are only insufficiently understood, ir-
respective of the above-mentioned molecular insights
into pathogenesis of CML and IM activity.

It is the objective of this paper to apply an already
established mathematical model of HSC organization
[Roeder and Loeffler, 2002] to the situation of CML.
Based on parameter estimates for normal hematopoiesis,
we systematically investigate the changes in the cell-in-
trinsic parameters necessary to reproduce CML-specific
characteristics. The model has to be consistent with a va-
riety of qualitative and quantitative clinical data on CML
treatment. Thereby, a comprehensive, predictive and in-
terpretable picture of CML emergence, course of disease
and treatment can be obtained. To be able to generate
model predictions for new treatment options, an in silico
disease model consistent with established treatment op-
tions is required. Therefore, also data on former first-line
CML therapies, such as HU and I[FN-q, are considered in
order to guarantee the validity of the model.

Materials and Methods

In this work, we apply a single-cell-based, stochastic mathe-
matical model [Roeder and Loeffler, 2002]. The model has been
developed for the HSC system and has already been validated for
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animal data, for example to describe clonal competition process-
es in mouse chimeras [Roeder et al., 2005]. Furthermore, it has
also been applied to 1 very specific treatment scenario in chronic
myeloid leukemia [Roeder et al., 2006]. A schematic representa-
tion of the model can be found in figure 1. It is assumed that cells
can reside in 2 signaling contexts (A, {1), which can be interpret-
ed as different growth environments, with A representing a stem
cell-supporting niche within the bone marrow. A short explana-
tion of the model can be found in the next paragraph. For a more
detailed mathematical description, we refer to the Appendix and
Roeder et al. [2006].

Each cell has a property a, which represents the affinity to re-
sidein A. If a is greater than a given threshold a5, the respective
cell is denoted as a stem cell. Affinity a can be interpreted as the
state of differentiation of a stem cell: the smaller a, the less stem
cell potential is attributed to a cell. Differentiation (that is, de-
crease in a) is considered to be a reversible process until a has
reached an,i,. Whereas cells gradually lose affinity a under the
influence of environment Q) [a(t + 1) = a(t)/d], they regain it in A
[a(t + 1) = a(t)-r]. The latter can be interpreted as a regeneration
process on the individual cell level. Parameters d and r represent
differentiation and regeneration coefficients, respectively. If a
falls below @yip, it is set to zero. Such a cell loses its potential to
change to A and, therefore, to regain a. It is no longer denoted as
a stem, but as a differentiated cell, which initiates a clone thatam-
plifies and finally dies after a fixed lifetime. Whereas cells in A
are assumed to be quiescent, that is, in Gy-phase of the cell cycle,
cells in () are actively proliferating with an average generation
time 7. The transition of cells between the 2 signaling contexts is
modeled as a stochastic process, that is, at every time step each
cell has a certain probability to change from one compartment to
the other. The transition probabilities depend on the individual
cellular affinity a and the transition characteristics f, and f.
These characteristics depend on the current numbers of cells in
A and (), respectively (for a schematic, see fig. 2).

The described model is implemented as a C++ computer pro-
gram. The source code can be obtained from the authors. Each
individual cell in the system is simulated according to the above-
outlined set of rules. These rules are applied at discrete time steps
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(At =1 h) to simultaneously update the status of all model cells.
The algorithm includes stochastic decisions, for example, with
respect to transitions from one signaling context to the other. Due
to this system-intrinsic stochasticity, even different simulation
runs using identical model parameters generate quantitatively
different outcomes. A population of patients can be represented
by averaging the results of many single simulation runs.

The model assumes CML to be a clonal competition process
between the malignant clone (Ph+), comprising all cells originat-
ing from 1 mutated cell, and normal (Ph-) hematopoietic cells,
with potential quantitative differences in model parameters.

As mentioned above, the model has already been applied to the
murine system [Roeder and Loeffler, 2002; Roeder et al., 2005]. In
these publications, parameter values were fitted to quantitative
data on specific mouse strains. In order to obtain a parameter set,
which we assume to adequately represent a normal human hema-

Proliferating stem cells Proliferating Nonproliferating
in signaling context {2 (7f+/Ph-) precursors cells
Loss of a (d Pr+/Ph-) Amplification
= Differentiation
@'E @ @ Maturation
Ph+ G P Ph
Ph+]] ¢ Ph-
o o
f (:h mph_ Determination
of BCR-ABL1
WGD@% levels
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Fig. 1. Model scheme. Normal (Ph-) and malignant (Ph+) stem
cells are assumed to coexist within 2 common signaling contexts
(A, Q). For a detailed model description, see text.
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Fig. 2. Schematic of transition characteris- z z
tics, showing examples of transition char- B -
acteristics f,, (a) and f,, (b) of normal (gray) —
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rameter values used in the computer simu-
lations, see table 2.
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topoiesis, the mouse parameter values served as a starting point.
Although specific model parameters can be expected to differ
considerably between mice and men, we assume the existence of
fundamental interspecies similarities with regard to the general
regulatory principles of hematopoiesis. Hence, it was an impor-
tant goal to change only as few system parameters as necessary
when applying the model to a new (here: the human) situation.

Using a parameter set capable of maintaining a steady state of
normal hematopoiesis, the introduction of 1 Ph+ stem cell is as-
sumed to represent the disease-initiating event. This stem cell is
assumed to have a growth advantage compared to normal cells
and is equipped with an inheritable marker, which allows track-
ing of its progeny, that is, the malignant clone, over time.

It is the aim of this study to investigate which model param-
eters are capable of inducing a growth advantage of leukemia cells
that leads to the formation of a manifest CML clone. A set of mod-
el parameters which consistently describes the situation of un-
treated chronic myeloid leukemia is determined by applying the
following qualitative criteria, all of which have been motivated by
clinical and experimental observations.

(1) The emergence of the disease has to be accompanied by a
long latency time of about 5-7 years [Ichimaru et al., 1981], char-
acterized by a coexistence of normal and leukemia cells, until the
proportion of neoplastic cells has reached more than 90%.

(2) If the disease remains untreated, the malignant clone even-
tually takes over the hematopoietic system, while the Ph— cells
gradually disappear [Goldman and Melo, 2003].

(3) Compared to normal hematopoiesis, there is an increased
absolute blood cell production primarily caused by an expansion
of the malignant clone [Mauro and Druker, 2001].

(4) Quiescent leukemia stem cells show a delayed Ph positivity
compared to actively proliferating cells, that is, the frequency of
Ph+ stem cells in the quiescent pool lags behind that among pro-
liferating cells [Dube et al., 1984].

All model parameters are systematically tested for the ability
to reproduce these criteria. The agreement of simulation results
and clinical/biological observations is judged by a consistency of
average simulations with all above-stated criteria.

To further test the consistency of the derived parameter con-
figurations beyond the emergence of CML, they are applied to
different treatment strategies in silico. The simulation results are
compared with qualitative and quantitative clinical data on CML
patients. In particular, the following assumptions are applied for
the simulation of treatment options.

HU treatment is assumed to induce an unselective kill of cells
in S-phase, that is, a fixed percentage of S-phase cells per time step
undergo apoptosis, regardless of their genotype. In contrast, [IFN-
« is assumed to affect leukemia cells only. At the moment of treat-
ment initiation, the model parameters of malignant cells, which
are capable of explaining the clonal dominance, are reset to the
values assumed for normal cells. IM treatment is assumed to in-
duce apoptosis and inhibition of the proliferative activity of pro-
liferating Ph+ stem cells. Technically, the apoptotic effect is mod-
eled by a selective kill of a fixed percentage of leukemia cells per
time step (degradation rate ry.), while the proliferation inhibi-
tion is modeled by a reduction of the activation of leukemia cells
into cycle, that is, altering transition characteristic f, (transition
from A to (1), at the fixed inhibition rate r;yp.

Qualitatively, the model needs to reproduce that the majority
of HU and IFN-« patients show a hematologic response, with HU
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inducing more rapid responses than IFN-a. In almost none of the
HU patients, cytogenetic responses can be observed [Hehlmann
etal, 1993]. In contrast, IFN-« is capable of inducing cytogenet-
ic remissions in the majority of patients [Hehlmann et al., 1994].
Simulation of IM treatment needs to reproduce rapid hemato-
logic and rapid cytogenetic remissions [Savage and Antman,
2002].

Furthermore, simulation results of IM treatment are com-
pared with quantitative criteria, as highly sensitive measurements
of tumor load, utilizing real-time quantitative polymerase chain
reaction (PCR), are available [Michor et al., 2005; Roeder et al.,
2006]. In these studies, BCR-ABLI transcript levels were mea-
sured at different time points during IM treatment. A typical bi-
phasic decline of BCR-ABLI transcript levels during the first year
of therapy as well as a rapid relapse upon treatment cessation can
be observed [Michor et al., 2005]. An overview of the applied
model assumptions and criteria can be found in table 1.

In order to compare clinically determined BCR-ABLI tran-
script levels to the mathematical model, BCR-ABLI/ABLI per-
centages are approximated using cell numbers in the population
of nonproliferating differentiated cells according to the following
relation: [number of Ph+ cells/(number of Ph+ cells + [2 X num-
ber of Ph- cells])] x 100%, motivated by the existence of 2 copies
of each gene within individual cells and by a reported strong cor-
relation between cytogenetics, assessing the proportion of Ph+
cells, and real-time quantitative PCR measurements of BCR-ABLI
transcript levels in peripheral blood [Branford et al., 1999].

Results

CML Genesis

Based on a system of normal steady-state hematopoi-
esis (for model parameters, see table 2), 3 model param-
eters were found to be independently capable of inducing
a competitive growth advantage, namely differentiation
rate d, transition characteristic f, and cell cycle duration
T.. The possible parameter alterations can be found in
table 3. Each of these 3 parameter changes, applied to ex-
actly 1 proliferating stem cell (located in (}), is capable of
giving rise to a dominant clone. However, in each of these
scenarios, this capability is realized in only about 20% of
the cases, that is, in about 80% of the computer simula-
tions there is only a transient low-level contribution of
neoplastic cells. These cases, which are neglected in the
following, are characterized by the extinction of the ma-
lignant clone owing to the stochasticity of the model.

Upon applying any of the parameter changes given in
table 3, one obtains the results shown in figure 3. The per-
centage of the dominant clone relative to all cells within
the computer simulation (average * SD of 100 individu-
al simulation runs) was determined using the population
of nonproliferating differentiated cells. The disease-initi-
ating single-cell mutation event occurred at time point
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Table 1. Applied model assumptions and qualitative criteria for
the simulation of CML treatment options HU, IFN-« and IM
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Table 2. Model parameter set for normal hematopoiesis

Parameter Value
Treatment  Assumptions Criteria
Amin 0.002
HU unselective kill of rapid hematologic Amax 1.0
S-phase cells at a fixed but no cytogenetic d 1.05
rate per time step response r 1.1
IFN-a equalization of model hematologic and T 48 h
parameters of normal cytogenetic responses s 8h
and leukemia cells, which TauM 8h
are capable of explaining
the dominance of the 7 24h
malignant clone Ap 20 days
Am 8 days
IM tixed degradation and biphasic decline of
proliferation inhibition =~ BCR-ABLI transcript fa(0) 0.5
rate selectively for levels and rapid relapse  fu(Na/2) 0.45
leukemia cells after treatment stop Jo(Ny) 0.01
fal(o2) 0.0
N, 10°
fu(0) 0.5
fo(No/2) 0.3
zero. Criteria 1 and 2 are met: after about 3 years, the pro-  fu(Na) 0.1
portion of malignant cells starts to rise. After about 5-7 me(OO) 18'30
Q

years, clinically relevant levels of malignant cells can be
detected. Finally, by outcompeting normal cells, the ma-
lignant clone takes over the hematopoietic system (fig. 3a).
Criteria 3 and 4, however, cannot be met: compared to
normal hematopoiesis, there is no increased production
rate of malignant cells (fig. 3b). The overall count of nor-
mal (gray) and malignant (black) nonproliferating dif-
ferentiated blood cells remains relatively constant over
time. Furthermore, as indicated by figure 3¢, quiescent
HSCs (gray) do not show a delayed Ph positivity com-
pared to actively proliferating cells (black). At each time
point, the proportion of malignant quiescent stem cells is
almost identical to the proportion of malignant prolifer-
ating precursors.

In the results shown so far, only 2 of 4 qualitative cri-
teria could be met. Hence, a second parameter alteration
had to be considered. Because there is evidence that leu-
kemia cells show an unregulated cellular proliferation
[Eaves et al., 1986], the transition characteristic f,, of ma-
lignant stem cells, which normally depends on the abso-
lute number of proliferating stem cells, was set to con-
stant at a high level. The described alteration results in a
cell number-independent and, therefore, in an unregu-
lated activation of malignant cells into cycle.

Using this additional parameter modification, the sys-
tem dynamics change in such a way that all 4 criteria can
be met. The alteration of f,, has to complement the change
in either differentiation rate d, transition characteristic f;,
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The given parameters are capable of maintaining a normal
steady-state hematopoiesis in silico. The parameters are as fol-
lows: (@min> @max) = range of affinity a that characterizes the pro-
pensity of a cell to reside in A; d = differentiation coefficient; r =
regeneration coefficient; 7. = cell cycle duration of stem cells;
Ts, Tgym = durations of S- and G,/M-phase; 7. = generation time
of proliferating ditferentiated cells; A, = transition time for pro-
liferating precursor cell stages; A, = life time of nonproliferating
precursor cell stages and mature, terminally differentiated cells;
fu fiw = transition characteristics for change from () to A and A to
Q; fo(+), f(+) = function values of transition characteristic at given
argument; Ny, Np = scaling factors of transition characteristics.

Table 3. Parameter changes giving rise to a dominant clone

Parameter Ph- Ph+
fulNw) 0.01 0.015
d 1.05 1.045
T, 48h 45h

<

Each of these 3 parameter alterations, applied to a single nor-
mal (Ph-) stem cell, is capable of giving rise to a dominant clone
(Ph+). Parameters are as follows: f,(N,) = function value of transi-
tion characteristic f, (describing the transition from the prolifer-
ating to the quiescent compartment) at cell number Ny = 10% d =
differentiation coefficient; 7. = cell cycle duration.
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Fig. 3. CML genesis (1 altered model parameter), showing the scenario in which differences between normal
and malignant cells are assumed for transition characteristic f,. The other 2 scenarios are omitted because they
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malignant nonproliferating differentiated cells (solid line) over 15 years postmutation. The gray shade indicates
+ 1 SD. b Absolute cell counts in the nonproliferating differentiated cell compartment of normal (gray) and
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Fig. 4. CML genesis (2 altered model parameters), showing the scenario in which normal and malignant stem
cells are assumed to differ in their transition characteristics f, and f,, (scenario 1). The other 2 scenarios are
omitted because they are qualitatively identical. All graphs have been obtained averaging 100 individual simu-
lation runs. a Proportion of malignant nonproliferating differentiated cells = SD. b Absolute cell counts of
normal (gray) and malignant (black) nonproliferating differentiated cells. ¢ Proportion of actively proliferating
(black) and quiescent (gray) malignant stem cells.

or cell cycle duration 7 at the moment of the single-cell
mutation. It should explicitly be noted that altering tran-
sition characteristic f,, alone is not sufficient to induce a
growth advantage necessary for the emergence of a dom-
inant clone, because this parameter does neither influ-

Mathematical Modeling of Genesis and
Treatment of CML

ence criteria 1 nor 2. This means that changes in model
parameters d, f,, or 7. are required for clonal dominance,
while the increased production of malignant cells, as well
as the delayed Ph positivity of quiescent Ph+ stem cells
are induced by the alteration of model parameter f,.
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Fig. 5. CML treatment. All plots represent averages of 100 individual computer simulations. Shown is the sce-
nario in which normal and malignant stem cells are assumed to differ in their transition characteristics f, and
fu (scenario 1). a HU treatment. Treatment is applied from year 1 to year 2 (as indicated by the dashed lines).
Absolute numbers of normal (gray) and malignant (black) nonproliferating differentiated cells are shown.
b IFN-« treatment. Treatment starts at time point zero and ends at the indicated time point. Normal (gray) and
malignant (black) nonproliferating differentiated cells are shown. ¢ IM treatment. Data points represent clini-
cal measurements of BCR-ABLI/ABLI ratios, which are taken from Roeder et al. [2006]. The solid line shows

the corresponding computer simulation.

Upon altering either of the parameter combinations f,
and f,, (in the following referred to as scenario 1), d and
fe (scenario 2) or 7. and f,, (scenario 3) for 1 proliferating
stem cell, the results shown in figure 4 can be obtained
(compare to fig. 3 for the situation of only 1 altered pa-
rameter value). Please note that in order to avoid redun-
dancy, only 1 of the 3 scenarios is illustrated.

Scenarios 1, 2 and 3 are qualitatively identical, yet they
represent different functional mechanisms potentially
associated with the emergence of CML. Thus, an impor-
tant goal was to discriminate between the scenarios by
testing whether either of these is capable of reproducing
clinically observed data on CML treatment strategies.

CML Treatment

First, HU treatment was analyzed. An unspecific kill
of both normal and leukemia cells in S-phase at a con-
stant rate of 2% per time step was applied to all 3 afore-
mentioned CML scenarios. Because no estimates of this
rate were available in the literature data, it was chosen
arbitrarily. Therefore, it allows only for a qualitative anal-
ysis of the system behavior.

Due to the constant kill rate, cell numbers reach a
much lower steady-state level, that is, a significant hema-
tologic response can be observed. After cessation of ther-
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apy, the cell count rapidly returns to its pretreatment lev-
el. As HU was assumed to affect hematopoietic cells re-
gardless of genotype, the cell count of both leukemia and
normal cells is reduced. Please note that this reduction is
only detectable with respect to malignant cells owing to
the small number of normal cells. However, there is no
change in the proportion of malignant cells during HU
treatment, which also points to an equal relative cell
number reduction of both cell types. Hence, a cytoge-
netic remission cannot be induced. In all scenarios, the
procedure yields the results shown in figure 5a, that is,
based on HU treatment, discrimination between the 3
scenarios is not possible.

IEN-a treatment was simulated by altering the model
parameters, which are capable of explaining the domi-
nance of the malignant clone. That is, at the moment of
treatment initiation, transition characteristic f,, (scenario
1), differentiation rate d (scenario 2) or cell cycle duration
7. (scenario 3) of malignant cells are reset to the values
assumed for normal cells. Transition characteristic f,,,
however, remains unchanged. For the sake of simplicity,
all cells were assumed to be simultaneously affected. Due
to the applied parameter alterations, the growth advan-
tage of the malignant clone is undone, resulting in a slow
reduction of leukemia cells. At the same time, the popu-

Horn/Loeffler/Roeder



VORARBEITEN

lation of normal cells recovers slowly. Hence, significant
hematologic as well as cytogenetic remissions can be ob-
served in silico. After cessation of therapy, even after con-
tinuous IFN-a administration for several years, a clini-
cally relevant relapse can be expected. In any of the 3
CML scenarios the results shown in figure 5b can be ob-
tained, that is, a discrimination of the 3 scenarios by
IFN-« treatment is not possible.

Finally, the simulation results were compared to clini-
cal data on BCR-ABLI transcript levels of IM-treated
CML patients. It was found that only scenario 1 was ca-
pable of reproducing the typical biphasic decline of BCR-
ABLI transcript levels during the first year of IM treat-
ment as well as the rapid relapse upon treatment cessation
(fig. 5¢). In scenario 1, differences between normal and
leukemic cells in the transition characteristics f, and f,,
are assumed, which can be interpreted as differences in
the stem cell-microenvironment interaction (for exam-
ple, stroma attachment/detachment kinetics). Fitting the
mathematical model to the quantitative clinical data
[Roeder et al., 2006], degradation rate rg.g and inhibition
rate rimn were estimated to be 2.8 and 5.0% per time step,
respectively. The first (steep) decline is caused by a mas-
sive initial reduction of proliferating leukemia cells due
to the selective degradation effect. The second (moder-
ate) decline is induced by the dynamic regulation of the
system in response to the initial cell reduction. The mod-
el predicts leukemic stem cells to accumulate in compart-
ment A (that is, quiescent stem cells) during IM therapy.
These cells are responsible for the rapid relapse of BCR-
ABLI transcript levels after treatment stop.

Discussion

It could be shown that CML development can be ex-
plained as a clonal competition process of normal and
malignant cells, induced by quantitative differences in
cellular properties. It can be stated that the situation of
human hematopoiesis, in particular the situation of
chronic myeloid leukemia, can be explained within the
context of a general concept of tissue stem cell organiza-
tion, which is accounting for cell-cell and cell-microen-
vironment interactions, and which allows for a flexible
and reversible development of cellular phenotypes [Loeft-
ler and Roeder, 2002; Roeder and Loeftler, 2002].

Quantitative differences in at least 1 of 3 model pa-
rameters (differentiation coefficient d, transition charac-
teristic f,, cell cycle time 7.) were found to be capable of
inducing a dominant clone, which at first coexists with
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normal cells for a couple of years, but ultimately takes
over the hematopoietic system. It is sufficient to apply the
parameter alteration to exactly 1 actively proliferating
stem cell, representing a single-cell mutation, to induce a
macroscopic CML.

Note that owing to clonal fluctuations, this potential
is only realized in about 20% of the cases. Hence, our
model predicts that the formation of Ph does not neces-
sarily lead to the formation of CML. This result seems to
be confirmed by reports that very low levels of Ph+ cells
can be detected in healthy individuals, who, in the long
run, do not develop CML [Biernaux et al., 1995]. It can be
speculated that in about 80% of the cases the initially very
small neoplastic clone might not be able to maintain its
own population, but differentiates and finally undergoes
apoptosis. Interestingly, another group, which used a
fundamentally quite different mathematical model to an-
alyze general issues of clonal domination in myeloprolif-
erative disorders, found a similar percentage of about
80% [Catlin et al., 2005]. It must be mentioned, however,
that the authors fitted their model to adequately repro-
duce mouse and cat data; they did not apply it to the hu-
man situation. Catlin et al. [2005] explain the dominance
of the malignant clone without any modification of cel-
lular properties but by extra stem cell-supporting re-
sources (for example, alternative niches in the spleen or
liver) that only neoplastic HSCs can make use of.

Within our proposed model, differentiation rate d can
be interpreted as the velocity of stem cell differentiation.
Parameter d of neoplastic cells needs to be decreased to
induce the necessary growth advantage, which might
correspond to a retarded differentiation process of malig-
nant stem cells. In the clinical situation, highly immature
myeloid cells can be found in peripheral blood [Goldman
and Melo, 2003]. This observation might relate to an im-
paired differentiation process of leukemia stem cells.
However, the impaired regulation might as well be in-
duced at more mature cell stages.

Because 1 prominent mechanism involved in HSC
quiescence is the adhesion to bone marrow stroma, tran-
sitions of cells from signaling context () (actively dividing
cells) to A (quiescent cells) can be interpreted as stroma
attachment processes. Based on this interpretation, an al-
tered transition characteristic f, in leukemia cells repre-
sents a defective adhesion to bone marrow stroma, which
has also been reported experimentally [Gordon et al.,
1987; Bhatia et al., 1995].

The third critical parameter alteration (cell cycle time
7.) that was proposed by the model analysis has so far not
been reported in the literature, as data on human in vivo
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cell kinetics (for example, cycle time distributions) are
lacking almost completely.

Additionally to each of these parameter changes, tran-
sition characteristic f,, of neoplastic cells was set to con-
stant at a high level in order to induce an increased pro-
duction of leukemia cells. This parameter alteration can
be interpreted as an unregulated and increased activation
of quiescent stem cells into cycle. Such observations can
also be found in the literature [Eaves et al., 1986].

We would like to emphasize that within the proposed
model, only the given parameter values are capable of in-
ducing the desired model behavior, represented by the
criteria stated above. Different parameter values neces-
sarily result in a different competitive behavior of the
clones (normal, malignant) and, for example, thus fail to
reproduce criterion 1, that is, the delay from the initial
malignant transformation to the formation of a manifest
CML which is estimated to be about 5-7 years.

In the present work, we could demonstrate that the
proposed model consistently explains a variety of clinical
data on CML monotherapies such as HU, IFN-« and IM.
Qualitative data on HU treatment can be reproduced
based on the assumption of a constant kill rate of S-phase
cells, independent of genotype. This conforms to biolog-
ical insights regarding modes of action of HU [de Lima et
al., 2003]. Qualitative data on IFN-a therapy can be ex-
plained under the assumption that the model parameters
of malignant cells, which are capable of explaining the
clonal dominance (for example, transition characteristic
fo), are reset to the values assumed for normal cells. Such
a normalization of cellular properties could also be ob-
served in biological experiments with respect to adhesion
to bone marrow stroma [Bhatia et al., 1994]. This model
assumption, however, which predicts a complete eradica-
tion of the malignant clone after about 15 years of treat-
ment (fig. 5b), is likely to represent only the theoretically
best possible scenario for IFN-a therapy. As there are no
reports on the cure of CML with continuous IFN-«a ad-
ministration, it can be speculated that in the clinical situ-
ation the growth advantage of malignant cells is only re-
duced but not entirely eliminated. Please note that the
assumption made for IFN-a« treatment is sufficient to in-
duce significant cytogenetic remissions, that is, no ex-
plicit cell kill has to be assumed.

Beyond the qualitative description of the HU/IFN-«
effects, the model is capable of explaining quantitative
clinical data on IM treatment [Roeder et al., 2006] by as-
suming 2 different functional mechanisms. First, a con-
stant degradation rate was applied selectively for prolif-
erative leukemia cells. This conforms to reports on an
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increased apoptotic rate of malignant cells [Oetzel et al.,
2000; Vigneri and Wang, 2001; Holtz et al., 2007]. Sec-
ond, selectively for leukemia cells, transition character-
istic f,, was decreased to a lower constant level. This can
be interpreted as follows: IM reduces the rate at which
leukemia cells are activated into cycle. Therefore, the ex-
cessive proliferation of malignant cells can be stopped.
However, stroma detachment kinetics are still unregu-
lated, that is, independent of cell numbers. The decrease
in f, has no impact on the biphasic decline kinetics of
BCR-ABLI transcript levels, but asa result a considerable
number of malignant cells is kept in a quiescent state
during therapy. Upon cessation of treatment, the thera-
py-induced reduction of cell cycle activity is replaced by
a rapid activation of a large amount of malignant G,
stem cells into cycle, resulting in the clinically observed
rapid relapse of BCR-ABLI transcript levels. The poten-
tial accumulation of quiescent leukemia stem cells in the
course of IM treatment leads to the model prediction of
a benefit of the application of proliferation stimulating
drugs additional to IM [Roeder et al., 2006]. This strat-
egy has also been suggested experimentally. Jorgensen et
al. [2006] and Holtz et al. [2007] performed in vitro stud-
ies and found that quiescent stem cells are resistant to
IM therapy but can be activated into cycle by cytokines
such as G-CSF, rendering them more accessible to IM
therapy.

Only 1 of 3 model scenarios, which are capable of in-
ducing CML, is additionally capable of explaining the
quantitative clinical data on IM therapy. It is the scenar-
io which assumes parameter differences between normal
and malignant cells in transition characteristics f, and f,,.
The other 2 scenarios, involving differentiation rate d
and cell cycle duration 7, neither reproduce the typical
biphasic decline kinetics of BCR-ABLI transcript levels
nor the observed rapid relapse after termination of ther-
apy.

Concluding from our theoretical results, we suggest
that neither a retarded differentiation process of primi-
tive stem cells nor different cell cycle time distributions
in leukemia cells underlie the observed phenomena. In-
stead, we suggest differences in the dynamic regulation
of cell-to-stroma attachment/detachment kinetics as pos-
sible key pathologic mechanisms. However, additional
influences of, for instance, an impaired differentiation
process, particularly of leukemia precursor cells, cannot
be ruled out.

The quantitative model presented in this study repre-
sents human hematopoiesis in a simplified fashion.
Therefore, transition characteristics f, and f,, subsume a
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variety of cell-intrinsic and cell-extrinsic factors, for ex-
ample, complex interactions of growth factors. In reality,
this is most likely a high-dimensional system. Further-
more, the presented mathematical model does not dis-
criminate between different functional end cells, that is,
lineage commitment has been ignored completely at this
stage. In hematopoietic disorders such as CML, however,
the overproduction of particular lineages, for example
myeloid blood cells, is an important endpoint, which was
not investigated in this work owing to the limitations of
the model. These processes, which can also be explained
within the general concept of this model [Glauche et al.,
2007a], have to be incorporated in a future version. An-
other simplification affects mature cell stages, which are
called differentiated cells in the model. Feedback mech-
anisms from more mature cell stages into stem cell regu-
lation processes are not yet included. The same is true for
regulatory mechanisms of differentiated cell stages. Asa
technical consequence, kill rates have exclusively been
applied to stem cells. There is no dynamic regulation in
the model which compensates for an increased death
rate of differentiated cells, for example by an increased
amplification of previous cell stages. Consequently,
treatment interventions may result in a short-term un-
derestimation of absolute numbers of differentiated cell
stages.

Despite these limitations, the stochastic model used in
this paper is still the most comprehensive mathematical
model which has so far been applied to the situation of
CML. Previous model approaches could explain only a
subset of the experimentally and clinically observed phe-
nomena. Michor et al. [2005] used a 4-compartment
model approach based on a hierarchical view of hemato-
poietic differentiation. They show that their model can
reproduce clinical data on IM treatment on a short time
scale of 1 year. The authors conclude from their model
analysis that leukemia stem cells are not at all depleted by
IM therapy. This statement has since been controversial-
ly discussed [Glauche et al., 2007b; Michor, 2007]. Fur-
thermore, it is assumed that normal and malignant cells
grow totally independent of each other. As this presump-
tion seems to be unlikely, the authors recently presented
a more sophisticated model, which assumes a competi-
tion process between normal and malignant cells [Ding-
li and Michor, 2006]. This model is in principle also able
to consistently explain short- and long-term BCR-ABLI
transcript dynamics.

It could be shown in the present study that the applied
stochastic model represents a powerful tool to study
emergence and development of CML. Furthermore, this
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work provides the first systematic model analysis of the
functional mechanisms potentially associated with CML
emergence. It will be a future challenge to further con-
tribute to a better understanding of the disease. For ex-
ample, IM resistance, which currently represents a major
obstacle to successful treatment, will be analyzed from a
modeling point of view. So-called secondary mutations,
which are thought to play an important role in IM resis-
tance, are currently neglected in our modeling analyses.
They will be considered in future studies. Furthermore,
mathematical modeling might contribute to an optimi-
zation of treatment planning.

Appendix

The presented model is mathematically represented as a sin-
gle-cell-based, stochastic process. This means that the develop-
ment of each individual cell in the system is simulated according
to a setof defined rules including stochastic decisions. These rules
are applied at discrete time steps (Af = 1 h) to simultaneously up-
date the status of all model cells. Each cell is characterized by a
triple [a(t), m(t), c(t)], defined by its affinity a(f) € {0} U [@min,
@04 its signaling context m(f) € {A, ()} and its position in the
cell cycle c(t) € {0,1, ... ,7}, with 7. representing the cell cycle time.
To realize an update step, the actual total number of stem cells in
A and Q [N,(f), Ng(t)] is determined. Based on these numbers,
the new status of each model cell [a(t + 1), m(t + 1), c(t + 1)] is cal-
culated as follows.

(1) If the cell resides in signaling context A, it changes to () or
stays in A with probabilities @ = ain/a(f)-f,[Na(f)] and 1 - o, re-
spectively, where f,, denotes the transition characteristic describ-
ing the change from A to () (see below). If the cell stays in A, its
affinity a is increased by multiplication with regeneration coef-
ficient r = 1 [a(t + 1) = a(f)-r], until a has reached its maximum
value a,,. If the cell changes to signaling context ) [m(t + 1) =
1], its position in the cell cycle is set to the beginning of S-phase
[c(t + 1) = 1], which is calculated by ¢, = 7. + (75 + Tgm). Here, 75
denotes the length of S-phase and 7,y defines the combined du-
ration of G,- and M-phase.

(2) If the cell resides in signaling context (), it changes to A or
stays in () with probabilities & = a(f)/am.xfu[Na(f)] and 1 - a, re-
spectively, where f,, denotes the transition characteristic describ-
ing the change from () to A (see below). Herein, a change to sig-
naling context A is only possible in G,-phase of the cell cycle, that
is, ¢(f) < ¢;. If the cell changes to A, only its signaling context is
modified [m(t + 1) = A]. If it stays in (), it is tested whether a has
already reached its minimum value a_;,. If not, a is decreased by
division by differentiation coefficientd = 1 [a(t + 1) = a(t)/d] and
the cell cycle position is incremented [c(t + 1) = ¢(f) + 1]. In case of
cell cycle completion [that is, c(f) > 7], c(f + 1) is set to zero and a
new identical cell is generated (cell division). If, in contrast, a has
reached the minimum value a,,;,, it is set to zero and the cell is
considered to start a terminal differentiation program. This
means that the cell initiates a clone with a fixed life time A =
Ap + A, Herein, the first period A, represents the status of prolif-
erating precursors where the clone still amplifies with a duplica-
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tion time 7.. The second period A, represents the status of non-
proliferating precursors and mature cells (for a schematic of the
model, see fig. 1).

The transition probabilities & and @ depend on the actual af-
finity of the cell a(f), on the fixed parameters a,;, and a,,,,, and
on the transition characteristics f,[Na(f)] and f,[Nq(f)], respec-
tively. The latter 2 functions depend on the total number of stem
cells (N, Npp) in the respective target signaling contexts. They are
modeled by a general class of sigmoid functions:

1

T T

v+ explr3 %J

Aln

fuu(Nyo) =

The parameters v, v, v; and vy determine the shape of fy.
Nyq is a scaling factor for Nyq. It is possible to uniquely
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determine v, v, v; and vy by the more intuitive values f.,.,(0),
Jaro(Nara/2)s fajoNaya) and fog,(00): =limy, | foro(Najg):

v = (hyhs - h)/(hy + hs - 2hy)

vy=h - v
vy = In[(h; — v)/v,]
vy =fr:(.l’m (OQ)

with

hy = 1/[fusw (0) = fayw (22)]
hy = 1/[furo(Na//2) = fusw (02)]
hs = Ul fuoNas) — fasw (e2)]-

Examples of transition characteristics f, and f,, can be found
in figure 2. For exact parameter values used in the computer sim-
ulations, see table 2.
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2. Eingeschlossene Publikationen

2.1 ,Leukaemia stem cells: hit or miss?* (Publikation 1)
Glauche I, Horn M, Roeder I; Br J Cancer. 2007;96(4):677-678

Im Zusammenhang mit der Publikation der Ergebnisse meiner Diplomarbeit (16) in Nature
Medicine (17) und Cells Tissues Organs (siche Vorarbeiten) zeigte sich, dass hinsichtlich der
Modellannahme einer IM-suszeptiblen LSC-Population in der wissenschaftlichen Community
kein Konsens besteht. Eine andere Gruppe (F. Michor und Kollegen) hatte ein dynamisches
CML-Modell publiziert, in dem insgesamt vier verschiedene Zellpopulationen betrachtet wer-
den: Stammzellen, Progenitorzellen, differenzierte Zellen sowie terminal differenzierte Zellen
(43). Die vier Kompartimente, welche unidirektional in Reihe geschaltet sind, repriasentieren
Zellstufen der Hamatopoese. Das mit gewohnlichen Differentialgleichungen (ODE) beschrie-
bene Modell wurde an IM-Therapie-Daten nach einjdhrigem Follow-up angepasst. Motiviert
durch die Beobachtung schneller molekularer Riickfille nach Therapieabbruch (insgesamt
lagen drei entsprechende Félle vor) basiert das Modell auf der Annahme, dass Stammzellen
von IM in keiner Weise angegriffen werden, sondern auch unter Therapie weiter (exponen-
tiell) expandieren. Diese Zellpopulation ist geméf der Hypothese der Autoren fiir den raschen

Wiederanstieg der Tumorlast nach Ende der Behandlung verantwortlich.

Die Tatsache, dass die Autoren ithre Annahme, gegeben die vorliegenden Daten, als alternativ-
los darstellenz, war Motivation fiir das Verfassen eines ,,Letter to the Editor*. Wir stellen da-
rin fest, dass die Anpassung unseres ABM an Einjahresdaten auch gelingt, wenn wir eine IM-
Wirkung auf (proliferative) LSCs postulieren. Weiterhin liefert ldngeres Follow-up (ca. fiinf
Jahre) Evidenz fiir eine kontinuierliche Reduktion der Tumorlast unter IM-Therapie. Diese
Dynamik kann unser Modell mit ldngerer Simulationszeit ohne Parameterdnderungen repro-
duzieren. Wir zeigen dariiber hinaus, dass das publizierte ODE-Modell selbst unter fortge-
setzter IM-Therapie bereits im zweiten Behandlungsjahr einen Wiederanstieg der BCR-ABL-

Transkriptlevel vorhersagt, was im Widerspruch zu den beobachteten klinischen Daten steht.

Natiirlich ist auch unser Modell nicht die einzig mogliche Hypothese. In Anbetracht der
gegenwartig verfiigbaren Daten zur IM-Langzeittherapie scheint jedoch eine Unterscheidung

der LSCs hinsichtlich ihrer Zellzyklusaktivitat (proliferierend, ruhend) essentiell zu sein.

? Originalwortlaut aus Abbott und Michor (61): “(...) the conclusion that leukemic stem cells cannot be depleted

by imatinib can safely be drawn based on the available information.”
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Sir,

In their publication ‘Mathematical models of targeted cancer
therapy’ Abbott and Michor (2006) emphasise the role of
theoretical modelling for the understanding of cancer initiation,
progression and treatment. Herein, they draw a number of general
conclusions from a model of BCR-ABL1-positive chronic myeloid
leukaemia (CML) under imatinib treatment that has recently been
published by Michor et al (2005). This model relies on the
existence of four subsequent compartments, through which
haematopoietic cell differentiation proceeds. Chronic myeloid
leukaemia development is initiated by the mutation of a single
stem cell, and the expansion of the malignant (i.e. BCR-ABLI-
positive) clone is assumed to be completely independent of the 0.01 -
normal cells. Imatinib treatment, which is known to specifically
affect BCR-ABLI1-positive cells, is assumed to act on progenitor
and differentiated cells only. In contrast, malignant stem cells are Time (years)
not affected and continue to expand exponentially. Abbott and
Michor (2006) show that these assumptions are consistent with
clinical data on BCR-ABL1 transcript levels during the first year of
imatinib treatment as well as after treatment cessation.

Recent data on the long-term development of CML under
imatinib monotherapy show a continuing decrease of BCR-ABL1
transcript levels even after the first year of treatment (Roeder et al,
2006) (Figure 1A). This long-term behaviour cannot be explained
within the model of CML dynamics discussed by Abbott and
Michor (2006). Owing to the contribution of CML cells from the
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Figure | BCR-ABLI| transcript dynamics for CML under imatinib
treatment: (A) Datapoints represent median and interquartile range of
BCR-ABLI transcript levels in peripheral blood, determined in two
independent study populations: BCR-ABLI/BCR percentages of 68
individuals with imatinib-treated CML over | year, previously published
by Michor et al (2005) (open circles) and BCR-ABLI/ABLI percentages of
&9 individuals with imatinib-treated CML from the German cohort of the
IRIS trial over 5.5 years, previously published by Roeder et al (2006) (filled
circles). (B) Long-term simulation results of BCR-ABLI levels according to
the model discussed by Abbott and Michor (2006). Parameters are taken
from the original publication of this model (Michor et al, 2005). (C) Long-
term simulation results of BCR-ABLI levels according to the model
introduced by Roeder et al (2006). Parameters are taken from the given
reference.
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exponentially growing malignant stem cell compartment,
this model inevitably predicts a relapse of BCR-ABLI1 transcript
levels after about 1.5 years, even under continuing imatinib
treatment and without the occurrence of resistance mutations
(Figure 1B).

Within the aforementioned publication (Roeder et al, 2006), our
group proposed an alternative explanation of the imatinib effect,
which is consistent with the observed short- and long-term BCR-
ABL1 levels (Figure 1C) as well as with the relapse dynamics after
treatment cessation. In contrast to the model described by Abbott
and Michor, we predict a selective imatinib effect on proliferating
BCR-ABLI-positive cells, including stem cells, whenever they are
activated into cell cycle.

In the light of the clinical long-term data, complemented by our
alternative explanation of the imatinib effect, the statement by
Abbott and Michor - ‘the conclusion that leukaemic stem cells
cannot be depleted by imatinib can safely be drawn’ - cannot be
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uphold. In order to correctly describe the long-term dynamics of
BCR-ABLI1 transcript levels, certain modifications of the model
are unavoidable. Such modifications could include a (possibly
reduced) imatinib effect on malignant stem cells or a saturating
growth kinetics of the malignant stem cell population.

It should be noted that although our explanation of the imatinib
effect is consistent with the clinically observed long-term
behaviour, it still remains a hypothesis and might not be without
alternative. Particularly in comparison to the hypothesis discussed
by Abbott and Michor (2006), the proposed role of the cell-cycle
status of leukaemic stem cells might point to an important aspect
of the imatinib effect and possibly other tyrosine kinase inhibitors.
It is a particular strength of mathematical models to provide
testable predictions and, therefore, to guide experimental and
clinical research. However, a definite answer whether any
proposed mode of imatinib action is true or not can only be
given by data-based validation.

Roeder I, Horn M, Glauche I, Hochhaus A, Mueller MC, Loeffler M
(2006) Dynamic modeling of imatinib-treated chronic myeloid
leukemia: functional insights and clinical implications. Nat Med 12:
1181-1184

© 2007 Cancer Research UK
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2.2 ,,Therapy of chronic myeloid leukaemia can benefit from the activation
of stem cells: simulation studies of different treatment combinations*
(Publikation 2)

Glauche I, Horn K, Horn M, Thielecke L, Essers MAG, Trumpp A, Roeder I;

BrJ Cancer. 2012;106(11):1742-1752

Ziel des Papers war es, mit Hilfe von Modellsimulationen die Frage zu beantworten, ob eine
Kombinationstherapie aus TKI und IFN-a hinsichtlich MRD-Eradikation niitzlich sein kann.
Nachdem TKIs wie IM vor einigen Jahren IFN-a als Standardtherapie bei de-novo-CML ab-
gelost haben, ist zwar hinsichtlich Uberlebens- und Remissionsraten unter IM eine enorme
Verbesserung der Prognose zu beobachten (8), dennoch sind auch nach vielen Behandlungs-
jahren in den meisten Patienten residuale Leukidmiezellen vorhanden, die nach Therapieende
potenziell einen Riickfall auslosen (11). Es gibt Evidenz, dass hierfiir ruhende LSCs verant-
wortlich sind (19). Wenn diese sich durch einen nichtproliferativen Zustand der TKI-Wirkung
entziehen, konnte das Ziel einer Kombinationstherapie darin bestehen, LSCs in den Zellzyklus
zu aktivieren und sie so der selektiven Zytotoxizitit des TKIs auszusetzen. Eine Substanz, fiir

die man im Mausexperiment stammzellaktivierendes Potenzial zeigen konnte, ist [FN-a (14).

Da die genaue Wirkweise von IFN-a bis heute unbekannt ist, wurden im Paper systematisch
verschiedene Annahmen zu Grunde gelegt. Dabei werden drei verschiedene Dimensionen
betrachtet: Die erste Dimension stellt die Frage, wie stark der aktivierende Effekt von IFN-a
auf LSCs wirkt: (1) ebenso stark wie auf normale Stammzellen; (i1) deutlich schwécher als auf
normale Zellen; (iii) liberhaupt keine aktivierende Wirkung. Die zweite Dimension unter-
sucht, welche Auswirkungen eine von IFN-a mdglicherweise zusétzlich induzierte aberrante
Selbsterneuerung hat. Die dritte Dimension betrachtet verschiedene Arten der Applikation: (i)
kontinuierliche IFN-a- und TKI-Gabe; (i1) gepulstes IFN-a plus kontinuierliche TKI-Gabe;
(ii1) kontinuierliches IFN-a plus gepulste Verabreichung des TKI.

Unter den betrachteten idealen Voraussetzungen und Vereinfachungen fiihrt eine kontinuier-
liche Gabe von TKI und IFN-a zu einer deutlich schnelleren Eradikation der residualen LSCs.
Wird IFN-a aufgrund starker Nebenwirkungen nur gepulst verabreicht, verlangsamt sich die
MRD-Eradikation, ist aber immer noch deutlich schneller als unter TKI-Monotherapie. Die
Kombination mit IFN-a kann allerdings sogar nachteilig sein, falls IFN-a nur normale HSCs
aktiviert und die Fihigkeit dieser Zellen zur Selbsterneuerung beeintridchtigt. Eventuelle
immunologische Wirkmechanismen von IFN-o konnten den Vorteil der Kombinations-

therapie zusétzlich beeinflussen, werden in der Publikation aber bewusst vernachléssigt.
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BACKGROUND: Newly diagnosed patients with chronic myeloid leukaemia (CML) are currently treated with tyrosine kinase inhibitors
(TKls) such as imatinib, nilotinib or dasatinib. However, incomplete eradication of residual disease is a general problem of long-term
TKI therapy. Activation of mouse haematopoietic stem cells by interferon-z (IFNa) stimulated the discussion of whether a
combination treatment leads to accelerated eradication of the CML clone.

METHODS: We base our simulation approach on a mathematical model describing human CML as a competition phenomenon
between normal and malignant cells. We amend this model to incorporate the description of IFNx activity and simulate different
scenarios for potential treatment combinations.

RESULTS: We demonstrate that the overall sensitivity of CML stem cells to IFNx activation is a crucial determinant for the benefit of a
potential combination therapy. We furthermore show that pulsed IFNx together with continuous TKI administration is the most
promising strategy for a combination treatment in which the therapeutic benefit prevails adverse side effects.

CcoNCLUSION: Our modelling approach is a highly beneficial tool to quantitatively address the competition between normal and
leukaemic haematopoiesis in treated CML patients. We derive testable predictions for different experimental settings that are

Published online 26 April 2012
© 2012 Cancer Research UK

The clinical application of tyrosine kinase inhibitors (TKIs) such
as imatinib, nilotinib or dasatinib for the treatment of chronic
myeloid leukaemia (CML) had important implications not only
for treatment success but also for the understanding of the
pathomechanisms of the disease (Savage and Antman, 2002).
Although treatment with imatinib could still not be demonstrated
to be curative, it is suited to achieve a sustained control of the
disease in the majority of patients. The 6-year overall survival rate
achieved 88% and exceeds all other CML therapies (Hochhaus
et al, 2009).

The TKI imatinib was one of the first cancer-specific drugs that
proved efficient to specifically inhibit the action of the BCR-ABL
oncoprotein. BCR-ABL is commonly expressed in cells with the
so-called ‘Philadelphia chromosome’, a translocation between
chromosomes 9 and 22 that is characteristic for CML cells.
However, it appears that even after a massive reduction of the
tumour load over many years of treatment (referred to as
cytogenetic/molecular remission) a residual disease is retained in
many patients (Goldman, 2009). Regularly, these patients show a
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suggested before the dinical implementation of the combination treatment
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rapid increase in cancer load if imatinib treatment is stopped
(Michor et al, 2005). These observations lead to the hypothesis that
at least some leukaemic stem cells are able to hide from the
imatinib effect, for example, by entering an inactive, quiescent
state (Komarova and Wodarz, 2007). Contrasting the above
mentioned relapse kinetics, a sustained molecular remission after
imatinib cessation is observed in a small number of patients
(Rousselot et al, 2007; Mahon et al, 2010). These cases suggest
that an eradication of the leukaemia is in principle possible
and propose the view that CML stem cells are not always found in a
treatment-protected (potentially quiescent) state but can be
targeted over time.

These findings add to a long-standing discussion on whether
TKIs affect CML stem cells or whether these particular cells are
protected from the therapeutic effect (Michor et al, 2005; Glauche
et al, 2007). Although it is regularly suggested that leukaemic cells
treated with imatinib survive in a state of extended quiescence, the
long-term treatment success in a number of patients is a strong
argument in favour of an occasional activation of these cells, which
makes them susceptible to the (cytotoxic) drug effect. Six-year
follow-up data for patients under long-term imatinib treatment
indicates that the majority of patients, which do not show
resistance mutations against imatinib, remain in sustained
molecular remission and show further declining BCR-ABL/ABL
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ratios (Hochhaus et al, 2009). These findings can only be explained
under the assumption that the expansion of the leukaemic stem
cell clone is stopped or even inverted, indicating that imatinib also
acts on the level of stem cells. We advocate the view that imatinib
preferentially targets activated, cycling stem and non-stem cells
whereas only quiescent stem cells remain sheltered (Roeder et al,
2006). Assuming that normal haematopoiesis as well as the growth
of the malignant CML clone is based on the reversible activation of
preferentially quiescent stem cells, the cytotoxic effect of TKI
imatinib on activated CML stem cells leads to a slow but sustained
reduction of the CML clone. But, as documented in in vitro
experiments (Druker et al, 1996; Graham et al, 2002), imatinib
itself appears to induce prolonged quiescence among the CML
stem cells and, therefore, make them less sensitive to cell-cycle-
dependent drug effects. The persistence of residual CML cells in
many patients is in good agreement with this assumption.

Others and we have previously raised the idea that a
combination of TKIs with a cell-cycle-stimulating drug could
potentially increase the efficacy of treatment (Jorgensen et al, 2006;
Roeder et al, 2006; Drummond et al, 2009; Foo et al, 2009; Essers
and Trumpp, 2010). This idea is based upon the assumption that
the activating effect on CML stem cells makes them more
susceptible to the cytotoxic effect of TKIs and leads to a faster
reduction of the residual clone. Granulocyte colony-stimulating
factor (G-CSF) has already been used in the clinic for the activation
and mobilisation of human haematopoietic stem cells (HSCs) into
peripheral blood before stem cell extraction and appeared as a
first candidate drug for a combination treatment alongside with
imatinib (Jorgensen et al, 2006). However, a small clinical trial with
cyclic administration of TKI imatinib and G-CSF did not show the
expected results; in fact no clinical benefit of the combination
treatment was observed (Drummond et al, 2009). However, both
the choice of the stem cell-activating drug as well as the conducted
cyclic treatment regimen might be critical determinants of the
specific, nonbeneficial outcome. We will come back to these
objections in the context of the analysis provided below.

Recently, we reported about the activating effect of interferon-«
(IFNz) that directly acts on murine HSCs and induces increased
cell-cycle activity (Essers et al, 2009). Although the findings were
obtained in mice, these results again fostered the discussion on
enhancing the TKI treatment in CML patients by cell-
cycle-stimulating drugs (Essers and Trumpp, 2010). Before the
introduction of TKI treatment, IFNz monotherapy was the
standard therapy for patients with CML. Both the role of IFNz in
innate and acquired immune responses as well as its anti-
proliferative properties in many cell types in vitro made the drug
a highly attractive therapy for the treatment of cancer (Borden
et al, 2007). The novel findings on the stem cell-activating effects of
IFNz add another aspect to this interpretation, suggesting an
additional mechanism on the stem cell level that seems to differ
from the immunological effect. Without necessarily focussing on
the stem cell-activating effect of IFNux, a number of recently
published studies hint towards an advantage of the combination
therapy (Guilhot et al, 2009; Simonsson et al, 2011) but also
demonstrate that severe side effects put a natural limit on
treatment combinations (Cortes et al, 2010).

Owing to such heterogeneous results, our objective is to apply
a comprehensive and validated, although simplifying, mathema-
tical model of CML progression and therapy, which is suitable to
address different treatment regimens in a systematic manner. The
suggested model has been successfully used to describe the
pathogenesis of CML and the sustained treatment response of
patients under imatinib monotherapy. Within the amended model
framework, we are able to study different possible pharmacological
scenarios for the IFNx-mediated stem cell activation and predict
long-term outcomes for different treatment regimens. The model
represents a useful tool to identify promising and safe treatment
combinations that could decrease potential side effects. Within the
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scope of this study, we address three different aspects of a possible
combination treatment of TKIs and IFNu:

e« We investigate different possibilities of how a potentially
quiescence-inducing effect of TKIs combines with the stem
cell-activating effect of IFNu. Specifically, we consider three
scenarios: (i) strong activation of leukaemic stem cells similar to
normal HSCs, (ii) weak activation of leukaemic stem cells and
(iii) no activation of leukaemic stem cells.

e Furthermore, we study the possibility that the application of a
cell-cycle-activating drug leads to an additional temporary
reduction of the self-renewal ability of the affected cells. As we
demonstrate below, the results in Essers et al (2009) suggest that
the application of IFN« induces an impaired self-renewal ability
of HSCs, potentially due to the stimulated proliferation and an
alteration of the stem cell-niche interaction.

e Finally, we address the question how these effects need to be
combined in a temporal manner as we predict that the timing of
administration is crucial for the clinical benefit. Therefore, we
analyse three distinct temporal treatment regimens: (i) contin-
uous TKI plus continuous application of IFNu« as a cell-cycle-
activating drug, (ii) continuous TKI plus pulsed application of
IFNz and (iii) pulsed TKI plus pulsed application of IFNu.

The outlined, three-step analysis results in a matrix of possible
outcome scenarios. Within this matrix, we identify the scenarios in
which the combination of imatinib with a stem cell-activating drug
such as IFN« appears beneficial for the clinical outcome and the
reduction of the minimal residual disease. We will further discuss
these results and suggest critical experiments that need to be
carried out before a clinical implementation of the combination
treatment.

METHODS

Modelling normal haematopoiesis and CML

CML is perceived as a clonal competition phenomenon between
normal haematopoietic and leukaemic stem cells. This concept has
been translated into a single-cell-based model framework that was
originally developed to describe murine and human haematopoi-
esis (Roeder and Loeffler, 2002; Roeder et al, 2005), and has been
successfully applied to CML (Roeder et al, 2006; Horn et al, 2008).
Owing to small differences in their cell-specific parameters, the
leukaemic cells are able to outcompete the normal cells in a
dynamic process, thus mimicking the clinically observed chronic
phase in human CML.

Technically, the mathematical model assumes that (both normal
and leukaemic) stem cells reside in either of the two signalling
contexts, named A and Q, and that they can reversibly change
between them (Figure 1). Importantly, the signalling contexts
impose different effects on the cellular development: whereas
context A is inspired by the concept of a stem cell-supporting
niche and promotes cellular quiescence and regeneration, context
Q represents an escape of HSCs from the niche signals and
promotes proliferation and differentiation. A cell’s tendency to
switch from one context to the other is determined by the cell
number in the target context (ie., the ‘packing density’ given a
certain niche-specific carrying capacity that is implemented by a
specific sigmoid activation/deactivation function f,,,) and by a
cell-specific affinity a to reside in context A. The affinity a is
gradually lost in context Q, but regained in A up to the maximum
value a,ax. Therefore, the system is able to establish a dynamically
stabilised equilibrium, balancing quiescent cells in A and
proliferating cells in Q.

If the cell-specific affinity a decreases below a certain threshold
Amin> the cell loses the ability to change back to context A, and is
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Stem cell model. The model setup is characterised by two different signal contexts, A and Q between which the cells can reversibly change

depending on the cell number within the target context and the cell-specific affinity @ (encoded in the transition functions f..,). Whereas activated cells in
€ undergo divisions and exponentially degrade their cell-specific affinity a, cells in A are quiescent and regain their affinity value. Cells with @ > gmin are
referred to as stem cells, whereas cells with a < a,;, are referred to as differentiating cells. The differentiating cells undergo a proliferative phase before they
mature without further division. Leukaemic cells (Ph+) have slightly altered transition kinetics between A and Q. Model parameters are further adapted
depending on the particular treatment scenario. BCR-ABL/ABL ratios are calculated based on the fraction of leukaemic cells in the pool of maturing cells.

committed to undergo further proliferation and differentiation.
Hence, the affinity a can be interpreted as a measure of the long-
term repopulation potential of an individual cell. Accordingly, the
residence in context A is necessary to prevent differentiation and,
therefore, to maintain the HSC population. In this interpretation,
self-renewal appears as a mechanistic consequence of the stem
cells’ ability to attach to the niche-like environment and is
functionally independent from their proliferative abilities.

In order to explain the competitive advantage of leukaemic cells
compared with normal HSCs, we assume that the leukaemic cells
have an increased and unregulated proliferative activity
(Figure 2A). Technically, the transition characteristics f, and f,
which describe the transit of cells between A and Q, differ such
that leukaemic cells have (I) an increased and cell number-
independent probability per time step to be activated into cycle
and (II) a slightly increased propensity to find an empty niche site,
which is modelled by an altered probability to change to the niche-
like signalling context A. Both assumptions are necessary to
consistently explain characteristics of CML pathogenesis (Roeder
et al, 2006; Horn et al, 2008). Further details of the implementation
are provided in the Supplementary Material.

Tumour load in the peripheral blood is clinically measured in
terms of BCR-ABL transcript levels. Within the mathematical
model, BCR-ABL/ABL percentages are approximated using cell
numbers in the population of fully differentiated cells according to
the following equation:

"y

BCR — ABL/ABL = —-
ny+2m

100 % (1)
in which n, denotes the number of leukaemic cells and n, the
number of normal cells (Branford et al, 1999).

Modelling the TKI effect

Treatment of CML patients with TKI imatinib is assumed to induce
(I) a cytotoxic effect and (II) inhibition of the proliferative activity
of leukaemic stem cells (Figure 2B). Technically, the apoptotic
effect (I) is modelled by a selective kill of a fixed percentage of
leukaemic cells per time step (degradation rate ry..), while the
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proliferation inhibition (II) is modelled by a reduction of the
activation of leukaemic cells into cycle, that is, altering transition
characteristic f,, to a basal level (Supplementary Figure 1). The
transition characteristic f, is assumed to remain unregulated,
that is, independent of cell numbers in €. Thus, in our
mathematical model imatinib therapy effects are described
within a two-dimensional parameter space (rgeg fio). It has been
shown previously that these assumptions are sufficient to
consistently explain CML emergence, genesis and treatment with
TKI imatinib for a population of patients (Roeder et al, 2006; Horn
et al, 2008). For a detailed parameter overview see Supplementary
Tables 1 and 2.

In earlier applications of our model (Roeder et al, 2006), we
assumed a gradual onset of the effect of TKI activity within the
leukaemic stem cell population resulting in an optimal fitting of
the short-term BCR-ABL/ABL response within the first 6 months
after start of imatinib therapy. However, for the analysis of
different treatment scenarios within the scope of this manuscript
we use a simplified model version and suppose that all drugs act
instantly and only as long as they are administered. Building on
this simplification, we do not model the effect of single
administrations of either TKI or IFN« but rather describe their
cumulative effect within the bone marrow as a binary/on-off
variable. It can be shown that model results on long-term kinetics
of CML patients under TKI administration are not affected by
these simplifications (Supplementary Figure 3).

Stem cell activation by IFNo

Although activation of HSCs with IFNx could so far only be shown
in mice, we here explore whether and under which conditions a
potentially similar effect in the human situation could improve
TKI therapy of CML patients. In Essers et al (2009), it has been
demonstrated that IFNu treatment (at time point 0) increases the
fraction of dividing HSCs in a B6 mouse model within a 24h
interval from 20 up to 70%. In terms of the model, a similar effect
is achieved under the assumption that about 3 to 4% of the stem
cells are additionally activated from A into Q during each
simulation time step measuring 1h (IFNx-mediated activation,

© 2012 Cancer Research UK
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Figure 2 CML pathogenesis and treatment. (A) Normal (blue) and leukaemic (grey) stem cells are regulady activated from their bone marrow niches
(bottomn, signalling context A) and subsequently divide (signalling context ). For the maintenance of a balance between quiescent and activated cells, some
cells return to the niches and self-renew while others undergo further proliferation and differentiation, and contribute to peripheral blood. Owing to an
increased activation of the leukaemic cells compared with nomal cells the leukaemic pool slowly outcompetes normal haematopoiesis. (B) TKls
preferentially target activated leukaemic cells, thus leading to a significant reduction of tumour load. However, we also assume that leukaemic stem cells are
even less likely to be activated under TKI treatment (indicated by the thinner arrows). Therefore, a residual pool of leukaemic cells persists over long time
scales. (C) IFNx-mediated activation of both normal and leukaemic stem cells leads to a fast and sustained reduction of the residual leukaemic cells as these
activated leukaemic (stem) cells are target for the primary TKl-mediated cell kill.

for technical details
Supplementary Figure 2).

Essers et al (2009) additionally showed that in a chimeric
situation between wild-type and IFN«-receptor knockout cells the
continuous administration of IFNz over the course of 3 weeks
leads to a complete eradication of the wild-type clone. However,
application of IFNux to wild-type mouse did not significantly
influence peripheral blood cell counts and showed no long-term
effect on the stem cell level after 3 weeks application. In terms of
the model, this fast out-competition in the chimeric situation can
only be explained under the assumption that IFNu« (besides the
stem cell activation) induces an additional defect in the cells ability
to reattach to the niche-like signalling context A and, thus, to
retain their self-renewal ability (IFN«-mediated self-renewal deficit
(SRD)). However, for small stem cell numbers this effect is
alleviated as the system aims to compensate a total loss of HSCs,
which in turn can explain the stabilised haematopoiesis in the
nonchimeric situation. As this secondary effect of the IFNu-
mediated SRD has important consequences for therapy outcome, it
is studied separately in the Results section.

see Supplementary Materials and

Modelling the combination of effects

Although the IFNu effects on stem cells are only demonstrated in
mice, we here make the assumption that IFNuz acts similarly
in humans (Figure 2C). Building on this working hypothesis, we
provide a model description of the TKI effect on leukaemic cells
and of a set of different potential IFN« effects on normal as well as
on leukaemic cells. However, it is still speculative how these effects
superimpose in the case of a combination therapy. To disentangle
the superposition of effects in a systematic manner we study the
system response in three dimensions:

(1) We analyse the stem cell-activating effect of IFNu« under the
assumptions that IFNux activates normal HSCs and has no/
weak/strong activating effect on CML stem cells. Technically,
for the strong activation, 3% of the normal and leukaemic stem
cells in context A are additionally activated into context Q per
simulation time step (1h). For the weak activation, only 0.2%
of the leukaemic stem cells are additionally activated while

© 2012 Cancer Research UK

Table | Overview of the simulation scenarios

Strong activation Weak activation Mo activation

Cont. TKI and cont. ANz

wilo SRD Figure 3 (+) Figure 3 (+) Figure 3 (+)

with SRD Figure 4 (+) Figure 4 (1) Figure 4 (=)
Cont. TKI and pulsed IFNx

wilo SRD Figure 5 (+) Figure 5 (+) Figure 5 (+)

with SRD Supp. Figure 4 (+) Supp. Figure 4 (+) Supp. Figure 4 (+)
Pulsed TKI and pulsed [Nz

wio SRD Figure 64-C (=) Figure 6D-F () Figure 6G— (1)

with SRD Supp. Fig. 5A-C (=) Supp. Fig. 5D-F () Supp. Fig. 5G- (1)

Pulsed TKI and cont. IFNa
wio SRD Supp. Figure 7 (=)
with SRD Supp. Figure & ()

Supp. Figure 7 (=)
Supp. Figure 6 (=)

Supp. Figure 7 (=)
Supp. Figure 6 (=)

Abbreviations: cont. = continuous; IFNx = interfaron-x, SRD =self-renewal deficit;
Supp. = Supplementary; TKl =tyrosine kinase inhibitor. wio (or with) SRD refers to the
simulation scenarios in which the additional IFNa-mediated SRD of normal and
leukaemic cells was taken into account (or not, respectively). Symbols in parentheses
indicate whether the simulation scenarios predict beneficial or neutral treatment
effects (+), therapy failure (=), or scenarios in which temporary, high values of
BCR—ABL/ABL ratics have to be expected (!).

activation of the normal HSCs remains at 3%. In the case of no
activation, the leukaemic stem cells are completely insensitive
to IFNz-mediated activation. Additional, potentially immuno-
logical effects of IFNu are neglected for this study.

We analyse whether the additional IFNuz-mediated SRD of
normal and leukaemic cells changes the therapeutic prediction
for the first dimension.

For the range of combinations in (1) and (2), we address
whether the continuous or pulsed administration of the drugs
appears both safe and clinically beneficial.

@)

)
An overview about the different simulated scenarios is provided in
Table 1.

Technical implementation

The simulation model is implemented in C++. All simulation
results shown are averages over 100 simulation runs with identical
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parameters. Averaging is required to represent a generalised
behaviour as the model-inherent stochasticity induces small
quantitative differences between different simulation runs, even
if using identical parameter values. Further details as well as
parameter specifications are provided in the Supplementary
Material.

RESULTS

Administration of TKI with a stem cell-activating drug

For the systematic investigation of a combination therapy for CML
patients, we use an idealised ‘average patient’ under monotherapy
with TKI imatinib as the standard reference. First-line response
under imatinib leads to a rapid molecular response within the first
year of treatment, but model simulations suggest that tumour
eradication is only expected to occur after about 25 years of
continuous treatment. However, the initial treatment effect of the
TKI can hardly be enhanced. Therefore, we argue that a
combination therapy with IFNz, aiming at the accelerated
eradication of the residual pool of leukaemic stem cells, appears
most advisable after 9 to 12 months of initial, successful imatinib
therapy. This corresponds to the time frame in which the decline of
BCR-ABL/ABL ratios changes from the rapid initial reduction
towards the slower long-term decline.

Under the assumption that continuous administration of IFNx
induces an activation of both normal and leukaemic stem cells, the
selective cytotoxic effect of TKI imatinib on leukaemic cells leads
to a fast eradication of the malignant clone (Figure 3A). In fact, the
continuous administration of both TKI imatinib and IFNux leads
to a new constellation among the stem cell population (Figure 3B
and C) with an increased number of activated stem cells as
compared with the quiescent ones (owing to the stem cell-
activating effect of IFNuz). Under these novel conditions, the
leukaemic clone has a competitive disadvantage as it is primarily
targeted by the cytotoxic TKI effect. The intensity of the activation
of leukaemic cells (i.e., whether it is comparable to the activation
of normal cells or gradually weaker) only influences the speed of
eradication but does not change the outcome qualitatively
(compare the red and green curves in Figure 3A-E). However, if
the activation only affects normal HSCs but not the leukaemic
cells, the therapeutic benefit is lost (blue line in Figure 3A). In fact,
the model predicts reduced BCR-ABL/ABL ratios in the peripheral
blood, while the dynamics on the stem cell level only show an
increased number of activated normal stem cells. Although normal
cells undergo repeated activation (Figure 3G; and thus have an
increased contribution to peripheral blood) these cells do also
regularly re-enter the niche-like environment A (Figure 3F), thus
keeping the overall ratio between normal and leukaemic stem cells
at levels similar to TKI monotherapy (indicated by the slow decline
in Figure 3A, parallel to the grey curve).

Stem cell activation with SRD

For the case that IFN« also induces a SRD in the affected stem
cells, it makes a difference whether normal and leukaemic
stem cells are activated equally. For the simplest scenario that
both cell types are activated equally into the cell cycle due to IFNx
administration (and have an equal SRD induced by the drug),
the cytotoxic TKI effect on leukaemic cells influences the clonal
composition in favour of the normal cells. The dynamics of this
process are similar to the above scenario without the SRD
(Figure 4A).

The dynamics of tumour reduction are delayed for the scenario
in which leukaemic cells are only weakly activated by IFNux
compared with normal HSCs. Figure 4A indicates that only after a
massive initial increase of leukaemic cells in the peripheral
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blood the combination treatment results in a beneficial
therapeutic effect.

The picture changes drastically for the case that the stem
cell-activating effect acts only on normal cells but spares the
leukaemic cells. In this scenario, the leukaemic stem cell pool is
preserved but the normal cells are repeatedly activated. Owing to
their SRD, the normal cells are rapidly diluted (Figure 4F and G),
which is indicated by the fast increase in BCR-ABL/ABL
ratios, corresponding to immediate therapy failure (Figure 4A).
In this scenario, the beneficial effect of the TKI treatment
specifically acting on leukaemic stem cells is neutralised by the
selective activation of normal HSCs by IFNx that spares
the leukaemic cells and induces an additional binding deficit of
the normal cells.

Influence of the treatment regimen

Severe side effects of a continuous combination therapy with
imatinib and IFNu raise the question whether a treatment benefit
can still be achieved by a scheduled and discontinuous adminis-
tration of the drugs. From a clinical point of view, two general
strategies for a pulsed treatment regimen need to be distinguished:
(1) continuous TKI plus pulsed application of IFNx, and (2) pulsed
TKI plus pulsed IFNz. Both regimens are studied in more detail
below. The hypothetical, third option (continuous IFNz plus
pulsed TKI) is clinically not relevant as it places IFNu as primary
therapy instead of the TKI. However, our model predicts no
therapeutic benefit in the majority of cases (Supplementary
Figure 6 and 7).

Continuous TKI plus pulsed IFNx  As a general case, we study the
scenario that IFNu is administered once every second week while
TKI treatment continues without interruption. The overall out-
come is closely similar to the above scenario of the continuous
administration of both drugs with slower therapeutic benefit: For
the case that both leukaemic and normal stem cells are equally
activated by IFNu, the malignant clone declines but can only be
eradicated after about 3 years past initial therapy start (Figure 5A).
This overall trend is superimposed by an oscillation resulting from
the pulsed administration of IFNw«, which is also distinctly visible
on the level of stem cells (Figure 5B-G). This oscillation is most
likely less pronounced in a clinical setting as oscillations on the
stem cell level would be compensated and/or washed-out at later
cell stages of blood differentiation. It should also be kept in mind
that if blood samples of patients are drawn at a rhythm that
coincides with the pulsed therapeutic regimen, the results can be
severely biased as potential treatment-induced oscillations might
not be detected owing to a confounding of the treatment effect and
the measurement frequency.

For weaker activation of the leukaemic cells, the overall decline
of tumour load is even further slowed down (Figure 5A). Again, for
the case that IFNx does not activate leukaemic stem cells there is
no therapeutical benefit, as the ratio between normal and
leukaemic stem cells remains largely untouched, also resulting in
similar dynamics on the stem cell level (Figure 5F and G).

Surprisingly, under the assumption that IFNuz induces an
additional SRD among both the normal and leukaemic
cells, therapy failure is not observed as for the scenario described
above in which only normal HSCs are activated while leukaemic
ones are not. In the pulsed scenario, the time interval between
successive IFNuz administrations is sufficient for the system
to stabilise the pool of normal cells instead of its rapid dilution.
The same, close correspondence between the scenarios
with and without SRD applies in the cases of strong and weak
activation of the leukaemic clone (Figure 5A and Supplementary
Figure 4).

© 2012 Cancer Research UK
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Figure 3 Continuous TKl plus continuous IFNz. (A) Shown are different response scenarios on the level of BCR-ABL/ABL ratios in peripheral blood:
strong activation of leukaemic stem cells similar to normal HSCs (red), weak activation (green) and no activation of leukaemic cells (blue, only normal cells
are activated by IFNz). Patient data (black) from the German cohort of the IRIS study (Hochhaus et al, 2009; Roeder et al, 2006} and simulation results for
monotherapy with TKI imatinib (grey) are provided for reference. Subfigures (B—G) show corresponding stem cell number in A (quiescent) and Q
(activated), compared with TKI monotherapy (grey) for strong (B, C), weak (D, E), and no activation scenarios (F, G).

Pulsed TKI plus pulsed IFNz  For the case that both TKI and IFNx
are applied in a pulsed fashion, the overall therapeutic outcome
changes significantly. As a representative example, we study the
case in which the TKI is administered continuously for 2 weeks
and then suspended. After 1 day of IFN« administration (without
parallel TKI application), the TKI therapy starts again after a time
shift of 6 days (Figure 6A).

Apparently, the pulsed treatment regimens induce a cyclic
behaviour in the BCR-ABL/ABL ratios. However, as our model
does not include any regulation of cellular output on the level of
later cell stages, such as precursors, this effect might be
overestimated. Nevertheless, our simulation results indicate that
a treatment interruption of TKI after the administration of IFNx is

© 2012 Cancer Research UK

not beneficial for the therapeutic outcome and might in fact
counteract the strategy of the combination treatment. Even though
our model does not appropriately reflect the pharmacokinetics of
the drugs (ie., the model does not account for the sustained
presence of the drugs post administration), the simulations show
in principle that no clinical benefit is obtained if the action of the
two drugs does not superimpose at any given point of time.

For the scenarios in which we assume that IFNu« activates both
leukaemic stem cells and normal HSCs similarly (strong activation,
Figure 6A-C), we observe a regrowth of the leukaemic clone.
In these cases, the increased potential of the leukaemic cells to
reoccupy empty niches after the activation cycle turns into a
competitive advantage that overcompensates the TKI-mediated
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Figure 4 Continuous TKI plus continuous IFNzx with SRD. (A) BCR-ABL/ABL ratios in peripheral blood are shown for strong activation of leukaemic
stem cells similar to normal HSCs (red), weak activation (green) and no activation of leukaemic cells (blue). However, in contrast to Figure 3, we assume that
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(activated), compared with monotherapy with TKl imatinib (grey) for strong (B, C), weak (D, E), and no activation scenarios (F, G).

therapeutical benefit. Shortening the treatment interruption of the
TKI increases the time to therapy failure as the cytotoxic effect on
leukaemic cells is more pronounced in a phase where the cells are
still activated.

For the other scenarios in which leukaemic stem cells are only
weakly, or not at all, activated by IFN« there is no additional benefit
of the combination therapy (Figure 6D-I). Although the pulsed
application induces a typical fluctuation pattern, the balance between
leukaemic stem cells and normal HSCs is not effectively changed. In
the limit of shorter breaks between IFNx application and the next
TKI treatment cycle, the BCR-ABL/ABL ratios converge towards the
results of TKI monotherapy (Figure 6F and I).

Compared with the results in Figure 5, in which pulsed doses of
IFNuz are administered simultaneously with the continuous TKI
application, none of the results for the pulsed/pulsed therapy in
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Figure 6 shows a superior behaviour. Therefore, we argue that a
clinical benefit from potential IFNx-mediated stem cell activation can
only be achieved for the case that TKI and IFNw« are both
pharmacologically active in an overlapping time interval.

Simulation results for the pulsed/pulsed application scenario in
Figure 6 are obtained under the assumption that IFN« does not
induce an additional SRD. However, taking this effect into account
yields qualitatively similar results (Supplementary Figure 5).

CONCLUSION

We presented a novel mathematical model analysis to
describe the combined effects of TKI such as imatinib and the

© 2012 Cancer Research UK
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cell-cycle-activating drug IFN« for the treatment of human CML.
The model approach allowed us to study a variety of different
pharmacological combination effects between TKIs and IFNu« as
well as different treatment regimens and to gain a systematic
understanding of the combination therapy with the ultimate goal
to guide clinical applications.

Summarising our model suggests that a successful combination
therapy of TKIs with IFNz in CML patients requires the
simultaneous application of both drugs in overlapping time
intervals. In addition, a less-frequent application of IFNu« reduces
the speed of eradication but might also prevent a possible
exhaustion of normal haematopoiesis. We showed that such

© 2012 Cancer Research UK

adverse behaviour is possible for the case that IFNuz does not
activate leukaemic stem cells but induces a SRD among normal
cells (cf. Figure 4). Furthermore, it has been documented that
combination of TKI imatinib with IFN« imposes severe side effects
on the patients (Cortes et al, 2010). Our findings indicate that a
less-frequent administration of IFNx, which could decrease
potential side effects of the combination therapy, is still helpful
even though the time to eradication is predicted to increase.
We demonstrated that a weekly or biweekly administration of
IFNz under optimal conditions still shows a significant advantage
compared with imatinib monotherapy and can reduce time
to tumour eradication from ~25 years to 3 years. Even in a
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Figure 6 Pulsed TKI plus pulsed IFN2. We show predicted BCR-ABL/ABL ratios in peripheral blood for the following representative treatment cycles:
pulsed application of the TKI (day | to 14, no IFNg), pulsed application of only IFNx (day 15, no TKI), treatment interruption of x subsequent days
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maximal BCR-ABL/ABL ratios, whereas the thin lines indicate the expected oscillations due to the cyclic treatment regimen.

less-favourable situation (i.e., IFNx does not induce activation
of leukaemic stem cells), a pulsed IFN« therapy under continuing
TKI administration shows no adverse effects compared with
standard TKI monotherapy. These findings support recent clinical
results that argue in favour of lower doses/longer cycles of IFNu
administration in combination therapies to reduce severe side
effects, but retaining the curative intent (Simonsson et al, 2011).
It remains speculative how the pharmacological effects of IFN«
and TKIs act together on the level of HSCs in general and on
leukaemic stem cells in particular. However, as shown by our
simulation study, it is the combination of effects (whether they are,
e.g., independent from each other or mutually compensating) as
well as the translation into the human system that determine the
possible clinical benefit. We demonstrated that especially the level
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of activation of the leukaemic stem cells is a major determinant of
the speed of tumour eradication. For the continuous application of
TKIs and IFNu, our model predicts therapy failure in cases in
which leukaemic stem cells (but not normal HSCs) are completely
insensitive to the activating effect of IFNux. A similarly critical
situation is observed if both TKI and IFNxz are administered
in a pulsed, but sequential, fashion, which does not allow for a
simultaneous pharmacological effect of both drugs. In these cases,
a strong activation of leukaemic stem cells compared with normal
HSCs induces a competitive advantage of the leukaemic clone and
results in therapy failure. As we are not aware of any reports that
suggest a correlation between IFNz administration and rapid
leukaemic relapse, we consider this as an indirect evidence that
CML stem cells are at least partially sensitive to IFNu.

© 2012 Cancer Research UK
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It has been repeatedly discussed that the occurrence of
secondary mutations in CML stem cells alters their responsiveness
to TKIs and induces therapy failure (La Rosee and Deininger,
2010). Although it is not yet resolved whether such critical
secondary mutations already pre-exist in the leukaemic clone
before initial treatment or whether they are generated under TKI
therapy (Sorel et al, 2004; Komarova and Wodarz, 2005; Jiang et al,
2007), it is sensible to assume that increased cell proliferation due
to IFN« administration increases the risk for such unfavourable
alterations. However, a quantification of this risk is nontrivial and
beyond the scope of this publication. We argue that lower
doses/longer cycles of IFNx administration in combination with
TKI treatment appear as the favourable option, which should also
minimise the risk for secondary mutations.

The presented model accounts for clonal behaviour of CML in
the untreated and treated situation but it does not correctly
represent the pharmacokinetic residence times of the administered
drugs. Unlike in earlier applications of our model (e.g., in Roeder
et al, 2006 in which we assumed a decelerated effect on the
leukaemic stem cell population with a better fitting of the short-
term BCR-ABL/ABL response after start of imatinib therapy), we
made the simplifying assumption that all drugs act instantly and
only as long as they are administered. Especially in the case of
pegylated IFNx these assumptions do not hold. However, to
account for the temporal extension of the drug activity, we model
drug application as a temporal process extending over at least 24h
instead of modelling single-application events with sophisticated
pharmacokinetics. Under these limitations, our general conclusion
holds true that a therapeutic benefit is only achieved if IFN« is at
any time supported by the immediate presence of the selective
cytotoxic effect on the activated leukaemic cells.

Second-generation TKIs (like dasatinib or nilotinib) show
increased efficiency against CML and currently replace imatinib
as a first-line therapy (Kantarjian et al, 2010; Saglio et al, 2010).
However, as the mechanism of action of these drugs, namely the
inhibition of BCR-ABL tyrosine kinase and the resulting, targeted
cytotoxic effect on leukaemic cells, are reportedly very similar to
imatinib (Sawyers, 2010), our modelling results will in principle
also apply for the situation that imatinib is replaced by a second-
generation TKI.

The situation is different for alternative drugs that are regularly
used to activate HSCs. Some of these drugs, like HU or 5-FU,
induce a strong cytotoxic effect on proliferating cells while others,
like G-CSF and AMD3100, lead to a mobilisation of HSCs from the
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bone marrow into the peripheral blood. Owing to these differences
in their modes of action, the adaptation of the simulation
results for IFNu to these alternative drugs would require a more
detailed understanding of the drug effects on the stem cell level.
Furthermore, we have restricted our model analysis of IFN« to the
experimentally described activation of HSCs (Essers et al, 2009),
thus intentionally neglecting additional immunological effects,
which might also show a therapeutical benefit for the treatment of
leukaemia patients.

Summarising our findings, we argue that before a clinical
implementation of a combination therapy it is necessary to
experimentally verify whether (1) IFN« leads to a similar activation
of human HSCs as in mice, (2) CML stem cells are also activated by
IFNz and (3) how this activation changes under the additional
administration of a TKI. Appropriate experimental models in the
mouse, such as xenografts with human HSCs and CML cells, are
valuable systems for studying the drug combinations. However,
especially the IFNu-dependent activation of both normal and
leukaemic cells might require the correct environmental context,
which is only given in the human situation. Simulation
approaches, as the one presented here, are important tools to
direct and justify the necessary experimental and clinical research
that is currently pursued by our collaborators and us.
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1 Simulation algorithm and model equations

The described model of HSC organization and leukaemia is mathematically represented
as a single-cell based, stochastic process. Le., the development of each individual cell in
the system is simulated according to a set of defined rules including stochastic decisions.
These rules are applied at discrete time steps (At = 1 hour) to simultaneously update
the status of all model cells.

Normal and leukaemic cells are both present simultaneously within the model. The cell
types differ only with respect to some of their defining parameters. The differences and
their impact are outlined below. The status of each model cell, irrespective of its type,
is given by its cell specific affinity a, its membership to a signaling context m € {A, Q},
and its position in the cell eycle e.

The cell cycle for an activated cell in signaling context € is modeled as a sequence of G'1
phase, S phase, and G2/M phase, in which the duration of latter phases (75 and 7¢o/07)
is fixed. Cells changing into signaling context A exit from G1 and enter a cell c:d‘vcle
inactive phase (G0) until they are activated again and transit into signaling context €.
To realize an update step, the actual total number of cells with @ > a.,;, in signaling
context A (N4(t)) and Q (Nq(t)) is determined. Based on these numbers, the status of
each model stem cell is updated as follows:

(1) If the cell resides in signaling context A, it changes to signaling context (2 or stays
in A with probabilities w and 1 —w, respectively. If it stays in A, its cell specific affinity
a is increased by the factor r (regeneration coefficient), until a has reached the maximal

51



PUBLIKATION #2

regeneration limit ama, = 1. If the cell changes to signaling context §2, its position in
the cell cycle will be set to the begin of S-phase.

(2) If the cell resides in signaling context €2, it changes to context A or stays in {2
with probabilities &« and 1 — a, respectively. Herein, a change to signaling context A
is only possible in G'1-phase of the cell cycle for cells with a > amin. If the cell stays
in signaling context €1, a is decreased by the factor 1/d (with differentiation coefficient
d) and the cell cycle position is incremented. In case of cell cycle completion (i.e.,
c(t) = g1 + 78 + Ta2 M), c(t) is set to 0 and a new identical cell is generated (cell
division). If a has reached the minimal value a,;,, the cells cannot reenter into signaling
context A and proceed development in £2. Within the model all cells with @ > @, are
referred to a as stem cells, whereas cells with a < ampi, are referred to as differentiating
cells. The differentiating cells undergo an proliferative phase of 480 hours before they
mature for another 192 hours. BCR-ABL/ABL ratios are calculated based in the fraction
of leukaemic cells among this pool of maturing cells. A conceptual sketch of the model
is provided in Figure 1 of the main document.

The transition probabilities & and w depend on the actual affinity a(f) of the cell, on
the fixed parameters @min and @max, and on the transition characteristics f, and f.,
respectively:

o = Mg W) )
w = JEELNa(®) 2

The transition characteristics f, and f,, are crucial regulators to describe the dynamic
differences between normal and leukaemic cells, and also to account for the action of
different drugs (i.e. tyrosine kinase inhibitor (TKI) Imatinib or IFNa). Besides their
cell type specificity, the transition characteristics depend on the total number of cells
(Na, Nq) in the respective target context. They are modelled by a general class of
sigmoid functions:

1

1va/Q
1 +vo-exp | V3 —= /

Najn
The parameters vy, o, v3, and v, determine the shape of f, Joo+ ﬁA /o is a scaling factor

for Najq-
It is possible to uniquely determine vy, v2, v3, and v4 by the more intuitive values f, /., (0),

fajo(Naja) = + vy (3)

N = .
fajo(=F); faju(Naja), and fo/.(00) :=limn, oo fasw(Naja):
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vy = (hlhg — hg)/(hl + hy — 2}12)

vV = hl — 11
vy = In((hs —v1)/19)
vy = fcx/w(oo)

with

hl = l/[fn/w(o) - f&/w(oo)]
he = 1/ [fc.-/w (—'?{"rA/Q/Q) = fa/w(oo)}
hs = 1/ [fase(Naj) = faju(o0)].

Details of the parameter choice are discussed below.

The mathematical model is implemented in C++ and has been tested for UNIX-derived
operating systems. The source code (including parameter files for the described scenar-
ios) can be obtained from the authors.

2 Definition of cell types

Within the modelling approach, normal and lenkaemic cells are represented by different
choices of parameters for the treated and untreated situation. These are referred to as
type I to VI and are motivated below.

Normal hematopoietic stem cells (type |). Parameters for normal hematopoietic stem
cells are chosen such that a dynamically stabilized balance between quiescent cells in A
and activated cells in ) is established and maintained (verified for different experimental
and clinical situations in mice and humans). A surplus of cells contributes to the pool
of differentiating cells and later feeds into a compartment corresponding to “peripheral
blood”. Characteristic transition functions f, and f,, are shown in Supplementary Figure
1 row L

Leukaemic stem cells (type II). Due to a single mutation event (corresponding to
the translocation between chromosomes 9 and 22 forming the BCR-ABL oncogene) we
assume that the characteristic parameters of one single model stem cell are initially
changed compared to the normal HSCs. In particular, we assume that this leukaemic
cell and all its clonal progeny have an uncontrolled activation, i.e. activation occurs
independently of the cell number in €2. Furthermore we assume a superior ability to
change from € to A for leukaemic stem cells compared to normal hematopoietic stem
cells. The corresponding transition functions f, and f, are shown in Supplementary
Figure 1 row IL
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Leukaemic stem cells under TKI treatment (type Ill). For the situation that CML is
treated with TKI Imatinib we assume that (i) activated leukaemic stem cells are killed
with degradation rate rg,, = 3.2% per time step. (ii) We furthermore assume that
the TKI leads to a reduced activation of the leukaemic cells which corresponds to a
downregulation of the activation function f,. Corresponding transition functions are
shown in Supplementary Figure 1 row III.

These assumptions proved extremely resilient to successfully predict the long-term be-
havior of Imatinib treated CML patients [1, 2].

Normal HSCs under IFNa (type IV). The behavior of normal human HSCs under
IFNa is assumed to be similar to the murine situation. Here, it was shown in [3] that
HSCs are activated by [FNa. Within the model we had to assume that about p, = 3%
of the quiescent HSCs are additionally activated at each time step (see Supplementary
Figure 2). Although the overall activation of about 50% is still below the experimentally
detected level of 70%, we argue that the use of BrdU as a means to estimate the fraction
of cycling HSCs might itself lead to an additional activation of HSCs [4]. Correspond-
ing transition functions are shown in Supplementary Figure 1 row IV. The case of the
additional self-renewal deficit is discussed below.

Leukaemic stem cells under IFN« (type V). For the leukaemic stem cells it is cur-
rently speculative whether they are activated by IFNa or not. In order to address this
uncertainty we study three different scenarios spanning a range of biologically plausible
assumptions: (i) Leukaemic stem cells behave similar to normal cells and are similarly
activated by IFNa (p. = 3%), (ii) leukaemic stem cells are only weakly activated by
IFNe (p, = 0.2%), and (iii) leukaemic stem cells do not respond to IFNa activation at
all (p, = 0). Corresponding transition functions are shown in Supplementary Figure 1
row V.

Leukaemic stem cells under TKI and IFNa (VI).  As for the above situation, the IFNa
mediated activation of leukaemic stem cells under simultaneous TKI treatment remains
speculative. The resulting effect for the combined treatment is even more uncertain
since we assume the induction of prolonged quiescence of the leukaemic stem cells under
TKI treatment (i.e. downregulation of f,) while at the same time we also assume
IFNa to induce additional activation (p, > 0). However, as these effects are modelled
separately within the model, we are able to study the same scenarios as above: (i)
leukaemic stem cells are strongly activated by IFNa (p, = 3%), (ii) leukaemic stem cells
are weakly activated by IFNa (p, = 0.2%), and (iii) leukaemic stem cells do not respond
to IFNa activation at all (p, = 0). Corresponding transition functions are shown in
Supplementary Figure 1 row VI.

Self-renewal deficit (SRD) mediated by IFNa Tt could also be demonstrated by Essers
et al. [3] that in a chimeric situation between wild-type and IFNa-receptor knock-out
cells the continuous administration of IFNalpha over the course of three weeks leads to
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a complete eradication of the wild-type clone. In contrast, application of IFNalpha to
wild-type mouse did not significantly influence peripheral blood cell counts and showed
no long-term effect on the stem cell level after three weeks application. In terms of the
model, this fast out-competition in the chimeric situation can only be explained under
the assumption that IFNea (besides the stem cell activation) induces an additional defect
in the cells ability to reattach to the niche-like signalling context A. However, for small
stem cell numbers this effect is alleviated as the system aims to compensate a total loss
of HSCs. Technically, this is modelled by an overall reduction of the f, transition func-
tion for large cell numbers and for all cell types under administration of IFNa. Only
for small cell numbers we have to assume increased transition rates in order to prevent
bone marrow exhaustion. A precise quantification of this effect would require further
measurements with low stem cell numbers, which are difficult to obtain. Altered transi-
tion curves are provided in the right column of Supplementary Figure 1.

Numerical values for all transition functions and further model parameters are provided
in Supplementary Tables 1 and 2.

3 Pathogenesis and TKI treatment of human CML

For the pathogenesis of CML we assume that at a certain time point one hematopoietic
stem cell (type I) alters its cell type to become a leukaemic cell (type II). For the case
that the clone engrafts, normal hematopoiesis is replaced over the time course of about 5
to 7 years. We assume clinical manifestation and treatment start with TKI when BCR-
ABL/ABL ratios in the pool of non-proliferating maturing cells exceeds 99 %. Treatment
start is considered to be time point t = 0 and the leukaemic cells are switched from type
(II) to type (III), mimicking the TKI treatment. 5.5 year clinical follow-up data from a
cohort of 69 CML patients treated with TKI Imatinib [1, 5] is used to adapt the model
parameters. Due to the immediate action of Imatinib on all leukaemic cells the initial
decline of BCR-ABL/ABL ratios is slightly overestimated.

The long-term behavior of an “average patient” is depicted in Supplementary Figure 3
and is used as a reference to estimate the clinical benefit of a combination therapy.

4 Combination therapy

Initiation of combination therapy. Combining IFNa administration with TKI treat-
ment is a potential strategy to eradicate residual disease. Given the rapid cytogenetic
and molecular remission in most CML patients after administration of TKI Imatinib, we
argue that a combination therapy should reasonably start around months 9 to 12. For
the modelling approach we assume combination therapy to start at month 12 without
loss of generality.

The different treatment regimes are at each time point defined by the presence or ab-
sence of TKI or IFNa. According to this stetting the normal and leukaemic cells are
modelled as cells of type (I) to (VI). Technically, changes in the drug administration are

o
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modelled by switching the type of the affected cells (see Supplementary Table 3 ).

In addition to the presented analysis in the main document further scenarios are outlined
below:

Continuous TKI + pulsed IFNa with self-renewal deficit. Supplementary Figure 4
contains the same simulations as Figure 5 of the main document but with additional
self-renewal deficit induced by the IFNa treatment. No significant deviations are ob-
served.

Pulsed TKI + pulsed IFNa with self-renewal deficit. Supplementary Figure 5 con-
tains the same simulations as Figure 6 of the main document but with additional self-
renewal deficit induced by the IFNa treatment. No significant deviations are observed.

Pulsed TKI + continuous IFNa . For completeness we provide simulation results for
this clinically less relevant scenario in which TKI is administered once every 14 days on
top of a continuous IFNa treatment. Figure 6 and 7 show the corresponding simulation
results with and without the additional assumption of an IFNa induced self-renewal
deficit. Therapy failure is expected in almost all studied cases. Only if leukaemic stem
cells are strongly activated by IFNe and under the assumption that the drug also induces
a self-renewal deficit, we would predict a therapeutic benefit. However, in the initial
phase of the combination therapy one would expect a temporary increase in leukaemic
cells due to their strong activation.
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Supplementary Figure 1: Transition characteristics. Characteristic transition
functions f, and f, are provided for the different parameter choices represented
as cell types I to VI. For the IFNa treated scenarios an additional function for f,
with self-renewal deficit is provided in the right column.
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Supplementary Figure 2: Activation of quiescent HSCs by IFNa. The boxplot
shows the percentage of modelled HSCs that entered into cell cycle within 72 hours
past treatment with IFNe, thus mimicking a typical labelling experiment using
BrdU to identify division events. For the IFNa treatment we assumed different
levels of activation shown on the x-axis (percentage p, of HSCs being activated
from A into Q during one time step). Bevond p, = 3% there is only a marginal
increase of the percentage of labeled cells, which is a result of the particular model

setup.
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Supplementary Figure 3: Long-term treatment of CML patients with TKI
Imatinib monotherapy. Model simulations (solid line) are compared with 5.5
year clinical follow-up data of 69 Imatinib treated CML patients from the german

cohort of the IRIS study [1, 5].
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Supplementary Figure 5: Treatment of CML with pulsed administration of
TKI and pulsed IFNa with self-renewal deficit. The Figure corresponds to
Figure 6 in the main document but includes the self-renewal deficit.

12



PUBLIKATION #2

>

107

continuous TKI enly
—— +continuous IFN with strong activation
+ continuous IFN with weak activation
’\\1 —— +continuous IFN with no activation

1' ) 1P1'
=
——
=

—

o

BCR-ABL/ABL (%)
-3 -2 —1
T 19 q

—a

1

m

T

strong activation

b

= —

e O

LA 1

yl

T T T
24 30 36
time [months)

weak activation

g T

Pl

I
42 48

no activation

=e===- o a|cel|s
—— cmlcells

number of dormant sc

------ norma\ cells
cml cells

------ nermal cells
cml cells

number of dormant sc

=

number of dormant sc
10“19110219310“195105

-y

2

(@]

16 20
time (months)

g M

10019110219310419510

10“1g‘mz1931041g510

LI T T T
2 16 20

time (manths})

L&)
.
n

I I I I I
24 36 43

time (months}

number of active sc
o 1 2 3 4 5 B
1? 1? 10 1? 1? 1? 10

1 nor a| cells
ells

number of active sc
] 1 2 3 4 5
1? 1? 10 1? 1? 1? 10

100 @

------ norma‘ cells
— cml cells

?-THVWH YWWnWneennY

number of active sc
[P TE-TN AR
‘I? 1? 10 1? 1? 1?

------ norlrna I(:ells

—— cCmice

18 20
time (months)

24

-y

| | |
2 16 20 24
time [manths)

2

T 1 T T 1
24 36 48

time (months}

Supplementary Figure 6: Treatment of CML with pulsed administration of
TKI and continuous IFNa with self-renewal deficit. BCR-ABL/ABL ra-
tios in peripheral blood are shown for pulsed application of TKI (1 day within
14 days of continuous IFNe« treatment) for different activation scenarios: strong
activation of leukaemic stem cells similar to normal HSCs (red), weak activation
(green), no activation of leukaemic cells (blue, only normal cells are activated by
IFNa). Subfigures show corresponding stem cell numbers in A (quiescent) and 2
(activated), compared to monotherapy with TKI Imatinib (grey).
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Supplementary Figure 7: Treatment of CML with pulsed administration of
TKI and continuous IFNa without self-renewal deficit. BCR-ABL/ABL
ratios in peripheral blood are shown for pulsed application of TKI (1 day within
14 days of continuous IFNe« treatment) for different activation scenarios: strong
activation of leukaemic stem cells similar to normal HSCs (red), weak activation
(green), no activation of leukaemic cells (blue, only normal cells are activated by
IFNa). Subfigures show corresponding stem cell numbers in A (quiescent) and 2
(activated), compared to monotherapy with TKI Imatinib (grey).
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cell type transition | £(0) | F(222) | £(Ny/0) | £(00) | Najg
characteristic
normal cells (I) fu 0.5 0.3 0.1 0.0 | 100,000
fa 0.5 0.45 0.05 0.0 100,000
cml cells (IT) fuw 1.0 0.99 0.98 0.96 | 100,000
fa 1.0 0.90 0.058 0.0 100,000
cml cells under fu 0.05 0.049 0.048 0.046 | 100,000
TKI treatment (III) fa 1.0 0.90 0.058 0.0 | 100,000
normal cells under o 0.5 0.3 0.1 0.0 | 100,000
IFNa (IV) fa 0.5 0.45 0.05 0.0 100,000
foa with SRD | 0.9 0.02 0.0001 0.0 100,000
cml cells under fu 1.0 0.99 0.98 0.96 | 100,000
IFNa (V) fa 1.0 | 0.90 0.058 | 0.0 | 100,000
fo with SRD | 0.9 0.02 0.0001 0.0 100,000
cml cells under fu 0.05 0.049 0.048 0.046 | 100,000
TKI treatment fa 1.0 0.90 0.058 0.0 | 100,000
and IFNa (VI) foa with SRD | 0.9 0.02 0.0001 0.0 100,000

Supplementary Table 1: Model parameters for transition characteristics of
different modelling cell types.
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parameter human mouse
d 1.05 1.07
r 1.1 1.1
Qmin 0.002 0.01
amax 10 ].O
To1 32 hours 468 hours
TS 8 hours 8 hours
TGa/M 8 hours 4 hours
£4(0) 0.5 0.5
fq(%) 0.45 0.3
fa(V) 0.05 0.01
faloo) 0 0
'\r__“c'“" 100,000 1300
Fol(0) 0.5 0.5
fa(&) 0.3 0.0075
fa(N) 0.1 0.0002
fa(oc) 0 0
i'\'rﬁ‘m“ 100,000 280

Supplementary Table 2: General model parameters. Model parameters for the
mouse system were only used to study and compare IFNa related HSC activation

in Supplementary Figure 2.
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drug combination | normal cells leukaemic cells normal cells + SRD  leukaemic cells + SRD

no drugs type 1 type 11 type I type 11
TKI type 1 type 11 type I type 111
IFNa type IV type V type IVsrD type VsrD

TKI + IFNa type IV type VI type IVsrp type Vlsgp

Supplementary Table 3: Overview of simulated cell types depending on the
particular drug combination. Parameters for the cell types are provided in
Supplementary Tables 1 and 2
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2.3 ,Model-based decision rules reduce the risk of molecular relapse after
cessation of tyrosine kinase inhibitor therapy in chronic myeloid
leukemia* (Publikation 3)

Horn M, Glauche I, Miiller MC, Hehlmann R, Hochhaus A, Loeffler M, Roeder I;

Blood. 2013;121(2):378-384

Die dritte eingeschlossene Arbeit erschien Anfang 2013 in der Zeitschrift Blood und ist als
Hauptpublikation dieser Dissertation anzusehen. Nachdem in vorangegangenen Arbeiten (17)
mit Hilfe des ABM in erster Linie die mittlere BCR-ABL-Dynamik in einer Patientenkohorte
erklart wurde, steht in dieser Arbeit erstmals explizit die Inter-Patienten-Heterogenitit im
Mittelpunkt, mit dem Ziel, die pradiktiven Moglichkeiten des dynamischen Stammzellmodells

fiir individuelle Patienten zu nutzen, um eine Optimierung der TKI-Therapie zu erreichen.

Obwohl TKIs in der Mehrzahl der CML-Patienten schnelle molekulare Remissionen induzie-
ren und die Tumorlast bei Abwesenheit von Resistenzmechanismen unter fortgesetzter Thera-
pie weiter fillt, ist ungeklirt, ob diese Medikamente in der Lage sind, den CML-Klon (lang-
fristig) vollstdndig zu eradizieren. Unter IM-Therapie beobachtet man eine biphasische Ab-
fallkinetik der BCR-ABL-Transkriptlevel, wobei sich die Reduktion der Tumorlast nach einem
initialen steilen Abfall deutlich abschwicht (43). Es wird angenommen, dass der erste Abfall
(Anstieg o) durch rasche Eliminierung proliferativer CML-Zellen verursacht wird, wéhrend
der moderate Abfall (f) der langsamen Eradikation residualer LSCs geschuldet ist (19). Wenn
die Tumorlast unter die Detektionsschwelle von quantitativen PCR-Methoden féllt und die
Therapie unter kontrollierten Bedingungen beendet wird, beobachtet man in etwa der Hilfte
der Patienten einen molekularen Riickfall (11). Dieser wird vermutlich durch residuale LSCs
ausgelost, welche sich im Knochenmark dem Einfluss von IM, aber auch der Beobachtung
entziehen. Basierend auf klinisch verfiigbaren Daten ist es derzeit nicht mdglich vorherzu-

sagen, welche Patienten nach Therapiestopp einen molekularen Riickfall erleiden.

IM-Therapieeffekte lassen sich im ABM durch zwei Parameter erkldren: Transitions-
charakteristik f,, (Reduktion der proliferativen Aktivitit) und Killrate ry¢, (Eradikation von
CML-Zellen). Modulation dieser Parameter erklért die beobachtete Patientenheterogenitét der
BCR-ABL-Abfallkinetik. Die kinetischen Parameter o und f lassen sich eindeutig in die
Modellparameter f,, und ryeq ,,umrechnen®, so dass jeder Patient mit Hilfe des ABM simuliert
werden kann. Damit sind Vorhersagen {iber die Anzahl residualer LSCs unter Therapie mog-
lich. Basierend auf dieser Modellgro8e wird ein Pradiktor vorgeschlagen, der eine Aussage

iiber zu erwartende molekulare Riickfélle nach Therapiestopp geben kann.
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Neben dem modellbasierten Pradiktor wird auch eine modellunabhingige Approximation an-
gegeben, die eine Vorhersage des Riickfallrisikos nur mit Hilfe der klinisch bestimmbaren
Werte o und S erlaubt. Auch wenn die vorgeschlagene Methode im Paper mit einer unabhin-
gigen Kohorte validiert wurde, muss der Pridiktor seine Uberlegenheit verglichen mit anderen

Absetzstrategien im Rahmen einer prospektiven randomisierten Studie unter Beweis stellen.
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Model-based decision rules reduce the risk of molecular relapse after
cessation of tyrosine Kinase inhibitor therapy in chronic myeloid leukemia

Matthias Horn," Ingmar Glauche,? Martin C. Miller,? Rudiger Hehlmann,® Andreas Hochhaus,* Markus Loeffler," and
Ingo Roeder?

fInstitute for Medical Informatics, Statistics and Epidemiology, University of Leipzig, Leipzig, Germany; 2Institute for Medical Informatics and Biometry, Faculty of
Medicine Carl Gustav Carus, Dresden University of Technology, Dresden, Germany; Il Medizinische Klinik, Medizinische Fakultat Mannheim, University of
Heidelberg, Mannheim, Germany; and *Abt Hamatologie/Onkologie, Universitatsklinikum Jena, Jena, Germany

» BCR-ABL transcript dynamics
in imatinib-treated chronic my-
eloid leukemia can consis-
tently be described by a math-
ematical modeling approach.

* Application of the model al-
lows to predict the optimal
time point for therapy stop as
well as the risk of relapse in
individual patients.

Molecular response to imatinib (IM) in chronic myeloid leukemia (CNL) is associated
with a biphasic but heterogeneous decline of BCR-ABL transcript levels. We analyzed
this interindividual heterogeneity and provide a predictive mathematical model to
prognosticate the long-term response and the individual risk of molecular relapse on
treatment cessation. The parameters of the model were determined using 7-year
follow-up data from a randomized clinical trial and validated by an independent dataset.
Our model predicts that a subset of patients (14%) achieve complete leukemia
eradication within less than 15 years and could therefore benefit from discontinuation of
treatment. Furthermore, the model prognosticates that 31% of the patients will remain in
deep molecular remission (MR5?) after treatment cessation after a fixed period of
2 years in MR35, whereas 69% are expected to relapse. As a major result, we propose a
predictor that allows to assess the patient-specific risk of molecular relapse on
treatment discontinuation and to identify patients for whom cessation of therapy would
be an appropriate option. Application of the suggested rule for deciding about the time
point of treatment cessation is predicted to result in a significant reduction in rate of molecular relapse. (Blood. 2013;121(2):

378-384)
Introduction

Chronic myeloid leukemia (CML) is a clonal disorder that is
cytogenetically characterized by a translocation of chromosomes
9 and 22, resulting in the formation of the BCR-ABL fusion gene on
the level of hematopoietic stem cells (HSCs).!? The oncogenic
capacity of this gene, which is located on the shortened chromo-
some 22 (Philadelphia [Ph] chromosome) is well-established. Its
product, the BCR-ABL protein, is a constitutively activated
tyrosine kinase, which has been shown to be responsible for the
pathogenesis of CML.2

The current therapy of choice for de novo CML is oral
administration of tyrosine kinase inhibitors (TKIs), such as
imatinib mesylate (IM),? or recently approved second-generation
TKIs dasatinib and nilotinib.** Main mechanism of action of IM
(and other TKIs) is inhibition of the oncogenic BCR-ABL tyrosine
kinase,® resulting in the switching-off of downstream signaling
pathways promoting leukemogenesis.® It is well-established that
IM selectively acts on leukemia cells inducing a proliferation
inhibitory effect.” Furthermore, it has been reported that the
apoptotic rate of actively proliferating leukemia cells is increased
under IM therapy.®* Although treatment with IM could still not be

demonstrated to be curative, it is suited to achieve a sustained
control of the disease in the majority of patients.

Molecular monitoring of tumor load in peripheral blood using
quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) revealed that in most patients IM monotherapy induces
a biphasic decline of BCR-ABL transcript levels, characterized by
an initially steep decline, followed by a second moderate de-
cline.'®!! A sensible explanation for this behavior is the rapid initial
depletion of actively cycling BCR-ABL—positive cells, followed by
the slow elimination of residual leukemic stem cells (LSCs)'!
because of their low turnover.!213 Alternatively, this behavior has
been interpreted as the result of distinctive IM effects on different
hematopoietic cell stages including IM insensitivity of stem cells.!?

Although molecular IM response in the population of CML patients
can be approximated by an average biphasic decline, a large heterogene-
ity in response patterns between individuals is observed.'! In the absence
of IM resistance, long-term treatment could be shown to be associated
with sustained decline of BCR-ABL transcript levels.'"* These levels
potentially fall below the detection threshold of PCR techniques, which
allow for the detection of 1 CML cell in 10° nucleated blood cells.>'6

Submitted July 5, 2012; accepted November 10, 2012. Prepublished online as
Blood First Edition paper, November, 21, 2012; DOI 10.1182/blood-2012-07-
441856,
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Side effects of IM therapy as well as economic considerations
pose the question whether IM can be safely discontinued after
achieving deep molecular remissions (eg, MR3Y). Uncertainty
arises from the fact that on discontinuation of IM treatment, a
heterogeneous picture is obtained: although some patients retain
previously achieved molecular responses,'!® a molecular recur-
rence of BCR-ABL transcripts is observed in others.!® Relapses can
also be observed in patients lacking any measurable BCR-ABL
transcripts in peripheral blood.!”

‘We sought to predict patient-specific long-term time courses of
CML under IM treatment and to support decision-making for
potential treatment cessation. We could demonstrate that a statisti-
cal description of the disease kinetics is not sufficient to correctly
estimate numbers of residual LSCs, which are a critical determi-
nant of relapse after therapy discontinuation. Therefore, we adapted
our established mathematical model of HSC and leukemia organi-
zation,'-1%20 which was demonstrated to consistently explain CML
genesis and IM treatment on the population level, to predict
patient-specific stem cell numbers and long-term treatment out-
come. Based on 7-year follow-up data of BCR-ABL transcript
dynamics from the German cohort of the IRIS trial.'* we deter-
mined model parameters that quantitatively characterize the inter-
individual heterogeneity of molecular treatment response. Given a
patient’s BCR-ABL transcript kinetics, the adapted model generates
predictions for patient-specific long-term response to IM as well as
individual times to complete eradication of minimal residual
disease (MRD). To test the validity of our approach, we used an
independent dataset from the CML IV trial.2! Furthermore, we
derived a model-based predictor for the individual risk of molecu-
lar relapse on treatment cessation, which is complemented by a
model-independent approximation that can easily be calculated
from clinical data. Using a comparative simulation study, we
showed that the proposed predictor results in a superior clinical rule
to decide on potential discontinuation of therapy compared with
relying on a fixed (eg, 2 years) time in sustained deep molecular
remission.

Methods

Mathematical model of HSC organization

The mathematical model underlying our results has originally been
developed for the HSC system.!” We previously demonstrated that the
model is well-suited to explain clonal dynamics in the human situation.'!
In brief, the model assumes CML to be caused by a competition process
between malignant (Ph*) and normal (Ph~) hematopoietic cells, with
quantitative differences in specific model parameters. IM therapy is
assumed to induce an apoptotic effect and inhibition of the proliferative
activity of Ph* stem cells. The stochastic, single cell-based model is
implemented in the programming language C++. The source code can be
obtained from the authors. A schematic representation and a detailed
technical description of the model implementation can be found in
supplemental Methods (available on the Blood Web site: see the Supplemen-
tal Materials link at the top of the online article).

Selection of clinical data

As a training set for model development we used the German cohort of the
IRIS trial (n = 69; 400 mg IM daily).'"* Each individual was represented by
a time series of BCR-ABL/ABL measurements. Six patients (9%) were
excluded from the analysis because of insufficient data (defined as less than
5 measurements). Seven patients (10%) suffered from considerable molecu-
lar relapse under continued therapy because of IM resistance, whereas
2 (3%) showed treatment failure for unknown reasons (defined as no
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decline of BCR-ABL levels within first year). In 3 individuals (4%) a
uniphasic decline was observed. The remaining 51 (74%) patients, who are
characterized by a biphasic decline of BCR-ABL transcript levels, were used
for our modeling analyses.

As independent validation data, we used the 400 mg IM arm of the CML
IV trial (n = 280).2! Because of shorter overall follow-up compared with
IRIS. 95 patients (34%) were excluded for reasons of insufficient data.
Another 56 (20%) were associated with molecular relapse under IM,
whereas 3 (19%) showed treatment failure. In 14 patients (5%) a uniphasic
decline was observed. The remaining 112 (40%) showed a biphasic decline
of BCR-ABL levels. However, only 31 patients had a minimum of
14 gRT-PCR. measurements, required for reliable slope estimation (see
“Statistical analysis of clinical data™). Hence, only this subset was used for
validation.

The selection process described was necessary because our current
model version is not able to quantitatively account for treatment failure (eg,
because of IM resistance) and uniphasic decline kinetics. Still, the presented
model analysis applies to more than 90% of patients who respond to
IM without observed relapse. In addition, we confirmed (data not shown)
that exclusion of the minority of patients showing a uniphasic decline does
not bias the median behavior within the cohorts.

For this analysis, all BCR-ABL/ABL ratios were standardized according
to the International Scale (IS). Each qRT-PCR measurement was preceded
by a plasmid dilution series, that is, the smallest absolute number of
BCR-ABL transcripts that could be detected in an individual assay was
determined. In case of BCR-ABL negativity by qRT-PCR, nested PCR was
performed. For negative results, BCR-ABL/ABL was assumed to be zero.
For positive results, BCR-ABI/ABL was approximated using the smallest
positive BCR-ABL copy number from the dilution series (representing an
upper bound for the unknown true value).

Statistical analysis of clinical data

On a logarithmic scale, the previously mentioned biphasic decline Kinetics
of BCR-ABL levels in response to IM are sufficiently described by
2 piecewise linear relationships.!™!! Herein, the slope of the first, steep
decline is denoted as o and the slope of the second, moderate decline as
. Patient-specific values for « and  were calculated using a segmented
linear regression model (library “segmented,” statistical programming
environment R). Specifically, we used the Davies test to check the null
hypothesis of no slope difference.?” If the null hypothesis was rejected at the
5% significance level, the breakpoint between first and second slope was
estimated by an iterative procedure. As starting value of the iteration, we
chose 250 days after therapy initiation based on previous knowledge. For
quantification of correlations among slope values and breakpoint, Pearson
correlation coefficient was applied.

Results
Statistical analysis of molecular response kinetics

First, we determined the heterogeneity within the patient popula-
tion of the German IRIS cohort with respect to the biphasic decline
of BCR-ABL transcript levels (Figure 1). Because of the association
of the second decline with long-term treatment success, it would be
desirable to predict this decline from the early response. However,
we did not find a correlation between strength or duration of the
first decline kinetics (characterized by slope and breakpoint,
respectively) and the secondary decline (Figure 2). Hence, predic-
tion of long-term outcome is not possible based on early decline
kinetics alone, but requires a sufficient number of measurements of
the secondary slope. Interestingly, we found a significant correla-
tion between first decline and breakpoint (supplemental Figure 3 and
supplemental Results).
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Translating clinical data into the mathematical model

Second, we explored how the estimated kinetic parameters, that is,
first () and second slope (B) of BCR-ABL transcript levels,
translate into the parameter space of the dynamic model. Specifi-
cally, we used 2 model parameters (degradation rate rg, and
transition characteristic f,, which were previously found to sensi-
tively affect IM therapy effects; see supplemental Methods for
details) as patient-specific parameters to account for the heterogene-
ity in IM response patterns.!'20 Other model parameters remained
unchanged with respect to the values estimated for IM-treated
CML (supplemental Table 1). Using an iterative algorithm we
calculated model parameters ry,, and f,, for each patient based on
the observed BCR-ABL decline kinetics (see supplemental Results).

Model predictions on long-term treatment

Based on patient-specific parameters of the dynamic model we
generated predictions of long-term BCR-ABL transcript kinetics for
individual patients. Using the example patient from Figure 1A, we
demonstrate the application of the procedure: the patient is characterized
by slope parameters « = —4.08/year and 3 = —0.24/year, from
which we calculated ry,, = 2.50 and f,, = 0.055, the parameters of
the dynamic model that optimally account for the particular
BCR-ABL decline kinetics. Using these parameter estimates, we
simulated this particular patient in silico, both for the time of
available follow-up data (Figure 3A) and, most importantly,
thereafter (Figure 3B). The model predicts that after approximately
15 years the BCR-ABL transcript levels of this particular patient
permanently fall below the detection threshold of qRT-PCR (Figure
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Figure 1. Results of the application of the biphasic
regression procedure to clinical data from the Ger-
man cohort of the IRIS trial. (A) Example of an indi-
vidual patient. Data points obtained by gRT-PCR are
represented by filled circles connected by black lines.
The result of the least squares algorithm is depicted by
the gray line. (B) Overview of regression results of all
51 patients characterized by a biphasic decline. The gray
boxes in panels A and B represent the detection thresh-
old of BCH-ABL transcripts levels.

Time (years)

3B). which we assume to be MR39, that is, reduction of BCR-ABL
transcript levels below 0.001%.2* After approximately 25 years it
can be expected that no BCR-ABL—positive cells will be detected in
peripheral blood at all, irrespective of the accuracy of the applied
measuring method. This is because after this time only very few
(mostly quiescent) residual LSCs, which are located in the bone
marrow, remain in the system (Figure 3C). Note that the (absolute)
stem cell number is not accessible in the clinic, but is a result of the
in silico model. For the example patient the model predicts
complete eradication of CML cells after 29.4 years of continuing
IM therapy, with a standard deviation of 0.78 years.

Table 1 summarizes the model predictions for the considered
patients. Even under the ideal circumstances assumed in our model,
that is, uninterrupted IM administration and permanent absence of
both IM resistance and disease-unrelated complications, the major-
ity of individuals are predicted to require several decades of
IM therapy before MRD is completely eradicated. The cumulative
rates of complete eradication after 15 and 30 years of treatment are
estimated to be 14% and 31%, respectively. In approximately
67% of the patients, residual leukemic cells are predicted through-
out the remaining lifetime, assuming life expectancy of 80 years.

As this procedure relies on the full 7-year follow-up data, we
examined whether shorter observation times are sufficient for
generation of adequate model predictions, that is, whether actual
therapeutic predictions can be made after less than 7 years
(supplemental Figure 7). We found that in this patient cohort, for
obtaining reliable predictions, at least 14 PCR measurements
(6-8 per slope) are required, irrespective of follow-up duration.
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Figure 3. Model predictions for representative individual patient. (A) Data points (BCR-ABL transcript levels) obtained by qRT-PCR are represented by filled circles
connected by black lines. The corresponding computer simulation is depicted by the gray line. (B) Model prediction from panel A extended to 30 years. The vertical line
corresponds to the latest follow-up time point. Gray boxes in panels A and B represent detection threshold of BCR-ABL levels. (C) Corresponding absolute number of residual
LSCs of the simulation results depicted in panel B. Continuous IM administration is required for approximately 30 years until complete eradication of LSCs is predicted for this
particular patient. To account for quantitative differences between simulations because of the model-inherent stochasticity, 5 simulation runs using identical parameter values

are performed and averaged.

Consequently, it can be speculated that the accuracy of the
predictions for fixed observation times can be enhanced if
PCR measurements are performed more frequently (see supple-
mental Results).

Validation of predictions on long-term IM administration

To validate the described method of calculating parameters of the
dynamic model from clinically determined BCR-ABL kinetics, we
analyzed a second, independent dataset (CML IV trial), which is
comparable with the IRIS data with respect to patient characteris-
tics, IM dosage, and response patterns (for selection criteria see
“Methods™). We can show that the algorithm derived based on the
IRIS data can be applied without changes to the independent
dataset. The model results consistently account for the median
behavior within the patient population as well as for interpatient
heterogeneity of the CML IV cohort (see supplemental Results and
supplemental Figures 9 and 10). In addition, we generated model
predictions on long-term IM therapy. For the CMLIV cohort, the results
are summarized in Table 1. The cumulative cure rates after 15 and
30 years of IM treatment (16% and 42%, respectively) are
statistically indistinguishable from the predictions generated for the
training dataset from the IRIS trial (Table 1).

Model predictions on treatment discontinuation

For the 51 patients from the IRIS trial we simulated the situation of
potential IM cessation. In this scenario, each patient was treated
with IM in silico until BCR-ABL transcript levels fell below the

Table 1. Summary of model predictions for 51 considered patients
from the IRIS trial (training set)/31 patients from the CML IV trial
(validation set)

Time to complete eradication of MRD

489y (28-112)/
328y (18-176)

Treatment time to 4.0 log reduction (MR*?) 6.5y (5.09.7)/
5.3y (4.59.2)
Treatment time to 4.5 log reduction (MR*%) 10.7 y (7.7-13y
9.1y (6.9-13)
Cumulative cure rate after 15 y of treatment 14%/16%
Cumulative cure rate after 30 y of treatment 31%/42%

Time estimates represent medians and, in parentheses, interquartile ranges.
Note that “cure” refers to complete eradication of MRD.

MR?? detection threshold for 2 consecutive years (assuming
trimonthly measurements). For those 42 patients who reached at
least a sustained 2-year MR within 20 years or less of simulated
IM treatment we generated model predictions for the time to
molecular relapse after therapy discontinuation (solid line in Figure
4). It is predicted that the majority of molecular relapses is
observed within the first 6 months with only few relapses occurring
more than 1 year after treatment cessation. Twelve of 42 patients
are predicted not to relapse at all. This model prediction quantita-
tively resembles recently published clinical results (Figure 4).!7:18
Please note that stopping rules and measurement protocols are not
exactly comparable: whereas the simulation and the Australian
trial'” only require (at least) 2 years in MR before IM discontinuation,
the French trial'® also requires a total IM treatment time of at least
3 years. Furthermore, in our simulation and in the Australian trial
molecular relapse is defined as detectable BCR-ABL transcripts at any
level in 2 consecutive PCR measurements, whereas the French trial also
requires the BCR-ABL to ABL ratio to be at least 0.001%.

R St Aot ARt
it ol o ST iy

Patients without molecular relapse (%)
0 10 20 30 40 50 60 70 80 90 100

T T T T T T T T T T T T |

00 02 04 06 08 10 12 14 16 18 20 22 24
Time since discontinuaticn of imatinib (years)
Figure 4. Model prediction on IM treatment cessation after fixed treatment time
of 2 years in MR5? in comparison to survival curves from 2 actual IM
discontinuation trials. Shown are Kaplan-Meier estimates of time to molecular
relapse after discontinuation of therapy. The solid line shows a model prediction for
42 of 51 patients from the IRIS trial that reached a sustained MRS for 2 consecutive
years less than 20 years after initiation of IM therapy. Whereas the dotted line
corresponds to the results from a French trial, '8 the dashed line shows the survival
curve from an Australian trial.!'? For details see “Model predictions on treatment
discontinuation.”
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Figure 5. Model predictions on IM treatment cessation. (A) BCR-ABL transcript levels under IM treatment of patient subgroup predicted not to relapse after discontinuation
of IM therapy. (B) BCR-ABL transcript levels under IM treatment of patients predicted to molecularly relapse after treatment cessation. Note that panels A and B divide the
kinetics shown in Figure 1B into 2 subsets. (C) Relationship between ratio of first to second declines and number of residual LSCs at the moment of treatment cessation. Data
points represent patients who are predicted not to relapse (green triangles) or to relapse (red circles) molecularly. Dashed lines represent predictors that allow for discrimination
between patient subgroups (see "Model predictions on treatment discontinuation”). Note that both axes are log-transformed.

Model-predicted relapsing and nonrelapsing subgroups are
depicted in Figures SA and B with respect to IM response kinetics.
Qualitatively, a relatively steep second decline is necessary but not
sufficient for sustained MR3? after therapy cessation. In contrast
and contrary to intuition, a relatively steep first decline is adverse to
achieving this goal. This is because of the fact that a steep first
decline is associated with rapid depletion of leukemic cells in
peripheral blood (where PCR measurements are performed) but not
necessarily in the bone marrow. As a consequence, the treatment
time required to substantially reduce MRD is potentially underesti-
mated in the clinic. We found a linear relation (log scale) between
the ratio of first and second slopes and the number of residual
LSCs at the moment of treatment cessation (Figure 5C). In contrast
to relapsing patients (circles), nonrelapsing patients (triangles) are
characterized by logg(number of LSCs) = 2.3 (horizontal line).
This characteristic, which provides an optimal discrimination of the
2 groups, is based on the prediction of the dynamic model. A good
approximation of this classification (approximately 5% misclassifi-
cations) can be obtained if the criterion a/p = 16 (vertical line) is
applied. We call the latter predictor “model-independent™ as it does
not require model simulations to be calculated. In contrast to the
“model-based” predictor that uses the model-predicted number of
residual LSCs, it can directly be calculated from clinically measure-
able variables.

The “model-independent” predictor, which relates to the condi-
tion of 2-year MR3" before treatment cessation, can be generalized.
Let f describe the duration of stable MR under IM treatment until
therapy discontinuation (given in years). Then a patient is predicted
to remain in MR after treatment cessation if the relation
af/B = 8 x t holds. That is, the molecularly relapsing subgroup is
characterized by a first decline that is more than 8 X f greater than
the second decline. This implies that shorter MR times require
steeper second declines (given fixed first declines) to predict
sustained MR after therapy discontinuation. The predictor based
on the number of residual LSCs can be applied in any case,
irrespective of MR duration.

Solving the inequality for 7, the generalized predictor results in a
simple decision rule given as t = «/(8 X [3). That means the time of
sustained MR, which is predicted to ensure continuing MR3?
after treatment cessation, can be estimated for each patient
individually. Applying this rule to the in silico IRIS cohort, that is,

performing computer simulations for each patient and discontinu-
ing IM after the calculated patient-specific time in MR, a significantly
lower relapse rate (P << .001, log-rank test) with approximately 3 times
less relapses at 2 years after IM cessation can be observed (solid line in
Figure 6A) compared with the fixed time of 2 years in MR3? (dashed
line). Median treatment time in MR before IM cessation resulting
from this model prediction is estimated to be 2.8 (range: 0.3-20.5) years
(Figure 6B). We also considered a scenario where IM is discontinued
after a fixed treatment time of 2.8 years in MR3Y, which equals the
median treatment time in the individualized stopping regimen. This
result, which is depicted by the dotted line in Figure 6A, still represents
an inferior outcome with respect to the proposed patient-specific
stopping rule.

Discussion

The procedure described here allows for a better appraisal of the
individual prognosis of CML patients with direct impact on clinical
decision-making. In the clinics. the tumor burden cannot be
followed beyond the time point when BCR-ABL transcript levels
have fallen below the detection threshold of qRT-PCR. In the
majority of patients, this threshold is reached only a few years after
initiation of IM therapy. However, LSCs, which are believed to
drive the disease. reside in the bone marrow and can only be
detected in peripheral blood samples if they contribute to blood
production in sufficient amounts. There is increasing evidence that
primitive HSCs, and probably also LSCs, can “hide” from detec-
tion in peripheral blood because of their sustained quies-
cence.'>>% As the proposed model acts on the level of stem cells,
particularly accounting for the duality of stem cell quiescence and
active proliferation, it offers a valuable tool to quantitatively
complement clinically accessible measures.

With respect to the statistical analysis of the data, taken from the
German IRIS cohort,'* we were able to confirm and extend
previous reports of a typical biphasic decline of BCR-ABL tran-
script levels under IM,'®" where the first decline probably
characterizes initial response to IM and the second decline
potentially represents elimination of residual LSCs.”?® Further-
more, we observed a strong correlation between steepness of the
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Figure 6. Model prediction on patient-specific IM discontinuation strategy based on individual BCR-ABL transcript kinetics. (A) Whereas the standard strategy, that
is, fixed 2-year IM treatment in MR>? before therapy discontinuation, is depicted by the dashed line, the result obtained by the proposed alternative strategy based on a
patient-specific stopping rule is shown by the solid line. The dotted line represents a fixed 2.8-year IM treatment in MR52, motivated by the median treatment time within the
cohort in the individualized strategy. In all scenarios, the majority of relapsing patients is predicted to relapse within the first 8 months after IM discontinuation. The relapse rates
predict a superior outcome of the personalized predictor-based strategy. (B) Distribution of individual times in MR52 for the IRIS cohort before treatment cessation is
recommended in the in silico patient-specific discontinuation strategy in panel A (solid line). Median treatment time is estimated to be 2.8 (range, 0.3-20.5) years.

first decline and breakpoint separating both declines. This notwith-
standing, we found that steepness of the first decline as well as the
breakpoint are not sufficient to predict the second slope and thus
the time point of MRD eradication. That is, to evaluate the
possibility of IM cessation, steepness of the second decline needs
to be assessed with sufficient accuracy. Herein, the quality of the
estimate sensitively depends on “late” data points, especially in
case of few available measurements. Note, however, that follow-up
time itself is not the most important parameter in this respect. More
important is the number of measurements (6-8 within each of the
2 slope phases). As the BCR-ABL transcript levels of the IRIS
patients have, in median, been assessed 7 times within the first year
of IM therapy but only twice within each year thereafter, the critical
number of measurements is reached only after 4 to 5 years.
Performing, for example, 2 monthly measurements throughout,
2 to 3 years of follow-up might be sufficient for achieving the same
quality of predictions.

The proposed method cannot be applied in case of IM resis-
tance.?? Furthermore, there are few cases of biphasically declining
kinetics where the application of the procedure fails. This applies to
“bad responders,* that is, patients characterized by a comparatively
flat first decline, and consequently by an unusually late breakpoint
(after more than 3 years of IM therapy). Still, our model is a
valuable tool to estimate the time to complete eradication of the
leukemic clone in the majority of CML patients. Model results are
consistent with the clinical experience that the majority of patients
need to be treated with IM for a very long time period, before (if at
all) complete leukemia eradication can be achieved. However, it
should be kept in mind that complete eradication might not be
necessary before IM therapy can be safely discontinued. Small
BCR-ABL levels can be detected in healthy volunteers® leading to
speculations that there exists a critical threshold below which the
leukemic clone is small enough to be intrinsically controlled. It is
one of our major results that the proposed model is able to identify
those patients for whom treatment discontinuation would be a safe
option. Along these lines, the model allows to predict the individual
outcome in case of treatment stop. We show that patients with no
predicted relapse are associated with a relatively steep second
decline resulting in low numbers (= 200), or complete eradication,
of residual LSCs at the moment of discontinuation. Predicted “late™
relapses (more than 1 year after IM cessation) are also character-

ized by relatively small numbers of LSCs. However, in these cases
the leukemic clone is still large enough to slowly expand and
repopulate the marrow.

In addition to the individual model predictions of long-term
BCR-ABL levels in peripheral blood as well as of residual LSC
numbers in the bone marrow, we propose a simple “model-
independent™ predictor that allows for discrimination between
relapsing and nonrelapsing patients after treatment cessation based
on their individual treatment response kinetics. To investigate the
quality of the predictor we performed simulation studies comparing
an individualized treatment discontinuation strategy versus fixed
time periods in sustained deep molecular remission before treat-
ment cessation and found the former to be superior with respect to
observed molecular relapse rates after discontinuation. It should be
noted that this gain in the nonrelapsing fraction comes at the cost of
increasing the median time to IM cessation. However, increasing
the time of IM treatment in deep molecular remission uniformly for
all patients does not result in comparable benefit because applying
this strategy. according to our model analyses, some patients are
treated unnecessarily, whereas others require longer TKI therapy to
avoid relapsing on treatment discontinuation.

Our model prediction, regarding the strategy that applies a fixed
2-year period in MR’ before IM discontinuation, closely re-
sembles the outcome from 2 independent clinical trials'™'® with
respect to time to molecular relapse. Although stopping rules and
measurement protocols are not identical, it is interesting to note
that there are only minor differences between the individual
Kaplan-Meier estimates, which we interpret as strong evidence for
the validity of our approach. Comparing the 3 scenarios, the highest
percentage of events can be observed in the in silico cohort, which
is probably because of the fact that the “real™ patient cohorts are
naturally selected more strongly for good responders, in the sense
of patients who reach a sustained deep remission comparatively
early. In contrast, the simulation also includes patients reaching the
2-year MR*? goal relatively late (up to 20 years after initiation of
IM therapy), which might increase the relapse probability after
therapy discontinuation slightly.

The validity of our model predictions sensitively depends on the
underlying assumptions, such as the mechanisms of IM action.
However, the predicative power of our model with respect to
relapses in discontinuation trials (Figure 4) as well as in previous
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settings''?” ensures its applicability. Other mathematical CML
models did not assume a direct or indirect IM effect on LSCs.'”
However, these assumptions have been modified over time as they
could not account for long-term declines of BCR-ABL levels in IM
treated patients. More recent models?!2 by those authors can be
expected to yield qualitatively similar results to our model as they
also assume clonal competition between HSCs and LSCs and a
direct effect of IM on LSCs.

As our results were obtained by computer simulations, we
recommend testing our strategy in a prospective randomized
clinical trial that compares the described discontinuation strategies.
The described approach is not limited to IM but can also be applied
in an analogous way to first-line second generation TKIs, for
example, dasatinib or nilotinib.*3 The mechanisms of action of
these drugs are similar to IM.** and molecular response is also
characterized by a biphasic behavior.”” Currently, decline parame-
ters cannot yet be determined because of insufficient follow-up, but
we plan to adapt our approach in due course.
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Supplemental Materials and Methods

Mathematical model of hematopoietic stem cell (HSC) organization

The mathematical single cell-based model that is underlying the results presented in the paper
has originally been developed for the HSC system’, and has since been extensively validated
for animal data, e.g. to describe clonal competition processes and lineage specification” ™.
Also, we could show that the model 1s well-suited to explain clonal dynamics in the human
situation by applying it to imatinib (IM)-treated chronic myeloid leukemia (CML)*. A

schematic representation of the model can be found in Figure S1.

We assume that HSCs reside 1n either of two different signaling contexts (A, €), that can be
mterpreted as adaptations of two different growth environments. Environment A represents a
stem cell-supporting “niche” within the bone marrow promoting cellular quiescence and
regeneration. Environment €, in contrast, imposes active proliferation. Cells may reversibly
switch from one environment to the other. Each model cell has a property a representing its
affinity to reside in A. A key assumption is that the values of ¢ fluctuate depending on the
environment the cell resides in. If @ 1s greater than a given threshold ap,,, the respective cell 1s
considered as a stem cell. Affinity « can be interpreted as a marker of stemmess: the smaller a,
the higher the probability that the cell will differentiate into a lineage committed cell and,
therefore, lose its stem cell potential. Differentiation (i.e., decrease in «) is considered to be a
reversible process until ¢ has reached a,,;,. Whereas cells gradually lose affinity ¢ under the
influence of environment & [a(z + 1) = a(r) / d], they regain it in A [a(z + 1) = a(r) - 1]. The
latter can be interpreted as a regeneration process of the cell. Parameters ¢ and r represent
differentiation and regeneration coefficients, respectively. If @ falls below @y, it is set to
zero. Such a cell has lost its potential to change to A and, therefore, to regain . It is no longer

denoted as a stem, but as a differentiated cell, which initiates a clone that amplifies and finally
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dies after a fixed lifetime. Whereas cells in A are assumed to be quiescent, i.e. in Ge-phase of
the cell cycle, cells in € are actively proliferating with an average generation time t.. The
transition of cells between the two growth environments is modeled as a stochastic process,
1L.e. in each time step each cell has a certain probability to migrate from one compartment to
the other. The transition probabilities per time (i.e. intensities) depend on the individual
cellular affinity @ and the transition characteristics £, and f,,. These characteristics depend on

the current numbers of cells in A and Q. respectively (for examples see Figure S2).

Assumpftions for modeling CML

The mathematical model (as described in the Materials and Methods section of the paper)
assumes CML to be caused by a clonal competition process between malignant (Ph") and
normal (Ph") hematopoietic cells, with quantitative differences in specific model parameters.
In order to explain the competitive advantage of leukemic cells compared to normal HSCs, we
assume different transition characteristics f and £, between Ph* and Ph™ cells (Figure S2).
That means, we assume Ph” cells to have an increased and unregulated proliferative activity,
modeled by an increased and cell number-independent probability per time step to change to
growth environment  (f;,), as well as a defective HSC — niche mteraction, modeled by an

altered probability to migrate to growth environment A (7).

Motivated by biological evidence, we assume IM therapy to induce an apoptotic effect’ and
an inhibition of the proliferative activity'® of Ph” stem cells. Technically, the apoptotic effect
is modeled by a selective kill of a fixed percentage of cycling leukemic cells per time step
(degradation rate r4eg), while the proliferation inhibition is modeled by a reduction of the
activation of leukemic cells into cyele, i.e. altering transition characteristic f;,. Figure S2
shows that this alteration does not equal a reset back to normal: the reduced transition

characteristic 7, is assumed to remain unregulated, i.e. independent of cell numbers in Q.
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This assumption can e.g. be interpreted as a consequence of accrued mutations that remain
after BCR-ABL activity is suppressed, resulting in continuing loss of control, or by an IM-
mduced proliferation inhibition that is independent of feedback regulations that can be
expected to be present in the normal situation. Thus, in our mathematical model IM therapy
effects are characterized by a specific modulation of two parameters (rgep. /o). These two
parameters represent the smallest parameter set required to explain IM therapy effects, 1.e. it 1s

possible to include more parameters but not others.

It has been shown previously that the assumptions described above are sufficient to
consistently explain average CML emergence, genesis and IM treatment for a population of
patieutsj’?. A detailed parameter overview can be found in Table S1. For cessation of IM
therapy we assume an instantaneous reduction of r4., to zero, however, transition
characteristic f;, remains unchanged under IM treatment.

The model is implemented as a C++ computer program, which can be obtained from the
authors. Each cell in the system is simulated according to the above-outlined set of rules. The

rules are applied at discrete time steps (Az = 1h) to simultaneously update the status of all cells.

In order to compare clinically determined BCR-4BL transcript levels to the mathematical
model, BCR-ABL/ABL ratios are approximated using cell numbers in the population of
differentiated cells. Let n; denote the number of Ph™ cells and 7, the number of Ph™ cells, then
the relation BCR-ABL/ABL = ny/ (n + 2m;) - 100% is applied. This formula is motivated by
the existence of two alleles of each gene within individual cells and by a strong correlation
between cytogenetics, assessing the proportion of Ph™ cells, and real-time quantitative PCR
measurements of BCR-4BL transcript levels in peripheral blood'!. Motivated by clinical data.
we assume the number of leukemic stem cells (LSCs) at the initiation of IM treatment to be

10° (which relates to a BCR-4BL/ABL ratio of 99%) for all patients.

¥

79



PUBLIKATION #3 80

Supplemental Results

Relationship between first decline and breakpoint

We found a noteworthy relation between first slope a and breakpoint separating first and
second slope (Figure S3). In order to calculate the breakpoint between first and second slope
from the estimation of the first slope, the following equation (obtained by a least squares
approach) can be used. Applying this relation, the breakpomt can be calculated from the first
slope with a median deviation of about five weeks. As a consequence, the breakpoint is
mterchangeable with the first decline as one can be estimated from the other. However, both

require sufficient data on the early response to be estimated properly.

(1) Breakpomt [years] = 1.5078 — 1.2222 - logjo(—a)

(Note that a (given in 1/year) denotes a decline and 1is thus a negative number by definition).

Analysis of IM treatment parameters

In order to derive functional relationships between decline kinetics (given by slope parameters
a and £) and model parameters that consistently explain IM treatment effects (degradation
rate 74, and transition characteristic f;,), we performed computer simulations in which we
permitted the two-dimensional (74, f;,) parameter space to vary in the intervals [0.05, 4.0] for
raee and [0.005, 0.1] for f;, on a fine-meshed equidistant grid (with step sizes Arge = 0.05 and
Af, = 0.005). The intervals used were motivated by coarse-grained pilot simulations (data not
shown). Applying this partitioning, 1600 grid points were considered. Due to the model-
inherent stochasticity, small quantitative differences are observed between different
simulation runs, even if using identical parameter values. Thus, for each parameter
combination (Fgegj» fo;), 7 € {l,...,1600}, five individual simulations were performed and

averaged. Thereafter, the regression algorithm described in the Materials and Methods section

4
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of the paper was applied to the average simulation results at each grid point. Thereby, each

pair (7'deg s, fo;) could be uniquely mapped to its corresponding decline parameters (a;. f;).

Figure S4 illustrates the results yielded by this procedure. It is evident that the first slope
mainly depends on r4.,, however, its minor dependence on f,, must not be neglected. A more
complex picture is obtained for the second decline where the observed funectional relationship

(twisted hyperplane, Figure S4B) is suggesting an interacting effect of both parameters.

Calculation of model paramefers from patient data
A continuous functional relationship between, on the one hand, model parameters r4., and £,
and, on the other hand, decline estimates @ and £ can be derived using a nonlinear regression

model. We found that for the decline parameters a and £ the relations

(2) () =c;In(ry ) +c,f, + (g ) f, +¢4 +<
(3) n(=p) =csIn(f,,) + CoTyeq + ¢, ()14, +C5 +&

can be assumed. Herem, ¢ represents a normally distributed random variable with expected
value 0 and variance o” that accounts for measurement errors and biological variability. As it
was our aim to determine degradation rate r4., and transition characteristic f;, from the
estimated decline parameters a and S, we solved equations (2) and (3) without & for 4., and
. respectively, such that thev exclusively depend on a and £. Because no closed form exists

for the solution. we used an iterative algorithm. This procedure requires a starting point for

transition characteristic £, denoted as f, . which we set to 0.01. Thereafter we calculated

]11(—9’)—62}”@ —cy
(Sl Cifco

(4) Tgeg =X , and subsequently
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(5) f,=ew (=)~ CsToey —C5

Calculation of (4) and (5) was repeated using 7, and £, of the previous iteration step until
the desired accuracy, measured as the absolute difference between two subsequent steps and
denoted as &, was achieved. We used ¢ = 10~ Finally we set Taeg = Taeg a0 [, = 1.
Applying a least squares approach, we estimated constants ¢, 7 € {l,..., 8}, such that first and

second declines a and § can be best explamed by the IM treatment parameters ry., and f;,. We

obtained the estimates ¢, =1.286, ¢, =—22.39. ¢, =17.86, ¢, =0.5550, ¢ =0.09191.

ég=0.6805. ¢, =0.1654, and é = —1.646.

Empirical distributions of model parameters

The empirical distributions of 74.s and f;, obtained by this procedure are depicted in Figure S3.

We found that degradation rate 74, 1s approximately normally distributed while for fransition
characteristic f;, a gamma distribution represents a suitable approximation. Both distributions

are characterized by two parameters which we estimated using a maximum likelihood
approach. For ry ~ N(u.c?) we obtained = 2.59 and ¢ = 0.95, and for fo ~T(k,0) we

estimated £=0.76 and 8 = 0.057. The corresponding probability density functions are also
shown in Figure S5. The expected value of the normal distribution is given as rgeg = = 2.59,
while the expected value of the gamma distribution is calculated by f,, = k<8 = 0.044. The
computer simulation corresponding to the theoretical means of the estimated distributions as
well as medians and interquartile ranges of the clinical data can be found in Figure S6A.
Additionally, 51 numbers were sampled from each of the distributions given above, yielding
51 (F4eg. fo) Pairs, which were used to simulate “random patients” in si/ico. Subsequently., the
corresponding kinetic parameters & and £ were calculated (Figure S6B).

6
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Both distributions given above closely resemble the clinically observed picture; however, they
slightly overestimate the median kinetics within the selected cohort of patients, as depicted by
the solid line in Figure S6A. Additionally, the variance within the population is slightly
overestimated as well (see Figure S6B and cf. Figure 1B in the paper). This is likely due to

the fact that the estimations are based on a relatively small set of patients (7 = 51).

Resiriction of observation tfime

As the proposed method to generate individual predictions on long-term IM treatment has
been developed using full 7-year follow-up data, we examined whether shorter observation
times are sufficient for generating adequate model predictions, i.e. whether actual therapeutic
predictions can be made after less than seven years. For this purpose, we sequentially
restricted the analysis of the available data to shorter follow-up times of, in this order, 1, 2. 3,
4, 5, and 6 years. The maximum in this sequence 1s reduced accordingly for cases with less
than 7 vears observation time. The analysis is demonstrated using the example patient from
Figure 1 A: Due to msufficient number of measurements. the regression algorithm is unable to
reliably estimate decline parameters after a follow-up of 1 and 2 years. As shown in Figure
S7A, at years 3, 4, and 5 the second decline can be obtained but 1s overestimated, 1.e. as
depicted in Figure S7B, the time to MRD eradication is underestimated. Only at year 6 the
model prediction reflects the estimations for the latest available follow-up time point.

For the population of all 51 patients, the results are as follows: In 71% of the cases, a follow-
up of 5 vears or less (with a majority of 37% at 4 years) is sufficient to predict the time to a
complete eradication of LSCs as it is obtained with seven-year follow-up data. At this time a

median of 14 PCR measurements has been performed. irrespective of follow-up duration.
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Validation by CML IV patient data

As mentioned in the paper, a second, independent data set (31 patients from the CML IV trial)
was used to validate the model predictions on long-term IM treatment outcome and therapy
cessation. As a first step and similarly to the IRIS training set, the patient kinetics were
approximated by two piecewise linear relationships using a biphasic regression procedure (as
described in the Materials and Methods section in the paper), vielding estimations of the
slopes of both the first steep and the second moderate decline (see Figure S8 and cf. Figure 1
n the paper). Based on these estimations, we calculated the corresponding model parameters
7'deg and f, for each of the considered patients using the iterative algorithm derived and
explained above. Note that the calculations were performed without changing any of the
parameters of the two response surfaces (Figure S4) that have been determined using the IRIS
data. As a result of the individual estimations we obtained the empirical distributions of 7.,

and f;,, which are depicted in Figure S9 and closely resemble the distributions obtained for the
IRIS data (cf. Figure S5). More precisely, for 7y, ~ N(4, o?) we estimated z = 2.80 and o =
0.80, and for f,, ~I'(k,0) we obtained k= 0.96 and 8 = 0.056, resulting in expected values
Fdeg = = 2.80 and f,, = k=<8 = 0.053. Using these values as model parameters in silico, which
can be interpreted as simulation of the “median” patient, the results depicted in Figure S10A
are obtained. Additionally 31 “random patients™ were sunulated using random numbers
sampled from the empirical distributions (see Figure S10B). Evidently, the clinical picture (cf.
Figure S8B) was qualitatively well reproduced by the procedure. However, similarly to the
IRIS training set, both the median kinetics and the variance within the patient population were

slightly overestimated by the empirical distributions.

&4
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Parameter Ph™ cells Ph™ cells

Omin 0.002 0.002

Omas 1.0 1.0

d 1.05 1.05

r 1.1 1.1

T, 48 h 48 h

rs 8h 8h

TG.M 8h 8h

7 241 241

2, 20d 20d

A 8d 8d

Ja(0) 0.5 1.0

. (N,2) 0.45 0.9

£ (ﬁA) 0.05 0.058

7. () 0.0 0.0

N, 10° 10°

/(0 0.5 1.0 (0.05)

£ (No/2) 0.3 0.999 (0.0499)
£, (Ng) 0.1 0.998 (0.0498)
Jo (™) 0.0 0.996 (0.0496)
N, 10° 10°

Tdeg (0.0) (2.8)

Table S1. Parameter values used in the computer simulations. The parameters are as
follows: (@umin. Omax) = range of affinity a that characterizes the propensity of a cell to reside in

A d = differentiation coefficient; = regeneration coefficient; r_ = cell cycle duration of
stem cells; 75,75 5y = durations of S- and Go/M-phase; 7, = average generation time of
proliferating differentiated cells; A, = transition time for proliferating precursor cell stages:
A, = life time of nonproliferating precursor cell stages and mature, terminally differentiated
cells: 7. fi, = transition characteristics for transitions from growth environment € to A and A
to Q; £.(*). fo*) = function values of transition characteristics at given argument; N A j’\-‘rg =

scaling factors of transition characteristics. Values in brackets represent IM treatment

parameters of the “median” patient. For further details see text.
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Proliferating stem cells Proliferating : Nonproliferating

in signaling context i precursors cells

A

Loss of a

B foe, @ C
pfr

Gain of a :

Nonproliferating stem cells
in signaling context A

Amax Gmin! a=0 ! a=0 |

Figure S1. Schematic representation of the mathematical model. Normal (Ph") and

malignant (Ph") stem cells are assumed to coexist within two common signaling contexts (A,

Q) and can reversibly switch from one context to the other. For a model description, see text.
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Figure S2. Schematic representation of transition characteristics. Shown are examples of

fo (A) and £, (B) of normal (gray) and malignant (black) stem cells for the situation of

untreated (solid lines) and IM-treated (dashed line) CML. Note that £, of leukemic cells is

assumed to be 1dentical for the treated and untreated situation. Please also note that the dashed

line represents treatment of the “median” patient. For the adequate description of individual

patients, f,, 1s potentially shifted along the y-axis, which can be interpreted as either a

relatively elevated (increased f,,) or reduced (decreased f;,) activation rate of leukemic stem

cells into cell cycle compared to the median situation.
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Figure S3. Correlation between first decline () and breakpoint separating first and
second decline of BCR-ABL transcript levels. A linear relationship between first decline
and breakpoint can be assumed (Pearson’s correlation coefficient p =-0.93). For details we

refer to the Supplemental Results. Note that variable a is log-transformed.
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Figure S4. Results of parameter space screening utilizing computer simulations. Each
point corresponds to one (7'gep. /o) parameter configuration out of 1600. Performing computer
simulations (average of five simulation runs, respectively) each such pair vields a biphasic
decline of BCR-ABL levels, characterized by the first (steep) and second (moderate) decline.
For each case, decline parameters a and f are determined using a piecewise regression
procedure (see text). (A) The first decline mainly depends on r4.s and, not surprisingly,
mcreases with increasing apoptotic rates. (B) The shape of the hyperplane suggests a more

complicated relationship between model parameters 74., and f,, and the second decline.
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Figure S5. Parameter distributions (degradation rate ra.,, transition characteristic f;,)
for IRIS cohort. Shown are estimated distributions of model parameters that consistently
explain the observed patient heterogeneity within the IRIS trial with respect to the decline of
BCR-ABL transcript levels. (A) Empirical density function of degradation rates 74, 1s depicted
by the histogram. A normal distribution is fitted to the data (solid line). vielding ¢z = 2.59 and
¢=0.95. (B) The histogram shows the empirical density function of transition characteristic
fo- A gamma distribution, characterized by shape parameter £ = 0.76 and scale parameter 8 =

0.057, 1s found to represent a suitable approximation (solid line). For details see text.
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Figure S6. Validation of parameter distributions for degradation rate r,4,, and transition
characteristic f,, estimated from the IRIS data. (A) The clinical data (7 = 51 selected
patients with biphasic decline of BCR-ABL transcript levels) is represented by medians (filled
circles) and interquartile ranges. The solid line corresponds to a computer simulation (average
of five individual simulation runs) using the theoretical mean values of the estimated
distributions. which can be interpreted as IM treatment of the “median patient”. Note that 10°
% denotes zero. 1.e. zero values are plotted on the lowermost value of the y-axis. (B) First and
second declines estimated from the simulation of 51 “random patients”. Random numbers
were generated from the distributions estimated for 74, and £, (Figure S5). The gray boxes m

panels A and B represent the detection threshold of BCR-ABL transcripts.
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Figure S7. Restriction of observation time for example patient. (A) Calculation of decline
parameters a and £ from first 3 (green). 4 (orange). 5 (blue). and 6 (red) years of IM therapy.
Full seven-year follow-up is depicted in black. Clinical data is represented by filled circles.
results of the least-squares algorithm are depicted by solid lines. (B) Corresponding
predictions of residual LSCs obtained by computer simulation (average of five simulation

runs). Colors correspond to panel A. Vertical lines represent cut-off time points, respectively.

18

94



PUBLIKATION #3

>

2

10° 10" 10
| | 1 J 1

BCR-ABL/ABL (%)

107 10 102 107

Time (years)

o
10" 10°

10°

BCR-ABL/ABL (%)

107* 107 1072 107

0 1 2 3 4 5 6 7
Time (years)

Figure S8. Application of biphasic regression procedure to clinical data from the CML

IV trial. (A) Example of an individual patient. Data points obtamed by qRT-PCR are

represented by filled circles connected by black lines. The result of the least squares algorithm

is depicted by the gray line. (B) Overview of regression results for 31 selected patients from

the CML IV ftrial characterized by a biphasic decline.
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Figure S9. Parameter distributions (degradation rate ra.,, transition characteristic f;,)
for CML IV cohort. Shown are estimated distributions of model parameters that explain the
observed patient heterogeneity within the CML IV trial with respect to the decline of BCR-
ABL transcript levels. (A) Empirical density function of degradation rates rg4., is depicted by
the histogram. A normal distribution is fitted to the data (solid line). yielding 4 =2.80 and ¢ =

0.80. (B) The histogram shows the empirical density function of transition characteristic f,. A

gamma distribution, characterized by shape parameter £ = 0.96 and scale parameter & = 0.056.

1s found to represent a suitable approximation (solid line). For details see text.
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Figure S10. Validation of parameter distributions for degradation rate rg., and transition

characteristic f;, estimated from CML IV patient data. (A) Clinical data (n = 31 selected

patients with biphasic decline of BCR-A4BI levels) is represented by medians (filled circles)

and interquartile ranges. The solid line corresponds to a computer simulation (average of five

simulations) using the theoretical mean values of the estimated distributions. (B) First and

second declines estimated from the simulation of 31 “random patients”. Random numbers

were generated from the distributions estimated for 74 and f;, (Figure S9).
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2.3.1 Zusitzliche Resultate
Im folgenden Abschnitt werden die Modellergebnisse betreffs Patientenheterogenitét unter

IM-Behandlung im Vergleich zum in Abschnitt 2.3 angefiigten Blood-Paper vertieft.

Wie im Paper erldutert, folgen die klinisch messbaren Verldufe der BCR-ABL-Transkriptlevel
bei der liberwiegenden Mehrzahl der Patienten einer biphasischen Abfallkinetik. Die eindeu-
tige Charakterisierung einer solchen Kinetik erfordert die Betrachtung eines Ausgangslevels
(Zeitpunkt null), der Steilheit des ersten Abfalls, des Bruchpunkts zwischen beiden Abfillen
(ersatzweise des BCR-ABL/ABL-Wertes am Bruchpunkt) sowie der Steilheit des zweiten Ab-
falls. Da die meisten Patienten der IRIS-Kohorte ein Ausgangslevel von 80% BCR-ABL/ABL
oder mehr aufweisen, wurde modellseitig vereinfachend ein festes Ausgangslevel von 99%
Ph-positiven Zellen angenommen (siehe auch Abschnitt 1.3.2). Aufgrund der beschriebenen
starken Korrelation zwischen erstem Abfall und Bruchpunkt wird der Bruchpunkt bei der
Charakterisierung der biphasischen Kinetik vernachldssigt. Folglich wird jede Kinetik allein
durch die beiden Parameter o und f charakterisiert. Hierbei bezeichnet a den ersten (steilen)
und S den zweiten (moderaten) Abfall der Tumorlast. Aus diesen beiden Werten lassen sich

mit Hilfe einer Iterationsformel eindeutig zugehorige Modellparameter f;,, und ¢, berechnen,

die eine Simulation der IM-Therapie des jeweiligen Patienten gestatten (Abbildung 10).
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Abbildung 10: Modellanpassung eines Beispielpatienten (optimaler Fit). Schwarze Punkte
reprisentieren Datenpunkte, die roten Linien stellen eine biphasische Least-Squares-An-

passung dar. Die korrespondierende Modellsimulation (Einzelsimulation) ist grau dargestellt.

Die beschriebenen Vereinfachungen wirken sich nachteilig auf die Giite aus, mit der das Mo-
dell die klinisch beobachteten Kinetiken beschreiben kann. Kinetiken, bei denen das Aus-
gangslevel entgegen der Annahme deutlich unter 100% liegt, konnen vom Modell nur dahin-

gehend reproduziert werden, dass der erste Abfall leicht (nach oben) parallel verschoben ist.
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Ahnliches gilt fiir Fille, wo der klinisch beobachtete Bruchpunkt vom erwarteten Zeitpunkt
(sieche Gleichung (1) in den ,,Supplemental Results*) abweicht. In diesem Fall beginnt der
zweite Abfall in der Modellsimulation zum falschen Zeitpunkt, was sich ebenfalls in einem
(beziiglich optimalem Fit) parallel verschobenen zweiten Abfall duflert (Abbildung 11). Dies
hat potenziell zur Folge, dass die PCR-Detektionsschwelle (bzw. MR™) in der Simulation zu
einem anderen Zeitpunkt erreicht wird als in der korrespondierenden klinischen Abfallkinetik.
Fiir die Ermittlung der Zeit in MR>” bis zum empfohlenen Therapiestopp ist dies jedoch uner-

heblich, da nur die Zeit ab dem Unterschreiten der entsprechenden Schwelle betrachtet wird.
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Abbildung 11: Modellanpassung eines Beispielpatienten (parallelverschobene Abfille).

Dariiber hinaus gibt es einige wenige (3 der ausgewihlten 51) Fille, in denen die Modell-
simulation auch hinsichtlich der Parallelitidt der Abfdlle die klinische Kinetik nicht reprodu-
zieren kann (Abbildung 12). Hierbei handelt es sich um schlecht auf IM ansprechende Patien-
ten, die durch einen verhéltnismiBig flachen ersten Abfall und somit durch einen ungewdhn-

lich spédten Bruchpunkt (nach mehr als dreijdhriger Therapie) gekennzeichnet sind.
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Abbildung 12: Modellanpassung eines Beispielpatienten (duBBerst spater Bruchpunkt).
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2.4 Kennzeichnung des Eigenanteils

Im folgenden Abschnitt sind die wichtigsten geleisteten Eigenanteile fiir alle eingeschlosse-
nen Publikationen stichpunktartig zusammengefasst. Bei gemeinsamer Bearbeitung einer Auf-

gabe sind die daran beteiligten Koautoren mit Initialen angegeben.

Publikation 1:
- inhaltliche Konzeption des ,,Letter to the Editor* (mit IG und IR)
- Anpassung des ABM an die klinischen Daten aus der IRIS-Studie
- kritische Diskussion des Brieftextes (mit IG und IR)

Publikation 2:
- Mitarbeit an der Durchfiihrung der Modellsimulationen (mit KH)

- kritische Diskussion des Manuskripttextes (mit allen Koautoren)

Publikation 3:
- Konzeption der Modellstudie (mit IR und ML)
- (statistische) Aufbereitung der klinischen Daten aus IRIS- und CML-IV-Studie
- Adaption des ABM an die Fragestellungen des Papers inklusive Programmierung
- Durchfiihrung der Modellsimulationen
- Auswertung und Interpretation der Modellergebnisse (mit IR und ML)
- Ableitung der Priadiktoren aus den Simulationsergebnissen
- grafische Aufbereitung der Ergebnisse sowie Anfertigen der Abbildungen

- Schreiben von Manuskript und Supplement
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3. Zusammenfassung

3.1 Waesentliche Ergebnisse der Arbeit

Das dieser Arbeit zugrunde liegende dynamische Modell erlaubt eine konsistente Beschrei-
bung zahlreicher klinischer und biologischer Beobachtungen im Zusammenhang mit CML,
sowohl wihrend der Entstehung der Krankheit als auch unter verschiedenen medikamentdsen
Therapien. Das Modell geht von einer Dualitédt von proliferativen und ruhenden Stammzellen
aus, die ihren Proliferationsstatus reversibel dndern konnen. Basierend auf diesen Annahmen
liefert das Modell eine Erklarung sowohl fiir den biphasischen Abfall der BCR-ABL-Trans-
kriptlevel unter IM-Therapie als auch die fortgesetzte Reduktion der Tumorlast bei lang-
jéhriger Behandlung: Demnach wirkt IM auch auf Ebene der Stammzellen, allerdings sind nur
proliferativ aktive Zellen (entsprechend Modellkompartiment Q) der Zytotoxizitit des Medi-
kaments ausgesetzt (vgl. Publikation 1). Der steile initiale Abfall der Tumorlast wird dabei
durch die schnelle Eradikation proliferativer leukdmischer Zellen erklirt, wéhrend sich der
Abfall anschliefend durch den deutlich geringeren Turnover der ruhenden LSCs erheblich
abschwiécht. Die Annahme vollstindiger Insensitivitit von LSCs gegeniiber IM ist mit der
klinischen Beobachtung einer kontinuierlichen Reduktion der Tumorlast nicht kompatibel.
Die Modellresultate liefern aus theoretischer Sicht starke Argumente dafiir, dass TKI-
Therapie auch leukdmische Stammzellen eradizieren kann und prinzipiell (langfristig) eine

vollstindige Eliminierung des leukdmischen Klons moglich ist.

Da ,langfristig* laut Modellvorhersage eine IM-Therapie von bis zu mehreren Jahrzehnten
bedeutet, konnte ein Therapieziel darin bestehen, die residualen LSCs durch Gabe zusitz-
licher Substanzen in den Zyklus zu aktivieren, wo sie der TKI-Wirkung ausgesetzt sind. Unter
der Annahme, dass IFN-a die Fahigkeit zur Stammzellaktivierung nicht nur in der Maus, son-
dern auch im Menschen besitzt, wird in Publikation 2 ausfiihrlich untersucht, unter welchen
Bedingungen eine solche Kombinationsstrategie potenziell Synergieeffekte hervorbringen
konnte. Es zeigt sich, dass eine Kombination mit TKIs dann einen Vorteil bringt, wenn IFN-a
normale und maligne Zellen mit gleicher Effektivitit in den Zyklus aktivieren kann. Ist der
Effekt fiir maligne LSCs geringer als fiir HSCs, erhoht sich die Zeit bis zur Eradikation des
malignen Klons, ein Vorteil gegeniiber TKI-Monotherapie ist aber immer noch zu beobach-
ten. Falls IFN-o nur auf normale Stammzellen wirkt, geht der Vorteil der Kombinations-

therapie vollstindig verloren oder wird sogar zu einem Nachteil, wenn die Stimulation mit
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IFN-a bei den betroffenen Zellen zusdtzlich eine Stérung im Selbsterneuerungspotenzial
induziert. Am ausgeprégtesten ist der Vorteil der Kombination von TKI und IFN-a, wenn
beide Substanzen zu jedem Zeitpunkt gemeinsam im System vorhanden sind. Muss IFN-a
z.B. aufgrund von Nebenwirkungen gepulst verabreicht werden, ist jedoch immer noch mit

einer (wenn auch weniger starken) Uberlegenheit der Kombinationsstrategie zu rechnen.

Auch ohne Kombination mit anderen Substanzen sind TKI bei vielen Patienten in der Lage,
tiefe molekulare Remissionen zu induzieren. Oft fillt der BCR-ABL-Transkriptlevel unter die
Detektionsschwelle von qRT-PCR. Aufgrund von erheblichen Nebenwirkungen der TKI und
okonomischen Erwédgungen geht man in solchen Fallen vermehrt dazu iiber, in kontrollierten
Studien die TKI-Therapie abzubrechen. Zwar gibt es im Rahmen solcher Studien klare
Kriterien, wann der Therapieabbruch frithestens erfolgen darf (z.B. unter Therapie zwei Jahre
in kompletter molekularer Remission), aber eine Vorhersage, ob ein Patient nach Therapie-
stopp von einem molekularen Riickfall betroffen sein wird, ist nicht mdglich. In der Praxis

rezidivieren auch unter oben genannten Absetzkriterien etwa die Hélfte der Patienten.

In Publikation 3 wird vorgeschlagen, das ABM als Werkzeug zur Vorhersage des Riickfall-
risikos bei individuellen Patienten zu verwenden. Hierzu muss aus der biphasischen Abfall-
kinetik der BCR-ABL-Transkriptlevel die Steilheit der zwei Phasen (a, f) bestimmt werden.
Die beobachtete Patientenheterogenitdt im Abfall der Tumorlast ldsst sich durch Modulation

der Modellparameter f,, und 74, erkldren. Es kann gezeigt werden, dass sich die kinetischen
Parameter a und f eindeutig in die Modellparameter f,, und ryeg ,.libersetzen® lassen. Damit

ist eine Simulation der Hamatopoese des entsprechenden Patienten in silico moglich.

Neben einer Vorhersage des Langzeittherapieerfolgs kann fiir den individuellen Patienten die
Anzahl residualer LSCs iiber die Zeit verfolgt werden. Diese Grofe ist klinisch nicht be-
stimmbar. Basierend auf diesem Wert wird vorhergesagt, dass kein molekularer Riickfall zu
erwarten ist, wenn die Beziehung log;,(Anzahl LSCs) < 2.3 gilt. Da die Anwendung des
Modells zeit- und rechenaufwindig ist, wird approximativ zusétzlich ein modellunabhéngiger
Priadiktor angegeben. Dieser ist abhéngig von der Zeit ¢ (in Jahren), die sich ein Patient vor
Therapieabbruch in stabiler MR befand. Es wird vorhergesagt, dass der Patient seine Re-
mission nach TKI-Stopp behilt, wenn die Relation a/f < 8 - t erfiillt ist. Die vorgeschlagene
Methode wurde auf Basis der Daten der IRIS-Studie entwickelt, konnte aber in Modellsimu-
lationen mit den Daten der CML-IV-Studie validiert werden. Die im Modell gezeigte Uberle-
genheit des individuellen Absetzkriteriums im Vergleich zu anderen Strategien muss sich je-

doch in der klinischen Praxis im Rahmen von prospektiven randomisierten Studien beweisen.

102
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3.2 Diskussion und Ausblick

Mathematische Modelle wie das in dieser Arbeit angewendete ABM stellen wertvolle Werk-
zeuge zur Unterstiitzung der klinischen Entscheidungsfindung dar. Unter der Voraussetzung,
dass die vereinfachenden Modellannahmen die zugrunde liegenden biologischen Mechanis-
men hinreichend abbilden, ist es moglich, experimentelle Hypothesen und neuartige Behand-
lungsstrategien in silico zu testen und klinische Limitationen zu identifizieren. Basierend auf

den Simulationsergebnissen kdnnen klinisch nachpriifbare Vorhersagen getroffen werden.

Eine solche neuartige Behandlungsstrategie stellt unter anderem die Kombinationstherapie
von TKI und IFN-a dar. Mit Hilfe des Modells lassen sich hierfiir verschiedene potenzielle
Wirkmechanismen postulieren und Bedingungen ableiten, welche erfiillt sein miissen, damit
die Kombinations- der TKI-Monotherapie hinsichtlich MRD-Eradikation iiberlegen ist. Eine
der Hauptannahmen in Publikation 2 ist, dass IFN-a im Menschen eine Aktivierung ruhender
HSCs in den Zellzyklus bewirkt. Diese Eigenschaft konnte bislang nur in der Maus gezeigt
werden (14), allerdings gibt es keine Evidenz fiir grundlegend unterschiedliche Wirkmecha-
nismen von IFN-a zwischen beiden Spezies. Selbst wenn IFN-a die postulierte Eigenschaft
auch in der humanen Situation besitzt, garantiert sie noch keinen Erfolg der Kombinations-
therapie. Mogliche Limitationen, welche das Modell identifizieren konnte, liegen in einem
durch IFN-a induzierten tempordren Selbsterneuerungsdefizit der aktivierten Zellen, sowie im
Verabreichungsregime. Demnach ist eine kontinuierliche einer gepulsten Gabe von IFN-a
vorzuziehen. Letzteres konnte auch eine Ursache dafiir sein, dass frithere Kombinations-
studien mit hinsichtlich Stammzellaktivierung dhnlich wirkenden Substanzen wie G-CSF (53)

keine Uberlegenheit im Vergleich zu TKI-Monotherapie zeigen konnten (54).

Klinisch limitierend wirken sich beziiglich kontinuierlicher Gabe von IFN-a allerdings starke
Nebenwirkungen aus, die oft Dosisreduktionen oder Absetzen von IFN-a zur Folge haben,
mit entsprechenden Konsequenzen fiir mogliche Synergien. Einige Studien, in denen die
Kombination von TKI und IFN-a untersucht wurde, wie z.B. IM und IFN-o im Rahmen der
CML-IV-Studie, verwenden das ,,normale (gentechnisch hergestellte) Zytokin, da es fiir die
CML-Therapie bereits zugelassen war. Eine Uberlegenheit des Kombinationsarmes konnte
nicht demonstriert werden (49). Um die Nebenwirkungen zu reduzieren und damit die
Einhaltung der vorgesehenen IFN-a-Dosis zu gewihrleisten, wird in aktuellen Studien auf
pegyliertes IFN-a zuriickgegriffen. Die Ergebnisse, etwa der franzosischen SPIRIT-Studie,

zeigen, dass die Kombination dieser Substanz mit IM eine signifikante Uberlegenheit
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hinsichtlich des Erreichens einer MR*” nach 12 Monaten bewirkt, verglichen mit IM-Mono-

therapie (37). Es bleibt abzuwarten, ob sich die Resultate in anderen Studien bestétigen.

Der Fokus der aktuell laufenden Kombinationsstudien liegt auf den immunologischen Wirk-
mechanismen von IFN-a (35). Die Tatsache, dass Patienten in molekularer Remission (aber
mit detektierbarer MRD) nur mit IFN-a-Erhaltungstherapie viele Jahre in Remission bleiben
(55), liefert einen Hinweis darauf, dass in diesen Patienten Immunmechanismen wirken, die
wiahrend der CML-Entstehung den initial sehr kleinen leukdmischen Klon noch nicht kontrol-
lieren konnten. Es gibt Berichte, dass Remissionen bei zuvor erfolgter IFN-a-Therapie selbst
nach vollstdndigem Therapiestopp erhalten bleiben (56). In diesem Zusammenhang wird der
Einfluss spezieller T-Zellen diskutiert (57). Die Beobachtungen legen nahe, dass die immuno-
logischen Effekte im Falle sehr weniger residualer Leukdmiezellen einen wesentlichen Me-

chanismus darstellen und in zukiinftigen Modellversionen beriicksichtigt werden sollten.

Ein weiterer Bereich, in dem das ABM zur Unterstiitzung klinischer Entscheidungsfindung
beitragen kann, sind Abbruchstudien. Dabei wird die TKI-Therapie nach Erreichen tiefer
molekularer Remissionen kontrolliert beendet und im Falle molekularer Riickfille wieder
aufgenommen. Die in Publikation 3 vorgeschlagenen Pridiktoren zur Vorhersage des indivi-
duellen Risikos eines molekularen Riickfalls nach Abbruch der IM-Therapie sind zwar im
Rahmen der Simulationsstudien anderen Absetzkriterien iiberlegen, ob sich die Ergebnisse
auch in der Praxis bestitigen, muss sich in prospektiven randomisierten Studien zeigen.
Hinsichtlich TKI-Abbruchstudien wére zusétzlich eine Prognosefaktoranalyse hilfreich. Bei
Vorliegen hinreichend grofer Datensétze beziiglich einer zweijdhrigen kompletten moleku-
laren Remission vor Therapieabbruch liele sich zum Beispiel priifen, ob der beste Priadiktor

fiir den Erhalt der Remission die Geschwindigkeit ist, diese Remission zu erreichen.

In der CML-V-Studie (,,TIGER*) der Deutschen CML-Studiengruppe, deren Rekrutierung am
1. August 2012 begann, werden die zwei oben diskutierten Hauptaspekte dieser Dissertation,
TKI in Kombination mit IFN-a sowie vollstdndiger Therapieabbruch, gemeinsam untersucht
(Abbildung 13). Konkret wird dabei ein TKI der zweiten Generation (Nilotinib) mit einer
Kombinationstherapie aus Nilotinib und pegyliertem IFN-a verglichen. Nach mindestens
zweijdhriger Therapie wird bei bestdtigter MMR im Kombinationsarm auf eine reine IFN-a-
Erhaltungstherapie umgestellt. Der Monotherapie-Arm lduft in der Erhaltung unverdndert
weiter. Nach insgesamt wenigstens dreijahriger Therapie, davon wenigstens die letzten 12
Monate in kontinuierlicher MR*’, wird die Therapie in beiden Armen unter strenger Kontrolle

vollstédndig abgebrochen und nur bei einem molekularen Riickfall wieder aufgenommen.
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2 24 Monate Therapie 236 Monate Therapie
bestatigte MMR > 12 Monate MR*0

r— Nilotinib —— Nilotinib —— STOP

Nilotinib +

— DEG.FN.q— PEG-FN-a — STOP

Abbildung 13: Design der CML-V-Studie. In der zweiarmigen prospektiven randomisierten
»TIGER*“-Studie wird Nilotinib-Monotherapie mit einer Kombination aus Nilotinib und
pegyliertem IFN-a verglichen. Nach einer Erhaltungsphase ist geplant, die Therapie im Fall

einer mindestens ein Jahr andauernden MR*° vollstindig abzubrechen.

Auch wenn mit Hilfe des obigen Designs sowohl die Frage moglicher Synergien einer Kom-
binationstherapie aus TKI und IFN-a als auch einer moglichen Heilung der CML beantwortet
werden soll, sind hierzu aus Sicht der préasentierten Modellanalysen einige Anmerkungen
naheliegend. Zum einen lésst sich mit dem Studiendesign die Abhédngigkeit der Effektgrofie
einer IFN-a-Erhaltung von der Induktionstherapie nicht kldren. Eine Beantwortung dieser
Frage wire vor dem Hintergrund verschiedener postulierter Wirkmechanismen von IFN-a
(immunologischer Effekt, Aktivierung von HSCs in den Zellzyklus) relevant. Zum anderen
sagt das Modell voraus, dass das gewihlte feste Absetzkriterium suboptimal ist, da die Thera-
pie bei einigen Patienten zu friih abgesetzt wird, wihrend andere unnétig lange therapiert
werden. Ein modellbasiertes patientenindividuelles Absetzkriterium wie in Publikation 3 vor-

geschlagen konnte die Rate rezidivierender Patienten verringern.

In dieser Dissertation wurde der Aspekt der TKI-Resistenzen infolge von Mutationen der
BCR-ABL-Kinasedoméne nicht betrachtet. So konnte eine Kombination aus TKI und IFN-a
bei Vorliegen von Sekunddrmutationen sogar nachteilig sein, wenn die TKI-resistenten Klone
von IFN-a in den Zellzyklus aktiviert und dadurch verstérkt selektiert werden. Auflerdem ist
die in Publikation 3 vorgeschlagene patientenindividuelle Pradiktion des Rezidivrisikos nach
Therapieabbruch explizit nur moglich, wenn keine IM-resistenten Klone die Kompetition

normaler und maligner Zellen beeinflussen.

Im Rahmen einer von mir mit betreuten Diplomarbeit, in welcher das ABM zur Erkldrung der
Kinetiken therapieresistenter Klone unter TKI der zweiten Generation (Nilotinib, Dasatinib)

eingesetzt wurde, konnten aufgrund zu geringer Fallzahlen der klinisch gemessenen Mutanten
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und grofer interindividueller Heterogenitét der Kinetiken keine eindeutigen Resultate abgelei-
tet werden (58). Dadurch, dass bei etwa 20% aller Patienten unter TKI BCR-4BL-Mutationen
nachweisbar und fast immer mit Therapieresistenz assoziiert sind (59), ist fiir zukiinftige

Modellanalysen eine Beriicksichtigung von Resistenzmechanismen erforderlich.

Das verwendete Modell ist einzelzellbasiert, das heilit, jedes individuelle Zellobjekt wird
separat betrachtet und muss in jedem Zeitschritt geméf der definierten Regeln einzeln aktuali-
siert werden. Aufgrund der groBBen Anzahl von Stammzellen im System sind Modellsimula-
tionen daher sehr rechenaufwéndig. So dauert die Simulation eines einzelnen Patienten fiir
einen Behandlungszeitraum von etwa sieben Jahren mit modernsten Prozessoren einige
Stunden. Da aufgrund der stochastischen Elemente des Modells selbst bei identischen Para-
meterwerten quantitativ unterschiedliche Modellresultate erzielt werden konnen, werden oft
mindestens fliinf Simulationen mit identischen Parametern durchgefiihrt und das arithmetische
Mittel der Ergebnisse berechnet. Bei Verwendung eines einzelnen Prozessors vervielfacht
sich die Rechenzeit hierdurch zusitzlich, was aber durch Parallelisierung wieder ausgeglichen
werden kann. Eine Parallelisierung des Modellalgorithmus selbst bringt hingegen kaum Zeit-
gewinn, da zu jedem Zeitpunkt im Modell die Anzahl aller Zellen bekannt sein muss, was

eine Synchronisierung sdmtlicher paralleler Threads nach jedem Zeitschritt erfordert.

Abhilfe konnte eine Beschreibung des Modells mit Hilfe von Differenzengleichungen schaf-
fen. Nach Unterteilung der Signalumgebungen A und Q in zahlreiche Subkompartimente,
deren Ein- und Ausstrome durch entsprechende Gleichungen beschrieben werden, ldsst sich
zeigen, dass die Resultate des Differenzengleichungsmodells und des mittleren ABM-Ver-
haltens im Wesentlichen identisch sind. Die Rechenzeit einer Einzelsimulation ist bis zu 80
mal niedriger als beim ABM. Allerdings geht in der deterministischen Beschreibung der sto-
chastische Aspekt vollstindig verloren (60). Klonale Fluktuationen im Fall sehr kleiner Zell-
zahlen, welche zum Aussterben eines Klons fithren konnen, sind mit dem Differenzen-
gleichungsmodell nicht abbildbar, in der klinischen Praxis hingegen bedeutsam. Dennoch
stellt eine deterministische Beschreibung des Modells in einigen Féllen eine hinreichende
Approximation des ABM dar, die moglicherweise auch die Praktikabilitit der Anwendung

des Modells fiir Arzte im Rahmen klinischer Entscheidungsfindung verbessert.

Mit dem Ziel der einfacheren Anwendbarkeit des Modells fiir Mediziner und andere Wissen-
schaftler wurde im Rahmen dieser Arbeit eine Implementation des ABM in der statistischen
Programmierumgebung R angefertigt. Die bisher verfligbare Implementation in der Pro-

grammiersprache C++ setzt Fahigkeiten im Kompilieren von Quellcode voraus. Die R-Ver-
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sion des Modells erfordert hingegen lediglich die Installation des frei verfiigbaren Open-
Source-Programms R (http://www.r-project.org/) sowie das implementierte Modell, welches
ich nach Kontaktaufnahme jedem Interessierten zur Verfligung stelle. Anschlieend lassen
sich Modellsimulationen durch Eingabe einfacher Befehle in der R-Umgebung starten. Leider
sind die Rechenzeiten deutlich hoher als in vergleichbaren C++-Simulationen, was unter an-

derem dem Fehlen geeigneter Datenstrukturen (z.B. pointerbasierte Listen) in R geschuldet ist.

Das in dieser Arbeit verwendete ABM ist Grundlage der in Publikation 3 vorgeschlagenen
Absetzkriterien bei IM-Therapie. Diese stellen ein Paradebeispiel fiir eine modellbasierte,
individualisierte Therapie dar. Das bedeutet, mit Hilfe eines mathematischen Modells wird ein
Entscheidungsalgorithmus vorgeschlagen, der fiir alle Patienten einheitlich, aber durch pa-
tientenindividuell unterschiedliche Parameter gekennzeichnet ist. Dadurch wird eine auf den
jeweiligen Patienten zugeschnittene und verglichen mit bisherigen Strategien optimierte The-
rapie ermdglicht. Eine Evolvierung der patientenindividuellen Parameter kann erfolgen, wenn
zusitzliche klinische Informationen einbezogen werden, z.B. durch genauere Charakterisie-
rung der Abfallkinetik der BCR-ABL-Transkriptlevel oder Betrachtung immunologischer
Effekte im Fall sehr geringer residualer LSCs. Hierdurch ist eine Verbesserung der Pradiktion

zum Beispiel hinsichtlich eines molekularen Riickfalls nach Therapieabbruch zu erwarten.

Die vorgeschlagene Strategie kann nicht nur bei IM angewendet, sondern in dhnlicher Form
auch auf Erstlinientherapien mit TKIs der zweiten Generation wie Dasatinib oder Nilotinib
iibertragen werden. Hierzu kann eine analoge ,,Umrechnung® der individuellen BCR-ABL-
Transkriptlevel in Modellparameter mit anschlieBender Simulation des jeweiligen Patienten
vorgenommen werden. Bei hinreichender Fallzahl wird hierdurch eventuell eine modellba-
sierte Vergleichbarkeit der Medikamente, zum Beispiel hinsichtlich des Erreichens tiefer Re-
missionen und Rezidivwahrscheinlichkeiten, ermdglicht. Diese Resultate konnten auBlerdem
einen Beitrag zur Abschitzung der Kosteneffektivitat der verwendeten Substanzen liefern.
Aus jetziger Sicht muss jedoch festgestellt werden, dass das verfiigbare Follow-up beziiglich
Einsatz der Zweitgenerations-TKIs in der Erstlinie noch nicht geniigt, um die Prozedur, insbe-

sondere hinsichtlich Bestimmung der kinetischen Parameter o und £, anwenden zu konnen.

AbschlieBend soll darauf hingewiesen werden, dass das verwendete Modell iiber die Jahre,
insbesondere auch in seiner Anwendung auf CML-Daten, immer weiter verfeinert und weiter-
entwickelt wurde. Mittlerweile ist ein Grad der Vollstdndigkeit erreicht, der einen Einsatz des
Modells bei der Entwicklung von Studiendesigns rechtfertigt. Inwieweit sich das Modell im

Rahmen von prospektiven klinischen Studien bewéhrt, wird abzuwarten bleiben.
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