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Zusammenfassung 

MicroRNA aus Exosomen -extrazellulären Vesikeln, die auch physiologisch 
ubiquitär der Zell-Zell-Kommunikation dienen- wurde in vielen Neoplasien als 
wichtiger Bestandteil der Kommunikation von soliden Tumoren mit ihrer Nische 
identifiziert. Auch in akuten Leukämien gibt es einige wenige Studien zu dieser 
Interaktion, aber besonders die Korrelation von exosomaler Beeinflussung und 
klinischen Verläufen bleibt bislang unbeleuchtet. Da Exosomen in die Blutbahn 
freigesetzt werden, können Informationen über diese Kommunikation mit einer 
peripheren Blutabnahme gewonnen werden, einer „liquid biopsy“. 

In dieser Arbeit wurde die exosomale microRNA-Expression aus peripheren 
Blutproben von Patienten mit pädiatrischer akuter lymphoblastischer Leukämie 
analysiert und mit ihren klinischen Verläufen korreliert, um potenzielle „liquid 
biopsy“-Marker zu identifizieren, schwere Verläufe vorherzusagen und zu ver-
hindern. 

Dazu wurden 179 verschiedene microRNAs mit dem „Qiagen miRCURY Focus 
panel“ in 11 Plasmaproben von Patienten sowie von 3 gesunden Kontrollperso-
nen analysiert. 

Beim Vergleich der Proben von therapierefraktären zu therapieansprechenden 
Patienten, die zum Zeitpunkt der Diagnosestellung und vor Therapiebeginn ab-
genommen wurden, zeigten die exosomale mir-23b-3p-, mir-409-3p- und mir-7-
5p-Expressionen die signifikantesten Unterschiede: Eine Hochregulation von 
exosomaler mir-23b-3p (p=0.006) und mir-409-3p (p=0.005) und eine Herunter-
regulation von exosomaler mir-7-5p (p=0.003) in den therapierefraktären Pro-
ben. 

Diese exosomalen microRNA-Expressionsunterschiede sind vielversprechende 
Kandidaten für eine „liquid biopsy“, um schon bei der Diagnosestellung Patien-
ten zu identifizieren, die von einer vorzeitigen Therapieeskalation profitieren 
könnten. 

Im Vergleich von Patientenproben gegen gesunde Kontrollproben waren die 
exosomale mir-484 (p=0.0002), mir-92a-3p (p=0.0004) und mir-25-3p 
(p=0.0009) am signifikantesten hochreguliert. 

Um zu beweisen, dass diese Exosomen direkt von den Leukämiezellen stam-
men, und nicht von anderen „bystander“-Zellen, wurde im Rahmen dieser Arbeit 
eine neuartige Methode etabliert, in der Exosomen aus dem Serum von „patient 
derived xenograft“- Mäusen mit akuter Leukämie mit einem anti-CD63-
Immunpräzipitationsverfahren humanspezifisch extrahiert wurden. Diese Me-
thode zur Bestimmung der Speziesspezifität und somit der „cell of origin“ der 
Exosomen, zeigte hohe Sensitivität und konnte humane Exosomen bis zur Ver-
dünnung 1:100 von humanem Serum zu Mausserum detektieren. 

Mit der Methode konnte gezeigt werden, dass die signifikanten Expressionsun-
terschiede von exosomaler mir-484, mir-92a-3p und mir-25-3p im Blut von Pati-
enten gegenüber Gesunden direkt durch das Aussenden aus Leukämiezellen 
bedingt ist. Diese Identifikation der Leukämiezellen als Ursprung ermöglicht 
weiterführende Studien zur funktionellen Analyse der exosomalen microRNA-
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Expressionen und weiterhin Studien zur Identifikation von therapeutischen Zie-
len gegen die von der Leukämie ausgehenden exosomal-vermittelten Nischen-
reprogrammierung. 

Abstract  

MicroRNA derived from exosomes -extracellular vesicles involved in physiologi-
cal cell-to-cell communication- has been identified as a key component in tu-
mor-to-niche-communication in various solid neoplasias. There is limited data 
about this communication for acute leukemias, especially the correlation be-
tween exosomal reprogramming and the patients’ clinical course remains to be 
investigated. Because exosomes are released in the bloodstream, information 
about this communication is available via a peripheral venipuncture, a “liquid 
biopsy”. 

We analyzed the exosomal microRNA expression from patients suffering from 
pediatric acute lymphoblastic leukemia and correlated them to the clinical 
course to identify potential liquid biopsy markers to indicate and prevent ad-
verse courses.  

Therefore, 179 microRNAs were analyzed with the Qiagen miRCURY qPCR 
Focus panel in 11 patients’ plasma samples and 3 samples from healthy indi-
viduals. When comparing therapy refractory to therapy responding patient sam-
ples taken at the timepoint of initial diagnosis prior to therapy, exosomal mir-
23b-3p, mir-409-3p and mir-7-5p expression showed the most significant differ-
ence with an upregulation of exosomal mir-23b-3p (p=0.006) and mir-409-3p 
(p=0.005) and a downregulation of mir-7-5p (p=0.003) in the refractory samples. 

These exosomal microRNA expression differences represent promising candi-
dates for a liquid biopsy to prevent therapy refraction by escalation of therapy a 
priori. 

Exosomal mir-484 (p=0.0002), mir-92a-3p (p=0.0004) and mir-25-3p (p=0.0009) 
were most significantly upregulated in patients’ samples compared to healthy 
controls. 

To prove that these exosomes originate directly from the leukemia cells and not 
from other “bystander” cells, we established a novel assay using a patient de-
rived xenotransplant (PDX) mouse model. Therefore, we extracted exosomes 
from PDX mice with acute leukemia human specifically via an anti-CD63 im-
munocapture. This assay to identify species specific exosomes and therefore 
the cells of origin of these exosomes revealed high sensitivity, detecting hu-
man:mouse serum titrations down to a ratio of 1:100. 

With our assay, we confirmed that the significant expression differences of exo-
somal mir-484, mir-92a-3p and mir-25-3p in patients’ blood compared to healthy 
individuals are directly caused by the leukemia cells. By identifying the leukemia 
cells as cells of origin, we here lay the groundwork to allow a functional analysis 
of these exosomal microRNAs and the identification of possible therapeutic tar-
gets against leukemia-derived exosome-mediated niche reprogramming.  
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1. Introduction 

B-cell acute lymphoblastic leukemia (B-ALL) is the most common form of can-

cer in children. Dramatic improvements in therapy regimens and insight in the 

disease have been made, resulting in an overall survival of over 90% [1]. How-

ever, existing risk stratifications miss out some children, since therapy refractory 

leukemias still require later escalation of therapy and relapses occur [2]. In con-

trast to initially diagnosed children, relapsed patients have a far worse outcome 

with only 60% overall survival [3]. Alongside improved therapy of relapsed B-

ALL patients, more precise initial risk stratifications are needed. One emerging 

field in disease characterization is that of “liquid biopsies”, using exosomes to 

gather more information about the leukemia. Exosomes mediate various pro-

cesses in leukemia progression, importantly reprogramming of the leukemic 

niche, resulting in chemoprotection of the leukemic blasts. Little is known 

whether this exosome-mediated chemoprotection can be used as a diagnostic 

tool. 

 

1.1 Liquid biopsies: using circulating tumor-derived information for 

clinical decision making 

Many traditional antigen tumor markers (e.g. CEA) detected in blood are cur-

rently not recommended for diagnosis and are usually only used for disease 

progression or therapy success monitoring [4]. However lately, different ap-

proaches have been suggested for a precise characterization of disease via 

analyzing the peripheral blood, so called “liquid biopsies”. Compared to classic 

biopsies like bone marrow puncture, liquid biopsies show various advantages: 

Firstly, a venipuncture is far less invasive and as such has less contraindica-

tions and complications. Secondly, information of traditional biopsies is always 

restricted to the actual locus of tissue collection and might not represent sys-

temic disease burden. 

Three sources of information are currently mainly investigated to establish liquid 

biopsies for cancer: circulating tumor cells (CTC), cell-free DNA (cfDNA) and 

exosomes. 

Tumor cells in the bloodstream have been discovered as early as in 1869 by 

Thomas Ashworth. A minority of CTC have undergone epithelial-mesenchymal 

transition (EMT), indicating that most cells get in circulation by chance and 
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without the capability to form metastatic sites [5]. Yet, since CTC reflect the pri-

mary tumor sites, they present promising targets for liquid biopsies of several 

entities of solid cancer [6]. 

cfDNA is emitted both by healthy and by tumor cells. Consequently, most detec-

tion methods rely on the identification of cancer associated mutations and ele-

vated expression of oncogenes [7]. Though cfDNA is thought to derive from dy-

ing cells [8], there is evidence that cfDNA plays a pathophysiologic role in can-

cer via a concept named “genometastasis” [9], which discusses the possibility of 

transforming non-malignant cells into tumor cells by “transfection” of onco-

genes. In pregnancy, the detection of fetal cfDNA in maternal blood is already in 

clinical use, named “non-invasive prenatal testing” [10]. 

The presence of exosomes in biofluids and therefore the possibility to extract 

information in form of a “liquid biopsy” has been a strong driver in the field of 

exosome investigation. The circulation is a hostile environment for most unpro-

tected potential liquid biopsy molecules, especially for RNA. Exosomes serve as 

shuttles for these molecules [11]. Taking together the target cell specificity of 

exosomes via receptor-ligand interaction with the release of exosomes in blood, 

exosomes are now regarded not only as a mechanism of short distance com-

munication, but also to send information much further throughout the body, 

even communicating between different organs [12, 13]. In contrast to CTCs and 

possibly cfDNA, exosomes secretion and the composition of cargo molecules 

follow tight regulation. Therefore, in contrast to CTCs and cfDNA, exosomes 

carry not only information about the tumor cells current state, but also indicate 

ongoing crosstalk and further growth and adaption. 

To summarize, the field of liquid biopsies is an active field of investigation, with 

various possible approaches for information. However, only a fracture of this is 

already in clinical use. 

 

1.2 Exosomes 

Beside various intercellular interaction modi like cytokines and direct receptor-

ligand interactions, exosomes present an alternative mechanism of cell-to-cell 

communication, with their significance both in physiology and in pathology cur-

rently revealed by many investigators. Exosomes are nanosized, 40 nm-100 nm 

sized extracellular vesicles, serving as a carrier for various cargo molecules 

from the releasing to the recipient cell, where the cargo is taken up and func-

tionally alters the program of the acceptor cell. One of the most investigated 

exosomal compounds are microRNAs, for which the exosomal membrane 
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serves as a guarding barrier against degeneration in the otherwise RNase-rich 

extracellular compartment. Following the discovery that tumor-bearing patients’ 

blood harbors a greater concentration of exosomes than healthy individuals, the 

role of exosomes in various cancer entities has been investigated. On the one 

hand, investigators have unveiled the cancer cells’ exploit of the physiological 

communication mode in order to promote tumor growth, metastasis and chemo-

therapy, on the other hand, possibilities to use exosomes as diagnostic markers 

and even therapeutic targets emerge from this new field. 

 

1.2.1 Physiology of exosomes 

Since the first description of the shed of exosomal microparticles from reticulo-

cytes [14], many aspects of the physiological processes in exosome formation, 

loading, release and uptake have been discovered. Previously regarded as a 

mere mechanism of cellular waste ejection, the biology of exosomes is now 

seen as a targeted and tightly regulated way of sending out specific information. 

 

1.2.1.1 Biogenesis 

In contrast to other extracellular vesicles like microvesicles or apoptotic bodies, 

exosomes are not budded from the cells’ plasma membrane, but are of lysoso-

mal origin [15, 16]. When not used for the biogenesis of lysosomes by fusion 

with endocytotic vesicles, early endosomes mature into so called late endo-

somes [17]. In late endosomes, intraluminal vesicles (ILV) are formed, differen-

tiating the late endosomes into multivesicular bodies (MVBs) [18]. This process 

is determined by distinct sorting mechanisms, mainly influenced by the “endo-

somal sorting complex required for transport” (ESCRT) and its associated pro-

teins TSG-101 and ALIX. Although ESCRT is considered as one of the major 

players in MVB generation destined for exosome release, ESCRT knockdown 

does not completely block exosome secretion in cell lines, indicating other 

pathways. The formation of MVBs via the syndecan-syntenin-ALIX pathway is 

an alternative to the classic ESCRT-dependent mechanisms [19]. The lipid 

compound of intraluminal vesicles is also discussed as a protein complex inde-

pendent structure to conduct the budding of MVBs: Ceramide enrichment in the 

phospholipid double layer results in a membrane curvature leading to sponta-

neous formation of the exosome precursors [20]. Möbius et al. even described 

two populations of MVBs: MVBs destined for exosome release were enriched in 

membrane cholesterol, whereas a transport to the lysosomes was associated 

with cholesterol depletion [21]. 
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The enrichment of CD63 is an independent requirement for exosome biogene-

sis, since its knockout resulted in an impaired exosome release from HEK293 

cells [22]. Whether these pathways, especially the ESCRT-dependent and 

ESCRT-independent ones, exist in parallel or are affecting one another, re-

mains subject to ongoing research [23]. 

 

 

Figure 1: Exosome biogenesis. 
Silva et al. 2015 [24] 
 

1.2.1.2 Cargo 

In order to function as a mediator of cell-to-cell communication, the exosomes’ 

cargo must be specifically selected to deliver the intended information. There-

fore, the loading of MVBs must be specific: The concentration of the messenger 

molecules is enriched, and unwanted molecules are excluded from the vesicles. 

To meet these requirements, the content of the intraluminal vesicles is regulat-

ed by various import mechanisms: 
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1.2.1.2.1 Transmembrane proteins 

Lipid rafts play an important role in the enrichment of transmembrane proteins. 

Sphingosine 1-phosphate and G-coupled S1P receptor enrichment in late en-

dosomes leads to a constant autocrine activation of the receptor necessary for 

enrichment of transmembrane proteins in the forming MVB, especially CD63. 

[25] 

 

1.2.1.2.2 Packaging of RNA 

The RNA size distribution in exosomes is specifically enriched in particles 

around 200 nucleotides [26]. Beside non-coding small RNA like microRNAs, 

small nucleolar RNAs and tRNAs, mRNA is present in exosomes [27]. Based on 

the size distribution, mostly fragments of mRNA are imported into MVBs. Upon 

further inspection of these fragments, a 3’UTR bias has been discovered [28]. 

This suggests a non-random packaging of mRNA into MVBs. The 3’UTR frag-

ments were enriched in microRNA binding sites, indicating an interaction be-

tween mRNA and microRNA import. Furthermore, an enriched zip code se-

quence has been investigated to be necessary for the mir-1289 dependent 

transfer of mRNA to the MVBs [29]. Despite the targeted mechanisms of RNA 

import, cellular concentration of the imported molecule seems to directly affect 

the intravesicular concentration, as well: An increase of cellular concentration of 

specific mRNAs following cellular stress like hypoxia is reflected in the exoso-

mal mRNA levels [30].  

MicroRNAs are the most commonly investigated exosome components. Mi-

croRNAs are a class of 20-25 nt long non-coding RNAs, whose primary function 

is posttranscriptional expression regulation via silencing of mRNAs [31]. From 

microRNA genes to mature microRNA for exosome export, various maturation 

steps are necessary. MicroRNA genes are generally found intergenic, in which 

case a cluster of microRNAs is transcribed polycistronically [32]. The first tran-

scripts, named pri-mirs, are processed in the nucleus by an enzyme complex 

containing the RNase Drosha [33, 34]. The formed pre-mirs consist of a hairpin 

structure of around 65 nucleotides. Noncanonically, microRNA genes can also 

be positioned in the introns of their later targets, linking target and suppressor 

expression. Here, Drosha is not required, but pre-mirs are cut out by splicing 

[35]. Pre-mirs are shuttled into the cytosol [36] and again processed by another 

enzyme, Dicer [37]. The final step results in two mature microRNAs derived 

from the former hairpin as a duplex, with one 5’ and one 3’ strand. 
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Whereas the concentration of total microRNAs in exosomes is upregulated 

compared to the excreting cell, individual microRNA concentration varies from 

an accentuated enrichment to non-presence [38]. This indicates a specific 

mechanism for targeted microRNA sorting into the MVBs and therefore later 

exosomes. Various features of microRNA import have been pointed out: One 

suggested mechanism involves the heterogeneous nuclear ribonucleoprotein 

A2B1 (hnRNPA2B1). In contrast to its cellular counterpart, exosomal hnRN-

PA2B1 is posttranslationally sumoylated. This modification allows the ribonu-

cleoprotein to bind to a specific microRNA motif (GGAG), enriching the “EXO-

motif” containing microRNAs in exosomes. Silencing of the exosomal hnRN-

PA2B1 lead to a decreased concentration of the EXOmotif microRNAs in exo-

somes, whereas microRNAs described as “cellular microRNAs” was not influ-

enced [38]. 

Koppers-Lalic et al. observed an enrichment of 3’ uridylation in exosomal mi-

croRNA, indicating posttranscriptional modification as another sorting criteria for 

microRNA import [39]. 

Interestingly, proteins of the RNA induced silencing complex (RISC), which is 

necessary for the executive function of microRNAs, also play a role in mi-

croRNA enrichment of exosomes. The RISC is not only collocated with the 

MVBs, but deletion of a key protein, Ago2, leads to an impaired function of the 

sorting of exosome-typical microRNAs into the ILVs [40, 41]. 

As a result of the targeted formation and import, the intraluminal vesicles – and 

consequently the released exosomes - carry distinctive features: a set of en-

riched surface markers, most notable the tetraspanins CD63 (enriched up to 

sevenfold on the exosomal surface [42]) and CD81 [43], as well as an intrave-

sicular cargo composition significantly different from the releasing cell’s cyto-

plasmatic concentrations. Especially the enrichment of mRNAs and small 

RNAs, like microRNAs, stresses the controlled selection of the released mole-

cules. One distinct feature of the exosomal RNA cargo, in contrast to apoptotic 

bodies and microvesicles, is the absence of ribosomal RNA [44], again stress-

ing the tightly controlled import mechanism. 

Upon fusion of the MVB with the cell’s plasma membrane, the ILVs are set free 

as exosomes. Exosomes act as a method of long distance communication, as 

they are present in biofluids [45-47], most importantly blood [12]. When artificial-

ly added to the circulation in vivo, labeled exosomes are detectable around 

10min in the blood, before being taken up by various organs [48, 49]. Consider-

ing the immense stability of exosomes ex vivo [50], this indicates the vast turn-

over time of blood exosomes. 
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1.2.1.3 Effects on recipient cells 

Exosomes can deliver their cargo to the recipient cells using different principles: 

On the one hand, cells take up exosomes via endocytosis. [51]. On the other 

hand, a ligand receptor interaction between the exosomes and the recipient cell 

has been proposed [52]. This mechanism underscores the precision of exo-

some mediated cell to cell communication: Not only the included information is 

precisely regulated in the progress of biogenesis, but also the recipient cell type 

can be predetermined by the exosome’s ligand repertoire. 

Various studies have investigated the effects of exosomes on recipient cells: 

Exosomes’ transmembrane components interact with the recipient cells’ recep-

tors, inducing an activation of downstream intracellular cascades. For example, 

B-cell derived exosomal integrins increase intracellular Ca2+ levels in uptaking 

cells [53]. Transferrin receptor 2, which is colocalized with CD81 on exosomes, 

mediates MAP-kinase activation, indicating its role as one of the mediators of 

exosomal cell-cell communication [54]. Immune cell derived exosomes are 

equipped with functional apoptosis inducing ligands like Fas-ligand, resulting in 

a cell-independent cytotoxicity against exosome treated cells [55].Chemokines 

are associated with exosomes to deliver inter-organ information: In vivo studies 

revealed the potency of thymus derived exosomes to induce regulatory T-cells 

in lung and liver. This effect has been linked to the exosome associated chemo-

kine TGF-β [56]. 

The acceptor cell is capable of transcribing intact exosomal mRNA into proteins. 

When incubating non labeled acceptor cells with exosomes containing GFP 

coding mRNA, the cells gain fluorescence. Even proteins that were not ex-

pressed in the acceptor cells were transcribed via mRNA communication [57]. 

Via this mechanism, the donor cell influences the acceptor cells transcriptome. 

Uptaken exosomal microRNA can regulate the transcriptome following the 

same mechanism as endogenous microRNA: via expression changes in target 

genes mediated by mRNA silencing [58, 59]. For mRNA silencing, the mi-

croRNA ensembles with argonaute proteins to form the RNA-induced silencing 

complex (RISC) [60]. The microRNA guides the RISC to mRNA containing a 

complementary sequence, most likely in the 3’ untranslated region. [61] Once 

bound, the target’s expression is silenced by degradation of the mRNA via vari-

ous mechanisms [62]. On the one hand, AGO2 can directly cleave mRNA [63], 

on the other hand, additional complexes are recruited for deadenylation and 

decapping [64]. Recently, a non-canonical interaction of microRNA has been 
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discovered in recipient immune cells: exosomal microRNAs possess the feature 

to directly bind toll like receptors, resulting in a release of pro-inflammatory cy-

tokines [65]. The manifold physiological functions of exosome-transferred mi-

croRNAs have been the target of several research projects. MicroRNA transfer 

is a universal cell to cell communication tool, influencing for example angiogen-

esis, cell repair [66], synaptic functions, and even embryonic organogenesis 

[58, 66-68]. 

All these findings show that the exosomal cargo remains functional in the vesi-

cles and can alter the cell’s program upon its release. 
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1.2.2 Tumor derived exosomes (TEX) 

Patients suffering from neoplastic diseases carry a higher concentration of exo-

somes in their blood than healthy individuals [69, 70]. Evidence has been pre-

sented that upon removal of circulating exosomes by blood ultrapheresis, re-

duction of tumor size was achieved in tumor metastases [71]. These findings 

stress the profound influence of exosomes in neoplastic diseases. Tumor cells 

use exosomes to communicate with each other, transferring resistance mecha-

nisms and oncogenes, as well as with surrounding healthy cells, reprogramming 

them in order to form a protumoral environment facilitating not only tumor 

growth, but also metastasis, chemoresistance and immunoescape. 

 

 

Figure 2: TEX function in cancer and leukemia. 
Modified from: Pando et al. 2018 [72] 
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1.2.2.1 Tumor cells communicate and exchange information via TEX 

TEX can be taken up by surrounding tumor cells: horizontal transfer of exo-

somes from aggressive cells is used to convert less-aggressive cells. The ef-

fects in the recipient tumor cell have been named “phenocopying”. Therapy re-

sistant tumor cells alter apoptotic and cell cycle pathways in therapy-sensitive 

tumor cells, making them less likely to be affected by the therapeutic agent [73, 

74]. This has not only been shown for chemotherapy, but also for radiation [75]. 

Furthermore, exosomes derived from metastatic tumor cells trigger epithelial-to-

mesenchymal transition in non-metastatic cells [76]. The transfer of specific ex-

osomal microRNA patterns plays a critical role in this mechanism, but also the 

direct exchange of oncogenic proteins and drug efflux transporters act as effec-

tors. [77, 78] 

As a resistance mechanism independent from other cells, tumor cells shuttle out 

cytostatic drugs via exosomes, thus evading cytotoxic intracellular concentra-

tions. By treating cell lines with doxorubicin, a correlation in doxorubicin concen-

tration in secreted exosomes and cellular resistance was observed [79]. Addi-

tionally, the enrichment of therapy targets on excreted exosomes intercepts the 

target therapy molecules and lessens therapy effectiveness. This has been 

shown for breast cancer patients’ serum exosomes, whose surface was en-

riched in trastuzumab-binding Her2, as well as for B-cell lymphoma excreting 

rituximab-binding CD20+ exosomes [80, 81]. It is currently not completely un-

derstood whether this resistance mechanism is present a priori or if it is, at least 

partially, upregulated in response to therapy. 

 

1.2.2.2  TEX are transferred to bystander cells to alter their function 

The tumor cell exosomes are taken up by surrounding non-transformed cells, 

the tumor-microenvironment, as well as from non-malignant cells in distant body 

parts reached through circulation. The tumor cells gain various advantages by 

this healthy cell exploitation, such as an increased level of angiogenesis, induc-

tion of metastatic niche formation, protection of the tumor from the immune sys-

tem as well as the possibility to transform non-malignant cells for tumor pro-

gression. 

 

1.2.2.2.1 TEX reduce anti-tumoral immune response 

With the help of exosomes, tumor cells that should be identified and attacked by 

the immune system achieve an immunoinhibiting effect and even exploit func-



 18 

tions of the surrounding immune cells, including T-cells, NK-cells, and macro-

phages.  

Findings implicate a systemic weakening of T-cell response to the tumor medi-

ated by secreted exosomes: TEX carry Fas-ligand able to impair the function of 

T-cells cytokine secretion and induce apoptosis [82]. When incubating CD8+ T-

cells with serum, the induction of apoptosis is only observable in T-cells incu-

bated with tumor patients’ sera, but not in the cells incubated with healthy volun-

teers’ sera. The level of apoptosis induction is correlated to disease progression 

[83, 84]. Furthermore, TEX corrupt proliferation of CD8+ T-cells as the physio-

logical answer to IL-2 signaling [85]. 

In tumor patients’ peripheral blood, regulatory T-cells (Tregs) levels are higher 

compared to healthy individuals. TEX play part not only in the Treg induction, 

but also in their activation. Here, exosomal TGFβ was found again as the medi-

ator [86]. This benefits the tumor cells, as for example in AML, a low Treg count 

prior to therapy was correlated with induction chemotherapy response [87]. 

Natural killer (NK) cells present another threat to the tumor cells. The failure of 

activation and destruction of the tumor cells has been linked to TEX. Exosomal 

TGFβ expression downregulates NKG2D, a key receptor for the identification of 

tumor cells, on NK cells [88]. Since the impairment of NK cells was also found 

when treating them with patients’ sera, a circulation mediated systemic effect is 

anticipated [89]. 

Not only do cancer cells use exosomes to impair the immune response against 

them, but immune cells are exploited as protumoral niche cells, as well. For this, 

macrophages in the tumor microenvironment are repolarized to form tumor as-

sociated macrophages (TAM). Cooks et al. linked tumor-derived exosomal mir-

1246 transfer into macrophages with TAM induction [90]. In colorectal cancer, 

exosomal mir-203 induces TAMs. Here, the induction of TAMs is also correlated 

to metastasis, underlining the diverse advantages of niche exploitation [91]. 

In summary, TEX shift the systemic balance of immune cells to a more permit-

ting environment by impairing the function of cytotoxic T-cells and NK cells, 

while in parallel the function of tumor supportive Tregs and TAMs are upregu-

lated. 

 

1.2.2.2.2 Tumor oxygen requirement induces angiogenesis via TEX 

Fast growing tumors are dependent on an equally fast angiogenesis for proper 

oxygen and nutrient supply. The tumor-controlled angiogenesis is considered 
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one of the “hallmarks of cancer” [92]. For part of this control, exosomes deliver 

the key reprogramming information: 

A primary effector mechanism to initiate the proangiogenic exosome production 

is hypoxia [93]. In lung cancer, the mechanisms of hypoxia induced angiogene-

sis via exosomal mir-494 have been revealed: as response to HIF overexpres-

sion, mir-494 enriched exosomes are excreted by the tumor cells to be taken up 

by endothelial cells. Targeting the phosphatase PTEN, mir-494 mediates the 

activation of eNOS and hence angiogenesis in the receiving cells [94]. 

Exosomes transfer activated EGFR to endothelial cells, resulting in activation 

and autocrine growth stimuli. In vivo, Al-Nedawi et al. were able to block exo-

somal tumor-endothelium communication, upon which they observed an im-

paired tumor growth and a decrease in neovascularization [95]. 

Angiogenesis in the tumor microenvironment is dependent on a complex inter-

action between the tumor and its surrounding cells. Another manner of exo-

some induced angiogenesis is mediated by stromal myofibroblasts. These tu-

mor-associated stroma cells possess various features important for the promo-

tion of angiogenesis, for example their ability to alter the extracellular matrix 

composition to an optimal ground for endothelial growth or to recruit immune 

cells secreting pro-endothelial cytokines [96]. The differentiation of stroma fibro-

blasts to myofibroblast can be altered by tumor exosomes. Exosomal TGF-β 

activates intracellular signaling and finally expression of smooth muscle actin in 

the fibroblasts [97]. 

The role of exosomes in angiogenesis also highlights their function in inter-

organ communication: Expression of tetraspanin CO-029 in circulating TEX fa-

cilitates angiogenesis not only on the tumor site, but also distant intestinal or-

gans [98]. Here, the circulating exosomes’ function crosslinks angiogenesis and 

premetastatic site formation, being both responsible for primary site and metas-

tasis progression. 

In conclusion, tumor angiogenesis is facilitated by TEX transporting proangio-

genic signals and growth stimuli to endothelial cells. 

 

1.2.2.2.3 Metastasis-promoting TEX induce EMT and prepare a pro-

metastatic niche 

TEX affect metastatic properties, including the tumor cells’ capability to leave 

the primary tumor location as well as the priming of a premetastatic niche. 



 20 

Metastasis initiation at the tumor’s original localization is influenced by exo-

somes: Various studies have investigated the role of exosomes in the induction 

of epithelial to mesenchymal transition (EMT), one of the principal steps in the 

metastatic process. In entities like breast cancer and prostate cancer, the up-

take of specific exosome-shuttled microRNAs induces EMT-associated path-

ways and increases the tumor cells migration capability. Strikingly, the exo-

somes inducing EMT are not secreted by other tumor cells, but by the cells of 

the tumor microenvironment: tumor-associated macrophages and cancer asso-

ciated stroma cells, respectively [99, 100]. This clearly underlines the complex 

niche interaction in the tumor microenvironment. Since these effects require 

tumor associated cells, it can be argued that the tumor reprograms its microen-

vironment to serve as a mediator rather than profiting from physiologic niche 

functions. Here, more functional studies are necessary to understand the 

mechanisms of exosome mediated EMT in more detail. An unexpected mecha-

nism of metastasis promotion was observed by Ostenfeld et al.: Metastatic 

properties are gained by excretion of a tumor-suppressor microRNA [101]. This 

indicates that similar to the excretion of chemotherapeutic agents via exo-

somes, the purpose of TEX is not only communication, but also elimination of 

antitumoral endogenous molecules. 

Distant body regions are primed by TEX to form a prometastatic environment. 

This includes angiogenesis, vascular permeability, cell recruitment and compo-

sition of the extracellular matrix [102, 103]. By analysis of the targeted cells, 

mRNA and microRNA transfer have been discovered as the key molecules of 

reprogramming [104, 105]. The RNA transfer activates metastasis associated 

pathways in the target cells, like adhesion and oxidative stress response. Inter-

estingly, uptake of tumor-derived exosomes is linked to distinct patterns of in-

tegrins on their surface [13]. This finding underlines the model of metastatic or-

ganotropism and again highlights the precise regulation of exosome composi-

tion in the excreting cells. Nonetheless, it is important to add that premetastatic 

niche formation remains incompletely understood and that exosomes are not 

the only resource of priming. For example, the influence of exosomes on the 

niche relies on CD44, which is associated with cancer initiating cells already 

present at the premetastatic site [106]. 

In summary, exosomes participate in metastasis both by mobilizing tumor cells 

via EMT and by optimizing possible metastatic niches. 
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1.2.2.2.4 Horizontal transformation of non-malignant cells via TEX 

oncogene transfer 

The horizontal transformation of healthy into malignant cells by TEX has been 

the subject to scientific discussion: Studies indicate that upon incubation with 

TEX, non-malignant cells show aggressive tumor-like features, and that this 

effect is due to the exchange of oncogenic proteins, mRNA and microRNA 

[107]. For example, the vesicular transport of CML-derived BCR-ABL mRNA 

into healthy mononuclear cells induces genomic instability [108]. 

Various votes against this horizontal mechanism of transformation have been 

expressed, arguing both on a theoretical and practical level. It has been widely 

accepted that a simple activation or transfer of oncogenes like ras does not 

transform primary cells but induces cell cycle arrest due to activated tumor sup-

pressors [109]. Additionally, transformed bystander cells would still express var-

ious features of their healthy pendants. These cell features are not observed in 

tumors. Lee et al. have shown that by termination of the exosome transfer, the 

malignant transformations were transient [110]. So, in contrast to the theory of 

horizontal transformation, current research suggests a constant but reversible 

domination of the healthy cells via TEX rather than an irreversible change. 

 

1.3 Childhood B-ALL and niche interaction 

In leukemia, blasts repress and replace the healthy hematopoietic cells in the 

bone marrow. Still, the replacement of healthy hematopoiesis by the leukemic 

blast must not be understood as the elimination of all other cell types: A variety 

of non-tumor cells are present in the bone marrow of leukemia patients. Like in 

the healthy hematopoietic niche, these surrounding non-malignant cells form a 

complex microenvironment essential for the survival of the leukemic blasts. The 

leukemic cells are not passive in this interaction, but modify and exploit the 

niche cells, in order to create a protumoral niche designed for therapy protection 

and disease progression. 

 

The vast variety and differences of mechanisms and consequences have been 

subject to research for the chronic and acute leukemias, underlining the special-

ization of each subtype in niche hijacking [111-113]. 

The significance of niche interaction in ALL is made clear by the correlation with 

the clinical outcome: in childhood B-ALL, the recovery rate of leukemic blasts 

co-cultured with stromal cells is negatively correlated with event-free survival 

[114]. 
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1.3.1 Niche cells send survival signals to the leukemic blasts 

In the physiological hematopoietic system, two distinct niches have been de-

scribed: The endosteal and the vascular niche [115]. The preference of homing 

to a specific niche has been reported for B-ALL and AML, whereas in T-ALL no 

selectivity was observed [116-118]. Applying intravital microscopy, B-ALL cells 

have been detected to home to the perivascular niche, ousting healthy hemato-

poietic cells in the process [118]. Nonetheless, the localization of the leukemic 

cells in the niche appears dynamic and customized to the situation, as new 

niche localizations emerge during chemotherapy [119]. The importance of the 

niche sanctuary for the leukemia cells is underlined in vitro and in vivo: In vitro, 

a cell culture of primary leukemic blasts survives significantly longer when co-

cultured with stroma cells [120]. Interestingly, survival was even longer when 

the stroma cells were derived from B-ALL patients instead of healthy volunteers 

[121]. In vivo, disruption of the leukemia-niche interaction in patients via GCS-F 

increased leukemia cell apoptosis [122]. The influence of distinct cell types for 

leukemia survival has been shown, including endothelium, mesenchymal stem 

cells and osteoblasts [123-125]. 

 

1.3.2 Niche cells protect leukemic blasts from chemotherapy 

Besides assuring the survival of the leukemic blasts, niche cells play an im-

portant role in chemoprotection. Alongside leukemia intrinsic resistance, these 

mechanisms have become a focus of research in order to understand and un-

dermine protective principles. 

 

A core principle of chemoprotection is the induction of dormancy, impairing the 

effect of chemotherapeutic agents against proliferation. 

Osteoblasts induce dormancy in B-ALL cells. The changes in B-ALL cells close 

to osteoblasts increase resistance to the chemotherapeutic drug Cytosine arab-

inoside (AraC) mediated by binding of osteoblastic growth arrest specific 6 

(GAS6) to leukemia receptor tyrosine kinases [126]. A further mechanism of 

osteoblastic protection is the secretion of osteopontin, anchoring the blasts to 

the extracellular matrix of a protective environment and reducing proliferation 

[125]. The chemoprotective influence of osteoblast can be inhibited by targeting 

the ALL cells epigenetic program [127]. This again emphasizes the necessity of 

a two-sided crosstalk of leukemia cells reorganizing the niche in order to gain 

chemoprotection. 
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Another cell type important in niche chemoprotection is the mesenchymal stem 

cell. Direct adhesion between these cells and B-ALL cells via very late antigen-4 

(VLA-4) on the leukemia and vascular cell adhesion molecule (VCAM) on the 

MSCs plays a role in protection, blockage of this axis leads to an increased 

sensitivity to chemotherapeutics [128]. This was also shown in vivo using an 

antibody against the integrin α4 in VLA-4, natalizumab [129]. In childhood B-

ALL patients, high VLA4 is linked to poor prognosis [130]. 

Furthermore, adhesion via β1-integrin to the niches’ extracellular matrix weak-

ens doxorubicin induced apoptosis. The mechanism of this chemoresistance 

depends on β1-integrin-fibronectin-interaction, inhibiting pro-apoptotic proteins 

like caspase-3 and upregulating the expression of apoptosis-inhibitors like XIAP 

[131]. 

 

For the homing and survival of both healthy hematopoietic stem cells and leu-

kemic blasts, interaction with the bone marrow stroma cells via the 

CXCR4/CXCL12 (SDF-1) axis is essential [132]. 

CXCR4/CXCL12 has also been discovered as an important mediator of the pre-

viously described chemoprotective mechanisms: 

Increased levels of CXCL12 amplify VLA-4/VCAM adhesion [133]. A higher ex-

pression of CXCR4 on leukemic cells increases interaction with the stroma and 

has been linked to resistance to chemotherapy induced apoptosis as well as 

with patients’ poorer prognosis [134, 135]. Various studies have tried to over-

come niche mediated chemoprotection by disruption of the CXCR4/CXCL12 

axis [136]. Plerixafor, a CXCR4 antagonist, is an approved drug for peripheral 

blood stem cell mobilization. In childhood B-ALL, first clinical trials have started 

to evaluate its benefits not in mobilizing healthy hematopoietic cells, but in dis-

rupting leukemia blasts from their safe microenvironment in order to enhance 

the effect of chemotherapy [137]. 

 

The role of galectin-3 in chemoprotection has also been investigated on a 

mechanistic level. In isolated acute leukemia cells, galectin-3 levels do not differ 

from those of healthy hematopoietic cells [138]. In coculture, stroma derived 

galectin-3 is shuttled to B-ALL cells both as a soluble factor and in exosomes 

[139]. In the leukemic cells, it induces both an autoinduction of galectin-3 pro-

duction as well as activation of the Wnt-pathway, upregulating survival genes 

like survivin and c-myc. The increased galectin-3 levels in B-ALL cells induce 

chemoresistance against multiple drugs, including vincristine and tyrosine-

kinase inhibitors [140, 141]. Galectin inhibitors reverse this chemoprotection 

and are under research as novel therapeutic strategies [142, 143]. 
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Additionally, more direct responses to specific therapeutic agents have been 

found. Asparaginase, a drug commonly used in the treatment of ALL, deprives 

the leukemic cells form Asparagine. Mesenchymal stem cells secrete high lev-

els of asparagine, providing the leukemia with the needed amounts and there-

fore impairing therapy effects [144]. The same effect has been described in 

bone marrow adipocytes, upregulating glutamine synthetase in response to 

chemotherapy [145]. Since obesity is a risk factor for relapse, it can be argued 

that this effect is likely not limited to the bone marrow, however, total glutamine 

levels in the plasma of diseased children remains unchanged, indicating that not 

all adipocytes, but rather a subfraction of adipocytes in the bone marrow con-

tributed to a local rather than systemic antitherapeutic effect [145, 146]. Insulin-

like growth factor binding protein 7 (IGFBP7) mediates increased asparagine 

and glutamine synthesis activity. ALL cells played an essential role in the regu-

lation of secretion of IGFBP7, indicating an active reprogramming of the niche 

rather than exploitation of already established principles [147]. 

 

The bone marrow niche does not only protect ALL cells form classic chemo-

therapeutic agents, but also against antibody-based therapies. It was shown 

that the tumor microenvironment cannot prevent antibody binding, but by se-

creting PGE2 are able to keep away macrophages and thus inhibiting phagocy-

tosis mediated killing of the leukemia cells [148]. 

 

1.3.3 Niche interaction can be used to optimize chemotherapy 

Analysis of the microenvironment-leukemia interaction can be used to find the 

best suited therapy, as shown by Zhihong et al. targeting AML cells. By compar-

ing the activation of various intracellular pathways using proteomics in leukemic 

cells cultivated with or without stroma cell support, it was made possible to de-

termine the most effective combination of signaling inhibitors [149]. This proves 

the principle that the niche cells’ chemoprotection does not only present a new 

target for antileukemia therapy, but that this therapy can be optimized by leu-

kemia-niche interaction analysis. 

 

1.3.4 The role of exosomes in leukemia-niche interaction 

Rather than just using the physiological mechanisms of the hematopoietic 

niche, leukemia profoundly converts the niche cells to form a supportive, promo-

tive, and protective microenvironment for its own advantage. For this, the leu-

kemic blasts must deliver information to the surrounding cells. Comparing the 
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MSCs from leukemia infiltrated bone marrow against MSCs from healthy bone 

marrow, the leukemia influenced MSCs showed significant functional altera-

tions, like a decreased ability to support healthy hematopoiesis, but did not ac-

quire any genetic alterations [150]. In MDS, MSCs have been shown to acquire 

epigenetic and transcriptomic changes rather than genetic ones [151]. Thus, the 

influence of the leukemic blasts is most probably not achieved via a permanent 

transformation of the niche cells, but by a constant reprogramming. 

Different mechanisms of crosstalk have been proposed and experimentally af-

firmed: Secretion of chemokines, especially growth factors or the direct transfer 

of molecules and even mitochondria via nanotubes connecting the leukemic 

cells to the niche cells [152]. 

In addition, more and more evidence points out the role of leukemia derived 

exosomes in the reprogramming of the niche. 

 

Leukemia derived exosomes alter differentiation programs in the bone marrow 

niche cells, urging the cell into a more leukemia than healthy hematopoietic cell 

supporting state. For example, stroma cells differentiate into cancer-associated 

fibroblasts when exposed to leukemia derived exosomes, whereas the expo-

sure of endothelium to leukemia derived exosomes increases angiogenesis 

[153]. These alterations are observed both in niche cells cocultured with leuke-

mia cells and in niche cells only incubated with leukemia derived exosomes 

[154]. In CLL, leukemia cells show both elevated levels of engraftment and pro-

liferation in a xenograft model when cotreated with leukemia derived exosomes 

[153]. Exosome shuttled microRNA as the key component of the TEX-mediated 

reprogramming has been identified, for example in AML-to-endothelium niche 

interaction [155]. 

 

For B-ALL, data about the reprogramming of the microenvironment via exo-

somes is limited. Nonetheless, it has been observed that B-ALL derived exo-

somes switch the niche cells metabolism to decrease oxidative glycolysis in or-

der to produce and excrete lactate [156]. It has been suggested that the lactate 

can be taken up by the ALL cells as a source of energy. This argument is un-

derlined by the observation of a reciprocal microenvironment-mediated metabol-

ic switch in the ALL cells, impairing their own production of energy, but resulting 

in chemoprotection [157, 158]. These findings enhance the hypothesis that leu-

kemia to niche crosstalk via exosomes is also a key mediator of resistance in B-

ALL. 
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2. Hypothesis and aim 

Evidence grows that B-ALL cells hijack their niche in order to form a chemopro-

tective microenvironment. The emerging role of leukemia derived exosomes in 

this process is becoming clear. As one of the principal cargo molecules of exo-

somes, microRNAs are important candidates to mediate the chemoprotective 

mechanisms.  

It was shown that the reprogramming of the niche cells via exosomes has vari-

able effectiveness depending on the delivered microRNA expression levels, 

resulting in a different level of chemoprotection and thus different level in thera-

py response, with the most effective reprogramming leading to therapy refracto-

ry cases and relapse.  

We hypothesize that leukemias that were refractory to chemotherapy exploit 

their surroundings more effective/via different signaling pathways and that we 

can detect these differences by analyzing the leukemias’ exosomal microRNAs.  

Since niche reprogramming already starts prior to chemotherapy and exosomes 

are secreted in the circulation, we hypothesize to find these expression differ-

ences in patients’ blood at the timepoint of diagnosis. 

We aim to identify a pattern of B-ALL patients’ blood tumor-derived exosomal 

microRNA expression that can be found at diagnosis indicating strong niche 

reprogramming and therefore high risk for relapse with the need of therapy es-

calation/modification. These expression profiles will represent promising bi-

omarkers to be tested in addition to risk stratifications in the form of a liquid bi-

opsy, as well as interesting therapeutic targets. 
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3. Material and methods 

3.1 Material 

3.1.1 Instruments 

 

Function Name Vendor 

Spectrometer Nanodrop OneC Thermo scientific  

Centrifuges 5424R & 5417C Eppendorf  

Vortex Vortex Genie 2 Scientific industries 

qPCR cycler Lightcycler® 480 II Roche  

pH meter  H1221 Hanna instruments 

Flow cytometry LSRFortessa X-20 BD  

Scale PCB 250-3 Kern  

Micro scale ABJ 220-4M Kern  

Ultracentrifuge TL-100 Beckman coulter  

Gel electrophoresis system PCR Gelsystem Mini S PerfectBlue™  

PCR transformator Basic power supply PowerPac™ 

Cell counter Countess™ Automated Cell 

Counter 

Invitrogen  

Magnetic stand Magnetic stand 96 Invitrogen  

Capillary RNA electrophoresis Bioanalyzer Agilent  

Gel documentation EBox Vx2 Vilber lourmat  

PCR thermocycler ProFlex PCR System Applied Biosystems 

Shaker KS125basic IKA Labortechnik 

Tube roller RM5.40 Karl Hecht 

 

3.1.2 Software 

 

Function Name 

Tm calculator New England biolabs Tm calculator 

Primer alignment  APE 

Flow cytometry readout FlowJo 
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Statistics and figure design GraphPad prism 

Algorithm for single miRNA normalization genes NormFinder excel add-on 

3.1.3 Reagents and buffers 

 

Name Vendor 

Dulbecco’s PBS (1x) Gibco 

Ethanol Roth 

Isopropanol 

Glycine 

Bovine serum albumin Sigma 

Chloroform Sigma-Aldrich 

FACSClean BD 

UltraPure™ Agarose Invitrogen 

 TRIzol 

UltraPure™ glycogen 

Aldehyde/Sulfate Latex Beads 

Dynabeads™ M-450 Epoxy 

Midori green Nippon genetics 

Gene ruler mix Thermo scientific 

 dNTP mix 

GoTaq® DNA Polymerase Promega 

 GoTaq buffer 

Ficoll-Paque GE Healthcare - Life Sciences 

  

3.1.4 Commercial kits 

 

Function Name Vendor 

cDNA synthesis QuantiTech Reverse Tran-

scription Kit 

Qiagen 

qPCR cDNA synthesis miRCURY LNA RT kit 

qPCR miRCURY LNA SYBR green 

PCR kit 

Exogenous qPCR controls RNA spike in, for RT 

Automated RNA electrophoresis Bioanalyzer RNA pico chip Agilent  
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3.1.5 Buffers 

 

Name Composition 

Dynabeads coupling buffer 

 

Buffer 1: 0.1 M sodium phosphate pH7.4 

Buffer 2: DPBS +0.1%BSA 0.22µm filtrated plus 

2mM EDTA 

 

Isolation buffer 

 

DPBS+ 0.1%BSA 0.22µm filtrated 

 

TAE buffer (50x) 10.8 g TRIS Base, 1.14 ml acetic acid, 0.7 g EDTA, 

ad 1 l H2O 

 

Low pH washing buffer 25mM phosphate citrate pH 5, 0.22µm filtrated 

 

3.1.6 Serum 

 

Name Lot# Vendor 

Normal mouse serum #SE252031 Invitrogen 

#UA276776A 

 

3.1.7 Antibodies 

 

Target Clone Vendor 

CD63 H5C6 Novusbio 

H5C6 (PeCy7) Invitrogen eBioscience 

MX-49.129.5 (Alexa fluor 647) Santa Cruz Biotechnology 

CD81 JS-81 (APC) BD Pharmingen 

Isotype control Mouse igG1 kappa isotype 

(PeCy7) 

Invitrogen eBioscience 
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3.1.8 Primer 

 

Target Forward sequence Reverse sequence 

GAPDH 

 

TCGGAGTCAACGGATTTGGTCGTA ATGGACTGTGGTCATGAGTCCTTC 

HPRT1 [159] ATCAGACTGAAGAGCTATTGTAATGACCA TGGCTTATATCCAACACTTCGTG 

CXCR4 [160] GCGTGTAGTGAATCACGTAAAGC CTATACCACTTTGGGCTTTGGTTAT 

 

3.1.9 MicroRNA primer 

 

Function Name Vendor 

qPCR panels (14x179 microRNAs)  miRCURY LNA focus panel 

serum/plasma 

Qiagen  

Target microRNAs hsa-mir-484 assay 

hsa-mir-25-3p assay 

hsa-mir-92a-3p assay 

Normalization microRNAs hsa-mir-151a-5p assay 

hsa-mir-532-5p assay 

hsa-let-7d-3p assay 

U6 snRNA 

 

3.2 Methods 

3.2.1 Patient samples 

All patients and/or their custodial gave consent to sampling, storage of the 

samples in a biobank and usage for research. 

3.2.2 Patients and healthy individuals’ plasma isolation via Ficoll-Paque 

protocol 

All pediatric B-ALL patients’ blood samples were collected and processed at the 

clinic and transferred frozen to the laboratory. Healthy controls blood samples 

were collected by venipuncture in EDTA coated monovettes and processed in 

the laboratory, following the same protocol used for the patient samples. For 

plasma isolation, around 20 ml of blood was filled up with PBS to 35 ml and lay-
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ered on top of 15 ml Ficoll-Paque in 50 ml Falcon tubes. For separation of cells 

and plasma, the samples were centrifuged at 800 g for 30 min with minimal 

brake setting. Plasma was carefully aspirated, leaving ~10% to avoid cell carry-

over. All samples were stored at -80°C prior to processing. 

 

3.2.3 Serum of PDX mice 

Serum was taken from full-blown leukemia PDX NSG mice as well as from non-

injected NSG mice. For this, the mice’s’ hearts were punctured immediately af-

ter euthanizing them. All blood was collected in 1.5 ml centrifugation tubes and 

allowed to coagulate for 30 min up to 1 h. Centrifugation for 10 min at 1500 g 

separated the serum from coagulated material. Serum was collected, leaving 

~10% of the volume to avoid cell carry over. When the serum did not seem 

clear, centrifugation was repeated. All PDX sera were collected by trained tech-

nicians and stored at -80°C. With this protocol, 100 µl to 400 µl serum was col-

lected per mouse. If needed, serum from different mice, that were transplanted 

with primary cells from the same patient, was pooled. 

 

3.2.4 Fish serum 

Immediately after euthanasia, zebrafish hearts were punctured with a small 

canula. Blood was collected in a 1.5 ml centrifugation tune and coagulated for 

1h at room temperature, followed by centrifugation for 10 min at 1500 g. The 

fluid supernatant was collected leaving a small amount of serum on the pellet to 

avoid cellular contamination. Because one fish only yielded a few µl of blood, 

~20 fish were pooled for 100 µl of zebrafish serum.  

 

3.2.5 Preclearing of serum/plasma samples 

All serum and plasma samples were first sequentially centrifuged at 2000 g for 

15 min followed by 12.000 g for 30 min at 4°C. Respective supernatants were 

kept, whereas the first pellet containing leftover cells and apoptotic bodies as 

well as the second pellet containing large extracellular vesicles, such as mi-

crovesicles, were discarded. 
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3.2.6 Ultracentrifugation 

For ultracentrifugation, the samples were transferred to 1 ml ultracentrifugation 

tubes. The volume was adjusted to 1 ml with PBS and weight was equilibrated 

on a microscale allowing a derivation of 0.001 g. Ultracentrifugation was per-

formed with a TLA-100 rotor at 40,000 rpm for 1.5 h at 4°C. Since the exo-

somes did not form a visible pellet, the assumed place of the pellet was marked 

prior to removing the ultracentrifugation tubes from the rotor. Supernatant was 

removed carefully in two steps: First, 900 µl, then 95 µl supernatant was taken 

off very carefully, to not manipulate the pellet with the pipette tip. Approximately 

5 µl of volume was left on the exosome pellet as safety measurement. 

To achieve higher purity of exosomal material and remove any non-vesicular 

contamination, the first ultracentrifugation’s pellet was resuspended in 1 ml PBS 

and ultracentrifuged again applying the same centrifugation speed and time. 

 

3.2.7 Hydrophobic capture of exosomes enriched by ultracentrifugation 

The pelleted purified exosomes were bound to latex beads by a protocol slightly 

modified from Théry et al. [161]: The exosomal pellet was incubated with 20 µl 

of PBS and 10 µl (0.4 µg) of latex beads over night at 4°C with constant mixing 

of a tube roller. The next day, sample volume was brought up to 300 µl with 

PBS and incubated additional 2 hours at room temperature. Beads were pellet-

ed by centrifugation at 7000 g for 3 min to remove the non-bound ultracentrifu-

gation pellet content in the supernatant. Excess aldehyde groups on the latex 

beads were blocked with 500 µl of 100 mM glycine for 30 min; unspecific protein 

binding was blocked by washing the beads three times with BSA. For this, 

beads were pelleted by centrifugation at 7000 g for 3 min; after every centrifu-

gation, the supernatant was exchanged with 500 µl PBS with 0.1% BSA. 

Hydrophobic latex bead bound exosomes were stained with different antibodies 

following the vendor’s recommended dilution for 1 h in the dark with constant 

agitation, followed by three washes in PBS with 0.1% BSA to avoid carry-over 

of unspecifically bound or free antibody. Fluorescence levels on the beads were 

measured with the LSRFortessa; all flow cytometry data was analyzed with the 

FloJo software. 

 

3.2.8 CD63-anitbody tests 

For human cells, Nalm6 cell line cells were used. For murine cells, peripheral 

blood cells of control mice were isolated following a routine Ficoll-Paque proto-
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col. Briefly, 1 ml of whole murine blood diluted in 2 ml PBS was centrifuged at 

400 g for 20 min through 1 ml of Ficoll. The mononuclear cell layer above the 

Ficoll was carefully aspirated and washed once with PBS. 

1 million cells per sample were pelleted and stained by resuspending in either 

antibody or isotype control solution (0.5 µg antibody per 1million cells). After 

incubation for 45 min at room temperature protected from light with constant 

shaking at 500 rpm, cells were pelleted by centrifugation (400 g for 5 min) and 

washed twice in PBS. All samples’ fluorescence was measured at the LSR For-

tessa; data was analyzed using the FloJo software. 

 

3.2.9 Coupling of immunomagnetic beads 

The anti-CD63 capture antibody H5C6 was covalently coupled to the epoxy 

group-carrying magnetic beads following the protocol recommended by the 

supplier. In short, 250 µl beads were washed two times in a 0.1 M sodium 

phosphate buffer, making use of their magnetic properties by pelleting the 

beads on a magnetic stand in between the washing steps. Washed beads were 

incubated with 50 µl (1 mg/ml) of the unconjugated anti-CD63 antibody H5C6 

for 15 min alone in a total coupling volume of 250 µl, then over night at room 

temperature after adding fetal bovine serum (final concentration c=0.1% w/v) to 

block excess epoxy groups. After washing-out the remaining free antibody with 

three 1 ml DPBS +0.1% BSA wash steps, beads were adjusted to a concentra-

tion of 1 x 10^7 beads/ml in DPBS with 0.1%BSA and 2 mM EDTA and stored 

at 4°C. 

 

3.2.10  Isolation of CD63+ exosomes 

Precleared serum was incubated with anti-CD63 H5C6 coupled magnetic beads 

at 4°C in low-stick centrifugation tubes. The incubation step was performed over 

night to allow optimal antibody-antigen interaction. Due to the magnetic capaci-

ties of the beads, bead-CD63+-exosome complexes can be pelleted and 

washed on a magnetic separator. For this, the incubated samples were trans-

ferred in a protein low-binding 96-well plate and put on a 96-well magnetic stand 

for 2 min. Supernatant was removed carefully from the opposite side of the pel-

let in order to keep loss of exosomes minimal. After removal of the exosome 

depleted serum supernatant, the anti-CD63 beads were washed with 300 µl 

PBS/0.1% BSA as well as two times incubated for 10 min in a low pH citrate 
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buffer to eliminate non-specific binding. Washed CD63+-exosome-coupled 

beads were immediately processed in subsequent experiments. 

3.2.11 Cytometry analysis of bead-exosomes complexes 

Bead-bound CD63+ exosomes were characterized via FACS by detection of the 

established exosomal surface marker proteins CD63 and CD81. The washed, 

serum-incubated beads were magnetically pelleted and stained with the detec-

tion antibodies in recommended concentrations (5 µl of antibody solution per 

100 µl for anti-CD63, 20 µl of antibody solution per 100 µl volume for anti-CD81) 

for 1 hour at room temperature protected from light with constant shaking at 

500 rpm. Excess detection antibody was washed out by magnetically pelleting 

the beads and discarding the antibody solutions, followed by two wash steps 

with 300 µl isolation buffer. Beads were resuspended in 200 µl PBS for flow cy-

tometry. All samples were measured at the LSRFortessa and data was ana-

lyzed using the FloJo software. 

 

3.2.12  RNA isolation 

Exosomal RNA was isolated using the TRIzol reagent following the vendor’s 

instructions. All steps were performed in low-binding, RNAse free centrifugation 

tubes. 750 µl TRIzol was directly added on the ultracentrifugation- or bead-

enriched exosome pellet. After 5 min incubation, 150 µl pure chloroform was 

mixed in. Following a 3 min incubation at room temperature, samples were cen-

trifuged at 12,000 g for 15 min at 4°C to separate RNA, DNA and protein phas-

es. The upper aqueous phase containing the RNA was aspirated, leaving a 

small fraction in the tube to minimize the risk of DNA and protein carry-over. 

Because of the estimated low total amount of exosomal RNA in the samples, 

20 µg of glycogen was added as a carrier to both give a visible pellet and re-

duce RNA loss on tube and pipette surfaces. RNA was precipitated by adding 

375 µl isopropanol, followed by a 10 min incubation at room temperature. The 

RNA pellet was pelleted at 12,000 g for 10 min at 4°C and washed with 70% 

Ethanol to clear carry-over TRIzol remains. By pelleting the washed RNA at 

12,000g for 10 min and air-drying the RNA pellet for 10 min, all ethanol was re-

moved from the RNA pellet. A final volume of 6.5 µl RNAse-free H2O was used 

for resuspension of RNA facilitated by a 10 min heating of the samples to 55°C. 

Immediately after heating, RNA samples were vortexed, shortly spun down and 

put on ice for short term storage or stored at -20°C over night. 
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3.2.13  RNA capillary electrophoresis 

Exosomal RNA size distribution was determined by automated RNA capillary 

electrophoresis using RNA pico chips on the Agilent Bioanalyzer. No modifica-

tions were made to the recommended protocol. In brief, a chip was prepared by 

filling the wells with 9 µl of a gel-dye mix with the help of an attached plunger, 

adding 5 µl RNA marker in each well, 9 µl of a conditioning solution and 1 µl of 

RNA ladder solution in the predetermined wells. 1 µl of the RNA samples was 

pipetted in each sample well. The prepared chips were vortexed for 30 seconds 

and immediately read out at the Agilent Bioanalyzer instrument, using the 

“mRNA pico” program, which calculates the percentage of rRNA contamination 

and is therefore beneficial for exosomal RNA quality control. 

 

3.2.14  PCR analysis of exosomal mRNA 

TRIzol isolated exosomal RNA was reverse transcribed into cDNA with the 

QuantiTect reverse transcription kit by Qiagen. Since RNA concentration was 

too low to be measured by the Nanodrop spectrometer, the total sample volume 

was used in the cDNA reaction mix without further dilution. All pipetting steps 

were performed on ice. The kit contains a DNase step prior to reverse transcrip-

tion. For this, the RNA samples were mixed with 2 µl of DNase master mix and 

RNAse free water in a total volume of 14 µl and incubated for 2 min at 42°C in 

the ProFlex PCR System thermocycler. For reverse transcription, 1 µl of reverse 

transcriptase, 1 µl of random primers and 4 µl of RT buffer was added to the 

samples. The cDNA synthesis reaction was incubated at 42°C for 15 min, fol-

lowed by a 3 min heat inactivation of the RT enzyme at 95°C. After reverse 

transcription, cDNA samples were diluted with RNAse-free H2O to 100 µl and 

immediately put on ice. 

For polymerase chain reaction, the GoTaq Thermus aquaticus polymerase sys-

tem was used. In order to prevent further dilution of the exosomal cDNA, maxi-

mal sample volume was added in the reaction mix. The 50 µl reactions consist-

ed of 10 µl reaction buffer (5x), containing 7.5 mM Mg2Cl, 0.5 µl GoTaq poly-

merase (1:100), 0.5 µl dNTPs (1:100), 1.6 µl of forward and reverse primers 

(1:33) and 36 µl cDNA.  

PCR reaction was performed with the ProFlex PCR System thermocycler. An-

nealing temperatures for the respective primers were calculated with the New 

England Biolabs Tm calculator.  
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GAPDH primers 

Step Temperature/°C Time/sec 

Initial denaturation 

 

95 60 

35 cycles of 

denaturation 95 60 

annealing 56 30 

Elongation 72 30 

 

Final extension 72 120 

 

CXCR4 primers 

Step Temperature/°C Time/sec 

Initial denaturation 

 

98 60 

35 cycles of 

denaturation 98 30 

annealing 52 30 

Elongation 72 15 

 

Final extension 72 120 

 

HPRT1 primers 

Step Temperature/°C Time/sec 

Initial denaturation 

 

94 60 

35 cycles of 

denaturation 94 30 

annealing 55 30 

Elongation 72 30 

 

Final extension 72 300 
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Gel electrophoresis in a 2% agarose gel was used for visualization of the ampli-

cons. For this, 1 g of agarose was heated in 50 ml of 1xTAE buffer until all aga-

rose crystals were dissolved. Before casting the gel, 5 µl Midori green, an inter-

calating dye used as a non-toxic alternative to ethidium bromide, was added to 

the liquid agarose. After letting the agarose harden at room temperature on a 

gel tray equipped with a 10-well comb, the comb was removed, and the tray 

transferred to a PerfectBlue™ Gelsystem Mini S filled up with 1xTAE buffer. 

Since the GoTaq PCR reaction buffer already contains a loading dye as well as 

glycerin, samples were directly loaded on the gel. To identify the correctly sized 

amplicons, 5µl of the GeneRuler DNA Ladder Mix, which contains predefined 

DNA fragments in the length from 100 to 10k base pairs, was used. Gels were 

run for approximately 45 min at 100 V. Images were created by visualizing the 

fluorescence of the intercalated Midori green in the double-stranded amplicons 

with a gel documentation station using the automatically generated exposure 

settings. 
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3.2.15 qPCR analysis using the miRCURY focus panels 

All primary patients’ and healthy volunteers’ plasma samples were thawed on 

ice, precleared and ultracentrifugated as described above. RNA extraction via 

TRIzol was performed as described above. All ultracentrifugation and RNA ex-

traction steps were run in triplicates to minimize technical variations. RNA elu-

tions were then mixed and used for a single cDNA synthesis step. 750 µl TRIzol 

solution was directly added on the ultracentrifugation pellet. For quality control 

of all steps, 1 µl of synthetic spike-in RNA (called UniSp2, UniSp4 and UniSp5) 

was added to the mixture prior to adding the chloroform. For the cDNA synthe-

sis, a total reaction volume of 20 µl consisting of 13 µl RNA, 1 µl UniSp6 spike-

in, 2 µl enzyme solution and 4 µl reaction buffer was used. The synthesized 

cDNA was frozen at -20°C for a maximum of 4 weeks. 

For qPCR analysis, all samples and reagents were thawed on ice. Per sample, 

20 µl of cDNA was mixed with 1000 µl of SYBR green dye as well as 98 µl 

RNAse-free water and transferred to the two Focus panel 96-well plates con-

taining the lyophilized microRNA primers. 10 µl of the mix was added per well 

using a multi-channel pipette with repeated pipetting to properly dissolve lyophi-

lized primers. The plates were shortly spun down and incubated for 5min to as-

sure optimal primer dissolving, followed by the light cycler read-out using the 

settings adopted from the vendor’s protocol: 

 

Step Temperature/°C Time/sec Data acquisition 

Initial heat activation 

 

95 120  

45 cycles of  

denaturation 95 10  

Annealing/ Elonga-

tion 

56 60 Single Fluorescence signal 

  

Melting curve analy-

sis 

60-95  Continuous melting curve analysis 
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3.2.16  Data analysis of the miRCURY Focus panel data 

Raw Cq data for all the panels microRNAs were calculated by the Roche Light 

cycler software using the “2nd Derivative max” quantification method. From 

these, all values >39,0 cycles were excluded. For quality control for the tech-

nical steps of RNA isolation to qPCR, the Cq values of the spike-ins were as-

sessed as followed: 

1. All spike-ins were amplified in the runs  

2. Cq(UniSp2)>Cq(UniSp4)>Cq(UniSp5) 

3. The inter-plate calibrator UniSp3 (6 replicates per sample) had no Cq differ-

ence >0,3.  

In contrast to the qPCR analysis of cellular microRNA, in which the small nucle-

ar RNA U6 is used as a housekeeper for data normalization, no universal 

housekeeper is known in exosomes. Instead, housekeepers must be deter-

mined for each study and starting material respectively. The best method when 

analyzing a large number of extracellular microRNAs is to normalize against the 

mean of all the panel’s microRNAs [162]. Following this protocol, ΔCq values 

were calculated: ΔCq = Cq(individual microRNA) – Cq(panel’s average). 

Different sample groups were compared by a two-sided unpaired t-test to find 

statistically significant dysregulated microRNA expressions: 1. patients vs. 

healthy individuals 2. Refractory patients vs responding patients. For this, the 

ΔCq values of each microRNA were compared between the formed groups. The 

fold-change of exosomal microRNA was calculated as follows: 

fold-change=2-(ΔCq(group1)-ΔCq(group2)). 

To correct for multiple testing, the Holm-Šídák method was applied to the de-

termined p-values using the Graph pad prism algorithm.  

 

3.2.17  NormFinder 

For the NormFinder algorithm, the ΔCq values of all samples (healthy and dis-

eased) were compared to find the most stable expressed microRNAs. Calculat-

ed stability values were arranged from stable to highly variating. After exclusion 

of the exogenous control readout samples, the microRNA with the highest sta-

bility value, let-7d, was chosen as housekeeper for single assay normalizations. 
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3.2.18  qPCR analysis for single miRNA primers 

For the analysis of the top candidates from the primary patients focus panel da-

ta in PDX sera, 1 ml PDX serum was used as starting material. The serum was 

precleared by the sequential centrifugation protocol as well as ultracentrifuga-

tion. Ultracentrifugation pellets were resolved in 100 µl PBS and incubated with 

500 µl immunocapture bead solution. TRIzol isolation was performed as de-

scribed above, RNA was resuspended in 6,5 µl RNAse-free water. 

For reverse transcription, the miRCURY protocol instructions were followed. 

The maximum RNA input of 6.5 µl, isolated via TRIzol protocol, 2 µl of reaction 

buffer containing the primers and dNTPs, 1 µl reverse transcriptase as well as 

0.5 µl of a synthetic RNA spike-in UniSp6 used to control cDNA synthesis effi-

ciency was pipetted in a RNAse-free microcentrifuge tube and incubated for 

60 min on 42°C followed by a heat inactivation for 5 min of 95°C.  

qPCR was performed according to manufacturer’s standard protocol. The syn-

thesized cDNA was added to the reaction mix diluted 1:10 in RNAse-free water. 

One 10 µl qPCR reaction consisted of 3 µl diluted template, 1 µl of the primer 

mix, 5 µl of SYBR green master mix and 1 µl RNAse free water. To minimize 

pipetting and resulting technical variations, the reaction mix was prepared in a 

separate microcentrifuge tube without the cDNA samples in a total volume 10% 

higher than needed. 7 µl of this master mix was transferred to a 96-well light 

cycler plate for each sample. Finally, 3 µl of diluted cDNA per well was thor-

oughly mixed in. 

The Light cycler was programmed as described above. 

 



 41 

4. Results 

4.1 Exosomal microRNA expression differs significantly between 

leukemia patients vs healthy individuals and between therapy 

refractory vs therapy responding patients 

We compared exosomal microRNA expression of pediatric B-ALL patients with 

different clinical courses and the expression in healthy individuals in order to 

find expression differences and identify candidate microRNAs to investigate in 

more detail. Exosomes were isolated by ultracentrifugation from 1.5 ml plasma 

of pediatric patients suffering from precusor B-ALL, both at the timepoint of di-

agnosis (n=8, Table 1a) and relapse (n=3, Table 1b), as well as from healthy 

individuals (n=3).  

The exosomal RNA was isolated and measured in a qPCR panel analyzing the 

expression of 179 different microRNAs. For this, the miRCURY LNA miRNA 

PCR system, a quantitative polymerase chain reaction (qPCR) system opti-

mized for the amplification of low concentrated microRNAs, was used.  

Expression profiles were compared between predetermined clinical groups to 

select microRNAs capable of distinguishing one group from the other and there-

fore being candidates suitable for a liquid biopsy: 

Patients’ samples showed a significantly different expression profile of plasma 

exosomal microRNA than healthy individuals. In the patients’ profile, individual 

microRNAs were found to be up to 10x higher or lower expressed, compared to 

the healthy individuals. Various microRNA-expressions reached statistical sig-

nificance and were therefore identified as candidates to distinguish diseased 

from healthy individuals (Fig.3a). In unpaired two-sided t-tests, the most signifi-

cantly upregulated microRNAs in the patients’ exosomes were mir-92a-3p, mir-

25-3p and mir-484 (Fig.3b). In an adjustment for multiple testing using the 

Holm-Šídák-method, mir-484 upregulation was significant (p=0.0325). Four 

candidate microRNAs were present in all leukemia samples but were not ampli-

fied in any healthy control sample: mir-505-3p, mir-132-3p, mir-421 and mir-7-1-

3p (Fig.3c). 
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Table 1: B-ALL plasma samples‘ clinical data used in the Focus panels 

a. Diagnosis 
Age at 

Diagnosis  

Initial leu-
kocyte 

 count 

1. stratification MRD day 

29 

MRD day 

50 

2. stratifica-

tion 

Follow up 

Pat1 cALL 2 1.33G/L Low risk Negative Negative Standard 
No relapse until 

now 

Pat2 cALL 6 1.09G/l Low risk Negative Negative Standard 
No relapse until 

now 

Pat3 preB ALL 9 3.66G/l Low risk Negative Negative Standard 
No relapse until 

now 

Pat4 cALL 17 5.6G/l High risk Negative Negative Standard 
No relapse until 

now 

Pat5 cALL 11 8.78G/l High risk Negative Negative Standard 
No relapse until 

now 

Pat6 preB ALL 3 56.3 G/l High risk Negative Negative Standard 
No relapse until 

now 

Pat7 cALL 17 7 G/l High risk 9*10^-2  
Modified high 

risk 

Bone marrow 

transplantation, 

no relapse until 

now 

Pat8 cALL 2 7.61G/l Low risk 8*10^-3 6*10^-3 
Modified high 

risk  

Bone marrow 

transplantation, 

no relapse until 

now 

 

b. Diagnosis Age at re- No. of re- Previous therapy    Follow up 



 43 

lapse lapse 

Pat9 PreB ALL 18 4th 
2 bone marrow transplantations,  

CAR-T-Cell therapy 

Multiple follow-

ing relapses, 

deceased 

Pat10 PreB ALL 21 2nd 
bone marrow transplantation, 

CAR-T-Cell therapy Deceased 

Pat11 PreB ALL 2 2nd 
2 bone marrow Transplantations, 

CAR-T cell therapy 
 Deceased 
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Figure 3: Exosomal microRNA expression in patients vs. healthy controls. 
Expression measured by qPCR from RNA isolated from plasma exosomes of precursor B-ALL 
patients and of healthy individuals.  

a. Volcano blot for all analyzed microRNA expressions.  
Fold-change = 2 -(mean ΔCq(patient)-mean ΔCq(healthy)). Dotted line indicating p=0,05. 

b. Three top upregulated microRNAs in leukemia vs healthy. One point depicts one sam-
ple‘s relative expression= 2 -(mean Cq(target miRNA)-mean Cq (all miRNAs)) of the analyzed microRNA 
compared to the whole panel’s average Cq value. 

c. microRNA candidates expressed in all leukemia samples, but in no healthy sample. 
One point depicts one sample‘s relative expression= 2 -(mean Cq(target miRNA)-mean Cq (all miRNAs)) 
of the analyzed microRNA. 

p-value determined by a two-sided unpaired t-test. *** p<0.001 

 

By analyzing the patient group at the timepoint of initial diagnosis in more detail, 

now dividing it into a therapy refractory (n=2) and therapy responding group 

(n=6), again microRNA expression differences were found. “Therapy refractory” 

was defined by the clinical need to modify the standard risk group treatment 

(see table 1, Pat. 7 and 8).  
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Though higher p-values were reached in contrast to comparing healthy vs dis-

eased samples, various microRNA expression differences reached statistical 

significance. Both microRNAs expressed on a higher level in the refractory pa-

tients’ plasma exosomes, as well as microRNAs expressed on a higher level in 

responding patients, were found (Fig.4a). Mir-23b-3p and mir-409-3p displayed 

the most significant upregulation in refractory patients, while mir-7-5p was most 

significantly downregulated compared to responding patients’ plasma exosomes 

(Fig.4b).  

 

 

 

Figure 4: Exosomal microRNA expression in refractory vs responding patients. 
Expression measured by qPCR from RNA isolated out of plasma exosomes of precursor B-ALL 
patients.  

a. Volcano blot for all analyzed microRNA expressions.  
Fold-change = 2 -(mean ΔCq(refractory)-mean ΔCq(responding)). Dotted line indicating p=0,05. 

b. Three top dysregulated microRNAs in refractory vs responding. One point depicts one 
sample‘s relative expression= 2 -(mean Cq(target miRNA)-mean Cq (all miRNAs)) of the analyzed mi-
croRNA compared to the whole panel’s average Cq value. 

p-value determined by a two-sided unpaired t-test. **p<0.01 
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4.2 Establishment of a leukemia-specific exosome isolation method 

With the identification of differentially regulated exosomal microRNAs in pa-

tients’ plasma, strong candidates as biomarkers for liquid biopsy-based ap-

proaches have been discovered. Nevertheless, it remains uncertain whether the 

dysregulated exosomal cargo is secreted by the leukemia cells for niche repro-

gramming and therefore are functionally relevant, or by bystander cells affected 

by the changes induced by leukemic cells. For further investigation of the 

mechanism by which the dysregulated microRNAs could contribute to chemo-

protection, it is necessary to confirm the cells of origin. TEX carry no specific 

surface feature separating them from physiologic exosomes, making it impossi-

ble to separate tumor and non-tumor derived exosomes in primary samples. In 

a mouse xenotransplantation model however, the leukemia is the only human 

element contributing to circulating exosomes. Therefore, a human specific ex-

traction of exosomes from serum of xenotransplanted mice is tumor specific, 

and characterization of the extracted exosomes gives insight about the cargo of 

TEX. 

 

4.2.1 Anti-CD63 clone H5C6 binds to cellular CD63 human-specifically 

CD63 is one of the most established exosomal marker proteins, since it is en-

riched on exosomal membranes [163] and absent in extracellular vesicles in the 

same size range, namely microvesicles [15]. The amino acid sequence of hu-

man and murine CD63 is around 80% identical. With an antibody specifically 

binding to the human CD63 epitope, but not interacting with the murine CD63+ 

exosomes, isolation of human-specific exosomes from serum can be achieved.  

CD63 is also abundant on the cell membrane [42], which makes it accessible 

for testing of candidate antibodies for their species-dependent epitope recogni-

tion by incubation with cells of human and murine origin.  

First species specificity tests were conducted by staining cellular membrane 

CD63 with anti-CD63 antibodies. Cell lines were chosen to represent the serum 

exosomes in the PDX-mice: The cell line Nalm6 is derived from human ALL 

cells, murine peripheral blood mononuclear cells were isolated from blood of 

control NSG mice.  

The anti-CD63 clone H5C6 was found to bind to human CD63, resulting in a 

strong shift in fluorescent signal compared to the PECy7 isotype control, 

whereas in the murine peripheral blood cells, no difference in the mean fluores-

cence intensity was observed. 
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When staining the cells with the anti-CD63 clone MX95.129.5, both Nalm6 cells 

and murine peripheral blood cells showed fluorescence in flow cytometry meas-

urement, indicating a cross-reactivity of this anti-CD63 clone to the murine 

epitope (Fig.5). 

Analyzing epitope recognition on murine and human derived cell membrane 

CD63 identified the antiCD63 clone H5C6 to specifically bind to human CD63. 

 

 

 

Figure 5: AntiCD63 antibody test on cells. 
Staining of surface CD63 on Nalm6 cells and murine peripheral blood mononuclear cells. CD63 
signal measured either with the aCD63 antibody H5C6 or the aCD63 antibody MX95.129.5. 
Dotted histogram: isotype control 
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4.2.2 Anti-CD63 clone H5C6 binds to exosomal CD63 human-specifically 

To validate this finding on exosomal CD63, serum derived exosomes from 

healthy control serum were stained with the antibodies. With a size range of 

40-100 nm, exosomes are too small to be detectable via flow cytometry. To cir-

cumvent this, ultracentrifugation enriched exosomes were bound to 4 µm poly-

styrene beads. The aldehyde group on the beads’ surface reacts with proteins’ 

amine groups, forming covalent imide bounds. By binding a purified exosomal 

fraction unspecifically via surface protein interaction to the beads, no pre-

enrichment bias is added to the detection [164]. This way, anti-CD63 antibody 

candidates can be further validated on their species specificity on exosomes.  

Both H5C6 and MX95.129.5 recognized human exosomes bound to the latex 

beads. For murine samples, the exosomal epitope recognition was significantly 

increased compared to the control in the MX95.129.5 stained sample, indicating 

cross-reactivity for murine exosomal CD63, whereas the H5C6 incubated mu-

rine sample did not show an increase in fluorescence (Fig.6). 

Taking together the antibody tests on cellular and on exosomal level, the data 

indicates that the anti-CD63 clone H5C6 can recognize and bind to the human 

CD63 epitope, while not interacting with murine CD63. By covalently coupling 

this antibody to magnetic beads and incubating serum with them, antibody-

bound exosomes can be magnetically pulled down and extracted from the se-

rum. On the other hand, the data indicates recognition of human and murine 

CD63 for the anti-CD63 clone MX95.129.5, making it an ideal detection anti-

body to recognize murine contamination in following experiments. 
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Figure 6: Antibody test on exosomes. 
Aldehyde-mediated capture of ultracentrifugation enriched exosomes from different species.   
CD63 signal measured either by the PE-Cy7 coupled detection antibody H5C6 or the APC cou-
pled detection antibody MX95.129.5. Histogram depicts one representative flow cytometry ex-
periment. 
p-value determined by a two-sided unpaired t-test. 
**p<0.01 

 

 

 

 

4.2.3 Human exosomes can be isolated from a human to murine serum 

mixture down to a dilution of 1% 

In murine PDX serum, tumor derived human exosomes are mixed with murine 

non-tumor exosomes as well as various serum components. In an immuno-
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magnetic capture assay of this xenograft serum, the H5C6 antibody should 

specifically extract the human CD63 positive exosomes, since other CD63 posi-

tive components are precleared by centrifugation, and CD63 positive murine 

exosomes are not recognized. 

To test this hypothesis and to test the minimum concentration of human exo-

somes needed for isolation, a titration assay of human control serum in non-

human control serum was performed. Different percentages of human serum 

from 1% to 50% were diluted in either mouse or zebrafish serum in a total vol-

ume of 100µl. These dilutions were bound to H5C6 beads overnight and the 

magnetically isolated bead-exosome complexes analyzed via flow cytometry. 

Since the anti-CD63 clone MX95.129.5 is shown to cross-react with the murine 

CD63 epitope, the read out with this antibody visualizes possible cross-

reactivity of the capture H5C6 bead complex and would detect unspecifically-

bound murine CD63+ particles on the magnetic beads.  

The titration of human serum in either murine (Fig.7a) or zebrafish (Fig.7b) se-

rum correlates linearly with the mean fluorescent intensity of the detection anti-

body. In 100% murine serum, the mean fluorescent intensity of the sample lies 

below the negative, PBS incubated bead control. In both titration experiment, 

1% of human serum is detectable via capture and detection of CD63+ vesicles 

indicated by a shift of mean fluorescence intensity. 

The titration in murine serum shows a human specific capture of CD63+ vesi-

cles with neither non-specific nor cross-reactive binding of murine exosomes, 

nor inhibition of exosome-bead interaction. Since the detection antibody 

MX95.129.5 does not recognize the zebrafish CD63 epitope, cross-reactivity of 

the H5C6 capture antibody cannot be ruled out but is unlikely, since CD63 is 

less conserved in zebrafish (only 46% identity to human CD63). The correlation 

indicates the absence of inhibitors in the fish serum for CD63 binding of the 

capture antibody. 

Secondly, the titration shows the capability of the assay to extract even small 

amounts of human exosomes from a murine sample. This indicates that with 

even small amounts of tumor-derived exosomes in the PDX sera, a human spe-

cific isolation of these exosomes is possible and detectable. 
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Figure 7: Titration assay. 
Immunomagnetic capture via CD63 antibody H5C6 of human exosomes from human control 
serum titrated in either 
a. murine or  
b. zebrafish serum. 
CD63 signal measured by the mean fluorescence intensity (MFI) of APC coupled to the 
MX95.129.5 detection antibody. 

 

 

 

4.2.4 antiCD63 capture beads isolate leukemia derived exosomes from 

murine xenograft serum 

In the serum of mice engrafted with human leukemia cells, all human exosomes 

in the mice’s blood are leukemia derived mixed with murine components. Apply-
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ing the immunocapture assay’s capability to isolate exosomes human specifical-

ly, all captured exosomes and their cargo from PDX serum will be leukemia de-

rived. This principle has been simulated by the titration assay. To validate the 

capture of human and therefore leukemia exosomes from PDX serum, im-

munocaptured PDX serum exosomes from two ALL PDX models and one AML 

PDX model were tested for exosomal protein markers via FACS.  

In all three samples derived from xenografted murine serum, human exosomal 

markers CD63 and CD81 were present (Fig.8a). The signal strength varied be-

tween the samples, correlating to the cellular expression levels of each marker 

respectively (Fig.8b).  

PDX serum contains leukemia/human derived exosomes and murine exo-

somes. Therefore, the serum can be viewed as a dilution of human exosomes 

in murine exosomes. Comparing the measured human CD63 fluorescence of 

the PDX samples to the titration assays line of regression (compare Fig.7), 

ALL265’s mean fluorescence intensity of human exosomes correlated to 0.7% 

healthy human serum exosomes in murine serum, ALL199’s to 9.5% and 

AML393’s to 19.1%.(Fig.8c), illustrating that a considerable percentage of all 

serum exosomes in PDX mice with advanced leukemia is tumor derived.  

This experiment shows the capability of the established immunocapture assay 

to isolate leukemia derived exosomes in the serum of PDX mice. It indicates 

that leukemia derived exosomes can make up a significant proportion of circu-

lating exosomes, underlining the possibilities of exosome-mediated tumor influ-

ence on patients. 
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Figure 8: Capture of leukemia-derived exosomes from PDX serum. 
Exosome protein marker detection of 

a. exosomes from full PDX mice with advanced leukemia, captured via human specific 
H5C6 antiCD63 binding  

b. isolated leukemia cells from PDX mice with advanced leukemia.  
CD63 signal measured with the detection antibody MX95.129.5 coupled to APC, CD81 signal 
measured with the detection antibody JS-81 coupled to APC. 

c. Mean fluorescence intensity of the captured PDX serum exosomes‘ CD63 signal corre-
lated to human in murine serum titration according to Figure 7. 
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4.2.5 Isolated exosomes contain intact exosomal RNA 

RNA extraction was performed on all isolated exosome samples via Phenol-

chloroform extraction. Because of the high complexity of the starting material 

and the low concentrations of RNA, quality controls to affirm the exosomal 

origin of the extracted RNA were performed. The traditional phenol-chloroform 

extraction of RNA results in an RNA output independent of RNA size, so that 

both microRNA for expression analysis and mRNA and rRNA for quality control 

could be recovered.  

Due to the specific loading of exosomes, RNA in the size of under 200bp is en-

riched, whereas the rRNA concentration is low to non-present, resulting in a 

typical “exosomal” size distribution. The RNA size distribution in the samples 

was determined by a digital RNA electrophoresis using Agilent Bioanalyzer pico 

chips after TRIzol RNA isolation. Both in the ultracentrifugation enriched and 

CD63-isolated exosome samples, the exosomal size distribution was confirmed. 

Whereas in the ultracentrifuged murine serum exosomal RNA was detectable, it 

was absent in the immunocapture sample incubated with murine serum, indicat-

ing that there was no unspecific carryover of RNA in the workflow and proving 

the immunocapture assay’s specificity on RNA level (Fig.9a). 

 

To validate the integrity of the extracted exosomal RNA, PCR analysis was 

used to amplify exosomal mRNAs. Glyceraldehyde 3-phosphate dehydrogen-

ase (GAPDH) and Hypoxanthine-guanine phosphoribosyltransferase (HPRT1) 

as well as C-X-C chemokine receptor type 4 (CXCR4) mRNA were tested and 

have been detected in exosomes in literature [159, 160, 165]. In the ultracentrif-

ugation and immunocapture assay, intact mRNA was amplifiable, underlining 

the isolation of intact exosomal RNA rather than RNA debris. (Fig.9b). 

Taken together, this data shows that with our method we were able to extract 

intact exosomal mRNA from human specific exosomes.  
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Figure 9: Exosomal RNA extraction and characterization. 
a. Bioanalyzer size distribution of extracted RNA of either healthy human or murine serum. 

Exosomes isolated either by immunocapture or ultracentrifugation. Cellular RNA for 
comparison. 

b.  Agarose gel of PCR amplification for exosomal mRNA isolated via immunocapture or 
ultracentrifugation of healthy human serum.  

Cellular RNA extracted from 5 million Nalm6 cells. All RNA extracted via Phenol chloroform 
extraction. 
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4.3 Analysis of leukemia derived exosomal microRNAs 

We have identified exosomal microRNA dysregulation in the peripheral blood of 

children suffering from acute B-ALL. Applying the established PDX immunocap-

ture assay, we aimed to not only detect the dysregulation, but also identify the 

cells of origin for the dysregulated RNAs. For this purpose, first microRNA can-

didates were chosen from the primary patients’ dataset. Then, B-ALL PDX mice 

were used to isolate leukemia derived exosomal RNA via immunocapture of 

human exosomes. By amplifying the candidate microRNAs from the leukemia 

derived exosomal RNA, the leukemia would be proven as the cell of origin for 

these microRNAs.  

 

4.3.1 Mir-484, mir-25-3p and mir-92a-3p are microRNAs significantly 

dysregulated in serum exosomes from leukemia patients 

To analyze single leukemia derived microRNAs in the PDX mouse model, can-

didates were chosen from the primary patients’ panel data based on differential 

expression between leukemia and healthy samples, and on their expression 

level. Data was screened, looking not only for a high fold-change and low p-

value in diseased vs. healthy samples, but also for a more abundant expression 

indicated by a low raw Cq value, making the detection of this microRNA from 

the low starting concentrations of RNA isolated from the PDX samples more 

feasible.  

Strikingly, the three most significantly upregulated microRNAs, mir-484, mir-25-

3p and mir-92a-3p were also found in the top 12 highest dysregulated mi-

croRNAs of the panel (Fig.10a). For this reason, they were chosen to be tested 

in the single kit assays, to answer the question whether the cell of origin is the 

leukemia cell itself or bystander cells.  

In the analysis of single candidate exosomal microRNAs, instead of normalizing 

to a panel’s average microRNA expression, housekeepers must be determined 

individually for the used material and samples. NormFinder is an algorithm 

scanning expression panels for the most stable genes. This algorithm was ap-

plied to all data of the focus-panel samples, containing both the values of pa-

tients and of healthy individuals. Excluding the extrinsic and negative controls, 

let7d-3p was selected as endogenous microRNA housekeeper for normalization 

in the single microRNA qPCR assays due to its stable and sufficiently high ex-

pression in the primary samples (Fig.10b). 
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Figure 10: Determination of qPCR single assay candidates. 
a. microRNA expression of patients’ samples vs healthy controls, three chosen candidate 

microRNAs highlighted in color (green: mir-25-3p, red: mir-484, blue: mir-92a-3p). 
b. NormFinder stability value of all examined microRNAs. Exogenous controls highlighted 

in red, chosen endogenous normalization microRNA let-7d highlighted in green. 

 

4.3.2 Mir-484, mir-25-3p and mir-92a-3p are detectable in leukemia derived 

exosomes  

Mir-92a-3p, mir-25-3p and mir-484 were picked out as the three top candidates 

from the primary patients’ exosomal microRNA panel. The qPCR data reveals 

these three microRNAs’ potential to serve as biomarkers to distinguish diseased 

from healthy individuals. To find out whether the leukemic cells are the cells of 

origin, the expression of the three microRNAs was measured in leukemia de-

rived exosomes from 1 ml PDX serum using the immunocapture assay. As rep-

resentation of the pediatric ALL patient group, ALL PDX samples from initial 

diagnosis of pediatric patients (n=2) and relapsed pediatric patients (n=2) were 

used.  

 In all four analyzed ALL samples, from initial diagnosis and relapse, leukemia 

derived exosomes carried mir-92a-3p, mir-25-3p and mir-484. Relative expres-

sions on exosomal and cellular level correlated (Fig.11a). Possibly because of 

residual murine contamination and since the microRNA primers are not human-

specific due to sequence conservation, weak target microRNA expression was 

also detected in non-injected NSG serum controls. To filter this out, the mi-

croRNA levels in PDX samples with advanced leukemia were normalized to the 
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background signal of non-injected, healthy NSG mice. Here, the lowest ex-

pressed microRNA in the non-normalized analysis, mir-484, showed the highest 

fold-change, indicating an overall low expression of this particular microRNA, 

but an upregulation in leukemia derived exosomes (Fig.11b). 

Although the target microRNAs were chosen based on ALL patients’ plasma 

expression, the analyzed microRNA candidates were also identified as leuke-

mia derived in three AML samples (Fig11a,b).  

In summary, this RNA expression analysis combined with the xenograft-

immunoassay confirms the leukemic origin of exosomes with differentially ex-

pressed mir-92a-3p, mir-25-3p and mir-484. Out of these three, mir-484 shows 

the strongest leukemia derived difference of expression.  

 

 

Figure 11: MicroRNA expression in tumor derived exosomes in PDX serum and in PDX 
cells. 

a. Expression of candidate miRNAs in RNA extracted from immunocaptured PDX serum 
and PDX cells. Relative expression to exogenous control =2 -(Cq(target)-Cq(endogenous control)) 

b. Expression of candidate miRNAs in RNA extracted from immunocaptured PDX serum 
compared to non-injected NSG mice serum exosomes.  
Fold-change = 2 -(ΔCq(PDX)- ΔCq(non-injected)) 

One point depicts one patient sample analyzed in pooled PDX serum. 
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5. Discussion  

Insights in exosomal functions are more and more applied to the clinical prac-

tice in various tumor entities, especially in form of liquid biopsies to improve di-

agnostic procedures. Nonetheless, diagnostic opportunities making use of exo-

somes in acute pediatric leukemia currently remain largely untouched. 

In our research, we use peripheral blood exosomes to identify biomarker candi-

dates for early detection of therapy refraction in pediatric acute B-cell leukemi-

as. We further developed a novel PDX immunocapture assay to not only identify 

microRNA expression differences, but to determine the leukemia cells as the 

cells of origin to allow functional analysis.  

Analyzing the data of two refractory and six responding patients’ plasma taken 

at the timepoint of initial diagnosis, we were able to identify a microRNA pattern 

to pick out the refractory patients as a discovery stage of possible biomarkers.   

Upregulation of the two exosomal microRNAs mir-23b-3p and mir-409-3p and a 

downregulation of mir-7-5p in the refractory samples compared to responding 

samples were found to indicate the need to intensify therapy after the standard 

therapy regime due to a lack of complete response. These patterns are found in 

samples taken at the timepoint of diagnosis, showing that the dysregulation of 

therapy refractory patients’ exosomes is no answer to therapy, but is build up by 

the leukemia a priori. 

The found biomarker candidates have been functionally analyzed in cancer ex-

osomes in literature: Ono et al. investigated the exosomal crosstalk between 

breast cancer cells and the bone marrow niche. In line with our findings, they 

discovered an upregulation of mir-23b-3p in mesenchymal stem cell derived 

exosomes. Breast cancer cells treated with these exosomes showed a dormant 

phenotype and were less susceptible to chemotherapy [166].  

In a study of esophageal carcinoma, patients’ serum levels of mir-7 prior to 

therapy correlated with therapy response, affirming our data that low mir-7 con-

centration predicts poor response to chemotherapy. Interestingly, treatment in 

this study was radiochemotherapy. Since this therapy resistance cannot be me-

diated by induction of a direct drug resistance alone, this broader regime com-

pared to single-drug treatment argues in favor of a more complex influence by 

extracellular mir-7 on the tumor cells , for example introduction of dormancy or 

increased niche interaction, also protecting the cancer cells from radiation [167]. 
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The found microRNA candidates represent promising therapeutic targets to 

prevent unfavorable outcome in the future, but studies with a higher case num-

ber especially for refractory patients are needed as a verification stage. Since in 

our data quite recently drawn samples are included, we cannot rule out future 

late relapses in our responding cohort but focus on the readout of therapy re-

sponse. 

In summary we took the first steps to establish an exosome based liquid biopsy 

to add to the diagnostic process of pediatric B-ALL. We proof the principle that 

even at the time of diagnosis, the patients’ plasma contains valuable information 

in the form of exosomes sent out by the leukemia and that this information cor-

relates with clinical outcome. 

 

Whereas in biomarker discovery from primary patients’ biofluids no difference is 

made between TEX and exosomes derived of healthy cells, a new method of 

isolating and analyzing tumor-derived exosomes is presented in this study., Re-

stricting our PDX immunocapture assay to human CD63+ exosomes out of full-

blown leukemia PDX mice, we filter out murine exosomes and are left with in-

formation only sent out by the leukemia. By defining the cell of origin, further 

investigation of the function of the dysregulated exosomal microRNA can be 

conducted, for example by specific overexpression or labeling of these mi-

croRNAs. 

It must be considered that this focus on the tumor cells is not necessary for all 

exosome studies in cancer. New exosomal biomarkers to be used in liquid bi-

opsies can have predictive value no matter the cell of origin. However, potential 

tumor-derived biomarkers could be diluted out by the bystander-cell exosome 

signal. This deflection of results is minimized by the species- and tumor-specific 

analysis. 

We present groundwork for the tumor specific isolation of exosomes. In the 

technical workflow, low concentration and small size of the studied molecules 

challenge standard protocols. By optimizing these protocols for exosomal di-

mensions, a downscale to 1 ml of PDX serum as starting material has been 

achieved for the analysis of leukemia derived exosomal microRNA. Nonethe-

less, this amount of serum still required pooling serum from multiple mice for 

one patient sample. The presented method utilizes CD63 as the exosomal 

marker protein for isolation. A hint that antigen-isolated and size-isolated exo-

somes consist of different subgroups can be drawn from the isolated exosomal 

mRNA profiles, in which the CD63+ exosomes showed an enrichment in 

CXCR4 mRNA. Because CD63 is described as the gold standard of exosomes 
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markers, this enrichment indicates a precise isolation of exosomes without con-

tamination with other small vesicles.  

Since the selection in this assay is human-specific, in principle neither the tumor 

entity nor the used model is fixed. An application of the tumor-specific im-

munocapture for different tumor entities is conceivable. PDX models are estab-

lished for multiple neoplastic diseases, and exosomes from these models have 

been analyzed [168]. Since leukemia cells are not the only tumor cells to heavily 

influence their microenvironment, differentiation of tumor derived, and microen-

vironment derived exosome dysregulations is a crucial information for further 

insights in these dysregulations in all investigated tumor entities.   

The exosome isolation assay is not bound to murine host systems. Depending 

on the application, specific advantages from other models can be used by trans-

ferring the method to it. An experimental setup requiring TEX profiles from indi-

vidual patients is time consuming in mice, since months can pass between in-

jection and leukemia outbreak. One promising model for faster readout is the 

zebrafish. Preliminary titration data from our experiments indicate a potential for 

the use of zebrafish as PDX host, although amounts of serum will be even low-

er, and methods will have to be adjusted.  

 

Mir-92a-3p, mir-25-3p and mir-484 are significantly upregulated in leukemia 

samples compared to healthy controls. By applying our new PDX-

immunocapture assay, we additionally show that the exosomes containing up-

regulated mir-92a-3p, mir-25-3p and mir-484 are excreted by leukemia cells 

rather than bystander cells. Despite its overall low concentration, especially mir-

484 is enriched in leukemia derived exosomes. This data indicates specific en-

richment processes of these microRNAs from the leukemia cell to the leukemia 

derived exosomes and suggest the importance of these dysregulations for leu-

kemia progression. Although the candidate microRNAs tested with our PDX-

immunocapture assay were chosen from ALL samples, all three exosomal mi-

croRNAs have also been identified as leukemia derived in AML samples. This 

implicates a more general pro-tumor function of exosomal mir-92a-3p, mir-25-

3p and mir-484 in acute leukemias. 

In various other neoplastic entities, these extracellular microRNAs have been 

found upregulated compared to healthy individuals, including lung, colorectal, 

pancreatic and breast cancer for mir-484 [169-172], cervical, colorectal, gastric 

and breast cancer for mir-92a-3p [173-176] and pancreatic, thyroid cancer as 

well as osteosarcoma for mir-25-3p [177-179]. 
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In pancreatic cancer, as discovered by Yang et al., high cellular mir-484 is es-

sential for tumorigenesis [180]. Assuming this mechanism for ALL, mir-484 

could be transferred from leukemia cell to leukemia cell by exosome as a 

mechanism of “phenocopying”. Opposed to this finding, low intracellular mir-484 

levels are correlated to pro-survival pathways in CLL [181]. If one postulates a 

similar correlation in ALL, enrichment of mir-484 in leukemia derived exosomes 

can be interpreted as shuttling-out of adverse microRNA. Arguments for leuke-

mia-bystander cell crosstalk in form of immune cell exhaustion can be deducted 

from a study by Jieke et al.: Exosomes from both AML and ALL cell lines over-

expressing mir-92a-3p impair function and induce apoptosis of T-cells in vivo 

[182]. 

In summary, we verify the leukemia cells as the cells of origin for the differently 

expressed microRNAs with the leukemia specific immunocapture assay. By de-

termining the cell of origin, further functional studies are made possible. Alt-

hough reasonable hypothesizes for the function of these expression differences 

can be deducted from literature, the interaction of microRNAs and their numer-

ous targets is highly complex and is shown to differ between diseases. Our 

study presents highly interesting microRNA targets for further studies of their 

mechanisms in ALL and their role in leukemia derived communication. Investi-

gating the reason for the differential expression of leukemia derived exosomal 

microRNA is one important step to discover therapeutic chances targeting leu-

kemia communication, for example with the use of antisense microRNAs, ther-

apeutic exosome application or exosome depletion. 
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