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Abstract 

Radiation-induced leukaemia develops as a result of direct radiation damage to stem cells 

and an altered intercellular communication between the stem cell pool and its 

microenvironment. Bystander signalling, meaning detection of radiation damage in cells not 

directly hit by radiation, is particularly important in the manifestation of low dose radiation 

effects in the bone marrow and thus it is reasonable to assume that it plays a role in low dose-

induced leukaemogenesis as well. Extracellular vesicles (EVs) due to their complex protein 

and RNA content are major mediators of bystander signals. The main objective of LEU-

TRACK was to study the role of bone marrow-derived EVs in radiation leukaemogenesis in 

a murine model genetically prone to develop leukaemia after irradiation. We also aimed to 

investigate major molecular and cellular mechanisms mediated by EVs. In the first part of 

the project mice were either irradiated or injected with EVs isolated from the bone marrow 

of irradiated animals and the incidence as well as time of onset of leukaemia was followed. 

In parallel, the miRNA and protein content of bone marrow-derived EVs were analysed by 

omics approaches. The surface markers of isolated EVs were analysed by flow cytometry in 

order to identify major cellular populations, which secrete them and to determine radiation-

induced differences in this process. Finally, a small clinical study was initiated within LEU-

TRACK, where the miRNA and protein content of blood-derived EVs from radiotherapy-

treated leukaemia were analysed. Our main results indicated that EVs from irradiated mice 

contributed to the development of various haematological abnormalities and most probably 

had an impact on the incidence of radiation-induced leukaemogenesis. We also showed 

comparable quantitative and functional alterations in the bone marrow cells of EV-treated 

mice compared to directly irradiated mice. There was a strong overlap in the type of miRNAs 

and proteins as well as regulated molecular and cellular pathways in the EVs from low and 

high dose irradiated mice and, in some cases, quantitative changes were dose-dependent. 

Blood-derived EVs from leukaemia patients were suitable candidates to identify disease and 

radiation-related biomarkers. In summary, our work contributed to a better understanding of 

low dose irradiation induced bystander responses in the bone marrow and leukaemia 

development and we provided new knowledge on the role of EVs within this process. 
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I/1 0 Gy (sham-irradiated, control) 51 
I/2 0.1 Gy 90 
I/3 3 Gy 51 
II/4 0 Gy EV (naïve mice injected with BM-derived EVs from sham-

irradiated mice) 
51 

II/5 0.1 Gy EV (naïve mice injected with BM-derived EVs from 0.1 Gy mice) 89 
II/6 3 Gy EV (naïve mice injected with BM-derived EVs from 3 Gy mice) 49 
III/7 0 Gy + 0 Gy EV (sham irradiated mice injected at the same age as 

groups III/9-12 with EVs from sham-irradiated mice) 
51 

III/8 0 Gy + 3 Gy EV (sham irradiated mice injected at the same age as 
groups III/9-12 with EVs from 3 Gy mice) 

49 

III/9 0.1 Gy + 0 Gy EV (0.1 Gy irradiated mice injected with EVs from sham 
irradiated mice) 

90 

III/10 0.1 Gy + 3 Gy EV (0.1 Gy irradiated mice injected with EVs from 3 Gy 
mice) 

90 

III/11 3 Gy + 0 Gy EV (3 Gy irradiated mice injected with EVs from sham-
irradiated mice) 

50 

III/12 3 Gy + 3 Gy EV (3 Gy irradiated mice injected with EVs from 3 Gy 
mice) 

50 

Table 1: Treatment groups and number of animals in each group 

 

Criteria of leukaemia diagnosis: a) deterioration of general health condition (body weight loss, reduced 

motility, loss of appetite, abnormal body hair, pale soles), enlarged abdomen with palpable liver and/or 

spleen; b) histopathological analysis performed by an animal pathologist; c) phenotypical image of BM cells 

by FC (e.g. leucocytosis, increased myeloid progenitors, loss of common myeloid-monocytic markers, 

increased haematopoietic stem cells and leukaemic stem cells); d) loss of SFPI1 allele (investigated by FISH at 

NNK) and detection of acute myeloid leukaemia (AML)-specific point mutation in the gene (performed by 

pyrosequencing at PHE). 

At the time of this report, approx. 62% of the mice have been euthanized either because they were ill or 

reached the age of 24 months and are being investigated for leukaemia diagnosis. Figure 1 shows the number 

of already confirmed cases of leukaemia. So far, 7.8% of mice treated with 3 Gy TBI, 13.2% of mice treated 

with 3 Gy+3 Gy EV and 12% of mice treated with 3 Gy+0 Gy EV have developed AML. Until now, 1 mouse 

irradiated with 0.1 Gy had AML (1.1%) and no AML case was detected in solely EV treated or control mice 

(Figure 1). Nevertheless, other haematological malignancies are suspected based on the BM phenotype (such 

as acute lymphoblastic leukaemia), which need to be confirmed by histology. 
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Figure 1. Development of AML in CBA mice treated with IR and/or EV injection. Dots represent individual cases of 

leukaemia.   

 

A panel of other malignancies also increased. Liver tumors are by far the most common tumors. Apart of 

malignant liver tumors, a panel of other liver alterations (benign tumors, diffuse hepatomegaly with 

extramedullar haematopoiesis) is also being detected. At present it seems that the frequency of liver 

alterations increases in the aging mouse. We also detected an increased frequency of harderian gland tumors 

of the eye as well as lung tumors. While eye tumors developed only in the irradiated mice, liver and lung 

tumors developed in control animals as well.  

 

II. Analysis of EV phenotype and cargo 
Part of the isolated BM-derived EVs were used for phenotypical (NNK), proteomic (HMGU) and miRNA (PHE) 

analysis. EVs were isolated from BM tissue and plasma in vivo using Exoquick-TC solution for phenotyping and 

for miRNA profiling and by ultracentrifugation for proteomic analysis. DLS measurements indicated that the 

average diameter of the EVs was 228 nm (±52 nm). 

A. Analysis of EV phenotype 
EV phenotype was investigated by flow cytometry using a dedicated flow cytometer suitable for visualisation 

of vesicles above 100 nm.   

Within the EV gates defined on size and light scattering properties EVs were further identified using the CD9, 

CD63 and CD81 EV-specific surface markers.  While distribution of these markers on the different EV 

subpopulations might vary, presence of any of them is an obligate criterion for EV identification.  

Most BM-derived EVs from control mice expressed integrins (30.5% and 42.1% of EVs were CD29+ and CD44+, 

respectively) typical for MSCs but present on other BM subpopulations as well (Table 2 and Figure 2). Since 

the fraction of MSCs represents less than 1.5% of the Lin-BM cells, this indicates that most probably EVs 
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Figure 2. Representative figure of EVs with CD29 and CD44 markers: histograms (A) and dot plots (B). EVs were isolated 

from the bone marrow of mice irradiated with the indicated doses. EVs were labelled with antibodies against typical 

markers of bone marrow cell populations (here: CD29 and CD44) as described in the Materials and methods section. 

Analysis is performed on EVs gated based on their EV-marker (CD9/CD63/CD81) positivity.   
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Figure 3. Relative changes in the fraction of bone marrow cell subpopulations (A) and EVs (B) in irradiated mice compared 

to controls. Mice were irradiated with the indicated doses and 24 hours after irradiation bone marrow cells and EVs were 

isolated, labelled and analysed by flow cytometry as described in the Materials and methods. Cell types (A) and EV types 

(B) are shown above the individual graphs. Error bars represent SD, p values are shown above the graphs.    

 

B. Analysis of EV miRNA content 

MiRNA profile of bone marrow-derived EVs from directly irradiated animals (0.1 Gy and 3 Gy) 
The total RNA extracted from the bone marrow derived EVs from the 0 Gy, 0.1 Gy and 3 Gy groups was run in a nCounter 

panel which includes probes to identify 800 different murine miRNAs. The 0.1 Gy dose presented 4 significant 

upregulated miRNAs (Table 3) with fold changes ranging from 8 to 13-fold with p-values below 0.05. Pathway analysis 

of the top ten most significant up- and downregulated miRNAs from the 0.1 Gy dose (Table 4) showed that the most 

relevant miRNAs regulated by the low dose target genes are involved in endocytosis, cell cycle, MAPK signaling, ubiquitin-

mediated proteolysis, leukocyte transendothelial migration, regulation of actin cytoskeleton and adherent junction.  

The 3 Gy dose showed a more extensive list of miRNAs regulated than at 0.1 Gy (Table 5). From the 20 miRNAs 

significantly regulated, only 2 were downregulated (mmu-miR-709 and mmu-miR 706). When comparing both doses, 

four different miRNAs were found to be statistically relevant in 0.1 Gy and 3 Gy: mmu-miR-761, mmu-miR-129-5p, mmu-

miR-669g, and mmu-miR-34b-5p (Table 6). Therefore the 0.1 Gy response seems to be conserved in 3 Gy. All miRNAs 

have a higher fold change at 3Gy when compared to 0.1Gy, suggesting a dose-dependent upregulation, rather than an 

on/off mechanism of upregulation. Pathway analyses of the 3 Gy group (Table 7) showed an extension of the pathways 

identified at 0.1 Gy. 
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