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III. Deutschsprachige Zusammenfassung 

Leukämie ist durch die Störung der Homöostase des hierarchischen hämatopoetischen Systems ge-

kennzeichnet, wodurch es zu einer übermäßigen Proliferation unreifer Blutzellen kommt. Dabei ist 

Leukämie die häufigste Krebserkrankung im Kindesalter. Innerhalb der deutschen Bevölkerung sind 

29,5% aller Krebsdiagnosen bei Patienten unter 18 Jahren auf Leukämie zurückzuführen (Robert Koch-

Institut, 2021).  

Leukämie entwickelt sich aufgrund unterschiedlicher zytogenetischer Ereignisse, die entweder nume-

rische Aberrationen einschließlich Hyperdiploidie oder strukturelle Aberrationen einschließlich 

Translokationen, Deletionen, Amplifikationen und Inversionen sind (De Lorenzo et al., 2014; Mrózek 

et al., 2004). Diese zytogenetischen Aberrationen bestimmen in den meisten Fällen einen bestimmten 

Leukämie-Subtyp und korrelieren mit der Prognose. Diese starke Korrelation zwischen einem oder we-

nigen zytogenetischen Ereignissen und dem Krankheitsverlauf steht in starkem Kontrast zu den meis-

ten soliden Tumoren, die in der Mehrheit der Fälle durch die Akkumulation von Punkt-Mutationen 

gekennzeichnet sind. Zudem findet man in einigen Fällen aber auch dort chromosomale Translokatio-

nen. Veränderungen in soliden Tumoren weisen häufig auf genomische Instabilität hin, während bei 

Leukämien chromosomale Translokationen oft die einzige genetische Veränderung darstellen 

(Lengauer, 2001). 

Säuglingsleukämie ist definiert durch den Erkrankungsbeginn im Alter unter einem Jahr und unter-

scheidet sich in vielen Merkmalen von Leukämie bei Kindern und Erwachsenen. Obwohl akute Säug-

lingsleukämie mit etwa 160 Fällen pro Jahr in den USA eine geringe Inzidenz aufweist (Howlader et al., 

2021), ist die Krankheit aufgrund hoher Rückfallraten und damit assoziierter Sterblichkeit verheerend 

(Pieters et al., 2019, 2007; Quessada et al., 2021). Leukämie kann in lymphoblastische (ALL) und myelo-

ische (AML) Formen unterteilt werden. Der genomische Hintergrund der Säuglings-AML ist heterogen 

(Quessada et al., 2021), wohingegen 70 – 80% aller Fälle von Säuglings-ALL (iALL) Translokationen des 

KMT2A Gens als ursächliche genomische Veränderungen aufweisen (KMT2A-r, früher MLL) (Pieters et 

al., 2019, 2007). Die Dominanz von KMT2A-Rearrangements im Säuglingsalter ist einzigartig, so macht 

die Prävalenz von KMT2A Veränderungen bei pädiatrischer ALL nur etwa 5% aus (Behm et al., 1996). 

Die Translokation t(4;11), die die Fusionsonkogene KMT2A::AFF1 und AFF1::KMT2A erzeugt, ist die 

häufigste Art von KMT2A-rearrangierter Säuglings-ALL und tritt bei fast jedem zweiten KMT2A-rear-

rangierten Säuglings-ALL Patienten auf (Meyer et al., 2018). 

Klinisch weisen pädiatrische ALL-Patienten eine Vielzahl von Symptomen auf, darunter Hyperleukozy-

tose, Fieber, Lethargie, Organomegalie, Hautläsionen und Zytopenie (Chessells et al., 2002). Im Ver-

gleich zu älteren Kindern zeigen Säuglinge mit ALL zusätzlich aggressivere Symptome wie eine sehr 

hohe Anzahl weißer Blutzellen (WBC), Hepatosplenomegalie und Beteiligung des Zentralnervensys-

tems (ZNS) (Hilden et al., 2006). 

Zur Behandlung durchlaufen Säuglinge mit einer t(4;11) ALL eine in Induktions-, Konsolidierungs-, Rein-

duktions- und Erhaltungsphase gegliederte Chemotherapie, trotz derer 64% der Patienten innerhalb 

von vier Jahren nach der Diagnose ein „Ereignis“ einschließlich Rezidiv oder Tod erleiden. Das Gesamt-

überleben drei Jahre nach einem Rezidiv beträgt nur 17% (Driessen et al., 2016; Pieters et al., 2019, 

2007). Typischerweise erreichen die Patienten mit der Induktionstherapie schnell eine vollständige Re-

mission (CR), erleiden jedoch bereits wenige Monate später trotz anhaltender Chemotherapie ein Re-

zidiv. Innerhalb dieser Zeit erwirbt die leukämische Population eine Chemoresistenz ohne, dass diese 

durch eine Zunahme an Sekundär-Mutationen erklärbar wäre.  
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Bei pädiatrischer ALL identifizierten Sequenzierungsstudien des gesamten Genoms Chemotherapie-

induzierte Mutagenese als Hauptgrund für Arzneimittelresistenzen und Rezidiventwicklung (Li et al., 

2020). Im Gegensatz dazu zeigten genomweite Analysen von übereinstimmenden Säuglings-ALL-Pati-

entenproben zu verschiedenen Zeitpunkten vor und zum Zeitpunkt des Rezidivs, dass die t(4;11)-ALL 

bei Säuglingen mit etwa 1,3 Mutationen im dominanten leukämischen Klon eine der niedrigsten Mu-

tationslasten unter allen pädiatrischen Krebsarten aufweist (Agraz-Doblas et al., 2019; Andersson et 

al., 2015; Bardini et al., 2011; Dobbins et al., 2013; Mullighan et al., 2007).  

Aufgrund dessen stellt sich die Frage, durch welche molekularen Mechanismen Chemoresistenz er-

reicht wird.  

Mittlerweile gilt als bewiesen, dass der t(4;11) Translokationsprozess pränatal in utero stattfindet. 

Greaves und Kollegen untersuchten die Zytogenetik von eineiigen Zwillingen, bei denen im Säuglings- 

und frühen Kindesalter eine konkordante ALL diagnostiziert wurde. Sie fanden heraus, dass die Leukä-

miezellen beider Geschwister den selben chromosomalen Bruchpunkt aufwiesen, was stark darauf hin-

deutete, dass die Translokation pränatal bei einem der Zwillinge stattfand und anschließend Leukä-

miezellen durch die gemeinsame Plazenta zum anderen Zwilling migrierten (Ford et al., 1993 ; Greaves 

et al., 2003; Greaves und Wiemels, 2003). Der pränatale Ursprung der Translokation wurde später für 

KMT2A::AFF1 ALL durch retrospektive Studien von neonatalen Blutproben (Guthrie Cards) bestätigt. 

In der Vergangenheit wurde die Überexpression des HOXA Genclusters als allgemeines Merkmal der 

KMT2A-rearrangierten akuten lymphoblastischen Leukämie angesehen, welches das Genexpressions-

profil der Krankheit definierte (Armstrong et al., 2002; Ferrando et al., 2003; Rozovskaia et al., 2001). 

Darüber hinaus zeigten Knockdown-Experimente die ausgeprägte HOXA9-Abhängigkeit KMT2A-rear-

rangierter Zelllinien zur Vermeidung von Apoptose (Faber et al., 2009). Dieses Dogma wurde 2009 in 

Frage gestellt, als Trentin et al. zwei unterschiedliche Genexpressionsmuster bei t(4;11) ALL im Säug-

lingsalter fanden (Trentin et al., 2009). Die Patienten wurden gemäß ihrer HOXA Genexpression im 

Vergleich zu gesunden Kontrollen in eine HOXAlo- und eine HOXAhi-Gruppe eingeteilt. Nur die HOXAlo, 

nicht aber die HOXAhi-Patienten, zeigten eine Hochregulierung des IRX1 Gens, das an der frühen emb-

ryonalen Segmentierung beteiligt ist (Bosse et al., 1997). Zwei weitere Studien bestätigten diese Be-

funde und zeigten zusätzlich eine erhöhte Rezidivinzidenz (Stam et al., 2010) bzw. ein schlechteres 

ereignisfreies Überleben (Kang et al., 2012) von HOXAlo Patienten. Kühn et al. zeigten in in vitro Expe-

rimenten, dass IRX1-Überexpression zu einer indirekten Hochregulierung der Early Growth Response 

1, 2 und 3 Gene (EGR1, EGR2, EGR3) führte. Diese Entdeckung ist die Grundlage des vorliegenden Pro-

motionsvorhabens. 

Trotz jüngster Fortschritte in der Therapie der pädiatrischen Leukämie durch die Anwendung von 

Kinase-Inhibitoren, Immuntherapie und verbesserter hämatopoetischer Stammzelltransplantation 

(HSZT) ist die KMT2A-rearrangierte ALL bei Säuglingen immer noch durch eine hohe Rezidivinzidenz 

gekennzeichnet, begleitet von einer Rezidiv-assoziierten Mortalität (Driessen et al., 2016; Pieters et 

al., 2019, 2007).  

Dieses Promotionsprojekt zielte darauf ab, die molekularen Mechanismen, die zu einem Rezidiv der 

t(4;11) Säuglings-ALL führen, besser zu verstehen. Weiterhin sollte eine mögliche Korrelation zwischen 

der HOXAlo-IRX1-EGR-Achse und der Rezidiventwicklung bei t(4;11) Säuglings-ALL untersucht werden. 

In diesem Zusammenhang sollte die Rolle der EGR-Gene evaluiert werden, um molekulare Targets zur 

potentiellen Prävention der Rezidivierung zu identifizieren. 
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Um zu untersuchen, ob die höhere Rezidivierungsrate von IRX1hi/HOXAlo Patienten durch die EGR Gene 

vermittelt werden könnte, wurden drei HEK293T Zellkulturmodelle generiert, die EGR1, EGR2 oder 

EGR3 überexprimierten. Anschließend wurden die Genexpressionsprofile dieser drei Zellkulturmodel-

len mittels massive analysis of cDNA ends sequencing (MACE-Seq) untersucht. Der Vergleich der Gen-

expressionsprofile mit dem eines IRX1 Zellkulturmodells, das von Kühn et al. (2016) publiziert wurde, 

identifizierte EGR3 als Hauptmediator der IRX1-induzierten Transkription. Um dies im zellulären Kon-

text der t(4;11) proB-ALL zu untersuchen, wurden IRX1- und EGR3-überexprimierende SEM-Zellkultur-

modelle (SEM::IRX1, SEM::EGR3) etabliert und die Gen- und Proteinexpression untersucht. Die SEM 

Zelllinie weist den Geno- und Phänotyp der t(4;11) Säuglings-ALL auf. Die Gen- und Proteinexpressi-

onsstudie führte zur Identifikation des Immunrezeptors ICOSLG als am stärksten hochreguliertes EGR3-

Target. Chromatin-Immunpräzipitation (ChIP), gefolgt von qRT-PCR (ChIP-qRT-PCR) und next genera-

tion sequencing (ChIP-Seq), verifizierte, dass EGR3 als Zinkfingertranskriptionsfaktor direkt den ICOSLG 

Promotor bindet und dadurch eine entsprechende Hochregulation bewirkte.  

Die Ergebnisse aus den Zellkulturmodellen sollten durch Untersuchung primärer Patientenproben 

überprüft werden. Dafür wurde die Genexpression von 50 t(4;11) Säuglings-ALL-Patienten mittels qRT-

PCR analysiert. Drei Studienzentren stellten dafür Patienten-RNA zur Verfügung, die zum Zeitpunkt der 

Diagnose aus peripherem Blut gewonnen wurde. Unter Verwendung der ΔCT-Mittelwerte wurden 

Pearson-Korrelationstests durchgeführt, um Korrelationen zwischen den Genexpressionen von IRX1, 

EGR3 und ICOSLG zu identifizieren. Die resultierende Pearson-Korrelationsmatrix zeigte positive Kor-

relationen für IRX1/EGR3, EGR3/ICOSLG und IRX1/ICOSLG. Dies bestätigte die Hochregulierung von (1) 

EGR3 durch IRX1, wie von Kühn et al., 2016 beschrieben, (2) ICOSLG durch EGR3, wie durch die SEM-

Zellkulturmodelle suggeriert, und (3) ICOSLG durch IRX1. Damit wurde bestätigt, dass die mittels in 

vitro Untersuchungen identifizierte IRX1-EGR3-ICOSLG Achse auch tatsächlich in Patienten zu finden 

ist. Der höchste Korrelationswert wurde für die EGR3/ICOSLG Korrelation berechnet und war mit den 

ChIP-Experimenten in Einklang, die eine direkte Transaktivierung von ICOSLG durch EGR3 zeigten. 

Des Weiteren waren für 43 von 50 Patienten Überlebensdaten verfügbar, die eine Analyse des ereig-

nisfreien Überlebens (EFS) ermöglichten, wobei EFS als die Zeit von der Diagnose bis zum ersten Ereig-

nis (Induktionsversagen, Rezidiv, Tod oder Sekundärmalignizität) definiert wurde. Zur Untersuchung 

der zu Anfang beschriebenen höheren Rückfallraten der HOXAlo-Patienten (Kang et al., 2012; Stam et 

al., 2010) wurde das EFS in Abhängigkeit der HOXA9-Genexpression bestimmt. Wie in der Literatur 

beschrieben, gruppierten sich die Patienten in eine HOXA9lo- und eine HOXA9hi-Gruppe. Die anschlie-

ßende Kaplan-Meier-EFS-Analyse ergab, dass der zuvor berichtete EFS-Nachteil der HOXA9lo-Gruppe 

mit einem 4-Jahres-EFS von 34,9 ± 13,4% im Vergleich zu 46,4 ± 10,2% der HOXA9hi-Gruppe recht ge-

ring war. Außerdem waren die EFS-Kurven in einem Log-Rank-Test nicht signifikant unterschiedlich. 

Vorherige Studien bestätigend war das relativ erhöhte mittlere IRX1-Genexpressionsniveau der 

HOXA9lo -Gruppe im Vergleich zur HOXA9hi-Gruppe. Obwohl eine starke Korrelation zwischen den IRX1- 

und EGR3-Genexpressionen nachgewiesen wurde, zeigte die HOXA9lo/IRX1hi-Gruppe kein höheres 

EGR3-Genexpressionsniveau als die HOXA9hi/IRX1lo-Gruppe.  

Um einen möglichen Beitrag der ICOSLG-Expression zur Therapieresistenz zu untersuchen, wurde eine 

EFS-Analyse unter Berücksichtigung der ICOSLG-Genexpression durchgeführt. Patienten mit einem 

ICOSLG-Expressionsniveau, welches das Expressionsniveau des SEM::EGR3-Zellkulturmodells erreichte 

oder überstieg, wurden als ICOSLGhi-, die verbleibenden als ICOSLGlo-Gruppe definiert. Die Kaplan-

Meier-EFS-Analyse zeigte ein deutlich schlechteres EFS der ICOSLGhi-Gruppe (n=7, 2y-EFS=0%) im Ver-

gleich zur ICOSLGlo-Gruppe (n=36, 2y-EFS=58,8± 8,8 %). Dieser Unterschied wurde in einem Log-Rank-
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Test als statistisch signifikant bestätigt. Zu beachten ist, dass die EFS-Analyse aufgrund der unterschied-

lichen Gruppengröße (n = 7 vs. n = 36) verzerrt sein könnte. Eine potenzielle Verzerrung aufgrund des 

Patientenalters konnte jedoch ausgeschlossen werden, da sowohl die ICOSLGhi- als auch die ICOSLGlo-

Gruppe aus Patienten bestanden, die zum Zeitpunkt der Diagnose jünger und älter als sechs Monate 

waren. In Übereinstimmung mit den vorherigen Untersuchungen der Genexpressionskorrelationen 

zeigte die ICOSLGhi-Gruppe (n=8) aller Patienten (n=50) relativ erhöhte EGR3- und IRX1-Genexpressi-

onsniveaus im Vergleich zur ICOSLGlo-Gruppe. Insgesamt wurde also gezeigt, dass eine hohe ICOSLG-

Genexpression zum Zeitpunkt der Diagnose mit einem schlechteren EFS bei Säuglingen mit t(4;11) ALL 

assoziiert war.  

Daraus ergab sich die Frage, ob eine hohe ICOSLG Expression auch direkt mit der Entwicklung eines 

Rezidivs in Verbindung gebracht werden könnte. Zur Überprüfung dieser Hypothese wurden 18 RNA 

Proben von rezidivierten KMT2A-r Säuglings-ALL Patienten untersucht, die zum Zeitpunkt des Rezidivs 

entnommen wurden („Rezidivkohorte“). Mittels qRT-PCR wurde die Genexpression von HOXA9, IRX1, 

EGR3 und ICOSLG bestimmt. Diese Kohorte war unabhängig und nicht mit den Patienten der vorheri-

gen Kohorte zum Zeitpunkt der Diagnose assoziiert. Die Genexpression der Rezidivkohorte wurde mit 

der Genexpression der Kohorte zum Zeitpunkt der Primärdiagnose („Diagnosekohorte“) verglichen. 

Dabei wurden ausschließlich die Patienten der Diagnosekohorte eingeschlossen, die auch ein Ereignis 

zeigten (n=23), um einen angemessenen, unverzerrten Vergleich beider Kohorten zu ermöglichen. Da-

bei wurde deutlich, dass die Rezidivkohorte im Vergleich zur Diagnosekohorte allgemein höhere 

ICOSLG- und EGR3-Genexpressionsniveaus aufwies. Wichtig dabei war, dass die mediane ICOSLG-Gen-

expression der Rezidivkohorte in etwa dem Niveau der ICOSLGhi-Gruppe der Diagnosekohorte ent-

sprach. Außerdem waren die Genexpressionen von ICOSLG und EGR3 der Rezidivkohorte höher als die 

der Diagnosekohorte, während dies nicht für IRX1 und HOXA9 der Fall war. Insgesamt deuteten diese 

Befunde auf einen direkten Zusammenhang zwischen der EGR3/ICOSLG-Expression und einer Rezidi-

vierung hin. 

Daran anknüpfend wurde eine Hauptkomponentenanalyse (PCA) durchgeführt, um den Grad der Ähn-

lichkeit zwischen den Genexpressionsprofilen zu bestimmen. Die PCA zeigte eine hochgradige Ähnlich-

keit zwischen der Gruppe von Patienten mit erhöhter ICOSLG-Expression zum Zeitpunkt der Diagnose 

und den Patienten zum Zeitpunkt des Rezidivs. Diese Ergebnisse deuten stark darauf hin, dass die 

EGR3-ICOSLG-Korrelation an der Rezidivierung beteiligt war und dass ein hohes ICOSLG-Expressionsni-

veau bei der Diagnose als Prädiktor für eine Rezidivierung beschrieben werden kann. Die Genexpres-

sionsuntersuchungen der Patienten zum Zeitpunkt der Diagnose und zum Zeitpunkt des Rezidivs erga-

ben damit, dass erhöhte EGR3- und ICOSLG-Expressionen mit der Rezidivierung assoziiert waren und 

eine hohe ICOSLG-Expression zum Zeitpunkt der Diagnose ein Rezidiv vorhersagte. Ein kausaler Zusam-

menhang zwischen EGR3/ICOSLG-Expression und Rückfallbildung blieb jedoch zunächst unklar.  

In der Literatur wurde eine erhöhte ICOSLG-Expression mit der Entwicklung regulatorischer T-Zellen 

(Treg) in der gesunden Knochenmarksnische (Lee et al., 2017), beim Glioblastom (Iwata et al., 2019), 

beim Melanom (Martin-Orozco et al., 2010), bei Brustkrebs (Faget et al., 2012) und bei akuter myelo-

ischer Leukämie (AML) (Han et al., 2018) in Verbindung gebracht. Daher entstand die Hypothese, dass 

die ICOSLG-Expression von t(4;11) ALL-Zellen, die sich in der Knochenmarksnische aufhalten, die Ent-

wicklung benachbarter regulatorischer T-Zellen fördern könnte. In der Folge könnten ALL-Zellen vor 

einem Immunangriff geschützt sein, sodass die Rezidivierung ermöglicht werden könnte. Dementspre-

chend musste die Fähigkeit zur Induktion der Entwicklung regulatorischer T-Zellen durch ICOSLG-ex-

primierende t(4;11) ALL-Zellen evaluiert werden. Zu diesem Zweck wurde eine Co-Kultivierung von 

EGR3-überexprimierenden SEM-Zellen (SEM::EGR3) oder Leervektor-transfizierten SEM-Zellen 
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(SEM::mock) mit primären T-Zellen durchgeführt. Das Experiment wurde mit isolierten T-Zellen von 

sechs unabhängigen gesunden Spendern (HD1 – HD6) durchgeführt und führte zu einer Erhöhung des 

Anteils von CD25+FOXP3+ regulatorischen T-Zellen in der SEM::EGR3-Kokultur zwischen 7,96% und 

23,94% im Vergleich zur SEM::mock-Co-Kultur. Dieses Ergebnis zeigte, dass die Überexpression von 

EGR3 in t(4;11) ALL-Zellen die schnelle Expansion regulatorischer T-Zellen bei Co-Kultivierung mit pri-

mären T-Zellen vermittelte.  

Um die eingangs erläuterte Hypothese zu überprüfen, dass eine EGR3-vermittelte Hochregulation von 

ICOSLG zur Entwicklung regulatorischer T-Zellen führen könnte, wurde das Experiment mit HD1 – HD3 

unter Zugabe eines neutralisierenden monoklonalen α-ICOSLG Antikörpers im Vergleich zu einem un-

spezifischen IgG1 Antikörper wiederholt. Die EGR3-vermittelte Entwicklung regulatorischer T-Zellen 

wurde durch den α-ICOSLG-Antikörper, aber nicht durch die IgG-Kontrollbehandlung beeinträchtigt, 

was stark darauf hindeutete, dass ICOSLG den Mediator der EGR3-induzierten Expansion regulatori-

scher T-Zellen darstellte. Dieses Ergebnis wurde durch die Quantifizierung der Zytokinspiegel in den 

Co-Kulturüberständen unter Verwendung von ELISA bestätigt. Die Anwendung des α-ICOSLG Antikör-

pers beeinflusste die IL-2-Spiegel der Co-Kulturüberstände nicht, führte aber zu einer signifikanten Ab-

nahme der IL-10-Spiegel. IL-10 ist ein immunsuppressives Zytokin, das von regulatorischen T-Zellen 

sezerniert wird und als Indikator für deren Funktion dient (Maynard et al., 2007). Somit wurde die α-

ICOSLG-Behandlung als wirksam zur Beeinträchtigung der Entwicklung regulatorischer T-Zellen evalu-

iert, sowohl phänotypisch mittels Durchflusszytometrie, als auch funktionell durch ELISA. Final konnte 

gezeigt werden, dass in Übereinstimmung mit vorherigen Untersuchungen (Duhen et al., 2012) die 

ICOS-Oberflächenexpression CD25+FOXP3+ regulatorischer T-Zellen höher als die der übrigen T-Zellen 

war.  

Insgesamt zeigte dieses Promotionsprojekt, dass die ICOSLG-vermittelte Expansion regulatorischer T-

Zellen zur Rezidivbildung beiträgt. Dies deutet darauf hin, dass dieser Mechanismus die Immunerken-

nung von ALL-Zellen beeinträchtigen könnte. Die Rekrutierung regulatorischer T-Zellen in direkter 

Nachbarschaft zu ALL-Zellen könnte somit ein Immunprivileg in der Knochenmarksnische etablieren. 

Dieser potentielle Immunumgehungsmechanismus könnte erklären, wie t(4;11)-ALL-Zellen eine The-

rapieresistenz ohne eine Zunahme von Sekundärmutationen erreichen. Wie oben beschrieben, wurde 

dieser Mechanismus bereits im gesunden Knochenmark, bei Brustkrebs, dem malignen Melanom, dem 

Glioblastom und der akuten myeloischen Leukämie beschrieben (Lee et al., 2017; Iwata et al., 2019; 

Martin-Orozco et al., 2010; Faget et al., 2012; Han et al., 2018).  

Im Detail zeigten HOXA9lo-Patienten eine erhöhte IRX1-Genexpression, die mit einer Hochregulation 

von EGR3 korrelierte. EGR3 wiederum transaktivierte direkt die Expression des Immun-Checkpoints 

ICOSLG, wodurch die Expansion von stark immunsuppressiven IL-10-produzierenden regulatorischen 

T-Zellen induziert wurde. Diese regulatorischen T-Zellen könnten eine immunsuppressive Mikroumge-

bung in der Nische Leukämie-initiierender Zellen (LIC) etablieren, wodurch es zu einem Wiederauftre-

ten einer minimalen Resterkrankung (MRD) und in der Folge zu einem Rezidiv kommen könnte. Außer-

dem zeigte dieses Promotionsprojekt, dass eine erhöhte ICOSLG-Expression zum Zeitpunkt der Diag-

nose eine Rezidivierung vorhersagt und dass das Targeting des Immunrezeptors ICOSLG mit einem 

neutralisierenden monoklonalen Antikörper die ICOSLG-vermittelte Expansion regulatorischer T-Zel-

len in vitro beeinträchtigte. Diese Ergebnisse implizieren die ICOSLG-Checkpoint-Inhibition als poten-

tielle therapeutische Möglichkeit zur Rezidivprävention und zur Behandlung von Rezidiv-assoziierten 

Therapieresistenzen. In der Folge liefert dieses Promotionsprojekt eine molekulare Begründung für die 

klinische Prüfung des gegen ICOSLG gerichteten, vollständig humanen monoklonalen Antikörpers 

Prezalumab zur Behandlung einer Therapieresistenz der t(4;11) ALL bei Säuglingen. 
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1 Introduction 

1.1 Hematopoiesis 

1.1.1 Hematopoietic hierarchy 

The hematopoietic system is classically described as a hierarchical tree-like structure in which all blood 

cells are derived from different types of multipotent progenitor cells which in turn are descendants of 

hematopoietic stem cells (HSC) that have the ability to self-renew without differentiation (Abkowitz et 

al., 2002; Morrison et al., 1995). In this model, development of a HSC to a terminally differentiated 

effector cell type is a stepwise process characterized by increasing differentiation and lineage re-

striction, while the ability to self-renew is lost (Figure 1) (Chao et al., 2008). HSC differentiate to mul-

tipotent progenitors (MPP) which depending on the cytokine milieu further develop into oligopotent 

common myeloid or lymphoid progenitors (CMP, CLP). The myeloid lineage is further segregated into 

megakaryocyte-erythrocyte-progenitors (MEP) and granulocyte-macrophage-progenitors (GMP). 

These oligopotent progenitors differentiate into lineage-restricted progenitors that in turn give rise to 

mature blood cells. In this context, HSC are defined as cells being able to recapitulate the whole hem-

atopoietic system in irradiated immune-suppressed recipients upon transplantation (Chao et al., 2008; 

Morrison et al., 1995). The different populations of the hematopoietic system were defined through 

flow cytometric assessment of phenotypic markers (Figure 1). 

 

Figure 1. Taken from Chao et al., 2008. The mouse and human multistep hematopoietic system. HSC = Hem-

atopoietic stem cell. Lin = lineage markers. CLP = Common lymphoid progenitor. CMP = Common myeloid 

progenitor. MEP = Megakaryocyte-erythrocyte-progenitor. GMP = Granulocyte-macrophage-progenitor. MkP 

= Megakaryocyte-progenitor. EP = Erythrocyte-progenitor. GP = Granulocyte-progenitor. MacP = Macro-

phage-progenitor. DC = Dendritic cell. NK = Natural killer.  

In the last years, this stepwise model of hematopoiesis became challenged through the implementa-

tion of transcriptomic, flow cytometric and functional studies at the single-cell level. Those revealed 

that differentiating HSC do not necessarily have to pass through all distinct steps of differentiation and 

that cells defined as multipotent progenitors more represent a transition state of a continuous lineage 
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commitment process rather than a definitive cell type (Velten et al., 2017). Furthermore, sophisticated 

studies identified dramatic changes of the blood hierarchy in fetal liver (FL) compared to that in adult 

bone marrow (BM). In the FL, oligopotent progenitors with myeloid-erythroid-megakaryocytic activity 

were identified whereas the adult BM was mainly composed of unilineage progenitors with myeloid 

or erythroid potential. As a result, a new hierarchic model of adult BM myeloid hematopoiesis was 

proposed which lacks oligopotent progenitor populations as intermediates between multipotent HSC 

and unipotent effector cells (Figure 2) (Notta et al., 2016).  

 

Figure 2. Taken from Notta et al., 2016. The standard model of hematopoietic hierarchy (top) compared to 

the proposed redefined model in FL (bottom left) and adult BM (bottom right). Er = Erythrocytes. My = mye-

loid cells. Ly = lymphoid cells. Mono = Monocytes.  

1.1.2 Hematopoietic development 

Although HSC are frequently regarded as the origin of hematopoiesis, this does not apply during em-

bryonic development. In mammals, embryonic development of the hematopoietic system proceeds in 

three waves: primitive, pro-definitive and definitive hematopoiesis (McGrath et al., 2015; Palis, 2014). 

Primitive hematopoiesis in the mouse takes place in the yolk sac and gives rise to nucleated erythro-

cytes, megakaryocytes and macrophages at embryonic day 7 (E7) (Bertrand et al., 2005; Chen et al., 

2011; Palis et al., 1999). Nucleated erythrocytes meet the oxygenic demands of the growing embryo 

as oxygen diffusion from surrounding tissues becomes limited. Macrophages are required for tissue 

remodeling and defense, and megakaryocytes contribute to blood vessel maintenance (Bertrand et al., 

2005; Kingsley et al., 2004). The subsequent second wave, the pro-definitive hematopoiesis, begins at 

E8.25 and is characterized by the emergence of erythromyeloid progenitors (EMP), lymphoid-primed 

multipotent progenitors (LMPP) and multilineage mesodermal progenitors (Azzoni et al., 2014; Ghosn 

et al., 2019). These cells develop through endothelial-to-hematopoietic transition (EHT) from the 
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hemogenic endothelium (Ottersbach, 2019) and sustain erythropoiesis, megakaryocyte, myeloid cell 

and NK cell development (Dege et al., 2020; McGrath et al., 2015). The first and second wave of em-

bryonic hematopoiesis take place in the yolk sac, do not produce HSC, and thus are described as HSC-

independent. The definitive hematopoiesis as the third wave begins with the emergence of HSC at 

E10.5 which develop through EHT in the aorta-gonad-mesonephros (AGM) region (Kissa and Herbomel, 

2010; Medvinsky and Dzierzak, 1996; Müller et al., 1994). Besides, HSC development has been de-

tected in the umbilical arteries, embryonic head, and placenta (de Bruijn et al., 2000; Z. Li et al., 2012; 

Ottersbach and Dzierzak, 2005). At E12, HSC expand in the FL and home to and reside in the BM shortly 

prior to birth but throughout adulthood (Kumaravelu et al., 2002). This definitive HSC-dependent hem-

atopoiesis is structured as explained in 1.1.1. 

In general, hematopoietic development is quite conserved in mammals. However, the described pro-

cesses are well studied in mice, zebrafish, and other species, but only marginally in human tissues due 

to a lack of appropriate samples. The implementation of single-cell techniques and advanced ex vivo 

expansion protocols recently enabled first detailed comparisons between mouse and human embry-

onic hematopoiesis (Du et al., 2021; Easterbrook et al., 2019; Ivanovs et al., 2020). In future, these 

novel techniques will enable a better understanding of human hematopoietic development.  

1.2 Infant acute leukemia 

Leukemia is characterized by the disruption of the hierarchical hematopoietic system-homeostasis re-

sulting in the excessive proliferation of immature blast cells. Leukemia is the most prevalent childhood 

malignancy in the German population accounting for 29.5% of all cancer diagnoses in patients below 

18 years of age (Robert Koch-Institut, 2021). Infant leukemia is an acute disease defined as leukemia 

diagnosed in children below 1 year of age and distinguishes in many characteristics from pediatric and 

adult leukemia. Although infant acute leukemia displays a relatively low incidence with approximately 

160 cases per year in the US (Howlader et al., 2021), the disease is devastating due to high relapse-

rates, treatment-associated mortality, relapse-associated mortality and a lack of satisfactory treat-

ment options (Pieters et al., 2019, 2007; Quessada et al., 2021). 

1.2.1 Epidemiology and clinical characteristics 

These ~160 cases per year of infant leukemia in the US can be subdivided into lymphoblastic (ALL) and 

myeloid (AML) leukemia. ALL has a slightly higher incidence with ~90 cases per year compared to AML 

with ~70 cases per year in the US (Howlader et al., 2021). Due to the relatively low incidence, the 

numbers of the US population are in general more reliable than numbers from the smaller German 

population. The genomic background of infant AML is heterogenous (Quessada et al., 2021), whereas 

70 – 80% of all infant ALL (iALL) cases possess rearrangements of the KMT2A gene as causative genomic 

alteration (KMT2A-r, formerly MLL) (Pieters et al., 2019, 2007). KMT2A-germline iALL patients display 

numerical aberrations including high hyperdiploidy in 23% of cases, or structural aberrations in 45% of 

cases. These include the translocations t(9;22), t(1;19), t(7;12), or other structural aberrations of tumor 

suppressor genes or oncogenes including CDKN2A deletions, PAX5 deletions, RUNX3 deletions, GAS7 

amplifications and deletions. 32% of KMT2A-germline iALL patients show no aberrations (De Lorenzo 

et al., 2014; Linden et al., 2016).  

The dominance of KMT2A-r in infancy is unique, as the prevalence of KMT2A alterations in overall 

childhood ALL approximates only 5% (Behm et al., 1996). Among KMT2A-r iALL, the translocation 

t(4;11) generating the fusion oncogenes KMT2A::AFF1 and AFF1::KMT2A is the most frequent one ac-

counting for almost every second case. Other translocations frequently occurring in KMT2A-r iALL are 

t(11;19) (KMT2A::MLLT1), t(9;11) (KMT2A::MLLT3) and t(10;11) (KMT2A::MLLT10)  (Figure 3A) (Meyer 

et al., 2018). 



4 
 

Clinically, pediatric ALL patients present a variety of symptoms including hyperleukocytosis, fever, leth-

argy, organomegaly, skin lesions and cytopenia (Chessells et al., 2002). In comparison to older children, 

infants with ALL demonstrate more aggressive symptoms such as very high white blood count (WBC), 

hepatosplenomegaly and central nervous system (CNS) involvement (Hilden et al., 2006). 

 

Figure 3. Epidemiology and clinical characteristics of infant KMT2A-r ALL. 

A Quantitative distribution of KMT2A-r partner genes in infant ALL according to Meyer et al., 2018. Former 

gene names in brackets. B Taken from Pieters et al., 2007. Kaplan-Meier event-free survival (EFS) plot of iALL 

patients without and with KMT2A-r including t(9;11) (KMT2A::MLLT3), t(4;11) (KMT2A::AFF1) and t(11;19) 

(KMT2A::MLLT1). C 4-year EFS rates of the same patient groups according to Pieters et al., 2007. D 3-year 

post-relapse overall survival (OS) rates of the patient groups according to Driessen et al., 2016. 

The Interfant-99 study enrolled 482 iALL patients between the years 1999 and 2005 and clearly demon-

strated KMT2A rearrangements as very poor prognostic factors (Figure 3B) (Pieters et al., 2007). Four 

years from diagnosis, KMT2A-germline patients demonstrated an event-free survival (EFS) of 75% 

whereas only 33 – 36% of patients with the most frequent KMT2A translocations t(4;11), t(9;11) and 

t(11;19) were event-free after the same time from diagnosis (Figure 3C). Events were defined as early 

death during induction, resistance to induction, relapse, death in continuous complete remission and 

second malignancy. Interfant-99 demonstrated in a large scale that most relapses of iALL happened 

within the first year from diagnosis while patients were still on treatment. In contrast, relapse in older 

children with ALL occurred mainly off treatment. Therefore, it is of special interest to regard the post-

relapse outcome measured as overall survival (OS) of relapsed Interfant-99 patients three years from 

relapse diagnosis (Figure 3D) (Driessen et al., 2016). Thereby, it became obvious that independent of 
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KMT2A-r, relapse was associated with a high mortality of at least 66%. In case of t(4;11), relapse-asso-

ciated mortality after three years from relapse diagnosis was 83%. This is even more devastating re-

minding that KMT2A-r caused 70 - 80% of all iALL cases and possessed high relapse incidences with 4y-

EFS between 33% and 36% as described above. In conclusion, there is a yet unmet need for targeted 

therapies preventing relapse formation in KMT2A-r infant ALL. 

1.2.2 Treatment 

1.2.2.1 Risk stratification and induction therapy 

Treatment of infant ALL mainly relies on chemotherapy regimen that were assessed by three interna-

tional groups who conduct clinical trials for infant ALL: the European “Interfant” with the Interfant-06 

trial following the Interfant-99 trial, the North American “Children’s Oncology Group” (COG) with the 

AALL0631 trial and the “Japanese Pediatric Leukemia Study Group” (JPLSG) with the MLL-10 trial 

(Brown et al., 2021; Pieters et al., 2019, 2007; Salzer et al., 2015; Tomizawa et al., 2020).  

All three groups implemented a risk stratification which classified patients as high, intermediate or low 

risk based on the outcome predictors KMT2A status, age, white blood count (WBC), central nervous 

system (CNS) involvement and Prednisone response (Pieters et al., 2019; Salzer et al., 2015; Tomizawa 

et al., 2020) (Table 1). Based on risk stratification, patients underwent an induction therapy regimen 

which COG and JPLSG adapted from Interfant-99 due to raised toxicity of the former more intensified 

COG induction regimen (Salzer et al., 2015). The risk stratification step is necessary to decrease the 

relapse incidence of high risk patients due to insufficient chemotherapy while minimizing the proba-

bility of therapy-related mortality of low risk patients due to excessive chemotherapy. 

Table 1. Risk stratification of Interfant-06, COG (AALL0631) and JPLSG (MLL-10). Adapted from Brown et al., 

2019. 

Risk group Interfant-06 COG (AALL0631) JPLSG (MLL-10) approx. EFS 

high 

KMT2A-r  
age < 6 months  

WBC ≥ 300,000/µL 
poor PRED response 

KMT2A-r 
age < 3 months 

KMT2A-r 
age < 6 months  
CNS leukemia 

20 % 

intermediate 
KMT2A-r  

and not high risk 
KMT2A-r  

and not high risk 
KMT2A-r  

and not high risk 
50% 

low wildtype KMT2A wildtype KMT2A wildtype KMT2A 75% 

The aim of induction therapy is to achieve a complete remission (CR) that was defined as fewer than 

5% leukemic cells in BM, hematopoiesis in regeneration, and no evidence of remaining leukemic cells 

outside the BM (Pieters et al., 2007). Induction therapy began with a 7-day Prednisone (PRED) pro-

phase with oral or i.v. PRED doses of 60 mg/m2/day (Figure 4). This cytoreductive phase aimed to gently 

decrease the leukemic burden avoiding a tumor lysis syndrome due to massive leukemia cell death. 

With day 8 and until day 36, PRED became replaced by oral or i.v. Dexamethasone (DEXA) doses of 6 

mg/m2/day and chemotherapy was launched with Vincristine (VCR) administered weekly as i.v. pushes 

of 1.5 mg/m2 on days 8, 15, 22 and 29. Also, 75 mg/m2 Cytarabine (ARA-C) was i.v. administered daily 

for two weeks from day 8 to 21. Daunorubicin (DNR) 30 mg/m2 treatment was performed at days 8 

and 9. Asparaginase (L-ASP) was administered in a dose of 10,000 U/m2 at days 15, 18, 22, 25, 29 and 

33. Methotrexate (MTX) (6 mg) and PRED (6 mg) were administered intrathecally at days 1 and 29, and 

in case of initial CNS leukemia additionally at days 8 and 22. ARA-C (15 mg) and PRED (6 mg) were 

administered at day 15 intrathecally. Intrathecal doses did not depend on body surface area. Response 

to PRED treatment was assessed at day 8 and enabled additional risk stratification (Brown et al., 2019; 

Pieters et al., 2007).  
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Figure 4. Interfant induction protocol. Abbreviations as stated in the text. Taken from Brown et al., 2019 and 

based on Pieters et al., 2007.  

1.2.2.2 Postinduction therapy 

Interfant-99 enrolled 482 patients and followed a hybrid treatment protocol in which the 5 weeks in-

duction phase was followed by a 4 weeks consolidation phase with MARAM treatment including 6-

Mercaptopurine p.o., MTX i.v. and i.t., PRED i.t., ARA-C i.t. and L-ASP i.v. or i.m. (Figure 5). Consolida-

tion was followed by a 7 weeks enduring reinduction phase with OCTADD treatment involving DEXA 

p.o., 6-Tioguanine p.o., VCR i.v., DNR i.v., ARA-C i.v. and i.t., and Cyclophosphamide i.v.. High risk pa-

tients with available donor were considered for hematopoietic stem cell transplantation (HSCT) after 

reinduction. An optional intensification phase following reinduction consisted of MARAM treatment 

plus VCR i.v. (VIMARAM). Subsequently, low-risk patients underwent a maintenance phase composed 

of three cycles of 14 weeks 6-Mercaptopurine p.o., MTX p.o., DEXA p.o., VCR i.v., MTX + PRED i.t., ARA-

C + PRED i.t. treatment (maintenance IA), high-risk patients were additionally treated with Etoposide 

i.v. and ARA-C i.v. during each cycle (maintenance IB). The second phase of maintenance for all patients 

was composed of 6-Mercaptopurine p.o. and MTX p.o. treatment until 104 weeks from diagnosis (Pie-

ters et al., 2007).  

The subsequent Interfant-06 trial enrolled 651 patients and compared a “lymphoid style” consolidation 

consisting of ARA-C, 6-Mercaptopurine and Cyclophosphamide (IB treatment) with a “myeloid style” 

consolidation based on ARA-C, DNR, Etoposide (ADE treatment) and ARA-C, Mitoxantrone and Etopo-

side (MAE treatment). The myeloid-directed therapy was investigated since KMT2A-r occurred also in 

AML (Meyer et al., 2018), KMT2A-r iALL was reported to be sensitive to the myeloid-targeting drug 

ARA-C (Ramakers-van Woerden et al., 2004; Stam et al., 2003) and frequently co-expressed myeloid 

markers (Pieters et al., 2019). Interfant-06 revealed that the “myeloid style” protocol did not signifi-

cantly improve outcomes compared to the “lymphoid style” protocol (6y-EFS 54.4±4.0% vs. 47.1±4.2%, 

p=0.2706). Additionally, EFS was not improved compared to Interfant-99 (6y-EFS 46.1 vs. 46.5%) (Pie-

ters et al., 2019, 2007). However, Interfant-06 disclosed that patients with high minimal residual dis-

ease (MRD) at the end of induction (EOI) might benefit from “myeloid style” consolidation whereas 

patients with low EOI MRD might benefit from “lymphoid style” consolidation (Stutterheim et al., 

2021). 
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Figure 5. Interfant-99 protocol. Abbreviations as stated in the text. Taken from Pieters et al., 2007.  

The COG AALL0631 trial was the first to evaluate a molecularly targeted agent in frontline iALL treat-

ment. The study assessed whether the implementation of the Fms like tyrosine kinase 3 (FLT3) inhibitor 

Lestaurtinib in postinduction therapy could improve outcomes (Brown et al., 2021). Various studies 

indicated overexpression of FLT3 in KMT2A-r iALL and that high FLT3 expression was retrospectively 

linked to poor outcome (Armstrong et al., 2002; Chillón et al., 2012; Kang et al., 2012; Stam et al., 2010, 

2007). FLT3 overexpression was due to activating mutations (Armstrong et al., 2003; Taketani et al., 

2004) or co-expression of FLT3 ligand resulting in autocrine activation (Brown et al., 2005). Unfortu-

nately, the study disclosed no clinical benefit of standard chemotherapy plus Lestaurtinib compared 

to standard chemotherapy without the kinase inhibitor (3y-EFS 36±6% vs. 39±7%, p= 0.67) (Brown et 

al., 2021).  

1.2.2.3 Hematopoietic stem cell transplantation 

Hematopoietic stem cell transplantation (HSCT) was implemented differently in the most recent trials. 

Interfant-99 did not disclose improved outcomes of those patients who underwent HSCT of the inter-

mediate risk group (Pieters et al., 2007), but has proven clinical benefit from HSCT for high risk patients 

with KMT2A-r and two additional poor prognostic factors including age < 6 months, poor steroid re-

sponse or high WBC (Mann et al., 2010). Interfant-06 considered all high risk and MRD+ patients after 

MARAM for HSCT. Of 142 high risk patients, only 76 received HSCT due to the very early occurrence of 

events (mainly relapse) prior to HSCT. Therefore, HSCT patients represented a positively selected group 

and formal outcome comparison could be biased. Nonetheless, 81% of intermediate risk patients who 

underwent HSCT relapsed and 14% of all HSCT patients died due to HSCT-related toxicities (Pieters et 

al., 2019). These clinical observations suggested a restriction of HSCT to very high risk patients.  

A smaller observational study of the COG suggested no benefit from HSCT for iALL patients (Dreyer et 

al., 2011) and thus, COG’s AALL0631 generally did not consider HSCT for any patient subgroup (Brown 

et al., 2021). In contrast, JPLSG considered HSCT for all high risk patients in MLL-10 (Tomizawa et al., 

2020). MLL-10 revealed that patients of the high risk group can benefit from HSCT if an appropriate 

conditioning regimen was applied. However, the authors stated that life-threatening toxicities suggest 

a very restrictive application of HSCT in iALL (Takachi et al., 2021). 

In summary, HSCT is not indicated for the majority of iALL patients and neither for the whole high risk 

group. Only patients at very high risk could benefit from transplantation, however, the challenge 
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remained to perform HSCT in first CR but prior to relapse. If HSCT was applied, related toxicities were 

life threatening and an appropriate conditioning regimen was required. This situation definitely de-

mands novel therapeutic opportunities. 

1.2.2.4 Relapse development and chemoresistance 

A retrospective study investigated the outcome of relapsed infants treated on Interfant-99 and char-

acterized the clinical picture of relapse (Driessen et al., 2016). The study included 202 relapsed pa-

tients, 38% and 63% of the standard risk (good PRED response) and high risk group (poor PRED re-

sponse), respectively (Figure 5). 72% of relapses occurred in the BM, the remaining in CNS, skin, testes 

or combined BM and extramedullary. 57% of relapses occurred in the first year from diagnosis while 

patients were still on treatment. The time to relapse (TTR) ranged from 1.7 to 50.7 months resulting in 

a median of 10.0 months, the standard risk group displayed a median TTR of 12 months, whereas the 

high risk group had a median TTR of 9 months. KMT2A-germline patients relapsed significantly later 

(more than 24 months) than KMT2A-r patients. The OS after three years from relapse (3y-OS) was 

20.9±3.5%. KMT2A-germline patients demonstrated a 3y-OS of 33.3±12.9% (10 deaths of 15 patients) 

compared to t(4;11) patients with a 3y-OS of 16.9±6.2% (54 deaths of 65 patients) (Figure 3D). Alt-

hough this did not reach statistical significance, relapse within 12 months from diagnosis, which was 

directly associated with KMT2A-r, displayed inferior 3y-OS (17.5±5.6%) compared to patients relapsing 

within 12 – 24 (25.5±7.0%) or later than 24 months (44.4±9.7%) from diagnosis, respectively. This anal-

ysis validated the clinical picture of KMT2A-r iALL previously seen in smaller cohorts (Tomizawa et al., 

2009): patients rapidly achieve CR during induction therapy but relapse frequently within the first year 

from diagnosis while still being on treatment. This observation suggested that not the bulk leukemia is 

responsible for relapse, rather a small cellular subgroup becoming chemoresistant over time.   

The remaining question is how chemoresistance is molecularly achieved. For ALL in general, whole-

genome sequencing revealed chemotherapy-induced mutagenesis as a major reason for drug re-

sistance resulting in relapse (Li et al., 2020). In contrast, genome-wide analyses of matched iALL patient 

samples at different time points prior to and at relapse demonstrated that infant t(4;11) ALL possesses 

one of the lowest mutational burden among all pediatric cancer types with approximately 1.3 non-

silent mutations in the dominant leukemic clone (Agraz-Doblas et al., 2019; Andersson et al., 2015; 

Bardini et al., 2011; Dobbins et al., 2013; Mullighan et al., 2007). Secondary mutations were frequently 

in KRAS and NRAS but have been identified to be subclonal and lost at relapse in most cases (Agraz-

Doblas et al., 2019; Driessen et al., 2013; Prelle et al., 2013). This indicated that secondary mutations 

probably occurred due to the excessive cycling activity of the dominant leukemic clone and did not act 

as additional driver mutations necessary for leukemic progression or re-emergence as relapse. As a 

result, chemoresistance is unlikely to be achieved by the acquisition of or selection for secondary mu-

tations as common in non-infant ALL (Li et al., 2020).  

Epigenetic studies revealed that relapse in childhood ALL went along with DNA hypermethylation 

(Bhatla et al., 2012; Hogan et al., 2011; Schafer et al., 2010; Stumpel et al., 2009). These studies sug-

gested that chemoresistance could be supported by epigenetic instead of somatic changes potentially 

explaining the low incidence of somatic mutations at time of relapse. This would also be in line with 

the function of KMT2A as an epigenetic regulator (see 1.2.3.3). These studies therefore concluded that 

treatment with epigenetic agents could improve patient outcomes. 

Another possible explanation for relapse development without increase in somatic mutations is sub-

clonality. Although t(4;11) leukemia cells at different stages of maturation were characterized to pos-

sess stem cell capabilities (Aoki et al., 2015; Kong et al., 2008; le Viseur et al., 2008), recent single-cell 

analyses uncovered that relapsing leukemia cells show upregulated genes related to glucocorticoid 

resistance, stemness and quiescence (Candelli et al., 2022; Chen et al., 2022). This is in line with 
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previous studies linking quiescent subclones to relapse and steroid resistance (Bardini et al., 2015). As 

a result, chemotherapy could select for more quiescent, stem-cell like subclones potentially being re-

sponsible for relapse development. 

Finally, therapy resistance could also be explained through interactions of leukemic cells with their 

microenvironment in the BM niche. The niche provides an environment composed of several different 

cell types secreting a multitude of cytokines thereby regulating HSC quiescence, self-renewal and pro-

liferation (Pinho and Frenette, 2019). Meanwhile it is known that B-cell leukemia initiating cells (LIC) 

occupy the BM niche in response to induction therapy (Duan et al., 2014). In this context, BM stromal 

cells support LIC through secretion of the HSC-regulating cytokine CXCL12 binding to CXCR4 on the LIC 

surface, and through transfer of mitochondria enabling LIC to cope with oxidative stress (Usmani et 

al., 2019). Mitochondrial transfer from BM stromal cells to LIC is also known in AML (Marlein et al., 

2017). Studies demonstrated that the interaction between stromal cells and LIC through CXCL12 se-

cretion as well as mitochondrial transfer were related to therapy resistance in AML and pediatric 

KMT2A-r ALL (Saito et al., 2021; Sison et al., 2013b). Furthermore, it has been shown that leukemic 

cells upregulate CXCR4 in response to therapy in AML and KMT2A-r ALL (Sison et al., 2014, 2013a).  

Besides, ALL cells interact with mesenchymal stem cells (MSC) which provide asparagine to leukemia 

cells, thereby circumventing Asparaginase treatment (Iwamoto et al., 2007). Of note, this is not the 

only mechanism of Asparaginase resistance as it can also be achieved through GSK3α mediated pro-

teasomal degradation resulting in catabolic asparagine provision within ALL cells (Hinze et al., 2019).  

In addition, ALL cells interact with immunosuppressive cells including regulatory T-cells (Treg) and 

granulocytic monocyte derived suppressor cells (G-MDSC) that interfere with immune recognition of 

ALL cells through BM residing T-cells, NK-cells and macrophages (Curran et al., 2017; Feuerer et al., 

2003, 2001; Pastorczak et al., 2021; Zou et al., 2004). In this context, stem-cell like blasts in KMT2A-r 

iALL were uncovered to suppress NK- and NKT-cells through yet unknown mechanisms (Chen et al., 

2022). Thus, the distinct interactions between KMT2A-r LIC and BM-residing immune cells remain to 

be investigated. 

In summary, besides epigenetic alterations and subclonality, the BM microenvironment has been char-

acterized as a mediator of therapy resistance by different means. Regarding the complexity of the BM 

niche, further yet unknown mechanisms of microenvironmental protection leading to chemo-

resistance are likely to exist.  

1.2.2.5 Novel therapeutic opportunities 

Several new therapeutic opportunities for the treatment of infant KMT2A-r leukemia emerged from in 

vitro and in vivo studies and entered clinical investigation in the recent years. These comprise epige-

netic drugs, immunotherapies and drugs targeting the leukemic microenvironment in the BM niche. 

Unfortunately, a “breakthrough therapy” leading to enduring clinical remission without relapse devel-

opment or severe toxicities has not been identified up to now.  

1.2.2.5.1 Epigenetic drugs 

KMT2A-r leukemia reaches oncogenicity through the assembly of a multiprotein complex aberrantly 

regulating gene expression through epigenetic alterations including histone methylation and acetyla-

tion (see 1.2.3.3). One of the recruited proteins is the H3K79 methyltransferase DOT1L (Bernt et al., 

2011; Deshpande et al., 2013; Nguyen et al., 2011). DOT1L inhibitors showed preclinical efficacy in 

terms of preventing H3K79 methylation and achieving antileukemic activity in KMT2A-r patient derived 

xenografts (PDX) (Daigle et al., 2013, 2011; Perner et al., 2020). The DOT1L inhibitor Pinometostat 

demonstrated moderate clinical efficacy in a trial including 25 adult KMT2A-r leukemia patients (Stein 

et al., 2018) but unfortunately no clinical benefit in a trial with 18 childhood relapsed/refractory 

KMT2A-r leukemia patients (Shukla et al., 2016).  
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The Bromodomain and extra terminal (BET) protein family has a chromatin reader function and is part 

of the KMT2A-r multiprotein complex. In this context, BET inhibition has been identified as an effective 

treatment for KMT2A::AFF1 and KMT2A::MLLT3 leukemia in vitro and in vivo (Dawson et al., 2011). 

The first clinical trials showed tolerability and antileukemic effects of BET inhibitors in adult re-

lapsed/refractory AML (Berthon et al., 2016; Borthakur et al., 2021).  

CpG island hypermethylation of promoters and microRNA genes has been identified as an epigenetic 

hallmark in t(4;11) and t(11;19) infant ALL (Stumpel et al., 2011, 2009). Furthermore, a correlation 

between promoter hypermethylation and poor survival of Interfant-99 patients has been demon-

strated retrospectively, and in vitro experiments disclosed antileukemic efficacy of the demethylating 

agent Zebularine (Stumpel et al., 2009). Besides, the demethylating agent Decitabine was proven an-

tileukemic in KMT2A-r cell lines and PDX models of B-cell precursor ALL (Roolf et al., 2018). Due to 

these encouraging preclinical studies, two clinical trials investigating the antileukemic efficacy of the 

demethylating drug Azacitidine in infant ALL were launched by COG and JPLSG, respectively (Brown et 

al., 2019). 

Deacetylation of histones mediated by histone deacetylases (HDAC) leads to gene silencing through 

highly condensed chromatin (Ropero and Esteller, 2007). It has been shown that treatment with HDAC 

inhibitors (HDACi) reversed promoter hypomethylation and thus activation of oncogenes related to 

KMT2A::AFF1 expression in primary iALL patient samples and t(4;11) cell lines (Stumpel et al., 2012). 

The same has been shown in childhood ALL (Bhatla et al., 2012). In vivo PDX mouse models demon-

strated the antileukemic efficacy of the HDACi Panobinostat (Garrido Castro et al., 2018). The combi-

nation of the demethylating agent Decitabine with the HDACi Vorinostat showed efficacy in a trial with 

23 childhood ALL patients but unfortunately severe fungal infections were common and questioned 

the safety of the drug combination (Burke et al., 2020). Thus, the safety of HDACi in combination with 

other chemotherapeutic drugs for the treatment of pediatric ALL remains to be demonstrated. How-

ever, a first trial investigating the implementation of Vorinostat into the chemotherapy backbone for 

the treatment of infant ALL is already recruiting (NCT02553460, clinicaltrials.gov).  

1.2.2.5.2 Targeting the leukemia microenvironment 

Secretion of the HSC-regulating cytokine CXCL12 through the BM stromal microenvironment was 

linked to resistance of LIC against the FLT3 inhibitor Lestaurtinib in pediatric KMT2A-r ALL (Sison et al., 

2013b). This study used a mouse xenograft model to demonstrate that Lestaurtinib resistance was 

overcome through administration of the CXCR4 inhibitor Plerixafor, which was later also shown for 

PDX models of infant KMT2A-r ALL (Sison et al., 2014). Furthermore, the CXCR4 inhibitor POL5551 was 

proven effective against chemoresistance of primary pediatric and infant KMT2A-r ALL patient samples 

in in vitro and PDX models (Sison et al., 2015). These studies led to clinical investigation of Plerixafor 

in combination with Cytarabine and Etoposide in pediatric relapsed/refractory acute leukemias which 

disclosed modest clinical responses (Cooper et al., 2017). Unfortunately, this trial did not include infant 

KMT2A-r patients.  

1.2.2.5.3 Immunotherapy 

The success story of immunotherapies including the bispecific antibody Blinatumomab (von Stackel-

berg et al., 2016) and the chimeric antigen receptor (CAR) T-cell therapy Tisagenlecleucel (Maude et 

al., 2018) for the treatment of pediatric B-ALL accelerated the investigation of their clinical potential 

for the treatment of infant ALL. Unfortunately, several case reports indicated that treatment of 

KMT2A-r iALL with CD19 targeting therapies like Blinatumomab and Tisagenlecleucel resulted in line-

age switch from lymphoblastic to myeloid leukemia without clinical benefit (Gardner et al., 2016; 

Mejstríková et al., 2017; Rayes et al., 2016). Single-cell experiments suggested that stem-cell like blasts 



11 
 

possessing increased lineage plasticity could be responsible for lineage switch in infant KMT2A-r ALL 

(Chen et al., 2022). Nevertheless, a clinical trial investigating Blinatumomab combined with the Inter-

fant-06 backbone is ongoing (NTR6359, trialregister.nl). 

Besides lineage switch, the complex and time-consuming manufacturing process of CAR T-cells is very 

challenging especially if T-cells are derived from heavily pretreated infants. To solve this problem, for 

two iALL patients, a CD19 CAR was transduced into human leukocyte antigen (HLA)-mismatched donor 

T-cells that were simultaneously T-cell receptor (TCR) and CD52 knocked out (Qasim et al., 2017). The 

disruption of both allogeneic rejection factors prevented graft-versus-host-disease (GVHD) and a 4-

week remission was achieved that enabled allogeneic HSCT. Genome-edited donor derived allogeneic 

CD19 CAR T-cells showed antileukemic effects and a manageable safety profile in two phase I trials for 

the treatment of B-ALL in children and adults (Benjamin et al., 2020). These encouraging results could 

lead to further development and investigation of donor derived CAR T-cell therapies for the treatment 

of infant ALL. 

The CD22 targeting antibody-drug-conjugate Inotuzumab-Ozogamicin achieved very promising results 

in a phase II trial of relapsed/refractory B-ALL in non-infants (O’Brien et al., 2022). Unfortunately, 

KMT2A-r iALL cells were characterized to express low levels of CD22, thus decreasing the probability 

of a clinical benefit through treatment with Inotuzumab-Ozogamicin (Shah et al., 2015). 

In summary, profound lineage plasticity, intraleukemic heterogeneity regarding CD19 and CD22 sur-

face expression, and severe pretreatments are the major challenges for the successful implementation 

of immunotherapies into treatment protocols for infant KMT2A-r ALL.  

1.2.3 Biology of infant t(4;11) ALL 

1.2.3.1 The KMT2A recombinome and the translocation t(4;11)(q21;23) 

Leukemia develops due to distinct cytogenetic events which are either numerical aberrations including 

hyperdiploidy, or structural aberrations including translocations, deletions, amplifications and inver-

sions (De Lorenzo et al., 2014; Mrózek et al., 2004). These cytogenetic aberrations determine in most 

cases a distinct leukemia subtype and correlate with prognosis. As an example, t(4;11) in infants leads 

in 95% of cases to ALL with a B-cell progenitor phenotype (proB ALL) (Figure 6) (Meyer et al., 2018). 

This strong correlation between one or few cytogenetic events and disease characteristics is a major 

contrast to most solid tumors, which are characterized by an accumulation of mutations including un-

balanced chromosomal translocations and diverse karyotypes. These alterations are indicative for ge-

nomic instability, whereas in infant ALL, translocations are regarded as a single-hit being sufficient for 

leukemogenesis in most cases (Lengauer, 2001).  

The KMT2A recombinome of acute leukemias has been mapped in detail by the Diagnostic Center of 

Acute Leukemia (DCAL) (Meyer et al., 2018). Currently, 104 different KMT2A in-frame fusions are listed 

in the DCAL database (May 2022). Of 2345 patients analyzed until 2017, 36% displayed KMT2A::AFF1 

fusions. Subdividing these by age revealed that 42% were infant, 41% adult and 18% pediatric patients. 

In all three age groups, ALL was the dominant phenotype accounting for 91% - 99% of these cases 

(Figure 6). Noteworthy, not all rearrangements of KMT2A lead to balanced in-frame translocations. 

Complex three-way translocations, out-of-frame fusions and KMT2A internal inversions represent 

~11% of the KMT2A recombinome of 2017 (Kowarz et al., 2007; Meyer et al., 2018). 

The chromosomal translocation t(4;11)(q21;23) occurs through DNA double-strand breaks (DSB) fol-

lowed by illegitimate recombination events (Betti et al., 2001; Gillert et al., 1999; Reichel et al., 2001, 

1998). The DNA DSB appear within the KMT2A gene on band 23 of the q-arm of chromosome 11 

(11q23), and within the AFF1 gene on band 21 of the q-arm of chromosome 4 (4q21). Subsequently, 

the non-homologues-end-joining (NHEJ) DNA DSB repair machinery illegitimately recombines the 
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broken chromosomes leading to the gene fusions KMT2A::AFF1 and the reciprocal counterpart 

AFF1::KMT2A. Since apoptotic stimuli were shown to induce KMT2A translocations, it has been pro-

posed that the DNA DSB occur due to early apoptotic DNA fragmentation processes in cells that sub-

sequently evade further execution of apoptosis and survive (Betti et al., 2003, 2001; Stanulla et al., 

1997). Importantly, studies demonstrated that the presence of the translocation-derived fusion genes 

is sufficient to induce leukemogenesis, as other aberrations that could serve as a second-hit in a po-

tential multistep oncogenesis process do not occur (Agraz-Doblas et al., 2019; Andersson et al., 2015; 

Bardini et al., 2011). 

 

Figure 6. The KMT2A recombinome of acute leukemia. Distribution of KMT2A-r partner genes of 2345 pa-

tients analyzed in the DCAL until 2017. Frequency of age and phenotypic subgroups of KMT2A::AFF1 leuke-

mia. Other phenotypic subtypes include myelodysplastic syndrome (MDS) and biphenotypic leukemia. 

Adapted from Meyer et al., 2018. 

1.2.3.2 Developmental and cellular origin of t(4;11)(q21;23) 

There is strong evidence that the described t(4;11)(q21;23) translocation process takes place prena-

tally in utero. Greaves and colleagues investigated the cytogenetics of monozygotic twins diagnosed 

with concordant ALL during infancy and early childhood. They found that the leukemic cells of both 

siblings displayed the same chromosomal breakpoint which strongly suggested that the translocation 

happened prenatally in one of the twins and subsequently, leukemic cells seeded to the other twin via 

migration through the shared placenta (Ford et al., 1993; Greaves et al., 2003; Greaves and Wiemels, 

2003). The prenatal origin of the translocation was later corroborated by non-twinned KMT2A::AFF1 

ALL through retrospective studies of neonatal blood spots (Guthrie cards) that were taken within hours 

after birth. Greaves and colleagues showed that these neonatal blood spots of patients diagnosed with 

B-ALL between 5 months and 2 years of age already displayed the gene fusions prior to diagnosis (Gale 

et al., 1997). With this, they demonstrated evidence for the occurrence of t(4;11) in utero.  
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The cellular origin of translocation is a matter of debate since decades. In 2005, Hotfilder, Vormoor 

and colleagues showed that the translocation t(4;11) was present in 68% of primitive lymphoid-re-

stricted CD34+CD19- iALL patient cells (Hotfilder et al., 2005). CD34 is an HSC marker and CD19 a lym-

phoblastic marker, indicating bulk proB cells. This study on intratumoral heterogeneity of infant t(4;11) 

ALL uncovered that sorted t(4;11)-carrying HSC were restricted to lymphoid lineage when seeded in 

semisolid methylcellulose cultures supplemented with myeloid growth factors. In line with that, ge-

nome-wide analyses of 124 iALL patients revealed transcriptomic similarities between t(4;11)+ iALL 

cells and immature human fetal liver hematopoietic stem and progenitor cells (HSPC) (Agraz-Doblas et 

al., 2019). Using a CRISPR/Cas9 KMT2A::AFF1 knock-in model of primary human fetal liver hematopoi-

etic cells, Rice et al. showed that fetal gene expression programs shape the distinct molecular profile 

and drive oncogenesis of t(4;11) iALL (Rice et al., 2021). Furthermore, a study implementing single-cell 

transcriptomics of 1,665 leukemia patients disclosed high similarity between early lymphoid progeni-

tor cells (ELP) and KMT2A-r iALL cells in contrast to KMT2A-germline ALL cells (Khabirova et al., 2022). 

Thereby, t(4;11) displayed the strongest ELP signal among all KMT2A-r iALL subtypes. In summary, sev-

eral independent studies involving different experimental procedures point to fetal liver derived hem-

atopoietic progenitor cells as the most likely cellular origin of transformation in t(4;11) iALL. However, 

the finding that mesenchymal stem cells (MSC) of t(4;11) iALL patients also expressed KMT2A::AFF1 

points to a shared preleukemic cell as origin of transformation (Menendez et al., 2009). Noteworthy, 

this study involved only four t(4;11) iALL patients. 

The intratumoral heterogeneity of t(4;11) iALL is of special interest considering that not only CD34+ but 

also CD34- leukemic cells, including CD19+ blasts of various differentiation stages, were reported to 

hold stem cell capabilities in t(4;11) iALL (Aoki et al., 2015; Kong et al., 2008; le Viseur et al., 2008). 

Stem cells are able to self-renew without differentiation and HSPC additionally to recapitulate the 

hematopoietic system upon transplantation in an immunocompromised irradiated recipient. In the 

cited studies, these capabilities have been validated using xenotransplantation of patient-derived leu-

kemic cells in NOD/SCID mice. Accordingly, these experiments suggest that in t(4;11) iALL, stemness is 

not restricted to phenotypically (CD34+) identified HSPC. This implies that t(4;11)+ cells at different 

stages of differentiation could serve as leukemia initiating cells (LIC). In AML, the presence of leukemia 

stem cells (LSC) that occupy the HSC niche within the BM and outcompete healthy HSC has been 

demonstrated in several studies (Bonnet and Dick, 1997; Boyd et al., 2014; Kumar et al., 2018; Medy-

ouf, 2017). Accordingly, the AML bulk leukemia cells descending from AML LSC do not possess stem 

cell capabilities. This is a major seminal difference between AML and KMT2A-r ALL. 

1.2.3.3 Oncogenic mechanism of KMT2A::AFF1 and AFF1::KMT2A fusions 

Wild type lysine methyltransferase 2A (KMT2A, formerly MLL) encodes a protein with several con-

served domains of various functions: N-terminal AT-hook motifs bind AT rich DNA sequences (Zeleznik-

Le et al., 1994), the DNA methyltransferase homology domain suppresses transcription (Xia et al., 

2003), four PHD domains mediate protein binding (Fair et al., 2001), a transactivation domain recruits 

the nuclear coactivator CREBBP (Ernst et al., 2001), and a C-terminal SET domain methylates histone 3 

at lysine 4 (H3K4me) (Milne et al., 2002; Nakamura et al., 2002; Patel et al., 2009). KMT2A protein is 

processed by Taspase1 leading to the two fragments p320 and p180 which heterodimerize (Hsieh et 

al., 2003; Sabiani et al., 2015; Yokoyama et al., 2002). The p320/p180 dimer itself confers weak me-

thyltransferase activity but increases the latter through formation of a multiprotein complex involving 

LEDGF, MEN1, PP2A, GADD34, PAF, CYP33, CREBBP, MOF, WDR5, ASH2L, SRY-30 (SOX30), RbBP5 and 

the polycomb group complex composed of BMI1, HPC2, HDAC1/2 and CtBP (Adler et al., 1999, 1997; 

Cao et al., 2010; Dou et al., 2006, 2005; Milne et al., 2010; Muntean et al., 2010; Nakamura et al., 2002; 

Southall et al., 2009; Wysocka et al., 2005; Xia et al., 2003; Yokoyama et al., 2004, 2002). This KMT2A 

multiprotein complex binds to active promoter regions to subsequently mark these through chromatin 
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modifications (de Boer et al., 2013). In this context, the N-terminal KMT2A portion binds chromatin 

signatures and the C-terminal region mediates acetylation and methylation of histones (Marschalek, 

2011; Sanjuan-Pla et al., 2015). Binding of CYP33 to the PHD domain mediates conformational changes 

that turn the KMT2A multiprotein complex from transcriptional activation to transcriptional repression 

through recruitment of the Polycomb-group complex (Park et al., 2010). This results in the deacetyla-

tion of nucleosomes and transcription factors thereby repressing transcription (Hom et al., 2010; 

Schraets et al., 2003; Wang et al., 2010). In summary, KMT2A can be described as an epigenetic regu-

lator mediating transcriptional activation or repression of target genes. This is achieved through index-

ing of transcriptionally active and inactive chromatin domains via histone lysine methylation and acet-

ylation (Pokholok et al., 2005; Santos-Rosa et al., 2002). Through this, KMT2A regulates especially HSC 

program genes during hematopoietic development (Milne, 2017; Wilkinson et al., 2013; Yeoh et al., 

2002; Yokoyama, 2021). 

The DNA DSB required for the translocation t(4;11)(q21;23) almost exclusively take place in the break-

point cluster region 1 (BCR1) of KMT2A, predominantly located between introns 9 and 11 (Meyer et 

al., 2018). This breakpoint location results in the separation of chromatin binding capability of the N-

terminal domains from histone modification capability of the C-terminal domains. Besides, the CYP33 

dependent “switch” from transcriptional activation to repression becomes destroyed through translo-

cation (Rössler and Marschalek, 2013; Sanjuan-Pla et al., 2015). Fusion of the N-terminal KMT2A part 

to the C-terminal part of AFF1 results in the formation of the chimeric oncoprotein KMT2A::AFF1. AFF1 

is a regulator of RNA polymerase II (RNAP2) through binding of the P-TEFb elongation factor, ENL pro-

teins and the SL1 complex of RNA polymerase I to form a super elongation complex (Lin et al., 2010; 

Luo et al., 2012; Okuda et al., 2015; Yokoyama et al., 2010). The combination of the KMT2A chromatin 

binding and AFF1 transcriptional activation capabilities leads to aberrant transcriptional hyperactiva-

tion of KMT2A target genes including those facilitating HSC capabilities especially self-renewal without 

differentiation (Kühn et al., 2016; Yeoh et al., 2002). Besides the cell of origin, this may additionally 

explain the stem cell identity of t(4;11)+ blasts at various stages of differentiation. 

The role of the reciprocal fusion protein AFF1::KMT2A in this oncogenic mechanism is a matter of de-

bate. AFF1::KMT2A is found in about 80% of patients whereas KMT2A::AFF1 is detected in every pa-

tient with t(4;11)(q21;23) (Kowarz et al., 2007; Trentin et al., 2009). Patients with detectable reciprocal 

fusion protein were reported to display superior event-free and overall survival rates (Agraz-Doblas et 

al., 2019). Furthermore, knockdown experiments revealed that t(4;11) cell lines were shown to be 

independent of AFF1::KMT2A expression while being addicted to KMT2A::AFF1 expression (Kumar et 

al., 2011). Additionally, AFF1::KMT2A was not sufficient to induce leukemogenesis in cord blood HSC 

(Prieto et al., 2017). These observations point to a minor role of AFF1::KMT2A for leukemogenesis and 

pathogenesis of t(4;11) ALL. On the other hand, the target gene RUNX1 has been shown to be activated 

through a cooperating effect of both fusion proteins (Wilkinson et al., 2013) and the reciprocal fusion 

protein alone was capable to drive ALL onset in mice (Bursen et al., 2010). However, in this mouse 

model KMT2A::AFF1 alone did not lead to leukemogenesis within 13 months of observation which 

conflicts the clinical and epidemiological observation that KMT2A::AFF1 was detected in every t(4;11) 

ALL patient questioning the validity of this mouse model. Additionally, leukemia onset of both fusions 

and the reciprocal alone took more than six months not representing the short latency period of child-

hood and infant t(4;11) ALL. Anyhow, KMT2A::AFF1 ALL is regarded to be the most difficult KMT2A-r 

leukemia to model in the murine system (Milne, 2017). Moreover, human embryonic stem cell (ESC) 

based KMT2A::AFF1 and AFF1::KMT2A in vitro and in vivo models disclosed a cooperative effect of both 

fusions promoting the emergence of hemato-endothelial precursors and enhancing blood cell prolif-

eration (Bueno et al., 2019). Based on in vitro gene expression studies, it has been proposed that the 

reciprocal fusion is mandatory for initial transformation of the cell of origin but unessential for further 
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leukemogenesis and subsequently lost in a clonal evolutionary process (Wilhelm and Marschalek, 

2021). 

1.2.3.4 HOXA gene expression patterns in childhood t(4;11) ALL 

In the past, overexpression of the HOXA gene cluster was regarded as a general characteristic of 

KMT2A-r ALL defining the distinct gene expression profile of the disease (Armstrong et al., 2002; Fer-

rando et al., 2003; Rozovskaia et al., 2001). Furthermore, knockdown experiments revealed the distinct 

dependency of KMT2A-r cell lines on HOXA9 expression to avoid apoptosis (Faber et al., 2009).  

This dogma became challenged in 2009 when Trentin et al. reported the presence of two distinct gene 

expression patterns in childhood t(4;11) ALL (Trentin et al., 2009). Patients were clustered according 

to their HOXA gene expression related to healthy controls into a HOXAlo and a HOXAhi group. Low HOXA 

gene expression was exclusively found in infants whereas high HOXA gene expression emerged in in-

fant and childhood patients. HOXAlo but not HOXAhi patients showed upregulation of the Iroquois 

homeobox 1 (IRX1) gene which is involved in early embryonic patterning (Bosse et al., 1997). Two stud-

ies confirmed these findings and additionally revealed an elevated relapse incidence (Stam et al., 2010) 

or poorer EFS (Kang et al., 2012) of HOXAlo patients, respectively. Agraz-Doblas et al. linked the pres-

ence of the reciprocal AFF1::KMT2A fusion to high HOXA gene expression and thus, better outcome 

(Agraz-Doblas et al., 2019). Symeonidou et al. confirmed the presence of HOXAlo/IRX1hi and HOX-

Ahi/IRX1lo gene expression patterns in infant t(4;11) ALL and speculated that HOXAlo/IRX1hi patients’ 

leukemia may derived from an earlier cell of origin explaining different gene expression and worse 

outcome (Symeonidou and Ottersbach, 2021). Kühn et al. demonstrated in in vitro experiments that 

IRX1 overexpression led to an indirect upregulation of the immediate early genes Early growth re-

sponse 1, 2 and 3 (EGR1, EGR2, EGR3) potentially involved in a stem-cell identity expression program 

explaining inferior outcome. This discovery is the basis of this doctoral project. 

1.2.3.5 The immediate early genes EGR1, EGR2 and EGR3 

Immediate early genes are rapidly and transiently upregulated upon stimulation of a cell by various 

stimuli including hormones, stress or growth factors (Healy et al., 2013). The early growth response 

gene family is composed of the four members EGR1, EGR2, EGR3 and EGR4 encoding transcription 

factors with a highly conserved DNA binding domain (DBD) composed of three C2H2 zinc fingers (ZF) 

(Beckmann and Wilce, 1997; O’Donovan et al., 2000; Russo et al., 1995). EGR1, EGR2 and EGR3 possess 

a relatively similar protein structure (Figure 7). However, they differ in their count and location of 

activation domains and overall protein size. EGR1 is composed of 543 amino acids (aa) and has a mo-

lecular weight of 58 kDa, followed by EGR2 with 476 aa and 51 kDa and EGR3 with 387 aa and 43 kDa. 

EGR1 has four activation domains, of which one is C-terminal of the DBD, whereas EGR2 and EGR3 

possess two activation domains N-terminal related to the DBD. All three transcription factors have a 

repressor domain (R1) that interacts with the transcriptional repressor proteins NGFI-A binding protein 

1 and 2 (NAB1, NAB2). The interaction of NAB1 and NAB2 or their murine homologues with EGR pro-

teins have been shown to repress EGR function (Russo et al., 1995; Svaren et al., 1996; Swirnoff et al., 

1998). In later studies, NAB proteins were demonstrated to act as coactivators or repressors of EGR 

proteins, depending on the target gene (Desmazières et al., 2008; Le et al., 2005). Initially, all EGR 

proteins were reported to bind a distinct consensus sequence, the EGR response element (Beckmann 

and Wilce, 1997), ChIP-Seq studies meanwhile revealed slight differences in the binding motifs of 

EGR1, EGR2 and EGR3 as the consensus sequence of the JASPAR transcription factor database shows 

(Figure 7). This also revealed that the binding motifs of EGR2 and EGR3 are closer to each other than 

to EGR1.  
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The EGR proteins were identified as important regulators in the central nervous system with the ob-

servation that stimulation of neurons by different neurotransmitters lead to immediate upregulation 

of EGR1 (Cole et al., 1989; Wisden et al., 1990). In this context, EGR1 was disclosed to be involved in 

mediation of neural plasticity (Davis et al., 2003; Knapska and Kaczmarek, 2004; Williams et al., 1995; 

Yamagata et al., 1994), regulation of the circadian rhythm (Lin et al., 1997) and hindbrain development 

(Schneider-Maunoury et al., 1993).  

Importantly, Egr1 was characterized as a controller of proliferation and localization of murine HSC (Min 

et al., 2008). In this study, Egr1 knockout mice showed increased HSC proliferation in the BM and ele-

vated numbers of HSC in PB without raising the overall HSC count. This indicated a role of Egr1 as a 

mediator of HSC quiescence and negative regulator of HSC mobilization. Similarly, knockdown experi-

ments in mice uncovered Egr3 as an inhibitor of HSC proliferation (Cheng et al., 2015). Besides, EGR1 

was associated with proliferation and stem cell identity of glioblastoma stem cells (Riddick et al., 2017; 

Sakakini et al., 2016). 

 

Figure 7. Schematic protein structure and consensus binding sequence of EGR1, EGR2 and EGR3. Protein 

structure adapted from Beckmann and Wilce, 1997; O’Donovan et al., 2000; Russo et al., 1995. Consensus 

sequences taken from transcription factor database JASPAR 2020® (Sandelin et al., 2004). A = activation do-

main. R = repressor domain. BD = basic domain. DBD = DNA binding domain. ZF = zinc finger.  

In T-cells, Egr2 and Egr3 act as repressors of T-cell activation through upregulation of Fas ligand (Mit-

telstadt and Ashwell, 1999, 1998) and the E3 ubiquitin ligase Cbl-b which subsequently ubiquitinates 

factors involved in T-cell receptor signaling including PI3KR1 (Safford et al., 2005). Besides, studies 

suggest a role or Egr proteins in T- and B-cell development (Li et al., 2011) as well as thymocyte devel-

opment (Carter et al., 2007). 

Another study reported a correlation between high EGR3 expression and poor prognosis in glioblas-

toma (GBM) patients with MGMT promoter hypermethylation (Knudsen et al., 2020). This hypermeth-

ylation leads to epigenetic silencing of the DNA repair enzyme O6-methylguanine DNA methyltransfer-

ase (MGMT) which is related to good Temozolomide response in GBM (Chinot et al., 2007). Knudsen 

et al. identified EGR3 as a poor prognostic factor in the group of patients with MGMT promoter hyper-

methylation that usually respond well to Temozolomide. Therefore, the authors hypothesized EGR3 

could be implicated in Temozolomide resistance. EGR3 was previously correlated with Docetaxel re-

sistance in breast invasive ductal cancer (Li et al., 2017) and endocrine treatment resistance in breast 

cancer (Varešlija et al., 2016).  

In summary, the early growth transcription factors are implicated in many different functions and ex-

pressed in several different tissues. Throughout the reviewed studies, the disclosed function of the 

three transcription factors highly depended on the cellular and tissue context. Correspondingly, EGR1  

(synonyms: NGFI-A, ETR103, KROX-24, ZIF-268, ZNF225) has been described as “a gene with as many 

names as biological functions” (DeLigio and Zorio, 2009).  
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1.3 Objective of this project 

KMT2A-rearrangements are causative for 70-80% all infant acute lymphoblastic leukemias (Pieters et 

al., 2019, 2007). Among these, the translocation t(4;11)(q21;23) generating the oncogenic fusion genes 

KMT2A::AFF1 and AFF1::KMT2A is the most frequent one, accounting for almost every second case of 

KMT2A-r infant ALL (Meyer et al., 2018). Despite passing a multimodal chemotherapy, 64% of patients 

achieve an event including relapse or death within four years from diagnosis, and overall survival three 

years from relapse remains poor with only 17% (Driessen et al., 2016; Pieters et al., 2019, 2007). Vari-

ous studies have shown that relapse and therapy resistance were not mediated by chemotherapy-

induced mutagenesis as there was no accumulation of secondary mutations in the dominant leukemic 

clone between diagnosis and relapse (Agraz-Doblas et al., 2019; Andersson et al., 2015; Bardini et al., 

2011; Dobbins et al., 2013; Driessen et al., 2013; Mullighan et al., 2007).  

Intriguingly, exclusively infant t(4;11) ALL patients were reported to subdivide in two groups depending 

on the level of HOXA gene cluster expression (Trentin et al., 2009). The HOXAlo group displayed a high 

expression of IRX1 and the HOXAhi group a low expression of IRX1 (Symeonidou and Ottersbach, 2021; 

Trentin et al., 2009). Importantly, the HOXAlo/IRX1hi group was characterized to possess a strongly el-

evated relapse incidence compared to the HOXAhi/IRX1lo group (Kang et al., 2012; Stam et al., 2010). 

IRX1 was identified to upregulate the Early growth response genes EGR1, EGR2 and EGR3 (Kühn et al., 

2016).  

The doctoral project “EGR-mediated relapse mechanisms in infant t(4;11) acute lymphoblastic leuke-

mia” aimed to investigate a potential correlation between the HOXAlo-IRX1-EGR axis and relapse de-

velopment in infant t(4;11) ALL. The primary objective was to clarify through which molecular mecha-

nism(s) relapse development despite continuous chemotherapy could be achieved. In this context, the 

role of the EGR genes has been investigated. In addition, this project aimed to disclose molecular tar-

gets which could offer novel therapeutic interventions to interfere with therapy resistance and relapse 

formation.  
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2 Organisms, material, and methods 

2.1 Organisms 

2.1.1 Human cell lines 

Stable cell culture models were established using the human cell lines HEK 293T (ACC 635) or SEM 

(ACC 546) (Table 2).  

Table 2. Stable cell lines established using the sleeping beauty (SB) transposon system.   

Cell line SB plasmid Application 

HEK::mock pSBtet_ohneLuc_P 

gene expression profiling 
HEK::EGR1 pSBtet_EGR1cFLAG_P 

HEK::EGR2 pSBtet_EGR2cFLAG_P 

HEK::EGR3 pSBtet_EGR3cFLAG_P 

SEM::mock pSBtet_ohneLuc_P 
gene and protein expression analysis,  

ChIP-qRT-PCR/ChIP-Seq,  

primary T-cell co-culture 

SEM::EGR3 pSBtet_EGR3cFLAG_P 

SEM::IRX1 pSBtet_IRX1cFLAG_P 

SEM::GFP pSBtet_GP 

2.1.2 Bacterial strains 

The bacterial strain used for cloning was NEB 5-alpha competent Escherichia coli; DH5α derivative 

(C2987, NEB). 

2.2 Material 

2.2.1 Recombinant DNA 

Table 3. Recombinant DNA used in this thesis. 

Vector Source Identifier 

pSBtet_Puro Kowarz et al., 2015 AddGene #60507 

pSBtet_GP Kowarz et al., 2015 AddGene #60495 

SP1-SB100X Moudgil et al., 2020 AddGene #154887 

pSBtet_EGR1cFLAG_P Dr. Anna Lena Siemund n/a 

pSBtet_EGR2cFLAG_P Dr. Anna Lena Siemund n/a 

pSBtet_EGR3cFLAG_P Dr. Anna Lena Siemund n/a 

pITR-ABCD_IRX1cFLAG_GP Kühn et al., 2016; Kühn, 2017 n/a 

2.2.2 Oligonucleotides 

Table 4. Oligonucleotides used in this thesis. 

Name Sequence (5' -> 3') Application 

GAPDH_fwd_short GGTCACCAGGGCTGC PCR, qRT-PCR 

GAPDH_rev_short CGTTCTCAGCCTTGA PCR, qRT-PCR 

IRX1_fwd_short GGATCTCAGCCTCTTCTCG 
qRT-PCR, PCR, proof of ex-

pression 

IRX1_rev_short GTGGAGACCTGCGTGAGG 
qRT-PCR, PCR, proof of ex-

pression 

EGR1_fwd_short CTTCAACCCTCAGGCGGACA 
qRT-PCR, PCR, proof of ex-

pression 

EGR1_rev_short GTTTGGCTGGGGTAACTGGT 
qRT-PCR, PCR, proof of ex-

pression 
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Name Sequence (5' -> 3') Application 

EGR2_fwd_short ACGTCGGTGACCATCTTTCC 
qRT-PCR, PCR, proof of ex-

pression 

EGR2_rev_short TGGGAGATCCAACGACCTCT 
qRT-PCR, PCR, proof of ex-

pression 

EGR3_fwd_short CAGCGACTCGGTAGTCCATT 
qRT-PCR, PCR, proof of ex-

pression 

EGR3_rev_short TAGGTCACGGTCTTGTTGCC 
qRT-PCR, PCR, proof of ex-

pression 

LGALS1_fwd_short GTGTGCAACAGCAAGGACG qRT-PCR 

LGALS1_rev_short TATCCATCTGGCAGCTTGACG qRT-PCR 

ICOSLG_fwd_short AGTCCGGAGACAGAGCTCAC qRT-PCR 

ICOSLG_rev_short CAGTCTGGGAGTCCATGCTC qRT-PCR 

TGFB1_fwd_short CTGGACACGCAGTACAGCAA qRT-PCR 

TGFB1_rev_short CGCACGATCATGTTGGACAG qRT-PCR 

IL6R_fwd_short AGCCTCCCAGTGCAAGATTC qRT-PCR 

IL6R_rev_short GCATGCTTGTCTTGCCTTCC qRT-PCR 

HOXA9_fwd_short CCACGCTTGACACTCACACT qRT-PCR 

HOXA9_rev_short AGTTGGCTGCTGGGTTATTG qRT-PCR 

ICOSLG_fwd_ChIP1 ACCGGGACCCATGGCA ChIP-qRT-PCR 

ICOSLG_rev_ChIP1 CTCCCTCCTTCCAGCGTTC ChIP-qRT-PCR 

ICOSLG_fwd_ChIP2 GTGAGCCGGGGAAGGA ChIP-qRT-PCR 

ICOSLG_rev_ChIP2 ATGGGTCCCGGTGCCA ChIP-qRT-PCR 

ICOSLG_fwd_ChIP3 GCAGAGCCGAACTTTCCG ChIP-qRT-PCR 

ICOSLG_rev_ChIP3 TGGAGGCAGCCGTGTC ChIP-qRT-PCR 

ICOSLG_fwd_ChIP4 CCTCAGAGCCAGTGTTAAGC ChIP-qRT-PCR 

ICOSLG_rev_ChIP4 CGCATGCATGAATGGAAGGA ChIP-qRT-PCR 

ICOSLG_fwd_ChIP5 GCCCTGCCCAGCTCTT ChIP-qRT-PCR 

ICOSLG_rev_ChIP5 CAGGCCACGCTGAGAGAC ChIP-qRT-PCR 

ICOSLG_fwd_ChIP6 GCTCTCCAAGGCCAGCTG ChIP-qRT-PCR 

ICOSLG_rev_ChIP6 AAGCTGTCACTCCTGGTTCA ChIP-qRT-PCR 

2.2.3 Media and solutions 

Table 5. Media and solutions used in this thesis. 

Media/Solution Source/Manufacture Application 

5 % BSA in TBS-T 5 % BSA dissolved in TBS-T (w/v) western blot 

0.5 % BSA in TBS-T 0.5 % BSA dissolved in TBS-T (w/v) 
flow cytometry staining, T-cell 

isolation 

Ampicillin dissolved in MQ-H2O E. coli selection 

anode buffer 1 300 mM Tris, 20 % Methanol (v/v), pH=10.4 western blot 

anode buffer 2 25 mM Tris, 20 % Methanol (v/v), pH=10.4 western blot 

Brilliant Stain Buffer 563794, BD flow cytometry staining 

ChIP elution buffer 100 mM NaHCO3, 1 % SDS (w/v) ChIP 

ChIP wash buffer 
20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1 % Triton X-

100 (v/v), 0.1 % SDS (w/v) pH=8.0 
ChIP 

DMEM low Glucose DMEM-HPA, Capricorn cell culture media 

DMEM high glucose DMEM-HA, Capricorn cell culture media 

DMEM high modified SH30022.01, VWR ChIP 

RPMI 1640 RPMI-HA, Capricorn cell culture 

Dulbecco‘s PBS Capricorn cell culture wash buffer 
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Media/Solution Source/Manufacture Application 

fetal bovine serum 
(FBS) 

FBS-11A, Capricorn cell culture media ingredient 

RBC lysis buffer J62990.AP, Alfa Aesar T-cell isolation 

Lymphosep L0560-500, Biowest T-cell isolation 

cathode buffer 
25 mM Tris, 40 mM ε-Aminocapronsäure, 20 % Methanol 

(v/v), pH=9.4 
western blot 

cryo media 90 % FBS (v/v), 10 % DMSO (v/v) cryo conservation of cells 

cell lysis buffer 
150 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 
% Triton X-100 (v/v), 0.5 % NP40 (v/v), 1x protease inhibitor 

cocktail (added freshly) 
cell lysis 

Penicillin/ 
Streptomycin 

PS-B, Capricorn cell culture antibiotics 

Puromycin dissolved in MQ-H2O selection of transfected cells 

RIPA (-SDS) buffer 
50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1 % NP-40 (v/v), 

0.5 % Deoxycholat (w/v), pH=8.0 
ChIP 

RLN buffer 
50 mM Tris-HCl, 140 mM NaCl2, 1.5 mM MgCl2, 0.5 % NP-40 

(v/v) pH=8.0 
RNA extraction 

SDS running buffer 190 mM Glycin, 25 mM Tris-HCl, 0.1 % SDS (w/v) SDS-PAGE 

TBE buffer 100 mM Tris-HCl, 50 mM H3BO3, 2 mM EDTA agarose gel electrophoresis 

TBS-T 150 mM NaCl, 10 mM Tris-HCl, 0.1 % Tween® 20 (v/v) western blot 

Towbin buffer 
25 mM Tris, 192 mM Glycin, 15% methanol, 0.01% SDS, 

pH=8.3 
western blot 

YT 
1.2 % Bacto™ Trypton (w/v), 0.5 % NaCl (w/v), 0.5 % 

Hefeextrakt (w/v) 
E. coli media 

YT/YTamp agar YT/ YTamp media, 1 % Bacto™ Agar (w/v) solid E. coli media 

YTamp YT media, 100 µg/ml Ampicillin 
selection media for AmpR 

clones 

2.2.4 Antibodies 

Table 6. Antibodies used in this thesis. 

Antibody Source Identifier 

Goat Anti-Rabbit IgG, polyclonal antibody, 
Horseradish Peroxidase conjugated (1:10000; WB) 

abcam 
Abcam ab6721, 

RRID:AB_955447 

DYKDDDDK Tag (D6W5B) Rabbit, monoclonal 
antibody, unconjugated (1/1,000 WB and ChIP) 

Cell Signaling Technology 
Cell Signaling Technology 
14793, RRID: AB_2572291 

Rabbit Anti-Actin, polyclonal antibody, unconjugated 
(1/1,000 WB) 

Sigma-Aldrich 
Sigma-Aldrich A2066, RRID: 

AB_476693 

Rabbit Recombinant Anti-ICOS Ligand/ICOSL, 
monoclonal antibody, unconjugated (1/1,000 WB) 

abcam ab209262 

Mouse Anti-Human CD3, monoclonal antibody, APC-
H7 conjugated (flow cytometry) 

BD 
BD Biosciences 560176, RRID: 

AB_1645475 

Mouse Anti-Human CD4, monoclonal antibody, PE-
Cy7 conjugated (flow cytometry) 

BD 
BD Biosciences 557852, RRID: 

AB_396897 

Mouse Anti-Human CD8, monoclonal antibody, BV510 
conjugated (flow cytometry) 

BD 
BD Biosciences 563919, RRID: 

AB_2722546 

Mouse Anti-Human CD25 (IL-2 Receptor α), 
monoclonal antibody, BV421 conjugated (flow 

cytometry) 
BD 

BD Biosciences 564033, RRID: 
AB_2738555 

Mouse Anti-Human FoxP3, monoclonal antibody, 
AF647 conjugated (flow cytometry) 

BD 
BD Biosciences 561184, RRID: 

AB_10584328 

Mouse Anti-Human CD278 (ICOS), monoclonal 
antibody, BB515 conjugated (flow cytometry) 

BD 
BD Biosciences 564549, RRID: 

AB_2738840 

Mouse Anti-Human B7-h2, monoclonal antibody, 
neutralizing, unconjugated (neutralization assays) 

RnD Systems 
R and D Systems MAB165, 

RRID: AB_2122734 

Mouse IgG1 kappa isotype control, functional grade 
(neutralization assays) 

Thermo Fisher 
Thermo Fisher 16-4714-85, 

RRID: AB_470162 
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2.2.5 Chemicals and recombinant proteins 

Table 7. Chemicals and recombinant proteins used in this thesis. 

Chemical/Protein Source Identifier 

Q5® High-Fidelity DNA Polymerase NEB NEB M0491L 

SuperScript™ II Reverse Transcriptase Invitrogen Invitrogen 18064071 

Annexin V Pacific Blue Invitrogen Invitrogen A35122 

7-AAD Miltenyi Biotec Miltenyi Biotec 130-111-568 

SfiI restriction enzyme NEB NEB R0123L 

T4 DNA ligase NEB NEB M0202S 

Clarity Max Western ECL Substrate Bio-Rad Bio-Rad 1705061 

Protease inhibitor cocktail tablets Roche Roche 4693116001 

DNase I Qiagen Qiagen 79254 

Go-Taq polymerase Promega Promega M7801 

ORA qPCR Green ROX H Mix HighQu HighQu QPD020 

Proteinase K Roth Roth 7528.3 

RNase A Qiagen Qiagen 19101 

RNasin® Promega Promega N2511 

Accutase® Capricorn Capricorn ACC-1B 

Agarose Invitrogen Invitrogen 10264544 

Ampicillin Roth Roth HP62.1 

Big Dye™ Terminator v3.1 Thermo Fisher Thermo Fisher 4337457 

Di(N-succinimidyl) glutarat Sigma Aldrich Sigma Aldrich 80424 

Human BD Fc BlockTM BD BD 564219 

dNTP Roche Roche 3622614001 

Doxycyclin hydrochlorid Sigma Aldrich Sigma Aldrich D3447 

DTT Invitrogen Invitrogen R0862 

EDTA Roth Roth 8043.2 

EGTA Roth Roth 3054.3 

Ethanol Roth Roth P075.4 

Ethidium bromide Sigma Aldrich Sigma Aldrich E1510-10ML 

Formaldehyd Sigma Aldrich Sigma Aldrich F8775 

Glycin Roth Roth 3790.1 

HEPES Capricorn Capricorn HEP-B 

Herring sperm DNA Promega Promega D1816 

Hi-Di™ Formamid Thermo Fisher Applied Biosystems™ 4311320 

Color Protein Standard Broad Range NEB NEB P7719S 

L-glutamin Capricorn Capricorn STA-B  

Isopropanol Roth Roth 9781.1 

Metafectene Pro® Biontex Biontex T040-1.0 

Methanol Sigma Aldrich Sigma Aldrich 82762 

MgCl2 Merck Merck M7304 

NaCl Roth Roth HN00.2 

NaOH Roth Roth 6771.1 

Sodium acetate Merck Merck S2889 

NP-40 VWR VWR 492016-100 

Trypan Blue Stain (0.4%) Gibco Gibco 15250061 

Puromycin dihydrochloride Sigma Aldrich Sigma Aldrich P8833 
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Chemical/Protein Source Identifier 

Bovine serum albumine (BSA) Roth Roth 8076.5 

Roti®-Load 1 (4x) Roth Roth K929.2 

SDS Biomol Biomol 04051.1 

TRIS Roth Roth 4855.1 

Triton™ X-100 Sigma Aldrich Sigma Aldrich T8787 

Tween® 20 Sigma Aldrich Sigma Aldrich P9416 

2-Mercaptoethanol Roth Roth 4227.3 

6-Amino caproic acid VWR VWR SIALA2504-100G 

2.2.6 Commercial assays and kits 

Table 8. Commercial assays and kits used in this thesis. 

Assay/Kit Source Identifier 

AmaxaTM Cell Line NucleofectorTM Kit R Lonza Lonza VCA-1001 

ChIP DNA Clean & Concentrator™ Kit Zymo Research Zymo Research D5205 

QIAquick PCR & Gel Cleanup Kit Qiagen Qiagen 28506 

AmaxaTM Cell Line NucleofectorTM Kit R Lonza Lonza VCA-1001 

PierceTM BCA Protein Assay Kit Thermo Fisher Thermo Fisher 23225 

IL-10 (human) ELISA Kit Enzo Enzo ADI-900-036 

IL-2 ELISA Kit (human) Aviva Aviva OKBB00179 

MiSeq Reagent Kit v2 Illumina Illumina MS-102-2003 

Accel-NGS® 2S plus DNA library Kit Swift Biosciences Swift Biosciences 21024 

Swift Unique Dual Indexing Primer Kit Swift Biosciences Swift Biosciences X9096 

Accel-NGS 2S Truncated Adapters Swift Biosciences Swift Biosciences 28196 

PureYield™ Plasmid Midiprep Kit Promega Promega A2492 

RNeasy Mini Kit Qiagen Qiagen 74104 

RNA ScreenTape Analysis Agilent 
Agilent 5067-5576, -5577,  

-5578 

DNA ScreenTape Analysis D1000 Agilent 
Agilent 5067-5582, -5583,  

-5586, -5602 

Transcription Factor Buffer Set BD BD 562574 

CD8 MicroBeads human Miltenyi Miltenyi 130-045-201 

CD4 MicroBeads human Miltenyi Miltenyi 130-045-101 

T Cell Activation/Expansion Kit human Miltenyi Miltenyi 130-091-441 

2.2.7 Consumables 

Table 9. Consumables used in this thesis. 

Consumable Source Identifier 

1 kb ladder NEB NEB N3232L 

100 bp ladder NEB NEB N3231L 

50 bp ladder NEB NEB N3236L 

cell culture 6-well plates Greiner Bio One Greiner Bio One 657960 

cell culture 10 cm plates Greiner Bio One Greiner Bio One 664950 

50 mL cell culture flasks Greiner Bio One Greiner Bio One 690985 

250 mL cell culture flasks Greiner Bio One Greiner Bio One 658195 

low binding tube Biozym Biozym 710176 
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Consumable Source Identifier 

reaction tubes 50 mL, 15 mL, 5 mL, 2 mL, 1.5 mL, 0.2 
mL 

Greiner Bio One 
Greiner Bio One 227270, 

188261-N, 622201, 623201, 
616261, 671201 

qRT-PCR 96-well plates Bio-Rad Bio-Rad #MLL9651 

adhesive sealing film for qRT-PCR Nerbe Plus Nerbe Plus 04-095-0060 

cryo tube for cell culture 2 mL Greiner Bio One Greiner Bio One 126278 

Protein G magnetic beads NEB NEB S1430S 

Low Fluorescence PVDF Western Membrane Abcam Abcam Cat# ab133411 

Mini-PROTEAN TGX Stain-Free Gels 4-15% Bio-Rad Bio-Rad 4568085 

pipette 5 mL, 10 mL, 25 mL Greiner Bio One 
Greiner Bio One 606160, 

607160, 760160-TRI 

MS columns Miltenyi Miltenyi 130-042-201 

2.2.8 Devices 

Table 10. Devices used in this thesis. 

Device Manufacturer 

SeqStudio Genetic Analyzer Thermo Fisher 

MiSeq Illumina 

Precision balance TE123SE-OCE Sartorius 

TC20 Automated Cell Counter Bio-Rad 

Cell incubator HERAcell 240 Thermo Fisher 

Light microscope  Nikon 

Ice machine Ziegra 

Fluorescence microscope Observer Z1 Carl Zeiss 

Chemi Doc XRS+ Bio-Rad 

Heating block VWR 

Magnetic rack NEB 

FACSVerseTM BD 

Mini PROTEAN Tetra Cell Bio-Rad 

Nano photometer Implen 

OctoMACS™ Separator Miltenyi 

MACS® MultiStand Miltenyi 

NucleofectorTM 2b Lonza 

PCR cycler Applied Biosystems 

Orbital shaker iQ QInstruments 

Varioskan Flash Thermo Fisher 

Roller shaker SRT6D Stuart 

Rotator SB3 Stuart 

Shaking incubator CH4103 Infros 

StepOnePlus Real Time PCR cycler Applied Biosystems 

Laminar flow bench SterilGard The Baker Company 

Tape Station 2200 Agilent 

Thermo shaker Compact Eppendorf 

Vacuum pump VAC-MAN Promega 

Vortexer REAX 2000 Heidolph 

Water bath SE-20C Julabo 

Tilting table Heidolph 
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Device Manufacturer 

Different centrifuges 
Eppendorf 5415D, 5425 
VWR Galaxy Mini Star 

Beckmann L-70, J6-HC, J2-HS, SW40 

2.2.9 Software 

Table 11. Software used in this thesis. 

Software Source 

GraphPad Prism 7.01  GraphPad Software 

ClustVis (Metsalu and Vilo, 2015) open source 

Integrative Genomics Viewer (IGV) open source 

JASPAR 2020 (Sandelin et al., 2004) open source 

Microsoft Office 365® Microsoft 

Volocity 4.2.1 Improvision 

Fiji (ImageJ) open source 

2.3 Methods 

2.3.1 Cellular methods 

2.3.1.1 Stable transgenesis of cell lines 

Stable transgenesis of HEK 293T and SEM cell lines was achieved using the sleeping beauty transposon 

system (Figure 8A) (Kowarz et al., 2015). 

2.3.1.1.1 Transfection of HEK 293T cells 

Transfection of HEK 293T cells was performed using the lipid-based transfection reagent Metafectene 

Pro®. 1x105 cells per well were seeded in a 6-well plate a day before transfection. A total of 2 µg DNA 

was transfected: 1.9 µg SB-plasmid and 0.1 µg of SB-transposase encoding plasmid SP1-SB100X. The 

respective volumes of both plasmids were filled ad 100 µL with PBS and in a separate batch 6 µL Met-

afectene Pro® added to 94 µL PBS. Subsequently, the plasmid containing batch (100 µL) was added to 

the Metafectene Pro® containing batch (100 µL) and incubated at RT for 20 min. Within this time, the 

DNA became incorporated into liposomes that enabled trafficking through cell and nuclear mem-

branes. Afterwards, loaded liposomes were dropwise added to the media of the seeded HEK 293T cells. 

2.3.1.1.2 Electroporation of SEM cells 

SEM cells were electroporated using the Lonza NucleofectorTM 2b device together with the Lonza Kit R 

and the nucleofection program T-016 according to the manufacturer’s recommendations. The nu-

cleofection program T-016 was evaluated as most effective for electroporation of the SEM cell line by 

Dr. Alessa Kühn (Kühn, 2017). 0.1 µg sleeping beauty transposase plasmid SP1-SB100X together with 

1.9 µg one of the SB-plasmids were used to electroporate 2x106 SEM cells. 

2.3.1.2 Fluorescence microscopy 

The fluorescence microscope Observer Z1 (Carl Zeiss) was used for microscopic imaging. Fluorescent 

and phase contrast imaging was performed using the software Volocity 4.2.1 (Improvision) and Fiji 

(ImageJ). GFP signals were excited at 483 nm causing an emission maximum at 506 nm measured using 

a GFP HC filter. 
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2.3.1.3 Cell culture 

HEK 293T cells, SEM cells and isolated primary T-cells were kept at 37°C in 5% CO2 and a relative hu-

midity of 95%. All cells were cultivated under sterile conditions and counted using TC10TM Automated 

Cell Counter following Trypan blue staining. HEK 293T cells were maintained as adherent culture on 

cell culture plates in DMEM low glucose supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL 

Penicillin and 100 U/mL Streptomycin, preheated to 37°C prior to use. Cells were passaged three times 

per week with complete media exchange through detachment using Accutase® after washing with PBS.  

SEM cells were maintained as suspension culture in RPMI 1640 supplemented with 10% FBS, 2 mM L-

glutamine, 100 U/ml Penicillin and 100 μg/ml Streptomycin, preheated to 37°C prior to use. Cells were 

passaged twice a week with complete media exchange maintaining a density of ~1-3 x 106 cells/mL. 

For this, cell suspension was centrifuged at 200 x g for 5 min and the cell pellet was resuspended in 

prewarmed media. Primary T-cells were maintained as suspension culture in DMEM high glucose 

supplemented with 10% human plasma (derived from each donor), 2 mM L-glutamine, 100 U/ml Pen-

icillin and 100 μg/ml Streptomycin, preheated to 37°C prior to use. T-cells were immediately activated 

following isolation and underwent co-culture experiments, thus no passaging was necessary. 

Induction of transgene expression of generated sleeping beauty transposon based cell culture models 

was performed by addition of 1 µg/mL Doxycyline into the media. If not otherwise stated, experimental 

readout was undertaken after 48h of induction with Doxycycline.  

2.3.1.4 Human T-cell isolation 

PBMC were isolated from peripheral blood (PB) of healthy adult donors using density gradient 

centrifugation. Therefore, 15 mL PB were diluted with 20 mL PBS supplemented with 0.5% BSA and 

overlayed with Lymphocyte Separation Media followed by 30 min centrifugation at 400 x g without 

break leading to separation of plasma and PBMC from remaining blood cells. Plasma was stored for T-

cell culture media preparation. PBMC layer was transfered to another tube and resuspended in 50 mL 

PBS supplemented with 0.5% BSA followed by centrifugation at 400 x g for 5 min with break. Pellet 

was resuspended in 10 mL RBC lysis buffer and 10 min incubated at RT to lyse remaining erythrocytes. 

Afterwards, cell suspension was washed with 30 mL PBS supplemented with 0.5% BSA and isolated 

PBMC were counted. CD4+ and CD8+ cells were magnetically separated using CD4 MicroBeads or CD8 

MicroBeads, MS columns and OctoMACSTM separator fixed to MACS® MultiStand according to the 

manufacturer’s protocols. Purity of T-cell isolation was assessed using flow cytometry and a minimum 

purity of 85% was tolerated (Figure 22B). 

2.3.1.5 Co-culture study 

1x106 SEM::EGR3 or SEM::mock were co-cultured for 48h with 5x105 CD4+ T-cells and 5x105 CD8+ T-

cells in 1 mL of DMEM high glucose supplemented with 10% human plasma (derived from each donor), 

2 mM L-glutamine, 100 U/ml Penicillin and 100 μg/ml Streptomycin, preheated to 37°C prior to use. T-

lymphocytes were isolated from PBMC of healthy donors using magnetic bead separation as already 

described. Prior to co-culture, isolated T-cells were stimulated using the T-cell Acitvation/Expansion 

Kit human for 24h according to the manufacturer’s recommendations. SEM::EGR3 and SEM::mock 

were induced with 1 µg/mL Doxycycline 24h prior to co-culture. In case of antibody treatment 

experiments, 20 µg/mL neutralizing monoclonal mouse α-human ICOSLG antibody (RnD Systems®) or 

mouse IgG1 isotype control (Invitrogen™) were added 2h prior to co-culture. After 48h of co-culture, 

cells were collected and stained with FACS antibodies and supernatant immediately frozen in liquid 

nitrogen and stored for ELISA experiments. 
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2.3.1.6 Flow cytometry 

Cells were blocked using Human BD Fc BlockTM (BD) and stained with FACS antibodies (BD) according 

to the manufacturer’s recommendations. Half of the cell suspension was stained with α-CD3, -CD4, -

CD8, Annexin V and 7-AAD to assess the viability of the T-cells after co-culture. The remaining cells 

were stained with α-CD3, -CD4, -CD8, -CD25, -ICOS, fixed, permeabilized and stained with α-FOXP3. 

Cells were analysed with a BD FACSVerseTM. The gating strategy is explained in Figure 23A. Used 

antibodies are described in Table 6. 

2.3.2 Molecular methods 

2.3.2.1 Standard methods 

The following methods were performed according to the respective manufacturer’s recommenda-

tions or according to the lab protocols of Green and Sambrook, 2012: 

• plasmid MidiPrep (Promega) 

• preparation of plasmid-DNA minilysates from E. coli 

• alcoholic precipitation of nucleic acids 

• agarose gel electrophoresis 

• gel extraction and PCR purification using QIAquick PCR & Gel Cleanup Kit (Qiagen) 

• DNA ligation using T4 DNA ligase (NEB) 

• PCR 

• qRT-PCR with StepOnePlus system 

• BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher) 

• extra- and intracellular flow cytometry staining using FACS antibodies (BD), Brilliant Stain 

Buffer (BD) and Transcription Factor Buffer Set (BD) 

• photometric quantification of nucleic acids 

• protein extraction from mammalian cells 

• protein quantification using PierceTM BCA Protein Assay Kit 

• western blot and protein detection with Chemi Doc XRS+ system (Bio-Rad) 

• DNA digestion using SfiI 

• bacterial transformation via heat shock 

• RNA extraction from mammalian cells using RNeasy Mini Kit (Qiagen) 

• cDNA synthesis using SuperScript™ II Reverse Transcriptase (Invitrogen) 

• PierceTM BCA protein assay (Thermo Fisher) 

• IL-10 (human) ELISA Kit (Enzo) 

• IL-2 ELISA Kit (human) (Aviva) 

2.3.2.2 Massive analysis of cDNA ends sequencing (MACE-Seq) 

Gene expression studies were performed using MACE-Seq which is a variant of 3’ single end mRNA 

sequencing that enables high resolution transcription profiling. For that purpose, extracted RNA 

needed to meet quality demands that were assessed by means of RNA screen tape analysis. This QC 

method calculates the ratio of 18S to 28S rRNA (ribosomal ratio) resembling the integrity of the RNA 

sample because RNA degradation becomes obvious as a decrease in the 18S to 28S ribosomal band 

ratio. Screen tape analysis was performed using the bioanalyzer Agilent 2200 TapeStation that elec-

trophoretically separates RNA samples on mini gels and subsequently detects laser induced fluores-

cence. As a result, RNA quality could be estimated using the gel image, electropherogram and the RNA 

integrity number (RIN). RIN is automatically calculated by the TapeStation software following an 
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algorithm that considers the ribosomal ratio as well as signal areas and intensities, and represents RNA 

quality ranging from 1 (total degradation) to 10 (no degradation). For MACE-Seq, a RIN value of 7.0 or 

higher was considered as tolerable. The RNA samples were delivered to GenXPro GmbH who carried 

out library preparation and NGS run including bioinformatic analysis.  

2.3.2.3 Gene expression analysis using qRT-PCR 

cDNA was synthesized using SuperScript™ II Reverse Transcriptase (Invitrogen) according to the man-

ufacturer’s protocol. qRT-PCR was performed in triplicates using the StepOnePlus system, the ORA 

qPCR Green ROX H Mix and the primer oligonucleotides listed in Table 4. The used PCR program started 

with one cycle of initial denaturation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C 

for 15 s and elongation at 60°C for 1 min. Subsequently, a melt curve was run to check for potential 

mispriming. ΔCT values were calculated with GAPDH expression as a reference. ΔΔCT mean values were 

calculated with ΔCT mean values of the empty vector control cell models HEK::mock or SEM::mock as 

a reference. 

2.3.2.4 Patient gene expression analysis using qRT-PCR 

Patient RNA samples were provided by the study centers listed in Table 12. For all patients analyzed, 

informed consent was obtained by the study centers. All patients were diagnosed with ALL between 0 

and 12 months of age (infants) and displayed a pro-B phenotype. RNA was extracted from peripheral 

blood either at day of initial diagnosis (“diagnosis cohort” / “dx”, n=50) or relapse diagnosis (“relapse 

cohort” / “rel”, n=18) by the respective study centers. The dx cohort is solely composed of t(4;11) 

samples, the rel cohort is composed of the fusions KMT2A::AFF1/t(4;11) (n=14), 

KMT2A::MLLT1/t(11;19) (n=3) and KMT2A::MLLT3/t(9;11) (n=1). Detailed patient characteristics are 

summarized in Tables 19 and 20. To assess patient gene expression, cDNA was synthesized out of 1 µg 

RNA and HOXA9, IRX1, EGR3 and ICOSLG gene expressions were measured as triplicates using qRT-

PCR. ΔCT mean values were calculated using GAPDH expression as a reference and relative expressions 

were calculated as ratio (reference/target) = 2CT(GAPDH) - CT(target) = 2-ΔCT. If available, clinical outcome was 

provided by the study centers. 

Table 12. Patients assigned to study centers that provided RNA samples. Patients 1 – 50 belong to the dx 

cohort, patients REZ1 – REZ18 belong to the rel cohort. 

Patient no.  Study center Contact 

1 -14 
Centro Ricerca Tettamanti, Pediatrics, University of Milano-Bicocca,  
San Gerardo Hospital, Monza, Italy 

Dr. Michela Bardini,  
Prof. Dr. Gianni Cazzaniga 

15-29 Department of Genetics, University Hospital Robert Debré, Paris, France  
Dr. Aurélie Caye-Eude, 
Prof. Dr. Hélène Cavé 

30 - 50 
Department of Pediatrics, University Medical Center Schleswig-Holstein, 
Kiel, Germany 

Dr. Julia Alten,  
Prof. Dr. Gunnar Cario 

REZ1 – REZ18 
Department of Pediatric Oncology and Hematology,  
Charité Campus Virchow Clinic, Berlin, Germany 

PD Dr. Cornelia Eckert 

2.3.2.5 Protein expression analysis using western blot 

Extracted protein lysate was quantified using the PierceTM BCA protein assay kit and denaturated at 

95°C for 5 min upon addition of Roti®-Load 1 loading dye. A volume equivalent to a definded protein 

mass and 5 µL of Color Protein Standard Broad Range (NEB) were loaded onto an SDS gel followed by 

SDS-PAGE using the Mini PROTEAN Tetra Cell system (Bio-Rad). Afterwards, tank blotting onto a PVDF 

membrane was performed in Towbin buffer pH=8.3 at 110V for 70 min with constant cooling. Subse-

quently, the membrane was blocked in TBS-T + 5% BSA under constant agitation at RT for 1h and incu-

bated over night with primary antibody in TBS-T + 5% BSA. Completing the incubation, the membrane 
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was washed four times with TBS-T followed by incubation with secondary antibody in TBS-T + 5% BSA 

for 1h at RT. Finally, the membrane was washed four times with TBS-T and detected using Clarity Max 

Western ECL Substrate (Bio-Rad) and the Chemi Doc XRS+ system (Bio-Rad).  

2.3.2.6 Chromatin immunoprecipitation qRT-PCR and sequencing 

For chromatin immunoprecipitation (ChIP), 2x107 SEM::mock or SEM::EGR3 cells were used after 48h 

of transgene expression induction with Doxycycline 1 µg/mL. ChIP-qRT-PCR was performed according 

to the protocol from Kühn, 2017.  

For ChIP sequencing (ChIP-Seq), the same immunoprecipitated gDNA as for ChIP-qRT-PCR was used. 

The NGS library preparation was carried out using the Accel-NGS® 2S plus DNA library kit (Swift Biosci-

ences) and Accel-NGS® 2S Truncated Adaptors (Swift Biosciences) according to the manufacturer’s 

protocols with indexing performed by PCR (10 cycles). The NGS run was conducted using the MiSeq 

system (Illumina) and the MiSeq Reagent Kit v2 (Illumina). Dr. Patrizia Larghero applied the bioinfor-

matic pipeline generating bam files with reads mapped to the human genome hg38 visualized using 

the Integrative Genomics Viewer (IGV).  

2.3.3 Statistical data analysis 

Statistical tests were performed using GraphPad Prism 7.01 with the settings indicted in figure legends. 

Level of significance was indicated with asterisks representing p-values: ns = p > 0.05; * = p ≤ 0.05; ** 

= p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. Principal component analysis (PCA) was conducted as a 

singular value decomposition using ClustVis (Metsalu and Vilo, 2015). Unit variance scaling for rows 

was applied. The PCA heatmaps were generated with average as clustering method for rows and col-

umns, correlation as clustering distance for rows, and Manhattan as clustering distance for columns if 

not stated otherwise.  

Kaplan-Meier plotting for survival analyses was performed using GraphPad Prism 7.01. EFS was defined 

as the time from diagnosis to first failure including induction failure, relapse, death, or second malig-

nant neoplasm according to the Interfant-99 protocol (Pieters et al., 2007). Time was censored at last 

follow-up if no events were observed. Curves were estimated with Kaplan-Meier and standard errors 

(SE) calculated according to Greenwood, and subsequently compared using the log-rank test. 
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3 Results 

3.1 Gene expression profiling of EGR1-3 overexpressing HEK293T cell culture models 

EGR1-3 have been reported to be upregulated upon IRX1-overexpression in HEK293T and SEM cell 

culture models (Kühn et al., 2016; Kühn, 2017). To investigate whether the higher relapse rate of 

IRX1hi/HOXAlo patients could be mediated by the EGR genes, three HEK293T cell culture models ex-

pressing EGR1, EGR2 or EGR3 were generated, and their gene expression profiles assessed using MACE-

Seq followed by differential gene expression analysis. 

3.1.1 Generation of EGR1-3 overexpressing HEK293T cell culture models 

Stable cell lines with a Doxycycline-inducible transgene expression were established using the sleeping 

beauty transposon system. Dr. Anna Lena Siemund generated the EGR1, EGR2 and EGR3 ORF-contain-

ing sleeping beauty plasmids pSBtet_EGR1cFLAG_P, pSBtet_EGR2cFLAG_P, pSBtet_EGR3cFLAG_P, and 

the empty vector control pSBtet_ohneLuc_P (mock) (FIGURE 8A). HEK293T cells were co-transfected 

with one of the EGR sleeping beauty vectors or mock control, and the SB-transposase encoding plasmid 

SP1-SB100X. The transposase mediated the stable integration of the SB expression cassette into the 

genome. As the integration cassette encodes the puromycin-N-acetyltransferase ORF, three 48h puro-

mycin 2 µg/mL treatments enabled the selection of successfully transfected cells. This led to the es-

tablishment of four stable cell lines: HEK::EGR1, HEK::EGR2, HEK::EGR3 and HEK::mock. 

To proof transgene transcription, cells were treated with Doxycyline to induce transgene expression, 

and incubated for 48h. Afterwards, RNA was extracted and subsequently written into cDNA to assess 

transgene transcription using PCR with EGR1-3 specific primer pairs. GAPDH primers served as a posi-

tive control and water instead of cDNA as a negative control (H2O). RNA was tested for DNA impurities. 

As seen in Figure 8B, all cell lines expressed the respective transgene and GAPDH, whereas no ampli-

fication took place in the water control. Subsequently, qRT-PCR was performed to quantify transgene 

transcription. GAPDH transcription served as a reference to calculate the ΔCT value for each transcript, 

and respective HEK::mock ΔCT values were used as a reference to calculate ΔΔCT values which enabled 

quantification and comparison of transgene transcription levels (Figure 8C). Thereby, HEK::EGR2 ex-

hibited the strongest transgene transcription (ΔΔCT mean(EGR2) = 11.145±0.089) followed by 

HEK::EGR3 (ΔΔCT mean(EGR3) = 10.522±0.097) and HEK::EGR1 (ΔΔCT mean(EGR1) = 8.693±0.075). 

Finally, cell lines were tested for protein expression using western blotting. Therefore, protein lysates 

were generated 48h after induction of transgene expression and the amount of protein was quantified 

using a BCA assay. Subsequently, 15 µL of protein lysate were loaded onto an SDS-gradient gel 4-15% 

followed by SDS-PAGE, tank blotting, and detection of α-FLAG and α-Actin signal. The amount of 15 µL 

was equal to 44.25 µg of HEK::EGR1, 25.02 µg of HEK::EGR2 and 30.90 µg of HEK::EGR3 lysates. The 

lysates were not adjusted to the same protein mass since prior experiments with adjusted volumes 

corresponding to 10 µg and 20 µg protein failed to yield a detectable EGR1cFLAG and EGR2cFLAG sig-

nal. As shown in Figure 8D, all transgenes became translated into detectable FLAG-tagged protein, 

although EGR1cFLAG and EGR2cFLAG displayed a clearly thinner α-FLAG band than EGR3cFLAG. In con-

trast, HEK::EGR1 exhibited the strongest Actin band indicating the higher amount of loaded protein 

(44.25 µg). Taken together, these findings revealed a higher protein expression level of EGR3cFLAG 

compared to EGR1cFLAG and EGR2cFLAG despite comparable transcript levels (Figure 8C). EGR1 has a 

predicted protein mass of 58 kDa but EGR1cFLAG appeared as a double band at ~58 kDa and ~85 kDa 
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which is in line with previous studies (Day et al., 1990). EGR2cFLAG and EGR3cFLAG became detected 

at slightly higher protein masses than predicted (EGR2: 51 kDa, EGR3: 43 kDa). 

Figure 8. A Schematic structure of sleeping beauty constructs. pSBtet_ohneLuc_P served as an empty vector 

control (mock). pSBtet_EGR1/2/3cFLAG_P contains an expression cassette flanked by transposon derived in-

verted terminal repeats (ITR) that mediate genomic integration of intermediate DNA segments. EGR1/2/3 

ORF fused to C-terminal FLAG-tags are under control of Tetracycline response element and minimal CMV 

promoter enhanced (TCE promoter), and downstream followed by SV40 polyA sequence. The synthetic 

RPBSA promoter controls constitutive expression of a bicistronic cassette containing the reverse Tetracycline 

transactivator (rtTA) and puromycin-N-acetyltransferase ORF (PURO) divided by a 2A sequence and followed 

by bGH polyA sequence. B PCR with transcript-specific primer pairs and subsequent 2% agarose gel electro-

phoresis revealed transgene transcription of HEK::EGR1, HEK::EGR2 and HEK::EGR3. RNA was tested for DNA 

impurities and GAPDH transcription served as a positive control. C ΔΔCT mean values ± standard errors calcu-

lated after qRT-PCR of HEK::EGR1, HEK::EGR2 and HEK::EGR3 visualize EGR1, EGR2 and EGR3 transcription 

levels. D Western blotting using an α-FLAG antibody revealed protein expression of transgenes. Actin was 

detected as a loading control. Tank blotting onto a PVDF membrane was performed in Towbin buffer pH=8.3, 

110V, 70 min with constant cooling. α-FLAG 1/200 in TBS-T/BSA, α-Actin 1/1,000 in TBS-T/BSA, α-rabbit 

1/10,000 in TBS-T/BSA.  

3.1.2 Massive analysis of cDNA ends sequencing (MACE-Seq)  

MACE-Seq was performed as described in 2.3.2.2. For that purpose, RNA was extracted from the four 

generated cell lines in triplicates 48h after induction with Doxycyline following RNA quality control by 

means of RNA screen tape analysis. RNA samples for MACE-Seq and corresponding RIN values are 

summarized in Table 13. Library preparation and NGS run including a bioinformatic pipeline were per-

formed by GenXPro GmbH. The company applied the common DESeq2 method for differential gene 

expression analysis and provided the HEK::mock-related log2 fold change value (log2fc) for 28,918 

transcripts including p-values and raw read counts. 
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Table 13. Summary of RNA sample characteristics for MACE-Seq.   

Sample no.  Cell line Charge 
Date of RNA 

prep 
Concentration 

[µg/µL] 

Sample  
volume [µL] RIN value 

1 HEK::mock 

1 19.02.2020 

0.032 5 7.1 

2 HEK::EGR1 0.038 5 8.6 

3 HEK::EGR2 0.152 5 8.4 

4 HEK::EGR3 0.025 8 8.0 

5 HEK::mock 

2 26.02.2020 

0.151 5 8.7 

6 HEK::EGR1 0.060 5 8.5 

7 HEK::EGR2 0.072 5 7.9 

8 HEK::EGR3 0.053 5 9.5 

9 HEK::mock 

3 28.04.2020 

0.319 5 9.8 

10 HEK::EGR1 0.319 5 9.7 

11 HEK::EGR2 0.278 5 9.8 

12 HEK::EGR3 0.088 5 9.7 

3.1.3 Gene expression profile comparison of EGR1-3 and IRX1 using PCA 

The EGR1-3 gene expression profiles (MACE data) were compared to the gene expression data of tran-

siently transfected HEK293T cells overexpressing IRX1 (Affymetrix HG-U133Plus 2.0 data). These IRX1 

gene expression data were derived from Kühn et al., 2016. The log2fc values of the MACE EGR1-3 

datasets were assigned to all more than two-fold up- or downregulated genes of the IRX1 Affymetrix 

data set (log2fc≥1 or log2fc≤(-1)). Only genes included in both, MACE and Affymetrix data, were used 

for principal component analysis (PCA) resulting in an assignment involving 156 differentially ex-

pressed genes (Table 14). Using the open-source online tool ClustVis (Metsalu and Vilo, 2015), a PCA 

was performed as singular value decomposition (SVD), and unit variance scaling for rows was applied. 

The resulting variance explained by three dimensions (principal components 1-3) is summarized in Ta-

ble 15 and the PC coordinates of the data sets EGR1-3 and IRX1 in Table 16. Plotting of the four data 

sets within a coordinate system spanned by PC1 (x axis) and PC2 (y axis) resembling 85% of total vari-

ance is displayed in Figure 9A. As obvious, EGR1 and EGR2 data sets clustered closely together in dis-

tance to the EGR3 and IRX1 datasets. The EGR3 dataset was the closest to IRX1, both differed mainly 

along PC2, and to a lesser extent along PC1. The described cluster pattern indicated that the EGR3 data 

set possessed the highest grade of similarity related to the IRX1 data set concerning the analyzed genes 

(Table 14).  

To enable a more sophisticated and detailed comparison between the gene expression profiles, a PCA 

heatmap was generated (Figure 9B). Through this, the similarity in gene expression patterns between 

the datasets EGR1 and EGR2 on the one hand, and IRX1 and EGR3 on the other hand was demonstrated 

along the included 156 differentially expressed genes. As displayed, the IRX1 gene expression profile 

was mimicked stronger by the EGR3 profile than by EGR1 and -2 profiles. As a result, EGR3 was identi-

fied as the main mediator of IRX1-induced transcription among the investigated EGR genes. However, 

differences in the level of up- and downregulation between IRX1 and EGR3 profiles, or even completely 

contrary expressed genes were present indicating that not the complete IRX1 gene expression profile 

was mediated by EGR3 expression. 
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Table 14. Selected genes and respective log2fc values of IRX1 (Affymetrix) and EGR1-3 (MACE) data sets. 

Differential gene expression is indicated as mean log2fc value of normalized triplicates. Positive log2fc values 

report transcriptional upregulation, negative log2fc values report transcriptional downregulation.   

Gene symbol  IRX1 log2fc EGR1 log2fc EGR2 log2fc EGR3 log2fc 

IL11 5.2015 3.4308 3.4728 6.2614 

LGALS1 4.7142 0.4105 0.5799 1.4637 

KISS1R 4.5057 3.3372 3.6997 6.6231 

TGFB1 4.2505 0.4877 0.0308 1.1876 

GADD45B 4.0162 3.1156 2.6593 4.6417 

RHEBL1 3.8320 1.7768 1.6867 3.3372 

SOX8 3.7508 1.5471 0.8901 1.7734 

EGR3 3.7480 -0.0130 1.1127 7.7437 

SNAI1 3.6395 2.2931 3.3746 4.8602 

MAFF 3.5681 1.1098 2.2166 3.3685 

PHLDA2 3.1990 1.2684 1.2129 2.1569 

NES 3.1747 -0.0022 1.7031 1.8096 

BAIAP2 3.0136 1.5908 1.2549 2.2499 

ID1 2.8701 0.7325 0.4545 1.2673 

MICALL2 2.8359 1.0421 2.5642 2.5332 

DHRS2 2.7732 1.8348 3.9886 4.2005 

FOS 2.6745 2.0493 2.1248 3.4501 

IER5L 2.6637 0.6642 1.2010 2.0970 

CCND1 2.6039 1.8962 1.3952 2.1201 

DISP2 2.5818 0.2007 -0.3406 0.7848 

TNFSF9 2.5694 0.1734 1.5677 1.7562 

CDKN2D 2.4726 0.1442 1.1532 1.2146 

CPEB4 2.4230 -0.5121 0.1288 0.5719 

NPPC 2.2829 1.4733 0.8761 1.8940 

TMEM52 2.2617 0.5995 1.9272 2.1932 

KCNC1 2.1943 0.4681 0.7644 1.5528 

NPTX2 2.1848 1.0332 1.2843 2.2467 

ISYNA1 2.1191 0.7806 1.1451 1.1866 

RASD1 2.1036 0.9266 1.1818 2.9346 

RASIP1 2.0796 0.5853 1.0919 1.7037 

PDGFA 2.0504 1.5352 1.5320 1.9641 

GALNS 2.0468 0.7402 0.6288 0.8786 

COL1A1 2.0275 0.0602 0.3256 0.7048 

ICAM3 2.0111 0.2048 0.0233 1.1083 

C3 2.0089 1.3268 1.2038 3.1273 

SPATA2L 1.9951 0.4342 0.5744 0.8147 

CXCR4 1.9857 1.5802 2.3670 2.7628 

TTC7A 1.9650 1.0531 0.3250 0.6890 

IER3 1.9309 1.3608 1.2309 2.6105 

VGF 1.9073 2.9254 2.0491 4.6188 

NOTCH1 1.8910 0.5136 1.0381 1.1203 

UBASH3B 1.8842 0.6139 0.5831 1.4013 

ABAT 1.8723 0.3865 0.7424 1.7203 

KAZALD1 1.8601 0.9671 0.9230 1.6603 

MIDN 1.8567 1.0347 0.4135 1.8294 

C9orf116 1.8552 -0.0171 0.8112 0.9378 

FAM200A 1.8387 0.0541 0.1803 0.8772 

FSCN1 1.8353 1.6923 1.1700 2.4205 

DOK4 1.8299 0.3039 0.7713 1.1465 

EGR1 1.8292 5.6100 0.1402 0.8410 

EPHA2 1.7976 0.6117 1.2743 1.9678 

LBH 1.7828 2.6522 2.5417 3.5738 

CDKN1C 1.7705 3.4181 1.7093 3.2832 

AQP3 1.7677 0.2811 0.4963 2.1712 

HES4 1.7600 0.4237 0.2588 1.0958 

APOE 1.7519 0.5196 0.0918 2.2825 
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Gene symbol  IRX1 log2fc EGR1 log2fc EGR2 log2fc EGR3 log2fc 

TNNI3 1.7284 0.1793 0.6093 1.3300 

ZFP36 1.7170 0.3062 1.4813 3.1630 

NRARP 1.7089 1.7232 1.1548 1.5862 

SPHK1 1.6878 2.0015 1.9291 3.0122 

ADAMTS1 1.6852 1.2049 1.1648 1.4267 

FLNA 1.6796 0.9475 0.4017 1.3839 

GPX3 1.6462 -0.2625 0.0214 1.1407 

LMNA 1.6455 -0.1460 0.3117 0.4928 

ELFN1 1.6356 1.9917 3.4788 4.4117 

LRP10 1.6086 0.2388 -0.3594 0.4606 

GDPD5 1.5440 0.4719 0.1459 0.9414 

TRIB1 1.5420 2.1820 1.2845 2.1210 

PLK3 1.5326 -3.3956 0.0703 0.5510 

FLNC 1.5299 0.3668 1.0516 1.4034 

B4GALNT1 1.5220 1.4086 0.6358 1.8667 

PIM1 1.4883 0.4803 0.7214 1.0949 

DUSP1 1.4790 0.8578 0.5570 1.5805 

ZNF862 1.4737 -0.8355 0.1014 0.7616 

UCN 1.4615 -0.1691 0.8215 0.8094 

METRNL 1.4422 1.5289 1.1799 1.4091 

DLL1 1.4267 0.9893 0.0784 2.6962 

C6orf203 1.4115 0.9298 0.8165 1.2805 

FAM43A 1.4062 0.3460 1.0743 1.3662 

NPTX1 1.3995 1.2856 0.4939 1.2083 

SERTAD1 1.3953 0.8079 0.7972 1.9771 

MAGEB2 1.3894 0.4357 0.8707 1.6966 

SLC25A29 1.3875 0.9172 1.5172 1.3391 

AXIN2 1.3859 0.8940 0.5716 0.9017 

GPRC5B 1.3828 -0.2342 0.0178 0.4829 

CA11 1.3646 0.7532 -0.4994 1.2945 

ARRDC4 1.3620 0.5207 0.2162 0.8915 

PPFIA3 1.3547 0.0156 0.1919 0.5633 

CXXC5 1.3535 2.6507 1.3929 2.1259 

ASGR1 1.3518 0.9482 0.5358 1.7022 

CAMKV 1.3308 1.1299 1.0757 1.6187 

ZNF30 1.3258 0.9149 0.9913 1.2676 

LHX1 1.3253 1.0813 0.8079 1.5320 

ELF4 1.2943 0.6232 0.5859 1.0655 

ENO2 1.2922 0.4132 1.2815 1.5375 

TUBA4A 1.2881 -0.2890 0.7410 1.6282 

DUSP5 1.2827 1.9187 1.4894 2.2370 

ZFAND2A 1.2787 0.5797 1.2285 1.3764 

EFNB1 1.2666 0.7865 0.3888 1.1560 

MCAM 1.2645 0.4090 0.5267 0.9405 

MAFB 1.2642 1.2978 1.2911 1.4247 

UBASH3B 1.2628 0.6139 0.5831 1.4013 

SOCS2 1.2020 0.3192 -0.4010 0.8724 

PPFIA3 1.1894 0.0156 0.1919 0.5633 

IL6R 1.1798 0.8684 0.9504 1.6794 

IFFO2 1.1551 0.5885 -0.1949 0.6407 

SSTR2 1.1391 -0.5813 -0.1373 1.1419 

KRT18 1.1307 0.9926 0.2383 0.6940 

ZCCHC12 1.1277 3.4597 3.0346 2.9455 

IL27RA 1.1273 0.8647 1.3994 1.5196 

DPYSL4 1.1213 1.6892 1.5950 1.5736 

TFPT 1.1075 0.8390 0.8943 1.3099 

ITGA7 1.1016 0.4840 1.2080 1.3970 

CRYGS 1.0912 1.1204 0.9179 1.3015 

CRTAC1 1.0878 3.2246 2.9296 4.5312 

COL18A1 1.0769 0.9425 0.3603 1.1053 
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Gene symbol  IRX1 log2fc EGR1 log2fc EGR2 log2fc EGR3 log2fc 

APOC1 1.0758 0.3491 0.6871 1.3665 

ID4 1.0568 1.2734 1.4097 1.8880 

ZNF324 1.0529 0.2622 0.5784 0.7123 

ZBTB3 1.0399 -0.1367 0.3409 0.6606 

JAG1 1.0394 1.3578 -0.4142 2.3306 

ASPHD1 1.0115 2.3669 1.6230 3.0041 

AIF1L 1.0073 0.8188 1.1131 1.2006 

TGS1 -1.0051 -0.5253 -0.7665 -0.9693 

ZADH2 -1.0111 -0.5781 -0.7611 -1.1127 

SASS6 -1.0136 -0.2016 -0.3336 -0.5763 

RAB33B -1.0233 0.0593 -0.3362 -0.6009 

RGS17 -1.0276 0.0247 -0.3497 -0.1372 

TIA1 -1.0552 -0.2069 -0.5952 -0.7127 

TMEM136 -1.0753 -0.0327 0.0669 -0.1038 

HOXA10 -1.0861 -0.2534 -0.4788 -0.4171 

ZNF639 -1.1392 -0.6138 -0.7170 -0.5730 

SESN1 -1.1412 -0.0605 0.3571 -0.5390 

MAP3K1 -1.1480 -0.4967 -0.5519 -0.7122 

GJA1 -1.1506 -0.1204 -0.2176 -0.7144 

KAT2B -1.1535 -0.5684 -0.4232 -0.8681 

MECOM -1.1585 -0.3874 0.2991 -0.6016 

RGMB -1.2270 -0.1749 -0.5845 -0.7385 

SPIN4 -1.2504 -0.2435 -0.8780 -0.9491 

CALD1 -1.3209 -0.3553 -0.2803 -0.7304 

DNAJB4 -1.3401 -0.3498 0.1603 -0.2601 

GNAI1 -1.3664 -0.4455 -0.5784 -0.5062 

RIPK2 -1.3784 -0.3558 -0.4749 -0.7537 

EPHA7 -1.3840 -0.6887 -0.6350 -1.1431 

DICER1 -1.4208 -0.3616 -0.4017 -0.6584 

SLC1A3 -1.4281 -0.2007 -0.3364 -1.0197 

TSHZ1 -1.4953 -0.6574 -0.7641 -1.1503 

ACVR2A -1.4974 -0.6100 -0.6611 -0.7175 

HOXA5 -1.5170 -0.2754 -0.7305 -1.0232 

FIGN -1.5389 -0.2946 -0.4757 -1.2156 

MEF2C -1.5714 0.0590 -1.0198 -0.5766 

CXorf57 -1.5783 -0.0623 -0.4078 -0.9390 

NR2F1 -1.5874 -0.6978 -1.2651 -1.1242 

ARHGAP18 -1.6095 -0.4453 -0.6475 -1.2347 

MBNL2 -1.6579 -0.8281 0.5134 -0.8722 

CLIP1 -1.8202 -0.5189 -0.3420 -1.0873 

Table 15. Individual and cumulative variance expressed by three dimensions (principal components PC1 - 

PC3). 

 
PC1 PC2 PC3 

Individual 0.66 0.19 0.15 

Cumulative  0.66 0.85 1.00 

Table 16. Principal component coordinates of each data set. 

 
PC1 PC2 PC3 

IRX1 log2fc -11.95 -4.92 0.94 

EGR1 log2fc 9.65 -0.96 5.61 

EGR2 log2fc 7.00 -1.89 -6.3 

EGR3 log2fc -4.69 7.77 -0.25 
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Figure 9. Principal component analysis (PCA) comparing the grade of similarity between the IRX1 and EGR1-

3 gene expression data sets.  

A Coordinate system along principal component 1 (PC1) spanning 65.6% of total variance and principal com-

ponent 2 (PC2) spanning 19% of total variance. B PCA Heatmap visualizing differentially expressed genes in 

detail and clustering along columns (data sets) and rows (genes). 

3.1.4 Qualitative analysis of MACE-Seq data 

EGR3 expression has been linked to prevention of autoimmunity and restriction of immune activity in 

murine B- and T-cells (Anderson et al., 2006; Collins et al., 2008; S. Li et al., 2012; Parkinson et al., 2014; 

Safford et al., 2005). In concordance, MACE-Seq and differential gene expression analysis revealed up-

regulation of several immune related genes by EGR3 and IRX1 summarized in Table 17.  

Table 17. Immune related genes upregulated in EGR3 MACE data and IRX1 Affymetrix data. Level of signifi-

cance is indicated with asterisks representing p-values: ns = p > 0.05; * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 

0.001; **** = p ≤ 0.0001. 

Gene symbol  IRX1 log2fc EGR1 log2fc EGR2 log2fc EGR3 log2fc 

LGALS1 4.7 **** ns 0.6 * 1.5 **** 

ICOSLG ns 1.5 * ns 2.2 ** 

TGFB1 4.3 *** ns ns 1.2 * 

IL6R 1.2 ** ns ns 1.7 ** 

This set of immune related genes upregulated exclusively through IRX1 or EGR3 overexpression in 

HEK293T cells lead to the hypothesis that the relatively higher relapse incidence in HOXAlo/IRX1hi infant 

t(4;11) ALL patients could be operated by EGR3 through upregulation of factors interacting with T-

cells. An immune evasion mechanism could explain the development of relapse despite continuous 

chemotherapy and without accumulation of secondary mutations in the dominant leukemic clone. To 

investigate this assumption, the upregulation of the listed genes first needed to be verified in the 

t(4;11) pro-B cellular context. This was achieved by two means: Firstly, the establishment of EGR3 and 

IRX1 overexpressing cell culture models with the t(4;11) pro-B phenotypic cell line SEM, and secondly, 

a gene expression analysis of patient-derived material.  

3.2 Generation of IRX1 and EGR3 overexpressing SEM cell culture models 

Stable SEM cell culture models were generated through electroporation with the sleeping beauty plas-

mids pSBtet_EGR3cFLAG_P (cell line SEM::EGR3), pSBtet_IRX1cFLAG_P (cell line SEM::IRX1) and empty 

vector plasmid pSBtet_ohneLuc_P (cell line SEM::mock). pSBtet_IRX1cFLAG_P needed to be cloned 
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because only the GFP containing plasmid pITR-ABCD_IRX1cFLAG_GP was available, generated by Dr. 

Alessa Kühn (Kühn et al., 2016; Kühn, 2017). 

3.2.1 Cloning of pSBtet_IRX1cFLAG_P 

The open reading frame of IRX1 C-terminally fused to a FLAG-tag (IRX1cFLAG) was cleaved out of the 

available plasmid pITR-ABCD_IRX1cFLAG_GP through overnight digestion with SfiI. The fragment was 

electrophoretically separated using an agarose gel, visualized using ethidium bromide and subse-

quently extracted. pSBtet_EGR3cFLAG_P was digested the same way to extract the desired GFP-less 

linearized vector backbone pSBtet_P. Afterwards, the eluted fragment IRX1cFLAG and the linearized 

vector backbone pSBtet_P were ligated, leading to pSBtet_IRX1cFLAG_P. Competent E. coli (NEB® sta-

ble) became transformed with the plasmid and the selected clone was sequence-validated.   

3.2.2 Establishment of stable cell culture models SEM::EGR3 and SEM::IRX1 

The sleeping beauty plasmids pSBtet_ohneLuc_Puro (SEM::mock), pSBtet_EGR3cFLAG_Puro 

(SEM::EGR3) and pSBtet_IRX1cFLAG_Puro (SEM::IRX1) were electroporated with the transposase en-

coding plasmid SP1-SB100X as explained in 2.3.1.1.2. The SB-plasmids do not have a fluorescence 

marker in their backbone to avoid interference in multicolor flow cytometry. To monitor transfection 

and selection efficiency with a fluorescence microscope, the plasmid pSBtet_GP containing a GFP 

marker in the backbone was electroporated and treated equally thereby leading to a reporter cell line 

(SEM::GFP). Cells were selected six times (once to twice per week) with Puromycin 2 µg/mL for 24-48h 

until all SEM::GFP reporter cells displayed green fluorescence (Figure 10).  

 

Figure 10. SEM::GFP reporter cell line was monitored using fluorescence microscopy to surveil transfection 

and selection efficiency during establishment of SEM cell culture models SEM::mock, SEM::EGR3 and 

SEM::IRX1. Upper panel: phase contrast. Central panel: GFP signal. Bottom panel: overlay of phase contrast 

and GFP signal (merge). After two selections, the majority of cells died due to Puromycin treatment and only 
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a small fraction of living cells was GFP+ (left column). Completing five selections, most cells were viable and 

formed clusters indicating proliferation, ~90% of cells were GFP+ (central column). Finally, all cells were GFP+ 

and proliferated after six selections (right column).  

To proof transgene transcription, cells were induced with Doxycyline, and RNA extracted after 48h. 

Upon cDNA synthesis, transgene transcription was monitored using PCR and quantified using qRT-PCR. 

PCR and subsequent agarose gel electrophoresis disclosed transcription of the transgenes and con-

firmed purity of extracted RNA (Figure 11A). qRT-PCR revealed a ΔΔCT mean value of 12.025±0.215 for 

EGR3 expression of the SEM::EGR3 cell line, and 5.922±0.167 for IRX1 expression of the SEM::IRX1 cell 

line. Gene expression quantification of SEM::IRX1 confirmed additionally the upregulation of EGR3 

through IRX1 overexpression, indicated by a ΔΔCT mean value of 1.265±0.246 (Figure 11B). Although 

EGR3 transcription level of SEM::EGR3 was approximately twice the level of IRX1 transcription of 

SEM::IRX1, western blotting did not suggest a stronger protein expression of EGR3 compared to IRX1. 

The induction of EGR3 protein expression through IRX1 overexpression in SEM::IRX1 is not visible on 

this western blot since the used antibody targets the FLAG-tag of both transgenes and thus, wild-type 

proteins were not detected (Figure 11C). 

 
Figure 11. Proof of transgene expression for cell lines SEM::mock, SEM::EGR3 and SEM::IRX1. 

A Transgene expression was proven by PCR with transgene specific primer pairs and followed by 2% agarose 

gel electrophoresis. GAPDH amplification served as a positive control, water (H2O) as a negative control. RNA 

was tested for impurities. B qRT-PCR enabled quantification of IRX1 and EGR3 transcription levels through 

ΔΔCT mean value calculation for cell lines SEM::IRX1 (blue) and SEM::EGR3 (red). GAPDH transcription served 

as an internal reference (ΔCT calculation) and the respective transcription levels of SEM::mock as external 

references (ΔΔCT calculation). C Western blotting using an α-FLAG antibody revealed equal protein expression 

of transgenes. Actin served as a loading control. 20 µg of protein lysate were loaded onto 4-15% SDS gradient 

gel. Tank blotting onto a PVDF membrane was performed in Towbin buffer pH=8.3, 110V, 70 min with con-

stant cooling. Primary antibodies 1/1,000 in TBS-T/BSA, α-rabbit 1/10,000 in TBS-T/BSA. 
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3.3 Gene and protein expression analysis of SEM::EGR3 and SEM::IRX1 cell culture models 

The established cell lines SEM::EGR3 and SEM::IRX1 were investigated for the transcription levels of 

the immune-related genes, that were suggested by MACE/Affymetrix-Seq to be upregulated through 

EGR3 or IRX1 overexpression in HEK293T cells (Table 17). Therefore, RNA was extracted from cells after 

48h of transgene expression induction followed by cDNA synthesis. Subsequently, qRT-PCR was per-

formed with transcript specific primer pairs (Figure 12A). In contrast to the gene expression analysis 

of the HEK293T cell culture models, SEM cell culture models indicated only the upregulation of ICOSLG 

and IL6R through IRX1 or EGR3 overexpression, respectively. Thereby, SEM::EGR3 upregulated ICOSLG 

approximately three times more than SEM::IRX1 (ΔΔCT mean of 3.240±0.157 vs. 0.919±0.158), whereas 

SEM::IRX1 upregulated IL6R approximately three times more than SEM::EGR3 (ΔΔCT mean of 

3.098±0.202 vs. 0.748±0.209). The upregulation of ICOSLG detected by qRT-PCR was subsequently cor-

roborated on the protein level by western blot with an α-ICOSLG antibody (Figure 12B). As a result, 

ICOSLG was validated as a downstream target of EGR3 in the pro-B t(4;11) cellular context.  

 

Figure 12. Gene and protein expression analysis of SEM::EGR3 and SEM::IRX1 cell culture models. 

A qRT-PCR enabled comparison of transcription levels of immune related genes in SEM::IRX1 (blue) and 

SEM::EGR3 (red). ΔΔCT mean values were calculated related to GAPDH transcription level and SEM::mock.  

B Western blotting using an α-ICOSLG antibody corroborated ICOSLG upregulation through EGR3 overexpres-

sion on the protein level. Faint ICOSLG bands of SEM::mock and SEM::IRX1 are due to basal ICOSLG expression 

in SEM cells. Actin served as a loading control. 20 µg of protein lysate were loaded onto 4-15% SDS gradient 

gel. Tank blotting onto a PVDF membrane was performed in Towbin buffer pH=8.3, 110V, 70 min with con-

stant cooling. Primary antibodies 1/1,000 in TBS-T/BSA, α-rabbit 1/10,000 in TBS-T/BSA. 

3.4 Characterization of ICOSLG upregulation through EGR3 overexpression 

With the identification of ICOSLG as a target of EGR3, the question raised whether EGR3 as a zinc finger 

transcription factor binds directly to the ICOSLG promoter or upregulates unknown intermediate fac-

tors that in turn directly transactivate ICOSLG. To address this question, chromatin immunoprecipita-

tion (ChIP) followed by qRT-PCR (ChIP-qRT-PCR) and next generation sequencing (ChIP-Seq) was per-

formed.  

3.4.1 ChIP-qRT-PCR 

Initially, an in silico EGR3 binding site prediction was performed using the online database JASPAR 2020 

(Sandelin et al., 2004) in order to identify potential EGR3 binding sites in the ICOSLG promoter area. 

The genomic sequence -2000 bp until +1000 bp relative to ICOSLG transcription start site (TSS) was 

entered and the tool compared this input sequence with the consensus binding sequence of EGR3. 



39 
 

This led to the prediction of nine potential EGR3 binding sites (BS1 - BS9) with a relative score above 

0.80 (Table 18).  

Table 18. Predicted binding sites of EGR3 -2000 bp until +1000 bp relative to ICOSLG TSS. The relative score 

was calculated by JASPAR 2020 and indicated the grade of similarity between predicted binding site sequence 

and EGR3 consensus binding sequence.   

 
Relative score Strand Sequence 

BS1 0.9399 - GCCCGCCCCCGCACG 

BS2 0.8345 - CCCCGCCCCCGAGCC 

BS3 0.8266 - CCCCGCCCCCGGCCT 

BS4 0.8244 - GCCCGCCCCCACCTA 

BS5 0.8132 - CCCCGTCCCCGCCCC 

BS6 0.8103 + GCCCTCCCCCACACA 

BS7 0.8094 - GGCCGCCCCGGCGCC 

BS8 0.8079 - TGCCGTCCACGCCCC 

BS9 0.8020 + CCCCGCCCCTGCCAG 

 
Figure 13. ChIP-qRT-PCR of predicted EGR3 binding sites at ICOSLG promoter.  

A Snapshot from IGV (hg38) with location of in silico predicted EGR3 binding sites BS1 - BS9 (green) and DNA 

sections covered by primer pairs PP1 – PP6 (red). ICOSLG gene is illustrated in blue with exon 1 as a bar and 

intron 1 as a line. B Percent input values ± standard error of PP1 – PP6 for SEM::mock α-FLAG immunopre-

cipitate (red) and SEM::EGR3 α-FLAG immunoprecipitate (blue). C Percent input values ± standard error of 

PP4. α-FLAG immunoprecipitates of SEM::mock and SEM::EGR3 were compared to respective non-specific 

IgG control immunoprecipitates. Two-tailed unpaired t- tests with Welch’s correction indicated a significant 

difference between SEM::EGR3 α-FLAG vs. IgG (p=0.0082) and SEM::EGR3 α-FLAG vs. SEM::mock α-FLAG 

(p=0.0063), whereas no significant difference between SEM::mock α-FLAG vs. IgG was detected (p=0.4452). 

Six primer pairs (PP1 - PP6) were designed to cover BS1 - BS9 (Figure 13A) and ChIP of SEM::mock and 

SEM::EGR3 48h past transgene induction was performed using an α-FLAG antibody. The percent input 

method of Thermo Fisher Scientific was used to compare the amount of precipitated gDNA related to 

respective input samples (sonicated lysate without immunoprecipitation). As seen in Figure 13B, 
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amplification with PP4 revealed a higher amount of precipitated gDNA fragments in SEM::EGR3 com-

pared to SEM::mock thereby indicating binding of EGR3cFLAG in the genomic area covered by PP4. 

Subsequently, the experiment was replicated with a non-specific IgG isotype control antibody in com-

parison to α-FLAG to evaluate potential non-specific antibody binding (Figure 13C). This disclosed a 

significantly higher percent input value of SEM::EGR3 α-FLAG immunoprecipitate compared to 

SEM::EGR3 IgG immunoprecipitate (antibody control) and SEM::mock α-FLAG immunoprecipitate 

(EGR3 control). Accordingly, a direct binding of EGR3 to ICOSLG promoter in the genomic area covered 

by PP4 (Figure 13A) was shown.  

3.4.2 ChIP-Seq 

ChIP-Seq was performed with SEM::EGR3 α-FLAG immunoprecipitate compared to SEM::EGR3 input. 

Reads were aligned and mapped to the human genome (hg38) by Dr. Patrizia Larghero. As visible in 

Figure 14, many reads of α-FLAG immunoprecipitate mapped selectively in the ICOSLG promoter area 

whereas reads of the input sample were distributed and did not accumulate at the promoter area. In 

conclusion, ChIP-Seq corroborated the finding that EGR3 binds directly to the ICOSLG promoter. 

 

Figure 14. IGV snapshot of ICOSLG promoter area with ChIP-Seq reads of SEM::EGR3 α-FLAG immunoprecip-

itate compared to input aligned and mapped to the human genome (hg38). The area covered by PP4 is 

marked with arrows. 
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3.5 Gene expression analysis of infant t(4;11) ALL patients at diagnosis 

The gene and protein expression analysis combined with ChIP-qRT-PCR and -Sequencing of a stable 

SEM cell culture model overexpressing EGR3 indicated the direct transactivation of ICOSLG through 

EGR3 in the t(4;11) proB cellular context. To inspect whether this regulation also applies to the clinic, 

gene expression of 50 infant t(4;11) ALL patients was analyzed using qRT-PCR. Although mainly ICOSLG 

was upregulated through EGR3 overexpression in the SEM cell model, the remaining immune-related 

genes (Table 17) were included as well to confirm the results of the SEM cell model gene expression 

analysis (Figure 12A).  

For all patient samples informed consent was obtained by the study centers that provided samples 

(University Medical Center Schleswig Holstein, Kiel, Germany; University of Milan-Bicocca, Monza, It-

aly; University Hospital Robert Debré, Paris, France). The study centers isolated RNA from peripheral 

blood (PB) that was taken at the day of initial diagnosis and provided the RNA samples and clinical 

data. All patients were diagnosed between 0 – 12 months of age (infants) and displayed a t(4;11) trans-

location and proB ALL phenotype.  

RNA was written into cDNA and qRT-PCR performed assessing the HOXA9, IRX1, EGR3, ICOSLG, LGALS1, 

TGFB1 and IL6R gene expression levels relative to GAPDH. Patient characteristics and ΔCT mean values 

representing gene expression levels are summarized in Table 19.  

The study involved 29 female and 21 male patients. The patient age distribution was balanced and 

suggested no overrepresentation of a distinct age group (Figure 15). 

 
Figure 15. Patient age distribution.  

Using the ΔCT mean values of Table 19, Pearson correlation testing was performed to identify potential 

correlations between the gene expressions of IRX1, EGR3, ICOSLG, LGALS1, TGFB1 and IL6R. The re-

sulting Pearson correlation matrix (Figure 16) disclosed positive correlations for IRX1/EGR3 (Pearson 

r=0.451, p=9.98x10-4), EGR3/ICOSLG (Pearson r=0.644, p=4.54x10-7) and IRX1/ICOSLG (Pearson 

r=0.476, p=4.75x10-4). This confirmed the upregulation of (1) EGR3 through IRX1 as described by Kühn 

et al., 2016,  (2) ICOSLG through EGR3 as indicated by SEM cell culture model and (3) ICOSLG through 

IRX1 verifying the suggested IRX1-EGR3-ICOSLG axis. The highest Pearson r value for EGR3/ICOSLG cor-

relation was in line with the ChIP experiments indicating a direct transactivation of ICOSLG through 

EGR3. Besides, weak positive correlations became suggested for IRX1/IL6R (Pearson r=0.371, p=0.01), 

EGR3/IL6R (Pearson r=0.357, p=0.01), EGR3/TGFB1 (Pearson r=0.365, p=0.01) and IL6R/TGFB1 (Pear-

son r=0.404, p=3.6x10-3). LGALS1 was denoted to be negatively correlated with IRX1 (Pearson r= -0.343, 

p=0.01), EGR3 (Pearson r= -0.458, p=8.15x10-4) and ICOSLG (Pearson r= -0.445, p=1.21x10-3). The Pear-

son correlations of IRX1, EGR3 and ICOSLG were additionally visualized in volcano plots (Figure 17A-C) 

and patient dot plots (Figure 17D-F). 
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Table 19. Patient characteristics (n=50). Samples were taken from PB at the day of diagnosis. Gene expression values are indicated as ΔCT mean of three technical replicates. 

F=female (n=29), M=male (n=21). / indicates that no outcome and treatment information were available.  

Patient no. 
Patient age 

[months] 
Treatment 
protocol 

sex 
Time to event  

(last follow-up) 
[months]   

HOXA9  
ΔCT Mean 

IRX1  
ΔCT Mean 

EGR3  
ΔCT Mean 

ICOSLG  
ΔCT Mean 

LGALS1  
ΔCT Mean 

TGFB1  
ΔCT Mean 

IL6R  
ΔCT Mean 

1 5.0 Interfant-06 F (40.1) 13.3592 6.1705 8.1850 7.6499 1.9095 2.5480 10.7413 

2 6.0 / F / 3.9204 7.7667 11.2758 8.0223 0.4124 1.1581 8.9073 

3 2.0 Interfant-06 F (23.6) 12.9546 7.1581 9.3618 7.1255 1.2583 2.6229 10.0329 

4 6.0 Interfant-06 M (17.1) 11.5783 7.9774 11.1637 7.8868 1.0367 1.7933 9.9919 

5 10.0 / M / 3.5974 8.3317 8.8214 6.0364 1.2839 1.8193 11.2044 

6 2.0 Interfant-06 M (83.6) 4.9698 9.5555 11.5618 6.8416 1.8881 2.4003 10.6343 

7 3.0 Interfant-06 F (5.6) 11.0093 5.1167 8.5196 5.6658 0.2451 2.5425 7.2017 

8 3.0 Interfant-06 F (1.2) 4.9163 6.4184 8.2271 4.8055 1.6906 1.7833 7.6261 

9 3.0 Interfant-06 M (2.5) 4.5976 9.0338 8.0114 9.8380 1.7727 2.8336 6.7825 

10 6.0 Interfant-06 F 9.5 (10.7)  5.0818 8.4812 12.3136 9.3984 0.8736 2.7232 8.4588 

11 0.1 / F / 8.6964 8.0250 11.2989 9.9469 2.2966 5.0809 9.7797 

12 1.0 / M / 12.3443 6.0576 11.6236 8.4245 2.7931 4.2476 9.4431 

13 12.0 / F / 2.2824 7.9734 9.1826 7.9894 0.3829 0.9746 6.8897 

14 4.0 / F / 11.4825 6.3166 11.4695 9.0590 1.9298 1.7006 9.5289 

15 2.0 Interfant-06 M 6.0 (6.0) 4.6973 5.9447 13.3440 8.7451 1.4748 2.8882 5.6165 

16 5.5 Interfant-06 M 9.5 (15.0) 6.2129 6.5399 9.5330 8.2498 -1.1884 2.4243 6.6974 

17 1.5 Interfant-06 F 10.0 (13.0) 6.0703 4.9900 6.2132 4.0517 3.2334 3.4241 6.3793 

18 3.0 Interfant-06 F 6.0 (11.5) 2.0906 8.4791 9.4723 8.5023 0.0054 1.5295 6.4675 

19 2.0 Interfant-06 F 10.5 (19) 7.8537 3.1429 7.2056 5.2518 2.9979 2.9744 6.3224 
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Patient no. 
Patient age 

[months] 
Treatment 
protocol 

sex 
Time to event  

(last follow-up) 
[months]   

HOXA9  
ΔCT Mean 

IRX1  
ΔCT Mean 

EGR3  
ΔCT Mean 

ICOSLG  
ΔCT Mean 

LGALS1  
ΔCT Mean 

TGFB1  
ΔCT Mean 

IL6R  
ΔCT Mean 

20 1.5 Interfant-06 M 26.5 (41.0) 4.4627 8.3685 11.2026 7.5564 1.6763 3.7679 10.3557 

21 6.5 Interfant-06 M 24.0 (32.8) 11.2673 5.3156 8.7817 8.6026 1.1984 0.5756 5.9375 

22 6.0 Interfant-06 F 19.5 (23.5) 11.5891 7.0636 10.0553 7.8697 1.8581 1.0288 7.8379 

23 12.0 Interfant-06 F 32.0 (60.6) 11.1226 4.2582 8.0600 7.3822 0.8995 0.4484 6.8650 

24 9.0 Interfant-06 M (84.9) 8.7665 2.2034 7.0569 5.8906 3.5974 -0.9682 5.8935 

25 2.0 Interfant-06 F (118.8) 4.6017 7.1138 10.2925 7.1171 0.9684 1.7201 6.9823 

26 3.0 Interfant-06 M 8.0 (108.5) 13.0872 5.9083 8.7375 8.5604 3.1732 1.5346 6.7797 

27 5.5 Interfant-06 M (9.0) 5.9626 8.1536 9.1105 8.6464 0.6725 0.4871 5.4908 

28 5.0 Interfant-06 M 17.0 (33.0) 5.9922 4.8934 5.0456 3.8081 2.4379 1.0869 5.5554 

29 2.0 Interfant-06 F 56.0 (58.6) 5.3297 8.4461 9.3271 8.9127 1.8728 1.0541 8.4662 

30 1.5 Interfant-06 F (146.1) 5.8358 8.0518 9.8910 8.1978 1.4358 1.9338 6.9138 

31 8.3 Interfant-06 F (109.3) 2.2195 6.2132 6.5075 6.2880 0.7614 0.7850 5.8221 

32 8.2 Interfant-06 M (95.9) 1.7726 7.4956 7.2074 7.4143 0.7116 1.5468 4.8458 

33 10.7 Interfant-06 M 8.8 (8.8) 2.6953 3.0935 2.4138 4.9064 5.0513 1.2514 6.0852 

34 1.7 Interfant-06 F (91.5) 3.8579 7.1200 6.2540 7.6448 1.1743 1.9610 6.8876 

35 11.7 Interfant-06 F (73.2) 2.9311 7.9152 10.9273 7.2855 0.2957 1.1438 6.3915 

36 10.4 Interfant-06 F (75.9) 5.7541 8.8581 10.4144 9.1282 0.8518 2.3135 8.4111 

37 2.4 Interfant-06 F (73.8) 13.3331 6.1426 9.8438 9.0200 0.7787 2.3130 8.9769 

38 4.5 Interfant-06 M 16.1 (63.5) 4.6562 8.9152 11.4891 8.7484 0.0676 1.9520 7.5241 

39 1.1 Interfant-06 F 3.3 (15.7) 12.9071 6.3552 11.9464 9.3496 1.1245 2.6300 7.2875 

40 5.3 Interfant-06 M (58.7) 5.4284 8.4380 10.3705 8.3493 1.0471 2.2064 6.9109 



44 

 

Patient no. 
Patient age 

[months] 
Treatment 
protocol 

sex 
Time to event  

(last follow-up) 
[months]   

HOXA9  
ΔCT Mean 

IRX1  
ΔCT Mean 

EGR3  
ΔCT Mean 

ICOSLG  
ΔCT Mean 

LGALS1  
ΔCT Mean 

TGFB1  
ΔCT Mean 

IL6R  
ΔCT Mean 

41 6.9 Interfant-06 F (63.2) 9.2472 8.5374 9.7053 6.0532 3.9702 2.6845 8.8912 

42 5.3 Interfant-06 M (60.7) 3.4737 7.4371 9.5640 7.1599 1.5483 1.8940 5.9846 

43 0.6 Interfant-06 F 5.0 (11.9) 7.9122 6.2711 8.6364 8.0174 1.1722 2.5610 7.9737 

44 1.5 Interfant-06 M 17.3 (18.3) 8.1333 8.0008 9.5745 7.1672 1.9211 2.9547 9.0455 

45 4.4 Interfant-06 M 6.6 (10.8) 4.2993 8.0016 10.2528 8.4346 0.7570 1.4843 6.4437 

46 9.1 Interfant-06 F 39.7 (45.2) 3.1663 7.7915 9.3985 8.2159 2.1566 2.2845 5.8910 

47 0.5 Interfant-06 F 8.7 (13.3) 6.2701 6.5276 9.9358 7.8396 1.2066 2.5907 6.8413 

48 6.1 
AIEOP-BFM 

ALL 2017 
F 6.6 12.6734 4.2609 9.4741 4.7534 1.8121 1.8669 5.9915 

49 6.1 
AIEOP-BFM 

ALL 2017 
F 8.3 4.5847 8.1496 10.5529 7.6922 1.4470 3.0814 6.2429 

50 10.6 / M / 5.0774 9.4705 5.1199 5.4875 3.7999 1.3113 8.2715 
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Figure 16. Pearson correlation matrix of ΔCT mean values from Table 19 (A) and respective p values (B).  

The SEM cell model suggested a positive correlation between IRX1-EGR3-ICOSLG which was confirmed 

through the patient gene expression study. However, SEM::EGR3 led to a slight upregulation of LGALS1 

(Figure 12A) which was in the patient study negatively related to EGR3 expression. Furthermore, both 

SEM cell culture models denoted a minimally negative regulation of TGFB1 by EGR3 and IRX1 (Figure 

12A), which was not confirmed with patient data. In summary, Pearson correlation testing of patient 

samples verified the suggested IRX1-EGR3-ICOSLG axis in infant t(4;11) ALL.   

 
Figure 17. Pearson correlations of IRX1, EGR3 and ICOSLG. 

A-C Pearson correlations visualized as volcano plots. p value ≥ 0.05 as threshold for non-significance is drawn 

as a line from y axis, and non-significant correlation dots are marked in red. D-E Pearson correlations illus-

trated as dot plots with patients assigned to gene expressions indicated by axis labels. 

3.5.1 Event-free survival analysis of infant t(4;11) ALL patients at diagnosis 

Outcome data were available for 43 of 50 patients (Table 19) enabling an event-free survival (EFS) 

analysis with EFS defined as the time from diagnosis to first failure (induction failure, relapse, death, 

or second malignant neoplasm). Infant t(4;11) patients were reported to cluster into a HOXAhi/IRX1lo 

and a HOXAlo/IRX1hi group (Symeonidou and Ottersbach, 2021; Trentin et al., 2009), with higher re-

lapse rates of the HOXAlo patients (Kang et al., 2012; Stam et al., 2010). Therefore, EFS depending on 

HOXA9 gene expression was investigated. 
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3.5.1.1 Event-free survival depending on HOXA9 gene expression 

As illustrated in Figure 18A, patients that did not achieve an event (n=12) as well as patients that dis-

played an event (n=23) within five years from diagnosis both clustered into a HOXA9lo and a HOXA9hi 

group. Subsequent Kaplan-Meier EFS analysis including all patients (n=43) revealed that the previously 

reported EFS disadvantage of the HOXA9lo group was quite modest with a four-year EFS (4y-EFS) of 

34.9±13.4% compared to 46.4±10.2% for the HOXA9hi group. The EFS curves were not significantly 

different in a log-rank test (p=0.6929) (Figure 18B). In line with previous studies was the relatively 

elevated median IRX1 gene expression level of the HOXA9lo group in comparison to the HOXA9hi group 

(p=0.0012) (Figure 18C). Although a strong correlation between IRX1 and EGR3 gene expressions in 

infant t(4;11) ALL was demonstrated (Figure 17D), the HOXA9lo/IRX1hi group displayed no higher me-

dian EGR3 gene expression level than the HOXA9hi/IRX1lo group (p=0.5397) (Figure 18D). In conclusion, 

HOXA9lo patients showed only slightly inferior EFS than HOXA9hi patients. 

 

Figure 18. EFS depending on HOXA9 gene expression.  

A Division of patients into a group that achieved no event (n=12) and a group that displayed an event within 

five years from diagnosis (n=23) enabled subgrouping of patients depending on HOXA9 transcription level 

into a HOXA9lo and HOXA9hi cluster. B Kaplan-Meier EFS analysis revealed slightly inferior EFS of the HOXA9lo 

group without reaching statistical significance in a log-rank-test (p=0.6929). Group characteristics are speci-

fied in the table below. HOXA9lo patients exhibited a relatively higher IRX1 (p=0.012) (C) but not EGR3 

(p=0.5397) (D) gene expression level. Statistical testing was performed using two-tailed unpaired t-tests. 

 

3.5.1.2 Event-free survival depending on ICOSLG gene expression 

To investigate a potential contribution of ICOSLG expression on therapy resistance, an EFS analysis 

was performed considering ICOSLG gene expression. Therefore, patients of the “no event group” 
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(n=12) and “event group” (n=23) were assigned to respective ICOSLG gene expression levels (Figure 

19A). 

 

Figure 19. EFS depending on ICOSLG gene expression.  

A Assignment of the “no event group” (n=12) and the “event group” (n=23) to respective ICOSLG expression 

levels disclosed division of the “event group” into an ICOSLGhi and an ICOSLGlo subgroup. B Kaplan-Meier EFS 

analysis revealed significantly inferior EFS of the ICOSLGhi group in a log-rank-test (p=0.0107). Group charac-

teristics are specified in the table below. C Patients separated by age were assigned to ICOSLG gene expres-

sion levels demonstrating that the ICOSLGhi group was composed of patients younger and older than 6 

months. ICOSLGhi patients exhibited relatively higher IRX1 (p=0.0006) (D) and EGR3 (p<0.0001) (E) gene ex-

pression levels. Statistical testing was performed as two-tailed unpaired t-tests. 

Patients with an ICOSLG expression level reaching or exceeding that one of the SEM::EGR3 cell culture 

model (rel. expression = 0.02) were regarded as ICOSLGhi. Importantly, patients of the “event group” 

clustered into an ICOSLGhi and an ICOSLGlo group whereas the “no event group” consisted exclusively 

of ICOSLGlo patients. In line with this observation, the Kaplan-Meier EFS analysis revealed clearly infe-

rior EFS of the ICOSLGhi group (n=7, 2y-EFS=0%) compared to the ICOSLGlo group (n=36, 2y-
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EFS=58.8±8.8%) (Figure 19B). This difference was confirmed to be statistically significant in a log-rank-

test (p=0.0107). Of note, the EFS analysis could be biased due to the difference in group size (n=7 vs. 

n=36). However, a potential bias due to patient age could be excluded as both the ICOSLGhi and the 

ICOSLGlo group are composed of patients younger and older than six months (Figure 19C). Consistent 

with the previous investigations of gene expression correlations, the ICOSLGhi group (n=8) of all pa-

tients (n=50) exhibited relatively elevated EGR3 (p=0.0006) and IRX1 (p<0.0001) gene expression levels 

compared to the ICOSLGlo group (Figure 19D,E). In summary, high ICOSLG expression was associated 

with inferior EFS. 

3.6 Gene expression analysis of infant ALL patients at relapse 

With the observation that high ICOSLG gene expression at diagnosis was associated with inferior EFS 

in infant t(4;11) ALL, the question raised whether ICOSLGhi could be directly linked to relapse develop-

ment. To examine this thesis, 18 infant ALL patient samples taken at relapse diagnosis (“relapse co-

hort” / ”rel”) were investigated for gene expression of HOXA9, IRX1, EGR3 and ICOSLG. This cohort was 

independent and not related to the patients at diagnosis of the previous cohort. Informed consent was 

obtained for all patients by the providing study center (Department of Pediatric Oncology and Hema-

tology, Charité University Clinic, Berlin, Germany). The “rel” cohort (n=18) consisted of infant proB ALL 

patients with the fusions KMT2A::AFF1/t(4;11) (n=14), KMT2A::MLLT1/t(11;19) (n=3) and 

KMT2A::MLLT3/t(9;11) (n=1). Patient characteristics are summarized in Table 20. The study center ex-

tracted RNA from PB and provided the samples for investigation. cDNA was synthesized out of RNA 

and gene expression measured in triplicates using qRT-PCR with GAPDH as reference for calculation of 

ΔCT values. 

Table 20. Patient characteristics of the “relapse cohort” (n=18). Samples were taken from PB at the day of 

relapse diagnosis. Gene expression values are indicated as ΔCT mean of three technical replicates. F=female 

(n=10), M=male (n=8). 

Patient no. 

Age at  
primary 

diagnosis 
[months] 

KMT2A-r  
partner 

sex 
HOXA9 ΔCT 

Mean 
IRX1  

ΔCT Mean 
EGR3  

ΔCT Mean 
ICOSLG ΔCT 

Mean 

REZ1 1.3 AFF1 F 2.0164 5.1564 2.8329 6.6125 

REZ2 2.9 MLLT1 M 5.5175 6.9523 4.1774 7.6475 

REZ3 3.8 AFF1 F 10.2331 2.5280 4.3014 5.3886 

REZ4 2.5 AFF1 F 7.7676 2.6212 6.6574 4.6624 

REZ5 1.2 AFF1 F 3.0343 6.7165 1.1889 5.4212 

REZ6 10.7 MLLT1 M 7.7594 4.8719 5.1781 5.7146 

REZ7 4.3 MLLT1 M -0.4711 4.3449 3.7298 2.8993 

REZ8 3.6 MLLT3 F 6.2062 6.1063 4.7424 5.8926 

REZ9 9.1 AFF1 F 10.7240 4.1039 2.2761 4.2876 

REZ10 0.7 AFF1 F 8.6099 2.5404 1.6308 4.4925 

REZ11 4.4 AFF1 M 3.0476 5.1591 6.5653 4.7486 

REZ12 4.2 AFF1 M 1.7890 6.1005 5.0302 5.8425 

REZ13 2.0 AFF1 F 10.5380 1.7080 2.5849 5.5004 

REZ14 3.1 AFF1 F 11.7303 9.2469 8.4397 4.8532 

REZ15 7.6 AFF1 F 7.3905 6.9466 7.8336 2.7011 
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Patient no. 

Age at  
primary 

diagnosis 
[months] 

KMT2A-r  
partner 

sex 
HOXA9 ΔCT 

Mean 
IRX1  

ΔCT Mean 
EGR3  

ΔCT Mean 
ICOSLG ΔCT 

Mean 

REZ16 6.7 AFF1 M 7.3009 9.9403 9.5416 4.6631 

REZ17 5.3 AFF1 M 4.8711 8.6455 9.8667 3.9622 

REZ18 7.2 AFF1 M 14.5412 9.5706 6.7247 3.3545 

Gene expression of the “relapse cohort” (“rel”) was compared to gene expression of the cohort from 

primary diagnosis (“diagnosis cohort” / “dx”) using a heatmap (Figure 20A). For that purpose, exclu-

sively those patients of the “diagnosis cohort” were included that achieved an event (n=23), in order 

to enable an appropriate, unbiased comparison of both cohorts. It became obvious that the “rel” co-

hort displayed generally higher ICOSLG and EGR3 gene expression levels compared to the “dx” cohort. 

Importantly, the median ICOSLG gene expression of the “rel” cohort approximated the level of the 

ICOSLGhi group of the “dx” cohort (Figure 20B). The relatively higher levels of ICOSLG (Figure 20B) and 

EGR3 (Figure 20C) gene expression of the “rel” cohort achieved significance in unpaired t-tests 

(p<0.0001), whereas no difference was identified considering IRX1 (p=0.2737) (Figure 20D) and HOXA9 

(p=0.8374) (Figure 20E) gene expression levels. Altogether, these findings pointed to a direct linkage 

between EGR3/ICOSLG expression and relapse formation.  

 

Figure 20. Gene expression comparison of “relapse” and “diagnosis” cohort.  

A Heatmap displaying HOXA9, IRX1, EGR3 and ICOSLG expression levels of the “diagnosis cohort” (“dx”, pa-

tients achieving an event, n=23) and the “relapse cohort” (“rel”, n=18). High relative expression (rel. expr.) is 

indicated in red. ICOSLG (B) and EGR3 (C) median relative expression levels of the “rel” cohort were signifi-

cantly higher than those of the “dx” cohort in unpaired t-tests (p<0.0001). This was not the case for IRX1 (D) 

(p=0.2737) and HOXA9 (E) (p=0.8374) expressions. CI = confidence interval. 

Because the ICOSLG expression level of the “rel” cohort approximated the level of the ICOSLGhi group 

of the “dx” cohort (Figure 20B), a principal component analysis (PCA) was performed to inspect the 

grade of similarity between the gene expression profiles of these groups. The individual and cumula-

tive variance expressed through PC1 - PC3 are shown in Table 21.  
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Table 21. Individual and cumulative variance expressed by three dimensions (principal components PC1 - 

PC3). 

 
PC1 PC2 PC3 

Individual 0.68 0.22 0.10 

Cumulative  0.68 0.90 1.00 

Gene expression profiles assigned to “dx” ICOSLGhi, “dx” ICOSLGlo, and “rel” were plotted in a coordi-

nate system along PC1 and PC2 (Figure 21A). This demonstrated coherent clustering and overlap of 

“dx” ICOSLGhi (red) with “rel” (green) whereas “dx” ICOSLGlo (blue) clustered besides with only minimal 

overlap. Additionally, the PCA heatmap illustrated the consistent gene expression profile of “dx” 

ICOSLGhi and “rel” (green) in contrast to that one of “dx” ICOSLGlo (blue) (Figure 21B). 

In summary, PCA disclosed a high grade of similarity regarding EGR3 and ICOSLG expressions between 

the group of patients with elevated ICOSLG expression at diagnosis and the patients at relapse. These 

results strongly suggest that the EGR3-ICOSLG relation is involved in relapse development, and that a 

high ICOSLG expression level at diagnosis can be described as a predictor for relapse. 

 
Figure 21. Principal component analysis (PCA) comparing the grade of similarity between “dx” ICOSLGhi, “dx” 

ICOSLGlo, and “rel”.  

A Coordinate system along PC1 spanning 68% of total variance and PC2 spanning 22.2% of total variance. 

Patients assigned to “dx” ICOSLGhi are labeled in red, those of “dx” ICOSLGlo in blue, and “rel” patients in 

green. Prediction ellipses are such that the probability that a new patient from the same group will be covered 

by the ellipse is 95%. B PCA heatmap illustrating patient clustering in detail.  

3.7 Primary T-cell co-culture study 

The gene expression investigations of patients at diagnosis and at relapse revealed that elevated EGR3 

and ICOSLG expressions were relapse-associated, and high ICOSLG expression at diagnosis predictive 

for relapse. However, a causal relationship between EGR3/ICOSLG expression and relapse formation 

remained unclear.  

ICOSLG expression was linked to the induction of regulatory T-cell (Treg) development in the healthy 

BM niche (Lee et al., 2017), glioblastoma (Iwata et al., 2019), melanoma (Martin-Orozco et al., 2010), 

breast cancer (Faget et al., 2012) and acute myeloid leukemia (AML) (Han et al., 2018). Therefore, the 

hypothesis emerged that ICOSLG expression of t(4;11) ALL cells residing in the BM niche could promote 

adjacent Treg development thereby protecting ALL cells from immune attack which could enable re-

lapse formation. Accordingly, the capability to induce Treg development by t(4;11) ALL cells expressing 

ICOSLG needed to be evaluated. For that purpose, co-culture of SEM::EGR3 and SEM::mock cell culture 
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models with primary T-cells was performed. Figure 22A summarizes the applied workflow. Peripheral 

Blood (PB) of healthy adult donors was fractionated via gradient centrifugation and the layer of pe-

ripheral blood mononuclear cells (PBMC) was manually extracted. Subsequently, CD4+ and CD8+ T-cells 

were magnetically separated, and purity assessed using flow cytometry (Figure 22B). A minimum pu-

rity of 85% was tolerated and T-cells activated using α-CD2/-3/-28 coated beads for 16h to mimic T-

cell receptor (TCR) stimulation thus enabling non-isogenic experiments without necessity of MHC-

matching. This was followed by a 48h co-culture of 50% SEM::EGR3/SEM::mock with 25% CD4+ and 

25% CD8+ T-cells. Afterwards, the fraction of Tregs was quantified using flow cytometry, and IL-2 and 

IL-10 cytokine levels of the co-culture supernatants measured by enzyme linked immunosorbent as-

says (ELISA). 

 
Figure 22. T-cell co-culture: experimental procedure.  

A Operational workflow. PBMC = peripheral blood mononuclear cells. G = granulocytes. E = erythrocytes.  

B Dot plots as an example for purity assessment after magnetic separation of CD4+ and CD8+ T-cells. Unstained 

control enabled gate setting.  

The gating strategy for flow cytometric Treg quantification is explained in Figure 23A. Monitoring of T-

cell viability after co-culture using Annexin V and 7-AAD staining yielded a viability above 70% of CD4+ 

and CD8+ T-cells in every experiment. Tregs were measured as the percentage of CD25+FOXP3+ cells 

among the fraction of CD3+CD4+ cells (Figure 23A). The experiment was performed with isolated T-

cells of six independent healthy donors (HD1 – HD6) and resulted in an increase in the percentage of 

CD25+FOXP3+ Tregs in the SEM::EGR3 co-culture of 7.96% to 23.94% compared to SEM::mock co-cul-

ture. The geometric mean of SEM::EGR3 Treg percentage to SEM::mock Treg percentage was 

1.14±0.009991 (p=0.0023) (Figure 23B). This result indicated that the overexpression of EGR3 in t(4;11) 

ALL cells mediated the rapid expansion of Tregs upon co-culture with primary T-cells.  
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Figure 23. Results of co-culture experiments.  

A Flow cytometry gating strategy. Cells with low granularity were gated out of all cells. Subsequently, CD3+ 

cells were selected in order to separate CD4+ and CD8+ cells. Viability after co-culture of these populations 

was assed using Annexin V and 7-AAD staining to ensure that the majority of T-cells was alive throughout co-

culture. The percentage of CD25+FOXP3+ Tregs was quantified among the CD4+ population. B Percentages of 

CD25+FOXP3+ Tregs among CD4+ T-cells after co-culturing T-cells from six healthy donors (HD1 – HD6) with 

SEM::mock or SEM::EGR3 cell culture models. SEM::EGR3 co-culture lead to 7.96% to 23.94% more Tregs than 

SEM::mock co-culture (geometric mean: 1.14±0.009991, p=0.0023 in a two-tailed ratio paired t-test). 

To inspect the initially explained hypothesis that EGR3-mediated upregulation of ICOSLG could lead to 

Treg development, the experiment was replicated with HD1 – HD3 under addition of a neutralizing α-

ICOSLG monoclonal antibody (mAb) in comparison to a non-specific IgG1 isotype control. The EGR3-

mediated Treg development became impaired through α-ICOSLG antibody but not IgG control treat-

ment, strongly suggesting that ICOSLG was the mediator of EGR3-induced Treg expansion (Figure 24A). 

This result was corroborated through quantification of cytokine levels in the co-culture supernatants 

using ELISA. Administration of α-ICOSLG did not affect the IL-2 levels of co-culture supernatants (Figure 

24B) but led to a significant decrease of the IL-10 level (Figure 24C). IL-10 is an immunosuppressive 

cytokine secreted by Tregs and serves as an indicator for Treg function (Maynard et al., 2007). Thus, 

α-ICOSLG treatment was proven efficient in impairing Treg development phenotypically by flow cy-

tometry and functionally by ELISA. Paradoxically, α-ICOSLG antibody treatment also led to an apparent 
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increase in the fraction of Tregs when administered to the media of SEM::mock co-culture which any-

way did not affect the decreased IL-10 level through ICOSLG blockade.  

 

Figure 24. Consequences of ICOSLG blockade on Treg development.  

A Percentages of CD25+FOXP3+ Tregs for co-culture of HD1 – HD3 under addition of 20 µg/mL IgG1 isotype 

control (red) or neutralizing monoclonal α-ICOSLG antibody (blue). B IL-2 and C IL-10 levels in co-culture su-

pernatants. ICOSLG blockade strongly decreased IL-10 levels of SEM::mock (p=0.0424) and SEM::EGR3 

(p=0.0002) co-cultures (multiple t-tests).  

Finally, the question appeared why ICOSLG expressing ALL cells specifically expand Tregs and not other 

T-cell subsets. It has been reported that Tregs in the PB of healthy individuals possess a higher ICOS 

surface expression compared to non-regulatory T-cell subsets (Duhen et al., 2012). To investigate if 

this could be the reason for the preferential Treg expansion, the ICOS surface expression of Tregs that 

developed during co-culture was quantified using flow cytometry. This uncovered that CD25+FOXP3+ 

cells displayed a higher ICOS surface expression than CD25+FOXP3- and CD25-FOXP3- cells within the 

CD4+ subset (Figure 25). Importantly, this was neither affected by the co-cultured cell model 

(SEM::mock vs SEM::EGR3) nor by different antibody treatments (IgG vs α-ICOSLG). Consequently, the 

higher ICOS surface expression of Tregs in comparison to other T-cell subsets was likely the explanation 

for the preferential expansion of Tregs through ICOSLG expression. 
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Figure 25. ICOS surface expression among different T-cell subsets. Representative dot plots of the CD3+CD4+ 

subset of HD2 are shown. CD25+FOXP3+ Tregs (yellow), CD25+FOXP3- (blue) and CD25-FOXP3- (turquois) cells 

were gated (left) and their respective ICOS surface expression displayed in a comparative plot (right). 

CD25+FOXP3+ Tregs showed the highest ICOS expression, followed by CD25+FOXP3- cells. CD25-FOXP3- cells 

clearly displayed the lowest ICOS surface expression.  
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4 Discussion  

Despite recent advancements in the therapy of pediatric leukemia through the application of kinase 

inhibitors, immunotherapy and improved HSCT, infant KMT2A-rearranged ALL is still characterized by 

a high relapse incidence accompanied by relapse-associated mortality being responsible for very poor 

patient outcome (Driessen et al., 2016; Pieters et al., 2019, 2007). The disappointing clinical situation 

that therapeutic innovations already successfully implemented in the therapy of pediatric leukemia 

did not result in clinical benefit when translated to infant patients led to the description of KMT2A-r 

infant leukemia as “a thorn in the side of a remarkable success story” (Rice and Roy, 2020).  

This doctoral project aimed to better understand the molecular mechanisms leading to relapse in 

t(4;11) iALL and the distinct role of the immediate early genes EGR1, EGR2 and EGR3 in disease pro-

gression. 

4.1 EGR3 as the main mediator of IRX1 signaling 

The establishment of HEK293T cell culture models stably expressing EGR1, EGR2 or EGR3 enabled a 

comparison of the EGR1-3 gene expression profiles with that one of IRX1 which has been characterized 

by Kühn et al., 2016. A principal component analysis (PCA) including 156 differentially expressed genes 

disclosed the EGR3 profile as displaying the highest grade of similarity to the IRX1 profile among the 

EGR cell culture models (Figure 9). This led to the conclusion that EGR3 is the most important down-

stream mediator of IRX1 among the investigated EGR genes which is in line with the observation that 

IRX1 overexpression in HEK293T and SEM cells upregulated EGR3 the most (Kühn et al., 2016; Kühn, 

2017).  

A relative uncertainty in the HEK293T cell culture models was the difference in protein expression lev-

els of the transgenes. The protein level of EGR3 in the respective cell model detected by western blot 

was remarkably higher compared to EGR1 and EGR2 (Figure 8D). This indicated a stronger protein 

expression of EGR3 although the EGR1-3 transcript levels detected by qRT-PCR were comparable sug-

gesting differences either in extent of translation or protein stability (Figure 8C). The protein expres-

sion level discrepancy cannot be explained by different antibody affinities as all three proteins were 

FLAG-tagged and detected with the same α-FLAG antibody. Theoretically, a higher amount of protein 

could lead to low affinity binding towards sequences not fully recapitulating the consensus binding 

sequence of the transcription factor. Thus, it is not clear whether the differences in protein expression 

levels affected the gene expression profile comparison and whether the protein expression difference 

represents the real leukemic situation or is a weakness of the experimental set-up. 

EGR1 was detected as two bands approximately at 58 kDa and 85 kDa which is concordant with reports 

of these two EGR1 species in PC12 cells (Day et al., 1990). The study reported that a 54 kDa isoform is 

solely cytoplasmic and derived from the exclusively nuclear found 85 kDa isoform through truncation 

of the C-terminal portion. In the HEK293T cell model, the FLAG-tag was located at the C-terminus, thus 

a C-terminal truncated isoform would not be detected, even not if both isoforms would dimerize as 

the SDS-PAGE was performed under reducing and denaturing conditions. Posttranslational modifica-

tions have been reported to affect EGR1 activity: SUMOylation and ubiquitination of EGR1 led to pro-

teasomal degradation, but went along with a protein size shift from approximately 80 kDa to 90 kDa, 

not explaining the 58 kDa band (Manente et al., 2011). In 2019, a novel EGR1 splicing isoform has been 

identified and characterized (Aliperti et al., 2019). The isoform EGR1 Δ141–278 lacked 414 base pairs 

in exon 2 belonging to the first N-terminal activation domain and transfection of HEK293T cells with 

the canonical EGR1 or EGR1 Δ141–278 resulted in a double band at ~55 kDa and ~85 kDa in case of the 

canonical EGR1, and a single band at ~55 kDa for EGR1 Δ141–278 (Aliperti et al., 2019). The study 
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reported that both isoforms were able to enter the nucleus but EGR1 Δ141–278 was shown to trans-

activate the target genes ARC and SIK1 to a significantly lower extent than canonical EGR1. In conclu-

sion, it is very likely that the EGR1 double band of Figure 8D is due to protein expression of the canon-

ical EGR1 (85 kDa) and the alternative splicing isoform EGR1 Δ141–278 (58 kDa). The transcript level 

assessed in Figure 8C was measured using qRT-PCR with oligonucleotide primers spanning the only 

exon junction of the transcript, while the truncated area Δ141–278 is downstream of the reverse pri-

mer and thus qRT-PCR did not distinguish between the alternatively spliced and canonical transcripts. 

Accordingly, the transcript levels displayed in Figure 8C refer to both protein isoforms with the 58 kDa 

isoform having a weaker transactivation activity according to Aliperti et al., 2019. This could also ex-

plain the transcriptional differences of EGR1 and EGR3 suggested by the PCA (Figure 9). 

Apart from the difference in protein expression levels, an important weakness of the HEK293T cell 

culture model was the cell type. HEK293T cells are in general easy to transfect and cultivate but do not 

represent the pheno- or genotype of t(4;11) ALL. Therefore, the SEM cell culture models were estab-

lished to compare the gene and protein expression of the immune-related genes identified using the 

HEK293T model (Table 17). This disclosed that only ICOSLG and IL6R but not LGALS1 and TGFB1 tran-

script levels were upregulated through EGR3 or IRX1 overexpression in the t(4;11) cellular context. 

Since ICOSLG was approximately three times stronger upregulated by EGR3 compared to IRX1, 

whereas the situation for IL6R was the opposite, ICOSLG was subsequently in focus of the project (Fig-

ure 12A).  

Of note, overexpression of a transgene, in contrast to a knock-in, usually leads to non-physiologically 

high amounts of transcript and protein probably affecting the respective cell. Nevertheless, if inter-

preted appropriately, gene overexpression models are valuable tools to identify downstream signaling 

effectors although validation through analysis of primary patient samples is recommended (Prelich, 

2012). In addition, the sleeping beauty transposon system possesses the advantage of a close-to-ran-

dom integration profile (Kebriaei et al., 2017) in contrast to viral transduction systems that have been 

reported to integrate into promoters of oncogenes resulting in malignancy (Hacein-Bey-Abina et al., 

2008, 2003; Howe et al., 2008). 

4.2 Characterization of ICOSLG upregulation through EGR3 overexpression 

The direct binding of EGR3 to the ICOSLG promoter has been disclosed initially by ChIP-qRT-PCR and 

was later corroborated by ChIP-Seq. These experiments were performed using the SEM::EGR3 cell cul-

ture model because the t(4;11) cellular context determines chromatin accessibility through character-

istic epigenetic marks including trimethylation of histone 3 at lysine-4 (H3K4me3) among others (Chang 

et al., 2010; Prange et al., 2017). Chromatin accessibility is a prerequisite for transcription factor bind-

ing and thus, the t(4;11) epigenetic background of the SEM cell line was necessary to identify binding 

sites of EGR3 in the ICOSLG promoter area. 

A general disadvantage of ChIP-qRT-PCR is that the result highly depends on appropriate primer an-

nealing to intronic sequences that are frequently characterized by regions with a high GC content. 

These GC-rich sections frequently fold into complex secondary structures and respective primers are 

prone to dimerization (Green and Sambrook, 2019). Data analyses with the integrative genomics 

viewer (IGV) in hg38 showed a GC-content of 65% for PP4 target sequence compared to 81% for PP1 

and PP2 target sequences (Figure 13A). This difference in GC-content could affect primer annealing 

and thus explain why using ChIP-qRT-PCR only PP4 indicated EGR3 binding, whereas ChIP-Seq disclosed 

a distribution of aligned reads to the ICOSLG promoter area correlating with the that one of the in silico 

predicted theoretical binding sites (Figure 13A and Figure 14). 
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4.3 Gene expression analysis using cell culture models and patient samples 

Pearson correlation testing using the gene expression data derived from the cohort of 50 patients at 

diagnosis confirmed the correlations of the IRX1-EGR3-ICOSLG axis which were initially suggested by 

HEK293T and SEM cell culture models. In contrast, other suggested correlations were not confirmed 

by the patient gene expression study. LGALS1 was indicated to be upregulated through IRX1 and EGR3 

overexpression in HEK293T cell culture models (Table 17) which was corroborated by SEM::EGR3 but 

not SEM::IRX1 (Figure 12A). However, the patient study indicated a negative correlation between 

LGALS1 and EGR3 or IRX1 (Figure 16). Furthermore, HEK::IRX1 and HEK::EGR3 suggested an upregula-

tion of TGFB1 (Table 17) which was not confirmed by the SEM cell models (Figure 12A). Nevertheless, 

the patient study revealed a positive correlation between EGR3 and TGFB1 (Figure 16). In case of IL6R, 

the HEK293T cell models suggested an upregulation through IRX1 or EGR3 overexpression (Table 17) 

which was confirmed by the SEM cell models that indicated an approximately three times stronger 

upregulation by SEM::IRX1 compared to SEM::EGR3 (Figure 12A). The patient data in turn demon-

strated only a weak correlation between IL6R and IRX1 or EGR3 (Figure 16).  

These disparities between the three gene expression analyses indicate that the expression of a gene 

highly depends on the cellular context. HEK293T cell models are convenient in terms of establishment 

and cultivation but do neither possess a leukemic phenotype nor the translocation t(4;11). The SEM 

cell culture models mimic the cell identity of infant t(4;11) ALL very well considering the proB pheno-

type and the t(4;11) rearrangement although the SEM cell line was established from PB of a 5-year old 

ALL patient and not an infant patient (Greil et al., 1994). The HEK293T and SEM cell culture models 

have in common that the genes of interest were massively overexpressed exceeding natural expres-

sion levels even in leukemic cells. This overexpression provoked changes in the cellular signaling net-

work which could be analyzed by various means in order to deduct to signaling pathways and interac-

tors (Prelich, 2012). The patient samples enabled a direct examination of the cell culture model derived 

data for identification of correlations that also apply in the clinic. Anyhow, due to the general hetero-

geneity of patient derived data, the inclusion of 50 patients into the diagnosis cohort was necessary 

although the diagnosis cohort was solely composed of t(4;11) infant ALL patients with a proB pheno-

type. However, also the patient study possessed some weaknesses including the lack of cellular sam-

ples to measure protein (surface) expression, the lack of matched samples from BM and PB to investi-

gate potential differences in the expression depending on the leukemic compartment and the lack of 

matched RNA samples from the same patient at different time points to enable a longitudinal expres-

sion study. These issues were due to the dearth of patient samples resulting from the low incidence of 

the disease also explaining that the inclusion of only 50 RNA patient samples required the involvement 

of three different study centers.  

In summary, gene expression data derived from cell culture models overexpressing IRX1 or EGR3 iden-

tified a set of immune-related genes of which ICOSLG was verified as a downstream mediator of EGR3 

among a cohort of 50 patients. The comparison of cell culture model derived data with primary patient 

data enabled the identification and verification of ICOSLG as a prognostic biomarker and therapeutic 

target. Disparities between the cell culture models and patient data underlined the importance of a 

verification of model data using primary data.  

4.4 Event-free survival depending on HOXA9 gene expression  

The EFS analysis of patients assigned to the HOXA9hi or HOXA9lo group revealed only a slight EFS dis-

advantage of HOXA9lo patients which did not reach statistical significance (Figure 18B). This result con-

tradicts the study of Stam et al. demonstrating that HOXAlo patients displayed a higher relapse 
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incidence than HOXAhi patients (Stam et al., 2010). However, Stam et al. considered the expression of 

HOXA9, HOXA7, HOXA10, HOXA5 and HOXA3, whereas the present study solely considered HOXA9 

expression to discriminate patients. Nevertheless, for 28 of 29 patients in the study of Stam et al., the 

expression of HOXA9 was representative for all HOXA genes indicating that both studies are indeed 

comparable.  

Another major difference is that the present study compared event-free survival (EFS) whereas Stam 

et al. assessed relapse-free survival (RFS) to compare the outcome of HOXAlo versus HOXAhi patients. 

In the present study, events were defined according to Interfant-99 and -06 as early death during in-

duction, resistance to induction, relapse, death in continuous complete remission and second malig-

nancy. In contrast, RFS considers solely relapse or death. 41 of 43 patients of the present study were 

included in Interfant-06 and thus, the cohort was representative for the events of the Interfant-06 high 

risk group. In this group, 88% of events were relapses, 7.5% were deaths in CR and 4.5% were deaths 

in continuous complete remission. No resistance to induction or second malignancy was reported (Pie-

ters et al., 2019). Accordingly, EFS assessed in the present study and RFS reported by Stam et al. cov-

ered both only relapse and death as events. Therefore, the outcome data of both studies are compa-

rable. 

In addition, treatment differences could explain the outcome disparities between the present study 

and that one of Stam et al. In the present study, 41 patients were included in Interfant-06 and 2 pa-

tients included in AIEOP-BFM ALL 2017 (Table 19). The cohort from Stam and colleagues was included 

in Interfant-99. Importantly, Interfant-99 and Interfant-06 demonstrated similar outcomes for t(4;11)+ 

patients with Interfant-99 reporting a 4y-EFS of 35.8±4.5% and Interfant-06 reporting a 4y-EFS of 

34.3±3.4% (Pieters et al., 2019, 2007). The AIEOP-BFM ALL 2017 trial will be completed in 2028 and 

did not publish intermediate results yet (NCT03643276 at clinicaltrials.gov, 13.05.2022). As a result, 

the different treatment protocols applied to patients are unlikely to explain the discrepancy between 

both studies.  
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Figure 26. Patient age distribution of Stam et al., 2010 (red, n=29 patients) compared to own data (blue, n=50 

patients). 

Finally, another important difference between both studies is the number of investigated patients. 

Stam et al. included 23 patients in the RFS analysis, n=12 HOXAlo and n=11 HOXAhi, whereas the present 

EFS study involved 43 patients, n=16 HOXA9lo and n=27 HOXA9hi. The lower number of included 
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patients in the Stam et al. study, especially in case of the HOXAhi patients, could have led to a biased 

estimation of RFS. Furthermore, the present study displayed a HOXA9lo percentage of 37.2% which is 

close to the HOXA9lo fraction of all patients including those without available outcome data (n=50) 

being 38% (19 of 50 patients). This is another contrast to the Stam et al. study, which displayed a 

HOXAlo fraction of 52.2%. In line with this discrepancy, both studies differed in their patient age distri-

butions (Figure 26). In the study of Stam et al. 75.9% of patients were below 6 months of age at diag-

nosis, whereas the present study involved 62% of patients below 6 months of age. If the HOXAlo ex-

pression pattern were the result of an earlier cell of origin as assumed by Symeonidou and Ottersbach 

(2021), this could explain that a cohort with a higher fraction of patients below 6 months of age showed 

a larger HOXAlo percentage. 

In summary, the study of Stam et al. and the present study differ most notably in the number of in-

cluded patients, the ratio of HOXAlo to HOXAhi group size, and the patient age distribution. These fun-

damental differences could have led to the described discrepancy in outcome between both studies, 

although this can only be assumed. 

4.5 IRX1 and EGR3 expression depending on HOXA9 gene expression  

The gene expression analysis of patients assigned to the HOXA9hi or HOXA9lo group disclosed a signifi-

cantly elevated IRX1 gene expression of the HOXA9lo group (Figure 18C). This inverse correlation of 

HOXA9 and IRX1 gene expression in infant t(4;11) ALL is in concordance with four previous studies 

examining between 20 and 47 patients (Kang et al., 2012; Stam et al., 2010; Symeonidou and Otters-

bach, 2021; Trentin et al., 2009). Although IRX1 and EGR3 expression were shown to strongly correlate 

among the 50 patients (Figure 16), the median EGR3 expression was not significantly different when 

comparing the HOXA9hi and HOXA9lo group (Figure 18D).  

Based on the study of Kühn et al. (2016) showing that IRX1 overexpression led to the upregulation of 

EGR1, EGR2 and EGR3 in vitro, this doctoral project aimed to clarify whether the expression of the EGR 

genes could be responsible for the supposed higher relapse rate of HOXAlo patients. The lack of asso-

ciation between low HOXA9 gene expression and elevated EGR3 expression in the investigated patient 

cohort strongly suggests that EGR3 is not implicated in the apparent EFS disadvantage of HOXA9lo pa-

tients. 

4.6 ICOSLG gene expression and relapse development 

In contrast to HOXA9 expression, patient discrimination depending on the ICOSLG expression level un-

covered significant EFS differences. All ICOSLGhi patients failed within 17 months from diagnosis, 

whereas the ICOSLGlo patients achieved a remarkable 4y-EFS of 49±8.8% (Figure 19B). This EFS differ-

ence was not affected by patient age (Figure 19C), but the very small size of the ICOSLGhi group (n=7) 

could have led to a biased result. Nevertheless, in line with Pearson correlation testing (Figure 16), 

IRX1 and EGR3 expression levels were significantly elevated in ICOSLGhi patients thereby pointing to an 

involvement of the IRX1-EGR3-ICOSLG axis in relapse development (Figure 19D,E). This became cor-

roborated through comparison of the HOXA9, IRX1, EGR3 and ICOSLG gene expressions between the 

cohort of patients at diagnosis (dx, n=23) and the cohort of patients at relapse (rel, n=18) demonstrat-

ing that high EGR3 and ICOSLG expressions were relapse-associated (Figure 20A-C). Importantly, the 

diagnosis cohort was solely composed of t(4;11) iALL patients, whereas due to a dearth of samples 

only 14 of 18 patients (78%) of the relapse cohort were t(4;11) cases. The cohort additionally consisted 

of three t(11;19) (17%) cases and one t(9;11) (6%) case. Nevertheless, the t(11;19) and t(9;11) patients 

met all other patient characteristics and did obviously not stand out regarding the gene expression 
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profile illustrated by the heatmap, suggesting that a comparison of both cohorts was appropriate (Fig-

ure 20A).  

Contrarily to EGR3 and ICOSLG, the median IRX1 and HOXA9 expression levels were not significantly 

different when comparing the patients at relapse and those at diagnosis (Figure 20D,E). However, as 

IRX1 expression was elevated in the ICOSLGhi group of the cohort at diagnosis, the transcription factor 

should still be considered being implicated in relapse formation, even not in a direct association but 

through upregulation of EGR3 that in turn transactivates ICOSLG. This became underpinned by the PCA 

with patients assigned either to the relapse cohort or to the ICOSLGhi or ICOSLGlo group of the diagnosis 

cohort, showing that the separation of patients depending on their ICOSLG expression level at diagno-

sis led to coherent clustering of the ICOSLGhi group with the relapse cohort (Figure 21A). Through this, 

the ICOSLG expression level at diagnosis was identified as an adverse prognostic biomarker predictive 

for relapse formation. 

A molecular explanation for the link between EGR3/ICOSLG expression and relapse formation emerged 

with the identification that EGR3-mediated ICOSLG upregulation led to relative outgrowth of regula-

tory T-cells (Tregs) upon co-culture of SEM::EGR3 with primary activated CD4+ and CD8+ T-cells (Figure 

23 and Figure 24). To appropriately evaluate this, the role of ICOSLG in T-cell-mediated immunity needs 

to be discussed. 

4.7 The role of ICOSLG in T-cell-mediated immunity 

The Inducible T-cell costimulator ligand (ICOSLG) is a member of the B7 family of immune receptors 

and shares partial sequence identity with CD80 and CD86 (Coyle and Gutierrez-Ramos, 2001). Besides 

ICOSLG, CD80 and CD86, the Programmed cell death ligands 1 and 2 (PD-L1, PD-L2) also belong to the 

B7 family (Greaves and Gribben, 2013). ICOSLG is a costimulatory immune receptor expressed by an-

tigen presenting cells (APC) including B-cells and binds the Inducible T-cell costimulator (ICOS) (Coyle 

and Gutierrez-Ramos, 2001; Yoshinaga et al., 1999). ICOS belongs to the CD28 superfamily of immune 

receptors and is expressed at marginal levels on resting memory T-cells but binding to ICOSLG results 

in rapid upregulation of ICOS expression (Hutloff et al., 1999; Khayyamian et al., 2002). Besides, ICOS 

expression defines a highly suppressive IL-10 producing Treg subset (Ito et al., 2008). In addition, 

ICOSLG has recently been described to bind Osteopontin by a different domain than that binding ICOS 

(Raineri et al., 2020). In the hematopoietic system, ICOSLG displays the highest expression on proB-

cells which is also the phenotype of infant t(4;11) ALL cells (Figure 27).  

Costimulatory and coinhibitory immune receptor interactions are important secondary signals balanc-

ing the activation of T-cells besides the T-cell receptor (TCR) / major histocompatibility complex (MHC) 

interaction thereby finetuning immune activation. In this context, ICOSLG expression on BM-resident 

mesenchymal stem cells (MSC) has been shown to induce the development of Tregs (Lee et al., 2017). 

Lee et al. demonstrated that MSC upregulated ICOSLG and subsequently induced Treg development 

through ICOSLG/ICOS binding under inflammatory conditions mimicked through IL1β, TNF-α or lipo-

polysaccharide (LPS) treatment.  
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Figure 27. ICOSLG expression in cells of the hematopoietic system. Taken from bloodspot.eu (Bagger et al., 

2016). 

Moreover, Lee et al. identified that the ICOSLG/ICOS interaction activated the PI3K/Akt signaling path-

way in CD4+ T-cells to mediate their differentiation into regulatory subsets producing IL-10 (Lee et al., 

2017). This observation is in concordance with studies showing that in Tregs ICOSLG/ICOS binding 

caused sustained PI3K/Akt activation which mediated suppressive activity and survival of Tregs (Fos et 

al., 2008; Li and Xiong, 2020). The phosphatidylinositol 3 kinase (PI3K) is composed of a regulatory 

subunit (p85α, p55α, p50α, p85β or p55γ) and a catalytic subunit (p110α, p110β or p110δ) (Okkenhaug 

and Vanhaesebroeck, 2003). It has been demonstrated that ICOSLG binding leads to homodimerization 

of ICOS resulting in its phosphorylation at the YMFM motif which binds the PI3K regulatory subunit 

p85α or p50α thereby recruiting the catalytic subunit (p110) which catalyzes the phosphorylation of 

phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol trisphosphate (PIP3) that in turn phos-

phorylates and activates Akt (Figure 28) (Li and Xiong, 2020; Okkenhaug and Vanhaesebroeck, 2003). 

Comparisons between naïve T-cells and Tregs uncovered that in Tregs mTORC1 mediates phosphory-

lation of its substrates S6 and 4E-BP1 which has been suggested to be required for homeostasis and 

suppressive capability of Tregs through regulation of lipid metabolism (Figure 28) (Zeng et al., 2013). 

Furthermore, Akt activation fosters Treg survival through two distinct mechanisms. First, Akt inhibits 

GSK3β resulting in prevention of degradation of the anti-apoptotic protein Mcl-1 (Ahmad et al., 2017; 

Pierson et al., 2013). Second, ICOS+ Tregs displayed elevated levels of the anti-apoptotic protein Bcl-2 

upon Akt activation (Figure 28) (Kornete et al., 2012; Li and Xiong, 2020; Smigiel et al., 2014). Besides 

anti-apoptotic and metabolic consequences, ICOS-PI3K signaling mediates complex formation of the 

transcription factors FOXP3 and Nuclear factor of activated T-cells (NFAT), thereby outcompeting bind-

ing of AP-1 to NFAT (Chen et al., 2018; Zheng et al., 2013). AP-1 and FOXP3 are competitors of NFAT 

binding being necessary to operate transcriptional activation (Rudensky et al., 2006; Wu et al., 2006). 

Murine studies have shown that ICOS activation on Tregs led to upregulation of the highly suppressive 

FOXP3::NFAT target genes IL-10, IL-4 and TGFB1 and downregulation of the AP-1::NFAT target genes 
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IL-2 and IL-6 (Figure 28) (Chen et al., 2018). Through this switch, ICOS fosters the transformation of 

naïve T-cells to Tregs. Finally, ICOS expression has been identified as a driver of CXCR3 expression 

which is a known receptor for chemoattraction and migration towards inflammatory tissues (Figure 

28) (Kornete et al., 2015). 

 

Figure 28. Signaling pathways activated in Tregs upon ICOSLG/ICOS binding. Taken from Li and Xiong, 2020. 

Following the discussion of ICOS expression, it is important to mention that ICOSLG has been identified 

as being expressed on different kinds of tumors leading to expansion of Tregs in the tumor microenvi-

ronment. Initially, this has been described for gastric cancer (Chen et al., 2003) and stage IV metastatic 

melanoma cells (Martin-Orozco et al., 2010). Of note, both studies proved IL-10 production leading to 

immune suppression of tumor infiltrating lymphocytes (TIL) as a hallmark of ICOSLG-mediated Treg 

expansion. Comparable with the observation that ICOSLG expression on healthy BM-resident MSC re-

sulted in Treg induction (Lee et al., 2017), ICOSLG was also found to be expressed on stem-like glio-

blastoma (GBM) cells promoting Treg expansion (Iwata et al., 2019). This study revealed that Tregs 

were IL-10 producing, pro-tumorigenic and negatively correlated to OS in a cohort of 71 GBM patients. 

Interestingly, another study demonstrated that ICOSLG expression could promote immune escape of 

tumor cells even if not the tumor itself expressed ICOSLG. Faget et al. found that ICOSLG expressing 

plasmacytoid dendritic cells (pDC) co-localized with breast cancer cells and promoted ICOS+ Treg accu-

mulation through ICOS/ICOSLG binding (Faget et al., 2012). This “bystander effect” was shown to foster 

immune escape through IL-10 production and among 120 breast cancer patients the presence of ICOS+ 

Tregs was linked to inferior EFS and OS. These results underlined the importance of the tumor micro-

environment for immune evasion and patient outcome in solid cancers. However, ICOSLG-mediated 

Treg expansion has also been characterized to take place in the microenvironment of hematologic 

malignancy. Han et al. demonstrated the expression of ICOSLG on AML cells which mediated Treg ex-

pansion in the BM microenvironment (Han et al., 2018). Furthermore, the study corroborated previous 

investigations suggesting that AML patients displayed a higher fraction of BM-residing Tregs (Shenghui 

et al., 2011). Furthermore, Han et al. verified that the ICOSLG expression level of BM-located AML cells, 

as well as the frequencies of ICOS+ Tregs, were all associated with inferior disease-free survival (DFS). 

In addition, the study reported that IL-10 secretion of ICOS+ Tregs led to proliferation of AML cell lines 

in vitro.  
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In summary, the expression of ICOSLG on tumor cells or their “bystanders” led to Treg induction and 

expansion upon ICOS binding in different solid and liquid cancers. In all discussed studies, this interac-

tion resulted in local immune evasion accompanied by markedly poorer patient outcome.  

4.8 ICOSLG-mediated Treg expansion as a relapse mechanism in infant t(4;11) ALL 

The co-culture experiments of EGR3-overexpressing SEM cells with elevated ICOSLG expression re-

vealed that the previously described mechanism of ICOSLG-mediated Treg induction also applies to 

infant t(4;11) ALL. 

Importantly, co-culture experiments were performed with primary T-cells activated with α-CD2/3/28 

coated beads to enable MHC-unmatched experiments. This implied that almost all T-cells subsequently 

interacting with leukemia cells became activated which is very unlikely to occur in reality. In addition, 

CD28-based T-cell activation goes along with ICOS upregulation which could have led to an overesti-

mation of ICOSLG responsiveness in the co-culture experiments (Greenwald et al., 2005). Nevertheless, 

CD4+ and CD8+ T-cells are known to enter the BM from vasculature and to become primed through 

BM-resident DC which has been shown to result in T-cell activation and primary immune responses 

(Feuerer et al., 2003, 2001). Thus, bead-based T-cell activation in the co-culture experiments probably 

mimicked DC-based T-cell activation in the BM and therefore, the measured effects appear authentic.  

Another weakness of the co-culture study is that due to the lack of an available cell sorter, T-cells were 

magnetically enriched instead of sorted, resulting in impurities of up to 15% (Figure 22B). As the mi-

croscopic observation after enrichment did not reveal a significant co-isolation of differently shaped 

cells, it is very likely that co-isolated cells were CD4 and/or CD8 negative T-cells. Due to massive pro-

liferation of responsive T-cells during bead activation, non-responsive CD4-CD8- T-cells were probably 

overgrown. However, these assumptions were not verified experimentally.  

Moreover, a relative difference between Treg development of SEM::mock treated with α-ICOSLG an-

tibody in case of HD1 and HD3 but not HD2 co-culture was observed (Figure 24A). This could be due 

to differences in T-cell activation (variations of the bead to cell ratio), T-cell isolation (purity of isolated 

T-cells) or the general condition of T-cells (naïve vs. exhausted). Furthermore, the experiment de-

pended on the viability and ICOSLG expression of SEM cells. Additionally, off-target effects of excess 

antibody potentially could have led to apparent Treg development. 

Surprisingly, also co-culture with SEM::mock cells resulted in expansion of Tregs despite a lack of EGR3-

overexpression (Figure 23). This could be explained by the basal expression of ICOSLG on SEM cells as 

suggested by the map of ICOSLG expression among the hematopoietic system (Figure 27) and as veri-

fied by western blot of the SEM::mock cell culture model (Figure 12B). Importantly, elevated ICOSLG 

expression was always accompanied by increased Treg development. Furthermore, the ICOSLG expres-

sion level of SEM::EGR3 defined the threshold for assignment of patients to the ICOSLGhi group in the 

patient gene expression study, indicating that the in vitro co-culture experiments represented the min-

imal Treg expansion assumed to occur in reality.   

Moreover, the co-culture study disclosed the highest ICOS surface expression of FOXP3+CD25+ Tregs 

compared to FOXP3-CD25+ and FOXP3-CD25- T-cells. This reflects the results of previous investigations 

(Duhen et al., 2012). In mice, high ICOS surface expression among Tregs has been shown to determine 

stronger suppressive and proliferative capabilities and prolonged survival which has been corrobo-

rated in human studies (Chen et al., 2012; Vocanson et al., 2010). 

Anyhow, the co-culture study did not investigate whether the relative outgrowth of Tregs was due to 

excessive proliferation of already existing Tregs or due to conversion of naïve T-cells to regulatory ones. 

Lee et al. described Treg expansion in the BM because of ICOSLG expression on adjacent MSC (Lee et 

al., 2017). In this study, the authors stated that Tregs probably differentiated from naïve T-cells instead 
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of proliferating from existing Tregs. They came to this conclusion since repetition of their co-culture 

experiments with doubled amounts of T-cells that subsequently underwent co-culture did not result 

in increased Treg percentages after co-culture. In addition, they performed co-cultures with and with-

out prior depletion of CD25+ T-cells and did not measure differences in the amount of Tregs after co-

culture. Although such experiments were not performed within this doctoral project, due to the simi-

larity of the experimental setup to the study of Lee et al., it is likely that the described Treg expansion 

after co-culture with SEM cells was due to a differentiation process of naïve T-cells. Differentiation of 

naïve T-cells to Tregs upon ICOS/ICOSLG binding is known to be mediated by PI3K/Akt signaling as 

described above. 

In conclusion, the co-culture experiments strongly suggest causality between the disclosed elevated 

ICOSLG expression level at diagnosis in some patients and their inferior EFS. Thus, ICOSLG-mediated 

Treg expansion has been identified as a contributor to relapse in infant t(4;11) ALL rendering the 

ICOSLG expression level at diagnosis a valuable prognostic marker. In addition, the immune checkpoint 

ICOSLG has been characterized as a therapeutic antibody target whose blocking impaired Treg devel-

opment and thus treatment with α-ICOSLG antibodies holds promise to prevent relapse in the clinic. 

 
Figure 29. Proposed immune-evasion relapse mechanism.  

t(4;11) iALL Patients undergo a chemotherapy structured in induction, consolidation, reinduction and mainte-

nance phases. Typically, patients achieve complete remission (CR) rapidly with induction therapy but suffer 

from relapse only months later despite maintained chemotherapy. Within this time, the leukemic population 

acquires chemo-resistance without an increase in or selection of mutations. The results of this doctoral pro-

ject point to an immune-evasion relapse mechanism as a possible explanation for the described clinical situ-

ation. This mechanism relies on the establishment of an immune privilege in the BM niche to prevent immune 

attack of leukemia initiating cells (LIC). In detail, HOXAlo patients display elevated IRX1 gene expression which 

correlates with EGR3 upregulation. EGR3 in turn directly transactivates the expression of the immune check-

point ICOSLG which induces the expansion of highly suppressive IL-10 producing Tregs. These Tregs could 

acquire an immune suppressive microenvironment in the LIC niche leading to minimal residual disease (MRD) 

reemerging as relapse. tx = transcription. TH = helper T-cell. TK = killer T-cell.  

Infant t(4;11) ALL has been identified to possess one of the lowest mutational burdens among pediatric 

cancers, displaying only 1.3 non-silent mutations in the dominant leukemic clone (Agraz-Doblas et al., 

2019; Andersson et al., 2015; Bardini et al., 2011; Dobbins et al., 2013; Mullighan et al., 2007). 
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Moreover, patients suffer from relapse only months after diagnosis despite rapid achievement of com-

plete remission and maintenance of a multimodal chemotherapy without accumulation of secondary 

mutations (Driessen et al., 2016; Pieters et al., 2019, 2007). This doctoral project identified that 

ICOSLG-mediated Treg expansion contributes to relapse formation suggesting that this mechanism 

could interfere with immune recognition of ALL cells. Acquisition of regulatory T-cells adjacent to ALL 

cells could establish an immune privilege in the BM niche. This putative immune evasion mechanism 

could explain how t(4;11) ALL cells achieve therapy resistance without an increase in secondary muta-

tions (Figure 29).  

This hypothesis supposes that t(4;11) ALL cells lead to T-cell responses in the BM despite their low 

mutational burden. Rarity of mutations is usually considered to determine immune invisibility due to 

a lack of altered MHC-presented peptides serving as tumor neoantigens (Goodman et al., 2017; Hugo 

et al., 2016; Rizvi et al., 2015). Considering the relative mutational silence of t(4;11) iALL at diagnosis 

and at relapse, the most likely source of immunogenic neoantigens is the fusion protein KMT2A::AFF1 

and, in case of balanced translocations, the reciprocal fusion protein AFF1::KMT2A. It has been shown 

that such fusion-derived neoantigens (FDNA) led to specific CD8+ T-cell responses in pediatric 

ETV6::RUNX1 ALL (Zamora et al., 2019). In addition, a patient with head and neck squamous cell carci-

noma (HNSCC) and lung metastases was reported to respond surprisingly well to immune checkpoint 

inhibition (Pembrolizumab) due to the presence of the oncogenic fusion DEK::AFF2 (Yang et al., 2019). 

In this study, Yang et al. demonstrated that FDNA stimulated T-cell responses, and the study provided 

evidence of immune surveillance causing a negative selection pressure against FDNA bearing tumor 

cells. This explained the successful checkpoint inhibitor treatment resulting in disappearance of the 

primary tumor and metastases. Unfortunately, the immunogenicity of t(4;11) fusion peptides and their 

ability to function as FDNA have not been investigated yet. 

Another prerequisite for the above mentioned hypothesis is that FDNA become presented by t(4;11) 

ALL cells rendering them recognizable for T-cell attack. So far, no studies were conducted to evaluate 

this. However, very recently it has been uncovered that HSPC constitutively present antigens via MHC-

II thereby enabling immune surveillance of the stem cell pool (Hernández-Malmierca et al., 2022). The 

study found that CD4+ T-cells eliminated transformed HSPC and thus prevented leukemia. This remark-

able study strongly suggests that leukemia developing from HSPC generally requires immune evasion 

strategies. In addition, the study highlighted the importance of T-cells for regulating the integrity of 

the HSC pool. As discussed in the introduction, the cell of origin of the translocation t(4;11) leading to 

iALL likely belongs to the HSPC pool of the fetal liver (see 1.2.3.2). The study of Hernández-Malmierca 

et al. was performed with murine HSPC derived from BM and not fetal liver. Thus, it remains unclear 

whether the described MHC-II-dependent immune surveillance mechanism also applies to fetal liver 

derived HSPC including the t(4;11) cell of origin.  

ICOS+FOXP3+ Tregs are important immune regulators during fetal development since the neonatal thy-

mus and cord blood were both characterized to contain ICOS+FOXP3+ Tregs (Ito et al., 2008; Takahata 

et al., 2004). Interestingly, the percentage of ICOS+ Tregs in the newborn’s thymus exceeds that one of 

adult PB, and ICOS+ Tregs express the thymus emigration marker CD31 (Ito et al., 2008; Takahata et 

al., 2004). This suggests that ICOS+ Tregs are directly derived from the thymus and do not convert from 

ICOS- Tregs. Besides, fetal T-cells have been identified to adopt a regulatory phenotype more easily 

compared to adult T-cells which is in line with the general need for immune tolerability during fetal 

development (Mold et al., 2010). During gestation, fetal tissues are surrounded by placental extravil-

lous trophoblast cells (EVT) which express high levels of ICOSLG throughout pregnancy (Petroff et al., 

2005). EVT protect the fetus from the mother’s semi-foreign immune system. In this context, ICOSLG 
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expression has been validated as a mediator of tolerance at the fetomaternal interface (Riella et al., 

2013). Furthermore, EVT are known mediators of decidual Treg invasion to the fetomaternal interface 

leading to local suppression of T-cell activity by secretion of IL-10 (Aluvihare et al., 2004; Du et al., 

2014; Salvany-Celades et al., 2019; Svensson-Arvelund et al., 2015; Tilburgs et al., 2008). In summary, 

the ICOSLG/ICOS interaction is a mediator of Treg invasion and differentiation at the fetomaternal in-

terface thereby guarding fetal tissues against potential attack by the mother’s T-cells. Regarding infant 

ALL, this implies that during in utero transformation of the t(4;11) cell of origin, the ICOSLG/ICOS inter-

action applies a local immune privilege to the fetomaternal interface, comparable to the proposed BM 

niche immune privilege resulting in relapse. Accordingly, it could well be that during relapse formation, 

the ICOSLG-mediated Treg development in the BM reflects the ICOSLG-mediated immune privilege 

established during pregnancy. As a consequence, the establishment of an immune privilege in the BM 

niche could be a prerequisite for relapse development, as the immune suppressive conditions during 

fetal development could be a prerequisite for survival of t(4;11)-transformed preleukemic cells. In 

other words, t(4;11) iALL could depend on an immune privilege first to occur in utero, and second to 

re-emerge as relapse in the BM. This implies that turning the leukemic BM niche towards immune-

susceptibility holds promise to prevent relapse and to overcome therapy-resistance of relapsed pa-

tients. However, this hypothesis requires experimental verification. 

The importance of an immune privileged microenvironment in the BM niche for ALL cell survival orig-

inates from the function of the BM as a primary and secondary immune organ. The BM has been char-

acterized as a primary immune organ because it provides the specialized niche in which HSC reside, 

survive, and maintain hematopoiesis throughout life (Chen et al., 2016; Morrison and Scadden, 2014). 

In addition, the BM was identified to be a secondary immune organ with the observation that it is part 

of the lymphocyte recirculation network (Osmond, 1994). CD4+ and CD8+ T-cell migrate into the BM 

from blood vessels, become primed by BM-residing APC resulting in primary immune reactions and 

memory T-cell formation (Feuerer et al., 2003, 2001). Additionally, Tregs have been shown to accumu-

late in the BM following chemoattraction by CXCL12 (Zou et al., 2004). Furthermore, Tregs were iden-

tified to colocalize with HSC providing an immune suppressive microenvironment in the niche and 

maintaining HSC quiescence (Fujisaki et al., 2011; Hirata et al., 2019, 2018). These studies imply a fine-

tuned balance between immune surveillance and immune tolerance essential for HSC regulation. 

Through the observed ICOSLG-mediated Treg expansion, infant t(4;11) ALL cells could be capable to 

reprogram the BM microenvironment towards immune tolerability. This could especially be important 

as massive leukemia cell death with chemotherapy onset presumably triggers processing of FDNA by 

APC and subsequently priming of naïve T-cells according to the concept of the cancer-immunity cycle 

(Chen and Mellman, 2013).  

Through the combination of cell culture model data with primary patient data, this project revealed 

EGR3 as a transactivator of ICOSLG expression and verified the known upregulation of EGR3 through 

IRX1 in the context of t(4;11) iALL. Regarding this, an unaddressed question is the reason for the ele-

vated EGR3/ICOSLG expression levels in a small group of patients of the diagnosis cohort (defined as 

the ICOSLGhi group) (Figure 19A,E). Elevated ICOSLG expression at diagnosis could be indicative for a 

positive immune selection of ICOSLG+ ALL cells. The observation that at relapse all patients displayed 

elevated ICOSLG expression levels suggests the establishment of an immune privileged microenviron-

ment to be a prerequisite for relapse development. This would explain the short EFS of ICOSLGhi pa-

tients and could indicate that ICOSLGlo patients at the timepoint of diagnosis had not yet acquired an 

immune evasive microenvironment resulting in longer EFS. It could well be that the leukemic popula-

tion of ICOSLGlo patients consist to a small extent of a minor subgroup of ICOSLG+ ALL cells which had 
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not been immune selected at diagnosis but become the major phenotype at relapse upon immune 

selection in the BM niche. In line with that, ALL initiating cells were characterized to occupy the BM 

niche in response to chemotherapy thereby perturbing hematopoiesis resulting in apoptosis of healthy 

HSC (Burt et al., 2019; Duan et al., 2014; Tang et al., 2018). The special role of the BM for relapse 

development in infant ALL becomes obvious considering that Interfant-99 characterized 72% of re-

lapses as isolated BM relapses (Driessen et al., 2016). This is in concordance with the ALL-REZ BFM 90 

study reporting the BM as major relapse compartment for pediatric ALL (Tallen et al., 2010). 

Interestingly, some of the relapse cohort patients displayed an apparent lack of correlation between 

the IRX1/EGR3 and ICOSLG expressions in the heatmap (Figure 20A). Regarding this issue, it should be 

considered that ICOSLG was identified as the final mediator of Treg development and immune evasion, 

therefore a selection of ICOSLG+ ALL cells is likely to take place in the BM niche. Probably, this selection 

does not directly depend on EGR3 or IRX1 expression. ICOSLG is known to be upregulated through TNF-

α, IL-1β and LPS treatments (Chen et al., 2018; Gao et al., 2017; Han et al., 2018) and via transactivation 

by p65 (NFκB) (Maurer et al., 2020). Accordingly, inflammatory conditions mediated by BM-resident 

immune cells could also cause ICOSLG upregulation. As a result, high IRX1 expression leading to the 

upregulation of EGR3 should be regarded as an initial event that subsequently leads to a positive se-

lection of ICOSLG+ leukemia cells. The maintenance of the condition could then be maintained by in-

flammatory processes. However, it should be considered that iALL patients receive an anti-inflamma-

tory treatment in the shape of glucocorticoid administration throughout the complete chemotherapy 

usually suppressing inflammation (Pieters et al., 2019, 2007). Nonetheless, it has not been investigated 

whether this applies also to the BM niche. Furthermore, it is not unlikely that other yet unknown leu-

kemia or chemotherapy associated regulators could transactivate ICOSLG. 

In conclusion, this doctoral project demonstrated that elevated ICOSLG expression at diagnosis is pre-

dictive for relapse formation and that ICOSLG-targeting with a neutralizing mAb impaired ICOSLG-me-

diated Treg expansion in vitro. These results imply ICOSLG checkpoint inhibition as a potential thera-

peutic opportunity to prevent relapse and to treat relapse-associated therapy resistance. Therefore, 

the ICOSLG-targeting fully human mAb Prezalumab should undergo clinical investigation for the treat-

ment of infant t(4;11) ALL. The safety and efficacy of Prezalumab (AMG557 / MEDI5872) have been 

investigated for the treatment of autoimmune diseases including systemic lupus erythematosus (SLE) 

and active lupus arthritis in three phase I trials registered as NCT02391259, NCT00774943 and 

NCT01683695 (Cheng et al., 2018; Sullivan et al., 2016). The first two studies compared the safety and 

tolerability of single (1.8 - 210 mg s.c. or 18 mg i.v.) vs. multiple (6 - 210 mg s.c. every other week) dose 

administration of Prezalumab among 112 adult SLE patients. The safety for both dosing regimens was 

disclosed and only non-neutralizing α-Prezalumab antibodies were detected. The third study verified 

the long-term safety and tolerability of Prezalumab treatment in a cohort of 10 patients monitored for 

23 weeks. Unfortunately, Prezalumab failed to reach the primary endpoints in a phase IIa trial for the 

treatment of primary Sjögren’s syndrome questioning the efficacy of the checkpoint inhibitor for the 

treatment of autoimmune diseases (NCT02334306) (Mariette et al., 2019; Pontarini et al., 2020). Fol-

lowing this mid-phase fail, no further clinical investigation of Prezalumab was conducted.  

Anyhow, the safety and tolerability of Prezalumab has not been investigated in children or infants up 

to now. Nevertheless, the checkpoint inhibitor Pembrolizumab targeting PD-L1 was proven safe for 

the treatment of children older than six months with advanced melanoma or PD-L1 positive solid tu-

mor or lymphoma in the phaseI/II trial KEYNOTE-051 (NCT02332668) (Geoerger et al., 2020). The study 

included only three patients aged 6 months – 2 years, besides 22 aged 2 – 5 years, 25 aged 6 – 9 years 

and 104 aged 10 – 17 years. Serious adverse events including pyrexia, hypertension and pleural 
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effusion were observed in only 9% of patients. Moreover, the PD-1 checkpoint inhibitor Nivolumab 

was clinically investigated for the treatment of lymphoma in children older than 1 year in a phase I/II 

trial and demonstrated safety and tolerability (Davis et al., 2020). These studies express that check-

point inhibition is at the very beginning of clinical investigation in young children and infants but so far 

it is promising that severe side effects potentially limiting the feasibility of checkpoint inhibition in very 

young patients have not been observed. Nonetheless, the safety and tolerability of Prezalumab re-

mains to be demonstrated in pediatric patients.  

In summary, this doctoral project provides a molecular rationale for the clinical investigation of Pre-

zalumab in the context of infant t(4;11) ALL. The results underline the importance of considering inter-

actions between leukemia and immune cells to fully understand the unique biology of infant KMT2A-r 

leukemias. Moreover, the project reinforced the concept of immune evasion as a means to reach ther-

apy resistance and relapse formation in infant hematologic diseases.   
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