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1 Einleitung

1.1 Akute myeloische Leukdmie im Kindesalter

Die akute myeloische Leukédmie (AML) ist eine maligne Erkrankung des blutbildenden
Systems, die durch die klonale Ausdehnung von unreifen, abnormalen, myeloischen
Vorlduferzellen gekennzeichnet ist. Diese erwerben genetische Anomalien in zelluldren
Komponenten, welche an der Selbsterneuerung, Proliferation und Differenzierung
beteiligt sind (Lonetti, Pession, & Masetti, 2019). Dass es sich bei der AML um eine
heterogene Erkrankung handelt, zeigt sich in den Unterschieden der Morphologie, dem
Immunphénotyp sowie in zytogenetischen und molekularen Aberrationen (Balgobind et

al., 2011).

Pro Jahr erkranken in Deutschland etwa 100 Kinder unter 15 Jahren an der AML. Der
Median des Erkrankungsalters bei unter 15-Jdhrigen liegt bei 6,3 Jahren. Die Inzidenz
liegt bei 0,7 pro 100.000 Kindern mit einem Verhiltnis von Méadchen zu Jungen von
1:1,1 (Kaatsch, 2016). Nach einer anfinglich hohen Inzidenz in den ersten beiden
Lebensjahren, zeigt diese vorerst einen deutlichen Abfall, wohingegen sie ab dem 9.
Lebensjahr erneut ansteigt (Creutzig et al., 2016).

Ursdchlich fiir die Entstehung der AML sind in den meisten Fillen die zugrunde
liegenden genetischen Verdnderungen. Lediglich in 5 % der Félle kann das Auftreten
einer AML mit einer genetischen Pradisposition, einer intrauterinen Exposition mit
Strahlung oder Substanzen, wie zum Beispiel Benzol oder unterschiedlichen
Medikamenten assoziiert werden (Creutzig & Reinhardt, 2018).

Bei den genetischen Faktoren spielen vor allem Keimbahnverdnderungen eine
wesentliche Rolle, da Patienten mit kongenitalen Syndromen, wie zum Beispiel der
Trisomie 21 ein bis zu 150-fach erhohtes Risiko fiir das Auftreten einer AML aufweisen

(Bhatnagar, Nizery, Tunstall, Vyas, & Roberts, 2016).

Zu den typischen Symptomen der AML gehdren Bldsse, Miidigkeit und
Leistungsminderung, eine vermehrte Blutungsneigung zum Beispiel in Form von
punktféormigen Einblutungen, sogenannten Petechien, sowie eine gesteigerte

Infektanfélligkeit mit Fieber. Die beschriebenen Symptome lassen sich im Rahmen der



Knochenmarkinsuffizienz erkldren, welche eine Panzytopenie, das heilit eine Zellarmut
aller drei Zellreihen (Erythrozyten, Thrombozyten und Granulozyten), verursacht.
Hinzu kénnen neben vergréferten Lymphknoten eine Hepato- und/ oder Splenomegalie
als Bauchtumoren imponieren. 20 % der Patienten klagen dartiiber hinaus tiber Gelenk-

und Knochenschmerzen (Creutzig, Dworzak & Reinhardt, 2019).

1.2 Diagnostik und Therapie der akuten myeloischen Leukédmie

Die bei Verdacht durchzufiihrende Initialdiagnostik, dient neben der Diagnosesicherung
auch der Risikostratifizierung der Patienten, welche fiir die Therapieentscheidung nétig
ist. Fir diese Initialdiagnostik sind neben einer detaillierten Anamnese, einer
korperlichen Untersuchung und einer Blutbild- sowie Differenzialblutbildbestimmung,
Nativ-Ausstriche des Blutes und des Knochenmarks (KM) zur Beurteilung der
Zellmorphologie notwendig. Hierbei ist eine Knochenmarkpunktion fiir die Gewinnung
des Materials essenziell. Um einen Befall des zentralen Nervensystems (ZNS)
ausschlieBen zu konnen, muss bei gegebenen Hinweisen zudem eine initiale
Liquorpunktion erfolgen. Im Anschluss konnen noch ergidnzende Untersuchungen, wie
beispielsweise bildgebende Verfahren oder Ultraschalluntersuchungen durchgefiihrt
werden (Creutzig, Dworzak & Reinhardt, 2019).

Die Einteilung der AML erfolgt durch die WHO-Klassifikation 2016. Anhand
zytogenetischer, molekulargenetischer und morphologischer Merkmale kann die
Unterteilung in die Subtypen erfolgen (Arber et al., 2016). Die Morphologie ldsst sich
weitestgehend nach der frilheren FAB (French-American-British)-Klassifikation
beschreiben, die von einer Franzdsisch-Britisch-Amerikanischen Arbeitsgruppe im
Jahre 1976 publiziert wurde (Bennett et al., 1976). Die FAB-Subtypen stellen im
klinischen Alltag eine grofe Relevanz dar, da sie zur Erkennung der akuten
Promyelozytenleukdmie (PML) obligat sind und sich die Behandlung der PML deutlich

von den anderen Leukdmieformen unterscheidet (Creutzig & Reinhardt, 2018).

Die Beurteilung der Zytologie erfolgt durch den KM-Ausstrich in Verbindung mit dem
Blutbild. Hierbei muss der Anteil an Blasten im KM an den kernhaltigen Zellen zur
Diagnosesicherung der AML >30% betragen. Im Anschluss daran wird die Methode der

Zytochemie angewandt.



Hierbei werden die Zellen mit verschiedenen Firbemethoden -eingefarbt und

mikroskopisch beurteilt (Creutzig, Dworzak & Reinhardt, 2019).

Zur Abgrenzung verschiedener AML-Subtypen erfolgt die Immunphénotypisierung.
Hierfiir werden verschiedene Antigene verwendet, die sich auf der Oberfliche der

Blasten oder im Zytoplasma finden lassen (Creutzig & Reinhardt, 2018).

Prognostic Group
by Genetics Definition

Favorable® t(8;21)(g22;q22)/RUNXT-RUNXTTT
inv(16)(p13.1922) or t(16;16)(p13.1;q22)/CBFB-MYH11
t(15;17)(q22,q12)/PML-RARA

Intermediate Cytogenetic abnormalities not classified as favorable
(other) or unfavorable, including MLL aberration
1(9;11)(p22;923)/MLL-MLLT3
Unfavorable® —7, —5, or structural aberrations of 5p or 5q

inv(3)(g21926.2) or 1(3;3)(g21;926.2)/
GATA2-MECOM or other 3q26/MECOM
rearrangements

t(6;9)(p23;q34)/DEK-NUP214

Complex karyotype (>3 abnormalities)

12p abnormalities

17p abnormalities

Other 11g23/MLL aberrrations®

Abbreviations: AML, acute myeloid leukemia; CBFB, core-binding factor 3;
ELL, RNA polymerase |l elongation factor; GATAZ2, GATA binding protein 2;
MECOM, MDS1 and EVI1 complex locus; MLL, mixed-lineage leukemia;
MYH11, myosin heavy chain 11; NPM1, nucleophosmin; NUP214, nucleo-
porin 214; PML, promyelocytic leukemia; RARA, retinocic acid receptor «o;
RUNX, runt-related transcription factor 1.

2Not considered: molecular in normal-karyotype AML, NPMT-mutated AML,
FLT3-negative, CEBPA double mutation, and t{1;11)(g21.q23)MLL-MLLTT1(AF1Q).
PExcluding cases with a favorable karyotype.

“Other 11g23 aberrations include t(11;19){q23;p13.1/MLL-ELL and t(11;19)

(g23;p13.3VMLL-MLLT1, which are classified as unfavorable in adults by the
European LeukemiaMet but as intermediate by others. -1

Abbildung 1 Definitionen von prognostischen Gruppen aufgrund ihrer Genetik
(Creutzig et al., 2016).

Creutzig et al. verdffentliche bereits 2016 eine Tabelle, welche drei prognostische
AML-Subgruppen definiert (siche Abbildung 1). Sie enthalten die derzeit bereits mit

AML-assoziierten Mutationen, und werden in Standardrisiko, intermedidres Risiko und



Hochrisiko fiir die Einschitzung des Therapieversagens eingesetzt (Creutzig &
Reinhardt, 2018).

Die Therapie der AML besteht aus einer intensiven Polychemotherapie mit mehreren
Zytostatika. Zuerst wird eine intensive Induktionstherapie durchgefiihrt, eine
morphologische Remission, das heif3t das Nachlassen von Symptomen kann erst nach 4-
8 Wochen Behandlung beurteilt werden. Dies erfordert ,,weniger als 5 % Blasten im
KM, eine Zellularitdt im KM von iiber 20 % und mindestens 1000/ul zirkulierende
Neutrophile und 80.000/ul Thrombozyten* (Creutzig & Reinhardt, 2018). Im Anschluss
daran folgt die Konsolidierung, also die Erhaltungstherapie beziehungsweise die
Intensivierung iiber einen Zeitraum von 4 bis 6 Monaten. Gegebenenfalls kann eine
ZNS-Bestrahlung oder eine allogene Stammzelltransplantation von Noéten sein. Dies ist
abhéngig von der zuvor erwédhnten Risikoabschéitzung (Creutzig, Dworzak & Reinhardt,

2019).

Ein Monitoring zum Nachweis der minimalen Resterkrankung (MRD) in der AML wird
zwar empfohlen, bietet jedoch im Gegensatz zur akuten lymphoblastischen Leukdmie
(ALL) kein verbessertes Uberleben. Dies liegt vor allem an der Schwierigkeit, geeignete
Marker zur Detektion zu finden, da bisher verwendete Marker, aufgrund der diffizilen
Molekulargenetik nur fiir Subgruppen einsetzbar sind (Voso et al., 2019). Denkbar wire
hier die zusétzliche Nutzung der extrazelluldren Vesikel, um die MRD-Detektion durch

deren Informationen zu sensitivieren.

1.3 Mutationen

Wie in Kapitel 1.2 bereits erwihnt, gibt es in der Diagnostik der AML eine Definition
von prognostischen Gruppen aufgrund ihrer genetischen Eigenschaften (siche Abb. 1).
Studien konnten zeigen, dass sowohl die Héufigkeit, als auch die Kombination dieser
einzelnen genetischen Verdnderungen altersspezifisch sind (Balgobind et al., 2011).
Grundsétzlich wird angenommen, dass fiir die Entstehung der AML 2 Klassen von
genetischen Verdnderungen interagieren und gleichzeitig vorliegen miissen, die

sogenannten Typ-I und Typ-II Aberrationen (Balgobind et al., 2011).



Abbildung 2 Verteilung der verschiedenen Typ-I und Typ-II Aberrationen in der padiatrischen AML
(Balgobind et al., 2011).

Die beiden Aberrations-Typen weisen verschiedene Eigenschaften auf, was sich im Ort
der Mutation widerspiegelt. Wahrend Typ-I-Aberrationen eine ,exzessive,
unkontrollierte Proliferation der Leukdmiezellen zur Folge haben und sich héufig als
Mutationen in den Genen der Signaltransduktionswege wiederfinden, hemmen die Typ-
[I-Aberrationen die Differenzierung und sind Folge genetischer Verdnderungen von
Transkriptionsfaktoren, zum Beispiel durch AML-charakteristische Translokationen
oder Mutationen in einzelnen Genen* (Creutzig & Reinhardt, 2018). Abbildung 2 zeigt
die Verteilung der einzelnen Mutationen in Bezug auf ihren Aberrationstyp. Trotz vieler
Zuordnungen bleibt eine Vielzahl von Aberrationen bislang ungeklért (Balgobind et al.,
2011). Die Testung der Patienten auf die verschiedenen Mutationen ist essenziell fiir das
weitere Vorgehen. So sind durch die Risikogruppen Prognoseschédtzungen beziiglich des

Therapieansprechens moglich (Creutzig et al., 2016).

Zu den héufigsten Genmutationen gehdren CEBPA, NPM1 und FLT3-ITD. CCAAT
Enhancer Binding Protein a, oder auch CEBPA ist ein Transkriptionsfaktor, der auf
Chromosom 19q13.1 kodiert wird und bei der Vermittlung von zelluldrer
Differenzierung und Wachstumsstopp eine mafigebliche Rolle spielt (Nerlov, 2007).
Die Mutation dieses Proteins ist in 10-15 % der AML-Patienten zu finden und ist
oftmals mit einem giinstigen Outcome assoziiert (Taskesen et al., 2011). Die zweite
vermehrt zu findende Mutation liegt im Nucleophosmin 1 (NPM1), einem Gen fiir das
Protein Nucleophosmin. ,,Bisher wurden vier Hauptfunktionen von NPM1 beschrieben,

darunter eine Rolle bei der Ribosomen-Biogenese (Hingorani, Szebeni, & Olson, 2000),



der Aufrechterhaltung der Genomstabilitdt (Okuda et al., 2000), der p53-abhidngigen
Stressreaktion und der Modulation von wachstumsunterdriickenden Signalwegen*
(Colombo, Marine, Danovi, Falini, & Pelicci, 2002). Bei einer Mutation dieses Genes
kommt es zu einer 4-Basen-Paar (bp)-Insertion im Exon 12 des NPM1 Gens (Heath et
al., 2017). Diese Mutation ist bisher eine der am héaufigsten gefundenen in der
padiatrischen AML. Eine weitere oft vertretende Mutation liegt in der Fms-Like
Thyrosin Kinase 3 (FLT3). Es handelt sich hierbei um ein Proto-Onkogen, welches an
wichtigen Schritten in der Hdmatopoese beteiligt ist (Lagunas-Rangel & Chavez-
Valencia, 2017). Die zuerst beschriebene und bekannteste Mutation ist die interne
Tandem-Duplikation, auch ITD genannt, in den Exonen 14 und 15 (Nakao et al., 1996).
Diese liegt oft in Kombination mit anderen Mutationen vor und geht mit einer
schlechten Prognose einher (Kiyoi, Kawashima, & Ishikawa, 2020). Eine weitere Form
der FLT3 Mutation wére zum Beispiel die Missense-Punktmutation in Exon 20, auch
FLT3-TKD genannt, die jedoch nur eine untergeordnete Rolle spielt (Lagunas-Rangel
& Chévez-Valencia, 2017).

1.4 Extrazellulare Vesikel

Seit mehr als einer Dekade lésst sich ein zunehmendes wissenschaftliches Interesse an
extrazelluldren Vesikeln (EV) (Skog et al., 2008) verzeichnen.

Es zeigte sich, dass extrazellulire Vesikel eine Vielzahl anwichtigen Biomolekiile
enthalten, dabei unter anderem spezifische Proteine und Lipide sowie funktionelle
Nukleinsduren wie mRNA und microRNA (Deregibus et al., 2007; Valadi et al., 2007).
In vergangenen Studien konnte aulerdem neben dem Vorkommen von Einzel- auch das
von Doppelstrang-DNA bestétigt werden (Thakur et al., 2014). Da EVs viele wichtige
Biomolekiile enthalten, die sie auch transferieren konnen, sind sie durch den Austausch
mit unterschiedlichen Zellen in der Lage, biologische Prozesse zu regulieren und das
Immunsystem durch die Steuerung von biologischen Signalwegen zu beeinflussen
(Yanez-Mo et al., 2015).

Insbesondere dieses Wissen macht sie zu niitzlichen Werkzeugen zum Verstdndnis der

Krebsentstehung sowie zu potenziellen Biomarkern in der Krebsdiagnostik.
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Aufgrund ihrer Variabilitdt in GroBe und Funktion sowie Synthese und Inhalt, lassen
sich extrazellulire Vesikel in verschiedene Subtypen einteilen. Die drei
Hauptkategorien werden durch Mikrovesikel, Exosomen und apoptotische Koérperchen
gebildet (Borges, Reis, & Schor, 2013).

Wiéhrend die Exosomen mit einem Durchmesser von 50-150 nm durch die Exozytose
von multivesikuldren Endosomen sezerniert werden (Tkach, Kowal, & Théry, 2018),
werden die Mikrovesikel (Durchmesser von 100 — 1000 nm) von den Zellen freigesetzt,
wo sie sich von der Plasmamembran ihrer urspriinglichen Zelle abschniiren (Choi, Kim,
Kim, & Gho, 2015) (siche Abb. 1). Die Bildung von apoptotischen Korperchen, die die
dritte Hauptgruppe der extrazelluliren Vesikeln darstellen, erfolgt hingegen wihrend
der Apoptose einer Zelle. Diese durchlduft mehrere Stadien, in denen zuletzt der Zerfall
des Zellinhalts in membranumschlossene Vesikel erfolgt (Akers, Gonda, Kim, Carter, &

Chen, 2013).

Abbildung 3 Biogenese von extrazelluliiren Vesikeln - Wihrend Mikrovesikel durch direkte
Abschniirung aus der Plasmamembran entstehen, erfolgt die Biogenese von Exosomen intrazelluldr
durch eine Clathrin-vermittelte Endozytose (clathrin-coated vesicles [CCV]). Hierbei wolbt sich ein
Segment der Zellmembran mit Hilfe des Proteins Clathrin nach innen und wird dort abgeschniirt.
Das dabei entstandene frithe Endosom (Early Endosome) spaltet sich nun in weitere Vesikel auf, die
z.B. mRNA, miRNA, DNA oder Proteine enthalten, und bildet sogenannte Multivesikuldre Korper
(Multicellular endosomes [MVE]). Diese intraluminalen Vesikel werden nun entweder durch
Fusion der MVEs mit der Plasmamembran als Exosomen in den Extrazelluldrraum freigesetzt oder
zu den Lysosomen transportiert. Die hier dargestellten Pfeile stellen vorgeschlagene Richtungen des
Protein- und Lipidtransports dar (Raposo und Stoorvogel 2013).
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Aufgrund der einfachen Zugénglichkeit, bieten EVs in der klinischen Anwendung grof3e
Vorteile. Bislang konnten sie aus verschiedensten Korperfliissigkeiten, wie Urin,
Fruchtwasser, malignem Aszites, bronchoalveoldrer Lavagefliissigkeit,
Synovialfliissigkeit, Muttermilch, Speichel und Blut, sowie aus den Kulturmedien einer
Vielzahl von Zelltypen isoliert werden (Simpson, Lim, Moritz, & Mathivanan, 2009),
was ihre grofle Spannbreite fiir mogliche diagnostische Assays verdeutlicht.

Eine Teilnahme an der Antigenpridsentation durch B-Lymphozyten, eine
Immunsupression beispielsweise bei pathophysiologischen Prozessen oder maligner
Entartungen (z.B. Metastasierung) sowie die Verhinderung der Proliferation und
Aktivierung von Effektor-T-Zellen sind nur einige Beispiele fiir nachgewiesene
Funktionen der Extrazelluliren Vesikel (Batista & Melo, 2019; Clayton et al., 2008;
Raposo & Stoorvogel, 2013).

Eine Ursache der Tumorentwicklung ist die genetische Instabilitit der Krebszellen. In
dieser Phase entlassen sie eine grole Menge an EVs, welche zwar auch von gesunden
Zellen freigesetzt werden, jedoch nicht in dieser Vielzahl (Bach, Hong, Park, & Lee,
2017). Aufgrund ihrer vielfaltigen Funktionen ist es den EVs sogar moglich, die
Tumorproliferation und die Tumortransformation zu induzieren und zudem das
Absterben von Krebszellen zu hemmen (Batista & Melo, 2019).

Dariiber hinaus ist es bereits gelungen, aus EVs gewonnene tumorspezifische mRNA
aus dem Serum und Gewebe von Glioblastom-Patienten zu isolieren, die den

Mutationsstatus von EGFRvVIII widerspiegelt (Skog et al., 2008).

In dieser Studie wurde ein dhnlicher Ansatz des Mutationsstatus der aus den EVs
gewonnen DNA und RNA verfolgt.

Es konnten schon zahlreiche Funktionen der Extrazelluldren Vesikel untersucht werden.
Die genaue interzellulire Kommunikation oder in welcher Absicht die Vesikel genau

aus den Zellen entlassen werden, ist bislang jedoch noch nicht hinreichend geklért.
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2. Ziel der Arbeit

Die vorliegende Arbeit konzentriert sich auf zwei wesentliche Aspekte: zum einen auf
die Gewinnung von genetischem Material, in Form von DNA und RNA, aus den
extrazelluldiren Vesikeln. Hierfiir wurden 166 Plasmaproben von 45 Patienten mit
bekannter AML aus der Biobank der Kinderklinik III der Universitdtsklinik Essen
aufgearbeitet, deren DNA und RNA wurde extrahiert und anschlieBend quantifiziert.

Zum anderen wurde mit Assays der derzeit durchgefiihrten klinischen Diagnostik
versucht, Mutationsanalysen mit der DNA und RNA aus extrazelluliren Vesikeln

ausgewdhlter, spezifischer AML-Zelllinien zu etablieren.

Nach erfolgreicher Testung auf zelluldrer Ebene folgten die Analysen der bereits
aufgearbeiteten Patientenproben. Diese wurden, wie auch die Zelllinien, sorgféltig nach

thren Mutationen ausgesucht.

Ziel dieser Arbeit ist es, zu evaluieren, inwieweit die klinische Verwendung dieser
Methode, im Vergleich zu der derzeit durchgefiihrten genomischen DNA-Analyse, zu
einer exakteren Diagnosestellung beitragen kann, beziehungsweise ob die Verwendung
von extrazelluldren Vesikeln im klinischen Alltag ergéinzend zum Beispiel in Bezug auf

das MRD-Monitoring von Nutzen sein kann.
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3. Ergebnisse

3.1 Detection of AML-specific mutations in pediatric patient plasma using
extracellular vesicle—derived RNA.
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Abstract

Despite high remission rates, almost 25% of patients with AML will suffer relapse 3—5 years after diagnosis. Therefore, in
addition to existing diagnostic and MRD detection tools, there is still a need for the development of novel approaches that can
provide information on the state of the disease. Extracellular vesicles (EVs), containing genetic material reflecting the status of
the parental cell, have gained interest in recent years as potential diagnostic biomarkers in cancer. Therefore, isolation and
characterization of blood and bone marrow plasma-derived EVs from pediatric AML patients could be an additional approach
in AML diagnostics and disease monitoring. In this study, we attempt to establish a plasma EV-RNA-based method to detect
leukemia-specific FLT3-ITD and NPM1 mutations using established leukemia cell lines and primary pediatric AML plasma
samples. We were successfully able to detect FLT3-ITD and NPM1 mutations in the EV-RNA using GeneScan-based fragment-
length analysis and real-time PCR assays, respectively, in samples before therapy. This was corresponding to the gDNA
mutational analysis from leukemic blasts, and supports the potential of using EV-RNA as a diagnostic biomarker in pediatric
AML.

Keywords Extracellular vesicles - RNA - Pediatric AML - Biomarker

Introduction evolution to predict minimal residual disease and relapse [2,
3, 5]. Although cellular analysis of blasts can be effective for
Acute myeloid leukemia (AML) is a very heterogeneous he-  diagnosis, the presence of them in the blood can reflect that the
matological cancer and is the second most common form of  disease has already reached an advanced level; therefore, there
leukemia in children [1]. Although there is a high remission  is a strong need for an alternative diagnostic tool which can
rate for AML patients (up to 80%), relapse continues to be the ~ predict relapse at an earlier time point.
most common cause of death in AML [2, 3]. One of the major Extracellular vesicles (EVs) have recently gained interest
challenges in predicting relapse in AML lies in the acquisition in the field of cancer due to their novel roles as biomarkers and
of novel secondary mutations in the primary leukemic cells  cell to cell mediators in metastasis and relapse [6, 7]. EVs are a
during therapy [1, 4]. Additionally, there is lack of an effective =~ mixed group of membrane-bound vesicles, with exosomes
uniform molecular biomarker which can monitor clonal  and microvesicles being the two main subtypes of interest in
research [8—10]. They are produced by both healthy and can-
cerous cells and can be found in several body fluids, like
blood, urine, or saliva, from where they can be easily isolated
and analyzed using a simple liquid biopsy approach [6].
Additionally, it has been shown that the nucleic acids found
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several characteristics, which could make them ideal bio-
markers for the AML disease state. For example, earlier stud-
ies have claimed that cancerous cells produce more EVs than
healthy cells [6, 12], which has also been observed in the
AML disease state, with AML patients having higher numbers
of EVs in circulation than healthy controls [13—15]. It has also
been shown that the contents of EVs from AML cells can
change depending on the disease stage [13], including the
upregulation of several miRNAs that are relevant to AML
prognosis and relapse [13, 16]. This is further supported by
the previous work of Hornick et al. (2015) who showed that
EV miRNA could be used to detect leukemic relapse in a
mouse model [2, 5]. Furthermore, Huan et al. (2013) have
previously shown that it is possible to detect AML-specific
mRNA transcripts in EVs from conditioned media of cultured
primary leukemia cells and AML cell lines [17] and, in addi-
tion, Hong et al. (2014) have previously shown that the level
of TGF-31 protein in EVs can be correlated to the status of
therapy in AML [18]. All of these findings further support the
idea of using EVs and their RNA content for the detection and
monitoring of AML [2, 5, 17, 18].

In this study, for the first time, EV-RNA from primary
pediatric patient plasma was investigated for its diagnostic
value by attempting to detect AML-specific mutations in the
EV-RNA at time points of diagnosis and during treatment.
The plasma EV-based method to detect leukemia cell—
specific information could potentially provide complimentary
data on the stage of leukemia, disease progression, and re-
sponse to therapy. In future, this could offer an alternative or
additional tool to the classical bone marrow puncture for the
detection and prediction of pediatric AML.

Material and methods
Ultracentrifugation of patient samples

Seventy-three plasma samples from 16 patients with child-
hood AML were obtained from the biobank of the
Children’s Hospital of Essen. Plasma from patients was ob-
tained in varying volumes; therefore, before performing dif-
ferential centrifugation and ultracentrifugation steps for EV
isolation, the sample volume was adjusted to 2 ml by adding
PBS, as required. A normal centrifugation for 20 min at
3000%g at 10 °C had been previously performed. The super-
natant was collected in new tubes and centrifuged at 12,000xg
for 20 min at 10 °C. The supernatant was transferred into 4-ml
ultracentrifuge tubes (Beckman Coulter No. 355645) and
samples were balanced with a maximum difference of 0.01 g
before performing ultracentrifugation. Samples were
ultracentrifuged using a fixed angle rotor Ti 50.4 (Beckman
Coulter) at 100,000xg for 70 min at 10 °C. The supernatants
were discarded and the pellet containing EVs was washed by
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resuspending in 2 ml of PBS and ultracentrifuged at
100,000%g for 70 min at 10 °C. After discarding the superna-
tant, the final EV pellet was resuspended in 250 pl of PBS.
From the obtained EV pellet, 20 pl was used as aliquots for
further analysis.

The same protocol was used for the isolation of EVs from
conditioned media of leukemia cell lines, with the only differ-
ences being the volume and the rotor (Ti 45, Beckman
Coulter) which were used. The conditioned media from each
flask of each leukemia cell line were transferred into one 94-
ml ultracentrifuge tube (Beckman Coulter No. 355628) and
was ultracentrifuged to obtain purified EVs. The final EV
pellets were resuspended in 250 pl of PBS, transferred into
microcentrifuge tubes, and frozen at — 80 °C.

Cell culture

Leukemia cell line MV4-11 (acute monocytic leukemia)
was cultured in RPMI-1640 media (Gibco No. 21875-034)
with 10% FBS (Biowest, No. S1860-500) and 1% Pen-Strep
(Gibco No. 15140-122), and OCI-AML3 (acute myeloid leu-
kemia) was cultured in MEM Alpha media (Gibco No.
12561056) with 20% FBS and 1% Pen-Strep . When enough
cells were obtained, the cells from each flask were centrifuged
at 300xg for 5 min and the pellet was resuspended in 1 ml of
RPMI-1640 media or MEM Alpha media with 10% or 20%
EV-depleted FBS and 1% Pen-Strep. Next, 3.5 x 10° cells were
then transferred into 12 T175 flasks (Cell star No. 660175) with
24 ml of EV-depleted media. This assured that the supernatant
would contain only EVs released from the cells. After 48 h, an
additional 25 ml of this media was added to the flasks and left
for an additional 24 h. This supernatant was collected and used
in ultracentrifugation to obtain EVs for further analysis.

ZetaView analysis—nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA-ZetaView, Particle Metrix
GmbH) was performed to characterize EVs according to the
recommendations of the International Society of Extracellular
Vesicles (ISEV). Fresh standards were prepared using “100 nm
standard beads.” First, 10 pl of standard was added to 10 ml of
H,0 (1:1000). Then, 188 ul of the 1:1000 solution was trans-
ferred into another falcon which contained 50 ml H,0
(1:266,000). All the settings were adjusted using the standard
beads, and the concentration of the samples was adjusted using
DPBS in order to obtain the number and the size of the particles
that did not exert the minimum and maximum values of the
settings. The final volume of diluted samples loaded onto the
ZetaView was 1 ml. At least two washes of 10 ml DPBS were
performed to clean the sample loading platform of the
ZetaView between the measurements of each sample. The zeta
potential, number of EVs, and size histograms were generated
by built-in software of the ZetaView instrument.
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RNA isolation and quantification

The RNA isolation was performed using the NucleoSpin®
RNA XS (Macherey-Nagel No. 740902.50) according to the
manufacturer’s instructions. Briefly, 200 pl of Buffer RA1
and 4 ul of TCEP were added to each 50 pl isolated EV
sample and vortexed vigorously. Next, 300 pl of 70% ethanol
was added to the homogenized lysate and mixed by pipetting.
Each sample was loaded into a Nucleospin RNA XS column
and centrifuged at 11,000xg for 30 s. Then, 100 ul MDB
(Membrane Desalting Buffer) was added and centrifuged at
11,000xg for 30 s. Next, 25 pul of rDNase reaction mixture
was applied directly onto the center of the column and incu-
bated at RT for 15 min. A wash step was performed by adding
100 pul of Buffer RA2 to the column, followed by a centrifu-
gation of 11,000xg for 30 s. Two extra washing steps took
place by applying 400 pl and 200 pl of Buffer RA3 and
centrifuged at 11,000xg for 30 s and 2 min, respectively.
RNA was eluted in 45 pl of RNase-free H,O. The RNA con-
centration was quantified using the RNA Quantifluor
(Promega No. E3310) system according to the instructions
of the manufacturer.

cDNA synthesis

The isolated RNA was transcribed into cDNA using a
Transcriptor First Strand DNA Synthesis Kit (Roche No.
04897030001). Briefly, 2 ul of the provided random hexamer
primer and 11 ul of RNA were transferred into a 0.2-ml
Eppendorf tube. The samples were heated for 10 min at
65 °C and then cooled on ice. Next, 7 pl of a master mix
consisting of the provided reverse transcriptase reaction buff-
er, protector RNase inhibitor, deoxynucleotide mix, and re-
verse transcriptase was added to the RNA/oligonucleotide
primer solution, to a final volume of 20 pl. For the cDNA
synthesis, samples were heated at 25 °C for 10 min, followed
by 55 °C for 30 min and 85 °C for 5 min in a C1000 Thermal
Cycler (Bio-Rad).

GeneScan-based fragment-length analysis

For the detection of the FLT3-ITD mutation, GeneScan-based
fragment-length analysis was performed. First, PCR was per-
formed with the following primers: FLT3-ITD forward 5'-
GTAAAACGACGGCCAGGCAATTTAGGTATGAA
AGCCAGC-3' and reverse 5'-CAGGAAACAGCTAT
GACCTTTCAGCATTTTGACGGCAACC-3' (Eurofins).
Next, 20.5 pl of the Master Mix (which contained 12.5 ul
ALL in Hot Start Taq 2x MM (HighQu), 6 pl H,O, and 1 pl
of the forward and reverse primers with a concentration of
10 pmol/ul) was added together with 4.5 pl of the sample into
a 0.5-ml Eppendorf tube. The same mixture without the sam-
ple was prepared as control. For amplification, samples were
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heated at 95 °C for 2 min, followed by 40 cycles of 95 °C for
15 sec, 59 °C for 15 sec, and 72 °C for 15 sec. PCR products
were diluted (1:80) in H,O. Next, 1 ul of diluted PCR prod-
ucts was mixed with 10 ul HiDi Formamid (Thermo Fisher)
and 0.3 pl GeneScan-based fragment-length analysis 600 LIZ
Size Standard v 2.0 (Thermo Fisher). PCR products were de-
natured for 5 min at 95 °C. GeneScan-based fragment-length
analysis was performed using the 3500 genetic analyzer and
data were analyzed with GeneMapper Software 5 (Thermo
Fisher).

RT-PCR

Qualitative and quantitative detection of the mutated NPM1
gene (OMIM No. 1640401) was done by RT-PCR. The pro-
tocol has been optimized from the standard operational proce-
dure (SOP), which was developed by the European molecular
net. The following primers were used: NPM1 forward: 5'-
CAAAGTGGAAGCCAAATTCATC-3"; NPM1 _reverse: 5'-
CCTCCACTGCCAGACAGA-3'; probe: 5'-TAGC
CTCTTGGTCAG-TCATCCGGAAGCA [BHQ1]-3'
(Eurofins). The ABL2 gene (OMIM 164690) was used as a
housekeeping gene: ABL forward: 5'-GGGT
CCACACTGCAATGTTT-3"; ABL reverse: 5'-CCAA
CGAGCGGCTTCAC-3'; probe: 5-TCAGATGCTACTGG
CCGCTGAAGG [BHQ1]-3". Probes were synthesized by
Eurofins (Ebersberg). All samples were performed in tripli-
cate, including controls (ABL2 and H,0). In each well of a
96-well plate, 17 ul of the Master Mix, 12.5 ul of TagMan
Universal Master Mix (Thermo Fisher), 2 ul of H,O, and
2.5 ul of 10x primer mix were added. This primer mix
contained 3 uM of the primer (forward/reverse) and 2 pM
of the probe (FAM and H,O). Next, 3 pl of cDNA was added
to each well, which was then sealed with optical caps. The
plate was briefly spun down and loaded onto the StepOne™
Real-Time PCR System (Thermo Fisher).

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed at
the Imaging Center Essen (IMCES) for visualization of the
EVs. Firstly, mesh copper grids coated with formvar
(PLANO No. SF162) were made hydrophilic by exposing
them to glow discharging for 1.5 min (PELCO easiGlow™).
Afterwards, 3 pl of EV sample was added to the grids, which
were then negatively stained for 1 min with 3 pl of 1% v/v
uranyl acetate. The excess liquid was removed and the grids
were dried for 15 min and finally observed under a JEOL
1400+ TEM Crossbeam at 120 kV (JEOL).
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Results
EV isolation from leukemia cell lines

Two different cell lines, OCI-AML3 carrying a NPM1 muta-
tion and MV4-11 carrying a FLT3-ITD mutation, were cul-
tured for 72 h in EV-depleted growth medium. EVs were
extracted from conditioned medium using differential centri-
fugation followed by ultracentrifugation steps. The character-
ization of the EV's (Supplementary Table S1), to estimate their
number and their average diameter, was performed by NTA.
Average particle size of both cell lines was in the range of 30—
160 nm (Fig. 1a, b, Supplementary Fig. 1a). Transmission
electron microscopy was performed to visualize EVs in order
to further confirm their presence and size (Fig. 1b—e). These
results confirmed the successful isolation of EVs based on the

OCI-AML3

NTA

TEM

Fig. 1 a, b Particle diameter size and number of particles in leukemia cell
line supernatant, as measured by nanoparticle tracking analysis (NTA).
The size distribution is in the range of extracellular vesicles (30—160 nm).
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expected EV size range (30—150 nm), allowing the continua-
tion of further molecular analyses.

EV-derived RNA from leukemia cell lines reflects
the genomic mutational status

To firstly check whether it was possible to detect the mutations
in each cell line and to compare the mutational status of the cell
lines with their EVs, RNA was extracted from the EVs (Fig. 2a)
and cells of both cell lines. The RNA was transcribed into cDNA
and the mutational detection was performed by two different
assays. RT-PCR was used for the detection of the NPM1 muta-
tion, while GeneScan-based fragment-length analysis was per-
formed for the FLT3-ITD mutation. The NPM1 mutation was
detectable in RNA extracted from both cells and EVs (Fig. 2b,
Supplementary Fig. 1b and c). The FLT3-ITD mutation was also

Mv4-11

c—f Transmission electron microscopy of uranyl acetate—stained EVs
from leukemia cell line supernatant. Scale bar 200 nm
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Fig. 2 a Comparison of RNA concentration, extracted from EVs of two
leukemia cell lines. b Results of RNA mutational analyses. RT-PCR
analyses for NPM1 mutation were performed to compare the sensitivity
of mutational detection in RNA that was extracted from EVs of one cell
line (OCI-AML3) with the RNA extracted from the cells of both cell
lines. For the assay, maximum volume of 3 pl was used from each
sample. The NPM1 AML-specific mutations were not present in

detectable in both cases and, interestingly, was higher expressed
in EVs in comparison with cell-derived RNA (Fig. 2b).

EV isolation from pediatric AML patient samples

To further investigate if the mutational status of a patient can
be detected from plasma-derived EVs, EVs were isolated from
AML patient samples by performing differential centrifuga-
tion followed by ultracentrifugation steps. The plasma-
derived EVs were analyzed for their number and size by
NTA, and the number of EVs obtained from samples before
and after treatment was compared (Supplementary Tables S2
and S3). The average particle size was in the range of 30—
160 nm (Fig. 3a—d) and TEM was performed to confirm the
NTA results (Fig. 3e-h). In patients carrying the NPM1 mu-
tation, as well as in patients with a combined mutation (NPM1
and FLT3-ITD), the number of particles was always lower in
the after-treatment EV samples than in the before-treatment
EV samples (Fig. 3i). In contrast, the patient group with the
FLT3-ITD mutation only revealed a higher particle concentra-
tion in the after-treatment samples compared with the before-
treatment samples (Fig. 31). A decrease in the number of EVs
after treatment would be expected as this would correlate with
the decrease in cancerous cells, as well as with the reduced
leukemic blast cells after treatment (Supplementary Table S2).
The number of the EVs in the before-treatment samples be-
tween the different mutational groups is statistically signifi-
cantly different revealing a correlation between the number of
the released EVs and the mutational group that they belong to.

EV samples from pediatric AML patients contain RNA
To establish the EV-RNA as a potential tool for the detection of

AML mutations in patient samples, RNA was extracted from the
plasma-derived EVs of 16 AML patients. The EV-RNA
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negative control cell line (MV4-11), however, the OCI-AML3 cell
RNA and EV-RNA were both positive for the NPM1 mutation.
GeneScan-based fragment-length analyses for detection of FLT3-ITD
mutation in MV4-11 cell RNA and EV RNA were also performed.
Negative control OCI-AMLS3 cell RNA was negative for the FLT3-ITD
mutation and MV4-11 cell RNA and EV-RNA were positive for the
FLT3-ITD mutation

concentration was measured by RNA QuantiFluor
(Supplementary Table S3). The amount of obtained EV-
derived RNA was higher in the before-treatment samples than
in the after-treatment samples in AML patients with the NPM 1
mutation only or with a combined mutation (Fig. 4a). In contrast,
the EV-derived RNA from patients with the FLT3-ITD mutation
only showed higher concentrations after treatment in compari-
son with the before-treatment samples (Fig. 4a). This mirrors the
results of the NTA, which indicate the same trend in EV number.

EV-derived RNA reflects the patient mutational status

Next, we investigated whether the EV-RNA of the AML pa-
tients reflected their mutational status. EV-RNA from patients
carrying a NPM1 mutation was obtained, transcribed into
cDNA, and analyzed for the mutational status by RT-PCR.
In seven AML patients, identical mutations were detected in
the EV-RNA of the initial samples before therapy and in the
primary leukemic blasts. In two patients, it was not possible to
detect the mutation in the initial sample at all (Fig. 4b,
Supplementary Table S4). In all patient samples after therapy,
the initial AML-specific mutation was no longer detectable
(Fig. 4b, Supplementary Table S4). GeneScan-based frag-
ment-length analysis was performed for the mutational analy-
sis of nine AML patients with a FLT3-ITD mutation. For this
purpose, EV-derived RNA was extracted and transcribed into
cDNA and GeneScan-based fragment-length analysis was
performed. The mutation was detectable in all of the initial
samples before treatment (Fig. Sa—d), but it was not possible to
detect it in the after-treatment samples of each patient
(Supplementary Table 4). This lack of mutational detection
for both mutations in all after-treatment patient samples was
not always in correlation to the results of the gDNA analysis
that is routinely performed in our diagnostic AML lab after
every treatment.
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Fig. 3 a-d Particle diameter size
and number of particles per mL of
plasma from two AML

patients before and after
treatment, as measured by
nanoparticle tracking analysis
(NTA). The size distribution is in
the range of extracellular vesicles
(30-160 nm). e-h Transmission
electron microscopy of uranyl
acetate—stained EVs from patient
plasma samples before and after
treatment. Scale bar 200 nm. i
Comparison of EVs concentration
in before- and after-treatment
samples from 16 AML patients,
as measured by NTA analysis.
Higher concentration of EVs in
before-treatment samples was ob-
served in patients with

NPMI mutation only and with
combined mutations than those
with a FLT3-1TD mutation only.
The difference in EV concentra-
tion between patients with

a FLT3-ITD mutation only and
patients with FLT3-ITD and
NPM1 combined mutations was
statistically significant (p =
0.0145). In addition, EV concen-
tration in before-treatment sam-
ples of patients carrying both
mutations was statistically signif-
icantly higher than in the NPM1
only group (p = 0.0468) and the
FLT3-ITD only group (p=
0.0168)
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Discussion

Despite the recent advances in the treatment and diagnosis of
AML, which is reflected by high remission rates, many pa-
tients are still suffering from relapse—the biggest cause of
death in AML [2, 3]. This highlights the ongoing need for
the development of a more sensitive approach with the ability
to detect and monitor this disease more effectively.
Simultaneously, this approach should encompass the advan-
tage of reducing pain and inconvenience for the patients
caused by the current standard bone marrow puncture—based
diagnostic methods. In the current study, we attempted to take
the first steps towards the development of a tool that would
fulfill these criteria by evaluating the diagnostic potential of
plasma-derived EV-RNA in pediatric AML.

Here, using both established leukemia cell lines and AML
pediatric patient samples (n = 16), we have demonstrated the

Fig. 4 a Comparison of RNA

biomarker potential of EV-derived RNA in AML. Using cell
line—conditioned media, we successfully established that it
was possible to isolate EVs, extract RNA, and detect AML-
specific mutations, NPM1 and FLT3-ITD, using RT-PCR and
GeneScan-based fragment-length analysis methods, respect-
fully. These positive results reflected that our proposed isola-
tion and detection methods were valid and functional at the
cell line level. Subsequently, using the same methods, RNA
was isolated from EVs of pediatric patient plasma (n=16),
before and after treatment, and analyzed for its biomarker
potential. In 14 out of the 16 AML patient samples at the stage
of primary diagnosis, it was possible to detect NPM1 or FLT3-
ITD mutations which reflected the known gDNA information
of the samples. These initial results showed that our approach
was sensitive enough to detect AML-specific mutations from
a source of plasma containing heterogeneous populations of
EVs, highlighting that the approach does indeed have

RNA concentration
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Fig. 5 a—d GeneScan-based fragment-length analysis of FLT3-ITD mu-
tation was performed to establish the sensitivity of mutational detection in
RNA that was extracted from EVs of patient samples, and compared with
the already existing patient mutational status information of the primary
leukemia database in the AML-BFM lab. Sixteen patient samples before

diagnostic biomarker potential. In addition, the number of
EVs and the consequent amounts of RNA appeared to be
influenced by the mutational background of the patients. As
previous studies have shown that AML patients have more
EVs than healthy controls [13—15], this was an interesting
observation, which once established in a larger patient cohort
study may have additional diagnostic utility.

The proposed approach, with the current sensitivity, does in
fact have its limitations. Although it was successful at detect-
ing mutations in almost all patients at initial diagnosis, it was
not always possible to detect mutations after treatment when
using this method. These are issues that must be addressed, as
sensitivity is of utmost importance when designing diagnostic
detection methods. These results could be attributed to the
lower amount of RNA that was recovered from these samples;
perhaps due to a reduction in EV production by mutation-
containing cells or a reduction of the cells themselves.
Alternatively, they could also be related to the EV heteroge-
neity of the plasma. Like all new approaches, this method also
requires a period of optimization before its implementation as
a clinically routine method can be considered. Therefore, in
future, this study should be repeated using a larger cohort of
patients and with an enhanced EV isolation method, capable
of specifically sorting for AML-derived EVs.

Despite the discussed points of needed improvements in
sensitivity, the advantage of this method over current diagnos-
tic methods is clear, in terms of patient welfare. A liquid bi-
opsy approach could indeed be a valuable diagnostic tool,
offering a fast, pain-free, and hassle-free alternative to current
painful bone marrow biopsies. Being able to diagnose or
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and after treatment were used for analysis. 50 ng/pl or a maximum vol-
ume of 10.5 ul from each sample was used. Samples a, b, and ¢ are
before-treatment samples that show the FLT3-ITD mutation (size ~
372). Sample d is the negative control. AML-specific mutations were
not present in post-treatment samples (data not shown)

monitor a leukemic disease simply by drawing blood and
isolating EVs instead of having to undergo a bone marrow
puncture procedure would be much more convenient and less
stressful for pediatric patients. In conclusion, our approach to
establish an EV-RNA-based diagnostic platform provides
valuable information that could be potentially useful in the
future diagnosis and treatment of AML. This preliminary
study definitely provides a starting point for the use of EV-
RNA as a disease biomarker in AML and, once the sensitivity
is optimized and the study is recapitulated in larger cohorts of
patients, will open the door to many possible avenues of future
research on this topic.
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Abstract

Acute myeloid leukemia (AML) is a heterogeneous malignant disease characterized by a collection of genetic and epigenetic
changes. As a consequence, AML can evolve towards more aggressive subtypes during treatment, which require additional
therapies to prevent future relapse. As we have previously detected double-stranded DNA (dsDNA) in tumor-derived extracel-
lular vesicles (EVs), in this current study we attempted to evaluate the potential diagnostic applications of AML EV-dsDNA
derived from primary bone marrow and peripheral blood plasma samples. EVs from plasma of 29 pediatric AML patients (at
initial diagnosis or during treatment) were isolated by ultracentrifugation, after which dsDNA was extracted from obtained EVs
and analyzed for leukemia-specific mutations using next generation sequencing (NGS) and GeneScan-based fragment-length
analysis. In 18 out of 20 patients, dsSDNA harvested from EVs mirrored the (leukemia-specific) mutations found in the genomic
DNA obtained from primary leukemia cells. In the nanoparticle tracking analysis (NTA), a decrease in EV numbers was observed
in patients after treatment compared with initial diagnosis. Following treatment, in 75 samples out of the 79, these mutations were
no longer detectable in EV-dsDNA. In light of our results, we propose the use of leukemia-derived EV-dsDNA as an additional
measure for mutational status and, potentially, treatment response in pediatric AML.

Keywords Acute myeloid leukemia - EVs - dsDNA - Mutational detection - Pediatrics

Introduction cells, which survived initial therapy or gained additional muta-
tions, is considered as a potential cause of relapse in pediatric
Acute myeloid leukemia (AML) is the second most common ~ AML [1, 2]. With the recent advancements in the field of cancer
form of pediatric leukemia, with relapse rates of more than  genomics (e.g., whole genome deep sequencing at the single
30% in all patients. Clonal evolution of rare primary leukemic ~ cell level), it has become clear that genomes acquire AML
mutations in a stepwise manner, leading to the presence of

Electronic supplementary material The online version of this article genetically heterogeneous populations of leukemic cells in the
(https://doi.org/10.1007/500277-019-03866-w) contains supplementary hematopoietic compartment [2]. Due to this biological hetero-
material, which is available to authorized users. geneity at the genomic DNA level, it is a great challenge to

clinically target AML and to achieve a disease-free state in
patients. In recent years, research has been intensively focused
on understanding the process of clonal evolution in leukemia

Department of Pediatric Hematology and Oncology, University progression, both during therapy and relapse, as relapse remains
Children’s Hospital, University Hospital of Essen, Hufelandstrasse the major cause of lethality in pediatric AML [3].
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55, 45147 Essen, Germany Classically, the role of extracellular signalling molecules,
2 Tmaging Centre Essen, Electron Microscopy Unit, University such as cytokines and growth factors, released by leukemic
Hospital of Essen, Essen, Germany cells, has been discussed to modulate the microenvironment

Institute of Anatomy, University Hospital of Essen, Essen, Germany towards leukemogenesis [4, 5]. In the last decade, extracellu-
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Essen, Germany have been shown to mediate complex intercellular interactions
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at local and distant sites, in normal and pathophysiological
conditions [6]. EV preparations contain many important bio-
molecules including nucleic acids (DNA, mRNA, and
microRNA), proteins, and lipids [7—10], which can be trans-
ferred from EV releasing cells to their specific target cells [11].
Containing cell type—specific signatures, EVs and their cargo
molecules have a huge potential to serve as novel biomarkers
for a variety of different diseases [12]. Indeed, we and others
previously demonstrated that EV preparations of various tu-
mor patients contained dsDNA which mirrored the mutational
information of the tumor cells from which they were produced
[13-19].

The aim of the current study was to evaluate the potential
diagnostic role of leukemia-derived EVs in pediatric AML.
Accordingly, we harvested EVs from the plasma of AML
patients, extracted their dsDNA, and analyzed it for AML-
specific mutations using AML-specific next-generation se-
quencing (NGS) as well as GeneScan-based fragment-length
analysis. Although it has been previously shown that in AML
plasma EV number correlates with leukemic blood cell
counts, and that miRNA from EVs has potential as a biomark-
er for minimal residual disease (MRD) and patient prognosis
[20-22], the data that we have been able to generate in this
study is the first to show the potential diagnostic applications
of EV-dsDNA in primary AML pediatric patient samples.

Materials and methods

Twenty-nine patients with AML (Supplementary Table S1)
were included in our study. Genetic information and the levels
of hemoglobin, leukocytes, and myeloblasts of each patient
are provided (Table 1 and Supplementary Table S1). Each
patient was consented following institutional review board
approval AML-BFM 2004 (3VCreutzigl). The age of the pa-
tients ranged from less than 1 up to 18 years. As a reference
point, the plasma from 5 healthy donors between 25 and 40
years old were also collected. Plasma (1-2 mL) from bone
marrow (BM) or peripheral blood (PB) was collected from
each patient prior to the start of chemotherapy (twenty-nine
patients) as well as after different stages of chemotherapy
(twenty patients) (Table 1), and 7 mL peripheral blood from
each healthy donor were collected at one time point. EVs were
isolated using a differential ultracentrifugation protocol
(Supplementary Figure S1). The number of EVs and their
diameter were quantified by nanoparticle tracking analysis
(NTA) using ZetaView (Particle Metrix GmbH). The
dsDNA was isolated to allow genomic and EV-DNA sequenc-
ing for tumor profiling using MiSeqDx (Illumina Inc.) with
the TruSight Myeloid (TSM) panel (Illumina, FC-130-1010)
using the MiSeq V2 Reagent kit (2 x 150 cycles, paired end
run) and a total of 141 kb per sample, as well as with
GeneScan-based fragment-length analysis (Supplementary
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Figure S1). All statistical analyses were performed using
Prism 7 (GraphPad, San Diego). Data were analyzed using
unpaired and paired Student’s ¢ test. The majority of results
are expressed as means including the standard deviation with
P <0.05 being considered statistically significant.

Ultracentrifugation of patient samples and healthy
donor samples

Healthy donor blood (7 mL) was collected in red-top EDTA
(ethylenediamine tetraacetic acid) tubes (#01.1605.001,
SARSTEDT AG & Co. KG). Plasma samples from patients
with childhood AML were obtained from the Biobank. The
EVs from the healthy donors and the patient samples were
isolated using 3 steps of differential centrifugation followed
by ultracentrifugation according to the protocol from Kunz
et al 2019 [23].

From each plasma sample, 200 pL. were transferred into
new microcentrifuge tubes and stored at — 80 °C as a control
before EV depletion (unfractionated plasma). The superna-
tants after the first spin of 100,000xg were collected in fresh
microcentrifuge tubes and stored at — 80 °C for future analysis
of DNA in the plasma after EV depletion (fractionated plas-
ma). The final EV pellet was resuspended in 200 pL of PBS.
From the obtained EV fraction, 20 uL were used for the
Transmission Electron Miroscopy (TEM), BCA assay, and
ZetaView analysis. The rest of the samples were stored at —
80 °C for later Western blot analysis as well as DNA isolation
and sequencing (Supplementary Figure S1).

ZetaView analysis-nanoparticle tracking analysis

EV size and concentration were analyzed by nanoparticle
tracking analysis using the ZetaView device of Particle
Metrix. Firstly, 100 nm “Standard beads” (Particle Metrix
GmbH) were used to calibrate the machine. The following
settings were used for all measurements: 11 positions, 5 cy-
cles, medium quality, minimal brightness of 20, minimal size
of 5 nm, maximal size of 200 nm, tracelength of 15 s, sensi-
tivity of 75%, shutter speed of 75 ms, and a frame rate of 30.
Sample dilutions were adjusted using DPBS (#14200075,
ThermoFischer Scientific) to a final volume of 1 mL. For
analysis, size and concentration of particles were determined
using Software provided by Zetaview (version 2.3) (Particle
Metrix GmbH).

Transmission electron microscopy

TEM was performed at the Electron Microscopy Unit (EMU)
of the Imaging Center Essen (IMCES) to visualize the EVs.
First of all, 3 puL of isolated EV fractions were added on to a
Formvar-coated 200 mesh copper grid (#SF162, PLANO
GmbH). The grid had been previously prepared by making
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Table1 AML patients’ samples overview and mutational analysis
Patient Age at FAB % blasts Leukocytes Hb Date Material Remark treatment Mutations Mutations EV-
number  diagnosis (103) (g/d]) block gDNA DNA
(years)
1 16 M1l  BM: 90% 67.5 10.2 09.05.2016 PB Initial WTI1 WT1
PB: 90% NPM1 NPM1
FLT3-TKD FLT3-TKD
GATA2 GATA2
ETV6(SNP) ETV6(SNP)
ZRSR2(SNP) ZRSR2(SNP)
la BM: 79% 0.1 6.9 BM After ADXE n.a *
PB:n.a n.a *
n.a *
n.a *
n.a *
n.a *
1b BM: 81% 0.1 7.8 BM After ADXE n.a n.d*
PB:n.a n.a n.d *
n.a n.d *
n.a n.d*
n.a n.d *
n.a n.d*
Ic BM: 0% 2.2 8.2 BM After HAM n.a n.d
PB: 0% n.a n.d
n.a n.d
n.a n.d
n.a ETV6(SNP)
na ZRSR2(SNP)
1d BM: 0% 1.9 9.5 BM After Al n.a n.d
PB: 0% n.a n.d
n.a n.d
n.a n.d
n.a ETV6(SNP)
na ZRSR2(SNP)
le BM: 0% 3.7 10.2 BM After hAM n.a n.a
PB: 0% n.a n.a
n.a n.a
n.a n.a
n.a n.a
n.a n.a
2 5 M2  BM: 30% 7.3 7.9 20.12.2016 BM Initial t(8;21), n.d
PB: 23% FLT3-ITD, n.d
RAD21,KIT, nd
EZH2 n.d
2a BM: 0% 0.6 7.5 BM After ADXE 1(8;21), n.d*
PB: 0% FLT3-ITD, n.d *
RAD21,KIT, n.d*
EZH2 n.d *
2b BM: 0% 2.8 9.5 BM After Al n.d n.a
PB: 0% n.d n.a
n.d n.a
n.d n.a
n.d n.a
2c BM: 0% 2.3 8.1 BM After hAM n.d *
PB: 0% n.d *
n.d *
n.d *
3 18 M3  BM:71% 0.9 7.5 28.06.2016 PB Initial t(15;17) t(15;17)
PB: 3% GATA2(SNP)  GATA2(SNP)
NOTCHI(SNP) NOTCHI1(SNP)
3a BM: 0% 48 8.6 BM After block 2 t(15;17) n.d
PB: 0% GATA2(SNP)  GATA2(SNP)
NOTCHI1(SNP) NOTCHI1(SNP)
3b BM: 0% 5.8 12.4 BM After ATRA n.d n.d
PB: 0% n.d GATA2(SNP)
n.d NOTCHI1(SNP)
3c BM: 0% 3.6 11.8 BM After block 4 n.d n.d
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Table 1 (continued)

Patient Age at FAB % blasts Leukocytes Hb Date Material Remark treatment Mutations Mutations EV-
number  diagnosis (103) (g/dl) block gDNA DNA
(years)
PB: 0% n.d GATA2(SNP)
n.d NOTCHI1(SNP)
3d BM: 0% No data No BM After block 5 ATO n.d n.d
PB: 0% da- n.d GATA2(SNP)
ta n.d NOTCHI1(SNP)
4 1 M4  BM: 83% 11 8.6 29.11.2016 BM Initial t(1;11) t(1;11)
PB: 25% NRAS NRAS
KIT (SNP) KIT (SNP)
PHF6 (SNP) PHF6 (SNP)
4a BM: 5% 0.2 6.1 BM After d26 t(1;11) n.d
PB:n.a NRAS n.d
KIT (SNP) KIT (SNP)
PHF6 (SNP)  PHF6 (SNP)
4b BM: 0% 1.7 9.1 BM After Al n.d n.d
PB: 0% n.d n.d
n.d KIT (SNP)
n.d PHF6 (SNP)
14 9 M1l BM: 78% 51.75 7.8 26.09.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 88%
14a BM: 0% 0.1 7.1 23.10.2017 BM After 1 induction n.a n.d
PB: n.a
14b BM: 0% 1.89 7.9 30.10.2017 BM After CDxA FLT3-WT n.d
PB: 0%
l4c BM: 0% n.a n.a 21.12.2017 BM After HAM FLT3-WT n.d
PB: n.a
15 4 M2  BM: 45% 9.86 7.3 13.01.2017 BM Initial left FLT3-ITD n.d
PB: 0%
15a BM: 34% 9.86 7.3 13.01.2017 BM Initial right FLT3-ITD n.d
PB:n.a
15b BM: 0% 3.15 9.6 21.03.2017 BM After Al FLT3-WT n.d
PB: 0%
15¢ BM: 0% 33 11.5  19.04.2017 BM After HAM FLT3-WT n.d
PB: n.a
15d BM: 0% 3.5 9.5 18.05.2017 BM After HAM FLT3-WT n.d
PB: 0%
15¢ BM: 0% 5.36 11.0 06.07.2017 BM After HAE FLT3-WT n.d
PB: n.a
16 4 Ml BM: 93% 16.1 9.5 28.08.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 50% NPM1 NPM1
16a BM: 2% 0.6 10.1 21.09.2017 BM After ADXE FLT3-ITD n.d
PB:n.a NPM1 n.d
16b BM: 0% 3.0 9.0 04.10.2017 BM After ADXE lsttotal FLT3-WT n.d
PB: 0% remission NPM1-WT n.d
16¢ BM: 0% 3.1 9.6 30.10.2017 BM After HAM FLT3-WT n.d
PB: 0% Remission NPMI1-WT n.d
16d BM: 0% 2.7 9.1 02.01.2018 BM After Al Remission FLT3-WT n.d
PB: 0% NPMI1-WT n.d
17 2 M1 BM: 9%4% 9.7 8.4 22.08.2016 BM Initial NPM1 NPM1
PB: n.a
17a PB: 56% n.a n.a 22.08.2016 PB Initial NPM1 NPM1
PB: n.a
17b BM: 19% 0.2 10.0 13.09.2016 BM After ADXE NPM1 n.d
PB: n.a
17¢ BM: 0% 2.3 9.7 21.09.2016 BM After CDxA NPMI-WT n.d
PB: n.a
17d BM: 0% 4.9 13.4  01.03.2017 BM After HAE NPMI-WT n.d
PB: n.a
17e BM: 0% 3.2 122 27.11.2017 BM Suspected relapse NPMI-WT nd
PB:n.a
18 5 M2 BM:33% 28.7 5.7 12.12.2017 BM Initial NPM1 NPM1
PB: 8%
18a BM: 16% 0.6 11.6  02.01.2018 BM After AIE NPM1 n.d
PB: 0%
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Table 1 (continued)

Patient Age at FAB % blasts Leukocytes Hb Date Material Remark treatment Mutations Mutations EV-
number  diagnosis (103) (g/dl) block gDNA DNA
(years)

18b BM: 0% 2.4 132 25.01.2018 BM After HAM NPMI1-WT n.d
PB: 0%

19 15 M5  BM: 79% 6.55 7.0 26.01.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 11%

19a n.a 0.01 7.4 30.03.2017 BM After HAM FLT3-ITD n.d

19b BM: 0% 1.13 8.5 02.05.2017 BM After HAM FLT3-WT n.d
PB: n.a

19¢ BM: 0% 1.05 9.0 05.07.2017 BM After HAM FLT3-WT n.d
PB: 0%

19d BM: 0% 0.73 8.0 29.08.2017 BM After HAE FLT3-WT n.d
PB:n.a

19¢ BM: 0% 0.29 8.0 05.10.2017 BM After HAE FLT3-WT n.d
PB: 0%

19f BM: 0% 3.33 122 02.11.2017 BM After DT FLT3-WT n.d
PB:n.a

19¢g BM: 0% 0.45 10.0  21.12.2017 BM After DT FLT3-WT n.d
PB: 0%

20 7 M2 BM: 81% 37.24 61.9 11.09.2017 BM Initial NPM1 NPM1
PB: 47%

20a BM: 0% 0.37 8.6 21.09.2017 BM After ADXE NPM1 NPM1
PB: n.a

20b BM: 0% 0.35 10.2 05.10.2017 BM After ADXE NPM1 n.d
PB: n.a

20c BM: n.a 3.82 9.8 16.10.2017 BM After ADXE NPM1 n.d
PB:n.a 1st remission

20d BM: 0% 2.54 11.9 14.11.2017 BM After HAM NPM1 n.d
PB: n.a

20e BM: 0% 2.86 11.3  12.12.2017 BM n.a NPMI1 n.d
PB: 0%

20f BM: 0% 2.81 8.8 11.01.2018 BM Still in remission NPMI1 n.d
PB: 0% After HA(E)

20g n.a n.a n.a 13.02.2018 BM n.a NPMI-WT n.d

21 18 M2 BM: 58% 21.0 8.0 04.08.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 62%

2la BM: 14% 1.0 8.3 28.08.2017 BM After Dag-21 n.a FLT3-ITD
PB:n.a

21b BM: 0% 1.12 7.5 04.10.2017 BM After HAM n.a n.d
PB: 0%

21c¢ BM: 0% 1.99 9.3 09.10.2017 BM After Al n.a n.d
PB:n.a

21d BM: 0% 1.98 11.5  23.11.2017 BM After Al FLT3-WT n.d
PB:n.a

22 14 M6 BM: 20% 8.4 6.1 28.03.2017 BM Initial NPM1 NPM1
PB: 5%

22a BM: 14% 6.81 6.2 03.04.2017 BM Initial NPM1 n.a
PB: n.a

23 17 M5 BM:91% 32.86 9.7 25.07.2017 BM Initial FLT3-ITD, FLT3-ITD
PB: 35% NPM1 NPM1

23a BM: 0% 0.69 9.2 16.08.2017 BM After ADXE FLT3-WT, n.d
PB:n.a NPM1 n.d

23b BM: 0% 2.05 7.3 28.08.2017 BM After ADXE FLT3-WT, n.d
PB:n.a NPM1 n.d

23¢ BM: 0% 2.37 8.7 31.08.2017 BM After ADXE FLT3-WT, n.d
PB:n.a NPM1 n.d

23d BM: 0% 3.44 9.5 13.11.2017 BM After Al FLT3-WT, n.d
PB:n.a NPMI1-WT n.d

24 14 M4  BM: 66% 9.1 6.0 08.09.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 40%

24a BM: 0% 0.5 9.0 28.09.2017 BM After CDxA FLT3-WT n.d
PB: n.a

24b BM: 0% 1.9 9.0 11.10.2017 BM After CDxA FLT3-WT n.d
PB: 0%

24c¢ BM: 0% 0.7 9.0 11.01.2018 BM FLT3-WT n.d
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Table 1 (continued)

Patient Age at FAB % blasts Leukocytes Hb Date Material Remark treatment Mutations Mutations EV-
number  diagnosis (103) (g/dl) block gDNA DNA
(years)
PB: 0% Day 28 after BM
transplantation

24d BM: 0% 2.8 7.6 24.01.2018 BM Day 40 after BM FLT3-WT n.d
PB: 0% transplantation

25 14 M4  BM: 56% 23.18 5.1 15.09.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 31%

25a BM: 0% 1.25 9.6 23.10.2017 BM After ADXE FLT3-WT n.d
PB: 0%

25b BM: 0% 1.57 83 na BM Before Al FLT3-WT n.d
PB: 0%

26 16 M4 BM: 36% 8.0 13.4  04.08.2017 BM Initial FLT3-ITD FLT3-ITD
PB: 14%

26a BM: 0% 0.8 12.0  04.09.2017 BM After DNX-FLA FLT3-WT n.d
PB: 0%

26b BM: 0% 3.1 15.3 11.09.2017 BM After DNX-FLA FLT3-WT n.d
PB:n.a

26¢ BM: 0% 1.19 7.8 06.02.2018 BM Month 4 after BM FLT3-WT n.d
PB: 0% transplantation

27 8 M2  BM: 45% 3.47 7.8 01.02.2018 BM Initial NPM1 NPM1
PB: 19%

27a BM: 0% 0.61 10.0  01.03.2018 BM After AIE NPMI1-WT n.d
PB:n.a

27b BM: 0% 1.33 112 09.04.2018 BM After HAM NPMI-WT n.d
PB:n.a

28 7 M1 BM: 87% 37.8 7.7 02.03.2018 BM Initial relapse NPM1 NPM1
PB: 91%

28a BM: 96% 0.47 8.2 03.04.2018 BM Day 28 relapse NPM1 n.d
PB:n.a

28b BM: 0% 0.45 10.0  26.04.2018 BM After Clofarabine NPM1 n.d
PB: n.a

29 15 M2 BM: 84% 24.53 15.8  22.11.2017 BM Initial NPM1 NPM1
PB: 80%

29a BM: 0% 0.67 10.0  13.12.2017 BM Day 21 NPM1 n.d
PB:na

29b BM: 0% 1.93 9.3 19.02.2018 BM After Al NPMI-WT NPMI*
PB:na

Information of all the collected samples. Next-generation sequencing analysis of known mutations and GeneScan-based fragment-length analysis of
FLT3-ITD and NPM1 (insertion) mutations were performed to investigate the diagnostic potential of DNA that was extracted from EVs. The results were
compared with the actual mutational status of the patients that was obtained from the already existing primary leukemia database in the AML-BFM lab.
Four patient samples (P1-P4) from before and after treatment were used for NGS analysis. For the sequencing, 50 ng or a maximum volume of 15 puLL
was used from each sample depending on their concentration. AML-specific mutations were not present in post-treatment samples. SNPs were present in
all analyzed samples

Sixteen patient samples (P14-P29) from before and after treatment were used for GeneScan-based fragment-length analysis. 50 ng/uL or a maximum
volume of 10.5 puL from each sample was used depending on their concentration. AML-specific mutations were not present in post-treatment samples.
Any “positive” or “negative” entries are mentioned by the name of the mutations or a note that the mutations were not detectable (n.d) or not applicable
(n.a). *= Low quality sequencing data

its surface hydrophilic using glow discharging for 1.5 min  and 1 pL of 1% Uranyl-acetate and incubated at room tem-
(easiGlow™, PELCO). Samples were then negatively stained  perature for 30 min. From this mixture, 1.5 uL were added on
with 10 uL of 1.5% v/v Phosphotungstic acid (PTA) for 2 to a Formvar-coated 200 mesh copper grid (#SF162, PLANO
min, after which excess liquid was removed. The grids were ~ GmbH) which had been previously prepared by making its
allowed to dry for at least 2 min and then observed with a  surface hydrophilic using glow discharging for 1.5 min
JEOL JEM-1400 Plus TEM (JEOL) at 120 kV. Additional (easiGlow™, PELCO). Samples were dried on the grid for
positive staining was performed for extra validation of our 2 min and then observed with a JEOL JEM-1400 Plus TEM
results. For this, 7.5 uL of isolated EV fractions were mixed (JEOL) at 120 kV. 4K images were acquired with TemCam-
and positively stained with 1.5 uL. of 1% Methyl-cellulose =~ F416 and EM-Menu 4 software (TVIPS GmbH).
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Protein concentration analysis

A bicinchoninic acid assay (BCA) was performed using a
BCA protein assay kit (#23225, ThermoFischer Scientific)
according to the manufacturer’s instructions. Protein concen-
trations were determined using the modulus microplate reader
(Turner Biosystems) at a wavelength of 562 nm.

Western blots

Equal volumes of EV fractions from leukemia cell lines
(MV4-11 and OCI-AML3 served as controls), healthy donors,
and patient samples were treated 1:1 with RIPA buffer con-
taining protease (cOmplete, #11697498001, Hoffman-La
Roche) and phosphatase (PhosphoSTOP, #04906837001,
Hoffman-La Roche) inhibitors. Next, 25 ul of the EV frac-
tions were added to a master mix of {3-mercaptoethanol
(M-7522, Sigma-Aldrich) and 6x SDS Protein Loading
Buffer pH 6.8 (#LB0100, Morganville Scientific), heated at
95 °C for 10 min, then loaded on to NuPAGE 4-12% Gels
(#NPO321Box, Invitrogen, ThermoFischer Scientific) with
the PageRuler Prestained protein ladder (#26616,
ThermoFischer Scientific) for separation. THP-1 Cell Lysate
(#sc-2238, Santa Cruz) was used as a control to verify the
leukemia origin of the patient plasma-derived EVs and 20 pl
were loaded directly to the gel after heaingt at 95 °C for 10
min. Afterwards, they were transferred on to a nitrocellulose
blotting membrane (#10600001, GE Healthcare). After trans-
fer, membranes were washed with TBS-T and blocked in 5%
milk blocking solution with 0.05% Tween-20 for 30 min. The
membranes were then incubated overnight at 4 °C with pri-
mary antibodies in 5% milk blocking solution (1:1000): Anti-
CD63 (#EXOAB-KIT-1, System Biosciences), Anti-HSP70
(#EXOAB-KIT-1, System Biosciences), Anti-TSG101
(#HPAO006161, Sigma-Aldrich), Anti-Syntenin (#ab133267,
Abcam), Anti-CD33 (ab134115, Abcam), and Anti-CD13
(ab108310, Abcam). Next day, membranes were washed with
TBS-T and incubated at RT for 90 min with the relevant sec-
ondary antibody (1:10,000 for the Anti-Rabbit IgG, HRP-
linked Antibody, #7074S, Cell Signalling) or (1:20,000 for
the Goat Anti-rabbit HRP, #EXOAB-KIT-1, System
Biosciences). After washing, blots were developed with
ECL Prime Western Blotting Detection reagents (#2232, GE
Healthcare) and detected with a Fusion FX Machine (Vilber
Lourmat Deutschland GmbH).

QlAamp DNA Micro Kit

DNA was extracted from plasma samples, EVs, and EV su-
pernatants using the QIAamp DNA Micro Kit (#56304,
Qiagen) according to the manufacturer’s instructions.
Briefly, 100 uL from each sample was pipetted into a
1.5-mL microcentrifuge tube with 4 pL of RNase (#56304,
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Qiagen) and incubated at RT for 15 min. Next, 100 pL of
Buffer AL (#56304, Qiagen) was added, followed by
vortexing for 15 s. Then, 10 puL proteinase K (#56304,
Qiagen) was added and the samples were incubated at 56 °C
for 10 min. Afterwards, 100 pL of ethanol 100% (#603-002-
00-5, Honeywell Riedel-de Haén AG) were added followed
by vortexing for 15 s. The samples were transferred into a
QIAamp MinElute (#56304, Qiagen) column after 3 min in-
cubation at RT. Centrifugation steps of 6000xg for 1 min were
performed in between the washing steps with 500 ul of each
washing buffer: AW1 (#56304, Qiagen) and AW2 (#56304,
Qiagen). The columns were transferred into clean 1.5-mL
microcentrifuge tubes and 50 uL of distilled water were ap-
plied to the center of each membrane, followed by centrifuga-
tion at full speed (20,000xg) for 1 min, to elute the DNA.
From each eluted sample, 1 pL was used to perform Qubit
or dsDNA quantifluor for the measurement of concentration.
The samples were stored at — 80 °C.

DNA quantification

The dsDNA from 4 patients, unfractionated plasma, and EVs
were measured using Qubit 3.0 Fluorometer (#Q33226,
ThermoFischer Scientific) according to the manufacturer’s in-
structions. Briefly, Qubit® working solution was prepared by
diluting the Qubit® reagent (#Q33227, ThermoFischer
Scientific) 1:200 in Qubit® buffer (#Q33227,
ThermoFischer Scientific). Two Assay tubes (#Q32856,
ThermoFischer Scientific) for the standards (190 pL working
solution + 10 pL standards) and one for each sample (199 uL.
working solution + 1 uL sample) were prepared. Tubes were
inserted into a Qubit® fluorometer for analysis. The dsDNA
from all fractions of the remaining 25 patient samples were
quantified using a dsDNA quantifluor kit (#ab27156,
Promega) according to manufacturer’s instructions. Briefly,
1x TE buffer, dsDNA dye working solution and standards
were prepared. Next, 200 pL. of dsDNA dye working solution
was applied to each well (standard, blank and sample). Then,
10 uL of the standards, 10 pnL. 1x TE buffer for the blank or 1
uL of each sample was added. The plate was mixed thorough-
ly and incubated for 5 min at RT. Plate was analyzed using
fluorescence (504 nmg,/531 nmg,,) by the modulus micro-
plate reader (Turner Biosystems).

DNA bioanalysis

The EV-DNA fragment sizes from patient samples and
healthy donor samples were analyzed using an Agilent High
Sensitivity D1000 ScreenTape Assay. Briefly, a ladder was
prepared by adding 2 pL High Sensitivity D1000 sample
buffer and 2 uL High Sensitivity D1000 ladder
(#0006371807, Agilent Technologies) in a tube strip
(#0200794-260, Agilent Technologies). Samples were then
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prepared by adding 2 puL High Sensitivity D1000 sample
buffer and 2 pL of each sample in a tube strip. The tube strips
were then covered by caps (#401425, Agilent Technologies)
and mixed by vortexing for | min and then briefly spun down.
The tube strips were then loaded in to the Agilent 4200
TapeStation instrument (4200 TapeStation, Agilent
Technologies) and the caps removed. Results were then gen-
erated using the Agilent Tapestation Analysis Software.

Sequencing of patient samples

The DNA samples that were measured using the Qubit 3.0
Fluorometer (ThermoFischer Scientific) were sequenced using
Next Generation Sequencing-Illumina MiSeqDx (Illumina
Inc.). For targeted sequencing with the TruSight Myeloid
(TSM) panel (FC-130-1010, Illumina Inc.) (Table 2), 50 ng of
DNA derived from bulk bone marrow or peripheral blood cells
at diagnosis were used by the AML-BFM central core facility.
The plasma and EV-DNA sequencing was performed using
either 50 ng of DNA or, for the samples with low concentration,
amaximum volume of up to 15 uL. The libraries were prepared
according to the manufacturer’s protocol and sequenced with
[llumina MiSeqDx using the MiSeq V2 Reagent kit (2 x 150
cycles, paired end run) (MS-102-2002, Illumina Inc.), with a
total of 141 kb per sample.

GeneScan-based fragment-length analysis

The DNA from the last sixteen patients was measured using a
dsDNA quantifluor kit (#ab27156, Promega) and underwent
mutational detection with GeneScan-based fragment-length
analysis. A master mix of reagents was prepared: Hot Start Taq
2x MM 12.5 uL, DEPC H,O 8.5 uL, Primer F (10 pmol/uL) 1
pL, Primer R (10 pmol/uL) 1 uL. A DNA concentration of 50
ng/uL or a maximum volume of 10.5 puL of sample was used.
Water can be avoided in case of 10.5 uL of DNA. For amplifi-
cation, samples were heated at 95 °C for 2 min, followed by 40
cycles of 95 °C for 15 s, 59 °C for 15 s and 72 °C for 15 s.
GeneScan-based fragment-length analysis was performed for the
FLT3-Internal Tandem Repeat (FLT3) and Nucleophosphomin
(NPM1) mutations by using the following primers:

FLT3-ITD:

Primer fw: 5'-GTAAAACGACGGCCAGGCAA
TTTAGGTATGAAAGCCAGC-3'

Primer rev: 5'-FAM-CTT TCA GCA TTT TGA CGG
CAA CC-3'

NPM1:

Primer fw: 5'-GTAAAACGACGGCCAGGATG
TCTATGAAGTGTTGTGGTTCC-3'
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Primer rev: 5-VIC-ATC AAA CAC GGT AGG GAA
AGT TC-3'

PCR products were diluted (1:70) in H,O. One microliter
of diluted PCR products was mixed with 10 puL HiDi
Formamid (Applied Biosystems) and 0.3 pL GeneScan 600
LIZ Size Standard v 2.0 (ThermoFischer Scientific). PCR
products were denaturated for 5 min at 95 °C and the
GeneScan-based fragment-length analysis was performed
using the 3500 genetic analyzer (Applied Biosystems).

Results
Characterization of EV preparations

To characterize the EV content of plasma from pediatric
AML samples, EVs were harvested by differential
centrifugation/ultracentrifugation steps. Obtained EV frac-
tions were characterized by nanoparticle tracking analysis
(NTA) for the number and average diameter of obtained
particles, while BCA assay was also performed to support
the NTA quantification with additional protein quantifica-
tion data, with a strong correlation between the two pa-
rameters being observed (Supplementary Figure 2;
Supplementary Table S2). Average particle sizes obtained
from AML patient plasma samples were in the range of
30-150 nm, the expected size of EVs (Figure la, b). To
confirm the presence of EVs, transmission electron mi-
croscopy was performed. Bona fide EVs were indeed ob-
served in all preparations studied (Fig. 1c—f). The pres-
ence of EVs in our preparations was further proven by
Western blotting using EV-specific antibodies (Fig. 2a).
EVs from leukemia cell lines which served as positive
controls showed clear bands with the EV-specific antibod-
ies. Furthermore, the origin of the EVs was confirmed by
additional Western blots using myeloid-specific antibod-
ies, which were present in the positive control as well as
in the leukemia patient samples (Fig. 2b). For reference,
EVs from healthy donors were also probed with the
same myeloid-specific antibodies, which gave negative
results (Fig. 2b). Healthy donor samples were also
probed with EV-specific antibodies, but it was not pos-
sible to detect all tested antibodies. However, this could
be explained by the lower number of EVs present in
healthy donor samples in comparison to patient samples
as the number of particles measured by NTA appeared
to be statistically significantly higher in patient plasma
samples than in healthy donor samples [“p” = 0.0057]
(Supplementary Figure S3), and the same volume of EV
fractions and not equal protein amount was loaded for
Western blot analysis. As the healthy donor samples
were from adults, this significant difference in EV
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Table2  Target regions of the TruSight Myeloid panel (Illumina)

Gene Target region (exon)  Gene Target region (exon)  Gene Target region (exon)  Gene Target region (exon)
ABL 4-6 DNMT3A  Full KDM6A Full RAD21 Full

ASXL1 12 ETV6/Tel  Full KIT 2, 8-11, 13+17 RUNX1  Full

ATRX 8—10 and 17-31 EZH2 Full KRAS 243 SETBP1 4 (partial)

BCOR Full FBXW7 9+10+11 MLL 5-8 SF3B1 13-16

BCORL Full FLT3 14+15420 MPL 10 SMC1A 2,11, 16+17
BRAF 15 GATAL1 2 MYDS88 3-5 SMC3 10, 13, 19, 23, 25+28
CALR 9 GATA2 2-6 NOTCHI  26—29+34 SRSF2 1

CBL 8+9 GNAS 8+9 NPM1 12 STAG2 Full

CBLB 9,10 HRAS 2+3 NRAS 2+3 TET2 3-11

CBLC 9,10 IDH1 4 PDGFRA 12, 14, 18 TP53 2-11

CDKN2A  Full IDH2 4 PHF6 Full U2AF1 2+6

CEBPA Full IKZF1 Full PTEN 5+7 WTI 7+9

CSF3R 14-17 JAK2 5+7 PTPNI11 3+13 ZRSR2 Full

CUX1 Full JAK3 3+13

number cannot be fully concluded to be disease-related.
Additionally, as normal myelopoiesis may be a rich
source of EVs depending on regenerative activity and/
or phases of cell destruction, our finding that steady-
state PB of adults does not contain detectable amounts
of myeloid EVs in Western blot experiments could be a
matter of sensitivity and does not exclude that they
could be detectable in other/better selected controls.

Analysis of EV numbers in pediatric AML samples
at different stages of treatment

Next, we investigated whether EVs present in the plas-
ma samples reflect the status of the leukemia blast bur-
den in pediatric AML patients undergoing therapy. As
proof of principle, we selected 20 of 29 patients in the
study and isolated EVs from the selected patients’ plas-
ma samples at diagnosis and during different treatment
blocks (Fig. 3). When comparing the particle numbers
before and after treatment (all patients combined at each
therapy block), lower particle numbers (although non-
significant) were observed after treatment than before
treatment [“p” = 0.084] (Fig. 3a). The number of leu-
kemic blast cell burden was also declined during thera-
py; however, there was no correlation between the de-
crease of the amount of EVs and blasts (Table 1)
(Supplementary Figure 4, and Supplementary
Table S2). Analysis of EV numbers in individual patients
before treatment and during different treatment blocks re-
vealed a fluctuation of EV numbers in the plasma of pa-
tients, with a trend of an initial sharp decline and gradual
increase during the time course of treatment (Fig. 3b—e).
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EV samples from pediatric AML patients contain
dsDNA reflecting AML-specific mutations

To establish the diagnostic relevance of EV-dsDNA isolated
from pediatric AML patients, we isolated total DNA from EV
fractions of our AML patients and, for comparison, from the
unfractionated and fractionated plasma. Prior digestion of the
DNA bound to the outside of EVs was not a pre-requirement
in this study, as removing this DNA would have no diagnostic
advantage for detecting mutations in EV-associated dsDNA.
The DNA concentration was measured using Qubit (Fig. 4a)
to quantify the amount for downstream NGS analysis.
Additionally, dsSDNA Quantifluor (Fig. 4b) was used to estab-
lish the double-stranded nature of EV-DNA, as demonstrated
by Thakur et al. 2014 [13]. After isolation of EVs, we ob-
served a lower concentration of dsDNA in EV-depleted
(fractionated) plasma in comparison to unfractionated and
EV fractions in the majority of patients in this study (Fig.
4a, b), validating the recent paper suggesting that majority of
previously considered human blood plasma cell-free DNA is
localized in EVs [24]. Additionally, in around 50% of
the samples, the EV fractions contained more dsDNA
than the initial unfractionated plasma (Fig. 4a, b). This
could reflect that the DNA inside of the EVs is more
protected than the cell-free DNA, which is vulnerable to
degradation by nucleases in the plasma. In the next
step, the dsDNA extracted from the initial samples,
unfractionated plasma and EVs from patients 1, 2, 3,
and 4, was sequenced using Illumina MiSeqDx
(Supplementary Table S3). In three patients, identical
mutations were detected in the EV-dsDNA and in the
genomic DNA from the primary sample (gDNA)
(Table 3). In one patient, mutations were only detectable
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Fig. 1 Detection and

characterization of EVs in healthy

donor samples and patient

samples. a, b) Exemplary data

of Diameter size and number of

particles per mL of plasma from

healthy donor (HD) and AML

patient samples (P), as measured

by NTA. The size distribution is

in the range of extracellular vesi-

cles (30-150 nm). ¢, d)

Exemplary data of TEM of nega-

tively stained EVs from plasma of

healthy donor samples and AML

patient samples. Scale bar 200

nm. e, f) Exemplary data of TEM

of positively stained EVs from

plasma of healthy donor samples

and AML patient samples. Scale

bar 200 nm TEM
Negative
staining

TEM
Positive
staining

in the gDNA and not in unfractionated plasma or EV-
dsDNA (Table 3).

EV-derived dsDNA reflects therapy status based
on mutational signature in pediatric AML

To gain insight into whether EV-dsDNA can be used to
monitor the treatment response in pediatric AML patients,
EV-dsDNA was isolated from patients before and after
treatment. We observed that almost all AML patients in
our study had higher dsDNA levels in EVs before therapy,
compared with the EVs harvested from the same patients
after therapy (Fig. 4c, d). The mutational background of
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the patients appeared to play a role in the EV-dsDNA
concentration, as the samples from patients carrying only
the FLT3-ITD mutation revealed a higher amount of
dsDNA after treatment, while samples from patients that
had an NPM1 mutation only or combined FLT3-ITD and
NPM1 mutations showed decreased dsDNA concentration
after treatment (Fig. 4e). The same trend was also ob-
served with the EV number and RNA concentration
[23]. In addition, to further characterize the EV-DNA,
the DNA before and after treatment was analyzed using
a bioanalyzer. This analysis revealed that in AML pa-
tients, four distinct DNA fragment sizes could be detected
in EVs before treatment (Fig. 4f), but not after treatment
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Fig. 2 Western blot analysis of a MV4-11 OCI-AML3 HD3 HD4 P23 P24 P17 P4 Pl
EV-specific markers. a Western
blot analysis of leukemia cell kDa i g . HSP70
lines (MV4-11 and OCI-AML3 70— - = -
as positive control), healthy do-
nors and AML patient samples for 557 Saums s —— - S e «— TSG101
EV-specific antibodies. b Western ; - ' A
blot analysis of THP1 lysate 1 & Svntenin
(positive control), healthy donors, 40 S — —— — — r : y
and AML patient samples for 35— ~
myeloid-specific antibodies -— '
. ] 8 ' * @ "
. - 10 .
9 -
MV4-11 OCI-AML3 HD3 HD4 P23 P24 P17 P4
THPLys HD3 HD4 P2 P4 P17 P20 P23 P24
kDa [§ ‘ _ g : .
100 — | b, S | <+— (D13
70_’- . — .. . <— CD33

(Fig. 4g). Healthy donor EV-DNA was also analyzed for
comparison and it was found that healthy donor DNA
reflected that of the after treatment samples (Fig. 4h).
This result could reflect that the DNA fragment sizes
are in some way affected by the AML disease state, or
that the amount of DNA in healthy donor EVs or after
treatment EVs is too low to detect these distinct groups.
Furthermore, in the initial four patient samples where
mutational status was analyzed using NGS analysis, the
initially discovered AML-specific mutations were no lon-
ger detectable in the EV-dsDNA in two out of four pa-
tients after treatment (P1 and P4), suggesting that the
decline in EV number after therapy is associated with a
reduction in the number of cancer cells that contain
AML-specific mutations (Table 1). Subsequently, sixteen
more patient samples (P14-P29) were analyzed for spe-
cific AML mutations using GeneScan-based fragment-
length analysis. These results supported the previous re-
sults obtained from NGS. AML-specific mutations were
detectable in EV-DNA before treatment (except patient
15) but not after treatment, except in four patient sam-
ples (P17, P20, P21, and P29) where the mutations were
still detectable in one after treatment sample (Table 1). In
the majority of samples, the EV-dsDNA findings were
corresponding to the gDNA mutational status provided
by the AML diagnostic laboratory (Table 1).
Additionally, in two patients (P2 and P15) no AML-
specific mutations were detectable before treatment;
therefore, it was obvious that after treatment, the muta-
tions were still undetectable. Patient sample P3 had only
single-nucleotide polymorphisms (SNPs) and no AML-
specific mutations, logically serving as a positive control
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in our study. As expected, we observed that the SNPs
were detectable in EV-dsDNA before and after treatment
(Table 1), again suggesting that therapy in patients leads
to a reduction of EVs released by leukemia cells without
compromising the EVs released by healthy cells in blood
circulation.

Discussion

In this study, we aimed to evaluate leukemia-derived EVs for
their diagnostic importance, based on the fact that EVs derived
from tumor cells or leukemia blasts illustrate specific protein,
lipid, and nucleic acid signatures that represent the patholog-
ical state of the respective parental cells [25].

Firstly, we provided evidence that EVs were indeed
present in our samples and some had a myeloid origin.
Then, we showed that the number of EVs could perhaps
be a useful diagnostic indicator, as EV numbers declined
accumulatively after treatment. Secondly, after demon-
strating that EVs in tumor patients contain dsDNA, we
revealed a potential correlation between the mutational
background and the dsDNA concentration before and af-
ter treatment. After testing our samples for their DNA
quality, we wondered whether EV-dsDNA had the diag-
nostic potential to detect AML. In proof of principle ex-
periments, we demonstrated that discovered somatic mu-
tations were detectable in the EV-dsDNA of seventeen
AML patients before treatment but not in EV-dsDNA after
treatment, with an exception of three cases (P2, P3, and
P15).
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Fig. 3 Comparison of EVs before
and after treatment. a Comparison
of EV concentration in before and
after treatment samples from 20
AML patients by NTA analysis.
Higher concentration of EVs in
before treatment samples was
observed. b—e Individual
monitoring of EV number using
NTA. EVs isolated from the
plasma of AML patients P1-P4
from before and after treatment

When considering the average EV concentration of all
patients together, the observed overall reduction in EV
concentration after treatment was expected, as the treat-
ment should eliminate leukemia cells and, therefore, the
number of leukemia-derived EVs in circulation. When
considering the EV concentration results for each individ-
ual patient, fluctuation in the number of EVs after each
treatment time point was observed which was not corre-
lated to any other blood value such as the number of
blasts. Consequently, the reason for these individual fluc-
tuations are unclear; however, it could be related to nor-
mal myelopoiesis which may be a rich source of myeloid-
derived EVs depending on regenerative activity and/or
phases of cell destruction. Additionally, the result could
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be related to each person’s individual response to the
treatment, physical conditions, genetic background, etc.
In future, to validate these results, it will be necessary to
repeat this study using a large cohort of patients with
well-chosen, age appropriate control subjects. In addition,
the lifestyle factors which could influence the EV status
of the participants in the study, e.g., circadian rhythm,
exercise, nutrition, and stress, should be taken in to con-
sideration at the time of the blood draw. Previously, it has
been published that EVs released by cells of highly met-
astatic, malignant tumor cells contain high amounts of
dsDNA [26]. Consequently, in this study, DNA isolated
from EV fractions was detectable, and sometimes at an
even higher concentration than the DNA of unfractionated
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Fig. 4 Comparison of dsDNA from different plasma fractions and EV
fraction in patient samples. a Comparison of dsDNA concentration that
was extracted from unfractionated plasma and EV fractions of AML
patients P1-P4. Qubit was used for the quantification of the samples.
No specific trend was observed. b Comparison of dsDNA concentration
that was extracted from unfractionated plasma, fractionated plasma, and
EV fractions of AML patients P5-P13. dsDNA quantifluor was used for
quantification and, again, no specific trend was observed. ¢ Comparison
of dsDNA concentration that was extracted from EV fractions of AML

samples. EV-DNA and unfractionated DNA were se-
quenced to compare the mutational status with that of
the corresponding patient gDNA that was recorded at pri-
mary diagnosis. As expected, the sequencing data revealed
that the unfractionated plasma DNA and EV-DNA from the
same individual patients had the exact same mutations, show-
ing that, diagnostically speaking, the unfractionated DNA and
the EV-DNA could complement each other. Routinely, after
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patients P1-P4 from before and after treatment. d Comparison of dsDNA
concentration that was extracted from EV fractions of AML patients P14—
P29 from before and after treatment. e Comparison of dsDNA concen-
tration that was extracted from EV fractions of AML patients P14-P29
from before and after treatment, according to their mutational back-
ground. f Qualitative analysis of dsDNA of a patient sample before treat-
ment. g Qualitative analysis of dsSDNA of the same patient after treatment.
h Qualitative analysis of dSDNA of a healthy donor sample

treatment, follow-up sequencing is performed using patient
gDNA to analyze the mutational status of the patient.
Therefore, in some cases, we were able to compare the muta-
tional status between the gDNA and EV-DNA of patients after
treatment. This analysis revealed that the EV-DNA and gDNA
after treatment both showed the same absence of AML-
specific mutations or the presence of SNPs in the majority of
the samples, with mutational absence being presumably due to
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Fig. 4 continued.

the number of leukemic cells/EVs being reduced to such a low
level that they no longer approached the detection threshold of
the assay. Given that this method was mostly successful, in
future, the plan would be to perform this assay with more
sensitive sequencing methods, in order to further optimize
the diagnostic potential of EV-DNA in AML. Due to the
complexity of the disease, we are convinced that an elab-
orated understanding of clonal evolution in AML and an
earlier detection of evolving AML sub-clones will help to
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improve diagnostic and therapeutic strategies.
Accordingly, using the results from this current project
and described future studies, the ultimate future aim
would be to develop and establish a novel, highly sensi-
tive EV-dsDNA-based analysis platform to serve as an
additional approach to current leukemia diagnostic plat-
forms, for obtaining additional/complementary informa-
tion on leukemia cell populations. We believe that a diag-
nostic approach that combines multi-compartment blood
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;

Fig. 4 continued.

profiling in pediatric AML will prove to be superior to the
current individual molecular diagnostic approaches that
mainly focus on one class of diagnostic factors derived
from leukemia blasts.

In conclusion, in this study, we demonstrated that
AML-derived EVs contain DNA that reflects the

S

fop]

mutational status of the cells of origin. To the best of
our knowledge, this is the first study demonstrating the
mutational analysis of EV-dsDNA in primary AML pedi-
atric patient samples. Although these are very preliminary
results, with further optimisation and additional large co-
hort studies this method could potentially enhance or

Table 3  Next generation sequencing analysis of four patient samples
Patient Cancer type Mutation in gDNA of AML cells Primary leukemia cells Unfractionated Plasma EV-DNA
P1 AML-M1 NPMI NPMI NPMI NPMI
FLT3/TKD FLT3/TKD FLT3/TKD FLT3/TKD
WTI WTI WTI WTI
GATA2 GATA2 GATA2 GATA2
ETV6 (SNP) ETV6 (SNP) ETV6 (SNP) ETV6 (SNP)
ZRSR2(SNP) ZRSR2(SNP) ZRSR2(SNP) ZRSR2(SNP)
P2 AML-M2 FLT3/1TD FLT3/1TD n.d n.d
RAD2I RAD21 n.d n.d
KIT KIT n.d n.d
EZH2 EZH2 n.d n.d
P3 AML-M3 GATA2 (SNP) GATA2 (SNP) GATA2 (SNP) GATA2 (SNP)
NOTCH1 (SNP) NOTCHI (SNP) NOTCH1 (SNP) NOTCHI1 (SNP)
P4 AML-M4 NRAS NRAS NRAS NRAS
KIT (SNP) KIT (SNP) KIT (SNP) KIT (SNP)
PHF6 (SNP) PHF6 (SNP) PHF6 (SNP) PHF6 (SNP)

Next-generation sequencing analysis of known mutations was performed to investigate the diagnostic potential of DNA that was extracted from primary
leukemia cells, unfractionated plasma, and EVs. The results were compared with the actual mutational status of the patients that was obtained from the
already existing primary leukemia database in the AML-BFM lab. Four initial patient samples (P 1-P4) before therapy were used for this analysis. For the
sequencing, 50 ng or a maximum volume of 15 puL was used from each sample depending on their concentration. AML-specific mutations were
detectable in all fractions of patient samples, except in patient 2. SNPs were present in all analyzed samples. Any “positive” or “negative” entries are
mentioned by the name of the mutations or a note that the mutations were not detectable (n.d)
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support classic AML detection methods that are currently
used today, and will permit the development of new im-
proved strategies for better diagnosis, prognosis, and
therapy.
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4. Diskussion

Mit einem Anteil von 15-20 % ist die akute myeloische Leukdmie (AML) die
zweithiufigste Leukdmieform in der Kindheit (Downing & Shannon, 2002). Obwohl
sich die Prognose von Kindern und Jugendlichen mit AML in den letzten Jahrzehnten
deutlich verbessert hat - die langfristige Uberlebensrate liegt bei bis zu 65 % (Kaspers &
Zwaan, 2007) - erleidet die Mehrheit der Patienten nach drei bis fiinf Jahren einen
Riickfall (Paietta, 2012). Bislang mangelt es an einer Definition der Resterkrankung, die
empfindlicher, spezifischer und objektiver als die klassische Morphologie ist, um einen
personalisierten Ansatz fiir Behandlungsentscheidungen treffen zu konnen
(Ossenkoppele & Schuurhuis, 2016). Die bislang standardisiert durchgefiihrten Assays
und der aktuelle Wissensstand {iber die Entstehung und Ausprigung der AML kénnen
uns in Zukunft niitzliche Werkzeuge in der Sensitivierung der Diagnostik werden. Die
immer wieder erprobte Definition von prognostischen Gruppen zeigt auf, mit welchen
Mutationen die Patienten am hiufigsten ein Therapieversagen erleiden. Gerade diese
prognostisch ungiinstige Gruppe sollte in Zukunft eine verldsslichere und sensitivere
Diagnostik erhalten, um friihzeitig einen moglichen Riickfall erkennen und behandeln

zu konnen.

4.1 Erfolgreiche Mutationsdetektion in EV-RNA der Zelllinien

Extrazellulire Vesikel werden von Zellen sowohl unter gesunden, als auch unter
pathologischen Bedingungen freigesetzt. Durch ihre vielfiltigen Beladungen, wie
Nukleinsduren und Proteine, gelten sie als entscheidend fiir die Entdeckung von
Biomarkern fiir die klinische Diagnostik (Gurunathan, Kang, Jeyaraj, Qasim, & Kim,
2019). Beispielsweise werden EVs, die mit tumorspezifischen RNAs beladen sind,
schon jetzt als Biomarker fiir die Krebsdiagnose in Studien verwendet (Gurunathan et
al., 2019). Eine standardisierte Verwendung von EVs im klinischen Alltag ist derzeit
allerdings noch nicht erprobt.

In der vorliegenden Arbeit wurden mit FLT3-ITD und NPM1 eine Typ-I und eine Typ-
II Aberration fiir die Experimente der Zelllinien verwendet. Die Zelllinie MV4-11 tragt
die FLT3-ITD und die Zelllinie OCI-AML3 triagt die NPMI1 Mutation. Nach
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Kultivierung der Zellen erfolgte die Gewinnung derer extrazelluldrer Vesikel. Dies
wurde via Ultrazentrifugation durchgefiihrt. Die gewonnen Proben wurden im
Anschluss mittels Nanopartikel Tracking Analyse (NTA) auf die enthaltenen Vesikel
untersucht. Nach der Quantifizierung der extrazelluldren Vesikel erfolgte die
Gewinnung der RNA. Eine durchgefiihrte RNA-Quantifizierung im Anschluss konnte
das Vorliegen von RNA nachweisen und die gewonnene RNA-Menge bestimmen. Nach
Sicherstellung der isolierten RNA wurde diese entweder mittels RealTime-PCR auf die
NPM1 Mutation oder mittels Gene-Scan basierter Fragmentlingenanalyse auf die
FLT3-ITD Mutation analysiert. Dabei bildete die jeweils fiir die Mutation negative
Zelllinie die Negativkontrolle. Es zeigte sich, dass in den mutationspositiven Zellinien
die Mutationen in der aus den Vesikeln isolierten RNA zu finden waren. Zusétzlich

konnten in den den mutationsnegativen Zelllinien keine Signale ermittelt werden

4.2 RNA-Isolierung aus den EVs der padiatrischen Plasmaproben

Im Anschluss an die erfolgreiche Testung in den Zelllinien fiihrten wir die gleichen
Verfahren mit den bereits beschriebenen Patientenproben der Kinderklinik durch. Diese
enthielten wie auch die Zelllinien entweder eine Mutation mit NPM1, mit FLT3-ITD
oder eine kombinierte Mutation aus beiden. Zundchst wurden auch aus den
Patientenproben die extrazelluldren Vesikel gewonnen. Es erfolgte eine Bestimmung
der Anzahl und GroBe der Vesikel. Hier wiesen die Patientengruppen grof3e
Unterschiede auf. Wahrend in den Patientengruppen mit der NPM1 Mutation und der
kombinierten Mutation die Anzahl der Vesikel nach der Behandlung geringer war als
zum Zeitpunkt der Diagnosestellung, zeigten die Patienten mit der FLT3-ITD Mutation
einen deutlichen Anstieg in den Verlaufskontrollen. Dies liel sich zuvor auch in den
Ergebnissen der Zelllinien widerspiegeln. Danach erfolgte die Isolierung der RNA mit
anschlieender Quantifizierung. Diese zeigte in den Konzentrationsspiegeln ebenfalls
Unterschiede zwischen den Patientengruppen. Auch hier waren die RNA-Spiegel der
Patienten mit FLT3-ITD Mutation in den Verlaufskontrollen héher als in den Proben
zum Diagnosezeitpunkt, wohingegen in den Patienten mit NPM1 Mutation oder der
kombinierten Mutation eine deutlich héhere RNA-Konzentration in den Proben zum

Diagnosezeitpunkt zu finden war, was den Trend der Vesikelmenge bestitigt. Die
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Unterschiede in den Partikelmengen konnten mit den verschiedenen Mutationen
zusammenhdngen oder jedoch mit den unterschiedlichen Patienten assoziiert sein, da
unsere Berechnungen jeweils aus den Mittelwerten aller Patienten mit einer Mutation
zum Zeitpunkt der Diagnose und addiert zu allen Zeitpunkten der Kontrolle berechnet
wurden. Dennoch wire eine Abhéngigkeit der Partikelmenge von den unterschiedlichen
Mutationen moglich. Die Unterschiede in der RNA-Konzentration ldsst sich schlieBlich
mit der Menge an Partikeln erkldren. In den Proben mit vielen Partikeln fand sich

entsprechend viel RNA.

4.3 Analyse der EV-RNA der Patientenproben

Bislang gibt es nur wenige Studien, die sich mit dem Mutationsstatus der DNA oder
RNA von extrazelluldren Vesikeln befassen. Die Studie von Figueroa et al. von 2017
zeigt das Vorhandensein von Tumor-spezifischen Mutationen des Glioblastoms in der
RNA von extrazelluliren Vesikeln, die aus Liquorpunktionen gewonnen wurden.
(Figueroa et al., 2017).
Die Analyse der AML-Plasmaproben im Hinblick auf die Mutationen zeigte, dass die
NPM1-Mutation in 7 Patienten zum Zeitpunkt der Diagnose zu finden war. Lediglich in
2 Patientenproben war es nicht moglich, die Mutation zu detektieren. In den
Patientenproben mit FLT3-ITD Mutation hingegen war es mdglich, die Mutation in
allen Initialproben zu detektieren. Dies spricht fiir eine hohere Sensitivitit unter
Verwendung der Gene-Scan basierten Fragmentlingenanalyse im Vergleich zu der
durchgefiihrten RealTime-PCR.
Dennoch waren die Mutationen in den Proben nach Therapiebeginn nicht ldnger
detektierbar und deren Fehlen nach der Behandlung stand nicht immer in Korrelation zu
den Ergebnissen der genomischen DNA-Analyse, die routineméfBig nach jeder
Probenentnahme in dem diagnostischen AML-Labor der AML-BFM-Studiengruppe
durchgefiihrt wird. An dieser Stelle wird deutlich, dass gerade in den Folgekontrollen
der Patienten die gewiinschte Funktion der Vesikel zur Erkennung der Resterkrankung
bislang ausbleibt. Ursachen konnten unter anderem sein, dass die in den EVs
vorliegende Menge an genetischem Material sehr begrenzt ist. In den Proben zum

Diagnosezeitpunkt ist die Blastenzahl der Patienten iiberdurchschnittlich hoch, was
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auch die Menge der EVs beeinflusst. Nach Therapiebeginn sinkt die Anzahl der Blasten
jedoch deutlich und es werden fortan auch weniger Vesikel produziert. Eine andere
Vermutung wire die Diversitdt der einzelnen Vesikel. Denkbar wéren verschiedene
DNA- und RNA-Inhalte, die nicht alle die Information der vorliegenden Mutationen

enthalten, was die Detektion deutlich erschweren wiirde.

4.4 Quantifizierung der EVs aus weiteren Patientenproben

In den Versuchsreihen dienten 5 Kontrollplasmaproben von gesunden Spendern als
Referenz. Hiermit sollte eine Aussage dariiber getroffen werden, wie die gesunden
Kontrollen im Vergleich zu den Patientenproben in den Assays reagieren, bzw. wo
quantitative Unterschiede zum Beispiel in Bezug auf die Partikelmenge liegen.
Die Patienten wiesen iiber den Therapieverlauf fluktuierende Level an Vesikeln auf,

jedoch war in jedem von ihnen die Menge der Vesikel vor Therapiebeginn am hochsten.

Es folgten weitere Assays zur Quantifizierung. Zum einen wurde ein Bicinchoninsdure-
Assay (BCA) durchgefiihrt, eine Methode zur qunatitativen Proteinbestimmung, das
eine Korrelation zwischen der Partikelmenge und der vorhandenen Proteinmenge
aufwies. Zum anderen wurden Western Blots mit verschiedenen Antikdrpern
durchgefiihrt, die spezifisch fiir die Detektion von EVs oder myeloischen Zellen
verwendet werden. Es zeigte sich, dass alle Patientenproben positiv auf die verwendeten
Marker reagierten, wohingegen die gesunden Kontrollen nicht alle Signale bei den EV-
spezifischen Markern und keine Signale bei Marken fiir myeloische Zellen zeigten. Dies
konnte daran begriindet sein, dass die Anzahl der Vesikel bei gesunden Spendern im
Vergleich zu der Anzahl der Vesikel in den Patientenproben signifikant niedriger war.
Die gewonnene Menge an Proteinen ist ebenfalls deutlich geringer bei den gesunden

Kontrollen, im Vergleich zu den Patienten.

4.5 Analyse der EV-DNA auf Mutationsstatus

Nach den EV-Quantifizierungsschritten wurden 20 der 29 Patienten des Kollektivs fiir
die weiteren Versuche ausgewihlt, aus deren Proben nun die dsSDNA gewonnen und im

Anschluss quatifiziert wurde. Es zeigte sich, dass in den meisten Patientenproben die
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dsDNA-Spiegel vor Therapiebeginn hoher waren als in den Verlaufsproben. Allein die
Patienten mit der FLT3-ITD Mutation wiesen erhohte dsDNA-Spiegel in den
Kontrollproben auf, was den bereits in der RNA aufgezeigten Trend fiir diese Mutation
bestitigt. Zur weiteren Charakterisierung der DNA wurden 4 Proben mittels
Bioanalysierer untersucht. Es zeigte sich, dass sich in den EVs zum Zeitpunkt der
Diagnose vier Fragmentgrof3en nachweisen lieen, in den Proben nach der Behandlung
jedoch nur drei. Die Kontrollproben der gesunden Spender zeigten die gleichen
Ergebnisse, wie die Proben nach der Therapie. Ursdchlich konnte zum einen eine
mogliche Beeinflussung der AML in Bezug auf die DNA sein. Zum anderen konnte
eine unzureichende Menge an Material bei den gesunden Kontrollen sowie den
Patientenproben nach der Therapie dafiir verantwortlich sein, dass die zusétzliche

Fragmentgrof3e nicht detektierbar war.

Im Anschluss wurden 4 Patienten ausgewihlt und via Next Generation Sequencing
(NGS) sequenziert. Es zeigte sich, dass sich in 3 Patienten dieselben Mutationen in der
EV-DNA finden lieen, die auch in der genomischen DNA (gDNA) der Initialproben
gefunden wurden. Bei einem Patienten war es hingegen nicht moglich, die in der gDNA

gezeigten Mutationen in der EV-DNA zu detektieren.

Weitere 16 Patienten wurden mittels Gene-Scan basierter Fragmentldngenanalyse
hinsichtlich ihrer Mutationen untersucht. Die Ergebnisse bestdrken die zuvor bereits mit
der EV-RNA durchgefiihrten Analysen. Auch in diesem Assay zeigten sich die in der
gDNA bereits gefundenen Mutationen in der EV-DNA der Initialproben. Lediglich in
einer Probe war keine Mutation detektierbar. In vier der 16 gemessenen Proben war es
zudem moglich, in einer weiteren Probe zu einem Kontrollzeitpunkt die entsprechende
Mutation zu detektieren. Bei den librigen Patienten geling dies leider nur zum Zeitpunkt

der Diagnose.
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4.6 Fazit

Ziel dieser Arbeit war es, die Bedeutung und klinische Verwendung von extrazelluldren

Vesikeln in der padiatrischen AML zu erldutern.

In dieser Studie konnten wir zeigen, dass die aus den extrazelluliren Vesikeln der
Patientenproben isolierte DNA und RNA den Mutationsstatus der Ursprungszellen
nachweisen. Als Vergleich diente uns die in der Routine durchgefiihrte gDNA-Analyse.

Unser derzeitiger Ansatz zeigt bereits erste Ergebnisse, jedoch sind diese gerade im
Hinblick auf die Sensitivitdt eingeschrankt. Obwohl es uns gelang, die Mutationen bei
fast allen Patienten zum Zeitpunkt der Diagnose zu detektieren, war es nur selten zum
Zeitpunkt nach der Therapie moglich. Im Vergleich war auch die Sensitivitdt in der
Studie von Figueroa et al. 2017 mit 61 % relativ gering. Es war Thnen mdglich, die
Mutation in 14 der 23 positiv vorgetesteten Patienten zu detektieren, zudem auch in
einem negativ getesteten Patienten, was aufzeigt, dass nicht nur in unserer Studie die
Sensitivitit in Bezug auf die Arbeit mit genetischem Material von extrazelluldren

Vesikeln eine Hiirde ist, die es zu iiberwinden gilt.

Jedoch ist gerade nach der Therapie der entscheidende Zeitraum, in welchem eine
bessere Erkennung und Detektion von moglichen verbleibenden Tumorzellen gefordert
ist. Eine gezieltere Materialgewinnung mit anschlieBender Vervielfachung wird
notwendig sein, um auch in den Proben nach der Therapie Ergebnisse nachweisen zu

konnen.

Wie alle neuen Ansétze erfordert auch dieser eine Optimierungsphase, bevor er in der
klinischen Routine zum Einsatz kommen kann. Essenziell wére hier eine Studie mit
deutlich groBerer Kohorte und eine bessere Methode, um gezielt AML-spezifische EVs
zu isolieren. Derzeit gibt es bereits erste Ansdtze zur Sortierung der einzelnen EV-
Populationen, zum Beispiel via NanoFACS (Morales-Kastresana et al., 2019), jedoch
wird es noch Zeit brauchen, um die Methoden gezielt fiir klinische Assays nutzen zu

konnen.

Dennoch bietet unsere Studie einen mdglichen Startpunkt, der den klinischen Nutzen

von extrazelluldren Vesikeln aufzeigen konnte, um vielleicht zukiinftig bisherige AML-
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Nachweismethoden zu unterstiitzen und zudem zur Entwicklung verbesserter Strategien

fiir die Diagnose, Prognose und Therapie der AML beizutragen (Kunz et al., 2019).
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5. Zusammenfassung

In der vorliegenden wissenschaftlichen Arbeit wurde die klinische Verwendung und der
Nutzen von extrazelluliren Vesikeln (EV) in der pédiatrischen akuten myeloischen
Leukdmie (AML) untersucht. Dafiir wurden 166 Plasmaproben von 45 Patienten mit
bekannter AML aus der Biobank der Kinderklinik III der Universititsklinik Essen
verwendet, um die darin enthaltenen extrazelluliren Vesikel zu extrahieren und
analysieren, um eine alternative Nachweismethode fiir AML-spezifische Mutationen zu
etablieren. Die Plasmaproben wurden jeweils zum Zeitpunkt der Diagnose und zu
weiteren Verlaufskontrollen entnommen. Im Vorfeld erfolgte Experimente auf
Zellebene wurden mit zwei klassischen AML-Zelllinien durchgefiihrt. Nach
Kultivierung erfolgte die Gewinnung der extrazelluldiren Vesikel mittels
Ultrazentrifugation. Anschlieend wurde aus diesen die RNA gewonnen und mittels
RealTime-PCR oder GeneScan basierter Fragmentldngenanalyse auf mogliche
Mutationen untersucht. Hierbei zeigte sich, dass nur die flir die Mutation positive
Zelllinie Signale in den Assays zeigte. Im Anschluss wurden die extrazelluldren Vesikel
der Patientenproben gewonnen. Aus den EVs von insgesamt 29 ausgewdéhlten Patienten
wurde nun entweder die DNA und / oder RNA gewonnen und quantifiziert. Die RNA-
Analyse der Mutationen zeigte, dass die NPM1-Mutation in sieben Patienten zum
Zeitpunkt der Diagnose zu finden war. Lediglich in zwei Patientenproben war dies nicht
moglich. In den Patientenproben mit FLT3-ITD Mutation war es moglich, die Mutation
in allen Initialproben zu detektieren. Dennoch waren die Mutationen in den Proben nach
Therapiebeginn nicht ldnger detektierbar, was nicht immer in Korrelation mit den
Ergebnissen der routineméfig durchgefiihrten genomischen DNA-Analyse stand, die in
unserem diagnostischen AML-Labor durchgefiihrt wird. Weitere 16 Patienten wurden
mittels Gene-Scan basierter Fragmentldngenanalyse hinsichtlich ihrer Mutationen in der
EV-DNA untersucht. Auch in diesem Assay zeigten sich die in der gDNA bereits
gefundenen Mutationen in der EV-DNA der Initialproben. Lediglich in einer Probe war
keine Mutation detektierbar. In vier der 16 gemessenen Proben war es zudem moglich,
in einer Folgeprobe die entsprechende Mutation zu detektieren. Zusammenfassend l&sst
sich sagen, dass es uns gelang, in fast allen Proben zur Diagnosestellung die Mutation in

der EV-RNA bzw. EV-DNA zu finden, jedoch nicht nach Therapiebeginn.
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Summary

The aim of this study was to evaluate the role and clinical benefit of extracellular
vesicles (EV) in pediatric acute myeloid leukemia (AML). For this purpose, 166 plasma
samples from 45 patients with known AML from the Biobank of the Children's Hospital
IIT of the University Hospital Essen were used to extract and analyse the extracellular
vesicles contained therein to establish an alternative detection method for AML-specific
mutations. The collected plasma samples were each taken at the time of diagnosis and
for further follow-up. Preliminary cell-level experiments were performed using two
classical AML cell lines. After cultivation, the extracellular vesicles were obtained by
ultracentrifugation. Subsequently, RNA was extracted from these and analysed for
possible mutations using RealTime PCR or GeneScan-based fragment length analysis.
There, signals in the assays were only observed in the cell line positive for the mutation.
Subsequently, the extracellular vesicles of the patient samples were also obtained. From
the EVs of a total of 29 selected patients, either the DNA and / or the RNA was now
obtained and quantified. RNA analysis of the mutations revealed that the NPMI
mutation was found in seven patients at the time of diagnosis, whereas this was not
possible in two patient samples. In the patient samples with FLT3-ITD mutation, it was
possible to detect the mutation in all initial samples. However, the initial mutations were
no longer detectable in the samples after treatment initiation which was not always in
correlation with the results of routine genomic DNA analysis performed in our
diagnostic AML laboratory. An additional 16 patients were evaluated for their EV DNA
mutations by gene scan-based fragment length analysis. Also, in this assay, the
mutations already found in the gDNA showed up in the EV DNA of the initial samples.
Only in one sample, no mutation was detectable. In four of the 16 samples measured, it
was also possible to detect the corresponding mutation in a follow-up sample. In
summary, we succeeded in finding the mutation in EV RNA and EV DNA in almost all
samples at the time of diagnosis, but not in the follow-up controls after the start of

therapy.
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7. Abkiirzungen

Abkiirzung Bedeutung
AML Akute myeloische Leukdmie
AML-BFM Akute myeloische Leukdmie- Berlin-Frankfurt-Miinster

APL Akute Promyelozytenleukédmie
BCA Bicinchoninsiure-Assay

Bzw. beziehungsweise

Ca. circa

DNA Desoxyribonukleinsdure

dsDNA Doppelstrang-DNA

EV Extrazelluldre Vesikel

EV-DNA DNA aus extrazelluldren Vesikeln
EV-RNA RNA aus extrazelluldren Vesikeln
FAB French-American-British

FACS Flourescence activated cell sorting
FLT3 Fms-like Tyrosin Kinase 3

gDNA Genomische DNA

ITD Internale Tadem-Duplikation

KM Knochenmark

MRD minimale Resterkrankung

mRNA Messenger RNA

miRNA MikroRNA

MV 4-11 Zelllinie von biphenotypischer B myelomonozytischer Leukdmie
NGS next generation sequencing

nm Nanometer

NPM1 nucleophosmin 1

NTA Nano Partikel Tracking Analyse
OCI-AML3 Zelllinie einer akuten myeloischen Leukdmie
PCR Polymerase Kettenreaktion

RNA Ribonukleinsdure

TKD Thyrosinkinase-Doméne
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ZNS

Zentrales Nervensystem

Mikroliter
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Evangelia Kontopoulou, Fr. Dr. rer. nat. Katarina Reinhardt, Fr. Dr. rer. nat. Sarah
Strachan, sowie Fr. Maren Soldierer, speziell fiir die PhD-Studenten, die mir in
zahlreichen Momenten mit Rat und Tat zur Seite standen.

Mithilfe der finanziellen Unterstiitzung der Jose Carreras Leukamie Stiftung war es mir
moglich, mich ginzlich dem Forschungsprojekt widmen zu konnen, wofiir ich sehr
dankbar bin.

Zum Schluss mochte in meiner Familie und meiner Partnerin danken. Fiir all den
Glauben in meine Fahigkeiten, all das Verstindnis, die Ruhe und die mentale

Unterstiitzung, auch in schwierigen Momenten.
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10. Lebenslauf

Der Lebenslauf ist in der Online-Version aus Griinden des Datenschutzes nicht enthalten.
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